Pre prints.org

Article Not peer-reviewed version

Modelling and Analysis of the
Transverse Surface Roughness in
Hollow Core Fibers

Federico Melli, Kostiantyn Vasko , Lorenzo Rosa , Fetah Benabid , Luca Vincetti i

Posted Date: 22 October 2024
doi: 10.20944/preprints202410.1615.v1

Keywords: Optical Fibers; Hollow Core Fibers; Inhibited Coupling Fibers; Fiber Properties; Loss; Roughness

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3931570
https://sciprofiles.com/profile/601226
https://sciprofiles.com/profile/269598
https://sciprofiles.com/profile/596929

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2024 d0i:10.20944/preprints202410.1615.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Modelling and Analysis of the Transverse Surface
Roughness in Hollow Core Fibers

Federico Melli 1, Kostiantyn Vasko 2{”, Lorenzo Rosa !, Fetah Benabid 2
and Luca Vincetti 1*

1 Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia, Modena, Italy

2 GPPMM Group, XLIM Institute, UMR CNRS 7252, University of Limoges, Limoges, France
*  Correspondence: luca.vincetti@unimore.it

Abstract: The corrugation of the interfaces of the cross-section of hollow core fibers based on
the inhibited coupling waveguiding mechanism is modeled and the impact on propagation loss is
analyzed. The proposed model is based on a combined use of coupled mode theory and azimuthal
decomposition. It shows that such transverse roughness causes coupling between the core modes
and the dielectric modes of the cladding and consequently an increase of the fiber loss. The model is
validated by comparing theoretical and numerical results obtained by applying both deterministic and
stochastic corrugations to tube lattice and nested fibers. Scaling laws and impact of fiber parameters
are discussed. The model shows that the loss increase is not directly correlated to the root mean
square of the stochastic roughness, but only to the value of the power spectral density in specific
spatial frequency ranges.
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1. Introduction

In the last fifteen years, Hollow-Core Photonic Crystal Fibers based on the Inhibited Coupling
guidance mechanism (IC-HCPCF) have experienced an impressive loss reduction up to and recently
overtaking the Rayleigh scattering limit on a wide range of wavelengths, spanning from UV and
visible [1] to near infrared [2,3]. At first, researchers’ efforts were focused on Confinement Loss (CL)
reduction. CL is the only loss mechanism in ideal IC-HCPCFs. It is caused by the combined effects
of residual coupling with cladding modes and tunneling through the microstructured cladding [4].
The introduction of the negative curvature core-cladding interface [5], together with the proposal
first [6] and fabrication soon after [7] of Tube Lattice Fibers (TLF), followed by the conceptualization
and fabrication of nested [8], node-less [9], conjoint tubes [10], and hybrid cladding [11] fibers, pushed
CL down by several orders of magnitude.

Gradually, the research effort moved toward other loss mechanisms caused by imperfect
manufacturing processes and thus not occurring in ideal fibers. Currently, the two main mechanisms
identified by the research community are Microbending Loss (MBL) and Surface Scattering Loss
(SSL). MBL is a stochastic phenomenon consisting in microscopic and random deflections of the
fiber axis from the ideal straight longitudinal direction. The axis deflection introduces a coupling of
the Fundamental Core Mode (FCM) with other modes, causing a power drainage which increases
the propagation loss [12,13]. SSL originates from the fact that the interfaces of the microstructured
cladding are not completely flat, as assumed in ideal fibers, but exhibit a random corrugation. This
roughness is generated by frozen-in thermal surface capillary waves (SCW) caused by the interplay
between thermal noise and glass interface surface tension as the fiber is drawn [14,15]. Due to its
thermodynamic cause, surface roughness cannot be completely eliminated. However, recently a new
drawing technique based on counter-directional gas and dielectric flows during fiber drawing has
been proposed and implemented, showing a significant reduction of surface roughness [1]. So far,
all the modeling based both on rigorous [13] and heuristic approaches [9,12] focused on the effect of
surface roughness along the propagation direction, usually identified with the z-axis (z-roughness).
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On the surfaces there is also a transverse roughness (t-roughness), related to the stochastic corrugation
on the transverse plane and affecting the fiber cross-section. Unlike z-roughness, t-roughness has
been until now scarcely investigated [16,17]. In this context, in the this work we present a theoretical
model of the t-roughness and an analysis of its impact on TLF-like IC-HCPCF loss. The approach is
based on the combined use of Coupled Mode Theory (CMT) and Azimuthal Fourier Decomposition
(AFD) [18,19]. The model shows that t-roughness induces an additional coupling between FCM and
Dielectric Modes (DMs), that is those modes which are mainly confined in the cladding membranes.
The coupling causes a power drainage from FCM to DMs with a loss increase caused to the former.
The model also shows that only a specific range of the Power Spectral Density (PSD) of the stochastic
process describing the roughness is involved in the loss increase. A technique for numerically studying
stochastic t-roughness is also introduced. The model is finally validated and the t-roughness impact is
quantified, by considering both TLFs and nested fibers.

2. Modeling

For the sake of analysis, let us consider a Tube Lattice Fiber (TLF). The basic cross section and the
geometrical parameters are shown in Figure 1. This kind of IC-HCPCF consists in an arrangement
of N; elements separating the hollow-core from the homogeneous external jacket, with the goal to
decouple as much as possible the light confined in the core from the continuum of radiating waves in
the jacket.

sinusoidal corrugation random roughness

Figure 1. Top: Fiber cross-section with geometrical parameters. Gray regions refer to dielectric with
refractive index n4, white ones to a material with n, = 1. The right inset shows an example of a tube
whose boundaries are affected by transverse roughness, together with the employed local polar frame
of reference. The left inset shows a tube with only the inner boundary affected by a perfect sinusoidal
corrugation. Bottom: detail of the surface with random roughness and representation in terms of the
local polar frame of reference and the displacement Ar(8).

Let us assume that the tube interfaces are affected by a deformation due to roughness on the
transverse plane, as shown in the right inset of Figure 1. In the context of single tube approximation [20],
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and by assuming the roughness in each tube is uncorrelated with that in the other ones, each tube
can be analyzed separately. By introducing a local polar frame of reference (r,6) centered at the
center of the tube and shown in Figure 1, the deformation is described by a displacement Ar(6) of
the real surface outlined by the function r(6) with respect to the perfectly circular ideal one with
radius rg = 7jy, Text for the inner and outer surface, respectively. In the context of CMT, this can be
modeled in terms of a dielectric permittivity perturbation:

Ae = ereul ideal 1)
where €/ is the function describing the permittivity of the real fiber and €4°?! is that of the ideal one.
The perturbation can cause coupling among the fiber modes. Even though the approach is completely
general, here, for the sake of simplicity, we focus on the effects of FCM coupling to DMs [4,20].

DMs feature two different polarizations, called EH and HE, and are described by two indices y
and v. EH and HE polarizations have the dominant electric field component aligned along the radial
and azimuthal direction, respectively. The azimuthal index u corresponds to the number of periods
that the dominant electric field component shows along the azimuthal direction, and the radial index v
is the total number of maxima and minima of the dominant electric field component along the radial
direction.

2.1. Coupling Coefficient Calculation

Let us consider the coupling between the FCM and the DM having indices # and v. The DM
polarization can be either EH or HE. The coupling coefficient is:

2’70)\ /AGrEFCM EpwmdS, 2)

where 77 is the free space impedance, A is the wavelength, Ercy and Epy are the power-normalized
electric field transverse components of the FCM and CLM of the ideal fiber, respectively, and S; is the
region of the fiber cross section where Ae; # 0. On each of the two interfaces, the perturbation can be
written as:
(1—n3); if rg < r(0) < 1o+ Ar() and Ar >0
Aey = —q

(n3 —1); if ro + Ar(0) < r(6) <rgand Ar <0

)1 if 7o = Text
q 1if Yo = Yint

with

We assume Ar << t,A, and rg; in that case, the core and cladding mode field distributions can
be assumed to be almost constant between ry and rg + Ar: Ercpy(r,0) =~ Ercm(ro,0), Epm(r,0) =~
Epwm(ro,0), and Equation (2) can be approximated as:

mnd—121 .
3170 io)\ Ercm(ro,0) - Eppm(ro, 0)Ar(6)d6. 3)

In order to analyze how the value of the integral in Equation (3), and thus the coupling strength,
depends on the FCM and DM field distributions, the Azimuthal Fourier Decomposition (AFD) [18]
can be applied to the radial and azimuthal components E%,, and E%.,, of the FCM and to the
perturbation Ar(6):

Etcpm(ro, 0 Z RS,e /M, (4)

m—=—0o0
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+oo
Ar(6) = Y Cue ™, (5)
m=—oo

with s = r,0. The sets {R5, } and {C,,} contain the Azimuthal Fourier Spectra (AFS) of the FCM electric
field components and of the perturbation calculated on the circle of radius ry. They represent the
amplitude of the spatial harmonics at spatial frequency f = m/(27ry) and depend on the field profile
and on the kind of roughness on the interface, respectively. Figure 2 shows an example of the FCM
AFS. It refers to the y-polarized FCM and is calculated on the boundaries of tube 1 in Figure 1. More
details about AFS and AFD can be found in [18]. Even though the spectra of the two components have
different shapes, both of them show a "low pass" kind of spectrum, meaning that the AFS coefficients
rapidly decrease for increasing m. Values of m > 5 < 6 guarantee that the corresponding Rj, will have
values more than one order of magnitude lower than the maximum. The C;, coefficients depend on
the specific perturbation affecting the considered boundary, which will be analyzed in the following
sections.

T

L - - i - ]
-20-1510-5 0 5 101520 -20-15-10-5 0 5 101520
m m

Figure 2. AFS of the radial (left) and azimuthal (right) components of the FCM, calculated at the inner
and outer boundaries of tube 1 for different normalized frequencies.

The DM electric field components for a single isolated tube are analytically known [21] and can
be written in the following form:

S (o, 0) = Aselt?, (6)

By substituting Equations (4), (5), and (6) into Equation (3), and recalling that

/zne_f”f’dez 0 ifn#0
0 2mifn=20

it yields:

_qmro, o 0 r
k=on =1 (8"+¢"), (7)

with
gS = AS Z R;imcm (8)
m
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2.2. Loss Calculation

Mode coupling, quantified by coefficient k, causes a variation of the FCM attenuation constant. It
can be shown that, in that case, the attenuation constant can be written as [22]:

%% (\/(Aﬁ — jAa)? + (2k)2> . )

/ _
Xrcm = &m —

At the phase matching condition (A = 0), under the assumption that 2|k| << Aa and apcp, <<
apm,, Equation (9) is simplified as:

XFcpm = XFCM, + 04, (10)
where arcp, and apyy, are the FCM and DM attenuation constants at the phase matching condition in
the ideal fiber, respectively, and

k 2
on = (' | ) (11)
&DM,

is the additional loss due to roughness. By substituting Equation (7) into Equation (11), the expression
of the additional loss at the phase matching condition, due to the FCM coupling with a DM as caused
by t-roughness, is obtained:

Su; = B (s +g§)r, (12)

where D = 7t(n% — 1)ro/ (1j0apm,). The subscript "i" indicates that the quantity refers specifically
to the loss increase due to the coupling between the FCM and the i-th DM having polarization
either EH or HE and indices p and v. When the phase matching condition is not fulfilled, according to
Equation (9), the additional loss is reduced and the expression becomes:

2
owi(F) = | 3 (! +7) L= )| 13

where L(F) is a normalized function (L(0) = 1) which rapidly decreases for increasing F [22] and can
be locally approximated by a Lorentzian function [20]. F, is the cutoff frequency of the i-th DM.
The total additional loss «; due to t-roughness is the sum of all the contributions:

wy = % Y |[Di (8 +8)) L(F-F)] : (14)

The sum is intended to include all DMs and fiber interfaces.

2.3. Scaling Laws

The dependence of a on the fiber’s parameters is given by Equation (14). According to
Equation (8), the contributions of the square of the ¢ parameter scale as R2,, which depends on
the square of the electric field on the interfaces [18]. The trend of the latter can be effectively estimated
by the integral of the square of the electric field on the interfaces Fe. [4]:

€ dr |E[>dT
po [fs.pz

According to an empirical formula, the minimum of F,. in each TB scales as A?/R3, [23]. Combining
all the dependencies gives:

Fcc = (15)

—. 16
) (16)
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This shows that a, does not depend on wavelength, while it rapidly decreases for increasing core size.
Since the minimum of CL in each TB in ideal TLFs scales as A*®/R% [23], the effects of t-roughness,
compared to those of CL, tend to be more and more significant as wavelength is reduced and core
radius is increased.

3. Sinusoidal Corrugation

To gain insight in the coupling mechanism caused by the transverse roughness, it is better to
start with a simplified but very useful case. It is shown in the left inset of Figure 1, and it consists of a
perfectly sinusoidal perturbation applied only on the inner surface of tube 1:

Ar(0) = Apcos(P9), (17)

where P is the number of periods along the tube boundary, resulting in a spatial frequency fp =
P/(2mrp). Notice that any such kind of perturbation must be periodic within the circumference 27tr
and it can always be modeled as a linear superposition of sinusoidal corrugations.

The corresponding AFS has just two nonzero coefficients, for m = £P: Cp = C_p = Ap/2.
Substituting them into Equation (8) and then in (12) yields the amplitude of the loss peak, centered
atF =F,,:

A 2
mw_Dz( 2P) (A;‘:/VRG Pt AL R p) . (18)

Equation (18) can be further simplified by observing that EH polarized DMs have A, >> Ay, and the
opposite is true for the HE ones, so that:

A 2
EH 2 P r .
SabH o D<2)<A yp), (19)
A 2
HE 2 P 6 0
salif ~ D <2> (AW,RV,IJ) . (20)

From the previous equations it emerges that, despite the perturbation being purely sinusoidal,
the additional loss function da is composed of a sequence of peaks having amplitude given by
Equations (19) and (20), centered at the cutoff frequencies of the involved DMs. The peak amplitudes
are shaped by the FCM AFS, "spectrally translated" at the cutoff frequency of the DM with y = P. The
number of DMs giving a significant contribution is however limited by the low pass "filtering" given
by the FCM AFS. Roughly, only the DMs with P — M < u < P+ M for M = 5 = 6 give a significant
contribution to the additional loss.

To clarify this concept and validate the model, let us consider Figure 3. It refers to a fiber,
hereinafter named Fiber #1, with parameters R,, = 24.5 um, toxy = 10 ym, t = 0.5 ym, ny = 1.45,
and ng = 1.0. Panel (c) compares the CL spectra of an ideal and a sinusoidally perturbed fiber
with P = 50. The two spectra coincide everywhere except for some quite narrow peaks. The peaks
here highlighted correspond to the effects of the coupling of the FCM with specific EH DMs, given by
Equation (19). The loss peak shapes perfectly match the shape of the AFS of the radial component of
the FCM (see the left plot in Figure 2), shifted by m = P = 50 and shown in panel (a). Panel (b) shows
the u — F. curves of the DMs, highlighting the correspondence between the azimuthal index u of the
DMs and their cutoff frequencies F,, [22]. As we deal with EH DMs only, the curves with empty
circles must be considered. The correspondence between the coefficients in panel (a) and the spectral
collocations of the peaks in panel (c) is very good. The different peaks in the different TBs are due
to the coupling of the FCM with DMs having same y but different v. Since the slopes of the y — F;
curves increase for increasing v, the peaks change position in the different TBs and shift toward lower
frequencies as the order of the TB, and thus the value of v, is increased. Panel (d) shows the real and
imaginary part of Epcyy at F = 1.745, corresponding to the peak maximum. The imaginary part shows
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the hybridization with DM EHjs 5, that is the one having y = P, due to the coupling, coherently with
the theoretical model. Finally, in panel (c) losses obtained from Equation (19) are also reported. The
agreement with the numerical results is pretty good.

(a) 60 T 77 (b)
. 50 L / .
L 40 L
L 3(] # L

20

10

1x10°  1x10°  1x107 .
IRcor 10 Ideal numerical me1 (c)

- erturbed numerica| m—
w-P i:)erturbed analytica| me—
s
7N
|
i
(d)
1.5 2
F

Figure 3. Fiber #1 having a sinusoidal perturbation with amplitude Ap = 0.005¢f and number of
periods P = 50. (a): Azimuthal spectrum of the y-polarized FM azimuthal component. (b): Azimuthal
index yu versus cutoff frequency F. of HE (filled circles) and EH (empty circles) DMs having v = 2 (blue)
and v = 3 (green). (c): CL spectra of the ideal (black) and perturbed (red) fiber. (d): Real and imaginary
part of the FM electric field of the perturbed fiber calculated at frequency F = 1.745, corresponding to
the cutoff frequency of the EHsp, mode. The inset shows a detail of the perturbed tube.

Figure 4 shows the same fiber, in the same condition, but focusing on the coupling with HE DMs.
According to Equation (20), now the peaks are shaped by the AFS of the FCM azimuthal component
(see the right plot in Figure 2), spectrally shifted by m = P = 50 and shown in panel (a). In this case,
the HE pu — F. curves (filled circles) must be considered, and since they have higher slope than the EH
ones, the peaks are at lower frequencies. Also in this case, the shape of the peaks follows the AFS one
and the losses predicted by Equation (20) are again in good agreement with the numerical results.
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Figure 4. Fiber #1 having a sinusoidal perturbation with amplitude Ap = 0.005¢ and number of
periods P = 50. (a): Azimuthal spectrum of the y-polarized FM azimuthal component. (b): Azimuthal
index y versus cutoff frequency F. of HE (filled circles) and EH (empty circles) DMs having v = 2 (blue)
and v = 3 (green). (c): CL spectra of the ideal (black) and perturbed (red) fiber. (d): Real and imaginary
part of the FM electric field of the perturbed fiber calculated at frequency F = 1.6, corresponding to the
cutoff frequency of the HE5p, mode. The inset shows a detail of the perturbed tube.

The amplitudes are lower since the AFS coefficients of the azimuthal FCM component are smaller
when compared to the radial ones for the chosen tube and FCM polarization [18]. In RY,, the central
coefficient (m = 0) is zero, and the maximum of da occurs for m = 50, corresponding to the coupling
with DMs HEsg,. Figure 4 shows the FCM filed at F = 1.6 that is the F. of HE5p,. Once again, the
imaginary part shows the hybridization of the FCM with the DM expected by the theoretical model.
Similar results are obtained for the x-polarized FCM, just by interchanging the roles of the azimuthal
and radial components. It is important to highlight the role played by the y — F. curves. They represent
the relationship between the DM indices y, v and the DM cutoff frequencies F‘fw' and, in the context of
the proposed model, the manner in which the AFS defined in the AFD domain (1 index) are mapped
to the normalized frequency F domain, resulting in the additional loss spectra.

To complete the analysis and to clarify this crucial aspect, a second fiber (Fiber #2) with the same
geometrical parameters as Fiber #1, but having n; = 2.45, is analyzed in Figure 5. The change of the
dielectric refractive index n; significantly modifies the y — F; curves of the EH DMs. The same effect,
involving in this case both EH and HE DMs, occurs by changing the tube aspect ratio p = 7,; /7ext, but
with weaker impact and is not discussed here. The different u — F. curves change the correspondence
between azimuthal index and cutoff frequencies, so in order to show peaks in the same TBs, a
corrugation with a lower number of periods, P = 32, has been considered. The agreement both in
terms of shape and spectral collocation is confirmed. Notice that the peaks due to the coupling with HE
modes are not visible in the perturbed fiber spectrum of Figure 5c. In fact, due to the different shape of
the HE u — F; curves, such peaks fall in the high loss regions and so the effects of J« are negligible.
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Figure 5. Fiber #2 having a sinusoidal perturbation with amplitude Ap = 0.05¢t and number of
periods P = 32. (a): Azimuthal spectrum of the y-polarized FM azimuthal component. (b): Azimuthal
index y versus cutoff frequency F. of HE (filled circles) and EH (empty circles) DMs having v = 2 (blue)
and v = 3 (green). (c): CL spectra of the ideal (black) and perturbed (red) fiber. (d): Real and imaginary
part of the FM electric field of the perturbed fiber calculated at frequency F = 1.765, corresponding to
the cutoff frequency of the EH3; » mode. The inset shows a detail of the perturbed tube.

On the basis of those observations, an important result must be highlighted. Recalling that the
effects of the corrugation are noticeable only when the peaks fall in the TBs, and that the lobes are quite
narrow (M ~ 5+ 6) and are spectrally located at the cutoff frequencies F;, , of the DMs with y = P, it
follows that only the corrugations with spatial period P such that F,, falls in TBs cause noticeable
additional loss. The concept is illustrated in Figure 6. Just to give a reference, let us define the extension
of each TB as the frequency range where losses are lower than ten times the minimum loss for that TB.
Light red, light blue and light green regions highlight those ranges and, through the u — F. curves,
the P values giving F,, within the defined TBs. Even though the values depend on TB spectral
extension and y — F. curve slope, speaking in the broadest sense, non negligible contributions occur
for P > Py, with Py, ~ 10. In terms of spatial frequency f, it means that only high spatial frequencies
with f > 10/(2mrg) are involved in the loss increase. This has important implications in case of
non-sinusoidal perturbations. As will be shown in the next section, it is not the whole spectrum of the
t-roughness that is involved, but only its high frequency range.
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Figure 6. Spatial period ranges involved in the TBs of Fibers #1 (left) and #2 (right). Red, blue and green
colored regions show how the TBs (bottom) are linked to the spatial periods through the y — F; curves
(top). In particular, only perturbations with a number of periods P = y greater than 10 give a TB loss
contribution. Dashed kines show the y — F; curve slopes at the normalized frequencies F = 0.5,1.5,2.5.

For the sake of completeness, it must be remarked that, in principle, the spatial periods giving a
contribution also have an upper bound, as it can be seen e.g. in Figure 6. As an example, for Fiber #2
in the TB between F = 1 and F = 2, the upper bound corresponds to P = 50. However, by taking into
account that real PSDs decay for increasing spatial frequency, the upper bounds correspond to spatial
frequencies so high that the corresponding roughness spectrum values are very low, enough that they
can be neglected in the analysis.

4. Random Corrugation

To take into account the stochastic nature of real roughness, the same treatment proposed in [24] is
employed here, but with an adaptation to periodic roughness. Let Ar be a random variable described by
a PSD S(f) where f is the spatial frequency. For geometrical reasons, Ar is periodic with a period 277
and the PSD is thus defined over a discrete set of frequencies fp = mfy which are multiples of the
fundamental one fy = 1/(27rg). Ar can be written as:

Ar(9) = A i \/ S(mfy) cos(mb + ¢p) (21)

m=1

where ¢, is a random variable uniformly distributed between 0 and 27. By exploiting Euler’s
formula: cos(mf + ¢pp,) = 1/ 2e/tmeimd 4 1 /2= i¢me=im0 the C,, coefficients in Equation (8) can be
written with the following expression:

Cp = ? S(mfy) e ipmm/Iml, (22)
The loss calculation for TLFs affected by random t-roughness is obtained by applying a
independent random corrugation on each tube interface, by performing ten independent simulations,
and by calculating the average value for each frequency.
First of all, let us consider a "white" random roughness, that is one described by a constant PSD:

S(f) =50 Vf. (23)
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An example is shown in Figure 7a where Sy = 61072 nm. Even though it corresponds to a
non-physical process, as the corresponding Root Mean Square (RMS) value is infinite, this process is
useful to separate the frequency dependence of the FCM-DM coupling from the PSD one.

101 - ;
(a)
rgmf— ©
=4
=103
®
104%
10 .
01 1
fum™)

Figure 7. PSD versus spatial frequency. (a) "White" roughness. (b) Roughness having an exponential
autocorrelation function.

Figure 8 compares the loss of the ideal Fiber #1 and the same with t-roughness, and a nested
fiber with the same geometrical parameters and 7,504 = 0.57¢xt, for different values of Syp. With
the exception of the fundamental TB, for a given 5y the TB minima have almost the same values
irrespective of the TB order. This is coherent with the discussion of the scaling laws from Section 2.3
and Equation (16). The minima values are also independent of the kind of the fiber (TLF or nested).
In fact, according to Equation (11), the additional loss da does not depend on the FCM loss of the
ideal fiber. Finally, as expected by the model, a; is directly proportional to Sy (see Equations (8), (12),
and (22)). For the considered fiber, the relationship is:

da(dB/km) = 5008y (nm?). (24)

The effects of t-roughness are negligible if a;, < apcpg,. Propagation losses lower than 0.1 dB/km are
just a step ahead in the near infrared region [3]. With those values, t-roughness effects are negligible if
the PSD value is lower than 2 - 10~% nm?.
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Figure 8. Fibers affected by t-roughness with "white" PSD. Losses of (a) Fiber #1 and of (b) the
corresponding nested TLF having 7,,,5;,g = 0.57xt are reported for different S values and for the ideal
TLFs. Dashed lines highlight the loss minima values for each Sy value, obtained from Equation (24).

The Fundamental TB (FTB) is a different matter. In the TLF, apcyy, is higher than any ay,
corresponding to the Sy here considered, thus the t-roughness effects are not observable. The effects
are visible in the nested fiber and the minima values are lower than those of the other TBs. This is in
contrast with the scaling laws discussed in Section 2.3 and the trends in the other TBs. To understand
this apparent anomaly, it is necessary to recall that the final value of a4, is also given by the contribution
of the lateral tails of the function L(F). When DM contributions da; are spectrally dense (the F, are
very close each other) each peak is overlapping with the tails of a number of adjacent peaks. If the
spectral density is reduced, the same happens for the tail overlap and «4,. Observing the y — F; curves
in the first TB (corresponding to radial index v = 0), the slopes are lower than those of higher order
TBs [4], resulting in a lower spectral density of DMs and a lower a.
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White PSD cannot describe a real roughness. There are different proposals about the roughness
PSD in hollow core fibers. Here we consider a stochastic process with an exponential auto-correlation
function having correlation length L.. The corresponding PSD is:

S(mfy) =210 1

nie 14 m 2’
27Tm,

where ¢ is the RMS value, and 1, is the cutoff parameter such that f,;, = fo = 1/(27L;). An example
with parameters ¢ = 1 nm, m. = 40, and rp = 12 um is shown in Figure 7(b). For low spatial
frequencies (f < fc), the PSD is approximately constant, whereas for f > f. it tends to decay with a
rate of 1/ f. As highlighted in the previous section, not all the spatial frequencies contribute to the
additional loss in the TBs. To validate this results also in the case of random roughness, Fiber #1 has
been investigated by considering different PSDs having different o, and different cutoff m., but the
same values at high frequencies. The results are shown in Figure 9. The light-blue area shows the
spectral range where m > 10, which refers approximately to the spectral components acting on the
TBs. Three PSDs have almost the same values in this range, whereas the fourth has a lower value up
tom ~ 25.

(25)

10! .

Figure 9. Fiber #1 affected by t-roughness with different RMS ¢ and cutoff m,, but the same PSD
for P > 10 except for the orange one. PSD parameters are: o = 2.7 nm and m. = 1 (blue); ¢ = 1.4 nm
and m. = 20 (green); o = 0.7 nm and m, = 80 (red); o = 0.35 nm and m, = 330 (orange). Top: PSD
functions. Bottom: Losses of the ideal TLF and of the one affected by t-roughness. Same colors refer to
same PSD parameters.
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The losses caused by the fist three PSD functions are almost perfectly overlapping. The fourth
shows lower values up to the center of the TBs and reaches the same values as the others in the second
half of the TBs, corresponding to the cutoffs of DMs having u > 25.

Results agree perfectly with the model and confirm that the losses caused by t-roughness
are not directly related to either the RMS value or the cutoff, but only to the PSD values at high
spatial frequencies. PSD values at low frequencies do not play any role in defining the loss caused
by t-roughness. Figure 10 compares the effects of PSDs having the same RMS ¢ = 1.0 nm and
different cutoffs m, = 1,10,40. As expected, the loss enhancement is not proportional to m,,
because the PSD values at high frequencies are not. In particular, notice that by comparing the
PSDs having m. = 1 and m. = 40, the former has much higher values at low frequencies than the
latter, but the corresponding losses are lower, since the values at high frequencies are.

m=40 m.=10 me=1

T T - R T S

10°

%)

10-1 =

S(f)(nm

107

1073

10° g ,
104;
103;

102k

(dB/km)

— 10tk
) E:
100

101

102

Figure 10. Fiber #1 affected by t-roughness having ¢ = 1.0 nm and three different cutoffs: m. = 1, 10, 40.
Top: PSD functions. Bottom: loss of the ideal TLF and of the TLFs affected by the corresponding

t-roughness.

5. Conclusions

In this work, a model for the analysis and investigation of the effects of tube surface roughness
along the transverse direction in HC-TLFs has been proposed and validated. The model is based
on coupled mode theory and azimuthal Fourier decomposition, and it shows that roughness causes
additional loss through the coupling between FCM and DMs. It has been validated by considering both
a deterministic sinusoidal corrugation and a stochastic roughness with exponential autocorrelation
function. The theory is in agreement with the numerical results, showing that the additional loss


https://doi.org/10.20944/preprints202410.1615.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2024 d0i:10.20944/preprints202410.1615.v1

150f 16

depends on the spectral content of the t-roughness PSD at high frequencies irrespective of the RMS
value, that it scales as the inverse of the cube of the core radius, and that it is independent of the
wavelength. Fibers with low loss in the ideal case, such as nested ones, are especially sensitive to
t-roughness. To guarantee that t-roughness effects are negligible even for losses lower than 0.1 dB/km,
the PSD at spatial frequencies higher than 10/ (27t7g) should be lower than 0.2 nm?.
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