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Abstract.  A system has been developed and designed based on a 
single-mode single-frequency passive Q-switched pulsed YAG : Nd3+ 
laser to investigate with high accuracy the nonlinear optical proper-
ties of a liquid placed in an optical cell with uncoated input win-
dows. The efficiency of this system is demonstrated by examples of 
studying the saturable absorption of an aqueous suspension of mul-
tiwalled carbon nanotubes and the nonlinear absorption of a colour 
glass filter ZhS18 at a wavelength of 532 nm.

Keywords: z-scan technique, monochromatic laser pumping, inter-
ference, reflection, saturable absorption, nonlinear bleaching and 
absorption, multiwalled carbon nanotubes, colour glass filter.

1. Introduction 

One of the methods for studying the nonlinear optical proper-
ties  of materials  is  the  z-scan  technique, which  is  based  on 
measuring the optical transmittance of a sample under study 
when scanning it along the axis of a focused laser beam. This 
method has been known for a long time [1, 2]. Currently, it is 
widely applied to investigate the optical limiting and nonlin-
ear bleaching of suspensions of different nanoparticles using 
nano- and femtosecond lasers (see, e.g.,  [3 – 11]). The z-scan 
technique  provides  information  about  nonlinear  transmit-
tance and nonlinear refraction coefficients. The z-scan scheme 
with an open aperture is generally used to measure the nonlin-
ear transmittance [12], whereas the scheme with a closed aper-
ture is applied to study nonlinear refraction. There are z-scan 
schemes  in which measurements with  open  and  closed  aper-
tures are performed in one scan pass [13,  14]. To this end, the 
laser  beam  transmitted  through  a  sample  is  split  into  two 
beams;  these  beams  are  directed  to  photodetectors,  one  of 
which is equipped with an input aperture.

When carrying out z-scan measurements of a sample with 
uncoated input surfaces using a single-frequency laser source, 
the optical reflection coefficient of the sample may randomly 
change. The reason is a stepwise change in the frequency of 
the  longitudinal  laser mode, which  distorts  the  interference 

pattern of reflected beams from the front and rear sample sur-
faces.

In addition, when carrying out z-scan measurements, an 
error  in aligning the coordinate table motion direction with 
the laser beam axis leads to a small displacement of the laser 
beam in the lateral direction with respect to the sample. As a 
result, when scanning a sample along the focused laser beam 
axis, the optical path of the beam reflected from the rear sam-
ple surface may slightly change because of the deviation of the 
sample surfaces from plane parallelism.

As  a  consequence,  in  the  case  of  z-scan  measurements 
under monochromatic pumping, the sample reflectance may 
significantly  change  due  to  the  interference  of  the  beams 
reflected from the front and rear sample surfaces. This change 
may lead to variations (within few percent) in the measured 
signal characterising the transmittance of a sample having no 
nonlinear optical properties.

To  reduce  the  influence of  the  interference on  the mea-
surement results, antireflection coatings should be deposited 
on the sample surfaces. According to [2], to reduce the trans-
mittance modulation to 1 %, the reflectances of the face and 
rear sides of a sample should not exceed 0.25 %. In some cases 
it is not expedient to deposit antireflection coatings (charac-
terised by a relatively low beam strength), because a sample is 
exposed to high-intensity laser radiation during z-scan mea-
surements  when  a  focused  laser  beam  passes  through  the 
waist. In addition, when analysing the nonlinear optical prop-
erties of a sample in a wide wavelength range, it is rather dif-
ficult to provide a low reflectance of its surfaces in the entire 
wavelength range under study.

Thus, the existence of experimental errors caused by the 
interference  of  reflected  beams  from  uncoated  sample  sur-
faces  under monochromatic  laser  pumping  complicates  the 
study of fine nonlinear optical effects, which are accompanied 
by a slight variation in the sample transmittance. An example 
of these effects is saturable absorption (SA): bleaching of an 
optical  medium,  which  is  characterised  by  a  short-term 
decrease  in  its  absorption  coefficient  when  a  high-intensity 
light pulse passes through it; this effect is caused by an elec-
tron transition between two energy levels. Recently, research-
ers  designing mode-locked  lasers  have  paid much  attention 
the SA manifesting itself in nanocarbon materials [15 – 19].

The  purpose  of  this  study was  to  develop  and  design  a 
z-scan system that would make it possible to obtain with high 
accuracy  the  dependences  of  nonlinear  transmittance  and 
nonlinear refraction of a liquid placed in an optical cell with 
uncoated input windows on the coordinate z in one scan pass 
under single-frequency laser pumping and to demonstrate the 
efficiency of this system by an example of detecting SA in an 
aqueous  suspension  of  multiwalled  carbon  nanotubes  and 
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nonlinear absorption in a colour glass filter ZhS18 at a wave-
length of 532 nm.

2. Preliminary estimates 

Generally, when experimentally studying the nonlinear opti-
cal properties of a nanocarbon material suspension, the latter 
is placed  in  an optical  cell with plane-parallel working  sur-
faces. In z-scan measurements, the cell is located on a single-
axis table so as to orient the cell working surface with respect 
to  the  incident  beam  at  an  angle  close  to  normal;  i.e.,  the 
beam is incident on the cell surface at a small angle j. When 
calculating the laser beam transmittance through the cell with 
nanoparticle suspension, one can neglect the reflections from 
the cell  inner surface, because  the refractive  indices of glass 
(quartz)  and  liquid  (for  example,  water)  have  close  values. 
For simplicity, we also neglect the light absorption in the sus-
pension.  Then  transmittance  T  of  a  monochromatic  laser 
beam through a cell with a suspension can be determined in 
the  first  approximation  using  the  multipath  interference 
occurring during light wave transmission through the plane-
parallel dielectric layer under study. To this end, we will use 
the well-known Airy formula (see, for example, [20]):

[ ]/( ) sin ( / )
T

r r1 4 1 2
1
2 2 d

=
+ -

,  (1)

d = (4p/l)ndcos j ± p,  (2)

where r is the reflectance from the layer boundaries; l is the 
radiation wavelength; and n and d are, respectively, the refrac-
tive index and thickness of the dielectric layer. It is well known 
that r = 0.04 for the air – glass (quartz) interface under normal 
incidence.  It  follows  from formulas  (1) and  (2)  that a  small 
shift of  the  incident radiation wavelength, which  is possible 
because of the variation in the laser frequency by ~0.01 cm–1, 
may change the transmittance by 1.1 %. The same occurs with 
an insignificant variation in the dielectric layer thickness. For 
example, if the change in the dielectric layer thickness (caused 
by the error in aligning the optical system and the cell taper-
ing)  in  z-scan  measurements  is  0.02  mm,  the  transmittance 

may  change  by  2.5 %.  Thus,  under  monochromatic  laser 
pumping, the interference of the beams reflected from the face 
and rear sides of a plane-parallel cell with a suspension may 
lead to a change in transmittance, which is in no way related 
to the suspension nonlinearity but is due to the laser frequency 
instability and the optical-cell imperfection.

3. A z-scan system with a single-frequency laser 
source

One of the ways to exclude the influence of the interference on 
the  transmittance  of  an  optical  cell  with  a  liquid  in  z-scan 
measurements is to use a narrow laser beam and incline the 
optical cell with respect to the incident beam. In this case, one 
can provide conditions under which the beams reflected from 
the face and rear sides of the cell do not interfere.

A simplified optical scheme of the developed and designed 
z-scan system is presented in Fig. 1. An YAG : Nd3+ laser with 
a cavity designed in correspondence with the optical scheme 
described in [21] was used as a single-frequency laser source 
( 1 ). The optical  cavity  length was about 110 cm. The  laser 
operated in the single-mode and single-frequency regimes to 
generate smooth 1064-nm pulses with a duration of 21.2 ns. 
The laser-beam diameter was 1.7 mm. Parameter M2, which 
characterises  the  laser  beam quality, was measured  using  a 
lens  with  a  focal  length  of  0.192  m  and  a  BC  106-VIS 
(ThorLabs) laser beam profilometer to be 1.03.

The laser beam passed through IR filter ( 2 ) was directed 
[using rotational mirror ( 3 )] to a second-harmonic converter, 
composed  of  half-wave  plate  ( 4 ),  nonlinear  optical  crystal 
( 5 ), and filter ( 6 ) (absorbing at the fundamental frequency). 
At a wavelength of 532 nm, laser pulse duration t, measured 
(at the level of 0.5 of the intensity maximum) using an SIR-5 
photodetector (ThorLabs) with an operating speed of about 
60  ps  and  a  broadband  TDS7704B  digital  oscilloscope 
(TEKTRONIX)  with  a  transmission  band  of  7  GHz,  was 
13.6  ns, and the laser-beam diameter, measured at the level of 
1/e2 of the intensity peak, was 1.3 mm. Then the second-har-
monic radiation was directed to optical splitter (7), installed 
at an angle of incidence of 45°. The thickness of plate (7) was 
chosen  so  as  to  separate  in  space  the  laser  beams  reflected 
from its face and rear sides. This measure excludes the inter-
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Figure 1. Schematic of the experiment.
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ference of the reflected beams and provides a constant reflec-
tance from the aforementioned surfaces at a stepwise change in 
the longitudinal mode of the laser cavity. The beam reflected 
from the front plate surface of (7), after weakening by neutral 
filter (9), arrived at reference photodetector (10), which mea-
sured  energy Ein  of  incident  laser  pulses.  Photodetector  (10) 
was calibrated using pyroelectric ES111 energy meter through 
a PM100USB interface (ThorLabs). The beam reflected from 
the rear side of plate (7) was absorbed by screen ( 8 ).

To carry out z-scan measurements, the laser beam trans-
mitted through neutral filters ( 11 ) was focused by lens ( 12 ) 
with a focal length of 0.192 m and directed to plane-parallel 
optical cell ( 13 ) with suspension ( 14 ), mounted on platform 
(15) of LTS 150/M single-axis table ( 16 ) (ThorLabs), with a 
minimum  positioning  step  of  25 mm. The  platform motion 
axis was aligned parallel to the laser beam optical axis. The 
suspension  layer  thickness was 1.055 mm, and  the  cell wall 
thickness was 3 mm. Thus, the total cell thickness was about 
7 mm. The optical cell was  installed either perpendicular to 
the incident beam (j = 0) or at an angle of j = 45° with respect 
to it. At j = 45° (see Fig. 1), the laser beams reflected from the 
face and  rear  sides of  the  cell were not  intersected  in  space 
and, therefore, did not interfere. These beams were absorbed 
by  screen  ( 17 ),  mounted  on  the  platform.  The  absence  of 
interference provided constant reflectances from the external 
surfaces of the optical cell, independent of the cell position on 
the z axis and a stepwise change in the longitudinal mode of 
laser cavity.

After passing through the optical cell, the laser beam was 
partially directed [due to the reflection from the face surface 
of thick optical plate ( 18 )] to photodetector ( 21 ), which was 
used  to  measure  nonlinear  optical  transmittance  Toa  in  the 
open-aperture regime according to the formula Toa = Eout, oa/Ein, 
where Eout, oa  is the laser pulse energy measured by photode-
tector ( 21 ). The beam reflected from the rear surface of split-
ter ( 18 ) was absorbed by screen ( 19 ), and neutral filter ( 20 ) 
served to reduce the radiation intensity. After the splitter, the 
main  laser beam passed through aperture  ( 22 )  (attenuation 
coefficient S = 0.45) and neutral filters ( 23 ) to arrive at pho-
todetector ( 24 ), which was used to determine nonlinear trans-
mittance Tca  in  the  closed-aperture  regime according  to  the 
formula Tсa = Eout, сa/Ein, where Eout, сa is the laser pulse energy 
measured  by  photodetector  ( 24 ).  The  automatic  measure-
ment of laser pulse energies  Ein, Eout, oa, and Eout, сa and the 
control of the laser and single-axis-table step motor operation 
were  performed  using  specially  developed  computer-aided 
unit  ( 25 ) and  special  software  [22]  through communication 
channels S1, S2, . . . , S6, as is shown in Fig. 1. The aforemen-
tioned software makes  it possible  to  take  into account only 
the laser shots in which laser pulse energy Ein satisfies the con-
dition

(1 – k)Ein, aver < Ein < (1 + k)Ein, aver,  (3)

where k << 1, and Ein, aver is the laser pulse energy obtained by 
averaging over no less than 100 laser shots. The software in 
use makes it possible to change the k value. In all the experi-
ments described below, k = 0.1.

4. Testing of the z-scan system 

To test the developed z-scan system, we performed compara-
tive experiments on measuring transmittance Toa of an optical 
cell filled with distilled water, oriented perpendicular (j = 0) 

and  obliquely  (j  =  45°)  with  respect  to  the  incident  laser 
beam. The measurements performed at a fixed z value showed 
that normalised transmittances T oa  for j = 45° and T oa  (j = 0), 
obtained by averaging over 30  laser pulses satisfying condi-
tion (3), lie in the ranges of (1 – d1, 1 + d1) and (1 – d2, 1 + d2), 
respectively, where d1 = 0.0015 and d2 = 0.0033. This means 
that the measurement error for the cell oriented at j = 45° is 
smaller  by  a  factor  of  2.2  than  for j  =  0.  Figure  2  shows 
dependences of normalised transmittances T oa  on coordinate 
z, where each point was obtained by averaging over 30 laser 
pulses  satisfying condition  (3).  It  can be  seen  that  the ordi-
nates of points in dependences ( 1 ) and ( 2 ) lie in the ranges 
of (1 – D1, 1 + D1) and (1 – D2, 1 + D2), respectively, where D1 
= 0.0018 and D2 = 0.011. Thus, when the cell is scanned along 
the z axis, the error in measuring the transmittance increases; 
note that, for the experimental dependence obtained at j = 0, 
the error is larger by a factor of about 6 than for j = 45°. This 
is a clear evidence of the possibility of reducing the error in 
measuring the transmittance by applying a narrow laser beam 
and orienting the cell with a liquid under study obliquely with 
respect to the incident laser beam.

5. Application of the developed system to study 
the saturable absorption in a suspension 
of multiwalled carbon nanotubes

The z-scan system developed by us was used to observe and 
study the SA in an aqueous suspension of multiwalled carbon 
nanotubes (CNTs), synthesised by electric-arc evaporation of 
graphite [23]. To obtain an aqueous suspension, synthesised 
CNTs were purified and chemically modified according to the 
technique  described  in  [24,  25].  Multiwalled  CNTs  of  the 
highest  quality were  found  in  an  excrescence of  transferred 
carbon during electric-arc evaporation of graphite in an inert 
atmosphere. They do not contain any impurities of other ele-
ments,  have  a minimum  number  of  structural  defects,  and 
exhibit  ballistic  electrical  conductivity.  To make  the  nano-
tubes  synthesised  by  electric-arc method  able  of  forming  a 
stable suspension in water and to purify CNTs from nanopar-
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Figure 2. Dependences of normalised transmittance T oa   of a cell with 
distilled water on coordinate z, recorded at j = ( 1 ) 45° and ( 2 ) 0.
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ticles of amorphous carbon, nanographite, and glassy carbon, 
the inner part of the transferred carbon excrescence was sub-
jected to chemical treatment.

CNTs were purified from minor synthesis products on the 
assumption  that different  carbon phases differently  interact 
with  a  solution  of  potassium  permanganate  (KMnO4)  in  a 
concentrated sulfuric acid (H2SO4). The interaction of graph-
ite with Mn2O7 formed in the solution leads to the synthesis of 
a layered intercalated compound: graphite oxide with a com-
position  similar  to C4O. Under  the  same conditions,  amor-
phous  carbon  decays  with  the  formation  of  organic  com-
pound:  mellitic  acid  C6(COOH)6,  which  can  easily  be  dis-
solved in water. The oxidation of multiwalled CNTs leads to 
the attachment of oxygen-containing groups to the surface of 
particles,  thus  providing  the  formation  of  a  colloidal CNT 
solution in water.

CNTs were precipitated using a solution of ferric chloride 
FeCl3. Iron hydroxide was released as a result of the hydroly-
sis to form a composite with oxidised CNTs. A small amount 
of concentrated hydrochloric acid was added to the compos-
ite  dried  in  air,  and  then  the mixture was  kept  for  24  h  to 
implement iron hydroxide dissolution. The FeCl3 residue was 
removed from the precipitate by washing on a filter, first with 
a 5 % solution of hydrochloric acid to a colourless filtrate and 
then  with  distilled  water  (until  the  filtrate  acquired  a  dark 
colour). A  structural  study  of  the  suspension  nanoparticles 
using  a  JEOL  JSM-6700F  scanning  electron  microscope 
showed that most of CNTs have a diameter of 15 – 20 nm and 
a length less than 1 mm (Fig. 3) [26].

Figure 4 shows the optical density spectra of the suspen-
sion  at  different  CNT  concentrations  (with  respect  to  the 
spectrum  of  distilled  water),  obtained  with  a  double-beam 
Lambda 650 UV spectrometer. A typical Raman spectrum of 
multiwalled CNTs deposited from the suspension onto a glass 
substrate is shown in Fig. 5. The spectrum was recorded with 
a Raman  spectrometer  (Horiba  Jobin Yvon HR800)  at  an 
excitation wavelength  of  632.8  nm  and  a  power  density  of 
5 kW cm–2. This spectrum contains graphite modes with fre-
quency shifts of 1585 cm–1 (G band, which is due to the in-
plane  vibrations  of C  – C  bonds)  and  1336  cm–1  (D  band, 
which is due to the presence of defects in nanotubes) [27, 28]. 
The spectrum contains also a mode with a frequency shift of 
2660 cm–1 (2D band), which is related to the two-photon scat-

tering  [28].  The  high  intensity  of  the  D  band  and  the  low 
intensity of the 2D band with respect to the G band indicate 
the presence of  a  large number of  defects  in  the nanotubes 
under study [27].

To study the nonlinear optical properties, a CNT sus-
pension with a concentration of 0.01 wt % was placed in a 
standard plane-parallel optical cell with a working thick-
ness of 1.055 mm and walls 3-mm-thick each. When car-
rying  out  z-scan measurements,  the  cell was  installed  at 
an  angle j  =  45°  with  respect  to  the  optical  axis  of  the 
focused laser beam (see Fig. 1). The laser-pulse repetition 
rate  was  1  Hz.  Figure  6  shows  the  dependences  of  nor-
malised  nonlinear  transmittance  ( )T zoa =  Toa(z)/Toa  (z  = 
70  mm), obtained for laser pulse energies Ein = 11, 28, 49, 
and 181 mJ. The experimental data for Tca(z) and Toa(z) at 
Ein  =  11 mJ  were  used  to  obtain  the  dependence  of  nor-
malised transmittance  ( )t z  = t(z)/t (z = 70 mm), where t(z) 
= Tca(z) /Toa(z) (Fig. 7). In accordance with [12], this depen-
dence characterises the third-order nonlinear refraction in 
the absence of nonlinear absorption. Note that the experi-

100 nm

Figure 3. Scanning electron microscopy image of nanoparticles  in the 
suspension under study.
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Figure 5. Raman spectrum of multiwalled CNTs, obtained upon exci-
tation  by  light  at  a wavelength  of  632.8  nm  and  a  power  density  of 
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mental values of  ( )t z , obtained at Ein = 28, 49, and 181 mJ, 
have a large spread and cannot be interpreted as the result 
of nonlinear refraction.

The manifestation of the SA in the suspension under study 
is pronounced in Fig. 6a. It can be seen that, in the region of 
the beam waist (z = 0), where the incident radiation intensity 
is about 10 MW cm–2, transmittance  oaT  increases by about 
2 % in comparison with the linear transmittance. The depen-
dence   ( )zT oa , obtained at Ein = 28 mJ (Fig. 6b), exhibits (along 
with SA) a dramatic decrease in  oaT  in the waist region. The 
further increase in Ein (Figs 6c, 6d) is accompanied by a sig-
nificant decrease in  oaT  at z = 0. A possible mechanism lead-
ing  to  the  reduction  of  oaT   at  incident  beam  intensities 
exceeding 10 MW cm–2 is the two-photon absorption and (or) 
inverse SA [29].

The experimental dependences presented in Fig. 6 can be 
approximated using the following expression for absorption 

coefficient a,  characterising SA  [16], with allowance  for  the 
nonlinear absorption caused by two-photon absorption [2, 30]:

a = ans + a0/[1 + I(z)/Isat] + bI(z),  (4)

where  I(z)  is  the  incident  beam  intensity;  ans  is  the  linear 
absorption coefficient, which is not related to the SA; a0 is the 
absorption coefficient characterising the SA at intensity I(z) 
tending  to  zero;  Isat  is  the  saturation  intensity  (coefficient 
determining the ability of a medium to exhibit self-bleaching); 
b is a coefficient characterising two-photon absorption; I(z) = 
Ein / [tS(z)]; S(z) = pw2(z); and w(z) is the laser-beam radius at 
a distance of z from the waist (z = 0) of focused laser beam. A 
Gaussian beam obeys the relation w2(z) = w0

2 [1 + (lz / pw0
2 )2], 

where w0 is the beam radius in the waist. In our experiments, 
w0 was taken to be 51.3 mm.

When approximating the experimental data presented in 
Fig.  6a,  the  term  describing  the  two-photon  absorption  in 
Eqn  (4)  can  be  neglected.  As  can  be  seen  in  Fig.  6a,  the 
approximating  curve  with  two  found  parameters,  a0  = 
0.25 cm–1 and Isat = 2.8 MW cm–2, is in good agreement with 
the experimental dependence. With allowance for this fact, we 
find  that ans = 24.9  cm–1. An approximation of  the  experi-
mental  data  presented  in Fig.  6d  yields b  =  0.2  cm MW–1. 
Some deviation of the values of the approximating functions 
presented in Figs 6b – 6d from the experimental points can be 
explained by  the manifestation of nonlinear  light  scattering 
[26, 31], which was disregarded in expression (4).

It is generally assumed that single-walled rather than mul-
tiwalled CNTs exhibit saturable absorption. This assumption 
is  based  on  the  discrete  energy  structure  of  single-walled 
CNTs, which  results  in  absorption peaks  at  separate wave-
lengths [32 – 35]. However, the SA was also observed in multi-
walled CNTs  (see,  for  example,  [36,  37]).  It  can  be  seen  in 
Fig. 4 that the aqueous suspension studied by us has a smooth 
absorption spectrum without any distinctive peaks in a wide 
wavelength range, including the wavelength of 532 nm. This 
means that the SA, which was observed by us at this wave-
length, may occur in a wide wavelength range. However, as 
can be seen in Figs 6b and 6c, the saturable absorption occur-
ring  in  multiwalled  CNTs  is  suppressed  by  two-photon 
absorption and nonlinear light scattering when the radiation 
intensity  slightly  increases.  This  fact  indicates  that  multi-
walled  CNT  are  not  promising  elements  for  saturating 
absorbers.

It follows from the data in Fig. 7 that nonlinear refraction 
in  a  suspension  of  multiwalled  CNTs  is  only  slightly  pro-
nounced.  The  theoretical  expressions  describing  the  third-
order nonlinear refraction [2] make it possible to approximate 
the experimental data presented in Fig. 7 and determine the 
Kerr nonlinearity index: n2 = –3.2 ́  10–6 cm2 MW–1. The mod-
ulus of the found n2 value is close to the nonlinear refraction 
coefficient of a silicate glass composite with copper nanopar-
ticles [38] and exceeds (by a factor of about 100) the n2 value 
for carbon disulfide, obtained with nanosecond  laser pulses 
[39].  The  absence  of  regularity  with  minima  and  maxima 
(characteristic  of  nonlinear  refraction)  in  the  experimental 
dependences  ( )t z  recorded at Ein = 28, 49, and 181 mJ can be 
explained by an increase in nonlinear light scattering with an 
increase in the incident beam power.

Note  also  that  the  dependences  of  nonlinear  transmit-
tance on  z  similar  to our plots  (see Fig.  6) were previously 
obtained by other researchers, who studied, in particular, the 
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Figure 6. Dependence of normalised transmittance T oa  of an aqueous 
multiwalled CNT suspension with a concentration of 0.01 wt % on the 
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SA and inverse SA in platinum nanoparticle suspensions [29] 
and in silver nanowire suspensions [40]. In these studies, car-
ried out with nanosecond laser pulses, the spread of the exper-
imental  values  of  normalised  transmittance was  as  large  as 
1 % [29] and 5 % [40]. In our opinion, one of the reasons for 
this large spread of experimental points is the influence of the 
interference on the transmittance under monochromatic laser 
pumping.

6. Study of the nonlinear absorption in a colour 
glass optical filter 

The potential of the developed laser system can also be dem-
onstrated by the example of studying the nonlinear absorp-
tion in optical filters made of inorganic colour glasses [GOST 
(State Standard) 9411-81]. Note that colour optical filters are 
widely used in experiments. Some of these filters exhibit non-
linear  optical  properties  [41].  An  example  is  yellow  filters 
made of colour glass ZhS18, which contain CdS1 – xSex micro-
crystallites [42].

Figure 8 presents the transmission spectrum (with respect 
to air) of a standard 3-mm-thick yellow filter ZhS18, installed 
at an angle of 45° with respect to the incident light beam. The 
linear transmittance at a wavelength of 532 nm is 83.2 %. The 
inset  in Fig.  8  shows  the open-aperture  z-scan data  for  the 
same filter, oriented at an angle of 45° with respect to the inci-
dent laser beam, obtained at different pulse energies. One can 
observe a large dip in the dependence of transmittance   oa ( )T z  
in the region of the focused laser beam waist. The transmit-
tance decreases by 6 % at a laser pulse energy of 8 mJ (power 
density 5 MW cm–2) in the waist. It was shown that the exper-
imental dependences  ca ( )T z  = Tca(z) /Tca(z = 70 mm) obtained 
for the optical branch of the closed-aperture scheme almost 
coincide  with  the  corresponding  dependences  oa ( )T z .  This 
means  that  SA  and  nonlinear  refraction  do  not  manifest 
themselves in the ZhS18 filter under aforementioned experi-

mental conditions. All experimental dependences presented in 
Fig. 8 (inset) are well approximated by the formulas describ-
ing the two-photon absorption [1]. The b value characterising 
the two-photon absorption in optical filter ZhS18 was found 
to be 0.13 ± 0.02 cm MW–1, which  is an order of magnitude 
smaller  than  the  nonlinear  absorption  coefficient  in  silicate 
glass doped with copper nanoparticles [43].

7. Conclusions

Thus, applying a narrow laser beam jointly with an uncoated 
optical cell (inclined with respect to the optical axis) in z-scan 
measurements under monochromatic pulsed  laser pumping, 
one  can obtain dependences of  the nonlinear  transmittance 
on intensity with a high accuracy. It was shown that the trans-
mittance can be measured with a spread less than 0.17 %. The 
data making it possible to calculate the nonlinear absorption 
and nonlinear refraction coefficients of liquid can be obtained 
in  one  scan  pass.  An  application  of  the  developed  scheme 
allows  one  to  observe  saturable  absorption  and  nonlinear 
refraction  in  multiwalled  CNT  suspensions  and  investigate 
the two-photon absorption in colour glass filters. In an aque-
ous  suspension  of multiwalled  CNTs,  saturable  absorption 
can be observed in the pure form at a wavelength of 532 nm 
and at intensities of about 10 MW cm–2. An increase in inten-
sity by a factor of 2 – 3 leads to suppression of SA via nonlin-
ear absorption and nonlinear light scattering. The coefficient 
characterising the two-photon absorption in a yellow optical 
filter ZhS18 at a wavelength of 532 nm was measured to be 
0.13 ± 0.02 cm MW–1.
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