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Abstract

We present our experimental and theoretical results on the dispersion studies of non-linear absorption in Cg, solution.
Open-aperture Z-scans are performed over the visible region (440-660 nm) using an ns OPO. Our results are interpreted
using a 5-level model taking into account both the excited state absorption and two-photon absorption processes. Results
indicate that the excited state absorption dominates in the shorter-wavelength region (440-560 nm) whereas the two-photon
absorption dominates in the longer-wavelength region (580—660 nm). © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Optical limiters are devices that strongly attenuate
optical beams at high intensities while exhibiting
higher transmittance at low intensities. Such devices
are useful for the protection of the human eye and
optical sensors from intense laser beams. The devel-
opment of materials for optical limiting is based on
various mechanisms [1] such as free-carrier absorp-
tion and refraction in semiconductors, optical break-
down-induced scattering, thermal refractive beam
spreading, two-photon absorption (TPA) and excited
state absorption (ESA). Studies have shown very
high performance ESA or reverse saturable absorp-
tion (RSA) behaviour in Cg, [2-14]. These materials
are characterised by their strong excited state absorp-
tion compared to ground state absorption. Most of
these materials were studied either at 532 or 600 nm
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and the models used to evaluate the photo-physical
parameters were based on either 4-level (first excited
singlet and triplet levels) or 3-level (singlet levels
only) models. For fs and ps pulse excitation, the
triplet level contribution to the non-linear absorption
can be neglected due to the slower intersystem cross-
ing. Whereas with ns pulses the triplet levels do play
an important role. Depending on the pump intensity
and wavelength, the absorption could be: (1) from
ground state S; to the first excited singlet state S;
and then to the T, state through intersystem crossing,
(2) directly from the S, to S, states (TPA), (3) from
the first excited singlet state S, to higher excited
states S, (ESA /RSA), or (4) from the T, to T,, states
(ESA /RSA). One has to incorporate al these ab-
sorption phenomena in rate equations in order to
obtain the exact contribution from each of these
processes. Earlier reports [15—17] on dispersion stud-
ies of non-linear absorption do not take into consid-
eration the contribution of two-photon absorption.
We have performed an open-aperture Z-scan of Cg,
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(in toluene) in the visible region from 440 to 660
nm. To fit our experimenta data, we consider a
theoretical model where a contribution to the non-
linear absorption could be from S; to S, states (due
to direct TPA), S, to S, states (due to ESA /RSA) or
T, to T, states (due to ESA /RSA). Different curves
are obtained theoretically by varying the ESA and
TPA coefficients and the input intensity. The be-
haviour of the open-aperture Z-scan curve with
changes in the above parameters is discussed in
detail.

2. Experiment

Fig. 1a depicts the experimental arrangement and
Fig. 1b details the 5-level model. We employ a

(@)
Jw

L

1

Input beam

BS

>

L,L, Lenses S Sample BS Beam Splitter
F Neutral density filter PD Photodiode

(b)

1v

Oy

S

Fig. 1. (@) Experimental arrangement used for an open-aperture
Z-scan. (b) Energy level diagram of a typica dye molecule.
Radiative transitions are indicated by straight lines and non-radia-
tive transitions by wavy lines.

commercial optical parametric oscillator (OPO)
(MOPO laser by Spectra Physics) pumped by the
third harmonic (355 nm) from the Quanta Ray
Nd:YAG laser with a repetition rate of 10 Hz and
tunable in the range of 380—1000 nm for the open-
aperture Z-scan [18] studies. The experimental ar-
rangement consists of a lens, sample and a large-area
detector. The sample cell is moved along a rail to
vary the intensity of light in the sample. The pulse
duration of the laser is 6 ns. An aperture of 1.4 mm
is used at the output of the MOPO laser to obtain a
smooth profile in the far field. Energy after the
aperture varied from 0.2 to 2 mJ/pulse, depending
on the wavelength. The focal length of the lens used
for focusing the beam into the sample is 50 mm. 1
mm glass cuvettes were used for the sample solu-
tions. The input energy is monitored using a fast
photo-diode and the output is measured using a
similar photo-diode. Cg, (> 99% pure) was bought
from Strem Chemicals (USA) and dissolved in
toluene to make ~ 1074-10"° M solutions. The
absorption spectrum of the C4, sample matches that
reported in the literature. Open-aperture Z-scans are
obtained in the wavelength region from 440 to 680
nm. The values of the beam waist at focus are
~ 30-50 p.m and the corresponding peak intensities
are ~ 10%-10° W/cm?. The Rayleigh ranges are
~ 6.5-8 mm depending on the wavelength and the
input energy. Rate eguations for the 5-level model
shown in Fig. 1b are:

dN, ooIN,  BIZ N, N,

= - —~ +—+—, 1
dt ho 2h T, Ty, (1)
dN, oIN;  ogINg N N N,
dt Lo Lo T, Tise Ty
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= + -—, 3
dt how 2ho T, 3)

dN o, IN N N N
_3=_ 2 3__3+_1+_4, (4)
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dN, o,IN; N,
= -, (5
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and the intensity transmitted through the sample is
given by

dl

5= ~0lNo— 0N, — 0, INg — BIZ, (6)
z
with
- w2 t2 2r2 .,
—oomexp—T—pzexp—m (7)
and

z\2\"? Tw?

where o, is the ground state absorption cross-sec-
tion, oy and o, are the excited state absorption
cross-sections from the S; and T, states, respec-
tively; N’'s are the corresponding populations in the
different states; 7;’'s are the lifetimes of the excited
states, z, is the Rayleigh range; w, is the beam
waist at focus; | is the intensity as a function of r, t,
and z; |y, is the peak intensity at the focus of the
gaussian beam; 7, is the input pulse width used; g
is the two-photon cross-section; and 7, is the
intersystem crossing rate. The differential equations
are solved numerically using the Runge—Kutta
fourth-order method. The differential equations are
first de-coupled and then integrated over time, length,
and aong the radial direction. Assuming the input
beam to be a gaussian, the limits of integration for r,
t, and z are varied from O to o, —ooto, and 0to L
(length of the sample), respectively. A typical num-
ber of dlices used for r, t, and z are 60, 30, and 5,
respectively. o, o,, and B are then estimated
through a least-squares fit of the experimental data.

3. Results and discussion

Fig. 2 shows the experimental data (scattered
points) and the theoretica fits (solid lines) obtained
using the 5-level model for wavelengths ranging
from 440 to 640 nm. The ground state absorption
cross-sections for different wavelengths were calcu-
lated using o, = a/N, where « is the linear absorp-
tion and N is the density of molecules per cmd.
Depending on the wavelength, |y, is taken as ~
10%-10° W /cm?, w, = 30-50 pm, z, = 6.5-8 mm.

The relaxation time of the first excited singlet state
Tg, iNtersystem crossing time 7,5 and the lifetime
of the first excited triplet state 7, are taken as 70
ps, 650 ps, and 280 ws, respectively. The relaxation
times of the S, and T,, states are taken as ~ 100 fs.
Excitation wavelengths are indicated for each Z-scan
curve. In the wavelength region from 440 to 540 nm,
the experimental data fit better with 8 =0 and in the
wavelength region 580 to 640 nm, 8 dominates with
a smaller contribution from o, or o,. The effect of
o, on the Z-scan curves is shown in Fig. 3 for two
arbitrary wavelengths, one in the 440-540 nm range
and the other in the 580-640 nm range. Fig. 3a
shows the theoretical curves generated at 480 nm for
0,=30x10"8 cm?, o, =150x 1078 cm?, o,
=120x 1078 cm?, B=0.0 (solid line); o, =3.0
X 107 cm?, 0, =00, 0,=120x 10" cm?, B
= 0.0 (dotted line). Fig. 3b shows the theoretica
curves generated at 600 nm for o, = 1.65 X 108
cm?, o, =6.60x10"*® cm? o,=6.60% 1078
cm?, B=2.25x 108 cm/W (solid line); o, = 1.65
X 107! cm?, o, =00, o, =6.60x 10" cm?, B
=2.25x%10"8 cm/W (dotted line). It can be seen
that there is very little effect on the open-aperture
Z-scan curves due to o, which is mainly due to the
fact that we have taken 75 to be 70 ps. Lifetimes of
the S; state have been reported to be ~ 100 ps and
~ 1.2 ns by several groups [19-23]. Our studies
performed through incoherent laser spectroscopy [24]
have shown a lifetime for the S, state of 70 ps. We
could obtain a reasonably good fit for o, varying
from 15x 10 '8 to 20X 1078 cm? with o, = 12
X 1078 cm?. Therefore, there could be larger error
in the values of o, compared to o,. If fs pulses are
used for excitation then we expect a contribution of
o, done to the non-linear absorption, as the inter-
system crossing would be too slow compared to the
pulse duration. From the fs data, one can then ex-
actly find out the contribution of ¢,. We are in the
process of procuring the fs data in the wavelength
region of 440-540 nm, where the ESA plays a
dominant role compared to the TPA. The effect of
varying 75 on the Z-scan curves is shown in Fig. 4.
Simulated curves for 75 =1.2 ns and 70 ps are
shown in Fig. 4a for 480 nm and in Fig. 4b for 600
nm. The dotted line is the curve with 75 = 1.2 ns
and the solid line is the curve with 7 = 70 ps, with
al other parameters remaining same. We clearly see
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Fig. 2. Experimental data (open circles) and fitted curve (solid line) using the five-level model for different wavelengths (440—640 nm).
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Fig. 3. Theoretical curves showing the effect of o, a two
wavelengths: (@) at 480 nm (and o =2.99%10718 cm?, o, =
12.0x10718 cm?, B=0.0, |, =10° W/cm?); and (b) at 600
nm (and o, =1.65%x10"1% cm?, o,=24x10"18 cm?, B=
2.25X1078 cm/W, |, = 4% 10% W /cm?). The scattered points
are the experimental data, only for comparison.

that for 75 = 1.2 ns, the curves become very broad
indicating that for the Cg, sample, that was used in
our system, 75 =70 ps. For longer wavelengths
(Fig. 4b), the effect of 7s, IS small because of the

domination of TPA in this range. The present results
are therefore consistent with our earlier studies re-
ported through degenerate 4-wave mixing (DFWM)
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Fig. 4. Theoretica curves showing the effect of ’TS a two
wavelengths: (a) at480 nm (and oy = 2.99x 10718 cm?, o, = 0.0,
0, =12.0%x10718 cm?, B=0.0, |00 10° W /cm?); and (b) a
600 nm (and ¢, =1.65x10"18 cm?, o, =6.6x10" %8 cm?, o,
=24%x1071% cm?, B=225x10"% cm/W, lop= 4% 10°
W /cm?). The scattered points are the experimental data, only for
comparison.
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experiments done with a broad band laser [24]. The
sample that was used in both experiments is from the
same batch and company.

oy, 05, and B values obtained from our results
are given in Table 1 along with those reported in
literature. There is no contribution from TPA ( 8) to
the non-linear absorption before 540 nm. From 580
to 640 nm, the non-linear absorption appears to be
dominated by TPA. Fig. 5 shows the influence of o,
and B on the theoretical curves. Fig. 5a shows the
theoretical curves with and without o, for 600 nm.
Though both the fits can be seen to be close to the
experimental data (open circles), the curve generated

SV. Rao et al. / Chemical Physics Letters 297 (1998) 491-498

with non-zero o, and B has a lower chi-square
value. The o, value was taken as zero in this region
as we see from Fig. 3b that the contribution of o,
on the curves is negligible. The S, and S, energies
of Cg, fal in the region of ~ 29000 and ~ 16000
cm™ 1, respectively [26]. Excitations longer than 580
nm fall either on the lower edge of the absorption
curve or below it. Since at such excitations it is
expected that the molecule remains localized, with-
out diffusing into the higher levels [27], eventually
decaying into the S, level through 75 or crossover
to T, through 7,¢c. Under such circumstances o,
and B would have the same effect. A complete

Table 1
Comparison of the values obtained using our five-level model and those reported in the literature
oy oy o, B Refs.
(1078 cm?) (108 cm?) (10718 cm?) (10" 8emw™1)
121 8.07 5.35 - Kost et a. [2]: 532 nm, 8 ns
2.87 15.7 9.22 - Lietal. [3]: 532 nm, 15 ns
32 16.0 14 - Barosso et a. [15]: 534 nm, 6 ns
our study:
1.79 22.0 14.0 — 440 nm
2.99 12.8 9.6 - 480 nm
2.69 14.8 11.6 — 500 nm
2.70 222 114 - 520 nm
2.69 18.2 114 — 540 nm
1.445 — 30 245 580 nm
1.65 — 24 2.25 600 nm
1.03 - 36 1.95 620 nm
0.724 — 22 1.85 640 nm
a? - o Best McBranch et al. [10]: 6 ns,
34cmt 0.39 0.96 561 nm
34cm™? 0.72 1.85 575nm
045cm~1 0.45 0.18 680 nm
- - 0,/09 Beit Couriset a. [17]: 15 ns,
- 39 620 nm
8.3 3.14 630 nm
75 19 640 nm
5.0 - - <3+15 Bezel et al. [25]: 300 fs, 612 nm

% = linear absorbance.
% = effective excited state cross-section.
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Fig. 5. Theoretical curves showing the effect of: (8) o, a 600 nm
with o, =1.65x10718 cm?, ¢, =0.0, B =2.25%x10"8 cm/W,
lgo = 4.6 108 W/cm?; and (b) B at 480 nm with o = 2.99X
10718 cm?, 0, =12.8Xx 1078 cm?, 0, =9.6X 10718 cm?, Iy =
9.5%x10% W /cm? and for dashed curve oy = 0.0, o, = 0.0, Iy =
9.5x 108 W /cm?. The scattered points are the experimental data,
only for comparison.

reversal in the domination of o and B are observed
in the region of short wavelengths. The introduction
of a smal value of B leads to a sharper valey,
below 580 nm (Fig. 5b at 480 nm), deviating from

the experimental values. The dotted curve is obtained
with non-zero values of o, o, and B=05x 1078
cm/W and the dashed curve is obtained for o; = o,
=0.0 and B=2.25x% 10"8. This clearly shows the
domination of o, and o, in the shorter-wavelength
region

4. Conclusions

In conclusion, we have studied the dispersion
behaviour of non-linear absorption in a Cg, solution
using open-aperture Z-scan. We have fitted our data
using a 5-level model, taking into account both the
non-linear absorption processes, ESA and TPA. We
have derived information about the non-linear ab-
sorption processes from the shape of the open-aper-
ture Z-scan curves. The main advantage of Cg,, in
comparison to porphyrins and phthalocyanines, is
that it shows RSA behaviour over the entire visible
region, either through ESA in the shorter wave-
lengths or through TPA in the longer-wavelength
region.
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