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Lecture 11: Laser cooling and trapping
of neutral atoms

Outline of Lecture

The two kinds of light induced forces: dissipative and reactive force. Orders of magnitude.
Doppler cooling and optical molasses. Temperature limit.

Sub-Doppler cooling: Sisyphus effect.
Atomic optics: atomic mirrors, optical tweezers, optical traps for single atoms, optical lattices.
Atomic interferometers: gravimeters.

Evaporative cooling, Bose Einstein Condensation and degenerate Fermionic gases.

Ultra cold atomic gases as simulators of condensed matter phenomena.
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Qualitative description of radiative forces
(two-level atom)

The dissipative force: radiation pressure
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level atom —
atom excitation by

photon absorption

Momentum transfer between light and atom:. After each
cycle of absorption-emission light scattering, the atomic
momentum changes by ,

atom deexcitation by
spontaneous emission

to the value I'/2 (I : natural width of excited
state). Hence, the maximum value of the
radiation pressure force acting on atom

The scattered photon has on average a zero momentum
(same probability of emission in opposite directions).
After N cycles, the atomic momentum has changed by
Nk, provided atom has stayed resonant with light (one

(dissipative force):

nAk =ik —k ) . ~
! F™) = 1Tk /2

which produces on atom (mass M) the maximum
acceleration:

(max) __

must account for Doppler effect). The number of cycles a, = F,()max) /| M=nlk/2M

per unit time increases with light intensity and saturates

= nr/ 2Mi(‘typically ~2%x10°m/ szb)

Qualitative description of radiative forces (continued)

Reactive force (dipolar force)

A non resonant field induces on atom's ground state a /ight-shift proportional to
the light intensity and hence a force proportional to the gradient of the light
intensity. For a red-shifted light beam (figure) , the ground state light shift is
negative and the force pushes atom towards high fields (opposite sign for blue
shifted beam, pushing atom toward low fields)

Equivalent interpretation: the light electric field E induces on atom a dipole

s Netforceln  proportional to E, separating the positive charge of the nucleus from the

nucleus increasing barycentre of the negative electron distribution. In a field gradient, the

and field opposite charges are submitted to forces of opposite sign and different

electron in intensity for . . . . .
opposite ‘ red amplitudes, resulting in a net force acting on atom. The average net force varies
directions detuning as E2. Its sign depends on the sign of the detuning between the light and the

atomic transition.

At resonance, the reactive force vanishes while the dissipative force is
maximum. The reactive force saturates for light intensities much larger than

the dissipative force (see next page)
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Theory of radiative forces (atom at rest: V=0)
Monochromatic laser EL (F,t/)zvéLEL (f)cos[a)Lt +¢)(I7)]

field
polarisation o N amplitude phase
Ator-laser V==DE,(Fr)  Q)=E@D,2/n
interaction Rabi frequency

Atomic dipole operator
(matrix element D.g)

Average F(7,0)= VD.EL(FJ)= 2 <Di>vELi(’7,t) er;\apsi(iafﬁgg

light Force i=x.y.2 gradients

Induced steady state dipole (solution of Bloch equations) N
u <D>=2f) [ucos((o t+¢)—vsin(@ t+¢):| / \
eg L L
\ 6

\ 9 5=a)L—wa

In phase dipole (reactive force) In quadrature dipole (dissipative force)

26Q —

24207 +468° 2 +20%+48°

Theory of radiative forces (continued)
Gradients of

= = B = B - litude and ph
F(I”,l‘) - Z <Di>VELi(r’t) - FR(I”,t)+ |:D(r’t) ;?\:z :zeefc?r:'ecfcfc?iz
i=x,y,2 and dissipative forces
Gradient of phase = —k (for plane wave) respectively
, B, . rQ’ e ro’
F = EvD Vp=-hQwWeo=—h Vo =nk
i DV ¢ I +2Q% +46° ’ [ +2Q° +46°

The dissipative force, maximum at resonance, saturates at A/k/Z. This is the radiation
pressure force. It is proportional to the dipole in quadrature with the field and to the

gradient of the field phase (wave vector for a plane wave).

i) R ATTmcfrive force
( 2) towards high fields for
8<0, towards low fields
for 5>0.

F.=-huVQ=—
. [ +2Q° +46°

The reactive force, zero at resonance, is proportional to the in-phase dipole and to the gradient

of light intensity. For [5/>> IQ, it increases with light intensity as V(E?)/s. and does not
saturate (until atom perturbation theory breaks down). This force is a light shift effect.
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Laser cooling of atomic beam by counter-propagating laser

Atom Laser beam
o—
Atom at resonance if: 0, =0, - kv(t)
If resonance condition is maintained during How to keep atom at resonance during
deceleration: braking: Zeeman slower

V(t) = VO - agaxt * Laser beam
Braking time: I

t, = :?ax _ 5002”/5 . % 10™s W.Phillips et al
o a, 2x10°m/ s 0

Braking distance:

max ,2 . . . . .
p L, Zeeman shift in a spatially varying magnetic
—b Up . . . .
Z=Z20 =Vl ~ ) =0.6m field compensates Doppler shift (solenoid with

number of coils decreasing from left to right)

Optical molasses (two-level atom)
1D cooling in a standing wave of weak intensity (two-level atom and & < 0)

Dissipative radiative force depends on the atom-field detuning 3 in the atom reference frame (Doppler
effect).
Ll AY4 L2 o
) @ <¢mmmm Positive 4 F(v)

force

51=6—kv 62=6+kv from Ly

Atom with v > O gets closer to resonance and is
pushed stronger by Lz than by L; and inversely:
the force is always opposed to velocity (friction)

in characteristic time 1, .
T 2, 2 2 )
((5 +T /4)
5M

M HrkQ%
Order of magnitude for 8 =I/2 and T ™ Wa : 100us (QZ 1 T2/10; Rubidium)

Friction force is dispersive. It is maximal for 5 =—I'/2, slowing down atoms with velocity |v| < I'/k
F(V)=-av a=—2=-—-"—"— (Q<F,|6
Q*=T%/10 ‘
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3D Optical molasses

Zeeman slower / Pairs of red shifted laser beams in
-) &. P Laser slowing three spatial directions: slow

atoms emerging from Zeeman
slower are braked in three
dimensions

Fluorescence of about one billion atoms
moving slowly as if immersed in a viscous
s.Chu et al medium (force opposed to velocity in 3D)

W.Phillips et al Distribution of velocities determined by time of

flight measurement: molasses is switched of at
t=0 and one measures the arrival time of free
falling atoms in a laser beam below the molasses

Temperature of the order of
1 microkelvin, a hundred times
smaller than expected!/

Expected Doppler limit of molasses temperature:
fluctuation-dissipation theorem (Einstein 1905)
The average kinetic energy of atoms is damped by the laser friction force in the molasses
(dissipation):
d(E,)_ ,(E) M
=2 ;T m—
dt T " hk?
The kinetic energy is increased by the fluctuations of the atomic momentum produced by the random atomic

recoil after spontaneous emission in each absorption-emission cycle (Brownian motion in momentum space):

d<Ec>ﬂucmatiDﬂ =I'x h2k2
dt 2M

Predicted temperature
is 100 time larger than
observed! A good
experimental surprise

272
Kinetic energy at equilibrium: @ =T Wk N <EC> =Th*k*c, /4 M =hD

T, 2M
Doppler limited temperature: TDoppler =hl'/ k, (240uK for Na;140 uK for Rb)
Doppler limited velocity: Y poppler = N 20/ M ~03m/s
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Sub-Doppler cooling of an atom with ground state
degeneracy: Sisyphus effect

Dephasing between the
ux and uy polarizations:

¢, —¢,=2kz _——

Counterpropagating

light beams with Zj_{
orthogonal linear
polarizations

= _i(kz—wt) — —i(kz+ot)
ue A/2 ue Red-detuned o. light shifts
—p down m=+1 ground state and
o, polarization: r‘ f’ r< f’ leaves m=-1 state almost
e > unshifted
-@Q =—+2nw
¢.-9,=5 \UAVAUAY

/4 m A A  Light polarized alternatively in 6. and o with — —
%= Ak + ”; ) + ”5 a A/2 periodicity and constant average \ "\ \_

intensity. Between circular polarizations,
polarization is linear at 45°.

o_ polarization:

A Light shifts of m=1 and m=-1 states are spatially Rgd'de:ﬁ"ed_ci “?rh: shif(;rs
z =z +— modulated along Oz, with periodicity 1/2. Maximum | own ?:r?—— sta f“n
of m=+1 shift corresponds to minimum for m=-1 shift eaves n:;\;hisffgj almost

Sisyphus effect: o, and o. optical pumping in modulated
¢ con y light-shift landscape
.Cohen-Tannoudji

and
J.Dalibard

shift

o

<

N
I/IE
Negative light

The correlated periodic
spatial variations of the
light shifts and the o. /o.

When atom reaches a o, polarized
position , it is at the top of a
potential barrier for m=-1 and at the

- optical pumping processes
I?;r:ttorzzr(:}iai ;f;:?r/nfz::l_:;\;v:js Ato'm' then climbs potential in m.:+1 state fqrce atom Tp corlfinuously
m=+1: atom at top of potential hill is .UI'TtI| it reaches the next ¢. polarized zone: climb pofen‘hgl hl.lls and
brought back to the bottom of a it is then pumped back to the m=-1 state exhaust its kinetic energy
valley. and loses the potential energy it had very efficiently. Hence the
gained over its /4 travel. name :Sisyphus cooling.
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Limit of sub-Doppler cooling

5 Sisyphus cooling stops when atom has not enough kinetic
Q energy to climb potential well:

/] m o
kBY—:Sisj,phMS' ~n m

Sisyphus cooling is more efficient than Doppler cooling. The correlation between the dissipative optical
pumping (cycles of photon absorption and spontaneous emission) and the braking due to the reactive force

leads to temperatures which can be two orders of magnitude smaller than that of the Doppler cooling
limit.Comparing Tsisyphus With Tpeppler we find:

Q’ Ground state light shift [

Sisyphus — _ 1 0,2
T ppter 4‘5’ I'  Excited state line width
This ratio between the ground state light shift and We have ne P : .
. ; L ; h glected in this analysis the recoil
the faxglfed state natural !me width is achieved with energy of the atom when it emits a spontaneous
realistic values of 0 and &: emission photon. The temperature corresponding
Q~T ~‘5‘ /25 to this minimal energy is:
27,2
Tsisyphus cannot be decreased indefinitely by T - nk, ~10°K  (for Rb)
decreasing the light intensity and Q. ol 2 Mk,

Neutral atom traps
Dissipative magneto-optical-trap (MOT). Transition J=0->J=1

<

J.Dalibard

Combination of o.—c_ polarized

Energy levels

% e Enerzylevels counterpropagating red-shifted beams
' - with magnetic field gradient realized by
- = pairs of coils fed with currents in
foserbeams gl ggz G opposite directions, creating a magnetic
" field gradient with zero field at r=0.

Zeeman effect compensates the laser
detuning at z1 and z2

The MOT maintains
indefinitely atoms
suspended in the

Earth gravitational

field

Positive Force Negative Force

a position-dependent force adds-up to the friction force of the

: rce ; Image of a Calcium
molasses : at z1, the radiation pressure of the o, beam is larger MOT (NIST)

than that of the o_beam (the opposite happens at z).
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Dipolar optical traps

Non resonant light far detuned on red side with high light intensity: atoms
are attracted towards high fields by the dipolar force derivating from the

light-shift potential.

Single trap:
atomic optical
St tweezer

Optical Dipole
Trap,

1D, 2D or 3D optical lattices made by
intersecting interfering intense laser
beams. Zero or one atom per lattice
site. Systems simulate condensed
matter situations. A very rich physics

Magnetic trap for neutral atoms

Laser cooled atoms can be trapped “in the dark" by a magnetic field gradient acting
on their magnetic moments. Conservative traps without perturbations of atoms by

light. The atoms are in states attracted towards low fields at center of trap (low
field seekers). The magnetic moment of atoms adiabatically follows the field
direction as atom moves.

Az o

Traps able to
confine atoms G
with

temperatures in 1=]
the hundred pK
range
B b+ b, 228 J A

B(0,0,2)

) X
: ‘ f z Joffe-Pritchard Trap

Quadripolar trap with anti- T y . ‘uBAB/kB =~ 60‘uK / Gauss

Helmholtz coils ma
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Atom Optics

Cold ato irror Matter wave experiments taking advantage of
mm the large de Broglie wavelength of cold atoms

) 0

number of atom
-
-
-
pe

J.Dalibard et al dma in ms
Cold atoms bounce on an atomic mirror realized by an evanescent wave emerging from a glass
parallelepiped. The blue-detuned laser beam repels the Cesium atoms released from a MOT at
time t=0: the atoms fall towards the mirror, then bounce back and are detected by their
fluorescence when they cross a resonant probe laser beam. Several successive bounces are
detected. This is an atomic trampoline or an “atom cavity” closed at bottom by the atomic mirror
and at top by gravity.

Bragg scattering of atomic de Broglie wave by Laser

standing wave: an atom beam splitter
_kL

d=2, /Zt A two-level atom (states g,e) with momentum p impinges on a light standing
wave consisting of two interfering laser beams with opposite wave vectors +ki
and -k.. The incidence angle of the atom is 0. The light presents nodes and
antinodes with a spatial periodicity d=n/k.=A./2 (AL : laser wavelength).
Consider the process by which the atom in level g absorbs a photon from the k.

wave and emits by stimulated emission a photon in the -k_ wave:
‘ g’ p> absorption of ky photon e, p + hkL> stimulated emission of g’ p + 2hkL>
—k, photon
The photon number has hot changed (one photon has Same condition as for X ray scattering: the laser

been transferred from one beam to the other) and the beams form a grating scattering the matter wave at
atom is back in g. Conservation of energy requires that the Bragg angle. The roles of light and matter are
the impinging and final atom momentum have same value: inver"rﬁd! In ‘fhed P;OCCSS Thhe |'6,P+hk|_> state is only
- - : _ virtually excited because the laser is non-resonant
pP= ‘p + thL‘ which is satisfied if: PSIN0 =7k, ! with atom (@eg > ®.). The atom-light
€s13+h/i> system evolves coherently. If light is
applied for n/2 pulse, one prepares state

‘g>(‘[3> +e|p+ 2hl€L>)/\/5
Atom exits in 2 directions at once:
g.p) |e.p+2mk,)| This is an atom beam-splitter!

This condition can also be written as:

E—T
MVsin@=h/A, or sin@=A1,/A, =21,/2d f

where Lgs is the wavelength of the matter wave
of the atom (mass M, velocity V).

-

~
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Inelastic Bragg scattering with bi-color counterpropagating
lasers: beam splitter entangles internal & external atom states

S.Chu et al

Kasevich et al Consider now two vertical counterpropagating laser beams with slightly different

u colors (wave vectors ki and -kz) and a three level atom falling in the light beam
along Oz (1 dimension situation). The atom has two ground states levels giand g2
and one excited state e and the laser frequencies satisfy the condition:

0 -0,=ck-k)=0

—e

s

—k,

/\

AN

r.lo By absorbing a photon from the ki laser beam and emitting a photon in the k2 one,
the atom evolves from state |gi,p,> to the state |gz, p; +h(ki+kz)> (@ Raman process).

7]

g 92 ‘
g

- If the lasers are applied for a time corresponding to a n/2 Raman pulse of the
k1 coherent evolution, the atom ends up in state:

(g-p.)+ €|, +n(k, +k2)>)/\/5

The atomic beam splitter now entangles the internal state of the atom with its external motional state. In
practice, the impinging atomic state is a wave packet with a dispersion Ap; of momentum along Oz, extending
spatially over Az =17 Ap,. The outgoing atom is prepared in a superposition of two atomic wave packets
associated to different internal states giand g2, whose centers separate at speed H(ki+kz)/M. The phase of
the superposition is determined by the adjustable relative phases of the counterpropagating lasers.

If the Raman lasers are applied for a twice longer time (r Raman pulse), the two atomic states are exchanged:
‘gl’pz> 7 Raman pulse |g2’p:+h(kl+k2)>’ gZ’pz+h(kl+k2)> 7 Raman pulse _|gl’pz>

Atomic interferometry

Comparing photon and atom interferometers:

In an optical Mach Zehnder interferometer, the photon trajectory is split into
two pathes by a beam splitter (BS;). The pathes are folded by two mirrors (M)
before being recombined by a second beam splitter (BS;). The outputs of BS;
are recorded by two detectors (D, D2). The quantum phase between the two
pathes is modified either by interposing a medium with refractive index in
one path or by moving a mirror. When the phase difference is scanned,
BS fringes with opposite phases are detected by D; and D,.

Dephasing
medium

In the atomic interferometer, the pairs of  Az(t)
counterpropagating bi-color vertical lasers play
the roles of beam splitters (n/2 Raman pulse)
and of mirrors (= Raman pulses) The atom
trajectories may be in two D (left figure) or in
1D (vertical beam (right figure). The beam-
splitter n/2 pulses separate the spatial wave
functions of the atom and the mirror © pulses
exchange the atomic momenta and the atomic
internal state. The atom is detected after the
third pulse in state g1 or gz. Fringes are
. x produced by variation of gravitational or >
- pulse 7 pulse - pulse rotational acceleration (next pages). L 7 Ztime

10
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Atomic gravimeter

Bold straight lines: atom altitude versus time
in free falling frame

z(t)

+ hk
@ry=z,+227 %0y

atom Sframe

Fine parabolic lines: atom altitude versus time in
laboratory (laser) frame

g p+hk
0 Zlubframe(zT) = ZO + 2 M L T— 2éy()]“
Ap= 27rA—h -
Fringe phase : A

Ap=k,Ah=2gk,T"

Typical sensitivity:
8¢ =5.107rad (100s integration time) ;

L L n
T T >

0 T 2T time T=02s;k,=10"m"
T I T
> > 5g=2:";2m/52~6x10*9m/s2~6><10*‘°g

Sensitivity 1/8g is proportional to square of free fall time T2 and to signal to noise ratio S/N = 1/5¢
(S/N increases like Vt where t is the fringe detection averaging time)

Observation of Earth tides with cold atom

gravimeter
atoms: red dots
| = FG5#220
F. Pereira Dos Santos 980890900 - o - o
A. Landragin 5 » e
& 980890850 e
=
c '.
-% 980890800 - ol
5 K
3 980890750 +
s
§ 980890700 4 . | month
E B s
% 980890650 SX107 m /s 150 seconds/point
55105.6 . T ==
12 hours
MM W .h 1;. WWWMN
r MY 1
J/\M ' u 'J lf j l
- "I ‘ \ 100

0 s 10 57135 S0 57145

P »
« >

T'mionth
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Cold atom gravimeter,
Kasevitch group, Stanford
University

Cold atomic beam falling in a 10 m high tower

Sensitivity 50 times larger than for a 20 cm free fall
distance:

og
g

~107"°(1 s integration time)

Bose Einstein condensation of R.8° atoms

Cold atoms trapped ina MO are transferred to a magnetic trap and cooled fo lower temperature by evaporative
cooling (see next slide). The goal is to increase the de Broglie wavelength to the point when it becomes of the
order of the interatomic distances in the gas. The atoms then collapse in the trap ground state

] - L

@@@

T>>T T <<T,,

12
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Evaporative cooling

A rf field whose frequency is adjusted to flip the magnetic moment of atoms reaching a preset distance from
the trap center is applied to the atoms. These atoms are ejected from the trap. The average temperature of
the remaining atoms decreases after thermalization by collisions. The frequency of the rf is adiabatically
decreased, which expels colder and colder atoms. The decrease of the temperature must occur faster than that
of the BEC threshold femperature which diminishes as the number of atoms in the trap is lowered.

T
To<Ty

Ty

w(v)

Observing Bose Einstein
Condensation

Bose-Einstein Condensation of Rb 87

WOYR- £ gl 1 e

A9 OLE Sammiodiug

Cornel et al, JILA

®
T T

13
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Demonstration of Heisenberg uncertainty relations in the
expansion of a Bose-Einstein Condensate

Same experiment
performed with a BEC
below the threshold
temperature: the initial
wave function has Az <«Ax,
hence, according to
Heisenberg uncertainty
relations Av; >»>Av,.:
the free falling cloud
expands faster in the
vertical direction than in
horizontal one: the
ellipticity of the cloud gets
inverted during fall

A thermal gas in free fall (atoms relased
from trap at a given time and observed by
light absorption after a delay)

= -
-1 P
! v
Y
v o ’
at

0R0ms =1 ms fg=2ms {g=3ms =4ms =5ms fg=Bms {G=7ms =B ms =9 ms fg=10ms =11 mstER2msig=13m

The classical gas expands isotropically:
the atomic cloud is spherical

Degenerate fermionic quantum gas: trapping and cooling of
a mixture of Li” (bosons) and Li° (fermions) gas

Li” bosons are evaporatively cooled ~
and the Li® fermionic atoms get \  ng,-(adme/z
cooled by Li¢-Li” collisions. When

o
\ / degeneracy is achieved, the bosons O /
\ / are concentrated at trap center \ Q /

\ / while femions occupy a larger \ = / =39 =10
volume due to the exclusion \ = / oo ; ‘6
principle. The two gases are 0 ~ n=1,0 =3

.~ detected selectively using lasers of Li =0 g, -
Li slightly different frequencies wo
1 < TBE (isotope shift) o

Hulet et al,
Houston

14
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Atoms released from a BEC form a beam of coherent
matter wave analoguous to a laser (atoms replacing
photons)

Atom laser gallery  £%°%5s, 1 mm

Munich ‘99 Yale ‘98  NIST ‘99

Interference of two

independent BECs —]

A cigar-shaped BEC is cut in two by a blue-
detuned laser beam, then left to expand in free
fall. When the two parts overlap, interferences - >

appear in the superposition. The fringes are

detected on the top screen by absorption of a
probe laser beam. Analogy with the interference
of two independent laser beams.

Ketterle et al, MIT {_}

15
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Beating between two atom
laser beams

The atomic coherence is large for BEC
(T< Tgec, left figure), decreases at T=Tgec
(center) and vanishes for the thermal gas

(T>Teec, right). Analogy with the difference
between laser and classical light.

0.D. (a.u)

»
>

§

Atoms with v,=0 velocity are extracted from
an atomic trap by two rf pulses of slighly
different frequencies, forming two vertical
beams falling from altitudes differing by Az.
The two beams have slighly different
velocities along Oz, hence different de Broglie
wavelengths, resulting in an obervable beating. I.Bloch et al, Garching

Mott transition in a BEC trapped in an optical lattice

_ glI<<g, Interfering laser beams form a 3D lattice of potential wells in which a Rb BEC is
F,;;;rf’/’,,, At | trapped. Situation analogous to electrons moving in a metallic cristal, with the
A4 ol difference that particles are here bosons and the scale very different (lattice
period of the order of pm instead of Angstréms, energies of the order of nK
’ i instead of hundred K). A phase transition is predicted in such a system. There is a
’4/;83;,"" competition between two processes: one is a tunnel effect (characterized by an
§17>>¢, energy J) which tends to make the atoms hop from well to well with strong

correlated fluctuations in the populations of different wells. The other process is a localization mechanism
due to repulsive interactions between atoms (characterized by an energy g), which tends to pin-down the
atoms in individual wells without fluctuations of the number of particles.

When g/J increases and crosses a critical number &, the boson gas in the lattice is predicted to evolve from a
superfluid to an insulator. This is called a Mott ftransition. It has been observed by Greiner et al (2003). They
have left the BEC stabilize in a lattice, then released the atoms by suddenly suppressing the lattice and
observed after a free flight delay the shadow of the expanded cloud illuminated by a resonant laser.

The resulting images (right figure) correspond from left to right and top to e

bottom to increasing potential depths of the optical wells. They show a clear N ENERERENES
intferference pattern when J is large (small well depths) which fades away and e e
vanishes when J decreases below threshold (large well depths). This illustrates pdhadbdbdbdb

complementarity: in the superfluid phase, atomic fluctuations make it impossible PN PN
to know from which well a detected atom is coming, hence there is interference.

In insulator phase, the origin of each atom could be in principle determined by # & lor2atoms persite
inspecting the lattice after atomic detection, hence the lack of interference. =

16
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The Mott transition interpreted by complementarity

g/ J<E
g

> > >

RN

Matter wavelets from different
wells interfere: Bragg diffraction in
specific directions

Small well depth: tunneling rate J much larger than
energetic cost g when 2 atoms repell each other in
same well: atoms can hop from well to well:
BEC is superfluid

Interwell fluctuations of number of atoms :
impossible to know from which well an atom is
coming when lattice is suppressed:

Path indiscernability and interferences

g/J=2E&

S

Matter wavelets from different well have no
phase correlations: diffraction is diffuse

Large well depth: tunneling rate negligible and
the cost of having two atoms in same well big:

atoms distribute themselves in different wells,

BEC is an insulator

No fluctuations of well occupation number (here
the case when occupation per well is 1): when an
atom is detected after lattice release, it is in
principle possible to find out where an atom is
missing: path discernability and no interference

Concluding remarks

In this lecture, we have studied laser cooling and trapping mechanisms of neutral
atoms which have allowed physicists to reach the coldest temperatures ever
encountered in the universe, o observe fundamental phenomena and fo invent new
measuring devices exploiting the properties of matter waves.

In the next lecture, I will describe how laser manipulation methods applied
to ions or to neutral atoms are used to build clocks of unprecedented
precision and I will discuss some possible applications.
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