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(2)(x1, x2 )

" E (# )(x1)E
(# )(x2 )E

(+ )(x2 )E
(_)(x1)

$ a1†a2
†a2a1

Classical :g(2)(0) ! g(2)(" )
Thermal :g(2)(0) = 2
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Factor	
  of	
  2	
  enhancement	
  due	
  to	
  quantum	
  interference	
  



Hanbury-­‐Brown	
  and	
  Twiss	
  
“HBT Interferometry”  -- 
Measure intensity-intensity correlations “Michelson Stellar Interferometry”  -- 

Measure field-field correlations 



Evapora$vely	
  cooled	
  
metastable	
  He	
  	
  
(which	
  one??)	
  



First	
  experiment	
  with	
  free	
  electrons	
  
Electron	
  correla$on	
  $me	
  ~10-­‐14s	
  
Detector	
  resolu$on	
  $me	
  ~10-­‐11s	
  

	
  à	
  reduce	
  effect	
  by	
  1000	
  
Unpolarized	
  electrons	
  à	
  reduce	
  effect	
  by	
  2	
  



Evapora$vely	
  cooled	
  
metastable	
  He	
  	
  
(which	
  one??)	
  

Indis$nguishable	
  bosons:	
  
| 	
   	
  +	
  	
   	
   	
  	
  	
  |2	
  

Indis$nguishable	
  fermions:	
  
| 	
   	
  -	
  	
   	
   	
  	
  	
  |2	
  

Dis$nguishable:	
  
| 	
  	
  	
  	
  	
  	
  	
  	
  |2	
  +	
  |	
  	
   	
  	
  	
  	
  	
  	
  |2	
  

Ques$on:	
  
Why	
  is	
  the	
  correla$on	
  
length	
  bigger	
  for	
  3He	
  
than	
  for	
  4He?	
  

Answer:	
  ℓ	
  ~	
  1/m	
  	
  



On	
  g(2)	
  of	
  bosonic/fermionic	
  atoms:	
  “A	
  value	
  larger	
  than	
  1	
  
indicates	
  bunching,	
  while	
  a	
  value	
  less	
  than	
  1	
  is	
  evidence	
  of	
  
an$bunching.”	
  
-­‐Jeltes	
  et	
  al.	
  “Comparison	
  of	
  the	
  Hanbury	
  Brown-­‐Twiss	
  effect	
  for	
  
bosons	
  and	
  fermions”,	
  Nat.	
  2007	
  
	
  	
  
	
  	
  
“Sub-­‐Poisson	
  coun$ng	
  sta$s$cs	
  and	
  an$-­‐bunching	
  are	
  dis$nct	
  
effects,	
  and	
  it	
  is	
  important	
  that	
  the	
  defini$ons	
  of	
  these	
  
phenomena	
  not	
  be	
  confused.”	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  -­‐Zou	
  and	
  Mandel,	
  PRA	
  1990	
  
	
  	
  





Noise	
  in	
  coherent	
  state	
  does	
  
not	
  depend	
  on	
  the	
  phase.	
  
	
  

Rela$ve	
  noise	
  decreases	
  as	
  	
  	
  
state	
  	
  amplitude	
  increases.	
  Measured	
  ‘Wigner’	
  distribu$on	
  

	
  



Vacuum squeezed state 
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g(2) of a Squeezed Vacuum State 

For a Vacuum squeezed state: 

 

g
(2)

=
0 S

+
(!)a+

a
+
aaS(!) 0

0 S
+
(!)a+

aS(!) 0
2

=
0 S

+
(!)a+

S(!)S+
(!)a+

S(!)S+
(!)aS(!)S+

(!)aS(!) 0

0 S
+
(!)a+

S(!)S+
(!)aS(!) 0

2

+!+ != aeaaSS i )sinh()cosh()()( 2 """" #

 

g
(2)

=
5 ! 8cosh(2") + 3cosh(4")

2(1! cosh(2"))2

(see, for example, Walls and Milburn: Quantum Optics) 



11 

Photon Numbers for the SV State 

A vacuum squeezed state exhibits 
strong photon bunching 

Coherent state 

Amplitude squeezed state 

Phase squeezed state 

Vacuum squeezed state 

g(2)(ξ≈0) >> 3 

 

g
(2)

=
5 ! 8cosh(2") + 3cosh(4")

2(1! cosh(2"))2



!

Phase-­‐sensi$ve	
  amplifier	
  à	
  squeezing	
  



Phase-­‐sensi$ve	
  amplifier	
  à	
  squeezing	
  

!
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Same	
  group:	
  12.7	
  dB	
  squeezing	
  à	
  noise	
  reduced	
  to	
  ~5%	
  



Loss	
  reduces	
  squeezing…	
  







Newest Application of Squeezing… 

23 
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α = 1: diffusive 
α < 1: sub-diffusive-- particle confined; 
cytoplasma has viscosity & elasticity 
α > 1: ballistic 
 

Saw structure on 10-nm scale, 
with 14% better resolution than 
using coherent light. 
 



Application: Gravity Wave Detection 
 Einstein predicted that when massive objects accelerate, 
they produce time-dependent gravitational fields – gravity 
waves – that propagate as “warpings” of spacetime at the 
speed of light. (~EM radiation from accelerating e) 
 The effect is very tiny:  E.g., estimated ΔL/L of ~10-21 for 
in-spiraling binary neutron stars.  How to detect this??? 

Michelson operated on a dark fringe à (ideally) only optical 
signals induced by asymmetric motion of arm-cavity mirrors 
exit the dark port of the beam splitter. 



Application: Gravity Wave Detection 

LIGO: 
Laser  
Interferometric 
Gravitational wave  
Observatory 
 
-World’s largest interferometers: 4-km  
-2 in Hanford, WA; 1 in Livingston, LO 
- >500 scientists 
-Achieved sensitivity ΔL/L ~3x10-23 à ΔL ~ 10-20 m 
-Six data runs completed 
-”Advanced LIGO” should improve sensitivity by another 10x 
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Squeezing for Gravitational Wave Detection 



Two Types of Quantum Noise 

29 

Shot noise: fluctuations in the number of photons leaving the 
interferometer.  These can be seen as arising from phase 
noise entering via the (unused) vacuum port of the 
interferometer.  As the input laser power increases, this 
phase uncertainty decreases à use more power. 

Radiation pressure noise: fluctuations in the differences of the 
locations of the end mirrors, due to fluctuations in the 
radiation pressure exerted by the light on the mirrors, in turn 
due to random scattering of the input photons at the 
beamsplitter.  This noise increases with laser power. 

Standard Quantum Limit is reached at a power equalizing 
these: not attainable with current available laser powers à 
interferometer is shot-noise limited (Δz ~ ΔΦ ~ 1/√N) 

Caves: Used quadrature-squeezed input to reduce fluctuations. 
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Gravitational Wave - Quantum Noise Limited Window 

Gravitational Wave @ 10Hz-10kHz:  

Quantum Noise Limited Regime 
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Audio	
  Frequency	
  Squeezing	
  
New	
  Techniques	
  

–  Op$cal	
  phase	
  matching	
  locking	
  with	
  
effec$ve	
  temperature	
  stability	
  of	
  
~10’s	
  microK	
  

–	
  	
  	
  Quantum	
  noise	
  locking	
  instead	
  of	
  PDH	
  
locking	
  on	
  the	
  squeezed	
  vacuum	
  	
  

–  PPKTP	
  doubly	
  resonant	
  OPO	
  
–  Elimina$ons	
  of	
  thermal,	
  laser,	
  dust,	
  

photo-­‐thermal,	
  mount,	
  beam	
  
poin$ng,	
  and	
  seismic	
  noises.	
  

Squeezing	
  

Shot	
  noise	
  

Elec.	
  noise	
  

Squeezing	
  Results	
  
–  >6	
  dB	
  squeezing	
  @	
  around	
  100	
  kHz	
  
–  Limited	
  by	
  escape	
  eff.,	
  detector	
  eff.	
  

and	
  photo-­‐thermal	
  effect.	
  
–	
  	
  	
  Directly	
  observed	
  squeezing	
  @	
  ~40Hz	
  
–  Can	
  see	
  squeezing	
  @	
  <	
  10Hz	
  

Currently	
  Collabora$ng	
  with	
  LIGO	
  on	
  a	
  
40m	
  Michelson	
  Interferometer	
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