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Abstract. We present grayscale laser image formation from a program-
mable binary mask using a digital micromirror device (DMD) followed by a
telescope with an adjustable pinhole low-pass filter. System performance
was measured by comparing the intensity conformity with respect to the
target image and by the energy conversion efficiency. A theoretical ana-
lysis of image precision proved high-precision image formation and
inspired the iterative pattern refinement process based on the point spread
function of a single DMD pixel to seek optimized image quality. We derived
the diffraction efficiency formula of the DMD and discussed the overall sys-
tem energy efficiency with operation wavelengths. Actual image precision
performance was evaluated by measuring the root-mean-square (RMS)
error of a series of sinusoidal-flattop profiles with different system band-
widths. We produced grayscale laser images with different spatial spectral
content using intensity profiles of Laguerre-Gaussian, Hermite-Gaussian,
and Lena-flattop beams. Measured RMS errors of all examples of various
bandwidths were consistent with the image precision of the sinusoidal
reference patterns. The ripple effect caused by the sharp-edged pinhole
was the major contributor to the residual error in the output images. Error
histograms had a zero-mean Gaussian distribution with standard deviation
equal to the value of the RMS error. © 2012 Society of Photo-Optical Instrumentation
Engineers (SPIE). [DOI: 10.1117/1.OE.51.10.108201]
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1 Introduction
Precise control of laser beam profiles is widely used in many
areas. For example, in some high-intensity laser systems,1

the beam profile is shaped to precompensate the spatial-
dependent gain in the optical amplifier. In frequency
response testing, spatial sinusoidal patterns are used to char-
acterize the modulation transfer function (MTF) as a reliable
evaluation tool of material, optical components, and electro-
optical systems.2 In addition, dynamic optical tweezers
require dot arrays or other complicated intensity profiles
to trap biological cells or micro-particles.3 Beam shaping
techniques are also widely implemented in laser machining,4

three-dimensional (3-D) profile measurement,5 and many
other areas.

Our objective is to design a beam shaping optical system
that can create a well-controlled laser beam in order to form a
dynamic optical trap for ultracold atom experiments. Typi-
cally, an optical trap is formed by using tightly focused
laser beams with a Gaussian profile6 in two or three dimen-
sions. Ultracold atoms are attracted to the intensity minima

or maxima by the optical dipole force. However, the nonuni-
form intensity cross-section of the Gaussian profile creates
an inhomogeneous trap that limits the measurement area
of the critical region between the Bose-Einstein condensate
and the excited state.7 Shaped laser beam profiles, on the
other hand, have many advantages in this application. For
example, a flattop profile creates a homogeneous optical
trap and can lessen the undesirable effects of spatial inhomo-
geneities. In addition, the effect of gravity on ultracold atoms
can be compensated by a linearly tilted flattop profile. Other
beam profiles, depending upon the specific use, are desirable
to study local spectroscopy and critical boundaries between
the various cold atom phases. A target for flattop beam error
is 0.1% RMS error, while the error for more complicated
beam shapes is 1% or below. Because the ultracold atoms
are sensitive to the time dependence of the light field, the
shaped beam cannot utilize dithered elements or refresh
cycles that add time dependence to the shaped beam.

Various static approaches have been used to produce
shaped laser profiles. Some of the major methods for
laser beam shaping include transmissive optics using a
binary mask,8 refractive optics using axicon or a specially
designed aspherical lens pair,9,10 and diffractive optics0091-3286/2012/$25.00 © 2012 SPIE
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using a continuous phase plate11 or a binary zone phase
plate.12 Although these methods had advantages in image
precision, phase front flatness, or energy efficiency, they suf-
fered from a lack of adaptive beam shaping ability.

Dynamic beam shaping has been achieved using various
types of spatial light modulator (SLM): liquid crystal
SLMs, and both binary and analog tilting-mirror-array
SLMs. Liquid crystal SLMs are normally used in the
phase-only modulation mode13,14 where the phase of each
individual pixel can be modulated by computer generated
holograms (CGHs) designed by various algorithms.15–17

However, output images had low image precision because
the holographic reconstructed image was only an approxima-
tion of the target image. In addition, output profiles were
accompanied by a strong zero order diffracted (ZOD) beam
from the nonmodulated laser light due to the limited pixel
fill factor, cover window reflection, or the phase transition
region between adjacent pixels. The ZOD beam limited the
usable spatial-frequency bandwidth and was difficult to
suppress.18–20

Mirror-array SLMs have the advantage of being more
wavelength insensitive and able to modulate light at higher
intensities without damage. Various combinations of one or
two analog-tilt SLMs have been used in a Fourier plane
for beam shaping the illumination plane for ultraviolet
(UV) photolithography applications.21–23 This approach
has the advantage of high light throughput, but the number
of mirrors in the SLM was limited to thousands and thus
limited the ultimate resolution and precision that could be
obtained for an optical trap. To meet our precision goal of
several tenths of a percent RMS error, we choose the digital
mirror device (DMD) binary mirror SLM where the higher
pixel count (∼106). In addition, easier digital mirror control,
and consumer-off-the-shelf availability were seen as
advantages.

In this paper, we present a novel approach for grayscale
laser image formation from a programmable binary mask
produced by a high-precision beam shaping system based
on a DMD. The DMD was placed in an image plane, and
low pass filtering was used to obtain an adjustable tradeoff
between intensity precision and spatial resolution.
Previously, we have used this system to demonstrate high-
precision, slowly varying laser beam profiles with unprece-
dented accuracy (RMS error 0.2% to 0.3%).24–28 The subject
of this paper is to extend this beam shaping technique to
arbitrary grayscale image formation.

This paper is organized as follows. Section 2 discusses
high-precision beam shaping and image formation concerns
with a detailed analysis of ultimate image precision by using
an iterative feedback process based on the point spread func-
tion (PSF) of one DMD pixel. Section 3 analyzes the energy

efficiency of this beam shaping system with an emphasis on
an analytical derivation of the DMD diffraction efficiency.
Section 4 presents the system evaluation of image precision
using sinusoidal-flattop beam profiles, followed by arbitrary
laser image formation in Sec. 5. A summary concludes this
paper in Sec. 6.

2 High-Precision Image Formation

2.1 Method

The schematic configuration of the DMD-based beam shaper
is shown in Fig. 1. After expansion and collimation, the input
quasi-Gaussian beam is incident on the DMD (with a pixel
pitch p and width d). The initial DMD pattern designed by
the error diffusion algorithm27 is projected to the image plane
by a two-lens telescope. The magnification of f1 and f2
determines the image size. A pinhole LPF controls the sys-
tem bandwidth and filters out all high spatial-frequency noise
introduced by binary amplitude modulation of the DMD. As
a result, the binary DMD pattern is converted to a continuous
grayscale image. The band-limited output image is captured
by a windowless CCD camera at the image plane.

It is important to mention that our cold-atom experiment
requires a static image to be formed because ultracold atoms
are sensitive to time variations in intensity. This operational
requirement excludes the DLP display technology28 based on
the binary pulse-width modulation of mirror position29 from
our application. In addition, once the micromirror pixel is
latched in one of the two states, the binary DMD pattern
stays unchanged with no refresh or dither. This operational
characteristic guarantees a stable output profile while the
phase-only liquid crystal SLM has a 60 Hz refresh rate
that may jeopardize the intensity stability of output profiles.
Thus, the stable performance becomes another major reason
to use DMD for our experiment.

2.2 Generating and Projecting High-Precision
Patterns

Under realistic experimental conditions, the initially gener-
ated binary DMD pattern does not produce the best output
image with minimal intensity error, indicating that a feed-
back system is necessary to optimize the designed DMD pat-
tern and seek the best possible system performance. A
feedback system based on the optical system point-spread
function (PSF) is analyzed in the following section.

Shaping a beam or using one to form an image creates a
tradeoff between spatial resolution and intensity precision.
Turning on one DMD pixel projects a close approximation
to the PSF to the output (Fig. 2). The pinhole size controls
the system bandwidth and this approximate PSF’s shape.
PSF width and height correspond to resolution and precision,
respectively. Thus, the system’s bandwidth limits ultimate
image accuracy because one can never vary the output
intensity by less than �1∕2 of the PSF peak irradiance by
switching a single pixel (adding or subtracting the approx-
imate PSF resulting from one DMD pixel). Narrower
bandwidth means a wider PSF with lower peak amplitude,
increasing precision but reducing resolution. On the other
hand, wider bandwidth narrows the PSF, resulting in
decreased precision but increased resolution. Switching a
single pixel adds or subtracts one PSF amplitude at the out-
put plane, so the system’s best possible performance is whenFig. 1 Optical layout of the DMD-based high-precision beam shaper.
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the output image amplitude error variance approaches �1∕2
PSF peak irradiance. As a result, output grayscale images
are subject to a strict tradeoff between image precision
and resolution.

The theoretical limit of this system can be determined by
backward propagating one point at the image plane to the
DMD plane. Because of the limited system bandwidth,
this image point receives light from pixels within a back-pro-
jected PSF at the DMD plane (Fig. 3). The consideration is
the size of the back projected PSF with respect to the DMD
pixel spacing because all DMD pixels underneath this PSF
contribute to the amplitude of the selected point at the image
plane. Because the irradiance is derived from the setting of
several adjacent pixels, the intensity can be set with greater
precision. This is particularly advantageous for the case of a
binary-amplitude SLM such as the DMD. If the resolution of
a wide PSF is sufficient for image production, then hundreds
of pixels can contribute to the illumination of one image
point. This also means the image precision is limited by
the digitization error because the minimal incremental (or
decremental) step is one DMD pixel.

Mathematically, the theoretical limit is equivalent to�1∕2
PSFvariation at the imageplane and is found by estimating the
number of binary DMD pixels that contribute to the intensity
at an output point. Equivalently, this is the number of pixels
within the PSF expressed at the DMD face. The digitization
error, σDE, is defined by σDE ¼ 1∕ð ffiffiffiffiffi

12
p

× MSBÞ, where
MSB stands for most significant bit and can be calculated
by MSB ¼ Ac∕Ap where Ac and Ap are the contribution
area of the PSF main lobe and the DMD pixel area, respec-
tively. The PSF for system bandwidth f is represented by

PSFðrÞ ¼ J1ð2πfrÞ
2πfr

: (1)

Because PSF does not have a spatially uniform profile, the
DMD pixels at the edge of the PSF contribute less intensity
than the DMD pixels at the center of PSF. Thus, we used a
unit-height cylinder to define the effective main lobe. This
unit-height cylinder having the effective PSF radius has
precisely the same volume as the main lobe of the PSF.
The radius of the effective PSF area is calculated by

reff ¼
1

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
r0

0

PSFðrÞ dr
s

; (2)

where r0 ¼ 3.832∕2πf is the first-zero radius of the PSFmain
lobe.Our calculation showed that the effective radiuswas very
close to its half-width-half-maximum (HWHM) radius and
satisfied the relation reff ¼ 1.830∕2πf. As a result, the
digitization noise becomes,

σDE ¼ πffiffiffiffiffi
12

p
�

fN
1.830

�
2

; (3)

where fN ¼ 2pf describes the system bandwidth normalized
to the maximum system bandwidth, fmax ¼ 1∕2p. The calcu-
lated digitization error for different system bandwidths is
shown in Table 1. One sees that the digitization error stays
below than 0.1% for the normalized system bandwidth
fN ¼ 1∕16.46, corresponding to the major spatial spectrum
of a slowly varying beam. This indicates that it is possible
to produce a flattop or tilted-flattop beam with <1% RMS
error in theory. In addition, considering that the major spatial
spectral content of a typical beam profile is confined below
fN ¼ �1∕3, the DMD-based beam shaping system has the
ability to generate a high-precision beam profile for a large
range of system bandwidth.

2.3 PSF-Based Pattern Refinement

Based on the theoretical analysis, we can regard the output
image as the superposition of approximate PSFs at different
locations. Because turning on or off one DMD pixel adds or
subtracts one PSF at the corresponding location, we can use
the PSF as a nonorthogonal basis set for image feedback to
improve image quality of the output image. Both the ideal
and measured output images are known (as well as their dif-
ference, the error image). In addition, the approximate PSF
(nonorthogonal basis set) is also known. Thus, the process
for determining the pixel changes for image correction is,
in principle, deterministic (to within measurement errors)
and could be computed in one pass. In practice, only a
few iterations of image acquisition and correction are
required as described below.

Based on the above analysis, we propose PSF-based
refinement that consists of the following steps (Fig. 4).
First, the PSF is calculated based on the system bandwidth
and is used in the refinement process. The calculated PSF is

Fig. 3 Backward projected PSF to determine the theoretical precision
of the DMD-based beam shaping system.

Table 1 Theoretical image precision of the DMD-based high-preci-
sion beam shaping.

Digitization Error (%) 0.1 1 3 5 10

System bandwidth 1
16.46

1
5.20

1
3.00

1
2.33

1
1.65

Fig. 2 Approximate impulse response of the DMD-based high-
precision beam shaper.
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compared with the measured PSF [Fig. 5(a)] at the output
plane. This comparison is used to check the system align-
ment because a misaligned pinhole produces an asymmetric
PSF. As a blazed diffraction grating with a certain pixel
pitch, locations of diffraction orders are determined by the
incident angle and the wavelength while the energy distribu-
tion is determined by the incident angle of the laser beam and
tilting angle of DMD pixels. As a result, when one DMD
pixel is turned on for the PSF measurement, all the
“OFF” pixels produce a weak, uniform diffraction that over-
laps with the light from the “ON” pixel. The interference of
these two light paths changes the shape of the actual PSF and
allows the negative lobes to be seen without inversion. Our
measurement showed that the amplitude peak of an actual
PSF was quite close to the calculated result. The close agree-
ment between the calculated and actual PSF means that we
can use the calculated PSF for pattern refinement without
introducing significant errors.

Second, a camera image, after applying a digital low-pass
filter (LPF) to remove speckle from the CCD camera, is sub-
tracted from the target image to obtain the amplitude error
image [Fig. 5(b)]. For the selected image feedback region,
an inner loop suppresses intensity peaks and lifts intensity
valleys in the amplitude error image. This loop operates
on one peak-valley pair per iteration. In each iteration, max-
imum and minimum intensities are found, and corresponding
locations on the DMD are determined. Then, based on the
area of the peak (or valley), the correct number of PSFs
are subtracted (for an intensity maximum) or added (for
an intensity minimum) at these two locations on the ampli-
tude error image. Often this number is one pixel to be chan-
ged for each peak or valley. Next, the PSF amplitude at these
locations is spatially modulated by the input Gaussian beam
function. The DMD pixels are flipped and the RMS error is
recomputed without taking a new camera image. Another
peak and valley are corrected in the same way until this
loop terminates when the RMS error reaches a minimum.
Finally, the refined pattern is loaded into the DMD, and

the camera captures another output image. We repeat the
second step for this new camera image, and the entire process
ends when the RMS error stops decreasing. Since the
correction to the DMD pattern is calculated from measured
or known quantities, convergence occurs quickly after only a
few camera images have been acquired.

3 Analysis of the Energy Conversion Efficiency
In this section, we describe the basic DMD geometry and
operating principles and then discuss its diffraction effi-
ciency versus wavelength. The Texas instruments (TI)
DMD is an all-digital SLM with ∼106 fast-moving and
addressable micromirrors. A hidden yoke connects the
hinge and supports the post that supports the mirror. The
hinge enables the mirror to tilt either þθ or −θ to realize
the two repeatable binary states. Our experiments used the
DMD Discovery™ series (Digital Light Innovations)
having 768 × 1024 pixels with a pitch of 13.68 μm and
tilt angle24 of θ ¼ �12 deg. The micro-mechanical structure
is mounted atop a SRAM cell, and the CMOS addressing
circuit controls the state of each mirror. A voltage can be
applied to the either of two electrodes and exerts an electro-
static force that causes the mirror rotate quickly until the
yoke contacts with the electrode. At this time, the mirror
is electro-mechanically latched in position. Thus the setting
of one pixel is highly precise.28,30,31 What is required for
grayscale image precision is a way to have a large number
of pixels contribute to one resolution element of the
projected image and yet have sufficient spatial resolution
to form the image. Mirror dither or binary pulse width mod-
ulation29 cannot be use for cold atom traps since the atoms
would respond to the dither frequency.

The energy conversion efficiency of the DMD-based
beam shaper depends on the operation wavelength.32 The
energy conversion efficiency depends on DMDmirror reflec-
tivity, antireflection coating transmission of its window,
DMD fill factor, diffraction efficiency (which depends on
DMD mirror pitch and tilt angle, and the wavelength),
and the user-selected loss in converting the input quasi-Gaus-
sian to a flattop (typically 40% efficiency). For wavelengths
that we used in the experiments, the first three factors stay the
same (as does the Gaussian-to-flattop conversion percentage)
while the diffraction efficiency varies for each individual
wavelength and incident angle.

For the diffraction efficiency calculation, the following
geometry is used. Each DMD pixel is latched at the tilt
angle θt by the hinge with axis in the 45 deg diagonal direc-
tion. In our system configuration, the input light is incident in
this diagonal plane so that the reflected (or diffracted) beam

Fig. 4 Flow chart for PSF-based iterative pattern refinement.

Fig. 5 (a) Cross section of measured PSF and (b) amplitude error image of a flattop beam.
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can exit perpendicular to the DMD surface [Fig. 6(a)]. As a
result, we choose two diagonal directions as the coordinates
to establish the model to calculate DMD diffraction
efficiency [Fig. 6(b)].

Based on diffraction grating theory, the distribution of all
diffraction orders centers at the reflection direction relative to
the grating normal, and the 0th diffraction order lies at
θ0 ¼ −θi. In addition, an envelope profile determined by
the pixel shape modulates the energy of each diffraction
order. The center of this profile θs stays at the reflection
direction relative to the pixel normal with θs ¼ −θi þ 2θt.
Thus, the DMD array can be represented by a tilted pixel,
upðx; yÞ, convolved with, aðx; yÞ, that represents the periodic
array illuminated by the plane wave tilted at −θi,

uðx; yÞ ¼ upðx; yÞ ⊗ aðx; yÞ; (4)

where

upðx;yÞ¼ exp

�
j2πx
λ

sin θs

�
Rect

�
1

w

�
xffiffiffi
2

p þ yffiffiffi
2

p
�
;

1

w

�
xffiffiffi
2

p −
yffiffiffi
2

p
��

aðx;yÞ¼ exp

�
j2πx
λ

sinð−θiÞ
�
comb

�
1

p

�
xffiffiffi
2

p þ yffiffiffi
2

p
�
;

1

p

�
xffiffiffi
2

p −
yffiffiffi
2

p
��

:

The “Rect” function defines square DMD pixels that are
45 deg rotated from the x − y coordinates. In order to calcu-
late the Fourier transform of the “Rect” and “comb” func-
tions, we define x 0 − y 0 coordinates 45 deg rotated from
the x − y coordinates. The relation between these two coor-
dinate systems is x 0 ¼ ffiffiffi

2
p

∕2ðxþ yÞ and y 0 ¼ ffiffiffi
2

p
∕2ðx − yÞ,

and in the spatial frequency domain, we get
fx ¼

ffiffiffi
2

p
∕2ðf 0

x − f 0
yÞ and fy ¼

ffiffiffi
2

p
∕2ðf 0

x þ f 0
yÞ. Thus, the

far-field diffraction pattern of the DMD is determined by
the Fourier transforms of upðx; yÞ and aðx; yÞ, and is
given by

Uðfx; fyÞ ¼ Upðfx; fyÞ × Aðfx; fyÞ; (5)

where

Upðfx; fyÞ ¼ d2sinc

�
dffiffiffi
2

p
�
fx −

sin θs
λ

þ fy

�
;

dffiffiffi
2

p
�
fx −

sin θs
λ

− fy

��

Aðfx; fyÞ ¼
1

p2
comb

�
pffiffiffi
2

p
�
fx þ

sin θi
λ

þ fy

�
;

pffiffiffi
2

p
�
fx þ

sin θi
λ

− fy

��
:

Because the input light is along the x-axis, the diffraction
orders along the fx axis are given by

UðfxÞ ¼
�
w
p

�
2

sinc2
�
wffiffiffi
2

p
�
fx −

sin θs
λ

��

× comb

�
pffiffiffi
2

p
�
fx þ

sin θi
λ

��
: (6)

The diffraction angle of the m-th order can be calculated by
ðλfxÞm ¼ ffiffiffi

2
p ðmλÞ∕p − sin θi. By ignoring the area fill fac-

tor ðw∕pÞ2 the energy diffraction efficiency for the m-th
order is given by

ηm ¼ sinc4
�

wffiffiffi
2

p
λ

� ffiffiffi
2

p
mλ

p
− ðsin θs þ sin θiÞ

��
: (7)

We calculated the diffraction efficiency for the .7” XGA
DMD with pixel width w ¼ 12.68 μm, pixel pitch
p ¼ 13.68 μm, the incident angle θi ¼ −24 deg and the tilt-
ing angle θt ¼ −12 deg using Eqs. (3) and (4). The result is
plotted in Fig. 7. The calculation shows that for fixed inci-
dence angle (output beam diffracted near normal to the
DMD), the diffraction efficiency is a strong function of
wavelength. For example, the diffraction efficiency is 53%
for 1064 nm (4th order) and 73% for 633 nm (6th order).
For the 781 nm laser diode, the diffraction efficiency
increased to nearly 100% (5th order at 781 nm). Taking
into account the loss from DMD device itself33 and the Gaus-
sian-to-flattop conversion loss, the resulting overall conver-
sion efficiency at 781 nm was calculated to be 21.2%. The
measured result for 781 nm was 19.8%; almost three times
larger than the 7% conversion measured at 1064 nm.

Fig. 6 Establishing the DMD diffraction model (a) DMD input beam
geometry (b) x − y coordinates at the DMD plane.

Fig. 7 Energy diffraction efficiency calculated using Eqs. (3) and (4)
for the 0.7 in. XGA DMD (orders m ¼ 4 to 8) at visible and NIR wave-
lengths for incidence angle θi ¼ −24 deg .
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4 System Performance Evaluation
Image precision performance of the DMD-based beam sha-
per as a function of spatial frequency was evaluated by gen-
erating sinusoidal-flattop beam profiles. Two-dimensional
sinusoidal functions with different spatial periods were
embedded into a flattop profile with a cosine taper in the
transition regions to measure the system frequency response.
Thus, we could establish the relation between image preci-
sion and spatial bandwidth. For each sinusoidal-flattop beam
profile, the optimized system bandwidth was determined.
The quality of sinusoidal-flattop was quantified by the inten-
sity RMS error percentage between the output beam profile
and the original target image. The RMS error is calculated by

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N
×

P
ðx;yÞ∈MA ½Ioðx; yÞ − Itðx; yÞ�2P

ðx;yÞ∈MA½Itðx; yÞ�2
s

; (8)

where Io and It are intensity profiles of the output beam pro-
file and target image with equalized image power, and N is
the total number of pixels within the measurement region.

Raw measurement images for four sinusoidal-flattop pro-
files are presented in Fig. 8(a) to 8(d). As the sinusoidal per-
iod decreased from ∞ (no sinusoid) to six DMD pixels, the
increase of system bandwidth reduces image precision and
causes the RMS error to increase from 0.19% to 12.08%.
We evaluate actual image precision performance by plotting
experimental intensity RMS error percent versus normalized
system bandwidth [Fig. 8(e)]. Also plotted in this figure is
the theoretical digitization error from Table 1. The system
evaluation illustrates that the DMD-based beam shaper
has high-precision performance that is approaching to the
theoretical limit of image precision imposed by digitization
noise. More importantly, we can use this evaluation result as
a reference to predict image precision for any beam profile
based on its spatial spectrum. We shall demonstrate this point
for arbitrary beam profile generation in the next section.

5 Arbitrary Beam Profile Generation

5.1 Laguerre-Gaussian and Hermite-Gaussian
Intensity Profiles

Arbitrary beam profile generation was experimentally
demonstrated, and we used these beam shaping results to
verify system evaluation. First, we chose intensity profiles
of Laguerre-Gaussians (jLGp1j2) and Hermite-Gaussians
(jTEMnmj2) as target images. These profiles were chosen
for the potential application of laser tweezers using this
DMD-based beam shaper. Because the DMD only allows
binary-amplitude modulation, amplitude profiles of the
LGp1 and TEMnm beams (LGp1 and TEMnm) were used
as the target function. Therefore, the generated beam profiles
are not exact solutions to the Helmholtz equation but only
have the desired intensity (denoted as jLGp1j2 and
jTEMnmj2) with a nearly flat phase front instead of the
usual phase relations of LGp1 and TEMnm beams. The
two lenses in the telescope were 1000 mm and 750 mm
focal lengths to give a −3∕4 magnification. In the

Fig. 8 System evaluation using sinusoidal-flattop beam profiles. (a)–(d) Top view (inset) and horizontal cross sections of the raw image (red) and
the target image (blue) of sinusoidal-flattop beam profiles with different spatial periods, and (e) Intensity RMS error percent versus normalized
system bandwidth for the DMD-based beam shaper. Raw-image sinusoidal-flattop beam profiles in (a)–(d) are inset at the corresponding band-
width.

Fig. 9 Measured beam intensity profiles for LG and TEM mode gen-
eration. (a) jTEM01

�j2, (b) jTEM33j2, (c) jLG10j2, (d) jLG33j2.
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experiment, we used a TI DMD Discovery 4000 developer’s
kit with the DMD chip that has a pixel size of
13.68 × 13.68 μm2 to shape the beam from a 1064 nm
fiber laser to form the desired images.

The measured beam profiles of four different jLGp1j2 and
jTEMnmj2 beams are illustrated in Fig. 9. jTEM01

�j2 and
jLG10j2 required a small system bandwidth (fN ¼ 1∕7.14
to 1∕6.67) and produced smooth grayscale images. On the
other hand, we observed the ripple effect in the measured
profiles of jTEM33j2 and jLG33j2 that required a larger sys-
tem bandwidth (fN ¼ 1∕5.56 to 1∕5.00). This ripple effect
was induced by the sharp-edged cutoff of the pinhole LPF.
The ripples had a random orientation and their spatial fre-
quency matched the spatial frequency of system bandwidth.
To reduce the ripples, a soft-edged or apodized pinhole
spatial filter would have to be used.

5.2 Lena-Flattop Beam Profile

A more detailed analysis was conducted by using a real
“Lena” image. This image was superimposed on a flattop

Fig. 10 Cross section of the spatial frequency spectrum of the Gaus-
sian low-pass filtered (HWHM ¼ 1∕11) Lena-flattop beam as encoded
on the DMD showing rejected high frequencies (blue), accepted low
frequencies (red), and the sharp-edged low-pass filter (vertical lines).

Fig. 11 Lena-flattop beam profiles with f N ¼ 1∕6.7 [(a), (c), (e)] and f N ¼ 1∕2.5 [(b), (d), (f)] normalized system bandwidth. (a) and (b) are prefiltered
target images; (c) and (d) are output raw camera images; (e) and (f) are vertical cross sections through the raw output images (blue) and target
images (red).
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beam with cosine tapers in the transition regions to form the
Lena-flattop beam profile that was used to study arbitrary
grayscale image generation. We switched the laser source
to a 781 nm SMF-pigtailed laser diode (LPF-785-FC,
Thorlabs) to coincide with a diffraction efficiency peak
for the DMD.

To form the target images, the full resolution Lena-flattop
beam profile was Gaussian low-pass filtered using different
bandwidths to confine its spatial spectrum to match the band-
width of the optical beam forming system. Of the different
spatial bandwidth images tested, two examples were selected
to illustrate the system behavior: larger system bandwidth,
fN ¼ 1∕2.5, and smaller bandwidth, fN ¼ 1∕6.7. The target
images for these two cases were filtered by Gaussian low
pass filters of half-width-half-maximum, HWHM ¼ 1∕3
and 1/11, respectively. Numerical simulation showed that
fN ¼ 1∕2.5 and fN ¼ 1∕6.7 were the optimized system
bandwidths for these filtered target images. Consulting
Fig. 8(e), one expects ∼2% RMS error for the smaller band-
width image based on the sinusoidal system performance
evaluation. Similarly for the larger bandwidth image, the
expected RMS error is ∼11%. A simulated spectrum for
the smaller bandwidth image as it is encoded onto the
DMD is shown in Fig. 10. The image content is at the center,
the blue noise due to the error diffusion encoding process is
at high frequencies, and the location of the optimum system
bandwidth (pinhole and digital low-pass filters) is indicated
by the vertical lines. Note that although the optimum band-
width is near the minimum of the spectrum, there is energy
present at the sharp cutoff frequency.

Experimental results for the low and high bandwidth
Lena-flattop beam profiles are shown in Fig. 11. The inten-
sity RMS error is calculated using Eqs. (1)–(4) over the
entire “Lena” image area (3.08 × 3.08 mm2). The output
beam profile with the smaller system bandwidth
(fN ¼ 1∕6.7) had a RMS error of 1.97%. For the beam
with the larger system bandwidth (fN ¼ 1∕2.5), more
high frequency noise passed through the pinhole resulting
in 9.98% RMS error. Values of RMS error for both cases,
along with RMS errors of LG and TEM intensity profiles,
show a good match with the expected values from the system
performance evaluation using sinusoids.

The tradeoff between resolution and precision are clearly
illustrated by these results; small system bandwidth reduces
spatial resolution but increases precision (decreases error).
As a result, a stronger image-blurring effect is observed in
the output beam profile of Fig. 11(c). On the other hand, lar-
ger system bandwidth preserved the image sharpness and
contrast as shown in Fig. 11(d). Similar to the measurement
profiles of LG and TEM modes, we observed the ripple
effect for both cases of the Lena-flattop beam
[Fig. 11(c) to 11(f)]. The residual ripple was the major con-
tributor to the residual error in the output beam profiles. The
ripples are particularly visible in the larger bandwidth case
[Fig. 11(f)] because their amplitude increases (and their
period decreases) as the system bandwidth increases.

We examined the statistical characteristics of the error in
the output images. Error histograms were calculated and fit
to zero-mean, normal distributions. For a well-performing
system, the standard deviation, δ, of fitting curves was
equal to the RMS error calculated from the corresponding
image. Furthermore, the histograms conformed closely to

the normal distribution and showed little asymmetry. We
found this result indicative of a successful application of
PSF-based iterative refinement while wider, skewed histo-
grams indicated a malfunction in the system alignment or
iterative refinement procedure.

6 Conclusions
We have successfully demonstrated arbitrary grayscale
image formation from a programmable binary mask by
using the DMD-based beam shaper. The DMD pixel pattern
was designed by an error-diffusion algorithm that trans-
formed the arbitrary input beam profile into the target output
profile. Pattern refinement based on the target image, the
measured output image, and the point spread function
(PSF) for the specific system bandwidth was used to seek
the lowest possible image error. The output error level versus
system bandwidth for this system had been previously
evaluated by using sinusoidal-flattop profiles with different
spatial periods. The evaluation result was used as a reference
to estimate the image precision of any arbitrary beam profile
of a given bandwidth and thus the tradeoff between precision
and resolution could be determined. This analysis showed
that it was possible to achieve a high-precision grayscale
output image for a fairly large system bandwidth.

Arbitrary beam profiles of two general types were demon-
strated: Laguerre-Gaussian and Hermite-Gaussian patterns
that mimicked laser modes and grayscale images. Experi-
mental data were presented for profiles that had smaller
and larger bandwidths. The quality of the output images
was subject to the tradeoff between image precision and spa-
tial resolution and was in agreement with the predictions
from the analysis of sinusoidal image patterns. For example,
a grayscale image was produced with <2% RMS error when
1/6.7 of the DMD Nyquist bandwidth was utilized. We also
observed that the residual error came mainly from the ripple
effect caused by the sharp-edged, LPF and that this error
followed a normal distribution.

We derived the analytical formula of the diffraction effi-
ciency of the DMD array based on diffraction grating theory
and coordinate conversion. The result indicated the operation
wavelength was the determining factor for the diffraction
efficiency versus wavelength for this system. The total sys-
tem energy throughput efficiency was verified by experimen-
tal measurement and was found to vary from 7 to 20%
depending on the wavelength of operation an be in agree-
ment with the calculated value. This is consistent with sys-
tems that form beams by attenuation (or subtraction), but still
below the efficiency that can be obtained with a system that
steers all of the incident light to the output beam. Lower error
can be obtained by using a larger SLM and having more pix-
els contribute to one resolution spot in the output image.

For our envisioned cold atom trapping experiments, lower
spatial bandwidth and higher precision beam profiles would
be used. For this application, we have shown that arbitrary
profile beams can be produced with low RMS error (0.2% to
2%) depending on the smoothness or bandwidth of the pat-
tern. Flattop and similar beam profiles would have lower
RMS error (near 0.2%, while more complicated patterns
such as profiles that mimic laser modes would have RMS
error nearer to 2%. Other applications such as particle and
cell manipulation with optical tweezers patterns would fall
in this latter case. In both cases, the performance is
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acceptable and the error is below that of systems employing
analog SLMs that possess significantly fewer mirrors or
pixels.

In the future, we plan to implement this beam shaping
system for dynamic optical trap generation for the ultracold
atoms experiment as the apparatus comes on line later this
year. We are also pursuing the application of patterns
such as the Laguerrre-Gaussian modes to an optical tweezers
that has time dependent trapping as the patterns on the DMD
are changed with time.
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