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A coherent concatenation of multiple Townes solitons
may lead to a stable infrared and visible broadband fil-
ament in ceramic YAG polycrystal. This self-trapped
soliton train is leveraged to implement self-referenced
multiplex coherent anti-Stokes Raman scattering imag-
ing. Simulations and experiments illustrating the fila-
mentation process and the concatenation of focusing-
defocusing cycles in ceramic and crystal YAG are pre-
sented. In addition, our simulations and experiments
further examine the dependence of the filamentation on-
set location and supercontinuum generation upon peak
input power. Understanding this dependence is key for
implementation of viable CARS imaging techniques,
due to the comparatively exceptional ability of YAG
to generate supercontinuum which can enable higher-
sensitivity imaging without delay lines.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Spatial solitons are formed by the deformation-free propaga-
tion of a wave packet, confined by the nonlinear effect of its own
intensity [1]. Nonlinear saturation allows for wave stabiliza-
tion over several Fresnel lengths, leading to a modulation-free,
axially-symmetric beam. These so-called Townes solitons can
balance diffraction via nonlinear effects at a given peak power.
In two or more spatial dimensions, additional defocusing effects,
such as plasma defocusing and nonlinear absorption, are known
to arrest “catastrophic collapse” [1–3]. This process gives, at
best, quasi-stability and can otherwise lead to cycles of focusing-
defocusing events [3–8]. It is also known that the extreme con-
finement of the field produces conical waves, causing some of
the beam energy to propagate in a cone shape towards the center
and feed the core filament due to a coherent interference effect
[1, 5, 8].

In this work, we show experimentally and numerically that

the self-focusing process obtained in a Nd:YAG ceramic rod can
give rise to coherent, concatenated Townes solitons, producing
a stable filament in both visible and infrared spectra. This stabi-
lization is obtained thanks to the particular dielectric properties
of ceramics, which facilitate emission of conical waves, plasma
defocusing, and nonlinear/plasma absorption [5, 9]. Such broad-
band supercontinuum (SC) is surprisingly stable, and can be
efficiently leveraged for self-referenced multiplex coherent anti-
Stokes Raman scattering (SR-M-CARS) imaging [5, 10]. In par-
ticular, for imaging and other broader areas of application, there
has recently been considerable interest in extending the length
of a filament, or generating a "superfilament" [11]. By enhanc-
ing our understanding of the dynamics of focusing-defocusing
cycles in YAG and their concatenation, we envisage to design
experiments which may produce longer filaments in the labora-
tory.

Transparent Nd:YAG ceramics in the form of barrels were
elaborated by reaction-sintering according to the process de-
tailed in Ref. [12]. In our experiments, a 50-mm long Nd:YAG
ceramic is excited by a 1030 nm laser source (Pharos (Spark Di-
adem) emitting 175 (300) fs pulses at 100 (300) kHz), by using
a 50 mm focal lens which creates a 50 µm diameter Gaussian
beam. Two λ/2 plates and a polarizer cube are placed in front
of the crystal, to control the input beam energy and polarization
state. At the output, a CCD camera and an optical spectrum
analyzer record the shape of the beam and its wavelength con-
tent, respectively. The experimental setup is shown in Fig. 1a.
In a second stage, the generated infrared SC on-axis is used to
perform an SR-M-CARS experiment. For this application, the
beam passes through an LP1000 nm high-pass filter to remove
the visible part of the SC, which would otherwise overlap with
the anti-Stokes wave. A slightly tilted 1064 nm notch filter is
also used to create a dip in the SC, and reduce the spectral width
of the pump wave, which permits us to obtain sufficient spectral
resolution for the SR-M-CARS experiment. The incident beam
is then focused on the sample by using a 60× microscope objec-
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Fig. 1. (a) Experimental setup composed of a femtosecond
laser at 1030 nm, two half waveplates, a polarizer cube, a con-
verging lens and a Nd: Ceramic YAG; (b) output far field of
the experiment in the visible domain; (c) experimental output
infrared spectrum (7 MW peak input power).

tive (Olympus LUMFLN60×W), while the SR-M-CARS signal is
collected by another 60× objective (Nikon S Plan Fluor ELWD
60×). This emitted signal is then filtered by a SP1000 nm low
pass filter, and analyzed by a HORIBA LabRAM spectrometer.

The spatial stability of the solitary wave makes it possible
to obtain a sub-µm transverse resolution at 1030 nm, while the
introduction of a notch filter at 1064 nm guarantees a spectral
resolution of less than 40 cm−1. Fig. 1b shows conical waves
and radial self-phase modulation with various interferences,
demonstrating the coherence-preserving nature of nonlinear
propagation. These interferences are also visible in the infrared
spectrum, which is clearly modulated, as shown in Fig. 1c.

Propagation of an ultrashort pulse envelope Ẽ(kx, ky, ω) =
Fxyt[E(x, y, t)] in YAG can be described by the following for-
ward envelope equation (FEE) with Kerr nonlinearity, nonlinear
absorption, and plasma effects, under the paraxial (small-angle)
approximation and the slowly-varying-envelope approximation
(in the nonlinear term) [2, 13–15]
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Here, vg is the group velocity evaluated at ω = ω0 and
β17 = 17ω0σ17ρnt and I = (ϵ0cn0/2)|E |2 and σ(ω) =
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−1. We have λ0 = 1030
nm and we select λref = 780 nm. We select n2 = 6.13 × 10−20

m2/W. We select τc = 3 × 10−15 s and σ17 = 1 × 10−274 kg4 s
×Pa−14 × W−7 and ρnt = 7 × 1028 m−3 and Ui = 1.04 × 10−18

J as in Ref. [2].
The split-step method with a step size of ∆z = 4 µm is used to

solve Eq. 1 using MATLAB. In the splitting of operators, we first
propagate the linear terms in Fourier space. Then, the operator
part corresponding to the second (Kerr) and fourth (nonlinear
absorption) terms are applied in real space, and finally the third
(plasma) term is applied in real space by integration of this term
forward by a distance ∆z (using the forward Euler method). The
rate equation that is solved for the plasma current density, ρ, can
be found in, for instance, section 2.4.4 of Ref. [13].

In the absence of defocusing effects, the critical distance
at which catastrophic collapse occurs for a monochromatic
pulse is described by the Marburger formula [13]: zcr =
zR[−.0219 + (−0.852 −

√
Pin/Pcr)2]−1/2. In our case, the

Fig. 2. Simulated filament onset location (with defocusing
terms and 300 fs pulse duration) vs. (Blue): predicted (via Mar-
burger formula, without defocusing). (Green, red): Location
where on-axis visible fluence first surpasses .25 J/m2. (Orange,
black): Location where spectral flux density of the rod first
surpasses 0.001W/Hz at every visible frequency in the 525-750
nm range.

Rayleigh length is zR = 0.005476 m, and the critical power Pcr is
1.4 MW. Equivalently, the critical distance can be expressed as

zcr = [a1Pcr + a2P1/2
cr + a3]

−1/2 (2)

with a1 = 355.734, a2 = −716.94, and a3 = 350.331. We per-
formed a fit of our spectrally-resolved (with 300 fs pulse du-
ration) simulation data, including the arrest of collapse due to
defocusing and spectral broadening. This is shown in Fig. 2,
where the orange curve, for instance, corresponds to Eq.2 with
(a1, a2, a3) = (-4334.23, 47688.41, -51413.18).

Fig. 3. 300 fs pulse duration: (Green, red) Simulated filament
onset location from Fig. 2. (Cyan): Crystal-YAG experimental
data. (Purple): Ceramic-YAG experimental data.

Since plasma effects and supercontinuum generation (SCG)
can arrest collapse [1], the defocusing action (and inclusion of
spectrally-resolved effects) shifts the filament onset location fur-
ther away from the origin than predicted by the Marburger
formula. However, as shown in Figs. 2 and 3, both experimental
and simulated data can be fit with good accuracy by Eq. 2, al-
beit for different values of a1, a2, a3. The discrepancy between
experiment and simulation (see Fig. 3) may be ascribed to the
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Fig. 4. Coherent Kerr-soliton beam generated for 175 fs pulse
duration: (a) Experimental demonstration of beam concate-
nation in Nd:YAG ceramics. All filament onset locations have
been aligned, to show the progressive lengthening of the soli-
tary wave. These results are comparable to the experimental
results for filament onset shown in Fig. 3 (purple). (b): Simu-
lated Intensity I , band-pass filtered to include only 380-750
nm and then integrated in time. We use Eq. 1 to propagate E
along the z-direction. For visibility, the green brackets high-
light the initial focusing cycle in low peak input power cases.

fact that light is focused by a lens when it first enters the rod in
the experiment.

The capability to control the focal point (and producing a
focus that nearly-instantaneously varies with peak input power)
is critical for SR-M-CARS imaging [10]. In fact, the peak input
power influences both the SCG and the filament onset location
in the ceramics, which in turn affects the focal point of the micro-
scope on the sample. However, the low level of laser fluctuations
(less than 4% in intensity) permits a good shot-to-shot stability
of the measurements. Moreover, we expect that the use of YAG
ceramics can mitigate the plasma defocusing action due to the
different dielectric properties (primarily the electron collision
time τc) when compared to YAG crystals [9, 16]. To study this
effect and to supplement Figs. 4 and 5, we included a video of
our experiments in the 300 fs pulse duration case (see Visualiza-
tions 1 and 2 of supplementary material), showing the effects of
varying the peak input power.

For a peak input power of 1.4 MW (equal to the critical power
Pcr), a single self-focusing process appears, and spectral broaden-
ing accompanies the trapped spatial beam (Fig. 4a). After a few
hundred microns of propagation the solitary wave spreads out,
owing to the defocusing action of plasma generation and the
emission of conical waves. By increasing the peak input power, a
second self-focusing process appears, as shown in Fig. 4a. With
a further peak input power increase, we observe that the second
beam gradually approaches and concatenates with the first, thus
substantially increasing the overall propagation length of the
initially trapped wave (Fig.4a). For higher peak powers, the
length of the solitary wave exceeds 5 mm, which is 5 times the
filament length at 1.4 MW. The concatenation of Kerr-solitons
and SCG necessary for SR-M-CARS is also represented by the
numerical simulation results shown in Fig. 4b and Fig. 6a-c, re-
spectively. Notably, a similar experiment carried out with a YAG
crystal instead of Nd:YAG ceramics led to different dynamics

Fig. 5. Experimental comparison between (a) Nd:YAG crys-
tal and (b) Nd:YAG ceramics at 10 MW peak power for 300
fs input pulse duration. This primarily illustrates the effect
of different values of electrical conductivity, which is propor-
tional to the collision time τc. For a crystal (panel (a)) we have
τc = 3 × 10−15 s [2].

(see Fig.5 and Visualizations 1 and 2 of supplementary material),
which keep the individual trapped beams spatially separated
. This suggests that a specially-conceived ceramic YAG with
different dielectric properties could generate a more uniform
and longer train of Townes solitons with enhanced robustness
to the peak pump power. Plasma rate equation parameters such
as the collision time τc (which is proportional to the electrical
conductivity) influence the efficiency of plasma generation, par-
ticularly the magnitude of the plasma defocusing term in Eqn.
1, the maximum intensity (and minimum beam width), and the
distance between focusing-defocusing cycles [1]. Therefore, the
material parameter τc has an important effect on the maximum
length of filaments.

Additionally, Figure 4 shows the formation of a very
cylindrically-symmetric beam, which does not drift away from
the origin nor produce multiple filaments. This is also the case
in experiments, indicating that any inhomogeneities present
in the YAG crystal or ceramics do not significantly impact the
beam quality. Since the system preserves cylindrical symmetry,
a single clean beam is produced at a robust transverse location,
which is helpful for SR-M-CARS [10].

Efficient SCG is essential for the SR-M-CARS process [10, 17,
18]. Figure 6 shows how controlling wave collapse in Nd:YAG
ceramics can lead to efficient coherent SC in the visible and in-
frared domain. Such nonlinear conversion can be either collinear
(emitted by the central part of the beam) or non-collinear (con-
ical wave emission). The spectrum spanning from 1000 nm to
1700 nm allows for CARS multiplexing [10] between 0 and 3000
cm−1, as shown in Fig. 7. The SC generated in the Nd:YAG
ceramics (see fig.7a) is dominated by self-phase-modulation; it
covers both the visible and near-infrared regions and decays
nearly exponentially on either side of the pump wavelength.

Numerical simulations (most notably 6c) show some spectral
ripples between 1100 nm and 1600 nm, which is likely due to
the spectral interference among the notches. These results are
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Fig. 6. Panels (a),(b),(c): numerically simulated SCG at 175 fs
and three different peak input powers. The spectral broaden-
ing originates at the point of beam collapse where the maxi-
mum local intensity is reached. Experimental spectra at the
output beam center at 1 MW (d) and 6 MW (e). Panel (f): sam-
ple case of output beam shape (far field) at 10 MW (visible
spectrum).

Fig. 7. 175 fs Input pulse duration: (a) SC spectra shown as a
function of the pump peak power; (b) pump and Stokes spec-
tra; (c) M-CARS spectrum of Acetone; (d) image of polystyrene
bead at 991 cm−1 (e) M-CARS spectrum of polystyrene

consistent with experimental results (see Fig.6d,e). The princi-
pal mechanism for this phenomenon is self-phase modulation,
illustrating the coherent nature of the trapped waves. These
interferences appear in experiments as colored rings around the
beam center (see Fig.1b). While conical emission primarily oc-
curs at red wavelengths (see Fig.1b), in both experiments and
simulations other visible wavelengths exhibit conical emission
at varying angles (see Fig.6f and Fig. 4b). Such an effect is
well known to occur in cases of filamentation, and it plays an
important role in smoothing wave collapse [1]. For instance,
simulations in Fig. 4b show the importance of reflected conical
emission in feeding the central filament, most obviously in the
5.4 MW and 10 MW peak input power cases.

By using two filters (LP1000 and a notch filter at 1064 nm ), we
were able to isolate a sharp spectral slice at 1030 nm alongside
with a broadband Stokes wave, which allows for the generation
of a large band SR-M-CARS signal (see Fig. 7b). The first experi-
ment employed an Acetone sample. We obtained its signature in
the form of an asymmetric CH3 stretching mode at 2913 cm−1,
the C=O stretching mode at 1687 cm−1, and the deformation of
CH3 bonds at 1435 cm−1, respectively (see Fig. 7c).

By using a sample of polystyrene beads, we proved that a
transverse scan can also provide an image with selective M-
CARS resonance at 991 cm−1 (see Fig.7d). We obtained the CH2
scissoring mode at 1450 cm−1, the C-C stretching mode at 1115
cm−1, the ring breathing mode at 991 cm−1, and the aromatic
C-H stretching vibration at 3054 cm−1 (see Fig. 7e), respectively.
Further demonstrations of this method and its applications will
appear in a separate publication.

In conclusion, we experimentally demonstrated that spatial
solitons, generated at different positions in a ceramic polycrystal
under the combined action of Kerr self-focusing and plasma
defocusing, may merge and produce a continuous and stable
laser filament, which propagates over several millimeters. We
have presented a study of the defocusing action, filament on-
set location, SCG and conical emission in crystal and ceramic
YAG. Moreover, we exploited the broadband output spectrum
of the trapped beam with a clean spatial shape for SR-M-CARS
imaging experiments. Optimizing the dielectric characteristics
of ceramics may additionally make it possible to control the
plasma defocusing process, and mitigate spatial instabilities of
two-dimensional Kerr solitons.
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