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Abstract 
The constant increase in the power of laser systems and the growth of potential fields for the application of lasers make 
the problem of protecting sensitive elements of electro-optical systems and visual organs from high-intensity radiation 
an urgent issue. Modern systems are capable of generating laser radiation in a wide range of wavelengths, durations, and 
pulse repetition rates. High-quality protection requires the use of a universal limiter capable of attenuating laser radiation, 
not causing colour distortion, and having a high transmission value when exposed to low-power radiation. For this, dispersed 
media based on carbon nanotubes with unique physicochemical properties can be used. Such media have constant values 
of their absorption coefficient and refractive index when exposed to low-intensity laser radiation and change their properties 
only when the threshold value is reached.
The aim of this work was the study of the nonlinear optical properties of an aqueous dispersion of single-walled carbon 
nanotubes exposed to nano- and femtosecond radiation. For the characterization of the studied medium, Z-scan and fixed 
sample location experiments were used. The optical parameters were calculated using a threshold model based on the 
radiation transfer equation.
As a result of the experiments, it was shown that the aqueous dispersion of single-walled carbon nanotubes is capable of 
limiting radiation with wavelengths from the visible and near-IR ranges: nano- (532, 1064 nm) and femtosecond (810 nm). 
A description of nonlinear optical effects was proposed for when a medium is exposed to radiation with a nanosecond 
duration due to reverse saturable absorption and two-photon absorption. When the sample exposed for a femtosecond 
duration the main limiting effect is spatial self-phase modulation. The calculated optical parameters can be used to describe 
the behaviour of dispersions of carbon nanotubes when exposed to radiation with different intensities. The demonstrated 
effects allow us to conclude that it is promising to use the investigated media as limiters of high-intensity laser radiation 
in optical systems to protect light-sensitive elements.
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1. Introduction
Since the invention of the laser in the 50s, 

laser radiation has been widely used in various 
fields [1–3]. Devices for laser welding and 
cutting [4], photolithography systems [5], laser 
surgical and vision correction complexes [6], 
spectrometers for determining the chemical 
composition of substances [7], laser designators 
and range finders [8] have been actively used for 
several decades. Recently, laser scanning using 
lidars and laser communication systems has been 
under development [9, 10].

Most of the laser systems operate in the 
visible and near IR regions of radiation. This is 
explained by the simplicity of implementation of 
both the laser system (for example, Nd:YAG lasers 
with the generation of additional harmonics) 
and the photodetector equipment for detecting 
radiation. Silicon photodiodes are sensitive 
in the range from 200 nm to 1100  nm, which 
corresponds well to the generation wavelengths 
of the Nd:YAG laser (1064, 532, 355 nm, etc.) 
[11]. Also, laser radiation in the range of 350–
1100 nm is weakly absorbed by water, which 
makes it possible to use lidars with these 
wavelengths for scanning in rainy weather and 
for bathymetry [12].

The development of laser technology is 
accompanied by an increase in the power of 
the used systems. High-intensity radiation can 
interfere with the operation of light-sensitive 
detectors and damage the eyes. In accordance 
with the ANSI Z136 international standards, 
radiation with a power of less than 5 mW is 
considered safe for the human eye if the exposure 
time is no more than 0.25 s. When working with 
more powerful radiation, protective equipment 
must be used. 

In the case of laser scanning and ranging 
systems, the range of measured distances is 
limited by the fact that the use of high-power laser 
pulses can overload the photodetector in the near 
field. This is due to the fact that as the distance 
to the measured object decreases, the energy of 
the echo pulse increases. In such cases, optical 
limiters of laser radiation are used to protect the 

photodetector equipment. However, limiters with 
a constant transmission value (such as absorption 
and interference filters), while protecting against 
strong echo pulses, attenuate the “useful” signal 
to the same extent, i.e. decrease the upper limit of 
the operating range. In addition, absorption filters 
have spectral selectivity, i.e. their attenuation 
coefficient depends on the wavelength of the 
incident radiation. 

Chromogenic materials are able to change 
their optical density depending on external 
parameters (temperature, applied voltage, etc.), 
but their response rate does not ensure the 
limitation of nanosecond pulses or less [13–15]. 
Therefore, potentially the most suitable media 
for limiting laser radiation are nonlinear optical 
materials.

Nonlinear optical media are those media, 
the optical properties of which depend on the 
intensity of the incident laser radiation. Such 
substances are used for laser three-dimensional 
printing [16], nonlinear optical switches [17], and 
can also be used to limit the intensity of laser 
radiation [18]. With a low intensity of I they have 
high transmittance (more than 70%) and constant 
optical parameters, such as absorption coefficient 
and refractive index, and upon reaching the 
threshold intensity of Ith, they start to change 
their transmission due to nonlinear optical effects 
(Fig. 1) [19].

The nonlinear optical medium exhibits 
different properties depending on the type of laser 
radiation. When exposed to pulsed nanosecond 
radiation with an intensity above the threshold 
value, nonlinear absorption occurs in the medium 
[20]. This property of nonlinear optical media, 
in addition to limiting laser radiation, can be 
used in optical switches to control the signal 
[21], as well as to create three-dimensional 
biocompatible structures for the restoration of 
damaged tissues [22]. In the case of prolonged 
exposure to continuous or femtosecond radiation 
with a high pulse repetition rate, a change in the 
refractive index occurs. This change causes a 
change in the beam’s shape due to self-focusing 
or self-defocusing [23].
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A large number of materials such as quantum 
dots [24], metal nanoparticles [25], organic dyes 
[26] and carbon nanoparticles [27] have nonlinear 
optical properties. Carbon nanomaterials, in 
contrast to dyes and metals, are colour neutral, 
i.e. their transmission spectrum does not have 
pronounced absorption peaks. By adjusting 
the concentration, high linear transmittance 
in the visible and near IR ranges can be 
achieved. Such a limiter can be used in tunable 
wavelength systems. One of the promising 
carbon nanomaterials are carbon nanotubes, 
which, in addition to optical properties exhibit 
unique mechanical and electrically conductive 
properties [28, 29]. 

The aim of this work was the study of the 
nonlinear optical properties of an aqueous 
dispersion of single-walled carbon nanotubes 
exposed to nano- and femtosecond radiation.

Samples of single-walled carbon nanotubes/
water dispersion (SWCNTs) were created and 
experimental studies were carried out using 
Z-scanning methods and fixed sample location 
experiment. Calculations of nonlinear optical 
parameters, such as nonlinear absorption 
coefficient, nonlinear refractive index and the 
corresponding threshold values, allow assessing 
the prospects for using the investigated media as 
a nonlinear optical limiter.

2. Experimental
1.1. Preparation of liquid dispersions

For the production of the investigated 
sample, SWCNT with a purity of 95% were used. 
The nanotube diameter varied over the range 
of 1–2 nm. Distilled water with pH = 6 was used 
as a solvent. SWCNT were mixed with water in 
a way that the mass fraction of SWCNT in the 
initial solution did not exceed 0.005 wt%. The 
original solution was placed in an ultrasonic 
homogenizer Sonicator Q700 (Qsonica, USA), 
where it was stirred for 1 hour under the influence 
of a powerful ultrasonic field with an amplitude 
of 45 W. Then the aqueous dispersion was stirred 
on a magnetic stirrer for 1 hour. 

1.2. Methods for determining the linear and 
nonlinear absorption

For the determination of the linear absorption 
coefficient, a Genesys 10S Uv-Vis single-beam 
spectrophotometer (Thermo Fisher Scientific, 
USA) was used. A xenon lamp, allowing a 
spectrum in the near UV, visible, and near IR 
ranges was used as a radiation source. 

For the determination of the nonlinear 
absorption coefficient, an experimental system 
based on an LS-2147 Nd: YAG laser (LOTIS 
TII, Belarus) was constructed (Fig. 2). For the 
research the fundamental (1064 nm) and second 
harmonics (532 nm) were used. Irradiation was 
performed with single pulses. The pulse duration 
was 16 ns. The radiation generated by the laser 
(1), was passed through a set of neutral light 
filters (2), which was necessary for the control 
of the radiation energy on the sample. The use 
of neutral light filters allowed more precise 
selection of the input energy ranges required for 
various experimental conditions. A Glan prism 
(3) was necessary for the fixed sample location 
experiment. It was used for the adjustment of 

Fig. 1. Typical form of the dependence of the trans-
mitted radiation intensity on the intensity of the in-
cident radiation. Area 1 – linear transmission, Area 2 – 
nonlinear transmission

Fig. 2. Optical scheme of the experiment for detecting 
nonlinear optical absorption
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laser radiation energy in ranges set by neutral 
light filters (2). Adjusting the energy values 
by rotating the Glan prism (3) can be carried 
out only when using polarized laser radiation, 
therefore, when working with a wavelength of 
1064 nm, in front of the Glan control prism (3). A 
Glan polarizing prism (3a), transmitting only the 
linear polarization component, was additionally 
installed. When using radiation with a wavelength 
of 532 nm, polarization occurs in the laser during 
the generation of the second harmonic on a 
nonlinear crystal, therefore polarizing the Glan 
prism (3a) is not required.

Then the beam reached the beam splitter 
plate (4). It reflects ~ 5% of the original beam to 
the sensor (5), recording the input energy values. 
Lenses (6) and (8) have the same focal length 
L = 10 cm and are located confocal, at a distance 
of 2L  =  20 cm. Due to this, the beam focused 
on the sample (7) by the lens (6), after passing 
through the lens (8) acquires the same shape as 
before focusing. The beam radius at the waist is 
25 μm. A sample in a quartz cell with a thickness 
of 2 mm was placed on a motorized ruler, with 
which a Z-scan experiment was performed. Then 
the beam reached the sensor (9), which measured 
the values of the output energy, i.e. the energy 
after the passage of the beam through the sample. 

Research was performed using Z-scan 
techniques and experiments with a fixed sample 
position. The radiation intensity was determined 
as:

I
U

w
= 2

2 3 2t p / ,   (1)

where U – pulse energy, t – pulse duration, w – the 
radius of the beam. In the case of a Z-scan, the 
intensity of the incident radiation changes by 
changing the radius of the beam. The radiation 
energy remains constant. For experiments with 
a fixed position of the sample, the investigated 
medium was placed in focus and the energy of 
the incident radiation changed. 

1.3. Methods for determining nonlinear optical 
refraction

The study of the nonlinear refractive index was 
performed based on a femtosecond Ti:Sapphire 
laser Chameleon Ultra (Coherent, USA). The 
pulse generation frequency was 80 MHz, the 

pulse duration was 140 fs, and the wavelength 
was 800 nm. The lens focused the laser beam 
onto the studied sample. The focal length of 
the lens is 10 cm, the radius of the beam at the 
focus of the lens is 100 μm. For the reordering 
of the interference pattern obtained by spatial 
self-phase modulation, an SP620U CCD camera 
(Ophir, Israel) was placed behind the sample at a 
distance of 4 cm. For the limitation of the high-
intensity laser radiation, a slit was used, which 
cut off part of the radiation with an increase in 
the beam radius. The experimental technique is 
similar to the experiment with a fixed position of 
the sample exposed to nanosecond radiation. The 
size of the slit was chosen in a way that the laser 
beam completely entered the hole in the absence 
of a sample. Irradiation was carried out when the 
cell was positioned vertically. The design of the 
experiment was similar to the experiment with 
a nanosecond laser, except for the presence of a 
slit and the absence of a second lens for collecting 
radiation.

3. Results and discussion
3.1. Linear and nonlinear optical properties 
under nanosecond radiation

The optical linear transmission spectrum 
of SWCNT/water dispersion in the range from 
300 to 1100 nm is shown in Fig. 3. There were 
no pronounced peaks in the spectrum, with 
the exception of the water absorption peak in 
the wavelength range from 950 to 980 nm. The 
transmission at 532 and 1064 nm was 70%. 
In experiments with a nanosecond laser, the 
transmission of the medium with low radiation 
intensity, when nonlinear effects were not 
recorded, was also 70%. This suggests that the 
studied medium does not have colour selectivity, 
and the limiters created on the basis of such a 
medium will not cause colour discomfort during 
use. The linear absorption coefficient a was 
determined as:

a l
l

( ) = -
( )( )lg linT

d
  (2)

where Tlin(l) – linear transmission at a certain 
wavelength, d – the thickness of the sample. In 
this study, a 2 mm thick cell was used in all ex-
periments. For the 532 and 1064 nm wavelengths, 
the linear absorption coefficient a is 1.78. 
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For the investigation of the nonlinear 
optical parameters of the studied medium 
interacting with pulsed nanosecond radiation, 
a cell with SWCNT/water dispersion was placed 
on a motorized linear positioner at a distance of 
6 cm from the lens focus. A Z-scan experiment 
was then performed. The cell was moved along 
the optical axis of laser beam propagation and 
irradiated with single nanosecond pulse every 
3 mm. The incident radiation energy remained 
unchanged and amounted to 550 mJ. Thus, we 
have obtained the dependence of the normalized 
transmission Tnorm(z) on the position of the test 
sample relative to the focus of the lens z, where 
Tnorm(z) is defined as:

T z
T z
Tnorm

lin

( ) =
( )

,   (3)

where T(z) – the transmission value at each 
point z, Tlin – the value of linear transmission, i.e. 
transmission in the absence of nonlinear effects. 

Then the cell was placed in the focus of the 
lens, and the fixed sample location experiment 
was performed. Based on the results, the 
dependence of the energy of laser radiation 
transmitted through the sample on the energy 
of the radiation incident on the sample was 
obtained.

In Fig. 4 the experimental and theoretically 
calculated dependences for SWCNT/water 
dispersion at wavelengths of 532 nm (Fig. 4a, b) 
and 1064 nm (Fig. 4c, d). In Fig. 4a, it can be seen 

that the decrease in the normalized transmission 
begins almost immediately after the start of the 
experiment. This indicates a low value of the 
threshold intensity for the studied medium at a 
wavelength of 532 nm. This also causes a narrow 
linear absorption zone in Fig. 4b. It can also be 
noted that in the presented dependencies there 
are no knock-out points that do not correspond 
to the general dependency. This indicates the 
high stability of the dispersion, i.e. the absence 
of large SWCNT agglomerates in it, which could 
contribute to a sharp change in the energy of 
the transmitted radiation and cause the limiter 
to malfunction. Also, post-focus transmittances 
correspond to pre-focus transmittances at similar 
distances. This shows that there were no changes 
in the medium (welding of individual nanotubes 
and precipitation, sublimation of SWCNT, 
formation of solvent microbubbles, etc.) when 
passing through the focus of the lens, i.e., through 
a region of high intensity.

A similar picture was observed upon pulsed 
irradiation of SWCNT/water dispersion at a 
wavelength of 1064 nm. As the cell approached 
the focus of the lens, a decrease in the normalized 
transmission and then the restoration of the 
optical properties the further from the focus were 
observed. In Fig. 4c, the linear absorption, region 
when the transmission of the medium did not 
change is clearly visible.

The onset of nonlinear absorption and the 
corresponding change in the characteristics of 
the medium can be described using the reverse 
saturable absorption mechanism and the 
Jablonski diagram [30]. With low laser radiation 
intensity, the absorption of photons causes the 
excitation of molecules from the ground state to 
the first excited state and is described by the Beer-
Lamber-Bouguer law. As the intensity increases, 
the first excited state becomes almost completely 
occupied, and then the absorption is described by 
a transition from the first to the second excited 
state, i.e., it acquires a nonlinear character.

According to the results of experiments, the 
nonlinear optical parameters were calculated 
for SWCNT/water dispersion. The calculation 
of nonlinear optical parameters was carried 
out using a threshold model based on the 
radiation transfer equation [31]. This model 
allows taking into account the fact that changes 

Fig. 3. Optical transmission spectrum of SWCNT/
water dispersion
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in the parameters of the medium do not occur 
immediately, but only when a certain intensity 
value was reached:

m a b hI I I I I( ) = + ◊ -( ) ◊ -( )th th  (4)

where m(I) - the total absorption coefficient, b – 
the nonlinear absorption coefficient, h (I – Ith) – 
Heaviside step function. Thus, after the calcula-
tion of the optical parameters presented in for-
mula (4), it is possible to predict the behaviour of 
the medium under different intensities. The 
threshold model is described in detail in [32].

The calculation results are presented in 
Table 1. The difference in the threshold intensity 
can be explained by two-photon absorption. 
Although this effect is nonthreshold, it affects 

the degree of radiation absorption in addition to 
linear absorption. For this reason, gas formation 
can occur at the interface between the solid and 
liquid phases much earlier, which manifests as 
the formation of microbubbles and, accordingly, 
in an increase in absorption with an increase 
in the optical path of the laser beam due to 
multiple scattering [33]. Despite the higher 
nonlinear absorption coefficient, the attenuation 
coefficient at a wavelength of 1064 nm was lower 
than at a wavelength of 532 nm. This was due 
to the later occurrence of nonlinear absorption 
due to the higher threshold intensity. The 
values of the nonlinear absorption coefficient 
for SWCNT/water dispersion were much higher 
than the values for the graphene and graphene 

Fig. 4. Curves of dependences obtained from the results of Z-scanning and experiments with a fixed position 
of the sample for wavelengths of 532 (a, b) and 1064 nm (c, d)
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oxide particles dispersions (3 and 45 cm/GW, 
respectively) presented in [34, 35]. This can be 
explained by the fact that carbon nanotubes 
increase multiple scattering more strongly, 
increasing the optical path inside the sample. Due 
to the increase in the optical path, more photons 
are absorbed, which causes more excitation in the 
molecules and, accordingly, stronger nonlinear 
properties.

3.2. Linear and nonlinear optical properties 
under femtosecond radiation

Irradiation with femtosecond radiation was 
performed in a frequency mode with a pulse 
repetition rate of 80 MHz. The cell was placed 
at the focus of the lens. Images from a CCD 
camera at different power of laser radiation are 
shown in Table 2. With low radiation power, the 
transmitted beam corresponds to the Gaussian 
shape of the incident beam. It can be seen 
that at the radiation power P  ≈ 100 mW the 
laser beam starts to expand significantly. The 
increase in power leads to the further expansion 
of the beam with the formation of a ring-shaped 
structure. The radius of the outer ring was 
taken as the beam size upon the formation of 
rings. It should be noted that the transmission 
of the sample in this case did not change with 
increasing power.

The emergence of such diffraction pattern is 
a consequence of spatial self-phase modulation 
[36]. The refractive index n starts to change due 
to the thermal effects in the medium, under the 
action of laser radiation above a certain threshold. 
In this case, due to the Gaussian shape of the 
incident radiation at different points of the 
medium, the change in the refractive index will 
be different, forming a gradient in the refractive 
index. This leads to the appearance of the self-
defocusing effect, i.e., the divergence of the beam 
and an increase in its radius.

Together with this, a change in the phase of 
coherent laser radiation occurs in the medium, 
since a gradient change in the refractive index 

leads to a change in the propagation rate of the 
beam in the medium u:

u = c
n

  (5)

where c – the propagation rate of the beam in a 
vacuum. Thus, different parts of the transmitted 
radiation have different phases, which leads to 
the appearance of an interference pattern on the 
screen. Dark areas correspond to radiation in 
opposite phase, and light areas correspond to 
interference maxima.

The thermal nature of this effect was 
confirmed by the distortion of the interference 
pattern in the images. The rings above the 
centre of the irradiation site narrow, forming an 
asymmetry along the Y axis. This is due to the 
appearance of thermal convection determined by 
the vertical position of the cell. When the liquid 
is heated, the heat goes up, and the temperature 
gradient and the gradient of the refractive index, 
become smaller in the upper part of the irradiated 
zone. This leads to the approximately the same 
rate of beam propagation above the centre of 
irradiation and the phase shift becomes much 
lower the lower the centre of irradiation is or at 
the edges.

In our study, we propose to use the effect 
of spatial self-phase modulation to attenuate 
the power of radiation transmitted through 
the studied medium. For this, a system with 
a slit which cuts off part of the radiation at 
the expansion of beam was proposed. The 
dependence of the transmitted laser power on the 
incident power is shown in Fig. 5. It can be seen 
that when the power reached P = 150 mW, a sharp 
drop in the transmitted power occurred. This was 
due to the fact that the size of the beam becomes 
larger than the size of the slit, and part of the 
beam is cut off. With a further increase in the 
power, the transmitted power stops to decrease 
and again starts to increase slowly, but this 
increase was much less than in the linear case, 
i.e. before the appearance of a gradient in the 

Table 1. Optical parameters of SWCNT/water dispersion at different wavelengths

Wavelength, 
nm

Linear absorption 
coefficient, 1/cm

Nonlinear absorption 
coefficient, cm/GW

Threshold intensity, 
MW/cm2

Attenuation 
coefficient

532 1.78 1111 5.5 15.3
1064 1.78 2010 18 9.7
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refractive index and the beam’s expansion. Due 
to this transition from constant transmittance to 
nonlinear transmittance, the effect of limiting the 
power of laser radiation occurs. This effect can 
be used both for the protection of photosensitive 
elements and control of the signal in optical 
switches.

The value of linear refractive index n0 was 
obtained using a portable refractometer. For the 
studied dispersion it was 1.33 and it was equal 
to the refractive index of water. This finding 
suggests that the addition of carbon nanotubes 
does not lead to a change in the refractive index 
of the solvent.

Based on the results of the experiment, the 
nonlinear refractive index n2 was determined 
according to the formula:

n N
n dI

Nw
4n dP2

0

0
2

02
= =l l p

,   (6)

where N - the number of rings. For the calculation, 
the number of rings was considered below the 
centre of irradiation. It was found that for the stud-
ied SWCNT/water dispersion sample, the nonlinear 
refractive index was 0.16 cm2/MW, which is sever-
al orders of magnitude higher than the nonlinear 
refractive index of graphene dispersion (0.0025 
cm2/MW) obtained in [37]. A stronger non-linear 

Table 2. The shape and size of the beam after passing through the sample at different powers

No. Beam visualization from CCD camera Power, mW Beam size X, μm Beam size Y, μm

1 10 280 280

2 45 270 220

3 100 500 300

4 160 1020 700

5 330 1880 1450

6 520 2700 2050

7 710 3600 2700
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response potentially leads to a larger increase in 
the radius of the rings, and thus a sharper decrease 
in transmission when using the slit.

4. Conclusions
As a result of the performed studies, the linear 

and nonlinear optical parameters for SWCNT/
water dispersion at different wavelengths were 
determined. The obtained values can be used to 
characterize the investigated medium exposed to 
radiation of different intensities. The conditions 
for the occurrence of nonlinear absorption and 
refraction effects in a medium, leading to a change 
in the corresponding optical characteristics, were 
determined. The high stability of the investigated 
medium to the action of high-intensity laser 
radiation was shown. The effects of nonlinear 
absorption (reverse saturable absorption and 
two-photon absorption) and nonlinear refraction 
(spatial self-phase modulation) appear in the 
studied medium exposed to laser radiation with 
nano- and femtosecond pulse durations. The high 
linear transmission and the calculated nonlinear 
optical parameters allowed to conclude that 
SWCNT/water dispersion can be used for the 
limitation of both single pulses and radiation with 
a high pulse repetition rate in the visible and near 
IR ranges. Thus, single-walled carbon nanotubes 
have the potential to be used as an active medium 
of laser radiation limiters for the protection of 
light-sensitive sensors and visual organs.
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