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Frequency downshifting and trapping of an electromagnetic wave
by a rapidly created spatially periodic plasma

James Faith, S. P. Kuo, and Joe Huang
Department of Electrical Engineering, Polytechnic University, Farmingdale, New York 11735

~Received 17 June 1996!

Experimental and numerical results of the interaction of electromagnetic waves with rapidly time varying
spatially periodic plasmas are presented. It is shown that a number of Floquet modes, each with their own
oscillation frequency, are created during the interaction. Included among these modes are downshifted waves
which will not exist in the single slab case, and also waves with a larger upshifted frequency than one can
obtain with a single plasma layer of the same density. In addition, the periodic structure is characterized by
pass and stop bands that are different from those of a single plasma layer, and the frequencies of the down-
shifted modes falling in the stop band of a single plasma layer. Therefore these waves are trapped within the
plasma structure until the plasma decays away. To show this phenomenon a chamber experiment is conducted,
with the periodic plasma being produced by a capacitive discharge. The power spectrum recorded for waves
interacting with the plasma shows vastly improved efficiency in the downshift mechanism, which the numeri-
cal calculations suggest is related to the trapping of the wave within the plasma. Reproducible results are
recorded which are found to agree well with the numerical simulation.@S1063-651X~97!11501-X#

PACS number~s!: 52.35.2g, 52.40.Db, 52.70.Gw, 41.20.Jb
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I. INTRODUCTION

When an electromagnetic wave is incident upon a spa
discontinuity that is time invariant~for instance, a dielectric
half space!, it is well known that its angular frequencyv will
be conserved. However, since the index of refraction on
ther side of the boundary is different, the transmitted a
reflected waves must have different wavelengthsl to main-
tain the same frequency@1#. Similarly, if the wave propa-
gates through spatially homogeneous media but experie
a temporal discontinuity, it is the wavelength~or wave num-
ber k52p/l! that must be conserved. As the medium no
has different indices of refraction before and after the ti
discontinuity, the wave frequency will now be altered@2,3#.
The ability to alter the spectrum of an electromagnetic wa
has many potential applications, including the extension
the range of operation of existing microwave sources
conversion of cw sources into broadband pulse sources.

If the medium the electromagnetic wave propaga
through is a rapidly~on the order of a wave period! created
plasma slab whose width is greater than a few free sp
wavelengths, the angular frequencyv0 of the preexisting
monochromatic wave will be upshifted to the new frequen
@4,5# v5~v0

21v p
2!1/2, wherev p

25N0e
2/me«0 is the electron

plasma frequency,N0 is the electron density,e is the mag-
nitude of the electron charge,me is the electron mass, and«0
is the permittivity of the free space. This upshifting to a ne
frequency occurs as the wavelengthl052p/k0 remains in-
variant during the temporal discontinuity, but the wa
within the plasma must obey the dispersion relation for
electromagnetic wave propagating in a uniform unmag
tized plasma medium:v5(v p

21k 0
2c2)1/25(v p

21v 0
2)1/2.

The frequency shift phenomenon was originally observ
in a laser-matter interaction experiment; however, the e
work observed both upshifted and downshifted freque
components@6,7#. The experiment to demonstrate unambig
551063-651X/97/55~2!/1843~9!/$10.00
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ously the above-discussed frequency upshifting phenome
was performed using two crossed microwave beams to cr
a rapidly growing plasma in their interaction region@8#.
Other experiments also demonstrated the frequency shif
when the plasma was created using a laser@9# and a dc
discharge@10#.

There has also been theoretical work investigating t
phenomenon. If one considers a step-ionized single~unmag-
netized! plasma layer, the Laplace transform may be used
obtain an analytic solution for the transform of the fiel
everywhere in space@4,11#. The theoretical work was late
extended to include a static magnetic field, in the cases of
wave propagating parallel to the static field@12#, perpendicu-
lar to it @13#, and finally at an arbitrary incident angle@14#.
The effect of the magnetic field is to introduce addition
plasma modes for the incident wave to be converted i
upon interacting with the rapidly created plasma. Some
these waves may also have downshifted frequencies.

A common factor in all the previous work, both theore
cal and experimental, is that only a single time varyi
plasma slab is considered. The present work builds on
previous by considering a rapidly created plasma that ha
periodic spatial structure, whose geometry is shown in F
1. When a plasma of this type is created suddenly abo
preexisting initially monochromatic wave, this wave will de
compose into an infinite number of Floquet modes@15# of
the newly created dielectric medium, each with their ow
oscillation frequency and propagation constant. Thus
would expect that this configuration of plasma allows for t
creation of not only upshifted modes which oscillate w
frequencies greater than that of a wave interacting wit
single plasma slab, but also of downshifted modes. It
noted that the frequency downshift mechanism of the pres
case is different from that of the previous case@16#, which
was identified to be caused by the collisional loss of
wave in the plasma. In addition, like all periodic structur
the plasma is characterized by pass and stop bands. Thes
1843 © 1997 The American Physical Society
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1844 55JAMES FAITH, S. P. KUO, AND JOE HUANG
frequency ranges where the wave will propagate through
periodic structure~ideally! without attenuation, or the wav
will be evanescent, respectively. If a wave initially exis
everywhere, the cutoff modes are already inside the st
ture, and thus the down-shifted one, which is in the stop b
of a single plasma layer has the tendency to be trapped
the present work, we show experimentally and with nume
cal simulations that this trapping indeed occurs and has
effect of dramatically enhancing the efficiency of the fr
quency conversion process, by accumulating incident w
energy during the plasma growth period. This allows ve
convincing experimental results to be recorded, which
also shown to be in good agreement with numerical calc
tions of a wave propagating through the structure.

II. THEORY AND FORMULATION

We first calculate the dispersion relation for an elect
magnetic wave propagating in an infinitely periodic diele
tric medium. This results in a ‘‘band diagram’’ similar to th
for electron waves in solids. It allows us to predict the fr
quencies of all the Floquet modes, which are expected
correspond to the peaks in the power spectrum of the re
ant wave after interacting with a rapidly created periodica
structured plasma. Considering the geometry of a med
like the one shown in Fig. 1, the phasor form~with
exp@2ivt# time dependence assumed! of the wave field in
the region 0<z<L is written as

E~z!

5 HA exp@ ikhz#1B exp@2 ikhz#,
C exp@ ik~z2L !#1D exp@2 ik~z2L !#,

0,z,d,
d,z,L,

~1!

wherek5v/c andh5~12v p
2/v2!1/2 are the free space wav

number and the index of refraction of a uniform unmagn
tized plasma, respectively. By applying the boundary con
tions atz5d andz5L,

E~d2!5E~d1!, ]zE~d2!5]zE~d1!,
~2!

E~L2!5E~L1!, ]zE~L2!5]zE~L1!,

along with the Bloch wave condition@17,18#

FIG. 1. Geometry of the periodic plasma structure~after plasma
creation! represented by the spatial distribution of the plasma d
sity n(z).
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E~z!5exp@2 ibL#E~z1L !, ~3!

whereb is the propagation constant for the structure a
whole, one can derive the dispersion relation as

cos~bL !5cos~khd!cos@k~L2d!#

2 1
2 ~h11/h!sin~khd!sin@k~L2d!#. ~4!

The frequency range covered by each branch of the
persion curve forms a pass band, and the frequency gap
tween two adjacent branches of the dispersion curve form
stop band, or band gap, which are one of the character
features of periodic structures. For a givenbL, there exists
an infinite number of Floquet modes oscillating at discr
frequencies which will be shown to correspond to the pe
in the power spectrum of the wave after interacting with
rapidly created periodically structured plasma.

The band gap feature of a periodic structure can also
revealed in terms of the equivalent impedance of the perio
structure by modeled as a transmission line, as seen in Fi
If the unit cells are chosen to be symmetric, the impedanc
the structure can be found by considering a bisected unit c
shown in Fig. 3. By considering the bisection plane to be
short, we find the input impedance of the cell to be@19#

zsc52 iZ0

tan@ 1
2khd#1h tan@ 1

2k~L2d!#

h2tan@ 1
2k~L2d!#tan@ 1

2khd#
, ~5!

whereZ05~m0/«0!
1/2 is the impedance of free space. Cons

ering the bisection plane to be an open circuit, the in
impedance is given by

-

FIG. 2. Equivalent transmission line for the periodic plasma

FIG. 3. Bisected unit cell of the transmission line of Fig. 2
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zoc52 iZ0

h tan@ 1
2k~L2d!#2cot@ 1

2khd#

h1tan@ 1
2k~L2d!#cot@ 1

2khd#
. ~6!

It is noted that these two impedances are frequency de
dent through both the index of refractionh and the wave
numberk. The total impedance of the structure normalized
Z0 is determined from the above two quantities, and is giv
by

Z25zoczso/Z0
25

12h2 tan2@ 1
2k~L2d!#1L

h22tan2@ 1
2k~L2d!#1L

, ~7!

where

L5htan@ 1
2k~L2d!#$cot@ 1

2kdh#2tan@ 1
2kdh#%. ~8!

A wave of frequencyv in the plasma structure will be
evanescent if the impedance is imaginary. One can show
the frequency regions withZ2,0 coincide with the band
with Z2.0 gaps determined by the dispersion relation~4!.
Upon creation of the plasma, waves of many frequencies
created, and some of these waves will have very large
pedances. Since the original wave initially exists in all spa
so will all of the new waves. Those waves with very lar
impedances will be near total reflection at the struct
boundaries, and are thereforetrappedwithin it. This trapping
phenomenon, due to the emergence of pass and stop b
~Z2 changes sign through̀!, is new to the case of a periodi
plasma, to our knowledge, although it has been investiga
extensively by the laser community@20–22#. However, they
have thus far been unable to demonstrate experimentally
trapping effect due to the difficulty of coupling radiation in
the cutoff structure. This difficulty is not encountered in o
case, and it will be shown that we create a periodic struc
around the waves.

While it is intuitive to investigate an infinite periodi
structure, it is more practical to investigate the case of a fi
number of plasma slabs whose density varies as a functio
time. Thus we need to solve the one-dimensional wave eq
tion in an unmagnetized plasma which varies arbitrarily
both time and space,

S ]2

]z2
2

1

c2
]2

]t2
2

vp
2~z,t !

c2 DE~z,t !50. ~9!

The plasma density which meets the above condition
given by

vp
2~z,t !5vp0

2 ~12exp@2t/t r # !

3exp@2t/t f # (
n51

N

Pd/2~z2nL!, ~10!

wheretr is the plasma rise time,tf is the plasma decay time
t f@t r , Pd/2(x2a) is a rectangular pulse of widthd centered
aboutx5a, L is the periodicity of the structure,d<L, andN
is the total number of plasma slabs in the structure. To so
Eq. ~9!, we assume initially that a wave exists everywhe
prior to the plasma creation,
n-
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E~z,t<0!5cos~kz2v0t !. ~11!

After normalizing to dimensionless variables, we utilize
finite difference time domain method to compute the o
served field~in time! at a particular spatial location. Thi
time series is subsequently fast Fourier transformed~FFT!
@23#, and the power spectrum found by multiplying the tim
series’ FFT by its complex conjugate.

III. NUMERICAL ANALYSIS

Before beginning numerical investigations into the fr
quency shifting of an electromagnetic wave by the perio
plasma, it is prudent to normalize all our parameters to
mensionless form. Convenient definitions of the normaliz
variables are

d/l0→d, L/l0→L, v0t/2p→t, vp /v0→vp ,

a52p/v0t r and g52p/v0t f . ~12!

For the remainder of this work we will refer to the dime
sionless parameters unless units are explicitly given.

To begin our investigations, we would like to consider t
case of the single plasma slab for comparison purposes,
the geometry for this case given in Fig. 4. Obviously, an
thing considered in Sec. II dealing with periodic media do
not apply to this case. Therefore we use only the numer
solution of the wave equation~9! to analyze the single slab
case. Shown in Fig. 5~a! are the power spectrum of the inc
dent and shifted waves observed outside the plasma for
case of a slab with a width ofd55, an inverse rise time o
a51.0, no decayg50, and a final plasma frequency o
vp051.2. Decay is not considered in this case, because
would not expect trapping of any of the time oscillatin
waves, as they are all upshifted to a frequency greater t
the plasma frequency~the only cutoff frequency of the wave
for the single slab case!. The resultant spectrum shows
prominent peak centered aroundv51.56, which is the value
predicted by the dispersion relationv5~v p

211!1/2. Shown in
Fig. 5~b! is the dependence of the field on position, taken
the instant of time four wave periods after the plasma c
ation. This plot, with the wave is incident from the lef
shows that the shorter wavelength wave emerging from
right of the plasma slab due to frequency upshifting and
growth in field amplitude as one approaches the slab fr

FIG. 4. Geometry of the single plasma slab.
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1846 55JAMES FAITH, S. P. KUO, AND JOE HUANG
the left is due to reflection of the incident wave from t
plasma. The field distribution inside the slab also show
slight growth in wave amplitude caused by the partial refl
tion of the wave. Within the slab the wavelength is about
same as that of the incident wave, showing the dominanc
the initial effect over that of the boundary effect for th
present situation. These observations are consistent with
points discussed in Sec. I.

When considering a periodic plasma~assumed to consis
of only a finite number of plasma slabs due to practical c
siderations! there are three broad regions of interest:
cases whereL is greater than, equal to, and less than the f
space wavelength of the incident wave. We shall first c
sider L51, with the case ofL.1 considered later in this
section, and the investigation ofL,1, deferred to Sec. IV,
where this case will be covered by the simulations of o
experiment.

ChoosingL51, d50.6, andvp51.2, we first plot the dis-
persion relation~4! in Fig. 6~a!, where the intersection of th
curve with thebL50 axis predicts the frequencies of th
newly created modes. Shown in Fig. 6~b!, the power spec-
trum of the wave that interacts with the plasma obser
outside of a finite number~N510! of plasma slabs similar to
that in Fig. 1 is computed. The plasma grows rapidly w
a51 and never decays, i.e.,g50. Clearly apparent in the
power spectrum are the upshifted peaks aboutv51.4 and 2.2

FIG. 5. Numerically computed power spectra of both the in
dent and shifted waves after interaction with a single plasma
with ~a! d55, a51, g50, andvp51.2; and~b! the spatial depen-
dence of the field at the instant of timet54.
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as predicted by the band diagram, but one may ask w
happened to the predicted downshifted mode atv50.7. To
answer this, shown in Fig. 6~c! is the power spectrum of the
signal observedinsidethe plasma slabs. This plot shows u
shifted modes at the same frequencies as the spectrum t
outside the structure, but it also shows the ‘‘missing’’ dow
shifted mode. We conclude that this downshifted mode
trapped within the periodic plasma. To explain why this o
curs, shown in Fig. 6~d! is the square of the normalized im
pedance of the periodic structure, Eq.~7! as a function of
frequency. This shows that the impedance seen by
downshifted wave is very large, meaning it cannot propag
through the boundaries of the plasma structure. Alternat
the impedance seen by the upshifted modes is relativ
small, allowing the wave to propagate through the bou
aries and be observed outside the plasma. The occurren
upshifted modes that escape the plasma, and downsh
modes which are trapped, is a general feature for all
considered periodic plasmas. This trapping behavior,
how the downshifted modes escape after the plasma dec
will be discussed extensively in Sec. IV.

For the case where the plasma periodicity is greater t
the free space wavelength of the incident wave, we cho
L52.2,d51, and againvp51.2 with the dispersion relation
of the infinitely periodic structure shown in Fig. 7~a!, and the
power spectrum resulting from the interaction of the wa
with a finite numberN55 of plasma slabs observed outsid
the plasma structure presented in Fig. 7~b!. These two plots
are consistent, and show a situation qualitatively similar
that in Fig. 6~a!, with the first five frequencies of the spectr
peaks predicted by the dispersion relation visible in
power spectrum. It is noted that the second upshifted pe
centered aboutv51.7, has a frequency greater than that
the single slab case@Fig. 5~a!#. Therefore a periodic plasm
has the ability to shift the frequency of an incident micr
wave to greater frequencies than a single plasma slab o
same density can.

The results presented so far have shown the effect o
suddenly created spatially periodic plasma on an electrom
netic wave that propagates through it. They have sho
several interesting effects when compared to the case
single plasma slab. Among these are the possibility
shift the frequency of an electromagnetic wave to a va
greater thanv5~v p

211!1/2, and the creation of downshifte
modes which remain trapped inside the plasma. In Sec
we shall show both numerically and experimentally th
these trapped waves will eventually escape from the pla
as it decays.

IV. EXPERIMENTAL DEMONSTRATION OF TRAPPING
AND FREQUENCY DOWNSHIFTING PHENOMENA

Shown in Fig. 8 is an overview of the experimental setu
The rapidly growing plasma is created by the discharge o
Marx bank consisting of four simultaneously fired capa
tors, each rated at 1.9mF and 60 kV. The discharge take
place between a pair of electrodes specially constructe
break down the gas in a periodic spatial pattern. Each of
electrodes consists of an aluminum sheet into which
2-cm-wide slots are cut, with each slot separated by 4

-
b
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FIG. 6. Dispersion relation for a periodic plasma with~a! L51, d50.6, andvp51.2; ~b! the numerically computed power spectra for t
incident and shifted waves withN510, a51, andg50 observed outside the plasma;~c! the power spectra observed inside the perio
structure; and~d! the functional dependence of the square of the normalized impedance on frequency.
o

ec
at
a
p

-
er
a

to
e
r
re
e
th
in
rd
n
o
an
l’s

se
nd
ese
s a
ure
des
rig-
ith a
r.
e

ec-
sity
he
lec-
f the
ge
sting
or
ing
by

fall
e

~the total periodicity is 6 cm!. These are backed by a sheet
solid copper which provides an effective guide~rather than a
leaky wave antenna as the slotted sheets alone would be! for
the incident cw microwave. The copper of the ground el
trode also supports hundreds of small pins which facilit
the gas breakdown at their tips. The electrode structures
placed inside a vacuum chamber and suspended 16 cm a
The chamber is a 12931693329 box constructed from
1-in-thick Plexiglas, which is filled with dry air and evacu
ated to a pressure of about 1 torr. A photograph of the p
odic plasma generated by the discharge in our vacuum ch
ber is shown in Fig. 9.

To perform the experiment, a cw microwave is fed in
the vacuum chamber with anS-band horn antenna from on
side. This incident signal is provided by a Hewlett Packa
~HP! 692B sweep generator which provides radiation for f
quencies of 2–4 GHz with mW range power. On the oth
side of the chamber resides another horn which collects
signal that results from the incident wave propagat
through the discharge created plasma. This signal is reco
with a spectrum analyzer, HP 9105, which is later dow
loaded through a HP-IB port to a computer. After each
several hundred Marx bank discharges, the spectrum
lyzer will sample a single point in the resultant signa
f

-
e
re
art.

i-
m-

d
-
r
e
g
ed
-
f
a-

power spectrum. In addition, we would like to know the ri
and fall times of the plasma density, as the trapping a
downshifting phenomena depends strongly on the th
times, especially that of the fall time. To record these time
Tektronix DSA 602 digital oscilloscope was used to meas
the time behavior of both the current through the electro
and the light emissions from the plasma. The scope is t
gered by the discharge, and the gap current measured w
current divider which was fed through an optical isolato
The light emissions~airglow! radiated from the plasma wer
measured with a photomultiplier.

The typical example of the traces recorded by the sp
trum analyzer which we use to estimate the plasma den
rise and fall times is shown in Fig. 10. Since in order for t
current to be observed there must be plasma within the e
trode gap, we use the current rise time as our estimate o
plasma rise timetr . Once plasma is generated, the volta
across the electrodes drops considerably due to the balla
resistor~about 40V! connected in series with the plasma, f
the purpose of protecting the Marx bank and also stabiliz
the current flow. A quasisteady level of airglow produced
the stabilized plasma~through electron neutral collisions! is
then recorded by the photomultiplier. Thus we take the
of the airglow recorded by the photomultiplier to be th
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1848 55JAMES FAITH, S. P. KUO, AND JOE HUANG
plasma fall timetf , with the recurrence of airglow after the
current drops to zero believed to be caused by electrons p
duced through detachment processes. With this in mind,
see that the figure shows ringing in the early part of th
current trace. This indicates that the scope could not respo

FIG. 7. Dispersion relation for a periodic plasma with~a!
L52.2,d51, andvp51.2; and~b! the numerically computed power
spectra for the incident and shifted waves withN510, a51, and
g50 observed outside the plasma.

FIG. 8. A schematic of the experimental setup.
o-
e
e
nd

quickly enough to record the rise in the current. As th
scope has a bandwidth of 1 GHz, we conclude that
current rises very quickly, on the order of nanosecon
~or less!. As expected, the photomultiplier trace fal
much more slowly, and can be measured directly,tf5230
ns.

With the approximate time variation of the plasma dens
known, we can perform simulations which will demonstra
the trapping effect of the plasma on the downshifted mod
The simulations are performed with parameters chosen
correspond with our experimental values, withN511 ~and
assuming a 3.1-GHz input signal!, L50.6, d50.2, a50.1,
andg50.002, withvp0 estimated to be 1.2. Shown in Fig
11~a! is the time dependence of the signal observed outs
the plasma as well as the plasma frequency. In the early t
portion of this plot ~when the plasma frequency is larg!
there is a relatively large observed signal amplitude due
the upshifted waves immediately escaping from the plas
upon their creation. This is followed by a drop in the sign
amplitude as all the upshifted waves propagate past the
servation point, but the downshifted waves are trapp
within the plasma. The small amount of signal detected
due to the tunneling of some of the wave fields through
plasma slabs. In the late time portion of the plot, when
plasma frequency has significantly decayed, the amplit
again rises, which is due to the escape of the previou
trapped downshifted waves. In fact a close comparison of
observed signal with the incident signal will reveal that t
early time portion does indeed contain upshifted waves,
that the late time portion contains downshifted waves. Fig
11~b! shows the power spectrum of the observed field in F
11~a!, as well as that of the incident signal. Finally, to e
plain the trapping effect, shown in Fig. 11~c! is the depen-
dence of the square of the normalized impedance of our
perimental structure on frequency for three different plas
frequencies. It is shown that as the plasma decays, the
of the first stop band occurs at lower and lower frequenc
allowing the trapped waves to escape as the impedance
by them becomes real.

While we have no instrument that can hope to capture
experimental time evolution of the signal after plasma c
ation, we can record experimental power spectra and c
pare them to the numerical ones. Shown in Figs. 12~a! and
12~b! are two examples of experimentally recorded pow
spectra with an incident frequency of 3.1 GHz and a d
charge voltage of 60 kV. As this provides a dc electric fie
of about 3.7 kV/cm, which is well above the breakdow
threshold field of 400 V/cm for 1-torr dry air@24#, the maxi-
mum plasma density is not sensitive to the discharge volt
in this range. All of the recorded spectra show large dow
shifted components, whose envelopes show the appr
mately linear variation of log-scale power with frequenc
Included for comparison in Fig. 12~c! are simulation results
performed with the same parameters as the previous p
graph with the prominent experimental points of the tw
experimental traces superimposed, showing good agreem
The reproducible experimental results lead us to concl
that the periodic plasma can indeed efficiently downshift
spectral content of an electromagnetic wave, while the
merical results suggest that the trapping effect is the caus
the significant enhancement of the spectral intensity of
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FIG. 9. A photograph of the periodic plasma layers produced by the discharge within the vacuum chamber. The chamber is a 1316
in.332 in. Plexiglas box. The two parallel electrodes inside the chamber are suspended 16 cm apart. Each of the electrode con
aluminum sheet into which 11 2-cm-wide slots are cut, with each slot separated by 4 cm and backed by a copper sheet.
n
te

ti
ra

dic
ena
By
th,
ve
that
s a
ich
r on
to
sma
of
ed-
rac-
c-
ted

n
me-
ia-
ve
es
be
t the
they
hey
ater
the
ob-
from

d
r

downshifted lines as compared to the previous experime
with a single slab where no downshift or trapping is expec
to occur@10#.

V. CONCLUSIONS

We have shown that an electromagnetic wave propaga
through a rapidly time varying plasma will have its spect

FIG. 10. Oscilloscope trace of the current across the electro
and the air glow emissions detected by the photomultiplier fo
typical discharge.
ts,
d

ng
l

content altered. In addition, if the plasma also has a perio
spatial configuration, we find several interesting phenom
which happen to a wave interacting with the plasma.
proper selection of the structure periodicity and slab wid
we can obtain more control over the spectrum of a wa
propagating through such a plasma. Specifically, we find
the rapid creation of a periodic plasma medium provide
mechanism for the creation of downshifted waves, wh
relies neither on the presence of a static magnetic field no
collisional effects, and that we can now upshift waves
frequencies greater than a single slab of the same pla
density can. Another interesting phenomenon is the ability
the plasma to trap the downshifted waves due to the imp
ance of the structure being large. This trapping has the p
tical effect of greatly enhancing the efficiency of the intera
tion process for the generation of frequency downshif
spectral lines.

Applying Bloch’s theorem, the dispersion relation for a
electromagnetic wave propagating in a periodic plasma
dium is derived. From this relation we can plot a band d
gram showing allowed and forbidden regions for wa
propagation. This allows one to predict which of the wav
may propagate freely in the structure, and which will
evanescent. Since the evanescent waves are created a
same time as the plasma and exist everywhere in space,
are present inside the structure but cannot propagate. T
are therefore trapped within the structure. As the plasma l
decays, the initially trapped waves are able to escape
periodic structure. Numerical calculations show that the
served log-scale power of these waves as they escape

es
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the plasma structure varies almost linearly with frequen
This approximately linear dependence is also confirmed
perimentally. We can therefore conclude that this trapp
process is indeed the mechanism for the significant enha
ment of the spectral intensity of the frequency downshif
lines.
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