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Magneto-optical trap

lomy * Three pairs of counterpropagating
c+-o- laser beams (power 5 mW - 50
mW per beam),

» Quadrupole magnetic field provided
by a pair coils in anti-Helmholtz
configuration (optimal gradient ~ 10
G/cm)

* |dea proposed by Jean Dalibard in
1987

* Realised by Raab, Prentiss, Cable,
Chu and Pritchard in 1987 (Bell labs/
MIT collaboration)



Consider low intensity limit: QQ << T
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Damped harmonic oscillator
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Mirror MOT (Reichel, Munich, 2001)
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Cooling parameters

Li 23Na 8Rb 133Cs
Ao (nm) 671 589 780 852
/27 (MHz) 5.9 9.9 5.9 5.3
2
|0:hi);|z< (mW /cm?) 2.5 6.3 1.6 1.1
hl’
TDop:I (1K) 140 240 140 120
B
Erec _ 1°K? (1K) 3 1.2 0.18 0.1
kg 2Mkg

ForNa: vy = E = 6m/s Vree = 3cm/s




Quantum level diagram in 8’Rb
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Sub-Doppler temperature in optical molasses (W. Phillips et al, 1988)
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1) Time-of-flight
©
o
>
w
o
o
=
L1 H]
Q
L7y ]
2
o
=
™
“o 20 40 60 80
Time (ms)
400 30
2) Dependence on detuning - ;’! Eqg. (1)
X 1V . 0 d=1.0cm
= 3001 \ J/ * d=125 -
— Vo A d=1.75 L 50 "
@ had © d=1.9 @
= . [
- 200 E
D r(r 2 o
a 4\26 T £ 100 - >
- Peee o
o © (o]
0 v L] ' T T T 0
0 10 20 -30 40

Detuning (MHz)

P.D. Lett et al, PRL (1988)



® 1000
3) Fountain =
3
€
L 240 pK
2
€ 100
]
©
g
8 60 uK
€
-.E 10 — r r v — r +
8 9 10 11 12 13 14
probe height (mm)
17
4) Release and recapture
45 ukK
E 45 uK
= .
= no gravity
E
e 1
c
Qo
g /
e 240 pK
.01

0 20 40 60 10
P.D. Lett et al, PRL (1988)
Off-time (ms)



J. Dalibard and C, Cohen-Tannoudji Vol. 6, No. 11/November 1989/J. Opt. Soc. Am. B

Laser cooling below the Doppler limit by polarization
gradients: simple theoretical models

J. Dalibard and C. Cohen-Tannoudji
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T
Atom at rest (z = 0)
7 polarization leads to accumulation of atoms in g, (pumping rates 2 and 1/9).
Steady state populations 4/17, 9/17, 4/17.

Stronger coupling leads to the light shift
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J. Dalibard et al, JOSA (1989)
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g, o
Moving atom and motion-induced orientation mew.... WAW e [
E)‘
Z = V&t —m—— @ = —-kz = kvt [x
Q
Z
In the rotating frame the new |g,> is contaminated by |g,> and |g_,> y
kv kv
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_ 40 akv
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— -l =

Forv>0and5<0 =— Il 7 > II,4

Different populations lead to unbalanced radiation pressure, eg for v >0 an atom will
scatter more counter-propagating - photons than co-propagating o+ photons.
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Does not work for Jg =1/2

J. Dalibard et al, JOSA (1989) 13
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In the low velocity domain
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Lin L Lin laser configuration

Again follow J. Dalibard and C. Cohen-Tannoudji, JOSA B 6, 2025 (1989)
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In the limits of low intensity (Q < I') and low velocities (kv < I') . it .10 6 xm
-3 - +1 +

The optical coherence adiabatically follows the ground-state population
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Optical pumping time 1,
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“Lin — 450 [in” magneto-optical force (Grimm, Sidorov et al, 1992-93)
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Fig. 2. Two elementary cases of the sub-Doppler radiation force
f'( v). (a) The pure polarization gradient cooling force at wy =0,
A= —v, and Gy=0.2 for p=90° (dashed curve) and p=45° (solid
curve). (b) The pure sub-Doppler magneto-optical force at w, =7,
Au =0, G.;,:lll, and o= 45°,



“Lin — 450 [in” magneto-optical trap (Salomon et al, 1992)

b)
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Fig. 1. - a) Experimental set-up and polarization configuration. The temperature of the trapped atoms
is measured by a time-of-flight technique. &) Number of trapped atoms as a function of the angle ¢,
between the polarization vectors in the Ox-arm of the trap. The locations of the minima and extrema
demonstrate the role of the new magneto-optical force of ref.{4] in this trap.

O. Emile et al, Europh. Letts (1992) 24



W. Phillips, 1998
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Bose-Einstein condensation on atom chip
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Laser cooling of atoms on atom chip

0s— MMOT, 2x10° atoms
0-10 s — Rb dispenser on 6.5 A
10 - 35 s — Wait for vacuum 1x10°!! Torr

35 s — Compressed U-wire MMOT

35 s — Z-wire magnetic trap

x 10
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S. Whitlock, 2006 )
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Evaporative cooling of atoms

Red - high energy

Blue — low energy

Physics 2000 website
http://www.colorado.edu/physics/2000/index.pl
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Bose-Einstein condensation

510kHz 505kHz 500 kHz 495kHz 490kHz 485kHz 480kHz 475kHz 470kHz 465kHz 460kHz 455kHz 450 kHz

t ) &

Number of atoms in BEC, Nggc = 1 10°

Condensate fraction, Nggo/N = 0.7

Critical temperature, Tc = 460 £ 40 nK

" 10° BEC lifetime ~ 100 ms 450 kHz
' S S. Whitlock, 2006
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] M ¥ e _
= The BEC decays over 100 ms, while the total
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Fragmentation of cold cloud above magnetic film
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Radiofrequency spectroscopy

Relax axial confinement. The thermal cloud spans 5 mm.
Sweep RF from 2 MHz to the final cut-off frequency, v,

Fit cloud density to the truncated Boltzmann distribution.

Truncated Boltzmann distribution !
-3 0.8
n(z, B) = noo(2)[erf(v/B) — 2/8/me P (1 + 25/3)],
Spatially dependent truncation parameter 04
B(z,vy) = (hvy — grps|B: (2)])/ kBT, "
0 T
0 2 4 6 8 10

Truncated Boltzmann distribution.

-

S. Whitlock, 2006
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Radiofrequency spectroscopy
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FIG. 2: Absorption images of the atomic density in the mag-
netic film microtrap located yo = 67 pm from the surface. As
the RF cut-off v¢ is decreased, the structure of the potential is
revealed. (a) vy=1238 kHz, (b) vy=890 kHz, (c) v;=766 kHz,
(d) vr=695 kHz and (e) integrated atomic density vs. vy for
two longitudinal positions, z = 0.69 mm (solid circles) and
z = 1.00 mm (open circles), fitted to the truncated thermal
distribution function (Eq. 1).
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Multiple Bose-Einstein condensates

Independently tune end wire currents to remove linear and quadratic components of the
longitudinal trap potential - minimise the energy difference between each potential well.

RF evaporatively cool the elongated thermal cloud to the BEC transition to
simultaneously produce 11 spatially separated Bose-Einstein condensates

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
position y (mm)
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Summary

. Laser cooling allow to produce large ensembles of ultracold
atoms

. Cooling is done by the dissipative, radiation pressure force
(spontaneous emission plays a major role)

. Doppler limit (100200 puK) for a two (or J=0—J=1) atom

. Sub-Doppler temperatures via the polarisation-gradient cooling
(recoil energy — ultimate limit)

. Magneto-optical trap

. Laser and evaporative cooling on atom chip
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