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We report here the experimental observations on the nature of the non-linear absorption, over
the visible region (450-700 nm), for Cgo, porphyrin and pthalocyanine. A theoretical study has been
carried out using 3-level (S, S, and S,)) and a more general 5-level (with triplets T, and T, included)
models. Excited state dynamics and various photo-physical parameters have been evaluated through
the comparison/fitting of the experimental data to the theoretical models. The effect of the triplets and
intersystem crossing reveals the broadening of the open aperture z-scan curve. From our theoretical
modelling, we could derive both the excited state absorption cross-section and two-photon absorption

Cross-sections.

1. INTRODUCTION

Over the last few years physicists, chemists and
material scientists have shown tremendous
interest in  materials exhibiting reverse
saturable absorption (RSA) for their potential
application as optical limiters. 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 human
eye and optical sensors from intense laser
beams. The development of these materialsis
based on various mechanisms such as free-
carrier  absorption and  refraction in
semiconductors [1], optical breakdown-induced
scattering [2], thermal refractive beam
spreading [3], two-photon absorption [4] and
excited state absorption [5] (see article by
L.W.Tutt et. al.[6]). Recent studies show very
high performance excited state absorption
(ESA) or RSA behaviour in Cg [7], porphyrins
[8], and phthalocyanines [9]. These materials
are characterised by their strong excited state
absorption compared to ground state
absorption. Most of these materials were
studied either at 532 nm or 600 nm and the
models used to evaluate the photo-physical
parameters were based on 4-level (first excited
singlet and triplet levels) or 3-level (singlet
levels only) models. For fs and ps pulse
excitation, triplet level contribution to the non-
linear absorption can be neglected due to

slower inter system crossing. 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 T, state through inter-system
crossing (saturation of absorption) (2) directly
from S to S, states (two-photon absorption) (3)
from first excited singlet sate S; to higher
excited states S, (ESA/RSA) (4) from T, to T,
states (ESA/RSA). One has to incorporate all
these absorption phenomena in rate equations
in order to obtain exact contribution from each
of these processes.
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Fig.1 Five-level model used for the study.



We have performed open aperture z-
scan of Cgq (in toluene), porphyrin (THF), and
phthalocyanine (Conc. H,SO,) in the visible
region from 440 nm to 660 nm. To fit our
experimental data we nsider a theoretical
model where ntribution to the non-linear
absorption could be from S to S, states (due to
diread TPA), S; to S, states (due to ESA/RSA)
or T, to T, states (due to ESA/RSA). Different
curves are theoreticall y obtained by varying the
parameters. excited state absorption, two-
photon absorption and input intensity. The
behaviour of the open aperture z-scan curve
with changes in the abowe parameters is
discussed in detail .

1. EXPERIMENT

We anploy a commercial OPO
(MOPO, laser by Spedra 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.
The pulse duration of the laser is 6 ns and an
aperture of 1.4 mm is used at the output of the
MOPO laser to oltain a smocth profile in the
far field. The energy after the aperture was
varied from 0.2 mJ to 2 mJ/pulse depending on
the wavelength. The focal length of the lens
used is 50 mm and 1 mm glass cuvettes are
used for the solutions (fig. 2). Ceo (> 9%
pure) was brought from Strem Chemicals, USA
and dswlved in toluene to make ~ 10* — 103
M solutions. Copper pthalocyanine (CuPc)
was dislved in concentrated sulfuric acid (10
4 M) and tetrabenzporphyrin (ZnmpTBP) was
disolved in THF (103 M). The values of beam
waist at focus are ~ 30-50 L, the @rresponding
peak intensities are ~ 1% to 10° W/cm?, and
the Rayleigh ranges are ~ 6.5 mm o 8 mm
depending on the wavelength and the input
energy.
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Fig. 2 Experimenta setup.

2. NUMERICAL SIMULATIONS

Rate ejuations for the five
level model shown in fig.2 (where § S, S,
T, T, are approximated to one single level
each negleding the vibrational levels in each
maniflod ) are:
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and the intensity transmitted through the
sampleisgiven by
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where gy is the ground state absorption cross
sedion, o0;and 0, are the &cited sate
absorption crosssedions from S, and T, states
respedively, N;'s are the rresponding
populations in the different states, 1;'s are the
lifetimes of the ecited sates, z, is the
Rayleigh range, wy is the beam waist at focus, |
is intensity as a function of r, t, and z, Iy is
peak intensity at the focus of the gausdan
beam, and T, is the input pulse width used, B is
the two-photon crosssedion, and T, is the
intersystem crossng rate.

The differential equations are solved
numerically using Runge-Kutta fourth order
method. The differential equations arefirst de-
coupled and then integrated over time, length,
and along the radial diredion. Assuming the
input beam to be a gausdan, the limits of



integration for r, t, z varied from 0 to oo, -0 to
oo, and 0 to L (length of the sample). Typica
number of dices used for r, t, z are 60, 30, and
5 respectively. The experimental data is fitted
through least square fit method and the excited
state absorption coefficient and two-photon
absorption coefficients are calculated from the
fits.

ance ( norm. units)

psmitt

Fig.3 Experimental and theoretical results obtained
in Ceo

Fig.3 shows the experimental data
(scattered points) and the theoretical fits (solid
lines) obtained using the five level model for
wavelengths ranging from 440 nm to 640 nm
for the sample Cg. Ground state absorption
cross-sections for different wavelengths are
caculated using oo = (a/N) where a is the
linear absorption and N is the density of
molecules per cm®. Depending on the
wavelength, lq is taken as ~ 10° to 10° W/em?,
wy ~ 30 to 50 um, z; ~ 6.5 t0 8 mm. For Cg,
the relaxation time of the first excited singlet
dtate Tg, intersystem crossing Tisc, and the
lifetime of the first excited triplet state 11, are
taken as 70 ps, 650 ps, and 280 us respectively.
The relaxation times of S, and T, states are
taken ~ 100 fs. Excitation wavelengths are
indicated for each z-scan curve. In the
wavelength region from 440 nm to 540 nm, the
experimental data fits better with B = 0 and in
the wavelength region 580 nm to 640 nm, 3
dominates with smaller contribution from
0,/ 0;. Effect of 0, and t5; areshown in fig. 4
at two arbitrary wavelengths, one in 440 - 540
nm range and the other in 580 - 640 nm range.
Fig. 4 (a) shows the theoretical curves
generated at 480 nm for o, = 3.0+10*% cm?, o,
= 12.010* cm?, B = 0.0, 0, =15.010%8 cm?
(solid line); o, = 3.010*8 cm?, 0, = 12.010*8

cm?, B = 0.0, 0, = 0.0 (dotted line). Fig. 4 (b)
shows the theoretical curves generated at 600
nm for o, = 1.65*10*® cm?, o, = 6.60*10%8
cm?, B = 0.0, 0; = 6.60*10™*® cm? (solid line);
0o = 1.65%10*8 cm?, 0, = 6.60*10™8 cm?, B =
0.0, o; = 0.0 (dotted line). As we can see,
there is very little effect on the open aperture z-
scan curves due to ;. This is mainly due to
the fact that we have taken ts; to be 70 ps.
Lifetimes of S, state have been reported to be ~
100 ps and ~ 1.2 ns by several groups [10-12].
Our studies performed through incoherent laser
spectroscopy [13] have shown a lifetime for the
S, state as 70 ps. We could obtain a reasonably
good fit for o, varying from 15*10™ cm? to
20*10*® cm? with o, around 12*10°%® cm?
Therefore, there could be larger error in the
values of g; compared to 0,. If fs pulses are
used for excitation, then we expect the
contribution of o; alone to the non-linear
absorption as the intersystem crossing would be
too slow when compared to the pulse duration.
From the fs data, then one can exactly find out
the contribution of o;. We arein the process of
procuring the fs data in the wavelength region
of 440 nm to 540 nm, where the ESA plays a
dominant role compared to the TPA as
discussed below. We aso tried to fit the
experimental data using 1.2 ns for the lifetime
of the S; state. We could obtain a good fit only
with tg; = 70 ps.
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Fig. 4 Theoretical curves generated for loo = 10° (a)
at 480 nm with oo = 3.0¢10™, 0, = 12.0-10™, B =
0.0, 01 =15.0v10" (solid); oo = 3.010™, o, =
12.010™, B = 0.0, o1 = 0.0 (dotted), (b) at 600 nm
with 0o = 1.65*10™, 6, = 6.6010™%, B = 0.0, 01 =
6.60* 108 (solid); 0o = 1.65*10™, 0, = 6.60¢107%,
B = 0.0, o1 = 0.0 (dotted), (c) at 480 nm with oo =
3.010™, 0, = 12.0¢10" B = 0.0, 1s1 = 1.2 ns
(solid); 0o = 3.01078, 62 = 12.010™8, B = 0.0, Ts1
= 70 ps (dotted), (d) at 600 nm with 6o = 1.65¢10*%,



02 = 6.60*10™8 B = 0.0, 1s1 = 1.2 ns (solid); oo =
1.65*10"® o0, = 6.60*10"% B = 0.0, Tt = 70 PS
(dotted),. The scattered points are the experimental
data, only for comparison.
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Fig.5 Theoretical curves generated (a) for loo =
8.6*10° at 540 mm with 0o = 2.69*10"% o1 =
18.2*108 o0, = 11.4*10™8 B = 0.0 (solid); oo =
2.69*10" o, = 5.0*10" o0, = 8.0*10%8 B =
0.5*10° (dotted), (b) for loo = 4.6*10° at 580 M
with 0o = 1.445*10" 0, = 0.0, B = 2.6*10° (solid);
0o = 1.445*10"8 0, = 3*10™8 B = 2.45*10° (dotted
curve). The scattered points are the experimental
data, only for comparison.

Simulated curves for bath the time
scales are shown in fig.'s 4 (¢) for 440 nm and
4 (d) for 600 nm (dotted line is the airve with
Tg = 1.2 nsand solid line is the arve with tg
= 70 ps with all other parameters remaining
the same). We dearly seethat for t5; = 1.2 ns,
the airves become very broad indicating that
for the Cgo sample, that has been used in our
system, 1g; = 70 8. The present results are
therefore @nsistent with our earlier studies
reported through DFWM experiments done
with a broad band laser [13]. The sample that
has been used in bath the experiments is from
the same batch and company.

A o 01 o) B

(hm) | (109 | (10%) | (10%%) | (cm/GW)
em) | (em) | (cm?)
440 | 179 | 220 | 140 |-
480 | 299 |128 |96 |-
500 | 269 | 148 | 116 |-
520 | 2.7 222 | 114 | -
540 | 269 |182 |114 |-
580 | 1.445 | - 30 |245

600 | 165 |- 24 | 225
620 | 1.03 | - 36 |195
640 | 0.724 | - 2.2 185

Table 1. Values calculated using the 5-level
modedl.

The values of a1, 05, B are shown in
table 1. Thereisno contribution from TPA (B)
to the non-linear absorption till 540nm. From
580 nm to 640 nm the non-linear absorption is
mainly due to two-photon absorption. S, and
S, energies of Cgq fall in the region of ~ 29,000
cm? and S, state falls in ~16000cm™ range
respedively [14]. Excitations longer than 580
nm fall ether on the lower edge of the
absorption curve or below it. Since at such
excitations, it is expeded that either the
moleale relaxes to the ground state through
Ts1, OF remains localized in those lower energy
levels without diffusion into higher levels [15)].
This suggests clearly a direa TPA either
through avirtual level or an intermediate level.
We have tried to fit the data in this region with
0,=0(fig. 5 (@ solid line) and alsoby
introducing non-zero value of o, (fig. 5 (a)
dotted line). Even though bath the fits are dose
to the perimental data, the arve with (3
alone having lower value of chisquare among
the two, we have fitted the data for 3 aswell as
0. However, we dearly seethe domination of
TPA in this wavelength region. A complete
reversal in the domination of o, and B are
observed in the regions below 580 nm as can
be seen from their values. In the region abowe
580nm, o, fall sto 3*10™*® cm?, compared to its
value of ~ 12*10'® cm? in the shorter
wavelength region. Whereas introduction of
small value of 3 leads to a sharper vall ey below
580nm (fig. 5 (b) solid lineis oltained without
B and dotted line with B) deviating from the
experimental values.

Comparing the values obtained from
our modelli ng with those reported in literature,
Kogt et. al. working with 532 nm, 8 ns pulses
report values of o, as 1.21*10%® cm? o, =
8.07*10%® cm? and o, = 5.35*10%% cm?
Chunfei Li working with 15 ns pulses at 532
nm report values of gy as 2.87*10*8 cm?, o, =
15.7*10"8 cm? and g, = 9.22*10* cm? with -
st =30ns, 111 =280s, Tisc = 1.2 ns. Baroso
et. a. report values of (1, = 1.3 ns, t41 > 150
ns) (@ 308 nm, g, = 5.6*10%" cm? o, =
9.1*10™" em?, (b) 337 nm, 0, = 1.5*10°%° cm?,
0, = 9.2*10Y em?, (c) 534nm, o, = 3.2¥10™®
cm?, 0, = 1.4*107 cm?. We ohtain a value of
0o = 2.7*108 cm?, o, = 22.2*108 cm?, o, =
11.4*10*® cm? at 520 nm which are dose to
the values of 0; and o, as reported by Kost and



Li, and g, = 2.69*10"® cm?, o; = 182*10™°
cm?, 0, = 11.4*10® cm? at 540 nm. However
as Tg is 70 p and T15c is 650 s, the
contribution to o is predominantly from the
triplet  population compared to singlet
population. Bezd et. a. [16] report two-
photon absorption coefficient B at 612 nm
(using fs pulses) as < (3 + 1.5)*10® cm/W.
McBranch et. al. reports Bg values at 561 nm
as 0.96*10° cm/W, at 575 nm as 1.85*10°
cm/W and at 680 nm as 0.18*10% cm/W.
Couris et. al. reports By values of 3.9*10°
cm/\W, 3.14*10% cm/W, 1.91*10% ecm/W at
620 nm, 630 nm, 640 nm respedively. We
obtain values of 2.25%10° cm/\W, 1.95*10
gcm/W, 1.85*10% cm/W at 600 nm, 620 nm
and 640 nm respedively which is in good
agreement with those reported by Couris et. al.
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Fig.6 Experimental results obtained for ZnmpTBP
(THF) Solution

Fig.'s 6 and 7 show the eperimental results
obtained for ZnmpTBP and CuPc. For TBP
the nonlinear absorption is sturated in the
lower wavelength region (490 nm) and also at
the high waveength region (660 nm). In the
other regions we @n clearly see reverse
saturable absorption (either ESA or TPA).
Similarly for CuPc we observe saturation of
absorption in the 460 nm range and RSA
(either ESA or TPA) in the rest of the
wavelength region. The theoretical fitting isin
progress for these compounds and the results
will be presented.
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Fig. 7 Experimental results ohtained for CuPc
(H,SO,) solution.

3. CONCLUSIONS

In concluson we have studied the
dispersion behaviour of non-linear absorption
in Cgo, porphyrin, and a phthalocyanine using
open aperture z-scan. We have fitted our data
using a 5-level modd taking into acoount bath
the non-linear absorption processes, ESA and
TPA. We have derived the information about
the non-linear absorption processes from the
shape of the open aperture z-scan curves. The
main advantage of the Cgo, in comparison to
porphyrins and phthalocyanines, is that it
shows RSA behaviour over the entire visible
region, either through ESA in the shorter
wavelengths or through TPA in the longer
wavelength region.
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