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1 Introduction

Wavefront coding is the process of introducing a phase mask
in the pupil plane of an optical system and recovering an
image through digital processing. Such optical systems
are designed by jointly considering the optical system and
the image processing for a specific function or application.
For example, wavefront coding has been used for extending
the depth of focus with a cubic phase mask.'~

The application of our work is to reduce the risk of laser
damage from coherent laser sources. In a traditional imaging
system, a distant laser source will be focused onto the focal
plane of the optical system. The focused beam may cause
laser dazzle across the sensor, blinding the sensor from
the background incoherent image of interest.* What is more,
the sensor may suffer single or multiple pixel surface dam-
age, crystal cleavage and/or cracking, or permanent physical
damage between the detector and the readout electronics.’

Nonlinear optical limiters have been introduced to miti-
gate sensor damage.® Optical limiters may block all light
to the sensor and the desired background image can no
longer be recovered; additionally, narrow bandwidths are
required.

In our approach, we investigate the use of higher-order
vortex and axicon phase masks in the pupil plane of the im-
aging system to redistribute the coherent laser light away
from a tight focal spot, thereby reducing the irradiance on
individual pixels while also allowing for the recovery of
the background image. We previously outlined the theory
and presented initial results.'” In this paper, we alter the
sensor configuration and utilize higher-order phase mask
designs to demonstrate four orders of magnitude of laser sup-
pression for vortex and axicon phase masks. A discussion of
the optical system design and image recovery is provided.
We examine and compare the coherent point spread function
(PSF) and incoherent modulation transfer function (MTF)

*Address all correspondence to: Abbie T. Watnik, E-mail: abbie.watnik@nrl
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properties of the phase masks, which yield high suppression
of coherent light and successful image recovery of incoher-
ent background images, respectively. Simulated results are
presented for reconstructed incoherent images in the pres-
ence of laser sources for several cases including noise and
noiseless conditions as well as monochromatic and broad-
band illumination conditions.

In Secs. 1-6 of the paper, we will assume quasimonochro-
matic light for the background image (i.e., the bandwidth is
much smaller than the center frequency), and a laser wave-
length that is within this bandwidth range. In Sec. 7, we
present results and discussion regarding broadband source
illumination.

2 Optical System

Figure 1 shows the imaging chain with both the physical
optical system and the image processing steps that allow
the recovery of an incoherent background image in the pres-
ence of a coherent laser source. The optical system consists
of a phase mask, #(x,y), in the pupil plane of the imaging
system and an adjacent imaging lens, followed by a focal
plane imaging sensor in the (x’,y’) plane. A vortex phase
element has a complex transmittance

t,(x,y) = exp(im0), (1)

where m is a nonzero integer known as the topological
charge. An axicon phase element has a complex transmit-
tance of

to(x,y) = exp(ir/a), 2

where a is a constant scaling length. In this report, we ignore
any wavelength dependence of m and a. The coordinates
(r, 0) are the circular coordinates in the (x, y) plane. The irra-
diance in the sensor plane may be expressed I(x’,y’, 1) =
I (x',y' Ar) +1,(x",y', 4), where the contribution from
the laser source I (x’,y’,4;) and the background scene
I,(x',y',4;,) are given by
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Fig. 1 The imaging chain includes both a physical optical system as
well as several postprocessing steps.

IL(X/,)”JL) = a|U,q(x/*y/’lL) * h(x/’y/v)“L) 2’ (3)
and
Ly(x',y" Ap) = Blbg(x", ¥ Ap) * [A(x", ¥, 4) ], 4)

where a and p are the constants, U,(x’,y’,4,) and
by(x',y',A) are the geometrically imaged fields of the
laser source and background scene, respectively, and
h(x’,y’,4) is the complex PSF of the optical system
given by the Fourier transform of the pupil function

FT{A(x,y)t(x.y)}

- [ -

X exp |:—l ﬁ (x'x+y y)] dxdy, 5)

h(x',y',4) =

and the aperture function is assumed to be circular with a
radius R; i.e., A(x,y) = circ(r/R). Analytical closed form
expressions of the PSF of the vortex and axicon phase
masks can be found in Refs. 11-13. For simplicity, we will
make all calculations at the center wavelength, 4, and drop
the use of 1, and 4,.

Equations (3) and (4) analytically distinguish the
differences between coherent and incoherent imaging.
Coherent image formation is linear in complex field, while
incoherent image formation is linear in intensity. Coherent
and incoherent light have different transfer functions, h
and |h|?, respectively, which afford an opportunity to sepa-
rate the contributions after detection, especially if given
some a priori knowledge of the imaging scenario. The
laser source is assumed to be small and located far enough
away from the aperture of the system that the beam width
becomes large with respect to the system aperture and
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hence the lens is evenly illuminated. Breakdowns in the
assumptions of the properties of the coherent beam (atmos-
pheric turbulence effects) may affect the ability to separate
the coherent and incoherent detected irradiance image.
Solutions to handle such cases are discussed in Sec. 6 of
Ref. 10.

With a phase mask in the pupil plane of the imaging sys-
tem, we are seeking to accomplish two (not necessarily
mutually related) goals: (1) coherent contribution: reduce
the maximum irradiance of the PSF and (2) incoherent
contribution: recover the incoherent image after deconvolu-
tion. A diffraction-limited optical system will concentrate the
incoming laser light, which is contrary to goal 1. Intuitively,
we would like to introduce a pupil phase mask that spreads
light across as many pixels as possible. In the extreme case,
the PSF would uniformly illuminate the image plane, such
that maximum irradiance would be equal to the mean irra-
diance. This approach, however, is not amenable to goal 2.
From the perspective of the incoherent contribution, we need
to consider how the phase mask changes the optical transfer
function (OTF) and suppresses the spatial frequencies of the
incoherent image. Zeroes in the spatial frequencies in the
OTF result in the loss of information, and thus the original
image cannot be completely recovered by means of decon-
volution techniques.

We seek to determine what types of phase masks can
simultaneously address both coherent and incoherent crite-
ria. Within the context of this paper, we will explore the
properties of vortex and axicon pupil phase masks and elu-
cidate why their unique characteristics achieve the stated
criteria for both the coherent and incoherent contributions.

3 Why Vortex and Axicon Pupil Phase Masks

Vortex and axicon pupil phase masks result in “donut”-like
coherent PSFs. Although these phase functions do not induce
uniform spreading of the light throughout the image plane,
the beam energy is redistributed over a large area and thus the
maximum irradiance is reduced. The larger the ring, the
greater the reduction of the maximum irradiance at a single
pixel. Additionally, the sharp features of the “donut” ring
(distinct edge between central region and ring) mean that
the OTF will contain high spatial frequency content.
Figure 2 shows side-by-side the vortex and axicon pupil
phase masks and line profiles of the PSF and the MTF
for a simulated example case where the maximum irradiance
of the PSF is matched (e.g., I, /1, = 2.3 X 1073, where
I ax 1s the PSF irradiance with the phase element and I,
is the PSF irradiance without a phase element). The ratio
Ihax /1, signifies the reduction in laser irradiance at the
focal plane with the phase plate present. The specific
peak suppression ratio shown in Fig. 2 is due to the vortex
phase mask with m =40 or an axicon phase mask with
a = R/124. These values were chosen to demonstrate equiv-
alent irradiance suppression of 3 orders of magnitude with
the two different phase masks. Further details of the imaging
properties are included in Sec. 5 where we explore high-
order vortex and axicon pupil phase masks. The unique
attributes of the vortex and axicon pupil plane phase masks
for both the coherent and incoherent imaging conditions
make both phase patterns good candidates for wavefront
coding in our specification application, which we explore
through a computational experiment.
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Fig. 2 Example of (a) high-order vortex (m = 40) and (b) axicon (a = R/124) amplitude transfer function
phase masks with corresponding normalized PSF irradiance profiles and MTF profiles. Grayscale ranges
over mod(2x). The PSF line profiles are normalized such that the maximum irradiance without a phase
element is unity. PSF and MTF plots are symmetric about the origin f, = R/(Af).

4 Modeling Parameters

4.1 Imaging Scene

We model a physical optical system to establish the concept
of high-order vortex and axicon phase plate wavefront
encoding of quasimonochromatic incoherent and coherent
illumination. The pupil plane is a circular aperture with a
2048 pixel diameter embedded in a 4096 x 4096 pixel
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array, yielding a detector sampling rate of Q = 2. The geo-
metric image was 2048 X 2048 pixels embedded in the
4096 x 4096 pixel array. The geometric image was quan-
tized with 16-bits. No noise or atmospheric turbulence
effects were included since the primary focus of this work
is to solely evaluate the presence of high-order phase masks;
results with noise will be discussed separately in Sec. 6. The
detected image consists of contributions from an unwanted
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bright laser source I; (x’,y’) and a relatively dim spatially
incoherent background image I,(x’,y").

The geometric image of the incoherent background image
is shown in Fig. 3. The mean incoherent image signal is a
quarter of the well depth of the sensor, (I, (x,y)) = 2'%/4 dig-
ital counts. The camera saturates at full well depth. We define
the laser brightness as a ratio of focused laser light /,, (with no
phase mask in imaging system) to the camera saturation /g,

I,/I, =2x%x10%. (6)

We chose the given ratio to illustrate a scenario with
a bright laser source several orders of magnitude greater
than the camera saturation.

Line profiles from the coherent (laser) normalized PSF
intensity are shown in Fig. 4 for various masks. The vortex
PSF is shown in blue and the axicon PSF is shown in
red. Line profiles in each subplot have equivalent maxi-
mum intensity. Figure 4(a) shows plots with [, /I, =
2.2x 1072, where I, is the PSF intensity without a phase
mask present. The mask parameters were set to m = 10
for the vortex phase element and @ = R/15 for the axicon.
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Fig. 3 Geometric image of the incoherent background scene without
wavefront encoding (ideal case).
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In Fig. 4(b), I, /1, = 2.3 %1073, m = 40, and a = R/124
and in Fig. 4(c), Inw/l, =29x107*, m =120, and
a = R/1004. Figure 4 also shows a black horizontal line
denoting the saturation level of the camera compared to
the PSF functions of vortex and axicon phase plates. Note
that in Fig. 4(a), the maximum laser irradiance is well
above the saturation level; in Fig. 4(b), the maximum
laser irradiance is slightly above saturation, and in Fig. 4(c),
the maximum laser irradiance is below saturation. All the
pixels above the saturation level are thresholded to the
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Fig. 4 Normalized PSF irradiance profiles for vortex phase plates
(blue, solid), where (a) m = 10, (b) 40 (middle), and (c) 120 (bottom);
for axicon phase plate (red, dotted) where a/R = 1/15 (top), 1/124
(middle), and 1/1004 (bottom). Note scale differences between plots.
Black horizontal line shows the saturation level of the camera com-
pared to the PSF intensity.
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w22

Fig. 5 MTF profiles for detected (solid) and reconstructed after
Wiener filtering (dashed) for vortex phase plates (blue), where
(a) m =10, (b) 40, and (c) 120; for axicon phase plate (red), where
(a) a/R=1/15, (b) 1/124, and (c) 1/1004. Vortex = dark blue/
light blue and axicon = dark red/light red. fy = R/Af. Note scale
differences between plots.

maximum pixel well depth. The MTFs corresponding to
each of the PSFs in Fig. 4 are shown in Fig. 5 before and
after Wiener deconvolution (described in Sec. 4.3).

The corresponding detected scenes are shown in Fig. 6
in the upper two rows. The top row shows the full 4096 x
4096 pixel array in the sensor plane, while the second row
shows a cropped 500 x 500 pixel portion within the array.
Areas of saturation are visible for the detected images with
m =10, a = R/15, m = 40, and a = R/124.

4.2 [aser Subtraction

After detection of the incoming light on the sensor from the
wavefront-encoded optical system, image postprocessing
must be performed to reconstruct the incoherent background
image. The first step in the postprocessing is the removal of
the coherent laser source. The contribution of the laser source
is estimated from the known phase mask in the optical system
and optimized for size, location, and brightness in the detected
image using a Nelder—-Mead simplex algorithm'*!> until the
estimated laser contribution base matches the detected image.
The estimation process allows for a partially saturated image.
Once the coherent laser irradiance is subtracted, the area of the
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image that was saturated will have zero value; information has
been lost and cannot be directly recovered. However, to reduce
ringing in the reconstruction, we choose to substitute the mean
signal value in this region. The third row in Fig. 6 shows the
inset images after the laser source position and brightness has
been estimated and removed, and the mean signal value is
substituted in the saturation regions.

4.3 Incoherent Image Restoration

After removal of the coherent laser contribution, the remain-
ing intensity is that of the incoherent background image,
blurred by the optical system’s phase mask. Wiener decon-
volution is used to reconstruct the background scene with
the following filter:

H*(KAE, pAn)

WKAS PA) = GieAE pan) + 1/SNR”

)

where (k,p) are the spatial frequency indices, A& =
1/(NAx), Ay = 1/(MAx), and SNR is the signal-to-noise
ratio. In this simulation, we set 1/SNR =5 x 107, The
last row in Fig. 6 depicts the reconstructed images after
image processing. Note that in the images where areas of
saturation were present due to the laser source, some ringing
artifacts are present due to Wiener deconvolution of the sharp
edge between the saturated region and incoherent image, but
only impact the immediate area around the saturated region.
The SNR term in the Wiener filter can be adjusted to reduce
the ringing effect, with sacrifice to the reconstructed image
sharpness. Alternatively, a smoother, apodized boundary
between the known irradiance and the saturated regions
would lessen ringing effects as well. Since the ringing arti-
facts only impact the immediate area around the saturated
region and not the entire extent of the image, we have not
focused on reducing the ringing artifacts in this work.

5 Optical System Modifications for Higher-Order
Phase Masks

5.1 Coherent Contributions

We see in Fig. 4 the PSF intensity line profiles of the coher-
ent laser light. Initial observations from these plots show that
both types of phase masks exhibit “donut”-like PSF func-
tions; light is concentrated in a ring. With higher-order
masks, the ring diameter expands, and thus the maximum
intensity decreases since total power is preserved. The vortex
profile exhibits a 1/#? falloff around the intensity ring maxi-
mum,'® while the axicon PSF profile is a narrow ring. Due to
the difference in the 1/r? falloff of the vortex profile and the
narrow ring of the axicon profile, the diameter of the axicon
ring grows more quickly than the vortex ring at higher level
of intensity suppression. In effect, the “donut” ring has an
increased width for the vortex-encoded PSF. For the axi-
con-encoded PSF with a = R/15, most of the PSF structure
is above the saturation level, and after clipping, a near-solid
circular region is saturated. For the highest-order phase
plates presented in this paper [see Fig. 4(c)], the pupil
phase encoding with both vortex and axicon plates reduces
the normalized PSF intensity below the saturation level of the
camera.

In designing the imaging system, we want to ensure that
all light from the pupil plane falls on the focal plane imaging
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a/R =124 m=120 a/R=1004

-
R

Fig. 6 Image processing steps after wavefront encoding with vortex and axicon pupil phase functions:
(a) detected image, (b) detected image (cropped 500 x 500 pixel section), (c) detected image section
after laser subtraction and substitution of mean signal in saturated regions, and (d) final cropped

image after deconvolution.

sensor. If light falls off the sensor, information will be lost,
and there will be severe issues with the image reconstruction.
With the spread of light, as evidenced by the PSF functions
shown in Fig. 4, clipping of the image is likely if the imager
has been designed as a no-mask, diffraction-limited imager.
Now, instead of designing based on an in-focus image that
fills the sensor, we are designing based on a wavefront-
encoded image that fills the sensor. We start by considering
the coherent laser source and its spreading PSF. The position
of the laser source of the focal plane is unknown. For an in-
focus image, the laser source could damage any pixel in an
N X N array. With the phase plate included, the size of the
array must now be ~[N + 650 pixels] X [N + 650 pixels], as
determined by spread of the axicon PSF with 4 orders of mag-
nitude reduction in maximum intensity [see Fig. 4(c)]. Note
that with a vortex phase plate, the increase in array size is
smaller, approximately ~[N + 200 pixels] X [N + 200 pixels].

The impact of sensor size on image quality must be con-
sidered. When designing the optical system, one is usually
constrained by available sensor sizes. Therefore for a given
sensor size, to accommodate the spread of the blur, the size
of the in-focus image is reduced, or equivalently, there is a
reduction in resolution or field of view compared to an in-
focus image that fills the same sensor size. When calculating
the resolution or an image quality metric, comparison to the
original imagery must be taken into account.
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5.2 Incoherent Contributions: Spatial Frequency
Analysis

The pupil phase mask not only suppresses the coherent laser
light from the laser source, but it simultaneously impacts the
incoherent background scene. As shown in Eq. (4), the
detected irradiance of the background scene is the convolu-
tion of the geometric image of the background scene with the
magnitude-squared of the complex PSF function, or equiv-
alently the Fourier transform of the system OTF. The modu-
lus of the OTF is the MTF; the MTF line profiles for the
vortex and axicon phase plates with the parameters described
in Sec. 3 are shown in Fig. 5. The solid line profiles denote
the MTF functions for a given phase mask in the pupil plane.
Both the vortex and axicon phase masks result in zeros in the
MTF spatial frequency plots. With higher-order phases, the
vortex MTF profiles (shown in blue) exhibit less zeros but a
lower magnitude of the underlying envelope than the axicon
MTF profiles (shown in red). The dotted lines are profiles of
the MTF function after Wiener filtering. The result of Wiener
filtering, as clearly demonstrated here, is to boost the spatial
frequencies of the MTF. The image quality of the recon-
structed images shown in the bottom row in Fig. 6 can be
quantitatively assessed by the cutoff frequency of the boosted
MTF functions. Figure 5(a) shows the cutoff frequency of the
vortex-encoded image to be near f, = 1.5 X f,; the MTF of
the axicon-encoded image has a null region from f, = f, to
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fx=125%f,, but then a high-frequency boost up for
fx=2Xf,. Spatial frequency fo= R/Af is referred to
as the coherent cutoff spatial frequency, whereas twice
that value is the incoherent cutoff spatial frequency. The
cutoff spatial frequency in Fig. 5(b) is f, = 0.8 X f, and
fr =09 x f, for the vortex- and axicon-encoded images,
respectively.

For the highest-order phase masks used in this work, we
see a substantial difference between the vortex- and axicon-
encoded restored MTF functions. The boosted signal of the
vortex-encoded MTF has a reduced amplitude and a cutoff
spatial frequency near f, = 0.5 X f,, while the Wiener-
boosted signal of the axicon-encoded MTF has a cutoff
spatial frequency near f, = 0.8 X f,. The combination of
smaller amplitude and a reduced cutoff spatial frequency
results in a visually noticeable difference in the image quality
between the vortex- and axicon-encoded images, shown in
Fig. 6.

Overall, the MTF functions of these wavefront-encoded
incoherent images show that for higher-order phase func-
tions, the maximum cutoff frequency decreases, resulting
in poorer image quality. Zeros in the MTF also pose a diffi-
culty in Wiener filtering image processing because no infor-
mation remains for that given spatial frequency; Wiener
filtering can only boost the signal of nonzero spatial frequen-
cies. With the highest-order phase masks presented where
m =120 and a = R/1004, the axicon-encoded image
showed better image quality after image processing by
Wiener filtering.

6 Effect of Noise

We repeated the experiments keeping all the parameters the
same, but including the presence of both photon-counting
and Gaussian detector noise. The Gaussian noise had a

Fig. 7 Comparison between final cropped image after deconvolution
for noiseless and noise cases: (a) vortex phase mask, m = 40, noise-
less and (b) vortex phase mask, m = 40, with noise. (c) Axicon phase
mask, a/R = 124, noiseless and (d) axicon phase mask, a/R = 124,
with noise.
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mean and standard deviation of 10 counts. The noise intro-
duces slight errors into the reconstruction in two ways,
namely, (1) the subtraction of the coherent laser contribution
and (2) the incoherent deconvolution. Figure 7 shows a com-
parison between noise and noiseless reconstructions for m =
120 and a = R/124. Results are comparable for the other
phase masks described in this paper when noise is introduced
(not shown). At these given levels of noise, the reconstructed
image is not significantly affected by the subtraction of the
coherent laser source or the image deconvolution.

7 Multiwavelength lllumination

The results shown in this paper consider a quasimonochro-
matic imaging scenario. Here in Sec. 7, we present how this
approach can also be adapted for polychromatic imaging in
the presence of a coherent laser. The PSF scales with wave-
length, which affects both the detected image irradiance and
the image reconstruction processes. The polychromatic PSF
is the incoherent sum of quasimonochromatic PSFs over the
passband, namely

(a) 10°

------ Monochromatic MTF
Polychromatic MTF

MTF (log scale)
=)
(&
1

------ Monochromatic MTF
Polychromatic MTF

MTF (log scale)
3
(¢
1

10'10 T T T
0 0.5 1 1.5 2

Fig. 8 MTF profiles of monochromatic illumination (dotted line) at A =
600 nm and polychromatic illumination (solid line) with a bandwidth of
AL = 500 — 700 nm for a vortex phase mask, where m = 40 (top) and
an axicon phase mask a/R = 1/124 (bottom). f, = R/Af. Plots
shown on a logarithmic scale.
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(xy') = (1/A4) / @Ay AP ®)

where w(4) is the spectral weighting function and h(x’, y’, )
is the PSF for a specific wavelength.

As described in Sec. 4.2, our approach for laser subtrac-
tion estimates the size, location, and brightness of the mono-
chromatic coherent PSF, given the known aperture and phase
mask of the system. For the broadband case, the laser
subtraction approach is modified to account for optimiza-
tion with respect to the polychromatic PSF on the focal
plane. Once the laser contribution is subtracted, the poly-
chromatic incoherent background remains. Deconvolution

(@)

ISt s remns

.---J - -‘-
IS msmuns

'-'-‘ - .
ISt mrmune

Fig. 9 Comparison between final cropped image after deconvolu-
tion for monochromatic (1 =600 nm) and polychromatic (A1 =
500 — 700 nm) cases. (a) Vortex phase mask, m = 40, monochro-
matic/polychromatic and (b) axicon phase mask, a/R = 124, mono-
chromatic/polychromatic.
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of the incoherent background with a polychromatic PSF
may be used.!” In Fig. 8, we plot the monochromatic and
polychromatic MTF functions on a logarithmic scale for
the vortex and axicon, m = 120 and a = R/124, respec-
tively. Note that there are minimal differences to the MTF
for lower spatial frequencies, and the MTF at higher spatial
frequencies is actually improved. Figure 9(a) shows a
comparison between the monochromatic and broadband
(A4 =500 —-700 nm) incoherent image reconstructions
for a subset of the full image after the laser component is
removed for a vortex phase mask, m = 120, while Fig. 9(b)
shows the equivalent reconstruction for an axicon phase
mask, a = R/124. The reconstructed area around the satu-
rated laser has slight differences between the monochromatic
and broadband cases for the vortex phase mask; the mono-
chromatic case shows more fine-scale ringing effects that are
not present in the broadband case. The underlying incoherent
background image is comparable for the monochromatic and
broadband cases, suggesting negligible effects for broadband
reconstructions.

8 Summary

In this paper, we have shown that incoherent background
scenes can be restored in the presence of an intense laser
source with high-order wavefront coding for both vortex
and axicon pupil phase masks. The higher-order phase ele-
ments introduced more blurring to the coherent and incoher-
ent scene, decreasing the maximum laser irradiance in the
detected image, and thereby reducing the risk of damage
to the sensor. Due to the 1/72 falloff from the central region
of the PSF, vortex-encoded images experience a larger sat-
uration “ring” where the signal is unrecoverable. Areas of
saturation cause ringing and image reconstruction errors
after image processing. By using higher-order phase ele-
ments, the maximum irradiance can be sufficiently decreased
such that saturation can be minimized or avoided completely.
We found that for the highest-order phase masks used in this
work, the Wiener deconvolution was able to recover higher
spatial frequencies with the axicon pupil phase function than
the vortex pupil phase function. Due to less saturation for
low-order phase masks and better spatial frequency recovery
for high-order phase masks, the axicon-encoded phase masks
performed better than the vortex phase mask. Despite the
performance gains, the reader should be reminded that the
axicon encoding requires a larger format/area sensor to
avoid clipping/losing light from the out-of-focus irradiance
in the detector plane when the phase mask is present. In an
operational environment, the trade-off space between image
resolution, area of image saturation and/or sensor damage,
laser suppression ratio, and sensor size are all factors that
need to be considered when choosing an appropriate phase
mask. With the presence of zeros in both resulting MTF
functions, additional work needs to be performed to look
at other families and classes of phase masks that jointly opti-
mize the criteria of coherent PSF suppression and incoherent
image reconstruction for the application of minimizing the
risk of laser damage to image sensors.

9 Future Work

The paper compares vortex and axicon pupil phase mask
encoding for a recorded image having both coherent and
incoherent contributions. We will continue to explore
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alternative phase masks that maximize the goals described in
Sec. 2. Alternative designs may include superposition of vor-
tex and/or axicon phase masks. Initial computational studies
suggest that vortex and axicon phases perform well com-
pared to other options, including random masks and Zernike
polynomials. Additionally, we are working toward a system
prototype using these higher-order masks. Several groups
have developed techniques to fabricate high-order phase
masks. Higher-order masks can be produced with a binary
holographic pattern fabricated through nanolithography (see,
e.g., Ref. 18). Commercial broadband g-plates can be manu-
factured with vortex charges up to m = 128." Shen et al.”’
have fabricated spiral phase mirrors from direct machining
with an ultraprecision single point diamond turning lathe
with vortex charges up to m = 5050. These various tech-
niques provide a basis for fabricating phase masks for a
future system prototype.
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