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Coherent Supercontinuum Generation 1in Step-Index
Heavily Ge-Doped Silica Fibers With All
Normal Dispersion

Liang Chen"”, Meisong Liao, Wanjun Bi

Abstract—The step-index heavily germanium-doped silica fibers
with all normal dispersion (ANDi) are promising candidates for
highly coherent supercontinuum (SC). These ANDi step-index sil-
ica fibers are easier to fabricate, splice and handle than silica
photonic crystal fibers (PCFs). 40% GeO- doped step-index silica
fiber of 3 pum core diameter has flat and near-zero dispersion
which is between —5.5 and 0 ps/nm/km from 1.4 to 2.4 pm.
Highly coherent SC spanning from 1050 nm to 2100 nm generated
from the ANDi step-index heavily germanium-doped silica fiber
pumped at 1560 nm. All-fiber coherent SC source from 1200 nm to
2200 nm is achieved by splicing the ANDi silica fiber with a 1560 nm
femtosecond fiber laser of 90% couple efficiency. Moreover, the
step-index ANDi germania-core silica fiber of 2.2 psm core diameter
is proposed to generate coherent mid-infrared SC from 1.7 to 3 pum.
The ANDi step-index silica fibers not only can generate highly
coherent broadband SC at near infrared or mid-infrared region
but also can easily achieve all-fiber structure coherent SC source.
And the experiment of supercontinuum generation in UNNA4 and
UHNA fibers with different pump wavelengths indicates that the
pump of 1064 nm is not suitable for coherent supercontinuum
generation in the fiber of UNNA4 and UHNA7.

Index Terms—Supercontinuum, coherent, normal dispersion.
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1. INTRODUCTION

UPERCONTINUUM (SC) sources have been widely ow-
S ing to its applications in pulse compression [1], [2], op-
tical coherence tomography (OCT) [3], [4], optical frequency
metrology [5], spectroscopy [6], laser confocal microscopy [7],
and broadband fiber oscillator [8]. Coherence of the SC is
one of important characteristic for these applications. Highly
coherent SC increased the imaging penetration depth when it
was applied in optical frequency metrology [9]. A frequency
comb source pumped with highly coherent SC, which was
used as the reference in the transmission experiment, resulted
in negligible influence of bit error rate on phase shift keying
transmission [10]. Generally, in order to generate broadband
SC, the nonlinear fibers are pumped by femtosecond pulse
in the anomalous dispersion regime [11]. In these cases, the
broadening mechanisms of the SC are dominated by soliton
fission or modulation instability, which increases the noise of
the SC [12]. On the contrary, the all normal dispersion (AND1)
fiber is pumped to generate highly coherent SC, the broadening
mechanisms in these cases are self-phase modulation(SPM) and
optical wave-breaking (OWB) [13].

One approach to achieve ANDi has been reported in the
silica photonic crystal fibers (PCFs). Heidt er al. fabricated
ANDi silica PCFs, and coherent SC spanning the range from
visible to near-infrared band was generated in the fibers [13].
Tarnowski er al. prepared ANDi microstructured silica fiber,
and coherent SC up to 2.2 um was obtained in the fibers [14].
Klimczak et al. proposed and drew all-solid soft-glass PCFs to
achieve a normal dispersion profile flattened to within —50 to
—30 ps/nm/km in the wavelength range of 1100 to 2700 nm, and
coherent SC spanning from 930 nm to 2170 nm with spectral
flatness of 7 dB was generated from the fibers [15]. Although the
PCFs exhibit flexible dispersion adjustment capability to achieve
AND;I, the preparation of the fibers is complex and the fibers are
hard to handle comparing to the step-index fibers.

Recently, the step-index fibers with high numerical aperture
(NA) were fabricated to achieve ANDI to generate coherent SC.
Saini et al. demonstrated highly coherent mid-infrared SC in the
ANDiI step-index tellurite fiber, the NA of the fiber is 0.607 at
2 pm [16]. Strutynski et al. fabricated a step-index tellurite fiber
with NA of 0.7 to achieve ANDI [17]. These tellurite fibers have
sufficient big refractive index differences to confine the mode
and tailor the dispersion of the fiber when the core diameter of
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the fibers are 3.5 pm or smaller. Owing to the good transmission
in the mid-infrared region, these fibers are promising candidates
for coherent mid-infrared SC. For visible to near infrared SC
generation, silica or silicate fibers are more suitable owing to
higher fiber strength and low splicing loss comparing to that of
the tellurite fibers. Step-index heavily germanium-doped silica
fibers are fabricated by doping high content GeO- into the silica
core, which not only can provide big refractive index difference,
but also can increase the nonlinear of the fiber. So, the step-index
heavily germanium-doped silica fibers are promising nonlinear
mediums to achieve ANDI1 to generate coherent SC. Reddy et al.
report the fabrication, characterization, and broadband super-
continuum generation of ultra-high numerical-aperture heavily
(50 mol. %) GeOy-doped optical fiber [18].

There are some demonstrations of the step-index heavily
germanium-doped silica fibers for SC generation. For example,
commercially available ultra-high numerical aperture (UHNA)
fibers manufactured by Nufern, which dope GeOs into the silica
core, have ANDi up to 2.4 ym. The spectral interferometry tech-
nique was used to measure the dispersion of the fibers (UHNAI,
UHNA3, UHNA4, UHNA7, and PM2000D) [19]. Owing to the
small core and ANDI of these fibers, SC generation for optical
coherence tomography has been demonstrated in these fibers
[20], [21]. However, the spectral widths of the SC are 300 nm
or less in these demonstrations. Highly coherent broadband SC
has not been reported in these fibers. In addition, owing to
lower loss at 2-3 pm compared to silica fiber, the step-index
heavily germanium-doped silica fibers are attractive options
for mid-infrared SC generation recently. Most demonstrations
focus on generating broadband SC extending to mid-infrared
region [22]-[24]. Also, highly coherent mid-infrared SC has
not been proposed in these fibers. In short, step-index heavily
germanium-doped silica fibers are potential nonlinear medium
to achieve ANDI, highly coherent broadband SC are promising
to generate from these fibers.

In this work, dispersion of the step-index heavily germanium-
doped silica fibers are investigated. The SC generation are ex-
plored in the ANDI step-index heavily germanium-doped silica
fibers (UHNA4 and UHNA7 from Coherent-Nufern). Highly
coherent broadband SC spanning from 1050 nm to 2100 nm
generated from the UHNA7 pumped with a femtosecond fiber
laser at 1560 nm. Also, All-fiber coherent SC sources from 1200
to 2200 were achieved by splicing UHNA7 with a femtosecond
fiber laser. The step-index pure germania core silica fibers are
proposed to generate highly coherent mid-infrared SC spanning
from 1700 nm to 3000 nm. The investigation in this paper shows
that the step-index heavily germanium-doped silica fibers are
promising candidates for highly coherent SC generation owing
to advantages of fabricating, splicing and handling.

II. SIMULATIONS AND EXPERIMENTS

The step-index heavily germanium-doped silica fibers are
fabricated by doping high content GeOs, into the silica core, and
GeO;, doped silica fibers with concentration varying from 30 mol
% to 100 mol % have been demonstrated [22], [23], [25], so any
concentration of GeOy doped silica fiber core can be prepared
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Fig. 1. Calculated dispersion of the GeO2 doped silica fibers with diameter

of the core varying from 2 to 3 um. GeO2 doped content (A) 20% and 40% (B)
60%, 80% and 100%.

in theory. The pure germania-core silica fibers are regarded as
100 mol % GeO, doped silica fibers in this work. GeOs doped
silica fibers with various concentrations supply enough large
refractive index difference, which can achieve ANDI in the fiber
with small core. Fig. 1 shows the calculated dispersion of the
GeO; doped silica fibers with concentration varying from 20%
to 100% (mol%) and diameter of the core varying from 2 to 3 ym
by Finite Element Method (FEM). The Sellmeier coefficients of
GeO,-doped silica are obtained from the ref. [26].

The results show that the silica fiber is not ANDi up to 2.4 ym
with 20% GeOs doped. The reason is that the difference of
refractive indices between core and cladding is not large enough
to confine the mode at long wavelength region. 40% or more than
40% GeO, doped silica fibers can achieve ANDi up to 2.4 pm.
Although all these fibers are capable of achieving ANDI, the
value and flatness of the dispersion are different owing to various
GeO, doped concentrations. For the same GeO4 doped content,
the dispersion of the fiber becomes more flat with diameter of
the core increasing from 2 to 3 pum. When the GeOs doped
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TABLE I
THE PARAMETERS OF UHNA4 AND UHNA7

Cutoff wavelength Mode field diameter (pm) Ge- Core

(nm) @1550 nm concentration NA

UHNA4 1050 4 ~30% 0.35

UHNA7 1450 3.2 ~40% 0.41
’ ——UHNA7 UHNA4 — 720 mW
— UHNA4 | Length:80 cm ——6l4mW

40

-60 4

Dispersion (ps/nm/km)

-804

-100 T T T T T T
1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

Fig. 2. Dispersion profiles of the UHNA4 and UHNA7.

content increases from 40% to 100%, smaller diameter of the
core is required to achieve ANDi between 1 and 2.4 pm. So,
when GeO, doped concentration increasing from 40% to 100%,
the AND:I fiber has steeper dispersion, which is unfavorable for
broadening of SC at normal dispersion region. As shown in the
Fig. 1(a), 40% GeO doped silica fiber with 3 ;zm core diameter
has the flattest dispersion between -5.5 and 0 ps/nm/km from 1.4
to 2.4 um, and the fiber is the most suitable nonlinear medium to
generate coherent SC between 1 to 2.4 pm from the perspective
of fiber dispersion. Due to limited experimental conditions, the
40% GeO4 doped silica fiber with 3 ;/m core diameter cannot be
fabricated by our research group. So, ANDi commercial UHNA
silica fibers, which are also heavily germanium-doped silica
fibers, instead to act as nonlinear medium to generate coherent
SC.

UHNA4 and UHNA7 are ANDi heavily germanium-doped
silica fibers supplied by Coherent-Nufern. The NA of the
UHNA4 and UHNA?7 are 0.35 and 0.41, respectively. The cor-
responding GeO» doped content of UHNA4 and UHNA7 are
about 30% and 40%, which are not given by Coherent-Nufern.
The core diameter of the UHNA4 and UHNA7 are 2.2 ym and
2.4 pm, respectively, as shown in Table 1.

Fig. 2 shows the dispersion profiles of the UHNA4 and
UHNAT7 [17]. For the UHNA?7, the dispersion fluctuation of the
fiber is within £5 ps/nm/km spanning from 1250 to 2200 nm,
which is beneficial for the OWB initiated four wave mix-
ing(FWM) during SC broadening [27]. For the UHNA4, ab-
solute value and slope of the dispersion are larger than those of
the UHNA7, and ANDi of the fiber is just up to 2300 nm. So, the
UHNA 7 are more suitable compared to UHNA 4 to generate
coherent broadband SC. Next, the experiments of generating SC
in these fibers are introduced.

In order to investigate the process and coherence of the SC in
the fibers, both the experiments and numerical simulations are
performed.

— 500 mW
383 mW
—270 mW

Intensity (20dB/div)

T T T
1400 1600 1800

Wavelength (nm)

1200

Fig. 3. Power-dependent SC spectrum measured in the UHNA4 pumped by a
1560 nm (black arrow) femtosecond fiber laser.

UHNA 4 and UHNA 7 are pumped by a 1560 nm femtosecond
fiber laser (Carmel Model CLF-10CFF), which provides 88 fs
pulses with a repetition rate of 80 MHz, a maximum average
power of 2.26 W. The laser was coupled into the fibers by a
mounted aspheric lens (Thorlabs, N414TM-C) with focal length
of 3.3 mm and NA of 0.47. The length of UHNA 4 and UHNA
7 both are 80 cm, and the spectrometers (Yokogawa) are used to
measure the spectra from the fibers by a silica fiber cable, and
the power meters (Thorlabs, S401C and PM100D) are used to
measure the power.

Fig. 3 shows the spectrum of SC from the UHNA 4 pumped at
1560 nm for various pumping power. The SC broadens almost
symmetrically around the pump wavelength with increasing
pumping power. This indicates that the broadening mechanism
of the SC is dominated by SPM and OWB [13]. The SC spanning
from 1200 to 1900 nm generates in the step-index silica fiber with
the highest average power of 720 mW. The coupling efficiency
which defined as the ratio of the power output from the fiber to
the power before being focused into the fiber by the lens is about
329% without fiber loss in consideration.

Fig. 4 shows the spectrum of SC from the UHNA 7 pumped at
1560 nm with various pumping power. Also, the spectrum of the
SC broadens symmetrically when the power of the SC increases
from 230 to 586 mW. The SC spanning from 1000 to 2150 nm
generates in the fiber with the pumping power increasing to 2.26
W. The coupling efficiency of the UHNA 7 is 26%, which is a
little lower than the coupling efficiency of UHNA 4. However,
SC of 586 mW in the UHNA 7 is wider than that of 720 mW
in the UHNA 4. Owing to bigger NA of UHNA 7, the mode
field diameter of the UHNA 7 is 3.2 ym at 1560 nm, which
is smaller than that of UHNA 4 whose is 4 pum at 1560 nm.
In addition, the nonlinear refraction of UHNA7 is stronger
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Fig.4. Power-dependent SC spectrum measured in the UHNA7 pumped by a
1560 nm (black arrow) femtosecond fiber laser.
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Fig. 5. Simulated and measured SC spectrum at output power of 720 mW in
the UHNA 4, and calculated coherence of the SC with 1560 nm (black arrow)
pumped.

than that of UHNA 4 due to higher doped GeOs. Therefore,
the nonlinear coefficient of UHNA7 is about 1.6 times that of
UHNA 4. Also, the dispersion of UHNA 7 is flatter than that
of UHNA 4. In short, ducoupe;e to higher nonlinear coefficient
and flatter dispersion, UHNA 7 is more suitable than UHNA 4
for generating of coherent broadband SC.

In order to investigate coherence of the SC, the generalized
nonlinear Schrodinger equation is used to simulate the SC in
UHNA 4 and UHNA 7. The parameters of the pump pulse
and the dispersion of the fibers used in the simulations are
mentioned above, and the parameters of Raman response are
used as the same as silica. The coherence of the SC is calculated
with random noise seeds for 108 times. The degree of coherence
is given by the \g%)| according to the process explained in ref.
[28], which is used to evaluate the consistency of spectra and
phase between different pulses of the supercontinuum. | g%)|
gives a positive number in the interval [0:1] with the value of 1
representing perfect coherence. The highly coherent supercon-
tinuum refer to that the value of | gg)| is approximate 1. Fig. 5
shows the simulated and measured SC in the UHNA 4, and the
calculated coherence of the SC. The simulated SC agrees well
with the measured SC whose average power is 720 mW. The
results demonstrate that the set parameters are appropriate. In the

region of the generated SC, the | gg) | of SCis 1, which indicates
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Fig. 6. Simulated and measured SC spectrum at output power of 586 mW in
the UHNA 7, and calculated coherence of the SC with 1560 nm (black arrow)
pumped.
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Fig. 7. Spectrum and coherences of the SC with pumping pulse widths of
150 fs and 200 fs of 1560 nm (black arrow).

the SC is highly coherent. The reason is that the broadening
mechanism of the SC is mainly dominated by SPM. Fig. 6 shows
simulated and measured SC in the UHNA 7, and the calculated
coherence of the SC. Also, the simulated SC agrees with the
measured SC whose average power is 586 mW. The calculated
| gg) | of SCis about 1 at the range from 1050 to 2050 nm, which
corresponds to highly coherent SC owing to SPM and OWB.
The results show that ANDi UHNA fibers can generate highly
coherent broadband SC. Although these results are comparable
with the coherent SC generated from the silica or silicate PCFs
which were pumped at 1560 nm, the step-index silica fibers are
easier to fabricate, splice and handle. So, the step-index ANDi
heavily germanium-doped silica fibers are promising candidates
for highly coherent SC, especially 1 ym to 2 pym.

Going one step further, the coherences and spectra of the SC
generated from the UHNA 7 are calculated when pulse durations
are 150 fs and 200 fs. The peak power of the pulses is fixed to
100 kW, and other parameters of the simulations are same as
mentioned above. The simulation results are shown in the Fig. 7.
The SC from 1000 to 2000 nm generate from the fiber, and the
calculated | gg)\ of SC are about 1 when the pulse widths are
150 fs and 200 fs. It is clear that the SC is also highly coherent
when the pulse duration is over 100 fs. The fiber lasers with
pulse durations over 100 fs are cheap and easy to achieve, so the
UHNA 7 is potential candidate for all-fiber coherent SC source.

Then, all-fiber coherent SC source is achieved by splicing
the UHNA 7 with a 1560 nm femtosecond laser. The laser
provides 140 fs pulse with a repetition rate of 50 MHz. The fiber
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output powers of 51 mW, 106 mW and 250 mW (red dash line), and the
corresponding output SC spectrum of 1 m long UHNA 7 with different average
power of 47 mW, 100 mW and 227 mW (black solid line).
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Fig.9. SCspectrainthe 80 cmlong UHNA 4 and UHNA 7 pumped at 1064 nm.

at output of the laser is SMF-28 (8/125 um), and the UHNA
7 (2.4/125 pm) is directly spliced to the fiber. Fig. 8 shows
output spectrum of SMF-28 at various output powers of 51 mW,
106 mW and 250 mW (red dash lines), and the corresponding
output SC spectrum of 1 m long UHNA 7 at different output
powers of 47 mW, 100 mW and 227 mW (black solid line).
The results show that the all-fiber SC spanning from the 1200
to 2200 nm generates from the UHNA 7 when the pump power
is 250 mW. Also, the results illustrate that the SC spectrum
broaden symmetrically, which indicates the main broadening
mechanism is SPM. So, the all-fiber SC are highly coherent.
In addition, couple efficiency of the UHNA 7 and SMF-28 is
about 91%, which is more than three times that of the spatial
coupling. The all-fiber coherent SC source not only has high
couple efficiency but also is not susceptible to vibrations, which
is favorable for the applications of the coherent SC source
under complex environment. The results indicate that the ANDi
step-index heavily germanium-doped silica fibers are promising
nonlinear mediums to achieve all-fiber coherent SC source.

In order to compare the SC generation in the ANDi UHNA
fibers pumped at different wavelength, the UHNA 4 and UHNA
7 are also pumped at 1064 nm by a femtosecond fiber laser with
pulse width of 50 fs, repetition rate of 80 MHz and average
power of 2.2 W to generate SC. The length of fibers, lens and
spectrometer are same as mentioned above. Fig. 9 shows the
SC spectra in 80 cm long UHNA 4 and UHNA 7 pumped at
1064 nm. The SC spanning from 900 nm to 1500 nm generates
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Fig. 11.  Simulated spectrum and coherence of the SC from the pure germania
core silica fiber.

in the UHNA 4, and the average power of the SC is 1.39 W.
Although the coupling efficiency is 63%, the width of SC is
just 600 nm and the spectrum is not symmetrical. The reason
is that the dispersion of fiber is smaller and flatter at the long
wavelength region than that at short wavelength region. Also,
the SC spanning from 800 to 1600 nm generated in the UHNA
7 is not symmetrical, and the width of red-shifted SC is twice
that of blue-shifted SC. So, comparing to the silica PCFs [13],
[29], [30], these fibers are not suitable for coherent SC pumped
at 1064 nm.

In this section, pure germania core silica fibers are proposed to
generate highly coherent mid-infrared SC. The GeOs not only
has high nonlinear refractive index of 9.5x102° m> W~! but
also good transmission in mid-infrared region. Fig. 10 shows
the dispersion of the fiber with different core diameters. With
decreasing of the core diameter, the dispersion of the fiber
decreases between 1500 and 3500 nm. When the core diameter
of the fiber is 2.2 um or less than 2.2 pm, ANDi can be achieve
from 1000 to 3500 nm. The fiber with core diameter of 2.2 ym
is selected to generate highly coherent mid-infrared SC.

The generalized nonlinear Schrodinger equation is used to
simulate the spectrum and coherence of the SC. The width and
peaking power of the pumping pulse is 150 fs and 50 kW,
respectively. The length of the fiber is set as 5 cm, and the
fiber is pumped at 2500 nm. The loss of the fiber between
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1000 to 3000 nm is not in consideration because of short length
of the fiber according to ref. [22]. Fig. 11 shows that the SC
spanning from 1700 to 3000 nm generates from 5 cm long

fiber. The calculated [g\3)| of SC is 1 from 1700 to 3000 nm,
which indicates the SC is highly coherent. The results show
that the pure germania core silica fiber of 2.2 pm core diameter
is a promising candidate for mid-infrared highly coherent SC,
especially 2 to 3 ym.

III. CONCLUSION

In this work, the ANDI step-index heavily germanium-doped
silica fibers are used as nonlinear mediums to generate coherent
SC. The dispersion of the fibers with various GeOy doped
concentration and core diameter are investigated, and 40% GeO
doped silica fiber of 3 um core diameter has the flattest and
near-zero ANDi which is between -5.5 and 0 ps/nm/km from
1.4 to 2.4 pm. Highly coherent SC spanning from 1050 nm to
2100 nm generates from the UHNA 7. Also, all-fiber coherent
SC spanning from 1200 to 2200 nm is achieved by splicing the
UHNA 7 and the 1560 nm femtosecond fiber laser of 90% couple
efficiency. The experiment of SC generation in UNNA4 and
UHNA7 fibers with different pump wavelengths also indicates
that the pump of 1064 nm is not suitable for coherent SC
generation in the fiber of UNNA4 and UHNAY7. Finally, the pure
germania core silica fiber of 2.2 um core diameter is proposed to
generate highly coherent mid-infrared SC from 1700 to 3000 nm.
So, the step-index heavily germanium-doped silica fibers are
promising candidates for highly coherent SC generation owing
to advantages of fabricating, splicing and handling.
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