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Abstract The random laser features around threshold in a

ground powder of a silica gel containing Rhodamine 6G-

doped silica nanoparticles under one- and two-photon

excitation are analyzed. The lasing threshold following

two-photon pumping is fifty times higher than after one-

photon excitation. Theoretical calculations by using a light

diffusive propagation model are in agreement with the

experimental results.

1 Introduction

Multiphoton-pumped frequency-upconversion lasing in

dye-doped liquid and polymer systems has been one of the

most interesting topics in nonlinear optics and quantum

electronics in the last years [1]. The main goal pursued was

to attain ultrashort wavelength lasing which is useful for

data storage, frequency-upconversion imaging, and, not

less important, for a better understanding of the interactions

between intense optical fields and multiphoton active

materials [2]. The principal advantage of lasing upcon-

version techniques, if compared with other nonlinear pro-

cesses, is the absence of phase-matching requirements.

However, as multiphoton absorption processes are related

to high-order nonlinear susceptibilities, high peak power

sources are needed to achieve threshold conditions.

On the other hand, linear and nonlinear optical phe-

nomena in fully disordered organic and inorganic systems

have received considerable attention due to their important

scientific and technological implications. In particular,

investigations devoted to light amplification in random

structures resulted in the development of a new field of

physical optics which gathers various topics such as dif-

fusion, light localization, and nonlinear optics. One of the

simplest ways of lasing in random systems is based on gain

induced by diffusive feedback provided by disordered-

induced light scattering. This feedback mechanism, which

is mediated by random fluctuations of the dielectric con-

stant in space, may keep light trapped inside a sample long

enough to reach an overall gain higher than losses. To date,

laser-like emission has been reported in various scattering

material systems from colloidal dye solutions to crystal

powders, semiconductor nanoparticles, organic composites,

or biological tissues [3–5 and references therein]. In

addition, many theoretical analyses and numerical simu-

lations have been constructed in order to study the physics

lying behind these radiation sources with a characteristic

threshold behavior [6–10]. A detailed discussion of the

latest results and theories concerning this phenomenon can

be found in Refs. [5, 11–14].

Despite extensively published reports on laser-like

emission following one-photon (OP) excitation, just few

researchers have addressed the issue of multiphoton-

induced random lasing (RL). In 2002, Zacharakis et al. [15]
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firstly observed random laser action using a two-photon

(TP) pumping scheme. Such a breakthrough was achieved

in dye-doped gelatin cubes pumped with femtosecond laser

pulses at 800 nm. Later, Burin et al. [16] investigated

within the diffusion model framework, how the nonlinear

nature of the excitation modifies the RL threshold, and

presented, under several conditions, an analytical result

showing a lower lasing threshold for TP pumping than for

single-photon excitation. In addition, in 2005, Wang et al.

[17] reported a numerical analysis of the saturation effects

of the emitted light intensity following TP pumping. It is

worthy to notice that the generation of anti-Stokes RL

could have a relevant impact due to its applications in the

physics of soft matter and biological tissues [18]. In par-

ticular, experimental evidences of anti-Stokes random laser

emission were found in dye solutions doped with TiO2

nanoparticles, in micrometer size powder of GaAs, and in

ZnO nanoparticles [19–21]. In a preliminary work, the

authors experimentally demonstrated TP-pumped RL in a

Rhodamine 6G-doped ground powder [22]. The key factor

for the occurrence of RL upon high peak power excitation

in this material is the high TP absorption cross sections

around 800 nm of Rhodamine 6G (Rh6G) if compared to

most commercial organic dyes [23 and references therein]

together with the efficient scattering feedback of the

ground powder. Compared to other dye random media, the

advantages of the studied system are its solid-state nature,

quenched disorder, high laser-like emission efficiency, and

the possibility of being functionalized for various appli-

cations such as biomedical sensors.

In this work, we investigate both theoretically (time

pulse widths) and experimentally (spectral and temporal

pulse widths), the features around threshold of a silica gel

powder containing 2 wt%-Rh6G-doped silica (SiO2)

nanoparticles by pumping at one and two photons. The RL

is compared under the same sample characteristics (aver-

age particle size, volume filling factor) and the same

experimental configuration (spot size of the laser). The

theoretically predicted pulse shortenings as a function of

excitation density, by using a light diffusive propagation

model, are in good agreement with the experimental results

and reveal that following TP excitation, the random laser

threshold of the studied powder is much higher (around

fifty times) than with the commonly used OP pumping

scheme. A short discussion about the origin of this

behavior is given below.

2 Experimental

Silica gel containing 2 wt% Rh6G-SiO2 nanoparticles was

prepared via the sol–gel method. The manufacture details

can be found in Ref. [24]. Ground powder of the silica gel

with the Rh6G-SiO2 nanoparticles was obtained by using a

mixer mill. Powder polydispersity was evaluated from

scanning electron microscope photographs from which an

average powder size of around 3 lm was found. The

powder sample was compacted in a quartz cell with a larger

diameter size (15 mm) and without a front cell window for

handling ease and optical characterization. The volume

filling factor of the sample (f = 0.43 ± 0.05) was calcu-

lated by measuring volume and weight of the samples.

The OP random laser experiments were performed by

pumping with the (532 nm) frequency-doubled output of a

20-Hz picosecond Nd:YAG laser (pulse duration of 20 ps).

The TP random laser experiments were carried out by

using a Ti–sapphire laser system (800 nm) with a pulse

duration of 100 fs and a repetition rate of 10 Hz. In both

cases, the laser beam was focused to a spot size of 5.6 mm

on the sample surface. The resulting emission signal col-

lected in a backscattering geometry was spectrally resolved

under both excitation schemes by a fiber-coupled spec-

trometer and temporally analyzed by a fast photodiode

connected to a digital oscilloscope.

3 Experimental results

The general signature of the laser-like emission, that is, the

spectral and temporal narrowing of the emission as the

pump energy pulse is increased, is illustrated for both types

of excitation in Figs. 1 and 2. Normalized emission spectra

and temporal profiles obtained below and above random

laser threshold under OP and TP excitations have been

plotted in Figs. 1a and 2a, respectively. Figure 1b shows

the spectral narrowing of the emission by pumping at two

schemes, whereas in Fig. 2b we display the experimental

temporal narrowing of time profiles. The minimum values

of full width at half maximum (FWHM) in Fig. 2b (around

120 ps) correspond to the experimental setup time resolu-

tion. The real pulse durations might be narrower. In fact,

shorter emission pulses of 50 ps or even less were found in

other studies devoted to liquid dyes and polymer sheet

random lasers following OP excitation [25–27]. As it can

be seen, the spectral and temporal narrowing of the emis-

sion under TP pumping takes place at higher pump den-

sities. The point of inflection of a sigmoidal fit through the

data points provides the values of random laser threshold.

From the fittings shown in Fig. 1b, we obtain the threshold

values 0.54 ± 0.01 mJ/cm2 for OP excitation and

27.2 ± 0.4 mJ/cm2 for the TP one. The threshold values

corresponding to the temporal-narrowing curves plotted in

Fig. 2b are 0.54 ± 0.01 and 26 ± 1 mJ/cm2 for OP exci-

tation and TP excitation, respectively. The sigmoidal fits to

the experimental data are represented as dashed lines in

Figs. 1b and 2b. The similar threshold values obtained in
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each pumping condition evidences the parallel behavior in

the spectral and time domains.

4 Theoretical model

The light propagation through the ground powders, where

the transport mean-free-path is much longer than the light

wavelength (lt � k), has been described in terms of a

diffusion equation [24]. By assuming an incident plane

wave along the z-axis upon a slab, whose x and y dimen-

sions are much larger than the z dimension, the generalized

time-dependent random laser equations describing our

system for both types of excitations are as follows:

oWpðz; tÞ
ot

¼ Dp

o2Wpðz; tÞ
oz2

� gðz; tÞ þ pðz; tÞ ð1Þ

oWeðz; tÞ
ot

¼De

o2Weðz; tÞ
oz2

þ f v remNðz; tÞWeðz; tÞþ c
Nðz; tÞ

ss

ð2Þ
oNðz; tÞ

ot
¼ gðz; tÞ � f v remNðz; tÞWeðz; tÞ �

Nðz; tÞ
ss

ð3Þ

where Wpðz; tÞ is the light density at the pump wavelengths

(kp = 532 nm for OP excitation and kp = 800 nm for TP

one), Weðz; tÞ is the light density at the emission wave-

length (ke = 598 nm), and N(z, t) is the density of dye

molecules in the excited state. The term corresponding to

light absorption, g(z,t), is given by gOPðz; tÞ ¼
f v KabsWpðz; tÞ and by gTPðz; tÞ ¼ f v2b �h xpW2

p ðz; tÞ, for

Fig. 1 a Normalized emission spectra under OP excitation at 0.2 and

8.4 mJ/cm2 (dashed and solid green lines) and TP excitation at 11.5

and 42.2 mJ/cm2 (dashed and solid red lines). The dashed curves are

obtained by pumping below the corresponding random laser thresh-

old, whereas the solid ones represent those found above threshold.

b Spectral narrowing obtained as a function of pump density in the

OP (green squares) and TP cases (red dots). Experimental conditions

and powder characteristics are the same in both excitations. The

dashed lines are the sigmoidal fits to the data

Fig. 2 a Normalized temporal profiles obtained under OP excitation

at 0.07 and 2.85 mJ/cm2 (dashed and solid green lines) and TP

excitation at 7.7 and 39.5 mJ/cm2 (dashed and solid red lines). The

dashed curves are obtained by pumping below the corresponding

random laser threshold, whereas the solid ones represent those found

above threshold. b Experimental FWHM of the pulses as a function of

pump density in the OP (solid filled green squares) and TP (solid

filled red circles) pumping. Theoretical FWHM of the pulses as a

function of pump density in the OP (hollow filled orange squares) and

TP (hollow filled blue circles) pumping. Theoretical calculations with:

ke = 598 nm, rem = 2.5 9 10-16 cm2, neff = 1.16, ss

(OP) = 1.65 ns, ss (TP) = 2.1 ns, f = 0.43, Kabs = 148.5 cm-1,

and b �h xp = 3.86 9 10-13 lm ps. The dashed lines are the sigmoi-

dal fits to the data
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OP and TP excitations, respectively. Kabs is the OP

absorption coefficient of the material at the pump wave-

length, and b is the TP one. The volume fraction, f,

occupied by the scatters has been included in the equations

to take into account the effective part of light density which

penetrates into the particles. v ¼ c
neff

is the speed of light in

the medium where neff is the effective refractive index. rem

is the stimulated emission cross section, ss is the excited

state lifetime, and D ¼ vlt
3

is the light diffusion coefficient

where lt is the transport mean-free-path. We have distin-

guished between diffusion coefficients for pump and

emitted radiation, Dp and De, respectively. c is the fraction

of spontaneous emission contributing to the laser process.

The reabsorption terms are not included due to the negli-

gible absorption at the emission wavelength (598 nm).

In both cases, the source of diffuse radiation, p(z,t), is an

incoming Gaussian pulse in the z direction which is

extinguished (scattered and absorbed) along its path

through the sample. The expression for the source at OP

pumping is written as follows [24]:

pOPðz; tÞ ¼
JOP

exp z
l�

� �
ffiffiffiffiffiffiffiffi
ln 2
p

lsD
ffiffiffi
p
p exp � ðt� tpeak� z=vÞ

D

� �2

ln 2

 !

:

ð4Þ

Here, JOP represents the incident photons per unit area at

z = 0, tpeak is the maximum in time of the pump pulse on

the sample surface, and D is its half width length at half

maximum. ls is the scattering mean-free-path, and l* is the

extinction mean-free-path.

The source of diffuse radiation for TP pumping, pTP

(z,t), has been calculated from the solution of the following

equation for I (incident photons per unit area and time):

dI

dz
¼ � I

ls

� f b �h xpI2 with Iðz ¼ 0Þ ¼ ITP ð5Þ

which describes the optical loss of the incoming light

through the slab (scattered and absorbed by the TP pro-

cess). The linear absorption has been neglected. In case of

negligible TP absorption (b = 0), the incoming light would

just decay exponentially through the slab due to the scat-

tering processes, as in a single-photon pumping mechanism

[24, 28]. After working out Eq. (5), we can write pTP (z,t)

as follows:

pTPðz; tÞ ¼
ITP

exp z
ls

� �
� ITP b �h xpf ls 1� exp z

ls

� �� �
ffiffiffiffiffiffiffiffiffi
ln 2
p

ls

ffiffiffi
p
p

� exp � ðt � tpeak � z=vÞ
D

� �2

ln 2

 !

: ð6Þ

One can estimate the pumping domain depth for both

processes by using the diffusive absorption length (labs)

which would be defined for OP and TP process, respec-

tively, as follows:

lOP
abs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
lt

3fKabs

s

and lTP
abs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lt

3 f b �h xp WPðz; tÞv

s

ð7Þ

Notice that the diffusive absorption length defined for TP

pumping is dependent on light density at the pump wave-

length [16].

The boundary and initial conditions corresponding to a

slab geometry in the x–y plane are [24] as follows:

Wpð�l0
e ; tÞ ¼ WpðLþ LL

e ; tÞ ¼ Weð�l0
e ; tÞ ¼ WeðLþ LL

e ; tÞ 8t
Wpðz; 0Þ ¼ Weðz; 0Þ ¼ Nðz; 0Þ ¼ 0 8z

ð8Þ

where the extrapolation length (le) is given by l0;L
e ¼

2h0;L

3
lt,

with h0;L ¼ 1þr0;L

1�r0;L
. r0,L is the internal reflectivity at the front

(z = 0) and rear (z = L) surfaces, respectively. The time

evolution of the reflected flux corresponding to the emitted

light is given by F~e ¼ �De
oWe

oz
z~ evaluated at the sample

surface (z = 0).

5 Discussion

Theoretical calculations of the variation of the temporal

pulse width as a function of the incident pump density have

been obtained from the numerical resolution of the three-

coupled nonlinear partial differential equations [Eqs. (1)–

(3)]. The input values for the calculation are the material

parameters: rem = 2.5 9 10-16 cm2, Kabs = 148.5 cm-1,

ss (OP) = 1.65 ns, ss (TP) = 2.1 ns, b�hxp = 3.86 9

10-13 lm ps, neff = 1.16, f = 0.43. The mean-free-path

lengths at the required wavelengths have been calculated

by using the Mie theory for spheres in the independent

scatterer approximation with a diameter equal to the

averaged mean particle size. These values are displayed in

Table 1. The scattering and absorption cross sections and

the asymmetry parameters used to obtain these values have

been averaged over a size interval D/ * k which is

enough for the ripple structure to vanish [29]. The average

internal reflectivities of the sample (r0 = 0.24 and

rL = 0.3) have been estimated from the Fresnel reflection

coefficients by using the effective refractive index of the

random system [24, 28], and this refractive index has been

calculated from the Maxwell-Garnet theory. The c
parameter (c = 0.5) has been estimated from OP pumping

measurements [24]. The set of equations, Eqs. (1)–(3), has

been numerically solved by the Crank–Nicholson finite

difference method, and it has been carried out for a sample

with thickness L = 500 lm.
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The theoretically predicted pulse shortening when the

excitation density is increased has been plotted in Fig. 2b

for each absorption process. As it can be seen, the exper-

imental FWHMs of the output pulse collapses approxi-

mately at the same density value than the theoretical

FWHMs for both absorption processes. In case of OP

excitation, the threshold calculated from the fitting of the

theoretical curve to a sigmoid function is 0.52 ± 0.03 mJ/

cm2, whereas the experimental one was 0.54 ± 0.01 mJ/

cm2. In case of TP pumping, the theoretically calculated

threshold is 22.5 ± 0.2 mJ/cm2, whereas the experimental

one was 23.3 ± 0.8 mJ/cm2. In good agreement with the

experimental results, the theoretical calculation also dem-

onstrates that the threshold corresponding to TP pumping is

higher than the one obtained with single-photon excitation

(around 50 times).

The difference between the lasing threshold values of

TP and OP regimes could be firstly attributed to the dif-

ferent temporal pumping regimes used, that is, femtosec-

ond regime for TP excitation and picosecond regime for

OP excitation. However, the difference in the pumping

pulse duration does not explain the observed behavior. We

can theoretically predict what happens if both thresholds

are compared at the same temporal pump regime. Based on

simple models, we can assume that the density of dye

molecules in the excited state N for a TP process is pro-

portional to the square of energy density of the pump laser

pulse (JTP) and inversely proportional to the pulse duration

(D), that is, N � I2
TPD ¼ J2

TP=D, while for a OP process, it

is proportional to JOP and does not depend on the pulse

duration. Taking into account these assumptions and pro-

vided that the experimental conditions and material char-

acteristics (such as spot size, particle size, volume filling

factor) are not changed, we theoretically predict that the TP

threshold energy density for a 20-ps laser pulse should be

(200)1/2 higher than the TP threshold of the 100 fs pulse.

Therefore, the different pulse duration of the pump laser is

not the reason for the observed deviation between the

lasing threshold value at TP and OP processes. However, if

we take into account that the pumping domain depth is a

crucial parameter closely related to lasing threshold, we

could explain the observed behavior by analyzing the way

in which the pumping light is absorbed through the sample.

In fact, it has already been demonstrated that the lasing

threshold in powder lasers decreases as the region where

the pumping beam is absorbed diminishes [30].

In Fig. 3, we illustrate the spatial distributions of the

light density at the pump wavelength Wp(z) and the excited

state population N(z) for both OP and TP processes. These

functions would represent the pumping domain depth and

the gain region, respectively. They have been calculated by

time integration of the Wp(z,t) and N(z,t) functions at

identical value of the laser pulse energy density (3.74 mJ/

cm2). The pump energy density chosen is greater than the

threshold of the OP process (0.52 mJ/cm2) and smaller

than that corresponding to TP (23.3 mJ/cm2). As it can be

observed, the pumping volume of the random laser for the

TP process is larger than that for the OP one (see Fig. 3a)

since the light can go much deeper into the material due to

the weaker absorption. The light density of the pump beam

in the OP process is confined inside a small volume and

drops off rapidly due to a limited depth (lOP
abs). However, the

Table 1 Characteristic scattering and absorption lengths calculated

in the OP and TP regimes

kp = 532 nm

OP absorption

kp = 800 nm

TP absorption

kem = 598 nm

Emission

ls (lm) 2 2 2

lt (lm) 8.9 *6.9 9

labs (lm) 21.6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lt
3 b �h xpf WPðz;tÞv

q
–

b �h xp = 3.86 9 10-13 lm ps and Kabs = 148.5 cm-1 are, respec-

tively, the TP and the OP absorption coefficients. f is the volume

fraction occupied by the scatterers (f = 0.43 ± 0.05). Expression for

labs depending on Wp is shown
0

0.01

0.02

0.03

0.04

W
p 

(z
) (

m
J/

µ
µ

m
3 )

(a)

(b)

0 50 100 150 200
z ( m)µ

0

108

2x108

3x108

N
(z

) (
el

ec
tr

on
s/

m
3 )

Fig. 3 Wp(z) pump photon density (a) and N(z) population inversion

(b) integrated in time as a function of z for TP (solid blue line) and OP

(dashed orange line) excitations, with identical value of the laser

pulse energy density (3.74 mJ/cm2). The input values for the

calculations are the same as in Fig. 2
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density values in the region corresponding to the OP pro-

cess are much higher than those of the TP one, and con-

sequently, the extraction of the gain can be more effective

in the OP process. A similar effect can also be seen in

Fig. 3b where the values for the inversion of population

corresponding to the OP process through its gain region are

much higher than those corresponding to the TP one, and

consequently, the system can more easily achieve the

critical value to produce laser emission. Therefore, for the

same value of the laser pulse energy density, our results

obtained for TP excitation indicate that a larger pumping

region leads to a lower effective pump density, causing an

increase in the lasing threshold.

6 Conclusions

In conclusion, we have experimentally and theoretically

demonstrated that a higher TP-pumped lasing threshold is

required to achieve random laser action as compared to the

usual OP excitation. The sample used has been ground

powder of a silica gel containing 2 wt% Rh6G-SiO2

nanoparticles of 3 lm average particle size. In particular,

the random laser threshold in the TP case is around 50

times larger than in OP. The theoretical model based on

light diffusive propagation yields a good agreement with

the experimental results corresponding to the TP excitation

as well as a fairly good prediction for the ratio between two

and OP-pumped random laser thresholds. We expect this

work will promote extended studies of RL in stronger TP

absorbing media which can be functionalized and therefore

potentially used as biomedical sensors or biotracers.
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