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It is shown both experimentally and theoretically that interference effects play the key role in the formation
of frequency-angular spectrum of the filament conical emission. For the first time we investigated experimen-

tally the transformation of the conical emission frequency-angular spectrum with increasing of the filament
length inside fused silica. We discovered the appearance of fine structure of the conical emission rings pro-
duced by lengthy filament. It is shown that the conical emission frequency-angular spectrum is produced by

interference of coherent radiation from one or several moving point sources in the filament. The shape of the

conical emission spectrum depends on the medium material dispersion, the spectrum structure is determined
by length and relative location of filament emitting regions.

Femtosecond laser pulse filamentation in transparent
dielectrics is accompanied by the superbroadening of the
pulse frequency-angular spectrum. Anti-Stokes compo-
nents of the supercontinuum (SC) which propagate in the
forward direction inside the thin cone surrounding the fil-
ament form a set of rainbow colored rings of the conical
emission (CE). The formation of axial-symmetric col-
ored rings is a fundamental feature of the pulse spectrum
nonlinear-optical transformation in the process of fila-
mentation. The ring-shaped picture of the CE doesn’t
reshape in the case of astigmatic beams [1], nor depends
on the location of SC generation region along the fila-
ment length [2]. Splitting of the CE continuous pattern
into discrete colored rings was registered in air after re-
focusing of femtosecond pulse in the filament [3], inside
fused silica during the filamentation of laser pulse fo-
cused by the axicon [4], inside fused silica with increas-
ing of pulse energy [5]. The coherence length of the SC
spectral components is not shorter than the coherence of
the pump laser pulse [6] so that in the multifilamentation
process of high-power femtosecond pulses the interfer-
ence of the CE rings occurs [7]. A regular interference
picture of the CE was obtained in [8] where the one-
dimensional array of filaments was formed in water by
the cylindrical lens.

Different models have been proposed for interpre-
tation of the SC CE in the filament: a Cerenkov-type
process on the filament dynamical surface [1,9], four-
photon parametric generation in the Kerr medium with
the normal group-velocity dispersion [10], inseparable
self-phase modulation in space and time [2,11], three-
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wave mixing of the incident laser field and material
waves of the medium nonlinear response [12]. In [13,14]
the filamentation and the SC generation were interpreted
as a spontaneous formation and the subsequent dynam-
ical interaction of X-wave packets. The interference
model of the CE frequency-angular spectrum formation
was proposed in [15].

In this letter we present new experimental and theo-
retical results on the interference effects in the process of
the CE frequency-angular spectrum formation. For the
first time we discovered the appearance of fine struc-
ture in the CE spectrum with increasing of filament
length inside a fused silica sample. It is shown that
CE frequency-angular spectrum is the result of the in-
terference of broadband radiation from moving point
sources in the filament. We present analytical expres-
sions for frequency-angular distribution of spectral in-
tensity, which reveal a fine structure typical for the CE
produced by lengthy filament and the CE ring splitting
after refocusing. We show that in a medium with a nor-
mal group-velocity dispersion the CE results from the
interference of the radiation outgoing from several sub-
pulses moving with different velocities.

The experimental setup is shown schematically in
the Fig.1. Ti:sapphire laser pulses (800 nm wavelength,
1kHz repetition rate) with duration 35fs and diameter
3mm (FWHM) were focused by the 100-cm lens onto
the sample input face. The original element of our setup
was the sample, which represented an optically polished
acute-angled wedge made of the fused silica UV-1. The
wedge had 10-cm height and 4-cm width. In front of
the silica wedge as well as behind it there was no fil-
amentation, because the pulse peak power was of three
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Fig.1. Schematic representation of our experimental setup
for the registration of the SC CE from filament with varied
length

orders less than the critical power for self-focusing in air.
The wedge was mounted on the translation stage with
the possibility of the micrometer resolution movement
in the plane perpendicular to the beam propagation di-
rection. Such arrangement enabled slow variation of the
filament length inside the sample and therefore make it
possible to investigate the CE spectrum transformation
from filament start and till multiple refocusings at the
same pulse energy. The length, location, and structure
of glowing filament inside a silica were registered by the
digital camera with the microscope objective through the
side face of the wedge. The SC CE was observed and
recorded by another digital camera on the white screen
placed at the distance of 20cm from the wedge input
face.

For the investigation of the SC CE frequency-angular
spectrum we fixed the laser pulse energy on the value of
2.4 puJ that corresponds to the pulse peak power of about
30P,,, where P, —the critical power for self-focusing in
fused silica. For such energy parameters several refocus-
ings can occur in a lengthy sample. The starting point
of the filament takes place at the distance zy = 6.5mm
from the input face of the wedge. When the wedge was
fitted in position where laser pulse passed inside it the
distance equaled to the z; and then get out from the sil-
ica sample, we observed only the glowing point near the
output face of the wedge (Fig.2a). Therefore, it becomes
possible to observe CE formed by the point SC source
in the filament. In this case CE represents a wide homo-
geneous red spot (Fig.3a). This indicates the beginning
of the frequency-angular spectrum broadening. When
slowly moving the wedge upward in order to increase the
laser pulse passing distance inside the nonlinear medium
the longer filament is formed. When the filament length
I, which is limited by the wedge, is about 1 mm (Fig.2b)
the CE represents a white spot surrounded by a blue
aureole. This is the evidence of the considerable broad-
ening of frequency-angular spectrum and increasing of
the anti-Stokes components intensity. Further growing
of the filament length results in the CE higher bright-
ness. At the filament length | = 2mm (Fig.2¢) charac-
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Fig.2. Images of the filament inside the silica wedge at dif-
ferent wedge positions. The inclined light line is the output
face of the wedge

teristic continuous rainbow colored rings appear in the
CE pattern extending from red (longer wavelength) near
the center to blue (shorter wavelength) at the outside
(Fig.3c). When the filament length ! exceeded 2.5 mm
(Fig.2d) we discovered the appearance of a fine structure
in the angular distribution of the rainbow rings (Fig.3d)
(compare with Fig.3c). The angular width of the dis-
crete rings forming the fine structure is about 0.003 rad
and decreases with the filament length growing. The dis-
covered fine structure of the CE rings can be explained
by formation of interference maxima in the frequency-

angular spectrum generated by a lengthy filament.
Subsequent wedge shifting leads to the attainment of
the sufficient pass distance of the laser pulse inside the
silica for the refocusing. At the distance L = 2.7mm
after the starting point of the filament the refocusing
occurs, and the second emitting region in the filament
begin to appear coaxially with the first one (Fig.2e).
The appearance of the second emitting region leads to
the splitting of the CE pattern into the discrete high-
Iucema B AT Tom 91

Beim. 7—8 2010



Interference Effects in the Conical Emission ... 407
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Fig.3. Patterns of the conical emission corresponding to
different filament lengths from the Fig.2. Pulse parame-
ters: wavelength 800 nm, duration 35 fs (FWHM), energy
24 pJ

contrast colored rings of the 0.005rad angular width
(Fig.3e). With the growth of the second emitting region
length (Fig.2f) the discrete rings of the CE become more
brightly and contrasting, but its angular width doesn’t
change (Fig.3f).

The analysis of the obtained experimental results
leads to the conclusion that the SC CE is formed by the
interference of light fields from one or several lengthy
emitting regions of the filament. Angular distribution
of the SC CE depends on the length and the relative
position of emitting regions in filament.

For theoretical explanation of the appearance of the
fine structure in the CE angular spectrum with the fil-
ament length increasing and also of the colored rings
splitting after refocusing we used our interference model
[15]. According to the model, the CE frequency-angular
spectrum is formed as a result of the interference of the
point broadband source radiation, which moves with the
group velocity v, along the emitting filament region. In
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this case the frequency-angular distribution of the spec-
tral components S(6, \) takes the form:

Ap(0, A
S(8,) = So(8, \)I?sinc? (%) . ()
where [ is the length of the filament emitting region,
So (8, A) is the spectrum of the point source. The phase
shift Ap(f,A) of the CE component at the wavelength

A propagating under the angle 8 is equal:
2l ([ _ o) co _
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where g is the pulse central wavelength, ng = n(Xo).
The refractive index n(A) and the group velocity v, are
calculated from the dispersion relation for the medium.

The CE spectrum formed by the interference of the
radiation from two filament emitting regions in case of
the refocusing is calculated from the following analytical
expression [5,15]:

Ss(6,)) = 45(8, \) cos? (Mzﬁhﬂ)) RENE))

where S(6,)) is the spectral intensity of the conical
emission, formed by each of the separate emitting re-
gions with the length [. Spectral intensity S(#,A) can
be calculated analytically from eq. (1). The phase shift
Aps (0, ) for the waves from different emitting regions
of the filament is calculated from eq. (2) by the substi-
tuting [ for the distance L between the starting points
of the emitting regions.

In the filamentation process occurring inside the Kerr
medium with the normal group-velocity dispersion a
laser pulse splits into two subpulses. Each subpulse
represents the SC source, which propagates inside the
medium with its own velocity, different from the pulse
group velocity vy, due to the different subpulse spec-
tral contents. In this case the analytical expression
for the angular distribution of the CE spectral compo-
nents S(#,A) can be also obtained from the interference
model [15]:

S0, =
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Here So1,2(f, A) are the spectrum intensities of each SC
point source, Ayps 2(8, \) are calculated from eq. (2) as-
suming | = I; » and v, = vy 3, respectively, I; » are the
sources emitting lengths, vy » — sources velocities.

The “visible” spectrum Sp(#,A) = S(8, A)h(A) cor-
responds to the broadband spectrum perceptible by the
human eye, where h(A) is the spectral sensitivity of the
digital camera used to record the CE patterns.

Figs. 4a,d present the ”visible” CE spectra S;™(6, A)
calculated analytically by (1)—(4) for experiment para-
meters. Fig.4a corresponds to the CE spectrum from

Fig.4. a),d) — halftone pictures of the “visible” analytical
CE frequency-angular spectra S;"(6,A) for a) one emit-
ting region with the length [ = 2.5mm and d) two fila-
ment emitting regions with the distance between its start-
ing points L = 2.7mm. b), e) — numerical CE frequency-
angular spectra S;™ (8, \) at the distances b) z = 9.5 mm
(before the refocusing) and e) z = 12.5 mm (after the refo-
cusing). c), f) - corresponding CE ring patterns, which are
reconstructed from numerical spectra S3™ (6, \) in format
of the experiment. Pulse parameters are the same as in
experiment

the one emitting region with the length [ = 2.5mm,
Fig.4d—from the two filament emitting regions with the
distance between its starting points L = 2.7mm. Emit-
ting regions are formed by two subpulses. In the Fig.4a
the angular distribution of the ”"red” spectral compo-

nent (600 =+ 730nm) contains several side maxima cor-
responding to the thin red discrete rings of the CE fine
structure discovered in the experiment (Fig.3d). Ap-
pearance of side maxima, is explained by the interference
of light field from the lengthy emitting region of filament
(Fig.2d). The angular width (0.0025rad) and locations
(0.05 rad) of the interference maxima in the spectrum
Sp™(6,A) are in good agreement with the experimental
results. In the CE spectrum from the two filament emit-
ting regions, which formed after refocusing (Fig.2e,f),
the high-contrast modulation of the spectral intensity
appears over the angle # and the wavelength A (Fig.4d).
This modulation is independent from the length I5 of the
second emitting region. The pronounced angular mod-
ulation in the wavelength band 600 <+ 730 nm reproduces
the splitting of the CE pattern into the high-contrast dis-
crete colored rings observed in the experiment (Fig.3e,f).
It have to be noted that zero order maxima in the dis-
tribution S£™(@,A) of interference model coincide with
areas of the effective transfer of the laser pulse energy,
which were obtained in [12] from the phase-matching
condition for tree wave mixing. However the model [12]
doesn’t reproduce the fine structure of the CE spectrum.

We also performed computer simulations of the
frequency-angular spectrum broadening in the filamen-
tation of femtosecond laser pulses in fused silica. The
mathematical model [15] of the filamentation takes into
account the diffraction and the nonlinear-optical interac-
tion of the femtosecond laser radiation with the medium
as well as the full material dispersion by means of Sell-
meier formula.

Figs.4b,e show the numerical “visible” frequency-
angular spectra S§i™(#,\) of the laser pulse with the
energy 2.4 uJ obtained from the computer simulations
for different distances z. Ring patterns of the CE recon-
structed in format of experiment from numerical spec-
tra Sgi™ (0, \) are shown in Figs.4cf. At the distance
z = 9.5mm, when the filament length [ is about 2.5 mm
(filament start z; = 7.0mm), the angular modulation
appear in the frequency-angular distribution S§i™ (6, \)
in the vicinity of § = 0.05rad (Fig.4b). This modula-
tion corresponds to the thin rings of the CE (Fig.4c),
which were observed in the experiment (Fig.3d) and co-
incides with the side maxima of the analytical spectrum
Sgn(6,A) (Fig.4a). As follows from the numerical simu-
lation at the distance z ~ 10 mm the refocusing occurs
(L = 3mm), that is in good agreement with the ex-
periment (Fig.2e). High-contrast modulation in the nu-
merical spectrum S§"™ (6, \) (Fig.4e) and reconstructed
rings pattern (Fig.4f) are in good agreement with modu-
lation in the analytical spectrum S2"(6, A) (Fig.4d) and
experimental discrete rings (Fig.3e,f), respectively.
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We investigated experimentally, analytically, and nu-
merically the interference effects in the course of super-
continuum CE generation in fused silica. The fine struc-
ture of the CE colored rings was discovered with increas-
ing of filament length. Refocusing and appearance of the
second emitting region in the filament leads to splitting
of the CE rings into the high-contrast discrete colored
rings. We proposed the interference model according to
which the CE frequency-angular spectrum is the result
of the interference of broadband radiation from moving
point sources in the filament. In a medium with normal
group-velocity dispersion after pulse splitting into sub-
pulses the CE results from the interference of radiation
outgoing from several point sources moving with differ-
ent velocities. The CE fine structure and ring splitting
is explained by interference of coherent waves from one
or, respectively, several lengthy emitting regions of the
filament. Taken into account the pulse splitting in the
interference model leads to the good correlation with the
numerical simulation and the laboratory experiment.
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