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We propose one-dimensional photonic bandgap (PB) dielectric structures to be used at grazing incidence
in order to obtain an extended bandgap exhibiting considerably reduced reflection loss and dispersion
compared to similar structures used at a normal incidence of light. The well-known quarter-wave condition is applied for the design in this specific case, resulting in resonance-free reflection bands without
drops in reflection versus wavelength function and a monotonous variation of the group delay dispersion
versus wavelength function, which are important issues in femtosecond pulse laser applications. Based
on these results we extend our studies to two-dimensional PB structures and provide guidelines to the
design of leaking mode-free hollow-core Bragg PB fibers providing anomalous dispersion over most of the
bandgap. © 2008 Optical Society of America
OCIS codes:
310.4165, 060.2280, 230.1480, 320.7080.

1. Introduction

Multilayer (ML) structures designed on the basis of
the Bragg condition are extensively used as high reflectors for neutrons and electromagnetic waves.
While such mirrors are usually designed for normal
incidence for most of the electromagnetic spectrum,
for neutrons and x rays they are designed to be used
at grazing incidence for the following reason. The refractive index difference between the alternating
layers in these wavelength regions is relatively
low, and it can be shown that high reflectance in a
meaningful bandwidth can only be obtained at a high
value of angle of incidence [1]. Typically MLs are
composed of Ni=Ti and Mo=Si, and they are used
at an 85°–90° angle of incidence (1°–5° and <1°, according to their conventional notations) for neutrons
and x-rays, respectively.
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A technique to further increase the bandwidth of
grazing incidence neutron and x ray mirrors is
“chirping”, i.e., properly varying the Bragg period
of the ML structure [2]. This method has also been
successfully applied in the design of ultrabroadband
dielectric mirrors—used at normal incidence—for
broadly tunable and ultrashort pulse femtosecond
systems [3,4].
Interestingly, grazing incidence quarter-wave dielectric mirrors have not been applied in the construction of laser resonators yet, despite the fact
that the bandwidth of such mirrors is considerably
higher than for normal incidence ones (this refers
to S-polarized light only). The use of grazing incidence dielectric mirrors instead of ultrabroadband
chirped mirrors could be desirable in some applications for the following reasons: (i) grazing incidence
dielectric mirrors require a much lower number of
layers than chirped mirrors to reach the same
reflectivity (this might be advantageous in the
near-IR regime, where the physical thickness of
the layers is relatively high); (ii) periodic grazing

incidence structures have a smooth group delay dispersion (GDD) function, free from oscillations; and
(iii) periodic grazing incidence mirrors exhibit a
much lower group delay upon reflection (consequently they exhibit considerably lower absorption
and scattering loss as well [5]). As a matter of fact,
the bandwidth of periodic grazing incidence dielectric mirrors is comparable to that of normal incidence
chirped mirrors built of the same dielectric layer
materials. However, besides the constraints on the
cavity geometry, a disadvantage of the former could
be that they do not provide considerable negative
GDD upon reflection, which is preferred in mirror
dispersion-controlled laser systems [6].
Another field of optics where grazing incidence dielectric structures are used is that of photonic bandgap (PB) fibers, especially all-silica hollow-core (HC)
PB fibers (PBFs), in which the light is guided in air in
order to avoid nonlinear effects [7,8]. These fibers exhibit anomalous dispersion in most of the bandgap,
which makes them an attractive candidate for dispersion compensation in all-fiber setups. In the present work our primary goal was to solve the problem
of the so-called “leaking modes,” which could be responsible for resonant losses in HC PBFs, namely,
in HC all-silica Bragg PBFs [9]. These fibers can
be considered as Bragg fibers [10] because of their
nearly cylindrical symmetry, which contains concentric layers of silica and air. Deviation from the
ideal structure is caused by the silica struts that
are necessary to set the spacing between the silica
layers. Attempts to eliminate leaking modes have
—to our knowledge—only been done by numerical
models, investigating the effects of different structural parameters by manual optimization, until now.
We found that two kinds of loss mechanisms can be
distinguished for HC Bragg PBFs. While leaking
modes are due to the high-standing wave field in
the air spacer layers and can be removed by correct
design of the structure (see optimization, e.g., in
[11]), “surface modes” still appear in the silica struts
due to symmetry concerns and can only be described
by complicated full-vectorial models [12]. We realized
that leaking modes originate in the index-rising effect of the silica struts, which increase the effective
refractive index of the air-cladding regions above
unity, and this change of a few percent calls for considerable modification of the optimal layer thickness
values. By proper design, however, the mode anticrossing events (which cause leaking loss and segment the bandgap to many smaller ones) can be
avoided, and thus structures exhibiting an ultrabroad bandgap can be constructed.
We propose a method for the proper design of PB
dielectric structures used at grazing incidence and
investigate both amplitude and phase behavior.
Results on one-dimensional (1D) PB dielectric structures, i.e., dielectric laser mirrors, are described in
Section 2. Based on these results we extend this model to two-dimensional (2D) PB dielectric structures
and apply it to all-silica HC Bragg PBFs. Discussions

on this 2D model are in Section 3. Results on the
elimination of leaking modes in realistic HC Bragg
PBFs—discussed in Section 4—are compared to
simulations done by the finite element method
(FEM), and they show that this model is capable
of giving estimates for the ideal design of such fibers
without the need for complicated, time-consuming
simulations. The conclusion is drawn in Section 5.
2.

One-Dimensional Analysis

Periodic dielectric structures exhibit a PB when the
beams partially reflected on the layer interfaces
meet in phase upon reflection (Bragg condition). In
case of two valued periodic index profiles, the highest
reflectivity and the highest bandwidth are obtained
when the alternating high (H) and low (L) index dielectric layers have quarter-wave optical thicknesses
(OTs) [1,5]. However, the full bandwidth offered by
broadband solid-state gain media, such as Ti:sapphire, could not be utilized until properly designed
aperiodic dielectric mirrors, known as chirped mirrors, were devised [3,4,6]. They provide a higher
bandwidth compared to quarter-wave dielectric mirrors and a smooth, engineerable dispersion profile
with anomalous dispersion over most of the bandwidth, which allowed construction of mirror dispersion-controlled femtosecond pulse solid-state laser
oscillators delivering sub-10 fs pulses directly at
the laser output [4,6]. In all these applications the
dielectric mirrors were used at a nearly normal
incidence of light. In the following we show that a
similarly high-bandwidth and a smooth dispersion
profile can be obtained when periodic dielectric
mirrors are used for grazing incidence of light.
Generally, at oblique incidence, there are two facts
that have to be considered at the design stage: first
the OT of the layers have to be corrected by the cosine
of the angle of refraction in the given layer, which
practically introduces a blue shift of the reflection
band, and second the refractive index difference between the layers and the polarization of the electromagnetic wave (S or P polarization) determine the
useful bandwidth of quarter-wave high reflectors.
In order to compare the optical performance of different ML designs, we have calculated the reflectivity, the group delay, and the GDD as a function of
wavelength of the following structures. A periodic
ML structure of 24 periods of layer pairs (with nH ¼
2:315 and nL ¼ 1:45 refractive indices) was designed
for normal incidence light obeying the quarter-wave
condition, for λ0 ¼ 790 nm central wavelength [see
Fig. 1(a)], resulting in an ∼230 nm wide bandgap.
A similar structure was chirped and optimized in
[3] in order to broaden the bandgap and smooth
the dispersion function of the chirped structure. This
resulted in an extended reflection band ranging from
660 to 1060 nm (R > 99%) and a monotonous group
delay versus wavelength function with some oscillations in the GDD [see Fig. 1(b)]. Another periodic ML
structure with similar parameters is designed for
grazing incidence (80°) S-polarized light. In this case
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the bandgap extends over the 660 to 1000 nm
wavelength range with a smooth dispersion profile,
changing sign in the middle of the bandgap
[see Fig. 1(c)].
This shows that periodic grazing incidence mirrors
could be an alternative of chirped mirrors in
broadband or broadly tunable ultrafast lasers. For

example, femtosecond-pulse optical parametric
oscillators could be based on such mirrors in a ring
oscillator arrangement [13]. In this case it is necessary that mirrors are designed for a certain angle of
incidence that adds up to 360°. For instance, the
above-described 80° mirrors would require an 18mirror setup. Another possible application of grazing
incidence dielectric mirrors could be their use in ring
oscillators based on the microdisk analogy [14].
It has to be pointed out that the advantage of
considering grazing incidence periodic mirrors as
an alternative of normal incidence chirped mirrors
is not only their low, smooth dispersion profile, but
also the ease of their design and manufacturing.
3. Analysis of Hollow-Core Bragg Photonic Bandgap
Fibers

As an approximation PBFs can be regarded as 2D dielectric high reflectors in which light propagates at
grazing incidence. The critical angle of incidence,
Θ0 , can be derived from the real part, ℜ, of effective
refractive index neff ðλÞ of the fiber structure using
Eq. (1). We must note that the critical angle of incidence is the lowest value of incident angle for which
the light is guided. A PBF designed for this value of
angle of incidence will result in a bandgap shifted toward the longer wavelengths compared to the case
when the design is optimized for the mean value
of the incident angle. This fact explains the wavelength mismatch between the 1D and FEM calculations shown in Section 2 [see Figs. 4(a) and 4(b)]:
Θ0 ¼ arcsinðℜðneff ÞÞ:

ð1Þ

Similar to standard quarter-wave dielectric high reflectors, in order to obtain resonance free, i.e., leaking mode-free designs, physical thicknesses (PTi ) of
the cladding layers (i) should meet the λ=4 condition
designed for oblique angle of incidence and λ0 central
wavelength:
PTi ¼

Fig. 1. (Color online) Reflectivity and group delay as a function of
wavelength for (a) a periodic ML structure designed for normal incidence, (b) a chirped ML structure designed for normal incidence,
and (c) a periodic ML structure designed for grazing incidence, S
polarization. GDD versus wavelength functions are shown in the
insets.
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λ0
1
;
4 ni cosðΘi Þ

ð2Þ

where ni are the refractive indices of the different
layers, and Θi are the refraction angles, whose values
are calculated by Snell’s law.
During investigations on HC Bragg PBFs, we
found that the effect of this equation is striking.
HC Bragg PBFs consist of silica and air layers serving as the high and low index layers, respectively.
To set the spacing between the silica layers, silica
struts (support bridges) are added. As we realized
the change of a few percent in the refractive index
caused by the support bridges in the air layers dramatically changed the physical layer thickness of the
corresponding air layer that meets the quarter-wave
condition. As our following simulation results show,
neglecting this slight modification of the effective refractive index results in interface-mode anticrossing
events that segment the bandgap to many smaller

ones and dramatically reduce the usable bandwidth.
However, choosing the physical layer thicknesses
properly, we can easily eliminate these leaking
modes. In our simulations the index-rising effect of
the support bridges (thickness ∼50 nm to design a
physically realizable fiber) was first estimated to
be ∼0:02, resulting in a low index layer (nL ) of
1.02. It has to be mentioned that this value is just
an upper estimate for the index-rising effect that
we considered; practically nL ≈ 1:005 was calculated
on the basis of geometric silica fraction in the air
spacer layer as discussed in Section 4. The physics
behind the sensitivity to nL and the angle of incidence in terms of refraction angle, and thus the physical thickness of a quarter-wave layer that has a
refractive index very close to unity, is similar to
the mirage effect at grazing incidence of light.
First of all, we investigate the effect of the silica
struts on the physical thickness values of the air
spacer layers, using Eq. (2) as the function of the
“effective refractive index” of the low index layer that
is slightly higher than 1 [see Fig. 2(a)]. In case of infinitely thin silica struts (nL ¼ 1:0), the spacing between the concentric fused silica rings has to be
set to 3:6 μm in order to meet the quarter-wave condition at our desired central wavelength (1 μm) of the
bandgap. It has to be pointed out that this thickness
value also depends on the angle of incidence. We have
chosen this parameter to be 86° for our calculations
according to our FEM simulation results (see
Section 4). Since the effective index of dielectric
waveguides, such as our HC Bragg PBFs, slightly
varies with the wavelength (dispersion), the angle
of incidence should be recalculated at each wavelength. We found, however, that this effect does
not considerably affect the width of the bandgap,
and it does not result in new leaking modes harming
the bandgap. For nL ≈ 1:02 the spacing between the
fused silica rings has to be reduced considerably; the
optimal spacing resulting in the widest bandgap at
approximately 1 μm is ∼1:2 μm (note the modification
of the refraction angle in this cladding layer). Evidently, neglecting the small index-rising effect of

the fused silica struts during the design of such structures results in higher-order bandgaps or leaking
modes at around the center of the bandgap. An increase in the thickness of support bridges calls for
further reduction in the spacing of the fused silica
rings, but this change is not so dramatic when the
thickness is higher (nL > 1:02).
Another striking effect of the support bridges is demonstrated in the same figure [Fig. 2(a), right axis);
in spite of the minor modification in the effective refractive index of the air spacer layers (from nL ¼ 1:0
to 1.02), the available maximum bandwidth (Δω) is
considerably reduced from >1:7 to 1:2 fs−1 at approximately 1 μm when the physical thickness values of
the air spacer layers are properly set to meet the
quarter-wave condition requirement. This is in
agreement with the results in Section 2.
In case of HC fibers the modification factor of the
OT by the cosine of the angle of incidence [1= cosðΘL Þ]
is shown in Fig. 2(b). As the angle of incidence increases, the OT fulfilling the quarter-wave condition
gets higher. However, this effect gets extremely high
as the refractive index of the low index layer approaches 1 (note the logarithmic scale in the figure),
which is the case of support bridges used in HC
Bragg PBFs and is analogous to the appearance of
mirages close to the horizon.
Our present investigations suggest that in order to
preserve high bandwidth of HC all-silica Bragg fibers, designs comprising a small number of very thin
fused silica struts should be preferred. In the following studies we use 12 pieces of support bridges in the
spacer layers, and their thickness is chosen to be
50 nm, which is realistic to be manufactured.
4. One- and Two-Dimensional Simulations of HollowCore Bragg Photonic Bandgap Fibers

In our numeric examples, designs comprising three
silica–air layer pairs are presented [see Figs. 3(a)
and 3(b) for a 1D equivalent and the 2D fiber structure, respectively), which support bandgap guidance
at approximately 1 μm.

Fig. 2. (Color online) (a) Computed physical thickness of the low index layer (PTL ) as a function of the layer index (nL ) when meeting the
λ=4 condition at an angle of incidence Θ0 ¼ 86° and computed bandwidth (Δω) of the bandgap as a function of nL when nH ¼ 1:45 (P
polarized light). (b) Computed modification factor of the OT of different refractive index layers as a function of the incident angle.
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Fig. 3. (Color online) (a) Refractive index profile of the 1D equivalent of the fiber and (b) cross section of the HC Bragg PBF used in
our FEM simulations.

In order to estimate the index-rising effect of the
silica struts reasonably, we applied an approximate
formula [Eq. (4)] for the air layer thicknesses instead
of Eq. (2), which takes the silica filling fraction of the
given layers into account.
The formula can be deduced by considering that for
grazing incidence, Θ0 and Θi have large values, α ¼
π=2
−Θ
is
small,
and
thus
cosðαÞ ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − sin2 ðαÞ ≈ 1 − sin2 ðαÞ=2. From Snell’s law we
obtain the following:
sin2 αi ¼

sin2 α0 þ 2ðni − 1Þ
:
ni

ð3Þ

For the index difference in layer i, we might substitute ni − 1 ¼ SFFi · ðns − 1Þ, where ns is the refractive
index of silica, and SFFi is the silica-filling fraction of
layer i according to its cross-sectional geometric fraction. The approximate formula for the physical layer
thicknesses obtained from Eqs. (2) and (3) and
cosðΘi Þ ¼ sinðαi Þ is
PT0 i ¼

λ0 1
1
pﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
4 ni cos2 Θ0 þ 2SFFi · ðns − 1Þ

ð4Þ

where it is to be pointed out that both quantities in
the square root in the last denominator are small values, causing the main modification on the layer
thickness.
After an initial guess for the refractive indices of
air layers (nL ¼ 1:02), the Θi values, and thus the corresponding fiber structure (PTi ), are calculated.
From the obtained structure the silica-filling fractions of the air spacer layers are calculated, whose
values are further used to calculate the physical
thicknesses of the layers by Eq. (4). After a few steps
of iterating the PT0i and SFFi values, we obtain a fiber
structure that exhibits an even wider bandgap than
that of the initial guess.
One-dimensional simulation results are shown in
Fig. 4(a). The ideal design, in which the support
bridges in the air spacer layers (and thus the
index-rising effect) are neglected, exhibits a very
wide bandgap (shown with a dashed curve).
Here nL ¼ 1:00, PTL ¼ λ0 =4= cosðΘ0 Þ ¼ 3:584 μm,
nH ¼ 1:45,
PTH ¼ λ0 =4=nH = cosðΘH Þ ¼ 0:237 μm,
and Θ0 ¼ 86° [corresponding to neff ;0 ¼ 0:9976, using
Eq. (1)]. When the small index-rising effect of silica
struts is taken into account, but the spacer thickness
is
not
corrected
for
it
(nL ¼ 1:02
and
PTL ¼ 3:584 μm), leaking modes destroy the bandgap. This curve is shown with a blue dotted curve.
The corrected quarter-wave design (nL ¼ 1:02 and
PTL ¼ λ0 =4=1:02= cosðΘL Þ ¼ 1:175 μm) exhibits a
broad bandgap free of leaking modes (shown with
a red solid curve); however, the bandwidth is reduced
compared to the ideal case, in agreement with
Fig. 2(a). The approximate quarter-wave design with
iteration parameters for the structure (nL1 ¼ 1:006,
nL2 ¼ 1:005,
nL3 ¼ 1:0042,
PT0L1 ¼ 1:922 μm,
0
0
PTL2 ¼ 2:051 μm, and PTL3 ¼ 2:159 μm) further
broadens the bandgap, showing the necessity for
estimating nLi appropriately (green curve).

Fig. 4. (Color online) (a) One-dimensional computation results for transmission of the ML structure (corresponding to the loss of the fiber)
as a function of wavelength for structures of the following designs: nL ¼ 1:00 and PTL ¼ 3:58 μm ideal structure without silica struts (black
dashed curve), nL ¼ 1:02 and PTL ¼ 3:58 μm leaking modes (blue dotted curve), nL ¼ 1:02 and PTL ¼ 1:18 μm corrected λ=4 structure (red
solid curve), nLi ¼ 1:006, 1.005, and 1.004 and PTLi ¼ 1:92, 2.05, and 2:16 μm, respectively, iterated chirped structure (green solid curve).
(b) Corresponding FEM results including the homogenized iterated chirped structure with neff ;i values instead of the silica struts (light
blue narrow dash–dotted curve). Points in the graph marked with circles refer to different mode-field distributions shown in Fig. 5.
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Fig. 5. (Color online) Mode distributions of (a) the fundamental mode [corresponding to Point 1 in Fig. 4(b)], (b) the leaking mode [corresponding to Point 2 in Fig. 4(b)], and (c) the surface mode [corresponding to Point 3 in Fig. 4(b), green curve].

Corresponding FEM calculation results are shown
in Fig. 4(b). The FEM simulation was carried out on a
fiber structure consisting of a 6 μm core (R), 3 alternating layers of silica and air (with layer thickness d
and L, respectively), and 12 silica struts of 50 nm
thickness (t) in each air layer [see Fig. 3(b)], except
for the ideal case when silica struts are neglected
(dashed curve). The properly designed structure
(red solid curve) is free of leaking modes (compare
to blue dotted curve); however, some perturbation
due to still existing “surface modes” can be observed.
The iterated structure (green dotted curve), which
normally further broadens the bandgap, has—in
our case— significant surface modes that segment
the bandgap to narrower transmission windows.
The comparison with the same iterated structure
but of cylindrical symmetry is shown by a narrow
dash–dotted blue curve, in which the air spacer
layers with silica struts are replaced by the corresponding neff ;i values. This comparison shows that
the 1D simulation results are in agreement with
the 2D FEM results in the case of fibers with cylindrical symmetry, and that the significant loss peaks in
this case are due to surface modes caused by the symmetry breaking in contrast to leaking modes that are
due to the incorrect design. The difference between
the two loss mechanisms can also be observed on
the mode distributions calculated by the FEM. For
comparison, typical mode distributions are shown
in Fig. 5 for the fundamental mode, the leaking mode
with increased field between the silica layers, and
the surface mode with the field concentrating in
the silica struts. The fundamental mode was calculated at a 1000 nm wavelength on the “iterated structure,” corresponding to the green curve in Fig. 4, the
leaking mode was calculated at 1150 nm on the “leaking structure” corresponding to the blue curve in
Fig. 4, and the surface mode was calculated at
838 nm on the “iterated structure” corresponding
to the green curve, as well.
It is to be mentioned that the correct homogenization of the silica struts should be done according to
the volume average of εjEj2 for the fundamental
mode. The effective refractive indices of the low index
layers would be, in this case, nL1 ¼ 1:0146,

nL2 ¼ 1:0115, and nL3 ¼ 1:0123 [corresponding to
Fig. 5(a)]. The elevated indices, compared to the ones
calculated from the silica-filling factors, are due to
the fact that the electromagnetic field has an inhomogeneous distribution, and it is slightly concentrated around the silica struts.
5.

Conclusion

We have investigated amplitude and phase behavior
on the reflection of PB dielectric structures used at
grazing incidence of light. Results on the 1D structures show that such designs could be advantageous
in laser systems where high reflectivity and nearly
uniform dispersion is required over a wide wavelength range. For instance, grazing incidence dielectric mirrors can be well applied for broadband
feedback in ultrabroadband or broadly tunable ultrashort pulse lasers and optical parametric oscillators.
Based on the 1D model, we have extended our investigations to 2D PB structures such as PBFs. During our studies we found that the time-consuming
FEM and the simple 1D thin-film analysis provide
similar results when we properly choose input parameters (such as angle of incidence) for the latter
method. The most important consequences of our simulations are obtained for HC Bragg PBFs: we found
that modification of a few percent of the refractive
index (≤2%) due to silica support bridges may cause
a dramatic change on the usable width of the bandgap in these fibers. Therefore, during the design, an
accurate average refractive index has to be taken
into account for the cladding layers of HC Bragg
PBFs in order to meet the well-known quarter-wave
condition. When this condition is satisfied, HC Bragg
PBFs can provide a relatively wide and leaking
mode-free bandgap with anomalous dispersion over
most of the bandgap. Because of their engineerable
dispersion, we regard them as promising tools for
broadband intracavity or extracavity dispersion control in femtosecond pulse fiber lasers and amplifiers
[15]. Finally we note that the design procedure described here can be applied for the design of all kinds
of PBFs as well.
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