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1. Introduction

Nonlinear optical limiting (NOL) technology is to allow weak
light to pass through with high transmission while blocking
strong light with low transmission and thus can prevent the
human eyes and sensitive optical sensors from being irreversibly
damaged by high-intensity lasers'"). In many cases, the studies of
NOL performances are mainly focused on visible light to near-
infrared laser radiation>™*, especially 532 nm and 1064 nm, and
there are relatively few studies on the longer wavelengths.
However, with the development of infrared high-power laser
technology, high-power lasers have important applications in
many fields, such as material processing'”), biomedicine!®,
remote sensing'”), and molecular spectroscopy'®). In order to
prevent human eyes and some sensitive sensors from high-
power infrared lasers, it is necessary to explore NOL technology
used in the infrared wavelength range. The main approaches of
infrared broadband NOL technology are based on nonlinear
absorption (NA)P) reverse saturable absorption (RSA)MOL
two-photon absorption (TPA)!'"), and phase change!'?. While
it is relatively easy to protect against a single wavelength laser,
the currently available broadband high-power laser sources
require an NOL technology to operate in a wide wavelength
range!"?). Therefore, it is greatly significant to study the infrared
broadband NOL technology.

In this Letter, we innovatively propose an infrared broadband
NOL technology based on stimulated Brillouin scattering (SBS)
in As,Se; fiber. The As,Se; fibers have low-loss from 3 to 8 pm
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A novel infrared broadband nonlinear optical limiting (NOL) technology based on stimulated Brillouin scattering (SBS) in
As,Se; fiber is proposed. The As,Se; fiber allows a weak infrared laser to pass through, but blocks an intense laser with the
same wavelength due to the SBS effect. This NOL technology has been experimentally proved to have excellent NOL per-
formance for incident pulsed lasers with a typical infrared wavelength of 3.6 um. The linear transmissions of 1m and 0.5 m
As,Se; fibers are higher than 90%, and the lowest nonlinear transmissions are reduced to 0.89% and 1.23%, respectively.
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(except for 4.5-4.8 pm), which ensures high transmission under
weak light in a wide range of wavelengths!'*. When the intensity
of the incident laser exceeds a certain limit, SBS occurs, and most
of the incident laser will be scattered in the backward direc-
tion'*, The SBS media achieve the purpose of NOL by back-
scattering the strong incident laser instead of absorbing it, which
effectively prevents the media from being damaged due to
absorbing a large amount of energy''®!. Besides, optical fibers
can provide long interaction length and localize the incident
laser in the fiber core!'”), which is beneficial to exciting the SBS
effect and improving the NOL performance. We experimentally
verified that the 1 m and 0.5 m As,Se; fibers have excellent NOL
performance for nanosecond pulsed laser with a typical infrared
wavelength of 3.6 pm. The linear transmissions of 1 m and 0.5 m
As,Se; fibers are higher than 90%, and the lowest nonlinear
transmissions are reduced to 0.89% and 1.23%, respectively. To
the best of our knowledge, this is the first time to use As,Se; fiber
as NOL media in the infrared wavelength range. The novel NOL
media feature light weight, small size, and being easy to bend,
which may easily achieve excellent NOL performance within
a small volume. This NOL technology may have potential appli-
cations in all-optical communications"®, sensor protection“g],
and other infrared broadband laser protection fields.

2. Principle

As is similar in other types of optical fibers, the SBS in As,Se;
fiber is a nonlinear optical phenomenon caused by the
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interaction of optical and acoustic waves in the optical fiber>),

When the incident laser is weak, the laser transmits the fiber
with the power losses generated from material absorption and
Rayleigh scattering of the fiber. As the intensity of the incident
laser gradually increases beyond the stimulated threshold to
excite the SBS effect in the fiber, the energy of the forward trans-
mitted laser will be transferred to the Stokes wave, which trans-
mits backward. The dynamic process of the SBS can be modeled
with the following equations'*');
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where E;(z,t) and E(z,t) are, respectively, the pump and Stokes
field amplitudes at time ¢ and location z, # is the refractive index,
cis the speed oflight, p(z,t) is the density, a is the loss coefficient,
I' is the phonon decay rate, k and A are Brillouin coupling con-
stants, and f (z,t) is the thermal fluctuations in the density of the
medium. By solving the transient solution of the coupled wave
equation, the transmitted waveform related with SBS effect can
be simulated under different incident power densities. The SBS
threshold I, is defined as the value of the power density when
the Brillouin reflectivity reaches 0.01, which can be calculated by
the following formula!*;

G
Iy=—2, )
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where Gy, is the stimulated threshold parameter related to the
optical fiber material, gz is the Brillouin gain coefficient of
optical fiber,

1—e

Legs = 3)
is the effective interaction length, and L is the length of optical
fiber. The ratio of the backscattered and incident laser intensity
is the SBS reflectivity R, which has the following relationship
with the Brillouin gain coefficient g and the effective interaction
length L.g 211,

ln R + Gth
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In Eq. (4), I is the incident laser intensity defined as [ = P/A,
where P is laser power,
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is the effective mode field area of the optical wave, and F(x,y) is
the optical field distribution of the laser transmitted in the
fiber'®*). The transmission of the optical fiber can be approxi-
mately expressed as T =1 — A — R, where A is the absorption,
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and R is the reflectivity, without considering fiber end face
reflection due to refractive index mismatch. The reflectivity R;
includes SBS and Rayleigh scattering within the fiber. When
SBS occurs, the intensity of Rayleigh scattering compared to
SBS can be ignored, and R can be approximately equal to R.
Therefore, Eq. (4) can be rewritten as

_In(1-A-T) + Gy,

1
8pLleit (A +T)

(6)

For applications involving SBS, it is hoped that the medium
has large Brillouin gain coefficient g; and long effective inter-
action length L.g to stimulate the SBS effect easily, which can
be clearly seen from Eq. (6). Therefore, in this Letter, the
As,Se; fibers are selected as NOL media due to not only
providing a long effective interaction length L.g, but also a
high Brillouin gain coefficient gz, which is reported to be
(6.75+0.35) X 10~ m/ W4, Besides, the laser induced dam-
age threshold of As,Se; glass is as high as 13 GW /cm?**], which
is higher than that of most NOL materials. In addition, the
As,Se; fibers have low average fiber loss (less than 0.5 dB/m)
in the range from 3 pm to 8 pm (except 4.5-4.8 pm), which
can be used as an ideal broadband optical limiter.

3. Experimental Setup

The experimental setup used to evaluate the NOL performance
of As,Se; fibers is shown in Fig. 1. A solid-state pulsed laser with
a wavelength of 3.6 pm was used as the light source for the
experiment. The pulse frequency and pulse width of the laser
were set to 1 Hz and 10 ns, respectively. An aperture with a
diameter of 1 mm was added to ensure that the output laser
is the fundamental mode. Two neutral density filters were used
to prevent the energy meter and the photodetector from being
damaged by the laser, respectively. The laser beam is divided into
two beams by the beam splitter, and the energy meter was used
to record the pulse energy of the laser. The fiber port was fixed
on a three-dimensional (3D) translation stage in order to couple
the laser into the fiber as much as possible. The fiber used in our
experiment was commercial As,Se; fiber (IRflex Corporation)
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Fig. 1. Schematic diagram of the experimental setup.
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with a core diameter and cladding diameter of 100 pm and
170 pm, respectively. According to Eq. (5), combined with the
finite element analysis method, the average effective mode area
A is calculated to be 4032 pm?. We evaluated the NOL perfor-
mance of As,Se; fibers with lengths of 1 m and 0.5 m, respec-
tively. The intensity of the transmitted laser was detected by a
photodetector, and the transmitted pulse was displayed on an
oscilloscope. During the experiment, we set the laser current
to control the intensity of the output laser. In each measurement,
20 data points were recorded and averaged to reduce measure-
ment uncertainty.

4 Results and Discussion

The NOL experimental results of 1 m and 0.5 m As, Se; fibers are
shown in Fig. 2. The result of the output optical power density
increasing with the incident optical power density is shown in
Fig. 2(a). It can be seen from the Fig. 2(a) that the output power
density increases linearly with the increase of the incident power
density when the incident laser is weak. When the incident opti-
cal power densities exceed the SBS threshold, which are, respec-
tively, 11.5 MW /cm? and 15.1 MW /cm? for 1 m and 0.5 m
As,Se; fibers, the output power density increases more and
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Fig. 2. NOL experimental results of As,Se; fibers with the length of 1 m and
0.5 m. (a) Output power density increases with the incident power density.
(b]) Normalized transmission decreases with the incident intensity.
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more slowly until there is no significant change. Finally, the
output power density of the As,Se; fibers with lengths of 1 m
and 0.5 m is stable around 12MW/cm? and 16 MW /cm?,
respectively, which shows a characteristic that an ideal NOL
technology should possess'®!.

As shown in Fig. 2(b), when the incident laser is weak, the
transmission remains high and almost unchanged so that the
weak signal light can be transmitted with the light power loss
of 4.8 dB/m at the wavelength of 3.6 pm. However, the transmis-
sion decreases rapidly with increasing incident power density
and eventually drops to 0.89% and 1.23% at the lowest
level, respectively. The limiting threshold is defined as the
incident power density where the transmission falls to 50% of
the normalized linear transmission'**). The limiting thresholds
of the As,Se; fibers with lengths of 1 m and 0.5 m are
22.7 MW /cm? and 28.4 MW /cm?, respectively. For the laser
with an incident wavelength of 3.6 pm in our experiment, the
incident photon energy fw is smaller than E,/2, which means
that the TPA effect in the fiber will not be allowed at this wave-
length!?”), Therefore, the absorption A in Eq. (6) of the As,Se;
fiber can be approximately regarded as 0.48 dB/m at 3.6 pm.
By normalizing the transmission, we fit the experimental results
with Eq. (6) and obtain the Brillouin gain coefficient g of As,Se;
fiber to be 6.70 X 107 m/W, which is close to the previously
reported results!?***). The results show that the NOL technology
based on SBS in As,Se; fiber has excellent limiting performance
for the infrared pulsed laser with a typical wavelength of 3.6 pm.
Moreover, the fiber we selected has high linear transmission in
the infrared band (3-8 pm), where the average loss is less than
0.5 dB/m, except in the range from 4.5 pm to 4.8 pm, which
ensures that the linear transmissions of the 1 m and 0.5 m
As,Se; fibers can be higher than 90%. Since the SBS effect is in-
dependent of the wavelength of the incident laser, the NOL tech-
nology we proposed can respond to the intensity of the incident
laser and realize the excellent NOL of the infrared broadband.

As shown in Fig. 3, the output pulses of the 1 m As,Se; fiber
under different incident power densities can be clearly observed
on the oscilloscope after the output pulses are detected by the
photodetector. As illustrated in Fig. 3(a), the transmitted laser
intensity increases linearly when the incident power density
is too weak to excite the SBS effect, and thus the shape of the
transmitted pulse is similar to that of the incident pulse. As the
incident power density continues to increase beyond the SBS
threshold (11.5 MW /cm?), the incident laser beam will be scat-
tered backward as the result of stimulated scattering processes.
Therefore, the back edge of the transmitted pulse starts to drop
abruptly, and the tail of pulse forms a “platform”*°), which can
be clearly observed in Fig. 3(b). The reason is that the intensity of
the incident laser is above the SBS threshold, and the interaction
between optical and acoustic waves is strong, which leads to a
large amount of energy transfer to the Stokes wave propagating
backward. The intensity of the backward Stokes wave increases,
causing the tail of the transmitted pulse to drop sharply below
the SBS threshold, so the intensity of the pulse tail maintains
near the platform. Since the phonon lifetime of As,Se; is about
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Fig. 3. Transmitted pulses under low and high incident power densities.
(a) Transmitted pulses with the low incident intensity of 3.9 MW/cm?
6.4 MW/cm? and 8.3 MW/cm?, respectively. (b) Transmitted pulses after
the SBS effect occurs with the high incident intensity of 39.9 MW/cm?,
550.0 MW/cm?, and 1163.1 MW/cm?, respectively.

1 ns®Y, the entire NOL process can be completed within a few
nanoseconds, which indicates that this NOL technology can
easily and quickly deal with the intense hostile or accidental
lasers.

As shown in Table 1, we list some NOL performances of 1 m
and 0.5 m As,Se; fibers and compare several infrared broad-
band NOL technologies based on other principles in recent
years[m’lz’3 2l In contrast, the NOL technology we proposed

Table 1. Comparison of Different Infrared Broadband NOL Technologies.
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in this Letter has the advantages of excellent NOL performance,
high laser induced damage threshold, and wide applicable wave-
length range.

5. Conclusion

In summary, we propose an infrared broadband NOL technol-
ogy based on the SBS effect in As,Se; fiber. The experimental
results show that this NOL technology has excellent limiting
performance for a pulsed laser with a typical infrared wavelength
of 3.6 pm. The linear transmissions of 1 m and 0.5 m As,Se;
fibers are higher than 90%, and the lowest nonlinear transmis-
sions are reduced to 0.89% and 1.23%, respectively. The advan-
tage of SBS-based NOL is that most of the energy is transferred
to backscattering instead of absorption, avoiding thermal effects
on the material and thus avoiding the bad effect on NOL per-
formance. In addition, the SBS-based technology has broadband
excellent NOL performance because SBS is not sensitive to
wavelength. The disadvantage may be that a relatively large
medium length (meter scale) is required to obtain large SBS
backscattering. Fortunately, optical fibers can provide a large
SBS interaction length within a small volume to achieve excel-
lent NOL performance. This proposed technology exhibits
excellent NOL performance in a wide wavelength range, high
laser induced damage threshold, and fast response speed, which
may have important application prospects in the field of infrared
broadband laser protection.
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