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We study the strong nonlinear optical dynamics of nanosecond pulsed Laguerre—Gaussian laser beams of high-order
radial modes with zero orbital angular momentum propagating in the fullerene Cgy molecular medium. It is found that
the spatiotemporal profile of the incident pulsed Laguerre—Gaussian laser beam is strongly reshaped during its propagation
in the Cgp molecular medium. The centrosymmetric temporal profile of the incident pulse gradually evolves into a non-
centrosymmetric meniscus shape, and the on-axis pulse duration is clearly depressed. Furthermore, the field intensity
is distinctly attenuated due to the field-intensity-dependent reverse saturable absorption, and clear optical power limiting
behavior is observed for different orders of the input pulsed Laguerre—Gaussian laser beams before the takeover of the
saturation effect; the lower the order of the Laguerre—Gaussian beam, the lower the energy transmittance.
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1. Introduction

Since the invention of lasers, the strong field laser has at-
tracted considerable research interest due to its great bright-
ness, strong directionality, excellent monochromaticity and
good coherence as a result of its high photon degeneracy. To
broaden the application range of a laser, the pursuit of short-
width or high-power lasers has always been a hot topic in
the research field of laser technology.!!! Laser techniques pro-
duce huge advantages for human society, whereas they also
pose a potential hazard for human eyes and optical sensors.?!
Therefore, laser protection and related studies are also active
topics in the research areas of nonlinear optics and material
sciences.3

The propagation of light in a nonlinear optical medium is
affected by both nonlinear refraction and nonlinear absorption
processes.! %1l Nonlinear optical processes for realization of
the optical power limiting (OPL) effect!!>!3] involve non-

(141 photorefraction,!>! self-focusing, self-

linear scattering,
defocusing, two-photon absorption (TPA),1®-291 reverse sat-
urable absorption (RSA)?'-2%! and so on. Among them, RSA
has attracted considerable attention from experimentalists and
theorists and has been widely studied. Generally, in a nonlin-
ear optical medium with RSA characteristics, weak linear ab-
sorption of the ground state mainly occurs when the incident
light intensity is low, whereas strong excited-state absorption
takes a crucial role with the increase in the light intensity and

intensively decreases the transmittance of the light field, lead-
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ing to the OPL effect.

The ability to generate and shape optical beams with
novel spatial-temporal structures has increased dramatically
in state-of-the-art laser technology.?’! Laguerre—-Gaussian
(LG) laser beams,?=3?] as a class of optical field with cylin-
drical symmetry, have been well produced due to their promis-
ing applications in laser manufacturing, micromechanical ma-
nipulation, quantum optics, optical communication and so
on.33401 Compared with the fundamental transverse mode
Gaussian beam, the higher-order LG beams are beams with
transverse spatial modes and may even carry photonic orbital
angular momentum. Such beams have attractive applications
in many fields, such as optical information capacity expan-
sion, optical super-resolution imaging, optical tweezers, and
optical fabrication. For example, the high-order spatial LG33
mode has been proposed to be used in the laser interferome-
ter gravitational wave observatory to reduce the coupling of
the thermal noise to the gravitational wave readout.*3! Single-
ringed LG beams with doughnut-like transversal intensity dis-
tributions and orbital angular momentum about their axis were
used to extend the capabilities of laser tweezers for lasing trap-

n.3%37] With the enhancement of

ping and micro-manipulatio
laser power, the nonlinear optical effects of the high-order
LG beams gradually appear in their applications. Although
the strong field nonlinear optical and propagation effects of
the fundamental Gaussian beams have been extensively stud-

ied, related investigations with the high-order LG beams are
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still rare. For example, the propagation behavior of the light
bullets in LG and Bessel optical lattices with spatially modu-
lated linear and nonlinear refractive indices were investigated,
and showed that the shape of the light bullets and the width
of the stability domain can be controlled by the nonlinearity

38391 The optical limiting properties of an

modulation depth.!
LG beam with the first-order azimuthal index using the self-
lensing effect was demonstrated experimentally in a thin dye-
doped polymer sample. It was shown that the peak phase shift
in the sample required for limiting is smaller than that for a
fundamental Gaussian beam, and that the nonlinear medium
can be placed either in front of or behind the beam focus with
higher flexibility. 0!

The LG modes form a complete set of solutions to the
paraxial wave equation, and are indexed by two mode num-
bers, called the azimuthal and radial indexes, respectively. The
azimuthal index indicating the orbital angular momentum of
the beam has been extensively studied and widely used, but
very little research has been conducted on the radial mode
number until recently, which was referred to as the “forgot-
ten quantum number”.[*!*? Due to the special multi-ring light
field distribution of the high-order radial mode LG beam, it
has potential applications in two-dimensional optical lattices,
optical manipulation, optical processing, and pulse shaping.
Therefore, growing interest has been paid to the radial modes
of LG beams due to their unique characteristics of light field
distribution, 434!

In this paper, we investigate the strong nonlinear opti-
cal interaction between pulsed LG laser beams of high-order
radial modes with zero orbital angular momentum and the

m; 471 gpecial attention is

fullerene Cgy molecular mediu
paid to the OPL behavior of the laser pulses during propa-
gation. Cgp is chosen here due to its good nonlinear optical
properties, such as wide absorption spectra, rather fast inter-
system crossing rate, long triplet state lifetime, low ground
state absorption and strong triplet state absorption, which re-
sult in the strong reverse saturable absorption ability of the
medium. In our study, we solve the mutually coupled parax-
ial wave equation and the rate equations within a five-level
model. The Crank—Nicholson and the predictor—corrector nu-
merical schemes are used to simulate the evolution of the light
field and the population transfer in the molecular medium. It
is found that the initial pulsed LG beam is strongly reshaped
during its propagation in the Cgy molecular medium, and clear
OPL behavior is observed for different orders of the LG beams
before the takeover of the saturation effect. Although the en-
ergy transmittance of the high-order radial mode LG beam is
higher than the fundamental Gaussian beam of the same initial
peak intensity, it has a higher damage intensity threshold and
its OPL behavior breaks down later under a relatively higher
input field intensity.

The paper is organized as follows. We start in Section 2
with the theory and the physical model of the interaction be-
tween the pulsed LG laser beam and the fullerene Cgp molec-
ular medium. Subsection 2.1 gives the paraxial wave equation
presented in the local time frame, and Subsection 2.2 shows
the rate equations simplified according to the decay time hier-
archy of the molecular system using the adiabatic approxima-
tion method. The properties of the pulsed LG laser beams and
the molecular parameters are presented in Subsection 2.3. The
results of simulations and discussions are presented in Sec-
tion 3. Subsection 3.1 mainly shows the nonlinear dynam-
ics of population transfer induced by the nanosecond LG laser
beams, and the pulse shaping and optical power limiting pro-
cesses are illustrated and discussed in Subsections 3.2 and 3.3.
Our findings are summarized in Section 4.

2. Theoretical models

Generally, in the semiclassical theory of the interaction
between light and matter, the light field is regarded as a
classical electromagnetic field, and its evolution is described
by Maxwell equations, while the properties of the molecular
medium are considered quantum mechanically. In this paper,
we study the nonlinear optical dynamics of the nanosecond
pulsed Laguerre—Gaussian laser beams in the fullerene Cgg
molecular medium. Taking into account the time hierarchy of
the studied system, here we applied the paraxial wave equation
theory and reduced rate equations to describe the propagation
of the laser beam and the strong nonlinear optical interactions
in the molecular medium.

2.1. Paraxial wave equation

The propagation of the electromagnetic field in an opti-
cal medium is traditionally described by Maxwell equations.
Assuming that the electromagnetic field propagates mainly in
the z direction in a non-magnetic optical medium without free
charge and free current, by using the slowly varying envelope
approximation, one can obtain the following paraxial wave
equation:

0 ngd i
(&+c&‘%M

where &) is the vacuum conductivity, ng is the linear refrac-

B =P,

tive index of the solvent, and c is the speed of light in vac-
uum. Here, E (r,7) and P (r,t) are, respectively, the slowly
varying envelope distribution of the electric field £(r,r) =
(1/2)E (r,t)exp[i(k-r— ot)] + c.c. and the macroscopic
polarization P(r,t) = P (r,t)expli(k-r—ot)] +c.c. as
functions of the position vector r and the time t. The re-
lationship between the wave vector k and optical-field angu-
lar frequency @ is k = npw/c. Meanwhile, A, is the two-
dimensional Laplace operator in the plane perpendicular to the
propagation direction.
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If we separate macroscopic polarization into the imagi-
nary part representing the light absorption and the real part
representing the light refraction, the paraxial wave Eq. (1) can
be expressed as

8 no 8 i _ NGtot . 6[1
e+ sz m=- (5B @

where Oy = [2kIm(P/E)]/(Ngp) is the total absorption cross
section of the medium, &, = [noRe(P/E)]/¢g is the non-
linear refractive index depending on the light field intensity,
Im(P/FE) and Re(P/E) represent the imaginary and real
parts of P/E, and N is the concentration number of the

molecule.

The first derivative terms with respect to time ¢ and posi-
tion z exist simultaneously in Eq. (2). To reduce the derivative
terms in Eq. (2), here we introduce the retarded time transfor-
mation ¢’ =t — npz/c to obtain the paraxial wave equation in
the local time frame, which can be written as

d i , Now: ., 6n /
<az_21kAL)E(r7t):—(2“—1kno>E(r,t). 3)

Apparently, the time derivative term of paraxial wave Eq. (3)
disappears in the local time frame, but the electric field and the
polarization vectors are still functions of the retarded time #'.
The transformation of the local time frame not only simplifies
the form of the wave equation, but also reduces the compu-
tational work in the numerical simulations. One can also see
from Eq. (3) that by neglecting the weak influence of the non-
linear refractive index &,, the propagation of the field in the
local time frame does not depend on the linear refractive index
ng of the solvent.

2.2. Rate equations

In the optical band, one can describe the reverse saturable
absorption of the fullerene Cgy molecule under the excitation
of a light field using a five-level model that includes three sin-
glet states |Sp), [S1), |S,) and two triplet states |T}), |75).2147]
A diagram of the five-level system is depicted in Fig. 1.

Since the relaxation rate of the non-diagonal elements of
the density matrix is much higher than that of the diagonal
elements, the change in the population distribution can be ig-
nored during the relaxation time of the off-diagonal elements.
Therefore, the rate equations describing the evolution of the
population in the five-level system (Fig. 1) can be written in
the following form:

d
EPSO = =% (t) (pSo 7psl) JrFSlpSl JrFTlpTlv
d
((9t +1—:S'1 +I—é> pSl = Enpsn _,ySnSI (t) (psl _pSn)
+ Y515 (1) (Psy — Psy) »

0
<8t +1—§n) Ps, = ¥suSi (t) (PS] —PS,,)7

d
(8t +FT1> Pr = =¥nm (1) (pTl _pTZ) +1Icps, +11,P15,

d
(at +rTz> pr = i (1) (Pry — ). 4)

where ps,, Ps,, Ps,, P1,, PT, are, respectively, the populations
of the states |So), |S1),|S),|T1),|T>), and I5, Is,, I, I,
are the decay rates of the states |S}), |S,), |T1), |T2). Here, I;
is the rate of intersystem crossing from the singlet |S;) state to
the triplet |Tp) state, and ¥s;s,, 75,5, Y7, represent the field-
induced rates of one-photon transition |Sp) — |S1), |S1) —
|Sn), |T1) — |T2), respectively. The one-photon transition rate
%:j() between two adjacent energy levels |i) and | j) under the
action of a light field with frequency ® and intensity /(z) can
be expressed by the corresponding absorption cross section 0j;
as

vy @) = S0 )
Furthermore, since the excited states of the system also have

fast relaxation times with picosecond orders of magnitude,
while the effective time of population transfer between the sin-
glet state and the triplet state as well as the duration of the inci-
dent pulse has the order of nanosecond, it would be reasonable
to also use adiabatic assumption with the populations ps,, ps,
and pg, in the related excited states. More explicitly, one can
see from Eq. (4) and Fig. 1 that when the duration of the pulse
7 and the effective time of population transfer sz () from pg,
to pr; are much longer than (I§, + % + ¥5,5, (f) + ¥s,s, (£)) -
(I3, + ¥s,5, (1)) " (I, + Y17, (1)) ', which are, respectively,
the characteristic transfer times of ps,, ps,, and pr,, the time
derivatives terms of ps,, ps,, and pr, in Eq. (4) can be ne-
glected. Such an adiabatic condition of the populations is eas-
ier to meet with faster decay rates of these excited states, for
example, by increasing the population number density of the
molecules. Therefore, the five partial differential rate equa-
tions for the five-level system can be reduced to one partial
differential equation explicitly about the evolution of the pop-
ulation in the ground state,

d
EPSO =—% (t)pSo"—FTlR(t)a (6)

w) = Vs, O)P@) + I[L0(t)
the effective rate of population transfer
the ground state |Sp) and the lowest triplet state

ITy)  with  D(t) = L/[I5 +L+%s ()], 0@) =

where represents

between

R(){1+ws, (1) [1+ws, ()]}, R(@) = 1/[1+wp (1),
ws, (t) Y5180 (t)/ [1—:91 +1—(‘:4”}/5150 (t)]’ ws, (t)

Vsusi (0)/ I, + V5,5, (1)), and we, (1) = vy (1) / (I7, + Yoy (1)]-
The populations in the excited states are then obtained with
ps, = w(t)psy» Ps, = ws, (t) Ps,» pry = R(t) — O(t)ps,, and
pr, = wr, (1)pr;. The total absorption cross section G in
Egs. (2) and (3) can be expressed through the one-photon
absorption cross sections between the adjacent levels Og;s,,
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05,8, and 05,5, as

Otot = GSIS() (pS() 7p51) + GSnSI (psl 7pSn)

+GT2T1 (PTI - pTz) . (7)
|STL> ‘\ |T >
¥s,5,(t)| T, ’
V1,7, (1) I,
o ‘ T,T, T, |T,) o
1 ~ 1
o~ a Y  J IT) Yo(t) : I'n,
¥s,5, (D] s, .7 ’ I
.7 FT1 [So) __'_
|5y —L—12
(a) (b)

Fig. 1. A diagram of the traditional five-level model of the fullerene Cgq
molecule (a), and the effective rate of population transfer 15 () in the
simplified two-level model based on the adiabatic approximation (b).

2.3. Pulsed Laguerre—Gaussian laser beams and molecu-
lar parameters

The Crank—Nicholson numerical scheme and the
predictor—corrector method are used to solve the coupled
paraxial wave equation (3) and the rate equation (6) in the
retarded time frame. The incident laser field has a Laguerre—

Gaussian transverse mode (LG ;) distribution

ﬁr]le [ 212 ]

Epl (I’,Z,t) =Ep (t) %

ol ]

X ex [ i<k + kr? (|1]+2 +1)arctanz>}
ik —— — hd
P 20 (2) P lo

x exp[—il¢], 3

where r and ¢ are, respectively, the radial and azimuthal co-

wz) | 7 [ (2)

ordinates, while p and [ represent the number of nodal circles
along the radial direction and the number of nodal lines along
the azimuthal direction. Here, L‘If‘ [2r? /w?(z)] is the general-
ized Laguerre polynomials; wy is the radius of the beam waist;
lp = w3 /A is the Rayleigh length; w(z) = wo\/1+ (z/l)2
is the beam radius at the position z; p(z) = z[1 + (lo/2)?] is
the curvature radius of the equal phase plane of the Laguerre—
Gaussian beam; and 1)(z) = arctan(z/l) is the Gouy phase

angular momentums. In this case, the Laguerre polynomials

22 1"

1=

o{ 27 }: 2 P { w2<z>]
PIw@] & k) (p—k)
The temporal shape of the initial field is modeled by a Gaus-

are used as

, (p=0,1,2,..). (9

sian pulse
Eo(t) = Egexp (—1n2(l —10)2/2172) , (10)

where 7 is the half width at half-maximum (HWHM) of the
field intensity and 7y is the center of the pulse. The duration of
the pulse is taken to be 7 = 10 ns and #9 = 40 ns. The trans-
mittance of the total pulse energy at the propagation distance
L can be expressed by

J(z0+L)

(L) = J(z0)

D

here, J(z) = 2n [ [I(¢,r,z)rdrdz is the pulse energy and
00

I(t,1,7) = c& |E (t,1,2)|* /2 is the field intensity. Without loss
of generality, the pulsed LG beam is focused at the center of
the medium located at z = 0, and the entry of the pulse into the
fullerene Cgp absorbing cell of length L is at zo = —L/2.

The specific values of the one-photon absorption cross
section, the decay rates and the intersystem crossing rate of the
molecule are strongly correlated with the experimental condi-
tions. Referring to the experimental data of Ebbesen et al.[47]
for the incident wavelength of 650 nm, in numerical simula-
tions we set the absorption cross sections of the Cgg molecule
as 05,5, = 0.20 x 10722 m?, 05,5, = 9.20 x 10722 m?, and
onr, = 142 % 10722 m?; the decay rates and the intersys-
tem crossing rate are 1/I7, =280 us, 1/I3, = 1/I7, =1 ps,
1/(Is, +1¢) ~ 1/I¢ = 1.2 ns. The molecules are assumed to
be in the ground state before turning on the field.

3. Results and discussion
3.1. Characteristic time of population transfer

The characteristic time of the population transfer 77 (1) =
1/9%(t) between the ground state |Sp) and the lowest triplet
state |T7) primarily depends on the field intensity. It is one of
the most important quantities that determines the evolution of
the nonlinear optical dynamics in the five-level system studied

shift. In simulations, wy = 1.0 mm, A = 650 n$

Rayleigh length Iy = 7w3/A = 4.833 m is much \tau_{{STH\lim}
the propagation distance L = 1.0 mm. Also, the n{=1/\Gamma {\rm L

fractive effect is negligibly small in the strong nd c}=1.2%
sorption Cgp medium.

In this study, we only consider the propagat
dent LG pulses with isotropic transverse distributio

hacaThe effective rate () in Eq. (6) can be written explic-
b terms as

B Ys,5, () 1 I, + v (1)
C1—§1+12+75150(t) IFT2+2}’T2T} (t)
sy, (1) ( ¥s,s; (1) )]
1+ . (12
I, + 1+ 5,5, (1) I5, + ¥s,s, (1) (12

see from Eq. (12) that since the decay rate of the

| = 0, namely, the high-order radial modes with zero orbital

triplet state I7, is much smaller than the intersystem crossing
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rate I, mainly the first term on the righthand side of Eq. (12)
contributes. The effective rate () increases with the increase
in the field intensity, but the saturation effect will be reached
when the transition rate s, s, (¢) is close to I¢.

1051_\‘\\ I_//'* I,=10"' MW /cm?
’.." » I;=10" MW /cm?

1044 o /I, Iy=10' MW /cm?
/g — ~ s I,=10%> MW /cm?
= 10°4 ¢ - - I,=10° MW /cm?
+= — 4 2
\é 10°] I, = 10r MW/cm2
I — I, =10°> MW /cm

10%5

10°

40 i 80

t (ns)
Fig. 2. The characteristic time of the population transfer between the
singlet and triplet states |Sp) — |77) induced by the on-axis field (r = 0)
of the pulsed LGz laser beam. The HWHM of the pulse is 7 = 10 ns
centered at 1o = 40 ns: N = 1020 cm—3.

The population transfer time Tgr () calculated for the
on-axis field intensity distribution of the pulsed Laguerre—
Gaussian laser beams is shown in Fig. 2. The effective trans-
fer time 757 () equals 1/I7, for rather lower light intensity,
and it acquires an approximately inverse Gaussian distribu-
tion 1/9s,s, (t) ~ 1/I(¢) with the increase in the field inten-
sity for I¢ > 7¥s,5,(¢) > I7;. When the light field is strong
enough to make ¥, s, (¢) > Is, +I¢ and Y (f) = I¢, the char-
acteristic time approaches its saturation limit value Tim =
1/I¢ = 1.2 ns. Here, we define the saturation field intensity as
the intensity that makes ¥s,s, (1) = I, +I¢ and (1) = I¢/2.
The saturation intensity is then obtained accordingly as Iy =
1.274 x 10> MW/cm?, and the corresponding transfer time is
TSST = ZTEF =2.4ns.

The population transfer induced by fields of different in-
tensity levels are shown in Fig. 3. When the field inten-
sity is much smaller than the saturation value Iy = 1.274 x
103 MW/cm?, most of the populations are kept in the ground
state and linear absorption of the singlet states mainly occurs
(Fig. 3(a)). As shown in Fig. 2, the increase in the field inten-
sity shortens the characteristic time of the population transfer.
When the field is strong enough to promote a remarkable part
of the populations to the triplet state (Fig. 3(b)), the sequential
two-step photon absorption channel (Sop — S1) x (T} — T»)
becomes important, and the reverse saturable absorption of the
triplet states causes the optical power limiting behavior of the
field. When the field intensity is further increased to close to
the saturation value I, the light field transfers almost the entire
population to the triplet state (Fig. 3(c)). After this, the one-
photon absorption of the triplet state dominates and results in
obvious population distribution in the upper-level triplet state
pr, (Fig. 3(d)). One can further see in Fig. 3 that the response
speed of the medium to the laser pulse is evidently accelerated
by the enhancement of the field intensity.

Loy ———— ]

I,=10' MW /cm?

Ps, === P,

p(t)

0.5 ---- Ps, pr,

p(t)

p(t)

04 et 2 DTS

‘‘‘‘‘

\\\\\\

p(t)

40 60 80
t (ns)
Fig. 3. The on-axis population distribution induced by the pulsed
Laguerre-Gaussian laser beam at the beginning of propagation. The peak
intensity of the field is (a) I = 10 MW/cm?, (b) Iy = 10> MW/cm?, (c)
Ip = 103> MW/cm?, and (d) Iy = 10* MW/cm?. The other parameters are
the same as in Fig. 2.

3.2. Pulse shaping and optical power limiting

When the transverse distribution as well as the propaga-
tion effects of the pulsed Laguerre—Gaussian beams (8) are
considered, the paraxial wave Eq. (3) coupled with the rate
Eq. (6) is solved numerically in the retarded time coordinate
system. In our simulations, we neglect the influence of the
nonlinear refractive index &, on the field evolution within a
short enough propagation distance. In this case, the linear re-
fractive index ng of the solvent will not appear explicitly in
Eq. (3).

The spatial and temporal distribution of the input third-
order radial mode LGy field at z = —L/2 and the field distri-
bution after a propagation distance of L = 1.0 mm at z = L/2
are shown, respectively, in Figs. 4(a) and 4(b). One can clearly
see that each light ring of the pulsed LGj3p radial mode is
strongly reshaped during pulse propagation. The temporal or
longitudinal shape of the field is changed from a uniform cen-
tral symmetric Gaussian pulse to non-symmetric pulses with
different shapes, and the pulse durations are cut down due to
the strong absorption at the tails of the light rings, as shown
in Fig. 5. The brighter the initial light ring, the more severe
the change in its temporal profile, and the shorter the duration
of the output field. Furthermore, the field intensity as well as
the pulse energy is drastically attenuated during propagation,
especially for the central on-axis light ring with the strongest
initial field intensity. The nonlinear field intensity dependent
absorption (Eq. (12)) also changes the energy ratios of the light
rings at different propagation distances, as shown in Fig. 4(c).
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After propagation, the energy ratio of the central light ring falls
precipitately, while the energy ratio of the weakest outermost
light ring gradually takes the maximum value.

. 100{—+=002 mm 100
=& 804~ - r=074mm 80
3 r=1.26 mm
QS 601-.- r=1.40m 60
T2 40 : 40
- 20 20
= SRt
£ ) TN e, _ F
i ——t=15ns
| t=23 ns
3.0 o t=233 ns
2.5 0 t =40 ns
— ' -‘; t =47 ns
g 2.0 s
E .
< 1.5 ?:
1.0 N
0.5 -
15 30 45 60 0 40 80
t (ns) I(r,—L/2,t)
(MW /cm?)
—~ 0.6 7=0.02 mm| g 0-60
.HFE 0.5 - — -r=0.74 mm| 0.45
Q{ 0.4 1 - - r7=1.26 mm .
Nz 0.3 LI, —-—-7=1.40 mm| 0.30
I 0.2 , \\'\. r=2.00 mm
:/\E_, 0.1 s \\'\\ r=2.24 mm - 0.15
0 : o et 0
—{=15ns
=23 ns|
W ----t=33ns
. == t=40 ns
5. t=4Tns
g :
E, g
B N\:’)" .
15 30 45 60 0 0.2 04 0.6
t (ns) I(r,L/2,t)
(MW /cm?)
=
~
~
=
~

Fig. 4. Contour distribution of the field intensity. The color bars give the
values of the field intensity in the unit of MW/cm?. (a) The input laser
pulse with an LG3¢ radial mode distribution. (b) The field distribution at
z = L/2 after a propagation of L = 1.0 mm. The beam waist wop = 1.0 mm.
The other parameters are the same as in Fig. 3(b). (c) The energy ratio
of each light ring after different propagation distances of the input LG3g
radial mode: n,, is the index of the light ring; n, = 0 means the on-axis
light ring; n, = 1 is the first light ring away from the axis, n, = 2 is the
second light ring away from the axis, etc; J,, (z) is the energy of the n,,-th
light ring; and J(z) is the total pulse energy at position z.

0 mn,=0 pEn,=1 E.",=2
|-, =3 =4
8_
—~ 64
wn
&
= 4
2_

Fig. 5. The HWHM of each light ring after a propagation distance of
1.0 mm: p is the radial mode order of the input pulse LG 0, and n,, is the
index of the light ring. The initial HWHM of each light ring is 10 ns. The
other parameters are the same as in Fig. 4(b).

The main reason for the pulse-shaping effects (Fig. 4) is
the light intensity dependence of the effective rate (Eq. (12)) of
population transfer presented in Subsection 3.1. At the lead-
ing edge of the pulse, only the weak linear one-photon ab-
sorption of the ground singlet state occurs because of the low
field intensity there. For the main part of the pulse, due to the
increase in the field intensity, the effective rate of population
transfer from the singlet to the triplet states increases; there-
fore, the strong reverse saturable absorption of the triplet states
becomes the dominant nonlinear optical process, leading to
striking suppression of the high intensity part of the pulse and
resulting in the OPL behavior of the field. For the rear part
of the pulse, although its input intensity is as low as the lead-
ing part, intense triplet state absorption still occurs there due
to the accumulation of the population in the triplet state by its
anterior part, which causes the asymmetry of the output pulse.
In brief, because of the strong reverse saturable absorption ef-
fect, obvious OPL behavior is observed for the LG pulse, and
the intensity dependence of the effective rate of the popula-
tion transfer from the singlet to the triplet states results in the
asymmetric shaping, energy ratio redistribution and shorten-
ing of the output pulse.

3.3. Energy transmittance of different orders of the pulsed
LG beams

To clearly show the OPL performance of the incident
Laguerre—Gaussian laser beams of different radial orders, the
transmittance of the pulse energy as a function of the peak
intensity of the incident laser field is presented in Fig. 6 for
different concentrations of the absorbing molecules. When the
initial field intensity is low enough, only the linear singlet state
absorption between the ground and the first excited states oc-
curs and the transmittance is consistent with the T, 5, values
given in Table 1.

The increase in the input field intensity increases the ef-
fective rate of population transfer between the singlet and
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triplet states and opens the reverse saturable absorption chan-
nel of the triplet state. Under these two-step photon absorption
conditions, the transmittance of the field drops down fast, and
the output field intensity and the corresponding pulse energy
are confined below certain values, thus resulting in the OPL
behavior of the pulse. From Fig. 6(a) one can clearly see that
the minimum value of the transmittance is close to but larger
than the transmittance of the pure linear triplet state absorp-
tion between the two triplet states given in Table 1. After this,
the transmittance increases steeply until the upper limit value
of one with the further increase in the field intensity, which
means the saturation of the population transfer to the triplet
states and the breakdown of the OPL performance. Figure 6
also shows that the lower-order LG beam has a faster OPL re-
sponse and lower energy transmittance, but it also breaks down
earlier at lower input field intensity.

Table 1. Transmittance of pure Sop — S; singlet state absorption

Ts,s, = exp(—Nas,s,L) and pure T; — T triplet state absorption

Tr,r, = exp(—Norr, L) for different concentrations N of the Cg
molecules at the wavelength of 650 nm after propagation of 1 mm.

N (cm?) Ts,s, Tryry

10'8 0.980
10" 0.819
1020 0.135

0.243
7.09 x 1077
3.22x 10792

1.0

0.8+

(L)

0.6

0.4+

1.0

0.8+

0.6 1

(L)

0.4

0.2

0.
1.0

0.81

0.6

(L)

0.4+

0.2

T T ™ ™ ™

102 10* 108 108 10

I, (MW /cm?)

1072 10°

Fig. 6. Energy transmittance (12) as a function of the peak intensity of
the incident laser field y. The concentrations of the Cgp molecules are
(@ N=10"% cm™3, (b) N = 10" cm~3, and (¢) N = 10?° cm 3. The
other input parameters are the same as in Fig. 2.

Figure 7 presents the dependence of the energy transmit-
tance on the propagation distance L. One can see that the trans-
mittance of the field drops down fast at the beginning of propa-
gation due to the intense field-induced fast population transfer;
then the decrease in the energy transmittance becomes very
slow. This means that there is a characteristic region of the
highly efficient OPL performance, and there should be an ap-
propriate compromise between the length of the absorber and
the expected value of the energy transmittance. In general, the
OPL performance of the pulsed LG beam can be controlled by
the concentration of the absorbing molecules and the propaga-
tion length, and the LG pulses of different orders show differ-
ent OPL behavior, which should be taken into account in real

applications.
1.0
h (a) I, =100 MW /cm? — LGy
0'8-‘:’\ ---- LGy
3 067\ LG,
=1

T(L)

0 10 20 30 40 50 60 70 80
L (mm)

Fig. 7. Energy transmittance as a function of the propagation dis-
tance L. The incident intensity is (a) Iy = 100 MW/cm? and (b)
Iy = 1000 MW/cm?, respectively. The other input parameters are the
same as in Fig. 6(a).

4. Summary

We studied the nonlinear propagation and the reverse
saturable absorption processes of nanosecond Laguerre—
Gaussian laser beams of high-order radial modes in Cgg
molecular medium. The adiabatic approximation is used to
simplify the population rate equations of the system as the
population relaxation times of the excited states are much
shorter than the pulse duration and the effective population
transfer time from the ground state to the triplet state.

Our results demonstrate that the dynamics of population
transfer and pulse propagation are predominantly defined by
the effective population transfer time between the ground state
and the triplet state, which decreases with the increase in the
field intensity. During the propagation of Laguerre—Gaussian
laser pulses of high-order radial modes, the spatiotemporal
shape of the pulse changes distinctly and the pulse duration is
shortened almost by one half. Simultaneously, the pulse inten-
sity decreases dramatically during the course of propagation,
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and the peak intensity of the light field is reduced by several or-
ders of magnitude, thus displaying extraordinary optical power
limiting behavior. The lowerorder pulsed Laguerre-Gaussian
beam shows better optical limiting performance with a smaller
energy transmittance, but its optical limiting behavior also
breaks down earlier at a relatively weaker incident field inten-
sity than the higher-order ones. This study provides valuable
information for future experimental studies of the nonlinear
optical properties of high-mode laser fields, and paves the way
for the application of high-mode laser fields in optical power
limiting processes.
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