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Abstract: We propose anovel scheme that lengthens the plasma channel
in filamentation with a multi-focal-length beam. Instead of one focal length
introduced by a conventional convex lens, the multi-focal-length beam
modulated by a spatial light modulator (SLM) produces afilament in an ex-
tended range with limited but strictly manipulated laser energy. The results
show that the scheme is capable of doubling the filament length compared
to a single-lens scheme with a 2-mJ input pulse. The filament location and
length can be simply tuned by altering the spatial amplitude and phase or
employing higher energies. Furthermore, the extended filament length leads
to the generation of a broadened continuum ranging from visible (V1S) to
infrared (IR) domain. This versatile scheme offers an efficient tool for the
development of avariety of applicationsinvolving ultrafast nonlinear optics.
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1. Introduction

Since the phenomenon of filamentation wasfirst observed and reported by Braun et al. [1], it has
attracted numerous attentions in various applications including high-order harmonic generation
[2-5], ionization [6, 7], remote sensing [8-10], THz generation [11-14], and lightning control
[15,16], etc. A filament is generated when a laser beam with sufficient power propagatesin a
nonlinear medium [17,18]. Due to the dynamic balance between Kerr self-focusing and plasma
defocusing, the filament can persist several times longer than the diffraction length, leaving a
row of plasma with the density of around 10'® /cm® and a lifetime of several nanoseconds.
Generally, a collimated beam is capable of generating the longest plasma channel due to the
absence of diffraction effect, which will aso result in a very low plasma density. To increase
the density of the plasma channel, the beam can be focused by a single convex lens. Previous
researches have proved that an incident beam with alarger numerical aperture (NA) corresponds
to ahigher plasma density while sacrificing the filament length [19, 20].

Even though lengthy filaments have already been generated with collimated or lens-focused
beams, the potential applications of filaments require further extending the plasma channel
length while maintaining high plasma density. Various approaches other than using a single
lens have been reported to achieve this goal. Compared to a Gaussian beam, a Bessel beam
features a preferable non-diffractive propagation, leading to a high on-axis intensity over a
longer distance. A quasi-Bessel beam can be produced by focusing a collimated Gaussian beam
with an axicon. As previously studied in [21, 22], the axicon-focused quasi-Bessel beam can
generate arelatively longer plasmachannel compared to focusing with conventional lenses. The
idea of filamentation with quasi-Bessel beam has been expanded to other non-Gaussian spatial
modes. In [23-25], the authors employed beams with different transverse modes, e.g. Bessel-
Gaussian beam (BGB), Laguerre-Gaussian beam (LGB), truncated Bessel beam (without the
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side lobes), and the combination of two Gaussian modes. The results show that the filament
induced by BGB and LGB is longer than the Gaussian beam under the same peak intensity,
pulse duration and the radius of the central beam. The lengthening effect is found to be resulted
from the outer part (side lobes) of the BGB and LGB that acts as the energy reservoir for the
central beam. The filaments tend to be longer when there are more side |obes with more energy
contained.

A new scheme that takes advantage of the energy reservoir was recently proposed and in-
vestigated in [26, 27]. The authors dressed a Gaussian beam with an auxiliary annular beam.
Thelow-intensity Bessel “dressing” beam propagates linearly and constantly refuels the optical
filament in the center. Consequently, the filament is prolonged to an order of magnitude longer
than the undressed Gaussian case. It is found that the beam width and inward radial chirp play
important roles in extending the filament whereas the spatial distribution of power in the dress-
ing beam is only a minor influence. This approach is highly scalable by changing the initial
parameters of the optical components, thus it can be applied in applications that require even
further elongated filaments.

Another method for generating lengthy filament is to alter the effective focal length of the
input beam [28]. The combination of a concave lens and an axicon can increase the range of
the effective focus position for different radius components compared to a single convex lens
or axicon. By using an annular Gaussian beam (or any beam with zero center intensity) as the
input, this scheme can produce afilament that persists adistance of around 3 m [29]. Thelength
of the plasma channel produced by a ring-Gaussian beam, compared to a Gaussian beam under
the same initial condition, has a significant improvement.

Apart from extending the filament length from purely spatial point of view, efforts have also
been made by optimizing the pulses temporally. As presented in [30, 31], the combination of
two femtosecond converging pulses is capable of “boosting” the filamentation range. The two
pulses are temporally delayed in order to achieve the concatenation of filaments created by
each pulses. Their temporal delay is determined to guarantee that the second pulse starts self
focusing when the ionization of the first pulse ends. In this way, the total length of the plasma
channel could be nearly doubled accompanied with a broadband white-light emission.

It is noteworthy that the filament length is directly related to the input pulse energy and
can be scaled up by raising the initial power. In [22], the authors found out that the length of
filament increases almost linearly with the laser power. Using an axicon of 176° top angle, a
filament length of nearly 30 cm is achieved with 3.5-mJ pulse energy. Further increasing energy
of the input Gaussian pulse might produce multiple filaments at the high intensity area. By
distributing the input energy to a central Gaussian beam (0.87 mJ) and a dressing quasi-Bessel
beam (3.5 mJ), the filament is elongated to ~2 min [26]. If the whole 28 mJ energy were used
in the dressing-beam scheme, the filament length can reach as long as 45 m according to the
numerical simulation. Even though the filament generated from a dressed beam is intriguing
when pulses with tens of millijoule energy are available, the possibility of extending filament
length with relatively lower pulse energy (< 3 mJ) is till quite limited.

In this paper, we report anovel scheme that optimizes filamentation with amulti-focal-length
beam. The initialy collimated beam is modulated in a radius-dependent way by a spatia light
modulator (SLM) [32-35] and the amplitude and phase are determined in order to combine
components of different effective focal lengths. Due to the damage threshold of the liquid
crystalsin SLM, it is a suitable choice of modulating the beam for relatively low-energy fil-
amentation. In a conventional single-lens scheme, the diffraction of the beam after focal point
causes power loss at the edge of the main beam, which terminates filamentation. Whereas in
the multi-focal-length scheme, the input beam contains a column of focal points and the en-
ergy flow is strictly manipulated by the initial spatial phase, which gives the beam a favorable
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inherent self-balancing characteristic in the filament range, therefore the filamentation region
is extended. In this case, the input energy will be more efficiently “locked” inside the filament
and less energy is required for the generation of a longer plasma channel. Furthermore, since
the spatial properties of the beam can be determined in any desired way, it is able to change the
position of filamentation by simply programming the SLM. For the abovementioned works, the
filament can only be generated in a different position when new optical components with dif-
ferent parameters are used, which adds complexity to the system. Comparatively, SLM offers
an easier method for tuning of the location in filamentation. Moreover, the extended filament
implies further accumulation of nonlinear effects, which will result in a favorable temporal-
spectral characteristics. The rest of this paper is organized as follows. We illustrate the concept
and numerical model in details in Sec. 2 and 3, respectively. Then in Sec. 4, we present the
results and discuss the prospects. Finally, a conclusion is made in Sec. 5.

2. Concept

The basic idea of the proposed scheme isillustrated in Fig. 1. As depicted in the figure, a con-
ventional convex lens focuses the incident light beam and produces a filament near the focal
point, due to the sufficiently high intensity for the Kerr self-focusing effect. By changing the
focal length of the lens, the filamentation will start at another distance with a different length.
Mathematically speaking, the focusing effect of alensisoriginated from the spatial phase intro-
duced to the collimated beam. According to previous researches, the filamentation performance
is determined by the beam propagation property, which can be improved by manipulating the
spatial amplitude or phase of the incident beam in various approaches, e.g. filamentation with
different transverse modes [23-25], auxiliary dressing beam [26, 27], annular beams [29], or
telescope optics[36]. It isintuitively inferred that, if the spatial phases of different focal lengths
are combined into one initial beam, along filament that connects the relatively short filaments
can be potentially realized.

5
Radius (mm)

Fig. 1. Concept of the scheme.

Based on above illustrations, we propose a scheme that manipulates an initially collimated
beam with SLM. Both the beam profile and phase are cylindrically symmetric in this scheme,
therefore the spatial amplitude and phase are considered radius-dependent. For a single-focal-
length beam, the focusing effect is attributed to the lens-induced spatial phase, which iswritten
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expli¢(r)] = exp(ikor?/2f), 1)

with kg being the wave vector and f being the focal length. By combining several beams with
varying energies and focal lengths, the spatial distribution of the superposed beam should be
expressed as the summation of each of the single-focal-length beams, which is

A (r)expligsm ()] = X Anexp(ikor?/2fn), @

where f, is the effective focal lengths and A, stands for different amplitudes of each compo-
nents. The spatial amplitude and phase of the multi-focal-length beam can be therefore easily
obtained as

Agm(r) =| Y Anexplikor?/21n)|,
expligsm ()] = Anexp(ikor?/2fn) /Agm(r).

n

(©)

It can be seen from the above equations that the amplitude of a multi-focal-length beam
Ag.m(r), unlike a stable amplitude of the initial collimated beam, is radius-dependent. It is
therefore deduced that not only phase modulation but also amplitude modulation will be re-
quired to produce a multi-focal-length beam.

In this article, we begin the investigations by selecting the effective focal length from 1.1
m to 1.5 m with an interval of 0.1 m, and the energies for each components are 100 uJ, 250
wJ, 400 pJ, 550 pJ, and 700 wJ, respectively. The reason for such energy arrangement will be
explained later. With the given parameters, the spatial phase can be written as

5
A (r)=|Y Anexplikor?/2(1+0.1n)]|,
o 4
explie’ ()] = Y Anexplikor?/2(1+0.1n)] /A'(r),

n=1
in which A, = /2l/cegng represent the amplitudes of each components and 1+ 0.1n are the
focal lengths. The radius-dependent phase is plotted as the red line in the inset of Fig. 1 in
contrast with the blue line that shows the spatial phase introduced by a single lens (f = 1.3
m). Due to the coherent superposition of five components with different spatial phases, the
combined spatial profile A (r)exp(—r?/w?) (bluelinein the cross section in Fig. 2(a)) isslightly
different from the original Gaussian profile (black dashed line in the cross section in Fig. 2(a)).
An energy loss around 20% is observed, implying that a collimated Gaussian beam with a
pulse energy of 2.5 mJ would be necessary to produce the desired multi-focal-length beam.
The pixel size of acommercially available SLM can be as small as 8 um with a high resolution
of 19201080, corresponding to an active area of 15.36x8.64 mm?. A programmable SLM
with such spatial resolution is capable of manipulating the beam in our desired way.

Fig. 2(a) and 2(b) show the cal cul ated 2-dimensional (2D) spatial profile and phase of amulti-
focal-length beam, respectively. The phase is the remainder of ¢’(r) divided by 27, hence an
aperiodic ring shape is observed. An amplitude-and-phase SLM (e.g. Holoeye HEO 6001) is
capable manipulating both the spatial profile and phase of abeam based on animage signal from
acomputer. As an aternative, by inputting the calculated amplitude and phase figures into the
SLM, an initialy collimated beam can be changed to a multi-focal-length beam. Furthermore,
it has been reported that the amplitude and phase of a beam can be arbitrarily modulated by
a combination of two phase-only SLMs [37], which shows that the desired modulation for a
multi-focal-length is readily realizable with current technology.
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Fig. 2. Modulated amplitude (a) and phase (b) of a multi-focal-length beam.

3. Theory model

To quantitatively investigate the performance of this scheme, the filamentation processis sim-
ulated by numerically solving the nonlinear Schrodinger equation (NLSE) coupled with the
plasma density evolution equation. We employ a linearly polarized laser electric field with
cylindrical symmetry around the propagation axis. The incident beam with a Gaussian tempo-
ral profile and amodulated spatial profile can be expressed as:

e(r,t,z=0) = A(r)exp(—r?/of )exp(—t* /15 )explie’ (r)], ©)

where @, and 1o are the half width at 1/€? of the peak intensity spatially and temporally, re-
spectively.

The nonlinear Schrodinger equation in the reference frame moving at the group velocity
(t = tjap — 2K ), can be written as [38]:

R &k 9" ikony 2 t NN,
55¢ —%T AL8+I:%TW8+—OT[(1—f)|8(t)| +f/_ooR(t—t) s(t)‘ dt]e o
iko — 1 3 K [ | 2Km—2
- T pe—_-(op+ mlg| ).
o’ P 5(op Wé“zﬁ e[ %)

In the above equation, A is the Laplace operator, k(') is the chromatic dispersion coefficient

2
up to the 4th order, np = 1x10~23m2/W is the nonlinear refractive index, pe = 2052 =
1.74 % 10%" /m3 is the critical plasma density, the constant ¢ = wL,f% Tzﬂ)z =5.47%10"%m?

corresponds to the cross-section for electron-neutral inverse bremsstrahlung (t = 350 fs being
the electron-atom relaxation time) and BX = KRwopa: ok is the coefficient of multiphoton ab-
sorption, K = mod(ﬁu—w‘o) + 1 being the minimum of the photon number necessary to ionize the

medium. The operator T =1+ i/wog ensuresthat the model isvalid even for few-cycle pul ses,
corresponding to a frequency domain representation of T = 1+ o/ wo. R(1) = T Yexp(—1/%)
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with a characteristic time 1 = 70 fs stands for the Raman-delayed Kerr effect, the fraction of
whichis f = 0.5. The NLSE is coupled with the plasma evolution equation:

d o
5P =W()(pat) — 1) + U%IPH —ap?,l = 0z,Ny, (7)
I,

where W(I) denotes the multiphoton ionization rate and o = 7+ 10713/(m?3s) is the recom-
bination rate, pa n, = 2+ 10%°/m? and pa 0, = 5+ 10%*/m3. The plasma defocusing effect is
included in the NL SE as the summation of both gasses:

P = PO, + PNy- ®

The NLSE is computed with the split-step Fourier algorithm. We use the Crank-Nicholson
method for calculating the linear effects, i.e. beam diffraction and dispersion, in the spectral
domain, while the nonlinear effects are calculated in the time domain as:

e(r,t,z4+dz) = ¢(r,t,2) - exp[N(e)dZ, 9)

where N(e) stands for the summation of all the nonlinear terms. The step length dz is decided
according to the peak intensity of the beam to ensure that N(¢)dz < 1 so that the algorithm is
valid. In our simulation, the initial dzis selected to 2 mm and it is decreased to 20 um during
the filamentation. For the plasma, an Euler method is employed to integrate the plasma density
evolution with respect to the time delay.

The simulation is performed in air using a laser beam centered at 800 nm with a FWHM
temporal duration of 40 fs (trwnm = +/2IN(2) 1p), the initial radius of the beam is @y = 3 mm.
The pulse energy and effective focal length are variable and will be illustrated in detail in the
following discussions.

4, Resultsand discussion

To start with, we assume alaser pulse with the energy of 2 mJ and effective focal length varying
from 1.1 mto 1.5 m, theinterval between each of them is 0.1 m, indicating that the initial beam
contains five different focal-length components. The process is numerically simulated and the
evolutions of the on-axis peak intensity, plasma density and fluence of the multi-focal-length
filamentation are depicted in Fig. 3. To determine the lengthening effect of modulating the
spatial amplitude and phase, the peak intensity and plasma density evolutions of single-lens
schemes are plotted in Fig. 3(a) and 3(b) for comparison. All other parameters for the single-
lens schemes are identical to the multi-focal-length scheme except the focal lengths, which are
1.1m, 1.3 m, and 1.5 m,respectively. As observed in the figure, focusing the beam with a lens
can produce a stable plasma channel (less than 10 % fluctuation) around the focal point with
a length of 10~20 cm. On the contrary, the multi-focal-length beam generates a filament of
over 50 cm, which is more than twice longer of the single-lens schemes. With the considered
parameters, the peak intensity during filamentation approaches 4 x 1013 W/cm? and the plasma
density exceeds 2 x 106 /cmS3. The full width at 1/e? maximum of the beam fluence is kept
around 200 um with afluctuation less than 20% in longer than 50-cm range.

Note that the modulated beam is equivalent to 5 beams with different focal lengths, sharing
the total input energy. Based on Marburger’'s self-focusing theory [39], the power threshold
for Kerr self-focusing is written as Py = 3.7242/8rngny, corresponding to 7.89 GW in the
studied case. A pulse energy of ~300 uJis required to trigger filamentation. It is observed in
Fig. 3(a) and 3(b), even though the energy for f = 1.1/1.2 m components are insufficient for
self-focusing, filamentation can take place with the assistance of the energy reservoir formed
by longer focal-length components. In fact, the superposition of 5 focal-length componentsis

#253983 Received 16 Nov 2015; revised 8 Feb 2016; accepted 17 Feb 2016; published 19 Feb 2016
©2016 OSA 22 Feb 2016 | Vol. 24, No. 4 | DOI:10.1364/0OE.24.004029 | OPTICS EXPRESS 4036



N
2

(2)

Intensity (W/cmz)

1017

2,
o

e,
(8]

Plasma Density (/cm3

08 09 10 11 12 13 14 15 16 17
Propagation Distance (m)

Fig. 3. (a) On-axispeak intensity, (b) plasmadensity, and (c) fluence evol utions of the multi-
focal-length filamentation in comparison with the single lens scheme. The peak intensity
and plasma density of single lens schemes are compared in (@) and (b), in which the focal
lengths are 1.1 m, 1.3 m, and 1.5 m for the red, blue, and green lines, respectively. White
linesin (c) indicate the beam radius during propagation.

so intense that the medium getsionized even before the first effective focal length. Asshownin
Fig. 3(c) around z= 1.2 m region, the plasma defocusing becomes dominant due to the rapid
increase of the intensity and the combined beam is slightly defocused from the center, which
lasts until after z= 1.3 m. For this reason, more energy are arranged to longer focal-length
components to ensure that the “refocusing” will occur after the defocusing around short focal
lengths. After the beam is refocused, the long focal-length components start to take over while
the previously diverged short focal-length components act as the energy reservoir. According to
previous studies, the filamentation process is sustainable as long as the power within the main
beam is above the critical power for self-focusing effect [27]. Owing to the energy reservoir
formed by different components, every one of them will be able to generate a filament and will
connect with each other. Consequently, a filament length that none of the single-lens scheme
could produce alone is achieved.

Since the termination of the filament is resulted from the dissipation of the beam energy, itis
reasonable to infer that the performance of the proposed scheme can be significantly improved
by increasing the input pul se energy. The energy dependence of the proposed schemeis studied
and plottedin Fig. 4(a). Theinput pulse energy are2 mJ (blueline), 3mJ(redline), 4 mJ (yellow
line), and 5 mJ (purple line), respectively. With more sufficient input power, the filamentation
begins even before approaching the first effective focal length. As aresult, the filament length
can be increased to nearly 1 m. Unlike the significant improvement before z= 1 m, the plasma
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Fig. 4. Tunability of the multi-focal-length scheme by changing (&) input pulse energy and
(b) effective focal lengths. (c). Blue line: energy 4 mJ, focal length 1.0~1.8 m with 0.2-m
interval, red line: energy 5 mJ, focal length 1.0~2.2 m with 0.3-m interval, purple line:
energy 5 mJ, foca length 1.0~2.6 m with 0.4-m interval.

density evolution at the filament tail is barely different in four cases. Even though the pulse en-
ergy isincreased, the longer focal-length components are still defocused by the intense plasma
channel at the beginning of the filament. In order to more efficiently extend the filament at the
tail, the energy distribution for different focal lengths has to be further optimized.

Tuning the filament location is of importance when applied in remote sensing [36]. Here we
investigate the possibility of altering the filament location in the multi-focal-length scheme and
the result is depicted in Fig. 4(b), the parameters are the same as in Fig. 3 except the effective
focal lengths. Given a different spatial amplitude and phase, the filament can be generated at
either shorter or further distances. When the focal lengths are changed to 0.6~1.0 m, 1.6~2.0
m, and 2.1~2.5 m with the same interval of 0.1 m, the filaments are produced at corresponding
positions. According to the relationship between filament length and initial numerical aper-
ture (NA), longer effective focal lengths (smaller NA) is beneficial for alonger filament. The
filament produced around z= 2m is able to reach alength of over 80 cm. Thisimpliesthe possi-
bility of simply tuning the filament position by programming the SLM differently. Compared to
changing optical components, the programmable spatial phase offers much more convenience
in tunability.

The results in Fig. 4(b) have shown the availability of generating filament with only 2-mJ
pulse energy. For each of the focal-length components, higher energy corresponds to longer
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filaments. Therefore, the interval between each effective focal length can be lengthened when
the pulse energy is increased, resulting in an even longer plasma channel. In Fig. 4(c), the
interval isincreased to 0.2 m (blue line), 0.3 m (red line), and 0.4 m (purple line), respectively.
To ensure that filaments produced from different focal-length components are connected, the
input pulse energy are increased. Detailed parameters can be found in the caption of Fig. 4.
In this way, the plasma channels are efficiently extended to over 1.5 m with no obvious gap
between different effective focal lengths. Based on above results, it is proven that elongated
filaments with simple tunability and energy scalability is readily available with the proposed
multi-focal-length scheme.

Time (fs)
o

-100
09 1.1 13 15 17

Propagation Distance (m)

Time (fs)

1

1.2 14 1.6
Propagation Distance (m)

Fig. 5. The temporal distribution of the pulse with respect to the propagation distance in
the multi-focal-length scheme (@) and single-lens scheme (b).

Throughout the development of filamentation, the temporal property of the laser pulse in
filamentation has been studied in plenty of researches [40, 41]. Other than the filament length
and plasma density, we have also investigated the pulse temporal evolution in the proposed
scheme. Figure 5(a) shows the temporal profile with respect to the propagation distance in the
multi-focal-length scheme, the parameters are identical to the ones used in Fig. 3. The pulse
shape remains unchanged until around z = 0.9 m because the intensity is not high enough for
Kerr self-focusing and the pulse propagation is only affected by diffraction and dispersion.
After that, the intensity exceeds the critical point, thus self-compression and self-steepening
occur. Due to the intensity dependent refractive index An = nyl, the less intense trailing edge
of the pulse has alower refractive index than the intensity peak when n, is positive, therefore it
travelsfaster than the peak, leading to the steepening at the trailing side of the pulse. Meanwhile,
the leading edge of the pulse ionizes the medium and generates plasma, which defocuses the
trailing edge and resultsin a self-compressed pulse. The rapid compression of the pulse mainly
takes place in the range between z= 1.0 m and z= 1.2 m, where all focal-length components
are contributing to the focusing of the whole beam. The self-compressed pul se startsto stabilize
after z= 1.3 m because the short focal-length components are already diverged, which slows
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down thefurther focusing and compressing of the leading pulse. Inthe meantime, the previously
defocused trailing side of pulseisrefocused, leading to a second peak and atemporally-splitted
pulse.

In comparison, the tempora evolution of a pulse focused by a f = 1.3 m lens is studied
and depicted in Fig. 5(b). Phenomena including self-compression, pulse-splitting and self-
steepening are observed. The leading side is self-compressed during filamentation and the
trailing side refocuses into a splitted pulse, which are similar to Fig. 5(a). Nevertheless, the
beam eventually diverges because of the diffraction after focal point and the peak intensity de-
creases, therefore the filament vanishes and the temporal evolution of the pulse stops. On the
contrary, instead of being diverged, the filament in the multi-focal-length scheme is sustained
by the subsequently focusing longer focal-length components and the refocused trailing pulseis
continuously compressed. More detailed properties of the output pulses are analyzed in Fig. 6.
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Fig. 6. (8). Black line is the initial spectrum, blue and red lines are the output spectra
in multi-focal-length scheme and single-lens scheme, respectively. (b) and (c). Temporal
shape (blue solid lines) and phase (red lines) of the output pulses in multi-focal-length
scheme and single lens scheme, respectively. The FWHM duration of the transform limited
pulses (blue dashed lines) are 8.2 fsand 20.1 fs, respectively.

The spectral characteristic of filamentation is favorable for its uses in atmospheric sens-
ing [10] or optical parametric amplification (OPA) [42—44]. Owing to the continuous pulse
compression during the filamentation, a broadband continuum can be expected correspond-
ingly. The output spectrum of the multi-focal-length scheme is depicted in Fig. 6(a) (blue line)
in comparison with the output spectrum of single-lens scheme (red line) and the initial spec-
trum (black line). As observed in the figure, spectrain both schemes are remarkably broadened
and broadband continuums are obtained. Comparatively, the continuum produced in the pro-
posed scheme is more than one order of magnitude higher than that in the single-lens schemes
in both VIS and IR regions. It is known that the spectral broadening in filamentation mainly
originates from the self-phase modulation (SPM) effect, which is directly related to the Kerr
effect. Similar to the temporal evolution discussed above, the spectrum in single-lens scheme
gets broadened when Kerr self-focusing and filamentation occurs. As the pul se passes the focal
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point and the beam is diverged, the peak intensity decreases and broadening of the spectrum
weakens. In the multi-focal-length scheme, even though the peak intensity is dightly lower
than that in the single-lens scheme and the nonlinear effects are less intense, the filamentation
lasts a much longer range for the SPM effect to accumulate. As a conseguence, the spectrum
is further broadened. The broadband continuum can significantly benefit applications such as
remote sensing with Light Detection and Ranging (LIDAR) technique [8] and white-light seed
generation in OPA systems [42].

The compressihility of output pulses from both schemes are discussed in Fig. 6(b) and 6(c).
The uncompressed pulses from two schemes have similar durations. However, the temporal
phase in Fig. 6(b) is close to a quadratic curve in the splitted pulses, which represents a much
larger chirp than the almost linear tempora phase of the main pulse in Fig. 6(c). Therefore,
after compensating the temporal chirp of each pulses, atransform limited pulse of 8.2 fs (three
cycles) isobtained in the proposed scheme while the output pulse in the single-lens scheme can
only be compressed to a duration of 20.1 fs.

Experiments of white-light continuum generation induced by laser filaments have been
widely implemented not only in gas but also in solid or liquid mediums [32, 41, 45-48]. The
condensed medium, compared to atmospheric gas, is a much denser material with orders of
magnitude higher nonlinearity. Therefore, the supercontinuum can be generated with less pulse
energy in a shorter distance and the bandwidth is much more efficiently broadened. As re-
vealed by the above results, the multi-focal-length scheme is more beneficial for a broad output
spectrum than the single-lens scheme in air. It implies the potential availability of applying
the phase-modulated beam on a solid-state material for the generation of an ultra-broadband
continuum. On the other hand, laser filament has been recognized as an useful tool in rapid-
cutting [49-51]. The clamped high-intensity structure with a stable diameter offers a suitable
method of precisely cutting metals or biological materials. The proposed scheme preserves al
advantages of the conventional filamentation, meanwhile it allows the possibility of cutting
thicker materials with higher tunability.

5. Conclusion

In conclusion, we have theoretically investigated the performance of a lengthened optical fil-
ament generated from a multi-focal-length beam. Various phase components of different fo-
cal lengths are contained in the initial spatial phase, leading to filamentation in an extended
range. The length of the plasma channel is significantly prolonged compared to the conven-
tional single-lens scheme with the same input energy, pulse duration, and beam diameter. Dur-
ing filamentation, the filament at a certain focal length can benefit from the energy reservoir
formed by other components and get extended, therefore the filaments at different positions can
be connected and combine a much longer filament. Owing to the strict manipulation of beam
propagation by modulating the spatial amplitude and phase, the filament is efficiently gener-
ated with very limited laser power. Besides, the filament is easily tunable to a different distance
in the proposed scheme by programming the SLM and increasing the input pulse energy. The
potential of producing stable filaments in a wide range has been studied. In addition, a further
broadened continuum is obtained as aresult of the constant accumulation of nonlinear effectsin
the extended filament. The spectral-temporal performance implies a promising potential of su-
percontinuum generation in mediums with higher nonlinearity. The multi-focal-length scheme
isalso apotentially useful tool for laser-cutting of thick materials.
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