Fun with Ultracold Atoms

a) Ultracold Atom Generation

1) BEC in Magnetic Trap
i) Optical Trap
i) Microtrap Array

b) Precision Spectroscopy
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Statistical Mechanics Background
K. Stowe, Intro. Stat. Mech. & Thermo., (J. Wiley, Toronto, 1984)

Fermions Bosons

Half integralspin(electron proton,neutron) Integralspin(photon,meson)

n = {exp(e - p)/kT + 1} n={exp(e - W)/kT- 1} 1

where n=# particlesin stateof energye
n = chemicalpotentialfoundby 2. n (€ ) = N
k = Boltzmannconstant
T =temperature

0

Paul Exclusion Principle:
| denti cal fer mi ons




Behaviour of Bosons at Low Temperature
D & J Tilley, Superfluidity & Superconductivity (U. Sussex Press,1986)

Considersystemhavingenergylevelsseparatethy Ac ~ kT
All bosongopulatdoweststatecausingweird macroscopieffects

Superfluidity

At temperaturec 2.2 K liquid heliumhas
a) No viscosityT flows unimpededhroughtiniestcracks
I climbsupwalls of container

b) Vorticesi whirlpoolsthatneverstoprotating

Superconductivity

Zero electricalresistance In late 198® #$igh temperaturesuperconductors
with transitiontemperaturesf ~ 100K




Bose Einstein Condensation (BEC)
C. Pethick & H. Smith, BEC in Dilute Gases, (Cambridge Press, 2002).

Macroscopic manifestation of quantum mechanics proposed in 1

Superfluid “He in 3D Square Well 8’Rb in Harmonic Potential

BEC Criterion:  p(T) > 2.612 V=M (02X + o2y + 0,2%) | 2
Phase space density=n (A )3 BEC Criterion: KT < 0.15 ho N3

. . — 1/3
where: n = atom density where: @ = (o, 0y 0,)

hgg=h 1 (2t M kg T)V? N = # trapped atoms
h = Plancks constant

M = atom mass
SuperfluidHe: n = 2 x 182 atoms/crf =Transition Temperaturé~ 100nK

8’Rb in Trap:n ~ 104 atoms/cm

= Transition Temperaturg, = 3 K

Technology to generate nanoKelvin temperatures not created until 1990s.




Laser Cooling
H. Metcalf & P. v. d. Straten, Laser Cooling & Trapping(Springer,1999)

Analogous to stopping transport truck on highweayom) by
bouncing beam of ping pong baffshotons)off it.

Velocity v o h I\//I A
oton Momentum
Mass M ‘ —_— ~

h = Plancks constant

# photons to stop therm&Rb atom= M v / (h /A) = 50,000 photons
Stopping Timerl = 50,000 x excited state lifetime = 1.dhsec
Stopping Distance vt/ 2 =20 cm

Laser Power to stop Yatoms/see 1° x 50,000 hv/ T ~ 10 mW

Doppler cooling limit= h I transitionlinewidth/2 k=~ 100 uK




Experimental Requirements for BEC
For detailed recipe see: B. Lu & WvWan. J. Phys82, 81 (2004)

ExcellentVacuums~ 2 x 10 torr

LaserControl
a) Frequency
b) SpatialProfile
c) Polarization
d) Power
e) PulseDuration

MagneticFields
a) Precisecontrolof fields
b) RapidSwitchingof Currents

Coordination/Timingof:
a) Laserbeams
b) MagneticFields
c) EvaporativeCooling
d) Probing




Relevant Energy Levels

Detuning = o

R - 567 MHz

| 157 MHz
| 72 MHz

Cooling Laser
Probe Laser

Repumper Laser

6.83 GHz




Layout of Laser Systems
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Free Expansion of Atom Cloud

a)t=6ms b)t=8ms c)t=10ms d)t=12ms

e)t=14 ms f)t=16 ms g)t=18 ms h)t=20 ms




Temperature Determination

2= 2+ (KT/M)t?
T =50uK
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1) Magnetic Trap

Objective

AAccumulatehigh densityof atoms
Alsolateatomsfrom hotchambemvalls & lower temperaturéo achieveBEC

Hamiltonian of Dipole Moment u with Magnetic Field B: =-uAB

A mF:Z

1
0

-1

-2
Quadrupole Trap

Pair of antiHelmholtzcoils generateegionhaving zero magneticfield to trap 8’'Rb
5S,,, (F=2) atomsoccupyingm. = +2,+1 sublevels

Problem: Spinsflip whenB =0 andatomis nolongertrapped




QUIC Trap

QUIC = 2 Quadrupole Coils +I1offe Coll




Effect of loffe Coll (,...=254)
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Imaging using Probe Laser Absorption
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Evaporative Cooling

RF sweptfrom 20 MHz to lower frequencyover 40 sec At high frequenciespnly
hottest atoms far from trap minimum experiencinghigh magnetic field are in
resonance Their spinsareflipped andatomsbecomeuntrapped Remainingatoms
undergacollisionsandrethermalize

7/ mm

a) No Evaporative
Cooling

b) 6.00 MHz

¢) 4.30 MHz

d) 4.15 MHz




Transition to BEC

Absorption Images taken after 24 msec free expansion

a) Thermal cloud b) Thermal cloud c) Pure Condensate
+ Condensate

v. =2410 MHz Veran = 2.402 MHz
SoP Veop= 2.406 MHz Siop
T = 449 nK T <60 nK
T =400 nK

N=1.9x 10 atoms N =4.2 x 10 atoms
N =1.8 x 10 atoms




