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Generation of a high spectral power supercontinuum covering the
ultraviolet to infrared by a femtosecond laser

multi-filament array in fused silica

GUO Ya-jun, WANG lJian-ji*
(Jilin University of Chemical Technology, School of Science, Jilin, 132022, P.R. China)

* Corresponding author, E-mail: wangjianji@jluct.edu.cn

Abstract: Supercontinuum (SC) generated from femtosecond laser filamentation has found extensive applic-
ations due to its broadband spectral properties. In this study, we present a novel method to simultaneously
improve the spectral coverage and power density of SC. This is realized by combining two-color femto-
second laser injection and multi-filament array arrangement in fused silica. With this method, high spectral
power SC is obtained. The spectral power density is above 0.1 mW/nm over a broad wavelength range from
approximately 380 nm to 950 nm. We find that both the spectral range and power density of SC are affected
by the input power and the intensity ratio between the fundamental and second-harmonic laser pulses. In ad-
dition, the spectral fluctuation of the generated SC is measured to be less than 4% within 6 minutes. These
results offer a feasible and effective way to enhance the spectral power and coverage of SC sources. They are

of great importance for promoting the practical applications of SC.
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1 Introduction

Femtosecond laser filamentation has been
widely utilized in laser wavelength conversion via
nonlinear optical processes, including third-harmon-
ic generation'! and terahertz (THz) wave emission™.
The SC generated by femtosecond laser filamenta-
tion in a transparent Kerr media arises from self-
phase modulation (SPM), ionization, and self-steep-
ening effects®. Intense SC or white-light sources
have become efficient tools in many fields and have
attracted considerable attention owing to their prom-
ising applications, including remote sensing™), bio-
medical imaging!®, ultra-wideband supercontinua
generation!” and pulse self-compression’. These ap-
plications demand SC sources with broad spectral
coverage, extended cutoff wavelength, and high in-
tensity. Numerous efforts have been devoted to op-
timizing the properties of SC (white light source)®'.,
Generally, a higher spectral power density can ex-
pand the application scope of SC and endow it with
broader prospects. The nonlinear coefficient of the
condensed media such as fused silica is higher than
that of air'], leading to a higher electron density
during the filamentation. Meanwhile, the self-steep-
ening effect also plays an important role in SC gen-
eration®. Therefore, SC generation in the solid me-
dium such as fused silica, is more efficient!'".
However, the low damage threshold of fused
silical™ restricts the generation of SC with high
spectral power. A novel technique for generating in-
tense SC using multi-thin plates has been demon-
strated"*'"). Another efficient method is to form a
multi-filament distribution via a micro-lens array
(MLA) to enhance the SC spectrum. This approach

can not only overcome the drawback of the low

CSTR:32171.14.CO.EN-2026-0005

damage threshold of the solid medium but also en-
able the accumulation of spectral broadening effect,
leading to a significant enhancement of SC
intensity!"®. Unlike the multi-thin-plate technique,
which requires a long propagation distance of sever-
al meters, intense SC generated by femtosecond
laser induced multi-filament arrays in solids with a
MLA can shorten the working distance to a few cen-
timeters. In addition, many other convenient meth-
ods have been proposed to generate multi-filament
arrays!'*?%. Therefore, femtosecond laser multi-fila-
mentation in fused silica is a promising candidate
for enhancing the spectral power of SC.

On the other hand, broadening the spectral cov-
erage of SC and enhancing the power in specific
wavelength ranges are critical for its practical ap-
plications. For instance, synthesizing sub-cycle
scale light fields requires a high-intensity, nearly
uniform SC with a broad spectral range®**. The non-
linear response of gas media driven by two-color
fields has been reported as a competitive candidate
for generating broadband SC by bridging the con-
tinuum spectra of each color component®. This
method has also been employed to generate SC cov-
ering the ultraviolet-to-millimeter waveband™ or ul-
tra-broadband white-light pulses with an energy of
approximately 0.6 mJ'®. It can be expected that
multi-filament distribution in fused silica driven by
multi-color femtosecond lasers could serve as an ef-
fective way to generate ultra-broadband SC with
high spectral power.

In this work, we propose a scheme to generate
broadband SC with high spectral power covering the
UV to near-IR region. This is achieved by using a
two-color femtosecond laser drive a multi-filament

distribution in fused silica via a MLA. We compare
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the multi-filament patterns in fused silica and the
far-field laser spots for input pulses of different
wavelengths. Our results show that the two-color
laser method significantly broadens the spectral cov-
erage of the SC. Furthermore, we investigate the ef-
fect of the MLA-induced multi-filament distribu-
tion on the accumulation of SC power. A high-spec-
tral-power supercontinuum extending from the UV
to the IR is obtained, and the relationship between
the input power and the SC spectral power is ana-
lyzed. We also study the influence of the power ra-
tio between the two input pulses on the spectral
structure by varying the input power of the funda-
mental frequency and second-harmonic pulse. As a
result, the spectral power density in the UV and IR

wings can be readily modulated.

2 Experimental setup

The schematic illustration of our experimental
setup is shown in Fig. 1. The front-end source is a
Ti: sapphire chirped-pulse amplification (CPA) sys-
tem (Spectra-Physics: Spitfire Ace), which operates
with a pulse duration of 50 fs at a central wavelength
of 800 nm. This system delivers pulse energy ex-

ceeding 2.5 mJ energy at a repetition rate of 1 kHz.
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The laser beam is split into two beams by a beam
splitter. The frequence of one femtosecond laser
beam is doubled to 400 nm using a BBO crystal.
The two femtosecond laser beams at 800 nm and
400 nm are combined by a dichroic mirror. The
maximum powers of the fundamental laser (800 nm)
and second-harmonic laser (400 nm) are 750 mW
and 430 mW, respectively. The combined beam is
then focused by a commercial 10x10 MLA with a
pitch of 1.015mm and a focusing distance of
218.3 mm to generate a multi-filament array in the
fused silica. The dimensions of the bulk fused silica
are 50 mmx30 mmx30 mm. For comparison, the SC
generated by a single lens with a focal length of
=200 mm is also investigated. A charge-coupled
device (CCD) camera (PI: PIXIS 1024) is used to
record the filamentation images, with an integration
time of CCD is 50 ms. The SC emission is collected
by a lens with a focal length of =75 mm into a
spectral detection system for SC characterization. A
spectrograph (Ocean Optics: USB4000) is em-
ployed to record the SC spectra. A neutral density
filter is used to attenuate the SC signal and aviod
saturation during the measurement. Each spectrum

is obtained by accumulating 50 laser pulses.

Fused silica

Lens
i [

Spectrometer

Fig. 1 Experimental setup. Two femtosecond laser pulses at 800 nm and 400 nm are combined by a dichroic mirror. The com-

bined beam is focused into fused silica using a commercial 10x10 MLA. D: dichroic mirror with high reflectivity at

400 nm and high transmission at 800 nm
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3 Results and discussion

Femtosecond laser filamentation can be formed

in fused silica when a single lens is used as the fo-

cusing element. Figure 2(a) shows the typical SC
emission intensities from filamentation in fused
silica for femtosecond laser pulse at different

wavelengths: 400 nm (P=20 mW), 800 nm (P=
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50 mW), and 400 nm+800 nm (P=70 mW). The
spectra of the fundamental-frequency (800 nm) and
frequency-doubled (400 nm) input laser pulses are
plotted in Fig. 2(a). The difference in spectral width
between fundamental-frequency pulse (800 nm) and
frequency-doubled pulse (400 nm) in Fig. 2(a) is ob-
vious. When a laser pulse with a central wavelength
of 800 nm propagates through a BBO crystal, the
spectral width of the generated 400 nm second-har-
monic pulse is significantly compressed. This oc-
curs because, under the effect of chromatic disper-
sion, only the components near the central
wavelength satisfy the phase-matching condition for
second-harmonic generation, whereas the other
components are effectively suppressed. Therefore,
the spectral width of fundamental-frequency pulse
(800 nm) is broader than that of the frequency-
doubled pulse (400 nm). A similar spectral width
distribution can be observed in Ref.'), In addition,
Zeng et al. experimentally demonstrated that the
spectral width of frequency-doubled laser can be
further compressed using phase modulation techno-
logies™®!. The fused silica block is placed 180 mm
away from the single lens. The laser pulse energy is
limited to less than tens of microjoules to avoid
damaging the fused silica. For either 400 nm or
800 nm pulse alone, the spectral width of the SC
generated by a single lens is broader than that of the
input pulses, as shown in Fig. 2(a). The spectral
range is mainly concentrated on both sides of the in-
put pulse’s center wavelength. The farther from the
center wavelength, the lower the spectral intensity.
The SC spectral of fundamental-frequency pulse
(800 nm) and the second-harmonic pulse (400 nm)
hardly overlap in the spectral region with signific-
ant intensity. It can be seen that simultaneous fila-
mentation using both the fundamental and second-
harmonic pulse (400 nm+800 nm) can effectively
extend the SC spectral range. The SC spectral range
(cyan line) generated by two-color laser filamenta-
tion in fused silica is much wider than that gener-
ated by the 400 nm pulse (blue line) and 800 nm

pulse (yellow line) alone. In addition, the spectral
intensity near 500 nm under two-color laser excita-
tion is higher than that under single color pulse in-
put. This enhancement near 500 nm can be attrib-
uted to the superposition of spectral components
from both pulses. Both the SC generated by the fun-
damental-frequency pulse and that generated by the
second-harmonic pulse have low intensity near
500 nm, but their spectra are non-negligible; when a
two-color laser pulse is used to generate SC, these
two spectral components around 500 nm superim-
pose on each other, leading to an obvious intensity
enhancement at this wavelength. In contrast, the SC
generated by the fundamental-frequency pulse
(800 nm) has negligible intensity around 400 nm, so
the SC generated by the two-color laser pulse near
400 nm is not significantly higher than that gener-
ated by the 400 nm pulse alone.

(a) e 400 nm input pulse
0 === 400 nm single lens SC
10° 5 j 800 nm input pulse ~

800 nm single lens SC \
400 nm+800 nm single lens SC

1074 f\ /3
M\ {1
A oA
10 24 1 i \ ...ﬁ I \
400 500 600 700 800 900 1000
Wavelength/nm
L0 (b) 400 nm+800 nm single lens SC

400 500 600 700 800 900 1000
Wavelength/nm

Power density/(mW-nm™") Spectral intensity/(a.u.)

Fig.2 (a) Spectral intensity profiles of the 400 nm and
800 nm input pulses, as well as the SC generated by
the 400 nm, 800 nm and 400+800 nm laser pulses,
respectively. (b) Spectral power density distribution
of SC generated via two-color pulse 400 nm+
800 nm focused by a single lens

K2 (a) 400 nm A1 800 nm %y A Jik it 1148 B 504, LA

N4yl 400 nm, 800 nm £ 400-+800 nm 3G bk i
PERB LS . (b) i R R AR R ik
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The corresponding spectral power density of
the broadband SC driven by the two-color pulse is
calculated and plotted in Fig. 2(b). Although two-
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color laser driving can broaden the SC spectral
range of filamentation in fused silica, the spectral
power density in most of the spectral range is much
lower than 0.1 mW/nm, except for the regions close
to the central wavelengths of the input pulses. This
indicates that when a single lens is used for SC gen-
eration, the limited spectral power of the SC still re-
stricts its practical applications.

To enhance the spectral power of the SC emis-
sion, we use an MLA as the focusing element to
generate a multi-filament array in fused silica. It has
been demonstrated that using an MLA enables ma-
nipulation of the filamentation pattern with incident
800 nm laser pulse of very high energy without
damaging the sample. Consequently, SC generation
with a higher power and similar spectral broadening
can be achieved compared to that obtained with a
single focusing lens!'®. It can be expected that re-
gardless of the input pulse’s wavelength, the cumu-
lative effect of SC generated by the multi-filament
array will always exist to enhance the spectral
power. The multi-filament patterns of different
wavelengths formed by MLA imaging on the screen
are shown in Fig. 3(a), and the corresponding pho-
tos of the far-field laser spots are displayed in Fig.
3(b). We note that the incident laser at 400 nm pro-
duces slightly more filaments at the periphery of the
beam than the 800 nm laser does. in Fig. 3(a). This
is because the plasma produced during femtosecond
laser filamentation primarily arises from multi-
photon ionization. The photon energy of 400 nm
laser pulse is twice that of 800 nm laser pulse. For a
given ionization energy of the medium, the 400 nm
laser exhibits a higher probability of multiphoton
ionization. Although the energy transmitted through
the microlens array at the beam periphery decreases
in both cases, the 400 nm laser, with its higher
photon energy, is expected to possess a lower
threshold power for filamentation. Therefore, the
400 nm laser generates a greater number of fila-
ments than the 800 nm laser in our experiment. The

results in Fig. 3(a) and (b) demonstrate that the col-

ors of the multi-filament patterns and the laser pulse
spot images are governed by the wavelength of the
incident laser pulse. The color features associated
with filamentation in fused silica further reflect the
spectral composition of the SC, as documented in
Ref.?7, The objective of recording multi-filament
array imaging and SC patterns for various incident
lasers is to compare how the input laser wavelength
affects the colors of the filaments and SC beams.
Under the influence of diffraction, the cross-section-

al profile size of the SC beam gradually spreads as

(@

(b) 800 nm 400 nm 400+800 nm
3
S (c) wemeeees 400 1 SC
> 104 800 nm SC
é ' —— 400 nm+800 nm SC 4
210 [\
E
81024 Nonmpmgewer . . wme.
& 400 500 600 700 800 900 1000

Wavelength/nm

a
(d)

é 10! -

=

£ 5
< 10°4 400 nm+800 nm MLASC /
2

B2

)

< 107

-

(5]

% 400 nm+800 nm single lens SC
& 1072

400 500 600 700 800 900 1000
Wavelength/nm

Fig. 3 (a) Image of the multi-filament array cross-section
and (b) the corresponding SC beams. (¢) SC spec-
tral intensity profiles induced by a MLA element for
femtosecond laser pulses of different wavelengths:
800 nm, 400 nm, and 400 nm+800 nm, respectively.
(d)Spectral power density distributions of SC gener-
ated via two-color pulse focused by a single lens
and MLA, respectively
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the propagation distance increases. The spatial sizes
of the multi-filament array images and SC beam
profiles don’t affect the spectral data. So we just set
the white screen at an arbitrary distance far away be-
hind the fused silica block for conveniently.

Figure 3(c) presents the intensity distributions
of the SC associated with multi-filament induced by
focusing the fundamental laser pulse (800 nm), the
second-harmonic pulse (400 nm), and their com-
bined pulse (400 nm + 800 nm) through an MLA,
respectively. Compared with the cases where one of
the two beams is blocked, the spectra range of the
SC is broader when both beams are present simul-
taneously. Generally, the spectral intensity is low in
the near-UV range of the SC generated by the near-
IR (800 nm) femtosecond laser pulse filamentation
is relatively low. As shown in Fig. 3(c), when the
fundamental pulse and the second-harmonic pulse
(400 nm+800 nm) are used simultaneously to gener-
ate SC via MLA, the spectral intensity in the UV
range is significantly enhanced (cyan line) com-
pared with that generated by the 800 nm fundament-
al laser pulse alone (yellow line). In our experiment,
the cross-sectional images of multi-filament array
shown in Fig.3 (a), the SC beams depicted in Fig.
3(b), and the SC spectra illustrated in Fig. 3(c) were
not acquired simultaneously. Initially we placed an
imaging lens along the laser path behind the fused
silica block to project the cross-sectional distribu-
tion of the multi-filament array onto a white screen.
Subsequently, we employed a color digital camera
to capture the images of multi-filament array (a)
generated by different input lasers. For the SC
beams (b), we directly projected them onto a white
screen and also recorded them using a digital cam-
era. The acquisition of SC spectra was conducted
utilizing the scheme outlined in Fig. 1.

The multi-filament array formed by the two-
color femtosecond laser pulse enables the genera-
tion of SC with high spectral power. We also calcu-
lated the spectral power density of the SC generated

by combining two-color beams with the MLA, as

shown in Fig. 3(d). As demonstrated in Fig. 3(d),
when compared with using a single lens case, the
spectral power density has been significantly en-
hanced across the entire range of the SC. The cumu-
lative effect of SC produced by the multi-filament
array plays a pivotal role. It should be noted that the
cumulative effect of SC produced by the multi-fila-
ment array results from spatially coherent superposi-

8 which differs from the SC accumulation

tion
along the longitudinal direction of a femtosecond
filament focused by a single lens®™. As we known,
the SC generated by the filaments is coherent white
light, and the SC sub-sources produced by individu-
al filaments will experience constructive interfer-
ence with one another, thereby augmenting the spec-
tral power of the SC. The larger the number of inde-
pendent filaments, the more SC sub-sources parti-
cipate in spectral accumulation. Thus, increasing the
number of filaments at a fixed laser incident power
can enhance the conversion efficiency and spectral
power of the SC.

Figure 4(a) compares the SC spectral curves
driven by the two-color femtosecond laser at differ-
ent total powers P. The power ratio between the
second-harmonic and fundamental beams is approx-
imately fixed at 0.57, consistent with the power ra-
tio used in Fig. 3(d). Our results indicate that both
the spectral power density and spectral coverage of
the SC are dependent on the input power. Figure
4(b) presents the corresponding SC spectral distribu-
tion as as a function of the total power P. As illus-
trated in Figs. 4(a) and (b), increasing the input
power broadens both wing sides of the SC spectral
range and enhances the spectral power density
across the entire SC coverage. Using this approach,
we obtained an ultra-broadband SC with high spec-
tral power under our experimental conditions, cov-
ering a spectral range of approximately 380 nm to
950 nm. The spectral power density exceeds
0.1 mW/nm across the entire coverage range, with a
two-orders-of-magnitude enhancement at certain

wavelengths within SC spectrum.
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Fig. 4 (a) Typical SC spectral power density profiles of the
two-color femtosecond laser pulse passing through
the MLA with different total powers P: 1180 mW,
932 mW, 743 mW, 590 mW, and 472 mW, respect-
ively. (b) SC spectral distribution as a function of

laser pulse power
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We also manipulated the spectral intensity dis-
tribution of the SC by varying the power of the IR
and UV components of the input two-color laser
pulse, as shown in Fig. 5. Figure 5(a) presents the
spectral distribution obtained by individually adjust-
ing the input power P, of the fundamental-fre-
quency laser while fixing the input power P, of the
second-harmonic laser, and vice versa in Fig. 5(b).
As expected, the red wing of the SC is sensitive to
the input power of the fundamental-frequency laser
(Fig. 5(a)), while exerting a minor effect on the blue
wing. In contrast, the input power of the second-har-
monic laser has a significant impact on the blue
wing of the SC (Fig. 5(b)). Thus, the spectral power
density of the SC can be selectively adjusted on
either the red or blue side by controlling the input

power of a specific component. Our results demon-
strate that a femtosecond laser pulse with a much
broader frequency range propagating through an
MLA element can generate high-power SC with a
wider spectral range, and the spectral distribution of
the SC can also be modulated by controlling the in-

put power ratio of each component.
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Fig. 5 High-spectral-power-density SC profiles obtained
by varying the power of a specific component of the
input two-color laser pulse: (a) varying the funda-
mental frequency laser power P, (750 mW,
593 mW, 473 mW, 375 mW, 300 mW) while fix-
ing the second-harmonic laser power P; (b) vary-
ing the second-harmonic laser power P; (430 mW,
340 mW, 271 mW, 215 mW, 172 mW) while fix-
ing the fundamental frequency laser power P,
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Finally, we evaluated the spectral stability of
the high-spectral-power SC source generated in our
experiment. As shown in Fig. 6, the temporal evolu-
tions of the counts in several pixels corresponding to

the specific wavelengths ( 380 nm, 500 nm, 530 nm,
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550 nm, 600 nm, and 650 nm) were used to assess the spectral power stability of the SC.
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Fig. 6 Spectral stability of the high power SC source generated by the two-color pulse in our experiment. (a) and (a’) show the

SC spectral stability of the different typical wavelengths: 380 nm, 500 nm, 530 nm, 550 nm, 600 nm, 650 nm. (b) and
(c) depict the temporal evolution of the spectral counts at 650 nm and 380 nm, respectively, over the same time period
by varying the fundamental laser power P,=750 mW, 593 mW, 473 mW, and 375 mW. (d) and (e) show the spectral

counts at 650 nm and 380 nm, respectively, over the same time period by varying the second-harmonic laser power

P,=430 mW, 340 mW, 271 mW, and 215 mW
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Figures 6(a) and (a’) present the temporal evol-
of the different
wavelengths at a total input power of P=1180 mW
(P=750 mW and P,=430 mW). Under this condi-

tion, all signal intensities remained stable, showing

utions signal intensity for

nearly straight lines with only a slight drop over
6 minutes—indicating that the SC spectrum exhib-

its consistent stability across various wavelength

ranges. As illustrated in Fig. 6(a’), for several
wavelengths in the range of 500 nm to 600 nm, the
count value stabilized around 2000. This is consist-
ent with the spectral distribution shown in Fig. 4(a),
where, in the flat spectral range of 480 nm to
620 nm, each component exhibits nearly the same
spectral power density.The influence of the input

power of each component on spectral stability was
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also investigated. As shown in Figs. 6(b)—(c), we
measured the temporal evolutions of spectral intens-
ity over the same time period by varying the funda-
mental pulse power P,; similarly, Figs. 6(d)-(e)
show the temporal evolutions when varying the
second-harmonic pulse power P,. Our results indic-
ate that the input powers of the fundamental and
second-harmonic lasers have a minor effect on the
stability of the SC, with a noticeable trend that
lower input laser powers correspond to better SC
spectral stability. As expected, the intensity of the
SC is significantly influenced by the input laser
power, as demonstrated in Figs. 6(b)—(e). Further-
more, adjusting the input power of the fundamental
laser exerts a greater influence on the SC intensity
in the red wing than in the blue wing, as shown in
Figs. 6(b)—(c). In contrast, when adjusting the input
power of the second-harmonic laser pulse, the input
power has opposite effects on the red and blue
wings of the SC. Additionally, the spectral fluctu-
ation of the SC was evaluated to be less than 4%

over a 6-minute period.

4 Conclusion

In summary, we have demonstrated a new
method for generating a high spectral power SC
covering the UV to IR region. This method uses a

MLA to produce a multi-filament array in fused
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