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1. Introduction

Over the past decade, laser systems have become more and more
powerful, low-priced, and compact'™?, Intense laser radiation is
increasingly becoming a hazard to electro-optical imaging
sensors, since complementary metal-oxide semiconductor
(CMOS) or charge-coupled device (CCD) imaging sensors are
very sensitive to high-intensity light fluxes from lasers’™*.
High-power lasers may temporarily disrupt image acquisition,
or even damage the optical sensor by excessively illuminating
the sensor. To overcome this issue, protecting imaging sensors
against dazzle and damage by laser radiation has become an
ongoing research domain!>®!, Optical filters based on absorp-
tion or interference effects and nonlinear window materials have
been proposed to mitigate the threat of laser damage!®”~).
However, existing sensor protection schemes exhibit many lim-
itations, such as spectral range, image fidelity, and response
time"”). Recently, computational imaging has been widely
applied in many fields. Wavefront coding imaging is one of the
computational imaging technologies, which includes a phase
mask in the pupil plane of the optical system; it can achieve
high-quality imaging along with a wide range of defocus through
digital processing!'®~'?!. Swartzlander et al. used vortex and axi-
con phase masks in the pupil plane of the wavefront coding im-
aging system to modify the point spread function (PSF) of the
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The development of laser systems leads to an increasing threat to photoelectric imaging sensors. A cubic phase plate
wavefront coding imaging system is proposed to reduce the risk of damage owing to intense laser radiation. Based on
the wavefront coding imaging model, the diffracted spot profile and the light intensity distribution on the observation plane
are simulated. An experimental device is set up to measure the laser-induced damage thresholds and investigate the mor-
phology of laser-induced damage patterns of the conventional and the wavefront encoding imaging system. Simulations
and experimental results manifest the superior laser suppression performance of the proposed method, which can help
diminish the undesirable effects of laser irradiation on an imaging sensor.
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optical system, thereby reducing the peak irradiance on the sen-
sor!'>! Although this approach blurs the image, it can be
recovered through Wiener deconvolution in postprocess-
ing""*'*). This technique requires no absorption mechanism
and offers an instantaneous response time. However, existing
research has not investigated and compared the morphology
of laser-induced damage on different imaging sensors and has
not examined the laser damage thresholds of different imaging
sensors experimentally in conventional imaging systems and
developed laser suppression imaging systems.

This paper proposes a laser suppression imaging technique
based on cubic phase plate (CPP) wavefront coding to reduce
the risk of laser damage. For wavefront coding imaging systems,
the CPP can increase the focal depth range of the optical systems
and can produce an intermediate coded image that is insensitive
to defocusing. Based on the wavefront coding imaging model,
the diffracted spot profile distribution and the light intensity dis-
tribution on the observation plane are simulated. This paper also
studies the antilaser damage performance of the CPP wavefront
coding imaging system under different propagation distances.
An experimental device is set up to investigate the morphology
of laser-induced damage patterns on the laser pulse energy. In
addition, we experimentally measure the laser damage thresh-
olds of CMOS and CCD sensors in wavefront coding and con-
ventional imaging systems. Simulation and experimental results
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preliminarily manifest the superior antilaser damage perfor- Assuming that the CPP is close to the rear surface of L, they
mance of the CPP wavefront coding imaging system. can be regarded as a single component whose transmittance
function can be expressed as

2. Theoretical Modelin k

? Ty =Peye -6t 0] @
Figure 1 illustrates a sketch of the wavefront coding imaging sys-
tem. The optical system consists of a CPP in the pupil plane of s
the imaging system to modulate the incoming light. The forma- P(x;,y,) = circ (7W) explia(x} + 3], (4)
tion of the amplitude distribution on the imaging plane is /2

recorded as follows.
where d is the diameter of the lens; f is the focal length of the

(1) A Gaussian beam propagates to the front surface of im- lens; and « is the cubic phase modulation coefficient.
aging lens L. The distance between the waist plane of the The complex amplitude distribution on the rear surface of the
Gaussian beam and front-surface of L is Zgyyss- CPP is calculated as

(2) Then the Gaussian beam is modulated by the imaging
lens L and the CPP, respectively. UT (x1,91) = Uy (61, 91) T(x1, 91)- (5)

(3) Finally, the modulated Gaussian beam is received by the

image plane detector with the image distance of d,. With the assumption of Fresnel approximation, the amplitude

distribution on the imaging plane is">'"'%!
Suppose the Gaussian beam whose beam waist is @, propa-

gates to the front surface of imaging lens L. The distance between U, (x5, 7,) = exp(ikd;) ) ; k (2 +12)
the waist plane of the Gaussian beam and front surface of L is V)2 ledi 2d; 2 <
Zgauss- The complex amplitude distribution of the beam on the . k
surface of L satisfies the Gaussian beam propagation equa- [/ Uy (& m) exp [’_(52 + ”2)i|
tion!">1¢], k
- exp [—i; (éx, + nyz)]dédn- (6)

i = v (i)

k Az
P { '[ ( 2R(z )) _ar‘;tan(m%)]}’ (1) 3. Simulation Results

This section provides a set of simulations to assess the antilaser
Az \? w2 ing imagi
w(z) = 14 2) Rz =z|1+ ( 0N () damage performance of the wavefront coding imaging systgm
T Az based on the CPP. When CMOS and CCD work, they receive
light through the photosensitive surface to generate a photoelec-
where @ is the Gaussian beam waist; z = Zg,s; k is the wave-  tric effect, and the optical signal is converted into an electrical

number; A is the laser wavelength; r = \/xZ + y7 is the radial dis- signal'”). When the irradiation light intensity is excessive,
tance; w(z) and R(2) are the spot size and the equiphase surface ~ CMOS and CCD may be saturated or even damaged. Since
curvature radius of Gaussian beam wavefront on the front sur-  the photodetector generates and transfers charge in pixel units,

face of the imaging lens, respectively!'”). The laser intensity dis- "¢ Use the maximum single-pixel receiving power as the evalu-
tribution can be calculated as I = U~ - U~" ation index to compare the antilaser damage performance of the
=Up - Uy

wavefront coding and conventional imaging system.
Figure 2 shows the spot profile distribution and correspond-
ing maximum single-pixel receiving power Py on the imaging

- +

[{0 1L Ul U2 plane of the conventional system and CPP wavefront encoding

. L iCPP L imaging system without defocus. The phase function of the CPP
Beam waist V2 Imaging . 3 3 . . . .

plane plane is a(x’ + y°), where a is set as 200 in our simulations. The laser

propagation distance is 38 m. The simulation parameters are
shown in Table 1.

As shown in Fig. 2, for the conventional system a distant laser
source is focused onto the focal plane of the optical system con-
verging into one energy concentrated light point that may cause
laser dazzle across the photodetector. For the wavefront coding
imaging system, the spot on the imaging plane detector is L-
shaped and nonrotationally symmetric due to the modulation
Fig. 1. Sketch of the wavefront coding imaging system. of the CPP. The maximum single-pixel receiving power in the

Zgauss
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Fig. 2. Spot profile and corresponding maximum single-pixel receiving power without defocus at the imaging plane of (a) conventional imaging system at the
transmission distance of 38 m; (b) CPP wavefront coding imaging system at the transmission distance of 38 m: (c) conventional imaging system at the trans-
mission distance of 2500 m; and (d) CPP wavefront coding imaging system at the transmission distance of 2500 m.

Table 1. Simulation Parameters.

Parameters Value
Laser beam waist 4 mm
Distance from waist to entrance pupil 38 m
Laser power 5W

Laser wavelength 532 nm
Focal length of imaging system 50 mm
Imaging lens pupil size @25 mm
Image plane detector pixel size 3.3 pum x 3.3 pm

conventional imaging system is 2.77 times higher than in the
wavefront coding imaging system when the laser propagation
distance is 38 m. It can be observed from Fig. 2 that the redis-
tribution of the light spot energy can reduce the maximum
single-pixel receiving power, thereby improving the laser-
suppression performance of the wavefront coding imaging
system.

This paper next explores the influence of the propagation dis-
tance on the laser-suppression performance of the wavefront
coding system. Figure 3 shows the ratio of the maximum sin-
gle-pixel receiving power Py, between a conventional system
and a wavefront coding imaging system without defocus when
the laser propagation distance varies from 1 to 3000 m.

When the propagation distance varies from 1 to 1000 m, the
ratio of the maximum single-pixel receiving power Py on the
imaging plane between the conventional and wavefront coding
imaging systems rises rapidly. When the propagation distance
varies from 1000 to 3000 m, the ratio of the maximum single-
pixel receiving power between the conventional and wavefront
coding imaging systems rises slowly and finally remains stable.
The red dot marked on the curve in Fig. 3 is the simulation result
in Fig. 2 when the propagation distance is 38 m. The ratio value
of the red dot is 2.77. In addition, as shown in Figs. 2(c) and 2(d),
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Fig. 3. Ratio of maximum single-pixel receiving power between the conven-
tional and the wavefront coding imaging systems.

the ratio of the maximum single-pixel receiving power between
the conventional and wavefront coding imaging systems at
2500 m is 30.03.

To sum up, the CPP in the wavefront coding system can
modulate the spot shape and redistribute the light spot energy
on the imaging plane detector, thus reducing the maximum sin-
gle-pixel receiving power. Simulation results sufficiently mani-
fest the superior laser-suppression performance of the wavefront
coding imaging system.

4. Experimental Setup and Results

An experimental system is designed and set up to investigate
laser-induced damage and test suppression capabilities of the
wavefront encoding imaging system in the laboratory. The sen-
sors under test are irradiated by pulsed lasers to perform the
laser-induced damage tests. The pulsed laser system we use
is a spatial Gaussian energy distribution Nd:YAG laser, operat-
ing at a wavelength of 1064 nm with a maximum pulse
energy of 1200 mJ and pulse duration of 10 ns. We use the
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second-harmonic at a wavelength of 532 nm, generated by a har-
monic generating assembly. The experiment is performed using
MICRON OV2710 monochromatic CMOS sensors with a
resolution of 1280 pixels X 1024 pixels and a pixel size of
6 pm X 6 pm. The exposure time is fixed at 30 ms. The bit depth
is 8 and the minimum illuminance is 0.05 1x. We also investigate
the damage of SONY ICX405AL monochromatic CCD sensors
at a resolution of 582 pixels X 500 pixels and a pixel size of
6.3 pm X 9.8 pm. The exposure time is also fixed at 30 ms, and
the bit depth is 8. The distance between the phase plate and lens
is 21.3 mm. The filter and shutter are not used in the measure-
ment. Other parameters of the optical lens in the experiment are
the same as the simulation parameters in Table 1.

The sketch map of the experimental setup is shown in Fig. 4.
The laser beam produced by the pulsed laser system propagates
to the total reflectors A and B, successively. Then, the laser beam
propagates to the thin-film beam splitter. While one beam split
is reflected and detected by a power meter to monitor the energy
of the incident pulse laser, the other split is expanded by a tele-
scope system and then enters the conventional or wavefront
coding imaging system as the light source of the damage experi-
ment. The expanding system is used to expand the transmission
distance of laser for the limited space in the laboratory. The laser
equivalent transmission distance is 38 m. Before the experiment,
the pulse energy at the sampling point and the actual target
energy are calibrated.

The phase plate is an important component in the wavefront
coding imaging system. In the experiment, the CPP is machined
and applied in the wavefront coding imaging system. We use a
single-point diamond tool as processing equipment. The
processing material used in the experiment is optical plastic
PMMA with the refractive index of 1.49. As shown in Fig. 5,
the conventional imaging lens is disassembled, and the cubic
phase mask processed is integrated into the aperture stop of
the system. By adjusting the aperture size, the luminous flux
of the system can be controlled, and the effective coding coefti-
cient of the CPP can be flexibly changed to meet the actual appli-
cation requirements.

In the following, we experimentally measure the laser-
induced damage thresholds and investigate the morphology of
laser-induced damage patterns on the laser pulse energy of
the conventional and wavefront encoding imaging systems.

Total reflector A
Pulse} d X Power meter
Laser -
Expanding  Lens Phase plate
system |
N E —]
Total reflector B Thin film Detector
beam
splitter

Fig. &4 Sketch map of the experimental optical setup.
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Fig. 5. Design of wavefront coding lens. (a) Schematic diagram of disassem-
bly structure; (b) aperture stop with integrated CPP; (c) CPP component;
(d) modulation function of CPP.

To measure the damage thresholds, dark images are used for
simplicity. We shift the sensor into the image plane of the lens
and use the 1-on-1 test to measure the damage thresholds. We
use the single-shot method by increasing the pulse energy from
pulse to pulse, and each pulse is exposed to an unused test site.
To investigate any changes in the sensor, we observe the output
images of the sensor on the computer.

In the experiment, we observe three different types of
laser-induced damage on the sensors, which we classify as spot
damage, line damage, and full screen damage for pulsed laser
radiation*>?!!. As shown in Fig. 6, it can be seen clearly that
the wavefront coding system based on the CPP can modulate the

(al) 0.048 mJem? (b1) 0.097 mlem?

(b2) 0.125 mVem?

100

50

E——
- |150

= 0

(a3) 0.065 rr‘nl/cm2 (b3) 0.133 mJem?

Fig. 6. Pulsed laser-induced damage of CMOS sensor in (al)-(a3) conventional
imaging system and (b1)-(b3) wavefront coding imaging system; (a1) and (b1)
for spot damage; (a2) and (b2) for line damage; (a3) and (b3) for full screen

damage.
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laser spot shape and redistribute the light spot energy on the
image plane sensor. As a result, the laser spot on the focal plane
is diffused and maximum single-pixel receiving power is
reduced effectively. To be specific, in the case of the CMOS sen-
sors exposed to pulsed laser in the conventional imaging system,
spot damage on the sensors is observed at a fluence of
0.048 mJ/cm?. This may indicate that pulsed laser radiation
causes a change in the bandgap of the semiconductor!’®). As
the energy of the laser pulse increases, line damage starts at a
value of about 0.057 mJ/cm?, which indicates that complete col-
umns or rows of pixels became inoperative. Full screen damage
occurs at a fluence of 0.065m]/cm?. In another case, for the
CMOS sensors exposed to pulsed laser in the wavefront encod-
ing imaging system, spot damage on the sensors is observed at a
fluence of 0.097 mJ/cm?. Line damage is observed at a level of
0.125m]J/cm?. Full screen damage occurs at a fluence of
0.133 mJ/cm?.

Therefore, the spot damage threshold of the CMOS sensor in
the wavefront coding imaging system is 2.02 times higher than
in the conventional imaging system. The line damage threshold
of the CMOS sensor in the wavefront coding imaging system is
2.19 times higher than that of the conventional imaging system.
In addition, the full screen damage threshold of the CMOS sen-
sor in wavefront coding imaging system is 2.05 times higher than
that of the conventional imaging system. The experiment results
prove the superior antilaser damage performance of the wave-
front coding imaging system. Moreover, the experimental
results agree with the theoretical simulation results in Fig. 2
and the red dot marked on the curve in Fig. 3, where the propa-
gation distance is 38 m.

As shown in Fig. 7, the laser damage shapes on the CCD sen-
sor exhibit differently from those of the CMOS sensor. Similarly,
the wavefront coding system based on a CPP still plays the role
of diffusing the laser spot on the focal plane, but redistributes the
spot as discrete particles. To be specific, in the case of the CCD
sensors exposed directly to pulsed laser in the conventional im-
aging system, spot damage on the sensors is observed at a fluence
of 0.403 mJ /cm?. As the energy of the laser pulse increases, line
damage starts at a value of about 0.420 mJ/cm?. Full screen dam-
age occurs at a fluence of 0.469 mJ /cm?. In another case, for the
CCD sensors exposed to pulsed laser in the wavefront encoding
imaging system, spot damages on the sensors are observed at a
fluence of 0.590 mJ/cm?. Line damage is observed at a level of
0.788 mJ/cm?. Full screen damage occurs at a fluence of
0.948 mJ/cm?. In conclusion, the spot damage threshold of
the CCD sensor in the wavefront coding imaging system is
1.46 times higher than that of the conventional imaging system.
The line damage threshold of the CCD sensor in wavefront cod-
ing imaging system is 1.87 times higher than that of the conven-
tional imaging system. In addition, the full screen damage
threshold of the CMOS sensor in wavefront coding imaging sys-
tem is 2.02 times higher than that of the conventional imaging
system. The experimental results agree with the theoretical sim-
ulation results in Figs. 2 and 3.
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Fig. 7. Pulsed laser-induced damage of CCD sensor in (al)-(a3) conventional
imaging system and (b1)-(b3) wavefront coding imaging system; (a1) and (b1)
for spot damage; (a2) and (b2) for line damage; (a3) and (b3) for full screen
damage.

It should be noted that in conventional measurement, the
laser-induced damage thresholds are generally expressed as
the incident laser energy divided by the spot area reaching the
CCD sensor surface. However, the laser spot reaching the
CCD sensor surface after wavefront coding is asymmetrical,
and it will be hard to measure the effective spot area in the
experiment. Thus, the laser-induced damage thresholds in this
paper are expressed as the incident laser energy divided by the
effective spot area reaching the imaging system lens surface,
which means the optical gain of the lens is not taken in the cal-
culation of laser-induced damage thresholds. As a result, the
laser-induced damage threshold values in our paper are small
in a few orders when compared to previous references.

We can draw the conclusion that the CPP wavefront coding
imaging system can increase the spot and full screen damage
threshold by nearly twofold over the conventional imaging sys-
tem for both CMOS and CCD sensors, thereby protecting the
sensor from laser damage. Regardless of whether a phase plate
is added or not, in the same experimental environment, CCD
imaging sensors are more likely to be damaged by lasers than
CMOS sensors.

5. Conclusions

In conclusion, this paper proposes a CPP wavefront coding im-
aging system to reduce the risk of damage owing to intense laser
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radiation. We have investigated the morphology of laser- 5. I. C. Khoo, A. Diaz, and J. Ding, “Nonlinear-absorbing fiber array for large-
induced damage to CMOS and CCD Sensors by means Ofpulsed dynamic—range optical llmltlng application against intense short laser
laser radiation. In addition, we experimentally measure the pulses,” ]. Opt. Soc. Am. B 21, 1234 (2004).

. ] 6. L. Gao, Z. Zhu, Z. Shao, X. Cheng, and S. Chang, “Electric-induced oxide
laser-induced damage thresholds of the conventional and wave- breakdown of a charge-coupled device under femtosecond laser irradiation,”

front encoding imaging system. Simulation and experimental Appl. Opt. 52, 7524 (2013).
results consistently show that the CPP wavefront coding imag- 7. L. W. Tutt and T. F. Boggess, “A review of optical limiting mechanisms and
ing system can increase the laser damage thresholds on a larger devices using organics, fullerenes, semiconductors and other materials,
scale than a conventional imaging system, which will endow the Prog. Quantum Electron. 17, 299 (1993).

L . 8 g Y > 8. S. Motakef, ]. M. Boulton, and D. R. Uhlmann, “Organic-inorganic optical
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ability. We will test the laser-suppression performance of this 9. D.J. Hagan, E. Stryland, M. J. Soileau, Y. Y. Wu, and S. Guha, “Self-protecting
system considering atmospheric turbulence and system aberra- semiconductor optical limiters,” Opt. Lett. 13, 315 (1988).
tions and will also study different phase elements to improve the ' B-R Dowskiand W. T. Cathey, “Extended depth of field through wave-front

coding,” Appl. Opt. 34, 1859 (1995).
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