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Abstract—Modified scheme of Bragg reflection waveguide 
with additional layers between the hollow core and cladding is 
considered. Dispersion diagrams are calculated on the base of 
dispersion equations solutions for ordinary and modified Bragg 
waveguides. Slow-wave regimes are considered for both kinds of 
structure. Electric field spatial distributions for localized slow-
wave modes of Bragg reflection waveguide are obtained. It is 
shown that modified scheme of Bragg waveguide provides the 
enhanced localization of the surface modes field in the hollow 
core. Therefore modified Bragg waveguide is the promising 
electrodynamic system not only for laser-driven accelerators but 
also for the vacuum electron devices where usual slow-wave 
structures are unconvenient.  

Keywords—Bragg reflection waveguide; additional layers; 
dispersion equation; slow waves; mode field spatial distribution 

I.  INTRODUCTION 

Bragg waveguides are one of variations of the photonic 
band-gap waveguides. Increasing interest to these structures is 
bound with unique physical properties, which are caused by 
energy localization mechanism in a waveguide channel. In a 
case of hollow-core waveguide this mechanism is determined 
by photonic band gaps of the periodic cladding. Bragg 
waveguides are investigated by many authors. Their aims were 
determination of the electrodynamic characteristics and the 
main directions of practical applying such structures [1 – 10]. 
First investigations have been carried out by Yeh and co-
authors [1, 2]. The analytical expressions for dispersion 
relations both infinite structure and different optical 
waveguides with multilayers periodic cladding were obtained. 
The ABCD method is used for theoretical analysis. 

Modified variant of Bragg waveguide is investigated 
theoretically by Mizrahi and Schachter [11]. The scheme with 
matching layers, which allows governing spatial field 
distribution in the hollow waveguide channel, is studied. 
Moreover this modified Bragg waveguide was analyzed as a 
system with hybrid guiding mechanism [12]. The capabilities 
to use the modified Bragg waveguide in laser-driven vacuum-
accelerators are also considered [13, 14].  

The cylindrical variant of such waveguide have been 
investigated by Smirnova and co-authors to form slow-wave 
system of traveling wave tube [15]. Electron beam is 
synchronized with slow wave traveling at about half of the 
speed of light. Important advantages of the dielectric slow-
wave system over the conventional metallic one are 
considered. It concerns both electrodynamic characteristics 
and thermal regimes of the beam-wave system. 

Thus Bragg waveguides are perspective in both planar and 
cylindrical beam-wave systems. High field concentration 
extent in the hollow core allows increasing of coupling 
impedance and thereby enhances the beam-wave interaction 
efficiency. 

Furthermore the electrodynamic properties of the hollow 
core Bragg waveguide with additional (defect) layers provide 
the sensitivity enhancement of the system transmittance to 
physical properties of these layers in terahertz band [16]. This 
phenomenon stipulated by resonant power transfer between 
the waveguide core modes and defect layers ones. Therefore 
the further investigations of the modified Bragg waveguides 
are required for developing of the novel electrodynamic 
systems for various applications. 

In the area of the nonlinear processes Bragg reflection 
waveguides with matching layers are used for enhancing the 
effective second-order optical nonlinearity [17, 18]. Apart 
from another advantages this waveguide scheme provides the 
increase of the field confinement factor [18]. Therefore one 
can expect enhancement of the interaction efficiency between 
the localized modes and some nonlinear or active media in the 
waveguide core. 

Electrodynamic characteristics of the modified planar 
Bragg waveguide with additional dielectric layers placed 
between the hollow core and periodic cladding are considered 
in this report. This structure supports the slow waves, which 
can be synchronized with sheet electron beams. It is 
perspective to use this scheme of the beam-wave system in 
terahertz band, where conventional metallic slow-wave 
systems are ineffective because of principled physical and 
technical restrictions. 
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II. ORDINARY BRAGG WAVEGUIDE 

The hollow core Bragg waveguide consists multilayer 
periodic cladding, which provides electromagnetic wave 
localization in the vacuum waveguide channel. In this case 
waveguide works in frequency range whithin forbidden zone 
of Bragg structure. Ordinary Bragg waveguide scheme, which 
is investigated in [1], is shown in Fig. 1. Dielectric layers with 
permittivities 1ε  and 2ε  have thicknesses a  and b  

respectively. L a b= + – period of Bragg structure. 2d is the 
waveguide channel width.  

Dispersion relation for this waveguide is obtained in [1] 
for even and odd modes. Dispersion relation for field 
polarization with longitudinal components of electrical field 
for even modes can be written as: 
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Here 1k  and 2k  – wave vector components along axis Ox 

in the layers with permittivities 1ε  and 2ε  respectively; Κ  – 
Bloch wave number; β  – longitudinal wave number. 
Coefficients A and B form the first row of the ABCD 
translation matrix. 

In this case only even modes present practical interest 
since their spatial electrical field distribution unequal zero in 
the middle of waveguide channel. We computed the dispersion 
diagram of a waveguide on the basis of equation (1). 
Calculations results are shown as black solid curves in Fig. 2 
for even modes. Uncolored parts of the diagram show the 
forbidden zones where no propagating modes can exist. Bloch 

wave number is complex within these zones. In the colored 
regions waves penetrate through the Bragg structure. 
Therefore the Bloch wave number is real in this case.  
Naturally, solutions of the dispersion equation (1) lie within 
forbidden zones (solid black curves). 

Sloping dashed line in Fig. 2 indicates the “light line” that 
used to divide a dispersion diagram into a region of bulk 
waves and a region of slow ones.  

We can see that there are both bulk waves and slow ones 
in Bragg waveguide. Red arrow indicates dispersion curve of 
surface slow waves. Only slow (Bloch surface) waves can be 
synchronized with relativistic and nonrelativistic electron 
beams in the waveguide channel. Longitudinal electric field 
intensity within the cross section of the electron beam 
determines the efficiency of the beam-wave interaction.  

Fig. 3 shows the spatial distributions of the electric field of 
the surface waves in Bragg waveguide for different values of 
the channel width. It should be note that field distributions are 
shown qualitatively in the terms of MIT Photonic Bands 
package [19]. Fig. 3a and Fig. 3b correspond to values 
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Fig. 1. Scheme of the hollow-core planar Bragg waveguide. 
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Fig. 2. Dispersion diagram of Bragg waveguide. 

Fig. 3. Electric field spatial distribution for surface waves 
in Bragg waveguide. 
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2 1.67d L=  and 3.67L respectively. Dashed lines indicate the 
boundaries of the waveguide channel. The areas of blue and 
red color in the figures correspond to the opposite signs of the 
field amplitude. The white color corresponds to zero field 
amplitude.  

It is apparent that increase of the parameter d results in 
strong decrease of the electric field intensity in the center of 
the waveguide channel due to exponential decay of the electric 
field away from the channel boundaries. Analogous situation 
realizes in the usual metallic slow-wave systems and forces 
the electron beam passing as close as possible to the grating 
surface. It entails a number of problems and incites to develop 
novel electrodynamic systems for electron devices especially 
in terahertz band. 

III. MODIFIED BRAGG WAVEGUIDE 

Scheme of the planar Bragg waveguide with additional 
dielectric layers allows forming spatial distributions of the 
electric field intensity in the hollow core that can provide 
more effective interaction with linear electron beams. Outline 
of the modified Bragg waveguide is shown in Fig. 4. Here h  
is the width of the additional dielectric layers. gε  is the 

permittivity of these layers.  

Dispersion equation for this structure is also obtained 
within the framework of ABCD matrix technique. Then we 
can write equation in such form for even modes: 
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Fig. 5 shows dispersion diagram of the modified Bragg 
waveguide for such parameters: 2 3d L= ; 2a b= ; 1 3ε = ; 

2 18ε = ; 14gε = ; 2.5h L= . Obviously in this case there are 

some even slow-wave modes within the forbidden zones. Red 

arrow indicates the dispersion curve of surface waves with 
lowest phase velocity. Slow-wave modes lie in the region 
under the light line on the dispersion diagram.  

To investigate the capability of slow-wave modes for 
effective interaction with electron beam we computed the 
transversal spatial distributions of the electric field intensity in 
Bragg waveguide.  

Fig. 6 shows qualitative characteristics of spatial 
distribution for even slow-wave modes that correspond to 
three different values of the waveguide channel width 2d. Fig. 
6a, Fig. 6b and Fig. 6c correspond to values 2 1.5d L= ; 3L and 
5L respectively. Phase velocity of these modes is about 0.4c. 
Vertical dashed lines indicate the boundaries of the waveguide 
hollow core. 

Using additional layers in Bragg reflection waveguide 
results in the increase of the surface wave electric field 
intensity at the hollow core compared with ordinary Bragg 
waveguide. In Fig. 6a we can see almost uniform spatial 
distribution of the electric field intensity in the waveguide 
channel. But in this case channel is quite narrow and electron 
beam passing is difficult. Increase of the parameter d results in 
slight decrease of the electric field intensity in the hollow core 
center (Fig. 6b and Fig. 6c). Therefore in this case one can use 
modified Bragg waveguide with more wide hollow core as a 
slow-wave electrodynamic system for vacuum electron 
devices. 

Furthermore electric field confinement also realized in the 
additional layers where we can see typical odd mode of the 
planar dielectric waveguide. Field spatial distribution within 
the layers corresponds to slow bulk waves with phase velocity 
that is less than light velocity in air. Electric field intensity 
decays exponentially outside of these layers in Bragg cladding 
but in the hollow core one can see the even mode with more 
uniform field spatial distribution than in Fig. 3. Thus in this 
case electric field spatial distribution of Bragg surface waves 
is modified by additional layers. It should be noted that 

Fig. 4. Scheme of modified planar Bragg waveguide. 
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Fig. 5. Dispersion diagram of modified Bragg 
waveguide. 
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electromagnetic energy distributes predominantly between the 
waveguide hollow core and these layers. Therefore estimation 
of the energy flux in these areas will allow defining the 
efficiency of the modified Bragg waveguide using in the 
beam-wave systems.  

Changing the electric field spatial distribution is expected 
to effect the losses in composite cladding of the hollow-core 
waveguide. Comparative analysis of the Fig. 3 and Fig. 6 
shows that substantial part of losses in modified Bragg 
waveguide occurred in the additional layers, whereas in 
ordinary waveguide losses are defined by Bragg structure 
properties. The appropriate choice of the material for 
additional layers fabrication will allow decrease the 
dissipation losses. 

IV. CONCLUSIONS 

Localization of the slow wave’s field in the hollow core of 
the Bragg reflection waveguide is considered. Using the 
additional layers between core and periodic cladding results in 
the modification of the slow wave’s field spatial distribution in 
the hollow waveguide channel. Enhanced field localization 
occurs both in the additional layers and in the hollow core. In 
this case field spatial distribution combines three types of the 
slow waves: surface waves in the hollow core, bulk waves in 
the additional layers and Bloch surface waves in the periodic 
cladding. Spatial distribution of the core wave’s field is more 
uniform than in the ordinary Bragg waveguide with same 

channel width. Thus localized slow-wave modes of the 
modified Bragg waveguide can be used for interaction with 
linear electron beams in terahertz beam-wave system.  

REFERENCES 
[1]  P. Yeh, A. Yariv, and C.-S. Hong, “Electromagnetic propagation in 

periodic stratified media. I. General theory,” J. Opt. Soc. Am., vol. 67, 
no. 4, pp. 423-438, 1977. 

[2] P. Yeh, A. Yariv, and E. Marom, “Theory of Bragg fiber,” J. Opt. Soc. 
Am., vol. 68, pp. 1196–1201, 1978. 

[3] S. R. A. Dods, “Bragg reflection waveguide,” J. Opt. Soc. Am. A, vol. 6, 
no. 9, pp. 1465-1476, 1989. 

[4] B. Nistad, M. W. Haakestad, and J. Skaar, “Dispersion properties of 
planar Bragg waveguides,” Optics Communications, vol. 265,  pp. 153–
160, 2006. 

[5] J. Li, K. S. Chiang, “Analysis of one-dimensional high-index guiding 
photonic bandgap waveguides,” J. Opt. Soc. Am. B, vol. 26, no. 11, 
pp. 2007-2015, 2009. 

[6] K. J. Rowland, S. Afshar V., A. Stolyarov, Y. Fink, and T. M. Monro, 
“Bragg waveguides with low-index liquid cores,” Optics Express, 
vol. 20, no. 1, pp.48-62, 2012. 

[7] B. R. West and A. S. Helmy, “Properties of the quarter-wave Bragg 
reflection waveguide: theory,” J. Opt. Soc. Am. B, vol. 23, no. 6, 
pp. 1207-1220, 2006. 

[8] S. Dasgupta, A. Ghatak, and B. P. Pal, “Analysis of Bragg reflection 
waveguides with finite cladding: An accurate matrix method 
formulation,” Opt. Commun., vol. 279, pp. 83–88, 2007. 

[9] V. I. Fesenko and V. R. Tuz, “Dispersion blue-shift in an aperiodic 
Bragg reflection waveguide,” Optics Communications, vol. 365, 
pp. 225-230, 2016. 

[10] E. N. Odarenko and A. A. Shmat’ko, “Photonic crystal and Bragg 
waveguides for THz electron devices,” Proc. IEEE 13th Int. Conf. on 
Laser & Fiber-Optical Networks Modeling (LFNM), September 13-15, 
Odessa, Ukraine, pp. 53-55, 2016. 

[11] A. Mizrahi and L. Schächter, “Bragg reflection waveguides with a 
matching layer,” Optics Express,. vol. 12, no. 14, pp. 3156-3170, 2004. 

[12] Y. N. Kulchin, Y. A. Zinin, and V. A. Kolchinskiy, “Bragg waveguide 
with an antiresonance intermediate layer,” Pacific Science Review A: 
Natural Science and Engineering, vol. 17, pp. 38-40, 2015. 

[13] A. Mizrahi, L. Schächter, “Optical Bragg accelerators,” Phys. Rev. E,  
vol. 70, 016505, 2004. 

[14] G. Andonian, O. Williams, S. Barber et al., “Planar-dielectric-wakefield 
accelerator structure using Bragg-reflector boundaries,” Phys. Rev. 
Letters, vol.113, 264801, 2014. 

[15] E. I. Smirnova, B. E. Carlsten, and L. M. Earley, “Design, Fabrication, 
and Low-Power Tests of a W-band Omniguide Traveling-Wave Tube 
Structure,” IEEE Trans. on Plasma Science, vol. 36, no. 3, pp. 763-767, 
2008. 

[16] J. Li, K. Nallappan, H. Guerboukha, and M. Skorobogatiy, “3D printed 
hollow core terahertz Bragg waveguides with defect layers for surface 
sensing applications,” Optics Express, vol. 25, no. 4, pp. 4126-4144, 
2017. 

[17] C. Wächter, F. Lederer, L. Leine, U. Trutschel, and M. Mann, 
“Nonlinear Bragg reflection waveguide,” J. of Applied Physics, vol. 71, 
no. 8, pp. 3688-3692, 1992. 

[18] P. Abolghasem and A. S. Helmy, “Matching Layers in Bragg Reflection 
Waveguides for Enhanced Nonlinear Interaction,” IEEE J.  Quantum 
Electron., vol. 45, no. 6, pp. 646-653, 2009. 

[19] S. Johnson, J. Joannopoulos, “Block-iterative frequency-domain 
methods for Maxwell’s equations in a planewave basis,”  Optics 
Express,. vol. 8, no. 3, pp. 173-190, 2001. 

 

Fig. 6. Electric field spatial distribution for slow waves in 
modified Bragg waveguide. 
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