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We numerically investigate the mid-infrared (MIR) supercontinuum (SC) and SC-based optical frequency comb
(OFC) generations when the three optical modes (LPg;, LPg,, and LPy,) are considered in a multimode tellurite pho-
tonic crystal fiber (MM-TPCF). The geometrical parameters of the MM-TPCF are optimized to support the multimode
propagation and obtain the desired dispersion characteristics of the considered three optical modes. When the pump pulse
with center wavelength A = 2.5 um, width T = 80 fs, and peak power P = 18 kW is coupled into the anomalous dispersion
region of the LPg;, LP(,, and LP|, modes of the MM-TPCF, the —40-dB bandwidth of the generated MIR SCs can be up to
2.56, 1.39, and 1.12 octaves, respectively, along with good coherence. Moreover, the nonlinear dynamics of the generated
SCs are analyzed. Finally, the MIR SCs-based OFCs are demonstrated when a train of 50 pulses at 1-GHz repetition rate is

used as the pump source and launched into the MM-TPCF.

Keywords: multimode tellurite photonic crystal fiber, supercontinuum, optical frequency comb, mid-infrared

spectral region
PACS: 42.65.Wi, 42.65.Re, 42.70.Km

1. Introduction

Supercontinuum (SC) in the mid-infrared (MIR) spectral
region has extensive applications in optical frequency comb
(OFC),M spectroscopy,?! optical coherence tomography, !
and optical communication.*l When the short pulse propa-
gates in the nonlinear medium, the SC could be generated from
the interplay of some nonlinear effects, including stimulated
Raman scattering (SRS), self-phase modulation (SPM), four-
wave mixing (FWM), modulation instability (MI), and soliton
fission (SF).[>~191 Photonic crystal fiber (PCF) is considered
as one of the excellent nonlinear media for the SC generation
due to its excellent optical properties such as adjustable dis-
persion, enhanced nonlinearity, high birefringence, etc.>:11-12]
In 2002, Dudley et al.!'3 firstly reported the SC generation in
the silica PCFs by using the short pulses as the pump source.
Since then, there are lots of reports on the SC generation in the
silica PCFs.[14-18] Tn recent years, some novel PCFs, which
are fabricated from the fluoride, chalcogenide, and tellurite
glasses are demonstrated. Compared with the silica glass,
these glasses have lower transmission loss in the MIR spectral
region and higher nonlinear refractive index ny, so they can be

used as the materials of the PCF for investigating the nonlinear

DOI: 10.1088/1674-1056/abf10f

effects.!'%201 Among them, 5 of the tellurite glass is one order
of magnitude larger than that of the silica glass. In addition,
it is chemically and thermally stable compared with the flu-
oride and chalcogenide glasses.!?!>?] Therefore, the tellurite
glass has been considering as the ideal nonlinear medium for
the MIR SC generation. In 2008, Domachuk et al.?*! reported
the SC generation spanning from 0.79 pm to 4.9 um in a tellu-
rite PCF. In 2016, Ou et al.?3! obtained the MIR SC spanning
from 1.8 um to 14 pm by using a highly nonlinear Ge—Sb—Se
fiber. In 2017, Zhao et al.’**) demonstrated the MIR SC gen-
eration covering 2 um-16 pum in a low-loss telluride single-
mode fiber. In 2017, Li et al.!*>! demonstrated the highly co-
herent and octave-spanning MIR SC generation in a tellurite
PCF. In 2018, we investigated the self-similar pulse compres-
sion and its application in the MIR SC generation in the tel-
lurite PCFs.12° In 2019, Nguyen er al.'?” obtained a highly
coherent SC spanning from 1.4 pum to 3 pm in a microstruc-
tured tellurite fiber pumped by a laser operating at 2 um. In the
same year, Klimczak et al.*) obtained the SC with a spectral
width covering wavelengths of 1100 nm—2600 nm centered at

1560 nm using a highly nonlinear tellurite glass PCF.

Until now, most of investigations are concentrated on the
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SC generation based on the fundamental mode of the PCFs.
As the fiber laser and optical communication technologies de-
velop rapidly, the multimode nonlinear fiber optics has been
attracting great research interests.>=3! Recently, the SC gen-
erations based on the high-order modes in the multimode PCFs
have already been reported. In 2008, Cherif et al.3?! reported
the SC generation when the femtosecond pump pulses are cou-
pled into the LP;; and LP;; modes of a silica PCF. In 2013,
Chen et al.33 demonstrated the SC generation from the visi-
ble to ultraviolet spectral region by coupling the sub-ns pulses
at wavelength 532 nm into the LPy; mode of a silica PCF. In
2016, Jiang et al.3* experimentally generated the MIR SC
when the pump pulses are launched into the fundamental and
first higher-order modes of a ZBLAN PCF. In the same year,
Kubat er al.®¥ obtained the MIR SC when several higher-
order modes are excited in a chalcogenide PCF. In 2018, Khal-
ifa et al.’®! obtained a mid-infrared supercontinuum span-
ning 2 pum to 4 um at —40 dB for mode HE;; from 2 pum
to 3.5 um for HE|, using a multimode As;S3 PCF. In 2020,
Eslami et al.’®”] demonstrated the generation of a low-noise,
octavespanning mid-infrared supercontinuum from 1700 nm
to 4800 nm using a multimode step-index chalcogenide fiber
with the higher-order modes. At present, there is still no report
on the SC generation in the higher-order modes of the multi-
mode tellurite PCF (MM-TPCF).

In this paper, the highly coherent and octave-spanning
MIR SCs are generated when the femtosecond pump pulses
are coupled into the anomalous dispersion region of the LPy,
LPg,, and LPj> modes of the designed MM-TPCEF. The influ-
ences of the pump pulse parameters including center wave-
length, width, and peak power on the SC generations are inves-
tigated. The temporal and spectral evolutions of the SC gen-
eration for the three optical modes are demonstrated. Finally,
the SC-based OFCs are obtained when a train of 50 pulses at
1 GHz repetition rate is used as the pump source.

2. Theoretical model and design of the MM-
TPCF

Figure 1(a) shows the cross-section of the designed MM-
TPCEF, where the four rings of air-holes are arranged in a reg-
ular hexagonal lattice, the core diameter D is 4.6 pum, hole to
hole pitch A is 15 pum, and air hole diameter d is 0.7A. The
single-mode propagation condition of the MM-TPCF can be

described as follows:

_2ma

: (n? —n3)"/? < 2.405, (1)

Vv

where V is the normalized frequency, a is the core radius, A is

the wavelength of the propagated light, and n; and n, are the

effective refractive indices of the core and cladding regions, re-
spectively. When V = 2.405, the corresponding cut-off wave-
length Acye-off can be obtained by Eq. (1). When the pump
wavelength is larger than Acy-off, the single-mode propagation
can be achieved. When the pump wavelength is smaller than
Acut-off> the MM-TPCF supports the multimode propagation.
According to Eq. (1), V is dependent on n; and n,. In order
to ensure the multimode propagation, two kinds of materials,
which have the large effective refractive index difference, need
to be carefully chosen as the core and cladding materials to
increase Acyi-off. The chosen materials should have the sim-
ilar thermal expansion and softening temperatures, which is
necessary for the actual fabrication of the MM-TPCF. Thus,
TLWMN (TeO,-Li;O-WO03-Mo003-Nb,03) and TZLKAP
(TeO,—ZnO-Li, O-K,0-Al,03-P,05) are used as the core
and cladding materials, respectively. 8401 In practice, the de-
signed MM-TPCF can be fabricated with the stack-and-draw
technique. We use the full-vector finite element method (FV-
FEM) to calculate the propagation characteristics of the de-
signed MM-TPCEF. In the calculation, the perfectly matched
layer (PML), whose thickness and refractive index are set as
10 pm and ngjicy +0.03, is used as the boundary condition. In
addition, the grid sizes of the silica, air holes, and PML are
set as A /4, and the grid size of the core region filled with the
nitrobenzene is set as A /6. With the FV-FEM, the mode field
distributions of the considered LPy;, LPg>, and LP;» modes
calculated at wavelength 3 um are shown in Figs. 1(b), 1(c),
and 1(d), respectively. From Figs. 1(b), 1(c), and 1(d), the
mode field energy can be well confined in the core region of
the MM-TPCEF, which consists of the TLWMN material and is

marked by the circle.
1
i
0

Fig. 1. (a) The cross-section of the designed MM-TPCF. Mode field distri-
butions of (b) LPy; mode, (¢) LPy, mode, and (d) LP;; mode calculated at
wavelength 3 pm.

(a)

The curves of the effective refractive index N, and effec-
tive mode field area A calculated as functions of the wave-
length for the three optical modes are shown in Fig. 2(a). From
Fig. 2(a), compared with the LPy; mode, Neg and Acg of the
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LPg, and LPy, modes decrease and increase faster as the wave-
length increases, respectively. The group-velocity dispersion

parameter D can be derived from Nggr as follows:

A d*Negr
c daz’

2

where c is the light velocity in the vacuum. Figure 2(b) shows
the D and nonlinear coefficients y of the LPy;, LPy, and
LPj; modes of the MM-TPCF. From Fig. 2(b), the three op-
tical modes show the anomalous dispersion characteristic at
the initial pump wavelength 2 um. The first zero-dispersion
wavelengths (ZDWs) of the LPg;, LPgy, and LP{, modes are
located at wavelengths 1.72, 1.48, and 1.28 um, respectively.
The second ZDWs of the LP, mode is located at wavelength
4.58 pm. 7y can be calculated from A, which is related to the
integration on the whole cross-section of the MM-TPCF as
21ny
r= AAetr
27 [ () [F(xy)] dxdy
A TIF(xy)[ dxdy

3)

where F(x,y) is the distribution of the mode fields and ny =
5.9 x 107" m?/W is the nonlinear refractive index of TL-
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Fig. 2. (a) The effective refractive index N.g and effective mode field area
Aegr calculated for the LP;, LP,, and LP; modes, respectively. (b) Group-
velocity dispersion parameter D and nonlinear coefficient y calculated for the
LPg;, LPy,, and LP;, modes, respectively.

WMN. From Fig. 2(b), ¥ of the LPg; mode is much larger than
those of the LPyy and LP;, modes, and ¥ curves of the LPy,
and LP;> modes are nearly overlapped, which means that they
have the similar nonlinearity.

The nonlinear dynamics of the short pulse propagated in
the designed MM-TPCF can be modelled by the following

generalized nonlinear Schrodinger equation (GNLSE)!>-12!
A o i"t1g, 0mA
Rl iy -
2t 2 L T o

m>2

. d
=1y X <1+Tshockat>
ey INVW
X [A(m)/o R(t") |A(z,t—1")| dt], )

where A(z,t) represents the slowly varying envelope during
the propagation, « is the linear propagation loss, 3, means the
m-order dispersion coefficient calculated from the Taylor ex-
pansion of the propagation constant f3(@) at a specific wave-
length, and ¥ is the nonlinear coefficient. Nonlinear disper-
sion Tgnock = 71 (@0)/¥(@p) corresponds to the effect of self-
steeping (SS), where ¥ (®) = dy(®)/d® and o is the central
angular frequency. R(¢) denote the nonlinear response func-

tion, which can be described as

R(1)

(1=fR)8(1) + frhr (1), ®

where fr is the fractional contribution of the Raman response,
and 6(¢) represents the Kerr effect. The delayed Raman re-

sponse function Ag(¢) is described as

T2 4 12 t\ . [t
hr(t) = 11'1122 exp <—T2> sin <T1> , (6)
2

where 71 is the Raman period corresponding to the phonon

oscillation frequency, and 7, is the spectral bandwidth of the
Raman gain. Some parameters used in the simulation are listed
in Table 1.9

Table 1. Some parameters used in the simulation.

Parameters PCF length (mm) fr 71 (fs) 7 (fs)

Value 3 0.064 7.4413 46.932

The coherence is one of the important parameters to eval-
uate the quality of the SC generated. The following three pa-

rameters can be used to quantify the coherence of the SC4!:42]
At (A,11)Ar (ALt
gig(ﬂ,tl—tz): (A 21) 2(A,12)) <. )
<|A1(/l,t])| ><|A2(7L,t2)| >
ro o g1y (At = )P(A, 1 — 1) dA )
B f(;oP(l,l‘l —l‘z)dﬁ, ’
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where g(llg is the first-order degree of coherence, indicating the
correlation of the signals from shot-to-shot at wavelength A for
t1 = tp. A(A,r) is the signal spectral amplitude with the ran-
dom noise. n = NNexp(i2xU) represents for the noise seed,
where 7 is the noise level representing the degree of noise in
relation to the pulse, N is a random variable with the stan-
dard normal distribution, and U is a random variable with the
uniform distribution between 0 to 1. The angular brackets de-
note the ensemble average among the independent pairs of the
generated spectra. Here, 50 shots with different random noise
seeds are used to calculate Eq. (7). The weighted degree of
coherence R in Eq. (8) measures the averaged coherence in the

whole spectrum, where P(A,1) = <\A(l,t) |2> denotes the en-

semble average intensity of the generated spectra. In Eq. (9),
K is used to compare the tiny difference of the high coherence.

3. Simulation results and discussion

We use the fourth-order Runge—Kutta method to solve the
GNLSE for investigating the nonlinear dynamics of the SC
generation. *’1 The hyperbolic secant pulses with different pa-
rameters are used as the pump source and coupled into the
LPg;, LPg, and LP{;, modes of the designed MM-TPCF with
the length of 3 mm, respectively. In the simulation, the 12th-
order dispersion coefficient is considered, as shown in Table 2.
In the following, we will investigate the influences of the pump

pulse parameters on the SC generation.

Table 1. The dispersion coefficient f3,, calculated at wavelength 2.5 pm.

Bm

m

LPy, LPp, LPj,
2 —2.98 x 107! (ps?/m) —5.33x 107! (ps?/m) —1.02 ps?/m
3 1.69 x 1073 (ps3 /m) 2.39 x 1073 (ps®/m) 3.35x 1073 (ps®/m)
4 —1.30 x 1073 (ps*/m) —2.02x 1073 (ps* /m) 8.28 x 1070 (ps* /m)
5 6.26 x 1078 (ps® /m) 7.75 x 1078 (ps® /m) —1.58 x 1077 (ps’ /m)
6 1.15 x 1072 (ps®/m) 271 x 107 (ps®/m) —2.51 x 107° (ps®/m)
7 —1.20 x 10~ (ps? /m) —2.89 x 107! (ps” /m) 4.68 x 10~ (ps? /m)
8 —3.22 x 10713 (ps® /m) —5.65x 10713 (ps® /m) 3.90 x 10713 (ps® /m)
9 8.98 x 10715 (ps® /m) 1.69 x 10~ (ps® /m) —1.80 x 1071 (ps® /m)
10 —9.91 x 10717 (ps'®/m) —1.89 x 10716 (ps'®/m) 2.21 x 10716 (ps'® /m)
11 5.57 x 1071 (ps'! /m) 1.07 x 10718 (ps!! /m) —1.31 x 10718 (ps!! /m)
12 —1.33x 10721 (ps'?2/m) —2.56 x 10721 (ps!?/m) 3.22 x 1072 (ps'2/m)

Figures 3(a)-3(f) show the temporal and spectral pro-
files of the generated SC when the pump pulse with width
T = 80 fs, peak power P = 18 kW, and center wavelength
A =2.0,2.5,3.0, and 3.5 um are coupled into the anomalous
dispersion region of the LPg;, LPgy, and LPj, modes of the
3-mm-long MM-TPCEF, respectively. In Figs. 3(a) and 3(b),
when the pump pulse at A = 2.0, 2.5, 3.0, and 3.5 um are
coupled into the LPy; mode, the soliton dynamics dominate
the nonlinear process. From Fig. 3(a), several small peaks
can be observed, corresponding to the lower-order solitons.
In addition, because of the intrapulse Raman scattering effect,
the fundamental solitons formed by the higher-order soliton
occur to red-shift and separate after a short propagation dis-
tance. With the increase of A, the satellite separates to the
right side due to the SF effect.

higher-order dispersions and resonance matching condition,

Moreover, because of the

the blue-shifted dispersive waves (DWs) are generated at the
short wavelength side. After that, the cross-phase modula-
tion (XPM) effect between the red-shifted solitons and DWs
could further expand the optical spectra toward the longer and

shorter wavelength sides. From Fig. 3(b), when A = 2.5 um,

the —40-dB bandwidth of the SC generated spans from 0.9 um
to 5.3 um, covering 2.56 octaves. It is worth noting that when
A is further increased to 3.0 m and 3.5 pum, the optical spectra
become narrower. The main reason may be due to the increas-
ing dispersion and decreasing nonlinearity. Figures 3(c) and
3(d) show the spectral and temporal profiles of the SCs gener-
ated with the LPg> mode. Compared with the results shown in
Figs. 3(a) and 3(b), although the nonlinear process is similar,
the spectral and temporal profiles are different. It can be seen
from Figs. 3(c) and 3(d) that the —40-dB bandwidth of the SC
generated spans from 1.6 umto 4.2 pm, covering 1.39 octaves,
when A = 2.5 um. The bandwidth is much smaller than that
obtained with the LPy; mode, especially for A = 2.0 pm and
2.5 um. The main reason is considered that y of the LPy, mode
is reduced obviously. Figures 3(e) and 3(f) show the spec-
tral and temporal profiles of the SCs generated with the LPg,
mode. From Figs. 3(e) and 3(f), the spectral and temporal pro-
files are similar to that obtained with the LPy, mode because
of the similar nonlinear process and . When A = 2.5 pm, the
—40-dB bandwidth of the SC generated spans from 1.8 um
to 3.9 um, covering 1.12 octaves. Thus, when A = 2.5 pum,
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the octave-spanning SCs can be generated with the considered
three optical modes.

Figures 4(a)—4(f) show the temporal and spectral profiles
of the generated SC when the pump pulse with Ay = 2.5 pm,
P =18 kW, and T = 80, 120, 150, and 200 fs is coupled into
the anomalous dispersion region of the LPy;, LPy,, and LP;;
modes of the 3-mm-long MM-TPCEF, respectively. From the
temporal profiles of the SCs for the three optical modes shown
in Figs. 4(a), 4(c), and 4(e), the temporal width becomes larger
as T increases, and several small peaks induced by the SF ef-

fect emerge for the narrower pulse. The soliton order N can be

calculated by
2 _ VIR
N = : (10)
B2
(a) /ﬂk 2.0 pm
:‘(g\ 1 1 1
g JJ 2.5 um
el
] 1 1
X
: /M\ o
h=t
w0
% 1 1 1 1
E ,/J\ o
O 1 1
—-1.0 —0.5 0 0.5 1.0
Time (ps)
() /j}t 2.0 pm
w0
h= 1 1
g /AJ 2.5 um
el
-
& L I
2 J/\\ 3.0 pm
@
8
E 1 1 1 1
— j\’\ 3.5 pm
0 1 il 1
—-1.0 —-0.5 0 0.5 1.0
Time (ps)
(e) M 2.0 um
w0
h=1 | | 1
=
s J\A 2.5 pm
el
-
&
~— 1 1
.‘? /Jk 3.0 pm
12
o
5}
‘E 1 1 1 1
= /\ 3.5 pm
0 1 1 1
-1.0 —-0.5 0 0.5 1.0

Time (ps)

From Eq. (10), N is related to 7', P, 7, and the 2nd-order dis-
persion coefficient 8. Because N is proportional to T, N be-
comes larger as T increases. From the spectral profiles of the
SCs for the three optical modes shown in Figs. 4(b), 4(d), and
4(f), when T = 80 fs and 120 fs, the optical spectra are asym-
metrically broadened by the SF and XPM effects. Especially
for T = 80 fs, the —40-dB bandwidths of the SCs generated for
the LPg;, LPg,, and LP{, modes span from 0.9 um to 5.3 pm,
1.6 um to 4.2 wm, and 1.8 um to 3.9 um, covering 2.56, 1.39,
and 1.12 octaves, respectively. When 7' = 150 fs and 200 fs,
the optical spectra are symmetrically broadened, and the spec-
tral bandwidths become narrower. In addition, the coherence
of the SC could be obviously degraded by the MI effect when
T is larger. Thus, T = 80 fs is chosen as optimized value.

(b) 2.0 ym
=
3 1 1 1 1 1
= L
=)
R 1 1 1 1 I
= L
-
g 1 /J\ 1 1 1
o | 3.5 pym
1 1 1 1 1
1 2 3 4 5 6
Wavelength (pum)
(d) 2.0 pm
E\ L
o 1 1 1 1 1
~
as] 2.5 pm
o -
o
\C:]/ 1 1 Il 1
5 i /\/\ 3.0 pm
~
pet
8 1 1 VA 1 ! 1
o)
»n // 3.5 um
1 1 1 1 1
1 2 3 4 5 6
Wavelength (pum)
() \[ 2.0 pm
E L
o N 1 1 1 1
E 2.5 ym
= i OB
o
e/ 1 Il 1 1
g | 3.0 pm
£
9}
g 1 1 1 1
»n ﬂ 3.5 pm
1 2 3 4 5 6

Wavelength (pm)

Fig. 3. The temporal (panels (a), (c), (¢)) and spectral (panels (b), (d), (f)) profiles of the SC generated when pump pulse with width 7 = 80 fs, peak
power P = 18 kW, and center wavelength of A = 2.0, 2.5, 3.0, and 3.5 um is coupled into (a) LPg;, (b) LPy,, and (c) LP;, modes of the MM-TPCF,

respectively.
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Fig. 4. The temporal (panels (a), (c), (¢)) and spectral (panels (b), (d), (f)) profiles of the SC generated when pump pulse with A = 2.5 um,
P=18kW, and T = 80, 120, 150, and 200 fs is coupled into (a) LPq;, (b) LP¢,, and (c) LP;> modes of the MM-TPCEF, respectively.

Figures 5(a)-5(f) show the temporal and spectral profiles
of the generated SC when the pump pulse with A = 2.5 pum,
T =80 fs, and P = 12, 15, 18, and 25 kW is coupled into
the anomalous dispersion region of the LPy;, LP,, and LP}>
modes of the 3-mm-long MM-TPCE, respectively. When Ty
is fixed, the spectral broadening mainly depends on P. Thus,
as Py increases, the optical spectra can be obviously broad-
ened by the SF and XPM effects. From the temporal profiles
of the SCs for the three optical modes shown in Figs. 5(a),
5(c), and 5(e), as Py increases, N increases, and the spectrum
becomes broader gradually. Several small peaks along with

some burrs emerge, and they separate to the right side due

to the enhanced SF effect. From the spectral profiles of the
SCs for the three optical modes shown in Figs. 5(b), 5(d), and
5(f), as Py increases, the spectral broadening increases grad-
ually due to the combined effect of the MI, SF, and XPM,
and some dips emerge because of the degradation of the co-
herence with the increase of N. When P = 18 kW, the —40-
dB bandwidths of the SCs generated for the LPg;, LPg, and
LP;; modes span from 0.9 um to 5.3 um, 1.6 wm to 4.2 pum,
and 1.8 um to 3.9 um, covering 2.56, 1.39, and 1.12 octaves,
respectively. It is worth indicating that when P is further in-
creased to 25 kW, the optical spectrum does not broaden any

more. Thus, P = 18 kW is chosen as the optimized value.
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Fig. 5. The temporal (panels (a), (c), (e)) and spectral (panels (b), (d), (f)) profiles of the SC generated when pump pulse with A =2.5 um, T =80 fs,
and P = 12, 15, 18, and 25 kW is coupled into (a) LPg;, (b) LPg,, and (c) LP;> modes of the MM-TPCEF, respectively.

Based on the above discussion, the optimized pump pulse
parameters are chosen as following: A = 2.5 um, T = 80 fs,
and P = 18 kW. When the pump pulse with these parameters
is coupled into the anomalous dispersion region of the LPy,
LPg;, and LP;; modes of the 3-mm-long MM-TPCE, respec-
tively, the temporal and spectral evolutions of the LPg;, LPg;,
and LP;> modes are shown in Figs. 6(a)-6(f). During the prop-
agation, the pump pulse experiences the anomalous disper-
sion, so the SF and XPM effects play important roles in the SC
generation. From the temporal evolution diagrams of the SCs
for the three optical modes shown in Figs. 6(a), 6(c), and 6(e),
with the increase of the propagation length z, the pump pulse is
first compressed and then broadened. At the output end of the
MM-TPCEF, several small peaks emerge, and they separate to
the right side because of the SF effect. From the spectral evo-

lution diagrams of the SCs for the three optical modes shown
in Figs. 6(b), 6(d), and 6(f), the solitons start to separate at
z =2 mm, and the optical spectrum is broadened quickly. Af-
ter that, the XPM-induced spectral broadening further expands
the optical spectrum at the short and long wavelength sides as
zincreases. Some dips are observed from the optical spectra at
the output end of the MM-TPCF because of the degradation of
the coherence. For T = 80 fs, the MI effect is depressed, and
the degradation of the coherence could be resulted from the
noise induced by the SF effect. After the 3-mm propagation in
the MM-TPCEF, the highly coherent and octave-spanning MIR
SCs can be generated for the LPy;, LPy;, and LP1, modes in
the wavelength ranges of 0.9 um to 5.3 um, 1.6 pm to 4.2 pum,
and 1.8 um to 3.9 um, covering 2.56, 1.39, and 1.12 octaves,
respectively.
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Fig. 6. When the pump pulse with A = 2.5 um, 7' = 80 fs, and P = 18 kW are used, the temporal (panels (a), (c), (¢)) and spectral (panels (b), (d),
(f)) evolutions of the pump pulses along the propagation length z for (a) LPg;, (b) LPgy, and (c) LP;2 modes. The temporal and spectral profiles at
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unit.
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In the following, we will analyze the influence of the ran-
dom noise on the MIR SC generation. We use the 50 shots
of optical pulses with 17 = 0.001 as the pump source. Fig-
ures 7(a), 7(b), and 7(c) show the MIR SC generated and co-
herence of the LPy;, LPy,, and LP, modes for different 1,
respectively. The gray lines are the overlapped spectra of 50
shots with the random noise. From Fig. 7(a), the MIR SCs of
50 shots pulses differs obviously in the wavelength range of
less than 2 um, and the corresponding coherence of the SC is
very unstable. In contrast, the red curve almost overlaps with
the gray curve in the wavelength range of larger than 2 pum,
and the coherence of the SC is very close to 1. From Figs. 7(b)
and 7(c), the blue, magenta, and gray curves for the LPg, and
LP, modes almost completely overlap. Thus, the coherences
of the SC are maintained 1. It is worth indicating that although
the pump pulse works in the anomalous dispersion region of
the LPy;, LPy;, and LP;; modes of the MM-TPCEF, the MIR
SC with good coherence could be generated since the pulse
with 7' = 80 fs is used as the pump source and the noise am-

plification induced by the MI effect can be depressed.
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Fig. 7. The generated SCs at the top and gslg at the bottom with a noise level
n = 0.001 for (a) LPy;, (b) LPgy, and (c) LP;» modes. The grey lines are the
overlapped spectra of the 50 shots with the random noise. The red, blue, and
magenta lines represent the averaged spectra of the 50 shots, respectively.

To obtain the quantitative result of the coherence of the

MIR SC in the considered wavelength range, 1 is chosen in
the range from 107 to 10~!, and 50 shots pulses are still used
as the pump source. After the coherence is obtained, R is cal-
culated according to Eq. (8), and the curve of R with respect to
lg(n) is shown in Fig. 8(a). It can be seen from Fig. 8(a) that
when 1g(n) < =3, R of the LPy;, LPg, and LPj, modes is
close to 1, which means that the SCs generated with the three
optical modes have good coherence. When lg(n) increases
to —2, R of the LPy; mode drops rapidly to 0.59, while R of
the LPy, and LPj, modes is still approximately 1. As lg(n)
continues to increase, R of the LPy; mode drops to 0.38, and
R of the LPy; and LP;, modes both fall below 0.9. Since R of
the three optical modes are very close to 1 when 1g(n) < —3,
the curve of K with respect to 1g(n) is calculated by Eq. (9), as
shown in Fig. 8(b). The three increasing curves indicate that
as Ig(n) increases, the coherence is degraded. From Fig. 8(b),
the coherence of the LPy, mode is better than that of the LPy,
mode when lg(n) < —3, and the coherence of the LP|, mode
is better than that of the LPg, mode when Ig(n) > —3. Com-
pared with the LPy; mode, when lg(n) = —6, the coherence
of the LP(y; mode is between the LPy, and LP;, modes. When
lg(n) = —5, the coherence of the LPy; mode is almost the

1ot ®

0.2

ok (®)

—e— LP,

Fig. 8. (a) R and (b) K as functions of 1g(n) for the LPy;, LPy;,, and LP};
modes, respectively.
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same as the LPyp; mode. When 1g(n) > —4, the coherence of
the LP(y; mode degrades rapidly, which is much worse than the
other two optical modes.

In order to obtain the SC-based OFC source, we launch a
train of 50 pulses at a repetition rate of 1 GHz into the anoma-
lous dispersion region of the LPy;, LPgp, and LPj> modes
of the designed MM-TPCF. The OFCs generated with the
LPy;, LPy, and LPj; modes are shown in Figs. 9(a), 9(b),
and 9(c), respectively, where the shaded color regions repre-
sent the highly dense OFCs. To observe the individual comb
lines clearly, the zoom-in views of the OFCs generated at
100 THz (upper) and 120 THz (lower) are shown in the inserts
of Figs. 9(a), 9(b), and 9(c). It can be seen from the insets of
Figs. 9(a), 9(b), and 9(c) that the discrete comb line has a fre-
quency interval of 1 GHz, and the comb line amplitude in the
sampling bandwidth of 5 GHz is equal. Among them, because
the coherence of the SC generated with the LPy; mode is not

very good, each comb line of the LPy; mode shows asymmet-
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Fig. 9. The OFCs generated by a train of 50 pulses at a repetition rate of
1 GHz for the (a) LPg;, (b) LPg, and (c) LP;, modes, respectively. The
shaded color areas represent the highly dense OFCs. The inserts of pan-
els (a), (b), and (c) show the zoom-in views of the highly dense OFCs at
100 THz (upper) and 120 THz (lower).

4. Conclusion

In summary, we design an MM-TPCF for the MIR SC
generation. The influences of the pump pulse parameters on
the multimode nonlinear process of the SC generation are in-
vestigated. When the pump pulse with 19 = 2.5 um, Ty =
80 fs, and Py = 18 kW is coupled into the anomalous dis-
persion region of the LPy;, LPy;, and LP;, modes of the 3-
mm-long MM-TPCE, the highly coherent and octave-spanning
MIR SCs can be generated. Finally, based on the generated
MIR SCs, the OFCs are obtained when a train of 50 pulses
at a repetition rate of 1 GHz is used as the pump source. Our

research results can find important applications in optical com-

munication, spectroscopy, metrology, etc.
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