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Abstract

This paper presents the results of an analysis of the necessary propagation conditions in a
step-index optical fiber with a Kerr nonlinearity of two modes, LPy; and LP;,, during the trans-
mission of high-power optical pulses. All results were obtained by solving a system of two non-
linear equations for these modes, obtained by the Gauss approximation method, and the subse-
quent use of a procedure for refining estimates using the mixed finite elements method. The
necessary conditions are determined, estimates of the boundaries for the range of normalised
frequencies for which they are fulfilled are obtained, and an approximate formula is proposed
for estimating the upper limit of this range.
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Introduction

In one of the first works [1] devoted to analyzing the
effect on the mode parameters of changes in the refractive
index profile of a step-index optical fiber due to Kerr
nonlinearity, a model of the refractive index profile of
such a fiber was presented, a numerical solution was
found for the fundamental mode and calculation data
were given for the dependencies of the parameters of this
mode on the normalized frequency of the stepped optical
fiber and optical power. At the same time, a dependency
analysis was performed for relatively small values of op-
tical power of up to 0.4 MW. However, the intensive de-
velopment of a technique for forming ultrashort high-
power optical pulses with fiber lasers [2—4] and a wide
range of technologies for their use [5—7] means that it is
important to take nonlinearity into account when determin-
ing the parameters of the modes propagating in optical fi-
bers. From the point of view of analyzing processes and
modelling the propagation of pulses in an optical fiber, an-
alytical solutions are of particular interest in this regard.

An analytical solution for the fundamental mode was
obtained [8, 9] for the above problem by considering it on
the basis of the Gauss approximation method [10-13],
and the dispersion characteristics of an optical fiber were
considered for relatively large optical powers. The Gauss
approximation method is based on an approximation of
the distribution of the mode field using Laguerre—-Gauss
functions and a search for the parameter of this approxi-
mation (the equivalent radius of the mode spot) providing
the best approximation. When using this method, it is as-
sumed that the distribution of the mode field is known.
This allows us to take into account changes in the profile

of the refractive index due to the action of non-linear fac-
tors, which in turn allows this method to be used to obtain
analytical expressions for optical fiber mode parameters
with a given refractive index profile, taking nonlinearity
into account.

In previous papers [8, 9, 14], the Gauss approximation
method was used to obtain analytical solutions for the
LPy; and LP,; modes of a stepped optical fiber with Kerr
nonlinearity, given that only one of these modes was dis-
tributed in it. The work investigated the necessary condi-
tions for the excitation of a higher-order mode in a single-
mode stepped optical fiber with Kerr nonlinearity, using
the Gauss approximation method. At the same time, for a
multimode optical fiber, a more characteristic feature is
the excitation and propagation of several modes simulta-
neously. In the present article, the necessary conditions
are considered for the propagation of two linearly polar-
ized modes, LPy; and LPi, in a stepped optical fiber with
Kerr nonlinearity, assuming that only these two directed
modes propagate in the fiber. First, using an approximate
analytical solution, we find estimates for the parameters
of the modes, the conditions for the joint propagation of
these modes in the optical fiber, and the distributions of
the mode fields. These estimates are calculated by solving
a system of nonlinear equations obtained for the linearly
polarized modes LPy; and LP;; of a step-index optical fi-
ber with Kerr nonlinearity, provided that only these two
modes propagate. Then, using the obtained approxima-
tions for the distributions of the mode fields, the profile
of the refractive index changed by the Kerr nonlinearity is
determined, for which the required necessary conditions
are specified using the method of mixed finite elements.
This approach is shown to be effective in refining the es-
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timates of the parameters of guided modes of light
guides. A well-known variant of the mixed finite element
method and the algorithm for its implementation, de-
scribed in detail in the papers [15], is applied here.

1. Fundamentals of the Gauss approximation method

The Gauss approximation is based on a representation
of the field of a fiber light guide by linearly polarized
modes, the radial distribution of which is described by
Laguerre-Gauss functions [12]
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where Fj,(r) — is the radial distribution function of the
mode field of radial ordermand azimuthal order /; B, — is
the propagation constant of the mode, of radial order m
and azimuthal order /; a — is the radius of the core of the
optical fiber; r;,, — is the equivalent radius of the spot of
the mode; R;n=rim/a — is the normalized equivalent radi-
us of the mode spot; R=r/a — is the normalized value of
the radial coordinate; L(y) — is the Laguerre polynomi-
al of order m and /, and argument y; r — is the radial coor-
dinate; ¢ — is the azimuthal coordinate; and z — is the lon-
gitudinal coordinate directed along the fiber axis.

This representation is valid for weakly guided optical
fibers for which the propagation constant of a linearly po-
larized mode of radial order m and azimuthal order / can
be determined from the expression [12, 13].
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where n(r) — is the profile of the refractive index of the
optical fiber; and k — is the propagation constant in free
space.

The constant C;,,, which depends only on the order of
the mode, is calculated by the formula [13].

(m+l—l)! (m+l—2)!
o =M————+(m+[-1)—— -+

2(m—1)! 2(m—2)!
lzz(l"rl 1)'

For a given profile of the refractive index, an analyti-
cal expression can be obtained for the mode propagation
constant from (2), after integration. Using the condition
B}, /OR,, =0 after differentiation, a characteristic
equation is then found with respect to the equivalent spot
radius of the mode [12].

2. The model of a refractive index profile
of optical fiber with a Kerr nonlinearity

The refraction index profile of a step-index optical fi-
ber, without taking into account the nonlinearity factor, is
described as follows [12].
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The refractive index profile taking into account the
Kerr nonlinearity is described by the formula [16].

n(r) =n(r)+ml(r), A3)

where n, is the Kerr nonlinearity parameter, and /(r) is
the intensity distribution of optical radiation along the fi-
ber’s radius.

In the case of propagation in the light guide of the two
modes LPy; and LP;,, we can assume that
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where P,, is the power of the optical radiation introduced
into the light guide; and qo,1, ¢1.1 are coefficients that take
into account the distribution of the input power of optical
radiation between the corresponding modes.

The equivalent radius of the mode spot is two times
smaller than the radius of the spot of the corresponding
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mode [17]. Given this, we introduce the notation
nZj m
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After substituting (3), (5) into (4), we obtain the fol-
lowing formula for the profile of the refractive index
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3. The system of nonlinear characteristic equations
for the equivalent spot radii of the LPo1 and LP1; modes

In general, the system of nonlinear characteristic
equations for determining the equivalent spot radii of the
LPy; and LP;; modes of a step-index optical fiber with a
Kerr nonlinearity, provided that only these two modes
propagate in the light guide, can be written as [18]

Yo(x01,%,)=0
{\PO( 0,1 l,l)_ H (7)
1(Xo,15X1) =0,
where Wo(xo,1,x1,1) and Wi(xo1,x1.1)=0 are defined ac-
cording to Table 1 (see Appendix). Here, x,; =1/R;, and
X, :l/Rfl. Using the formula for the normalized fre-
quency
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V? = a’k*NA®,
we denote
U?=V?/NA>.

Expressions in Table 1 of the Appendix completely
describe a system of characteristic nonlinear equations for
the equivalent spot radii of the LPy; and LP;; modes of a
step-index optical fiber with a Kerr nonlinearity, provided
that only these two modes propagate in the light guide.

To solve the system of nonlinear equations in (7), we
use the Newton method [19]. This method has an ad-
vantage for this system of equations, since analytical ex-
pressions can be obtained for the partial derivatives
6‘{’0/8x0,1, 8‘Po/6x1,1 and 8‘1’1/8)(0,1, a‘{’l/ax“. These de-
rivatives are defined according to Tables 2 and 3 (see
Appendix). The solution of the system of nonlinear equa-
tions is found numerically using an iterative process.

4. Necessary conditions for LPo; and LP11 mode
propagation in step-index optical fiber
with Kerr nonlinearity

Here, as an example, we considered a standard optical
fiber SMF-28 made of fused silica glass with a step index
profile with a core diameter of 8.2 um and a difference in
the refractive indices of the core and cladding of 0.36%
[20]. For this optical fiber, according to [21,22], the non-
linear refractive index was taken equal to 2.5:102° m%/W.
The spectral dependences of the refractive indices of the
core and cladding were calculated by the Sellmeier for-
mula according to the algorithm given in [23]. For each
given power value, by solving the system of nonlinear
equations (7), we found estimates of the limits of the
range of normalized frequencies for which this solution
exists and has physical meaning. The Newton method is
used to solve these systems of equations, and estimates
are obtained depending on the optical power introduced
into the fiber and its distribution between the modes. By
using the found parameters x,;, =1/R;, and x,, =l/R},
the field distributions of the modes under study were cal-
culated according to (1) and (2). Using them and Equa-
tion (6), the profile of the refractive index of the fiber was
determined, modified by the Kerr nonlinearity. For this
profile, the estimates of the boundaries of the range of
normalized frequencies were refined using the mixed fi-
nite elements method mentioned earlier, in which the
necessary conditions for joint propagation of two consid-
ered modes in the fiber are fulfilled. Fig. 1 shows an ex-
ample of the dependences of the parameters xo,1, x;,; on
the normalized frequency of the fiber, for a range of val-
ues for the optical power introduced into the fiber and the
power evenly distributed between the two studied modes.

It can be seen from Fig. 1 that the lower limit on the
normalized frequency range in which there are solutions
to the system of equations in (7) is practically independ-
ent of the optical power, and is determined by the cutoff
condition of the highest order mode. With an error of no

more than 5% as a result of calculations in all cases
Vimin=2.405. With increasing power, the upper limit of
this range shifts to lower normalized frequencies. It is
natural to assume that the upper limit is due to the self-
focusing effect. It is known that for free space, the critical
power of self-focusing is approximately determined from
the relation:
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where ¢ is a parameter determined by the shape of the
beam. It is shown here that this relationship can also be
used for the fundamental mode of a light guide. From (8),
we can write for a step-index fiber:
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Fig. 1. The dependences of the parameters xo,1, X1.1
on the normalized frequency of the fiber, for a range of values
for the optical power introduced into the fiber and the power
evenly distributed between the two studied modes

This is confirmed by estimates obtained from solving
the system of equations (7) with the subsequent proce-
dure for clarifying them. Fig. 2 shows the curve for the
dependencies on the distribution of power between the
modes of the normalized estimate of the upper limit of
the studied range of normalized frequencies, obtained
from the solution of the system of nonlinear equations
(7), can be represented as

Vy =VoarJarPs Ja.

Here, it is assumed that g2=1—g¢;.

Fig. 2 shows that if the fraction of the power of the
fundamental mode exceeds approximately 20% of the to-
tal power input to the fiber, then the normalized parame-
ter under study is practically independent of the distribu-
tion of power between the modes. In this case, it can be
assumed that the upper limit of the range is completely
determined by the conditions of self-focusing of the fun-
damental mode of the fiber. Fig. 3 shows the dependence
on the power of the fundamental mode of the parameter
of the normalized frequency range, in which the neces-
sary conditions are fulfilled, where the parameter
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Fig. 2. The curve for the dependencies on the distribution
of power between the modes of the normalized estimate
of the upper limit of the studied range of normalized frequencies

As shown in Fig. 3, the dependence is almost linear.
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7

2

Optical peak power, W, x10°

2 3 4 5 6
Fig. 3. The dependence of the parameter of the normalized
frequency range on the power of the fundamental mode

1

If we assume that the estimated upper limit on the
range of normalized frequencies for which the necessary
conditions hold for the joint propagation of the two
modes (LPo; and LP,) is determined by the conditions of
self-focusing of the fundamental mode, then from the def-
inition of the normalized frequency of the step-index op-
tical fiber and Equation from Table 1 (see Appendix), we
have the following approximate relationship:

a-NA
Na B, non,

Fig. 4 shows the dependence of the estimated upper
bound of the range of normalized frequencies for which
the necessary conditions hold for joint propagation of the
two modes LPy; and LP); in the optical fiber (the thresh-
old values of the normalized frequency). These are calcu-
lated from (10), depending on the peak power of the fun-
damental mode of the optical fiber, and are obtained by
solving a system of nonlinear equations (7) and applying
the subsequent procedure for their refinement. It can be
seen that the curves are almost the same. This allows us
to recommend relation (10) to estimate the necessary
conditions for propagation for the LPy; and LP;; modes in

V, = , ¢;>0.2. (10)

a step-index optical fiber with a Kerr nonlinearity during
the transmission of high-energy optical pulses.
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Fig. 4. The dependence of the estimated upper bound
of the range of normalized frequencies

2.5

Conclusions

This paper presents the results of an analysis of the
necessary conditions for propagation in a step-index opti-
cal fiber with a Kerr nonlinearity of two modes, LPy and
LPy1, during the transmission of high-power optical puls-
es. All results were obtained by solving a system of two
nonlinear equations for these modes, obtained by the
Gauss approximation method, and the subsequent use of
a procedure for refining these estimates using the method
of mixed finite elements. As a result of this analysis, it
was shown that the lower limit of the range of normalized
frequencies for which there are joint solutions for the two
modes under study is determined by the cutoff of a higher
order mode, and that its value is 2.405. It is shown that if
the fraction of the power of the fundamental mode ex-
ceeds 20% of the total optical power introduced into the
fiber, the upper limit of the normalized frequency range
for which there are joint solutions for these two modes is
determined by the condition of self-focusing of the fun-
damental mode. In this case, the range of normalized fre-
quencies for which the necessary conditions are fulfilled
decreases almost directly proportionally to the power of
the fundamental mode. An approximate relationship is
proposed for estimating the upper limit of the range of
normalized frequencies for which the necessary condi-
tions are met for the propagation of two LPy and LPi;
modes in a stepped optical fiber with Kerr nonlinearity
when transmitting high-power optical pulses.

References

[1] Okamoto K, Marcatili EAJ. Chromatic dispersion
characteristics of fibers with optical kerr-effect non-
linearity. J Lightw Technol 1989; 1(12): 1988-1994.

[2] Debord B, Alharbi M, Vincetti L, Husako, A, Fourcade-
Dutin C, Hoenninger C, Mottay E, Gérome F, Benabid F.
Multi-meter fiber-delivery and pulse self-compression of
milli-Joule femtosecond laser and fiber-aided laser-
micromachining. Opt Express 2014; 22(9): 10735-10746.

[3] Pouysegur J, Guichard F, Weichelt B, Delaigue M,
Zaouter Y, Honninger C, Mottay E, Georges P, Druon F.
Single-stage Yb:YAG booster amplifier producing 2.3 mJ,

536

Computer Optics, 2020, Vol. 44(4) DOI: 10.18287/2412-6179-CO-699



Necessary conditions for the propagation of two modes, LPy; and LPy;, in a step-index optical...

Burdin V.A., Bourdine A.V., Gubareva O.Yu.

[10]

520 fs pulses at 10 kHz. Proc Adv Solid State Lasers
2015; hal-01359547.

Debord B, Gerome F, Paul P-M, Husakou A, Benabid F.
2.6 mJ energy and 81 GW peak power femto-second laser
pulse delivery and spectral broadening in inhibited
coupling Kagome fiber. CLEO: 2015, OSA Technical
Digest (online) (Optical Society of America, 2015):
STh4L.7.

Kryukov PG. Femtosecond pulses. The introduction of a
new area of laser physics [In Russian]. Moscow:
“Fizmatlit” Publisher; 2008.

Stingl A. Femtosecond future. Nat Photon 2010; 4: 158.
Sibbett W, Lagatsky A.A, Brown CTA. The development
and application of femtosecond laser systems. Opt
Express 2010; 20(7): 6989-7001.

Burdin VA, Bourdine AV. Dispersion characteristics of
step index single mode optical fiber with Kerr
nonlinearity. Proc SPIE 2017; 10342: 103420N.

Burdin VA, Bourdine AV, Andreev VA, Yablochkin K.A.
Spectral characteristics of step index single mode optical fiber
with Kerr nonlinearity. Proc SPIE 2018; 10774: 107740L.
Snyder AW. Understanding monomode optical fibers.
Proc IEEE 1981; 69(1): 6-13.

Love JD, Hussey CD. Variational approximations for
higher-order modes of weakly-guiding fibers. Opt
Quantum Electron 1984; 16(1): 41-48.

Snyder AW, Love JD. Optical waveguide theory. London,
New York: Chapman & Hall; 1983.

Burdin VA, Bourdine AV. Solution for arbitrary order
guided mode propagating over optical circle fi-ber based
on Gaussian approximation. Physics of wave processes
and radio engineering systems 2011; 14(2): 65-72.

[14]

(22]

[23]

Burdin VA, Bourdine AV, Volkov KA. Spectral
characteristics of LP11 mode of step index optical fiber
with Kerr nonlinearity. Proc SPIE 2018; 10774: 107740N.
Bourdine AV, Burdin VA, Sultanov AH, Delmuchametov
OR. Algorithm for optical fiber chromatic dispersion
calculation based on full-vector mixed finite element
method [In Russian]. Infokommunikacionnye Tehnologii
2009; 7(2): 13-20.

Agrawal G. Nonlinear fiber optics. London, San Diego:
Academic Press; 2007.

Petermann K. Fundamental mode microbending loss in
graded-index and W fibers. Opt Quantum Electron 1977,
9:167-175.

Burdin VA, Bourdine AV. A System of nonlinear
characteristic equations for two-mode propagation in step-
index optical fiber. Proc OWTNM Workshop 2018: 31.
Kelley C. Numerical methods for nonlinear equations.
ActaNumerica 2018; 27: 207-287.

Corning SMF-28 Optical Fiber. Product Information.
Corning PI1036 2002: 4.

Garcia H, Johnson AM, Oguama FA, Trivedi S. New
approach to the measurement of the nonlinear refractive
index of short (< 25 m) lengths of silica and erbium-doped
fibers. Opt Lett 2003; 28(19): 1796-1978.

Traore A, Lalanne E, Johnson AM. Determination of the
nonlinear refractive index of multimode silica fiber with a
dual-line ultra-short pulse laser source by using the
induced grating autocorrelation technique. Opt Express
2015; 23(13): 17127-17137.

Burdin V. Algorithm for estimation of material dispersion
of fused silica glass optical fibers. Proc SPIE 2015; 9533:
95330J.

Appendix

Table 1. Formulas for calculating functions Wo and ¥
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Table 2. Formulas for calculating derivatives of a function ¥
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