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Abstract. We report on the analysis and optimization of a binary phase
element for shaping a Gaussian laser beam to a flat-top beam. Simula-
tion results indicate that a single-zone binary phase plate can achieve
excellent flat-top beam shaping quality similar to that achieved by using
multiple zones. The degradation of flat-top beam shaping quality due to
etching depth errors, deviation of illuminating wavelength from design
value, and variation of input beam size can be compensated to some
extent through on-axis adjustment of the flat-top beam observation
plane. Experiments verify these theoretical expectations. The increased
beam shaper fabrication tolerance can be greatly beneficial for low-cost
prototyping and production of flat-top beam shapers. © 2003 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1617310]
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1 Introduction

Flat-top laser beams with uniform beam intensity distrib
tion at the center and a sharp beam edge are usefu
optical image processing, laser welding, laser radar, la
microfabrication, laser scanning, optical storage, and o
cal metrology. Flat-top laser beams can be realized by c
verting a Gaussian beam from a single transverse m
laser using an optical beam shaper. Several approa
have been reported for the design of flat-top beam sha
devices. The most straightforward method is to truncate
attenuate the input Gaussian beam using a neutral de
filter with a proper transversal transmittance profile. T
drawback of this approach is its poor energy efficiency.
improve the beam shaping efficiency, both reflective a
refractive optical systems have been considered,1 resulting
in the requirement of sophisticated optical surfaces that
difficult to fabricate and high beam shaper fabricati
costs.

Diffractive optical elements,2 including computer-
generated holograms, diffractive grating, and multilevel
quasicontinuous phase plates, show promise for highly
ergy efficient beam shaping applications. Geometri
transformation,3 phase retrieval~i.e., the Gerchberg-Saxto
algorithm4 and its modified versions5!, and simulated
annealing6,7 are main algorithms for the deign of diffractiv
optical beam shapers. By using these algorithms, the th
retical performance of the designed elements is excel
with a mean-square error as low as 5% and light efficie
better than 95%.8–11 The resulting phase values range fro
0 to 2p continuously in the plane of the diffractive optic
element. The quality of the fabricated beam shaper depe
on the accuracy of the etched surface profile and is v
sensitive to etching errors. It is desired that the etched
face profile match exactly the design phase pattern requ
ment. The realization of such a diffractive optical eleme
can use photolithography, electron-beam lithography,
3106 Opt. Eng. 42(11) 3106–3113 (November 2003) 0091-3286/2003/
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directly laser-beam writing on photoresist or on hig
energy beam sensitive glass, followed by subsequent
face profile etching. In general, accurate continuous surf
profile etching12 is hard to achieve, leading to performan
degradation of the fabricated flat-top beam shapers.

Using simplified binary phase steps can greatly incre
the beam shaper fabrication tolerance for low-cost flat-
beam shaper prototyping and production. Cordingley dev
oped a single-zone binary phase plate to convert an incid
Gaussian beam to a flat-top beam.13 Veldkamp and Kastner
presented the design of beam shapers using binary diff
tion gratings.14,15 Their results show that flat-top beam
shapers can indeed be achieved by using a binary p
plate.

We report using a single binary phase zone to achi
efficient flat-top beam shaping with quality comparable
multizone devices. Our design simulation indicates that
degradation of flat-top beam shaping quality due to etch
depth errors, deviation of illuminating wavelength from d
sign value, and variation of input beam size can be co
pensated to some extent through on-axis adjustment of
flat-top beam observation plane. The experimental res
have verified the theoretical expectations. The flexibility
the observation plane greatly increases the fabrication
erance of the flat-top beam shaper, making it possible
low-cost prototyping and production.

2 Principle of Binary Phase Plate for Beam
Shaping

It is well known that the Fourier transform of 1-D sinc(x)
or 2-D Bessinc(r ) will generate flat-top distribution, as
shown in Fig. 1. The objective of flat-top beam shaping
to modulate the incident Gaussian beam profile with
proper phase function to obtain a complex field distributi
as close as possible to a sinc(x) or Bessinc(r ) profile, so
that the distribution of the far-field laser beam at the fo
$15.00 © 2003 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Fourier transform (FT) of 1-D sinc(x) or 2-D Bessinc(r) to a flat-top output.
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plane of a lens~located after the diffractive beam shap
phase plate! will be the desired flat-top beam. One simp
method is to use a~0,p! binary phase to obtain negativ
complex amplitude in the required areas of the phase p
as shown in Fig. 2.

The structure of the transmission phase plate is show
Fig. 3. Here, we consider a 2-D radial symmetric case.@For
1-D flat-top beam shaping, the Bessinc(r ) function be-
comes sinc(x).] Here,r 0 is the zone feature size, the zon
period is 2r 0 , andh is the etching depth, which results in
phase delay 2p(n21)h/l for the propagating beam o
wavelengthl. We assume that the input Gaussian beam
waist radiusv1 at 1/e2 peak intensity. After modulating by
this phase plate, the light field is transformed by a lens w
focal lengthf. The desired flat-top intensity distribution wi
be generated at the lens focal plane. The effect of the i
dent beam size, etching error, and wavelength deviatio
the flat-top beam shaping quality is analyzed next.

3 Simulations for Analysis and Optimization
of Binary Phase Plate

The input Gaussian beam amplitude can be written as

u1~r 1!5exp~2r 1
2/v1

2!, ~1!

with r 1 as the radial distance to the beam center. The c
centric binary phase zones, as shown in Fig. 3, are re
sented by

w1~r 1!5
2p

l
~n21!h~r 1!, ~2!

whereh(r 1) is the etched profile height distribution func
tion andn is the refractive index of the phase plate at la
wavelengthl. By using a Fresnel diffraction integral, th
complex light field at distanced behind the transform len
is
,

-
-

u2~r 2!5E
r 1
H 2p

j ld
expS j 2pd

l DexpF j
p~r 1

21r 2
2!

ld G
3J0S 2pr 1r 2

ld D r 1 expF2
r 1

2

v1
2

1 j w1~r 1!G J dr1 , ~3!

wherer 2 is the radial distance to the shaped beam cente
the observation plane.

This Fresnel diffraction integral equation was evalua
by the numerical technique according to the Whittak
Shannon sampling theorem, which is extensively applied
diffractive element design.5,16,17 On locating the optimum
observation plane, the flat-top quality is evaluated by be
uniformity, steepness, and efficiency as follows:

Uniformity:

U5
I max2I min valley

I max

in the flat-top region where intensity.90% of the peak.
Steepness:

K5
r 2@90% of peak intenscity

r 2@10% of peak intensity
.

Light efficiency:

h5
power ~in region .90% of peak intensity!

total beam power
.

The desired etching depthh, based on the binary phas
assumption, results in a phasep in Eq. ~2!. This in fact
depends on the zone feature sizer 0 as compared to the
incident Gaussian beam waist sizev1 . To let the size of the
shaped flat-top beam field equal the 1/e width of the un-
shaped beam distribution in far field, we setr 05v1 in the
design. Under this condition, we found that the optimu
phase depth is notp. Figure 4 shows our calculated flat-to
beam distributions under phase depths of 0.785p, 0.7925p,
and 0.8p. The optimum phase depth is found to b
3107Optical Engineering, Vol. 42 No. 11, November 2003
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3108 O
Fig. 2 Input Gaussian beam amplitude is modulated by concentric binary phase zones to generate an
approximate Bessinc(r) complex field output in a radial symmetric case.
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0.7925p. Under such optimum phase depth, the theoret
flat-top beam uniformity is 2.2%, the steepness is ab
0.61, and the light efficiency is about 75%. For the calc
lations, we used an optical system with focal lengthf
5400 mm, laser wavelengthl5633 nm, and incident
Gaussian beam waist radiusv15420mm. We setd5 f .
The flat-top intensity profile is shown in Fig. 5. Sinc
wavefront property of the flat-top beam is very importa

Fig. 3 Schematic of radial symmetric phase plate.
ptical Engineering, Vol. 42 No. 11, November 2003
Fig. 4 Comparing flat-top beam quality under different etched
phase depths, the optimal phase depth is found to be 0.7925p.
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especially in laser optics, we calculated the flat-top be
phase distribution, as shown in Fig. 6, using an optim
etching depth of 0.7925p. It demonstrates that the flat-to
beam phase is relatively smooth. This is easy to underst
because the relation between the two phase distribution
the flat top and beam shaper is a Fourier transform plu
quadratic phase factor,18 while this beam shaper has
simple phase distribution. This is also advantageous c
pared to those design methods based on phase retr
algorithms,5,16 in which the phase distributions of the bea
shapers are very complicated, as are the flat-top phases
easy to design another phase element to correct the cu
flat-top beam phase into a flat phase, if necessary. In
work, we found that all of the cases discussed later h
similar flat-top wavefront properties.

On the other hand, if we set the etching phase dept
be p while keepingr 05v1 unchanged, we found that th
best flat-top beam is not located at the focal plane of
lens. Instead it is located atd50.81f . Figure 7 shows the
comparison of the shaped beam profile at different lo
tions from the lens.

Fig. 5 Flat-top intensity profile of beam shaper with optimum phase
depth.

Fig. 6 Wavefront phase distribution of beam shaper with optimum
phase depth.
,
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As illustrated in Fig. 2, the flat-top beam quality will b
better when using many phase zones. Using many ph
zones means a larger phase area needs to be fabric
This results in higher fabrication costs and is more tim
consuming for zone pattern preparation when using lase
e-beam writing techniques. The comparison of flat-t
beam quality with different numbers of phase zones
shown in Fig. 8. By simulations, for single center zo
beam shapers, we haveK50.5827 andh573.1%. For two-
zone beam shapers,K50.6136 andh575.35%. For three-
zone beam shapers,K50.6149 andh575.38%. We found
that when the zone number is larger than 2, the flat-
quality has little improvement. In other words, the cont
bution of higher-order side lobes in Fig. 2 is minimal to th
flat-top shaped beam quality. Thus, for practical appli
tions, the beam shaper with two phase zones is consid
enough. It can be proved that positive phase zones w

Fig. 7 Comparison of shaped beam profile at different location’s
from the lens when the etched phase depth is p. The best flat-top
beam is located at 0.81f.

Fig. 8 Comparison of flat-top shaped beam quality as a function of
etched zone number. There is no significant improvement when the
binary phase zone number is larger than 2.
3109Optical Engineering, Vol. 42 No. 11, November 2003
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Yang and Wang: Analysis and optimization on single zone . . .
etching at 0 tor 0 and 2r 0 to 3r 0 ~with r 05v1), as shown
in Fig. 9, are equivalent to a single negative phase z
with etching atr 0 to 2r 0 for flat-top beam shaping.19 This
way, we can just etch a single ring zone atr 0 to 2r 0 instead
of etching two ring zones. The area that needs to be etc
is reduced to half. This greatly saves ring pattern prepa
tion time if we consider laser writing ore-beam writing
techniques. Using the single negative ring zone can ach
the same flat-top beam shaping quality as the positive t
zone beam shaper mentioned before.

The beam shaping phase plate is designed for a spe
Gaussian laser waist radiusv1 . In practical applications
the flat-top shaped beam quality will be degraded when
incident beam waist radius is deviating from the des
value. Consider the precise etching phase depth
0.7925p. Increasing and decreasing the incident be
waist size by 5% of the design value results in degrada
of the flat-top shaped beam quality, as shown as s
curves in Figs. 10~a! and 10~b!, respectively. Such shape
beam quality degradation can be compensated by shif
the flat-top beam observation plane tod50.995f in Fig.
10~a! andd51.01f in Fig. 10~b!. The quality compensation
can also be done by a slight zoom adjustment of the l
focal length.

The accuracy of the etching depth has a great impac
the flat-top beam shaping quality. Practical surface etch
may not meet exactly the phase depth requirement.
effects of 10% overetching and underetching are shown
solid curves in Figs. 11~a! and 11~b!, respectively. The flat-
top beam quality degradation is significant due to su
etching errors. However, our calculations show that
flat-top beam shaper with such large etching errors may
be useful if we allow the flat-top beam observation plane
be shifted from the focal plane for quality compensatio
Figure 11~c! shows the position of an optimal flat-top ob
servation plane as a function of etching errors. For 1
overetching, the observation plane should be shifted
0.92f , as shown in Fig. 11~a!. For 10% underetching, th

Fig. 9 For flat-top beam shaping, etching two positive ring phase
zones is equivalent to that of a single negative ring phase zone.
3110 Optical Engineering, Vol. 42 No. 11, November 2003
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observation plane should be shifted to 1.08f , as shown in
Fig. 11~b!. The compensated flat-top beam quality is exc
lent.

As expected, the flat-top beam shaper is seriously c
strained by the working wavelength. When the worki
wavelength deviates from the design value, the flat-
beam shaping quality is degraded. The sensitivity of fl
top beam shaping to the laser wavelength has been ex
ined and we found it possible to compensate through
servation plane adjustment. The position of an optimal fl
top observation plane as a function of working wavelen
is shown in Fig. 12~a!. Figure 12~b! gives an example
where the design laser wavelength is 633 nm and the fo
length is 400 mm. When the laser wavelength is change
570 nm, the observation plane should be at 0.925f . When
the laser wavelength is 700 nm, the observation pla
should be at 1.09f . Thus, as long as the observation pla

Fig. 10 Flat-top beam quality degradation when the incident laser
waist size is (a) 5% larger and (b) 5% smaller than the design value
(see solid curves). The quality degradation can be compensated by
moving the observation plane in (a) to 0.995f and in (b) to 1.01f
instead of at the focal plane.
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Fig. 11 There are significant flat-top beam quality degradations
when the beam shaper is (a) 10% overetched and (b) 10% un-
deretched. The flat-top quality can be compensated by moving the
observation plane to 0.92f in (a) and 1.08f in (b). (c) The position of
the optimal flat-top observation plane as a function of etching error.
location is not critically set, the flat-top beam shaper ha
very wide working wavelength band. The flat-top bea
size is, however, working-wavelength dependent, as ill
trated in Fig. 12~b!.

4 Experimental Results

The concept of flat-top beam shaping using a binary ph
plate is examined experimentally. The schematic of the
perimental setup is shown in Fig. 13, where input la

Fig. 12 A moving observation plane can compensate flat-top beam
quality degradation due to the working-wavelength deviation from
the design value. (a) The position of the optimal flat-top observation
plane as a function of working wavelength. (b) An example for com-
pensation of working-wavelength change.

Fig. 13 Schematic of the experimental setup for measuring flat-top
beam performance.
3111Optical Engineering, Vol. 42 No. 11, November 2003
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Yang and Wang: Analysis and optimization on single zone . . .
Fig. 14 Measured flat-top beam achieved by using an etched single
ring zone binary phase plate. (a) Flat-top image, (b) measured beam
intensity distribution in the x direction, and (c) measured beam in-
tensity distribution in the y direction.
3112 Optical Engineering, Vol. 42 No. 11, November 2003
wavelengthl is 633 nm, Gaussian waist radiusv1 is 420
mm, and the lens focal lengthf is 200 mm.

The binary phase plate is fabricated by a technique
laser direct writing on high-energy beam sensitive~HEBS!
glass.20–22 This one-step alignment-free process can res
in cost-effective development of the diffractive optical el
ments and can support a large number of phase levels
high diffraction efficiency. Laser direct writing with con
trolled laser intensity and moving speed generates g
level transmittance patterns on the ion-exchanged laye
HEBS glass. Then, direct etching the gray-level glass m
using a diluted hydrofluoric acid results in the desired s
face relief profile on the glass mask surface.

The refraction index of HEBS glass at 633 nm is 1.53
To achieve the required phase step of 0.7925p, the etching
depth should be 0.47mm. The incident laser Gaussia
beam waist radius is measured with a laser beam profile
be identical to the design value. Figure 14 shows the fl
top beam achieved by using a fabricated single ring z
binary phase plate with etching atr 0 to 2r 0 , wherer 0 is
equal to the incident Gaussian beam waist radius of
mm. The etching depth of the element is measured b
Tencor Alpha-Step 100, which is 0.52mm rather than the
design value of 0.47mm. Because of such etching dep
error, we have adjusted the flat-top beam observation p
to 184 mm instead of the design focal plane position of 2
mm from the lens. The performance of the realized flat-
beam is evaluated. Around the central portion of the flat-
spot, the maximum and minimum intensities are 1.00 a
0.982, respectively, along thex axis, and 1.00 and 0.978
along they axis, which indicate that uniformity is bette
than 3%. The steepness values in thex andy axes are both
0.59. The light power within an area larger than 90% inte
sity is 72.3%. These results demonstrate that the fabric
flat-top element has good quality that is very close to
design expectation.

For comparison, we have also designed and fabricate
double-zone binary phase plate for flat-top beam shap
The etching ring zones are located at 0 tor 0 and 2r 0 to
3r 0 . Again, r 0 is equal to 420mm. The etching depth is
0.52 mm prepared in the same batch as the single-z
device mentioned before. The flat-top shaped beam
served at 184 mm from the lens has quality parameter
U,3%, K50.59, andh573%. The results are very clos
to the theoretical expectation and are also very close to
achieved by using a single ring zone binary phase plate

5 Conclusions

Flat-top laser beams can be achieved by using an etc
single ring zone binary phase plate instead of using m
tiple etched ring zones. The reduced ring zone num
greatly reduces the ring pattern preparation time. The us
a binary phase plate instead of continuous surface pro
etching also greatly simplifies the beam shaper fabricat
Thus, a high-quality beam shaper can be produced at
cost. Our study further indicates that etching errors, dev
tion of the incident beam waist size to the design value, a
laser wavelength variation can degrade flat-top beam sh
ing quality. The quality degradation, however, can be co
pensated by on-axis adjustment of the shaped beam ob
vation plane. As long as the observation plane location
not critically set, any fabricated flat-top beam shaper is c
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sidered to have a large fabrication and incident beam
tolerance, and offers a large working-wavelength ba
width. Our experimental results verify such theoretical e
pectations.
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