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addition.

Coherent laser beam addition offers the potential for extremely bright optical sources by
combining the power from many individual lasers. Binary-optical elements — surface-
relief structures etched into optical substrates by integrated-circuit techniques — have
been successfully employed in three optical beam addition systems. The techniques can
produce diffraction-limited laser sources from large-scale two-dimensional laser arrays.
Future electrooptic systems, ranging from communications to space surveillance, can
benefit from the new high-power laser sources made possible by coherent laser beam

Laser light— narrow band, coherent in time
and space — forms the basis of many practical
sensor and communications systems. Some
potential applications, however, demand laser
power well above single-laser capabilities. Since
all lasers are limited in power by physical
constraints (gain saturation, optical damage,
heat dissipation, modal purity, etc.), these
applications require special addition techniques
for harnessing the combined power capability of
many lasers.

The optics required for laser addition is often
. extremely difficult or impossible to fabricate by
conventional means. We have developed an
alternative technology, called binary optics, to
fabricate these complex optical elements.
Binary-optical elements (see the box, “What Is
Binary Optics?”) consist of computer-designed
surface-relief structures that use diffraction to
modify the phase, amplitude, and polarization of
light. We wuse binary-optics technology to
fabricate unique gratings, phase correctors, and
microlenses for laser addition applications.

Although laser beam addition can be applied
to a wide variety of laser types, it is particularly
important for semiconductor diode lasers.
Power radiation densities of today’s diode lasers
are greater than those at the surface of the sun.
Yet the very small radiation surface area of a
diode laser (typically a few square microns} can
reliably produce only about 25 mW of power per
diode. The two principal barriers to greater
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optical power are catastrophic facet damage
caused by thermal runaway at the output facet,
and overall device heating.

Arrays of diode lasers can overcome the
thermal barriers and produce high output
powers. Catastrophic facet damage is avoided by
limiting the power of each laser facet, and the
problems associated with device heating are
alleviated by providing adequate space between
lasers, enabling heat sinks to operate efficiently.
Quasi-CW powers of over 100 W are currently
available from commercial vendors, and larger
two-dimensional CW and pulsed arrays are
being developed at Lincoln Laboratory as well as
other laboratories.

Coherent Combining of Lasers

For some applications, the power of the laser
source is of primary importance. These
applications include illuminators, multimode
fiber sources, and laser pumps. High-power
AlGaAs laser diode arrays, for example, have
been employed as efficient pumps for Nd:YAG
(neodymium-doped yttrium aluminum garnet)
slab and rod lasers [1]. However, other
applications require power concentration in the
far field. Such applications include laser radar,
optical communications, single-mode fiber
sources, and optical printing. Here the most
important measure of Ilaser strength is
radiance (sometimes called brightness). The
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Binary optics is a diffractive-
optics technology that uses
computer-designed surface-relief
structures and integrated-circuit
etching methods to fabricate
optical components. While
conventional optics uses
mechanical polishing to produce
a curved surface of the desired
profile, binary optics utilizes
high-resolution lithography and
ion beam etching to transfer a
binary surface-relief pattern to a
dielectric or metallic substrate.
These versatile devices can
perform novel optical functions,
as well as provide additional
design freedom and materials
choices for optical design.

Asingle etching step produces a
two-level surface relief, giving rise
to the name “binary optics.” Many
highly efficient (>90%) blaze-like
optical elements such as lenses,
prisms, beam splitters, beam
multiplexers, and filters can be
made with binary surfaces for
monochromatic applications (see
Fig. A). To be efficient, the relief
structure must be smaller than or
comparable in size to a
wavelength of light and it must
typically have a half-wave phase
depth. =

High diffraction efficiency can
also be achieved with multilevel
relief structures. By repeating the
binary etching process at
different depths, such multilevel
lenses approximate continuous
phase surfaces in a stepwise
manner (Fig. B). In general, N
masks result in M = 2" phase
levels, with a diffraction efficiency
nof

sin (/M) |2

(/M) 3)

n=|

Since every etch doubles the
number of phase levels, a small

226

What Is Binary Optics?

number of etches can produce a
highly efficient element; for
example, four etching steps result
in a 16-level element with an
efficiency of 99%.

These multilevel lenses can be
made on flat substrates for
monochromatic applications.
Aspheric optics such as ab-
erration-free laser -collimators
and anamorphic lenses can be
produced on a single plane. For
wideband optical systems, hybrid
lenses combining refractive and
diffractive optics promise sig-
nificant simplification of con-
ventional imaging. Refraction
from a curved substrate provides
the majority of the focal power of
the lens, and the binary-optics
surface-relief pattern provides
spherical and chromatic
aberration correction. Spherical
corrections consist of precisely
placed circular phase zones that
change radii as a function of
position on the lens surface. Such
patterns convert a simple
spherical lens into an effec-
tive asphere. Similarly, an a-
chromatic balance can be struck
between the dispersion of the
refractive lens material and the
dispersion of the diffractive
pattern etched into the surface by
varying the geometric dimensions
of the zones, ie, ring width, depth,
and spacing, irrespective of the
intrinsic properties of the
substrate material. Thus the
dispersion characteristics of the
diffractive pattern can be selected
to achromatize optical materials.

These corrections have
introduced new aspheric design
flexibility, new temperature
compensation techniques, and
materials choices in electrooptic
system designs. Infrared
materials such as ZnSe and Si
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that were previously restrict-
ed because of undesirable
dispersion characteristics can be
achromatized over moderate
bandwidths, whereas, in deep-UV
applications, usable optical
imaging bandwidths can be
enhanced a thousandfold.

The uses of binary-optics
technology extend beyond lenses
and beam addition components.
For instance, corrugated surfaces
can be produced on a sub-
wavelength scale that function as
broadband, wide field-of-view,
antireflective coatings. The
concepts of this approach are
vividly demonstrated by the
antireflective properties of moths’
eyes that, due to their tiny
corrugated surfaces, have
virtually no reflection in visible
light. Other applications that
stretch the capabilities of
refractive optics are bifocal
contactlenses, deep-UV optics for
high-resolution lithography, and
large arrays of diffraction-limited
microlenses each the size of a
human hair.

In the early 1970s many of the
concepts of binary optics were
developed in the form of
kinoforms and optically recorded
or computer-generated holo-
grams. Since then — by applying
VLSI circuit fabrication
techniques — the achievements
of high fabrication quality (1/50)
and high diffraction efficiency
(99%) have made many ap-
plications of diffractive optics
feasible in systems. The ability to
mass produce diffractive relief
elements through replication,
embossing, forging, or molding
from a single master element
gives this technology a significant
and still largely untapped
potential.
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Fig. A— This beam multiplexer is an example of one of the
many structures made possible by binary optics. The
features are 10 um wide and 2.5 um deep. The element is
designed for a CO, laser with a wavelength of 10.6 um.
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Fig. B— The surface-relief pattern of a diffractive lens is compared to the spherical curvature of a conventional
lens. A multilevel diffractive lens approximates this desired surface in a stepwise manner.
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radiance of a source is a measure of the power
per unit area per unit solid angle.

As an example, a laboratory HeNe laser
produces only a few milliwatts of power
compared with several watts of optical power
from a conventional incandescent light bulb.
The laser’'s radiance, however, is orders of
magnitude greater due to the very small beam
spread. The high radiance is a consequence of
the spatial coherence across the laser beam
(phases of two spatially distinct points on the
wavefront are locked together), as well as the
phase uniformity across the wavefront.

In contrast, an array of mutually incoherent
lasers behaves more like the incandescent light
bulb, emitting with random phase and
frequency variations across the array (although
not to the extent of the light bulb).
Consequently, although it may provide high
optical power, an incoherent array’s radiance
level is relatively low. Therefore, mutually
incoherent laser arrays are not appropriate for
applications that require concentrated optical
power.

To obtain high radiance from a laser array,
three conditions must be met. First, the lasers
must be mutually coherent; that is, they must
be phase- and frequency-locked to one another.
Without coherence, any beam emanating from
the array would spread, reducing the radiance of
the output. Second, the phase relationship of
the lasers must be adjusted to provide the
maximum amount of power along the optical
axis. It is not sufficient simply to lock the lasers
into a steady-state phase relationship. Much as
in a phased-array antenna, the laser phases
must be adjusted to direct power along the
optical axis and, as with a phased array,
maximum on-axis power is obtained when the
antennas are in phase. Improper phasing leads
to beam broadening and reduced on-axis power.
Finally, the wavefront emanating from the array
must be modified to produce quasi-uniform exit
aperture illumination. The light emanating from
alaser array contains gaps that result in several
diffraction orders called grating lobes, similar to
the light distribution from an amplitude
diffraction grating. If the wavefront is modified to
produce a quasi-uniform output, the off-axis
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grating lobes are suppressed, concentrating the
optical power in the on-axis lobe.

We have experimented with two fundamen-
tally different methods of beam combining. The
first method employs an optical element to
superimpose N lasing apertures, converting the
laser array into a single emitter with N times the
power density. We call this technique laser bearn
superposition. The power per unit area increases
by a factor of N while the divergence remains
unchanged, resulting in an N-fold increase in
radiance.

The second method enlarges the effective size
of each lasing aperture until it equals the inter-
laser spacing. We call this technique aperture
filling to describe the quasi-uniform light
distribution it produces across the array. As
with a diffraction grating of 100% duty factor,
the off-axis grating lobes disappear, and the
optical power is concentrated in the on-axis
beam. Furthermore, the light is spread across
the entire array and, although the power per
unit area does not increase, the effective
aperture is increased by a factor of N. Since
increasing the effective aperture by N reduces
the divergence by N the radiance is increased
N-fold, just as with beam superposition.

Two-Dimensional Semiconductor Laser
Arrays

Most previous diode laser beam addition
schemes have employed techniques suited to
one-dimensional laser arrays [2]. Two-
dimensional arrays may achieve power densities
of several hundred watts per square centimeter
across the entire array. Consequently, they are
prime candidates for beam combining. Surface-
emitting geometries [3-6] offer the high
reliability and mass-fabrication potential of a
monolithic structure, coupled with efficient heat
removal. The goal of our work has been to
develop laser beam addition techniques
matched to the characteristics of two-
dimensional arrays.

We have performed several laser addition
experiments using methods applicable to two-
dimensional laser arrays. The following sections
describe three different experimental

The Lincoln Laboratory Journal, Volume 1, Number 2 (1988)



Leger et al. — Coherent Laser Beam Addition: An Application of Binary-Optics Technology

configurations for establishing coherence,
phasing the lasers, and combining the beams.
The role of the binary-optical elements will be
described for each of these configurations.

We begin by describing a laser beam addition
system based on the method of beam
superposition. We then consider two systems
based on different approaches to aperture
filling. Finally, the benefits and limitations of
each system are described and appropriate
applications discussed.

Superposition of Laser Beams Using
Binary Phase Gratings

Laser beam superposition can be
accomplished using a specially designed
diffraction grating. The laser beams are made to
cross each other at a given point, resultingin an
interference pattern |E (x,y) lexp [j ¢ (x,y)] that
is dependent on the beam angles and the relative
phases of the lasers. The grating is placed in the
interference plane to convert the field into a
single beam. For perfect conversion into an
apertured plane wave, the highly collimated,
low-divergence wave we seek, the grating should
have a transmittance equal to the reciprocal of
the interference, or

tcy) = IE(iW exp oyl . (1)

The amplitude transmittance of the grating is
restricted to values less than or equal to one.
Since any absorption results in an undesirable
loss of laser power, the amplitude transmittance
is chosen to be unity, and the amplitude
component of the interference pattern is not
changed. The phase term, however, can be
corrected by constructing a grating with the
phase of Eq. 1. After passing through this
conjugate phase grating, the light amplitude
coupled into the zero-order beam is given by the
average of the resultant field

Ag = ff |E(xy)|dxdy . (2)

The grating coupling efficiency is maximized
by choosing laser phases that produce an
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interference amplitude | E(x,y)| to maximize Eq.
2.The coupling of six lasers, for example, is max-
imized using laser phases of (r, 7, O, O, &, 7 );
the resulting coupling efficiency from Eq. 2 is
81% [7].

Establishing Coherence

The common-cavity configuration of Fig. 1 is
used to establish coherence and proper phasing
between lasers. The output mirrors from each
laser are replaced by a single common output
mirror. The binary grating inside the cavity
couples the laser beams into a single output
beam. Any loss of coherence or change in
relative laser phases results in lower coupling
into the on-axis order and correspondingly
diminished feedback. The lowest threshold
lasing condition occurs when the lasers are both
coherent and in the correct phase state for
efficient beam combination.

In addition to combining the beam, diffraction
gratings designed to operate inside a common
cavity must distribute the single feedback beam
equallyamong the lasers with a minimum of loss
to higher orders. A phase grating with the phase
transmittance of Eq. 1 does not necessarily have

Binary

N . Grating  Common
Cavity
End  Gain Mirror

Mirrors Media

Fig. 1 — The common-cavity configuration establishes
mutual coherence by obtaining the feedback light from a
common output mirror shared by all the lasers.
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this property. By careful modification of the
phase transmittance, we can design a grating to
split a single beam into N equal-intensity beams
with maximum efficiency. This splitting
efficiency is identical to the efficiency of
combining the N beams into a single beam with
the same grating. (See the box, “Binary Gratings
for Splitting and Combining Laser Beams.”)
Thus, the gratings can simply be designed to
have good beam-splitting properties, and the
combination properties follow automatically.
Binary phase-only structures have been
studied previously for splitting alaser beam into
N equal orders [8]. In these studies, classical
optimization methods were applied to select the
best grating shape. Our approach has been to
employ least-squares iterative techniques to
adjust the grating profile until the diffraction
pattern is optimized to the desired shape.

Experiments

A binary phase grating designed to couple six
lasers was fabricated in a quartz substrate [9].
This grating was placed in the common-cavity
configuration of Fig. 1. Six lasers from an
antireflection-coated AlGaAs diode array were
positioned along the 1, +2, and +3 diffraction
orders of the grating. The coherence and phase
relationships between the sources were
measured by interfering pairs of sources
together and observing the interference pattern.
The resulting stable sinusoidal patterns
indicated that the lasers were indeed coherent
with respect to one another, and that the phase
relationship between lasers was (x, «, O, O, 7, 1),
as expected. The light distribution in the various
grating lobes is shown in Fig. 2 (a). The one large
on-axis order contains 68.4% of the energy from
the six lasers. The far-field output of the six
combined laser beams is compared with a single
laser (scaled in intensity) in Fig. 2 (b). The two far
fields are almost identical since the six laser
sources are coherently superimposed onto one
another, producing a beam with the divergence
properties of a single source.

The grating superposition technique has been
applied to a variety of additional laser systems.
Three high-gain HeNe laser amplifiers operating
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at a wavelength of 3.39 um were placed in
the configuration of Fig. 1. Piezoelectrically
controlled end mirrors were provided for each
gain tube, and a common-output coupler was
placed after the binary grating. The grating was
used in reflection by applying a gold coating to
the etched quartz substrate. The end mirrors

Intensity

] l/l'V\k’\i"'J IAA e

-10 -8 -6 -4 -2 0 2 4 6 8 10
Diffraction Order
(a)

Intensity
Six Lasers
One Laser
-1.0 0.0 1.0
Angle (deg)
(b)

Fig. 2 — Six lasers were combined by superposition to
obtain the angular plane-wave spectrum of light shown in
(a). 68.4% of the energy is contained in the on-axis lobe.
The far-field output of the combined lasers is nearly
identical to that of a single laser, as shown in (b). The
outputs are scaled in intensity for comparison.
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Binary Gratings for Splitting and

The superposition of N laser
beams is accomplished by a
specially designed diffraction
grating. The transmittance of the
grating can be expressed as a
Fourier series with each term of
the series corresponding to a
grating diffraction order [1]

t= Y, anexp(jén)

n=-s

exp (jnax) .

where @ and ¢, are the magnitude
and the phase of the nth plane-
wave component and o« is
proportional to the sine of the
angle between diffraction orders.
(N is assumed to be even in this
derivation, and one-dimensional
notation is used for simplicity.)
The grating splitting efficiency ¢
is defined as the amount of power
contained in the N+1 largest
orders compared with the total
incident power

N2
=E>call (5)

n=-N/2
Coherent addition of laser
beams can be accomplished by
operating this grating in reverse.
The grating is illuminated with

Combining Laser Beams

N+1 laser beams at angles
corresponding to the original
grating diffraction orders. The
laser beams have amplitudes a_
equal to the original diffraction-
order amplitudes and their
phases are chosen to be the
complex conjugates of the
diffraction orders. The
interference pattern of these
beams in the plane of the grating
is then given by

N/72

E¥= Y amexp(om
m=-N/2 (6)

exp (-jmax) .

where the Gaussian profile of the
laser is unimportant to the
derivation and is not included.

The amplitude of the light after
passing through the grating is
given by the product of Egs. 4 and
6. The cross terms that result
represent all the plane waves
leaving the grating. The on-axis
plane waves correspond to the
terms where m = n. The power in
the zeroth diffraction order of the
grating is given by the square of
the coherent sum of these on-
axis plane waves

N2 2
R=l 3, &f. @
n=-N/2
The efficiency 7 of coupling the
power from the N+1 laser beams
into the central order can be
defined as the ratio of the zero-
order grating power to the
incident power. Since the N+1
lasers have an incident power of

N2
Fi=. Yok 8)
n=-N/2
this ratio is given by
PIRESTE R
Uiy 7 = Y =t

2
a
zn=—N/2 ok

Since the coupling efficiency 7
and the splitting efficiency { are
identical, highly efficient beam
superposition gratings can be
designed by maximizing the
grating splitting efficiency.

n=-N/2

9)

Reference

1. W.B. Veldkamp, J.R. Leger,
and G.J. Swanson, “Coherent
Summation of Laser Beams Using
Binary Phase Gratings,” Opt. Lett.
11, 303 (1986).

were adjusted to change the cavity lengths,
thereby satisfying the phase condition
necessary for good phase locking and highly
efficient beam combining. Similar experiments
were conducted on CO, waveguide lasers and
Nd: YAG ring lasers both within our group and
at other laboratories [10].

The grating superposition technique can be
used to combine lasers that have been properly
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phased and made mutually coherent through
other means. An injection-locked configuration
is shown in Fig. 3. The master oscillator signal
applied to each laser serves to lock the outputs
to a common source, thereby establishing
coherence across the array. In this scheme, the
grating serves the dual purpose of distributing
the injection-locking signal uniformly among
the N slave lasers as well as combining their
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Fig. 3 — Coherence is established by injection-locking
each laser to a single master oscillator. The grating both
combines the lasers into a single beam and distributes the
master oscillator signal.

outputs into a single beam.

Although the method of grating superposition
was applied both to gas and semiconductor laser
sources, it appears to be most appropriate for
low-divergence sources that don’t require
additional collimation of the laser beams. The
next section describes the second method of
beam combining, based on the technique of
aperture filling.

Aperture Filling by Amplitude-to-
Phase Conversion

The method of aperture filling combines laser
beams by spreading light uniformly across the
entire laser array. Perfect aperture filling results
in a light distribution that is uniform in
amplitude and phase. Amplitude-to-phase
conversion (APC) employs binary-optical
elements for spatial filtering and phase
correction to approximate a uniform light
distribution.

As we have seen, techniques for increasing
laser radiance require mutual coherence
across the laser array. In the previous section,
this coherence was established by an external
cavity. In this section, we assume that the
coherence is provided by the design of the array
itself. Both Y-guide and evanescently coupled
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semiconductor laser arrays are examples of
such configurations. When the arrayis designed
to force the emitters to radiate in-phase, the
phase component of the resultant electric field is
constant across the array. The amplitude
component is nonuniform, however, because of
the separation of the individual lasers and their
Gaussian mode structure. It is this amplitude
variation of the light across the output aperture
that gives rise to the undesired off-axis grating
lobes in the far field. The percentage of power left
in the central grating lobe is approximately
equal to the array fill factor, or the percentage of
the laser array covered by the lasing apertures.

The APC technique performs a field
transformation on the complex amplitude of a
phase-locked laser array by spatially filtering
the on-axis grating lobe with a phase filter. The
result of this transformation is an electric field
thatis nearly uniformin amplitude and varies in
phase. (See the box, “Amplitude-to-Phase
Conversion.”) The far-field intensity of the
transformed field is identical to the original far
field, but the grating lobes are now caused by
phase variations rather than amplitude
variations in the light. These phase variations
can be eliminated with a phase-correcting plate.
The result is a light distribution that is nearly
uniform in both amplitude and phase. The far-
field pattern, therefore, concentrates virtually
all its energy in the desired central lobe. Since
the optical elements are phase-only, no light is
lost in the process of beam combination.

In theory, 100% of the light from an ideal array
can be coupled into the central grating lobe. The
performance of the technique on a real array is
limited by four factors: I. Arrays with fill factors
less than 25% result in incomplete aperture
filling and reduced coupling efficiency. II. The
mode profile of an individual laser in areal array
is Gaussian, rather than rectangular; this
introduces a residual amplitude ripple in the
result. III. Ideally, the phase corrector used with
a Gaussian-shaped beam should be
continuous, but a binary phase corrector is
usually employed. IV. Real laser arrays are finite
in extent; consequently, it is impossible to
separate completely the on-axis lobe from the
higher-order grating lobes during the
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amplitude-to-phase transformation. In spite of
these restrictions, computer simulations
indicate that coupling efficiencies of greater
than 95% are achievable using APC.

Figure 4 illustrates the optical configuration
required for implementing the APC technique. A
laser array is placed in the front focal plane of an
afocal imaging system consisting of two lenses.
An amplitude-to-phase transformation is
produced by placing a phase filter in the back
focal plane of the first lens. The filter consists
simply of a phase-shifting spot designed to cover
the central grating lobe of the array, where the
amount of phase shift is chosen to minimize the
amplitude variations in the image plane (back
focal plane of the second lens). The phase
variation in the image plane is canceled by the
binary phase correction plate, resulting in an
approximately uniform plane wave.

Experiments

The APC technique was tested on a phase-
locked CO, ridged-waveguide array in
collaboration with Leon Newman and his group
[11, 12]. An all-reflective imaging system insur-
ed high-power density handling capability and
its folded configuration with 15-cm focal length
offered modest size. Its compactness allowed it
to be directly attached to the laser head. For the
case of the 35-W dual-waveguide array of Ref.
13, the percentage of power in the central far-
field lobe was increased from 71% to 94%.
Application of the technique to phase-locking an
uncoupled CO, waveguide array (five chan-
nels) in an external cavity was also demon-
strated [11].

Aperture filling was also performed on a
coupled 10-element AlGaAs Y-guide laser array.

Phase Locked lx
Laser Array

Binary Amplitude
Uniform Phase

138

Zero Order
Phase Shift

Uniform Amplitude

Binary Phase
Grating

Uniform Amplitude
Uniform Phase

Binary Phase

Fig. 4— Anidealized laser array produces a light field with a nonuniform amplitude but uniform phase. The lenses
and phase shifter convert this into a uniform amplitude and varying phase. The phase grating corrects for the

residual phase variation.
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Amplitude-to-Phase Conversion

The field transformation
required to perform amplitude-
to-phase aperture filling can be
understood by expressing the
complex light field as a phasor in
the complex plane. Figure A (left)
shows an idealized amplitude and
phase distribution from a laser
array. The amplitude has a value
of unity over the lasing apertures
and zero elsewhere. The phase is
assumed to be uniform over the
entire aperture. These two
complex values are plotted as two
points in the phasor diagram. The
two points can be represented as
the sum of two phasors. The unity
value is given by a constant
phasor (dc) plus a positive-going
phasor. The zero value is given by
the same constant phasor plus a
negative-going phasor. If we shift
the phase of the constant phasor
by 90°, the diagram in Fig. A

1 dc
o‘—| LT LT aw 0
"’°t_n_r1_n__,

0 P(x)

(right) results. The phasor sums
now have equal amplitude (length
of phasor sum) and different
phases (direction of phasor sum).
The phase variation can be
canceled out by a subsequent
phase-correcting optical element
to produce a field with constant
amplitude and constant phase.
Aperture filling was first
demonstrated using a coherently
illuminated amplitude mask [1] to
simulate a phase-locked array
with a fill factor of 25%. The
central-lobe phase spot and the
binary phase corrector were
constructed by etching the proper
patterns into quartz substrates.
The results of this experiment are
shown in Fig. B. The upper left is
a photograph of the output
aperture of the simulated array
with a fill factor of 25%. The upper
right shows the resulting far-field

dc
Phase
Shift

l

A

pattern of the unmodified array
consisting of a central lobe
containing 25% of the power and
several higher-order grating
lobes. The lower left is a photo-
graph of the irradiance distri-
bution of the modified field at the
binary phase corrector plane.
Light initially existing over only
25% of the aperture has been
redistributed to fill the entire
aperture. The far-field irradiance
of the field emitted from the
binary phase corrector is shown
in the lower right. The central lobe
of this pattern contains 92% of
the total measured power.

Reference

1. G.J. Swanson, J.R. Leger, and
M. Holz, “Aperture Filling of
Phase-Locked Laser Arrays,” Opt.
Lett. 12, 245 (1987).

—

d(x)

> A(x)

Fig. A— The phasor diagram on the left corresponds to a light field with an amplitude
variation. Phase-shifting the dc or on-axis component by 90°results in the phasor
diagram on the right, showing uniform amplitude and varying phase.
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Fig. B— A simulation of a laser array with a 25% fill factor shows a far field with several grating lobes. Aperture filling
increases the content of the central lobe from 25% to 92%.
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Figure 5 shows the experimental results from an
array consisting of 2.4-pum laser apertures
spaced by 6.0 um [14]. The Y-patterned
waveguide configuration established coherence
across the array and ensured that the lasing
apertures were all in phase [15]. Figure 5 (a)
shows the far-field pattern before aperture
filling. Three distinct grating lobes can be seen,
with only 51% of the power contained in the
central lobe. Figure 5 (b) shows the result of
aperture filling. The off-axis grating lobes are
almost entirely eliminated, and their power has

BEFORE APERTURE FILLING

.
=

POWER IN MAIN LOBE 51%

2.0
=
2
[} 1.0 - M\
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been deposited in the main lobe. The intensity in
the center of the main lobe has almost been
doubled, with the entire main lobe containing
90% of the total power produced by the array.
Sidelobe suppression of a 40-stripe
evanescently coupled AlGaAs array is shown in
Fig. 6. The array operates in the out-of-phase
mode (top trace in Fig. 6), which we converted to
the in-phase mode by use of a suitable phase
corrector (middle trace in Fig. 6). The effect of
aperture filling is shown in the bottom trace. In
contrast to beam superposition, the aperture-
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Fig. 5 — (a) Far-field intensity distribution of a 10-element AlGaAs array before aperture filling. The central lobe
contains only 51% of the power. (b) Improvement afforded by aperture filling: 90% of the power is in the central lobe.
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expands in a cone of 20° to 30°. After a few
hundred microns of propagation, the cones of
light from adjacent lasers intersect. Collimating
each laser beam at this point produces a
wavefront with the desired uniform phase and
quasi-uniform intensity.

Although the collimation can be performed in
principle using a lens for each laser, the lens
requirements are quite strict. The size of each
lens must be equal to the inter-laser spacing of
the array: typically between ten microns and
several hundred microns. In order to prevent
gaps in the resulting wavefront, each lens must
be placed as close to its neighbor as possible.
The lenses must have a low f-number to collect
the laser light efficiently. Rectangular lens
apertures are required to allow the fnumbers of
each lens to be optimized along the horizontal
and vertical axes. Diffractive and absorptive
losses must be kept to a minimum. In addition
to having low intrinsic aberration, each lens
must correct for any aberrations in the original
laser beam in order to produce an aberration-
free collimated beam.

We have found that diffractive microlenses
can be designed to satisfy each of these
requirements [16]. The microlenses are
produced utilizing the binary-optics techniques
previously described. (See the box, “What Is
Binary Optics?”) These methods have the
flexibility and precision required to produce
lenslet patterns of virtually any size and shape.
In addition, large arrays of accurately spaced
lens patterns can be fabricated. Advanced
lithographic and etching techniques trans-
fer these patterns into a quartz substrate with
the submicron accuracy required for high-speed
f/1 lenses.

Simple diffractive lenses produced by a single
etching step focus 40.5% of the available power
into the desired focal spot. We have developed
techniques to increase the diffraction efficiency
by performing multiple etches. The resulting
multilevel lens can have a diffraction efficiency
approaching 100%. Figure 7 is a scanning-
electron micrograph of microlenses made by
this technique. A two-step etch was performed,
resulting in four discrete etch levels. The
theoretical diffraction efficiency of this lens is
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81%. The lens spacing is 50 um, corresponding
to the spacing of the lasers in the matching
array. The shape of each lens is rectangular,
resulting in an f/1 lens in one direction and an
f/2 lens in the other. The lenses were also
designed to correct for an astigmatic aberration
present in the original laser beams. The
elliptically shaped patterns result in an ana-
morphic lens with a focal length of 100 ym
parallel to the array and 69 pym perpen-
dicular to it.

Our diffractive lenses have shown excellent
optical performance. Diffraction efficiencies as
high as 93% have been measured from eight-
level lenses produced by three successive
etching steps. The wavefront quality of an f/2
microlens with a 100-um focal length was
measured using a WYKO interferometer, and is
displayed in Fig. 8 (a). The flatness of the wave-
front corresponds to an rms phase error of /50.
The modulation transfer function in Fig. 8 (b)
shows near diffraction-limited performance,
with a Strehl ratio of 0.98 (a Strehl ratio of 1.0
indicates diffraction-limited performance).

Coupling Microcavities by Talbot Self-
Imaging

In 1836, W.H.F. Talbot reported several
interesting observations regarding diffraction

from periodic objects [17]. He discovered that
illuminating a periodic object with coherent

Fig. 7 — Two etches produced this array of four-level
microlenses spaced 50 um apart. The theoretical diffraction
efficiency of this lens is 81%.
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Fig. 6 — The power of a 40-stripe evanescently coupled array is distributed nearly evenly in the first
two grating lobes (top). After phase correction and aperture filling, most of the power is contained in

the central lobe.

filling technique results in a diffraction-limited
far-field beam that is inversely proportional to
the transverse dimension of the laser array
rather than to an individual laser. Therefore,
smaller diffraction spots and lower beam
divergence are achievable without recourse to
additional beam-expanding optical elements.

Several extensions of the present technique
are possible. The method can be cascaded by
applying the output of the present system to the
input of a new system. Virtually 100% of the
power can be transferred to the main lobe for a
large variety of laser-array fill factors and light
distributions. Coated optics can ensure that the
optical train introduces negligible loss. The
technique can also be applied to side-lobe
suppression of phased arrays of lasers for beam-
steering applications. It can be applied to other
laser systems and different methods of
establishing array coherence. Finally, the
method is directly extendable to two-
dimensional arrays of lasers, with the proviso
that the arrays have a fill factor greater than
25%. For arrays with fill factors less than 25%,
the coupled microcavity approach can provide
the aperture filling needed for coherent addition
of lasers.

The Lincoln Laboratory Journal, Volume 1, Number 2 (1988)

Aperture Filling by Coupled
Microcavities

Coupled microcavities (CMC) provide a third
method of laser beam addition. In this approach,
diffractive microlens technology and the unique
properties of Fresnel diffraction are used to
create an array of small coupled laser cavities.
The coupling locks the laser cavities together in
a coherent ensemble and produces a narrow-
beam far-field pattern. The diffractive
microlenses distribute the laser light uniformly
across the array, thereby producing a filled
aperture that channels the light into the central
lobe of the far field. The flexibility of binary
microlens technology makes it particularly well-
suited to the addition of large two-dimensional
laser-diode arrays.

The previous aperture-filling technique
employed a spatial filtering system to spread the
light from the individual lasers in an array
across the entire array aperture. The phase of
this light field was later corrected by a grating.
An alternative way of spreading the light is
through diffraction. Since the lasing aperture of
a semiconductor laser is small its divergence is
very high; the light from a typical laser beam
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light produces an image at regular intervals by
free-space diffraction alone. This self-imaging
property, now known as the Talbot effect, is
illustrated in Fig. 9 (top) (pg 242). It wasn't until
the end of the nineteenth century that Lord
Rayleigh [18] provided an explanation for the
phenomenon and deduced the distance between
the self-image planes. (See the box, “The Talbot
Effect.”) Since then, the effect has been
employed only sporadically in the design of
optical instruments [19, 20].

Although the diffraction pattern of the entire
array has self-imaging properties, the diffracted
light from a single element continues to expand
with increasing distance. Figure 9 (top) shows
that the light from the single element in red
actually contributes to several elements in the
first self-image. This property is combined with
Talbot imaging of the entire array to form a
Talbot cavity shown in Fig. 9 (bottom). An
external optical cavity is created by placing a flat
output mirror a short distance behind an array
of antireflection-coated lasers. Light from a
single laser reflects off the output mirror and
back to the laser array to form a microcavity.
This individual feedback beam spreads by
diffraction to extend over several lasers,
providing the optical coupling needed for
mutual coherence. By positioning the output
mirror so that one cavity round trip corresponds
to a Talbot distance, the free-space diffraction
from the entire laser array produces a self-image
of the original laser apertures. This ensures that
the light will couple efficiently into the individual
laser waveguides. If the lasing apertures are not
mutually coherent, the Talbot effect no longer
applies and no self-image is formed. Much of the
light falls between laser apertures and is lost.
The lower loss and subsequent higher efficiency
of the mutually coherent state acts to ensure
coherent operation.

Experiments

Experiments have been performed in our
laboratory using a linear array of AlGaAs laser
diodes [21]. The array was custom-fabricated by
Spectra Diode Laboratories with the front laser
facets coated for minimum reflectivity. The laser

The Lincoln Laboratory Journal, Volume 1, Number 2 (1988)
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Fig. 8— (a)The wavefront from an /2 microlens exhibits a
flatness corresponding to an rms phase error of A/50. (b)
The modulation transfer function shows near diffraction-
limited performance.

separation was chosen as 50 um to eliminate
evanescent coupling. Figure 10 (pg 242) shows
the experimental setup. The lasers were colli-
mated by a microlens array, and a Talbot cavity
was formed by placing a flat output mirror 1/2
Talbot distance from the microlenses.

The far-field pattern from six laser diodes is
shown in Fig. 11. With the output mirror
positioned 3 mm behind the lenslet array to
satisfy the Talbot imaging condition, the lasers
locked together in phase and formed a coherent
ensemble. The far-field pattern of Fig. 11
sharpened to a near diffraction-limited spike,
with 85% of the energy contained in the central
lobe. A spectral analysis of the lasers showed
lasing at a common wavelength, and
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The Talbot self-imaging effect [1]
is a consequence of the periodic
nature of the coherently
illuminated object. Because of
this periodicity, the object light
field can be expressed as a
Fourier series
Alxz=0)= (10)

S, amexp(j2m T35).

m=—oo
where d is the repetition period of
the object, and a one-dimensional
analysis is used for simplicity.
This expansion corresponds
physically to a set of discrete
plane waves of complex ampli-
tude a_. Note that a grating is a
simple example of a periodic
object, and the discrete plane
waves in Eq. 10 correspond to the
grating diffraction orders. After

The Talbot Effect

H(m,z) = exp (j2m _}z\_]

(11)
: m2
exp (-jmzA —d—z—) :

where 1is the wavelength of light,
and the paraxial approximation
has been used. The resultant
light field then becomes

Alxz) = exp (j2m %)

S amexp(j27759  (12)

m=—oc
2
Lo L
exp (Hjmz 2 )
It is apparent that when

z=2nd2/\, n=integer, (13)

apart from an unimportant
constant phase, the light field in
Eq. 12 is identical to the original
light field in Eq. 10, and an image
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demonstrated quite dramatically
by illuminating a periodic array of
square apertures with light from
a HeNe laser as shown in Fig. A.
The diffraction from each
aperture causes the geometric
shadows of the apertures to blur
until they start to overlap. At a
distance z_ = 2d?/A this complex
interference pattern produces an
image of the original object, seen
at the far right in Fig. A. Apart
from edge effects from a finite size
array, this image will be
reproduced periodically at
integer multiples of z,.

Reference

1. J.T. Winthrop and C.R.
Worthington, “Theory of Fresnel
Images. I. Plane Periodic Objects

propagating adistance z, the mth  is formed.

plane wave is delayed in phase by

measurements of the coherence between two
distinct lasers indicated a tightly phase-locked
array. On the other hand, with the output mirror
placed directly against the lenslet array, no
diffractive coupling took place. The lasers were
mutually incoherent as a result, exhibiting no
phase- or frequency-locking. A spectral anal-
ysis of each laser revealed that the wavelengths
of the lasers ranged over 20 A. The far-field
pattern consisted of an incoherent
superposition of light from each lasing aperture,
resulting in a single broad peak.

Coupled microcavities can be applied to a
great variety of laser diode arrays. In particular,
the beam-shaping and aberration-correction
capabilities of microlenses are well-suited to
combining large arrays of two-dimensional
diode lasers. In addition, coupling the
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The Talbot effect can be

in Monochromatic Light,” J. Opt.
Soc. Am. 55, 373 (1965).

microcavities by Talbot self-imaging produces
efficient coherent operation. The entire system
can be contained on a single substrate as
illustrated in Fig. 12. The microlens array is
etched into the front surface of the substrate,
and a partially reflecting output mirror is placed
on the back surface. The thickness of the
substrate is chosen to satisfy the Talbot self-
imaging condition. Future utilization of this
technique with large two-dimensional surface-
emitting arrays is expected to create many new
applications for semiconductor lasers.

Conclusions

Three techniques for laser beam addition have
been presented utilizing binary-optic
components. Each employs a different method
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Fig. A— The Talbot effect is illustrated by illuminating a periodic array of square apertures with light from a
HeNe laser. A Talbot self-image is formed 63 mm from the object.

for establishing coherence, selecting the proper
laser phases, and combining the beams. These
techniques can be combined in different ways to
create new configurations suited to a particular
laser source and application.

One of the key advantages of all the laser
addition methods is their immunity to
catastrophic failure. Since the approaches are
inherently parallel, failure of a single element
only reduces the output power slightly. In
contrast, linear amplifier chains are susceptible
to complete failure if one of the elements in the
chain malfunctions. Applications that place a

The Lincoln Laboratory Journal, Volume 1, Number 2 (1988)

premium on reliability may benefit from these
approaches to beam addition.

The method of beam superposition by gratings
is most suited to laser sources with low diver-
gence. These include a variety of gas and solid
state lasers such as CO, and Nd:YAG. The fill
factor of the array is not restricted, and can be
very small. The coupling efficiency is limited to
80% to 90% for binary phase gratings, but can
be increased to over 90% when a continuous
phase grating is used. The technique is expected
to find applications in such areas as microma-
chining, materials processing, and laser radars.
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Fig. 10— In the coupled-microcavity configuration the microlens array is used to collimate the lasers in the array and
the output mirror is placed 1/2 Talbot distance from the lenses. The feedback light incident on the lenslet array is a
Talbot self-image.
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Fig. 11— This graph illustrates the effectiveness of the microcavity approach. The far-field pattern of six independent lasers
is shown for the case where the output mirror is placed against the microlens array (unlocked) and for the case where the

mirror is placed at 1/2 Talbot distance from the microlens array (locked).

The method of aperture filling by APC can be
directly applied to a variety of semiconductor
laser arrays, where coherence is established by
the array design. Many of these laser arrays
have the required 25% duty cycle. Another
promising application area is coupled CO,
waveguide lasers. Compact individual
waveguide lasers produce as much as 20 W of
optical power; coupling even modest arrays of
these lasers could produce several hundred
watts of optical power. The higher-order grating
lobes from these arrays can be virtually
eliminated by this method. A key advantage of
this technique is its high beam-combining
efficiency.

The method of aperture filling by CMC is
ideally suited to large two-dimensional
semiconductor laser arrays with high
divergence and low fill factor. Development of
these arrays is being aggressively pursued by
many laboratories, and power densities of
several hundred watts/cm? appear feasible.
When the CMC technique is applied to these
two-dimensional arrays, exceedingly high
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radiance beams are possible. Applications can
be anticipated at all power levels. At modest
radiance, coherent semiconductor laser arrays
can help alleviate the constraints on optical
communication systems. The high efficiency
and reliability of these sources make them
ideally suited to space applications. At higher
radiance, these arrays can play an important
part in active electrooptic sensors of the future,
enabling highly accurate measurements of
features such as motion and range. One of the
key advantages of the CMC technique is its
simplicity and compactness, with the entire
optical system contained on a single thin
substrate.

This article has concentrated on three specific
laser addition systems. We are -currently
studying the fundamental limits of these
techniques, investigating new beam-
combination and coherence methods, and
applying the various methods to specific
applications. We anticipate that this
technology will have a significant impact on a
wide variety of future electrooptic systems.
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Fig. 12— The CMC approach can be implemented on a single substrate by etching a microlens array into the front surface
and depositing a partially reflecting output mirror on the back surface. The thickness of the substrate z, is chosen to satisfy
the Talbot self-imaging condition. A thin spacer separates the beam combiner from the laser array.
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