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Simultaneous generation of controllable double white
light lasers by focusing an intense femtosecond
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We report on a simultaneous generation of double white light lasers through filamentation by focusing a femto-
second laser pulse. The appearance of the two white light lasers can be controlled by tilting the focusing lens. The
spectral bandwidth and the pulse energy of the double white light lasers were controlled by tuning laser fila-
menting pulse energy and polarization. Two white light lasers with pulse energies of 1.54 mJ and 1.84 mJ,
respectively, were generated with the pump laser energy of 7.43 mJ. Besides being beneficial in understanding
the multiple white light lasers generation process through multiple filamentation and its control, the results are

also valuable for white light laser-based applications.
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Propagation of an ultrashort intense pulse laser beam in
transparent media is one of the research frontiers in non-
linear optics due to the complex physics of nonlinear ef-
fects and its wide range of applications®?. One of the
remarkable applications is the generation of supercontin-
uum (SC) from filamentation, which was firstly, to the
best of our knowledge, investigated in 19862. The spec-
trum of Ti:sapphire laser-based white light or SC spans
from the ultraviolet to the infrared wavelength. Moreover,
the white light produced by the ultrashort intense laser
pulse through filamentation has been proved to be spa-
tially and temporally coherent®Z, which is more critical
to SC for ultrafast spectroscopy applications to achieve
higher accuracy, efficiency, and speed with lower cost. The
filament-based coherent white light laser source finds ex-
tensive applications in biomedical imaging®¥, molecular
fingerprint spectroscopy[g]7 optical coherence tomogra-
phy™@, tunable ultrafast pulse generation, few-cycle fem-
tosecond pulses compression?, LIDAR for atmospheric
remote sensing!d etc. Kerr and plasma-nonlinearities-
based self-phase modulation (SPM), self-steepening, and
four wave mixing are the basic mechanisms proposed
for broadband SC generation. The evolutions of SC
generation through filamentation have been investigated
under the conditions of free propagation, loose and tight

focusing®2, and different initial laser polarizations!22.
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The tilting lens has been used to control filament prop-
erties such as the number, cross pattern, and structure
through introducing aberration by focusing femtosecond
laser pulsesZ2. Meanwhile, formation of SCs was also
studied2Z2. Compared with these works, in our work,
we make use of the well investigated astigmatism control
technique simply by tilting the focal lens to control the
appearance of the double white light lasers. The appear-
ance of the two white light lasers is related to the tilting-
lens-controlled filaments. The most important is that
these two white light lasers can be controlled by pump la-
ser polarization. Spectral and energy measurements of
each white light laser were performed separately when
changing the laser polarization. Our results reveal that
the two white light lasers can be controlled by manipulat-
ing the laser intensity inside the filaments through pump
laser energy and polarization.

A laser pulse generated from a Ti:sapphire laser pulse
amplifier was focused by an f = 50 cm lens to create fila-
ments in air [Fig. 1(a)]. The beam diameter is of 12 mm
with a central wavelength at 800 nm, repetition rate of
1 kHz, and pulse duration of 32 fs. A zero-order quarter
waveplate (QWP) was used to tune the polarization of
the laser pulse for filamentation. Laser polarization
changed from linear polarization (LP) to circle polariza-
tion (CP) when the QWP angle was rotated from 0 deg

© 2020 Chinese Optics Letters


mailto:tiejunwang@siom.ac.cn
mailto:tiejunwang@siom.ac.cn
mailto:tiejunwang@siom.ac.cn
http://dx.doi.org/10.3788/COL202018.121402
http://dx.doi.org/10.3788/COL202018.121402

COL 18(12), 121402(2020)

CHINESE OPTICS LETTERS

December 2020

(a) Screen
Iris

} \, gitament  lens I
ﬁ‘ 5 FabeT“ J

ND filter
f=6cm

Fig. 1. (a) Schematic of experimental setup. QWP is a zero-order
quarter waveplate. ND filter is neutral density filter. (b) Input
beam spatial profile and (c) typical forward beam pattern after
filamentation (about 1.3 m away) on the screen taken by a digital
camera (Nikon D7200). The laser pulse energy was 7.43 mJ.

to 45 deg. An iris with a diameter of 3 mm was placed on
the beam path after filamentation to select and let only
one white light laser pass through for spectrum and energy
analysis. The forward white light lasers were scattered by
a white diffusion plate and collected by a 2 in. (1 in. =
2.54 c¢m) focusing lens (f = 6cm) to a fiber coupled to a
CCD-based spectrometer (Princeton Instruments, SP-
2560. 150 g/mm, blaze wavelength at 500 nm) for spectral
analysis. The exposure time of the CCD was 100 ms, and
the spectral signals obtained by the spectrometer were
averaged five times. A neutral density (ND) filter was in-
serted before the collecting lens to attenuate the diffused
laser intensity. The initial beam profile is shown in
Fig. 1(b), which is slightly elliptical (a/b=1.3, a=
1.45¢m, b=1.17cm) with a diffraction ring structure.
By focusing the initial pump laser with energy of 7.43
mJ, the typical forward beam pattern after filamentation
(about 1.3 m away) on the screen is shown in Fig. 1(c)
taken by a digital camera (Nikon D7200) with an inclina-
tion angle of 10 deg from the laser propagation. The peak
power of the pump laser pulse was approximately 230 GW
(71P,,), which is many times the critical power P, for
self-focusing. Multiple filamentation (MF) induced by fo-
cusing the high peak power filamenting pulse having an
elliptical beam profile with diffraction rings is responsible
for the generation of double white light lasers in air22J,

Figure 2(a) shows the real-color images of filaments in-
duced by a femtosecond laser with the energy of 7.43 mJ in
air. When the incident angle of the laser to the lens was 0
deg, two bright white light spots were generated, as shown
in Fig. 2(b). This is caused by input beam astigmatism due
to the asymmetrical structure of the pump laser beam pat-
tern, which is elliptical and with diffraction rings%2. The

(a) Laser propagation

Fig. 2. (a) Real-color images of filaments in air with laser inci-
dent angle to the lens changing from 0 deg to 20 deg. Exposure
time of the camera in (a) was 0.25 s. The energy of the linearly
polarized laser pulse was 7.43 mJ. Corresponding forward white
light beam patterns on the screen at different incident angles of
(b) 0 deg, (c) 5 deg, (d) 10 deg, and (e) 20 deg. Exposure time of
the camera in (b)—(e) was 0.02 s with an ND filter in front of the
camera. There are 20 shots of white light beams accumulated in
each image.

incident angle was changed by rotating the focus lens
clockwise in the horizontal plane. As the incident angle
of the laser increased gradually by tilting the focusing lens
moreZ 2 the filament developed into two distinct parts
along the propagation path, as indicated by the red and
yellow arrows in Fig. 2(a). Simultaneously, the filament
location moved towards to the focal lens. The astigmatism
of the input laser beam was modified by tilting the focal
lens. SC dynamics has been studied when changing the an-
gle of the focal lens2Z2. Large astigmatism can change
the distribution of the filaments, determine the filament
number, and induce filament spatial splitting22!. The
second part of the filament indicated by the yellow arrow
became short and nearly invisible when the incident angle
of the laser turned to 20 deg. Simultaneously, both of the
forward white light shots on the screen were weaker, and
the upper one that is indicated by the red arrow [Fig. 2(b)]
faded away [Fig. 2(e)] with the second part of the filament
getting weaker. Then, it is reasonable to confirm that the
upper white light is produced by the second part of the
filament, and the lower one is produced by the first part
of the filament.

Figure 3(a) shows the real-color fluorescence images of
filaments when the laser polarization changes from LP to
CP by rotating the QWP angle from 0 deg to 45 deg . The
laser pulse energy was 7.43 mJ. The filament length de-
creases as the laser polarization changes from LP to CPEY.
With high pump laser energy, the filament becomes
longer. The pixel intensity in the yellow rectangle, as
shown Fig. 3(a), was integrated to obtain the fluorescence
intensity distribution along the filament. The full width of
the fluorescence intensity curve at 3o is defined as the ef-
fective length of the filament. Here, o is the standard
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Fig. 3. (a) Filament fluorescence images under different polari-
zation states taken by a camera with the exposure time of 0.25 s.
The laser energy was 7.43 mJ. The laser polarization is LP (CP)
when the QWP angle was 0 deg or 90 deg (45 deg). (b) The ef-
fective filament length as a function of the QWP angle (the laser
polarization state) under different laser energies. (c) The corre-
sponding forward white light spots in (a) as the polarization
states of the laser changed from LP to CP. The exposure time
of the camera in (¢) was 0.02 s without the ND filter.

deviation of the noise. Figure 3(b) gives the effective fila-
ment length under different laser polarization states quan-
titatively when the laser energy is 5.96 mJ and 7.43 mJ,
respectively. The corresponding forward white light shots
for pulse energy of 7.43 mJ are shown in Fig. 3(c) under
different polarizations. The white light brightness dims as
the polarization states of the laser changed from LP to CP.

The normalized SC spectra of the upper and lower white
light spots are shown in Fig. 4(a) for LP filamenting
pulses. Each spectral distribution intensity was normal-
ized at its maximum. The laser energy was 7.43 mJ.
Compared with the initial spectra of the incident laser be-
fore the filament, the spectra of the upper and lower white
light spots are both broadened. The spectrum of the upper
white light differs slightly from that of the lower one. For
the upper one, the spectral intensity in the shorter wave-
length range (690-770 nm) is stronger than that in the
longer wavelength range (800-840 nm), while it is the op-
posite for the lower white light. The SC spectra of white
lights for LP, elliptical polarization (EP, the QWP angle is
30 deg), and CP are shown in Fig. 3(b). The spectral in-
tensity curves are obtained by integrating the spectral
intensities of both the upper and lower white lights. As
the laser polarization changes from LP to CP, the SC
spectral intensity increases. The spectral bandwidth of
white light lasers decreases simultaneously, as shown in
Fig. 3(c). The spectral bandwidth is defined by the full
width of the spectral intensity curve at 3¢. ¢ is the stan-
dard deviation of the spectral noise. The SC spectral band-
width becomes broader with higher laser pulse energy.
The polarization dependent measurement of two white
light pulse energies shows that CP favors stronger white
light generation as compared with the LP filamenting
pulse [Fig. 4(d)]. When measuring pulse energy of each
white light beam, an iris with a diameter of 3 mm was
placed in the light path to let only one white light beam
pass through. A similar polarization effect was observed
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Fig. 4. (a) Normalized SC spectra of the upper and lower white
light spots for LP filamenting pulses. The pulse energy was
7.43 mJ. (b) Spectra of white lights for LP, EP (the QWP angle
was 30 deg), and CP. The spectral intensity is the integration of
the spectral density of both the upper and lower white lights.
(c) Spectral bandwidth of the SC versus different pump laser
polarization states. The spectral bandwidth is defined by the full
width of the spectral intensity curve at 3¢. o is the standard
deviation of the spectral noise. (d) Energy of each white light
as a function of the pump laser polarization state under different
pump laser energies.

for single white light generation through filamentation?!.
Under the circularly polarized pump energy of 7.43 mJ
for filamentation in air, two white light lasers with pulse
energies of 1.54 mJ and 1.84 mJ, respectively, were gen-
erated. These pulses are intense enough for applications
of ultrafast laser spectroscopy®?

The electronic mechanism of SPM is the fundamental
physics of SC generation. For a pump laser with the

. =2 n(t)wyz
electromagnetic wave of E(t) = Ejer® cos[wyt — ==

propagating in a nonlinear medium, the refractive
index modulated by the pump laser intensity An and

frequency change Aw can be expressed as® An =

PIT cos(wyt) and Aw = (—22)LAn, respectively,

anOe e

where ny = 3y /4ce(ny, is the nonlinear refractive index,

7' is the third-order nonlinearity, and L is the effective
interaction length of the pump laser in the medium. The
third-order nonlinearity y® decreases when the polarlza—
tion state of the pump laser changes from LP to CPZ

Then, at the leading (0I/dt>0) and trailing
(0I/0t < 0) edges of the laser pulse, more blue-shift and
red-shift frequencies are produced for the LP pump laser
as compared to the CP pump laser. Besides, due to the
SPM caused by plasma, the frequency change is Aw =

_ 2r 6[N (t] [16]
cmtwl,

the electron mass, N,(t) is the electron density, and [ is
the effective interaction length of the pump pulse in the
plasma. Because [ = ct, then Aw « J[N,(2)]/0z. Each
‘slice’ of the laser pulse at the trailing edge would

, where e is the electron charge, m, is
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encounter a plasma increase, that is 0[N .(z)]/dz > 0,
which contributes to the blue shift of the wavelength.
Due to the longer plasma channel [Fig. 3(b)] and higher
plasma density being generated by LP rather than the CP
pump laser pulse?! or with high pulse energy [Fig. 3(b)],
then, a white light laser with broader bandwidth is gener-
ated through filamentation by using the LP laser pulse
[Fig. 4(c)] or higher pulse energy [Fig. 4(c)]. Since the
two white lights are generated by different parts of fila-
ments, the spectrum of each white light can be manipulated
by controlling laser intensity inside the filament [Fig. 4(a)].
Because the clamping intensity in an air filament is higher
for CP laser pulse than that for LP laser pulse®2), the white
light intensity, which is directly related with pump
laser intensity, is thus higher for the CP pump pulse
[Figs. 4(b) and 4(d)].

In summary, we demonstrate the simultaneous genera-
tion of double white light lasers from a femtosecond laser
filament in air. The control of the appearance of the two
white lights was achieved by tilting the focusing lens. The
corresponding relationship between the two filaments and
the two white light lasers was confirmed. The spectrum
and pulse energy of each white light were manipulated
by controlling the filamenting pulse polarization. Using
the LP pump laser, a longer filament and wider spectral
range of white light were obtained compared with that
of the CP pump laser, whereas, the CP pump laser pulse
increased the pulse energies of two white lights. Two white
light lasers with pulse energies of 1.54 mJ and 1.84 mJ,
respectively, were generated in air with the CP pump en-
ergy of 7.43 mJ for filamentation. We believe that in ad-
dition to being beneficial in understanding the white light
generation process through MF and its control, the results
of this study can also provide a novel and more convenient
method to provide controllable multiple white light laser
sources, which is significantly valuable for white light la-
ser-based applications.
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