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Quantum Optics in complex media  

Scattering of light in heterogeneous media, for 
instance the skin or a glass of milk, is usually 
considered an inevitable perturbation or even a 
nuisance. Through repeated scattering and 
interferences, this phenomenon seemingly 
destroys both the spatial and the phase 
information of any laser illumination. At the 
spatial level, it gives rise to the well-known “speckle” 
interference patterns. From an operative point of view, 
scattering greatly limits the possibility to image or 
manipulate an object with light through or in a 
scattering medium.  
Multiple scattering is a highly complex but nonetheless deterministic process: it is therefore 
reversible, in the absence of absorption. Speckle is coherent, and can be coherently controlled. 
By « shaping » or « adapting » the incident light, it is in principle possible to control the 
propagation and overcome the scattering process. This domain is the main focus of our team  
« imaging in complex media » at Laboratoire Kastler-Brossel, supported by a 5 year ERC 
grant. 
In this project, we aim at showing that complex media can be an interesting platfom for 
multimode quantum information processing. We have already shown how a Fock state can be 
guided and entanglement generated at arbitrary positions. The internship will consist in 
exploring what happens when pairs of indistinguishable photons propagates inside a medium 

and how wavefront 
shaping makes it 
possible to generate 
multiphoton entangled 
states at will. 
In the long run (a PhD 
thesis) we will explore 
how such random 

medium can be a viable alternative to conventional 
waveguide-based linear quantum information, be it for 
quantum computing or quantum random walks 
experiments for instance.  
 
 

Reference : H. Defienne, et al. Single-photon entanglement generation by wavefront shaping in a multiple-
scattering, Optics Letters (2014) 
 

Condensed Matter Physics:  YES        Macroscopic Physics and complexity: YES 
Quantum Physics:  YES    Theoretical Physics: YES 
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Fig. 2. Experimental results of single-photon focusing. (a)
1D scans of the output PMSMF realized with a random phase
pattern (red curve) and the focusing phase pattern (green
curve) displayed on the SLM. (b and c) Output plane im-
ages recorded with the EMCCD camera for the same random
phase pattern (b) and the focusing pattern (c) displayed on
the SLM. Red and green dashed lines represent the position
of the scans realized with the output fiber. Contrary to the
fiber output signal, measured in coincidences with the trigger
photon of the non-classical source, intensity images recorded
with the EMCCD camera are not triggered.

Due to space constraints, the two output PMSMFs
could not be positioned next to each other in the same
output plane. Consequently, each fiber is positioned in
two conjugate output planes and a combination of an
HWP (θ ≃ 45) and a PBS (Fig. 1) is used to distribute
equally the intensity between two arms.
We denote by [A,B] the two output spatial modes of

the medium locally injected in the two output PMSMFs.
By focusing a single-photon into one of the two PMSMFs
using the SM method, we enhance the probability am-
plitudes of the states â+A|0⟩ or â+B |0⟩ making them ex-
perimentally measurable and exploitable. Because both
fibers can be moved to any positions in the output plane,
output modes [A,B] are arbitrary chosen within all the
output modes of the diffusive halo.
In our experiment, we adopt the SM method

to manipulate an entangled state of the form
|φout⟩ ≈ ( â+A + â+B eiφ ) |0⟩ by taking advantage of the
fact that our device can address both PMSMFs simul-
taneously with specific and controllable relative phase
φ and amplitude. This state corresponds to the situa-
tion in which the single photon is delocalized over the
modes A and B. These then become entangled due to
both the correlation in the occupation number and the
relative phase coherence. The positions of the two out-
put modes [A,B] can be visualized in the image plane by
the EMCCD camera (Fig. 3b).
We now turn to investigate the coherence properties of

the two modes; this is performed by investigating their
reduced density matrix ρ̂ [14, 15]. The diagonal elements
Pij (i, j ∈ {0, 1}) represent the probability of finding i
photons in mode A and j in mode B. The Pij can be
measured directly by photon counting on both modes.
The non-zero off-diagonal element d = ⟨01|ρ̂|10⟩ (the
coherence term) is not directly accessible, but can be
estimated by interfering the two modes. We observe
single-photon interference by combining the two output
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Fig. 3. Experimental results of single-photon entangled state
generation and characterisation. (a) Single-photon interfer-
ence fringes observed by combining the two output PMSMFs
on a fibered beam splitter (visibility V = 0.78 ± 0.04). (b)
Output plane image recorded with the EMCCD camera us-
ing the SLM phase pattern focusing in both output PMSMFs
simultaneously. (c) Reduced density matrix of the generated
state.The matrix elements are measured running a 3 hours
acquisition with a coincidence window time of 2.5 ns. The
diagonal elements are: P00 = 1 − 8.4 × 10−5, P01 = (4.1 ±
0.7) × 10−5, P10 = (4.3 ± 0.7) × 10−5, P11 = 1/(1.1 × 1010).
The off-diagonal elements are: |d| = (3.3±0.6)×10−5. From
these data, a lower bound for the concurrence is calculated:
C = (4.6± 1.2)× 10−5 > 0.

signals on a fiber beam splitter. To record interference
fringes, represented on Fig. 3a, a set of SLM phase pat-
terns is first calculated using the SM. Each phase pat-
tern corresponds to an output field focused into the two
output PMSMFs simultaneously with equal amplitude
and a relative phase φ ∈ [0, 2π]. Then, we reconstruct
the interference fringes by displaying successively on the
SLM the different phase patterns with a relative phase
varying from 0 to 2π in 21 steps. The interference visi-
bility is evaluated to be V = 0.78± 0.04. This gives an
estimation |d| ≃ V (P10 + P01)/2 = (3.3± 0.6)× 10−5.
The level of entanglement in the measured state has

a lower bound given by the concurrence [14, 15]. The
concurrence, C, is a monotonic measure of bipartite en-
tanglement that is zero for any separable state and posi-
tive for all entangled states. For this purpose, a reduced
part of the density matrix ρ is reconstructed in Fig. 3c
and the concurrence is calculated from the equation:
C = max(2|d| − 2

√
P00P11, 0). This value provides a

strict lower bound to the entanglement. With no correc-
tion for detection efficiencies or propagation losses, and
without substraction of any background, we find a lower
bound for the concurrence: C = (4.6 ± 1.2) × 10−5 > 0
with a 99% confidence level [14, 15]. This conclusively
demonstrates a non-zero degree of entanglement in the
optimized single-photon state.
In conclusion, we have demonstrated that a multiple

Figure  1  :  Fock  state  control  through  
a   scattering   medium   (a)   quantum  
interference   between   two   arbitrary  
speckle   positions      where   a   single  
photon   is   focused   (b)   CCD   image  
and  (c)  density  matrix  of  the  output  
state,  confirming  entanglement. 

Figure   1   :   Speckle   Figure  before   (left)  
and   after   (right)   wavefront   shaping,  
showing   the   ability   to   control   light  
and   deliver   it   through   a   complex  
medium.  


