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Abstract. We present a modification to the classic Michelson interfer-
ometer that allows the interference of multiple beams with equal ampli-
tude. The proposed architecture presents the same advantages and sim-
plicity as those of a classic Michelson interferometer. The basic unit of
the device consists of a beamsplitter and two mirrors arranged as in a
Michelson interferometer. To increase the number of interfering beams,
the mirrors are replaced by a basic unit. In order to demonstrate the type
of interference patterns that can be obtained, we present interferograms
corresponding to three to eight interfering beams. The system can be
used to optically induce photonic lattices. © 2009 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.3192784�

Subject terms: interferometry; interferometers; waveguides; photonics.
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Introduction

ransverse variations of a material refractive index can
rastically modify the propagation of a beam traveling
hrough such media. These variations can be optically in-
uced in adequate nonlinear materials, creating photonic
attices where their features can be tuneable.1 One-
imensional photonic lattices have been created using in-
erference of two beams, whereas two-dimensional photo-
ic lattices have been created using interference of three
eams. Other types of lattice geometries, different from
hose obtained by interference, have been studied in the
ast.2–5 However, lattices that can be obtained by optical
nterference are the most attractive. Classic interferometers
ombine two beams in order to obtain their corresponding
nterference pattern. Interferometric systems that allow for
ultiple-beam superposition have been proposed in the

ast.6 An example is the interferometer of Jamin, which can
e modified in such a way that it is possible to obtain in-
erference of three beams.7 In this architecture, controlling
he phase and amplitude of the beams is a complicated task.
owever, interferometers that superpose more than four
eams, where one can modify individually each beam
hase and amplitude, have not been proposed in the past to
he authors’ best knowledge.

In this paper, we describe a multiple-beam interferom-
ter based on the Michelson interferometer capable of su-
erposing more than two beams with equal intensity. The
irection of propagation of each of the interfering beams
an be readily controlled.

091-3286/2009/$25.00 © 2009 SPIE
ptical Engineering 085601-
2 Description of the Proposed Interferometer
A typical Michelson interferometer consists of one beam-
splitter and two mirrors in a configuration like the one
shown in Fig. 1. The beamsplitter divides the incident beam
into two orthogonal beams that are reflected back by the
mirrors and then recombined by the beamsplitter. The su-
perposition of the recombined beams forms an interfero-
gram when the field intensity is detected. In our proposal,
depending on the desired number of beams to interfere,
each mirror in the Michelson architecture is replaced by
another Michelson interferometer �i.e., one 50 /50 beam-

Fig. 1 Experimental setup for the interference of four fields, the
source is a He–Ne laser. With this setup, one can obtain four inde-
pendent beams with the same intensity at the output of the
interferometer.
August 2009/Vol. 48�8�1
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plitter and two mirrors�. Hence, when one of the mirrors in
he classical Michelson architecture is replaced by another

ichelson interferometer, one obtains the superposition of
hree beams. In this case, the superposed beams do not have
qual intensity. However, if both mirrors in the classical
ichelson architecture are replaced each one by another
ichelson interferometer, then, at the output of the device,

our equally intense beams will be superposed. Repeating
his procedure once more �i.e., replacing all mirrors by

ichelson interferometers�, the architecture contains eight
irrors leading to the interference pattern of eight beams of

qual amplitude. Thus, the maximum number of interfering
eams that can be obtain is given by 2n+1, where n is the
umber of times the interferometer is modified by replacing
ts mirrors by beamsplitters. Because each mirror controls
he phase of one beam, it is possible to readily control the
hase of each of the interfering beams. Replacing mirrors
y beam stops allows us to have any number, �2n+1, of
nterfering beams at the interferometer output. A limited
ersion of this idea was used to obtain an optical vortex
rray generator.8

Interference of Multiple Plane Waves
onsider that the beams obtained from the proposed inter-

erometer have plane wavefronts. Interference of three
lane waves or more can produce periodic or quasiperiodic
ransversal or longitudinal distributions. Invariant distribu-
ions can be obtained when the wave vectors of the inter-
ering beams are arrayed over a circle. If this is not the
ase, then a dependence of the pattern with the coordinate z
s present. In order to illustrate this situation, consider two
lane waves with wave vectors over the x-z plane of the
orm

1 = exp�− i�kx sin � + kz cos ��� ,

2 = exp�− i�kx sin � + kz cos ��� , �1�

here � and � are the angles with respect to the z-axis. The
uperposition of such beams produces an intensity pattern
f the form

= 2�1 + cos�kx�sin � − sin �� + kz�cos � − cos ���� . �2�

f we make x=0, then the intensity along the z-axis is given
y

= 2�1 + cos�kz�cos � − cos ���� . �3�

t is clear from the last expression that the dependence with
disappears when the wave vectors are symmetric with

espect to the z-axis. The same behavior is obtained when
ore than two beams are considered. As an illustrative ex-

mple, consider the case of three plane waves with the
ame wavenumber and unit amplitude. The complex ampli-
ude describing each beam can be described by

�x,y,z� = exp�− i�kxjx + kyjy + kzjz�� , �4�

here kxj, kyj, and kzj, represent the wave-vector compo-
ents along the x, y, and z directions, respectively, and j is
number that differentiates the three waves. The interfer-

nce of three plane waves can be described by
ptical Engineering 085601-
I = �exp�ia� + exp�ib� + exp�ic��2

= 3 + 2 cos�a − b� + 2 cos�a − c� + 2 cos�b − c� , �5�

where a, b, and c represent the phase of each wave. For
three arbitrary plane waves described by Eq. �4�, we can
write

a = kx1x + ky1y + kz1z ,

b = kx2x + ky2y + kz2z ,

c = kx3x + ky3y + kz3z . �6�

Hence, the interfering pattern inside the volume where the
three waves overlap is given by

I = 3 + 2 cos��kx1 − kx2�x + �ky1 − ky2�y + �kz1 − kz2�z�
+ 2 cos��kx1 − kx3�x + �ky1 − ky3�y + �kz1 − kz3�z�

+ 2 cos��kx2 − kx3�x + �ky2 − ky3�y + �kz2 − kz3�z� . �7�

From Eq. �7�, it is clear that the condition that must be
fulfilled in order to obtain an invariant interference pattern
along the z-axis is kz1=kz2=kz3. Therefore, nondiffracting
patterns are observed in planes perpendicular to the z-axis
if the interfering plane waves have the same wavenumber
and the same wave vector component along the z-axis.

In the following analysis, we are going to consider only
wave vectors whose projection over the kx ,ky plane falls
over the perimeter of a circle, i.e.,

k� = �kx,ky� = k�cos �,sin �� , �8�

where � is an integer multiple of the angle �=2� /M,
where M is the number of waves to interfere and k is the
wavenumber. In Fig. 2, we present numerical simulations
of the interference patterns obtained when three to eight
beams are superposed, without a relative phase delay be-
tween the beams. The beams wave vectors are equally
spaced over the circle’s perimeter. In the case of three
waves, an interference pattern of bright circular spots in a
hexagonal array is obtained. For the case of four waves, the
interference pattern presented bright spots in a square array.
The interference of five waves produced a pattern with a

(a) (b) (c)

(d) (e) (f)

Fig. 2 Numerically obtained interference patterns for �a� three, �b�
four, �c� five, �d� six, �e� seven, and �f� eight plane waves with wave
vectors over a circle and relative phase of 0 rad between them.
August 2009/Vol. 48�8�2
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entral bright spot surrounded by a dark ring and more
right spots in a pentagonal array. Superposition of six
aves produced a pattern similar to that obtained with three
aves, but in this case, each bright spot is surrounded by a
ark ring and a nonzero intensity region separates each
right spot. Interference of seven waves produced a pattern
ith a central bright spot surrounded by one bright ring.
his pattern was similar to that obtained by the superposi-

ion of eight waves. The addition of more plane waves with
ave vectors over the circle’s perimeter must produce a
attern close to that of a Bessel beam �i.e., a central high-
ntensity bright spot surrounded by rings�. As expected, the
nterference pattern is very sensitive to changes in the di-
ection and phase of the interfering beams.

In Fig. 3, we present numerical simulations of the inten-
ity distribution obtained when one of the wave vectors is
ot over the circle’s perimeter. The less sensitive case is the
ne corresponding to the interference of three waves. When
ne wave vector is not over the circle’s perimeter, the pat-
ern presented some inclination and the bright spots were
ot circular. Taking into account Eq. �6� and an observation
lane z=0, the phases of the waves considered in the non-
iffracting case �Fig. 2�a�� can be written as

= kxx + kyy ,

= − kxx − kyy ,

= kyy . �9�

ence, the corresponding interference pattern is given by

= 3 + 2 cos�2kxx� + 2 cos�kxx − 2kyy� + 2 cos�kxx + 2kyy� .

�10�

he pattern obtained in Fig. 3�a� was obtained by modify-
ng the phase b as

= − �kx − ��x − �ky − ��y , �11�

.e., the wave-vector components along the x and y direc-
ions were reduced by a constant amount �, maintaining
he wavenumber constant and thus increasing the wave-
ector component along the z direction. The expression de-

(a) (b) (c)

(d) (e) (f)

ig. 3 Numerically obtained interference patterns for �a� three, �b�
our, �c� five, �d� six, �e� seven, and �f� eight plane waves when one
f the wave vectors is not over the circle.
ptical Engineering 085601-
scribing the interference pattern under these conditions can
be written as

I = 3 + 2 cos��2kx − ��x + �y� + 2 cos�kxx − 2kyy�
+ 2 cos��kx − ��x + �2ky − ��y� . �12�

Comparing Eqs. �12� and �10�, one can observe that the
second term at the right-hand side of Eq. �12� depends on
both x and y, whereas in Eq. �10�, it only depends on x.
This situation accounts for the inclination of the pattern
shown in Fig. 3�a� with respect to the one shown in Fig.
2�a�. Regarding the fourth term at the right-hand side of Eq.
�12�, one can observe that different constants are multiply-
ing the x and y variables, compared to the ones in the
corresponding term in Eq. �10�. Therefore, the bright spots
shape is modified in Fig. 3�a� compared to the shape shown
in Fig. 2�a�. In the case of four beams, the misalignment
produced a modulation that changes dramatically the inter-
ference patterns. For five waves, the central bright spot can-
not be identified. For six waves, the pattern presented a

(a) (b) (c)

(d) (e) (f)

Fig. 4 Experimentally obtained interference patterns for �a� three,
�b� four, �c� five, �d� six, �e� seven, and �f� eight beams from the
multiple beam Michelson interferometer.

(a) (b) (c)

(d) (e) (f)

Fig. 5 Intensity of the optically obtained Fourier transform of the
fields corresponding to the interference patterns shown in Fig. 4: �a�
three beams, �b� four beams, �c� five beams, �d� six beams, �e�
seven beams, and �f� eight beams.
August 2009/Vol. 48�8�3
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hange from circular to square bright spots with a hole in
he center. Superposition of seven and eight beams pro-
uced patterns very similar to those obtained with all the
ave vectors falling over the circle’s perimeter; however,

hese patterns change with the distance z. As is shown by
he numerical examples illustrated above, with this archi-
ecture one can implement a great variety of three-
imensional field structures. The output field can be em-
loyed to synthesize photonic lattices and/or waveguide
rrays that are constant or variant along the field propaga-
ion direction. Also, the output of this interferometer can be
sed to illuminate one optical element or system in order to
enerate other type of intensity distributions.

Experimental Setup and Results
30-mW He–Ne laser beam at �=633 nm was filtered,

xpanded, and collimated to a diameter of 2 cm using a

Fig. 6 Three-dimensional representation of th
output field consists of the superposition of �a�
beams.
ptical Engineering 085601-
microscope objective and a lens. This beam illuminated a
modified Michelson interferometer with seven 50 /50 cube
beamsplitters and eight mirrors, obtaining eight equal am-
plitude beams. The beams that were not used were blocked.
Both the beamsplitters and the mirrors were set in optical
mounts with fine movement, where it was possible to
change the tilt in the x and y directions.

Experimental results for the superposition from three to
eight beams are shown in Fig. 4. In the case of three beams,
a very similar pattern to that obtained with perfect wave
vector alignment was obtained. For four beams, the pattern
obtained presented a modulation similar to that shown in
Fig. 3�b�. Something similar occurred for the interference
of five beams, where it was not possible to identify the
central bright spot obtained in the case of perfect wave
vector alignment, but the distribution is close to that shown

ut field optical Fourier transform intensity; the
b� four, �c� five, �d� six, �e� seven, and �f� eight
e outp
three, �
August 2009/Vol. 48�8�4
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View puView pu
n Fig. 3�c�. Interference of six beams produced a pattern
hat changes in all directions; only in some areas of the
mage is it possible to identify the characteristic bright
pots of this case. Interference of seven and eight beams
roduced more complicated patterns than those obtained
ssuming one wave-vector mismatch; in both cases, we had
isalignment in more than one wave. It is worthy noting

ere that the experimental implementation of the technique
s limited regarding the number of beams that can be inter-
ered. This limitation comes from the input beam and optics
imensions. As the number of beams increases, the angle
hey make with respect to the optic axis must be reduced;
therwise, some of them might escape from the setup and
ot interfere with the other beams at the output plane of the
evice. By Fourier transforming the field at the output
lane of the device, one can detect the projection of the
ave vectors over the kx-ky plane. This operation can be

eadily obtained optically by placing a lens a focal length
rom the interferometer output plane and detecting the field
ntensity at the lens focal plane. Adding a lens to the pro-
osed architecture allows the user to control, in real time,
he propagation direction of the interfering plane waves.
he propagation direction of each plane wave is manifested
t the lens Fourier plane by the spatial location of the point-
ike structure corresponding to each beam Fourier trans-
orm, and hence, modifications to the desired propagation
irection can be controlled by observing the intensity dis-
ribution at the lens Fourier plane. The intensities of the
ptical Fourier transform of the fields corresponding to the
nterference patterns shown in Fig. 4 are depicted in Fig. 5.
s it can be observed, small deviations in the propagation
irection of the beams can produce noticeable changes in
he obtained interference pattern. In Fig. 6, three-
imensional profiles of the output field optical Fourier
ransform intensity are shown.

Conclusion
n this work, we describe a modification to the Michelson
nterferometer that allows obtaining independent and equal
ntensity beams when the mirrors of the interferometer are
ubstituted by another Michelson interferometer. This pro-
edure can be repeated in order to obtain more beams. Nu-
erical simulation and experimental results were obtained

or the case of interference of three to eight plane waves.
he numerical simulations considered beams with wave
ectors arrayed over a circle. The case of one beam not
aving its wave vector over the circle was also simulated.
he experimental results presented do not have all wave
ectors arrayed over a circle. In our experimental setup,
ptical mounts with higher precision are required in order
o obtain all wave vectors arrayed over a circle. However,
he functionality of the proposed architecture �i.e., to super-
ose several beams of equal amplitude� was demonstrated.
e also present a simple method that allows the user to

ontrol, in real time, the propagation direction of each of
he beams that conforms the interference pattern. The pro-
osed system can be used for the optical generation of pho-
onic lattices and waveguide arrays.
ptical Engineering 085601-
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