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Achromatic three-wave (or more)
lateral shearing interferometer
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A new kind of lateral shearing interferometer, called the three-wave lateral shearing interferometer, was pre-
viously described [Appl. Opt. 32, 6242 (1993)]. As this instrument was monochromatic and its usable light
efficiency was poor, the proposed setup was well suited only for a class of wave-front sensing problems, such as
optical testing, in which the source can be easily adapted. A new achromatic setup adapted to low light level
applications is presented. Three replicas of the analyzed wave front are obtained by Fourier filtering of the
orders diffracted by a microlens array. An important feature of these new devices is their great similarity
to another class of wave-front sensors based on the Hartmann test.

Key words: interferometry, optical testing, adaptive optics, active optics, wave-front sensing, micro-
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1. INTRODUCTION

Lateral shearing interferometers (LSI’s) offer one a wide

variety of optical arrangements in dealing with differ-

ent wave-front sensing problems, such as optical test-

ing, turbulence estimation, and active or adaptive optics

control.1 – 4 However, the usual setups are based on the

interference of replicas of the analyzed wave front, trans-

lated laterally in one direction. The obtained intensity

figure is then related to the phase gradient in the direc-

tion of the translation. These setups need to be spatially

or temporally split to yield the two orthogonal gradients

required for phase reconstruction.

In a previous paper we proposed to generalize this

principle.5 The interference pattern recorded in the

three-wave lateral shearing interferometer (TWLSI) is

now generated from three replicas of the analyzed wave

front translated in noncollinear directions. The result is

a fringe pattern related to the phase gradients in three

directions. This working mode is detailed in Section 2.

The three derived gradients are then used in the mea-

surement of the two orthogonal phase gradients needed

for reconstruction of the phase and estimation of the ac-

curacy of the measured quantities. This is a substantial

advantage, as it is of help in evaluating the accuracy of

the reconstructed wave front.

However, the replication device that we suggested to ob-

tain three replicas worked only with monochromatic light

and had poor light efficiency. These two characteristics

make it difficult to use for applications with low light level

sources, such as adaptive or active optics control. The

purpose of this paper is to design other replication devices

that will avoid these major drawbacks. These new set-

ups are not just a new version but a total revamping that

leads one to a new way in which to consider TWLSI’s.

As will be seen below, it is a link between two widely

used classes of wave-front sensors: LSI and Hartmann

tests.

2. THREE-WAVE LATERAL SHEARING
INTERFEROMETER: STATE OF THE ART

As the TWLSI is a generalization of the LSI class, pro-

ducing biperiodic interferograms, it is obvious that it

is possible to define many optical setups. The succeed-

ing subsections will allow us to describe the essential

features of TWLSI’s and the state of the art, giving a

starting point to the design of new devices for specific

applications.

A. Three-Plane-Wave Interferograms
The TWLSI is essentially based on a remarkable optical

property: the intensity figure related to the interference

of three plane waves is independent of the longitudinal

position on the considered propagation axis. This can

be demonstrated by the geometrical construction shown

in Fig. 1.

We plot three unit wave vectors k1, k2, k3 related to

the three replicas, starting from one point of the replica-

tion plane. Their extremities belong to the same plane,

which gives three points and thus defines a unique cir-

cle. The center of this circle, associated with the origin

of the replication plane, defines a direction of propaga-

tion Dp such that the delays of the three plane waves are

equal. The interference pattern is thus independent of

the longitudinal position of an observation plane Op per-

pendicular to this peculiar propagation axis. Now, if we

consider another propagation axis D0

p associated with a

new observation plane O0

p, the appearance of the inter-

ference pattern changes, as this new plane is not parallel

to the previous one. However, the independence of the

longitudinal position is obviously preserved.

As four or more points are rarely placed on the same

circle, interference patterns for four or more plane waves

do not behave the same way, except in special arrange-

ments, which will be presented below.
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Fig. 1. Geometrical demonstration of the independence of the
interference figure with respect to the longitudinal position of
the observation plane.

B. Three-Wave Lateral Shearing
Interferometer Conception
The TWLSI is essentially made up of two components.

The first is a replication device. This divides the ana-

lyzed wave front into three replicas tilted with respect to

three axes intercepting at 120± and lying in a common op-

tical plane in which the analysis is to be made. Most of

the time, this plane is the instrument pupil plane. The

second component consists of a camera that can be trans-

lated longitudinally with respect to the propagation axis.

If the interference pattern of the three replicas is

observed by the camera in the replication plane, the

recorded image consists of a regular hexagonal array of

bright spots, as shown in Fig. 2. If it is now observed in

a distant plane, relative translations appear between the

replicas, on account of the propagation of the tilted wave

fronts, and the spots are displaced in the direction of the

local phase gradients (Fig. 3). These displacements are

proportional to the distance between the replication and

observation planes. Thus the interferometer sensitivity

is adjusted by an appropriate choice of the longitudinal

position of the observation plane.

C. Replication Device
Although it is easy to split an optical beam into two equal

parts, it is much harder to split it into three. The first

design that we proposed consisted of a special optical

arrangement of a separating cube and an optical flat.5

As lateral shears were obtained by simple reflections on

vitreous surfaces, they were independent of wavelength.

So the pitch of the produced fringe pattern was depen-

dent on the wavelength. The use of polychromatic light

thus resulted in a global degradation of the interferogram

contrast.

This setup provided a good balance among the three

replicas and eliminated the weak additional replicas that

lead to the superposition of parasitic fringe patterns. On

the other hand, its light efficiency was very low, of the

order of 1%, and it was exclusively devoted to monochro-

matic light applications.

Since we first designed this replication device, we have

found other three-beam interferogram setups in the litera-

ture, especially in the field of optical techniques for gener-

ating microlens arrays.6 However, as these devices are

designed for another purpose, they are not all well suited

for optical testing.

D. Phase Gradient Evaluation
The exact derivation of the phase gradients from the

fringe pattern is beyond the scope of this paper and can

be found in Ref. 5. However, we can summarize this

process by saying that the interference pattern of the

three replicas is made up of three couples of elemen-

tary interference patterns between two tilted and laterally

shifted replicas. Fringe analysis consists in demodulat-

ing these superposed fringe patterns simultaneously.

In order to simplify the expressions, we do not include

the local irradiance fluctuations of the analyzed wave

front W in the following equations. Hence the complex

amplitude is expressed as

Asxd ­ expfiW sxdg . (1)

The replication device generates three tilted replicas

Ai:

Aisxd ­ exphifW sxd 1 ki ? xgj , (2)

where ki is the wave vector of the tilted wave. The

irradiance I0 in the replication plane is then

Fig. 2. Three-wave interferogram observed in the replication
plane for a large spherical aberration.

Fig. 3. Three-wave interferogram observed in a distant plane
of the replication plane for a large spherical aberration. Note
that the experimental setup is identical to that of Fig. 2 but for
a longitudinal translation of the camera.
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where u is a Fourier space vector associated with x and

p indicates convolution product.

This Fourier transform consists of a continuum plus six

harmonics corresponding to the delta functions and placed

at the vertices of a hexagon.

The first step in recovering the phase gradients in three

directions separated by 120± consists in isolating three

harmonics placed on one of the two isosceles triangles

that can be defined in the hexagon. These three parts

of the Fourier plane are then recentered one by one, and

an inverse Fourier transform is performed. The complex

quantities obtained are such that their imaginary part

corresponds to the projection of the wave-front gradient

=W sxd in the direction ski 2 kj d considered.

E. Advantages of a Three-Wave Lateral
Shearing Interferometer
One important feature of a TWLSI is that it can be

proved that the sum of the three phase gradients must

be equal to zero, not counting the measurement noise.5

Thus the noise amplitude can be estimated from the mea-

surements themselves. This is obviously a better strat-

egy for TWSLI’s than for other types of interferometer in

which the accuracy is extrapolated from measurements

relative to some reference phases, since these reference

phases are often tilts or defocus that are usually not rep-

resentative of the phase defects to be analyzed in actual

experiments.

Moreover, TWLSI sensitivity is easily adjusted by

simple longitudinal translation of the observation plane,

as described in Subsection 2.B. Last, the required phase

gradients are derived simultaneously from a given image,

and the recorded interferograms are optimally suited for

a phase evaluation method based on Fourier transforms.

All these features make this principle of interferometer

attractive for low light level or real-time applications such

as astronomical wave-front sensing. This is motivating

the research on a new optical arrangement that deals

with the major drawbacks of the current setup.

3. ACHROMATIZATION OF A
THREE-WAVE LATERAL SHEARING
INTERFEROMETER

In most low light level applications the aberrations ana-

lyzed are pure optical path differences, independent of

wavelength. For example, in turbulent wave-front sens-

ing, the atmosphere can be considered an achromatic

medium in a first approximation. Better light efficiency

can be achieved by an achromatic setup.

A. Grating Three-Wave Lateral Shearing Interferometer
Lateral shearing interferometers are achromatized by di-

vision of the analyzed wave front with gratings.1 – 4 In-

terferograms are sensitive to the phase and not to the

optical path differences, which are the only invariant

quantities with respect to the wavelength for the consid-

ered cases. As the phase is proportional to the optical

path divided by the wavelength, the lateral shift must be

proportional to the wavelength. Hence different setups

have been proposed, based on monodirectional gratings.

In a TWLSI it is necessary to use a bidirectional grat-

ing, since lateral shifts must go in different directions.

We can determine the optimal grating by considering that

the analyzed wave front must be divided into three equal

replicas. It must diffract only three orders. Its Fourier

transform FT(G) can be expressed as

FT
°
G

¢
sud ­

3P
n­1

d
≥
u 2 un

¥
, (7)

where un are three vectors at 120±. An inverse Fourier

transform of this expression leads to the amplitude of the

grating:
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3P
n­1

exp
≥
2ipun ? x

¥
. (8)

Considering this last expression, we see that the opti-

mal grating is not easy to reach. Hence the selection of

the three well-balanced orders requires a specific optical

adaptation.

B. New Replication Device
The new replication device is described in Fig. 4. This is

a bidirectional hexagonal grating placed in the entrance

pupil of an afocal system. At the real focus of the afocal

system the diffracted orders appear as separated lumi-

nous dots arranged along a hexagonal grid. It is then

possible to apply a mask centered on the zero order and to

occult all but the first three orders placed at the vertices

of an isosceles triangle. The holes in the mask are elon-

gated, as the impacts of the diffracted orders are trans-

lated radially proportionally to the wavelength. The

interference pattern recorded in the exit pupil of the
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Fig. 4. New replication device.

Fig. 5. Microlens array observed in the exit pupil of the afocal
system.

afocal system corresponds to the desired three-wave in-

terferogram. The exit pupil can thus be defined as the

new replication plane.

Now the purpose is to find a grating that can be

manufactured easily and that favors the three se-

lected orders. It should be noticed that, as was the

case in Subsection 2.C, a similar optical arrangement

can be found for the generation of hexagonal arrays

of microlenses by photoresist recording of three-beam

interference.6 In fact, the optical benches used in this

technique are TWLSI’s, and the defects in the recorded

patterns can be explained by the same mathematical

approach.

A microlens array is one of the rare bidirectional phase

gratings that are in common use, which makes it a good

candidate for the generation of diffracted orders. Its fo-

cal length must be adapted to maximize the energy effi-

ciency in the three selected orders, which leads to a high

f -number design. The maximum light efficiency with

the use of a theoretical modeling, based on the fact that

the distribution and the amplitudes of the different or-

ders are found by the Fourier transform of the grating

mesh, is estimated at 25% (8% for each order). This

may be viewed as encouraging, since the mesh profile has

not been optimized. That is, the central symmetry of a

lenslet in no way contributes to the maximization of the

energy in the three useful orders.

It should be noted that the bidirectional grating can

also be obtained with the use of two crossed monodirec-

tional gratings.

C. Experiments
We first constructed an optical bench to show the main

characteristics of this new wave-front sensor concept.

The setup consists of a hexagonal microlens array with a

0.2-mm pitch and a 14-mm focal length. The focal length

was calculated to achieve the best light efficiency, approxi-

mately 0.6 mm. This array is placed in the entrance

pupil of the afocal system, and a camera is aimed at the

exit pupil. Different masks can be placed at the real fo-

cus of the afocal system.

If no mask is applied, the optical bench can be seen

as a classical Hartmann–Shack wave-front sensor. The

recorded interference patterns are shown in Figs. 5–7

for different longitudinal positions of the camera. If the

camera is pointed at the exit pupil, almost no intensity

variations are visible, as the microlens arrays are pure

phase gratings. If it is pointed at the microlens focus, the

interference pattern becomes the classical array of spots.

If it is pointed at any other observation plane, different

interference patterns can be observed, such as the one

shown in Fig. 7.

Fig. 6. Microlens array observed in the microlens focal plane.

Fig. 7. Microlens array observed in an extrafocal plane.
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Fig. 8. Three-wave interferogram observed in the exit pupil of
the afocal system.

Fig. 9. Three-wave interferogram observed in the above-defined
microlens focal plane (see Fig. 6). Note the similarity with
Fig. 8 but for the blurred outline.

Fig. 10. Six-wave interferogram observed in the above-defined
extrafocal plane (see Fig. 7). Note the similarity with Figs. 8
and 9; blur of the outline is now important.

Now a mask of three elliptical holes is placed at the

intermediate focus. The basic Hartmann–Shack wave-

front sensor then becomes a TWLSI, and three-beam

interference patterns are observed. Figures 8–10 show

the recorded images for the three above-mentioned longi-

tudinal positions of the camera. The intensity pattern is

obviously invariant, so that the only way in which one can

evaluate the camera translation is to observe the blurred

edge. Note also that the pitch of the interference pattern

is divided by 2. This is due to the fact that the masking

has increased the minimal distance between orders by a

factor of 2.

One last experiment was conducted. This consisted of

applying an annular mask that selects the first six orders.

As the associated wave vectors also define a circle, the

recorded patterns will behave in the same way as three-

beam interference patterns (see Figs. 11–13). Note that

the original pitch now returns.

This six-wave lateral shearing interferometer (SWLSI)

offers two main advantages. First, an annular mask is

easier to adjust than a three-hole mask. Second, the

usable light efficiency is twice as good: 50%. On the

other hand, the interference pattern is more complicated,

and its Fourier transform contains many harmonics.

Fig. 11. Six-wave interferogram observed in the exit pupil of
the afocal system.

Fig. 12. Six-wave interferogram observed in the above-defined
microlens focal plane (see Fig. 6).
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Fig. 13. Six-wave interferogram observed in the above-defined
extrafocal plane (see Fig. 7).

D. Infinite Talbot Length Grating Interferometers
A periodic grating illuminated by a coherent plane wave

diffracts many plane waves at different angles. If the

interference pattern of these diffracted orders is observed

at different longitudinal positions, the global irradiance

changes. In fact, relative delays of the different plane

waves are proportional to the diffraction angle. How-

ever, the original figure, observed in the grating plane,

will be reproduced at periodic longitudinal locations.

This phenomenon is called the Talbot effect and is as-

sociated with a characteristic Talbot length.

Here we have presented grating interferometers with

three or six plane waves for which the delays vary simul-

taneously. The associated Talbot length is then equal to

infinity, so that the irradiance remains the same. This

property leads to the possibility of continuously adapting

the sensitivity of these LSI’s and thereby to the defini-

tion of a new class of grating interferometers with infinite

Talbot length.

Note that it is also possible to define a four-wave setup

if the hexagonal grating is replaced by a square one.

Hence this family includes two-, three-, four-, and six-

wave interferometers.

4. HARTMANN TESTS AND LATERAL
SHEARING INTERFEROMETERS

Mainly two families of wave-front sensors are used in

adaptive or active optics control. The first is that of

LSI’s, and the second is based on the Hartmann test.

The basic principle of the latter technique consists of

putting a mask with holes in the pupil. Each hole is con-

sidered to emit a ray of light. The ray impacts are then

recorded in a plane close to the focal plane. With per-

fect optics the recorded impacts will reproduce the origi-

nal mask, with a global scaling effect. If aberrations are

present, the impacts are displaced, as the rays are devi-

ated from their ideal direction of propagation. These dis-

placements are proportional to the slopes of the local wave

front, as was the case for LSI’s. The main improvement

in this technique was proposed by Shack,10 who replaced

the mask of holes by a lenslet array, which led to better

light efficiency.

Probably inspired by the fact that these two classes of

wave-front sensors measure the same quantity, Roddier

unified them.11 To do this, he proposed a new description

of the Hartmann test in which the usual mask of holes is

considered as an order-diffracting grating. This leads to

the LSI classical approach.

In this paper we have described achromatized TWLSI’s

as a special setup belonging to the LSI family. However,

the practical application that we have proposed is close

to the Hartmann–Shack wave-front sensor. It is in fact

strictly identical if we remove the mask that selects the

diffracted orders at infinity and allows the translational

longitudinal invariance of the interference pattern. So

it is possible to describe achromatized TWLSI’s as a vari-

ant of the Hartmann–Shack wave-front sensor, which is

experimental proof of how much these two widespread

classes of wave-front sensors have in common.

5. CONCLUSION

The TWLSI is a new concept in lateral shearing interfero-

metry that exhibits interesting properties for low light

level wave-front sensing applications. One of these

advantages is that the sensitivity can be adjusted by

simple translation of a camera. Moreover, the generated

interferograms are easily processed by Fourier transform

techniques, and the error can be estimated from the mea-

surements themselves.

This paper explains the design of new setups having

good usable light efficiency for specific applications, in

which the aberrated medium to be analyzed can be con-

sidered as achromatic. This was done by a special tech-

nique based on diffracted-order selection by bidirectional

gratings. In the course of this work a new class of inter-

ferometers has been developed that involves more than

two waves but preserves the longitudinal invariance of

the interferogram modulation. In light of this remark-

able property, they can be assembled in a class of their

own, which we suggest should be called infinite Talbot

length grating interferometers.

Achromatization of TWLSI’s leads to new optical setups

that are close to that of the Hartmann–Shack wave-front

sensor. Compared with the characteristics of the classi-

cal system, the only new feature of the described setup is

that it filters the orders diffracted by the microlens array

at infinity. So achromatized TWLSI’s (or SWLSI’s) can

be described as an interferometric setup belonging to the

LSI class or as a variant of the Hartmann–Shack wave-

front sensor. Because of this choice of description, the

TWLSI can be viewed as a link between these two classes

of wave-front sensors and as experimental proof of their

unity.
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