
1 Introduction

Two-dimensional (2-D) imaging arrays have made their way into countless appli-
cations, from industrial processes to medical imagery, area surveillance, and
autonomous and remotely driven vehicles. The maturation of camera technology
and the economies of scale have resulted in these sensors being widely imple-
mented for every kind of task. They are relied on to perform critical safety roles,
such as monitoring hostile areas or guiding heavy plant machinery, but they also
complement our personal lives by enabling us to video-call our relatives or cap-
ture memories on our smartphones. The digital camera has found a home in
almost every industry.

A camera sensor consists of two main components: a detector array and read-
out electronics. Modern visible-band cameras use a silicon photodiode array as
the light-sensing medium. Figure 1 shows a cross-section of a single photosensi-
tive element or “pixel” of a CCD camera. A photodiode consists of a junction
between two layers of silicon: one is doped with a material with a lower valence
than silicon, and the other one is doped with a material that has a higher valence
than silicon. This results in one layer of electron-rich material and another layer
with an abundance of holes, or a p-n junction. In a CCD pixel, a cathode is
applied to the p-type layer, but an insulating layer is introduced between the
n-type layer and the anode. In this way, the structure acts as a photocapacitor with
the amount of charge stored per unit time being proportional to the light level.
Individual pixels are arranged in a matrix to form a large photosensitive array.

Laser radiation can damage these sensitive 2-D imaging arrays even at long
stand-off ranges because of the laser’s highly collimated and coherent beam. In
a focused camera system, the point source from a laser is brought to a single
well-defined spot on the sensitive electronic array by the lens. The intensity of

Figure 1 Cross-section of a single silicon CCD pixel active area.
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laser light is referred to as fluence for pulsed laser sources (units of J cm−2) or
irradiance for continuous-wave (CW) lasers (in units of W cm−2).

The focusing of light onto the array by the lens can be described in terms
of optical gain, which is the ratio of irradiance at the pixel to the irradiance at
the objective lens. This gain is often 106 or more (gain ≈ 106 for λ = 532 nm,
F-number= 8, and lens diameter = 25.4 mm). It is this high concentration of light
by the lens that, given sufficient laser input, can damage the electronics by depos-
iting enough energy to break electrical connections, fuse connections that should
be isolated, or damage the material substrate itself.

The result of the physical damage to the sensing array caused by a laser
can be effects such as reduced pixel output in response to a signal and bright or
dark pixel damage. Bright or dark pixels can be generated singularly, in clusters,
on lines of various sizes, or over the entire array. Figure 2 shows the laser damage
to a visible-band CCD surveillance camera after exposure to pulsed green light at
a range of 500 m.

High-power CW lasers are now commonplace in industry. Multiple kilowatts
of CW laser power are used in industrial processing applications, such as metal

Figure 2 (a) Scene before laser illumination. A visible-band CCD images a scene and is
illuminated by a pulsed laser system, causing (b) irreversible line damage and (c) full-frame
damage. Total engagement time <1 s.
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welding and cutting, and effective rust removal can now be achieved using
portable, high-energy pulsed lasers. The specular component of a stray reflection
from the work piece in such a process can direct laser radiation to a monitoring
camera, which could be critical to safety. In the entertainment industry, stage per-
formances with laser displays have caused documented cases of unintentional
damage to cameras viewing the stage from the crowd.1

In the defence sector, the survivability of sensors can be mission critical. Self-
damage from designators, rangefinders, and illuminators is currently the most
common threat to a sensor, where the outgoing laser radiation is reflected back
to the source, causing damage. Though less common, anti-sensor weapons also
exist on the modern battlefield. An anti-sensor weapon known as a PAPV is one
example; it uses a low-power laser to detect optics in the field and is coupled with
a highly energetic laser pulse that can damage and potentially destroy the detected
optical device.2

Commercially available, high-power CW handheld lasers [such as the 1-W
laser shown in Fig. 3(a)] have been used to dazzle sensors, including the eye,
and as they increase in power, their ability to cause damage inevitably follows.
Figure 3(b) shows a 30-kW CW laser directed energy weapon (LDEW) aboard
the USS Ponce.3 The high power can structurally disable assets, such as
unmanned aerial vehicles, but can also damage in-band sensors at far greater
ranges due to the optical gain of the optics that focus the light onto the sensitive
electronics of such sensors.

Protection measures for imaging sensors can be designed and implemented to
protect against sensor damage and ensure that vital sensors remain functional,
regardless of the industry or application. First, however, the laser-induced damage
threshold (LIDT) of such devices must be accurately determined in order to set
the requirements for these protective measures. Because of variations in sensor
architecture and internal camera filters, the LIDT for a particular model of camera
is often required, as opposed to assuming a laser damage threshold value for a

Figure 3 Examples of CW lasers that can be encountered in civilian and military scenarios:
(a) A commercially available 1-W CW hand held laser and (b) the 30-kW CW LDEW system
on the USS Ponce (photo by John F. Williams, distributed under CC-PD-Mark license).
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certain type of camera, i.e., silicon CCD. As the applications and proliferation of
high-power lasers increase, the potential for damage to sensors increases.
Quantifying the LIDT of a camera is, therefore, important so that the risk of dam-
age to the sensor from a given laser source can be understood.

This Spotlight explains the methodology of establishing the LIDT of camera
sensors to Q-switched (nanosecond pulse length) and CW laser sources with
example images from visible-band cameras, but the techniques and methods can
be expanded to other sensor architectures and wavebands.

2 Experimental Method

The experimental setup in its simplest form delivers a laser pulse into an objective
lens that focuses the laser at the detector plane of the camera. The camera output
is monitored after each laser event to check for permanent changes to the image
caused by laser-induced damage. Morphological damage to the array itself is not
directly studied in the scope of this experiment, only its symptoms, i.e., a change
in digital output.

The radiant intensity at the detector plane, or fluence (in J cm−2), can be cal-
culated by dividing the energy into the camera by the beam area at the detector
plane. In this Spotlight, all pulsed damage thresholds will be presented in terms
of the fluence at the detector plane. The fluence threshold in the objective plane
is the pixel plane threshold divided by the optical gain. Presenting LIDTs in
terms of fluence at the detector has the benefit of being independent of the
optics used. For example, for the same collected energy and focal length, the
fluence at the focal plane will be higher when focused by an F/2 optic compared
to an F/10 optic because the spot size at the focal plane for the F/2 optic will be
smaller. Damage is caused by the laser fluence at the focal plane, not the total
energy.

2.1 Experimental prerequisites

2.1.1 Optical setup overview
The laser input to the objective lens can be a beam that is directly emitted from
the laser, or it can be expanded and collimated so that the beam is much larger
than the objective lens. The beam directly emitted by the laser may contain sig-
nificant aberrations that degrade its ability to be tightly focused; however, these
aberrations can be significantly reduced by expanding the beam so that a smaller
portion of the wavefront is sampled. This expansion and recollimation of the
beam may be performed in the laboratory using two simple lenses designed as a
beam-expanding telescope.

The subsampling of the expanded beam by the objective lens results in what
is known as a top-hat beam and is representative of long-range laser illumination,
where the beam has diverged and has become much larger than the collection
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