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l. INTRODUCTION

Some of the most significant advances in technology and our basic understanding of physics are based on
contralling the moation of charged particles usng externd fidds. The vacuum tube and transstor exploit our
ability to control the motion of the eectron, while particle accelerators provide the means to study the basic
condtituents of matter. In contrast our ability to control the motion of neutral particles is vastly more limited.
For example, if we wish to hold an object there is no Sgnificant force until our fingers are within a few
atomic diameters of its surface. Recently, due to the development of lasers, our potentia to control neutra
particles at a distance has been greatly extended. Lasers can trap both macroscopic particles, a technique
known as optica tweezers, and cool atoms to within a millionth of a degree of absolute zero. At such low
temperatures they become easy to manipulate with externd fields. These techniques are beginning to have a
profound impact in many areas of physcs, chemistry and biology, earning the Nobe prize for three of ther
pioneers (Cohen- Tannoud;i, Phillips, and Chu) in 1997.

This Chapter begins with a brief history (Sec. I1), then discusses the basic physica principles underlying light
forces (Sec. 111), laser cooling (Sec. V) and trapping of neutra particles (Sec. V). Finally some applications
of these techniques in atomic physics (Sec. VI) and in the study of micron sized particles (Sec. VII) are
discussed.

Il. HISTORICAL SKETCH

A. The mechanical effects of light

The idea that light may affect the motion of matter originated with Kepler, who incorrectly conjectured that
comets tails were repdlled by a solar light pressure. Subsequent attempts to measure this pressure proved
inconclusive. For example, in 1875 (soon after Maxwell had provided theoretica support to the concept)
Crookes demondrated his now famous light radiometer to members of the Royd Society: His instrument,
dill sold as a curiogity, consisted of an evacuated bulb containing a freely suspended vane. Alternate faces
of the vane were coated black and slver such that the reflection and absorption of light should cause it to
spin. When illuminated by a bright light the vane did indeed spin but in the wrong direction, due to the
thermd ‘convection’ of resdual gas molecules. In 1901 Lebedev in Moscow, and Nichols and Hull at
Dartmouth College in New Hampshire succeeded in reducing the background pressure and outgasing from
the vanesto alevel required to observe the correct rotation predicted by Maxwell.

An important step towards our present understanding of radiation pressure was made in 1917 by Eingein,
who showed that a quantum of light, or photon, with energy hn, carries amomentum, hn/c = h/l , where h
is Planck's congtant, ¢, n, and |  are the speed, frequency, and waveength of the light respectively. The
particle-like nature of radiation was reinforced in the early 1920's by the experimenta demondtration of the
Compton effect where eectrons are scattered by high-frequency photons (X-rays). Although the recoil of
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an atom produced by scattering a Sngle opticad photon is subgtantially smdler, the radiation pressure on
atoms can be much larger due to the resonant nature of the process. The first experimental demonstration of
alight pressure on atoms was reported in 1933 by Frisch in Hamburg. He illuminated atherma Na beam
with resonant light from aNa lamp and observed a dight deflection away from the lamp, consstent with an
estimate that one third of the atoms were excited. The low excitation rate was due to the low spectra
brightness of the light source, a problem that would remain a fundamentd limitation until the invention of the
laser.

B. Early laser experiments

The advent of lasers would completdy revolutionise the potentia for manipulating particles usng light,
however theoretical proposals preceded the first experiments. In 1962, Askar'yan showed that intensity
gradients could exert substantia forces on atoms due to the induced dipole moment. In 1968, Letokhov
suggested that this dipole force could be used to trap atoms at the nodes (or anti-nodes) of a standing wave
light field detuned far from the atomic resonance. In the early 1970s, Ashkin a Bell Laboratories trapped
smdl glass spheres between opposing focused laser beams, and levitated a bead using a single beam. By
accident Ashkin discovered that the trap could be used to hold live cells (see Sec. VII). Ashkin redlised that
light forces can be divided into two classes (Sec. 111 A), the spontaneous force arising from the absorption
and spontaneous emisson of photons, and the dipole force discussed by Askar'yan. Following the
development of tunable dye lasers in 1972, laser based versons of Frisch's experiment were performed
producing a sgnificantly larger deflection. However, optica trapping of neutrd atoms remained dusive.
Atom trapping required a means to dow the atoms down to a kinetic energy less than the depth of the light

trap.

In 1975 Hansch and Schawlow, and independently Windand and Dehmdlt, redised that laser light could
potentialy be used to cool atoms and ions, respectively. In both cases the cooling mechanism was based on
the Doppler effect and so became known as Doppler cooling (see Sec. IV A). As room temperature
atoms move a the speed of supersonic aeroplanes, the first experiments concentrated on dowing an atomic
beam using a counter-propagating laser beam. Techniques were developed to maintain a high scattering rate
of photons. This included preventing the atoms from decaying into states which were uncoupled to the
cooling laser, and compensating for the change in the Doppler shift as the atoms were dowed. In 1982
Phillips and colleagues a NBS (now NIST) were able to dow a thermd sodium atomic beam from 1100
m/s to 40 m/s. In 1985 Chu and co-workers at Bell Labs went one step farther. They managed to cool
dow sodium atoms using three orthogona pairs of counter-propageting laser beams. This configuration,
dubbed optical molasses, resulted in afina temperature of approximately 240 nK.

The extreme low temperatures resulting from laser cooling suddenly made atom trapping easy. Atoms from
alaser cooled atomic beam were trapped by a magnetic field (see Sec. V A) a NIST in 1985. A year later
a Bell Labs, optica molasses was used to load a trgp made from a single focused laser beam (see Sec. V
B). In 1987 a much deeper trap, known as the magneto-optical trap (or MOT) (see Box 4) was
demongrated for atoms. The MOT has now become a common darting point in most laser cooling
experiments.

The fidd of laser cooling continued to develop rapidly during the late 1980's. In 1988 the NIST group
discovered that the temperature of atoms in optical molasses were significantly lower than the so-called
Doppler limit predicted by two-level atom theory (see Fig. 1). Soon &fter the groups of Cohen- Tannoudji in
Paris and Chu in Stanford redlised that the multi-level character of red atoms and the spatid variation of the
polarisation of the light field played an important role in the cooling process. Atoms cooled by this new
mechanism, (known as sub-Doppler or polarisation gradient cooling, see Sec. IV B) end up with a mean
veodity Uyms aslow as 3-5 U , Where U iS the velocity an aom gains on the emission of a single photon.
The typica temperature range for anumber of cooling mechanismsisillusrated in Fg. 1.



Fig. 1. The temperature scale relevant to laser
cooling. The main cooling mechanisms and their
characteristic temperatures are indicated.

C. Recent advancesin laser cooling and trapping.

In 1988 Aspect and co-workers at the ENS in Paris demonstrated that it was possible to cool atoms below
the recoil limit Uyms = Uree. Their sub-recoil cooling scheme relies on the stochagtic nature of spontaneous
emisson to enable the atoms to randomly walk into a select region of velocity space (with dimension less
than u,«) where subsequently they are Ieft done (see Sec. IV C). In more recent experiments temperatures
below 100 nK have been produced (see Fig. 1). A different sub-recoil cooling scheme based on stimulated
Raman trangtions was developed by Kasevich and Chu at Stanford in 1992 (see Sec. IV C).

The production of cold atoms by laser cooling soon led some to interesting developments. First, atoms

make excdlent sensors as exemplified by the aomic clock (see Sec. VI A). The sengitivity of any precison
measurement is determined by the sgnd-to-noise ratio and the interaction time. One of the mgor

contributions of laser cooling has been to sgnificantly increase the interaction time. During a measurement,

the atoms must remain in a perturbation free environment, i.e,, free fdl. This means that on earth the longest

interaction times are accomplished using a fountain geometry. The first atomic fountain was demonstrated

at Stanford in 1989 and the technique has become the standard for the next generation of atomic clocks.

Atomic fountains are adso idedly suited for other precison measurements such as the Doppler shift of a
fdling alom (atomic gravitometer, see Sec. VI A).

A second important god of laser cooling is to increase the 'brightness or phase-gpace density of the sample.
The phase-gpace density defines the number of atoms with a given position and momentum. A high phase-
pace dengity is an advantage for most experiments in atomic physics and determines whether the sample
behaves as a classical or a quantum fluid (see Sec. VI B). Laser cooling can dramaticaly increase the
phase space dendity, but so far not quite by enough to enter the quantum regime. However, in 1995 three
groups transferred their laser cooled atoms to a purely magnetic trgp and continued to cool by forced
evaporation (atechnique origindly developed for magnetically trapped hydrogen in the 1980's) (see Fig. 1).
This led to the first observation of Bose-Einstein condensation in a dilute atomic vapour. A pure Bose
condensate represents the "ultimate’ cooling. If dl the atoms are in the lowest energy leve, then temperature,
in the usud sense of adidribution amongst energy levels, loses its meaning.



Fig. 2. Laser cooling is a central part of modern optics. Several of these research fields are
described in other Chapters of this book.

Laser cooling and trapping has developed into a central part of modern optica physics. Fig. 2 illugtrates the
link to the most important applications as well as connections with related areas of physics, some of which
are reviewed in other Chapters of this book.

1. LIGHT FORCES

There are a number of ways of understanding the force exerted by light on matter. Although they al
describe the same fundamenta physics, it is more gppropriate to consder a paticle as a refractive
polarisable 'optical element’ (discussed in Sec. 111 A), and an atom as a quantum oscillator (Sec. 111 B).

A Light forces on particles.

The light force on a particle can be seen as a direct consequence of the refraction and absorption of light.
Fig. 3a shows a trangparent dielectric sphere placed dightly off-axis in a laser beam with a Gaussan
intengty profile. If the sphere has arefractive index larger than the surrounding medium, the light is refracted
towards the centre of the sphere (to the left in Fig. 3a), therefore the light gains momentum in this direction.
Newton's third law implies that the particle experiences a force in the opposite direction. The force can be
divided up in two components. a scattering force, Fgq4t, in the direction of the beam, which would be
present even in the case of a plane laser wave; and a gradient or dipole force, Fgip, directed towards the
centre of the beam. The forces due to surface reflections are negligible. If the refractive index of the particle
is lower than that of the surrounding medium, the light is refracted in the opposite direction, and the light
force tends to push the particle awvay from the high-intendty region of the beam. If the particle is dightly
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absorbing, corresponding to the refractive index having an imaginary component, part of the incoming light
momentum is trandferred directly to the particle and provides an increased scattering force (radiation
pressure).

The same reasoning leads to a dightly different result in the case of a transparent particle near a tight focus
as shown in Fig. 3b. Refraction in the sphere tends to collimate a strongly diverging beam resulting in an
increase in the light momentum aong the propagation direction. By gpplying Newton's third law we find a
dipole force that tends to pull the particle towards the focus. If the particle is absorbing, the scattering force
will push the equilibrium pogtion dightly in the propagetion direction.

For paticles in the micron range and achievable laser intendties the dipole force is substantid: it can be
thousands of times larger than gravity. Consequently, it is possible to pick up a didectric sphere and levitate
it with adownward propagating beam as demongtrated in the photograph in Fig. 3c.
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Fig. 3. Optical forces on a dielectric sphere: a) The sphere is placed off-axis in a collimated
laser beam with Gaussian transverse profile. The light is refracted such that the incoming
momentum, P, ischangedto P, . Thedifference, py, is picked up by the particle and felt as

Fsc at

a force, F, pushing the sphere towards the beam axis (Ifdip) and along the propagation

direction (IfSCaI ); b) The sphere is placed near a focused beam. Refraction now results in a

force towards the focus; ¢) Photograph of a 10 micron glass sphere trapped in water with
green light from an argon laser using the set-up shown in b). The picture is a fluorescence
image taken using a green blocking, red transmitting filter. (Photograph courtesy of S. Chu).

B Light forces on atoms: Photon picture

The basc mechaniam underlying the light force on aoms is the conservation of energy and momentum
during the absorption and emission of light. As for macroscopic particles, light forces can be divided into
two types. the scattering force which is now seen as a result of cycles of absorption and spontaneous
emission; and the dipole force, which arises due to cycles of absorption and stimulated emission. We will
consder the scattering force fird. If an atom of mass m absorbs a photon, the energy hn is dmost entirely
converted into internd energy, i.e., the atom ends up in an excited state. The momentum, however, causes
the atom to recail in the direction of the incoming light and change its velocity u by an amount 7k/m. The
atom soon returns to the ground state by spontaneoudy emitting a photon.  The conservation of momentum
in this process causes the atom to recoil again, this time in the opposite direction to the emitted photon.



However, as spontaneous emission is arandom process with a symmetric distribution, it does not contribute
to the net change in momentum when averaged over many absorption and spontaneous emission cycles or a
large sample of atoms. Fig. 4aillugtrates how an atom, on average, changes its velocity by an amount 7k/m

each time it runs through this cycle. The time averaged scattering force is given by Newton's second law,

l:_Dp_ fik

oot/f,
wheret isthe naturd lifetime of the excited Sate, and f. is the fraction of aioms in the excited state. For the
Na resonance trangition, t = 16 ns, and the maximum acceleration (corresponding to f. = 0.5, see Box 1) is
106 mvs? or 105 g! So even though a single photon recail is relaively smal, the radiation pressure can be
enormous because on resonance the atom scatters 30 million photons per second.

BOX 1

Absor ption and emission of near-resonant light

In the smplest laser cooling scenario, the laser is tuned close to resonance with a trangtion from the
ground state to a Single excited state which decays by spontaneoudy emission back to the ground gate. If
the laser is exactly on resonance and there is no spontaneous emission, the atom undergoes cycles of
absorption and stimulated emission, and the population oscillates between the ground and excited State a
the frequency, wg, known as the Rabi frequency (as illustrated by the blue curve in Fig. Bla - see ds0
Box 3). Spontaneous emission interrupts these Rabi oscillations by resetting the excited state component
of the atomic date to zero (the red curve in Fig. Bla, smulated usng a Monte-Carlo wavefunction). If
one averages over many aoms, then the net effect of spontaneous emisson is to damp the Rabi
oscillations towards a steady-state excited state population (the green curvein Fig. B1a). The steady-state
fraction, fe, increases with intengity, gpproaching 1/2 for high intengty (Fig. B1b). This saturation effect
Sets the maximum vaue of the spontaneous light force.
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Fig. B1. Smulations of a two-level atom in a resonant laser field. With no spontaneous
emission (blue), the atomic population oscillates between the ground and excited state at the
Rabi frequency. Spontaneous emission interrupts the Rabi cycle and resets the excited state
probability to zero (red). By averaging over many atoms (10000 in this example) one obtains

the steady-state fraction, fe (green). (a) At the saturation intensity corresponding to Wk
=@+2 , fe= 1/4. (b) At high intensity, wr= 3.3 G, fe approaches 1/2.
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Fig. 4. Photon picture of the light forces on atoms: (a) The scattering force: A two-level atom,
initially in the ground state (top), absorbs a photon with momentum 7k . The excited atom
increases its velocity by 7k/m, in the direction of the incoming beam. The internal atomic
energy is released by spontaneous emission of a photon, in a direction described by a

symmetric probability distribution, so the average velocity change is zero. The atom returns
to the ground state, ready to start the cycle over again; (b) The dipole force due to stimulated

emission. The atom absorbs a photon and gains a momentum 7k It is then stimulated back to
the ground state by a photon from the opposite direction gaining a further sk of momentum.

The dipole force arises due to the interaction between the induced atomic dipole moment and the dectric
fied of the laser (see Boxes 2 and 3), however, a Smple intuitive picture can be gained by consdering the
momentum exchange during cycles of absorption and simulated emission as depicted in Fig. 4b. If the atom
initidly absorbs a photon from the left it can be stimulated to emit to the left inducing a momentum change of
27k . This coherent redigtribution of photons is produced by the interference between the incident and
emitted light occurring in afield gradient, hence the dternative name, the gradient force.

V. LASER COOLING OF NEUTRAL ATOMS
A. Doppler cooling

The ability to use laser radiation to cool atoms was first proposed by Hansch and Schawlow in 1975. The
ideawas to illuminate an aom from dl directions with light tuned dightly below an atcomic absorption line. A
moving aom sees oncoming light Doppler shifted closer to resonance, whereas co-propagating light is
shifted away from resonance. Consequently, the atom predominantly scatters from the forward direction
and is dowed down. Fig. 5 illudtrates the effect in a one-dimensond (1-D) Stuation. As the Doppler effect
plays a centrd role in the process it is normally referred to as Doppler cooling. The cooling force for 1-D
Doppler cooling can be determined from the expression in the previous section by congidering the force
from each beam independently,

_ _hk  hk
t/f  t/f,
wheref. /t isthe scattering rate from the two beams,
_ /21 o

+
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where | ¢ is the intensity corresponding to a resonant atom spending 1/4 of its time in the excited Sate (see
Box 1).



BOX 2
Classical field picture.
An dternative description of the light force on atoms, in particular a more accurate picture of the dipole or
gradient force, is provided by considering the interaction between the dectric fidd E = Eg cos(\/th +] )
and induced atomic dipole moment d. The interaction energy is given by

U=-d:E

If we ignore spontaneous emisson for the moment, the atomic dipole behaves smilarly to any cdasscd
ocillator, eg. a mass on a sring, with a oscillation frequency determined by the energy level spacing
Wo = (Ee -E g)/h where Eg and Ee are the ground and excites states energies respectively. The laser
actsas an externd driving fidd. If the driving frequency wy islessthan wy (referred to as red detuning) the
atomic dipole ostillatesin phase. In this case, the interaction energy U is negative and the atom is attracted
towards maximum intengty. In contrag, if the driving frequency w, is greater than wg (blue detuning) the

interaction energy is postive and the aom is repdled from maximum intengty. Exactly on resonance, the
dipole moment and the dectric fidld are orthogond so the net force should be zero, however, in this case
Spontaneous emission is aso important.

To include the effect of spontaneous emisson we write that
d= Eo(a' coiwl_t)- a" sin(WLt))

which dates that the atomic dipole moment d oscillates with an amplitude proportiond to that of the
driving fidd, Eq, and at the same frequency but not necessary in phase, a' and a" play the roles of the
red and imaginary parts of the atomic 'refractive’ index (in andogy to Seclll A).
The time-averaged force is given by the gradient of the potentia and can be written as.
- 1, . 1 .
F=(Nu)=-Za' NE3 - Za" E§ Nj
2 2
wherea' E, and a" E, are the steady state in-phase and quadrature components of the induced atomic
dipole moment. The force has two components. The first term, proportiond to the gradient of the intengty,
1 .

Fdip =- Ea NE(Z)

is the gradient force or dipole force, and can be positive or negetive depending on the sign of the detuning
as discussed above; and the second term, proportiona to the gradient of the phase,

Foat =- %a"EOZNj

is the radiation pressure force or scattering force.




BOX 3

Dressed atom picture: the light shift.

In Box 2 we consdered the light forces from the point of view of the dassicd dectro-magnetic fidd. It is
aso very indructive to consder the dipole force from an atomic or quantum mechanica point of view. The
laser is tuned by an amount D below resonance with an atomic transtion between a ground Stete energy
level labelled | g) and an excited state level labelled |€) (see Fig. B3a). These two states are coupled by
the interaction of the atomic dipole moment d with the dectric fidd E of the laser:
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Fig. B3. Thelight shift: (a) Two atomic levels |g> and |e> are coupled to a laser field with

frequency w_. The coupling strength is characterised by the Rabi frequency, wr. If the laser
is tuned below resonance, the two levels repel. This is known as the light shift or ac-Stark

effect. For |D| >> wR, the light shift is given by W%/4|D|; (b) In the dressed atom picture,
the energy of the atom and the laser field are added together: the energy of a ground state

atom, |g> and n photons in the field is close to that of an excited state atom |e> and n-1

photons. For increasing photon number, the dressed energy levels form a ladder of
manifolds, each containing two states. The atom-field interaction splits the levels within a

manifold by an amount #W = fi-/ D+ W,% . The eigenstates of the coupled system

(|An)),|2(n)), etc.) arelinear combinations of the uncoupled states (|g,n), &N~ 1) etc.).
The correct quantum mechanica trestment of the problem is to consder the atom and field as one system
- the dressed atom picture. Ignoring the interaction for the moment, the states of the combined system are
characterised by the atomic state (| g) or |€)) and the number of photons, n, in the laser field. The energy
levels therefore form aladder of manifolds separated by the photon energy 7w and each containing two
satesof theform | g,n) and | n- 1) Theleft-hand side of Fig. B3b shows two steps of the ladder for a
laser fidd tuned below resonance. If the light-atom interaction is turned-on, the eigendtates of the system
(labelled |](n)) and | 2(n)>) become mixtures of the basis tates ... continued......




BOX 3 (continued)

|A(n)) = cosg|e,n- 1)- sing]|g,n)
|2(n)) =snqg|e,n- 1) + cosq| g, n)

where tan2q = - wg /D, wg =2(e,n- IV, | g,n)/A isthe Rabi frequency and characterises the
srength of the interaction (see Box 1). The atom is no longer ether in the ground State or the excited Sate;
it is in a superpogition of both. The interaction causes the levels to repe so that the dressed dtates are
separated by an amount:

AW = | D% +W3

For wg << D, date |2(n)> which in the limit of low intengity corresponds to the ground date for a

detuning below resonance, is shifted down in energy by an amount proportiond to 1/|D], where | is the
laser intengty. This is known as the light shift or ac-Stark shift. The light fidld therefore forms a potentid

well with a depth proportiond to intengity. For positive, i.e., blue detuning, state |1(n)) corresponds to the

ground date and the atoms experience a potentid hill (see Box 2). The dipole force is equa to the
gradient of the light shift.

a) b) g
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Fig. 5. One-dimensional Doppler cooling: (a) The frequency of the standing laser field w_ is

detuned by an amount D below the resonance with a transition to an excited state, which has
a linewidth, G, equal to the inverse of the natural lifetime of the excited state; (b) Each of the
counter-propagating beams exerts a force with a Lorentzian velocity dependence (red and
blue curves). For an intensity equal to the saturation intensity the maximum force corresponds
to one photon momentum transferred every four natural lifetimes. The green curve shows the

combined force from the two beams, displaying the viscous damping around u = 0.
As shown in Fig. 5b near u = 0 the force varies linearly with velocity:
F=-au
where a is referred to as the friction coefficient. This is characterigtic of a viscous medium where the
velocity is damped exponentialy towards u = 0. However, Smilar to a particle in a liquid, the motion never
completely stops due to Brownian motion, the stochastic nature of the absorption and spontaneous emisson

processes put a lower limit on the width of the atomic veocity digtribution. In the limit of low intengty, the
minimum temperature is given by,

Tmin =hG / 2kB
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where kg is Boltzmann's congtant and G=1/t. The minimum temperature occurs & a red detuing equd to
half the trangtion linewidth, D = - G/2. For the resonance trandtion in Na, T, » 240 nK.

The extensgon of Doppler cooling to three dimensons is sSmple. By usng sx beams, forming three

orthogond  standing waves, an atom will everywhere experience a viscous damping force F =-ad

opposing its motion. The first experimental demongtration of 3-D Doppler cooling was reported by Chu in
1985. The experiment was able to confine around 10° atoms by radiation pressure, enough that the cloud
was clearly visble by eye, see Fig. 6. Due to its viscous nature, it was christened opticd molasses. By
turning the cooling light off for a varidble length of time (a few ms), and detecting the loss of atoms from a

given volume due to bdligic expansion, the temperature was estimated to be T = 240?%80 nK, in
agreement with the theoretical prediction.

Fig. 6. Photograph showing atoms confined
in optical molasses (right). The atomic beam,
originating from the nozzle to the left, is
slowed with a counter-propagating laser
beam. The atoms are cooled further in optical
molasses. The distance from the nozzle to the
optical molasses is 5 cm. (Photograph
courtesy of S. Chu).

Although the atoms in 3-D optica molasses are subject to strong viscous damping they are il free to
diffuse around (as in Brownian mation). Eventudly they wander to the limit of the interaction region where
they are lost. However, a ample and extremely important extenson to 3-D opticd molasses (adding a
magnetic fied), turns it into a genuine trap, known the magneto-optica trap. Its ease of use and versdility
has made this the most widdy used tool in laser cooling of atoms. For further details see Box 4.

BOX 4

The magneto-optical trap (MOT).

The idea of congtructing a trap based on the scattering force is very appeding: by taking advantage of its
disspative nature in a set-up which aso provides confinement one could construct a smple and robust
trap. However, thisis not straightforward. The classical Earnshaw theorem (see dso Sec. V) relies on the
fact that the divergence of an dectric field vanishes in a charge-free region. The equivaent divergence
criterion for light is that in free space, there are no sources or Sinks for photons. This implies an optica
Earnshaw theorem dating that a trap, in which the scattering force is only proportiona to the laser
intengty, will be ungtable. A way around this problem is to goply some externd fidd to dter this
proportiondity in a postion dependent way. The most successful example is the magneto-optical trap
(MOT) first demongtrated in 1987 in a collaboration between Bell Labs and MIT. The idea for the MOT,
as origindly conceived by Ddibard a ENS in Paris, was to use circularly polarised light for optica
molasses and add a spherical quadrupole magnetic field such that as an atom moves away from the origin,
the trangtion is Zeeman shifted into resonance with a beam which pushesit back.

Fig. Bda shows how this works in 1-D (the z-axis) for a laser resonant with a trangtion which drives the
atom from a ground state with zero angular momentum J=0 to an excited sate with one unit of angular
momentum J = 1. In a magnetic field, the excited atom (spin-1) can have three 'orientations: down,
horizontal, and up, these magnetic sub-levels are denoted as my=-1, 0, and +1, respectively.
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BOX 4 (continued)

The magnetic fidd is of theform B, (Z) =bz sp the my = +1 and -1 sublevels experience Zeeman shifts
linear in pogition. To provide cooling, the laser is tuned below resonance. The beams propagating in the £z
directions are circularly polarised with the same helicity. As they propagate in opposite directions they will
drive Dm = 1 trangtions respectively. Based on the traditiond definition of handedness of circular
polarisation the two beams are of the same polarisation but in laser cooling the crucid point is how the
light affects the atomic trangtions. In the laser cooling literature this polarisation configuration is therefore
commonly referred to as s™-s” polarisation. An aom with a positive z-coordinate sees the s~ beam
closer to resonance than the opposing s * beam. The atom therefore scatters more s ™ than s photons and
is pushed back towards z = 0. For an atom with a negative z- coordinate, the scattering of s™ photonsis
strongest, so it is aso pushed back towards z=0. Thus, in addition to friction due to optica molasses, the
atom also experiences arestoring force F =-k z,

The generdisation to three-dimensons is illustrated in Fig. B4b. The magnetic fidd is provided by two
coils with opposng currents (anti-Helmholtz coils). The firs demondration of the MOT used fidd
gradients on the order of 5 Gauss/cm and achieved a trap with a depth of about 0.4 K. In terms of
velocity this means that atoms dower than acritica velocity u . of ~17 mvs could be trapped. Around 107
atoms were confined in a~0.5 mm diameter cloud and observed to have atemperature of lessthan 1 nK
and alifetime of around 2 minutes.

An important development was the demonstration in 1990 by Wieman and co-workers in Boulder that the
MOT can collect atoms directly from a room temperature vapour. There are enough atoms in the tail of
the thermd Maxwdl- Boltzmann ditribution dower than u. to provide a subgtantid loading rate. The
convenience of this set-up has turned the MOT into an extremely useful tool and the basic building block
in mogt experiments using laser cooled atoms.

Fig. B4. The magneto-optic trap (MOT): (a) An atom with a J = 0 to J' = 1 transition is
placed in a linearly varying magnetic field B{z) = b z For an atom with a positive z-
coordinate, the s~ beam, which drives the Dm = -1 transition and propagate to the right is
closer to resonance, than the s* beam which drives the Dm= +1 transition and propagates
to the left. The net force pushes the atom towards z = 0; (b) The three-dimensional
generalisation uses two coaxial coils with opposing currents and three orthogonal standing

s'-s” waves.

B. Sub-Doppler cooling

Although the first experiment on 3-D optical molasses gppeared to be in fair agreement with the theoretical
expectation, a number of mysteries soon emerged. Early quantitative measurements by the NIST group on
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the properties of opticd molasses yidded a number of surprisng results a odds with the Doppler cooling
theory. In fact, it soon became gpparent that 3-D optica molasses worked significantly better than had been
anticipated!

In Doppler theory, the lifetime of optical molasses is gpproximately equal to the time required for an atom to
diffuse to the edge of the interaction region. The lifetime should be extremdy sengtive to dight imbaancesin
the intengties of the counter-propagating beams. An imbaance of a few percent should sweep the atoms
out with a velocity of severd crm/s, limiting the lifetime to tens of ms. However, experiments demonstrated
lifetimes on the order of 0.5 s, and hardly any change for intensity imbalances of up to 10%. Furthermore,
ddiberate large misdignments of the beams lead to even longer confinement times referred to as 'super
molasses. But the clearest evidence that something was terribly wrong with the theory was the careful
measurement of the sodium molasses temperature by the NIST group. Their result was 43£20 nK, whereas
theory predicted ~240 nK. The dependence of the temperature on detuning was dso completely different
than expected.

The key to understanding these discrepancies is to drop two smplifying assumptions of the Doppler cooling
theory. Firgt, the two-level nature of the atom (Na has more than a dozen levels playing an active role in the
cooling process). Second, the assumption that the light field has a pure sate of polarisation (at best only
possible to redise in two dimensions).

Two digtinct mechanisms have been identified to explain the lower than expected temperatures observed in
experiments. They are associated with the two distinct types of polarisation gradients which arise in the
interference of light beams. These may be illustrated by consdering counter-propageting beams with
orthogond linear polarisations (lin* lin), and counter-propageting beams imposing opposite changes in the
aomic angular momentum S*-s7) (as in the MOT, see Box 4). In the former, the polarisation varies
between linear and circular as shown in Fig. 7a over a distance of haf a wavelength. In the latter (shown in
Fig. 7b) the polarisation is linear everywhere dong the beam, but the direction of the polarisation rotates
forming ahdix.

Fig. 7. The two field configurations considered in polarisation gradient cooling: (a) The two
beams are both linearly polarised, but in orthogonal directions (lin™lin). The polarisation of
the field varies from linear through circular to the opposite linear and back again over a
distance of | /2; (b) The two beams are circularly polarised in opposite directions (s™-s7). The
electric field is linearly polarised everywhere, but the direction of polarisation rotates around

the propagation direction with a pitch of | /2.
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Fig. 8 aand b show the multi-level nature of the cooling trangtion in Na. The trangtion is from a ground
date with totd angular momentum F = 2 to an excited Sate with totd angular momentum F' = 3. In a
magnetic field, the angular momentum vector can have 2F+1 possible orientations, each labelled by an me
quantum number. Indicated in the figure are the coupling strengths between the ground and excited state mg
levelsfor linearly and circularly polarised light. The light-shift (proportiona to the coupling strength), and the
seady-state populations of each levels for a sationary atom are dso shown. The figure illustrates how
absorption and spontaneous emisson tends to transfer population to the most light-shifted leve. This
processis known as optical pumping. In this example, optical pumping is equivadent to an dignment of the
atomic dipole with the field. Indeed an F ® F+1 trangtion behaves very much like a classcal damped
oscillator, whose motion will follow the driving field with atime delay characteristic of the relaxation process
caudng the damping.

a) b)
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Fig. 8. Polarisation gradient cooling of Na: The magnetic sublevels of the 3281/2, F=2to

32P3/2, F'=3 cooling transition for (&) linearly and (b) circularly (s*) polarised light. Also
shown are the relative light shifts, the relative coupling strengths for the individual transitions
(in green) and the steady-state populations (in red). In both cases, the atom aligns with the
field, i.e. optically pumps towards the most light shifted level. (c) The cooling mechanism for
lin™ lin polarisation: The atom starts by optically pumping into the lowest energy level (top). It
then moves a fraction of a wavelength to a point with elliptical polarisation, where it now is
no longer in the state of lowest energy. Finally, optical pumping brings the atom back to a

state of lowest energy equivalent to theinitial state. The timescaletp isin the order of several
natural lifetimes. (d) In the classical analogue of polarisation gradient cooling in lin”lin
polarisation, the (atomic) dipole d has the lowest potential energy if it is aligned with the field
E. However, it can only follow a change in the field with a finite time constant, tq,
characteristic of the damping process. When it moves through the field, kinetic energy is
transformed first to potential energy and then lost due to damping as the dipole relaxes to the
new state of polarisation.
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The polarisation gradient cooling mechanism for lin* lin polarisation is shown schematicdly in Fg. 8c. Fg.
8d shows the classical andlogue. Consider an atom, beginning at a position of linear polarisation (top). The
atom is opticaly pumped predominantly into the lowest energy leve, i.e, the aomic dipole is digned with
the fidd. If it now moves a fraction of a wavelength in less than an optica pumping time, the polarisation of
the light changes to dliptica but the Sate of the atom does not have time to adjust. Therefore, population is
transferred non-adiabaticaly to a superpostion of levels, that on average are less strongly coupled to the
light. The corresponding reduction in the light shift means that the atom has increased its interna energy at
the expense of kinetic energy. This is smilar to the Sisyphus effect discussed in Box 5. The aom is no
longer in the state of lowest energy, or equivadently the dipole moment is no longer pardld to the eectric
field. Subsequently, the atom is optically pumped back into the lowest energy date, i.e. the atomic dipole
redigns with the field. During this 'repumping’ process, the spontaneoudy emitted photons have dightly more
energy than the absorbed photons, so kinetic energy is extracted by the emitted light. The timescde for the
optical pumping, t,, depends on the intensity, but is typicaly severd naturd lifetimes. This mechanism is
only important for atoms moving dower than a characterigtic velocity u, corresponding to the atom moving
adistance on the order of | /8 in an optical pumping time,

The mechanism involved in the sub-Doppler cooling in s*-s™ polarisation is somewhat different. As the
eectric fidd is everywhere linearly polarised and has congtant amplitude, the Sisyphus mechanism is not
active in this case. The garting point is again an atom at rest in the opticaly pumped state, as shown in Fig.
8a. When the atom darts to move (for instance towards the s™ beam) the symmetry is broken. The s*
beam becomes closer to resonance and the atom is opticaly pumped towards the positive mg leves Thisis

arun-away effect because positive me levels couple more strongly to s light (for the mg = 2 levd in Na

the s ™ coupling is 15 times stronger than for s°, as shown in Fig 9b). This motionally induced redistribution
of the populaion enhances the difference in the scattering rates from the two beams leading to a much
stronger frictiona force than would occur for a two-level atom (Doppler cooling). For atoms faster than a
characterigtic velocity u. (same order of magnitude asin the case of lin® lin polarisation) the redidtribution of
population washes out and the cooling force returns to the normal Doppler expression.

A
ol ¥/ kI

Fig. 9. The cooling
force vs. velocity for
lin™lin polarisation.
The three solid
curves are for
intensities equal to
|Sat (red), |Sat/2
(blue), and Ilggi/d
(green). The dashed
lines are the
corresponding
contributions ~ from -1/20
Doppler cooling.

The two polarisation gradient cooling mechanisms are characterised by a smdl capture velocity proportiond
to the laser intengity and ardatively large friction coefficient which, contrary to the case of Doppler cooling,
isindependent of intendty. Thisisillustrated in Fig. 9 which shows the theoretica force vs. velocity curve for
i lin polarisation for three different intengties.
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BOX 5
The Sisyphus effect.

It is ingructive for the understanding of sub-Doppler cooling to consider briefly the motion of a two-leve
atom in a drong standing wave as originadly described by Cohen-Tannoudji and Ddibard in Paris.
Congder an atom in asrong (Wr >> D) laser field tuned above resonance (D > 0). The dressed atom
picture, Fig. B5, looks very smilar to the one shown for D < 0 in Fig. B3b, except that the ground and
excited date labels (g and €) are interchanged and the dressed date energies vary snusoiddly with

position. Just as important for the arguments to follow, the atomic state changes from a pure Sate (| e n)
or | g,n +1) ) & the nodes of the field, to superpositions of these states at the anti-nodes (cf. Box 3).

The mechanicd effect of light can be understood by following the trgectory of an aom through the
dressed atom potentias and including the disspative effect of spontaneous emisson as a trangtion
between manifolds. Consider an atom that starts in the ground state near a field node (for instance with

n+2 photons in the field). If it moves sowly (ku << wi) it will remain in the dressed state |1(n+1)) urtil

disturbed by spontaneous emisson. As the alom moves away from the field node the increase in internd
energy results in a decrease in kinetic energy, i.e. the atom is dowed down. As the atom climbs up the hill
towards the anti-node, the wavefunction takes on more and more of the character of the excited state

(|e,n+1)) and the probability of gpontaneous emisson increases. The atom can decay ether to the
equivalent state one step further down the ladder 1(n))), which from a mechanicd point of view is

indgnificant, or to the |2(n)> level, in which case it would find itself back near the bottom of a potentid

valey. Theredfter the process repeets, i.e., the aom climbs up the next hill, the excited state component
and hence the probability of spontaneous decay again increase towards a maximum & the field node,

where the atom is likely to decay to avdley in the |](n 1)) potential. Thus, the atom spends mogt of its
time dimbing hills, thereby converting kinetic energy into light. This cooling mechanism is generdly referred
to as 'S syphus cooling', due to the smilarity with the Greek myth about Sisyphus.

The sSituation described above provides cooling for a laser field tuned above resonance (blue detuning),
contrary to Doppler cooling. The mechanism only works for dow atoms; those moving less than a quarter
of a wavdlength in a naturd lifetime. A amilar mechaniam involving multi-level aoms is active in red
detuned lim* lin polarisation gradient cooling, as described in the main text.
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Fig. B5. Sisyphus cooling of an atom in a standing
2ne1)y  Wave: Near the nodes of the field, the energies are
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Extensve experimentd investigation of sub-Doppler cooling has been carried out both in 1-D and 3-D. The
lowest temperature of 2.5 nK was obtained for 3-D optica molasses in Cs (compare to the Doppler limit
of 120 nK). This corresponds to an r.m.s. momentum of ~3.5 %k in each direction. A further careful
investigation of this system was carried out in Paris, and it was found that the temperature for a sufficiently
large detuning (D] > 5G) was linear in the parameter 1/D, which is amply the depth of the valeys in the
Sysphus mechanism (see Box 5). This dependence and the minimum velocity spread of a few recoil
velocities are predicted by the complete theoretical analyss of polarisation gradient cooling.

C. Sub-recoil cooling

In Sec. IV B we saw that, for multi-level atoms, the fundamenta laser cooling limit is characterised by an

r.m.s. velocity ure. =7K/m or arecoil temperature defined by Ty = hzkz/ka . A way around the recail

limit isto rely on the stochastic nature of spontaneous emission to kick atoms into a select region of velocity
gpace, with dimension less than u,e, Where the scattering rate drops to zero (see Fig. 10). This idea is
sometimes referred to as veocity space optical pumping, and the excitation free region around u = 0 can be
referred to as a dark state or dark region. In principle, there is no minimum temperature, but as the process
relies on arandom walk it takes longer and longer to reach lower temperatures.

i

Fig. 10. The principle of sub-recoil cooling
explained in terms of velocity space optical
pumping. During cycles of absorption and
emission of light the atoms undergo a random

J/: o, walk in velocity space (indicated by the blue

1
line). As for Doppler cooling the velocity
steps during the excitation part of the cycle

|
are weighted towards u = 0 due to the
Doppler effect. If one arranges that when the
atom falls within a recoil velocity U, 0f U= 0

(indicated by the red circle), no further

excitation occurs then atoms will accumulate
With U < Uyec.

Sub-recoil cooling requires high velocity selectivity around u = 0, but should ill address any atoms with
U > Uy Thisistheinverse of the usua excitation spectrum: a narrow linewidth trangtion excites only those
atoms within a narrow velocity range, whereas for sub-recoil cooling the god is to excite dl atoms except
those within a narrow velocity range. The two most successful sub-recoil schemes achieve this god in very
different ways. In velocity sdective coherent population trapping (VSCPT), aoms close to u= 0 are
decoupled from the light due to destructive interference between two terms that contribute to the excitation
rate. In simulated Raman cooling, a narrow linewidth trangtion is tuned through the velocity digtribution to
actively remove atoms from the wrong velocity classes, and guide them towardsu = 0.

Both sub-recoil schemes may be used to cool in any number of dimensions. However, as they both rely on
momentum diffusion, the cooling time scaes rgpidly with the dimensondity: in 1-D, the random wak must
find adab in velocity space, in 2-D acylinder, and in 3-D a sphere. Also, ina 1-D or 2-D random walk dll
the paths pass through the origin eventudly, whereas in 3-D some never do. For this reason efficient 3-D
cooling relies on the assistance of the Doppler effect to direct them towards zero velocity. Fig. 11 illustrates
the advantage of adding Doppler selectivity to the random walk process.
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Fig. 11. Schematic illustration of 2-D random walk trajectories for (a) VSCPT and (b) Raman
cooling: (a) In VSCPT all atoms are cooled simultaneously but as photons are absorbed from
both directions with almost equal probability it can take some time for them to find their way
to u = 0. When they do the scattering rate drops and they remains there essentially
indefinitely; (b) Raman cooling uses extremely sensitive velocity selectivity to select atoms with

a given initial velocity and sequentially push them towards u = 0. In this case, the time is
consumed in working through all the initial velocity classes.

1) Velocity selective coherent population trapping (VSCPT)

Velocity selective coherent population trapping (V SCPT) is based on momentum diffusion into a dark sate
(see Box 6): The aoms scatters light until diffusion brings them towards zero velocity where the scattering
dows, stopping completey at u = 0. If the velocity is not quite zero, scattering can sill occur and diffusion
has another chance to push the atom closer to u = 0. The process acts as a 'velocity trap' leading to the
accumulation of atoms near u = 0, hence the term velocity sdective population trapping. In the standard
VSCPT scheme, the dark state is a superposition of two grounds states, both with one photon recoil of

momentum but in opposite directions (| 9. ,- 7K) and | g, +7K) , see Box 6), so the momentum distribution

tends towards two narrow peaks at + 7k . The width of the peaks is proportiona to J/ T, where T isthe
interaction time. The first experiment on VSCPT was performed on a metastable heium atomic beam by
Aspect et al. in 1988. They observed the characteristic double-peaked distribution with a peak width
equivaent to an r.m.s. velocity, Urms = 0.65 7k/m. This width was mainly limited by the interaction time. In

199 this time was increased by an order of magnitude using laser cooled helium aoms giving Urys =
0.2 ik/m.

VSCPT can be extended to 2 and 3 dimensions. In 2-D, two orthogonal counter-propagating beam pairs
are used, reaulting in four wavepacketswith momenta + 7k, , and + 7k, a shown in FHg. 12. Smilarly, in

3-D, six wavepackets are produced. However, this need not be a drawback as the entire population of the
dark state can be trandferred to a sSingle momentum state by adiabaticaly lowering the intendity of dl but one
of the laser beams.

The physics underlying the stochadtic filling of the dark tate has some interesting pardles with other
complex systems. If one considers the dark region as a trap, the dynamics of an atom can be modelled as a
sequence of trapping times interspersed with escape times. As the probability for escape falsto zero at u =
0 there is finite probability of extremdy long trapping times. Consequently the digtribution of trgpping times
is Lorentzian, i.e, long tailed. In contragt, for a Smple random walk the digtribution is Gaussan, and the
probability of large excursons from the mean are extremdy smdl. The Lorentzian digribution is
characterigtic of process described by Lévy flight satigtics. Other examples include the foraging of an
abatross and pinball.
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Fig. 12. VSCPT in 2-D: (a) Experimental set-up for 2-D velocity selective coherent population
trapping. The interaction region consists of two orthogonal s™-s” light fields; (b) The dark
state is of a superposition of four momentum states, + 7k, , and *7ky, leading to the atomic
distribution shown. The r.m.s. velocity width of the peaks was 0.25%k/m. (Figure courtesy of
C. Cohen-Tannoudiji).

2) Raman cooling

In Raman cooling, a two-photon transition between two levelsin the ground State is used to select a narrow
veocity class and actively push it towards zero velocity. As both the initid and find levels are ground States,
the trangtion linewidth is inversdy proportiond to the interaction time and can be extremey narrow,
dlowing narrow velocity classes to be addressed. The trandtion is driven by applying two laser beams
whose frequency difference is equa to the ground state splitting. If both beams are far-detuned from the
single-photon resonance, the probability for off-resonant excitation of the optica trangtion is small, and the
excited gtate can be neglected.

For an atom with velocity u, the Raman resonance condition is,
W1 - Wo :(kl_ k2)>(,l +Dgs

where wy », k1 are the frequencies and wavevectors of the laser beams, and Dgys is the ground dtate
splitting. For co-propagating beams kq; = ko and the Doppler shifts cance (this is the Doppler-free
configuration traditiondly used in Raman spectroscopy). For counter-propagating beams ki = -ko, the
Doppler shifts add and the trangtion remains Doppler sengtive. In this velocity sendtive configuration, the
Raman beams can be tuned to address a particular velocity class, with a width determined by the duration
of the Raman pulse.

The Raman cooling cycle is depicted schematicdly in Fig. 13. If initidly the Raman beams are detuned to
the red of the Raman resonance they interact with atoms in the lower hyperfine leve with velocity around
u = - 3nk/m, Fig. 13a These atoms are transferred to the upper level, while their velocity is increased by
2hk/m, Fig. 13b. The aoms are returned to the lower level by an optical pumping pulse resonant with the
single photon trangition, Fig. 13c. On average this results in a velocity change of 7k/m so the net result of

the sequence is to select aoms with u = - 37k/mand deposit them around u = 0. By reversng the
direction of the Raman and the optica pumping beams, atoms with the opposite velocity are sdected. Thus,
a sequence of Raman pulses with various detunings and directions can be used to push dl the atoms
towardsu = 0.
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BOX 6

Dark states and coherent population trapping

To understand the principle of dark states and coherent population trapping, consder an atom where both
the ground and excited date of the cooling trandtion have one unit of angular momentum, i.e, J=1 and
J=1 respectively. In a magnetic field a spin-1 can have three ‘orientations: down, horizonta, and up,
which are denoted as my=-1, 0, and +1, respectively. We label the three ground and excited magnetic
sublevelsas |9. ), |do), |9+ ) and |e. ), |ey), |es) (see Fig. B6). Now consider the atom in a light
field formed by orthogona circularly polarised laser beams 67~ s7) propagating in the +z-directions,
respectively, asin Fig. 7b. The s* photons drive trangtions from a groundstate sub-level my where the
atom has momentum p, to an excited state sublevel my = my =1 with momentum p' = p£1. Consequently
the megnetic sub-levels can be divided into two families { e , p- #k),|gq, p).|e,, p +7k)} Which form a

V-system, and { g_, p- #k),|ep, p.| g, p + 1k} Which form aL -system. The two families are coupled

by spontaneous emission. However, this is a one way process. there is no decay route from L to V
because my=0tomy=0isnot dlowed inaJ=1to J =1 trangtion. Therefore, after afew cycles, dl the

atoms are pumped into the L -system, and we can neglect the V-system.

e leg! e}

Fig. B6. The level scheme for a J=1 to J'=1
transitioninas™s” light field.

g gy 9.}

In the L-sysem, the aom can decay into |g.,p- #K), |g., p+7k) or a superposition,
|g.,p- 7k)|g,,p+7K). A superposition of magnetic sub-levels is somewhat anadogous to a
superposition of light. Just asthe s*- s light fidd forms a hdlix, (Fig. 7b), the atomic dipole moment d,
betweenthe |g., p- k) +|g., p +7k) and the excited state |ey, p) is dso helica, with the same pitch
asthedectric fidd E. However, for a gtationary atom the dipole hdix is p/2 out-of-phase with the eectric

such that the d and E are everywhere orthogona, therefore, the trangtion probability (proportiona to
- d>E) is zero, i.e, the sate is completely uncoupled from the light. Thus, once the aom finds itsdf in

this superposition of |g.,-7k) and |g.,7%K), it will reman there indefinitely. This is referred to as

coherent population trapping and the non-coupled state is known as a dark sate. The dark state only exist
for agationary atom: if the atom is moving the phase between the atomic dipole and eectric field changes
and the average trangtion probability is no longer zero.
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Fig. 13. Raman cooling: (a) the initial velocity distribution in the lower ground state (1). The
Raman laser beams are tuned to resonance with a group of atoms with a particular velocity.
They are transferred to the upper ground state (2) and have their velocity increased by

2hik/m as shown in (b). The atoms are returned to the lower ground state by a pulse of light
on a single photon transition followed by a spontaneous emission. This results in a further
increase of the velocity by 7k/m and a broadening as shown in (c). The net effect is that the

initial group of atoms on average has been slowed down by 37k/m.

The Raman cooling scheme described above was conceived and demongtrated by Kasevich and Chu at
Stanford in 1992. In the experiment the r.m.s. velocity width of Na atoms, released from optical molasses,
was reduced from 4 to 0.2 7zk/m (see Fig. 14). Raman cooling can be extended to two and three
dimensions, but becomes rather beam ‘intensive. It aso works well on atoms in a far-off resonance optica
dipole trap (see Sec. V B), which has the advantage that only one Raman beam pair is required to cool dl
three dimensions. In tightly bound traps, one may adapt the scheme to perform Raman sideband cooling

(see Sec. V D).
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Fig. 14. a) The velocity distribution
after 5.7 ms of Raman cooling. The
velocity distribution was measured by
scanning the frequency of a stimulated
Raman detection pulse. Inset, an
enlarged view of the central peak
illustrating the velocity width relative
to the photon recoil velocity. The
initial velocity distribution is shown as
b). (Figure courtesy of S. Chu).



V. TRAPPING OF NEUTRAL PARTICLES

Trapping paticlesis not as Sraightforward as it may seem. Earnshaw's theorem sates thet it isimpossible to
cregte a potentid minimum, or trap, based on datic fieds only. The force is equa to the gradient of a
potentid, and the divergence of a gradient is zero, therefore, the field lines cannot converge on a point
where the net force is zero. In fact, most ‘traps are based on dynamica forces associated with motion of
eectrons within atloms. Alternatively, dynamica trgpping forces may be introduced by gpplying time-varying
fiedds. A good example is the Paul trap used for confining ions, where an dternating dectric fied is applied
to a configuration of eectrodes congsting of a ring and two end caps. Depending on the polarity of an
aoplied fidd, the centra point is either axidly stable and radialy unstable or vice versa, in accordance with
Earnshaw's theorem. By dternating the polarity faster than the natura oscillation frequency of the system (in
this case nearly zero), this point becomes dynamically stable. Balancing a pencil on afinger tip by rapidly
moving the finger is akind of mechanica anaogue of the Paul trap.

Optica trgpping of neutra particles is dso anadogous to the Paul trap. In this case, the oscillating eectric
field is provided by a laser. If the laser is tuned below any resonances of the system (red detuning), the
paticle is dynamicdly stable a the position of maximum field. This is opposte to the Paul trap where the
driving frequency is above resonance (blue detuning), and the dynamica force atracts the ion to the centre
where the fidd vanishes.

In principle, neutrd atoms may be trapped by light forces or using datic dectric or magnetic fields.
However, in practice, an optical verson of Earnshaw's theorem precludes trapping by radiation pressure
aone (see dso Box 4), and the interaction with eectric and magnetic fields is so week that atoms must be
pre-cooled to very low temperatures to be trapped. Before laser cooling, this pre-cooling has to be
performed with liquid helium and only hydrogen had been successfully trapped. Laser cooling has made it
possible to trap a great variety of atomic species. The two main types of neutral atom traps are based on
magnetic fidds and the opticd dipole force.

A. Magnetic trapping of atoms

The principle of amagnetic trgp is Smilar to the Stern- Gerlach effect, i.e., the force on a magnetic dipole in
amagnetic field gradient. An aom with a magnetic dipole moment 1T, in the presence of a magnetic field
B, hasapotentia energy - mxB. If the magnetic field is non-uniform, it exerts aforce mNB. The aom is

atracted to low- or high-field depending on whether 17, is pardld or anti-paralel to B. However, in
practice, it is impossble to create a locad maximum of a magnetic field, so only low-field seekers can be

trapped.

Fig. 15. Magnetic trapping can take place in
the zero-point of the magnetic field created
by two current loops (grey, out of the plane
of the paper) in the anti-Helmholtz cail
configuration. The colours indicate the
magnitude of the magnetic field with red
corresponding to B = 0. The arrows indicate
the direction and magnitude of the field.
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Magnetic traps provide a conservative potentia idedly suited for confining atoms prepared by laser cooling.

Compared to optica dipole traps (see next Sec.) the trapping potentiad is relatively deep: for Na atoms, a
fidd variation of only 15 Gauss corresponds to atrgp depth of 1 mK. However, the fied gradient required
is gill one or two orders of magnitude larger than used in the magneto-optical trap (see Box 4) (a fidd

gradient of 15 Gauss/cm isrequired to support rubidium againgt gravity).

Early magnetic traps used an anti- Hemholtz coil configuration producing a spherica quadrupole field. The
field contours are shown in Fig. 15. The atoms are opticaly pumped into a spin-up level and as long as they
day dear of the zero-fidd point, their spin follows the loca magnetic field, resulting in a trgpping potentia
determined solely by the fiedld magnitude.

In generd for magnetic coils of radius R, producing a magnetic field B, the trapping potentia scales as,
U(r)~ mB(r/R)n

for r << R, where n depends on the coail configuration. The anti- Hmholtz trap is linear, n = 1, producing
the strongest confinement; idedl for achieving high dendty. However, linear traps are inherently lesky
because the fidd is zero at the origin: an atom passing near the origin, experiences arapid change in the Sgn
of the fidd which the atomic spin cannot follow, the atom finds itsdf in an anti-trapped date and is gected.
This|oss mechanism, known as a Mgorana spin flip, is disasirous for cooling because colder atoms spend
more time in the vicinity of zero field, and become more likely to flip. Techniques to diminate this problem
were first developed in 1995 a JLA by adding an oscillatory magnetic field to rotate the zero-field position
such that the effective potentia gppears parabolic, see Fig. 16; and a MIT using a far-blue-detuned laser
beam to prevent atoms entering the zero-field region. However, when steps are taken to reduce the spin-flip
loss some of the advantages of tighter confinement are lost.
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Fig. 16. (a) The linear magnetic trap showing the lossy zero-point of the magnetic field. (b)
The TOP trap: An oscillatory magnetic field is applied to rotate the zero-field position. If the
rotation period is much faster than the oscillation period of trapped atoms, the time-orbiting
potential (TOP) is parabolic with no zero-crossing, so the spin-flip loss rate is significantly
reduced.

Alternatively, one may congtruct a trgp with non-zero field at the origin, in which case, the trgpping potentia
is parabolic, n=2, resulting in weeker confinement. The standard parabolic trap, known as loffe-Prichard,
conssts of four straight conductors in quadrupole configuration with two coils for end caps. There are many
variations on this theme whose names often reflect their respective geometies, e.g., the basebdl trap, where
the windings follow the pattern of gtitching on a baseball.
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B. Optical dipole traps
Smilar to the magnetic trgp where a magnetic dipole is confined by a magnetic fied gradient, the optica
dipole trap confines an eectric dipole d in the gradient of an dectric fidd E. However, an important

difference is that the dectric dipole moment is induced by an oscillatory eectromagnetic field. The atom
behaves as a driven oscillator and just like amass on a spring, if it is driven below resonance (red detuning)

it oscillates in phase (d pardle to E ), whereas if it is driven above resonance (blue detuning) it oscillates
out-of-phase (d anti-pardld to E). The interaction energy is U = - d xE , so for red detuning the atom is
attracted towards high intensity, whereas for blue detuning atoms are repelled from high intensity (see dso
Box 2).

The smplest form of an optical dipole trap isasingle focused Gaussian laser beam detuned to the red of the
atomic resonance. The trapping potentid is illudtrated in Fig. 17. For experimentdly redisable conditions,
the trapping potentid is rather shalow. For a 100 mW laser beam focused to a 10 micron waist and
detuned 5 nm from the Na D-lines, the trap depth is equivalent to a temperature of 0.5 mK, so optical
trapping of atoms had to wait until the invention of laser cooling!

i
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Fig. 17. The optical dipole trap: The potential energy of an atomislowered in the presence of
a strong light field tuned below resonance.

2

Infact, the first optical trap was reported only one year after the first 3-D laser cooling experiment. The trap
was produced by focusng a dye laser a the centre of a Na opticd molasses. To achieve sufficient trap
depth, the trgpping laser had to be tuned reatively close to the atomic trangtion. For smal detunings,
gpontaneous scattering (1000 photong’s in this case) results in significant heating. When this was not
compensated by cooling from the optical molasses beams, the trap lifetime was only a few milliseconds.
However, there is away around this problem. The trap depth is proportional to the laser power divided by
the detuning, whereas the spontaneous scattering rete is proportiond to the laser power divided by the
sguare of the detuning. Therefore, by increasing both the intengty and the detuning one can maintain the
trap depth and reduce the radiative hegting. In the limit of far detuning, one expects the light to create an
amost consarvative potentia, such that in practice the lifetime is only limited by background pressure.

Another advantage of the far-off resonance optical dipole trap isthat dl the groundstate magnetic sub-levels
experience the same trapping potential alowing arbitrary spin states to be trapped (see Sec. IV B). Since
the first opticd dipole trap was demongtrated there has been a trend towards larger and larger detunings,
e.g. in 1994 the Stanford group trapped Na (resonance 589 nm) usng a Nd:YAG laser (wavelength 1064
nm), and in 1997 researchers in Germany and Japan trapped Cs (852 nm) usng a CO, laser (10.6
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microns). Cs atoms have aso been trapped using the magnetic dipole force produced by a microwave fied
by the NIST group in 1994.

Another way to reduce the spontaneous scattering rate is to use blue-detuned light where atoms are repelled
from regions of high intengty. The light-atom interaction time can be minimisad by creating a hard-wal
potentia (the same principle applies to light based atom mirrors (see Chapter by Pfau and Mlynek). For
example, a sodium atom cooled to the recoil temperature bouncing on an argon-ion laser beam (10 mm
walst) scatters only one photon every few hours. One way to produce a hard-wall potentia is to use
evanescent waves. In 1993 the group at the ENS in Paris observed up to 8 bounces from a curved
evanescent wave (see Fig. 18).
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£ ; Fig. 18. The fluorescence produced by
é‘ il caesium atoms bouncing on a curved
10 : . evanescent wave. (Figure courtesy of
0 EUD_ 400 G'DG C. Cohen-Tannoudji).
Time (ms)

A hard-wall potentid can aso be realised using free propagating sheets of light. The first light-sheet trap was
demongtrated at Stanford in 1994. As the atoms spend most of their time in free fdl, the perturbation by the
light field is minima which makes this type of trap a good candidate for spectroscopy.

C. Optical lattices

A ganding wave laser fidd produces a periodic potentid (as in Fig. B5), which can trgp aoms in an
ordered crystd-like structure. These crystals bound by light are known as opticd lattices. A contour plot
illugtrating the potentia wdlsin a 2-D lattice is shown in Fig. 19. The lattices are loaded with cold atoms
prepared by opticd molasses. The dte occupancy is typicaly only a few percent, so inter-atomic
interactions are amogt negligible. The lattice congtant, lattice type, and well depth can be chosen by
selecting the geometry, polarisation, and intengity of the laser beams.

Fig. 19. 2-D optical lattice potential: Contour
plot showing the optical potential produced
by the inter section of two standing wave laser
fields propagating along the x and y axes,
and linearly polarised along the z axis.
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For near-resonant lattices (D ~-10G) opticd pumping ensures that despite a possibly complex energy leve
sructure the atom behaves like a harmonicaly bound 2-level system. A characterigtic fluorescence spectrum
isshown in Fig. 20. The spectrum can be explained semi-classcdly by consdering the light scattered by an
aom undergoing oscillatory motion. For a Stationary atom, the scattered light has exactly the same
frequency as the laser, but when the atom moves, the scattered light acquires a Doppler shift. For an atom
undergoing harmonic motion the frequency of the fluorescence varies snusoiddly, so the associated dectric
field can be expressed as

E=Ep cos(wot - kasi n(wtt))

where w; and a are the frequency and amplitude of the atomic motion, and k = 2p/l isthe wavevector of

the trapping light. If the atomic centre of mass motion iswell-localised on the scale of an optical wavelength,
ka << 1, this can be expressed as a sum of three terms:

E» Eg cos(wot) +Eg ka,/2[cos((wo +Wj )t) - cos((wo - W )t)]

i.e., the spectrum acquires sdebands at the oscillation frequency. Theratio of sSdeband-to-carrier amplitude
isgpproximately ka/2, which is known as the Lamb-Dicke factor. The sidebands may aso be interpreted as
atoms making trangtions between vibrationa levels of the optica potentia (see Fig. 20).
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. Fig. 20. The fluorescence spectrum produced
r by atoms confined in a 1-D optical lattice.
The lower and upper sidebands correspond

to transitions up and down the vibrational
ladder as indicated below.

The asymmetry between the intengity of the red and blue Sdebands reflects the therma digtribution of atoms
among the vibrationd levedls. Assuming a Boltzmann digtribution the ratio of populations in the i and

(n+1)th levesis exp(- hiwg /K BT) . Thus, ameasurement of the asymmetry and the oscillation frequency is

aufficient to determine the temperature of trgpped atoms. The width of the sdebands is determined by the
lifetime of the vibrationa dtates, and istypicaly afew kHz for Cs.

There is condderable interest in achieving higher densties and hence higher occupancy in optica lattices.
The present limits are imposed by the loading technique (typicaly from a magneto-optical trep) and the
latice itsdf. During loading and trgpping, the atomic dendity is limited by the presence of near-resonant light.
A way forward is offered by far-off resonant lattices where the cooling is provided by separate beams.
Another idealis to trap atoms in a state which does not couple to the light, i.e. a dark state, Smilar to that
discussed in the context of sub-recoil cooling (Box 6). In these dark or grey lattices, the usud light-induced
dengty-limiting processes are reduced, dlowing higher dengity and sometimes lower temperatures too.

The advances in preparing high density atomic samples using magnetic traps and evaporative cooling (see
Sec. VI B) creates the prospect of far-off resonant optica lattices with close to 100% occupancy. In this
regime the interactions between atoms become important and one would expect to observe long range
cooperative ordering. Spectroscopic techniques such as Bragg diffraction can be used to detect long range
order. The similarity between optical lattices and systems encountered in condensed matter physics suggests
thet they may offer new insght beyond the realm of |laser cooling and trapping.
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D. Cooling atomsin traps.

1) Laser cooling.

Laser cooling of atomsin atrep is typicaly very different to cooling in free space. Firdt, the trapping fidds
dragticdly perturb the energy level dructure, so, for example, the sub-Doppler cooling mechanisms
described in Sec. IV B are no longer effective in a magnetic trap. Second, the character of the cooling
mechanism depends on how far the atom moves during the cooling cycle. If the atoms makes many round-
trips during one cooling cycle then a Sdeband cooling picture is gppropriate. This regime is typica for ion
traps and opticd lattices. The opposite case, where atoms complete many cooling cycles before making one
round-trip, approaches the free space cooling limit.

As aom traps are usualy loaded with laser cooled atoms, we are only interested in cooling techniques that
work below the usua Doppler or sub-Doppler temperatures. The smplest idea is to continue cooling on
another much narrower trangtion: remember that the Doppler temperature is proportiona to the linewidth of
the atomic trangtion. Narrow linewidth trangtions are often used for sideband cooling of trapped ions.
Some atoms aso have a convenient narrow linewidth trangtions (e.g. magnesum and calcium) but for other
reasons are not as easy to work with as the akalis. For the akalis, one can realise a narrow linewidth
trangtion by driving a two-photon Raman trangtion between the two grounddtete levels, i.e,, use Raman
cooling (see Sec. 1V C).

Raman cooling works particularly well in far-off resonant optica dipole traps because the groundstate
energy levels dl experience roughly the same light shift, therefore the simulated Raman trangtions are
resonant & every point in the trap. One advantage of cooling in a trgp is that an anharmonic potentia
couples the trandationa degrees of freedom, such that cooling along one axis is sufficient to cool dl three
dimengons. In 1996 the Stanford group Raman cooled atoms in inverted pyramid opticd dipole trap to a
find temperature of 0.4 Ty ec.

Raman cooling can dso work in the sideband regime, as first demonstrated on trapped ions by Windand's
group a NIST and on atomsin afar-detuned optica lattice by Jessen and co-workers in Arizona in 1998.
In sideband cooling, the laser is tuned to the red sdeband (on the left in Fig. 20) which drives the atomic
population down the ladder of vibrationa states. It is possble to transfers essentidly dl the population to the
ground state of the trap. However, in a lattice typically one does not observe a phase trangition (e.g. to a
Bose-Eingtein condensate, see Sec. VI B) because there is less than one atom per potentia well.

Another technique to cool atoms in atrap or optica lattice is to employ a dark state (see Box 6). Laser
cooling in a standing wave laser fidd or opticd lattice involving a dark state is referred to as grey molasses
or adark lattice and can produce dightly lower temperatures than optica molasses.

2) Evaporative cooling.

Neither sub-Doppler nor sub-recoil cooling are readily applicable to magneticaly trapped atoms. Also the
dengty limits imposed by near-resonant light requires that dternative cooling schemes be considered. If the
dengty is sufficiently high that aoms undergo many dadtic collisons before escaping, then they may be
cooled by forced evaporation.

The process of evaporative cooling is smilar to the cooling of a cup of hot and steaming liquid - the steam
caries avay heet leaving the liquid cooler. The principle a the atomic levd isillustrated schematicdly in Fg.
21. In acollison between two atoms with roughly the same initid energies, the find energies have arange of
possible values. If the hotter atom is alowed to escape, the net effect, after re-thermaisation, is to leave the
remaining sample colder.

Colligons are the key component in evaporative cooling, without them evaporation would amount to no
more than velocity sdection, which does not increase the phase-gpace density. Runaway evaporation,
where the collison rate is congtant or increases, requires greater than 100 dadtic collisons per trap lifetime
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in a linear potentid (greater than 400 in a parabolic potentid, due to the weeker confinement). This
threshold can be reached by transferring a laser cooled sample into a purely magnetic trap where extremely
long lifetimes (a few minutes) are possble by reducing the background pressure and diminating the
possibility of spin-flip loss.

Ancther attractive festure of magnetic trgpsis the ability to gect aiomswith awell defined energy by driving
an 1f trangtion to the untrapped state. This idea was first suggested as a technique to initiate evaporative
cooling of magneticaly trapped hydrogen and subsequently gpplied with great success to dkdi atoms. The
combination of magnetic trgpping and evaporative cooling has alowed phase-gpace dendties above
quantum degeneracy to be achieved (see Sec. VI B).

5 o2 h

Fig. 21. The principle of evaporative cooling. Two atoms, with the same initial energies,
collide and scatter into different vibrational states. If the hotter atom is allowed to escape, the
net effect, after re-thermalisation, is to leave the remaining sample colder. The temperature
scales linearly with trap depth U (kgT ~ U/10).

VI. APPLICATIONS OF LASER COOLING AND TRAPPING OF
NEUTRAL ATOMS

A. Precision measurement

The potentid of dow atoms for precison measurements has been a sgnificant mativating factor behind the
developing laser cooling and trapping techniques. The prospect of improving the atomic clock or frequency
standard is particularly appealing. The fact that the current frequency standard is based on the groundstate
hyperfine trangtion in caesum, an ided dement for optica manipulation, is a fortunate coincidence.

The field of precison measurementsiis closaly related to the development of fundamental SI sandards. The
gtandard for time (or frequency) is of particular importance and will set the strongest demands in the future.
Consequently a greest ded of work is going into improving the current standard and exploring the
possibilities for asuccessor (Box 8 provides a brief history of clocks, and some notes on the implications for
navigation, which dill provides one of the main motivations for advances of this technology). Our ability to
make dectronic measurements of frequency isfar superior to measurements relaive to artefacts (e.g. the old
standard meter or kilogram) or based on ddlicate set-ups (e.g. the ampere). The new definition of the meter
is a good example, where by defining the speed of light, the artefact becomes redundant. For this reason,
ongoing research is directed towards redisng new standards linked to frequency measurements. For
example, eectrica standards are linked to frequency measurements via the Josephson frequency-to-voltage
ratio Z2/h. Finadly, a range of fundamentd experiments can be recast as frequency measurements and
therefore, depend not only on the existence of a proper standard, but become, in themsalves, frequency
measurements with stringent demands on precison.

As a source for precison measurements, dow atoms have a number of advantages over room temperature
vapours or therma beams. The mogt obvious is the posshility of sgnificantly longer interrogation times.
However, the experimenta implementation proved less than straightforward. In the origina proposal for an
improved caesum frequency standard (made in the early 1950's), Zacharias suggested aming a thermd
beam vertically (upwards) and set up an experiment sengtive only to atomsin the dow tail of the distribution
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moving with velocities of 6 m/s or less. These atloms would turn around less then 2 m above the source and
fal back down again under the influence of gravity. Thiswould yidd interrogation times of order 1 s, and the
geometry aso lends itsdf idedlly to the gpplication of Ramsey's technique of separated oscillatory fields (see
Box 7 and Further Reading). In the Ramsey technique, the long interaction required to achieve high
sengtivity is replaced by two short interaction regions separated by a long time. The fountain geometry
provides the convenient amplification that only one interaction region is required because the aloms will pass
through it on their way up and on their way down. Unfortunately Zacharias experiments on atomic fountains
did not work. It turned out that collisons with the faster atoms (the vast mgority) effectively removed the
dow tall.

Despite the failure of the experiment, the idea survived, and the collisons problem was findly solved in 1989
by the Stanford group who demonstrated the first atomic fountain based on laser cooled atoms. The idea
was to trgp and cool a sample of sodium atoms and subsequently launch them with a velocity of 2-3 m/s
using light pressure. The experimenta set-up is shown in Fig. 22. The grounddate hyperfine trangtion at
1.772 GHz was excited by the application of two short p/2 rf pulses (see Box 6) as the atoms were turning
around ingde awaveguide. Fig. 23 shows examples of the Ramsey fringe patterns (see Box 7) obtained in
this experiment. The data shown in Fig. 23b represents 1000 s worth of experimenta running time and
alowsthe line centre to be determined to = 10 mHz. For an interrogation time (i.e. time between the two rf
pulses) of DT = 255 ms the expected linewidth is Dn = 1/2DT » 2 Hz as observed.
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Fig. 23. The observed rf signal in a cold-
atom fountain. experiment. The fringes were
produced by Ramsey's technique of separated
oscillatory fields. (a) The transition is driven
by two 32 ms rf pulses separated by 125 ms.
(b) An expanded view of the central fringe
obtained with two 3.2 ms rf pulses separated . . : .
by 255 ms after 1000 s of integration. 100 130 160 190
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BOX 7

p- pulses and Ramsey fringes

As explained in Box 1 a two-level aom interacting with an externd fidd (light or 1f) performs Rabi
ocillations, i.e. the population oscillates between the ground and excited state with the Rabi frequency

WR. If the aom isinitidly in the ground Sate | g) , and the externd field is gpplied as a pulse lagting only

hdf acycle of the Rabi oscillation, the atom is trandferred to the excited State | e) . Thisisreferred to as a
p-pulse. Smilarly, population initidly in the excited Sate is transferred to the ground Sate.

If the interaction only lagts half aslong asap-pulse it is known as a p/2-pulse and the atom ends up in a
coherent superposition of ground and excited states.

y )=o) e o)

where 7w is the energy difference between the states. The important point here is the phase difference

between the ground and excited state components (represented by the factor e'iWOt) evolves & a

frequency given by the atomic trangition frequency wo, i.e. the atom acts as a quantum mechanica clock.

Thisisthe basis for a technique known as Ramsey's method of separated oscillatory fields used in atomic
clocks. A time DT after theinitid p/2-pulse is applied a second p/2-pulse is used to read out the atomic
phase. If the oscillator driving the p/2-pulses has afrequency w = wq the second pulse isin phase with the
atom and the combined effect of the two pulsesis that of a p-pulse, i.e. the atom is transferred to the
excited state. However, if the oscillator frequency is not exactly equa to wy, its phase dips rdative to that
of the atom and the excitation isin genera no longer complete. If the frequency difference equas p/DT the
second pulseis p out of phase and the atom is driven back to the ground state. At twice this frequency
difference the second pulse again excites the atom, but the two oscillators have dipped by one period in
thetimeinterval DT. This givesrise to the characteristic Ramsey fringe pattern shown in Fig. 23.

Thisis amilar to the interference fringes observed in a Y oung's double dit experiment where condructive
interference is observed at points, where the difference in the number of oscillations for light travelling from
the two dits equas an integer. Half way between these points of congtructive interference the two fields
are p out of phase and dark lines appear.

Subsequent work on Cs atomic fountains demonstrated the accuracy of the system, and begun to explore
the limitations of the technique. The fountain has many advantages compared with traditiond therma beams.
The obvious ones are the vast reduction in the observed linewidth and virtud dimination of the second-
order Doppler shift, but just as important is the fact that many of the factors limiting the accuracy of therma
beam aomic clocks are sgnificantly reduced. One example is the cavity phase shift error, which is the
largest uncertainty in present Cs atomic beam clock. It is caused by the fact that the two Ramsey
interactions take place in two separate cavities. Any phase difference between the two cavities will
immediately trandate into a shift of the observed line. In afountain clock, there is only one cavity! The much
reduced linewidth aso means that the bias magnetic field required to isolate the correct clock trangition (mg

= 0 to mg = 0) can be reduced dramatically resulting in areduced quadratic Zeeman shift.

Of the sources for systematic frequency shifts known from traditiona atomic beam clocks, the bias magnetic
field would appear to be the most severe in a fountain, limiting the accuracy (Dn/n) to the 10-16 levd. This
represents an improvement of 2-3 orders of magnitude compared to athermal beam atomic clock (see Box
8). However, the use of cold atoms introduces new problems. The energy levels of calliding atoms shift, so
if they shift differently for the two hyperfine levels of the dock trangtion, this will give rise to a dendity
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dependent frequency shift. Shifts of severd mHz have been observed for densities of order 10° cnr3,
However, the shift is linear in density and an extrgpolation to zero dengty is feasible. With this correction an
accuracy of 10716 should be possible.

BOX 8 History of clocks

Y ear Description Stability
1656 Pendulum (Huygens) 103
1760 Harrisonb) 106
1920 Master/d ave pendulum (Shortt) 107
1940 Quartz crystd (33 kHz) 10°
1960 Atomic clock? 1014
1996 Atomic fountain clock3 1016
2003? Cold atom clock (zero g) 1017

1). Harrison built five clocks: H1 (1735) accurate to a few seconds per day (~5 10-2); H4 (1760) 5 sin

81 days (~7 10'7); and H5 (1772) a pocket watch (accuracy ~4 10'6). H4 was sufficiently
accurate to solve the so-called longitude problem: 4 s is equivalent to ~1 mile at the Equator,

therefore an accuracy of 10-6 corresponds to less than 1/4 mile after 1 month at sea.
2). The atomic clock was originally developed to test general relativity but it worked so well that in
1967 the second was redefined as 9,192,631,770 periods of the ground state hyperfine transition

in 133Cs. In addition, it has revolutionised satellite based navigation by facilitating the
development of the Global Positioning System, accurate to 10 m. Ramsey, who developed the
separated field technique, was awarded the Nobel Prize in 1989.

3). Chu, who worked on the first cold atom fountain, was awarded the Nobel Prize in 1997.

It is interesting to consider the possibilities for improving the accuracy beyond the 10-16 |eve. There are
essentialy three routes: 1) improving the signd-to-noise ratio and our understanding of systematic shifts, 2)
reducing the linewidth and 3) increasing the frequency. 1) is hard work! 2) represents an interesting option in
a zero-g environment in particular because the most accurate clocks will be required for satellite navigation.
3) is a posshility for the future and will ultimately require a re-definition of the frequency standard.
However, there are only a smal number of atoms that can be laser cooled and have a possible clock
trangtion.

As explained above, acceleration due to gravity is one of the limiting factors in an aomic clock. It is
therefore interesting that the Stanford group has taken the ultimate revenge by turning an atomic clock into a
device for measuring g with unprecedented accuracy. The principle can be understood as follows. The
clock trangtion can be excited opticaly with a velocity sendtive Raman trangtion (see Sec. 1V C). For
given laser frequencies w1 and w, the resonant velocity is:

u :(wl- W - Dgs)/Zk

If the beams are verticd the frequency difference required to maintain resonance with a given group of
aomswill haveto be varied linearly with time (proportiona to g) as the atoms accelerate, according to u(t)
= g t. It turns out there is no need to sweep the frequency difference. Instead, the light can be applied in
three short pulses (p/2 - p - p/2, see dso Box 7) with variable phase thereby creasting an aom
interferometer (see aso Chapter by Pfau and Mlynek). From this point of view the technique measures the
difference in gravitationd potentia between the two interferometer ams. An extremey high sengtivity to
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gravity can be achieved. Fig. 24 shows a measurement of the variations of gravity recorded over afew days
by a caesum interferometer at Stanford.

Fig. 24. Continuous measurements of
the gravitational acceleration g over a
two day period using an atom
interferometer. Each data point
corresponds to a two minute
measurement. The solid curves
: ' | represent two different models of the
Epm {inm Bam. 12noan Bpm 12 mMn Bam 12r1-:|n|1 bpm I?nrr Earth tides. (Figure courtesy of S

Chu).

In the andysis of the dynamics of the photon absorption and emission processes in Section |11 B we were
primarily interested in the conservation of momentum. The photon recoil, however, dso has a measurable
goectroscopic effect. An atom (or molecule) initialy at rest will recoil with avelocity 7k/m so the equation
for the conservation of energy will include a kinetic energy term corresponding to a shift of the absorption
line. Smilar conservation of energy arguments show that the resonance frequency for stimulating the atom
back to the ground state again depends on the direction of the stimulating beam relative to the recailing

atom, such that two resonances occur separated by 27k / m. An accurate measurement of this recoil

golitting will therefore yidd the ratio 72/m, which is of interest from a fundamenta point of view, because in
guantum mechanics mass only gppearsin thisratio.

The recoil splitting was first observed by Hal a JLA in saturated absorption spectroscopy of methane
excited by a 3.39 nm HeNe laser. The exquiste velocity sendtivity provided by stimulated Raman
trangtions has dlowed a precison measurement of this recoil splitting to be carried out by the Stanford
group. The accuracy with which p-pulses can be gpplied has even alowed severd additiona absorptions
and simulated emissions to be included to increase the recoil splitting to 60 photons worth of momentum.
Using a caesum atom interferometer similar to the one used in the g-measurement 72/m has been measured
with a precision of 10-7 in two hours of integration.

By using a combination of many of the techniques, that have been developed for laser cooling and trapping
of neutral atoms, Hall recently measured the linewidth of the sodium cooling trangition with high accuracy.
The am of thiswork was to resolve a discrepancy between caculated and measured lifetimes of the excited
date. The traditiona way of measuring lifetimes is to observe a fluorescent decay, which unfortunately
auffers from a number of sysematic effects related to the exact experimental geometry. Laser cooling
alowed the lifetime to be determined from an accurate measurement of the natura linewidth of the trangtion.
This measurement resolved the discrepancy and is in agreement with a recent and more careful
measurement of the fluorescence decay.

Measured values of gravity {microGal)

One of the more exotic types of experiments made possible with laser cooled atoms is a test of parity
violation. By combining measurements on severa short-lived isotopes of caesum and francium, one can
make an accurate comparison with theoretical calculations.
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B. Quantum degeneracy

An important outcome of laser cooling and trapping is the dramatic increase in the phase-space dendty of
the atomic sample. The phase-gpace dendty is the number of aoms per unit red space and momentum
space, nl gg3, where n isthe number density and | g is the therma de Broglie wavelength. Physicists care
about high phase-gpace dendty not only because, in generd it increases the 9gnd-to-noise ratio in most
experiments, but more fundamentally because quantum mechanics predicts that remarkable things happen
when the average particle separation, 1/nl/3, becomes comparable to the de Broglie wavelength, i.e., when
nY3 4g > 1. In this regime, known as quantum degeneracy, the behaviour of bosons and fermions is
dramaticdly different. For bosons the de Broglie waves of neighbouring particles interfere constructively
such that dl the particles condense in the lowest energy state forming a Bose-Einstein condensate (BEC).
In contrast, the de Broglie waves of fermionsinterfere destructively such that the particles remain stacked up
to aleve necessary to accommodate just one particle per state.

Standard laser cooling and trapping techniques lead to a dramatic increase in the phase-gpace density, but

not by enough to reach quantum degeneracy (see Fig. 25). The MOT is capable of producing temperatures
aslow as 10 Tyec, and densities up to 10* cnr3 corresponding to a phase space density of order 105, At
this stage, the interaction with near resonant light becomes the limiting factor. Spontaneous emisson causes
diffusve heting and light scattering limits the maximum density. Margindly higher phase space densty can
be attained temporarily by compressing the MOT and cooling the compressed cloud using optica molasses
(see Fig. 25). However, the pursuit of significantly higher phase space density requires the extinction of dl

near-resonant light. Consequently laser cooling and the magneto-optical trap must be abandoned. Instead,

the atoms are transferred to a purdly magnetic trap (discussed in Sec. V A), where the cooling is continued
by forced evaporation (see Sec. IV D). A radio-frequency (rf) source selects atoms with a particular energy
and trandfers them to an untrapped magnetic sub-level. The temperature of the cloud is decreased by
gradudly lowering the selected energy by changing the frequency of the rf radiation. The decrease has to be
dow to dlow atlomstime to re-thermaise. Both the temperature and the number of atoms are reduced by a
few orders of magnitude, and if the initid atom number and density are sufficient, the phase space dendty
can increase by the five orders of magnitude required to attain degeneracy.

Fig. 25. The route to BEC: Density
against temperature plot illustrating how i

a Bose-Einstein condensate is produced He Il
using a sequence of laser cooling 102{'!_
followed by evaporative cooling. The

solid line, correspondingto | gg = 1.4

/3 for 87Rb, indicates the phase
transition. The dotted line is the phase

transition for 4He The cooling sequence
is as follows: 1. Room temperature atoms
are laser cooled and confined in a MOT.
The trap is compressed by increasing the
magnetic field gradient (CMOT). 2. The
magnetic field is turned off to allow a
short period of sub-Doppler cooling
(optical molasses) before transferring the Thermal vapour
cloud to a purely magnetic trap (MT). 3. e e e

The magnetic field is increased to 10 10 10
compress the cloud. 4. An rf field is Temperature /K
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The formation of a BEC using a sequence of laser and evaporative cooling was first observed in 1995 using
rubidium by the group of Cornel and Wieman a JLA in Colorado; by Hulet and co-workers at Rice
Universty in Texas udng lithium; and by Ketterle and colleagues at MIT using sodium. In 1998 BEC was
observed using hydrogen by Kleppner and co-workers a MIT using only cryogenic and evaporative
cooling. The condensates consst of afew million atoms at a temperature between afew hundred nK and a
few K. The density can be grester than 10 atoms per cubic centimetre, significantly higher than in laser
cooling experiments. The formation of the condensate is marked by the gppearance of a high densty region
a the centre of the atomic cloud. This high dengty region is easily detected by absorptive imaging usng a
near-resonant probe beam. Typical absorptive images are shown in Fig. 26.

a) b) c)
m M

Fig. 26. BEC at University of Sussex: Two dimensional probe absorption images showing the
velocity distribution of sodium atoms released from a magnetic trap. The sequence shows the
emergence of a Bose-Einstein condensate. The three images show a cloud cooled to: (a) just
above the transition temperature; (b) just after the condensate appeared; and (c) well below
the transition temperature where almost all the atoms are in the condensate. (Figure courtesy
of A.S. Arnold).

As BEC is a fundamenta phenomenon underlying many key aress of physics, the first observation of the
akdi vapour condensates was greeted with considerable excitement. The particular attraction of the dilute
atomic condensates is that the dendty and temperature are sufficiently low that the theoretical description is
relatively straightforward, alowing quantitative comparison between theory and experiment. Consequently,
dilute BECs provide an ided system for testing many-body theories. At low temperatures, atoms behave
like hard spheres with aradius a (typicaly afew nanometers) known as the scattering length, and one can
describe the collisons in terms of a mean-fidd, essentidly an energy shift that depends on dengty. This
mean-field description, leading to the Gross-Pitaevskii equation, has been shown to provide an accurate
description of the shape and dynamics of dilute atomic condensates. The scattering length, a, may be either
positive or negative corresponding to repulsve and attractive interactions, respectively. Attractive
interactions tend to make the cloud collapse and condensates can be formed only for smal numbers of
atoms where the zero-point motion is sufficient to baance the attractive forces. Repulsive interactions cause
the cloud to expand and change shape. The shape mirrors the trapping potentid. In a parabolic potentid the
dengty didribution is parabolic, whereas in a square well potentid, the dendity is uniform just like water in a
bucket.

Some of the gpplications of atomic BEC include:

1. A Bose-condensate is an idedl source and may be thought of as the matter wave equivaent of a laser.
The condensate is populated by 'stimulated scattering' into the ground state of the potentia, similar to
the stimulated emission of photons into a particular mode of a laser cavity. A pulsed output from a
trapped condensate can be redised by driving a trangtion (if or optical Raman) to an untrapped state.
The coherence of the output has been demondrated by interfering two initidly separate regions of
condensate. The strength of the analogy has led some physicists to adopt the term 'atom laser'.
However, it is not quite a laser in the sense that the pumping or loading and the output are performed
sequentidly. A continuous output would require continuous laser cooling and loading, which remains a
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congderable chalenge. However, one may envisage that even the first generation of ‘atom lasers' will
make a ggnificant impact in aomic physics, especidly in the rgpidly expanding area of atom optics, (see
the Chapter by Pfau and Mlynek)

2. The dilute Bose gas is rdaively smple superfluid. Experiments which probe the fluid dynmica
properties, such asthe formation and interactions of quantised vortices provide new ingght into fluidity
in generd and quantum fluids in particular. To investigate the fluid properties, the laser manipulation
techniques described in this Chapter prove very useful. For example, far-off resonant laser light may be
used to split, excite, shape, pierce, and tir dilute alkai vapour condensates. Stirring leads to vortex
formation. Vortices are an interesting entity which gopear in wildly different areas of physics. Apart from
ther centrd role in fluid mechanics, and as fluxons in superconductors, they are related to cosmic
grings, topologica defects in space time thought to originate during the rapid expansion phase of the
ealy universe.

3. The far-off resonant optical dipole traps discussed in Section V B may aso be used to trap a
condensate. The opticd dipole potentid aso has the advantage that dl the spin ates are trapped
amultaneoudy, and the magnetic field becomes a free parameter. This dlows sudies of spinor
condensates and the posshility of changing the interactions by applying a uniform magnetic fied. For
example, if the magnetic fidld is varied such that abound gate in the interatomic potentiad moves into the
continuum then the scattering length changes sgn. This is known as a Feshbach resonance. By
suddenly changing the sgn from positive to negative, it is possible to investigate the dynamics of the
condensate as it collapses.

Mot of the akdi atoms used in laser cooling are bosons, but some isotopes such as 6Li and 40K are
fermions. Laser and evaporative cooling of fermions leads to the formation of degenerate Fermi gases which
have quite different properties to Bose condensates. One topic of interest is the possibility of fermionic
pairing, where two fermions combine to produce a boson alowing a form of Bose condensation. This
process is best known in the context of superconductivity where two eectrons couple via a phonon to form
a Cooper pair. For atoms, the pairing is predicted to occur a very low temperatures that are difficult to
atain because the éadic collisons required for evgporative cooling are forbidden by the fermionic
symmetry. One gpproach is to use a bosonic buffer gas to sympatheticaly cool the fermions. As in the case
of dilute Bose condensates, dilute Fermi gases could provide new insight into diverse many-body problems,
ranging from superconductivity to the ability of neutron gars.

VIl. MANIPULATION OF MICRON SIZED PARTICLES

The versatility of laser manipulation is most clearly demonstrated by the broad range of particles that can be
controlled, from atoms to small didectric spheres (from tens of nanometers to tens of micrometers in
diameter), viruses, living cdls, and even organdles within living cdls. The &dbility to atach smdl didectric
spheres as 'handles on more complex molecules and polymers has extended the technique to a whole new
class of particles. Furthermore, in addition to providing a means for moving particles around, lasers can dso
be used to rotate them. Thisis possible because in addition to the linear momentum considered o far, light
can aso posses angular momentum. Consequently, by opticaly tweezing a particle with a laser with
angular momentum (circularly polarised) it is possible to set it in rotation.

In this Section we briefly discuss some gpplications from fields other than atomic physics, that have been
revolutionised by the development of optical trapping techniques.

A. Basic ideasrevisited and early work

The field of laser manipulation of micron sized particles was initiated by the pioneering work of Art Ashkin
at Bell Laboratories on optica trapping of latex spheres (see Sec. 111). A laser with power, P, impinging on
aparticdewith reflectivity R exerts aradiation force F = 2R P/c, where ¢ is the speed of light. For a laser
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power of 1 W and a reflectivity of 10% this corresponds to a force of order 1 pN, which for a 1 micron
diameter particle trandates into an accderation of a hundred thousand times that due to gravity. Initial work
confirmed this estimate for the radiation pressure force but it was aso observed that the particles suspended
in a agueous solution were attracted towards high intendity, providing the first experimenta evidence of the
opticd dipole force. The dipole force, adbeit more appropriately consdered as refraction in an optica
element (see Sec. 111), would later become by far the more sgnificant in the field of optica manipulation of
micron Sized particles.

In early experiments, didectric particles were trapped againgt awal (Fig. 27a) or in geometries where the

scattering force was baanced either by a counter-propagating beam (Fig. 27b) or by gravity (Fig. 27¢). In
al cases trapping perpendicular to the beam axis results from the dipole force. A conceptualy smpler and

more robugt trap is obtained by trapping al three dimensions using the dipole force (Fig. 27d). This sngle

beam optica tweezer (see Fig. 3) relies on a strong backward dipole force downstream from a tight focus

to balance the scattering force. The experimenta geometry required for optica tweezers is easily redised

with a conventiond optical microscope by introducing the trapping laser beam in the opticd path usng a
beamgplitter. This alows tight focusing, direct observation of the trapped particle, and control of the trap
position within the viewing area by externd optica adjusments,

Fig. 27. Trapping of micron sized
a) b) particles. a) A particle in a cell (C) is

k3

S e N 3 attracted to the centre of the weakly

—_— " —— L . —

- " focused laser beam by the dipole force

e

e = - e and pushed along to the end of the cell
by the scattering force. b) The

c) d) scattering forces from two counter
\ / propagating beams cancel and the

' Kt particle is held in a two-beam optical

"‘}!P trap. c) The scattering force is
counterbalanced by gravity in the

levitation trap. d) The particle is

J "'n,l / trapped in three dimensions by the
[\ | dipole force from a tightly focused
'”n.

| -

laser beam. This configuration known
| as optical tweezers is typically

PN obtained by sending the trapping light
through an optical microscope. The
fluorescence from the sample can be
viewed in the image plane (1P).

B. Applications of particle trapping in Biology

1) Manipulation of cells and organelles within cells

The gpplication of optical tweezers to the manipulation of biological samples began with Ashkin's study of
the trapping of tobacco mosaic viruses using a blue-green argon ion laser. The rod-like viruses were in an
agueous solution and were observed to aign in the focused laser beam and stay trapped for tens of minutes
without any apparent optica damage.

During the course of these experiments an unintended but highly important discovery was made. After the
virus samples had been left for a few days strange new particles gppeared moving around in the solution.
They were identified as tubular micron sized bacteria propelled by rotating tails and were readily trapped in
the optica tweezers a reatively low powers. However, optical damage was apparent a even modest
powers - the bacteria were 'opticuted’. This problem was readily solved by changing the trapping laser to a
Nd:YAG laser operating in the infra-red, where the absorption of living cdlsis Sgnificantly lower.
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With this set-up a series of spectacular experiments were reported showing the revolutionising potentid for
this technology for manipulation of live cels. It was possible to hold yeest cdlls and E. coli bacteria in tight
trgps for hours. It was even possible to observe the cdls multiply in captivity and to manipulate interna
organelles within trapped protozoa This demondrated the inherently non-invasive nature of the technique.
By introducing a second trapping beam it was possible to manipulate and orient eongated cells.

Experiments soon moved on from demondrations of a noved effect to examples of novel measurements and
potentia trestments based on laser manipulation of biologica samples. Examples include measurements of
the torsond compliance of a bacterid flagellum and the use of optical tweezers in in vitro fertilisation to
insert sperm directly into an egg.

2) Manipulation of single molecules

Many of the recent biologica applications of optica tweezers have concentrated on manipulation of single
molecules. One key area pursued in particular by Steven Block, now at Princeton, is the study of molecular
motors. At the single cdl level, movement (muscle action, cdl movement or trangport of organdles within
cellg) takes place as a mechanoenzyme turns chemica energy into movement. By attaching micron szed
didlectric spheres to the molecules and then manipulating the spheres it has been possible to track the
movement of a Sngle mechanoenzyme adong a microtubule. This has dso alowed measurements of the tiny
force of this most basc molecular motor (afew piconewton!), and observations of how the motor takes
small steps (about 10 nm) and detaches itsdlf during part of each cycle. This work, in turn, has stimulated
new models of the kinetics of the enzymes.

The transcription of a DNA molecule, one of the most basic processes of life, has dso been studied using
optica trapping. During transcription a single RNA  polymerase enzyme moves adong a srand of DNA
ass=mbling free ribonucleotides into messenger RNA. By attaching the RNA polymerase to a microscope
cover dip and optically tweezing a polystyrene bead attached to the end of a DNA strand it was possible to
observe the RNA polymerase drag itsdf dong the DNA, dretch it out and eventudly stdl. Despite ther
amilar behaviour, RNA polymerase bears very little resemblance to mechanoenzyme. One sgnificant and
surprisng difference is that RNA polymerase is much stronger! The force exerted by the molecule was
measured to be 14 piconewton.

C. Applications to polymer physics

In an interesting extension of the work on biologicad samples, the DNA molecule has been studied as an
example of abadc physicd system, the polymer. A concentrated solution of polymers has rather interesting
mechanica properties. On along time scde it behaves like a viscous liquid, while on a medium time scale it
is more like rubber, and on a short time scale more like a solid. This behaviour was explained about 20
years ago by the reptation' modd of de Gennes. His basic assumption was that a polymer within a dense
solution is confined by the remaining entangled polymers to move dong a tube defined by its own contour.
Consequently each individua polymer moves by one-dimensiond diffuson adong this tube such that the ends
dide through solution like a snake - hence the word reptation’. This restricted movement is responsible for
the materid's inability to deform on the short time scale, while the dow diffuson aong the tubes results in the
long-term viscous properties. The characterigtic time scales separating these regimes is determined by the
length of theindividua polymer chains

From a physical point of view DNA is an ided polymer. It has the added advantage that it is one of the
most sudied systems and techniques exist for sdecting individud strands varying in length from very short
up to hundreds of thousands of base pairs. In a series of experimentswith individuad fluorescently stained | -
phage DNA in adense solution of unstained molecules Steven Chu and collaborators at Stanford University
demonstrated this basic tube-like motion of the polymer (see Fig. 28). They were aso able to measure the
time scaes involved in the relaxation of polymers of various length after having been deformed. A universa

scaling with the polymer length L of the Slowest relaxation time t was found to be t p L19%910 i

37



quditative agreement with the reptation mode. The key to performing these experiments was the ability to
manipulate one end of the stained DNA molecule by attaching a micron sized polystyrene bead.

Fig. 28. The relaxation of a strand of
fluorescently stained DNA in a concentrated
solution of unstained molecules. One end of
the DNA is attached to a micron sized
polystyrene sphere, which is held by optical
tweezers (bright red spot). The series of
images shows how the DNA relaxes along its
own path demonstrating the tube-like motion
enforced by the entangled polymers in the
solution. (Figure courtesy of S. Chu).

VIlI. CONCLUSION

In this Chapter, we have seen how the development of lasers has greetly enhanced our ability to control the
motion of neutra particles. In atomic physics laser are used to cool aoms to within a millionth of a degree
above absolute zero — the coldest temperatures produced by any technique. This has led to arange of novel
developments, most notably in precison measurement such as a new generation of atomic clocks and the
emergence of an entirely new area of research, the Bose-Eingtein condensate. However, the impact of laser
cooling has been felt well beyond the atomic physics research laboratory. Lasers can be used to trap and
manipulates particles from atoms up to micron sized diglectric spheres and living cells. Research with optical
tweezers has shed new light on fundamenta biologicd processes a the molecular level and promises
advancesin medica treatment.

In amere couple of decades, laser cooling and trapping has matured from a fundamentd research topic of a
few groups internationdly to an established technology, with a mgor impact in areas of physcs, chemistry
and biology. This revolution will no doubt continue and grab the scientific headlines in years to come, as the
range of gpplications widen and more astonishing discoveries emerge from the fundamenta interaction
between light and matter.
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