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Einstein in the 20th century 

special relativity 

general relativity 

Brownian motion 

photoelectric effect 
(light as particles) 

stimulated emission 

Bose-Einstein condensation Einstein-Podolsky-Rosen Paradox 
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Time and Einstein 

What is time? 
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Time and Einstein 

Time is what a 
clock measures. What is time? 
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time and clocks 
At NIST, making clocks, standards of time, 
is our business.  Throughout history, clocks 
have continually improved.  From the 20th 
century, NIST has played a major role. 
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Harrison’s H4 won the famous 
£20 000 Longitude Prize in the 
18th century.  The prize 
required knowing the time of 
day in Greenwich to 2 minutes 
accuracy on a voyage from 
Great Britain to the West 
Indies. 

H4 

© National Maritime Museum, Greenwich, London 
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Harrison’s H4 won the famous 
£20 000 Longitude Prize in the 
18th century.  The prize 
required knowing the time of 
day in Greenwich to 2 minutes 
accuracy on a voyage from 
Great Britain to the West 
Indies. 

Trials in 1762 and 1764 won 
the prize (39.2 s in 47 days in 
1764)  

Today, most quartz watches 
are better than H4! 

H4 

© National Maritime Museum, Greenwich, London 
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All of these clocks are imperfect. 

The length of a 
pendulum may 

stretch or shrink.  

Each quartz crystal is a 
little different from all 
others, and may change 
with heat, humidity, ... 

Even the rotation of the earth 
is slowed by tides and affected 
by storms and ocean currents.  
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The best tickers are atoms. 
Every 133Cs atom is 
absolutely identical 
to every other one, 
and they all “vibrate” 
at the same 
frequency*.  
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The best tickers are atoms. 
Every 133Cs atom is 
absolutely identical 
to every other one, 
and they all “vibrate” 
at the same 
frequency*.  
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*given by the energy difference between two atomic energy levels 

The atom absorbs 
the radiation 
(microwaves, or light, 
or whatever) and 
changes its state. 
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For less than $100 you get a quartz watch 
good to better than 10-6, or 30 seconds/year�

For around $100 000 you can buy an atomic 
clock good to 10-12 or 30 seconds/million years�

Who needs a clock that good?�

How good are these clocks? 
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My goodness, it’s 
12:15:0936420175.  
Time for lunch	


Time for lunch 
©sciencecartoonsplus.com 



18 GPS car ad 
courtesy Ford Motor Company 
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GPS system 
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What do atomic clocks look like? 



21 
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Spring forward 

Copyright Nick Downes 

TEMPUS 
FUGIT 

Time is 
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Spring forward 
Cesium metal in this clock is heated and 

vaporized, making a beam of atoms moving 
close to the velocity of sound. 

Copyright Nick Downs 

~200 meters/sec 

133Cs atoms 
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Spring forward 
Cesium metal in this clock is heated and 

vaporized, making a beam of atoms moving 
close to the velocity of sound. 

Copyright Nick Downs 

~200 meters/sec 

133Cs atoms 

Atoms stay only a few milliseconds 
in the meter-long apparatus. 
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Spring forward 
The high velocity the atoms limits how good 
these clocks can be—to do better, we need 

slower atoms. 

Copyright Nick Downs 

~200 meters/sec 

133Cs atoms 
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COLD: �

slow atoms	


HOT: �

fast atoms	


Hot and Cold 



27 Demonstrations 
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How do we cool something �
without touching it? �

condensation 
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Comet photo courtesy NASA 
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We use the pressure 
of laser light to push 
on atoms and slow 
them down. 

Comet photo courtesy NASA 
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Wait a minute… 

…lasers heat, not cool, things! 
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light	


Resonance and Doppler shift 
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laser beam tuned!
below resonance	


Laser Cooling (1975)�
 Wineland & Dehmelt and Hänsch & Schawlow	
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laser beam tuned!
below resonance	


Laser Cooling (1975) �
 Wineland & Dehmelt and Hänsch & Schawlow	


Doppler cooling 
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laser beam tuned!
below resonance	


Optical Molasses	

Chu et al. 1985	


Laser Cooling (1975) �
 Wineland & Dehmelt and Hänsch & Schawlow	


Optical molasses 
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Letokhov, Minogin, and Pavlik (1977); Wineland and Itano (1979) 	


Randomness of absorption and emission HEATS the atoms.�

Doppler COOLING balances the heating, producing equilibrium 
at a temperature, TDopp�

“Doppler Limit”   kBTDopp  >  Γ	

Ephoton = ω	


Γ	


For Na,  TDopp  > 240 µK;  vthermal = 30 cm/s�

Laser Heating 
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Na Optical Molasses 

How do we measure the temperature of a gas 
that is supposed to be as cold as 240 µK?�



38 Release and  recapture 
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R&R temperatures 
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Unexpectedly, we discovered in 1988 
that the temperatures could be much 

colder than had been predicted.�

This was an astounding violation of 
Murphy’s Law  

Sub-Doppler, Murphy 
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Hal in Hell 

“Look Hal, 
another 
snowball !!…  
I tell you, 
this place is 
slipping.”�

drawing by Kris Helmerson 
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Heated discussions about the nature of laser 
cooling ensued.  Eventually a new theory emerged.�

arguing scientisis 

© Loel Barr
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How cold can we get? 
By 1995 we had cooled Cs atoms to  

T = 700 nK! (about 200 times colder than expected)   

(The lowest temperature is related to the “recoil” energy) 

•  A hundred million times colder than liquid nitrogen 
•  4 million times colder than outer space  

 (3 K cosmic background) 

The thermal velocity of these atoms is  

Vthermal < 1 cm/s 
What sort of clock can we make with atoms this cold? 
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Spring forward 

Copyright Nick Downs 

~200 meters/sec 

133Cs atoms 
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Spring forward 

Copyright Nick Downs 



46 

Zacharias 
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NIST F-1 
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Fountain performance 
Atomic fountain clocks are the most accurate 

primary frequency standards ever made.�

At 3 x 10-16 fractional uncertainty, they are 
accurate to one second in 100 million years !  

(and getting better)�
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Fountain performance 
Atomic fountain clocks are the most accurate 

primary frequency standards ever made.�

At 3 x 10-16 fractional uncertainty, they are 
accurate to one second in 100 million years !  

(and getting better)�
Close enough for government work! �

Clocks at NIST using laser-cooled ions 
(electrically charged atoms) are even 
better — 9 X 10-18 (a second in 3 
billion years) — but these are not 
(yet) primary frequency standards. 
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Fountain performance 
Atomic fountain clocks are the most accurate 

primary frequency standards ever made.�

But where do you store the coldest 
stuff in the universe?  What 

container can keep it that cold?�

At 3 x 10-16 fractional uncertainty, they are 
accurate to one second in 100 million years !  

(and getting better)�
Close enough for government work! �
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Using evaporative cooling in a magnetic trap, 
researchers reached temperatures colder than 
possible with laser cooling, and realized one of 
Einstein’s strangest ideas. 

Einstein predicts BEC photo and Einstein drawing by Bülent Atalay 
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Using evaporative cooling in a magnetic trap, 
researchers reached temperatures colder than 
possible with laser cooling, and realized one of 
Einstein’s strangest ideas. 

Einstein predicts BEC photo and Einstein drawing by Bülent Atalay 

In evaporation, the 
most energetic water 
molecules escape, 
leaving the remaining 
water colder.   

We do the same thing 
to our atoms, allowing 
the most energetic to 
escape from a 
magnetic trap. 
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In 1924, building on the new work by Bose, 
Einstein predicted that if a gas of atoms like ours 
was cold enough and dense enough, something 
weird and wonderful would happen –  

Bose-Einstein Condensation: 
A phase transition where a large fraction of the 
atoms stop moving !  (or, at least as much as the 
Heisenberg uncertainty principle allows) 

Einstein predicts BEC 
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In 1995 (70 years after Einstein’s 
prediction) teams in Boulder, Colorado and 
Cambridge, Massachusetts achieved Bose-
Einstein Condensation in super-cold gas  

This feat earned those scientists the 
2001 Nobel Prize for physics. 

They and others have reached 
temperatures lower than one nanokelvin ! 

Einstein & BEC 
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3 peaks& laureates 
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Einstein & BEC 

     Laser cooling, Bose-
Einstein Condensation (BEC) and techniques 
for making ultra-cold atomic gases have 
opened a new and rapidly advancing area of 
research, one which is being intensively 
studied in the current KITP program. 
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Surface of sun: 5000 K	

Room temperature: 300 K	


Liquid Nitrogen: 77 K	

Outer space: 3 K	


Optical Molasses 1985, Na: 240 µK	


Sub-Doppler cooling 1995, Cs: 700 nK	

BEC 1995, Rb: 50 nK	


BEC 2003: 500 pK	


BEC in space 20??: 1 pK	


Log thermometer 



The Absolute or “Kelvin” 
temperature scale 

500 pK:  BEC => as high as 
 1/100 the size of an atom 

300 K => room temperature 

195 K => dry ice 

77 K => liquid nitrogen 

3 K => outer space 

273 K => ice melts 

185 K => a cold day 
in Antarctica 
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What’s Next? 

•  Better clocks—in Boulder neutral atoms in 
lattices are even better than in fountains 
and trapped ions are better still 
•  Measuring fundamental constants 
•  Tests of the fundamental understanding of 
Nature 
•  Quantum Simulation (solving intractable 
materials problem) 
•  Quantum Computers 
•  More... 
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NIST/PFC@JQI Laser Cooling and Trapping Group  
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The End 


