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Laser beam shaping, the control of the irradiance
and phase profile of the output of a laser, is an
enabling technology used in a number of industrial
sectors. The author describes the three principal
techniques used to accomplish laser beam shaping
and the benefits it can generate in industrial 
processes including lithography, semiconductor
manufacturing and laser printing.
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M any basic experiments—as well
as industrial, medical and mili-
tary applications—can benefit

from the use of laser beams with a speci-
fied shape. Laser beam shaping, the art of
controlling the irradiance and phase pro-
file of the output of a laser, is an enabling
technology. The shape of the beam can
generally be associated with the irradi-
ance profile, while the propagation prop-
erties of the irradiance profile are
primarily determined by the phase pro-
file. A very common beam shaping
requirement is a laser profile that is uni-
form over some cross-section. The theory
and techniques of laser beam shaping are
addressed in a book edited by Dickey 
and Holswade.1

Although laser beam shaping came
necessarily on the heels of the invention
of the laser, the use of controlled light
distribution is by no means a recent
innovation. The ancient philosophers
knew about burning glasses. Systematic
early writings on optics date from
Empedocles (c. 495-435 B.C.) and Euclid
(c. 300 B.C.). Probably the most dramatic
event involving beam shaping is the pur-
ported use of mirror arrays by the Greeks
to set fire to Roman ships in the harbor
during the siege of Syracuse (213-
211 B.C.).1 Early Greek and Roman his-
torians report that Archimedes equipped
several hundred people with metal mir-
rors to form a weapon using sunlight.
The concept is illustrated in Fig. 1. There

is considerable debate as to whether or
not the account is true. The debate cen-
ters on the way the story was chronicled
and the ability of the artisans of the time
to produce a large number of mirrors of
sufficient quality. Although it does not
settle the question, in a 1973 experiment
conducted in a Greek soccer stadium, a
wooden boat was set afire using 60
bronze handheld mirrors at a distance of
160 ft. Perhaps the first modern case of
beam shaping is the use of Fresnel lenses
in lighthouses around 1820. Fresnel
adopted the idea, originally developed by
Georges-Louis Leclerc de Buffon (1748),
of dividing a lens into concentric rings to
reduce its weight. In the context of this
article, it would be impossible to fully
describe the numerous original beam
shaping ideas and applications centered
on light sources other than the laser that
found expression during the course of
the past century.

Today, laser beam shaping is a signifi-
cant component of a number of indus-
trial processes. A prime example is
semiconductor lithography. Technologies
that benefit—or could potentially bene-
fit—from the application of beam shap-
ing include:

• lithography;

• via drilling in integrated circuit (IC)
packages and wiring boards;

•circuit component trimming;
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Figure 1. Purported use of multiple mirrors in a weapon system at the siege
of Syracuse. [Reprinted from Ref. 1, p. 4, by courtesy of Marcel Dekker, Inc.]
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•laser printing;

•material processing and formation;

•optical data storage;

•isotope separation;

•fiber injection;

•optical metrology;

•optical data/image processing;

•medical applications;

•laboratory research.

It is my experience, however, that a 
number of laser system developers and
designers do not fully appreciate the ways
in which shaping a laser beam can be
used to address specific problems. In its
simplest form, the argument for laser
beam shaping can be made by consider-
ing the typical (maybe not as typical as
often presumed) Gaussian beam profile
illustrated in Fig. 2. Although the three
accentuated regions are arbitrary, they
illustrate the problem at hand in that,
within the different regions, different
physics or phenomena are generally at
play. In a material ablation process, for
example: Region I may represent the area
over which successful ablation occurs;
Region II may involve deleterious effects
such as burning and chemical or state
change; and Region III may be an area of
energy loss resulting from inadequate
heating of the material. Besides these
deleterious effects, Regions II and III
both significantly affect the energy 
efficiency of the process. This is clearly
illustrated in the case of the laser via
drilling application discussed below.

The basics
Laser beam shaping techniques can be
divided into three broad classes: aper-
tured beams, field mappers and multia-
perture beam integrators. In some
applications, a combination of two of the
three techniques is used. The ability to
shape beams is generally constrained by
an uncertainty relation that should be
considered an input to system design.

The uncertainty principle
The uncertainty principle of quantum
mechanics, or equivalently the time-
bandwith product inequality associated
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Figure 2. Division of a Gaussian beam into regions to illustrate the need 
for beam shaping. The different regions symbolically represent portions of 

the beam that would produce different effects in a given application, 
with Region I representing the desired effect.

Figure 3. Schematic representation of the field mapping problem. Gaussian dis-
tributed rays are redirected into a uniform distribution by the shaping system.

Figure 4. Illustration of the impact of � on beam shaping performance.

Figure 5. The multiaperture beam integrator. 
[Reprinted from Ref. 1, p. 159, by courtesy of Marcel Dekker, Inc.]
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with signal processing, can be applied to
the beam shaping problem. The uncer-
tainty principle is a constraint on the
lower limit of the product of the root-
mean-square width of a function and its
root-mean-square bandwidth. Applying
the uncertainty principle to the general
diffraction problem associated with laser
beam shaping, one obtains a parameter 
� of the form,1

r0 y0� = C —— , (1)
�z

where r0 is the input beam half-width, y0

is the output beam half-width and C is a
constant that depends on the exact defi-
nition of beam widths. The value of �
must be sufficiently large for successful
beam shaping to take place. It should be
noted that, by specifying r0 or, possibly,
the other three parameters in Eq. (1), the
system designer has some control over �.

Apertured beams
The simple but important technique of
beam aperturing is probably the first to
have been employed. Here the beam is
expanded and an aperture is used to
select a suitably flat portion. The result-
ing irradiance can be imaged with mag-
nification to control the size of the
output beam profile. The main disadvan-
tage of this technique is that it typically
implies significant energy loss, while in
most cases it is desirable that energy be
conserved during the beam shaping oper-
ation. In addition, if the input beam irra-
diance is not suitably smooth, it may not
be possible to find an aperture size and
position that give the desired result. In
this case, some form of input beam
homogenization may be required (the
third technique).

Field mappers
In field mapping, the input field is trans-
formed into the desired output field in a
controlled manner. The basic concept is
illustrated in Fig. 3 for the case of map-
ping a single-mode Gaussian beam into a
beam with a uniform irradiance. In the
rectangular black box that represents the
shaping optics, Gaussian distributed rays
are bent so that they are uniformly dis-
tributed in the output plane. The ray
bending illustrated in the figure defines a
wave front that can be associated with an

optical phase element. Field mappers can
be made so as to be effectively lossless.
The field mapping approach to beam
shaping is applicable to well-defined sin-
gle-mode laser beams.

The efficacy of the field mapping
problem of converting a Gaussian beam
into a flat-top beam can be described in
terms of the ranges of � as follows: for
��32 one can obtain very good solu-
tions and geometrical optics is applicable;
for 4� ��32 useful results may be
obtained but they are not ideal; and for
�� 4 one cannot achieve very good 
shaping of the beam. This is illustrated 
in Fig. 4. In addition, field mappers are
sensitive to system alignment.

There are numerous techniques for
designing field mapping systems.1 In gen-
eral, for flat-top profiles, differential
equations can be written that describe the
shape of the refractive or reflective ele-
ment for a given beam shaping problem.
A flexible approach to producing rela-
tively small flat-top profiles is to use a
shaping phase element followed by a
focusing (Fourier transform) lens. The
phase element is relatively simple to
manufacture since it usually involves a
few waves of phase across the beam. The
phase element can be changed to modify
the profile or cross-section of the output
beam. The focusing lens can be changed
to scale the output without changing �.
The two elements can be combined to
make a single-element system. However,

in many cases the single element may be
more costly to manufacture, and the flex-
ibility is lost. Relatively large flat-top pro-
files with a collimated output are usually
obtained by use of a two-element tele-
scope-like system. Although the design of
the elements is generally coupled, the first
element essentially produces the desired
irradiance pattern and the second ele-
ment corrects the phase to produce a uni-
form phase output.

Beam integrators
The shaping of relatively incoherent laser
beams is usually accomplished by use of
beam integrators. This technique is com-
monly used, for example, in the shaping
of excimer lasers for semiconductor
lithography and laser machining and
drilling systems. A multiaperture integra-
tor system is illustrated in Fig. 5. The first
element is a subaperture lenslet array that
divides the input beam into an array of
beamlets and applies a phase aberration
to each. The second element is a beam
integrator, or focusing lens, that overlaps
the beamlets from each subaperture at
the target plane. The target plane is
located at the focal point of the primary
focusing element, where the chief rays of
each subaperture intersect.

As in the case of field mapping, the
beam integrator shown in Fig. 5 suffers
from the effects of diffraction. In beam
integration as in field mapping, a param-
eter � is also defined. For sufficiently
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Figure 6. A plot of the number of laser beam shaping papers published 
each year since the advent of the laser (1960).
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large �, diffraction effects are negligible
and geometrical optics applies. A second
lenslet array can be added to the configu-
ration in Fig. 5 to negate the diffraction
effects. This approach is called imaging
integration. The use of imaging integra-
tors is more complicated in that it
requires a second lenslet array with asso-
ciated alignment sensitivity. Beam inte-
gration can be accomplished by use of
relatively long tubes with a regular cross-
section. In this case, the laser beam is
focused on the input end of the tube. The
beam is broken up into effective beamlets
by multiple reflections that are combined
at the output end of the tube. The tube
integrator can be shown to be equivalent
to the system depicted in Fig. 5.

A brief history of beam shaping
It is difficult to present even a brief his-
tory of laser beam shaping since much of
the work has been done in industry and
is not well documented in the literature;
this is in part because companies often
consider laser beam shaping techniques
proprietary information. Yet the litera-
ture does tell an interesting story. Figure 6
is a plot showing the number of laser
beam shaping papers published in schol-
arly journals and popular science maga-
zines each year since the advent of the
laser. The plot is based on a chronological
bibliography that I have been keeping for
some time. The bibliography may well be
partial since there is always the possibil-
ity I have missed some published papers,
and because I have had to decide
whether or not to include specific 
articles.

In 1960, the American physicist
Theodore Maiman of Hughes Aircraft

Corp. constructed the first working laser
from a ruby rod. The first laser beam
shaping paper I know of was written by
Roy Freiden (1965).2 Besides being the
first, this is an interesting paper in that
the approach Freiden suggests is still in
vogue today: it is the telescopic field map-
per discussed above for providing large
uniform irradiance collimated beams.

The next paper did not appear until
nine years later when, in 1974,
Bryngdahl3, 4 published two papers on
map transformations in optics. Although
these papers are very general, beam shap-
ing is, in essence, a map transformation.
After the publication of Bryngdahl’s
papers, there was a hiatus that lasted until
1979, when the beam integrator was dis-
cussed in a Laser Focus article.5 Beam
integration next appeared in a refereed
journal in 1986.6 The first detailed analy-
sis of beam integrators was published in
1988.7

From 1980 on, one to two papers
began to appear in the literature each
year. In 1980, Rhodes and Shealy8 pub-
lished work on the configuration intro-
duced by Frieden. In 1991, Aleksoff et al.9

introduced a holographic field mapping
approach to the beam shaping configura-
tion in Fig. 3. Around 1997, the rate of
appearance of laser beam shaping papers
in the literature increased dramatically. In
this short article it would not be practical
to attempt to list the many important
papers that followed. The growing use of
beam shaping in laser systems, although
clearly related to the increase in the publi-
cation rate, is probably not the sole rea-
son. There was, in fact, significant
application of beam shaping during the
period in which the publication rate was

relatively low. Perhaps in part the increase
has been due to the fact that once people
begin publishing their work in a field it
encourages (or forces) others to do so as
well. In any case, the current level of
activity has stimulated a great number of
ideas and much interest, a situation that
benefits the user community as a whole.

Applications
To one degree or another, laser beam
shaping has been applied in the context
of all the technologies listed in the intro-
duction. In some cases, the use of beam
shaping has been significant. Because
most of the applications cited are indus-
trial, public knowledge may be limited by
proprietary concerns, yet each of these
applications would be worthy of an arti-
cle in its own right. In terms of eco-
nomics, probably the most significant
applications of laser beam shaping are in
the areas of semiconductor lithography
and photoablation in microelectronics.

Semiconductor lithography poses one
of the more complicated and exacting
beam shaping problems. The use of
reduction imaging of reticles, either by
steppers or by scanners, into resist on sili-
con wafers has been the backbone of
mass production of integrated circuits
over the past few decades. The drive to
produce faster computers via smaller fea-
tures on the circuits has pushed the imag-
ing technology on many fronts. The main
efforts are to increase the imaging
numerical aperture (NA) and to decrease
the illumination wavelength in order to
minimize diffraction effects. Depth-of-
focus considerations favor the latter
approach, since the depth of focus of the
imaging system decreases linearly with
wavelength as opposed to the square of
the inverse NA. Depth of focus is a vital
parameter in the fabrication of circuits.
The depth of focus of a high NA imaging
system at 193 nm (ArF excimer laser) is
only tenths of a micrometer. Another
front has been to improve the depth of
focus by tailoring the angular illumina-
tion profiles (illumination NA) for the
reticle being imaged. One technique is to
modify the traditional uniform or
Gaussian angular profile to one with
energy removed from the center. This
approach has the advantage of increasing
modulation for out-of-focus images, with
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Figure 7. Via drilled with shaped beam.
[Electro Scientific Industries, Portland, Oregon.]
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some trade-off in sharpness at the best
focus. The technique works best for
repeating features that have distinctive
diffractive orders in the pupil of the
imaging lens. Such repeating features 
are common on many circuits, such as
memory chips.10

The angular profile must be main-
tained uniformly across the imaging field.
Similarly, the irradiance—or spatial illu-
mination profile—over the imaging field
must be uniform on the order of one per-
cent or less. This has been accomplished
by use of integrating components such as
kaleidoscope rods or fly’s eye arrays.
Since the steppers or scanners must work
for the many types of reticles that are
imaged, the illuminators for these
microlithographic instruments must be
capable of adjusting the illumination
angular profile while maintaining the
necessary high degree of spatial unifor-
mity. This can be accomplished by use of
zoom lenses, axiconic elements and cus-
tom refractive or diffractive diffusers.
Along with the requirements on spatial
and angular profiles, the illuminators
must be highly efficient in delivering the
source energy to the reticle.

Another major beam shaping applica-
tion in the electronics industry is
microvia drilling in the manufacture of
printed wiring boards.11 Beam shaping is
especially effective for the problem of
laser drilling blind vias. The problem in
this case is to remove the polymer down
to the copper layer without leaving any
polymer residue or damaging the copper.
Depending on the energy of the drilling
beam, a Gaussian beam tends to leave
polymer residue at the edges or damage

the copper layer in the center. An exam-
ple of the level of quality that can be
achieved is shown in Fig. 7: the electron
microscope image shows the general
quality of the via; the optical image illus-
trates the lack of damage to the copper
layer. It is interesting to note that, in this
case, the shaped beam is passed through a
clipping aperture to obtain a high-preci-
sion circular beam profile. This is an
energy efficient process since the beam is
flattened prior to clipping. By use of
beam shaping, a throughput increase of
25% can be obtained for blind via
drilling.11

Laser printing is another area in which
laser beam shaping can be used to advan-
tage. One approach (there are several) to
the laser printing problem is shown in
Fig. 8.12 In this example, a laser diode
array is used to obtain a high power
source. Although the optical system is
complicated, the basic task for the beam
shaping optics is to homogenize the
source so as to provide uniform illumina-
tion of a one-dimensional spatial light
modulator. To achieve the degree of uni-
formity needed at the spatial light modu-
lator, this configuration uses a
single-stage beam integrator system. The
optical system is anamorphic, with beam
homogenization effected in only one
dimension.

The future
If the future is anything like the past, it
will certainly be hard to forecast. It is
likely that many futuristic applications
are already being carried out in indus-
trial settings in which the details of the
processes are considered proprietary

information. Certainly the continuing
developments in the area of optical com-
ponent manufacturing will have a signifi-
cant impact on the implementation of
laser beam shaping in industry. Last, it is
reasonable to expect the curve in Fig. 6 to
continue in the rapid growth phase for
some time. For obvious reasons, this
curve lags the industrial application of
laser beam shaping.
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Figure 8. Illustration of laser printer beam shaping optics. [Andrew Kurtz, Eastman Kodak Company, Rochester, New York.]
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