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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 – ni/ne)

–1, where ni/ne 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

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

Eðr,zÞ ¼ Rðr,zÞexpð – jk0zÞ þ Sðr,zÞexpðjk0zÞ, (1)

where Rðr,zÞ is the forward wave, Sðr,zÞ is the backward
wave, and k0 is the wave number of the space harmonic for
TM mode.
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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

ne ¼ n0exp ½ – g0cosð2k0zÞ�, (2)

where n0 is the unperturbed plasma density; k0 is the wave
number; g0 is the modulation parameter:

g0 ¼
e2

4me!
2kTe

τ
1þ τ

jRj⋅jSj,

τ ¼ Te=Ti is the electron to ion temperature ratio, jRj and
jSj are the absolute values of the forward wave and
backward wave respectively, Te and Ti are the electron and
ion temperatures respectively, ! is the frequency of
plasma, k is the Boltzmann constant; the rest mass and
charge of the electron are denoted by me 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

ε ¼ 1 –
!2
p

!2 exp ½ – g0cosð2kzzÞ�, (3)

where kz is the Boltzmann constant in the z direction; !p ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2n0=ðmeε0Þ

p
is the plasma frequency, in which the rest

mass and charge of electron are denoted by me and e
respectively, and ε0 is the dielectric constant of the non-
magnetized plasma. The space period of the dielectric
constant L ¼ π=kz 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
� and space period L. � is determined by half thickness of
the actual grid in any period (shown in Fig. 3).

� ¼ jπ – arccos ½ – ln ðcosh g0Þ=g0�j
kz

: (4)

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
q direction does not need to be sought in case of cornerwise
symmetry, and relative permittivity can be expressed as
follows [14]:

εr ¼ 1þ ε0
ε
– 1

� ��
L

¼ 1 – ð1 – εpÞ
jπ – arccos ½ – lnðcosh g0Þ=g0�j

π
, (5)

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

Fig. 2 Periodic distribution of plasma density along z direction

Fig. 3 Dielectric function of plasma density grating and its
equivalent model (!p=! = 0.01, g0 = 2)
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εz ¼
1

1 – 1 –
ε0
ε

� ��
L

¼ 1

1 – 1 –
1

εp

� �jπ – arccos ½ – lnðcosh g0Þ=g0�j
π

, (6)

ε$ ¼ ε0

εr 0 0

0 1 0

0 0 εz

2
64

3
75, (7)

where εp is the dielectric constant of the magnetized

plasma and ε$ 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 B0 as the following expression:

ε$ ¼ ε0

ε1 – ε2 0

ε2 ε1 0

0 0 ε3

2
64

3
75, (8)

where

ε1 ¼ 1 –
�2ð1 – jχÞ

ð1 – jχÞ2 – τ2 ,

ε2 ¼
jτ�2

ð1 – jχÞ2 – τ2 ,

ε3 ¼ 1 –
�2

1 – jχ
,

τ ¼ !c

!
, χ ¼ γef f

!
, � ¼ !p

!
:

!p ¼ nee
2=ðmeε0Þ

� �1=2
is plasma frequency, !c ¼ eB0=me

(B0 ¼ B0~ez, B0 is the intensity of magnetic field) is electron
cyclotron frequency, γeff is electron efficiency collision
frequency, j is unit imaginary number, and ! 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 RðzÞ ¼ aþ bcosðk0zÞ, where a is average
radius of the waveguide, b is the depth of the ripple, k0 ¼
2π=z0 is the wave number of the corrugation, z0 is the

periodic length of the ripple, and ri 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 ej!t, the
following results are obtained from Refs. [5,6]:
a) When the magnetic field is infinite (B0 ® ¥) and the

ion-channel is omitted (ri ® 0) from the TM modes, the
dispersion equation is [3–6]

det ½ðF0,1Þn,s� ¼ 0, (9)

where

ðF0,1Þn,s ¼ 1þ ðn – sÞ kz,nk0
k2 – k2z,n

� 	
CJ
ns1,

kz is the wave number of the z direction, kz,n is wave
number of the n rank harmonic, and

CJ
ns1 ¼

X1
q¼0

ðp1bÞ2qþjn – sjJ 2qþjn – sj
0 p1a

22qþjn – sjq!ðqþ jn – sjÞ! ,

in which q, n and s are integrals respectively.
For the TE modes, the dispersion equation is [3–6]

det ½ðG0,2Þn,s� ¼ 0, (10)

where

ðG0,2Þn,s ¼
ðk2 – k2z Þ2!2

p

½ðk2 – k2z Þ2 – 1�!2

"
kz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 –!2

p=!
2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 – k2z

p SNns2

þðn – sÞ k0ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 – k2z

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 –!2

p=!
2Þ

q TN
ns2

#
,

TN
ns2 ¼

X1
q¼1

ðp2bÞ2qþjn – sjN2qþjn – sj – 1
0 p2a

22qþjn – sjq!ðqþ jn – sjÞ! ,

SNns2 ¼
X1
q¼0

ðp2bÞ2qþjn – sjN2qþjn – sjþ1
0 p2a

22qþjn – sjq!ðqþ jn – sjÞ! :

J0 and N0 are the zero-order Bessel and Neumann
functions, respectively.
b) When the magnetic field is zero (B0 = 0) and the ion-

channel is omitted (ri ® 0) from the TM modes, the
dispersion equations are

det ½ðF0,1Þn,s� ¼ 0, (11)

ðF0,1Þn,s ¼ 1þ ðn – sÞ kz,nk0
ð1 –!2

p=!
2Þk2 – k2z,n

" #
CJ
ns1: (12)
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For the TE modes, the dispersion equations are

det ½ðG0,2Þn,s� ¼ 0, (13)

ðG0,2Þn,s ¼ –
K2ðK2 þ k2z – k

2Þð!2 –!2
pÞ

ð – 1þ K4Þ!2 –K4!2
p

" #

� kz,n
K

SNns2 þ ðn – sÞk0
K
TN
ns2

� 	
, (14)

where K2 ¼ γ2 þ k2ε and γ ¼ jkz.
Through complex calculations, the following results and

dispersion curves are obtained by using Eqs. (9)–(14).
The dispersion curves of the magnetic field are infinite

and shown in Fig. 4, where the plasma density is np = 2 �
1011 cm–3, the voltage is V = 400 kV, the current is I = 1 kA,
the spatial periodic length of the ripple is z0 = 1.67 cm, the
average radius of the waveguide is a = 1.445 cm and the
ripple depth is b = 0.145 cm. Most parameters of Fig. 5 are
the same as Fig. 4, except in Fig. 5 the plasma density is np
= 4 � 1011 cm–3. 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 TM01 spatial harmony waves, and 2
and 4 are the TE01 spatial harmony waves. ! ¼ kc and
! ¼ kzv denote the curve of the velocity of light and the
spatial charge waves, respectively.
Considering Figs. 4–6, Fig. 4 shows that the TM01 mode

work frequency range is 8–10 GHz, and the TE01 is about
12.5 GHz. Comparing Fig. 4 to Fig. 5 we can establish that
with the plasma density increasing, TM01 mode frequency
will have a 1 GHz ascending shift, but the TE01 ascending
shift is small. For high level modes, the influence of the
plasma density is smaller, the TM01 mode dispersion
curves have no significant changes. However, the TE01

mode dispersion curves have an ascending shift when the
magnetic field is zero. There are clearly passage bands and

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.

Fig. 5 Dispersion curves of magnetic field are infinite (np = 4 �
1011 cm–3, B0 ® ¥)

Fig. 6 Dispersion curves of magnetic field are zero (np = 4 �
1011 cm–3)

Fig. 4 Dispersion curves of magnetic field are infinite (a =
14.45 mm, b = 1.45 mm, z0 = 16.7 mm and np = 2 � 1011 cm–3)

106 Front. Optoelectron. China 2009, 2(1): 103–107



Acknowledgements This work was supported by the National Natural
Science Foundation of China (Grant No. 10475048) and the China
Postdoctoral Fund (Grant No. 023201005). The authors would like to
thank Prof. Zhao Dazun of Beijing Institute of Technology and Prof. Ye
Weimin of National University of Defense Technology for valuable
discussions.

References

1. Yablonovich E. Inhibited spontaneous emission in solid-state

physics and electronics. Physical Review Letters, 1987, 58(20):

2059–2062

2. John S. Strong localization of photons in certain disordered

dielectric superlattices. Physical Review Letters, 1987, 58(23):

2486–2489

3. Liu S G, Barker R J, Zhu D J, et al. Basic theoretical formulations of

plasma microwave electronics, Part I: A fluid model analysis of

electron beam-wave interactions. IEEE Transactions on Plasma

Science, 2000, 28(6): 2135–2151

4. Liu S G, Barker R J, Yan Y, et al. Basic theoretical formulations of

plasma microwave electronics, Part II: Kinetic theory of electron

beam-wave interactions. IEEE Transactions on Plasma Science,

2000, 28(6): 2152–2165

5. Li W, Wei Y Y, Xie H Q, et al. “Cold” dispersion relation of

corrugated waveguide filled with plasma immersed in a finite

magnetic field. Chinese Physics, 2003, 12(5): 532–537

6. Li W, Gong M L, Wei Y Y, et al. The dispersive properties of a

dielectric-rod loaded waveguide immersed in a magnetized annular

plasma. Chinese Physics, 2004, 13(1): 54–59

7. Li W, Gao H, Gong M L, et al. Theory of electromagnetic wave

propagation in a plasma-filled corrugate waveguide immersed in a

finite magnetized field. Chinese Physics, 2004, 13(8): 1296–1301

8. Goncharov A A, Zatuagan AV, Protsenko I M. Focusing and control

of multiaperture ion beams by plasma lenses. IEEE Transactions on

Plasma Science, 1993, 21(5): 578–581

9. Dwyer T, Greig J, Murphy D, et al. On the feasibility of using an

atmospheric discharge plasma as an RFAntenna. IEEE Transactions

on Antennas and propagation, 1984, 32(2): 141–146

10. Chaudhury B, Chaturvedi S. Three-dimensional computation of

reduction in radar cross section using plasma shielding. IEEE

Transactions on Plasma Science, 2005, 33(6): 2027–2034

11. Botton M, Ron A. Self-induced distributed feedback in plasma-filled

Cerenkov free electron masers. Physics of Fluids, 1992, B4(7):

1979–1988

12. Botton M, Ron A. Efficiency enhancement of a plasma-filled

backward-wave oscillator by self-induced distributed feedback.

Physical Review Letters, 1999, 66(19): 2468–2471

13. Lin A T, Chen L. Plasma-induced efficiency enhancement in a

backward wave oscillator. Physical Review Letters, 1989, 63(26):

2808–2811

14. Xiao S, Mo Y L. Study of open cavity filled with plasma density

grating. IEEE Transactions on Plasma Science, 1999, 27(5):

1495–1500

15. Kosai H, Garate E P, Fisher A. Plasma-filled dielectric Cherenkov

maser. IEEE Transactions on Plasma Science, 1990, 18(6):

1002–1007

16. Carmel Y, Minami K, Kehs R A, et al. Demonstration of efficiency

enhancement in a high-power backward-wave oscillator by plasma

injection. Physical Review Letters, 1989, 62(20): 2389–2392

17. Carmel Y, Minami K, Lou W, et al. High-power microwave

generation by excitation of a plasma-filled rippled boundary

resonator. IEEE Transactions on Plasma Science, 1990, 18(3):

497–506

18. Lin A T. Magnetic field effects on plasma-filled backward wave

oscillators. Proceedings of SPIE, 1991, 1407: 234–241

19. Ali M M, Minami K, Ogura K, et al. Absolute instability for

enhanced radiation from a high-power plasma-filled backward-wave

oscillator. Physical Review Letters, 1990, 65(13): 855–858

20. Li W, Zhan H T, Gong M L. Plasma photonics crystal. Optical

Technique, 2004, 30(3): 263–266 (in Chinese)

Wei LI et al. Plasma photonic crystal 107


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


