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By chopping 820 nm 18 femtosecond (fs)-laser pulses, continuously generated by a self-mode locked

Ti:Al20s laser at 82 MHz, into trains with both train-width and train-to-train separation considerably longer
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than CS2's thermal diffusivity time constant =, we conducted Z-scan measurements on it at various

times relative to the leading pulse of each train (T 5). As a result, we observed negative nonlinear
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refraction strengthening with T within =zt and gradually turning steady with T exceeding zth. We

quantitatively explain the experimental results in terms of the thermal lensing effect. In particular,
we attribute the heat generation to non-radiative relaxation of libration excited by individual 18
fs-pulses via stimulated Raman scattering. Different from the common view of multi-photon
excitation, we propose and verify a new heat-generating mechanism for thermal lensing effect

in CS2.

1. Introduction

The thermal lensing effect induced in various simple liquids by
femtosecond (fs) laser pulses delivered at repetition rates of tens
of MHz has been studied with the Z-scan technique [1-7]. When
the nanosecond (ns) order pulse-to-pulse separations zp-p's
(reciprocal of the repetition rates) are considerably shorter than
the sub-millisecond (sub-ms) to ms order thermal diffusivity
time constant =zn [8], the observed negative lensing effect, which
strengthens with time relative to the leading pulse (denoted by T)
within zn and gradually turns steady with T exceeding z, is
ascribed to the thermal lensing effect. The multi-photon
excitation processes have been commonly offered to explain the
heat generation [1-7,9].

In this study we further explore the mechanism of thermal
lensing effect induced in CSz, an example of simple liquids. In
the experimental aspect, we used a self-mode locked Ti:Al2Os
laser which continuously delivers TEMoo mode laser pulses at a
repetition rate of 82 MHz. These pulses have a central
wavelength of Ac=820 nm (equivalently a central angular
frequency of @c=2.3x10% s') and a duration of =18 fs,
measured at half-width at e~ maximum (HWe~tM). By chopping
the continuously generated pulses into trains with a train-width
of #=41 ms and a train-to-train separation of 7:+=0.18 s (Fig. 1),
both being longer than CS2's =zn, we found with the Z-scan
technique that the thermal lensing effect in it evolves with T in
the same manner as the above-mentioned simple liquids. In the
theoretical aspect, we quantitatively explain the thermal lensing
effect induced in CSz in terms of excitation of molecular motions
by individual 18 fs-laser pulses, heat generation due to relaxation
of the excited molecular motions, sample density change due to
heat accumulated across neighboring pulses and thermal
diffusivity. In particular, while CSz is free from linear absorption
(LA) and two-photon absorption (TPA) of the 18 fs-pulses at 820
nm (Fig. 2), we attribute the heat generation to non-radiative
relaxation of libration excited by individual 18 fs-laser pulses via
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Fig. 1. The temporal profile of the 18 fs-pulse trains. ¢ denotes
the time in the laboratory reference frame and # specifies the
arrival time of the i™" pulse (0<i<iend With iend=41 ms/zp-») at a
reference position z. T=t—to and Ti=ti—to correspond to ¢ and i
measured relative to fo.

stimulated Raman scattering (SRS), a kind of stimulated light
scattering (SLS) process. Here libration means the vibrational
motion of entire individual molecules with respect to
surrounding molecules, different from the atomic vibration
within individual molecules, referred to as intra-molecular
vibration or simply vibration.

According to previous studies of time-resolved optical Kerr
effect (OKE) [10-23] in a variety of simple liquids, resonant
excitations of both intra- and inter-molecular motions, in
addition to non-resonant excitation of electronic motion, can be
fulfilled by fs laser pulses via various SLS processes (third-order
nonlinear optical responses to the fs laser pulses). Excitation of
each molecular motion by means of a specific SLS process
promotes individual molecules from state |0)m to state |1)m, Vvia
an intermediate virtue state, by absorbing a photon at angular
frequency w1 and emitting a photon at angular frequency w2z with
(en—an) falling within the range [Qm—AQm/2, Qm+ AQm/2]. Here
Qm and AQm respectively denote the band center energy, relative
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Fig. 2. Linear absorption spectrum of CS; measured by a
spectrophotometer (solid line). The dashed and dash-dotted lines
represent the spectrum of the 820 nm 18 fs-pulses and that of the
pulses after frequency doubling. Transparency at both ~410 and
~820 nm rules out LA and TPA of 820 nm incident pulses.

to state |O)m, and band width of state |1)m with the Planck’s
constant 7 divided out (Fig. 3). The subscript m (=v, I, d and p
respectively) specifies the molecular motions: v for vibration, |
for libration, d for diffusive reorientation and p for polarizability
distortion. The SLS processes responsible for excitations of
vibration and libration are called SRS and those for excitations
of diffusive reorientation and polarizability distortion are called
stimulated Rayleigh-wing scattering [24]. Note that each kind of
molecular motions may include various modes; however, we
only consider one mode associated with it in this study. For
example, CSz’s vibration contains a symmetric stretching, an
asymmetric stretching and two bending modes; however, we
only consider the symmetric stretching mode (vide infra). Since
both @1 and w2 are required to fall within the spectrum of a pulse
to induce a SLS process, excitation of the corresponding
molecular motion demands that the pulse have a spectrum width
(Aw), measured at half-width at e maximum (HWe M),
comparable or larger than the band center energy Qm of the
excited state. Fs pulses were used in these studies because their

wide spectra help to unravel sufficient excited molecular motions.

Here we are particularly interested in excess energy of these
excited molecular motions which is converted from the absorbed
pulse energy and eventually turned into heat to activate the
thermal lensing effect. Typical Qm’s for excited inter-molecular
motions of simple liquids are in the order of 10'? s~ (tens of cm~!

Fig. 3. The diagram of a SLS-induced molecular excitation from
state |0)m to state |1)m. Om and AQm denote the band center energy,
relative to |0)m, and band width of state |1)m with the Planck’s
constant /i divided out.
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in wavenumber) for excited libration and 10%°-10 s~ (sub cm™
to cm~ in wavenumber) for both excited diffusive reorientation
and excited polarizability distortion. They are greatly smaller
than that for excited vibration (€v), in the order of 10 st
(hundreds to a thousand and some cm™ in wavenumber) [25].
Provided that all molecular motions can be excited with
comparable probability, non-radiative relaxation of excited
vibration with the largest Qm predominantly contribute to the
thermal lensing effect. This is because a vibrationally excited
molecule can release considerably more excess energy (Qv) than
a molecule excited by other means. However, when the spectrum
width (Aw) of an 18 fs-laser pulse is considerably larger than the
typical Qm's of the excited inter-molecular motions, it tends to
be smaller than the typical Qv. This makes vibration less likely
to be excited by an 18 fs-laser pulse. Under this circumstance,
relaxation of excited inter-molecular motions may play a role,
even a dominant role, in heat generation.

Absorption of a TEMoo mode 18 fs-pulse, by the sample (CSz)
via the SLS processes, causes a temperature gradient (V ) which
drives in the sample an acoustic wave, namely thermal acoustic
wave, propagating in the lateral direction at a speed of vs in the
order of 1000 m/s [26]. This wave renders a sample density
change Ap which predominantly contributes to the thermal
lensing effect [27]. Since Ap becomes noticeable after the
acoustic wave propagates across the beam cross-section in the
transit-time zac (=wo/vs with wo denoting the beam radius at the
waist) estimated in 10 ns order (vide infra) [28], an 18 fs-pulse
with its duration greatly shorter than zac does not experience the
thermal lensing effect induced by itself. However, it experiences
the thermal lensing effect induced by pulses prior to it because
the pulse-to-pulse separation of 7pp=12.2 ns ((82 MHz)™) is
comparable with zac but greatly shorter than z in the sub-ps to
ms order [8].

Because the train width z=41 ms is considerably longer than
zih Of the sample (CSz2), the thermal lensing effect built up across
neighboring pulses is gradually suppressed and balanced by
thermal diffusivity. On the other hand, because =+ is
significantly longer than n, the sample (CS2) thermally
perturbed by a certain pulse train returns to thermodynamic
(thermal, mechanical and chemical) equilibrium before the next
pulse train arrives.

2. Experimental

The Z-scan technique (Fig. 4) has already been described
elsewhere in detail [8]. Briefly, a shutter is placed in the light
path before the beam splitter BS1 to chop the 82 MHz 18 fs-
pulses into trains with =41 ms and 7:+=0.18 s. A fraction of the
pulse trains, propagating along the +z axis, is then split by BS1
and directed to detector D1, which monitors the input power
fluctuation. The major portion of the pulse trains passing BS1 is
tightly focused to the waist at z=0 of radius wo=w(0)=14.0 um
half-width at e? maximum (HWe2M). Each pulse train
transmitted through the sample at a certain position z relative to
the beam waist is split into two by the beam splitter BS2 and
directed to detector D2 and the apertured detector D3, which
respectively monitor the total and axial transmitted powers.
Detectors D1, D2 and D3 take measurements at 10 different
times relative to the leading pulse of the train: T=1, 2, 3,5, 7, 9,
11, 21, 31, and 41 ms respectively. Outputs of D2 and D3 are
divided by that of D1 and recorded as functions of z. The ratios
D2/D1 and D3/D1, after being normalized with those in the
linear regime (regions of large |z|), are respectively referred to as
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Fig. 4. The Z-scan setup which records the total and axial
transmittances as functions of the sample position z.

the normalized transmittance (NT) and normalized axial
transmittance (NTa). When NT reflects nonlinear absorption
(NLA) alone, NTa involves nonlinear refraction (NLR) in
combination with NLA (if present). Plots of NT and NTa as
functions of z are named the "open aperture™ and "closed
aperture" Z-scan curves respectively. When NLA is noticeable in
NTa, we can effectively eliminate it by dividing NTa by NT. The
plot of NTo/NT as a function of z, namely the divided Z-scan
curve, shows the sign of the lensing effect. When NLA is absent
or negligibly small in NTa, the closed aperture Z-scan curves
themselves show the signs of the lensing effect. The lensing
effect, either positive or negative, arises from the dependence of
a sample’s refractive index change An on time-domain intensity
I (energy per unit area per unit time), frequency-domain intensity
1”(energy per unit area per unit angular frequency) or generalized
fluence (Fc=/ldt). The negative lensing effect (i.e., An has a
minimum at the beam center (r=0) for a TEMoo mode pulse) of a
sample renders a peak on the —z side and a valley on the +z side
in a divided or closed aperture Z-scan curve. This is because it
slows the light speed least at the beam center. Thus, it lessens the
beam divergence at the aperture in front of D3 when the sample
is before the beam waist and augments the beam divergence
when the sample is after the beam waist.

In this study, the sample was contained in a quartz cuvette
with a thickness of L=0.1 cm. The aperture (0.3 cm in radius)
was placed at 22.5 cm after the beam waist. This allows 67% of
the power at the aperture plane to reach D3 when the sample is
placed in the linear regime (far from the location of the beam
waist). The aperture radius remained unchanged in the course of
Z-scan measurements.

Consider a pulse train propagates along the +z direction
without the sample in the light path. In the laboratory reference
frame, the time-domain electric field strength of the i™" pulse
E®(z,r,1) (0<i<ieng With iens=41 ms/zp-p) in the train (Fig. 1) can
be expressed as the Fourier transform of the corresponding
frequency-domain electric field strength E}®(z,r, ) [29]
Eé')(z,r,t):i_[:Eg(')(z,r,a))xe‘”"dw. (1)
Here t denotes the time, r refers to the lateral distribution of the
i" pulse and w=27c/ A is the angular frequency with ¢ and 1 being
the light speed and wavelength pertaining to free space. Since

each pulse in a train is identical, E?(z,r,t) equals E¥(z,r,t+T)
with Ti=ti—to=ix zp-p being the time difference between the peaks

of the i pulse and the leading pulse (i=0). Here we let ti and to
denote the arrival times of the peaks of the i" and the leading

pulses at z. Since E®(z,r,t) is necessarily real, E°(z,r,0) is a

Hermitian complex quantity, i.e., its real and imaginary parts are
respectively symmetrical and anti-symmetrical about @=0.

This journal is © The Royal Society of Chemistry 2012
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Referring to Ref.[30] for z and r dependence of a monochromatic
TEMoo mode laser beam, we write E.”(z,r,w) in eq.(1) as

Eé(i) (z,r,0)= 7W(v:°w) X Eé(i) (0,0,0,)x ei[fg::’) x e{m}

&)

Xe—igb(‘,‘)(z,r,m) w g i(kvam)

where W(z, w)=wox[1+(z/z0)?]¥? is the beam radius (HW1/e?M) at
z with wo (14.0 um) being w(0) and zo(w)=nwo?A is the
diffraction length of the @ component of the laser beam in free
space. E/%(0,0,m,), with e being the central angular frequency
2.3x10'® s, is the frequency-domain on-axis electric field
strength, a real quantity equal to E;¥(0,0,-w,), of the it pulse at
z=0 and w=aw, and

# (z,r a)):krz—tan‘l{ : :l (3)
n 2R(z,) z,(w)

is the phase slowly varying with z, in contrast to kz rapidly

varying with z. R(z, w)=zx{1+[z0(®)/z]?} is the curvature radius

of the wave front at z. k=w/c denotes the wave propagation

number. The term exp{-{(«+ @.) / 2Aw]*} is used to ensure the

Gaussian distribution of E®(z,r,t) in t (vide infra). Here the “+”
and “—” signs before wc are employed when w is negative and
positive respectively. The term exp(—iwTi) is introduced to
ensure that E?(z,r,t+T) equals E”(z,r,t). In egs.(1) and (2), @
can be either positive or negative. k, A and zo are of the same sign
as o. Ac and wc are both positive. Besides, ¢ and R are anti-
symmetrical about »=0. By integrating eq.(1), with egs.(2) and
(3) substituted in, we obtain

t-T,—z/c 2
2 AoW E.V(0,0,m,) xe [ 2 J

E(zr,t)=Res V7 w(z,@,) 4)

Xe{m} « efi%'](z‘r,mc) « e{—i[kcszc(th, )]}

with =1/Aw. In this integration, we consider change of the term
exp{-{(@*w,) I 2Aa]?} in eq.(2) with ©; however, we ignore
the dependence of w and ¢ on  and regard them as functions

of wc. Accordingly, we add the subscript “c” to the argument @
of w and ¢ in eq.(4). Since, in the derivation of eq.(4) from
eqs.(1)—(3), the slowly varying phase 4" is regarded as o
independent and k in the rapidly varying phase term (kz+®T;) is
linearly proportional to w, egs.(2) and (4) represent a transform
limited pulse [31]. Moreover, since our autocorrelation and
spectrum measurements, conducted before BS1, respectively
show =18 fs and Aw=5.5x10"% s~ whose product equals one,
we ignore chirping induced in the components before BS1 due to
nonzero 2" order derivative of k with respect to w (d*k/d«?) and
thus assume the pulse remains transform limited till the position
immediately before BS1. In the following we further ignore
chirping induced in BS1 and the lens to make eqs.(2) and (4)
suitable for the sample traveling between the lens and BS2.
According to eq.(4), ti=z/c+T; denotes the arrival time of the it"
pulse’s peak at z.

By integrating the magnitude of Poynting vector (| S® |=cs

‘Eé‘)(z,r,t)
to eq.(1), the fluence (energy per unit area)

2 . . . . .
) of the it" pulse over its duration, we obtain, according

J. Name., 2012, 00, 1-3 | 3



Physical Chemistry Chemical Physics

o . 2
E(z,r,0)xe" dw| dt

—o0

i ce, r~»
Fﬁ(z,r):ﬁ B

_cgy e
27 I
_C&

Eé(') (z.r,0) xEc’,(i)*(z, ro)do
. (5

o :Eg(i)(z,r,w)ng(i)*(z,r,w)dw

:J':L Ié“)(z,r,a))da)
Here & denotes the electric permittivity of free space and equals
8.85x10712 C2%/(Nxm?), E!%z,r,0)=E"(z,r,0)xe'™“" represents

the slowly varying amplitude of E(z,r,e), and

1 (2.0,0)= 26 (1r,0) < (2.7,0)
T

2 ) 7[(«71&)5]2 _ 2r? (6)
_ Wo XI(;(')(O,O,a)C)xe 80 ) o W (z,0)
w(z,0)
is the frequency-domain intensity. Here 1%0(0,0,wc)=

E/(0,0,m,) “/2z denotes the frequency-domain on-axis

intensity of the it" pulse at z=0 and w=ac. Since E}®(z,r,0) is

ce,

Hermitian, similar to E}%(z,r,0), 10%(z,r,0) equals |1 50(z,r,—w)
and thus eq.(5) can be rewritten as
F,)(‘)(z,r)zzj.o 1) (z.r, 0)o. )

By integrating eq.(7), with eq.(6) substituted in, over the whole
beam cross section we obtain the pulse energy of the i pulse

&) = _[; R, (z,r)x 2zrdr

. _ N )
= 2J.0 J-O Ié(') (Z, r,a))da)x 2zrdr = 7r3’2W§Aa)I[;(') (0,0, a)c)
Accordingly, we can relate 10'D(0,0,c) to eo® as
(i)
(i) _ &
§(0.0.0)= e ©)

Given an average power Payg for the 82 MHz 18 fs-laser pulses,
e equals Pavg/82 MHz for all the i values.

3. Theoretical model

The frequency-domain electromagnetic wave equation driven by
the third-order nonlinear polarization P'®?(z,r,) is [32]
2

V[V- E’(')(z,r,a))]—VZE'(') (z,r,a))—%E’(')(z, ro) 10)
= ,ua)zl5’(3'i)(z, ro)
where u represents the magnetic permeability of the sample
(CSz), nearly equal to that of the vacuum (uo) since the sample is
nonmagnetic. The sample position z ranges between zf and zs+L
with z¢ denoting its front surface position relative to the beam
waist.

Since E'? is a quasi-plane wave disturbance with V-E'® ~0,
E/"(z,r,w) varies with z much more slowly than e, and the

sample satisfies the thin sample condition with its thickness 0.1
cm less than the diffraction length of the @ component of the
pulse in it (nxzo(@c)=0.12 cm with n=1.63 being CS>'s refractive
index [26] and zo(wc)=7.5x10"2 cm being the diffraction length
in free space), we simplify eq.(10) as

4| J. Name., 2012, 00, 1-3

E" (2,1, 0)
oz
with P"®)(z,r,w) = P®(z,r,w)xe™" denoting the slowly varying

2ik :ywzf’"(s’i)(Z,l’,w), (11)

amplitude of P'®(z,r,w). The detailed derivation of eq.(11)
from eq.(10) is shown in Part A of the Supporting Information
(sn.

In the following, we deal with one of the SLS-excited inter-
molecular motions: libration. Likewise, we can deal with the
other two inter-molecular motions (diffusive reorientation and
polarizability distortion) and the intra-molecular vibration.

As explained in Part A of the Sl, excitation of libration via
SRS results in a third-order nonlinear polarization
P (2,1, 0) =25, % [ 7V (@;0,0,,-0,):E" (2,1, 0)

, (12)
do,

EV(zr,,)

Here 7°(w;m,0,,~®,) is nonzero only when wa falls within the

range [o—Q—AQI/2, &o—-N+AQ/2] or [w+Qi—A/2, wt+Qi+
AQI/2]. In the following, we consider the situation that o is
positive and let w and wn denote wa in the ranges [0, @] and [,
o] respectively. Accordingly, we can rewrite eq.(12) as

0(0;2(3)(0);&)’(0' ) )EEv(i)(Z, r’a))

Eﬂ(i)(zl rla)l)‘z da)l

p”(g‘i)(z,r,w)=250 x (13)

+Ij)~((3)(w§w1whﬁwh)fE"(i)(Z,r,a})

(i 2
-E"(')(Z,r,a)h)‘ dao,
In order for P"®)(z,r,w) to be nonzero, e within the range
[ Qu—AQU/2, - +AC/2] needs to be covered in the spectrum
of E"%(z,r,w) with @, or on within the range [@+Q—AQI/2,
a+O+AQ/2] needs to be covered in the spectrum of E"?(z,r,w)
with . Note that 7°(w;0,0,~) equals 7" (00, @,,~w,) if
(w—an) equals —(w—an) (see the paragraph below eq.(S10) in the
SI). Given Aw (5.5x10™® s1) considerably smaller than Q
(1.2x10% s71, vide infra), we can hardly find e within the range
[0-O—AQ2, -0 +AQW2] or wn within the range
[atO—AQ2, wtO+AQW2] falling in the spectrum of
E"¥(z,r,w) with w. This signifies that P"®(z,r,@) pertaining to
vibrational excitation via SRS tends to be zero. In other words,
an 18 fs-laser pulse can barely excite the vibration.

By substituting eq.(13) into eq.(11), we can deduce the wave
equation [24,29,32]

[, (@00, -)

EO(zre)__i2zk |1V(zrae) BV (zro)da | (14)
/4 Cg,

+, 2 (@00,
19(z,r,m,)-E"(z,r,0)d o,

Here we have replaced E"‘”(z,r,a),(h))‘2 by 24'0(z,r,cm)/cen

according to eq.(5). By further expressing E"®(z,r,w) as
. (i . —; 2
A(')(z,r,a))xe""’()(z‘r’”) and thus 1'0(z,r,w) as CSO‘A(I)(Z,I',CU)‘ |27,

we can separate eq.(14) into two terms, one for NLA and the
other for NLR,

This journal is © The Royal Society of Chemistry 2012
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6I;fi)(z',r,co) I AL (2 a)x 1 (2, r,0)da 15
o' I (2 @,)x 10 (2 1, 0)do,
and
o 1,021, )dey _
¢ az'r ©) '[ | ) +kan? (z',r) (16)
z

0
+.[ nZhIZ

excluding the last term on the right hand side of eq.(16). Note
that in the derivation of egs.(15) and (16) from eq.(14), we have
used z=z¢+2' with 2’ denoting the penetration depth of the i pulse
into the sample. zr, as was mentioned in the paragraph after
eg.(10), represents the sample front surface position relative to
the beam waist. Here £ =-2270(w0,0,~-@)/cg, and g, =

Z\r,m,)dao,

77 (0, 0,w,,~,) | cg, are the third-order NLA coefficients;

|—2ﬂ7(Re)(0)0)0)| -@)/ cg Ny, = 2775 (@, 0,0,,—,) | C&,
are the third-order NLR coefficients. Since 7°(w;m,a,~a)

and

equals 7"

(w; 0, ®,,—w,) if (o—m) equals —(cw—an), fr=—p and
nz2n=nzi in case (w—ar) equals —(w—wn).

Considering absorption of individual 18 fs-pulses by the
sample induces the thermal lensing effect and, because the
thermal diffusivity time constant of =408 ps (vide infra) for
CS: is greatly longer than the pulse-to-pulse separation of zpp=
12.2 ns, this effect is sustained to and experienced by the

subsequent pulses, we introduce the term kAn{ on the right
hand side of eq.(16) to represent the thermal lensing effect. Here
An? denotes the thermally induced refractive index change by
the O™ through the (i—1)™ pulses and experienced by the i" pulse
(i>0). Note that An equals O because the sample is in full

thermodynamic equilibrium when the leading pulse (i=0) starts
to interact with the sample.

To derive An? for i>1, we evaluate the heat generated in a
unit of volume of the sample by the (i—1)" pulse (i>0), via the ps
order non-radiative |1)i~|0)1 relaxation [11], by integrating
eg.(15) over w. This yields

) ooal’l -1) T,
5Q 7 (2.r) =2f, o (2.r.0) 17
which results in a temperature rise
) S (i-1) r7
501("1)(2',r):782‘ r) | (18)
! pﬁf‘ )(z’,r)xcp

Here p{™(z',r) is the sample density experienced by the (i—1)"

pulse and cp denotes the sample isobaric specific heat. By
including the effect of thermal diffusivity, we relate the sample

temperature 6, (z\,r,t) to 6'7(Z.r) (= 6,(z.rt,) ) the
temperature experienced by the (i—1)™ pulse as
i ’ i ’ t ’ ’ ’

0, (2,r,t)=60""(z,r)+ 80, 1>(z,r)+j[H D,V°0, (z',r.t')dt’. (19)
This relation holds for t ranging between ti-1 and ti which
respectively denote the arrival times of the peaks of the (i—1)™
and the i pulses at the sample position z=zs+z'. Provided that
68 0(z,r) and p{P(z,r) are foreknown, we can derive
69 (z',r) from eq.(19), with eq.(18) substituted in, by setting t to

be ti. Given the thermal conductivity x=1.5x1072 J/(sxcmxK),
equilibrium density pe=1.26 g/cm?® (pertaining to equilibrium

This journal is © The Royal Society of Chemistry 2012
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Fig. 5. Vibrations-induced Raman scattering spectrum of liquid
CSa. The strong band centered at 1.2x10% s~ (656 cm™) (Qv) is
due to the symmetric stretching mode of the molecule. The weak
band centered at 1.5x10™* s7* (800 cm™) (Q'v) is due to the
overtone of the bending modes. The asymmetric stretching and
the bending modes are Raman inactive and do not show Raman
scattering signals [33].

temperature of 6:=298 K) and cp=1.0 J/(gxK) for CS2 [26], the
thermal diffusivity coefficient Din=x/(pexCp) for CS2 is calculated
to be 1.2x1073 cm?/s. This leads to the thermal diffusivity time
constant of h=wo%/4Dn=408 ps.

Based on ¢, (z'r,t) evaluated from eq.(19), we can further

derive the sample density p, (z',r,t) by solving the V@, (Zr,t) -
driven thermal acoustic wave equation [28]

2 ’

w —VV? |:pz' (z, r,t)} =bvip, (Z,rt)V? [ezf (z, r,t)] (20)
which is valid for t ranging between ti_1 and ti. Here vs (1149 m/s)
and b (1.19x10°3 K1) denote the sound speed and volume
expansivity of CSz [26]. Since all the 10 data measuring times
relative to the leading pulse (T %), ranging between 1 and 41 ms,
are much longer than the transit-time zac=wo/vs=14.0 um/1149
m/s=12.2 ns, the first term on the left hand side of eq.(20) can be
ignored in this study [28]. This leads to

p, (z',r,t)
— =D 7 rt 21
from which we can derive p{ = p™ xexp{-b[6® - 6]} and

hence p¥ = p©(z',r) xexp{-b[6" - 6,]}. Given 6°(z',r)=6, and
pzf)(Z r) = p, we can solve egs.(19) and (21) with i advanced
from 1 to iena. The initial conditions 6¢?(z,r) and p{™®(z',r) of

eq.(19) for any specific i>1 are predetermined from earlier
calculation of egs.(19) and (21) pertaining to smaller i's.
When A0P =6 -6, and Ap{ = p{ - p, contribute to Anf

cooperatively, Ap predominates over A6 [28]. Hence
AnD(Z',r) = (—nj AGO(Z',r)+ [ J PP (z',r)

= by AH(')(Z r)

(22)
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where (on/dp), =y°12np, [28] is used with * and n denoting

CS2's electrostrictive coupling constant and linear refractive
index. Given »*=(n?-1)(n*+2)/3 [28] and n=1.63, by/2n is
calculated to be 9.4x10~* K™ In eq.(22) Ap{ is approximated

to be —p,bA6? . Mimicking the intensity distribution of a TEMoo
mode laser pulse, A@Z("’ is nearly Gaussian distributed in r with a

maximum at r=0. This ensures that An is negative with a

minimum at r=0, which results in a negative lensing effect for
the i pulse (i>0). An{ strengthens with increasing Ti=ti—to

within zin due to cross-pulse heat accumulation and then turns
steady with increasing Ti exceeding wmn because heat
accumulation is gradually balanced by thermal diffusivity (see
€gs.(19) and (22)).

Fig. 5. shows the characteristic energy levels of excited
vibrations of CS2 derived from the measured Raman scattering
spectrum. Q=1.2x10"“ s! (656 cm= in wavenumber)
corresponds to the symmetric stretching mode and Q'v= 1.5x10
s~ (800 cm~! in wavenumber) corresponds to the overtone of the
bending mode. Qv and Q'v are obtained by subtracting the
measured angular frequencies of the Raman scattering signals
from that of the monochromatic exciting wave.

We anticipate that a transform limited 18 fs-pulse, with
Aw=5.5x10"% s7! considerably smaller than Qv, can hardly excite
CS2 molecules from [0)v to |1)v via SRS. This agrees with the
studies by Nelson, Heisler, Sato and Huang which did not show
the OKE signals of CSz arising from excitation of vibrations by
60, 100, 100 and 28 fs pulses respectively [16-18,22,23].
Moreover, refs.[18,22,23] further showed the OKE signals due
to excitation of the inter-molecular motions: libration, diffusive
reorientation and polarizability distortion. Here the OKE signals
are proportional to the convolution of the pulses’ autocorrelation
function and the response functions corresponding to excitation
of the molecular motions under consideration. To precisely
compare the OKE signal due to excitation of each inter-
molecular motion by 18-fs laser pulses used in this study, we
simulate, in Part B of the SlI, the OKE signals based on the
autocorrelation function of our 18 fs-laser pulses (exp[—(t/2)?])
and the response functions shown in ref.[18]. As a result, we find
that the signal for libration is considerably stronger than those
for diffusive reorientation and polarizability distortion in the
time extent within a pulse-duration centered at zero delay (see

Fig. S1 in the SI). This ensures that | 7 +nZ |¥2 (equivalently

| B2 +nZ ['2) for libration dominates over those for diffusive

reorientation and polarizability distortion respectively. By
further assuming S (equivalently ph) itself for libration
dominates over those for the other two inter-molecular motions,
we infer, via egs.(15) and (17), that relaxation of excited libration
predominantly contributes to the thermal lensing effect.

Note that although Fig. S1 in the Sl shows that the OKE
signals reach their maxima at delay times a few times longer than
the pulse duration, we pay special attention to the signals at delay
time ~0. This is because NLA and NLR due to excitation of these
molecular motions are only allowed to evolve for a time about
the pulse duration in this study.

4. Computational details

To simulate both the open aperture and closed aperture Z-scan
curves measured at each of the 10 times relative to the leading
pulse (T%), ranging between 1 and 41 ms, we numerically
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Fig. 6. (a) Open and (b)-(h) closed aperture Z-scan curves of CSa.
The dots and lines in (b)-(h) respectively show the experimental
results and theoretical fits executed at 7 times relative to the
leading pulse: T=1, 3, 7, 11, 21, 31, and 41 ms. The data taken at
T=2, 5, and 9 ms are omitted for conciseness. The Z-scan curves
acquired with 240 mW laser pulses are not shown.

integrate egs.(15) and (16) over z’' from O to L, given the sample’s
front surface at any position zs, for the it" pulse (0<i<iend). By
doing so, we derive the frequency-domain intensity 1,”(L,r,)
and phase ¢”(L,r,®) (equivalently E;”(L,r,0) and E,”(L,r,®)
=E;O(L,r, ) xexp{-i[k(z; + L) + T ]} ) at the exit surface of the

sample. For i>0, we need to conduct the integration or
calculation in egs.(17)-(19), (21) and (22) beforehand. This

yields An involved in eq.(16). However, for the leading pulse
(i=0), we simply substitute An® =0 into eq.(16) before we

integrate eqs.(15) and (16). The incident frequency-domain
intensity 1°(0,r,w) and phase ¢(0,r,) (equivalently the

field  E°(Or,0) ELOr )
=E;%(0,r,) x exp{-i[k(z; +0) + T ]}) are given by egs.(6) and

incident  electric and

This journal is © The Royal Society of Chemistry 2012
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(3)). The value of the axial peak intensity 19®(0,0, ) in eq.(6)
is derived from eq.(9) with the incident pulse energy so®=Pavg/82
MHz.

By invoking the Huygens-Fresnel propagation formalism
[34], we deduce the frequency-domain intensity at the aperture
140 from E.”(L,r,®). By integrating 21)*(L,r,) over » from 0

to o and the whole beam cross section, we obtain the total
transmitted pulse energy a® (see egs.(7) and (8) for the
integration details). By integrating 21 4® over @ from 0 to « and
the aperture area, we obtain the axial transmitted pulse energy
&, Given the response function of the detectors (output of an
incident delta function &(T)) h(T)=0 for T<0 and exp(-T /20 ps) for

T>0, we further simulate the output powers PLT)=h(T)*
SeIST-T) . P2(T)=h(T)* Y= s08(T ~T,) and P3(T)=
h(T)*z:jg 9T -T) to be compared with the experimentally

measured D1, D2 and D3. Here “*” denotes the convolution
operation, Ti=(i—1)x zp-p is the arrival time of the it pulse, relative
to the leading pulse, at the sample and T is sequentially set to be
each of the data measuring times (T=1, 2, 3, 5, 7, 9, 11, 21, 31
and 41 ms) in P1(T), P2(T) and P3(T) after the convolution
operation is completed. Plots of P2(T)/P1(T) and P3(T)/P1(T),
after being normalized with those in the linear regime, as
functions of z yield the simulated open aperture and closed
aperture Z-scan curves.

5. Results and discussion

The normalized open aperture Z-scan curve obtained with un-
modulated 18 fs-pulses at Payy=270 mW (equivalently 0=
3.3x107° J) is shown by dots in Fig. 6(a). Exhibiting no
discernable structures at around z=0, this curve suggests that CS2
does not show noticeable NLA or else our Z-scan is not sensitive
enough to detect the weak NLA. The dots in Fig. 6(b)-(h) show
the normalized closed aperture Z-scan curves measured with 82
MHz 18 fs-pulses (at Pawg=270 mW) chopped into trains with a
train-width of =41 ms and a train-to-train separation of z+=0.18
s. Each of the 7 frames pertains to a measuring time relative to
the leading pulse of the train: T=1, 3, 7, 11, 21, 31, and 41 ms,
respectively. The measurements conducted at T=2, 5, and 9 ms
are omitted in this figure. Appearance of a peak and a valley on
the —z and +z sides in each curve indicates a negative lensing
effect of the sample (CS2). When the magnitude of the lensing
effect is represented by the difference between the peak and
valley values of NTa in anormalized closed aperture Z-scan curve,
which is denoted by ATp-v, we exhibit ATp-'s, extracted from Fig.
6(b)-(h), by red dots in Fig. 7 as a function of time relative to the
leading pulse (T). It is evident that ATp+/S increase with
increasing T within =408 us and gradually turns steady after T
exceeds . This suggests the contribution of thermal lensing
effect to the dots in Fig. 6(b)-(h). As depicted by eqgs.(17)-(19),
(21) and (22), this effect is first accumulated across neighboring
pulses and then balanced by thermal diffusivity gradually.
Accordingly, when Fig. 6(a) exhibits no discernable structures at
around z=0, we assume that NLA of CS: is too weak to be
observed with our power measuring system. Since the sample
thickness 0.1 cm is greatly smaller than the scanned range 2 cm
(see the horizontal axes of Fig. 6), we do not rigidly label the
sample position by z:. Instead, we use z, ranging between zs and
ze+L, to denote the sample position.

The best fits to the dots in Fig. 6(b)-(h), as shown by the solid
lines, are obtained with £=0.7 cm?/(Wxs) and n2=0.9 cm?/ (Wxs)
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Fig. 7. Plots of ATp+/s as functions of T: experimental results
(dots) and theoretical simulations including the thermal lensing
effect and the third-order NLR (the solid lines). The dashed lines
correspond to the solid lines with the third-order NLR removed.
The red and black symbols pertain to P, equal to 270 mW and
240 mW respectively.

(i.e., ;2,(2 (w;0,0,—) = —2.8x10°cm? / (V? x5) and
(0, 0,00,~0) =3.7x107° cm? / (V* xs) ) for e falling within
the range [o0—-QI-AQI/2, o—+AA/2]. Both £ and n2 equal 0
(e, ¥¥(wo,0,~0) and 7&(w;0,0,-0) equal 0) for w
falling outside this range. Synchronously, we use ph=—f=-0.7
cm?/(Wxs) and nz2n=n21=0.9 cm?(Wxs) (i.e., 72 (w; 0,0, ~®,) =
2.8x10° cm?®/ (V2 xs) (0,0, ~m,) =3.7x10°

cm?/ (V?xs) for an falling within the range [w+Qi—AQu/2,

o+Q+AQ/2]. Both fh and nan equal 0 (ie., 79 (w0, 0,,~a,)

and

and 79 (w;0,m,,~,) equal 0) for wn falling outside this range.

Here ©1=3.3x10%2 s! (35 cm™ in wavenumber) and AQ=
3.6x10'?2 571 (38 cm~! in wavenumber) pertain to libration of CS>
[35]. Since the spectrum width of E;”(z',r,®) (Aw=5.5x10"s™)

is considerably larger than Qi, we can find w in a wide extent of
the spectrum of E%(z,r,w) with @ within the range

[0-Q—-AU2, - +AQ/2] or wn within  the range
[+Qu—AQ2, o+tO+AQ/2] covered in the spectrum of
E;%(',r,w) with . Note that when the simulated open aperture

Z-scan curve (the solid line in Fig. 6(a)) shows a weak dip at z~0
with the depth within the fluctuation of the dots, it is closely
comparable with the dots at each z. This indicates that weak NLA
of each individual pulse by CS: builds up an observable thermal
lensing effect in virtue of heat accumulation across millions of
pulses (41 ms/12.2 ns~3.4 million). The red line in Fig. 7 is
extracted from the solid lines in Fig. 6(b)-(h). The black dots and
solid line shown in Fig. 7 are the experimental and theoretical
results, corresponding to Pag=240 mW (equivalently
&M=2.9x1072 J), obtained in the same manner as the red dots and
solid line. However, the Z-scan results obtained at this average
power are not shown in this work.

By removing the third order NLR from the solid lines in Fig.
7, we obtain the dashed lines to reflect the thermal lensing effect
alone. As a result, we find the ratio of the red one (corresponding
to Payg=270 mW) to the black one (corresponding to Payg=240
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mW) equals the ratio of the corresponding Pavg's (270 mW/240
mW) to the second power. This ensures that heat is generated by
third order NLA [5,6].

Given the Avogadro constant Na=6.02x10% mole™! as well
as equilibrium density pe=1.26 g/cm® and molecular weight
M=76.14 g/mole for CSz, we obtain the equilibrium molecular
concentration 1.0x10%2 cm~2 for CS2 residing on |0). On the other

hand, division of 5Q% (' =0,r =0), pertaining to Pay= 270 mW,

by 7Qu yields the maximal possible molecular concentration
9.3x10'8 cm=3 for CS> promoted to |1)i state. Since it is greatly
smaller than the equilibrium one on |0);, we ignore anti-Stoke
SRS in this study.

Note that two things about our simulation can be improved
in the future. First of all, by assuming n2=n2n=0.9 cm?/ (Wxs) in
our simulation, we have fitted the observed negative lensing
effect based on the thermal lensing effect and third order NLR in
this study. In the future, we will repeat the same measurements
conducted in this study once 18 fs-laser pulses with a pulse-to-
pulse separation 7p considerably longer than the thermal
diffusivity time constant zn become available. With the cross-
pulse accumulated thermal lensing effect eliminated, the results
are expected to yield the sign and magnitude of nz and nzn with
more accuracy. By the way, if a regenerative amplifier is used to
generate the desired 18 fs-laser pulses, we can additionally
evaluate £ and Sh more accurately by properly turning up the
pulse energy. With more reliable nzy, nz2n, 4 and Sh determined,
we can improve the evaluation of thermal lensing effect made in
this study. Secondly, we have assumed that nzi, nzn, 8 and Sh are
constants for e and wn falling within the ranges [w—Qi—AQ/2,
o-Q+AQY2] and [w+Q—-AQI2, w+u+AQ/2] respectively and

equal 0 otherwise. In the future, we will derive 7 (w; 0,9, —,)

and 79(w;0,m,-m,) as functions of (w-o—) and

(w-ant+Q), e.g., Lorentzian functions of (w—m—Qi) and
(w—aon+Qi) [29]. The results will depict the dispersions of
PN w,0,0,-a) and 7O (w;0,0,,~w,) (equivalently B and
nzi as well as S and nzn).

The thermal lensing effect observed in simple liquids may
additionally involve the contribution of contaminant absorption
[36]. However, this suspected contaminated absorption has been
excluded in this study by using spectral grade CS2 sample and
further examining it with analytical methods including high-
performance liquid chromatography and gas chromatography-
mass spectrometry.

6. Conclusion

In summary, we have experimentally verified the thermal lensing
effect induced in CS2 by 820 nm 18 fs-laser pulses at a repetition
rate of 82 MHz. In addition, we have quantitatively interpreted
this effect in the light of relaxation of excited libration. This
mechanism differs from the common view of relaxation
subsequent to multi-photon excitation processes.
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