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The new era of quantum mechanics

Quantum Physics
IS undergoing the transition from
the Analytical Era
to
the Synthetic Era

. complex
I guantum systems
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Ultracold atoms in traps

trap potential
(depth 0.1 mK ... 1 K)

extension 10 pm ... 1 mm

Negligible thermal energy (kgT ~ neV)
dynamics determined by interactions, strong correlations

Large deBroglie wavelength (A, ~ mm)
guantum degeneracy, scattering resonances

Very long observation times (t,,. ~ min)
ultrahigh resolution, observable effects of weak interactions

FULL CONTROL over
INTERNAL and EXTERNAL degrees of freedom
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Systems under investigation (selection)
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The World of Quantum Matter

of single atom

Resonato

Quantum Atomic intere
Matter and cold col
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The World of Quantum Matter

information
processing

targets
8ctive probes Quantum

Matter
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Different look at light-matter interactions

Lorentz atom Interaction with external fields

magnetic fields

—

Emag — _ﬁB

magnetic moment

e magnetic dipole moment electric fields
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Different look at light-matter interactions

Electric polarizability

Polarizability
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Different look at light-matter interactions

Electric polarizability (cont'd)
R(a)

n:1+%xelzl+%/\/a/80
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Different look at light-matter interactions
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Different look at atom-field interactions

Why does the classical picture work so well?
Magnetic dipole moment

Orbital momentum
Current operator
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Different look at light-matter interactions

Why does the classical picture work so well?

Electric dipole moment
Superposition of eigenfunctions (ex. s- and p-orbitals)
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The trap zoo: magnetic traps

Quadrupole trap

magnetic field

B0 = B0

1B
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The trap zoo: magnetic traps

Joffe-Pritchard trap

QUadrupole loffe Configuration

__Quadrupole Coils

compensation

loffe Coil

clip Col

(6 turns)

trapped
atoms
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The trap zoo: magnetic traps

Chip traps

courtesy J. Reichel (ENS Paris)
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The trap zoo: optical dipole traps

Laser light far-detuned from resonance
induces an oscillating atomic dipole

d=gagE

Dipole experiences force prop. to the E polarizability
polarizability and the intensity gradient le

My

Fgip = —-V(d - E)

L
x—aVI=—VUdp / ‘}v-field
seeker

high-field seeker Fd
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The trap zoo: optical dipole traps

optical dipole force
Fqip = —VUyip
optical dipole potential

Ugip(r) = —3“32 < 4 wo-l—w> I(r) dipole potential

2w0 Wwo—w

2 3
Msc(r) = —23;;38 (50) (wOr_w + w0_|_w> I(r) scattering rate

,blue” detuning (0>w,) ,red” detuning (o<o,)

repulsion attraction
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The “zoo” of dipole traps

« Red-detuned dipole traps  Blue-detuned dipole
traps s

Microlens

S L




Diagnostics

- . CCD camera pictures
Absorption imaging of the atom cloud P

T=12pK

5ms

9ms

17 ms

UHV-Glaszelle

21 ms

wuw |
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The long, long road to the Ultracold

compressed TOP

forced dark MOT

| |
mpM TOP

laser cooling of
an atomic beam

10° 106 103 10°

Temperature (K)
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Magneto-optical trap

107... 10° stored atoms

101 atoms / cm3

@ ~ 100 ym

n E v~ ky <100 pK ~ 10 neV

magnetic field coils
(quadrupole field)

Zeeman slower

Light-pressure force for
confinement (Zeeman effect)
and
cooling (Doppler effect)
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The long, long road to the Ultracold

magneto-optical trap

10° 106 103 10°

Temperature (K)
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Optical molasses

Optical L
pumping

Light shiftad
energy levels ;i A

g .
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The long, long road to the Ultracold

magnetic trap
or optical trap

forced dark MOT

| |
mpM TOP

Y end of slow =
atomic beam
|

10° 106 103 10°

Temperature (K)
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Transfer into optical dipole trap

Transfer into the optical dipole trap (absorption images)

Trap parameters density distribution
Cs Li

trap depth 1000 pK 400 pK

eff. temperature 30 uK ~ 100 pK

# of stored atoms ~ 106 ~ 105

transfer efficiency 7% 0.03% Storageitime 004

peak density ~ 1012 cm-3 ~ 1010 c¢m-3
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The long, long road to the Ultracold

p=paec  P=10% pree p=10" pyac
1 /1 V4 |

evaporative cooling

compressed TOP

forced dark MOT

| |
mpM TOP

end of slow =
atomic beam
|

10° 106 103 10°

Temperature (K)
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Evaporative cooling

http://www.Colorado.EDU/physics/2000/bec/
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Short reminder on binary collisions

Cross section

T 0

5 e+ )T(B)
=0

A &

= 12 (2¢ 4 1) sin® 7y

phase shift

EleCHVENBIERIGE]
(incl. centrifugal energy):
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centrifugal barrier
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Cold collisions

Scaling laws

For small energies, all partial waves (except £=0) freeze out
due to centrifugal barrier

— pure s-wave scattering

Inelastic scattering: Elastic scattering:
(bad collisions) (good collisions)

Uinel(E> X 1/k O'el(E> ~ 47 A2

<9 \ .

A
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Direct Imaging of elastic scattering
Collision of two ultracold clouds

EC/kB:138 IJ.K EC/kB:123O U.K

courtesy Jook Walraven (University of Amsterdam)

Ch. Buggle, ef al., Phys. Rev. Lett. 93, 173202 (2004)
N. R. Thomas, et al., Phys. Rev. Lett. 93, 173201 (2004)
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Sympathetic cooling

Mean energy transfer per collision:
4my imcs
(mLi+ mCs)2

AFE = kg AT temperature

Collision rate:
N|iNcs
Vetf

[ coll = OLiCsV

Thermalization rate:

AE

[therm =2 T coll E/CV >
fime

Heat capacity in harmonic trap:
CV =3 NkB
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Sympathetic cooling

d(T,; — T
( let CS) — _rtherm(TLi —= Tcs)

[rtherm X O'LiCs]

Sympathetic cooling fakes place on a
fimescale of ~ 1 s

large cross section ¢, ~ (300 A)Z

temperature (UK)

M. Mudrich ef al., Phys. Rev. Lett. 88, 253001 (2002)

storage time (s)
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Controlling the scattering length

Feshbach resonance
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A.J. Moerdijk ef al., Phys. Rev. A 51, 4852 (1995) S. Inouye ef al., Nature 392, 151 (1998)
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Summary of Lecture 1

» Cooling techniques and increase of phase-space
density
» laser cooling and optical molasses
* evaporative cooling
» sympathetic cooling
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Summary of Lecture 1 (cont’d)
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