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Tempo 0seg 10-35 10-32 10-6 3minutos

380 mil anos  200 milhoes        9bilhoes 10bilhoes 13,7bilhoes de anos

Temperatura infinita 1028 1027 10 trilhões      100milhoes

2700 graus -240 -270      -270 -270

Big-Bang

Tamanho 
de uma 
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Nucleos 
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Nucleos e 
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formam os 
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Nuvens de 
poeiras se 
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primeiras 
estrelas

Sol se 
forma, 
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dos 

planetas

Primeiros 
microorganismo

s - VIDA

Presente, vida 
organizada



VAMOS RESFRIAR A MATÉRIA AO NOSSO 
REDOR
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λ D ~ dimensão quântica

Comprimento de Onda De Broglie
λ D = 

TKM
h

...2π
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ψ |ψ|²

Densidade probabilidade

Provoca propriedades macroscópicas totalmente diferentes
Ex: pressão, etc.



THE PHYSICS AT LOW 
TEMPERATURES
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INTERNAL STRUCTURE à
MOMENTUM ABSORPTION

λ
hP =

Laser Cooling

RADIATION FORCE



RADIATION FORCE
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E – radiação fora da 
ressonancia 

λ =0,8 - 10 µm

This image cannot currently be displayed.
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Optical molasses ( SPONTANEOUS )
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vF α−=
Damping force able to 
Remove energy
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Magneto Optical Trap (MOT)





LiMITS
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NEW FEATURES OVERCOME THIS LIMIT



CONFINAMENTO: Magnetic 
Trapping
Atom is like a permanent magnet

Restoring force 
towards the 

minimum of B
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Campo Magnético 



v (m/s)

0,01(10-9K) 0,002G

1 20G

10 (10-3K) 0,2T

100 20T

1000 (103 K) 2000 T

ΔB

IS NECESSARY O BE COLD



Cold Collisions:MOT STAGE



Cold 
atoms + 
photons

Mixture

|g>

|e>

|g>+|g>

|g>+|e>

|e>+|e>





In reality more complex than this

Fine Structure

Hyperfine Structure



( |g>+|e> )

Fine Structure Change( FSC )  

produce atoms at Na 60 m/s



Radiative Escape ( RE  )



Excited+ excited



Chemical reaction starting at long range and
Taken place at short range





















Bose-Einstein CONDENSATION

A previsão em 1925

A. Einstein S. N. Bose Rb, Na e Li and many others



CHANGE IN THE MACROSCOPIC BEHAVIOR

“normal” light → “Laser”

BEC

Classical → Quantum



How to produce?

Atoms are confined 

COOLING WITHOUT LIGHT

Detection

BEC



HOW TO MEASURE TEMPERATURE? 

3 ms 8 ms 12 ms

V = 30 cm/s
T = 60 µΚ
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MOT and Magnetic trapping is not cold enough  
to produce BEC

• It is necessary to cool 
even further down



EVAPORATION



HOW DOES EVAPORATION WORKS?
EQUILIBRIUM VELOCITY 
DISTRIBUTION

REMOVE FAST PART OF IT

THERMALIZATION 

RF mF = -1

mF = 1

mF = 0 r



LET’S START WITH A CONFINED GAS AND EVAPORATE

beginning 
109 átoms
100 µ K

Final
104 átoms
100 nK

λD GREW TO BECOME AS LARGE AS THE 
POTENTIAL

MANY ATOMS OCCUPY THE LOWEST QUANTUM STATE



NUMBER OF PARTICLES

ENERGY

Occupation number
Density of states

UM POUCO DOS ASPECTOS FUNDAMENTAIS DO BEC



Heat capacity

Ground state
population



HARMONIC OSCILLATOR 



HOW DOES THE SPATIAL DISTRIBUTION EVOLVES?

+
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Sistema de Imagem
baseada na absorção

de um feixe ressonante

• 103 átomos
• 5 . 1012 átomos/cm3

• < 100 nK

Como observar BEC?





Condensação de Na (MIT) • 107 átomos
• 1014 átomos/cm3

• < 2 µK

Fração de 
ocupação
do estado 

fundamental  
como função da 

temperatura Laser de Átomos



GP - Equation











T > Tc T < Tc T << Tc



Free expansion of a quantum cloud (BEC) under gravity

1ms 5ms 9ms 13ms 17ms 21ms



1ms 5ms 9ms 13ms 17ms 21ms

Free expansion of a thermal cloud under gravity



Evaporative Cooling Results I

~1.9mm

Final Frequency

3,4Mhz

2,8MHz

2,2MHz

1,98MHz

1,75Mhz

1,70MHz

1,65MHz

10 ms free expansion



Evaporative Cooling Results II

15 ms free expansion



BEC

OPTICS
CONDENSED 

MATTER 
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FIELD THEORY

STAT. PHYS.

MAGNETISM.
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ATOMIC PHYS.
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QUANT. 
VORTICES

TURBULENCE


