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We present a new interferometer to measure piston, tip and tilt of segmented mirrors, using the combination of
an optical grating and a microlens array. Since this interferometer is able to collect all the incident light and
to operate with a large spectra bandwidth, it is particularly suitable to operate in low light level conditions, for
example for the co-phasing of segmented primary mirrors like James Webb Space Telescope. We tested our new
device on a 37-segment deformable mirror and obtained an accuracy better than 4/100. The measurement is

self-referenced and errors can be estimated on the measurement itself thanks to closure relationships.

1. Introduction

Regular segmented surfaces can be found in a wide range of indus-
trial and research applications, from MOEMS components widely used
in industry, to coherent beam combining lasers (CBC) [1-3] and space
telescopes [4-7]. Whatever the application, their use requires perfect
control of the relative height between the different segments to within
a few fractions of a wavelength. We approached this question through
the problem of CBC lasers. The principle is the cooperation by far-field
constructive interference of laser beams placed in a regular, compact
mesh. One way of achieving such interference is to collectively measure
the phase of each of the near-field beams and then apply the appropri-
ate feedback on the lasers in the system. Measurement then amounts
to evaluating the phase of a regular segmented wavefront made up of
a juxtaposition of individual plane waves, affected by differential pis-
tons and tilts. To this end, we have developed Pistil (PISton and TILt)
interferometry [8-10], the basic principle of which is simply to make
each pair of unit beams on the wave surface to interfere, in order to
evaluate their relative phase differences. The results we presented, us-
ing real lasers or segmented mirrors for laboratory validation, showed
phase measurement accuracy better than 4/100.

The astronomical community reacted to the publication of our
papers, considering this kind of technique could be adapted to the
cophasing of large segmented space mirrors such as JWST or LUVOIR
[11,6,12-17]. This type of application imposes an additional constraint
that does not exist in the world of power lasers: low-light-level opera-
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tion. Pistil as such was not very suitable, as it has a relatively low light
efficiency. We therefore improved the device to make it more effective.
This new version is the scope of the present publication.

In the first section, we will describe the set-up, with a focus on
preserving the light efficiency. We will then introduce the theoretical de-
scription of the interferograms produced. Reasoning about chromaticity
will show that this device can support large spectral bandwidths, rein-
forcing its ability to operate in low-light conditions. We also present the
associated treatment to recover the relative pistons and tilts between
the segments. A specific section will be devoted to its ability to simul-
taneously evaluate the noise on the reconstruction with the measure
itself, based on closure relationships. In the last section, an experiment
is conducted using a segmented mirror well known to the astronomical
community, the IRIS-AO PT-111.

2. Principle of the Full Light Pistil Interferometer

The fundamental principle of Pistil interferometry has been retained
in this new evolution of the analyzer (Fig. 1). The phase of each segment
of the wavefront, considered as a plane wave only affected with tip, tilt
and piston, is compared with its six direct neighbors. To do so, the total
segmented wavefront is imaged on the analyzer, which consists of a mi-
crolens array (MLA) and a diffraction grating joined together in a single
component. For sake of clarity, basic principle is presented in one di-
mension with only two segments. The MLA acts as a beam concentrator
(Fig. 1, Left). It reduces the diameter of each beam by a factor of 2 at a
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Fig. 1. Observation at f,,/2 - Left: Propagation of two contiguous segments of the analyzed wavefront through the microlens array - Right: Propagation of the

wavefront through the complete Full Light Pistil component {MLA + grating}.
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Fig. 2. Basic principle of Full Light Pistil Interferometry for a hexagonal pat-
terned segmented beam.

distance of half a focal length. A diffraction grating is joined on it to pro-
duce lateral shifted replicas of the segmented wavefront on its +1 and
-1 diffraction orders, so as to create only two-wave interference areas
between beams from neighboring segments (Fig. 1, Right). Hereafter,
we will refer as “Petal” these two-waves interference areas. Piston dif-
ference between segments translates into fringe translation, tip and tilt
difference change respectively orientation and frequency of the fringes
in the impinging petal.

The diffraction grating is optimized to diffract only the +1 and -1
diffraction orders, with a given angle « according to the grating formula
in the small angle approximation (a < 1):

0t=ﬁ (€9)

Py

Where 4 is the wavelength and P, the grating pitch. Higher orders
are canceled or attenuated as much as possible. By geometric consider-
ations (see Fig. 1), we can also easily assume that:

D
a= 2 @
fy/
Where f,; is the focal lens of the MLA and D, the diameter of a
microlens. The two components {MLA + grating} must then be tuned
according to the following relationship:

Ao Jut
p =20 _/u70
5 a D

3
ul

If we generalize, on a hexagonal two-dimensional incident wave-
front, the principle of Full Light Pistil is replicated along the three main
axes of the pattern. It can be summed up as described in Fig. 2. The
resulting interferogram is then analyzed to quantify the phase relation-
ships between the segments collectively, accurately and robustly. An
example of analysis procedure is explained in Part 6.

It should be noted that MLA can be used in a different configuration,
after their focal plane, while retaining their function as beam concentra-
tor, as described in Fig. 3. For the same grating pitch P,, the diffraction
angle « remains the same, so the new focal length f ,’4 , of the MILA is
then divided by three with respect to previous f,, so that interference
appears at 3 f /; ,/2. This configuration may be of interest in facilitating
technological choices or in adapting on supplier availability.

3. Theoretical modeling

The aim of this section is to propose a model of the fringe pattern
formed in the Petal created by the interference of replicas of two neigh-
boring surface elements n and n+ 1 (red and green in Fig. 1). The model
is written for the configuration with observation at f,;/2. It can easily
be transposed for the configuration with observation at 3 f” ,/2- Each has
a given phase Seg, (x, y). This phase is constituted of a piston Py, a tip
tipy, a tilt tilt;, and a residual mirror aberration @, (x, y), independent
of the wavelength (polishing error, ...).

Segi(x,y)= P+ y-tip, + x - tilt; + Py (x,y) k=nor (n+1) (4)

The set-up is assumed to be optimized for the wavelength 4, central
wavelength of the spectral bandwidth [Aq — A4y, Ag + A4y]. The origin
O is placed at the center of the petal (see Fig. 1 and Fig. 3). We can
then write the complex fields E, _;(x,y,AA) and E, . ,(x,y, AA), ref-
erenced with index +1 or -1, depending on whether the replica comes
from a +1 or -1 diffraction order, where A4 is the deviation from the
central wavelength Ay; £0, and EO,; are the amplitudes of the fields,
considered as a constant for the sake of simplicity. E,_;(x,y,A%) and
E,;1.+1(x,y,A)) are affected by their phase Seg,(x, y) and Seg,(x, )
(first exponential term), that propagate through the grating (second ex-
ponential term) and MLA (third exponential term), until the observation
plane at f,,,/2:

2in<(x—s$’1)2+y2>

22 Seg(xy) —f(—z—”x>
E,_ (x,y,A2) =E0,e 081" T\ BT/ o GorADfu
X Disk (x - sf/l,y) 5)
5 ) 2in((x+x£}‘)z+)’2>
L ) —i +—”x> -
En+l,+l (x,y,AQ) =E0n+le Z0+AA €gp41(x Y)e ( P ) e CGo+AD
X Disk (x+sﬁ’1,y) 6)

In this expression, Disk(x,y) is the amplitude support in the ob-
servation plane, with a diameter of D, /2, and sﬁ’l is the chromatic
differential lateral shift of the replicas (see Fig. 4), defined as follows:

A Adfu

* T 2P,

)
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Fig. 3. Observation at 3 f ;" ,/2 - Left: Propagation of two contiguous segments of the analyzed wavefront through the MLA - Right: Propagation of the wavefront

through the complete Full Light Pistil component {MLA + grating}.
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Fig. 4. Chromatic differential lateral shift sf’l at observation plane f,,/2 or
37 /2.
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The grating exponential term corresponds to the tilt introduced by
the phase grating (-1 or +1 order) and is independent of the wavelength,
as with all grating interferometers [18]. The MLA exponential term cor-
responds to its spherical wave considered in the £, /2 plane; notice that
the center of this spherical wave depends on the wavelength.

Assuming that the spectral bandwidth A4 is small with respect to
the central wavelength A, we can write:

1 1 AL
— = — | 1-= 8
A+ AL Ay < Ao ) ®
In the petal, the intensity of fringes is equal to:

2
In,n+1(x7 Y A’l) = IEn,—l(x’ Vs Al) + En+1,+1(X,Y7 AA)I

ASe (x,9) )
=210,,,, <1 +cos (2;: (1 - %) <§)—x + %)))
0 g 0

with 10, ,,, = E0,EO,, and

ASeg, ,,1(x,y) = Seg,(x,y) — Seg,1(x,y) (10)

To illustrate this formula, consider first that the two considered seg-
ments are only affected by piston terms. ASeg, ,,(x,y) is a constant,
equal to the differential piston AP,, | = (P, — P,,). This results in a
x-translation of the fringes proportional to AP,, .. If this time we have
only a tip, or respectively a tilt, for the two neighboring segments, we
obtain respectively a rotation or a frequency change of the fringes. So,
main defects of the non-cophase mirror are easily separated as they act
differently on the fringe pattern. This property is characteristics of Pis-
ton and Tilt interferometry.

4. Broadband robustness
The setup’s ability to work in low-light conditions depends essen-

tially on the robustness of the fringes with respect to a wide spectral
band. The effect of a broadening of the spectral range can be evaluated

Fig. 5. Illustration of the closure relationships. The three arrows represent a
path through that should verify AP, , + AP, ; + AP;; =0 in ideal case.

e
J

Fig. 6. Left: Picture of the phase grating - Right: Picture of the MLA.

by computing the integrated intensity I;,,, .. (%), integrating Equation

(9) with respect to A4 on spectral bandwidth:

+A4
L (,9) =210, 1, 14cos (27 (1= 22
nn+1 5 )'0
v
ASeg, ,11(x,3)
N
Pg AO

So:

ASeg, 41(x,y)
L . () =204010, ,,, (14 cos (27 (2% 4 2258nmt 07
nn+1 > Pg /10

ASeg, 11(x,y)
x sinc | 27zAd, [ - 4 ———m 12)
AP, ,1(2)

The fringes modulation is then only affected by a contrast term
C, n+1(x,y) related to the analyzed defect and expressed as follows:

Al ASe (x,)
Cppt1(x, y) =sinc <2ETO <i + M))

0o \ P Ao

(13)



T. Rousseaux, J. Primot, J. Jaeck et al.

Fiber IR laser
source

Collimated exp;hded beam

Optics and Lasers in Engineering 181 (2024) 108412

" Interferometer

Camera
Interferogram plan

(sensor position)

Fig. 7. Schematic diagram and picture of the experimental bench - Right: Picture of the Full Light Pistil Interferometer. The aluminum part in front of the camera

contains the double component {MLA + grating}.

Fig. 8. Example of Pistil interferogram, in the purple hexagon. Doted colored circles are locations of petals, where replicas of two neighbors interfere (we used the

same color code as in Fig. 2).

If we consider a practical case of four fringes per petal, which is a typ-
ical value used for Pistil interferometry to correctly evaluate both piston
and tip/tilt, and the V band which central wavelength is 4y = 550 nm
and spectral bandwidth is 2A A, = 89 nm, we see that the maximum at-
tenuation at the edge of the petal is approximately 9% for a differential
piston of A(/2. This setup is therefore capable of supporting large spec-
tral bandwidths without any major degradation in performance, which,
combined with the close-to-one luminous efficiency obtained through
the use of a MLA and a phase grating, argues in favor of low-light-level
operation.

5. Error self-evaluation

As with all Pistil interferometers, we have an intrinsic property of
error evaluation based on the measurement itself. For the sake of sim-
plicity, we will consider here the case where only pistons are measured.
Consider three segments numbered 1, 2 and 3, whose centers lie in an
equilateral triangle (see Fig. 5). Pistil measures AP, ,, AP, ; and AP; ,
three height differences for a closed path; so, by principle, the sum
Erry,; of these differential pistons should be zero. If it is not, this is due
to the measurement error associated with each differential piston. Thus,
considering all the segments by triangle, we can deduce many closure
relationships. If we assume that the errors in the evaluation of differen-

tial pistons are independent, with a same variance aip, the variance of

these closures relates directly to aipz

2

_ 2
Err — 3O-AP 14)

O
6. Experimental validation

To test this technique experimentally, we built a prototype of a Full
Light Pistil interferometer. For this first demonstration, we favored the
use of off-the-shelf components, which led us to prefer the 3 f ; ,/2 con-
figuration. Our device is then composed of a fused silica phase grating
comprising two etching levels whose 51.1 um diameter dots are 1165
nm deep with a 73 pum pitch, juxtaposed with a 300 um pitch hexagonal
patterned of 6 mm focal length MLA (see Fig. 6). The etching precision
of the grating minimizes parasitic orders that can degrade fringe qual-
ity. The device has been inserted with a homemade mechanical mount
into a commercial 1280 x 1024 non filtered Si visible camera with a
pixel size of 5.3 pm?.

We demonstrate on a segmented wavefront, realized with an ex-
panded 1064 nm CW fiber laser diode that illuminates a 37-segment
deformable mirror (DM) IRIS AO PTT-111 [19-21]. The setup is de-
scribed in Fig. 7. Each segment can be controlled individually on de-
mand in piston, tip and tilt. However, for this first demonstration, we
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Fig. 9. Left: Phase map setpoint of the 36 segments of the mirror — Right: Reconstructed map — Bottom: Residual phase map, including command and measurement

€errors.

will only consider a piston control. An optimal system would require a
camera with good quantum efficiency at 1 pm, but the quantum effi-
ciency remains sufficient at 1064 nm for the concept proof.

The experimental interferogram is shown in Fig. 8. The six replicas
issuing from three sub-beams have been surrounded by colored dotted
lines, with the same convention color as in Fig. 2. Notice that the fringes
outside the purple hexagon are not part of the interferogram, as they
result from stray reflections on the reflective outer part of the consid-
ered segmented mirror. We can see hot spots due to diffraction from the
edges of the microlenses, whose location on fringes is independent of the
phase. They do not seem to have a major impact on the reconstruction.

This interferogram can be analyzed by a Fourier transform method
[22,23], or by fringe correlation [24]. Then, using fringe movement
analysis, the whole segmented surface can be reconstructed by inte-
gration of those measurements, with the Moore-Penrose least-squares
method [25,26]. As there are more differential piston relationships than
pistons to rebuild, measure is redundant. For example, we have 3 times
30 differences of pistons for a mirror made of 37 segments. This re-
dundancy significantly increases the signal-to-noise ratio [8,27]. Fur-
thermore, as the measurement is 2z-ambiguous, we can only measure
pistons in the range [—4/2, 1/2]. However, a two-color method allows
to gain in measurement dynamics by using the Vernier effect, which
gives an equivalent wavelength, as described in [19].

The light utilization depends on many parameters, such as the pro-
portion of light ending up in the useful orders of the grating, the trans-
mittance of the lenses and grating, or the quantum efficiency of the
camera at the wavelength of study. The components have already been
transmission-optimized for low light levels.

Fig. 9 shows respectively the command, the reconstructed and the
residual phase maps. Residual phase map covers both mirror response
errors and analyzer errors. Using closure relationships presented in Part

Closure map

l30

% ¢% ”
0°0%2%%0% HINE
©69:%0%:%° HINE

©5%:%0%® ™

9¢%¢%0®

Fig. 10. 51 calculated closure relationships form the measurement of 3x30 dif-
ferences of piston. Here, we only have 51 relationships due to the faulty segment
of our segmented mirror. Green doted hexagons represent central areas from
mirror segments. The standard deviation of this set of values is equal to \/5 the
standard deviation of pistons.

5 and shown in Fig. 10, we evaluate a precision of 6 nm RMS, better than
A/100. The largest residual concerns the element 5, which is closed to
the element 4, corresponding to the strongest command, highlighting a
cross-talk problem with this type of mirror, known elsewhere [19].

7. Conclusion
To take account of low-light level requirements, we have upgraded

the Pistil device, originally developed for laser analysis for coherent
combining purpose. The combined use of a microlens array and a grating
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has enabled us to utilize all impinging photons, over a relatively wide
spectral band while retaining the simplicity of a classic Pistil treatment.
The ability to assess measurement accuracy from the measurement itself
seems to us to be of great benefit. We are currently considering extend-
ing its use to astronomical observation, but this time at ground level,
taking into account atmospheric turbulence contribution.
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