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Abstract Plasma photonic crystals are presented in this
paper. A plasma photonic crystal can control the propaga-
tion of electromagnetic waves. Similar to other photonic
crystals, the permittivity of a plasma photonic crystal is
distributed as periodic arrays. The properties of periodic
arrays of plasma can broaden the range of frequency and
enhance the efficiency of beam-wave interaction. In
special uses, the behavior of plasma shows that it has
properties of photonic crystals.
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1 Introduction

The use of background plasma in a backward wave
oscillator (BWO) or traveling wave tube (TWT) can
increase the space charge limiting current by a factor
(1-nyn,)", where ni/n. is the number density of the
background plasma normalized to the number density in
the electron beam, and enhance the efficiency of micro-
wave devices. Many theories have been employed to
explain the efficiency enhancement [1-19]. In this paper,
plasma filled in the microwave device has been regarded as
plasma photonic crystals [20].

In recent years, great interest has been aroused on
photonic crystals, and an increasing number of new
photonic crystals have been studied and fabricated. The
ability to confine and control light would have important
implications for quantum optics and other devices: plasma
in microwave devices can modify the dispersive properties
and enhance the efficiency of the interaction [1-7] among
the plasma lens [8], the plasma antenna [9,10], and the
plasma stealth [10]. All these reveal that plasma can
control the light (electromagnetic wave). Photonic crystals,
the optical analogues of electronic crystals, provide a way
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to achieve the goal, i.e., to confine or control the light.
Combinations of electrons and ions can be used to obtain
the required three-dimensional periodic variations in
dielectric constants. In some cases, plasma can be used
as photonic crystals, namely plasma photonic crystals.
Three-dimensional photonic crystals fabricated in low-loss
plasma show only a weak stop band, i.e., a range of
frequencies at which propagation of light is forbidden, at
the wavelengths of interest. In this paper we provide the
concept of plasma photonic crystal. It shows a large stop
band and a strong attenuation of light within this band.

Section 2 offers the concept of the plasma photonic
crystal. In Sect. 3, the theory of electromagnetic wave
propagation in plasma photonic crystals is presented, while
Sect. 4 gives a conclusion.

2 Concept of plasma photonic crystals

Plasma is a very complicated material which is the fourth
state of matter. It is composed of electrons and ions. Botton
and Ron [11,12] have investigated that under strong wave
modulation, plasma injected into the interaction region
forms a periodical distribution of the plasma density called
density grating and exerts a periodic perturbation on the
dielectric constant. The grating induces distributed feed-
back (DFB), which in turn influences wave propagation
and the interaction between the wave and the electron
beam. In the dielectric Cerenkov maser, a corrugate
waveguide loaded with the plasma (shown in Fig. 1) is
studied. The standing wave field in the cavity is formed by
the slow waves. The neutral plasma injected into the
interaction region is influenced by two counter propagating
waves R and S along the + z direction, and the total electric
field can be written as

E(rz) = R(rz)exp (—jkoz) + S(r,z)exp (jkoz), (1)

where R(r,z) is the forward wave, S(r,z) is the backward
wave, and k; is the wave number of the space harmonic for
TM mode.
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(a) (b)

Fig. 1 Schematic figure of corrugate waveguide filled with
plasma. (a) Cutaway view; (b) section diagram

As shown by Botton [11], the waves modulate the
plasma density through the ponderomotive potential that
induces a self-consistent potential. The self-consistent
potential directly contributes to density grating formation,
and the plasma density can be expressed as

ng = no€Xp [*g()COS (Zk()z)]’ (2)

where 7 is the unperturbed plasma density; k is the wave
number; gy is the modulation parameter:

62 T
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v = T, /T, is the electron to ion temperature ratio, |R| and
|S| are the absolute values of the forward wave and
backward wave respectively, T, and T; are the electron and
ion temperatures respectively, w is the frequency of
plasma, k is the Boltzmann constant; the rest mass and
charge of the electron are denoted by m. and e,
respectively.

Once the density grating is formed, the corrugate
waveguide can be regarded as one filled with a dielectric
having a periodically varying dielectric constant. The
plasma dielectric constant can be obtained as

2
W,
£ = 1~ L exp[—gycos (2k2)) )

where £ is the Boltzmann constant in the z direction; w, =

Verny/(me&y) is the plasma frequency, in which the rest
mass and charge of electron are denoted by m,. and e

respectively, and &;is the dielectric constant of the non-
magnetized plasma. The space period of the dielectric
constant L = nt/k, can be obtained. Figures 2 and 3 show
the periodic distribution of plasma density and the
permittivity in the z direction, respectively. The properties
of the plasma periodic distributions show that the plasma
can be treated as photonic crystals called plasma photonic
crystals.

To obtain the propagation properties of the electronic
wave controlled by the plasma photonic crystal, the
permittivity which distributes periodically is described
approximately as a rectangle distribution in Fig. 3. The

grating distributed in the axial direction can be approxi-
mately replaced by a series of dielectric blocks of thickness
6 and space period L. 6 is determined by half thickness of
the actual grid in any period (shown in Fig. 3).
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Fig. 2 Periodic distribution of plasma density along z direction

1.00
smax
i é L
0.98+
i E1n
£ 0961
0.94+
B gmm
1 1 1 1 ]
0.925 2 4 6 8 10

2kz

Fig. 3 Dielectric function of plasma density grating and its
equivalent model (w,/w = 0.01, gy = 2)

The characteristic of the permittivity is then equivalent
as a uniformity anisotropic medium, i.e., properties of the
periodicity medium are equivalent as a uniformity
anisotropic medium in the z direction and r direction, the
@direction does not need to be sought in case of cornerwise
symmetry, and relative permittivity can be expressed as
follows [14]:
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where &, is the dielectric constant of the magnetized

plasma and € is the tensor of the dielectric constant of
plasma.

This allows derivation of the equivalent uniformity
anisotropic medium permittivity of the plasma immersed
in a finite magnetic field By as the following expression:
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wp = [nee2 /(me&)] 25 plasma frequency, w. = eBy/m,
(By = By&,, By is the intensity of magnetic field) is electron
cyclotron frequency, y.rr is electron efficiency collision
frequency, j is unit imaginary number, and w is electro-
magnetic wave cornerwise frequency.

3 Theory of electromagnetic wave
propagation in plasma photonic crystals

Figure 1 shows the studied model, where the inside wall of
the slow wave structure is assumed as an ideal conductor
and cosine variety. The inside radius of the waveguide can
be expressed as R(z) = a + bcos (kyz), where a is average
radius of the waveguide, b is the depth of the ripple, &k, =
2m/z, is the wave number of the corrugation, z, is the

periodic length of the ripple, and 7; is the radius of the
ion-channel. A relative electron-beam (REB) is injected
into the waveguide along the axes and forms an ion-
channel [3,4].

Assuming that the plasma is confined within the slow
wave region, the plasma density is n(z) and the longitudinal
electric field satisfies the active wave equation. In the case
of steady state, assuming the time parameter is &', the
following results are obtained from Refs. [5,6]:

a) When the magnetic field is infinite (By — o) and the
ion-channel is omitted (r; — 0) from the TM modes, the
dispersion equation is [3—6]

det[(Fy1)ns) =0, ©)
where
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k. is the wave number of the z direction, k,, is wave
number of the n rank harmonic, and
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in which ¢, n and s are integrals respectively.
For the TE modes, the dispersion equation is [3—6]

det[(Go,)ns] = 0, (10)
where
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Jo and N, are the zero-order Bessel and Neumann
functions, respectively.

b) When the magnetic field is zero (By = 0) and the ion-
channel is omitted (r; &> 0) from the TM modes, the
dispersion equations are

det[(Fo,1)ns] = 0, (11)
kz,nkO

1 )
+ S}(lfw]%/wz)szkzz,n

(FO,I )n,s = Cnsl

(12)
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For the TE modes, the dispersion equations are

det[(G0,2)n,s} = 0’ (13)
oo = [ KX (K2 +k22k2)(w2w§)]
02)ns — |
(=14 K"w?—K*wyp
kzn k
x { o Swa+ <ns>,§r,ﬁ2}, (14)

where K? = y* + k*¢ and y = jk..

Through complex calculations, the following results and
dispersion curves are obtained by using Egs. (9)—(14).

The dispersion curves of the magnetic field are infinite
and shown in Fig. 4, where the plasma density is n, =2 x
10" em™, the voltage is V=400 kV, the current is / = 1 kA,
the spatial periodic length of the ripple is zo = 1.67 cm, the
average radius of the waveguide is a = 1.445 cm and the
ripple depth is » = 0.145 cm. Most parameters of Fig. 5 are
the same as Fig. 4, except in Fig. 5 the plasma density is 7,
=4 x 10" cm™. When the magnetic field is zero, the
dispersion curves are shown in Fig. 6, the parameters are
the same as Fig. 5 except for the magnetic field. In Figs.
4-6, 1 and 3 are the TM,; spatial harmony waves, and 2
and 4 are the TE,; spatial harmony waves. w = kc and
w = k,v denote the curve of the velocity of light and the
spatial charge waves, respectively.

Considering Figs. 4-6, Fig. 4 shows that the TM(; mode
work frequency range is 8—10 GHz, and the TE,, is about
12.5 GHz. Comparing Fig. 4 to Fig. 5 we can establish that
with the plasma density increasing, TMy; mode frequency
will have a 1 GHz ascending shift, but the TE(; ascending
shift is small. For high level modes, the influence of the
plasma density is smaller, the TMy; mode dispersion
curves have no significant changes. However, the TE,;
mode dispersion curves have an ascending shift when the
magnetic field is zero. There are clearly passage bands and
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Fig. 4 Dispersion curves of magnetic field are infinite (¢ =
14.45mm, b = 1.45mm, zy = 16.7mm and n, =2 x 10" cm )
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Fig. 5 Dispersion curves of magnetic field are infinite (r, = 4 X
10! cm73, By > )
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Fig. 6 Dispersion curves of magnetic field are zero (n, = 4 x
10" em )

forbidden bands, an indication that plasma density grating
is a kind of photonic crystal. Plasma photonic crystals can
control the electromagnetic wave, reflect the electromag-
netic wave at some frequency range and induce other
frequency waves passing through. When the plasma
photonic crystals are injected into the microwave devices,
the frequency and the conversion efficiency are signifi-
cantly increased [11-13]. By adjusting the magnetic field
and changing the plasma parameters such as plasma
density, we are able to control the electromagnetic waves.

4 Conclusion

The permittivity of plasma photonic crystals is periodically
distributed and can control electromagnetic waves similar
to other photonic crystals. The permittivity of plasma
photonic crystals can be changed from 10 to an imaginary
number. The theory of this special photonic crystal is
interesting and requires further research.
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