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Mechanism of SC generation is not fully understood as 
at such high laser powers interplay among several compet-
ing mechanisms occurs. Self-phase modulation (SPM) [2, 
5, 7, 14, 15] associated with self-focusing is considered 
to be the trigger for the drastic broadening of ultrashort 
pulses. The intensity-dependent “induced Kerr-nonlinear-
ity” of the dielectric medium and the beam shape causes 
the self-focusing. As an effect of SPM ultrafast pulses 
gets modulated and broadened, however, this alone can-
not explain the nature of SC. Propagation of high-intensity 
ultrafast laser pulses in the dielectric transparent media 
to result in the SC pulses elucidates the most significant 
mechanisms of nonlinear optical ultrafast pulse transfor-
mation, namely the ionization-induced SPM, four-wave 
mixing, SPM enhanced by self-steepening [2, 7], etc. Mul-
tiphoton ionization leads to generation of free electrons, 
which contributes negatively to the refractive index and 
ultimately stops self-focusing by canceling the Kerr index. 
Plasma generation occurs due to ionization from multipho-
ton absorption of the medium from valence band to its 
conduction band under intense laser radiation. Optical fila-
mentation is the result of the two competing factors: Kerr 
self-focusing of the laser pulses and the defocusing effect 
due to plasma generation [17]. This filamentation process 
is usually accompanied by a broadening of the input laser 
spectrum and conical emission, which have been exten-
sively investigated in theory and experiments [16–18].

In the supercontinuum generation process, an intense 
femtosecond pulse propagates through a dielectric (dis-
persive) medium inducing nonlinear polarization in the 
medium. This induced polarization in addition to normal 
GVD and multiphoton ionization results in the spatiotem-
poral self-focusing, which causes pulse break down. [19, 
20]. As the power of the propagating pulse increases, it 
incorporates more and more chirp in the pulse. Eventually, 

Abstract  We report structured interferometric features in 
femtosecond supercontinuum generation (FSG) with inci-
dent laser powers that are near threshold for FSG. We argue 
that near threshold, these structures arise from the coher-
ent superposition of pulses that are split initially into two 
daughter pulses during FSG process. Increase in the input 
pulse energy generates multiple daughter fragments in the 
temporal domain to an extent that correlated interference 
structures are not measurable.

1  Introduction

It is a well-known fact that when a very intense ultrashort 
laser pulse is focused into a transparent dielectric media, 
the pulse transforms itself into a white supercontinuum 
(SC) [1]. The SC generated can span the spectrum ranging 
from IR to UV region [2]. SC generation can be observed 
in gaseous (air, atmosphere, etc.) [3] and condensed media 
(glass, calcite, water, CCl4, etc.) [2, 4, 5]. It has also been 
studied in waveguides [6] and photonic-crystal fibers [7]. 
The usefulness of this kind of unique coherent SC light has 
been exploited in the direction of femtosecond broadband 
time-resolved spectroscopy [8], optical pulse compression 
to generate ultrashort pulses [9], detection of pollutants in 
atmosphere using broadband spectrum LIDAR [10], seed 
for optical parametric amplification [11], and laser-based 
precision spectroscopy via the optical frequency comb 
technique [12, 13].
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the pulse temporally breaks down to daughter pulses. As all 
the process involving this breakdown is invoked by non-
linear interaction, the splitting is called nonlinear pulse 
splitting. The chirp is highly nonlinear, and the central 
frequency of the leading pulse is downshifted from the ini-
tial frequency of the parent pulse. They are also narrower 
than the parent pulse. Rather than an immediate splitting 
of the daughter pulses, further increase in input energy 
replenishes central region of the split pulse. The central 
region again undergoes split pattern [20, 21]. The pulse can 
also split in spatial domain. This kind of splitting was first 
observed in water by Lamb’s group [22], where they have 
used 120-fs pulse (centered at 800  nm). Spatial splitting 
give rise to two separate SC sources which acts as Young’s 
slit and give rise to spatial fringes. Spatial splitting has also 
been measured and characterized in BaF2 [23]. The split 
sources which have been generated in different media are 
all mutually coherent as they show spatial interference pat-
tern [22, 24].

For better use of SC, we need to know how to control 
SC. In our group, we have shown that polarization of the 
incident pulse plays a critical role in the formation of SC 
[25–27] in isotropic and anisotropic medium, where we 
have shown that SC generation is suppressed with circu-
larly polarized. Band gap of transparent dielectric medium 
is also a determining factor for SC generation [28]. So for 
better control, we need to know the mechanism of SC gen-
eration. To do that we have used two solvents as SC gener-
ation medium: water and carbon tetrachloride (CCl4). Both 
of them are widely used. We have used pulse energy close 
to self-focusing regime and studied the interplay among 
different mechanism as we increase input laser power.

2 � Experimental

The experimental setup for studying the SC generation of 
water (HPLC grade) and CCl4 consists of a Ti:sapphire 
regenerative amplifier (Spitfire Pro, Spectra Physics, USA 
Inc.), operating at 800  nm with 33.7-fs FWHM pulses at 
1 kHz repetition rate with pulse energy ~4 mJ. The ampli-
fier is seeded from an integrated Ti:sapphire oscillator 
pumped by the second harmonic of a continuous wave 
(cw) Nd:YVO4 laser, resulting in the femtosecond seed 

pulses with central wavelength of 810  nm and a spectral 
bandwidth of 60 nm FWHM at 84 MHz repetition rate at 
an average power of 650 mW (Maitai, Spectra Physics). 
The oscillator output is stretched and then fed into the 
Ti:sapphire regenerative amplifier, which is pumped by 
the second harmonic of a pulsed Nd:YAG laser operating 
at a 1 kHz repetition rate (Empower, Spectra physics). The 
amplifier can also be operated at different repetition rate 
with same output pulse energy as 1 kHz. We have operated 
it at 250 Hz.

Using an 80:20 beam splitter and through a mechani-
cal iris, only the central portion of the laser beam with less 
than 10 % of the 800-nm pulsed light was taken from the 
Spitfire Pro (Fig. 1). The light was then passed through a 
half-wave plate (QWPO-800-15-2-AS20) and polarizer 
combination (Fig.  1) for input intensity attenuation and 
polarization direction of the beam. Aperture (1 cm diame-
ter) is used to ensure that the beam is almost Gaussian (spa-
tially) and fitting into the entrance of polarizer. The size 
of the aperture is very critical, as depending on the focus-
ing lens (image plane), the aperture can introduce circular 
fringes which will alter the SC [29]. This beam is then split 
into two parts using a wedge beam splitter. One part of the 
beam is collected in a calibrated photodiode (DET10A/M, 
Thor Lab) and displayed in a 600-MHz digital oscilloscope 
(LeCroy 6100A), and other part is focused into the sam-
ple (water or CCl4 in 1 cm quartz cuvette) using 5-cm lens. 
The SC generated from the sample is then collected by col-
limating and focusing it to a spectrometer (Ocean Optics, 
USB4000, 0.2-nm resolution) via another lens and filtering 
800-nm light by a suitable filter.

3 � Results and discussion

We have acquired SC spectra of water and CCl4 at 250-Hz 
repetition rate while changing the input energy of the laser 
pulse. The collected spectra are average of 10 shots. The 
amplified pulse has a pulse width of 33.7  fs and a trans-
form limited bandwidth of ~27 nm (Gaussian pulse). As we 
increased the input energy of the pulse, we started to see 
the SC in both water and CCl4 (Figs. 2, 3). In both cases, 
outcome SC is asymmetric with respect to input 800 nm. 
Both of them show an anti-Stokes broadening. With 

Fig. 1   Experimental setup: I 
iris, HWP half-wave plate, P 
polarizer, L1, L2, and L3 lenses, 
S sample cuvette, F filter
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increase in power, both of them go to a maximum broad-
ening. For water, it is 480 nm, and for CCl4, it is 490 nm. 
Further increase in power does not increase the bandwidth 
of the SC but increases the SC intensity. When the input 
power of the pulse is increased (1.1 µJ for water and 1.05 µJ 
for CCl4), output SC starts to exhibit modulated structure. 
Firstly, the structure appears only in the 700-nm to 650-nm 
region and the depth of the modulation is very low. With 
increasing power, the structured pattern spreads throughout 
the SC band and the depth also increases. Lastly, the spec-
trum becomes randomly structured after 1.4 µJ (Fig. 3).

Firstly, we will try to understand the asymmetric spec-
tral broadening and halt in the spectral broadening. Self-
focusing in almost all media accompanies SC generation. 
This special feature of self-focusing occurs when input 
power crosses a critical power Pcrit [30],

where λ is wavelength of the input laser, and n0 and n2 are 
the linear and nonlinear refractive index of the medium. 
In general, n2 is of the order ~10−16 cm2/W and the SC 

(1)Pcrit =
3.77�2

8πn0n2

Fig. 2   Supercontinuum 
spectrum recorded at differ-
ent input powers for water. 
At 0.5 µJ, spectrum starts to 
appear outside the input laser 
filter range. At 1.1 µJ, first 
modulation starts to appear at 
the 650 nm region. As the input 
pulse energy increases further 
modulation spreads further into 
the blue spectral region. (inset) 
Modulated supercontinuum 
spectrum of water at 1.35 µJ 
input laser pulse energy, which 
shows clear modulation from 
500- to 700-nm region
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Fig. 3   Supercontinuum spec-
trum recorded at different input 
powers for CCl4. At 0.75 µJ, 
spectrum starts to appear 
outside the filter range. (inset) 
Modulated supercontinuum 
spectrum of water at 1.35 µJ 
input laser pulse energy, which 
shows clear modulation from 
500- to 700-nm region. The 
modulation becomes complex 
after 1.4 µJ input energy due to 
more than one SC source result-
ing from multiple pulse splitting
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generation correlates mainly with the optical Kerr effect 
and plasma formation [28, 31] by multiphoton absorp-
tion (MPA) at higher intensities. Both of these phenomena 
change the nonlinear refractive index in the medium, which 
is given by:

where n2 is nonlinear refractive index of medium, ω0 is the 
optical carrier frequency and me is the mass of electron. 
Ne(r,t) is the number of free electrons generated, which 
depends on the rate of the multiphoton excitation and is 
represented as:

where N0 is the number of initially present neutral par-
ticle in the focal volume and p is the number of photon 
absorbed by the process. First term in right-hand side of 
Eq. (2) is due to optical Kerr effect, and the second term is 
due to plasma formation. According to the nonlinear phase 
∆ϕ = ∆nkz, spectral broadening can be written as:

where z is the propagation distance in medium and k is 
wave vector. The ∆ω consists of positive and negative 
terms. Positive ∆ω term, which corresponds to the anti-
Stokes broadening, appears as a result of the contribution 
from plasma generation at higher intensities.

In any dielectric medium, ∆n strictly depends on the 
intensity of the propagating field. The intensity profile 
(envelop) of the field creates an inhomogeneous n2 distri-
bution in the temporal domain. This inhomogeneity of n2 
influences the group velocity of the propagating pulse. In a 
medium with positive n2, this nonlinearity causes the group 
velocity near the edges of the pulse larger than the group 
velocity of peak. The peak of the pulse under these con-
ditions propagates more slowly than its edges, making the 
trailing edge of the pulse steeper and reducing the slope of 
the leading edge, creating a spike in the intensity envelop 
[28]. The appearance of free electrons by MPA during the 
intensity spike stimulates a sudden negative index change 
and thus a sudden drop in nonlinear phase. This translates 
into a large anti-Stokes broadening in SC [28, 31]. Sudden 
stop in the broadening pattern in SC at high power indi-
cates that the multiphoton ionization, causing the genera-
tion of free electrons, reaches to its equilibrium (intensity 
clamping) [32].

Now, we will explain the modulation in the spectral pat-
tern, and the information these modulation pattern bears. The 
modulation of the SC spectrum comes from the interference 

(2)�n ≈ n2I(r, t)−
2πe2Ne(r, t)

meω
2
0

(3)Ne(r, t) ≈ N0w(r)
t

∫
−∞

Ip(r, t)dt

(4)�ω = −
∂�ϕ

∂t
= −

ω0n2z

c

∂I(r, t)

∂t
+

2πe2z

meω0c

∂Ne(r, t)

∂t

between two SC sources which are temporally apart from 
each other due to the nonlinear pulse splitting. Bellini’s 
group has shown that when two time-correlated pulses are 
collinearly sent through nonlinear medium, the generated 
SC starts to interfere and give rise to interference structure 
[33, 34] which is quite similar to the modulation we have got 
from our SC generated both in water and CCl4. The pulses 
can split spatially also and can give rise to Young’s fringes 
which has been studied earlier [22]. We have recorded the 
spectral modulation of SC at the far field which conveys 
information about temporal splitting of the pulse. The pulse 
splits into two daughter pulses when it propagates in disper-
sive media, as has been shown in experiments and in the the-
oretical model using nonlinear Schrodinger equation (NLSE) 
[18, 19, 21]. In Fig. 4, we have represented supercontinuum 
spectra generated in water at different input power 1.35, 1.2 
and 0.8 µJ. At lower power, single source emits continuum, 
and at higher power (1.2  µJ), 2nd source has been gener-
ated and it interferes with other source. The modulation in 
the continuum spectrum does not spread throughout visible 
range because the 2nd source does not contain wavelength in 
the region 450–550 nm. But in the 1.35 µJ case, 2nd source 
contains all the wavelength of 1st source and the modulation 
due to interference can be seen clearly. However, it is impor-
tant to note that the modulated spectra grossly follow the 
overall intensity profile of the unmodulated spectra (0.8 µJ).
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Fig. 4   Supercontinuum spectra of water at different input powers. 
At lower power, single source emits continuum, and at higher power 
(1.2 µJ), second source has been generated and it interferes with other 
source give rise to modulation in spectrum
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In our case, when pulse energy reaches to 1.1  µJ (for 
water), the femtosecond short pulses fall apart immediately 
after the pulse self-focusing, creating two different SC 
sources U1(t) and U2(t + τ). The outcome SC is the super-
position of these two sources USC(t) [35].

ϕ1(t) and ϕ2(t) are the phases of the two different sources. 
When (ϕ1(t)  −  ϕ2(t)) is constant, sources are mutually 
coherent and ISC is the intensity output of the SC.

<U1(t)U2
*(t + τ)> and <U1

*(t)U2(t + τ)> are mutual coher-
ence function, Γ(τ), and represent temporal complex cross-
correlation between the two sources which are separated by 
τ. Γ1 and Γ2 are autocorrelation function of source 1 and 
2. So complex degree co-coherence between the sources is 
given by γ(τ).

Properties of γ(τ) are: its value lies between 0 and 1, and 
it is proportional to the contrast or visibility of the fringes. 
Thus, measuring the visibility of the fringes will tell about 

(5)

USC(t) = U1(t)+ U2(t + τ)

= E1(t) exp[i(ωt + ϕ1(t)]

+ E2(t) exp[i{ω(t + τ)+ ϕ2(t)}]

(6)

ISC =
〈

USC(t)U
∗
SC
(t)

〉

=
〈

U1(t)U
∗
1
(t)

〉

+
〈

U2(t)U
∗
2
(t)

〉

+
〈

U1(t)U
∗
2
(t + τ)

〉

+
〈

U
∗
1
(t)U2(t + τ)

〉

(7)γ (τ) =
Γ (τ)

√
Γ1

√
Γ2

the quality of the sources in the interference system. Vis-
ibility (V) of water and CCl4 for different power is repre-
sented in Figs. 5 and 6. In case of water, the visibility of 
the fringes is much higher than that of CCl4. For water, the 
visibility of fringes at the blue spectrum region increases 
as we increase the input energy. This is because the sec-
ond source gains enough energy that it starts to emit light 
of higher frequency. In case of CCl4, visibility of fringes 
is not as much as that of water indicating that in CCl4, and 
the second source does not get as much energy as the first 
source. Moreover, before the optimal value is reached, the 
pulse in CCl4 further breaks down removing the interfer-
ence pattern.
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Fig. 5   Fringe visibility for water at different input powers. Visibility 
falls above 650 nm, because of the use of filter and the tremendous 
nonlinearity created by the 800-nm pump pulse. Visibility again falls 
as we move toward the blue spectral region because of the second 
source
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Fig. 6   Fringe visibility for CCl4 at different input powers. Visibility 
is sufficiently lower than water as the second source is quite low

1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60

2.2

2.4

2.6

2.8

3.0
Se

pe
ra

tio
n 

(1
0-1

3  s)

Input Pulse Energy (µJ)

 Water
 CCl4

Fig. 7   Separation between split part of water and CCl4 at different 
powers of input pulse. The separation remains almost same at differ-
ent powers for both the cases



S. Dinda et al.

1 3

148  Page 6 of 7

Separation between split parts, τ, directly related to the 
bandwidth of the modulated spectra δλ by the relation,

which leads to the separation for water as ~240  fs and for 
CCl4 ~270 fs (Fig. 7). Both GVD and band gap for water and 
CCl4 are different. GVD of water is 24.76 fs2/mm (for 800 nm 
propagation) and that of CCl4 is 63.1 fs2/mm [36]. Band gap 
of water is 7.5 eV and that of CCl4 is 4.8 eV [28]. So the sepa-
rations between two split pulses are different for two distinc-
tively different dispersive media. A small increase in the power 
does not increase the separation significantly but changes the 
spectral modulation peaks (Figs. 8, 9). Shift in spectral modu-
lation peaks proves that at different inputs, the split parts have 
different phases as compared to the previous one. Since the 
trailing part propagates through medium, it is transformed 
with respect to the leading split part. Further increase in laser 
power continually leads to increased number of sub-pulses, 
which eventually reduces the modulatory behavior of the SC 
generation for well beyond threshold condition.

4 � Conclusion

Delicate interference structure appears in the supercon-
tinuum in water and CCl4 as the energy of the input pulse 

(8)τ =
�
2

c× δ�

crosses the threshold value of 1  µJ. Thereafter, the input 
pulse splits into two sub-pulses separated by ~240  fs in 
water and ~270  fs in CCl4. The fringe pattern in the SC 
spectrum shows that with an increase in input pulse energy, 
the sub-pulses take different temporal phases, though their 
temporal separation remains almost constant. Finally, 
increase in the input pulse energy well beyond threshold of 
SC results in simultaneous generation of multiple daugh-
ter fragments such that no correlated interference structures 
are measurable.
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