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Controlling Femtosecond Laser Filaments
via Quasi-Hermite Gaussian Beam Modes
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We present the possibilities of controlling and organizing femtosecond laser filaments and white-light
formation via generating quasi-Hermite Gaussian beam modes in water. The quasi-Hermite Gaussian
modes are created as transverse structures with different intensity and phase distributions by modulating
the spatial phase front in the incident Gaussian beam. We have created phase masks on a spatial light
modulator to produce desired beam profiles such as quasi-Hermite Gaussian beam modes. By creating
the quasi-Hermite Gaussian beam modes from the incident Gaussian mode, we have shown that multiple
filaments and white-light generation patterns can be controlled and organized depending on the created
beam mode profile. Since only one initial beam was employed, the beam and the created side patterns
were mutually coherent, which enables their use for pump–probe spectroscopy and other experiments
requiring mutual coherence of the beams employed.
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1. Introduction

Filamentation can appear as a result of the self-
focusing of intense ultrashort pulses that is re-
strained by ionization of the medium [1, 2]. Fila-
menting pulses can propagate over long distances
due to the sustaining dynamic energy balance in
the filament structure. Accompanying nonlinear dy-
namic phenomena, such as strong spectral broad-
ening [3–5] make filament generation an interest-
ing research topic of nonlinear optics, related to the
interaction of extreme ultrafast optical fields with
matter, which finds various applications, such as re-
mote sensing, high harmonic generation, etc. [6–11].
For these important applications, filaments must
be produced reproducibly and in a well-organized
and controlled fashion. Filament formation is the
result of balancing the Kerr self-focusing of an in-
tense laser pulse and defocusing by plasma gener-
ation and ionization of the medium [12–15]. Con-
sequently, the intensity profile plays an important
role in filamentation and resulting white-light su-
percontinuum generation. Small intensity irregular-
ities on the laser beam profile can be efficiently
enhanced through filament generation [16]. Such

inhomogeneities in the transverse profile of a prop-
agating pulse are always present due to inherent
variations of the laser generation process and per-
turbations of the surface and medium in the path
of the optical beam. Multiple filaments from such
distortions would naturally occur, and in the case
of the high input peak power, the generation of
a multi-filament structure is normally unavoidable.
In addition, different filaments in this structure
randomly compete for energy distribution [16–19].
The so-called mature filament is the one that un-
dergoes the self-focusing process and propagation
and develops enhanced self-phase modulation re-
sulting in spectral broadening, i.e, white-light con-
tinuum generation [16]. Often, competing filaments
end prematurely [20], thus reducing related ioniza-
tion and subsequent fluorescence of molecules due
to suppressed molecular excitation and filamenta-
tion [17]. The inherent instability of filamentation
calls for a practical solution allowing for system-
atic and reliable control of this process. A possi-
ble approach can be to impose a regular artificial
perturbation in the path of the incident beam that
creates a template for the development of the fil-
ament structure. For instance, highly reproducible
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filamentation patterns in water were predetermined
by introducing a small incident beam ellipticity [21].
The arranging of a regular filament formation in the
air was demonstrated by applying phase distortions
or gradients in the incident pulse [22]. Filament for-
mation was also organized and controlled by redis-
tributed laser intensity by applying a 180◦ phase
step on a spatial light modulator (SLM) [23]. This
induced diffraction, causing the exceeding of the
critical threshold, which resulted in filament gen-
eration. By arranging the focusing of different spa-
tial parts of the original beam, filaments were cre-
ated in an arbitrary array in fused silica by using
an SLM [24]. The control of multiple filaments was
numerically studied by imposing a periodic mesh
onto the beam profile with random intensity per-
turbations [25]. This periodic mesh creates a regu-
lar field variation in the beam profile, resulting in
deterministic multi-filaments [26, 27]. By inserting
diffractive optical elements into the path of an in-
tense pulse from a Ti:sapphire laser system, stable
one- and two-dimensional arrays of filaments were
experimentally produced due to highly structured
diffraction patterns [20]. The organization of regular
filamenting patterns is also demonstrated in other
studies by introducing field gradients, phase distor-
tions, as well as by beam shaping [23, 28–31]. For
the latter, a deformable mirror [22, 32, 33], a dou-
ble lens set-up [34], or patterned optical fields [35]
were used.

In this study, we generated quasi-Hermite Gaus-
sian (HG) beam modes with specially realized phase
masks on an SLM and used holographical flexibility
instead of deterministic mechanical or optical ele-
ments, such as meshes, slits, apertures, etc. With
this approach we created a regular spatially redis-
tributed intensity of beam modes, such as quasi-
HG profiles, to control femtosecond laser filaments
and related white-light formation by causing the
critical threshold for filament formation to be ex-
ceeded. We experimentally confirmed that multiple
filaments and white-light supercontinuum genera-
tion can be actively organized and controlled by
generated beam modes in a phase-only SLM. Since
employment of an SLM provides a high degree of
flexibility and can universally be applied to the gen-
eration of a variety of beam profiles, this method
can be adapted to many practical applications re-
quiring control and organization of femtosecond fila-
ments and the white-light generation. Our findings
show that HG beam modes can efficiently control
the structure of filamentation and can therefore be
implemented in many nonlinear optics applications.
An important property of multiple filaments pro-
duced from one incident beam is that the light in
these filaments is mutually coherent. The coherence
of the white-light continuum from such multiple fil-
aments was studied and verified in [36], and this
property can be used for pump-probe spectroscopy
and other experiments, where the mutual coherence
of the employed beams is a prerequisite.

2. Experimental procedures, results,
and discussion

The experimental layout is depicted in Fig. 1a.
We employed laser pulses emitted from a 1 kHz
Ti:sapphire laser system having 50 fs pulse dura-
tion, 800 nm central wavelength, and 1 mJ per pulse
output energy. The experimentally created beam
modes were sent into a glass cell filled with water.
The beam profiles were imaged onto CCD (Mightex,
1.4MP 1/2” CCD) monochrome and color cameras
placed with proper filters at the exit of the beam.

To create quasi-HG beam modes, we modified
the spatial phase distribution of an initial Gaus-
sian beam. The respective phase masks imposed
on the SLM (Hamamatsu LCOS-SLM 104683) are
shown in the inset of Fig. 1a. In the phase dis-
tributions shown, the pixels for which the phase
shift is 0 are rendered black, and the ones with
the phase shift equal to π are shown as white. The
SLM phase modulation was factory calibrated and
produced phase modulation in excess of 2π radians
at 800 nm. We applied a phase-only modification
to the incident Gaussian beam from the laser sys-
tem. As a result, the resulting beam was a super-
position of HG beams with different mode numbers
— we call them quasi-HG modes. These quasi-HG
beams have side lobes as presented in Fig. 2a–d.

Fig. 1. (a) Experimental layout. In the inset, the
phase distributions are given to generate quasi-HG
beams on the SLM, where pixels with 0-phase are
rendered black and the ones with π-phase are shown
as white. The dielectric mirror (DM) was used to
separate the IR radiation from the laser source and
the generated white-light. (b) The transmission T
and reflection R are shown in the graph on the right.
The separated radiations were imaged on the CCD
cameras.
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Fig. 2. (a–d) The measured laser intensity distributions of the quasi-HG beams with the phase masks (1–4)
from the inset of Fig. 1 (e–h) The intensity distributions calculated with the diffraction integral of (1) for the
same phase masks.

The intensity distributions for quasi-HG beams
were calculated as described in [37, 38]. The incident
beam was assumed to be Gaussian (HG00 mode)
E(x′, y′, z = 0) = E0 e−(x

′2+y′2)/w2
0 with the radius

of the beam w0 on the SLM. From the full width
∆xFW e−1 = w0

√
2 = 1.16 mm at the e−1 level of

the beam intensity distribution, the beam radius w0

is determined to be w0 = 0.82 mm. The images of
the distribution of the laser intensity in HG beams
were recorded by using a CCD camera with sensor
size 7.60× 6.20 mm2 at the distance L = 70 cm.

Denoting the phase variations imposed by
the phase mask on the SLM as ϕ(x′, y′), the
field can be presented as E(x′, y′, z = 0) =

E0 e−(x
′2+y′2)/w2

0 e iϕ(x′,y′), and consequently, the
Fresnel diffraction integral can be written as

E(x, y, z = L) ∼= −
i

λL
e ikL e i k

2L (x2+y2)

×
∞∫
−∞

dx′
∞∫
−∞

dy′E0 e−(x
′2+y′2)/w2

0

×e i k
2L (x′2+y′2) e− i k

L (x x′+y y′) e iϕ(x′,y′). (1)
Here k = 2π/λ is the wave number, λ is the wave-
length, and L = 70 cm is the propagation dis-
tance after the SLM. In the quasi-HG modes, the
neighboring side lobes are out of phase by π. Since
the phase factor can be factorized as e iϕ(x′,y′) =
e iϕx(x

′) e iϕy(y
′), the integrals over x and y axes were

calculated independently for the phase distributions
in the inset of Fig. 1a.

The validity of this approximation is determined
by the conditions: L � a and a4/(4λL3) � 1
(a is the characteristic dimension of the beam). The
latter condition requires that the quadratic terms
in the phase are the dominant compared to the
higher order terms that can be neglected. The Fres-
nel diffraction corresponding to the propagation in
the near wave field is realized for F = a2/λL � 1,
where F is the Fresnel number. For F � 1 the
Fraunhofer diffraction and the far field wave prop-
agation are realized. The initial beam had a radius
w0 = 0.82 mm, a small divergence < 10−3 rad,
and was close to normal incidence on the SLM. For

the initial beam propagating from the SLM to the
CCD camera, the Fresnel number is F = 1.2, which
corresponds to the transition from the near to the
far field, and the conditions of (1) validity are well
fulfilled since L = 70 cm � w0 = 0.082 cm and
w4

0/(4λL
3) ' 0.002 � 1. By imposing the phase

mask, even smaller spatial scale variations are in-
troduced in the beam with characteristic dimen-
sion a < w0, for which these conditions are satisfied
even better.

The calculated intensity distributions are pre-
sented in Fig. 2e–h. We stress that the intensity
distributions in Fig. 2f–h are calculated for phase
only modification of the incident Gaussian beam
at the position of the SLM. In the experiment,
at sub-critical laser intensities (no filament forma-
tion), we observed similar structures of quasi-HG
beams. The experimental counterparts of calculated
distributions from (f–h) are shown in panels (b–d)
of Fig. 2.

In the case in Fig. 2a, where there is no imposed
additional phase, the beam arrives at the CCD with
only a small divergence. In the case in Fig. 2b,
a mask with a sharp phase step in the vertical y-
direction equal to π rad is imposed, resulting in
phase-edge diffraction [39], leading to the intensity
oscillations in the vertical direction, while in the
horizontal x-direction the diffraction is similar to
the unperturbed beam. In Fig. 2c, the phase step is
in the horizontal direction, so the edge-type diffrac-
tion happens in the horizontal direction. In Fig. 2d,
the phase steps are both in the vertical and horizon-
tal directions, which results in an oscillatory inten-
sity behavior in both directions and the formation
of clearly visible lobes with gradually decreasing in-
tensity. We note that in the diffraction on a phase
step, the spacing between the peaks of the lobes
and the widths of the lobes is increasing with the
propagation distance L from the SLM proportion-
ally to

√
λL [39]. Consequently, if the distance be-

tween the SLM and the cuvette with water is chang-
ing, the intensity will vary inversely proportional to
the distance, i.e, ∼ 1/z. As is shown further, the
produced structure of the intensity distribution will
define the structure of the filament formation.
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Fig. 3. The measured IR (a–d) and white-light (e–h) intensity distributions of the quasi-HG beams at the
exit of the cuvette.

Fig. 4. The recorded spectra for the incident laser
wavelength (red color) and five filaments (dark
colors).

To generate filaments and related white-light su-
percontinuum, the quasi-HG beams were sent into
a 5 cm long cuvette containing water. The laser
power was adjusted to threshold power so that there
was no filament generation with the incoming origi-
nal Gaussian beam. Then we switched phase masks
on the SLM and visualized filament generation af-
ter the water cuvette. By changing the distance be-
tween the SLM and the water cuvette, we adjusted
the peak intensity in the intensity distribution lobes
pattern, causing the critical threshold of filament
formation to be exceeded. Then, generated white-
light and incident IR radiation around 800 nm
were effectively separated by reflecting the light at
around 800 nm and transmitting the white-light
from 400 to 700 nm with a dielectric mirror (see the
transmission–reflection plot in Fig. 1b). The sep-
arated IR radiation and the generated white-light
were recorded on two CCD cameras. The distribu-
tions of the filtered IR beams (light around 800nm)
are presented in Fig. 3a–d. Since only a small por-
tion of the initial beam went into the white-light
generation, the observed distributions of the IR
beams were quite similar to those in Fig. 2.

The generated filaments are shown in Fig. 3e–h.
As seen in Fig. 3e, the incident Gaussian beammode
showed no white-light production, but the HG01,

HG10, and HG11 beam modes generated individ-
ual filaments, which followed the structure of the
beam lobes (Fig. 3f–h). In the experiment (and in
the calculation also), we modified only the phase
within the initial Gaussian beam profile because
we have phase-only SLM. Thus, the resulting HG
modes are expected to be superpositions of HG01,
HG10, HG11, and higher modes. It can be seen in
generated HG patterns by the appearance of several
side lobes. In the experiments, the filaments can be
distinguished and counted. The light from the sep-
arate filaments can be also discerned. The higher
intensity leads to a larger nonlinear refractive index
contribution. Thus, the modified refractive index
profile behaves as a focusing lens during the pulse
propagation in water, which leads to self-focusing
and filament formation. Filament generation occurs
in our experiment at optical intensities far above
the self-focusing limit, resulting in a relatively short
length for the development of this process. Besides
the larger-scale spatial intensity modulation due to
the formation of side lobes, there are always small-
scale inhomogeneities in the beam that give rise to
the multiple filament formation within the lobes,
provided that the intensity is sufficiently high. The
number and positioning of the multiple filaments
within one intensity lobe are determined by these
intensity inhomogeneities, the intensity level, and
such processes as the filament competition [17, 40]
and the interaction of the filament core with the
surrounding energy reservoir [41]. By modifying the
intensity structures of the incident beam on SLM,
we observed that filament generation can be con-
trolled and organized.

In addition, the recorded spectra for initial laser
beam (red color) and generated filaments (dark col-
ors) around the central laser wavelength 800 nm
are presented in Fig. 4. One observes that there is
a dip formed in the vicinity of the spectral maxi-
mum (at about 800 nm) of the incident pulse and
that there are new spectral components generated
with shorter and longer wavelengths in the spec-
tra corresponding to the filaments. When a fem-
tosecond laser pulse produces filaments as a result
of self-focusing, this phenomenon is accompanied
by several nonlinear effects, such as self-steepening,
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self-phase-modulation, and also ionization, when
the intensity sufficiently increased. The spectral
broadening of the incoming pulse that covers the
visible part of the spectrum is perceived as a white-
light generation and presents a broad spectral con-
tinuum. What is also important, the positions and
characteristics of the filaments produced in each
experimentally created configuration of quasi-HG
modes are highly reproducible, thus overcoming the
limitations in the arrangement of well-defined fila-
ment structures set by a somewhat noisy profile of
the laser beam.

3. Conclusion

We report the results of the experiment on con-
trolling and organizing femtosecond laser filamen-
tation and the white-light generation in water by
forming different transverse intensity structures of
the incident beam. By creating quasi-HG beam
modes from the initial Gaussian beam, we have
shown that the structure of filaments and the re-
lated white-light formation can be predetermined
by the beam mode structure. The filaments are dis-
tinguishable and countable since the light produced
by the separate filaments can be clearly discerned.
In the experimental settings, there was only one in-
cident beam, so the light sources produced by the
side lobes were mutually coherent. This coherence
is an important property for realizing pump-probe
spectroscopy and other experiments. By using the
flexibility of phase masks on the SLM, beam modes
can be created with desired intensity profiles, thus
opening the possibility of creating and controlling
well-defined filament structures that can be used in
various applications.
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