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Defining the Goal:
How cold is ,ultracold“?

Room Temperature
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Production of BECs

» Defining the Goal: BEC
* Atom Sources
 Laser Cooling

» Evaporative Cooling and Optical Traps
* Observing a BEC




Condition of Degeneracy

interparticle distance ~ extension of the wavefunction

required background pressure for
lifetimes of ~ 1s: p = 10 mbar

mean free path: 102 km

3

. 21 h?
BEC condition: n\jz = n\/kaT = 2.612

assumen=10"2cm3 —> T.=100nK




Ideal Bose gas in a Trap

1

exp|B(e; — p)] —1

h.o. trapping potential: V= %m (22? + wiy? + w22?)

mean occupation number: (n:) =

critical Temperature T¢: po=

N\ /3
= kple. = 3> ~ 0.94hwN /3

condensate fraction: Nog=N (1 - (;>3>

with @° = WegWyW,
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atoms to the UHV part
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Atom Sources

several types of sources for cold atom experiments:

* l[oading a MOT from the background gas and transferring the

atoms to the UHV part
3D MOT using desorption

2D+ MOT / 3D MOT configuration
3D MOT & magnetic transport

e Oven & Zeeman Slower to feed the 3D MOT




Laser Cooling

» Slowing a hot atomic beam

* Atom-Light Interaction

» optical Molasses

* Magneto-Optical Trap (MOT)

 Limits of laser cooling




Slowing a hot atomic beam

o G

velocity red detuned laser

Doppler shift: Awpoppler

Zeeman shift: AW7 ceman




Slowing a hot atomic beam
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Figure 1. Atomic scattering rate versus laser frequency.
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Slowing a hot atomic beam

o, e

velocity red detuned laser

—

Doppler shift: Awpoppler kv

Zeeman shift: Awzeoman = 2 (Mjegje — MigGig) B

h

Resonance Condition: The decreasing Doppler shift due to the decelerated atom
must be compensated by an inhomogeneous magnetic field to keep the atom in

resonance with the incident laser.

0= AO + AC‘)Doppler(y) — AWZeeman (T)




Slowing a hot atomic

different configurations possible & used

(a) Decreasing-Field-Sower (b) Increasing-Field-Slower

Bo

(c) Spin-Flip-Slower

Nulldurchgang

Magnetfeld B
w

Position 7

o)

LS

+

D,-Linie
32P3/2 :
32S1/2

Slowing down a hot atomic beam:

Vinitial

Ufinal
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Atom-Light Interaction

resonant off-resonant

with the atomic transition

4 Absorption/p_

—> photon scattering rate R =T)pe.c

—> decelerationup to ~10°g

probability to find an atom

I . 87 — -2
1 the excited state: typical numbers: Rb  lsat=1.7 mWcm

80/2 23Na lsat = 6.3 MW cm
Pee —
1+ So 1+ (QA/F)Q

S0 — ]/]Sat
[ linewidth




Atom-Light Interaction

resonant off-resonant

with the atomic transition

e > two-level atom & classical light field described by

Tﬁwo Jaynes-Cummings Model

lg >

bare states
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Atom-Light Interaction

resonant off-resonant

with the atomic transition

two-level atom & classical light field described by
Jaynes-Cummings Model

Assumptions:
* two level atom (good for most Alkalis)
* dipole approximation (A > ratom)

e rotating wave approximation (jwo —wr| < wo)



Atom-Light Interaction

resonant off-resonant

with the atomic transition

two-level atom & classical light field described by
Jaynes-Cummings Model

Assumptions:

bare states shifted states  « two level atom (good for most Alkalis)

e dipole approximation (A > 7Acom)

e rotating wave approximation (jwo —wr| < wo)

due to the atom-light interaction, the energies of the levels are shifted by

hQ)?
=+—— for Q< |A| = |wr — wo|

AE,, A




Optical Molasses

starting point: resonant atom-light interaction

» o
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Optical Molasses

starting point: resonant atom-light interaction
» o’ «
o0

S0 S0

2 2
1 + 59+ (2(A;kv)) 1 + s + (2(A;kv))

Taylor series arround v =0

F = —av

strong damping term due to many scattered

photons from one direction
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Magneto-Optical Trap

add a position dependent term to obtain a confinement in real space

F =-av - Dx

inhomogeneous magnetic field leads to an inhomogeneous Zeeman splitting

Magnetic

force=p force=0 <€=force

Polarized
light




Magneto-Optical Trap

Temperature Limit:
max. scatt. Rate =[/2
kgTp = hg
Doppler Temperature

Na: 235 uK
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Sub-Doppler Cooling
Iin - lin

no external magn. field —> degenerate Zeeman levels, even in the
ground state
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Sub-Doppler Cooling
lin - lin

no external magn. field —> degenerate Zeeman levels, even in the
ground state

Excited level
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Sub-Doppler Cooling
Iin - lin

no external magn. field —> degenerate Zeeman levels, even in the
ground state

Excited level

— m=12  \ \\

Suppose 0°; 2 f ®
Polarization of
standing wave

A

Lin g+ Linl o- Lin o+

ground state population: -1/2
light shifts: AFE_; /5

~
-

Direction of atom's motion

AE pumping process takes a finite
Y2 time 1, — Sisyphus cooling




Sub-Doppler Cooling
Recoil Limit

e

emission in a random
direction

Limit:
Absorption of 1 Photon —> Atom in Rest —> Acceleration due to reemission

Recoil Temperature: ~3 pk for 23Na




Limits of Laser Cooling

Atomic Level structure

— T~

degenerate non-degenerate

sub-doppler cooling doppler cooling in a MOT

limited by 1 photon recaoll limited by finite scattering rate
h? k? I
B 2m BEp 2
T. ~ 3uK “Na ~ 235 uK

1 350 nK 8'Rb ~ 146 uK

phase space density:




Limits of Laser Cooling

Atomic Levelstruﬂf

degenerate non-degenerate

sub-doppler cooling doppler cooling in a MOT

limited by 1 photon recaoll limited by finite scattering rate
h? k? I

kgTp = h—
om BLD 9
T, ~ 3uK >>Na Tp

~ 235 uK
T, 350 nK 87Rb Tp ~ 146 uK

kpT, =

phase space density: ~ 10°-10°

further cooling schemes needed to reach BEC




Evaporative Cooling and
Optical Dipole Traps

» Cooling scheme

 Commonly used trap configurations
— magnetic traps
— optical dipole traps & lattice potentials




Evaporative Cooling

remove hottest atoms from the trap
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“ | \ cut potential
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trapping potential

runaway evaporation,
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Evaporative Cooling

remove hottest atoms from the trap

A
“ | \ cut potential
v

trapping potential

runaway evaporation,
l.e. temperature decrease due to

atom loss leads to an increasing

atom density

—> gain in phase space density

Important parameters:  truncation parameter Ratio of good to bad collisions

U Tloss
=~ ~7 — 10 R=
g ]‘CBT Tel

BEC occures




Magnetic Traps
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Magnetic Traps

V =mpgrug|B|

magnetic field maximum in free space forbidden by Maxwells laws

—> need low field seeking states ( mrgr > 0)

compensation
coils

|

(’B i ‘: Y’III'I-C .

Rempe Group @ MPQ
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Magnetic Traps

V =mpgrug|B|

magnetic field maximum in free space forbidden by Maxwells laws

—> need low field seeking states ( mrgr > 0)

BEC in a "cloverleaf" magnetic trap

Rf antenna Gradient coil

Curvature coil . Bias _ﬁeld coil

MIT, March '96 [M.-O. Mewes et al., PRL 77, 416 (1996)]
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Magnetic Traps

V =mpgrug|B|

magnetic field maximum in free space forbidden by Maxwells laws
—> need low field seeking states ( mrgr > 0)

Magnetic trap with optical plug

Magnetic field coils

|

Escaping /(Wj

il
atom
Radio O
frequency

BEC in a "cloverleaf" magnetic trap radiation

Stron
Arion Antenna 9 )
magnetic

L field




Far-Off-Resonance Traps

light shift of the atomic levels due to laser light:
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inhomogeneous intensity profile creates (trapping) potential for the atom




Far-Off-Resonance Traps

light shift of the atomic levels due to laser light:

hQ? 21 (r)
E=— Q] =
4A € 215t

inhomogeneous intensity profile creates (trapping) potential for the atom

Two cases:
* blue detuned light (i.e. A = wL- wo > 0):

repulsive potential, repell atoms from intensity maximum

* red detuned light (i.e. A = wL- wo < 0):

attractive potential, single beam acts as a trap




Far-Off-Resonance Traps

Single Beam Trap:

use a focused beam to trap atoms

107) g 2010

2
2
“R

2
W—;O Rayleigh range

exp|

trapping frequencies in radial and longitudinal direction:




Optical Potentials

Creation of Lattice Potentials by interfering trapping beams

th"o ’

o8 0%

e
23

<
7 64

at

tight confinement, single site addressability, variable lattice depth

crossed dipole beam

waveguide / charger beam
1 IP\_

~10°
standing light wave




Observing a BEC

* density distirbution of a thermal cloud in the harmonic trap given by

Boltzmann distribution
* during TOF the cloud expands due to its velocity distriburion governed by the

Maxwell-Boltzmann distribution, i.e. homogeneous expansion in free space




Observing a BEC

* density distirbution of a thermal cloud in the harmonic trap given by

Boltzmann distribution
* during TOF the cloud expands due to its velocity distriburion governed by the

Maxwell-Boltzmann distribution, i.e. homogeneous expansion in free space
BEC:
additional interaction energy

adds during expansion

Absorption 100% [l BN 0%
MIT, Ketterle group
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