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The experimental and theoretical results in this letter reveal that three-photon absorption effect can
help light wave to form solitonlike filament; and a stable solitonlike filament is observed in solution
with high quintic nonlinearity. This stable solitonlike filament makes pumping infrared laser be
localized within the filament and reach high pumping density for a long distance. This high density
pumping laser in the filament generates high efficiency lasing induced by three-photon absorption.
This work is an approach to make practical application of high order nonlinear optical processes
possible. © 2010 American Institute of Physics. �doi:10.1063/1.3291671�

Two-photon absorption processes was predicted theoreti-
cally in 1931 �Ref. 1� and observed2 experimentally in 1961,
but it didn’t cause considerable attention until numerous ap-
plications of two-photon excitation were reported.3–7 These
applications had attracted interest in exploring effective two-
photon absorption materials.8,9 Later three-photon induced
lasing was reported,10,11 which efficiency reached 5.4%11 and
is at the same order as that of two-photon induced lasing.
The mechanism of such effective three-photon induced las-
ing is worth researching. Recently, spatial soliton also at-
tracts great attentions. However, spatial soliton in liquid has
not been reported.

In this letter, stable solitonlike filament is observed in
solution, and the mechanism of high efficiency of three-
photon induced lasing is revealed by analyzing the formation
of the filament. Furthermore, the experimental and theoreti-
cal works in this letter will stimulate development of poten-
tial applications of high order optical nonlinearity.

In our experiment, we use a solution of heterocyclic
molecules dissolved in dimethylsulphoxide, within which
high efficiency lasing can be observed, as reported in the
earlier letter.11 The relevant parameters for the solution are
n0=1.478, n2=2.5�10−3 cm2 /GW, n4=2.38�10−4 cm4 /
GW2, and �=2.53�10−2 cm3 /GW2. n0 is the refractive in-
dex, n2 and n4 are the linear refractive index, � is three-
photon absorption coefficients. The linear absorption peak
wavelength of the solution is 474 nm and the emission peak
wavelength is 610 nm. From 550 nm to 2 �m, there is neg-
ligible linear absorption. Our sample is a dye solution with
concentration d0=0.02 mol−1 in a 1 cm long quartz cell. The
wavelength of the input laser is 1.3 �m, which is the three-
photon absorption wavelength of the solution.

The experimental setup is shown in Fig. 1. The excita-
tion source is a femtosecond laser train obtained from an
optical parametric generator �Spectra Physics, Model: OPA-
800C, USA�. The pulse duration is 120 fs, and the repetition
rate is 1 kHz. The infrared laser enters through a low-pass
filter that cuts off the light of ��800 nm, to screen out any
spurious radiation at other wavelengths �originating from the
OPA� that might affect the measurements. The intensity of

the laser beam is adjusted by the neutral density filters. The
single pulse energy can be varied from 0 to 4 �J. The laser
beam with wavelength of 1.3 �m is focused into the sample
cell via a lens of focal length f =20 cm. We define the laser
propagation direction to be along Z, and chose Z=0 to be the
input surface of the cell, as shown in the inset of Fig. 1. The
diameter of the 1.3 �m input laser beam is 500 �m at Z
=0. In our experiment, we adjust the focus to Z=6.3 mm
when the cell is empty, so when the cell is filled with solu-
tion, the focus is located at Z=9 mm �owing to the refrac-
tive index of the solution�. The propagation of the infrared
laser beams is observed through up-converted fluorescence
of the dye collected by an optical microscope connecting to a
charge coupled device �CCD� and a computer. We acquire
images of the light propagating in the cell approximately
every 0.5 mm.

In Fig. 1, at Z=0, the full diameter of the 1.3 �m laser
beam is 500 �m. The outer �green� part of the beam in Fig.
1 shows the low density part of the beam, where the energy
density is not high enough to induce three-photon absorption
up-conversion fluorescence. This part cannot be observed by
the CCD system �though it can be measured by an energy
meter�. The high-density center part of the laser beam �plot-
ted in red� is where the energy density is high enough to
induce observable three-photon absorption up-conversion
fluorescence.

The results recorded by our microscope and CCD system
show that the diameter of the red part at Z=0 is about
110 �m. The interesting effects occur in the region where Z

a�Author to whom correspondence should be addressed. Electronic mail:
stswhz@mail.sysu.edu.cn.

FIG. 1. �Color online� Experimental setup. F: filter; ND: neutral density
filter; L: lens; C: cell filled with CQ medium; M: optical microscope con-
nected with a CCD; and PC: personal computer. Inset: the magnified image
of light propagation in solution.
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is between 5 mm to 10 mm. At low input power, fluorescence
is hardly observed. When the input power reaches the thresh-
old �where the intensity of the 1.3 �m laser beam is about
0.743 GW /cm2�, a stable filament appears. A single stable
filament is observed when the intensity is from 0.743 to
2.97 GW /cm2. Figure 2 shows the results recorded by our
microscope and CCD system at intensity of 2.12 GW /cm2.
In Fig. 2, it is clearly to see that there is a stable solitonlike
filament from Z=5 to 9.5 mm.

As the input light intensity is increasing, double or mul-
tiple filaments are observed. Each filament is stable and in
steady shape. Besides laser intensity dependent experiments
mentioned above, the wavelength-dependent, concentration-
dependent experiments, and the solvent effect have been
done. The stable spatial solitonlike filament only appears at
high concentration solution, because only at high concentra-
tion solution quintic nonlinearity is high enough.

Simultaneous with the appearance of a stable solitonlike
filament, the amplified spontaneous emission �ASE� induced
by the fifth-order nonlinear optical process becomes surpris-
ingly efficient. The efficiency reaches 2.04% at an input
1.3 �m laser intensity of 2.12 GW /cm2. Under the same
experimental conditions �the same input laser intensity and
the same experimental equipment, except that the input laser
wavelength is 1 �m�, the efficiency of two-photon absorp-
tion induced ASE is 4.42%. This means that the existence of
the stable solitonlike filament causes the lasing efficiency
induced by three-photon absorption reaches the same order
as that induced by two-photon absorption. As the input laser

intensity increases, an even higher efficiency of three-photon
absorption induced ASE is obtained.

To describe the spatial evolution of the light beam along
the propagation coordinate z, we may write a modified cubic-
quintic �CQ� model in a general rescaled form

i
�E� �z�

�z
+

1

2kn0
��

2 E� �z� + kn2�E�z��2E�z� − kn4�E�z��4E�z�

= 0. �1�

In this equation, n2 and n4 are positive constants determining
the nonlinear response of the optical material with intensity I
of the light beam.12

The multiphoton absorption processes can be described
by the following phenomenological expression:13

dI�z�
dz

= − �I�z� − �I2�z� − �I3�z� − ¯ �2�

Here, �, �, and � are the one, two, and three-photon absorp-
tion coefficients of the medium. For our solution, there is no
linear absorption ��=0� at the frequency of the incident
light. For a pure j-photon absorption process, Eq. �2� be-
comes

dI�z�
dz

� − Ij�z� . �3�

Thus, considering three-photon absorption, Eq. �1� should
include the fifth term that comes from Eqs. �2� and �3�. So
Eq. �1� becomes
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2 E� �z� + kn2�E�z��2E�z� − kn4�E�z��4E�z�
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In the Eqs. �1� and �4�, the first term indicates the laser beam
propagates along Z direction; the second term represents the
diffraction of the beam. The third and fourth term character-
izes self-focusing and self-defocusing, respectively. In the
Eq. �4�, the fifth term represents three-photon absorption.

A numerical simulation of the beam propagation is per-
formed by using Eq. �4�. The result is shown in Fig. 3. This
plot is generated by extracting five transverse light-intensity
profiles from the calculation. The evolution of the light-
intensity profile shows the formation of a solitonlike fila-
ment.

For Z in the range of 5 to 9.5 mm in the cell, the light
intensity reaches the threshold for dynamic equilibrium. Dif-
fraction is overcome by the Kerr term �n2�. High density
laser in the beam enhances the three-photon absorption dras-
tically, which prevents the filament from collapsing tendency
induced by the Kerr effect. Furthermore, part of the energy
of infrared laser in the filament is absorbed by the solution

FIG. 2. �Color online� Experimental observation of stable soliton vs propa-
gation distance. �a�: the real image of the soliton �from 5 to 10 mm in the
cell� that is taken by an optical microscope system in our experiment; �b�:
soliton profile evolves take from the real image �a�, in which the width of
filament is X in �a�; �c�: The three dimensional plot of up-converted fluo-
rescent intensity distribution in the whole solution cell.

FIG. 3. �Color online� Numerical simulation based on Eq. �4�. The five
peaks according to Z=5, 6, 7, 8, and 9, similar to those in Fig. 2�b�.
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because of three photon absorption effect. But weak infrared
laser outside the filament can compensate this energy loss
owing to the focusing effect. There are similar cases in Refs.
14 and 15.

As the infrared laser propagates from Z=5 to 9.5 mm,
the stable solitonlike filament appears, which makes the ma-
jor part of pumping infrared laser be localized within the
solitonlike filament. The localization of pumping infrared la-
ser in stable solitonlike filament leads to the effective three
photon absorption in the whole filament. The experimental
results show that high efficiency of lasing induced by three-
photon absorption is the result of stable solitonlike filament.

In conclusion, this work discovers that a stable spatial
solitonlike filament can appear in solution with high quintic
nonlinearity, which is the cause of effective three-photon in-
duced lasing. The filament is the result of a stable mutual
equilibrium among cubic nonlinearity, diffraction, and quin-
tic nonlinearity. Furthermore, as well as revealing the mecha-
nism of three-photon induced lasing, this work will make
many practical applications of high order nonlinear optical
processes possible.

This work is supported by the National Natural Science
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