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Abstract. We present a method for reconstructing the average evolution of the

photon number distribution of a field decaying in a high-Q cavity. It applies

an iterative maximum likelihood state reconstruction algorithm to the diagonal

elements of the field density operator. It is based on quantum non-demolition

measurements carried out with atoms crossing the cavity one by one. A small

set of successively detected atoms defines a positive operator valued measure

(POVM). The reconstruction is performed by applying this POVM to a large

ensemble of field realizations. An optimal POVM based on the detection of a

minimal number of atoms is shown to be sufficient to ensure an unambiguous

convergence of the reconstruction. The cavity crossing time of this minimal

number of atoms must be much shorter than the lifetime of the largest photon

number present in the field. We apply the method to monitor the evolution of

number states prepared by quantum feedback in a recent experiment. The method

could also be useful in circuit QED experiments.

3
Author to whom any correspondence should be addressed.

Content from this work may be used under the terms of the Creative Commons Attribution-NonCommercial-

ShareAlike 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.

New Journal of Physics 14 (2012) 115007

1367-2630/12/115007+15$33.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft

14

8. Conclusion

We have presented here a powerful MaxLik method for the statistical reconstruction of fields
evolving in a cavity. It uses a stream of non-resonant atoms as a QND dispersive probe.
We have shown that a minimal sequence of ND � nm/2 atoms around a given time in each
realization is necessary and sufficient to reconstruct a snapshot of the field photon number
distribution, provided it does not contain more than nm photons. Each realization contributes
to the reconstruction of the field at all times since information can be extracted from a long
atomic sequence divided into elementary ND atom bins. Due to the QND character of our
measurement scheme, data coming from different bins contribute independently to the statistical
reconstruction. In this way, information is acquired more rapidly than in procedures involving
destructive measurements, which are limited to one measurement in a given time bin for each
realization.

The presented method has been successfully tested on numerically simulated as well as on
experimentally measured data. For an ideal atomic beam delivering one atom every Ta, the time
resolution of this method of state reconstruction is Tanm/2, which should be smaller than Tc/nm

the lifetime of the Fock state with the maximum photon number in the field. The method can thus
reconstruct the evolution of arbitrary photon number distribution provided nm <

√
2Tc/Ta. If we

had a deterministic source of atoms and a perfect detector, the limit in our experiment would
be nm � 40, this figure being limited to � 10 by the randomness of the present atomic source
and the limited detection efficiency. Improving on these factors and on the cavity damping time
should allow us to time resolve the evolution of fields involving up to a few tens of photons.

Our method can be generalized to the full reconstruction of field density operators [8]
by applying controlled field displacements before measurement of the ND-atom POVMs. The
minimum number of detected atoms in a time bin is still given by N

min
D = I [(nm + 1)/2], where

nm is now the number of Fock states populated in the displaced field. Note finally that our
reconstruction method, based on non-resonant interaction with the cavity, may be of interest
in the context of circuit QED with three-dimensional cavities [20]. In these experiments, an
increase of the coherence time of the qubit is obtained at the expense of reduced control, which
makes it difficult to implement the reconstruction method used in [9].

Acknowledgments

The authors acknowledge support from the European Research Council (the DECLIC project),
the European Community (the AQUTE project) and the Agence Nationale de la Recherche (the
QUSCO-INCA project).

References

[1] Paris M and Rehacek J (ed) 2004 Quantum State Estimation (Lecture Notes in Physics vol 659) (Berlin:
Springer)

[2] Lvovsky A I, Hansen H, Aichele T, Benson O, Mlynek J and Schiller S 2001 Quantum state reconstruction
of the single-photon Fock state Phys. Rev. Lett. 87 050402

[3] Lvovsky A I 2004 Iterative maximum-likelihood reconstruction in quantum homodyne tomography J. Opt.

B: Quantum Semiclass. Opt. 6 S556–9
[4] Ourjoumtsev A, Tualle-Brouri R and Grangier P 2006 Quantum homodyne tomography of a two-photon Fock

state Phys. Rev. Lett. 96 213601

New Journal of Physics 14 (2012) 115007 (http://www.njp.org/)

15

[5] Ourjoumtsev A, Jeong H, Tualle-Brouri R and Grangier P 2007 Generation of optical ‘Schrödinger cats’ from
photon number states Nature 448 784–6

[6] Leibfried D, Meekhof D M, King B E, Monroe C, Itano W M and Wineland D J 1996 Experimental
determination of the motional quantum state of a trapped atom Phys. Rev. Lett. 77 4281–5

[7] Leibfried D, Blatt R, Monroe C and Wineland D 2003 Quantum dynamics of single trapped ions Rev. Mod.
Phys. 75 281–324
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Detekce vlnoplochy 

Shackův – Hartmannův senzor 

Johannes F. Hartmann 

Roland Shack Současné měření intenzity a úhlového spektra 



Obecný popis svazku 
•  částečná koherence – vlnoplochu a fázi nelze 

definovat 

•  přítomnost netriviálních korelací 

•  rekonstrukce koherenční matice 

 

 

G : G (x ' , x )= 〈 x '∣G∣ x 〉



Obecný popis svazku ... 

Příklady/aplikace: 

•  charakterizace módové struktury rezonátorů 

•  simulace šíření svazku 

•  analýza korelací v signálu 

I !( )= h! ! , x( )h* ! , x'( )G x', x( )dxdx'

vzájemná intenzita 



SH detekce: zjednodušený model 

Gaussovská pupila 
 

 
 

jeden mód v detekční rovině  

 
intenzita na pixelu p za mikročočkou j 

Aj (x ) ∝ exp [− 1
4
(x− x j)

2/(Δ x )2]
Uj p( )!F{U x( )Aj x( )}

I j , p ∝ 〈α j , p∣G ∣α j , p〉
gaussovský 
svazek tedy Q - 
rozdělení 

Z. Hradil, J. Rehacek, L.L. Sanchez-Soto, PRL 105, 010401 (2010) 



SH detekce: realistický model 
měření 
 
 
 

prostorově omezená pupila  A 
 
 
 
 

|! j,p != e
ix j p̂e

ip j x̂ | A!, A x( )= x A

! j,p ! j',p' = 0, j ! j'

pupily se nepřekrývají 

SH detekce není úplná 

nutno omezit prostor svazků 



Laguerrovy–Gaussovy svazky 

   

p = 0

p = 1

p = 2

l = 0 l = 1 l = 2

LGp
l (x ,y ) = 〈 x y∣ l p 〉 ∝ r∣ l∣Lp

∣ l∣(2r2)e− r2ei lϕ



SH detekce LG svazků 
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Simulace 
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Experiment 
parabolické vlny 

 
deformovatelné zrcadlo 

 
 

reconstruction 

∣ϕi 〉 = e
− i

k
2r

x 2

, r = {− 0.65, − 1.12, ∞, 1.58}m

G = 1/2 ∣ϕ1〉 〈ϕ1∣ + 1/2 ∣ϕ2〉〈ϕ2∣

0.3 mm 

31 pixels 

f = 18 m
m

 

ℑ

ℜ



Závěr 

•  Senzory vlnoplochy lze využit pro získání 
informace o koherenčních vlastnostech optického 
signálu.  

•  Byla demonstrována experimentální reconstrukce 
koherenční matice využitím SH detekce. 

•  Je tato možnost využita v přírodě – např. 
“softwarové” zaostřování u hmyzu? 


