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l. INTRODUCTION AND CONTEXT:
A. Hypertelescope concept

High resolution Optical imaging instruments basadperture synthesis have been developed oveashe |
decades with the aim of reaching angular resolutiotihe nano radian range. These different instnime
[1] take avantage of the property of the Zernika @ittert theorem to recover the intensity disttibo of

the object from its spatial coherence analysishwWhis method, the instrument can never selectigie
coming only from one of the pixels composing thi dbject because the measurements are being darrie
out on the Fourier spectral domain. For high-dymapijects, such as a star + exoplanet system, this
technique is limited since the information on thanf object is always mixed with the bright lighthigted

by the main source. Consequently, direct imagingréderred and the analysis of the object is madéee

in the image domain than in the Fourier spectrum. @ince the beginning of high resolution imaging,
measurements have never been achieved both wighyahigh resolution in the range of nanoradian and
very high dynamics in the range of°1th order to meet this challenge, A. Labeyrie pasposed a solution
called hypertelescope [2]. This new type of instemtnsolves the problem of the highly structurednPoi
Spread Function (PSF) of a diluted array thanksatgupil densification process. The PSF of a
hypertelescope being sharp and smooth, it is pleskluse the instrument for direct imaging. Thaga 1
equals the convolution of the obje®t by the PSF, looks like the object but with a limited resoburti
Different versions of hypertelescopes have beepgmed using field combination in the pupil plangdB
pupil densification thanks to the use of monomogpiécal fibres [4].

B. Temporal version: principles and advantages

Parallel with the hypertelescope study promotedblyabeyrie, we have proposed a temporal alteradtv
the initial design using spatial classical optic$ Fig.1). The main purpose of this new conceptois
overcome some technical difficulties met with cleakhypertelecope and to propose new functiomsliti

In reference [5] we have demonstrated that it'ssiptes to design an hypertelescope by using temporal
optical path modulation. In such configuration, gan retrieve the same imaging properties as fofittie
design using spatial pupil densification. To prdpeperate a temporal hypertelescope (THT), thécapt
path modulations have to be linear as functionirakt It results in fringe frequencias that have to be
scaled to the phase slope, ) of the classical hypertelescope [5].

In a classical hypertelescope, for a given telpsdand a given vertical positigg, the phase variatiog
observed in the image plane afyf) position is expressed as:
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Figurel: Principle scheme of spatial and temporal hypertelescope
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@ (X) = 2n(a; X+ B.Y,) = 2mm, X+ @, (V) (1)
In a THT, thespatial linear phase modulation along the x axis is regdaey atemporallinear modulation
inducing the same set of phase variations betweeodmbined optical fields:

¢.(t) =2, t+¢,,(Y,) (2)
By such way, the imaging capabilities of a spakigpertelescope are fully recovered in the temporal
configuration.
One of the main advantages of THT is the versatitit pupil reconfiguration. As long as the secanda
pupil has to be homothetic to the telescope oris, ftinctionality is very important for a ground bds
instrument or in space for a reconfigurable inseam In addition to the "classical" imaging projpest
provided by a spatial hypertelescope, the THT alldavrestrict the span of the field under study. &o
nulled span, the temporal hypertelescope can agpasaia spatial filter. In this case, it works asufing
interferometer [6,7].
The breadboard and the related experimental resefisrted in the next paragraphs demonstrate the
validity of this new concept.

1. EXPERIMENTAL SETUP
A. Technological options

Our experimental set-up (Fig.2) has been designddraplemented thanks to the different skills deped

in our team since two decades [8-12]. Consequeatly,THT experimental test bench uses optical fibre
and couplers for the different optical functionsbi® implemented. However, note that the use odegli
optic components is not mandatory for the imple@gon of a THT and a classical design with freecepa
components could be chosen. This point remains masolong as our paper is more focused on the
demonstration of THT principle than on the techgadal aspect.

The following items give the general framework af experimental study:

a. The operating wavelength, all over this instrumestA=155um to take advantage of the mature
technologies of Telecom components.

b. Light propagation from the entrance pupil to theedtor is performed by monomode polarization
maintaining fibres (panda fibres).

c. All connections between the different componente B/APC connectors to avoid parasitic back
reflections.

d. Our telescope array includes 8 apertures equivadeatlinear redundant configuration: the corresiam
spatial frequencies sampling enables a conveniealysis of a complex linear object for a realistic
experimental demonstration.

e. The THT configuration has been optimized for ima@gan unbalanced binary star with an high dynamic
such as an exoplanet-star couple. For this purpeswill use the theoretical results reported in][That
implies a redundant spacing of the array and aimigetd power distribution over the different telepes
to apodize the point spread function.
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described in detail in thetext: The star ssimulator, the telescope array and the combining interferometer.
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B. Star simulator

The calibrated object is the first subsystem resglifior testing the imaging capability of a THT. Rbis

first experimental demonstration, the selectedrtestmical target” is a binary star with a convemnien
angular separation and adjustable dynamics.

For this purpose, the object consists of two tibsnonomode Panda fibres glued on a V-groove. These
monomode waveguides are fed by two independentibis¢éd Feed Back lasers (DFB) at the same
wavelength and act as two incoherent point likeseasl This way the object is spatially incohererd the
dynamics is controlled by adjusting the laser dagvicurrents. A set of doublets and collimating éns
allows to provide an angular intensity distributicmmpatible with the spatial frequenciesampled by our
telescope array. In our experiment the angularragipaO(8), as seen by the telescope array, is 23.75urad.
As our instrument is designed for a linear inpulagmation, a polarizing cube is inserted in thaillet
spacing in order to select and to fix a linear ieait input polarization.

C. Design of the telescope array

The telescope array arrangement has to be carefaliigned to fulfill the sampling criteria for aoper
imaging analysis. As previously demonstrated [b&)h dynamics imaging capability requires a redumda
array configuration. Consequently, our telescopayamust periodically sample the spatial frequency
domain. The object dimension and the focal lendtthe collimator have to be determined by comparing
the object spectrum and the spatial frequenciepleghby our instrument. The intensifAt; yy) observed

in the image plane of the instrument is given by :

I(At,y,) = PSFO O(6) 3)
where [J denotes the pseudo-convolution operator, PSF ¢ivet ppread function of the instrument and
0O(8), the object angular intensity distribution. In theurier domain, this relationship becomes a simple
product: I(u) = T(u)x O(u) 4)
where é(u) is the object intensity spectrum anfl), the input pupil autocorrelation function. As shoin

Fig. 7 the periodicity of the spatial frequenciampled by the telescope array has to be complighttie
classical Shannon sampling criterium.

The smallest sampled frequency is related to tlsrument field of viewFV and the largest one
determines the instrument resolutidn

FV =" ()

R=_A_ 6)
Bmax

The telescope array resolution is related to thallest observable detail on the object, whereadide of
view has to be adapted to the object’s overall. Sihés design trade-offs lead to the fallowing TH&nch
characteristicsEV= 62urad; R=8.9urad.
These values have been chosen to be compatible tivéthobservation of our laboratory binary star
characterized by a 23.75urad angular separation.

R<§, <FV (7)
In order to image an unbalanced binary system wvétly high dynamics, the use of a set of suitable
apodization coefficients will optimize the dynamiggh a low reduction of resolution. On each apexfu
the control of the intensity is achieved by meahnsabile shutters actuated with high position aacyr
according to the theoretical optimum distributids3].

D. The interferometric combiner

The last part of the system is the optical fieldnbiner mixing the contributions of the 8 telescoesch
interferometric arm includes a fibre delay line amdoptical path modulator [12]. The 8-fibre armseéhav
been cut with a few mm accuracy in order to redheeoptical path differences as much as possitiie. T
fibre delay lines allow to adjust the optical patithwan accuracy of few um. The fibre optical path
modulators temporally reproduce the linear phas@éatran observed in the image plane of “classical”
hypertelescopes (cf eq.1) and allow the fine redidyptical path compensation. A National Instrument
virtual instrument and a voltage generator haventi/eloped to drive the piezoelectric actuatorthef
fibre optical path modulators. A set of high vokagmplifiers allows to reach a proper range of caman
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voltages. Experimentally, the optical path confsohchieved with an optical path sensitivity lovikan
0.01pm.

The optical fields emerging from the 8 interferori,eirms reach a 8 to one polarization maintairfii)
coupler to achieve the interferometric mixing. Atet output an InGaAs photodiode detects the
interferometric signal that is recorded througlieadard 12 bits ADC voltage acquisition system.

E. Cophasing system:

Unlike classical aperture synthesis instrumentgétitglescope is directimaging instrument and its image
quality is mainly limited by phase aberrations. €squently, optical fields collected from each array
aperture have to be cophase to obtain the bestioaajity.

To reach cophasing, we have chosen to use phasesitijvtechnique combined with genetic algorithm
(GA) (cf fig. 3).

a. Phase diversity technique

Phase diversity technique permit to define a plipsdity criterion which is independent of the olvsel
object geometry. It requires (at least) two imagéshe same object. The first image is a converfion
image altered by unknown aberrations. Equatiomyi{&)s:

1, (At,y,) = PSE 0 O(6)
with PSH, the classical instrument PSF limited by unknovrage aberrations. The second (and more)
image, called diversity image, is obtain by introithg in the instrument an additionahown aberration.
Equation (3) gives:

I, (At,y,) = PSF, 0 O(6)
where PSk is the instrument PSF when applying this additionaaberration.
Kendrick et al. propose in [14] four methods toadbta phase quality criterion. We have chosen itisé f
one which uses the M1 metric defined as:

_ L) _ T
I, (u) T,(u)
wherel ), I, (u), T, (u),T,(u) are the Fourier Transform of (At,y,), I,(AtY,), PSR and PSk

respectively.

X is independent dD(8) so it is the same regardless to the object gegmetr

In our test bench, we use single-mode fibres amrdathject is totally unresolved by a single aperture
Therefore, phase aberrations are considered orthegsiston errors.

(8)

The diversity image is achieved bistondiversity. On each interferometer arm we applynavn piston
default with the system delay line. Finally, we quute they parameter with the two object images. This

reference value, called ., is transmitted to the GA to compute the pistooreon each interferometer’s
arm.

b. Genetic Algorithm

In a GA, a population of strings (called chromosejrencodes the candidate solutions (called indalgu

to an optimization problem. During the process,iitthals will evolve toward better solutions. The
evolution process starts from a population of raniyo generated individuals. In each generation,
individuals quality is evaluated by a function edllfitness function. Multiple individuals are sebsgt from

the current population according to their fithesmsd modified (recombined and possibly randomly neata

to form a new population. The new population isitheed in the next iteration of the algorithm [15].

In our system, the GA goal is to evaluate the pidtias to be corrected. This default could then be
cancelled to cophase the system. We define anithdilas a set of 8 (one for each interferometersar
piston error values (chromosomes). Each populatiomsists in 5 individuals. For each individual we
compute they correspondingparameter. The fitness functiorefiné as:

F = Xref - X (9)
Individuals of the new population are generatedrtiying and randomly mutating the chromosomes of the

two best individuals (according to their fitness).
The GA gives its evaluation of the piston erroeafl0 iterations (few ms of computing time).
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Fig. 3: cophasing system global scheme

M. EXPERMENTAL RESULTS
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In order to calibrate the imaging capabilities afr anstrument, we first experimentaly characteriisd
point spread function. For this purpose, the tapsarray has been illuminated by a plane waveyusity

one single point-like source (i.e. switching onyodl source of the object). The voltage offsets raf t
electronic commands, which drive the optical patbdolators, have been adjusted by our cophasing
algorithm in order to increase the dynamics as nascpossible. The first experimental results acevshin

Fig. 4 and 5. Fig 4 shows short-exposure image plesnand fig 5 shows the long-exposure image
obtained by short-exposure images averaging. BExyertial dynamics, observed with our breadboardy is i
the range of 2000 (corresponding toMd200 cophasing) and as shown on fig.6, these resultstaipée over
time thanks to our cophasing system. Such resaite been obtained reliably and give a first indacabn

the THT imaging potential capabilities.

The second stage of our experimental investigatas been to obtain an image of the unbalancedybinar
star. For this purpose, the two fibre tips of tHmlatory object receive the light from two diffetéasers
which operate with the same wavelength. In thisecdhe two sources of the object are spatially
incoherents. Adjusting the driving current allowsstmulate any unbalanced binary source.

The experimental result are shown in fig.7. Eaclvesis obtained by one hundred short- exposure image
averaging. The image in black exhibits a weak carnigpabeside the main star. The 23.75urad separation
and a ~1000 intensity ratio source characterigtiescorrectly recovered. The red curve shows tregém
obtained when the star’s companion is switchedRésults are consistent with the theoretical cautiah
between the point spread function and the objetnsity distribution. Consequently, the instrument
imaging capabilities have been demonstrated.
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