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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 humber 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 simulafi®h063-651X%97)11501-X]

PACS numbegs): 52.35~g, 52.40.Db, 52.70.Gw, 41.20.Jb

[. INTRODUCTION ously the above-discussed frequency upshifting phenomenon
was performed using two crossed microwave beams to create
When an electromagnetic wave is incident upon a spatia rapidly growing plasma in their interaction regi¢8].

discontinuity that is time invarianffor instance, a dielectric Other experiments also demonstrated the frequency shifting
half spac, it is well known that its angular frequeneywill ~ When the plasma was created using a ld$drand a dc
be conserved. However, since the index of refraction on eidischarge 10].
ther side of the boundary is different, the transmitted and There has also been theoretical work investigating this
reflected waves must have different wavelengthte main-  Pheénomenon. If one considers a step-ionized sifighenag-
tain the same frequendid]. Similarly, if the wave propa- netlged plasma Iayer, thg Laplace transform may be u;ed to
gates through spatially homogeneous media but experiencé’?taln an ar_1a|yt|c solution for the trapsform of the fields
a temporal discontinuity, it is the wavelendir wave num- everywhere n spac[a4,11]._ The theqre‘gcal yvork was later
ber k=2#/\) that must be conserved. As the medium now\?v)gsg%?g;géggk;g;:ﬁﬁ'g?ﬁgr;?st?cﬂf?éiﬁn ;prceisdeigu()f the
gisc:r:ziﬁg[ , mcﬁzvf frriféigtr:?:; \k/)v?lllcorzgv??)(:: gﬁg[g%.“mqar to it [13], and finally at an arbitrary incident angl&4].

. K The effect of the magnetic field is to introduce additional
The ability to alter the spectrum of an electromagnetic wav lasma modes for the incident wave to be converted into

has many potential applications, including the extension of,nqn interacting with the rapidly created plasma. Some of
the range of operation of_eX|st|ng microwave sources anghese waves may also have downshifted frequencies.
conversion of cw sources into broadband pulse sources. A common factor in all the previous work, both theoreti-

If the medium the electromagnetic wave propagategal and experimental, is that only a single time varying
through is a rapidly(on the order of a wave perip@reated plasma slab is considered. The present work builds on the
plasma slab whose width is greater than a few free spacgrevious by considering a rapidly created plasma that has a
wavelengths, the angular frequenay of the preexisting periodic spatial structure, whose geometry is shown in Fig.
monochromatic wave will be upshifted to the new frequencyl. When a plasma of this type is created suddenly about a
[4,5] w=(wi+w?d)™, wherew 3=Nye*/mee, is the electron  preexisting initially monochromatic wave, this wave will de-
plasma frequencyl\, is the electron densitye is the mag- compose into an infinite number of Floquet mod&$s] of
nitude of the electron chargm, is the electron mass, ang  the newly created dielectric medium, each with their own
is the permittivity of the free space. This upshifting to a newoscillation frequency and propagation constant. Thus one
frequency occurs as the wavelength=27/k, remains in-  would expect that this configuration of plasma allows for the
variant during the temporal discontinuity, but the wavecreation of not only upshifted modes which oscillate with
within the plasma must obey the dispersion relation for arfrequencies greater than that of a wave interacting with a
electromagnetic wave propagating in a uniform unmagnesingle plasma slab, but also of downshifted modes. It is
tized plasma mediumo = (w3 +k3c?) 2= (w 3+ w )2 noted that the frequency downshift mechanism of the present

The frequency shift phenomenon was originally observectase is different from that of the previous c44é|, which
in a laser-matter interaction experiment; however, the earlyas identified to be caused by the collisional loss of the
work observed both upshifted and downshifted frequencyvave in the plasma. In addition, like all periodic structures
component$6,7]. The experiment to demonstrate unambigu-the plasma is characterized by pass and stop bands. These are
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FIG. 1. Geometry of the periodic plasma struct(atter plasma FIG. 2. Equivalent transmission line for the periodic plasma.

creation) represented by the spatial distribution of the plasma den-
sity n(z).
E(z)=exd —iBL]E(z+L), ©)]

frequency ranges where the wave will propagate through th@here g8 is the propagation constant for the structure as a
periodic structureiideally) without attenuation, or the wave whole, one can derive the dispersion relation as
will be evanescent, respectively. If a wave initially exists

everywhere, the cutoff modes are already inside the struc- cog BL)=cos knd)cod k(L —d
ture, and thus the down-shifted one, which is in the stop band <AL skd)cogk( )]
of a single plasma layer has the tendency to be trapped. In —3(p+Up)sinkpd)sink(L—d)]. (4

the present work, we show experimentally and with numeri-
cal simulations that this trapping indeed occurs and has the The frequency range covered by each branch of the dis-
effect of dramatically enhancing the efficiency of the fre- yersion curve forms a pass band, and the frequency gap be-
quency conversion process, by accumulating incident wavgyeen two adjacent branches of the dispersion curve forms a
energy during the plasma growth period. This allows verystop band, or band gap, which are one of the characteristic
convincing experimental results to be recorded, which argeatyres of periodic structures. For a givgh, there exists
also shown to be in good agreement with numerical calculaan infinite number of Floquet modes oscillating at discrete
tions of a wave propagating through the structure. frequencies which will be shown to correspond to the peaks
in the power spectrum of the wave after interacting with a
Il. THEORY AND FORMULATION rapidly created periodically structured plasma.

The band gap feature of a periodic structure can also be
! o A e revealed in terms of the equivalent impedance of the periodic
magnetic wave propagating in an infinitely periodic dielec-gctyre by modeled as a transmission line, as seen in Fig. 2.
tric medium. This results in a “band diagram” similar to that |t 1 unit cells are chosen to be symmetric, the impedance of

for electron waves in solids. It allows us to predict the fre-y, o g4rycture can be found by considering a bisected unit cell,
quencies of all the Floquet modes, which are expected @, in Fig. 3. By considering the bisection plane to be a

correspond to the peaks in the power spectrum of the res“'&'hort, we find the input impedance of the cell to[a6]
ant wave after interacting with a rapidly created periodically

structured plasma. Considering the geometry of a medium

We first calculate the dispersion relation for an electro-

like the one shown in Fig. 1, the phasor forfwith B tar{ zknd]+ 7 tar{ zk(L—d)] )
exd —iwt] time dependence assumenf the wave field in sc- 140 —tar k(L —d)Ttarf tkrd]1
the region Gsz<L is written as m-tarzk( e 2kad]
E(2) whereZ,=(ug/eo) 2 is the impedance of free space. Consid-
ering the bisection plane to be an open circuit, the input
(A exdikyz]+ B exd —ikpz], 0<z<d, impedance is given by
| Cexdik(z—L)]+D exd —ik(z—L)], d<z<L,
(1) Bisection
Plane
wherek= w/c and 7=(1—w?2/w’)*? are the free space wave |
: b : : 8 —] |
number and the index of refraction of a uniform unmagne- - |
tized plasma, respectively. By applying the boundary condi- Zo P |
tions atz=d andz=L, |
|
E(d_)=E(d,), 4¢,E(d_)=0,E(d,), |
+ z z + @ Zin |—| Fl—l; g
E(L)=E(Ly), &E(L_)=dE(L.), — (=d)/2 ——e—a/2 ]

along with the Bloch wave conditiof17,18 FIG. 3. Bisected unit cell of the transmission line of Fig. 2.
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_ ntarfzk(L—d)]—cof zkd] n(z)
Zoe= —iZg 1 . . (6)
n+tar{ zk(L—d)]cof zk7d]

Ny
It is noted that these two impedances are frequency depen-
dent through both the index of refractiom and the wave
numberk. The total impedance of the structure normalized to
Z,is determined from the above two quantities, and is given
by

— 2 1 _
ZZ:Zocho/Z(z): 1=7 tanz[zk(L dl+A 7) FIG. 4. Geometry of the single plasma slab.

7?—tarf[ ik(L—d)]+A

E(z,t<0)=cogkz— wqt). (11
where

_ (] — 1 _ 1 After normalizing to dimensionless variables, we utilize a
A=mtarzk(L~d) Kol zkdn] ~tarizkdnl}. - (8) finite difference time domain method to compute the ob-
served field(in time) at a particular spatial location. This
jme series is subsequently fast Fourier transforr(fefdr)
23], and the power spectrum found by multiplying the time
series’ FFT by its complex conjugate.

A wave of frequencyw in the plasma structure will be
evanescent if the impedance is imaginary. One can show th
the frequency regions witZ?<0 coincide with the band
with Z?>0 gaps determined by the dispersion relatidh
Upon creation of the plasma, waves of many frequencies are
created, and some of these waves will have very large im-
pedances. Since the original wave initially exists in all space,
so will all of the new waves. Those waves with very large o L L .
impedances will be near total reflection at the structure Before _be_glnnmg numerical |nve§t|gat|ons into the _fre_—
boundaries, and are therefdrappedwithin it. This trapping quency S.h'.ft'ng of an eIectromqgnetm wave by the per|od|p
phenomenon, due to the emergence of pass and stop ban%l?sm.a’ it is prudent to no.rmahze_allllour parameters to di-
(Z? changes sign through), is new to the case of a periodic mensmnless form. Convenient definitions of the normalized
plasma, to our knowledge, although it has been investigate}.llar"r’lbIes are
extensively by the laser communit20-22. However, they
have thus far been unable to demonstrate experimentally the ¢/\,—d, L/Ng—L, wgt/27r—t, wplwg— wp,
trapping effect due to the difficulty of coupling radiation into
the cutoff structure. This difficulty is not encountered in our a=2mlwor, and y=2m/wo7t. 12
case, and it will be shown that we create a periodic structure

around the waves. For the remainder of this work we will refer to the dimen-

While it is intuitive to investigate an infinite periodic sionless parameters unless units are explicitly qiven
structure, it is more practical to investigate the case of a finite P ; S picitly given.
f To begin our investigations, we would like to consider the

number of plasma slabs whose density varies as a function g . . :
. . . case of the single plasma slab for comparison purposes, with
time. Thus we need to solve the one-dimensional wave equ

P . : : ave SqUdne geometry for this case given in Fig. 4. Obviously, any-
tion in an unmagnetized plasma which varies arbitrarily Inthing considered in Sec. Il dealing with periodic media does

both time and space, not apply to this case. Therefore we use only the numerical

IIl. NUMERICAL ANALYSIS

2 1P wz(z t) solution of the wave equatiof®) to analyze the single slab
pr& PR ey
i b E(z,t)=0. (99  case. Shown in Fig.(8) are the power spectrum of the inci

dent and shifted waves observed outside the plasma for the
) ) N _case of a slab with a width af=5, an inverse rise time of
The plasma density which meets the above conditions ig,=1.0, no decayy=0, and a final plasma frequency of

given by wp=1.2. Decay is not considered in this case, because we
5 ) would not expect trapping of any of the time oscillating
wp(2,t) = wpo(1—exgd —t/7]) waves, as they are all upshifted to a frequency greater than
N the plasma frequendihe only cutoff frequency of the wave
_ _ for the single slab cageThe resultant spectrum shows a
Xexdg —t/ Pgo(z—nl), 10 . U
H Tf]nzl a2 ) (10 prominent peak centered aroune-1.56, which is the value

predicted by the dispersion relatien=(w3+1)"2 Shown in
wherer, is the plasma rise timey is the plasma decay time, Fig. 5b) is the dependence of the field on position, taken at
7> 7, , Pyp(X—a) is a rectangular pulse of widthcentered the instant of time four wave periods after the plasma cre-
aboutx=a, L is the periodicity of the structure<L, andN ation. This plot, with the wave is incident from the left,
is the total number of plasma slabs in the structure. To solvehows that the shorter wavelength wave emerging from the
Eq. (9), we assume initially that a wave exists everywhereright of the plasma slab due to frequency upshifting and the
prior to the plasma creation, growth in field amplitude as one approaches the slab from
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, : as predicted by the band diagram, but one may ask what

ggg:;ggggg:‘;__ happened to the predicted downshifted modeaD.7. To

o answer this, shown in Fig.(6) is the power spectrum of the

60 signal observedhsidethe plasma slabs. This plot shows up-

shifted modes at the same frequencies as the spectrum taken

e outside the structure, but it also shows the “missing” down-
shifted mode. We conclude that this downshifted mode is
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\ trapped within the periodic plasma. To explain why this oc-
v \ curs, shown in Fig. @) is the square of the normalized im-
. pedance of the periodic structure, E@) as a function of
o TN \/\ frequency. This shows that the impedance seen by this
V downshifted wave is very large, meaning it cannot propagate
0 . through the boundaries of the plasma structure. Alternately,
’ o/, ' ' ' the impedance seen by the upshifted modes is relatively
@ small, allowing the wave to propagate through the bound-
aries and be observed outside the plasma. The occurrence of
2 Ohsarved Field — upshifted modes that escape the plasma, and downshifted
15 Relative Plasma Densily -~ modes which are trapped, is a general feature for all our
considered periodic plasmas. This trapping behavior, and
how the downshifted modes escape after the plasma decays,
/\ /\ /\ /\ /\ /\ﬁ will be discussed extensively in Sec. IV.
For the case where the plasma periodicity is greater than
v the free space wavelength of the incident wave, we choose
s L=2.2,d=1, and againw,=1.2 with the dispersion relation
- of the infinitely periodic structure shown in Fig(d, and the
power spectrum resulting from the interaction of the wave
with a finite numbemMN=5 of plasma slabs observed outside
2, 5 P : . " the plasma structure presented in Fi¢h)7 These two plots
o) z are consistent, and show a situation qualitatively similar to
that in Fig. &a), with the first five frequencies of the spectral
FIG. 5. Numerically computed power spectra of both the inci-P€aks predicted by the dispersion relation visible in the
dent and shifted waves after interaction with a single plasma slapower spectrum. It is noted that the second upshifted peak,
with (@) d=5, a=1, y=0, andw,=1.2; and(b) the spatial depen- centered aboub=1.7, has a frequency greater than that of
dence of the field at the instant of time-4. the single slab caddrig. 5a)]. Therefore a periodic plasma
has the ability to shift the frequency of an incident micro-
the left is due to reflection of the incident wave from the VaVe O greater frequencies than a single plasma slab of the
plasma. The field distribution inside the slab also shows game density can.
slight growth in wave amplitude caused by the partial reflec- The results presenfced SO f_ar _have shown the effect of a
tion of the wave. Within the slab the wavelength is about theSUd.denIy created spatially periodic pIasma on an electromag-
same as that of the incident wave, showing the dominance Jretic wave thaF propagates through it. They have shown
the initial effect over that of the boundary effect for the ;everal interesting effects when compared to the case of a
present situation. These observations are consistent with R r!gle plasma slab. Among these are the possibility to
points discussed in Sec. I. shift the frequenczy of lz/izn electromagne_tlc wave to a value
When considering a periodic plasrtassumed to consist 9"€ater thano=(w,+1)"*, and the creation of downshifted
of only a finite number of plasma slabs due to practical Con_modes which remain trappet_j inside the plasma. In Sec. IV
sideration$ there are three broad regions of interest: theV® shall show both n_umerlcally and experimentally that
cases where is greater than, equal to, and less than the freéhefse trapped waves will eventually escape from the plasma
space wavelength of the incident wave. We shall first con@s 1t decays.
sider L=1, with the case oL>1 considered later in this
section, and the investigation &f<1, deferred to Sec. IV,
wherg this case will be covered by the simulations of our |\, expERIMENTAL DEMONSTRATION OF TRAPPING
experiment. , , AND FREQUENCY DOWNSHIFTING PHENOMENA
ChoosingL =1, d=0.6, andw,=1.2, we first plot the dis-
persion relatior(4) in Fig. 6(a), where the intersection of the Shown in Fig. 8 is an overview of the experimental setup.
curve with the BL=0 axis predicts the frequencies of the The rapidly growing plasma is created by the discharge of a
newly created modes. Shown in Figbs the power spec- Marx bank consisting of four simultaneously fired capaci-
trum of the wave that interacts with the plasma observedors, each rated at 1.8F and 60 kV. The discharge takes
outside of a finite numbeiN=10) of plasma slabs similar to place between a pair of electrodes specially constructed to
that in Fig. 1 is computed. The plasma grows rapidly withbreak down the gas in a periodic spatial pattern. Each of the
a=1 and never decays, i.e=0. Clearly apparent in the electrodes consists of an aluminum sheet into which 11
power spectrum are the upshifted peaks alpei.4 and 2.2 2-cm-wide slots are cut, with each slot separated by 4 cm
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FIG. 6. Dispersion relation for a periodic plasma wigh L =1, d=0.6, andw,=1.2; (b) the numerically computed power spectra for the
incident and shifted waves witN=10, =1, and y=0 observed outside the plasma) the power spectra observed inside the periodic
structure; andd) the functional dependence of the square of the normalized impedance on frequency.

(the total periodicity is 6 cn These are backed by a sheet of power spectrum. In addition, we would like to know the rise
solid copper which provides an effective guigather than a and fall times of the plasma density, as the trapping and
leaky wave antenna as the slotted sheets alone woulfbbe downshifting phenomena depends strongly on the these
the incident cw microwave. The copper of the ground electimes, especially that of the fall time. To record these times a
trode also supports hundreds of small pins which facilitateTektronix DSA 602 digital oscilloscope was used to measure
the gas breakdown at their tips. The electrode structures atbe time behavior of both the current through the electrodes
placed inside a vacuum chamber and suspended 16 cm apaahd the light emissions from the plasma. The scope is trig-
The chamber is a 1X16'X32" box constructed from gered by the discharge, and the gap current measured with a
1-in-thick Plexiglas, which is filled with dry air and evacu- current divider which was fed through an optical isolator.
ated to a pressure of about 1 torr. A photograph of the periThe light emissiongairglow) radiated from the plasma were
odic plasma generated by the discharge in our vacuum charmeasured with a photomultiplier.
ber is shown in Fig. 9. The typical example of the traces recorded by the spec-
To perform the experiment, a cw microwave is fed intotrum analyzer which we use to estimate the plasma density
the vacuum chamber with &tband horn antenna from one rise and fall times is shown in Fig. 10. Since in order for the
side. This incident signal is provided by a Hewlett Packardcurrent to be observed there must be plasma within the elec-
(HP) 692B sweep generator which provides radiation for fre-trode gap, we use the current rise time as our estimate of the
guencies of 2—4 GHz with mW range power. On the othemplasma rise timer, . Once plasma is generated, the voltage
side of the chamber resides another horn which collects thacross the electrodes drops considerably due to the ballasting
signal that results from the incident wave propagatingresistor(about 40(2) connected in series with the plasma, for
through the discharge created plasma. This signal is recorddde purpose of protecting the Marx bank and also stabilizing
with a spectrum analyzer, HP 9105, which is later down-the current flow. A quasisteady level of airglow produced by
loaded through a HP-IB port to a computer. After each ofthe stabilized plasmé&hrough electron neutral collisionss
several hundred Marx bank discharges, the spectrum an#hen recorded by the photomultiplier. Thus we take the fall
lyzer will sample a single point in the resultant signal’'s of the airglow recorded by the photomultiplier to be the
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FIG. 7. Dispersion relation for a periodic plasma with)

L=2.2,d=1, andw,=1.2; and(b) the numerically computed power

spectra for the incident and shifted waves wik=10, a=1, and
v=0 observed outside the plasma.

plasma fall timer;, with the recurrence of airglow after the

quickly enough to record the rise in the current. As this
scope has a bandwidth of 1 GHz, we conclude that the
current rises very quickly, on the order of nanoseconds
(or less. As expected, the photomultiplier trace falls

much more slowly, and can be measured direct}y230

ns.

With the approximate time variation of the plasma density
known, we can perform simulations which will demonstrate
the trapping effect of the plasma on the downshifted modes.
The simulations are performed with parameters chosen to
correspond with our experimental values, with=11 (and
assuming a 3.1-GHz input signalL=0.6, d=0.2, «=0.1,
and y=0.002, withw,, estimated to be 1.2. Shown in Fig.
11(a) is the time dependence of the signal observed outside
the plasma as well as the plasma frequency. In the early time
portion of this plot(when the plasma frequency is lajge
there is a relatively large observed signal amplitude due to
the upshifted waves immediately escaping from the plasma
upon their creation. This is followed by a drop in the signal
amplitude as all the upshifted waves propagate past the ob-
servation point, but the downshifted waves are trapped
within the plasma. The small amount of signal detected is
due to the tunneling of some of the wave fields through the
plasma slabs. In the late time portion of the plot, when the
plasma frequency has significantly decayed, the amplitude
again rises, which is due to the escape of the previously
trapped downshifted waves. In fact a close comparison of the
observed signal with the incident signal will reveal that the
early time portion does indeed contain upshifted waves, and
that the late time portion contains downshifted waves. Figure
11(b) shows the power spectrum of the observed field in Fig.
11(a), as well as that of the incident signal. Finally, to ex-
plain the trapping effect, shown in Fig. ] is the depen-
dence of the square of the normalized impedance of our ex-
perimental structure on frequency for three different plasma
frequencies. It is shown that as the plasma decays, the edge
of the first stop band occurs at lower and lower frequencies,
allowing the trapped waves to escape as the impedance seen
by them becomes real.

While we have no instrument that can hope to capture the

current drops to zero believed to be caused by electrons prexperimental time evolution of the signal after plasma cre-
duced through detachment processes. With this in mind, Wgtion, we can record experimental power spectra and com-
see that the figure shows ringing in the early part of theyare them to the numerical ones. Shown in Figgaland

current trace. This indicates that the scope could not respontbp) are two examples of experimentally recorded power
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FIG. 8. A schematic of the experimental setup.

spectra with an incident frequency of 3.1 GHz and a dis-
charge voltage of 60 kV. As this provides a dc electric field
of about 3.7 kV/cm, which is well above the breakdown
threshold field of 400 V/cm for 1-torr dry aj@4], the maxi-
mum plasma density is not sensitive to the discharge voltage
in this range. All of the recorded spectra show large down-
shifted components, whose envelopes show the approxi-
mately linear variation of log-scale power with frequency.
Included for comparison in Fig. 1@ are simulation results
performed with the same parameters as the previous para-
graph with the prominent experimental points of the two
experimental traces superimposed, showing good agreement.
The reproducible experimental results lead us to conclude
that the periodic plasma can indeed efficiently downshift the
spectral content of an electromagnetic wave, while the nu-
merical results suggest that the trapping effect is the cause of
the significant enhancement of the spectral intensity of the



55 FREQUENCY DOWNSHIFTING AND TRAPPING OF N . .. 1849

FIG. 9. A photograph of the periodic plasma layers produced by the discharge within the vacuum chamber. The chamberx4 12 in.
in.x32 in. Plexiglas box. The two parallel electrodes inside the chamber are suspended 16 cm apart. Each of the electrode consists of an
aluminum sheet into which 11 2-cm-wide slots are cut, with each slot separated by 4 cm and backed by a copper sheet.

downshifted lines as compared to the previous experimentgontent altered. In addition, if the plasma also has a periodic
with a single slab where no downshift or trapping is expectedspatial configuration, we find several interesting phenomena
to occur[10]. which happen to a wave interacting with the plasma. By
proper selection of the structure periodicity and slab width,
we can obtain more control over the spectrum of a wave
V. CONCLUSIONS propagating through such a plasma. Specifically, we find that
the rapid creation of a periodic plasma medium provides a
fhechanism for the creation of downshifted waves, which
relies neither on the presence of a static magnetic field nor on
collisional effects, and that we can now upshift waves to
DSA 602 DIGITIZING SIGNAL ANALYZER frequencies greater than a single slab of the same plasma
‘date: 22-JAN-96 time: 18:49:46 density can. Another interesting phenomenon is the ability of
the plasma to trap the downshifted waves due to the imped-
25v i ' ance of the structure being large. This trapping has the prac-
' S tical effect of greatly enhancing the efficiency of the interac-
tion process for the generation of frequency downshifted
spectral lines.

Applying Bloch’s theorem, the dispersion relation for an
electromagnetic wave propagating in a periodic plasma me-
N o dium is derived. From this relation we can plot a band dia-

A : . gram showing allowed and forbidden regions for wave
*’W” : » propagation. This allows one to predict which of the waves
N ‘ may propagate freely in the structure, and which will be
evanescent. Since the evanescent waves are created at the
same time as the plasma and exist everywhere in space, they
are present inside the structure but cannot propagate. They
are therefore trapped within the structure. As the plasma later

FIG. 10. Oscilloscope trace of the current across the electrodedecays, the initially trapped waves are able to escape the
and the air glow emissions detected by the photomultiplier for gperiodic structure. Numerical calculations show that the ob-
typical discharge. served log-scale power of these waves as they escape from

We have shown that an electromagnetic wave propagatin
through a rapidly time varying plasma will have its spectral

Current

T

500 mV/div

Photomultiplier

E—

2.5V -
-392 ns © 3.608 ps

Real Time (400 ns/div)



1850 JAMES FAITH, S. P. KUO, AND JOE HUANG 55
1.5 -10
Observed Signal —
_ . /,—\\\\ Plasma Frequency -—- N
< | T B
8 it T 1l g I
: | i <
< g5 | ﬁ
o L
L g
b S & i
N ! B e e
-1.5 P
"] 50 100 150 200 250 300 350 400
@ : 90 . . A
3.1GHz
* : Shifted Slgngal — @ (200 MHz/div)
7 ; Qriginal Signal - |
-10 I
60 /\Ij. N
g % _
] S
2 4 g /\V/\ A\ /\ 'g
7]
E p Y 2
a V ! P V ‘ <
N A z
® M ! §
° | \' I E
| g
00 0.2 04 086 0.8 1 12 14 1.8 1.8 2 :.)'
) @/ 04
10
90 ' :
3.1GHz
®) /(200 MHz/div)
80 T
- Shifted Signal ——
e on;;inal Sional -
70 Experimantal Paints ()
Experi Points (b)
@ 60 X QV
: o
g s B
e [ \
16 1.8 2 -
o E L, o ' a) )
i, s VA
FIG. 11. Computed time evolution of the plasma frequency and 30 v v
the received signal observed outside the structure(dpN=11, . : v
L=0.6,d=0.2,2=0.1, y=0.002, andw,=1.2; () the power spec- 20 ’
trum of the received signal; an@) the square of the normalized © o7 o8 08 m;m + 12 13
c ¢

impedance of the structure for three plasma frequencies.

FIG. 12. Two experimentally recorded power spectra of the
incident (arrowed and downshifted signal$(a) and (b)], and

the plasma structure varies almost linearly with frequency(c) a simulation of the experiment with prominent experimental
This approximately linear dependence is also confirmed expoints superimposed. The resolution bandwidth and the sweeping
perimentally. We can therefore conclude that this trapping?peed of the spectrum analyzer are 100 kHz and 10 s/div, respec-
process is indeed the mechanism for the significant enhancévely-
ment of the spectral intensity of the frequency downshifted
lines.
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