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Lecture 2:
Cooling and Trapping towards BEC

Some pre-history

* Keppler observing comets tails

* 1875 Crookes - demostartion

* 1901 Lebiediev and Nicols

* 1933 Frish reflection of atoms

* 1962 Asharian intensity gradient
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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
momentuni, Py, is changed to p,.. The difference, p,,, is picked up by the particle and felt as

a force, F ., pushing the sphere towards the beam axis (Fdan and along the propagation

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

Joree towards the focus; c) 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).

Dipole traping of macroscopic objects
4 um polyester spheres in water [M Burns et al., Science 249, 749 (1990)]
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Fig. 27. Trapping of micron sized
b) particles. a) A particle in a cell (C) is
- attracted to the centre of the weakly
Jocused laser beam by the dipole force
and pushed along to the end of the cell
by the scattering force. b) The
d) scattering forces from two counter
propagating beams cancel and the
particle is held in a hwo-beam optical
trap. ¢) The scartering force is
mg counterbalanced by gravity in the
levitation trap. d) The particle is
trapped in three dimensions by the
dipole force from a tightly focused
laser beam. This configuration known
as optical tweezers is  typically
obtained by sending the trapping light
through an optical microscope. The
fluorescence from the sample can be
viewed in the image plane (IP).

Fig. 28. The relaxation of a strand of
fluorescently stained DNA in a concentrated
solution of unstained molecules. One end of

polysiyre \ere, which is held by
tweezers (bright red spot)
i
ovn path demonstrating the tube-I

solution. (Figure courtesy of S. Chu).

the DNA is aitached to a micron sized

Lhe serie:
shows how the DNA relaxes alon,

enforced by the entangled polymers in the

oplical

of

motion

BOX 1
Absorption and emission of near-resonant light

In the simplest laser cooling scenario, the laser is tuned close to resonance with a transition from the
ground state to a single excited state which decays by spontaneously emission back to the ground state. 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 at
the fiequency, wg, known as the Rabi firequency (as illustrated by the blue curve in Fig. Bla - see also
Box 3). Spontaneous emission interrupts these Rabi oscillations by resetting the excited state component
of the atomic state to zero (the red curve in Fig. Bla, simulated using a Monte-Carlo wavefimction). If|
one averages over many atoms, then the net effect of spontaneous emission is to damp the Rabi
oscillations towards a steady-state excited state population (the green curve in Fig. Bla). The steady-state
fraction, f;, increases with intensity, approaching 1/2 for high intensity (Fig. B1b). This saturation effect
sets the maximum value of the spontaneous light force.

(b)
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Fig. B1. Simulations 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 firequency. Sp 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, f. (green). (a) At the saturation intensity corresponding to x
=172, f. = 1/4. (b) At high intensity, ax = 3.3 T f. approaches 1/2.
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BOX2
Classical field picture.
An altemative description of the light force on atoms, in particular a more accurate picture of the dipole or
gradient forec, is provided by considering the infcraction between the clectric ficld E = E» cos(@ 7 1 ¢)
and induced atomic dipole moment «. The inferaction energy is given by

U-—d-E
If we ignore spontaneous emission for the moment, the atomic dipole behaves similarly to any classical
oscillator, e.g. a mass on a spring, with a oscillation frequency determined by the energy level spacing
wy =|E, —E, )/ where I, and I, are the ground and excites states energies tespectively. The laser
acts as an extemnal driving field. Tf the driving frequency ey is less than @y, (referred to as red denming) the
atomic dipole oscillates in phase. In this case, the interaction energy U is negative and the atomn is attracted
fowards mexitnum miensity. In contast, il (he driving fiequency w; 1s @eater han wy (Dlue detuing) the

nleraction energy is positive and e atom is repelled fow maximumn mtensity. Exactly ou resouance, (he
dipole moment and the clectric ficld are orthogonal so the net foree should be zero, however, in this case
spontaneous emission 1s also important.

To inchide the effect of sponfaneons emission we wrire that

d= E»Jl:uz’cm('wy) a’sinlwgr))
wiich states that the atomic dipole moment J oscillates with an amplitude proportional to that of the
driving ficld, £, and at the same frequency but not necessary in phase, ce’and e play the roles of the
real and imaginary parts of the atomic 'refractive’ index (in analogy to Sec TIT A)
‘I'he time-averaged force is given by the gradient of the potential and can be written as:

Foevey- —taviz tar iz ve

¢ 3 [y 9

where o’ I, and a"L, are the steady state in-phase and quadrature components of the induced atomic
dipole moment. The force has two components: ‘Lhe first term, proportional to the gradient of the intensity,

r

1 " 2
ap =5 VI

is the gradient force or dipole force, and can be positive or negative depending on the sign of the detuning
as discussed above; and (Le second lern, proportioual (o (he gradient of (he plase,
sear

1 2
Fror ———G"E{V0
2

18 (he radialion pressure lorce or scallering force.
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Fig. 5. One-dimensional Doppler cooling: (a) The frequency of the standing laser field ay, is
detuned by an amount A below the resonance with a transition to an excited state, which has
a linewidth, T, 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 firom the two beams, displaving the viscous damping around v = 0.

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

to the left, is

dddi
4/

optical molasses is 5 cm. (Photograph

courtesy of S. Chu).
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Doppler cooling
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— max. velocity v,,= max. dystans,

X(6) = Uyt —tat® N O(X) = Uy A1 = 3/ X

o(t)=v,,, —at max @, = kv,

Wy = Op g Vlix/xmax

resonant sxcitation for resting atoms — W enil

TW. Phillips and H. Metcalf, Phys. Rev. Lett. 48,
596 (1982)
J. Prodan et al., Phys. Rev. Lett. 49, 1149
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Fig. 7. The two field configuraiions considered in polarisation gradient coaling: (a) The two
beams are both linearly polavised, bur in evthogonal direcrions (linLiin). The peolarisation of
the field varies from lineor through circular to the oppuosite linear and back again over a
distance of 2/2; (b) The two beams are circularly pelarised in opposite directions (0 —0 ). The
electvic field is linearly polarvised everywhere, but the direcrion of polavisarion rotates around
the propagation direction with a pitch of 4./2.

Sisyphus cooling
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Subdoppler cooling

=
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- - ig. BS. Sisyphus cooling of an atom in a sianding
et oo e T ey waver Near the nodes of the field, the energies are
- unshifted and the dressed wave functions coincide
with the atomic wave functions, while near the
) T TN T T ) anti-nodes, the wave funections are mixed.

Knergy

the dressed siate has wost excited state character,

12 )) and the

ie, from the anti-nodes of states
“n-1))

o) T N‘J i Spontaneous emission occirs prefeventially where
Wn) s i S () )] N .

:,f‘

(-V

13.0) R _
; . = : nodes of srares |2‘\ﬂ J), The solid curve represenis
o R N i ; :
; - S e motion of a slow arom through the standing
wave. The net effect of spontaneous emission is
pEeE : ) ;

Position such thar the atom travels uphill more than

downhill.

0 z 1

Fig. B4. The magneto-optic trap (MOT): (a) An atom with a J = 0 to J' = I transition is
placed in a linearly varying magnetic field B(z) = b z. For an atom with a positive z-
coordinate, the @ beam, which drives the Am = -1 fransition and propagate to the right is
closer to resonance, than the @ beam which drives the Am = +1 transition and propagates
to the left. The netr force pushes the atom fowards z = 0; (b) The ihree-dimensional
generalisation uses two coaxial coils with epposing currents and three arthogaonal standing

+ -
0 —0 waves.
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Fig. 22, lhe experimental ser-up used
to produce a cold-arom fountain. The
main components are the inagneto-
optical trap, the 1f interaction region,
and the detection region.

l:l ishing
1‘ seam

Magnetic trap

Fig. 15. Magnetic trapping can take place in
the zevo-point of the magneiic field creared
by two current loops (grey, our of rhe plane
of the paper) in rthe anri-Helmholrz coil
configuration. The colours indicate ihe
mognilude of the magretic field with red
corvesponding ta B = 0. The arrows indicate
tie divection and magnitude of the field
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Time Orbiting Potential

e ()

=1 =+l ‘ mp=+1
s |/
: — A — ms 0 = i mg= 0
my=—1 ' m= -1
;'J.- ’ “.‘

Fig, 16. (a) The linear magnetic trap showing the lossy zero-point of the magnetic field. (b)
The TOP map: An oscillatory magnetic field is applied to rorate the zero-field position. If the
rotation period is much faster than the oscillation period of trapped atoms, the time-orbiting
potential (10P) is parabolic with no zero-crossing, so the spin-flip loss rate is significantly
reduced
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Fig. 17. The optical dipole rrap: The potential energy of an arom is lowered in the presence of
a strong light field tuned below resonance.

Evaporative cooling
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Useful References

* Books,

H. J. Metcalf & P. van der Straten, “Laser cooling and trapping”

— C.J. Pethick & H. Smith ,“Bose-Einstein condensation in dilute gases”

— P. Meystre, “Atom optics”

— C. Cohen-Tannoudji, J. Dupont-Roc & G. Grynberg “Atom-Photon
interaction”

* Review articles

— V.1 Balykin, V. G. Minogin, and V. S. Letokhov, “Electromagnetic trapping

of cold atoms” , Rep. Prog. Phys. 63 No 9 (September 2000) 1429-1510.

— V S Letokhov, M A Ol'shanii and Yu B Ovchinnikov
Quantum Semiclass. Opt. 7 No 1 (February 1995) 5-40 “Laser cooling of
atoms: a review”

The Light Force Concept
a)
= hk —
absorption emission ‘
Photon posses energy An exchange of momentum
and momentum ! energy between photon and
}_7: = d_p\
d t Net momentum exchange
/ from the photon to atom
Force on atom
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Energy and Momentum Exchange between
Atom and Photon

* Photon posses momentum and energy.
» Atom absorbs a photon and re-emit another photon.

Ap = p~p =h(k,—k,)

2l -2 . -
AKzK'—K:M:h(ki—ks)q? @
2m

always positive, recoil heating

hk, hk
dif

se,

where avg stands for averaging over photon scattering events.
A laser cooling scheme is thus an arrangement of an atom-ph|

interaction scheme that satisfy the above criteria!

The Light force : quantum mechanics
* Ehrenfest theorem, the quantum-mechanical analogue of Newton’s second law,
d 2
di

<F >

- d{p N
F =%= —<VV(r,t)>= m

B=2 .y,
2m

where V(r,¢) is the interaction potential.

+ Interaction potential: for an atom interacting with the laser field, ) = —d o E ,
where d is atomic dipole moment operator.

¢ Semi-classical treatment of atomic dynamics:
— Atomic motion is described by the averaged velocity
— EM field is treat as a classical field

— Atomic internal state can be described by a density matrix which is determined
by the optical Bloch equation
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Validity of semi-classical

*  Momentum width Ap is large compared with photon
momentum 7Zk. 5= 60 kHz 0 5-BOKHz
.
hk/Ap <<1 an upper bound on “ e
e Atom travel over a distance smaller than the optical 2 S
wavelength during internal relaxation time. (Internal variables |3- 100z 1= 12088
are fast components and variation of atomic motion is slow - o s °
components in density matrix of atom p(#,v,t)) > & &

U <<4, orkv/T <<1 anlower bound on —e— =z
-

o ; . h -
» Two conditions are compatible only if hz k2 / Y'm o | ‘:r
—<x1 . o
ar : :
+ Ifthe above conditions is not fullified, full quantum- TR e
mechanical treatment is needed. e.g. Sr narrow-line cooling, s
[=21x7.5kHz ~ 0 ~#*k/2m=2nx4. TkHz . .

J. Dalibard & C. Cohen-Tannoudhi, J. Phys. B. 18,1661,1985 - tmm e 4 o
T.H. Loftus et.al. PRL 93, 073001,2004

The light force for a two-level atom
U=(r)=-{d)+E

F=-VU=(d)eVE
E =éE,(F)cos(@t +§(F))
<‘§> =Tr(pd) = plz‘;zl + pzl‘ilz > le(o_lzem +oye )= 2‘22(” cosa —vsinar)

Where d,,=d,, are assumed to be real and we have intrqduced the
Bloch vectors u,v, and w.

u = ;—(0'12 + o, )

) Remark: dipole moment

v = oo N contain
in phase and in quadrature
components with incident

field.
p;j (or o;;)can be determined by the optical Bloch equation of atomic d¢

1
w :2_(,022 =)
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dt T[ ]+{ }

Optlcal Bloch equation

pn . ( pu

\ dt Apl)rl _

)_spon R 2 py

r

Incoherent part due to spontaneous

dp,, =Tp,, Pl (0'21 o)) emission or others relaxation processes
dt
dp.
dtzz =-Tpy +£ 2 (0'12 O1)
do, IR . iQ
dtlz 3 _(5 +i0)oy, +7(p22 - Pi)

P+ Pa =1, where
hQ(F) = —dE,(7); 01, = pi, eXp(—iet); 6 = 0~ @,

steady state solution S,=I/1:1, = h;;F
Py= s/2 : iQ
2 N[ 2
2 145, H2OTY %= A2+ . Vi, . .1 10 mW/cm? for
(25/r) alkali atom

Two types of forces

Without loss of generality, cigs 0) =0
Rtr—0 (VE)j =e,(cos wtVE,—sin otk ,V ¢)
<dj> E Z(le)j(u cos wt — vsin wt)

Take average over one optical cycle
s Z (d,\VE,),, = (@0d,,)uVE, +VE,V §)

dVE (r) dE, (r)

F =(——)0,+0,)+ Ve )i(oy, —0,))

radiation pressure or
gradient force spontaneous emission force

a re%ctlve fqrce a dissipative force
Origin of optical trappingOrigin of optical cooling

dipole force or
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Spontaneous emission force

dp,,
dt

iQ e . -
From=_* =T/, +=(0;,~0y,) for steady-state T CER h

L b

¥ 9 —_—

~8— Decay ratd;

For a plane wave (7 ) = 47 oV g =—-k;VE, = 0!!

F, =hkl'p,, = kR, ,where R, , is the
flourescence rate.

r 5
R,(8)=Tpy=——"0
At 1+8, +(26/T)’
__Thk .
Max deceleratiomn; -~ 30000 g, for Na D, ling

Dipole Force 1n a standing wave

» A standing wave has an amplitude gradient, but not a phase gradient. So
only the dipole force exists.

E(F,t)=e E, cos kzcos wt

i V(Q?)

G L OF TR,
Where s, 1s the saturation parameter for each of the two beams that fornj

For 6<0 (red detuning), the force attracts atom toward high intensity regions.
For 6>0 (blue detuning), the force repels atom away from high intensity regions.

Fdl.p =-VU
2
U = Eln[ I %]
2 SR /4
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Velocity dependent force

Atom with velocity v experiences a

Doppler shift kev.
ﬁrp - hEE - 7= 2)
2 14s5,+(2(5—Fk o7)/T)

The velocity range of the force is significant for atoms with velocity su

detunings keeps them within one linewidth considering the power broac

5 -k ev|s g—ﬂh T s,

Doppler Cooling

F=F +F
ﬁ :ihl S() .
S 2 Tsy+[2(6Fkv)/T]
X by
i y e o _ﬂ{}al‘.f(i)4 <<1 E / '*-.“
L(1+s,+(25/T)%) r !\
E i \\
: i ~—
For 0<0. the force slows down the velocity; — ., L. & -« |
Force . I |
- ! * - 2
T
s K points in w :
o ‘\_‘the +z direction Absarption =4
’ : ------------- - " e
, e e
,"I; points in pr .
* the -z direction .
' Net force = -av =
-4 -2 0 2 4 [F/k]
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Doppler Cooling limit

» Doppler cooling : cooling mechanism; Recoil heating : heating mechanism

» Temperature limit is determined by the relation that cooling rate is equal to
heating rate.

* Recoil heating can be treat as a random walk with momentum step size 7k.

(p2)- NI So .3
21+ s, +(26/T)3 Minimum temperature
. _ <pf>_ ; _ = 2
(E e ) = 2m - T k,T, :h—r,when,§=—F/2
m{vi) kT 2
I .
- - Al 1+ s, + (26/T)°?
5 4 26 /T Tp ~100-200 pK for

! . alkali atom
For low intensity s,<<1

AT T 26
k , T== +
4 2 (25 r )
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