lecture 17.11.2011
we had last week:

- atom beam - surface diffraction
- radiation pressure as means to cool atom ensembles

today:

- Doppler cooling

- optical molasses

- Bose Einstein condensation
- trapping of ions



Light forces

guantum mechanically: transfer of momentum and energy of the photon
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absorption is directed, emission isotropic.
So the emission leads to no net force and thus
can be neglected in a theoretical description.

F =r Rk, with r: the absorption rate
r =T 02/(T12 + 4 Aw?)
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You know the Lorentzian absorption curve from the theoretical lessons.




Influence of the Doppler effect

for an atom moving with velocity v A w — A w + kv, with k: wave vector

thus the rate r changes to 2
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this means the Doppler shift drives the spectrum into resonance.
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— slowing down is possible!



velocity distribution after irradiation with fixed frequency
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problem with fixed frequency: a hole is burned into the
velocity distribution

Phillips RMP 1998



velocity distribution after irradiation with
chirped frequency

Phillips RMP 1998

HV) dV

I\ i\_,

Velocily

a chirped, i.e. temporally tuned frequency can shift a significant part of the
velocity distribution and thus cool the atom ensemble.

Problem: it is difficult to create such chirped laser radiation.

Solution: we do not tune the laser but the atomic resonance



Zeeman cooler: deceleration to identical v possible
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Doppler cooling to stop the atom
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resonant for laser not resonant for laser

— strong absorption — weak absorption

— strong force — weak force



Doppler cooling

it can be shown: F~-v,i.e.F=-nv n being a viscosity!
so in three dimensions such a setup _UL (Optische Melass
Is called optical molasses (‘Melasse')

calculating the force:
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force in an optical molasses



force in the optical molasses
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Viscosity

F=-nv n being the viscosity
determining n: n=:-dF,,/dv

absorption rate in rest: ,
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thus we obtain for the viscosity

Awmg
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n has a dispersion-like dependence on laser detuning,
it changes sigh when A w, goes through zero



technical realization of a molasses
with magneto optical trap (MOT)

trapping lasers

B-field gradient made
with two Helmholz
coils: field zero in the
center, linear gradient
to the outside




technical realization of a molasses
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experimental realization
FOM Amsterdam -




how to measure temperatures in the yK - range?

switching off the trap potential

free expansion of the ultracold
gas

expansion velocity depends
on temperature

5 ms

9 ms

17 ms

21 ms

T=12pK
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how to measure the temperature
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how to measure temperatures in the yK - range?

or by a time-of-flight measurement

Time of flight
t=0 @
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how to measure temperatures in the yK - range?

or by a time-of-flight measurement

Time of flight
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Fluorescence [a. u.]
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temperature distribution from time-of-flight measurement

exp.: points, curves: theory.
40 UK curve: theoretical limit of Doppler cooling (discrete nature of the
radiation field, Brownian motion of the atoms)
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sub-Doppler cooling by evaporation

broad component: 84 uK thermal contribution

due to 'localisation
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2D velocity dirtribution of Na atoms
at different stages of evaporative cooling




a short history of Bose-Einstein condensation

* | 924 Bose schickt Einstein seine Arbeit iiber die Statistik von
Photonen. Einstein ubersetzt diese Arbeit.

Predicted 1924...

* [924 Nur acht Tage spater hat Einstein seine
»Quantentheorie der einatomigen idealen Gase*

fertiggestellt.

& ; * [ 925 Einstein setzt seine Arbeit tuber das ideale Gas mit
A. Einstein : Bose-Statistik fort und entdeckt zum ersten Mal das
Phanomen der ,,Bose-Einstein-Kondensation

* | 995 Bose-Einstein-Kondensation in einem verdiinnten
Gas von *’Rb Atomen wird zum ersten Mal von Eric Cornell
und Carl Wieman (JILA) erzielt und wenige Monate spater
in 22Na von Wolfgang Ketterle (MIT)

Nobelpreis
2001 !

\ Eric Cornell has been in Rostock on the occasion of the
DPG spring meeting 1996









from a classical gas to a Bose-Einstein condensate
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side remark: there can also be Bose-Einstein

condensation of excitons in a semiconductor

— work of Prof. Stolz in the SFB 652
(collaborative research center)

SEB 652



Density (cm3)
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the long experimental way to BEC

BEC

Evaporative
cooling

Laser cooling

11
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deBroglie wavelength (m)
300 K 10pK 500 nK

all the tools of atom cooling have to be used!






further studies of the BEC

BECH1 BEC2
BEC can show interference anss=— J<=» trapped

expanding

Andrews et al., c’rp
Science 275, 637 (1997) é;“




towards an atom laser




atom lasers
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Height:

Atom laser gallery 5205 1mm

Munich ‘99 Yale ‘98  NIST ‘99



one application: ultra-precise experiments

with an atomic fountalil
e.g., for frequency standards

microwave
excitation

laser cooling/
lauching with
about 3m/s

<

<

~ detection
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atom fountain: realization

magnetic
shielding

source

Transmitted signal /a.u.

flight path

microwave
cavity

detection

2.5F

T™M 021 TE 021
2.0 1

1.5F

800 kHz
1.0r

0.5

0.0

9050 9100 9150 9200
Frequency /MHz



so far: trapping of neutral atoms

now: trapping of ions



lon traps: store, select and investigate particles in ‘free’ space

light
reactions and
decay products

Laser
RF

charged particles
atoms +




How to trap ions? Need potential minimum in 3 D

b T

el not possible due to
T Laplace: Ap =0
no field inside!
electric static ele_ctrfl_c le(ijnd
l radiofrequency l magnetic fields
fields p &
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Penning trap
T guadrupolar potential: ICR cell
Paul trap, rf trap, (lon cyclotron resonance)

QUISTOR, ,ion trap® FT-ICR MS, FTMS



Paul trap Penning trap

principle: electric principle:
alternating field superposition of
a magnetic field




the Paul trap
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the potential of the Paul trap
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operation of a Paul trap with charged dust particles

see Youtube http://www.youtube.com/watch?v=bkYXNeJ8IPO




