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Abstract

The development of all optical communications could benefit from the index guiding photonic crystal fibers.
In communication the photonic crystal fibers could provide many new solutions. Conventional optical fibers have
within the last decades revolutionized the communications industry and it is today a mature technology being pushed
to its limit with respect to properties such as losses, single mode operation and dispersion. The spectra have been
used by others to develop optical frequency standards. The process can potentially be used for frequency conversion
in fiber optic network. In this system the dispersive properties can be controlled by the optical lattice making it pos-
sible to achieve phase-matched four wave mixing, like look the process taking place in the photonic crystal fibers. In
this paper we will discuss the use of photonic crystal fibers in communications.
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1. Introduction

A new class of microstructured optical fiber containing a fine array of air holes running
longitudinally down the fiber cladding [1] has been developed. Since the microstructure within the
fiber is often highly periodic due to the fabrication process, these fibers are usually referred to as
photonic crystal fibers (PCFs), or sometimes just as holey fibers [2]. Whereas in conventional op-
tical fibers electromagnetic modes are guided by total internal reflection in the core region, which
has a slightly raised refractive index, in PCFs two distinct guidance mechanisms arise. Further-
more, the existence of two different guidance mechanisms makes PCFs versatile in their range of
potential applications. For example, PCFs have been used to realize various optical components
and devices including long period gratings [3], multimode interference power splitters [4], tunable
coupled cavity fiber lasers [5], fiber amplifiers [6], multichannel add/ drop filters [7], wavelength
converters [8] and wavelength demultiplexers [9]. As with conventional optical fibers, however, a
crucial issue with PCFs has been the reduction in overall transmission losses which were initially
several hundred decibels per kilometer even with the most straightforward designs. Increased con-
trol over the homogeneity of the fiber structures together with the use of highly purified silicon as
the base material has now lowered these losses to a level of a very few decibels per kilometer for
most PCF types, with a loss of just 0.3 dB kml at 1.55m for a 100 km span being recently reported
[10]. Before 1970, optical fibers were used mainly for medical imaging over short distances [11].
Their use for communication purposes was considered impractical because of high losses (1000
dB/km). However, the situation changed drastically in 1970 when, following an earlier suggestion
[12], the loss of optical fibers was reduced to below 20 dB/km [13]. Further progress resulted by
1979 in a loss of only 0.2 dB/km near the 1.55-um spectral region [14]. The availability of low-
loss fibers led to a revolution in the field of lightwave technology and started the era of fiber-optic
communications. Several books devoted entirely to optical fibers cover numerous advances made
in their design and understanding [15].In 1987, Yablonovitch and John - by using the tools of clas-
sical electromagnetism and solid-state physics - introduced the concepts of omnidirectional pho-
tonic bandgaps in two and three dimensions [16]. From then, the name "photonic crystal” was cre-
ated and led to many subsequent developments in their fabrication, theory, and application. A few
years later in 1991, Yablonovitch and co-workers produced the first photonic crystal by mechani-
cally drilling holes a millimeter in diameter into a block of material with a refractive index of 3.6
[17].
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2. The objective of the paper

The photonic crystal fibers offer the possibility of low losses and dispersion, a possible
competitor to conventional fibers. These fibers are based on a new and very promising technology
and could provide solutions to many optical problems in communications, light source manufac-
turing and has already revolutionized the field of frequency metrology. The propagation of light in
a Photonic crystal fibers provides an opportunity to reduce the Kerer effect and thus worry atten-
uation of the signal. Photonic crystal fibers present special properties that lead to an outstanding
potential for sensing applications according to these features we can elimination a lot of the prob-
lems that exist in the conventional fiber optic communications and getting better and more accu-
rate results in the same conditions when using this Fibers.

3. Optical fiber communication system

An optical fiber communication system is similar in basic concept to any type of communi-
cation system. A block schematic of a general communication system is shown in Fig. 1, the func-
tion of which is to convey the signal from the information over the transmission medium (photonic
crystal fiber) to the destination. The communication system is consists of a transmitter, the trans-
mission medium, and a receiver or demodulator at the destination point. For optical fiber commu-
nications the information source provides an electrical signal to a transmitter comprising an elec-
trical stage which drives an optical source to give modulation of the light wave carrier. The optical
source which provides the electrical-optical conversion may be either a semiconductor IR. The
transmission medium consists of an photonic crystal fiber and the receiver consists of an optical
detector which drives a further electrical stage and hence provides demodulation of the optical
carrier. Photodiodes in some instances, phototransistors and photoconductors are utilized for the
detection of the optical signal and the optical—electrical conversion. Thus there is a requirement for
electrical interfacing at either end of the optical link and at present the signal processing is usually
performed electrically.

Information

signal
Mm Transmitter Receiver Destination
(modulator) (demodulator)
IR APD

Fig. 1. General communication system

4. Photonic crystal (PhCs)

Photonic crystals (PhCs) are inhomogeneous dielectric media with periodic variation of the
refractive index. In general, (PhCs) have a photonic band gap. That is the range of frequencies in
which light cannot propagate through the structure. (PhCs) are optical media with spatially period-
ic properties. This definition is too general to be useful in all contexts, and there has been some
debate about the conditions under which it is legitimate to use the term [18]. Photonic crystals are
periodic structures of dielectric materials and can today be produced with almost any imaginable
structure. It is only a decade ago that Bose-Einstein condensation was first achieved in alkali gases
[19, 20] and it has certainly turned into a very rich field since the condensates are very flexible
model systems for solid state physics and statistical physics in general. The dynamics of the wave
propagation in both systems is mainly determined by the interplay between dispersive and nonlin-
ear effects. In the Bose-Einstein condensates (BECs) the nonlinear response originates in the s-
wave scattering between atom pairs, whereas the nonlinearity in the PCFs stems from saturation
and optical pumping accounted for through a nonlinear susceptibility. The micro-structuring of the
PCFs leads to unique and tailorable dispersive properties. In the Bose-Einstein condensed system
the optical lattice does the job of tuning the dispersion.
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5. Photonic crystal fibres

Photonic-crystal fibres (PCFs) [21, 22], also referred to as microstructure, or holey, fibres,
are optical waveguides of a new type. In PCFs, radiation can be transmitted through hollow core
see Fig. 2, surrounded with a microstructured cladding, consisting of an array of cylindrical air
holes running along the fibre axis. Such a microstructure is usually fabricated by drawing a per-
form composed of capillary tubes and solid silica rods.

Fig. 2. Cross-section of photonic-crystal fibres

Along with conventional waveguide regimes, provided by total internal reflection, PCFs
under certain conditions can support guided modes of electromagnetic radiation due to the high
reflectivity of their cladding within photonic band-gaps (PBGs) or regions of low densities of pho-
tonic states [23, 24], as well as by the antiresonance mechanism of waveguiding [22, 25]. Such
regimes can be supported by fibres with a hollow [24, 26, 27] core and a two-dimensionally peri-
odic (photonic crystal) cladding. A high reflectivity provided by the PBGs in the transmission of
such a cladding confines radiation in a hollow core, substantially reducing the loss, which is typi-
cal of hollow-core-guided modes in conventional, capillary-type hollow waveguides and which
rapidly grow with a decrease in the diameter of the hollow core [28, 29]. Unique properties of
PCFs open up new routes for a long-distance transmission of electromagnetic radiation [21, 22], as
well as for nonlinear-optical transformation of laser pulses [30]. Photonic-crystal fibres offer new
solutions for laser physics, nonlinear optics, and optical technologies, as they combine dispersion
tuneability and a high degree of light-field confinement in the fibre core. The maximum laser flu-
ence in an optical system is limited by the laser damage of material of optical components. An
increase in a fibre cross section is a standard strategy for increasing the energy of laser pulses de-
livered by fibre lasers. Standard large-core-area fibres are, however, multimode, making it difficult
to achieve a high quality of the transverse beam profile. This difficulty can be resolved by using
PCFs with small-diameter air holes in the cladding, which filter out high-order waveguide modes
[31, 32]. Hollow PCF compressors in fibre-laser systems [33, 34] allow the generation of output
light pulses with a pulse width on the order of 100 fs in the megawatt range of peak powers. Thus,
PCFs play the key role in the development of novel fibre-laser sources of ultrashort light pulses
and creation of fibre-format components for the control of such pulses. In what follows, we exam-
ine the physical mechanisms behind supercontinuum generation in such fibres, analyze various
scenarios of spectral broadening and wavelength conversion, and discuss applications of PCF
white-light sources and frequency converters in nonlinear spectroscopy and microscopy, as well as
in optical metrology.

6. Attenuation of photonic crystal fibres

If the transverse scale of a photonic crystal fibres changes without otherwise changing the
fibre's structure, the wavelength A, of minimum attenuation must scale in proportion [35]. Without
recourse to the approximations of the previous section, the mean square amplitude of the rough-
ness component that couples light into modes with effective indices between n and n+6n is:

u? :kB—Tcoth(MJé'n, (1)
4ry(n—ny) 2
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where
v — the surface tension;
kg — Boltzmann's constant;
T — the temperature.

The attenuation to these modes is proportional to u” [36] but the only other independent
length scale it can vary with is A.. As attenuation has units of inverse length, it must therefore by
dimensional analysis be inversely proportional to the cube of A.. If this is true for every set of des-
tination modes, it must be true for the net attenuation o to all destination modes, so:

1
A)~—. 2
a(l,) 7 )

This equation [35], predicts the attenuation of a given fibre drawn to operate at different
wavelengths. The result differs from the familiar 1/ A* dependence of Rayleigh scattering in bulk
media [37], and importantly applies to inhomogeneities at all length scales not just those small
compared to A. The fibres had 7-cell cores but were drawn to different scales, giving them differ-
ent A, but otherwise comparable properties [35]. The minimum attenuation is plotted in Fig. 3
against A, on a log-log scale. A straight-line fit is shown and has a slope of 3.07, supporting the
predicted inverse cubic dependence in Eq. (2).
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Fig. 3. Attenuation spectrum of a photonic crystal fibre

The minimum optical attenuation of ~0.15 dB/km in conventional fibres is determined by
fundamental scattering and absorption processes in the high-purity glass [37], leaving little pro-
spect of much improvement. Over 99 % of the light in (PCFs) can propagate in air [35] and avoid
these loss mechanisms, making (PCFs) promising candidates as future ultra-low loss communica-
tion fibres. The lowest loss reported in photonic crystal fibres is 1.7 dB/km [35], though we have
since reduced this to 1.2dB/km. Since only a small fraction of the light propagates in silica, the
effect of material nonlinearities is insignificant and the fibers do not suffer from the same limita-
tions on loss as conventional fibers made from solid material alone.

7. Dispersion of photonic crystal fibres

In a homogeneous medium the dispersion relation between wave vector k and frequency w
of the propagating light is given through the refractive index of the material w=c|k|/n. In a PCF it
is the combined effect of the material dispersion and the band structure arising from the 2D pho-
tonic crystal that determines the dispersion characteristics of the fiber. For propagation in fibers it
is the dispersion for the wave vector component along the z-direction kz that is the interesting pa-
rameter. In the fiber optics literature kz is referred to as the propagation constant f. It is then rea-
sonable to define an effective refractive index as

C
ny, =<, 3)
wﬁmd




Original Research Article:
full paper

(2016), «kKEUREKA: Physical Sciences
and Engineering» Number 1

where wg,,¢. denotes the frequencies of the lowest lying mode in the fiber. The higher derivatives
of the propagation constant are given as

o'

aa)n ’

B, () = @

27c
/12

and the second order dispersion D =— [, is just another way of expressing f,. The zero-

dispersion wavelength (4zp) is defined as the free space wavelength A = 27e where f, = 0.
o

A cross-section of an index guiding PCF is shown in Fig.(4) a calculation of the dispersion
properties and effective area of this fiber will be sketched. The dispersion given by (1) is shown
in Fig. 4 and the fiber has 1,5 = 721 nm, whereas the zero dispersion wavelength for bulk silica is
found around 1300 nm.
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Fig. 4. Dispersion characteristics for the fundamental frequency mode of the 1.7um
core diameter PCF

The zero dispersion wavelength for this fiber has consequently been shifted into the visible
regime due to the micro-structuring. This widely tunable group velocity dispersion is an extremely
valuable property of the PCFs. The dispersion can be tuned by a proper choice of the size of the air
holes, the distance between the holes (pitch) and the size of the central defect. A general tendency
is that the zero dispersion wavelength is found at a shorter wavelength when the fraction of air
filling is increased and the central defect is decreased [38]. It is possible to manufacture fibers with
zero dispersion wavelengths between 500 and 1500 nm. Another general trend is that decreasing
either the pitch or the hole-size leads to a higher curvature of the dispersion profile, eventually
leading to two closely lying zero dispersion wavelengths. The fibers can be made with cores down
to lum in diameter. Due to the small core areas huge intensities can be obtained in the cores of the
fibers. Consequently, such fibers will exhibit a highly nonlinear response. Another very useful
property of the fibers is that they can be made endlessly single mode. Only one mode should have
a propagation constant between the effective propagation constants for the cladding and the core
i.e. Neorek > f > neagk, where k is the free space propagation constant. The restriction corresponds
to only one solution to Maxwell’s equations propagating in the core and evanescent in the clad-
ding. The effective frequency parameter is given by [39]

2
‘/eﬁ” = (Tp) nfnre _nzlad ? (5)

where p is the core radius. For the fiber to be single mode Veff should be below 2.405. As 4 de-
creases, the effective index of the cladding n., increases, because more intensity of the light will
be confined to the silica part of the cladding. Consequently, Veff can be kept below 2.405 for a

7
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wide range of wavelengths and the fiber is said to be endlessly single mode. In this way fibers,
even with a very large core, can be made endlessly single mode [40]. As the mode area of the fiber
increases the relative intensity in the core will decrease. Hence the fibers can be used for linear
propagation, where a lot of power can be delivered without going into a nonlinear propagation
regime.

8. Nonlinear effects
As mentioned, Eq. (6)

dizzi(w]) = i(f(@) - Bo)A@) +iy(| de™ Anx [ di gt—1)| A, (6)

can be implemented directly as it is including both full frequency dependency of the propa-
gation constant and the effective area as well as self-steepening and Raman effects.

8. 1. Raman response

For the Raman response function the expression g(r) = (1— fR)d(?) + frgr(f) has been used,
where the delta function term originates from the electronic response i.e. the Kerr interaction and
the last term takes the Raman scattering into account. The function gx(f) can be chosen on the form

2 2 t

800 = "2 % sin( Ly > 0, (M)
TITZ z-l

8:(1)=0;t<0, ®)

as given by [41]. Raman scattering can be explained as scattering of light on the optical phonons
and 1/z1 gives the optical phonon frequency. 1/2 gives the bandwidth of the Lorentzian line (Fig.
5). The same values as in [42] have been applied for the constants: 71 = 12.2fs, 72 = 32fs, fr = 0.18.
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Fig. 5. Inverse Raman scattering are corollary processes arising in Raman scattering.

8. 2. Kerr nonlinearity

The Kerr effect is the effect of an instantaneously occurring nonlinear response, which can
be described as modifying the refractive index. In particular, the refractive index for the high in-
tensity light beam itself is modified according to

An=n,| , C)]

with the nonlinear index 7, and the optical intensity /. The n, value of a medium can be measured
e.g. with the z-scan technique. Note that in addition to the Kerr effect, electrostriction can signifi-
cantly contribute to the value of the nonlinear index [43, 44]. A Kerr nonlinearity can be assumed

8
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by ignoring the Raman response in the fibers corresponding to setting g(f) = d(¢). If the nonlineari-
ty factor is assumed constant y= y, the following equation arises

d - ~ o 2
A =i(p@)= f)A) +ir, [ die™ AD] AW (10)

If all terms are transformed to the time domain and only up to second order dispersion is
taken into account the following equation appears

4 sy :—i&a—zA(t)+i;/|A|2A(t). (11
2 o

dz

8. 3. Nonlinearity factor y
For the nonlinearity factor the convention suggested in [42] has been followed

n,®

7(w)= 12)

Ay (@)

The frequency dependent nonlinearity factor y(w) in Eq. (12). Since the effective area
Aqri(w) often does not vary too drastically with frequency seen on Fig. 4 a valuable approximation
is to assume the effective area to be constant A.,0. With this approximation the nonlinearity factor
can be written as

n,w o,
y(@)=——=y,(1+—), 13)
Ay o ,
where wy = @ — wl is the frequency of the input pulse and  y, = ’Z% . With this nonlinearity
C. eff .0

factor the nonlinear Schrédinger equation is given by

iA(a)l) =i(f(w) - Bw)A(®,) +1iy, (1 +ﬂj>< T dte™ A(t) T drg(t—1)|A@)[ . (14)
dz ) >, 2

0

. . . . L .1 0 .
In the time domain the nonlinearity factor above is given by y,(1+i _8_) , where the time
@, Ot
derivative takes self-steepening and shock formation into account. Consequently, for very long
pulses this time derivative can be omitted corresponding to assuming a constant nonlinearity factor

r(@) =y, . s)

If the computational grid is centered at a frequency wc different from the central frequency

nZ a)c

of the pulse w, the nonlinearity factor has to be changed accordingly y, =
Chlyr o

9. Calculation of the propagation

The spacing between the air holes in a photonic crystal structure with air holes embedded in
dielectric material is given roughly by the wavelength of the light divided by the refractive index
of the dielectric material. The problem in making these small structures is enhanced because it is
more favorable for a photonic band gap to form in dielectrics with a high refractive index, which
reduces the size of the lattice spacing even further. The linear part is
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dz ¢ Ay (o)
d2 o 2 A~
EG(z,a)) =—f(w) G(z,w). 17

Decoupling Maxwells equations with no free charges and currents, assuming linear re-
sponse of the medium and no losses leads to a wave equation for the Hao(r) field

V{LVXHW(r)}:(QJ H,(r), (18)
&(r) c

where ¢ is the dielectric function.

H,(r) = a,h,(x,y)e " @, (19)

where m denotes the mth eigenmode with transverse part hm(x, y) and propagation
constant ™ (w).

And Eq. (18) both originate from Maxwell’s linear equations. By considering the magnetic
field Ho(r) as given by Eq. (19) and taking the second derivative with respect to z the following
equation arises

2

d

—H,(r)==p(®)"H (7). (20)
dz

The magnetic and electric fields are related by

Em(r):—i—chHw(r), 1)
we(x,y)

where with translational symmetry &(x, y) is independent of z. Consequently, Ew(r) also fulfills
Eq. (17). The emitting power of the light (IR) from the transmitter may take many reflected and
refracted paths before arriving at the receiver. The receiver in a optical communication system is
the light detector (photodiode) . The large size of the photodiode with respect to the wavelength of
the light provides a degree of inherent spatial diversity in the receiver which mitigates the impact
of multipath fading. Multipath fading is not a major impediment to optical communication, tem-
poral dispersion of the received signal due to multipath propagation remains a problem. This dis-
persion is often modelled as a linear time invariant system since the channel properties change
slowly over many symbol periods [45]. The impact of multipath dispersion is most noticeable in
diffuse infrared communication systems. Unlike conventional fiber optical systems, multipath fad-
ing is not a major impairment in photonic crystal fiber transmission. The multipath propagation of
light produces fades in the amplitude of the received electromagnetic signal at spacings on the
order of half a wavelength apart. The Fig .6 shows distribution and of photonic crystal fibers.
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Fig. 6. Distribution and attenuation of the output power with a hollow core
photonic crystal fibers

10. Conclusion

The transverse micro-structuring makes the dispersion of the fibers highly tunable and to-
gether with the high index contrast it leads to the small effective area, cade of nonlinear effects can
take place in the fibers. The interplay between the special dispersion of the fibers and these non-
linear effects makes the phenomenon of supercontinuum generation possible. The full frequency
dependency of the propagation constant as well as the effective transverse area serve as input for
the model and these parameters can either be calculated as measured. Low loss per unit length, to
satisfy the optical power budget allocation for fiber loss and low backscatter, to prevent noise and
associated measurement error. The low nonlinearities, such as the Kerr effect, whereby refractive
index dependencies in the light-guiding material due to electric field can cause a non-reciprocal
effect in the fiber loop leading to measurement error.

References

[1] David J. DiGiovanni, Santanu K. Das, Lee L. Blyler, W. White, Raymond K. Boncek, Steven E.
Golowich (2002). ‘Design of optical fibers for communication systems’, in I. P. Kaminow and T. Li (Eds),
Optical Fiber Telecommunications IV-A, 17-79, Academic Press, 2002. doi: 10.1016/b978-012395172-
4/50002-4

[2] Richardson, D. J., Monro, T. M., Belardi, W., Furusawa, K. (2002). ‘Holey fibers: new possibili-
ties for guiding and manipulating light’, Proc. IEEE/LEOS Workshop on Fiber and Optical Passive Compo-
nents, 169—175. doi: 10.1109/fopc.2002.1015822

[3] Morishita, K., Miyake, Y. (2004). ‘Fabrication and resonance wavelengths of long-period gratings
written in a pure-silica photonic crystal fiber by the glass structure change’, J. Lightwave Technol., Vol. 22,
Issue 2, 625-630. doi: 10.1109/j1t.2004.824389

[4] Tao, L., Zakharian, A. R., M. Fallahi, Moloney, J. V., Mansuripur, M. (2004). ‘Multimode inter-
ferencebased photonic crystal waveguide power splitter’, Journal of Lightwave Technology, Vol. 22, Issue
12, 2842-2846. doi: 10.1109/j1t.2004.834479

[5] Mahnkopf, S., Marz, R., Kamp, M., Guang, H. D., Lelarge, F., Forchel, A. ‘Tunable photonic
crystal coupled-cavity laser’, IEEE J. Quantum Electron, Vol. 40, Issue 9, 1306-1314, 2004.
doi:10.1109/jqe.2004.831638

[6] Cucinotta, A., Poli, F., Selleri, S. (2004). ‘Design of erbium-doped triangular photonic-crystal-
fiberbased amplifiers’, IEEE Photonics Technology Letters, Vol. 16, Issue 9, 2027-2029. doi:
10.1109/1pt.2004.833109

[7] Bong-Shik, S., Asano, T., Akahane, Y., Tanaka, Y., Noda, S. (2005). ‘Multichannel add/drop fil-
ter based on in-plane hetero photonic crystals’, Journal of Lightwave Technology, Vol. 23, Issue 3, 1449—
1455. doi: 10.1109/j1t.2004.841458

[8] Chow, K. K., Shu, C., Chinlon, L., Bjarklev, A. (2005). ‘Polarization-insensitive widely tunable
wavelength converter based on four-wave mixing in a dispersion-flattened nonlinear photonic crystal fiber’,

11

(2016), «kKEUREKA: Physical Sciences



Original Research Article: (2016), «kKEUREKA: Physical Sciences
full paper and Engineering» Number 1

IEEE Photonics Technology Letters, Vol. 17, Issue 3, 624—626. doi: 10.1109/1pt.2004.840929

[9] Niemi, T., Frandsen, L. H., Hede, K. K., Harpoth, A., Borel, P. 1., Kristensen, M. (2006). ‘Wave-
length division demultiplexing using photonic crystal waveguides’, IEEE Photonics Technology Letters, Vol.
18, Issue 1, 226-228. doi: 10.1109/1pt.2005.860001

[10] Kurokawa, K., Tajima, K., Tsujikawa, K., Nakajima, K., Matsui, T., Sankawa, 1., Haibara, T.
(2006). ‘Penalty-free dispersion-managed soliton transmission over a 100-km low-loss PCF’, Journal of
Lightwave Technology, Vol. 24, Issue 1, 32—-37. doi: 10.1109/j1t.2005.861146

[11] Kapany, N. S. (1967). Fiber Optics: Principles and Applications, Academic Press,
San Diego, CA.

[12] Kao, K. C., Hockham, G. A. (1966). Proc. IEE 113, 1151; Werts, A. Onde Electr, 45, 967.

[13] Kapron, F. P., Keck, D. B., Maurer, R. D. (1970). radiation losses in glass optical waveguides.
Applied Physics Letters, Vol. 17, Issue 10, 423. doi: 10.1063/1.1653255

[14] Miya, T., Terunuma, Y., Hosaka, T., Miyoshita, T. (1979). Ultimate low-loss single-mode fibre
at 1.55 pm. Electronics Letters, Vol. 15, Issue 4, 106. doi: 10.1049/el:19790077

[15] Adams, M. J. (1981). An Introduction to Optical Waveguides, Wiley, New York.

[16] Yablonovitch, E. (1987)."Inhibited Spontaneous Emission in Solid-State Physics and Electron-
ics," Physical Review Letters, Vol. 58, Issue 20, 2059-2062. doi: 10.1103/physrevlett.58.2059

[17] Yablonovitch, E., Gmitter, T. J., Leung, K. M. (1991)."Photonic Band Structure: The Face-
Centered-Cubic Case Employing Nonspherical Atoms," Physical Review Letters, Vol. 67, Issue 17, 2295—
2298. doi: 10.1103/physrevlett.67.2295

[18] Danner, A. J., Raftery, Jr. J. J., Yokouchi, N., Choquette, K. D. (2004). Transverse modes of
photonic crystal vertical-cavity lasers. Applied Physics Letters, Vol. 84, Issue 7, 1031-1033. doi:
10.1063/1.1646729

[19] Anderson, M., Ensher, J., Matthews, M., Wieman, C., Cornell, E. (1995). Observation of Bose-
Einstein Condensation in a Dilute Atomic Vapor. Science, Vol. 269, Issue 5221, 198-201. doi:
10.1126/science.269.5221.198

[20] Davis, K., Mewes, M.-O., Andrews, M., N. van Druten, Durfee, D., Kurn, D., Ketterle, W.
(1995). Bose-Einstein Condensation in a Gas of Sodium Atoms. Physical Review Letters, Vol. 75, Issue 22,
3969-3973. doi: 10.1103/physrevlett.75.3969

[21] Russell, P. S. J. (2003). “Photonic Crystal Fibres”. Science, Vol. 299, Issue 5605, 358-362. doi:
10.1126/science.1079280

[22] Russell, P. S. J. (2006). Photonic-Crystal Fibers. Journal of Lightwave Technology, Vol. 24, Is-
sue 12, 4729-4749. doi: 10.1109/j1t.2006.885258

[23] Knight, J. C., Broeng, J., Birks, T. A., Russell, P. S. J. (1998). Science, Vol. 282, 1476.

[24] Konorov, S. O., Fedotov, A. B., Kolevatova, O. A., Beloglazov, V. I., Skibina, N. B., Shcherba-
kov, A. V., Zheltikov, A. M. (2002). Waveguide modes of hollow photonic-crystal fibers. Journal of Experi-
mental and Theoretical Physics Letters, Vol. 76, Issue 6, 341-345. doi: 10.1134/1.1525033

[25] Litchinitser, N. M., Abeeluck, A. K., Headley, C., Eggleton, B. J. (2002). Antiresonant reflecting
photonic crystal optical waveguides. Optics Letters, Vol. 27, Issue 18, 1592. doi: 10.1364/01.27.001592

[26] Cregan, R. F., Mangan, B. J., Knight, J. C., Birks, T. A., Russell, P. S. J., Roberts, P. J., Allan, D.
A. (1999). Science, Vol. 285, 1537.

[27] Zheltikov, A. M. (2004). Isolated waveguide modes of high-intensity light fields. Physics-
Uspekhi, Vol. 47, Issue 12, 1205-1220. doi: 10.1070/pu2004v047n12abeh001917

[28] Marcatili, E. A. J., Schmeltzer, R. A. (1964). Hollow Metallic and Dielectric Waveguides for
Long Distance Optical Transmission and Lasers. Bell System Technical Journal, Vol. 43, Issue 4, 1783-1809.
doi: 10.1002/j.1538-7305.1964.tb04108.x

[29] Adams, M. J. (1981). An Introduction to Optical Waveguides, Wiley: New York.

[30] Zheltikov, A. M. (2004). Nonlinear optics of microstructure fibers. Physics-Uspekhi, Vol. 47,
Issue 1, 69-98. doi: 10.1070/pu2004v047n01abeh001731

[31] Knight, J. C., Birks, T. A., Russell, P. S. J., Atkin, D. M. (1996). All-silica single-mode optical
fiber with photonic crystal cladding. Optics Letters, Vol. 21, Issue 19, 1547. doi: 10.1364/01.21.001547

[32] Birks, T. A., Knight, J. C., Russell, P. S. J. (1997). Endlessly single-mode photonic crystal fiber.
Optics Letters, Vol. 22, Issue 13, 961. doi: 10.1364/01.22.000961

[33] Limpert, J., Schreiber, T., Nolte, S., Zellmer, H., Tiinnermann, A. (2003). All fiber chirped-pulse
amplification system based on compression in air-guiding photonic bandgap fiber. Optics Express, Vol. 11,
Issue 24, 3332. doi: 10.1364/0e.11.003332

[34] de Matos, C. J. S., Popov, S. V., Rulkov, A. B., Taylor, J. R., Broeng, J., Hansen, T. P.,
Gapontsev, V. P. (2004). All-Fiber Format Compression of Frequency Chirped Pulses in Air-Guiding Photon-
ic Crystal Fibers. Physical Review Letters, Vol. 93, Issue 10. doi: 10.1103/physrevlett.93.103901

[35] Kumar, V. V. R., George, A., Reeves, W., Knight, J., Russell, P., Omenetto, F., Taylor, A.
(2002). Extruded soft glass photonic crystal fiber for ultrabroad supercontinuum generation. Optics Express,
Vol. 10, Issue 25, 1520. doi: 10.1364/0e.10.001520

[36] Cregan, R. F., Mangan, B. J. , Knight, J. C., Birks, T. A., Russell, P. St. J., Roberts, P. J., Allan,

12




Original Research Article: (2016), «kKEUREKA: Physical Sciences
full paper and Engineering» Number 1

D. C. (1999). Singlemode photonic band gap guidance of light in air. Science, Vol. 285, Issue 5433, 1537—
1539. doi: 10.1126/science.285.5433.1537

[37] Payne, F. P., Lacey, J. P. R. (1994). A theoretical analysis of scattering loss from planar optical
waveguides. Optical and Quantum Electronics, Vol. 26, Issue 10, 977-986. doi: 10.1007/bf00708339

[38] Bjarklev, A., Broeng, J., Bjarklev, A. S. (2003). Photonic crystal fibres (Kluwer Academic Pub-
lishers, Boston). doi: 10.1007/978-1-4615-0475-7

[39] Knight, J. C., Birks, T. A., Russell, P. S. J., J. P. de Sandro (1998). Properties of photonic crystal
fiber and the effective index model. Journal of the Optical Society of America A, Vol. 15, Issue 3, 748. doi:
10.1364/josaa.15.000748

[40] Birks, T. A., Knight, J. C., Russell, P. S. J. (1997). Endlessly single-mode photonic crystal fiber.
Optics Letters, Vol. 22, Issue 13, 961. doi: 10.1364/01.22.000961

[41] Blow, K. J., Wood, D. (1989). Theoretical description of transient stimulated Raman scattering
in optical fibers. IEEE Journal of Quantum Electronics, Vol. 25, Issue 12, 2665-2673. doi: 10.1109/3.40655

[42] Agrawal, G. P. (2001). Nonlinear Fiber Optics (Academic Press), 3rd ed.

[43] Buckland, E. L., Boyd, R. W. (1996). Electrostrictive contribution to the intensity-dependent re-
fractive index of optical fibers. Optics Letters, Vol. 21, Issue 15, 1117. doi: 10.1364/01.21.001117

[44] Buckland, E. L., Boyd, R. W. (1997). Measurement of the frequency response of the electrostric-
tive nonlinearity in optical fibers. Optics Letters, Vol. 22, Issue 10, 676. doi: 10.1364/01.22.000676

[45] Gfeller, F. R., Bapst, U. (1979). Wireless in-house communication via diffuse infrared radiation.
Proceedings of the IEEE, Vol. 67, Issue 11, 1474-1486. doi: 10.1109/proc.1979.11508

SCHRODINGER EQUATION FOR PROPAGATION IN
PHOTONIC CRYSTAL FIBERS

Waleed Ahmed Mahmoud Alrefai
Department of Applied Mathematics
Kharkiv national university of radio electronics
Lenin Ave, 14, Kharkiv, Ukraine
wamralal @mail.ru

Abstract

The propagation of light in a guided medium is generally described by the Maxwell’s equations. For long
lengths of fiber, the Nonlinear Schrédinger (NLS) wave equation is typically derived under a few approximations on
the waveguide properties of the guiding medium. In theoretical physics, the nonlinear Schrédinger equation is a non-
linear variation of the Schrodinger equation. The propagation of the wave is a fundamental phenomenon occurring in
several physical systems. It is a classical field equation whose principal applications are to the propagation of light in
nonlinear planar waveguides and optical fibers to the Bose-Einstein condensates confined to highly anisotropic cigar-
shaped traps in the mean-field regime. We will focus on the Schrodinger equation for signal propagation in photonic
crystal fibers.

Keywords: Schrodinger, nonlinear optics, propagation, photonic crystal, Maxwell's
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1. Introduction

The Schrodinger equation is a partial differential equation that describes how the quantum
state of a quantum system changes with time. It was formulated in 1926 by the physi-
cist Schrodinger. The nonlinear Schrodinger wave equation has a closed-form solution for no line-
ar dispersion, no Raman effect, and no higher-order fiber nonlinearities, [1]. When the dispersion
is present, the Nonlinear Schrodinger equation is generally solved using recursive numerical
methods such as the split-step Fourier method or finite-difference methods [1]. The fiber is divided
into small segments and the output of each segment is found numerically. Very small segment
lengths are required to get accurate results; therefore, the computational cost becomes prohibitive-
ly high for long lengths of fibers and short pulse-widths, which are important for future systems. If
the segment lengths are increased to reduce these effects, the accuracy. There is no true derivation
of this equation, but its form can be motivated by physical and mathematical arguments at a wide
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