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An intensity pump femtosecond (fs) pulse incident into a transparent medium will produce filamentation and
accompany supercontinuum (SC) spectrum generation. The polarization of the SC spectrum is always parallel to
that of the pump pulse. How to control the polarization of the SC spectrum is a very interesting and crucial issue
due to its great potential applications in remote sensing and time-resolved spectroscopy. Here we present a
method to control the polarization of the SC spectrum generated in an optical isotropic medium, based on
the nonlinear interaction between the two pump pulses with different linear polarizations. During the fs pulse
filamentation, the optical Kerr effect induces ultrafast birefringence in the optical isotropic medium, which leads
to different refractive indices in the two orthogonal directions parallel and perpendicular to the incident
polarization, and hence, the resulting relative phase difference changes the polarizations of the pump pulses.
The polarization states of both the pump pulses and the SC spectra can be achieved by changing the angle between
the polarization directions of the two pulses. We unveil the mechanism of the polarization changes of the pump

pulses and the SC spectra.
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1. INTRODUCTION

Femtosecond (fs) filamentation, which was first reported by
Braun ez al. [1], occurs when the pulse energy is beyond a criti-
cal value; the self-focusing effect produced by the optical Kerr
effect will be balanced by the self-diffraction effect and the self-
defocussing effect of the plasma. Many effects are accompanied
by fs laser filamentation, such as supercontinuum spectrum
generation [2—6], terahertz radiation [7-10], and high-order
harmonics [11]. A subsidiary effect or phenomenon of filamen-
tation, supercontinuum (SC) generation, has aroused the inter-
est of researchers; it was first discovered by Alfano and Shapiro
in 1970 [12] when the intense ultrashort laser pulses were fo-
cused into a transparent medium. Owing to its advantages of
high spatial coherence, good polarization properties, and spec-
tral brightness, SC generation has found many applications in
pulse compression [13,14], remote sensing [15,16], time-re-
solved spectroscopy [17], fluorescence biomedical imaging
[18], material characterization [19,20], and dense wavelength
division multiplexing (DWDM) [21-23]. Up to now, many
studies have focused on how to regulate the properties of
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the SC generation, for example, generation of an ultrabroad
extreme ultraviolet SC spectrum in a two-color laser field
[24] and control of SC generation with polarization of the in-
put laser [25]. However, regulation of the polarization of SC
spectra seldom involves the polarization orientations of two
pump pulses. In addition, the white light continuum is com-
monly believed to be polarized in the direction of the input
pump pulses for an isotropic medium [12]. Béjot er al. [20]
demonstrated the substantial birefringence induced by the
laser-generated self-guided filaments in gases and realized an
ultrafast unprecedented switch under an angle of 45° between
the filament and the probe polarizations.

In this paper, we present a method to control the polariza-
tion of the SC generation accompanied by fs filamentation,
based on the nonlinear interaction between two linearly polar-
ized pulses incident into K9 glass. Because of the ultrafast
birefringence produced in the collapsing region of the fs pulses,
the ellipticities of the polarization states of both the pump
pulses and the SC spectra produced by them can be controlled
by the angle 0 between polarization directions of two linearly
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polarized pulses. One is found in which the changes of the
polarization states, the ellipticities of the pump pulses, and
the SC spectra produced by them reach their maxima at 6 =
45° and 135°. In contrast, there are no changes at @ = 0°, 90°,
and 180°. The experimental results are in good agreement with
the theoretical analysis. The scheme we proposed is not limited
by the broad band of the polarizer and can accurately change
the polarization state of one of the filaments in the stable
filamentation. It is then possible to control the SC spectrum
produced by the filaments, so our scheme should have potential
applications.

2. EXPERIMENT

The experimental setup is shown in Fig. 1. The light source we
used is a fs Ti-sapphire regenerative amplifier (Coherent Inc.)
operating at a central wavelength of 800 nm, a pulse duration of
35 fs, and a repetition rate of 1 kHz, which delivers a funda-
mental Gaussian mode. The total energy of the input fs pulse is
controlled by a combination of an achromatic half-wave plate
(HWP1) and a polarization beam splitter (PBS1). After the sec-
ond PBS2, the input fs pulse is divided into two paths (Path-1
and Path-2), and then they meet in the optical isotropic K9
glass through two reflectors (the modified Mach—Zehnder
interferometer). HWP2 in the front of PBS2 is used to adjust
the relative energy fraction of the two pump pulses in the two
paths. HWP3 and HWP4 inserted in the two paths are used to
change the polarization directions of the two pump pulses in-
cident in the K9 glass with a dimension of 15 x 15 x 3 mm?>.
Lens L1 with a long focal length of f;; = 1000 mm makes the
focal points of two pump pulses be in the front of the geometric
intersection. The focusing effect is mainly completed by lens L2
with a short focal length of f;, = 350 mm. Behind the K9
glass, a pair of lenses (L3 and L4) are used to collect the conical
emission SC light into the fiber-based spectrometer
(USB4000VIS-NIR). We must emphasize that an infrared
cut-off filter near 750 nm is always inserted in the front of
the spectrometer to ensure the detected SC spectra within a
range of 450-750 nm. Delay lines in the two paths are used

N HWP1

to change the relative time retardation between the two pump
pulses in the two paths. In Fig. 1, we label the two pump pulses
in Path-1 and the Path-2 as Pulse-1 and Pulse-2, respectively.

First, we explore the dependence of the SC spectrum in the
total intensity [Fig. 2(a)], the horizontal component [Fig. 2(b)],
and the vertical component [Fig. 2(c)] of Pulse-1 on the polari-
zation direction of Pulse-2. Pulse-1 and Pulse-2 are both lin-
early polarized. We should point out that the polarization of
Pulse-1 is always in the horizontal direction, which is defined
as the x direction, and correspondingly, the vertical direction is
defined as the y direction. In addition, we define the angle be-
tween the polarization directions of Pulse-1 and Pulse-2 as 6.
The input average power of the two pump pulses are P} =
23.312 mW and P, = 24.176 mW, respectively. The polari-
zation direction of Pulse-2 can change from 6 = 0° to 180°.
The integration time of the spectrometer is 100 ms, meaning
that this time window includes 100 pulses, and the average
number is 1690 times. In the front of the spectrometer, we
insert a neutral attenuator set with a transmissivity of
~0.63%o for Fig. 2(a) and ~1%eo for Figs. 2(b) and 2(c) to
avoid the spectrum being too strong. As shown in Fig. 2(a),
the total intensity of the SC spectrum for Pulse-1 exhibits a
periodic oscillation with a period of 90° as the polarization di-
rection of Pulse-2 changes, where the maxima are located at
0 = 0° 90° and 180°, while the minima are located at 8 =
45° and 135°. For the sake of brevity, the SC spectra for
Pulse-1 and Pulse-2 are abbreviated as SC-1 and SC-2 spectra,
respectively. To investigate the effect of interaction between the
two filaments on the polarization properties of the SC spectra,
we also measure the x and y components of the SC-1 spectrum
under different 6. Experimental results show that both exhibit a
periodicity. The x component [Fig. 2(b)] is very similar to the
periodic behavior of the total intensity [Fig. 2(a)], whereas the y
component [Fig. 2(c)] exhibits an opposite (or complementary)
behavior to the total intensity and the x component. This
means that the ellipticity of the SC-1 spectrum varies with
the angle 6 and reaches a maximum when 6 is 45°. The inten-
sity of the generated SC spectrum depends on the polarization

RP

PC
Path-1 L2 L3 L4 /
Path-2 K9 Glass
Spectrometer

Fig. 1. Experimental setup for controlling the SC spectra based on the interaction between the two pump pulses in a modified MZ interferometer.
HWP, half-wave plate; PBS, polarized beam splitter; RP, rectangular prism; L1, L2, L3 and L4, convex lenses. L1 and L2 have focal lengths of
f11 = 1000 mm and f;, = 350 mm, while L3 and L4 have different focal lengths for different measurements. In Fig. 3, f;3 = 60 mm and
f 14 = 50 mm; in Figs. 4(c) and 6, only L3 is used with f;; = 60 mm; in other figures, f;; = 60 mm and f;; = 200 mm.
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Fig. 2. Dependence of the SC spectrum of Pulse-1 on the polari-
zation direction of Pulse-2. (a) The total intensity, (b) the horizontal
component, and (c) the vertical component.

of the incident laser pulses and increases as the polarization
changes from a circular polarization to a linear one, regardless
of the sample, as in Ref. [25]. This is also the reason why the
maxima of the total intensity of the SC spectrum for Pulse-1 are
located at @ = 0°, 90°, and 180°, while the minima are located
at 8 = 45° and 135°. Therefore, we can continuously control
the polarization state of the SC spectrum by interacting with
another pulsed beam.

For the purpose of more vividly and comprehensively
understanding the polarization property of the SC spectrum,
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we capture the sectional view of the SC spectrum behind a
polarizer, as shown in Fig. 3, when the two pump pulses have
the input average power of P; = 14.334 mW and P, =
14.174 mW at @ = 0° and 45°, respectively. We used a neutral
attenuator with its transmissivity of 3.2%o. To eliminate the
effect of aberration on imaging, we used a 4/ system including
a small phihole to allow only the SC-1 spectrum to pass. We
can find from Fig. 3 that when Pulse-2 is absent, the polari-
zation property of the SC-1 spectrum is basically the same
as Pulse-1, which is x polarized; whereas, in the presence of
Pulse-2 at @ = 45°, the SC-1 spectrum includes the y compo-
nent, indicating that Pulse-2 has a large influence on the
polarization properties of the SC-1 spectrum and vice versa.

3. DISCUSSION

In order to reveal the mechanism of the polarization change of
the SC spectrum, we should explore whether the polarization
changes of Pulse-1 and Pulse-2 are related to the filamentation.
In the experimental results shown in Figs. 4(a) and 4(b), we
keep the two pump pulses with the same input power
(P = P,) and zero delay. As mentioned above, Pulse-1 is
always x polarization, while Pulse-2 is at 6 = 45° linear
polarization. We insert a band-pass filter with a central wave-
length of 800 nm and a full width at half-maximum (FWHM)
of 10 nm behind the K9 glass to ensure that only the pump
pulses at 800 nm can enter the power meter. In Fig. 4(a),
Pulse-1 and Pulse-2 have the same input power of P| =
P, = 3.1430 mW, which is insufficient for the filamentation.
In Fig. 4(a), a neutral attenuator with a transmissivity of 32% is
inserted in front of the power meter. Clearly, in this case, the
interaction between the two pump pulses does not result in any
change in the total power (P7 and P,7), the x-component
power (P, and P,,), or the y-component power (P, and
P,,) for the two pulses transmitted from the K9 glass. As a com-
parison, in Fig. 4(b), Pulse-1 and Pulse-2 have the same input
power of P = P, = 9.3586 mW, which is enough to pro-
duce the filamentation even accompanying the SC generation.
As shown in Fig. 4(b), the interaction between the two pump
pulses gives rise to the increase (decrease) of Py (P,7), the
decrease (increase) of P, (P,,), and the increase (decrease)
of Py, (P,,). This implies that the changes of the polarization
states of the two pulses are closely related to the filamentation.
In addition, we also explore the influence of the polarization
direction of Pulse-2 on the y-component power (P1,), as shown
in Fig. 4(c). One should point out that in Fig. 4(c), the input
power of Pulse-1 is not enough for filamentation. The red and
blue curves are the sine fitting of the experimental data. We can
see that the change of the y-component power (Py,) is in agree-
ment with the change of the y component of the SC-1 spec-
trum for Pulse-1 [Fig. 2(c)]. When the polarization direction of
Pulse-2 is at = 0°, 90°, and 180°, in particular, the power of
Pulse-1 has no change; correspondingly, the power of Pulse-2
should have also no change, meaning that there is no interac-
tion between the two pulses. In contrast, P}, reaches its maxima
when the polarization direction of Pulse-2 is at @ = 45° and
135°, and Py, becomes higher as the power of the input pulses
increases. The results reveal again that when the angle between
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Fig. 3. Polarization properties of SC-1 spectrum captured by the CCD camera. White arrows represent the transmission direction of the polarizer
in the front of the CCD, and the color is only on behalf of the spectral intensity. (a)—(g) represent the intensity of the sectional view of the SC-1
spectrum when Pulse-2 is absent, and (h)—(n) represent when Pulse-2 is present.

the polarization directions of the two pump pulses are at
0 = 45° or 135°, both have the strongest interaction.

In order to understand more comprehensively the change of
the polarization state of Pulse-1 during the interaction between
the two filaments, we measure the Stokes parameter S5 (char-
actered by Stokes parameter S5 in Poincaré presentation for a
polarization state) of Pulse-1 and Pulse-2, under different input
powers, as shown in Fig. 5. During the measurement, a neutral
attenuator with a transmissivity of 25.3% is inserted. In Fig. 5,
all the curves are the sine fitting of the experimental data.

T hd P1=2.6334 mwW P2=7.3124 mwW

- P1=5.8273 mw P2=7.3798 mw

<
N
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Fig. 4. Power of Pulse-1 and Pulse-2 transmitted from the K9 glass.
(a) and (b) show the total power, horizontal (x), and vertical (y) com-
ponents of Pulse-1 and Pulse-2 when the interaction exists or and
when it does not. (a) and (b) correspond to the cases under the input
power of P = P, = 3.1430 mW and P, = P, = 9.3586 mW, re-
spectively. (c) shows the dependence of the power of the y component
for Pulse-1 on the polarization direction of Pulse-2 under different
input powers for Pulse-1 and Pulse-2.

Clearly, when the initial polarization direction of Pulse-2 is
at @ = 0°, 90°, and 180°, the polarization states of Pulse-1
and Pulse-2 have no change to keep the initial linear polariza-
tion, ie., §3 2 0. When the initial polarization direction of
Pulse-2 is changed from 6 = 0° to 90°, S5 of Pulse-1 becomes
negative, while S3 of Pulse-2 is positive. That is to say, the
polarization state of Pulse-1 (Pulse-2) becomes left-handed
(right-handed) elliptic polarization. In contrast, when the initial
polarization direction of Pulse-2 is changed from 8 = 90° to
180°, the handedness of the polarization states of Pulse-1
and Pulse-2 are both reversed. |S;| of Pulse-1 and Pulse-2
reache their maxima at @ = 45° and 135°, implying that in this
case the two pulses have the strongest interaction. The changes
of |8;| for Pulse-1 and Pulse-2 increase as the input power
increases. The properties are in agreement with the results
shown in Fig. 4.

When intense ultra-short pulses are incident into the non-
linear medium, the filaments will be generated based on the
optical Kerr effect, and the light-induced birefringence—the
so-called ultrafast birefringence—will also be produced in
the region of filamentation. The induced third-order nonlinear
polarizations can be different in the x and y orthogonal
directions. The third-order nonlinear polarizations in an optical
isotropic nonlinear medium can be written as [27]

1.0

B S; of Pulse-2 under P,=21.254 mW, P,=11.626 mW
B S; of Pulse-2 under P,=21.587 mW, P,=15.447 mW
[ | S3 of Pulse-2 under P1=22.711 mw, P2=22.729 mwW

-0.5 -
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1.0 T — ——
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Fig. 5. Dependence of S for both Pulse-1 and Pulse-2 on the
polarization direction of Pulse-2 under different incident powers.
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where 7,7 = x or y. Superscripts, / and /7 stand for Pulse-1 and
Pulse-2, respectively. In order to describe our issue more accu-
rately, the self-phase modulation should be indeed considered.
However, for studying the interaction of two beams, the cross-
phase modulation is dominant, so self-phase modulation was
not written into Eq. (1). In the case when the polarization di-
rections of Pulse-1 and Pulse-2 are at 0° and 45°, respectively,
the x and y components of the third-order nonlinear polariza-
tion for Pulse-1 are expressed as
P = (i + 2 + 2 EELEL + B By,

P = BB B+ o EVELE)”. (2

x=x Ly

For Pulse-2, the x and y components of the third-order
nonlinear polarization are expressed as

” 3) 3) 3 3) " ’
VO = i + 2 + X ELELEL,
(3 3 "o
Py = 0 By ELE, (3)

Thus, for Pulse-2, the light- 1nduced anisotropy in susceptibility
should be Ay = ()(532)12 + )(1221)|E |2, and then the induced
birefringence should be An x Ay = ()(532)12 + )((132)21)|E s
As a result, the x and y components for Pulse-2 introduce a
relative phase difference A¢p"" = Ankl (where £ and / are
the wavevector of light and the interaction length of two pulses
in the nonlinear medium), which will change the polarization
state of the pump pulses themselves and the induced SC spec-
tra. Based on Egs. (2) and (3), we easily obtain the Stokes
parameter S5 for Pulse-2 and the Stokes parameter S} and
the vertical component £}, for Pulse-1, as follows:

S4 = -|E'|* sin 20 sin A¢', (4a)
Sy = |E"|* sin 20 sin Ag", (4b)
! 1 ’ . . !
E, = EEx sin 20[1 - exp(iA¢")]. (4c)
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Fig. 6. Dependence of the vertical component of Pulse-1 on the
delay time between the two pump pulses.
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The above expressions can provide good understanding of
Figs. 4(c) and 5. In particular, S5 for both Pulse-1 and
Pulse-2 has opposite signs. As shown in Eq. (4), when
0 = 0°, 90°, and 180°, we have S; =S5 =0 and E)', =0,
implying that the polarization states of Pulse-1 and Pulse-2
have no change. When 6 = 45° and 135°, |S3], S5, and
|E}| have their maxima; that is to say, the polarization states
of Pulse-1 and Pulse-2 have the largest change.

We also measure the dependence of the vertical component
of Pulse-1 on the delay time between the two pump pulses, as
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Fig. 7. Dependence of the SC spectrum longer than 800 nm of
Pulse-1 on the polarization direction of Pulse-2. (a) The total intensity,
(b) the x component, and (¢) the y component.
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shown in Fig. 6. Clearly, when the delay is ~1.2 ps, the vertical
component of Pulse-1 is negligible, implying that the interac-
tion between the two pulses disappears when the delay is
beyond 1.2 ps.

Finally, we explore the polarization property of a SC
spectrum longer than 800 nm. Similar to Fig. 2, we measure
the dependence of the total intensity [Fig. 7(a)], the x compo-
nent [Fig. 7(b)], and the y component [Fig. 7(c)] of Pulse-1 on
the polarization direction of Pulse-2. In our experiments, the
two pump pulses have the input average power of P| =
16.781 mW and P, = 16.694 mW, the average number of
the spectrometer is 1000 times, the SC spectrum shorter than
800 nm is blocked by a cut-off filter, and then the SC spectrum
is reduced by a neutral attenuator set with a transmissivity of
0.032%eo. As shown in Fig. 7, the total intensity, x component,
and y component of the SC-1 spectrum above 800 nm exhibit a
periodic oscillation with a period of 90°, although the oscilla-
tion is not very clear. For the total intensity [Fig. 7(a)] and the x
component [Fig. 7(b)], their maxima are locate at @ = 0°, 90°,
and 180°, while the minima are located at @ = 45° and 135°. In
contrast, the y component in [Fig. 7(c)] exhibits an opposite
behavior to the former two. This means that the change of
polarization state of the SC-1 spectrum above 800 nm is similar
to that in the short-wavelength region shown in Fig 2.

4. CONCLUSION

In summary, we have proposed a method to regulate the polari-
zation states of the SC spectra generated in the optical isotropic
medium during the filamentation of fs pulses. When two pulses
are incident into the isotropic medium, because of the ultrafast
birefringence induced by the filaments, the polarization states
of the two pulses and the SC spectra depend on the angle
between the input polarization directions and their power. In
particular, these changes achieve their maxima when the angle is
at 45° and 135°, while there is no change when the angle is at
0°, 90°, and 180°, independent of the input power. We reveal
that all these phenomena originate from the mechanism of
nonlinear coupling between the two filaments produced by
the two strong fs pulses. Our research content is essentially dif-
ferent from that of Ref. [26]. One of our main questions is how
to change the polarization states of the SC spectra. Moreover,
this effect can be achieved not only when the angle is 45 deg, as
long as the polarizations of the two pulses are not parallel or
orthogonal. We only use this scheme to introduce another
pulse (even it is not enough to generate the filament), and then
the polarization states can be arbitrarily changed. Our scheme
should have great potential applications in remote sensing and
time-resolved spectroscopy.
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