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a b s t r a c t

We study the optical dynamics of picosecond pulse trains in naphthalocyanines and phthalocyanines. The
pulse train is assumed to contain 35 ps subpulses with each subpulse width of 100 ps and with spacing
between subpulses of 12 ns. In this work, we used numerical theoretical method by solving two-
dimensional paraxial filed equation coupled with rate equations. Molecular parameters are extracted
from experiments and our results show good consistency with the experimental work. The dynamical
processes in naphthalocyanines and phthalocyanines are simulated with a five-level model, where the
main optical mechanism is the sequential (singlet-singlet) � (triplet-triplet) two-photon absorption.
The results of this work emphasize that both naphthalocyanines and phthalocyanines are good optical
limiting materials, and naphthalocyanine with lighter central metal Ga shows better optical behaviour
with picosecond pulse trains.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, laser technology has got extremely rapid develop-
ment and it has been widely used in various fields such as medi-
cine, communication, military and many other influential fields
[1]. The widespread applications of laser gradually give rise to
one important issue, which is the protection of optical devices
and human eyes from the strong intensity laser. One of the most
efficient method is to adopt optical limiting (OL) materials for pro-
tection [2,3]. Until now, reverse saturable absorption (RSA) is the
most frequently used one among various mechanisms to achieve
OL function [4–6]. The absorption cross section of excited state is
larger than that of ground state, which is the main characteristic
of RSA materials [7–9].

The OL dynamics are mainly determined by the duration of
interaction between laser pulses and materials. For ultrashort
pulses such as femtosecond pulses, the primary OL absorption pro-
cess is the one-step coherent two-photon absorption (TPA). But for
long laser pulses such as nanosecond pulses or laser pulse trains,
two-step sequential TPA dominates the OL absorption where RSA
is the main OL mechanism. In this case, the light-matter interaction
requires a finite response time [10–13]. So for those materials with
singlet and triplet states, the principal absorption channel is the

sequential (singlet-singlet) � (triplet-triplet) TPA [4]. The duration
of laser pulses could be comparable with the effective population
transfer time which is known as the transfer time from ground
to triplet state.

In the course of finding and synthesizing better RSA materials,
naphthalocyanines (Npcs) and phthalocyanines (Pcs) attract thou-
sands of researchers. The main advantage lies in their special struc-
ture with highly conjugated delocalized p-electron [14–22]. One
recent experiment reported their OL and photophysical study of
Npcs and Pcs with different central metal-coordination bond
[23]. Our previous work has theoretically studied Npcs and Pcs
based on the experiment with single nanosecond laser pulses
[24]. In this work we focus on the nonlinear dynamics of picosec-
ond pulse trains in Npcs and Pcs by numerically solving the parax-
ial field equation together with the rate equations [25].

2. Method

The molecular structures of Npcs and Pcs are shown in Fig. 1(a).
Considering the interaction between picosecond pulse trains and
Npcs and Pcs, we simplified the system to be a five-level scheme
as shown in Fig. 1(b). Since we considered long pulses, so there are
two sequential TPA channels in this scheme: (S0 ! S1Þ � ðS1 ! Sn)
and (S0 ! S1Þ � ðT1 ! T2Þ. Also we assumed the frequency of pulse
trains to be in the vicinity of one-photon transitions in accordance
with the experiment [23].
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The incident laser pulse train is supposed as

IðtÞ ¼
X
n¼0

InðtÞ; n ¼ 0;1; . . . ;ntot � 1; ð1Þ

where n is the subpulse number starting from 0, ntot is the total sub-
pulses number.

For each subpulse, the paraxial equation can be described in the
following form [26]
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where N is molecular concentration, rij is absorption cross-section via
transition from state i to state j. Here c is the speed of light in vacuum,
z is the propagation distance and qk is the population of state k.

Under the interaction of laser pulses, the dynamical populations
of the five states can be described by the rate equations [27],
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where cc is the rate of intersystem crossing (ISC) transition S1 ! T1.
CS1 ;CSn ;CT1 and CT2 are the decay rates of the states S1; Sn; T1 and T2,
respectively. cðtÞ; cSðtÞ and cTðtÞ are the populated rates to higher
states via one-photon transitions S0 ! S1; S1 ! Sn and T1 ! T2

respectively, which can be written as

cijðtÞ ¼
rijIðtÞ
�hx

; ð4Þ

where x is the laser frequency. Here �h ¼ h=ð2pÞ; h ¼ 6:626� 10�34

is Planck constant.
In our work, we supposed the pulse train has 35 subpulses with

each subpulse width of 100 ps and with spacing between sub-
pulses of 12 ns. Also we assumed the temporal shape of the initial
subpulse has rectangular form, which could characterize the shape
of subpulses more accurately [26,28].
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where t0 ¼ ½ðntot � 1ÞDþ s�=2; se ¼ 10D=3 is the half width at half-
maximum (HWHM) of the envelope, r0 ¼ 2 mm is the beam width.

The pulse trains used in experiments are usually picosecond pulses
separated by nanosecond separation [9,29,30]. In experiment [23],
the single pulse duration is 3:5 ns (HWHM). In our simulation, we
assumed D ¼ 12 ns; s ¼ 100 ps, and ntot ¼ 35, so the total duration
of all laser subpulses is also 35� 100 ps ¼ 3:5 ns.

To better study the OL process, we also calculated the energy
transmittance,

T ðLÞ ¼ Jðz0 þ LÞ
Jðz0Þ

; ð6Þ

where z0 ¼ 0 is the entry position of the pulse train, L is the thick-
ness of materials. Jðz0Þ and Jðz0 þ LÞ are the total pulse energy at z0
and at z0 þ L respectively. And the total pulse energy is written as

JðzÞ ¼ 2p
Z R

0

Z 1

0
Iðt; r; zÞrdrdt; ð7Þ

where Iðt; r; zÞ is the instantaneous intensity.

3. Results and discussion

In order to ensure high reliability of our numerical results, we
performed the simulations using photophysical parameters from
the experiment [23], which are listed in Table 1. All samples in the
experiment [23]were placed in a 1:0 cmpath length quartz cellwith
concentration of 3:01� 1022 m�3. According to the scaling relation
LtheoNtheo ¼ LexpNexp, we reduced the length to Ltheo ¼ 1:0 mm and

increased the concentration to Ntheo ¼ 3:01� 1023 m�3, which can
highly save the computational expense. And we assumed
C�1

Sn ¼ C�1
T2

¼ 1 ps; CS1 þ cc � cc andrS1Sn ¼ 10�21 m2 in simulations.
The energy transmittances of the pulse train are quite impor-

tant to analyze the OL dynamics of Npcs and Pcs which are shown
in Figs. 2 and 3. In our simulations, the maximum peak of the inci-

dent pulse trains is set to be I0 ¼ 1� 1013 W=m2 which can avoid

S0 ! S1 saturation absorption. In Fig. 2 with I0 ¼ 1� 1013 W=m2,
one can see that both Npcs and Pcs display remarkable OL beha-
viours. The primary reason is the molecular structure with highly
conjugated delocalized p-electron which is enhanced by the cen-
tral metals. Also one can notice that Npcs show much better OL
performance than Pcs along with the distance increasing. This is
because Npcs with bulky substituents have one order of magnitude
faster ISC rate cc than that of Pcs. So the sequential (singlet-
singlet) � (triplet-triplet) TPA in Npcs is stronger than that in Pcs.
With the increase of propagation distance, Npcs reach their satura-
tion values of energy transmittances at about L ¼ 1:0 mm which is
much shorter than that for Pcs at L ¼ 2:0 mm. According to the

Fig. 1. (a) Structures of the naphthalocyanines and phthalocyanines in Ref. [23] and (b) the Jablonski diagram of a generalized five-level system.
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