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« Ridiculous » quantum phenomena 
 Schrödinger 1952 :  

« one never experiments with just one electron, one atom 
or one molecule. In thought experiments we sometimes 
assume that we do, this invariably entails ridiculous 
consequences… »    

(British Journal of the Philosophy of Sciences, vol 3, 1952) 



Two “spin and spring” experiments 
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•  Atoms and cavities 

D.J. Wineland S. Haroche 

•  Ion traps 

Different systems 
with strong 
similarities 
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The « photon box » though experiment 

N. Bohr A. Einstein 
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The « photon box » though experiment 

N. Bohr A. Einstein 

Experiments on QND counting 
of trapped photons  
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The tools: spin and spring 

A cavity QED 
experiment  

Electric 
dipole 

coupling 
Ω0	



The SPIN: 
One atom, two levels 

 

|g〉 

|e〉 

The SPRING: 
One high Q cavity mode 
as an harmonic oscillator 

|0〉 
|1〉 
|2〉 
|3〉 

è Nearly ideal realization of a simple generic system 
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The “Spin” 

•  Photon box 

n = 51 
level e 

n = 50 
level g 

51 GHz 

•  Photon probes 
Circular Rydberg atoms   

ωcav 

δ 

 Superposition  
State 

Ie>+Ig>  
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The “spring” 

•  Photon box 
Superconducting mirors 

-  Storing microwave photons 
@ νcav = 51 GHz 

- Photon lifetime: 

Tcav= from 2 µs …  
 

  … to 0.130s  
 5 cm 
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I. Cavity QED spin and spring: 
Brief history 
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Cavity technology 

10 

1994 1996 1998 2000 2002 2004 2006
10-2

10-1

100

101

102

103

104
1994 1996 1998 2000 2002 2004 2006

2E-4

0,002

0,02

0,2

2

20

200

η

Year

t ca
v (

m
s)

•  Our version of Moore’s law: 



The beginning of the story … 
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•  Our version of Moore’s law: 

Initial QND 
measurement proposal 

1990 



… with a simple experimental scheme 

•  An atomic clock (Ramsey setup) made of Rydberg for 
probing light-shifts induced  by “trapped” photons 

•  State selective detection of atoms by field ionization: 
   Atoms detected on “e” or “g” one by one 

“e” or “g” 
detection 



Cavity technology 
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•  Our version of Moore’s law: 

Polished bulk 
niobium mirrors 

Q=2.108 

Mirrors fabrication: collaboration with H. Saffa and C. Antoine, CEA Saclay	





Strong coupling: quantum Rabi oscillations 

•  Resonant atomic emission 
in an empty cavity 
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M. Brune, , F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Hagley, J.M. Raimond, S. Haroche, PRL 76, 1800 (96) 
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Resonant energy 
exchange like with 
coupled oscillators 
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Quantum logic operations 
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•  EPR pair preparation 

• Atom-field state exchange	



•  Phase gate, QND detection  
  of a single photon (but not twice)	



π/2 

π 

2π 

Ω0=47 kHz 
TRabi=20µs 

e,0

g,1



Cavity technology 
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•  Our version of Moore’s law: 

A new technology: 
Niobium coated mirrors 



Niobium coated copper mirrors 

•  Copper mirrors  
Diamond machined  

 ~1 µm ptv form accuracy 
 ~10 nm roughness 

Toroidal è single mode 

•  Sputter 12 µm of Nb 
Particles accelerator technique 
Process done at CEA, Saclay 
 

[E. Jacques, B. Visentin, P. 
Bosland] 
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The photon box 

•  Photon box 
Superconducting cavity   -  Resonance @ νcav = 51 GHz 

- Q factor = 4.2 ⋅ 1010  

- finesse= 4. 109 

Photons running for 39 000 km  
in the box before dying! 
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II - QND photon counting in the box 

Measuring the “spring” with the “spin” 

on 

on 

off 

0 -1 +1 
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QND detection of photons: the tools 

•  Photon box 
Superconducting cavity   

•  Photon probes 
Circular Rydberg atoms  
•  Non-resonant interaction 
⇒  light shifts  

Atoms used as clock 
for counting n by 

measuring light shifts 
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Detecting 0 or 1 photon 

|g> 

|e> n
π	


2	



1.  Trigger of the clock. 
 

The π/2 pulse prepares a superposition states of “e” and “g”. 
This corresponds to an induced atomic dipole oscillating at the 
atomic frequency. 

π	


2	



g 
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Detecting 0 or 1 photon 

|g> 

|e> n
π	


2	



1.  Trigger of the clock. 
2.  Let the dipole precess 
 

Due to “light-shifts”, dispersive interaction with the cavity 
delays the dipole oscillation. 

1 photon 

0 photon 

π	


2	



g 

Single photon 
phase shift 

Φ0=π	
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Detecting 0 or 1 photon 

|g> 

|e> n
π	


2	



1.  Trigger of the clock. 
2.  Let the dipole precess 
3.  Detect the atom 

π	


2	



π	


2	



π	
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g 
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Detecting 0 or 1 photon 

|g> 

|e> n
π	


2	



1.  Trigger of the clock. 
2.  Let the dipole precess 
3.  Detect the atom 

Second π/2 pulse converts phase information into atomic 
energy state 

e  
1 photon 

g 
0 photon 

π	


2	



π	


2	



π	


2	



g 
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Detecting blackbody photons 

time (s) 

g  field projected on |0>  
e  field projected on |1> 

0.8 K  0.05thT n= → = ( proba. of n=2 is negligible) 
 S. Gleyzes, S. Kuhr, C. Guerlin, J. Bernu, S. Deléglise, U. Busk Hoff, M. Brune, J.M. R, S. H., Nature 446, 297 (07)  



“Seeing” more photons 
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|e> n
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n=2 

n=0 

n=1 n=3 

n=4 
n=5 n=6 n=7 

phase 
φR 

Depending on the photon number, the atomic dipole is the hand 
of a clock which can point in 7 different direction. 
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Measurement of a 
coherent field 

<n>=3.7 (±0.008) 
 

Progressive collapse of 
the field state on n=5 

 
Initial knowledge of the 

photon number 
distribution is not 

needed 

Atom by atom analysis of the measurement process  

For each detected atom, one projects the field state according to 
the measurement result e or g 

C. Guerlin, J. Bernu, S. Deléglise, C. Sayrin, S. Gleyzes, S. Kuhr, M. Brune, J.M. R., S. H. Nature  448, 889 (07) 
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Repeated measurements: 
evolution of a continuously monitored field 

•  Exhibits all features of quantum theory of measurement: 
q  State collapse 
q  Random result 
q  repeatability 
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Progressive 
state projection 

onto n=5 

Repeated measurements 
confirm the n=5 result 

Quantum jumps corresponding to 
field damping 

Field evolution due to cavity damping: not to QND measurement 
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III. Preparing a Schrödinger cat state 



Measuring one atom with the field 

36 

Distribution of roles: 
-  The radioactive atom: one Rydberg atom 
-  The cat: a mesoscopic field in the cavity. 

The “size” (i.e. the photon number) of the cat can be varied 
for explorong the quantum to classical transition 

on 

on 

off 

0 -1 +1 
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Preparing a phase Schödinger cat state 

Re(α)	



Im(α)	
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0 2ϕ

0 / 2. ie e ϕα⊗

0 / 2. ig e ϕα −⊗

0 / 2ϕ−

⇒   the field phase is controlled  
by the atomic energy state 
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Preparing a phase Schödinger cat state 
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Detection of the atom 
projects the field on: 
1
2

α .eiϕ0 /2 ± α .e−iϕ0 /2( ) ±: depends on detected 
state e or g 
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Reconstructed Wigner function 
Classical components 

 
cat size:  

D2 ≈ 7.5 photons 
 
 
 

coherent 
components are well 

separated:  
D2 >>1 

D 



Decoherence of a D2=11.8 photon cat state 

Tdec= 2Tcav/D2 = 22 ms 

Tdec= 17 ± 3 ms 

Theory: 

+ small blackbody 
contribution @ 0.8 K 



41 

The future? 

41 
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Experiments with 2 cavities   

Perspectives 

èalive-here-and-dead-there  
state 
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Stationnary atoms in a cavity 

•  Very long interaction 
times (few ms) 

⇒ Large cats 
Decoherence metrology 

⇒ Quantum random walks 
⇒ Quantum Zeno dynamics 
⇒ Reservoir engeneering 

DECLIC ERC project 



And things would not have been like that… 
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… without Serge and Jean-Michel 
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