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Abstract: Numerical simulations on different kinds of realistic photonic
bandgap fibers exhibiting reversed dispersion slope for the propagating
fundamental mode are reported. We show that reversed or flat dispersion
functions in a wide wavelength range using hollow-core, air-silica photonic
bandgap fibers and solid core Bragg fibers with step-index profile can
be obtained by introducing resonant structures in the fiber cladding. We
evaluate the dispersion and confinement loss profiles of these fibers from
the Helmholtz eigenvalue equation and the calculated fiber properties are
used to investigate the propagation of chirped femtosecond pulses through
serially connected hollow core fiber compressors.
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1.

Introduction

Photonic bandgap (PBG) fibers [1] are attractive candidates to achieve high quality pulse compression in fiber lasers [2, 3] or amplifiers [4] at the Ytterbium wavelengths or wavelength regions where systems exhibit normal cumulative dispersion. The compression with these fibers
can be obtained by splicing the appropriate length into the cavity or after the output as it is
already demonstrated by microstructured fibers [5] or higher order mode fibers [6]. Two properties of hollow-core PBG fibers offer this opportunity: (i) the dispersion is mostly anomalous
around the center of the bandgap [7] and (ii) the propagating mode is confined in a hollow
core which may result in low nonlinearity [8]. The first property can provide a spectral phase
shift of an opposite sign on the pulse than experienced by the contributions from other system
components which may reduce the temporal width of the pulse. The latter property allows us to
avoid large nonlinear phase shifts at elevated intensities which effect would change the spectral
shape and introduces an additional positive linear chirp on the pulse.
PBG fibers, however, have a significant third order dispersion contribution to the pulse evaluation which results in a residual higher order spectral phase on the pulse responsible for asymmetries. This phenomenon limits the maximum compression ratio of the pulses that can be
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achieved by HC fibers [9]. An ideal fiber compressor, namely, should have anomalous dispersion which is usually given at PBG fibers and negative dispersion slope (DS) which can be
realized by careful structural modifications [10].
The dispersion of PBG fibers that changes a resonant way was first observed in high index
liquid field microstructured fibers [7, 11] which resembled to that of Fabry-Pérot resonances.
Introducing geometrical defects in the perfectly periodic structure of a PBG cladding results in
a modified group-delay dispersion and even negative dispersion slope was first shown in HC
OmniGuide fibers [12]. Dispersion modification in all-glass PBG fibers was also initiated by the
introduction of defect rods in the cladding region [13]. This modification shifted and changed
the magnitude of the dispersion function. It was also shown that dispersion modification did
work for HC PBG fibers by changing the first period of the fiber avoiding this way the anticrossing events within the bandgap [14]. The resulted dispersion function was a nearly flat
function over a wide wavelength range with very small positive dispersion slope. Negative
dispersion slope for HC fibers was also predicted by resonant layers changing the hole size and
the shape of the holes in the first and second periods of a HC fiber [15]. The used resonant
layers in the cladding are very similar to those ones we are introducing in the case of HC fibers
but digging into theory lower order resonances (using thinner layers not thicker ones than the
original period) also can be found.
We aim to apply resonant structures resembling to that of Gires-Tournois interferometers
(GTI) around the core in solid-core (SC) and HC fibers taking the analogy from one dimensional PBG structures. GTIs have an arrangement similar to Fabry-Pérot (FP) interferometers.
Whereas FP cavity is enclosed by two high-reflecting mirrors, GTIs consist of both a high and a
low reflector which results in a highly frequency dependent phase shift on the light field falling
on the low-reflectivity surface [16].
In this paper we detail the theory of GTI in a PBG fiber and aim to design realistic PBG
cladding structures yielding reversed or flat dispersion profiles around the Ytterbium wavelengths. In contrast of our previous study where we applied higher order modes to obtain the
required dispersion profile [10] we show that proper structural changes may yield reversed
dispersion slope (RDS) over a wide wavelength range (100-200 nm) for the propagating fundamental core mode too. We investigate the coupling efficiency of the distorted mode due to
resonant coupling with the GTI, the propagation loss, the fiber nonlinearity and also femtosecond pulse propagation is modeled using the calculated fiber properties. These simulations show
that the designed fiber can be an essential tool to reach the sub-100 fs region with high power
(> 1W) all-fiber devices.
2.

Theory

Think of GTI as a thin film (TF) with 100% reflection at one side where the high reflectance is
ensured by the fiber cladding in a photonic crystal fiber (PCF) and low reflection at the other
side: core-TF interface as shown in Fig. 1. The amplitude reflection of this layer can be given
by [17]
η0 − A
(1)
ρ=
η0 + A
where η0 is the admittance of the incident medium (core) and A is the admittance of the GT
layer which can be determined by the evaluation of the electric and magnetic fields on the
surfaces using the characteristic matrix yielding
A=
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Fig. 1. Schematic illustration of a GT interferometer between core and cladding in a PBG
fiber.

where η2 is the admittance of the subsequent layers (the cladding) and δ is the phase factor of
the positive going wave given by

ω
n1 dGT cos(θ1 )
c

δ=

(3)

where dGT is the GT layer thickness, n1 is the refractive index of TF, ω is the angular frequency
of light, c is the speed of light in vacuum and θ1 is the angle of refraction.
η2 is zero in Eq. (2) since we assume that the reflectance is 100% = (η1 − η2 )/(η1 + η2 ) at
this side of the TF which is a good approximation at the close center of the bandgap.
Writing back Eq. (2) into Eq. (1) with the above mentioned simplification (η2 = 0) the amplitude refraction of a GT interferometer can be given by

ρ=

η0 − iη1 tan(δ )
η0 + iη1 tan(δ )

(4)

The real and imaginary part of Eq. (4) is yielding the phase shift on the incident field as follows
tan φ =

−2η0 η1 tan(δ )
η02 + η12 tan2 (δ )

(5)

where the admittances at oblique incidence for the p-polarization component can be given by

η0 = n0Y / cos(θ0 ),
η1 = n1Y / cos(θ1 )

(6)
(7)


where Y = ε0 /μ0 is the admittance of the free space.
The group-delay (GD) (d φ /d ω ), the group-delay dispersion (GDD) (d 2 φ /d ω 2 ) and higher
order dispersions can be easily derived from Eq. (5). The oblique incidence in our case is
important due to the high propagation angle of light in fibers which prerequisite can be obtained
from the corresponding eigenvalue of the investigated mode:

θ0 = arcsin (neff /n0 )

(8)

where neff is the effective refractive index and n0 is associated with the core index.
For the Bragg fiber investigated in the next section, the propagation angle obtained from the
Helmholtz eigenvalue equation is approximately 87◦ for the fundamental mode. The refractive
index of GTI is chosen to be n1 = 1.46 and the core index is n0 = 1.45 at around 1.03 μ m.
We plot the GD and GDD functions of the GTI based on Eq. (5) in Fig. 2 applying thicknesses
that show the nonlinear phase shift and resonance behavior at around 1 μ m. We found that
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Fig. 2. First- and second-order resonances on GD and GDD curves of GT interferometer for
oblique incidence with 4.02 and 1.34μ m thicknesses, n0 = 1.45, n1 = 1.46 and θ0 = 87◦ .
Calculated from the derived Eq. (5).

the thickness of the GTI must be 1.34 μ m (first-order resonance) or 4.02 μ m (second-order
resonance). The mediate thicknesses shift the position of the resonance peak. The reversed
region of the GDD function is broader for the lower-order resonance and sharper for the higherorder one.
Photonic bandgap structures can be approximated well with one-dimensional dielectric structures [18] using p-polarization component of the light. Therefore, in the followings we demonstrate that GTI works for SC PBG fibers as well as for HC PBG fibers.
3.

Solid core Bragg fibers

We realize the same GTI structure in a SC Bragg fiber than it is obtained from the analytical
calculations above. The used structure is shown in Fig. 3. We found that if we use realistic high
and low index materials for cladding with nL = 1.45 and nH = 1.5, than the optimum structure
which shows a broad and regular bandgap with 10−6 dB/m confinement loss must have low
index and high index layer thicknesses of 3.8 μ m and 0.95 μ m, respectively.
Two parameters can be adjusted in connection with the RDS; the refractive index and the
thickness of the GT layer. We set the refractive index of the GT layer to 1.46, and thickness
of it to 0.34dL which results in a 180 nm RDS region from 960 nm to 1140 nm. Increasing
the thickness of this resonant layer shifts the RDS region to longer wavelengths (Fig. 4(a)),
while the increase in it’s refractive index causes stronger resonances and steeper dispersion
function due to the decreasing refraction on the first surface (core-GT interface). Figure 4(b)
however, shows a high sensitivity on the changes of the GTI index. 0.1-0.2% index difference
may cause almost 100 nm shift and some changes in the steepness of the DS. This shows that
small deviations from the ideal conditions at manufacturing process may result an essentially
different dispersion profile.
Nearly zero dispersion profile is also demonstrated in Fig. 4(b) for nGT = 1.458, where the
dispersion fluctuation is 12 ps/(nm·km) over a 280 nm wavelength range. Similarly, for dGT =
0.5dL (Fig. 4(a)) the changes of the dispersion function is less than 4 ps/(nm·km) over an almost
200 nm wavelength range. The loss profiles show an acceptable loss (< 0.1 dB/m) when using
these fibers for real applications. In Fig. 4(c) and Fig. 4(d), one can see that the wavelength
range where dispersion tailoring is achieved falls on the increasing tail of the loss profile which
indicates that the mode has continuously stronger resonant coupling with the GT layer, resulting
in higher loss. In order to see the changes in the mode profile due to the resonance coupling we
plotted the fundamental core mode at the short and long wavelength edge and in the middle of
the reversed slope region in Fig. 5, corresponding to the GTI with dGT = 0.34dL and nGT = 1.46.
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Fig. 3. (a) SC Bragg fiber with periodic annular layers, (b) SC Bragg fiber with a resonant
first layer having a refractive index of nGT and thickness of dGT and (c) parameters of the
fiber.
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Fig. 4. Dispersion and confinement loss profiles of different GTIs realized around the core
in an SC Bragg PBG fiber. (a) dispersion functions with different thicknesses of GTI, (b)
dispersion functions with GTI having different refractive indices, (c) confinement loss belonging to the case changing GTI thicknesses and (d) confinement loss with different GTI
refractive indices.
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Fig. 5. Propagating fundamental mode profiles at 980 nm, 1060 nm and 1140 nm wavelengths. The embedded graph zooms to the close surrounding of GTI. Vertical black lines
show the region where the refractive index nGTI = 1.46. Inset shows the 2D distribution of
the propagating fundamental mode at 1060 nm. (Media 1)

The higher the light energy stored in the GTI is the larger group-delay of the propagating
pulse can be expected as it is already demonstrated at one-dimensional PBG structures [19].
This is the reason that the presented resonant layer is able to reverse the dispersion function
resulting in a wavelength dependent standing field in the GTI. The mode at the long wavelength
edge of the reversed slope looks like more an LP02 than an LP01 mode due to resonant coupling
of the fundamental mode with the GTI.
4.

Air-silica hollow core PBG fibers

In the case of all-silica HC PBG fibers the resonant GT layer can be presented by a detuned
first period [10] changing the thickness of the first air layer whose reflectance can be further
reduced by decreasing the thickness of the core wall (first high index layer). The high reflector
is the properly designed microstructured cladding where the high and low index layers satisfy
the quarter wavelength condition (QW). The used model of HC PBG fiber with a honey-comb
structured cladding and the necessary geometrical changes are shown in Fig. 6(a) and 6(b). In
a 7-unit-cell HC-PBG fiber, core radius is determined by the hole-to-hole spacing Λ, the core
wall thickness t and the introduced core expansion coefficient E
Rc = (E + 1)(1.5Λ − t/2

(9)

where the role of E is clearly to provide a larger core and a detuned first period with thin
air-spacer layer (See the meanings of the parameters in Fig. 6(c)). The pitch was selected to
Λ = 2.85 μ m to obtain a bandgap centered around 1100-nm wavelength range and the hole
size and pitch ratio to d/Λ = 0.98 which indicates a very high air-filling fraction in order to
obtain large PBG in the cladding and lower the leakage losses [20]. The core wall thickness was
t = T (Λ − d) where T is a parameter usually smaller than unity. We can suppress the existence
of surface modes which localize energy at the core wall by selecting T < 0.5 [21] at the RDS
wavelengths.
In Fig. 7(a), and 7(b) we show the calculated dispersion profiles for the LP01 -like fundamental air-core mode for changing the T and E parameters, respectively, in a 7-cell-core PBG fiber.
If T = 0.3 and E = 0.18, the obtained dispersion function is the one having a reversed dispersion slope around 1050 nm and it ranges from 1012 nm to 1106 nm. This 94 nm wide reversed
slope region presented for the LP01 -like fundamental mode can be raised to 120 nm by setting
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Fig. 6. Regular HC fiber structure (a), fiber structure with core expansion (b) and the model
parameters (c).
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Fig. 7. Dispersion functions of the designed HC PBG fiber with (a) different core wall
thicknesses and (b) different core expansion coefficients.

T = 0.45 (see Fig. 7(a)). This increase in the core wall thickness introduces stronger resonance
in the phase-delay of the light due to the increasing reflectance of the first facet light reaches
during the propagation and consequently results in a steeper dispersion slope than those belonging to smaller T values. Decreasing the magnitude of the expansion coefficient (Fig. 7(b)) will
shift the reversed slope region to longer wavelengths without changing the magnitude of the
negative slope range. Namely, varying the thickness of the first low index layer will determine
the position of the resonance property.
Because of the large index difference between the low and high index materials constituting
the fiber cladding the resonant coupling with the GTI is also larger than in the case of SC Bragg
fibers with smaller index differences, resulting in a much more distorted mode profile. Figure 8
shows the mode field distribution at 1000, 1050 and 1100 nm.
Figure 9 is intended to show the wavelength-dependence of the confinement loss for the
fundamental air-core mode with and without GTI in hollow-core PBG fibers using 6 periods of
air-holes in the cladding region. T is kept at 0.3 in both cases without core expansion as well
as with E = 0.187. Due to the presence of resonances for E = 0.187, what we obtained is an
elevated loss profile by almost three magnitudes, but still resulting in less than 0.01 dB/m which
is acceptable for the purpose of dispersion management.
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(a)
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Fig. 8. Mode distribution for one particular polarization component of LP01 at (a) 1000 nm,
(b) 1050 nm and (c) 1100 nm.
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Fig. 9. Confinement losses of HC PBG fibers with E = 0 and E = 0.187 core expansion
factors.

5.

Coupling loss

Due to the mode distortions it is reasonable to investigate how large coupling loss can be expected when one splices the investigated fiber in Sec. 3 to an other Bragg or a step-index profiled
fiber. We computed the overlap integral between the modes of the modified cladding structure
and the modes of the fiber without GTI:

μ (λ ) =

2π∞

∗

Ψ(1) (r, φ , λ )Ψ(2) (r, φ , λ )rdrd φ

(10)

0 0

where Ψ(k) , k = 1, 2 is the normalized electric field distribution in the kth fiber, and the symbol
∗ stands for complex conjugate. The results are summarized in Fig. 10(a) where we present
the loss due to coupling the light from one fiber to another one between 900 and 1200 nm.
First we tested the coupling between the unmodified Bragg fiber (dL = 3.8 μ m, dH = 0.95 μ m
nL = 1.45 and nH = 1.5) and a step-index fiber having the same 6 μ m core radius and an index
difference between the core and cladding: Δn = 0.0036. The cladding refractive index follows
the index of fused silica obtained from the Sellmeier equation at any wavelength. The overlap
factor shows 81% coupling at 1040 nm which is equivalent with a 0.9dB loss (curve with full
circles in Fig. 10(a)). By the introduction of the GT layer around the core in the Bragg fiber
(dGT = 0.34dL , nGT = 1.46 at 1030 nm) and investigate the coupling to a Bragg fiber with
the same cladding structure except the GTI, the overlap factor yields a value of 30% which
corresponds to 5.2dB loss (full squares in Fig. 10(a)). This large coupling loss becomes even
larger if we couple the distorted mode field into the step-index fiber (open circles in Fig. 10(a))
where the loss is more than 7.2 dB at 1050 nm.
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Fig. 10. (a) Coupling loss calculated from the overlap integral between LP01 modes of
different fibers. “C1” refers to the coupling between the Bragg fiber without GTI and a
step-index fiber; “C2” is the coupling between two Bragg fibers with and without GTI and
both Rc is 6 μ m; “C3” is the coupling between step-index and Bragg fiber with GTI and
“C4” is the improved coupling between two Bragg fibers with and without GTI by changing
the core size of the Bragg fiber without GTI. (b) Coupling loss as a function of wavelength
between HC RDS and step index fibers with different index profiles using a core size of
5 μ m.

Fortunately, this large loss can be optimized. If we take a look at the effective indices of
Bragg fibers with and without GTI we can see that the difference can be considered significant
and should be moved closer in order to obtain a better coupling efficiency. The effective refractive indices are 1.447329 and 1.448562 at 1040 nm for a Bragg fiber with and without GTI,
respectively. If we start to decrease the core size of the regular Bragg fiber without GTI, we can
decrease the effective index as well, since the wave vector of the propagating mode will enclose
a smaller incident angle (see Eq. (8)). For a 4.1 μ m core radius of the normal Bragg fiber the
effective index is 1.447351 for LP01 at 1040 nm and this way the coupling loss becomes less
than 1.7dB with the distorted mode (open triangles in Fig. 10(a)).
In the case of HC PBG fiber attaching simply the modified and unmodified structures will
result in 4-7 dB loss along the RDS region. Using step-index fibers the loss between the HC
RDS and these fibers are even larger. Fig. 10(b) shows the coupling loss between the step-index
fiber with different index profiles and the HC RDS fiber where the expansion factor is set to
E = 18.7%. The calculations presented in Fig. 10(b) was performed with a step-index fiber
having a core size of 5 μ m. The coupling loss is found to be between 4 and 9 dB over the RDS
range.
We can see also in Fig. 10(b) that the coupling loss can be decreased by increasing the
index difference of step-index fiber. Larger mode field diameter (MFD) is presented for longer
wavelengths in index guiding fibers but this larger MFD can be decreased using a fiber with
larger index difference. This larger Δn however gains the possibility of multimode operation.
The calculated fiber structures are multi-moded which indicate that coupling may occur to
higher order modes of the RDS fiber and may degrade the beam quality of the output if it is
used for a pulse compressor. To avoid the detrimental effects due to higher order mode contents
such solutions like mode conversion [22] or mode matched splice [23] are conceivable.
6.

Propagation loss

The propagation loss in optical fibers can be evaluated as a sum of different type of losses
such as confinement loss and scattering loss. In the case of using the fiber in a wavelength
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Fig. 11. The η -factor of the fundamental air-core mode as a function of wavelength with
d/Λ = 0.98, dc/Λ = 0.70, d p /Λ = 0.30, Λ = 2.85 μ m, T = t/(Λ − d) = 0.30, and the
expansion coefficient is set to E=0% and 18.7%.

range where the bandgap is surface-mode and leaking-mode free the dominant loss will be the
scattering loss [24].
Figure 11 shows the η -factor [24, 25] of the fundamental air-core mode in HC fiber as a
function of wavelength with d/Λ = 0.98, dc /Λ = 0.70, d p /Λ = 0.30, Λ = 2.85 μ m, t = 0.3(Λ−
d), and the expansion coefficient is set to E=0% and 18.7% (see parameters in Fig. 6(c)), where
the η -factor is defined as the normalized overlap integration of the power in the silica-ring as
follows:

∗
glass annulus (E × H ) · ẑdA
(11)
η=
∗
cross−section (E × H ) · ẑdA
The η -factor, which is proportional to the scattering loss of HC PBG fibers due to the surface
roughness of the silica-ring around the air-core. In the HC PBG fiber with GTI, it is about one
order of magnitude larger than the scattering loss in the HC PBG fiber without GTI.
7.

Fiber nonlinearity

The fiber nonlinearity of HC PBG fibers can be almost one thousand times smaller than that
of single mode fibers (γ ≈ 10−6 (Wm)−1 ). This value was reported theoretically [8] as well as
experimentally [26]. The utilization of resonant structures however may increase this value due
to the increased guided mode overlap with silica.
In Fig. 12(a), we show the nonlinear coefficient γ as a function of wavelength which is a
crucial quantity in high power light delivery. We use the following definition of the nonlinear
coefficient [27]
2π n2air 2π n2silica
γ = γair + γsilica =
+
(12)
λ Aeffair λ Aeffsilica
where n2 is the nonlinear refractive index coefficient and Aeff is the effective mode area calculated for air and silica, respectively, defined as [28]

2
∗
cross−section (E × H ) · ẑdA

Aeffi =
(13)
n2i ε02 c2 Ai |E|4 dA
where i = air or silica, ε0 is the permittivity and c is the speed of the light in vacuum. It can
be seen clearly from the results in Fig. 12 that γ is increased for the PBG fiber with GTI with
an order of magnitude. The increased nonlinearity may still ensure the validity of using these
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Fig. 12. The nonlinear coefficient γ as a function of wavelength in (a) a 7-cell hollowcore PBG fiber with and without core expansion and (b) in a Bragg fiber with and without
resonant GTI.

fibers for high power pulse compression but the available power level with fibers using this type
of resonant structure is clearly lower than using low nonlinearity HC fibers. The improvement
of nonlinearity is essential in these fibers to introduce them in high intensity pulse compression
though we present some solutions which still allow the generation of ultra-short and high energy
pulses (Sec. 8).
In the case of SC Bragg fiber we have to account for only the second term of Eq. (12) since we
can assume that the nonlinear refractive index of the different glasses are nearly the same. From
the calculated Aeff (λ ), the plotted nonlinear coefficient shows an opposite behavior than in HC
fiber (Fig. 12(b)). The nonlinearity becomes smaller in the fiber holding the resonant structure
due to the larger penetration of the propagating mode into the cladding region increasing the
effective area. This phenomenon is the same in the two types of fibers but the larger fraction
of pulse power in the cladding at HC fibers causes the increment of pulse power in the silica
having significantly larger nonlinearity than air.
We can see also that the nonlinear coefficient of HC RDS fiber is still more than a magnitude
smaller than in the presented SC PBG fiber at around 1050 nm.
8.

Propagation analysis

We investigate a pulse compressor consisting of two serially connected HC fibers with and
without RDS. In the case of linear propagation, the necessary fiber lengths for compensating the
chirp up to the third order on a broadband pulse can be estimated from the following equationsystem
(1)

(2)

β2 L(1) + β2 L(2) + GDD0 =0

(14)

(1)
(2)
β3 L(1) + β3 L(2) + T OD0

(15)

=0

( j)

where βi is the ith order term in the Taylor series of the dispersion of the jth fiber, L( j) is the
length of the jth fiber and GDD0 and T OD0 are the pulse initial GDD and third-order dispersion
(TOD), respectively. It can be seen from Eq. (14) and (15) if the input chirps of the pulses are
zero the pulse shape will be preserved when the ratio of the third and second order dispersion
terms are same for the two fibers.
Self-phase modulation adds some additional chirps on the pulse in the case of nonlinear propagation which depends on the actual pulse power. The propagation is treated by the generalized
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Table 1. Simulation parameters.

Parameter name
Center wavelength
Spectral width
Energy
Input linear chirp (GDD)

Length
Loss (@λs )
Group delay dispersion
3rd order dispersion
4th order dispersion
5th order dispersion
Nonlinear coefficient
First moment of Raman response

Symbol
Magnitude
Pulse parameters
λs
1060
Δλ
16.54
Ep
5-300
GDD0
5 · 104 , 5 · 105
Fiber parameters
HC fiber
HC RDS fiber
L
∼6
∼ 0.7
α
0.001
0.01
β2
−0.077479
−0.058468
β3
0.000364
−0.003086
β4
9.8112 · 10−6 −4.6589 · 10−5
β5
2.9506 · 10−7
6.8492 · 10−7
γ
7 · 10−6
10−4
TR
1.46

nonlinear Schrödinger (GNLS) equation [29]


N
∂ E(z,t)
ik−1 ∂ k
α
∂ |E|2
i ∂  2 
+ ∑ βk
|E| E − TR E
E + E = iγ |E|2 E +
k
∂z
k! ∂ t
2
ω0 ∂ t
∂t
k=2

Unit
nm
nm
nJ
fs2

m
dB/m
ps2 /m
ps3 /m
ps4 /m
ps5 /m
1/(Wm)
fs

(16)

where E is the complex envelope function, z is the coordinate in the propagation direction, t is
the retarded time, α is the attenuation coefficient, βk is the kth order dispersion from the Taylorseries of the propagation constant, γ is the nonlinear coefficient and TR is the first moment of
the nonlinear Raman response. Eq. (16) is solved by the split-step Fourier method [29] such a
way that the maximal phase change of the propagating pulse remained below 0.01 radian.
The used simulation parameters are listed in Table 1.
The first guess for the lengths of the fibers is taken from Eq. (14) and (15) and a brute-force
optimization is used to find the highest peak power around the initial guess which target yields
the possible shortest pulses with the possible highest quality [30].
We investigated the impact of the optimized compressor on incoming Gaussian pulses with
5 · 104 fs2 input chirp and different input average powers. The transform limited input pulse
width without any chirp was 100 fs (∼ 16 nm bandwidth) and the temporal width became 1.4
ps adding the above chirp value. We also calculated the propagation and compression with
5 · 105 fs2 linear input chirp resulted in 11.1 ps input full-width at half maximum (FWHM).
The dispersion parameters up to the fifth order is taken into consideration for both type of
HC fibers (see Table 1). Dispersion properties of HC RDS is fitted to the dispersion function
obtained from the calculations which belong to the parameters E = 0.187 and T = 0.3 (see
Fig. 7). The dispersion function of the regular HC PBG fiber is fitted to a HC-1060 type fiber
(see, for instance, in Ref. [20]). The β3 parameter has a different sign in the two fibers and an
approximately ten times larger absolute value for HC RDS fiber than HC-1060. The coupling
loss between the two fibers is assumed to be 5 dB.
We changed the pulse energy from 5 to 175 nJ that way that the regular HC PCF was followed
by the RDS fiber. This arrangement results in a pure compression quality (see Fig. 13) still at
relatively low powers because the nearly transform limited shape and the high peak powers
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Fig. 13. (a) obtained shortest pulse duration and the corresponding quality factor calculated
at different input pulse energies. Optimum lengths of HC PCF (L1 ) and HC RDS fiber (L2 )
are shown at the point where the light energy in the main peak is 91%. (b) pulse temporal
and spectral (inset) shape at the energy level (28.8 nJ). Optimum pulse shape using only
non-RDS fiber shows a regular shape with only small distortions and 98.4% QF. The length
of the used HC-1060 fiber was 0.63 m.

are drawn up in the RDS fiber where the nonlinearity is more than a magnitude larger than
in the other HC fiber (see Sec. 7). This way a significant nonlinearity is presented at low pulse
energies, too hence the output pulse FWHM is below the original transform limit. By increasing
the pulse energy, the compressed pulse width rapidly decreases and QF also shows lower values.
At 150 nJ input pulse energy (48 nJ output pulse energy) the pulses reach the 30 fs pulse
duration due to the large self-phase modulation which broadens the spectral FWHM to 25.5
nm. The main peak of the pulse holds the 85.4% of the total pulse energy here. We depicted
the obtained pulse and spectral shapes in Fig. 13(b), where the pulse energy in the main peak
is just over the 90% (QF=0.91). This occurs at 28.8 nJ, which output energy corresponds to an
average pulse power of 1.15 W if the pulses follow each other at a 40 MHz repetition rate. We
also plotted the optimum pulse shape using only HC-1060 type fiber. It can be seen that this
system does not really benefit from the utilization of HC RDS fiber although the pulse duration
is shorter than the FWHM of the compressed pulse without RDS fiber. Using only HC-1060,
the pulse width is also below the original transform limit and the light energy stored in the main
peak is more than 98% of the total pulse energy.
It is expedient to use the RDS fiber at the first place in a serial compressor because of it’s
elevated nonlinearity compared to the regular HC PCF. In this arrangement the strongly chirped
pulse will propagate with lower peak power through the RDS fiber avoiding large nonlinear
distortions. We repeated the above calculations with the changed fiber position. The obtained
result is plotted in Fig. 14(a) and 14(b). In this case the connected fibers and the regular HC
fiber have nearly the same performance at 224 nJ output pulse energies.
One order of magnitude larger input chirp (GDD0 = 0.5 ps2 ) which is a realistic value for
pulses coming out from an oscillator or amplifier is also calculated optimizing the required
longer fiber lengths. These calculations are shown in Fig. 14(c) and 14(d). In this case the
combined fiber compressor yields 1.5 times shorter pulses with significantly better pulse quality
(QF=90.6%) compared to the performance of regular HC fibers. The HC-1060 type fiber can
compress the 100 nJ pulses with 74.3% QF after 6.3 m length of propagation.
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Fig. 14. (a) Pulse FWHM and quality as a function of pulse energy, (b) temporal and spectral shape at QF=90.4%, (c) pulse FWHM evaluation as a function of pulse energy with
GDD0 = 5 · 105 fs2 input chirp, (d) pulse shapes with combined and HC-1060 type fiber
compressors.

9.

Conclusion

We presented the theory of adopting 1D Gires-Tournois interferometers in 2D PBG structures.
We demonstrated by finite element simulation that the dispersion profile of PBG fibers can
be tailored effectively by the applications of resonant layers for the propagating fundamental
mode. Negative dispersion slope compared to the canonical form of bandgap guidance as well
as flat and nearly zero dispersion profiles can be achieved with relatively low losses. After structural optimization, low coupling losses between two fibers, with and without GTI, also can be
obtained. We demonstrated that tailoring the dispersion of PBG fibers can be achieved for solidcore PBG fibers with small index difference as well as for hollow-core all-silica PBG fibers with
large index difference between glass and air. The obtained dispersion profiles over 100 nm negative dispersion slope regions may yield new perspectives in dispersion management even if
the increased nonlinearity and propagation loss of HC RDS fibers decrease the transmittable
intensities. These properties of such fibers containing resonant structures must be further optimized to lower the nonlinearity and improve the compressed pulse quality. The propagation and
the compression procedure were investigated numerically on pre-chirped, broadband Gaussian
pulses showing the validity of further developments on RDS photonic bandgap fibers.
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