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ABSTRACT The nonlinear refractive index (y) of CS, was
measured using the Z-scan technique and laser radiation of
various (femto-, pico-, and nano-second) pulse durations. We
observed the growth of y with the increase of the pulse du-
ration (from (340.6) x 1075 em?2 W1 at 110 fs to (4 £2) x
107 ecm? W at 75ns) due to the additional influence of
the molecular reorientational Kerr effect in the case of longer
(picosecond and nanosecond) pulses. Acoustic wave induced
negative nonlinear refraction was observed using wavefront
analysis. We analyzed the simultaneous influence of both elec-
tronic and molecular processes leading to the positive nonlinear
refraction and acoustic processes leading to the negative non-
linear refraction in carbon disulfide. Variations of the refractive
index due to the thermal effect at high pulse repetition rates were
also investigated.

PACS 42.65.An; 42.65.Jx; 78.66.Nk

1 Introduction

For the past decade, the Z-scan technique has
proved to be most convenient for nonlinear optical measure-
ments due to its many attractive features (simplicity, high
accuracy, low cost, well-elaborated theory, etc.). The op-
portunity to conduct simultaneous measurements of various
nonlinear optical parameters in one set of experiments also
makes this technique attractive and applicable for different
materials. An important parameter in these measurements is
the laser pulse duration. The measurements performed using
different laser pulse durations have shown the different values
of nonlinear optical parameters, in particular, the nonlinear re-
fractive index (). From here, the problem of determining the
role of this parameter in such measurements arises.

Meanwhile, carbon disulfide has long been considered to
be a reference material for the measurements of nonlinear
refractive indices. Repeated measurements of this parame-
ter in CS, at the initial stages of nonlinear optical studies
have shown that its y value varied in the range of units of
10~ cm? W! (see [1] and references therein). These studies
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were carried out using pico- and nanosecond pulses. How-
ever, the last measurements using femtosecond radiation have
shown a decrease of this value for more than one order [2—-4].
At the same time, even in this temporal range (~ 400fs),
some studies have shown considerably different results (from
1.3x 107" em?> W= [5],t0 12 x 10715 cm®> W~! [6], and fur-
ther 4 x 10~ cm?> W~ [7]).

In this paper, we report on our studies of y of CS, using
laser pulses of different pulse duration (femtosecond, picosec-
ond, and nanosecond) in one set of Z-scan measurements. The
mutual influence of self-focusing and self-defocusing pro-
cesses will be discussed in the case of 8-ns pulses. We show
the simultaneous appearance of both electronic and molecu-
lar processes leading to the positive nonlinear refraction and
acoustic processes leading to the negative nonlinear refrac-
tion. We also demonstrate the influence of thermal lens caused
by two-photon absorption on the y sign at high pulse repeti-
tion rates.

2 Experimental arrangement

We used two lasers operating at different lasing
conditions. The first one (L1) was the hybrid Nd : glass—Ti :
sapphire laser (L1) (seeding oscillator, GLX-200, TimeBand-
width + CPA Ti:sapphire regenerative amplifier) generating
475-fs, 1054-nm, 7-pJ pulses at 1-Hz repetition rate. Uncom-
pressed radiation from this laser (r =300 ps, £ = 10 pJ) was
used for investigation of CS, nonlinearities in picosecond
range. We also used 100-MHz, 280-fs, 100-mW, 1054-nm ra-
diation from a seeding oscillator (GLX-200) for investigation
of the thermal effect induced nonlinear refraction in CS,. An-
other laser (L2) was the Ti : sapphire laser (seeding oscillator,
Tsunami + CPA TSA-10F regenerative amplifier with double
passed linear amplifier, Spectra Physics) delivering femtosec-
ond pulses ( = 110fs, A =795 nm, E = 10 mJ) with 10-Hz
pulse repetition rate. The output radiation with variable pulse
duration (from 110 fs to 1.6 ps) was also available from this
laser. The laser was also operated at Q-switched regime deliv-
ering both 8-ns (10 mJ) and 75-ns (0.25 mJ) pulses. 80-MHz,
100-fs, 300-mW pulses were available from the seeding os-
cillator (Tsunami) for investigation of thermal-induced self-
interaction in CS,.

The conventional Z-scan scheme was used in these stud-
ies. Laser radiation (either at the wavelength of 795 nm or
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1054 nm) was focused by a 20-cm focal length lens. Investi-
gated samples (CS,-filled silica glass cells) were moved by
atranslating stage along the Z-axis. The energy of laser pulses
was measured by a calibrated photodiode. A 1-mm aperture
was kept at a distance of 70 cm from the focal plane (closed-
aperture Z-scheme). The radiation propagated through this
aperture was registered by a second photodiode. The radiation
energy registered by the second photodiode was normalized
with respect to the radiation energy registered by the first pho-
todiode, to avoid the influence of non-stability of the laser
parameters. The closed-aperture Z-scan scheme allowed the
determination of both the sign and the value of y of carbon
disulfide.

3 Results

The first set of experiments was carried out using
laser L1. Closed-aperture Z-scans (Fig. 1) have shown the
self-focusing features of carbon disulfide in case of 1054-nm,
475-fs pulses. The influence of nonlinear absorption was
clearly seen in these experiments at intensities of I, >
1.7 x 10" W cm~2 (curve 3).

One of the advantages of the Z-scan technique is the pos-
sibility of distinguishing nonlinear refraction and nonlinear
absorption. In general, the normalized transmittance depen-
dence can be presented as follows [8]:

2
T=14 2(—ox~+2x 3Q)A<15o
(2 +9 2+ 1)
where T is the normalized transmittance of the sample, x =
2/20, 0 = B/2ky . k and z,, are the wave number, k = 27r/A, and
the diffraction length of the beam, z, = 0.5k wg, respectively.
Here w, is the beam waist radius (at 1/e” intensity level).
B (nonlinear absorption coefficient) and y related with the
phase changes due to nonlinear absorption (A,) and nonlin-
ear refraction (A®,) through the relations Ay, = BI, Lesr/2
and A®, = kyl, L. Here I, is the laser radiation intensity
in the focal plane, Legr = [1 — exp(—ooL) ]/, is the effective
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FIGURE 1 Normalized transmittance dependences (L1, r =475fs) of
CS, using the closed-aperture Z-scheme at different intensities. 1 —
7x10°Wem™2,2—-1.4x 10" Wem™2,3 -3 x 101" Wem ™2

-20

length of the sample, «, is the linear absorption coefficient, L
is the sample length (in our case L = 2 mm). This relation was
used for fitting with experimental data.

y and B were calculated tobe (3.54+0.7) x 1075 cm?> W—!
and 8 x 10~!* cm W™, respectively. The latter parameter was
measured at I, = 3 x 10! W cm~2. Our studies have shown
a negligible dependence of y on laser intensity, whereas
the B measurements indicated a strong dependence on the
intensity used, pointing out the influence of high-order non-
linear processes (other than two-photon absorption). The
separate measurements of nonlinear absorption at this wave-
length (1054 nm) were carried out using an open-aperture
Z-scheme. These studies have confirmed that the three-photon
absorption process was responsible for nonlinear absorption
(BC = (2.84+1.4) x 1072 cm® W2),

The investigations of nonlinear refraction using uncom-
pressed 300-ps pulses from laser L1 have again shown the
self-focusing properties of CS,. These measurements were
carried out close to the threshold of registration of 7'(z) vari-
ations due to small intensity of laser radiation. The y in that
case was measured to be (3.2 4 1.6) x 10~ cm? W~!, which
was almost one order higher than that measured using fem-
tosecond pulses.

We tried observing the thermal lens induced self-defo-
cusing in CS; using pulses of 100-MHz repetition rate (¢t =
280 fs, A = 1054 nm, W = 100 mW) from laser L1 seeding os-
cillator (GLX-200, TimeBandwidth). However, in that case
the peak intensity of single pulse was too small (10° W cm~?2)
to induce the three-photon absorption and the thermal lens ap-
pearance in this medium.

The next set of experiments was carried out using laser
L2, operated in Q-switched regime (A = 795 nm, ¢t = 8 ns).
Note that all our measurements of nonlinear refraction were
carried out in conditions of “thin” medium, which means the
fulfillment of the relation L < z, [9]. The change of L2 lasing
regime from femtosecond to nanosecond pulses generation
led to the decrease of both output divergence and diffrac-
tion length of the beam (from z, = 2.6 mm, for femtosecond
pulses, to z, = 1.8 mm, for nanosecond pulses). In the case of
nanosecond pulses, the r = L/z, ratio became equal to 1.1.
The analysis of the usefulness of Z-scan relations (1) in con-
ditions of “thick” medium was carried out in [10, 11]. It was
shown that the peak and valley distance in Z-scans changes
from AZ,, ~ 1.7z, for small r to AZ,.y ~ rz, = L for large
r. Our calculations have shown that at » = 1.1 this distance
changes insignificantly (from 1.7z, to 1.87z,). It means that in
our case, we can use the same relations of the standard Z-scan
theory for analysis of nonlinear refraction caused by nanosec-
ond pulses.

Figure 2 presents the closed-aperture Z-scans of CS; using
8-ns pulses. These measurements were carried out at intensi-
ties up to I, = 1.5 x 10'® W cm~2. The surface optical break-
down was observed at higher intensities. The small asym-
metry of the Z-scans was caused by a nonlinear absorption
(Fig. 2, curve 2).

The value of y in that case was calculated to be (3.5 +
0.7) x 10~ cm?> W~! from the theoretical fits of several Z-
scans (Fig. 2) measured at different intensities of 8-ns pulses.
This value was again one order higher than that in the case
of femtosecond pulses. The separate measurements of sil-
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FIGURE 2 Normalized transmittance dependences (L2, t = 8 ns) using the
closed-aperture Z-scheme at different intensities. 1 —8 x 108Wem™2, 2—
1.7 x 10° W em™2

ica glass (without CS;) were carried out using nanosecond
radiation and no nonlinear refraction in this medium was
registered at intensities up to 1 x 10'® W cm™=2. 75-ns pulses
were also available from laser L2. The energy of these pulses
(2.5 x 107*7J) was considerably smaller than that in the case
of 8-ns pulses. The y in that case was measured to be (4 +2) x
10~ cm? W1,

The previously observed influence of thermal lens on non-
linear optical refraction in CS, at high repetition rates of fem-
tosecond pulses (of order of tens MHz [2, 4]) have shown the
importance of acoustic waves generation and heat accumula-
tion due to various (linear and/or nonlinear) types of absorp-
tion. We carried out the Z-scan studies using radiation from
the laser L2 seeding oscillator (Tsunami) operated at 80-MHz
pulse repetition rate. Figure 3 presents the closed-aperture
Z-scan using 100-fs, 80-MHz, 260-mW, 795-nm radiation in-
dicating the self-defocusing of such radiation in carbon disul-
fide (y = —(1£0.2) x 1074 cm> W™1).

The y variations at different intensities were analyzed
using laser L2 (10-Hz pulse repetition rate, 110-fs 795-nm).
These measurements were carried out in a broad intensity
range of 1x10°Wem™2 to 1 x 10'2Wcem™2 (Fig. 4). The
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FIGURE 3 Normalized transmittance dependence using high repetition
rate pulses (L2, t = 100 fs, 80-MHz)

only nonlinear process observed at small intensities was the
nonlinear refraction. A difference between the normalized
peak and valley transmittance (AT.y) linearly depended on
laser intensity. However, at I, > 1 x 10'Wcm™2 the non-
linear absorption affected the whole picture of normalized
transmittance (Fig. 4, curve 3). These measurements were car-
ried out up to the intensities when the saturation of nonlinear
refraction became significant (Fig. 4, curves 4 and 5).

The solid lines corresponding to the intensities at which
the saturation processes were insignificant (Fig. 4, curves
2 and 3) are the theoretical fits calculated for the medium
with third-order nonlinearity. The values of y and B were
calculated tobe (3£0.6) x 107 cm> W' and (4.2 +1.3) x
10~ cm W1, respectively. The intensity dependent meas-
urements of y have shown the independence of this param-
eter on laser intensity till I, = 1 x 10" Wcem™2. At higher
intensities, the decrease of the nonlinear refractive index with
intensity growth was observed, probably due to influence of
high-order processes.

Attention was given to the investigation of the contribution
from silica glass cell; however, up to the intensities of 1, =
4 x 10" W cm~2 we did not observe any significant variation
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FIGURE 4 Normalized transmittance dependences (L2, t = 110 fs) using the closed-aperture Z-scheme at different intensities. 1 —2.6 x 10° Wem™2, 2 —
8x10°Wem=2,3-35x 10 Wem=2,4-3x 10" Wem™2,5-9 x 101 Wem™2



436 Applied Physics B — Lasers and Optics
1.6+
1.4+
>
B 2
2] ‘A
= =
Q )
E =
= =
0 5 0 5 10 15 20 25 0 5 0 5 10 15 20 25
a Time (ns) b Time (ns)

FIGURE 5 Temporal waveforms of laser pulse transmitted through an aperture at different positions of CS,—filled cell. The description is given in the text

in normalized transmission measurements of such medium
without carbon disulfide. Our separate measurements of sil-
ica glass nonlinearity have shown that y of this medium was
24+04) x 107" cm®> WL

We varied the pulse duration of laser L2 by changing the
distance between gratings in the compressor. Our measure-
ments at two different pulse durations in the femtosecond
range (200 fs and 600 fs) did not show any variations of y
within the accuracy of the measurements of this parameter
(20%). At the same time, our measurements using 1.6-ps
pulses have shown a visible growth of nonlinear refractive in-
dex (y = (1.2+0.24) x 1074 ecm®> W),

4 Discussion and conclusions

There are some fast processes (intermolecular in-
teraction, molecular reorientational Kerr effect, electronic
Kerr effect) that can originate from the nonlinear optical re-
sponse of CS, molecules and contribute to the overall nonlin-
ear adding of the refractive index. The slowest among them
is the process connected with reorientation of molecules. Pre-
viously, the relaxation times of these three processes were
reported as 1.5 ps for reorientation of molecules [12], and
~ 200 fs for other processes [6]. Our results indicating the in-
crease of y at a pulse duration of r = 1.6 ps have confirmed
these estimations of the addition of fast nonlinearities with the
growth of pulse duration above the femtosecond range.

The unfixed value of the nonlinear refractive index in
our CS; studies at high intensities has shown that the origin
of nonlinear refraction in such conditions should not be at-
tributed only to third-order nonlinearity, but also to higher
orders of nonlinearity induced by the intermolecular and
intramolecular interaction as well as by the appearance of
excited states and free carriers generated by high intense
radiation.

Among a variety of the above-mentioned optical processes
contributed at short laser pulses to the nonlinear refraction of
CS, the Kerr-induced effect, which is due to the electronic
response of molecules, seems to be most important. Consid-
erable nonlinear contribution to the refractive index (n) at
appropriate experimental conditions can also be due to the
thermal effect. This effect consists of two parts: one is the

“fast” process of acoustic wave propagation, and other is the
“slow” steady state changing of medium density due to ac-
cumulative thermal heating of the absorbing area. The slow
process should be taken into consideration at low thermal
conductivity and/or high pulse repetition rates. The fast pro-
cess causes the matter density variations due to acoustic wave
propagation after local heating. The rise time (t), which is ne-
cessary for observing the density variations and further the
refractive index variations, is determined by a ratio of beam
waist radius at the focal point to the sound velocity in the
medium (Vs : T = w,/ Vs). Taking into account our experimen-
tal conditions (w, = 21 um for 8-ns pulses at the wavelength
of 795nm, Vi ~ 1500 m/s), a rise time can be estimated as
T ~ 14 ns, i.e., the influence of the thermal effect should not
be neglected in the case of nanosecond pulses. Previous stud-
ies of this phenomenon in CS; using long nanosecond pulses
(200 ns, [9]) have shown the influence of thermal nonlinear-
ity resulting from linear absorption in this medium in the far
IR range (o« = 0.22cm™!, A = 10.6 um). In our case, the influ-
ence of linear absorption is insignificant. Our spectral meas-
urements have shown that the linear absorption coefficient of
CS; at 795 nm (« = 0.006 cm~!) is too small to cause the ther-
mal lens appearance. However, there is another option in the
growth of absorption, a nonlinear absorption.

The technique previously proposed to reveal a slow non-
linear mechanism in Z-scan-like y measurements [13, 14] was
based on the analysis of the temporal waveform of the beam
transmitted through an aperture in the closed-aperture Z-scan
scheme. Part of the radiation self-focuses (or self-defocuses)
inside the cell when the energy density reaches its definite
value at the appropriate point of the Z scale. As a result, the
smaller (or bigger) part of the whole radiation passes through
the aperture and registers by a fast registrar. Thus, the type of
nonlinearity can be estimated by analyzing the variations of
temporal shape of propagated pulse when the sample placed at
the peak or valley position of the Z-scan. Previously this tech-
nique allowed for the distinguishing of thermal nonlinearities
for methyl nitroaniline [13] and colloidal metal nanoparti-
cles [14]. We used analogous technique for the detection of the
thermal effect induced nonlinearity using 8- and 75-ns pulses
(A =795 nm). The variations of the temporal form of excit-
ing pulses in the case of 8-ns pulses were observed. We were
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able to register the mutual influence of both positive refraction
(Kerr-induced variations of n) and initial stages of negative
refraction (acoustic wave induced variations of n).

Figure 5.1 presents the temporal trace of 8-ns pulse
(LeCroy 9362, 10 Gs/s) in the case when a sample was lo-
cated far from the focal area. With increasing proximity to
the focal plane, the drop of the overall intensity of the pulse
occurred indicating the positive nonlinear refraction. Just
after the sample moved through the position corresponding
to 7y (z1, see Fig. 2, minimum transmittance at a valley of
Z-scan), the trailing part of temporal shape increased with
respect to the leading part (Fig. 5.2). This increase is a mani-
festation of nonlinear absorption starting to play an important
role in overall propagation of radiation through the aperture
placed before the fast photodiode. An acoustic wave gen-
erated by nonlinear absorption spreads through the beam
waist and decreases the refractive index (y < 0). The overall
process seemed to be a positive nonlinear refraction domi-
nated by fast Kerr-induced processes due to insignificance
of nonlinear absorption and the thermal lens generation at
intensities used. Next, with further movement of the sam-
ple and before reaching the position corresponding to T},
(z2, maximum transmittance at a peak of Z-scan), the re-
verse reshaping of the trailing part of the temporal waveform
have appeared (Fig. 5.3). At z = z, this pulse re-shaping be-
came insignificant (Fig. 5.4) and then fully disappeared with
further movement of the sample far from z, (Fig. 5.5), to-
gether with the influence of fast electronic and reorientational
processes.

All these variations of waveform indicate the manifes-
tation of transient negative nonlinear refraction induced by
acoustic wave. Taking into account the independence of meas-
ured AT}, value on laser radiation fluence, we can conclude
that nonlinear absorption induced variations of the refrac-
tive index did not sufficiently contribute to the overall “ef-
fective” nonlinear refractive index with respect to fast non-
linear optical processes. No changes in waveform shape of
the pulse transmitted through the aperture in closed-aperture
scheme were observed at intensity of twice below the used
one (4 x 10° Wcm™2). These studies have shown that acous-
tic wave induced variations of the refractive index became
visible ~ 5-7 ns after the beginning of propagation through
the medium that is two times smaller than the estimated time
of the acoustic wave propagation (14 ns). Our observations
have shown the growing influence of this process with in-
tensity increasing through the pulse. This peculiarity as well
as the distance between the maximum and minimum pos-
itions of trailing part variations, which appeared to be shorter
than 1.7z,, confirm the assumption of the involvement of two-
photon absorption process in acoustic wave induced negative
nonlinear refraction in CS,. No analogous features were ob-
served using 75-ns pulses due to their small intensity. The
two-photon absorption of 795-nm radiation in CS; seems to
be a reasonable assumption taking into account the coinci-
dence of two-fold frequency (A = 397 nm) of excited radia-
tion with the broad absorbance band of carbon disulfide in UV
range (290 - 410nm [15]).

All above presented Z-scans (with the exception of Fig. 3)
were carried out using the laser pulses operated at repetition
rates of 1 Hz and 10 Hz. We performed similar scans with

single shots and no difference was found indicating that long-
term phenomena (due to thermal accumulation) were negligi-
ble under our experimental conditions.

We attribute the negative sign of y in experiments with
80-MHz pulse repetition rate to the thermal lensing effect, as
was also confirmed in previous studies. As it was mentioned
above, the appearance of the thermal lens can be due to both
acoustic wave induced density variations and thermal accu-
mulation effects caused by heat accumulation between pulses.
The CS; acoustic transit time in our experimental conditions
was of order of 14 ns. This means that the density variations at
80-MHz pulse repetition rate (the distance between pulses of
At = 12.5 ns) were involved in the change of refraction. The
difference between the acoustic wave induced mechanisms of
density changes in the cases of 8-ns low-repetition rate pulses
and 100-fs high-repetition rate pulses is that in the former case
the nonlinear optical process occurs due to self-interaction of
the pulse propagated through the medium, whereas in latter
case the pulse interacts with the acoustic wave generated by
the previous pulse propagated through the medium 12.5 ns be-
fore the pulse of consideration.

The time interval of 14 ns means the time of acoustic wave
propagation through the whole beam waist area. This time
interval is longer then the distance between laser pulses at
80-MHz pulse repetition rate. However, there is no necessity
of density variations inside the whole volume of beam waist
to observe the influence of variations of the refractive index.
Even in the case when the acoustic wave varies, the density
of 1/3 part of the beam waist (it can be done for a period of
~ 5 ns), these density variations in the central part of the beam
waist induce the observable variations of the refractive index.
These assumptions have been confirmed in previous studies
of colloidal metals [14]. The confirmation of this conclusion
can also be found in the waveform traces presented in Fig. 5.
One can see that thermal induced waveform variations have
started to play an important role 5 ns after the beginning of
pulse propagation through the medium (compare the shapes
of oscilloscope traces 1 and 2, as well as 5 and 3).

Another process involved in this case is the thermal ac-
cumulation due to nonlinear absorption. The time required
for thermal conduction effects to become significant is de-
fined as [2] T = w20’ cp/4k, where ¢, is the specific heat,
¢ is the density, and « is thermal conductivity. In our ex-
perimental conditions (w, =21 um, ¢’ = 1.263 g cm—3, cp =
0.995 Jg_l K, k=016 Wm~' K1) r ~ 1 ms, thus indi-
cating the importance of the accumulative thermal processes
in the case of 80-MHz pulse repetition rate regime of laser-
matter interaction.

We are inclined to conclude about the prevailing role
of acoustic wave induced variations of n rather than of
accumulative processes induced changes of the refractive
index. This conclusion is drawn on both the discrepancy
between our dn/dT calculations (—1.2 x 107> K~!) based
on the assumption of the leading role of the accumulative
processes in variations of n and previous measurements of
this parameter based on steady state thermodynamic condi-
tions (—8.3 x 10~*K~! [9]). The ratio of these parameters
(—12x107°K!'/—83x10"*K~! 2 0.015) can serve as
a rough estimation of the influence of “slow” accumulative
processes with respect to “fast” acoustic wave induced pro-
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FIGURE 6 The dependence of CS; nonlinear refractive index on pulse du-
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cesses in the overall negative nonlinear index of CS, caused
by thermal effects.

The results of our measurements of the nonlinear re-
fractive index of CS, using radiation of different pulse du-
ration are summarized in Fig. 6. Here we also included
the results of our y measurements using second harmonic
of Nd: YAG laser radiation (A =532nm, t =20ns, y =
3 x 107" cm? W~!). Note the insignificant spectral disper-
sion of y in visible (532nm) and near IR (795 nm and
1054 nm) ranges. We excluded our results indicating the in-
fluence of slow nonlinearities caused by the thermal effect,
thus limiting our comparison to the influence of fast nonlin-
earities measurements (molecular reorientational Kerr effect,
electronic effect, and intermolecular interaction). These fast
processes were previously considered as the main origins of
the optical nonlinearity [12]. Our measurements have shown
that in femtosecond time range, the contribution of molecular
reorientation becomes insignificant due to its relaxation time
exceeding 1.5 ps. In the case of picosecond and nanosecond

pulses, this effect contributes to overall nonlinear refractive
index.

In conclusion, we investigated the nonlinear refractive
index of CS, using the Z-scan technique and laser radia-
tion in various (femto-, pico-, and nanosecond) pulse du-
rations. We observed the growth of y with increase of the
pulse duration (from (340.6) x 10~ cm®> W=! at 110fs to
(442) x 1074 cm? W at 75 ns) due to the additional influ-
ence of the molecular reorientational Kerr effect in case of the
longer (picosecond and nanosecond) pulses. Acoustic wave
induced negative nonlinear refraction was analyzed using
pulse waveform variations in the closed-aperture Z-scheme.
We observed simultaneous influence of both electronic and
molecular processes leading to the positive nonlinear re-
fraction and acoustic processes leading to the negative non-
linear refraction. The variations of refractive index due to
the thermal effect at high pulse repetition rates were also
investigated.
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