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ABSTRACT:

Since the invention of the laser in 1960, the protec-
tion of human eyes and sensors against dazzle
and damage by laser radiation is a hot research
topic. As long as the parameters of a laser source
(e.g., the wavelength) are known, adequate laser
safety can be ensured by utilizing conventional
laser protection filters. This is typically the case in
cooperative environments like a laboratory. A very
different situation prevails in military defence or
civil security. There, the parameters of a threaten-
ing laser are usually unknown.

Here, we present an overview of the research on
laser protection at the Fraunhofer IOSB comprising
measures against laser damaging and laser daz-
zling.

1. INTRODUCTION

Current laser protection measures are typically
realized using conventional optical filters based on
absorption, reflection or interference effects. How-
ever, these devices work only in a limited wave-
length range and they introduce a strong colour
distortion if they are designed for the visible spec-
tral range. These restrictions do not pose a particu-
lar problem in well-known environments like a la-
boratory or an industrial facility, where all param-
eters of the laser sources in use are known. This
situation does not apply to laser attacks on military
troops or on civil safety authorities. There, the
laser parameters are usually unknown, creating a
demand for wavelength independent laser protec-
tion measures.

Originally, the research on broadband laser protec-
tion was driven by military needs in consequence

of the development of anti-sensor laser systems
[1,2]. These kinds of weapons were designed as
pulsed laser sources based on nanosecond
pulses. To counter them, protection devices must
be capable to attenuate each single laser pulse on
a timescale shorter than that of the threatening
pulse. This specific problem excludes all kinds of
active protection measures. The hot candidates in
mind were so-called optical power limiters (OPL):
devices showing a reduced transmittance for high
input intensities, while providing high linear trans-
mittance for low input intensities. Since the begin-
ning of the 1980s, optical power limiters are an
ongoing research topic.

Military anti-sensor laser weapons as mentioned
above were available only in limited numbers dis-
tributed among a few nations. They are no longer
the main laser threat to be faced by the troops.
These days, an increasing threat for the military as
well as for civil safety authorities originates from
handheld laser pointers: battery-powered devices
which are freely available and have a high distribu-
tion due to their rather low price. They are offered
with output powers in the range of some milliwatts
up to more than 1 W, a large variety of different
wavelengths in the visible spectral region is avail-
able. Typically, these lasers do not work as pulsed
sources but emit continuous wave (cw) radiation.
In contrast to the above-mentioned military pulsed
laser systems, active laser protection measures
are a possible solution for this threat.

The ideal protection measure, capable to counter
laser dazzling and damaging, should fulfil various
requirements, including:

1. Protection covering the complete operating
spectral range of the sensor/human eye with
the ability to protect against a number of differ-
ent wavelengths at the same time.



2. Sufficient attenuation of laser light, while offer-
ing a high transmittance for non-hazardous ra-
diation.

3. No colour distortion for the human eye or sen-
sors working in the visible spectral region.

4. Acting only on parts of the field of view where
harmful radiation occurs, whereas not affecting
those parts where no laser light is present.

5. Protection against monochromatic laser sour-
ces (both cw and pulsed) as well as broadband
light sources (e.g., the sun or high-power
LEDs).

6. Realizable as a thin film that can be put, for
example, on existing optics or windshields.

Numerous kinds of approaches were discussed in
literature regarding concepts for laser protection. A
short review of several techniques is given by
SVENSSON and co-workers [3]. They distinguish
three types of protection measures: (a) static pro-
tection, (b) active protection and (c) self-activating
protection. Static protection measures, such as
fixed line filters, offer a very high attenuation but
exhibit several disadvantages (e.g., limited working
wavelength range). Active systems suffer from the
disadvantage of a finite response time. They are
useful for the protection against continuous wave
laser sources or repetitive laser pulses but they are
not able to protect against single laser pulses. In
this case, a self-activating protection (e.g., optical
power limiters) seems to be the most promising
technology. Unfortunately, the maximum attenu-
ation of these devices is still too low to ensure
adequate protection. In summary, none of the pro-
tection technologies available today is able to fulfill
all the requirements stated before. An all-
embracing solution is still far out of reach.

At the Fraunhofer IOSB in Ettlingen, Germany,
formerly known as FGAN-FfO (until 1999) and
FGAN-FOM (1999-2009), research on laser pro-
tection has been performed for more than two de-
cades. The early work was focused on the protec-
tion of thermal imagers against laser radiation.
Reversible and irreversible effects of intense laser
radiation on thermal imagers (including the as-
sessment of damage thresholds) were studied
intensively. The optical nonlinearities of various
materials were examined as possible protection
measure against laser radiation. In the late 1990s,
the protection against laser radiation in the visi-

ble/near-infrared spectral region took on greater
significance.

In this paper we present an overview of the past
and current work on laser protection at our insti-
tute. The subjects will not stick to a chronological
order but rather to a content-related order. Sec-
tion 2 starts with the evaluation of laser threats. It
comprises the results of studies on reversible and
irreversible effects of intense laser radiation on
electro-optical sensors and some (basic) theoreti-
cal calculations. Section 3 summarizes the re-
search on optical power limiting both for the in-
frared and visible spectral region and is related to
the protection of electro-optical sensors and the
human eye against damaging by laser radiation.
From the plenty of our investigations, we will
mainly discuss this topic by introducing two selec-
ted examples relating to the older work in the
LWIR and to current work in the visible. Section 4
presents an electro-optical sensor hardened
against dazzling by continuous wave laser sources
as a measure against the increasing threat of high-
power laser pointers.

2. LASER THREAT ANALYSIS

Research on laser protection measures is not only
focused on protection measures against dazzling
and damaging itself. It also includes the analysis of
possible threats and the impact of these threats on
the objects to be protected. Damaging may be
regarded as the worst case since the resulting
disturbance is irreversible. Single laser pulses may
already cause a severe reduction of performance.
Dazzling relates to reversible effects induced by
either high repetition laser pulses or continuous
wave lasers. Although these effects are reversible,
the impact on missions can be critical. In the case
of the human eye, the different levels of impair-
ment ranging from dazzling to damaging are char-
acterized by their physiological impact. The sup-
pression of these effects depends on the given
scenario. Giving an example, section 2.1 dis-
cusses the levels of protection necessary to
counter specific threats.

2.1 Theoretical considerations

One of the most important parameters for a poten-
tial laser protection measure is the maximum at-
tainable attenuation. Fig. 2-1 gives an example for



the necessary levels of attenuation regarding the
respective physiological effects. Both intraocular
power and corneal irradiance are plotted as a func-
tion of the distance of an observer’s eye to the exit
port of a laser source.

Threshold values for eye damage and various
types of dazzling effects are indicated in the graph
by horizontal lines. The highest value is the so-
called maximum permissible exposure (MPE),
which indicates the level for eye damage [4]. This
value depends on several parameters like the laser
wavelength or duration of exposure. The three
lower lines show the visual interference levels ac-
cording to [5]: 100 yW/cm? (“significant flash blind-
ness”), 5 puW/cm? (“significant glare”) and
50 nW/cm? (no distraction).
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Figure 2-1. Intraocular power and corneal irradiance as a
function of the distance to the laser source. Assumed
calculation parameters as described in the text.

For the calculations, we assume following laser
parameters: Power P =1 W; beam diameter at the
exit port dp=2mm; full angle divergence
® =1.5mrad; wavelength A=532nm. These
values correspond to handheld laser devices that
can be purchased on the free market. The diam-
eter of the eye pupil was assumed to be 7 mm.
The calculations were performed for both a flattop
beam profile and a Gaussian beam profile and an
atmospheric extinction of 0.2 km-1 (good visibility).

From the graph, we can deduce that attenuation in
power of at least three orders of magnitude is ne-
cessary to stay below the MPE at all distances to
the laser source. Dazzling effects occur already
about four orders of magnitude below the MPE.
Thus, even higher attenuations are required, in

order to protect the eye against dazzling too (more
than seven orders of magnitude to prevent from
distraction in the case assumed).

2.2. Effects of laser irradiation on infrared
cameras — damaging and dazzling

Damaging:

First measurements at the institute regarding the
damage threshold of thermal imagers were con-
ducted in 1994. A backside-illuminated CMT detec-
tor (the backside is facing the incoming laser radi-
ation) was irradiated with pulses of a CO, laser
source (LSIPSL 300, A =10.6 ym, pulse width of
the gain switch spike: 200 ns). To identify the laser
damage threshold, the pulse energy was gradually
increased and the responsivity of the examined
detector element was measured before and after
the laser exposure. The damage threshold was
measured for single pulses as well as for pulse
series. Fig. 2-2a shows the responsivity of the
detector as a function of the fluence; the abrupt
decrease of the responsivity is clearly observable.
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Figure 2-2.(a) Responsivity of a CMT detector as a func-
tion of the fluence for single pulse (circles) and multiple
pulse (stars) irradiation. (b) Change of the diode charac-
teristic of a CMT detector after the impingement with
pulsed laser radiation.

Another method to assess irreversible detector
damages is to measure the diode characteristic
that changes near the damage threshold. The
breakdown voltage decreases and the dark current
increases (see Fig. 2-2b). These changes can be
observed as a decrease of the differential resist-
ance of the diode.

The assessment of damage thresholds was ac-
complished for different detector technologies, for
example, CMT, InSb and PtSi at various laser
wavelengths (1.06 ym, 3.8 um, 4.01 ym, 9.5 ym,
10.6 pm).



Dazzling:

For laser radiation intensities below the damage
threshold, the mission of a sensor can be disrupted
due to overexposure. The dazzling effects occur-
ring depend on the individual sensor technology
used (scanning single detector, scanning linear
array, focal plane array). An example for the daz-
zling of scanning sensors by pulsed laser radiation
(nanosecond laser pulses, wavelength: 10.6 uym) is
shown in Fig. 2-3 for various pulse repetition fre-
quencies. The two different scanning technologies
can be seen clearly in the dazzling pattern.

In cooperation with TNO (The Netherlands) and
DGA Maitrise de linformation (formerly named
CELAR, France) the effects of laser radiation on
infrared focal plane array cameras were examined
[6]. Experiments were performed with three differ-
ent combinations of cameras and MWIR lasers. A
CMT camera was used in combination with a DF
laser as well as a frequency doubled CO, laser
and an InSb camera was used with a PPLN-OPO
laser. The details of these measurements can be
found in the aforementioned reference. One find-
ings of those experiments was that for nanosecond
laser pulses a nonlinear saturation phenomena
occurs. For very high pulse energies, the peak
pixel value in the saturated area decreased with
increasing laser power.

In order to get a better understanding of the satu-
ration phenomena described above, experiments
at much shorter timescales were performed at the
Fraunhofer IOSB. Fig. 2-4 shows the detector sig-
nals of a CMT thermal imager observing the dif-
fuse reflection of laser radiation from a rough sur-
face. As a first step, we compared the signals pro-
duced by white light femtosecond laser pulses (plot
on the right hand side) with the signals of a con-
tinuous wave laser (plot on the left hand side). For
the continuous wave laser beam, the dynamic
range of the 14 bit sensor is completely utilized
(maximum pixel value of 16384). In the case of the
femtosecond laser pulses, the sensor signal is
saturated at a rather low value of about 6000.

As an explanation of this phenomenon, we sup-
pose that ultra-short laser pulses excite all those
electrons in the valence band to the conduction
band whose transition energy is within the spectral
width of the laser pulse. Considering only the

mechanisms in the detector material without taking
into account the electronics behind the detector,
one can assume that the amount of charge carriers
available within the timescale of the laser pulse is
finite. Therefore, only a limited detector signal can
be produced since no further charge carriers can
be excited. We conclude that this saturation phe-
nomenon is not to be understood in the classical
sense of saturation where the detector electronics
limits the signals.

Figure 2-3.Top row: Laser dazzling effects by pulsed
laser radiation on a scanning line detector: (a) Pulse
repetition frequency PRF = 500 Hz, average power
P =60 mW; (b) PRF =4 kHz, P = 1 W. Bottom row:
Laser dazzling effects by pulsed laser radiation on a
scanning single detector: (c) PRF = 5.1 kHz, P= 1.3 W;
(d): PRF=9.9kHz, P=2 W.

16384 —
(= 14 bit)

1270100 R A ,/‘.‘.“.‘ AN i
I AN - >
T ONNONY oo D
T PRI

i

"
5000
(background)

Figure 2-4. Detector signals of a CMT camera observing
the diffuse reflection of laser light at a rough surface.
Left: Detector signal of a cw laser beam with Gaussian
intensity distribution. Right: Detector signal caused by
the IR radiation of a white light femtosecond laser pulse.



2.3. Assessment of laser dazzling effects
on TV cameras

In cooperation with ONERA and Institut d'Optique
(both France), dazzling experiments were per-
formed on TV CCD cameras using nanosecond
laser pulses [7]. Different intensity dependent
physical phenomena could be observed. To quan-
tify these dazzling effects, pattern recognition al-
gorithms were developed.

For the dazzling experiments, a frequency doubled
Nd:YAG laser was used working at a wavelength
of 532 nm. The pulse frequency could be varied
from very low pulse repetition frequencies (down to
10 Hz) up to very high values (up to 100 kHz). The
TV camera used in the experiments was a Sanyo
VCB 3440-P which is classically used for video
monitoring. It is an interlaced CCD camera with
8 bit resolution and 1/3” sensor containing
542x584 pixels. The laser beam was directed to-
wards the camera which observed an artificial
scene on a screen. A hole pierced in the screen
made it possible to overlap the dazzling laser
beam with the artificial scene.

The physical phenomena that gradually impaired
the image of the CCD camera were observed by
comparing successive images obtained for in-
creasing values of the laser pulse energy and in-
creasing pulse repetition frequency (PRF). Three
classes of phenomena could be distinguished (see
Fig. 2-5):

1. Saturation: Saturation appears with increasing
laser pulse energy creating a saturated spot
with intensity-dependent size.

2. Optical effects: Optical effects created in the
lens of the camera considerably modified the
spatial structure of the saturated spot on the
camera.

3. Electronic effects: Some electronic effects
appeared due to charge transfer processes
and are directly related to the ratio between
the PRF of the laser and the read out fre-
quency of the camera.

At low pulse energies, the first observable effect
was the saturation of pixels located at the point of
incidence of the laser beam. As the energy per
pulse increased, the overexposed area spread
over a larger number of pixels, creating a white
bright spot in the image.

For increasing pulse energies, effects are pro-
duced which can be addressed to scattering pro-
cesses in the lens and at the aperture of the cam-
era (see Fig. 2-5a). In general, a complex light
pattern appears revealing a mix of multiple reflec-
tions, diffraction and scattering in the camera lens.
For even higher pulse energies, multiple concentric
rings centred on the laser spot could be observed.

With sufficient high pulse energy, all pixels along
the same column, which is hit by the laser spot,
begin to saturate (see Fig. 2-5b). Considering that
these pixels are not directly exposed to the laser
beam, this saturation is related to electronic effects
occurring during the charge transfer process of the
CCD sensor. Depending on the pulse repetition
frequency of the laser, either the complete column
can be saturated (high PRF) or only a few satu-
rated spots can be observed (low PRF).

Finally, at very high pulse energies, the pixels lo-
cated at the centre of the overexposed area
changed from white to grey. This behaviour is simi-
lar to that of the thermal imagers described in sec-
tion 2.2.

3. PROTECTION AGAINST LASER DAMAGE

3.1. Optical power limiting

Optical power limiting goes back to the early
1960s. For example, SIEGMAN stated the “need for
a limiter which can protect from overload either
instrumentation or human eyes working in the vi-
cinity of powerful optical masers, atomic explo-
sions, and other powerful light sources” [8]. An
optical power limiter (OPL) is a device showing a
reduced transmittance for high input intensities,
while providing high linear transmittance for low
input intensities. Optical power limiting devices are
based on nonlinear optical processes, among them
nonlinear absorption, nonlinear refraction and in-



duced scattering are known. There is a wide range
of materials showing such a nonlinear process.
Beside solid-state materials, extensive investigat-
ions were made, for example, on carbon black
suspension, fullerenes, carbon nanotubes, nonlin-
ear dyes and nanoparticles. To build an OPL,
these materials are either suspended in a liquid
solvent or dispersed in a solid host. Solid hosts
may be designed as thin films or thick samples (up
to several millimetres). Several review papers on
optical power limiting describing the nonlinear opti-
cal processes and suitable materials can be found
in literature [9-12].

Since nonlinear optical processes are usually very
weak, high laser intensities are needed to drive
these processes. This circumstance has two con-
sequences:

1. All optical power limiting devices need focusing
optics where the limiting material is placed in
or near the focus of the laser beam to increase
the irradiance (or fluence). As an example,
Fig: 3-1a shows an optical system, which was
customized to fit between the folding mirrors of
a tank periscope. The optics has an accessible
intermediate focal plane, where a nonlinear
protection filter can be placed.

2. Current optical power limiters are usually not
suited as protection against laser dazzling
since their activation threshold is far too high.
Thus, they are intended to protect the eye or
electro-optical systems only against damage
by laser radiation.

The schematic response curve of an OPL is shown
in Fig. 3-1b. For an ideal OPL (red curve), a con-
stant output power is expected for input powers
above the threshold. For a real OPL (green curve)
the linear region of the curve passes smoothly over
into the nonlinear region. Furthermore, the output
power is usually not kept constant above the limit-
ing threshold but increases with a lower slope.
When the damage threshold of the OPL is
reached, an optical breakdown occurs.

Generally, a high damage threshold is desired for
an OPL. However, since an optical limiter device
has to be located in or very close to an intermedi-
ate focal plane, optical damage will always occur
somewhere above the threshold. One can make a
virtue out of that fact by using the damage induced

absorption and scattering to attenuate the laser
radiation. In this case, the protection devices are
called sacrificial elements.
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Figure 3-1. (a) Optical system with wide field of view,
customized to fit between the mirrors of a tank peri-
scope. (b) Schematic response curve of an ideal optical
power limiter and a real optical power limiter.

Research on optical power limiters at the institute
goes back to the early 1990s. The aim was to pro-
tect thermal imagers against damaging by laser
radiation. Among various possibilities, we focused
on two-photon absorption (TPA) in semiconducting
materials like InSb (10.6 ym) and InAs (3.8 um) or
thermochromic effects in VO, (3.8um and
10.6 pm).

The later work comprised the evaluation of third
party nonlinear laser protection filters (see [13-15])
but also the development of own devices based on
nanoparticles (see [16,17]). Some of this work was
performed in cooperation with the French-German
Research Institute of Saint-Louis ISL (see [18-
20]). Besides standard laboratory tests, the per-
formance of nonlinear protection was also evalu-
ated in real optical systems (see [21]).

Here, two selected examples of our work shall be
presented: (a) measurements regarding optical
power limiting in the infrared spectral region (sec-
tion 3.2) and (b) the evaluation of the protection



performance of a sacrificial element (PMMA/Ag
nanocomposite) integrated in a telescopic sight
(section 3.3).

3.2. Optical power limiting in the infrared spec-
tral region

Nonlinear effects in various materials were investi-
gated in order to protect thermal imagers against
laser radiation. In first experiments, the transmis-
sion properties of InSb for CO, laser radiation at
10.6 ym were measured. Fig. 3-2a shows the tem-
poral intensity profile of a laser pulse before and
after being transmitted through a 0.5 mm thick
sample of InSb. The intensity modulation of the
transmitted pulse can be explained by the plane
parallelism of the two sample surfaces, working as
an etalon.
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Figure 3-2. (a) Temporal intensity profile of a CO2 laser
pulse (10.6 um) before (lower curve) and after (upper
curve) the transmission through an InSb sample. (b)
Measurement of the charge-carrier relaxation time of
InSb at 77 K. (c)Temporal intensity profile of a CO; laser
pulse before and after transmitting through a VO2 sam-
ple for low (red data) and high (blue data) pulse energy.

In order to quantify the charge-carriers relaxation
time of InSb, pump-probe experiments were car-
ried out. The transmittance of the InSb sample was
measured by a weak continuous wave CO, laser
probe beam, while a short pump pulse (30 ns, cut

out of the gain switch spike) changed the trans-
mission properties of the crystal.The graph in
Fig. 3-2b shows the time profile of the probe pulse
for the sample cooled down to 77 K. An exponen-
tial decay with two time constants fits the data
(11=230ns, 1,=730ns). For room temperature,
the time constants are much shorter (11 =5 ns,
T, = 24 ns).

Another material under test was thermochromic
VO,. This material exhibits a phase transition from
a transparent semi-conductive state to a reflective
metallic state at a temperature of about 68 °C.
Measurements of the transmittance change were
carried out both with continuous wave and pulsed
CO;, laser radiation. The results for pulse durations
of 200 ns are shown in Fig. 3-2c for low (red curve)
and high (blue curve) pulse energies. The residual
transmittance was measured to be below 5% for
high pulse energies. Measurements were also
performed for a laser wavelength of 3.8 um.

3.3. Nonlinear laser protection filters in direct
vision optics

The maijority of measurements on optical limiting
materials are usually made in laboratories. A la-
boratory setup is easy to establish and offers ac-
cess to the focal plane to place the sample there. It
also enables the researcher to optimize param-
eters of the setup to achieve optimal results. How-
ever, if an OPL shall be implemented in a real opti-
cal system, additional difficulties have to be con-
sidered. MCGEOCH and co-workers examined theo-
retically what has to be considered when integrat-
ing an optical limiting device into a sighting system
[22]. They showed that the focal plane can move
up to several millimetres due to dispersion, field
curvature and temperature changes. Hence, to
realize a steady protection, it has to be assured
that the protection device always stays in the focal
plane. Therefore, an optical limiting device for field
applications most likely should be a device exhibit-
ing a certain thickness.

At our institute, the performance of nonlinear laser
protection filters was examined for different optical
systems [21]. Here, we present the results of a
nonlinear laser protection device (sacrificial ele-
ment based on a PMMA/Ag nanocomposite) inte-
grated in a telescopic sight (Zeiss Diavari-ZA 2.5—
10x52).



The experimental setup for measuring the protec-
tion performance can be seen in Fig. 3-3. We used
a frequency doubled Nd:YAG laser as laser source
(Coherent Infinity, not shown in the figure, wave-
length: 532 nm, pulse width: 3 ns). For the simula-
tion of far-field conditions, the laser beam was
expanded to a larger diameter by a combination of
a concave lens and an off-axis parabolic mirror. A
part of the laser beam was split off before entering
the optical system to monitor the incident pulse
energy with a reference photodiode. The input
pulse energy could be changed by a set of neutral
density filters.

' Neutral density
filters

Reference
Beamsplitter
& IH'“ (' 0 photodiode

Neutral =5
density S

filters —

-~y

Neutral density Te\esmp(sgm with
CCD camera filters

O

Off-axis parabolic
mirror

Figure 3-3. Experimental setup for the evaluation of
optical limiting devices in a telescopic sight [21].

To identify the residual hazardous energy transmit-
ted through the optical system, the focusable en-
ergy Ejc (or encircled energy) was measured,
which is generally defined as the energy transmit-
ted through a 1.5 mrad aperture [11]. Usually, this
is realized by positioning a pinhole in the focus of a
lens with appropriate focal length in front of a de-
tector (e.g., a power meter or photodiode). For
these measurements, a different method was im-
plemented. Instead of a combination of lens, pin-
hole and photodiode we used a CCD camera
(Kappa DX4-285 FW) with an f=50 mm objective
to measure the transmitted energy. After perform-
ing dark frame and flat field correction, the
1.5 mrad pinhole was simulated by integrating only
the pixel signals corresponding to a field of view of
1.5 mrad.

The detection unit (CCD camera + camera lens)
was protected against saturation and damage by a
further set of neutral density filters. Since a tele-
scopic sight is usually used by human observers,

an aperture with diameter 7 mm was placed be-
hind the eyepiece. The radiant energy transmitted
by this aperture equals the energy that would be
transmitted by the pupil of a dark-adapted eye
(intraocular energy).

(@) 190 gy Ty
1o

1B

0.1 i

0.01 -

0.001 fg-i--

F\g@vo 35a !

Transmitted energy (pJ)

0.0001 fg-!

1e-005 - PMMA/Ag 8x magn ‘A 1
, PMMA/Ag, 4x magn. 3

vo006 E B tuund +vvud ool ool ol ol ot v v
1e-005 0.0001 0.001 0.01 0.1 1 10 100 1000 10000

Input energy at objective lens (uJ)

Figure 3-4. (a) Nonlinear transmittance for nanosecond
laser pulses at wavelength 5632 nm. (b) View through the
telescopic sight (eightfold magnification) after laser fire.
Adapted from [21].

The measurement results for the sacrificial ele-
ment (PMMA/Ag nanocomposite) is shown in
Fig. 3-4a. The plot shows the focusable energy
transmitted by the combination of telescopic sight
and 7 mm aperture versus the energy entering the
telescopic sight. The measurements were per-
formed at a magnification of eight and four of the
telescopic sight. The horizontal lines at 0.2 J and
3.0 ud correspond to the MPE and the EDs, value
for retinal lesion according to reference [23], re-
spectively. The highest transmitted energies
measured were below or close to the EDsy value
for input pulse energies of some millijoules. For
fourfold magnification of the telescopic sight, the
response curve of the protection filter is shifted
towards lower output energies, because in this
case the diameter of the transmitted laser beam is
larger than for eightfold magnification. Thus, the
7 mm aperture placed behind the eyepiece blocks
more radiant energy transmitted by the telescopic
sight. The measurement points in each curve



where damage in the protection filter occurred for
the first time are marked by black rectangles.

A view through the telescopic sight after laser fire
can be seen in Fig. 3-4b for eightfold magnification
of the telescopic sight. A multitude of damaged
spots of various sizes is visible; some are marked
by red arrows. Even though a large number of
damaged spots are visible, the optics would be still
usable without severe disturbance.

Advanced evaluation: In a standard test setup for
optical power limiting devices, a 1.5 mrad pinhole
is used to measure the focusable component Ejy
of the transmitted energy. This value is usually
compared to the point source MPE to assess the
protection performance. HOLLINS states, regarding
this approach, “Comparison of the ‘focusable en-
ergy’ Eqc against published ocular damage thres-
holds provides a basis for preliminary assessment
of protection; however, proper assessment must
take fuller account of the diffuse component and
other issues” [11].

Since the measurement of the transmitted energy
was realized with a CCD camera, the spatial in-
tensity distribution on the CCD sensor could be
used for an advanced evaluation. Fig. 3-5a shows
a false colour representation of the intensity distri-
bution at the CCD sensor for a high value of the
input pulse energy. This image corresponds to the
blue measurement point in Fig. 3-4a that is marked
with a red arrow. Three circles (white, yellow and
green) are visible in Fig. 3-5a.

The white circle corresponds to the area of a “vir-
tual 1.5 mrad pinhole” and is centred to the maxi-
mum pixel value of the intensity distribution. We
can see that the pulse energy is distributed over an
area considerably larger than the area of this vir-
tual pinhole. In a standard setup, only the fraction
of energy falling into this area would be measured;
whereas in reality, also a larger amount of energy
would enter the eye of an observer.

To calculate the total incident energy Eioa, the
values of the pixels lying inside the yellow circle
(only visible in the corners of the intensity distribu-
tion image) were integrated. Since the total inci-
dent energy is distributed over a larger area than
1.5 mrad, the extended source MPE has to be
taken into account for the assessment of the pro-
tection performance. For the calculation of the

extended source MPE (see [4]), the diameter of
the intensity distribution was determined according
to the D4o method [24]. This diameter is indicated
in Fig. 3-5a by the green circle.
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Figure 3-5. (a) False colour representation of the in-
tensity distribution at the CCD sensor for high input
pulse energy. This intensity distribution corresponds to
the blue measuring value of Fig. 3-4a, which is marked
with a red arrow. (b) Ratio of transmitted energy to MPE
as a function of the input energy. The ratio was calcu-
lated using either the total transmitted energy (blue
measuring values) or only the focusable component of
the transmitted energy (red measuring values).

Fig. 3-5b shows the ratio of transmitted energy to
MPE as a function of input energy. The transmitted
energy was calculated either by integrating only
the pixels values in the virtual pinhole (Ef., red
measuring values) or by integrating over the com-
plete intensity distribution (Eita, blue measuring
values). For the red measuring values, the point
source MPE was used to calculate the ratio
Eiw./ MPE. For each blue measuring value, the
diameter of the corresponding intensity distribution
on the CCD sensor was calculated. This diameter
was used to estimate the “individual” MPE of each
blue measuring value in compliance with the laser
safety regulations. Subsequently, the ratio
Eiotas / MPE was calculated.



We can see from Fig. 3-5b that the use of a
1.5 mrad pinhole in a standard test setup results in
an overestimation of the protection performance
for higher input pulse energies.

4. PROTECTION AGAINST LASER DAZZLING

These days, an increasing threat originates from
handheld laser pointers, which are obtainable with
output powers in the range of 1 W and more. A
large variety of different wavelengths in the visible
spectral region is offered. Typically, these lasers
emit continuous wave radiation, which means that
active laser protection measures are a possible
solution for this threat. An overview of various ac-
tive laser protection techniques is given in the pub-
lication of SVENSSON and co-workers [3], among
them the use of spatial light modulators (SLM).
Based on this technology, an electro-optical sensor
hardened against dazzling by continuous wave
laser sources was developed.

The application of spatial light modulators as a
protection measure against dazzling light sources
was described, for example, by TowMmILIN and
DANILOV [25]. In previous investigations, we dem-
onstrated successfully such an approach [26,27].
The applicability of this method was significantly
improved by the implementation of wavelength
multiplexing. This technique allows both spatial
and spectral filtering of monochromatic light.

Wavelength multiplexing is a technique that was
used by KOESTER to improve the quality of images
transferred through optical fibre bundles [28]. The
idea was to transmit the various wavelengths from
a given object point through a number of different
fibres. It was realized by placing a direct vision
prism in front of the input optical system of a fiber-
scope, which imaged the object onto the entrance
facet of the fibre bundle. Thus, the light from a
given object point was spectrally broken down and
then transmitted through the fibre bundle. A cor-
responding dispersing element at the exit end of
the fibre bundle reversed the dispersion. There-
fore, undesired transmission errors of the fibre
bundle, for example by broken fibres and the facet
structure, were reduced.

A scheme of an experimental setup combining the
SLM technology with the wavelength multiplexing
technique is shown in Fig. 4-1. A digital micromir-

ror device (DMD) is used as intensity modulator. In
order to be able to filter light only in localized areas
of the sensor’s field of view, the DMD is located at
the intermediate focal plane of a 1:1 Keplerian
telescope (formed by lenses L1 and L2). Before
and behind the telescope, two identical dispersive
elements (gratings Gr1 and Gr2) are inserted into
the optical beam path to implement the wavelength
multiplexing. The first grating spectrally breaks
down light beams entering the setup. Each object
point of a distant scene forms a wavelength spec-
trum at the intermediate focal plane of the tele-
scope. The dispersion by the first grating is re-
versed behind the telescope by means of the sec-
ond grating.

P Controller |—

Figure 4-1. Laser dazzling protection concept using a
digital micromirror device (DMD). (a) Operation mode for
regular imaging. (b) Operation mode with high attenu-
ation for dazzling light.

Usually, this setup would be operated in such a
way that all light is directed towards the sensor by
titing the micromirrors completely to the +©-state
(Fig. 4-1a). In the case of dazzling laser light arriv-
ing at the sensor (here: the green rays in the fig-
ure), the controller toggles just these micromirrors
to the -©-state which are exposed with dazzling
light (Fig. 4-1b). Thus, the dazzling light is reflected



out of the beam path, whereas all the remaining
wavelengths coming from the same object point
can pass the optical arrangement unaffected. Such
a setup allows combined spatial and spectral filter-
ing of monochromatic light sources and ideally
suppresses only the threatening laser light, while
not affecting the non-threatening radiation from the
scene.

Detailed information about the optical layout with
the DMD and the control loop mechanism can be
found in various publications [29-32]. An earlier
setup using a liquid crystal SLM in combination
with direct vision prisms as dispersive elements is
described in more detail in other publications
[26,27].

Figure 4-2. (a) Disturbed scene: Laser radiation dazzles
the camera. (b) View of the scene while the filtering is
switched on. As a side effect a vertically arranged colour
distortion is recognizable.

The results of a field trial are shown in Fig. 4-2. A
continuous wave laser (wavelength: 660 nm, out-
put power: 2.7 mW) was placed in a distance of
73 m to the sensor. These parameters would cor-
respond to a laser output power of 81 mW in a
distance of 400 m. When the laser was switched
on, a large part of the central field of view was
completely dazzled (see Fig. 4-2a). As soon as the
control loop of the system was activated, the daz-
zling laser radiation was strongly attenuated (see
Fig. 4-2b). Since a band of wavelengths was ex-
tracted out of the imaging path, a colour distortion
occurred, but the details in the vicinity of the laser
(e.g., the person) are visible.

In the spectral region between 470 nm and
725 nm, we measured a mean attenuation of
45.4 dB for monochromatic light. The mean trans-
mittance of the optical setup in the same wave-
length range is 0.26.

5. SUMMARY

In this publication, an overview of the work on laser
protection at the Fraunhofer IOSB was given. The
work performed during more than 20 years com-
prises the analysis of laser threats as well as re-
search on laser protection measures. As one out-
come of the work, it was shown that wavelength-
independent laser protection could be realized for
specific application fields. One example is the har-
dening of direct vision optics by making use of
optical power limiters. These devices are suitable
to prevent (or minimize) laser damage; however,
they are restricted to optical systems with inter-
mediate focal plane. Another example presented is
the hardening of electro-optical sensors against
laser dazzling. Unfortunately, all non-conventional
laser protection measures have their limits (e.g.,
maximum attenuation or transmittance losses). A
solution that is capable to counter every laser
threat is still far out of reach.
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