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Abstract

We represent a novel photonic crystal fiber with high nonlinearity for optical coherence tomography application. The proposed highly
nonlinear photonic crystal fibers different properties are computed based on finite difference method. Ultraflattened dispersion, small
chromatic dispersion slope, large nonlinear coefficients, and very small confinement loss property are obtained for this designed highly
nonlinear photonic crystal fiber. Moreover, the high power wideband super continuum spectrum and high longitudinal resolution of liv-
ing tissue are achieved. Longitudinal resolution of living tissue is achieved 1.3 um at center wavelengths 1.1 um as well as 1.0 um at
center wavelengths 1.31 pm by applying picosecond pulse. Furthermore, the output power of 64.0 W at 1.1 um center wavelength and 67

W at 1.31 um center wavelength is demonstrated.
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1. Introduction

The photonic crystal fibers (PCFs) have brought an advanced
range of fibers with wider design space and manageable disper-
sion properties [1]. The highly nonlinear PCFs low dispersion
wavelengths is possible to move from visible to near infrared for
getting wideband supercontinuum (SC) with high peak power
femtosecond lasers source [2]. It is possible to achieve extremely
broad bandwidth SC sources from PCFs. The broad bandwidth SC
spectrum is essential for optical coherence tomography (OCT)
systems. Huang D, et al. was established OCT [3] at first and it is
noninvasive medical imaging procedure. The internal cross-
sectional images of biological tissue are obtained from high-
resolution OCT. OCT imaging Yyields less dispersion, broad inser-
tion and enhanced sensitivity around 1.0 and 1.3 pm wavelength.
Around 1.0 pm wavelength is attractive in ophthalmology. Also,
the wavelength around 1.3 pm is interesting in dentistry.

Commonly investigated broadband light sources like semiconduc-
tor-based superluminescent diodes (SLDs), femtosecond pulse
laser sources and picosecond pulse laser source. The present OCT
systems longitudinal resolution is depend on the light source opti-
cal bandwidth. Generally the SLDs optical bandwidth is 20 to 80
nm, longitudinal resolution is about 10 to 20 um and low output
power of 2 mW to 15 mW, which providing more detailed struc-
tural information [4, 5]. However, this achieved longitudinal reso-
lution of SLD is not enough to detect single cells.

Up to 372 nm spectra centered at about 1.1 um, 1.3 um longitudi-
nal resolution, about 50 mW of output power were generated by
110 fs Kerr-lens modelocked (KLM) Ti:sapphire oscillator [6]. A
compact femtosecond Neodymium doped glass (Nd:glass) laser

that provide ultrahigh resolution of 3.6 um at 1.0 um center wave-
length [7]. A fiber-based, compact mode-locked ytterbium-doped
(Yb-doped) laser permits longitudinal resolution of less than 1.6
um at center wavelength 1.04 pm for ultrahigh-resolution OCT
imaging [8]. An OCT light source connecting a LED and a near-
infrared emitting glass (1.0Yb,053-4.0Nd,03-47.0Bi,03-47.0B,0;-
1.0Sh,03) phosphor is used for center wavelength around 1.0 pm
and obtained longitudinal resolution of 4.6 um [9]. Neodymium-
doped Y3Als05,-crystals (Nd:YAG) were investigated at around
1.0 um center wavelength and analyze spectrum bandwidth is
approximately 0.2 nm and output power of 1.3 W [10]. Generation
a SC spectrum pumped with 200 fs Yb-doped fiber laser at a cen-
tral wavelength of 1.07 um is reported [11]. A FWHM bandwidth
of 210 nm, longitudinal resolution of 3.7 um and on sample output
power of 10 mW are obtained by using a Cr**:forsterite laser
source [12] at center wavelength 1.25 um. SC generated single
photonic crystal fiber with 85 fs pulse train compact Nd:Glass
oscillator is demonstrated at center wavelength 1.3 pm in ultrahigh
resolution OCT and it is reported 4.7 um longitudinal resolution
[13]. A Ge-doped PCF picosecond pulse laser were investigated at
1.31 um center wavelength and obtained 6.1 pm of tooth enamel
longitudinal resolution and 6.5 um of dentin longitudinal resolu-
tion [14].

It is pointed out that still SLDs have suffered with low output
power and narrow spectral bandwidth. Furthermore, femtosecond
pulse based laser SC sources maintains better performance than
that of SLDs. However, the cost of a femtosecond laser source is a
big issue. Therefore, the low-cost, high power ultrabroadband
light source is an essential issue for high performance OCT practi-
cally. The inexpensive picosecond SC laser light source which
permits to implement economical wideband light source than that
of expensive femtosecond SC light source.
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In this research, we propose picosecond pulse based HN-PCF in
around 1.0-1.4 pm wavelength OCT bands. It is obtaining wide
bandwidth spectra, immense axial resolution of living tissue and
large input power. According to numerically simulated result we
have seen seen that the proposed highly nonlinear PCF exhibits
nonlinear coefficients greater than 85 [Wkm]™ at 1.1 pm, 62
[Wkm]™ at 1.31 pm. The dispersion value is from zero to — 7.0
ps/(nm.km) remained between 1.06 pm to 1.4 um wavelength. The
dispersion slope value is + 0.07 ps/(nm?km) changed within the
wavelength region 1.06 um to 1.40 pum. The lower confinement
loss is 0.1 dB/km attained in the targeted wavelength spaces. On
the other hand, longitudinal resolution is obtained 1.3 um at 1.1
um center wavelength and 1.0 pm at center wavelength 1.31 pm
which are better than [4-14]. Moreover, power of 64 W at 1.1 um
center wavelength and 67 W at 1.31 um center wavelength are
achieved which are higher than [4-14].

2. Architecture of the Proposed PCF

In Figure 1, the architecture of the proposed highly nonlinear PCF
(HN-PCF) is depicted. The 1st ring and 3rd ring air hole diameter
is set d1, 2nd, 4th to 6th ring air hole diameter is set d, A is the
center-to-center distance of two adjacent air holes, in this architec-
ture. The cladding region periodicity in index-guiding PCF is un-
important to focus the light inside the core area. This designed
principle is persuade the proposed HN-PCF to manage the chro-
matic dispersion slope and chromatic dispersion in broad range of
wavelength. The cladding region regularity is changed by reduc-
ing the 1st and 3rd ring air hole diameter. The sizes of air hole are
increased of remaining rings which are providing low confinement
loss.

3. Simulation Method

The proposed HN-PCF different properties are computed by using
full-vector finite difference method with anisotropic perfectly
matched layer. The different properties include chromatic disper-
sion D(X), chromatic dispersion slope, confinement loss Lc, mode
effective area Aeff. Sellmeier equation is provided the material
dispersion which is straight added in the chromatic dispersion
calculation [15, 16]. Therefore, chromatic dispersion D(L) corre-
late to the entire chromatic dispersion of the PCFs. Nonlinear
coefficient y is calculated with [17].

Figure 1: Architecture of the proposed six-ring highly nonlinear PCF.

4. Results and Discussion

Figure 2(a) exhibits the chromatic dispersion and chromatic dis-
persion slope parameters of the proposed highly nonlinear PCF.
And Figure 2(b) represents the effective mode area and confine-
ment loss properties of the proposed HN-PCF. In this case, the air
hole diameters are d1 and d, and pitch is A. The optimum chro-
matic dispersion is 0.0 — 7.0 ps/(nm.km) for the proposed highly
nonlinear PCF between the wavelength range of 1.06 um to 1.4
um. The dispersion slope value is changed = 0.07 ps/(nm2.km) in
the wavelength range of 1.06 to 1.40 um. In the targeted ranges
wavelength, the low confinement loss of < 0.1 dB/km is achieved.
The large nonlinear coefficient is obtained > 85 [Wkm]-1 at 1.1
pm and > 62 [Wkm]-1 at 1.31 pm.

For SC spectrum numerical calculation, nonlinear Schrodinger
equation (NLSE) is applied [18]. The proposed HN-PCF numeri-
cally computed SC generation spectra is shown in Figures 3(a) and
(b). In the proposed HN-PCF, the full width at half maximum
(FWHM) sech2 input pulse 1.0 ps is considered for propagating
through the fiber. In Figure 3, Raman scattering parameter TR is
3.0 fs. The incident pulse input power Pin is 64.0 W at 1.1 pm
center wavelength Ac and at 1.31 pum center wavelength Ac 67.0 W.
The computed B2 and B3 values are shown in Table 1 at 1.1 pm
center wavelength and at 1.31 wm center wavelength. It is seen
from Figure 3 that wide FWHM of SC spectrum of 435 nm and
291 nm are obtained at 1.31 um center wavelength Ac and at 1.1
um center wavelength, respectively. From Table 1, it is seen that
the power are 64 W and 67 W in two different center wavelengths;
one is 1.1 um and another one is 1.31 pm, respectively. This input
powers of the applicable pulse are higher than [4-14].
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Figure 2: (a) Dispersion property and property of dispersion slope and (b)
Property of effective area and property of confinement loss.
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The air coherence length Ic is expressed for a Gaussian spectrum
by the formula [18]. In air, living tissue’s longitudinal resolution,
Ir can be estimated by [18] after calculating coherence length Ic.
Because of Ir is proportional with Ic therefore the coherence length
Ic should be low value for ultrahigh-resolution OCT imaging. In
our simulations, it is found that Ic is 1.8 um at 1.1 um center
wavelength as well as 1.7 pm at 1.31 um center wavelength for
the proposed HN-PCF. Therefore, the longitudinal resolution is
obtained about 1.0 pm for dentin and 1.3 pm for ophthalmology.
In table 1, the calculated Ic and Ir parameters are exposed. For this
calculation, typical ntissue is considered 1.44 at 1.1 um and 1.65
at 1.31 um [19]. It is noted that these calculated Ir parameters are
better compared with recorded values in reference [4-14]. From
the Table 1 calculated data, we observed that the best longitudinal
resolution is obtained at center wavelength 1.31 um between 1.1
um center wavelength and at center wavelength 1.31 pm. Fur-
thermore, it is noticed from table 1 that 6.0 m length fiber LF is
obtained at 1.1 pum center wavelength which is shorter between
two center wavelengths.

1.00 r r r
0.75} ;
0.50} :

FWHM =291 nm

Intensity [a.u.]

—A=1.1pm

0.00 . . .
0.90 1.05 1.20 1.35
Wavelength [um]
@)

1.00 pr ' ' ' '
__0.75¢ .
S
S,

2 050F 1

‘D

§ FWHM =435 nm

£ 0.25¢} 1
—h, =131 pum

0.00 4 4 .

1.0 1.2 1.4 1.6 1.8
Wavelength [um]
(b)

Figure 3: (a) SC spectrum at center wavelengths 1.1 pm and (b) SC spec-
trum at center wavelengths 1.31 um.

Table 1: Calculated parameters

Paramters Ac=1.1 [pm] A:=1.31 [pm]
B [ps’/km] 3.1 25

B3 [psikm 0.006 -0.02

Tr [fs] 3.0 3.0

Pin [W] 64.0 67.0

Le[m] 6.0 8.0

I [um] 1.8 1.7

I [um] 1.3 1.0

Figure 4 (a) shows the wavelength dependence chromatic disper-
sion properties. This graph shows the variation of chromatic dis-

persion after increasing third ring air hole diameter d1 from 0.29
um to 0.78 pum. Here, first ring air hole diameters are d1 and the
rest of air hole rings diameter are d. The proposed HN-PCF opti-
mum chromatic dispersion curve is shown by solid red line when
the first and third ring air hole diameters d1 = 0.29 um, second,
fourth to sixth-rings air hole diameters d = 0.78 pum, and A = 0.87
um. It is seen from this chromatic dispersion graph that the ob-
tained chromatic dispersion value is higher than the one of opti-
mum chromatic dispersion value after increasing the third ring air
hole diameter from 0.29 pm to 0.78 pm. It is clear from this result
that to obtain flattened chromatic dispersion properties, the third
ring air hole diameter has an enormous effect. In ref. [20], it has
been mentioned that the fiber air hole diameter may vary of + 1%
during the fabrication process. For this reason, roughly + 2% accu-
racy may be required for obtaining flattened dispersion. Moreover,
in ref. [21], it is exhibited that the first ring air hole diameter is
particularly important for maintaining the overall flattened chro-
matic dispersion. In consideration of this point, the first ring air
hole diameter d1 is varied + 1% to + 10% from the optimum value
of the proposed HN-PCF which is demonstrated in Figure 4(b).
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Figure 4: (a) Effect of third ring air hole diameter d; on the dispersion
behavior with d; = 0.29 um, d = 0.78 pm, and A = 0.87 pm, and (b)
Chromatic dispersion variation after changing small air hole diameter d;.

It is seen from the numerical results that the chromatic dispersion
curves of the proposed HN-PCF is same with the optimum one
until = 9% variation of the diameter d1. A change in chromatic
dispersion level is observed when the air hole diameter d1 is
changed greater than that of + 9%. It is observed from Fig. 4(b)
that when d1 varies +10%, the flattened chromatic dispersion
curves move below from the optimum one. Furthermore, from
Figure 4(b), it has been recognized that while for -10% variation
of d1 the chromatic dispersion curves shift downward direction
with the optimum chromatic dispersion curve before around 1.2
um wavelength and go to upward direction with the optimum
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chromatic dispersion curve after around 1.2 um wavelength. On
the other hand, it is examined that zero dispersion wavelength is
shifted in longer wavelength.
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Figure 5: Optical intensity at center wavelengths (a) 1.1 pm and (b) 1.31
um of the proposed HN-PCF in different input powers.

Figures 5 (a) and (b) reveals the proposed HN-PCF optical intensi-
ty in different input powers at center wavelengths 1.1 and 1.31 um,
respectively. It is seen that from figure 5 that intensity spectra are
changing with input power, Pin. It is detected that intensity spectra
are narrower with low input power and gradually broadening with
high input power.

Finally, a comparison is provided between the proposed HN-PCF
and some other reference papers properties for OCT applications
which is represented in Table 2. Table 2 displays the value of
different reference papers taking into account the spectrum
FWHM bandwidth, longitudinal resolution and coherent power.
All the values are taken at around 1.0 pm and 1.3 pm center wave-
lengths. From this Table 2 comparison, it should be pointed out
that the proposed HN-PCF is achieved better longitudinal resolu-
tion and high power than other reference papers.

Table 2: Comparison between properties of the proposed HN-PCF and
some other papers for OCT applications at around 1.0 um and 1.3 pm
wavelengths.

Laser light Ac Al Ir Power Ref.
source [pm] [nm] [pm] W]

SLD 1.305 35 21 0.015 4
QD-SLD 1.19 80 7.8 - 5
Ti:sapphire 1.1 372 i3 0.050 6
Nd:Glass 1.0 139 3.6 0.014 7
Yb-doped 1.04 30 1.6 0.140 8
Glass phosphor | 1.014 98 4.6 0.001 9
Nd:YAG 1.064 0.2 - 13 10
Yb-doped 1.070 11 - 0.800 11
Cr**:forste-rie 1.250 210 3.7 0.010 12
Nd:Glass 13 156 4.7 0.048 13
Ge-doped PCF | 1.31 75 6.5 - 14
ps pulse HN- 11 291 1.3 64 Propos-ed
PCF 131 435 1.0 67 PCF

5. Conclusion

In this research paper, the proposed HN-PCF different characteris-
tics were calculated by using FDM in OCT window. On the other
hand, SC spectra of the proposed PCF is studied depend on non-
linear Schrddinger equation. From simulation outcomes we ob-
served that low dispersion slopes of + 0.07 ps/(nm2.km), 0.0 — 7.0
ps/(nm.km) dispersion, greater than 85 [Wkm]-1 nonlinear coeffi-
cients at center wavelength 1.1 pum as well as larger than 62
[Wkm]-1 nonlinear coefficients at center wavelength 1.31 um, and
small confinement losses of < 0.1 dB/km could be achieved.
Moreover, we observed that the high power wide supercontinuum
spectrum at 1.1 um center wavelength as well as at center wave-
length 1.31 pum. The high axial resolution in living tissue of about
1.0 um for dentin and 1.3 um for opthamology could be obtained.
From the architectural perspective, comparatively fewer analytical
parameters are enforced for developing the proposed HN-PCF.
For this reason, the architectural procedure would be more impres-
sive and simple. This HN-PCF will be appropriate in various types
of application including optical coherence tomography, wave-
length division multiplexing sources, optical switching, optical
regeneration, etc.
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