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Abstract. The Fresnel-FRee Experiment for EPICS (FFREE) is a test bench developed in the frame of 
high contrast imaging for ELTs. Its purpose is to support the EPICS project (Exo-planets Imaging Camera 
and Spectrograph) for the European Extremely Large Telescope. FFREE is dedicated to the investigation 
of chromatic effects in the rejection of static speckles either with a deformable mirror (speckle nulling by 
Electric Field Conjugation, EFC) or by post-processing (spectral deconvolution). Emphasis is put on 
Fresnel diffraction chromatic effects that are known to be a strong limitation in high contrast spectro-
imaging, especially on an ELT. We show how FFREE has been designed to permit the introduction of 
known Fresnel effects with phase screens that can be conjugated to different distances to pupil conjugates. 
We present the first experimental results of speckle nulling with the EFC technique obtained on FFREE. 

1. Introduction  
 
More than 700 planets around other stars have been discovered so far. Some of them revealed 
to be very exotic and even a handful of discoveries happened in the "habitable zone" of the 
host star [1]. High contrast spectro-imaging is a promising technique capable of revealing the 
real nature of exoplanets. Today, apart from detections by transits, direct imaging has enabled 
to detect not more than a dozen of exoplanets. This number will dramatically increase with the 
European SPHERE instrument [2] that will operate on the VLT in 2012 (and its U.S. 
competitor GPI [3]) and will give access to a large class of self-luminous young exoplanets. 
Meanwhile, various studies of instruments for future ELTs and space missions are already 
promising even more spectacular discoveries by opening the door to the characterization of 
mature gaseous exoplanets or even massive rocky planets. There is no doubt that much effort 
is still needed now, to be able to achieve these objectives in the 2020s. Besides the 
technological limitations (deformable mirrors, real-time systems, sensors, etc.), we also face 
many theoretical challenges. The recent conceptual studies of high contrast imaging 
instruments in particular the EPICS phase A study [4] have highlighted the extreme 
complexity of the error budget affecting the signal during the propagation of light in an 
instrument and especially the speckle noise which sets the ultimate detection limits. The 
control of the physical phenomena involved, in particular the chromatic effects that have a 
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major impact on the detection and spectral characterization of exoplanets, is a considerable 
challenge. Indeed, the presence of out-of-pupil optics induce Fresnel diffraction effects that 
create chromatic speckles. These effects will limit the capacity to correct for static aberrations 
responsible for the speckle noise and will also impair the performance of data processing 
algorithms for exoplanet detection with spectro-imaging. In this paper, we describe the status 
of the Fresnel Free Experiment for EPICS (FFREE) whose goal is to investigate these 
limitations. We present preliminary results of speckle nulling with the Electric Field 
Conjugation Algorithm [5]. 

2. Scope of the experiment 
 
The main goal of spectro-imaging is to directly detect exoplanets and characterize them 
spectrally. One of the main limitations to the performance is the so-called speckle noise 
responsible for false detections. The presence of the speckle noise determines profoundly the 
choice of the detection concept in any high-contrast-imaging instrument.  It was also 
discovered that the speckle noise could be highly chromatic because of Fresnel diffraction 
effects and impair both the correction of static aberrations with a deformable mirror (DM) [7] 
and post-processing of the images [8]. Both aspects will be addressed with the FFREE bench. 
The particularity of the bench (see description in section 3) is that it permits to introduce static 
aberrations using movable phase screens so that known Fresnel effects can be introduced. 
Moreover, the source is a tunable laser that can mimic spectroscopy without using a real 
spectrograph. Hence the scope of the bench is to investigate the chromatic effects occurring in 
the main optical train of an instrument before light enters a spectrograph. Two kind of 
experiments are foreseen: 

- 1.  Active correction of speckles (“speckle nulling”) with the DM using phase 
diversity-like algorithms 

- 2. Rejection of speckle noise by post-processing, for instance by spectral 
deconvolution [10], of 3D spectro-imaging data cubes (obtained by sweeping the 
wavelength with the tunable laser),]. 

In this paper we present preliminary results for experiments of the first kind (active correction 
of speckles with the DM). The goal of the experiment is to study the performance of speckle 
nulling in presence of aberrations with different levels of Fresnel diffraction, depending on the 
position of a movable phase screen.  Section 5 describes by means of simulations the kind of 
performance expected in different cases from Fraunhofer to Fresnel diffraction with a 
performance metric defined as the ability to correct on both sides of the Field of View. Indeed, 
it is expected that the performance of correction on the two sides of a field of view will depend 
on the amount of amplitude aberrations. Hence a very good performance is expected in the 
Fraunhofer case and progressive degradation as one goes along with introducing increasing 
amplitude errors. Section 6 presents the preliminary experimental results obtained so farin the 
Fraunhofer cae and the important issues that have been identified. 
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3. FFREE concept  

3.1. Opto-mechanical design 
 
The FFREE bench is shown in Fig. 1. It is composed of: 

- The source: a tunable laser (range 1390-1550-nm). In this preliminary experiment 
the wavelength is set to 1548-nm. 

- A mechanical stop defining the entrance pupil 
- A set of lenses re-imaging the pupil on the deformable mirror (32×32 MEMS DM) 
- A set of lenses defining a new pupil position for the apodizer 
- A focal coronagraphic mask 
- A pupil position for a Lyot stop 
- A NIR camera 
- A movable phase screen system 

The optical design was defined with particular care in order to minimize Fresnel diffraction 
induced by the optical elements. See ref [9] for a complete description. The bench can be used 
in different coronagraphic configurations. In this paper, diffraction rejection is obtained by 
apodization only (strong apodization, no pupil stop, like in the NIR path of the EPICS 
instrument [11]). The phase screen system is composed of two screens. One is conjugated to  
the pupil whereas the second one can be moved in a convergent beam in order to be 
conjugated to different distances to the pupil. 
 

 

Fig. 1. Left: Opto-mechanical design of the FFREE bench. Right: Phase screen, movable in x,y, and z. 

3.2. Movable phase screen system 
 
Two phase screens can be used either in combination or independently. One can be placed in a 
parallel beam near the apodizer, in which case it is conjugated very close to a pupil plane 
(Fraunhofer case). Another one can be used in a convergent beam before the coronagraphic 
mask; by moving the phase screen along this convergent beam, the amount of Fresnel 
diffraction introduced can be controlled. The pupil plane is located 300-mm before the 
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focalizing lens (F=750-mm). One can compute the distance to the pupil in the parallel beam 
corresponding to the phase screen position in the convergent beam. This distance to the pupil 
can be expressed in terms of Talbot Length (see Fig. 2), where the Talbot Length is defined as 

! 

TL = 2P
2
/" , where P is the smallest period that can be corrected with the DM. The phase 

screen system permits to sweep approximately between 0 and 1 TL.  
The beam can enlighten different phase screen shapes. The F-2 shape (inversely quadratic 
spatial power spectrum) creates a speckle intensity profile whose level is approximately 
independent of the phase screen footprint on the phase screen (the amount of phase error in the 
DM spatial bandwidth remains the same even though the overall phase error changes). We can 
also use an F0 profile, in which case the overall phase error remains the same whatever the 
phase screen position. The HF F0 phase screens permit to create speckles far from the center in 
well defined positions; they will be used for the experiments of the second kind not presented 
here (post-processing). For the simulations and preliminary results presented here, we used 
merely the F-2 phase screen. 
 

 

 
 

 

Fig. 2. Top: Movable phase screen for Fresnel diffraction effects introduction. Bottom left: phase screen 
design with different power laws for the spatial content. Bottom right: conjugation distance to the pupil 
plane in function of the phase screen position from the lens. 
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4. EFC algorithm: correction on both sides of the field of view 
 
Electric Field Conjugation is a method for correcting speckles in a given region on one side of 
the field of view. The measurement is done by perturbing the speckle field with phase probes 
applied on the DM. The reconstruction is obtained by using a command matrix obtained by 
simulation. We use a modified version of the original EFC algorithm (see [5] and [6]). We 
create a second rectangular zone of correction in a symmetrical position of the first one (see 
Fig. 3). The measurement is obtained by applying 4 probes (sinc shapes of the DM with 4 

phase quadratures) and recording 
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 the corresponding intensity maps in the two 
zones. The shapes noted + and – are in phase opposition as defined in [6]. It has been shown 
that: 
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change generated by the DM shape, C is the linear transformation representing the  

coronagraphic image formation. The difference in intensity 
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information needed if there is enough diversity, to reconstruct the wavefront. 
We build by simulations a modal Interaction Matrix (IM) by forming Fourier modes [12] on 
the DM in addition to each probe in order create signals only in the two regions defined for the 
correction (this method was found to ease the inversion of the IM). The measurement is 
defined as the vector of intensity differences (for each point in the two probe regions) between 
signals obtained for probes in phase opposition. A modal command matrix is obtained by 
inversing the IM. With this method the correction is applied on the two sides of the field of –
view in the least-square sense. 
 

 
Fig. 3. Correction zones (16×6 λ/D centered on ± 8 λ/D) and definition of the modal interaction matrix. 

5. Predictions by Simulations 
 
A numerical model of the FFREE bench permits to simulate the image formation through the 
apodizer. It includes the Fresnel effects of the movable phase screen (using the PROPER 
software [13]). This model permits both to predict the performance of speckle nulling and to 
build the interaction matrix for the real system. The size of the correction zone is 16×6 λ/D 
and centered on ± 8 λ/D. 
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In the case of phase-only aberrations (Fraunhofer case), simulations show that the performance 
of speckle rejection can reach a factor of 40×. Fig 4 (left) shows an example of performance 
degradation when Fresnel effects are taken into account when the phase screen is located 
approximately at mid-distance (350-mm) between the lens and the focal point. The right side 
of Fig 4 displays a plot of the simulated speckle rejection factor as a function of the phase 
screen position. As we expect, the speckle rejection performance decreases when the phase 
screen position increases (i.e. the distance to the pupil increases). We can note that the 
performance decreases regularly and becomes typically less than a factor of 2 when the phase 
screen distance to the pupil becomes larger than 1/4 TL (position at which phase errors of 
largest spatial frequencies controllable by the mirror are entirely converted in amplitude).  
Our ambition is to demonstrate a similar behavior experimentally with the FFREE bench. 
 

 

Fig. 4. Simulation results. The size of the correction zone is 16×6 λ/D and centered on ± 8 λ/D. Left: 
Example of performance for a phase screen position of 350-mm from the lens, top left: in the case of 
Fraunhofer diffraction. Bottom left: with Fresnel diffraction taken into account. Right: Speckle intensity 
rejection factor with EFC method on both sides of field of view in function of the position of the movable 
phase screen. 

6. Preliminary experimental results 
 
We applied the EFC method experimentally (with a simulated command matrix) with the F-2 
phase screen located in the parallel beam (hence very close to the pupil, supposedly 
Fraunhofer case). We performed the correction in two ways : on both sides and on one side 
only as in the original method. The results are displayed in Fig. 5.  The speckle rejection factor 
is defined as the ratio between the standard deviation of intensity in the probe zones after 
correction divided by the standard deviation without correction. The correction on one side 
attains a factor of 30× which proves that the bench and its error sources (background 
especially) is capable of demonstrating speckle rejection gain of the order of what we expect at 
best in the Fraunhofer case.  
The performance obtained with EFC on both sides of the Field of view is however only a 
factor of 5×. We can also notice that the speckle structure exhibits non-symmetric features 
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suggesting that we are not in a Fraunhofer case. Hence, in the current configuration, the bench 
is not ready for the demonstration of the Fresnel effects we plan to do. 
The presence of very bright off-axis ghosts (carrying each its speckle structure) seems to have 
a significant contribution to the non–symetry of the speckle structure. These ghosts are due to 
the coating of the DM that is not optimized for NIR. Another source of errors may come from 
amplitude errors of the apodizer itself. Finally, the source being highly coherent, even faint 
unwanted light may interfere with the speckle field. 
 

   

Fig. 5. Preliminary results of speckle nulling with the FFREE bench. Left: Coronagraphic image without 
correction. Speckle intensity is between 10-4 and 10-3 in the probe zones.. Middle:  correction on both 
sides: speckle rejection factor (rms intensity) = 5×. Right: correction on one side only: speckle rejection 
factor = 30× (rms intensity). 

7. Conclusion 
 
Despite the care taken to design a bench minimizing Fresnel effects, we discovered that we are 
not in a clean Fraunhofer situation. Hence, the activities of the next few months will consist in 
identifying all the error sources that affect currently the bench and find solutions to mitigate 
the effects: for instance, diaphragm to eliminate bright off-axis ghosts, improve the 
reconstruction model to include amplitude errors with calibration on the bench itself, decrease 
the coherence of the source by modulation of the wavelength. We also plan to compare the 
EFC method with more classical phase diversity methods using defocused images. 
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