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A discussion in Quantronics on 
  transport in  coherent diffusive nanostructures 

(early 1990s)  
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normal tunnel junctions: 
 G=G1+G2 

SQUID: supercurrent 
modulation  

Andreev conductance  
modulation ? 

experiment 

later  continued with Frank and Yuli 
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 A fruitful interaction 

Frank lecturing the subject 
In Les Houches 2004 Nanophysics: 
 coherence and transport 



The experiment  : 

Last but not least: 

A story which started  a solid friendship  with  Quantronics 
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Daniel Estève 

  Nanoelectronics & Quantronics, SPEC, CEA-Saclay  
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Perola Milman 
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A simple implementation of an open 
system strongly coupled to radiation 

Mircea Trif, Pascal Simon 

LPS, Paris-Sud University 
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with  

For the thy supply chain 



cavity QED circuit QED 

V 

tunable Josephson  
junction 

2e 

dimensionless  coupling constant: 
 

 g= 𝜋 𝑍/RQ 

RQ=h/(2e)2 ≅ 6.4   kW 

Z=  𝐿/𝐶 

SC 

SC 

100µm 

20µm 

RT = 230 kΩ 

Strong coupling QED  : 
 a Josephson junction coupled to a resonator 

g=1 achieved  

Established field 

Strong coupling regime reached  
 

hard, because starting  from  :                       
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A simple but rich open  quantum system 
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At subgap voltage,  no qps can be created! 
 Cooper pair transfer : electrostatic energy  transferred to resonator     aeV nh2
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Hofheinz et al.,  
PRL 106, 217005 (2011) 

Flux tunable 
Josephson  
Junction  

Detecting Cooper pairs and photons 
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Hofheinz et al.,  
PRL 106, 217005 (2011) Detecting Cooper pairs and photons 
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fund. 
mode 

the 1 photon-1 Cooper pair  
regime 

P : Total power in  
Resonator 1st mode 

 bandwidth  
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2e 

Γ𝑝ℎ = 42 Mphoton /s 

r = 1.1 

𝑔(2) 𝜏 =  1 +
𝛿𝑃𝐴 𝑡 𝛿𝑃𝐵(𝑡 + 𝜏)

𝑃𝐴𝑃𝐵

 

 emitting  single  photons ?  

𝑔 2 0 = 1 −
𝒓 

2

2

  

Probe: 
 statistics of photon emission 

Stop  at  
 1 photon ! 

Q 

EC res 

                            g(2) function 

𝑔(2) 𝜏 =  
𝑎† 𝑡 𝑎† 𝑡 + 𝜏 𝑎 𝑡 + 𝜏 𝑎(𝑡)  

𝑎†𝑎 2  

V. Gramich et al, 
 Phys.Rev.B. 92(5):54508, 2015 
 

1 CP transfer matrix element 
vanishes at r=2  

i2 e 1

i1 e 0

i2 e 1
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2e 

Γ𝑝ℎ = 42 Mphoton /s 

r = 1.1 

theory: V. Gramich et al, Phys.Rev.B. 92(5):54508, 2015 
 

measurement 

𝜏𝐶 = 1/𝜋∆𝑓 

𝑔(2) 𝜏 =  1 +
𝛿𝑃𝐴 𝑡 𝛿𝑃𝐵(𝑡 + 𝜏)

𝑃𝐴𝑃𝐵

 

Rolland et al., in preparation 
(with new data ) 
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 emitting  single  photons ?  
Block successive  

resonator loadings ! 

PROBE: HBT setup 

Stop  at  1 
photon 



A consequence of strong coupling: 

multiple photon processes 

Out of equilibrium tunneling  

charge emission emission 

charge 
emission 
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 a 5GHz  b 7GHzV

Westig et al.  
PRL 119, 137001, 2017  
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An engineered   two mode environment 

Emission at   a be h hV2 ? 
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 a 5GHz  b 7GHzV

Westig et al.  
PRL 119, 137001, 2017  
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An engineered   two mode environment 

Emission of photons pairs at   a be h hV2 Classical  radiation ?   
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For any separable 

state 
S. Wolk, M. Huber, O. 

Guhne, Phys Rev. A 90, 

022315 (2014) 

  a be h hV2     00 11 22 ... in Fock bases 

Re Z 

in frequency 

2 /2eV h


 oranbl gere ud e cyan

      b t b t b t b ta t a t a t a t† † ††( ) ( ) (( ) ( ) ( ) () ( ) )

in time  Entanglement Phase phase cross-correlation in a(t) b(t)  

S. Wolk et al, Phys Rev. A 90 (2014): inequality for any separable state of a and b: 

   abg 2   phig 2

    Entanglement probed with a phase sensitive correlator 



-200 -100 0 100 200
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

w
it
n

e
s
s
 t
e

rm
s
 g

(2
)

time  (ns)

        ahi bp gg 22


separability violated  <n1>=0.56 

    Entanglement probed with a phase sensitive correlator 
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Experiment 
<n1>=0.56 

Master equation simulation 
<n1>=0.63 
with static noise 

V 
+ dV 

   phig 2

   abg 2

Qutip simulation with experimental noise 
 (D. Vion,   B. Kubala, work in progress ) 

 

10.509 10.530 10.550
0.0

0.2

0.4

0.6

0.8

1.0
5.080 5.090 5.100

 

 frequency (GHz)

e
m

it
te

d
 p

o
w

e
r 

s
p
e
c
tr

a
l 
d
e
n
s
it
y
 (

u
.a

)

voltage (µV)



What’s next ?  
 -    bridging  the gap with quantum optics: towards THz  sources ? 
 -    applications  ? 
- understand Cross-over from incoherent transfer of Cooper pairs to  
     “classical” AC Josephson effect  
-  large Josephson coupling: Transition to parametric resonance  
-  current-photon correlations … 
--entangling pairs, stabilizing a Fock state, … 

  

DC biased Josephson junction: 
simple, compact and bright source of radiation  
 for a quantum microwave toolbox 
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Entangling pairs  ?  

How to stabilize a Fock state  

2e 

 r Q2, 1 r lowQ1,

Summing up: 
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