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1. INTRODUCTION

This final report describes an investigation of electromagnetic-wave propagation in
unmagnetized plasmas and its application to the reduction of the radar cross section (RCS)
of a plasma-filled enclosure. Such RCS reduction is an example of plusma cloaking where
artificially-produced plasmas act as EM-wave absorbers or refractors. Figure 1 illustrates
schematically these two cloaking scenarios. We have demonstrated RCS reduction of 20 to
25 dB with a prototype system at the radar range at Hughes Aircraft's Microwave Products
Division in Torrance. The prototype consists of a sealed ceramic enclosure with a
microwave reflector and a plasma generator inside it. When the plasmi is present, the RCS
is significantly reduced over a frequency range of 4 to 14 GHz. The plasmits are produced
by a seed-gas/UV photoionization technique that permits independent variation ot the
plasma-density profile and the clectron-coilision frequency. As part of the program, we
also investigated the basic-plasma-physics issues relating to the absorption and refraction of
electromagnetic (EM) waves in collisional plasmas. We demonstrated absorption as hign
as 63 dB in o section of plasma-loaded C-band -ectangular waveguide. We also developed
a theoretical model for the plasma cloaking process that includes scattering ~ontributions
from the plasma-vacuum interface, partial reflections from the plasma, and collistonal
absorption in the plasma. The theoretical model is found to be in reasonable agreement
with the experimental results and can be used to confidently design future plasma cloaking
systems.

Based on the RCS reduction, plasma cloaking could be used to shield parts of
existing vehicles having large radar cross sectuons without major structural alterations.
Costly redesigns could be delayced and the equipment's service lifetime within the arena of
clectronic warfare would be extended. One major advantage of plasma cloaking over
conventional stealth technologies is that the plasma can be implemented as a “shuttered”
cioaking systiem at is switched on and off very rapidly. The plasma would cloak the
clectromagnetic transnussion systems by rapidly turning on the plasma when the
communication or radar systems were not transmitung or receiving.  Different plasma
cloaking systems could be developed for use on ships, airborne platforms, and satellites o
provide protection against different radar threats.

An effective plasma cloaking system successtully absorbs and/or refracts the
incident radiation to such an extent that the vreturned signal is obscured by background
1-4

noise. An inhomogencous, unmagnetized. collisional plasma’ ™™ can etfciently absorb

clectromagnetic waves. The EM-wave fields accelerate the plasma electrons which colhide




Ay EM wave is attenuated by the plasma as it is retlected trom the target.
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with the background gas molecules, thereby transferring energy trom the EM wave to the
gas. In the absorptive plasma-cloaking scenario, shown in Figure Ta, where a target is
surrounded by tan absorptive plasma, the M-wave makes two passes through the plasma
as it irradiates and is reflected from the target, losing energy incach pass. The total RCS
reduction in this scenario is dependent on several parameters such as the plasma volume,
the EM-wave frequency, the momentum-transter collisior frequency, and the plasma
density. In the refractive plasma-cloaking scenario, shown in Figure 1b, the incident EM-
wave is scattered by the changing dielectric constant within the plasma, thus minimizing the

interaction with the target.

1.1 Summary of Experimenta! Results

Hughes approach to the investigaaon of plasma cloaking during the tirst year of our
program was to measure the transnussion and retlecuon of EM-waves propagating in a
section of plasma-loaded rectangular waveguide and their variance as tunctions of the
plasma-density profile and momentum-transter collision rate.  Experimental results were
compared with the theoretical model.

Significant theoretical and experimental progress has been nade duning the course

of our program. The following items describe our results during the tirst year.

) Assembled glass-"T" vacuum vessel, mechanical vicuum pump, and seed-gas and
vackground-gas flow and monitoring svstem.

] Assembled spark-gap modulator with 15-kV high-voltage power supply and
ignitron switch.

] Fabncated and operated preluminary three-gap spark array with tungsten clectrodes.

. Demonstrated plasmia production using UV-photoionization of an Ar/He
seed/buckground-gas nuxture.

° Fabricated and cold-tested C-band waveguide section with 75% transparent
sidewalls with performance accurately predicted by theoretical unalyses.

. Assembled and operated EM-wave ransmission and monitormg neowork.
® Measured 63 dB maximum attenuation tor 4-GHz signal transmited through

plasma. The same plasima profile provides 238 dB trom 3 through 6 Gz, thaieby
validating the broadbund absorber concept.

‘s




® Measured attenuation as functions of collision frequency and plasma density (e,
spark-g.p current). The scaling is consistent with our absorption maodel.

Durning the sccond year, we applied the knowledge we gained from the first year
experiments on plasma production and EM-wave absorption to the development and

demonstration of a plasma-cloaking prowe  ¢. The sccond-year milestones are listed

below.

. Assembled ceramic enclosure with perforated microwave retlecter and spark-gap
array.

o Ensured proper operation of plasma-generation mechanism within the ceramic
enclosure.

. Measured up to 37 dB attenuation of reflected microwave signal from the plasma-
filled enclosure in laboratory-based two-horre ralcrowave scattering experiments.

° Measured RCS reduction (RCSR) of the plasma-filled enclosure using the compact
radar range at Hughes-M#PD. The RCSR was from 20 10 25 dB over the frequency
range of 4 to 14 Gllz.

L Compared RCSR measurements to a theoretical one-dimensional plasma-filled

enclosure model.

In the following sections we will review our technical progress in understanding
and demenstrating the basic physics of collisional EM-wave absorpton and its appheation
to the plasma-cloaking prototype. In Section 2 we present the theoretical conside tions for
our program starting with a simple absorption model of a plasma-cloaked target. Important
topics include quantification of reflection from a plasma-vacuum interface, propagation in a
plasma-filled waveguide and the physics of the plasma-filfed Fabry-Perot resonator as it
relates to muluple reflections in the plasma-filled enclosure. Section 3 follows with
discussions related to the prograa’s experimental design aspects. Foremost among these is
the plasma-production technique. In Scction 4 we present our results from the plasma-
tilled waveguide experiments, including attenuation scaling with radiation tfrequency,
morentum-transter collision frequency and plasima density. The results are compared to
the predictions of the model treated in Section 2. Finally in Section 5, we present the

detatls of the RCSR measurements made of the plasma-tilled ceramic enclosure at the

Hughes-MPD radar range.
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2. THEORY OF EM-WAVE PROPAGATION IN AN
UNMAGNETIZED PLLASMA

2.1. Basic Theory

In the analysis throughout this section, we assumie that the clectron-neutrzal collision
frequency in the plasma is such that the mean free path between collisions is much smaller
than the Debye length. Thus, any collective plasma interactions are effectively quenched by
collisions. This is equivalent to requiring that the clecteon temperature is very small. If this
were not the case, then it would be possible for EM-waves to lose energy to the plasma by
exciting electrostatic waves 3. Therefore, barring any mteraction with plasma waves, an
EM-wave will pass through a uniform, collisionless, unmagnetuzed plasma without any
attenuation provided the EM-wave angular frequency w,, exceeds the plasma frequency
detined by wy(z) = [n(.,cz/m‘,q,//’f, where g is the electron mass, ¢ is the elecurron charge,
£o 18 the free-space permittivity, and g is the plasma-electron density. In the case where
the radiation 1s incident on an overdense plusma such thut w,> @, the EM-wave is totally
reflected. If the plasma density vavies with the longitndinal coordinate z, then the wave is
totally retlected at the point where the plusma density exceeds a eriiical value determined by
Wp=Wy-

In contrast to the collisionless plasma, a cotlisional plasma will atenuate an EM-
wave; also the wave will never be totally reflected because the collisions modify the
propagation constant to be complex, thus preventing the real part from vanishing in an

overdense plasma. The diclectric constant tor an unmagnetzed, cold (1.e., Te=0) plasma

can be denived trom the Lorentz equation of mouon b,
I {
a’r B dr
my—s =-ck-v.m,— (H
dr~ dr

where r is the three-dimenstonal electron posinon vector, E 1s the electric tield of the EM
wave, v, 1. the electron electron-neutral collision frequencey, and @ = (-450-. Using £
E expiiwgt) we cai solve torr,

ek

I = - ) (2)
MWW, —1v.)
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If we consider the one-dimensional case where the plasma density varies only in the -

direction, the conductivity o¢ can be written as

s
nedr et o v.o—iw
B PR o A . (/T R (3)

oot M. W, + Ve

In general, the electron density in this expression is a function of the spatial position,

n. = ny(z). The dielectric constant £ may be written in terms of the conductivity as

r=1- : . H

Therefore, the dielectric constant & for an collistonal, unmagnetized, cold plasma 1

complex angd has the form

o e ]
(O v w5,
- = I - Ve I
t.l, --l -.—:2————_’—-—1_——,;—'3— . (S)
(wu + v;) Wy ((UJ + v;)

When ve=0, Equation (5) reduces to the well known expression for the dielectrice
. - 77 2 . .
constant of a collisionless plasma ¢, :(l - w,’,/w;) which goes negative in an overdense

nlasma. The propagation constant (&} tor an EM-wave in the collisional plasnui is compiex

R P T
k-k{,vz[, =k, +ik, (0)
whete k, = wy/e ts the free-space wavenumber, and &, and &, are the real and inaginary
parte of the wavenumber, respectively. 1 is not possible for either part of & to vanish

except when ve=0. Solving Equation (6) tor the real and imaginary parts of & yields

ky =k, reos(o/2) (7)
and
k, =k, rsin(¢/2) (X)
respectively, where rund ¢ are detined as
I 2 3 l/‘l
w: o
re - (2=l fuo? )
l W, + Vv I )

O
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and

| do ; Re(e) >0

= (10)
190(, + 7 : Re(e) <0

given the definition for the phase
-1 2 222
¢y = tan [~ V(;(L);,/(U(,((U(, + V- w,,) .

The real part of &, k,, indicates the EM-wave's rate of spatial oscillation while the
imaginary part of &, k,, expresses the field's decay rate as the wave moves through the

absorptive medium.

2.2. Collisional Absorption by a Plasma

Electromagnetic-wave propagation in - a diclectric media is governed by the wave

equation
e o =0
dz~ . (1)
We employ the WKB method? 10 derive an approximate solution,
L(z) = li‘,c.\p[i j k(z’)dz’] . (12)
10
which is valid in any region where
I dk (1 ;
k2 dz U

which requires that the wavenumber change very little over i distance of one wavelength.
This condition is casily sausfied by all but the sharpest plasma gradients, or when the

wavenuember approaches zero (e, at waveguide cutott).

2.2.1. Attenuation in a uniform plasma
For an infinite plasma of uniform density, Equation (12) vields an exoression for

the EM-wave power s a tunction of distance




-
Yo — P 'l‘.l\ 2 ;
Pzy=Pe N (14)
where P, is the power at 2 = (). The expression can be rearringed to yield a fonmula for

the attenuation in the medium

Attenuation fem =2 > 10 Mog gt 4, (15

Therefore the attenuation is proportional to the imaginar: part of’ the propagation ceastant
of Equation (6). The form of &; given in Equation (8) does not lend itselt 1o easy analysis.
It is usetul to examine the form of & in the extreme limits where v, -0 and

Ve 2> w,,0,.
r Ny, 3 N Ny ) ) Rl
_ ;| @3 LWy, wg ~ sy,
lim  k=k,|l1+5 ’| ’2—1)‘—1 L - — (16)
Ve >>0,,0, Lk Ve k4(u” J V., vy )
. | \
[ AT T i (L)’."‘.
koyJl =y foog 105 — —"— = v | @, > W,
@,{ 05 w;,) |
lim &= (17)
V-0 ( 2
‘ YR @y .
Ko I(U[)/(Uu -1]i- AT oy Ve , w, < w,
w,{w, - u)(,)

From Equations (16) and (17), it1s seen that the imaginary part of the propagation
constant vanishes as the collision frequency approaches the extreme limits of zero or
infinity given the condition that < @,. Figure 2 plots the absorption constant in dB/cm
for EM-waves of various frequencies propagating ina unitorm plasma. As predicted by
Equations (16) and (17), Figure 2 shows that the absorption tends to zero as the collision
frequency approaches the extreme limits except when @< o,. Furthermore and most
importantly, there 1s a peak in the absorption when vi-w,,. These features are casily
understood in terms of the simple model of a plasma electron being oscillated by an EM
wive and impeded by collisions with background atoms. As the EM-wave moves into the
plasma, its electric field oscillates the electrons. It there are no collisions, the electrons act
as a lossless dielectric. However, when a collection of neutral background atoms are
present, the electrons will collide with and wranster their Kincue energy to the back ground

atoms. The energy transfer is entically dependent on the phase of the electron's oscillation
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Figure 2 Attenuation of EM wave by collisional absorption in 4 unitorm plasma with

fy, = 3.2 GHz corresponding to a plasma density of 101" vm-3. Figure 2
pl]OIS the absorption vs coilision frequency for a number o) radiation
frequencies. The curves show that the absorption reaches a neak when the
collision frequency is near the radiaton frequency.
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cycle when the collision occurs. It an electron sufters a collision when it has maximum
kinetic energy (at a quarter way through its oscillation cycle), then the energy transfer is
most efficient. Therefore we can expect the net energy transfer to be the maximum when
the collision rate is roughly equal to the EM-wave frequency and a requirement for good
absorption is V¢~Wo.

When v.>>w,, the absorption properties are very poor because the elecuons have
acquired very little energy before they collide with neutrals. This is verified by Equation
(16) which shows that k;~//v. in the limit of lurge v, In the limit of vo<<w,, the
collision rate is so low that the electrons simply oscillaie in the EM-wave ficlds unimpeded
and little energy is dissipated.

2.2.2. Attenuation in a non-uniform plasma
To find the wave attenuation in a non-uniform plasma, we use Equation (12) ard
calculate the integral over the EM-wave's path. For an EM wave which enters a plasma at
z = zp, propagates to a reflecting target at = =z, and then returns through the plasma,

we estimate according to the WKB approximation that the net reflected power is
P=P cxp{ﬂéljl‘ lm[k(z')]dz'} (18)

and the attenuation in dB is

Atteruation(dB) = 17.36[ " Im[k(2/)]dz” - (19)

2.2.3. Attenuation in a plasma-loaded waveguide
It is much easier to make EM-wave transmission and reflection measurements if
they are done in a transmission line or waveguide rather than in free space. In our
investigation of the effects of plasmas on EM-wave propagation, we have used a
waveguide to perform the measurements. Theretore it is important to understand the
differences between the pliasma atenuation in the waveguide and free space.
In the waveguide, the complex propugation constant £ become:

"

ke = [/7(:)/\'03 - kel (20)

10




where k. is the vacuum cutoff wavenumber of the waveguide. For a collisionless plasma,

the EM-wave propagation constant is equivalent to that in a waveguide with cutoff
wavenumber equal to \/kf + (wl,/c') . As in free space propagation through a plasma, the

effect of collisions is to remove the possibility of k,=0 , thus eliminating the phenomenon
of total reflection at the cutoft frequency.

The absorption calculations now proceed in the same manner as betore, except
with Equation (20) used as the wavenumber. Figure 3 compares the attenuation for a
uniform plasma in free space and a C-band rectangular waveguide. It is evident that the
absorption is always higher in the waveguide given the same plasma and radiation
parameters. This difference i1s more pronounced as the radiation frequency approaches the

waveguide's cutoff frequency.

2.3. Reflections from a Plasma-Cioaked Target
Figure 4 illustrates the standard plasma-cloaking scenario. A highly reflective target
located at z=z; is surrounded by a plasma which extends from 2=z, to the target. As shown
in the figure, the plasma typically reaches maximum density at the target and gradually
decreases in intensity as a tunction of distance from the target. The density also suffers a
sharp decrease 1o n.=0 at z=zp due to the walls of a plasma confinement vessel. There are
three contributions to the reflected EM-wave power in this scenario
1) Reflections from the vacuum-plasma interface. Some power will be
reflected at the media discontinuity.
2) Partial reflections from the bulk plasma volume. These are EM waves that
are weakly reflected from the plasma density gradient.
3) Target reflection. This is the EM-wave power that is reflected tfrom the

target, while being auenuated by collisional absorption 1n the plasma.

The rclative values of these retlected powers determines which of them is the
limiting factor for RCS reduction. For example, it is pointless to attenuate the target
reflections to be negligible compared 1o the othier retlections since the RCS reduction is

determined by the combination of the all the reflections.

2.3.1. Reflection from a sharp vacuum-plasma interface
Figure 4 shows an EM wave incident on a plasma with a sharp boundary at z = z,,.
The power reflected from a sharp plasma-vacuam interface can be computed by the Fresnel

formula

11
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where P, is the reflected power, P, is the incident power and €, is the plasma dielectric
constant at z=zg. Figure 5a the shows the scaling of the reflected power vs
Jolfp (= W,/ Wy) as given by Equation (21). For the collisionless plasma, total reflection
occurs when w,/@, <1, and the reflected power drops for @,/w, > 1. When collisions
are included, the wave always penctrates into the plasmi and is attenuated by the plasma.
The rediected power is greatly reduced as v, increases , even when wg/wp = . In
conclusion, it is routine 10 reduce the refection from the interfiace by 30 dB or more by

judicious choices of the plasma parameters.

2.3.2. Reflections from the plasma density gradient
The fraction of the EM-wave power (P) that peneuates beyond the vacuuni-plasma
mterface 1s partially reflected by density gradients in the plasma volume. Although this
process can be treated numerically, exact solutions to the EM-wave differential equation
may be obtained for certain density profiles. One such profile is the Epstemn plasma-density
profile given by

ng(z)=n,(l+ ™40

where n, is the peak electron density at z=+eeund o'is the scale ler.gth of the gradient. An
example of the Epstein profile is shown in Figure o for ditferent values of o, The power

reflection ccefficient for normal incidenced is

R = lzi—l L] (23)

where 17 1s the complex gamma function and € is the plasma dielectric constant evaluated at
infinity. If 6=0, then Equation (23) reduces o the Fresnel formula of Equation (21).
In the scenario of Figure 4 the plasma has much less than infinite extent, however

we argue that Equation (233 will give good approximate results for the density-gradient
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reflections as long as the plasima’s extent is several times larger than o, the gradient scale
factor. Figure 5b plots Ppa/Py vs @/, for various values of vi/i, tor ¢ = (1/15)A,,.
where A, is the EM-wave's free-space wavelength. Even though this gradient scale length
is small with respect to a wavelength and wy/wp, < 1. the partially retlected power is stll
greatly reduced by collisions. 1t is also important to note that the WKB condition iy still

satisfied for this particular case.

2.3.3. Total reflection from the plasma-cloaked target

The total reflected EM-wave power is a combination of the power reflecied from the
vacuum-plasma interface, the partial reflections trom the bulk plasma, and the collisionally
attenuated waves reflected by the target. An exact caleulation of the combinauon of these
reflections 1s not available analyticully because the effects of muluple reflectons makes it a
very complicated situation. However, an upper limit for the retlected power is computed
by summing over the electric fields ot the component retlections, caleulited trom Equations
(18), (21) and (23), and assuming that they are all in phase. Figure 7 displays this
approximation to the total reflected power versus EM-wave frequency tor an EM-wave
incident on a target surrounded by an Epstem-protife plasma that extends 1o z=-co.
Figure 7a shows how the plasma profile's shape affects the attenuation. As seen in the
plots, the reflected power is high at the low- and high-frequency ends of the spectrum. The
low-frequency end has high retlection due to reflection from the density gradient.
Therefore, the reflections at low EM-wave frequencies are more cetticiently reduced by the
plasma profiles with greater o values due to he larger size of the plasma relative to the EM
wavelength. The wave reflects strongly at high-frequency end because the plasma
absorption dec cases rapidly as the frequency increases as seen in Figure 20 Figure 7b
shows how the reflected power is affected by the clectron collision trequency. These

calculations agree with those published by Vidmar?.

2.4. The Plasma-Filled Fabry-Perot Resonator

The effects of muluple retlections from the various interfaces was ignored in the
previous section for the sake of simplicity. However, muluple retlectons can be very
important in a plasma-cloaking system as demonstrated by the data taken on the plasma-
filled enclosure of Section 5. In order o understand the complications introduced by
multiple interfaces in a plasma-cloaking scenario, this section treats the problem of

retlection from a plasma-titled Fabry-Perot resonator.
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The Fabry-»l’crmg resonator is a par of partially retlecting parallel plates. In this

example, we assume that the space between the plates is filled with @ untform plasma and
that the back plate is totally reflective. An EM-wave is incident on the front plate. Some
the wave's power is reflected from the tront plate while the rest penetrates into the
resonator making multiple retlections between the plates. A portion of the wive exits the
resonator each time it strikes the front plate. The power reflection coefficient 1s

P e R gk )

Lol oy okl cos(24,L)

where r is the reflectivity from the cavity's tront interfuce and the rear interfuce s assumed
to be totally reflective.  The plusma's properties are contained within &; and 4, the
mmaginary and real parts of the EM-wave propagation constant in the plasma. For
simplicity, the following discussion will 1gnore the complex character of rand will treat 1t

as a real number.

The effects of multiple retlections are revealed by inspection ol Equation (24). For
example, if 7 is equal to the single-pass absorption (¢ <Al and 2k, L=r.375x,.. then all
the power is absorbed within the cavity and there is no reflection. In contrast, when
2k L=0.2m, 4, .., the retlected power is 6 dB higher than reflection trom the tront
interface alone. In the limit ¢-kb=] | there is no auenuation and 1009 of the power is
reflected from the cavity. In the opposite extreme where e =*filr, the back inerface is
ctfectively clouked and nearly all of the retlected signal is from the front intertace.

Figure 8 plots the return loss vs frequency for various ratios of ¢==kiljr . When the
ratio 1s near 1, the return loss has prominent peaks and valleys across the spectram. As the
ratio approaches () (See Figure 8a), the retlection trom the back interface becomes dominant
and the return loss approaches zero. As the ratio becomes large, the back plate is
effectively cloaked by the plasma and reflection from the front plate is dominant and
constant.  The retlection coetticient 1s then deternuned by the tront plate’s retlection

coctficient.
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Reflection from a plasma-filled Fabry-Perot resonator. Retlection trom a
plasma-tilled Fabry-Perot resonator can be eliminated completely by
appropriate choice of the tront interfuce retlection coetticient (r) uand the
single pass absorption (e-2412), The figures plot the return loss of a signal
retlected from a resonator with 15-cm plate separation and » =./ . In Figure
8a the return loss 1s plotted for several values of the absorption showing
how the retlection 1s constant at high plasma density and as the density is
lowered. the reflection s driven very low as the resonant absorption
condition 1s reached. Figure 8b shows how the retarn loss behaves as the
plasma density continues 1o decrease. Eventually there is no absorption

and total retlection oceurs.
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3. EXPERIMENTAL DESIGN

[ this scction we describe the technmique used for producing and diagnosing a
volumetric plasma 1o be used in the subsequent experinients on EM-wave absorption in the

plasma-filled waveguide and the RCS reduction of the plasma-tiled enclosure.

3.1 Plasma-Production Technique

The plasma-production eehnigue is designed to allow independent variation ot the
plasma density and the clectron collision frequency. We used a UV-sustained plasma-
generation technology to produce the required plasma densities and plasma-density
gradients. Hughes Research Laboratories 'V has previously pioneered this technique for
producing spatially controllable, moderate-density plasmas within a bngh-pressure gas tor
gas-laser discharges. The technique utilizes UV photoonization ot a low-ionization-
potential seed gas at relatively low concentration in conjunction with the high-pressure gas.
This approach permits us to independently vary the plasma density and the electron
collision frequency in order to determine the parameters that optimize EN-wave absorption
and refraction. The UV is generated by a high-voltage discharge across an array of spark
gaps. The spark-gap array is described in detail in Section 4.

The UV-sustained discharge technique was chosen because 1t decouples the plasma-
production and electron-collision processes, unlike other conventional volume-ionization
schemes, such as rf discharges, which involve the dissociation of the background gas to
form plasma clectrons and 1ons. We developed the UV-sustained discharge technique at
HRL under an ecarlier DARPA-supported program to produce a volumetrically scalable
discharge for exciting high pressure CO- lesers . In that program a CO-/Na/He mixture
at near atmospheric pressure wis sceded with a small concentraton of a low-lomzation-
potential organic molecule (tri-n-propylamine) and illuminated with UV radiation from a
spark-gap array. Photoionized electron densities >1012 cm-d were produced throughout an
atmospheric-pressure bacxk ground-gas volume of about 20 liters.

In our present experiments, we found that a seed/back ground- gas mixture of Ar/tle
provides satistactory plasma-production rates. This gas nuxture greatly simphifies the
experimental apparatus since other candidate seed gases would requure spectal handling
because of their toxicity. The UV-photoionization cross-sections ' as functions of photon
energy for several inert gases are shown in Figure Y. Photons with energies between 21

and 16 ¢V penetrate the high-pressure He gas and ionize the Ar seed gas. We have found




empiricaily that UV emission from the spark gaps described in Section 4 has sufficient
intensity in tins spectral regime to induce satistuctory ionization. We can estimate the size
of the ionized volume. The UV radiation intensity will obey an exponential decay law

1) =l,es (25)

where I(x) is the intensity at positien t, /,, is the intensity at the spark gap at x=0, and
§ = (7601uP 4,), is the UV absorption distance, where 1 is the absorption coetficient in
em-! shown in Figure 9, and P4, is tiie argon sced-gas nressure in ‘Forr. The plasma
density is then proportional to derivative of /i) with respect to

al(x) 1, _y

Np o< — =—¢ 7. (26)
dx 5

In our experiments, we typically used Argon pressures from 100 to 400 mTorr: if we use
u =600 cm! we find that ¢ varies from 12.7 1o 3.2 en.

It was not possible for us o estimate the plasma density prior w0 doing the
experiments s there were several unknown tactors involved in the calculation including the
spark-gap's UV spectrum and efficiency and the impurity concentration in the gas mixture.
In practice, empiricai observation ot the plasma propertics were the Tastest way to optimize
the plasma generator. However, we were able to estimate the optimum argon pressure
based on manipulation of Equation (26). Simple analysis yields the condition for
maximum plasma density at a fixed point 1, 10 occur when ¢=x. Therctore, the optimum
pressure 15 Pa,=700 Torriy In the plasma-tilled wavegurde experiments (See Section 4),
the distance from the spark gaps to the waveguide axis was 10 ¢m, thus the optimum argon
pressure 1s predicted tw lie within the range from 100 w0 200 mTorr depending on the value
of gt used.

During the experimental measurements, questions were raised as to whether the
prasma was indeed being formed through the UV-photoionizition process or it it was
created within the spark gap and propagated ounwvard to till the rest of the vacuum chamber.
An important picce of data used to resolve this point was the relative timing between the
spark-gap current pulse and the EM wave absorption (See Figures 20 and 30) in the
plasma-tilled waveguide. The data showed that the initiation of the current pulse and the
onset of the absorption were simultancous. This ruled out any possibility of plasma
propagation from the spark gaps being the plasma source, since it would have taken nearly
100 psec atter the cusrent pulse for any absorption 1o oceur; based on the fact that a plasma
in the pressures used would propagaie at the speed of sound (= 100 ny/sec).

Further verification of the UV-photoionization method was given by the empirical

agreement of absorption vs argon pressure with the caleulations based on Equation (20).
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As the argon pressure was raised from zero, the absorption increased to a maximum near
170 mTorr and then steadily decreased thus indicating that the plasma density in the
waveguide had followed a similar course. The observed behavior was in good agreement
with the predictions.

3.1.1 Plasma formation and energy efficicney

An ideal plasma cloaking system would create 2 CW plasma for a small energy
cost. The methods described in this paper are very primitive and were developed to merely
demonstrate the feasibility of plasma cloaking. In order to engineer a viable plasma-
cloaking system for an airborne platform, more efficient means must be used to create the
plasma. Gas purity is absolutely imperative for an efficient system. As an illustration of
the effects impurities have on a plasma, Figure 10 displays the plasma litetimes for helium
as a function of gas purity as computed by Vidmar3. It shows that an increase of several
orders of magnitude can be achieved with a pure gas. The resultant energy requirements
are calculated from the rate equations.

P=k ng E ! (27)
where P is the power per unit volume necessiary 1o maintain a plasma at constant density #,
in a gas with an ionization potential £; and a recombination rate k. The plasma lifetime is
related (o the recombination rate by 7=//k ne. Table 1 lists the recombination rates and
ionization potentials for several gases along with the power to sustain a plasma as
calculated from Equation (27).

Another way to increase efficiency is to use a gas which is readily tonized but has a
low intrinsic recombination rate. The noble gases are particularly attractive because of their
low recombination rates and their low affinity for free electrons. However, their ionization
potentials lie at 10 eV or higher. If it were possibie 1o find other materials with lower
ionization potentials that still have low recombination rates and low radical coefficients,
then efficiency could be driven even higher. Possibilities exist for exotic organic vapors
such as Tetrakis-(dimethylamino)ethylene (TMAE), an organic material with Ejgp ~ 6 ¢ V.
On the down side, such materials would break down in any high-voltuge discharge being
used to create the plasma, therefore a tlowing gas system s necessary i order 1o maintain

gas purity. The organic materials are also hard 1o handle because of their toxic properties.
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P (Watts) P (Watts)
Gas k (em3fsec) | Ei ©€V) [ng=1011cem3 | no=1012¢em 3
Helium® 10x 108 | 245 20 1960
Helium w/ 1 ppm Air 24 x 10-8t] 24.5 47 4704
Helium w/ 100 ppm Air| 8.3 x 10-8¢| 24.5 162 16268
Neon® 18x107 | 216 311 31104
Argon* 9.1 x 10-7 15.8 1150 115024
Krypton™ 1.6x 106 | 140 1792 179200
Xenon™ 2.7 x 100 12.1 2613 261360
TMAE' ~30x 1006 ~6. 1440 144000

* Rates bascd on two-body dissociation

i As calculated from Figure 10 and Equation (27) for P=100 Torr
++ Estmated values for k and E;

Table 1. Plasma Power Requirements are computed according to
Equation (27) for maintaining uniform plasma density in a volume of

5000 cm3 with a 10% efficient plasma ionization source. Two-body
dissociative recombination is assumed to be dominant except in the case of
Helium with impuritics which is assumed to be at a pressure of 10 Torr.

3.2 Vacuum System

A glass-"T" vacuum system was assembled for the plasma-filled waveguide
experiments of Phase 1 of this program. A mechanical vacuum pump is used to evacuate
the glass-"T" 10 a base pressure of 5 mTorr. A valve between the pump and the glass-"T"
is used to isolate the chambcr from the pump during the experiments. A DV-6M Hasting
gauge is used to monitor pressures in the 1 to 1000 mTorr range (seed gas), and a Model-
760 Hasting gauge and a Bourdon gauge cover the | to 760-Torr range. Independent gas-
feed systems are used o control the seed-gas and background-gas pressures. Each gas-
feed system consists of a gas botile, a high-pressure regulator, a purge line, a leak valve
and a shutoff valve. To maintain a specified seed/background gas mixture, we evacuate the
chamber, and then close the vacuum valve to isolate the chamber from the pump. We first
leak in the seed gas to the desired pressure (monitored using the model DV-6M gauge), and
then introduce the higher-pressure background gas (monitored using the model 760 gauge).
Since the Ar/le gas mixture does not decompose during the photolonization process,

flowing-gas system is not required.
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The vacuum vesse! utilized tor the plasma-filled ceramic enclosure experiments was
the ceramic enclosure itself. A metal flange was fitted to its back end with an O-ring seal
and all of the vacuum valves and gas-handling components were tied into the enclosure via
the back flange. Gas-transfer operations were nearly identical to those used with the glass-

"T" vacuum system described above.

3.3 High-Voltage Modulator

The high-voltage modulator assembled for this program is shown in Figure 11 1s
basically a simple capacitor discharge circuit. A single GL7703 ignitron switch is used to
close the high-voltage, high-current capacitor discharge circutt. A 15-kV power supply
pre-charges each capacitor through a 100-kQ resistor. The capacitor charging path 15
completed by a 2-k€2 resistor. When the GL7703 ignitron is triggered, the high-voltage
immediately appears across the spark-gap array. If the voltage exceeds the breakdown
voltage (measured to be ~1.5 kV), the spark gaps fire and the capacitors are discharged
through the gaps. High-voltage probes and current transformers are used to monitor the
pulsed voltages and currents, respectively. After initiating the arc. the current decreases
with a characteristic R'C decay time constant, where R’ is the sum of the series resistance
(10 ohms) and the arc resistance. Since the voltage drop across the spark-gap is very low
after breakdown is initiated, the current through the gaps, and hence the intensity of the UV
emission, is controlled by varying the capacitor charge voltage and the series resistance.
Special feedthroughs were fubricated to couple the high-voliage into the vacuum system.
The feedthroughs consist of 20-kV bushings soldered to moditied Swagelock O-seal
fittings. Twenty-kilovolt high-voltage (HV) wire 1s soldered to the high-voltage bushing to
form part of the vacuum seal. The HV wire is then routed to the different spark-gap
elements. This system has provided reliable operation up 1o a maximum test voltage of

15 kV with He-gas pressures froms 150 to 500 Torr.




J45S0319-02R1

05 uF
| I 10 Q
|
| 5-GAP
2kQ SPARK-GAP
ARRAY
0.5 WF 1
l I 10 Q
I I J\/\/} 5-GAP
2k Q o |SPARK-GAP
ARRAY
0.5 pF
| I 10 Q
&1 scar
2k Q SPARK-GAP
Q1 ARRAY
0.5 uF
100"( Q I l 10 Q
GL7703 0 5-GAP
— 2k QO o SPARK-GAP
15kV ARRAY

Figurc 11

High-voltuge spurk-gap modulator.




-

-

A

4. PLASMA-FILLED WAVEGUIDE EXPERIMENTS

In this section we describe our experiments investigating EM-wave absorption in a
plasma-loaded section of C-band waveguide beginning with a description of the apparatus,
in particular the spark-gap array and the slotted waveguide assembly. We then proceed o
discuss the plasma density measurements and the EM-wave propagation experiments. Our

results are then compared to theory and shown to be in good agreement.

4.1. Critical Design Coniponents
4.1.1. Spark-gap array

For preliminary experiments, a three-gap spark array was designed by caretully
considering high-voltage breakdown in a 1 to 760 Torr gaseous environraent | 214, The
main requirement js that the breakdown occurs between the electrodes and not the electrode
supports. Based on the cesults of this design study, we used U.16-cm-diameter tungsten
electrodes sharpened to a point and mounted in 0.64-cm-diameter polished stainless-steel
clectrode holders (Tantulum clectrodes worked cqually well except that they had a higher
erosion rate). The modulator described in Section 3.3 was uscd to test the preliminary
spark-gap array at pressures ranging from 5 mTorr to 760 Torr. We tested the array in
one, two, and three-gap configurations to determing the scaling of the minimum breakdown
voltage at different pressures with the number of gaps and the tungsten-electrode spacing.
We found that a gap spacing of 0.64 ¢m provides reliable operatien from 150- to 760-Torr
He-gas pressure with a minimum brzakdown voltage of about 3 kV for a three-gap array.
Operation at lower pressures was extremely difficult due to glow discharges between the
high-voltage-electrode support and the gounded waveguide. There were also problems
with Paschen breakdown inside the high-voltage feedthroughs at the lower pressures.

Using these data we designed four arrays with five spark gaps per array. Each
five-gap array was found to have a breakdown voltage of 4 kV. Figure 12 shows the
spark-gap arrays mounted on the slotted waveguide, which 1s described in the next

subsection.

4.1.2. Slotted waveguide
The slotted waveguide 1s the key clement in the EM-wave transmission system; it
solves the problem of allowing plasmi to be injected into the waveguide without disturbing

the wavegulde's transmission characteristics. We performed  theoretical caleulaitons and
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Figure 12 Slotted waveguide and spark- gap array mounted on vacuum tlange.




scveral experiments to validate the concept prior to fabricatirg the full-scale slotted
waveguide. Our calculations '™ 10 indicated that a C-band (WR187) waveguide with 75%
to 80% sidewall transparency will have negligible perturbation on the transmitted wave.
Using the calculations as a guide, we tabricated a five-slot, 75%-transparent scction of C-
band rectangular waveguide (slot width = .04 cm). The slots are cut into the short walls
on the waveguide because the electric field of the fundamental mode vanishes at these
walls. Therefore, there are no wall currents that can be interrupted by the walls. The slots’
effect on transmission properties was examined by measuring the waveguide insertion loss
using a scalar network analyzer; the slots were tound to have virtually no effect. Less than
0.1-dB change in the waveguide's transmission loss was measured.

Enconraged by the test prece’s high pertormance. we then tabricated the 30-cm-
long section ot C-band waveguide with 75% wall transparency shown in Figure 13, The
measured insertion loss is shown in Figure 14, where the in-band characteristics of the
coax-to-waveguide adapters and coaxial cables have been subtracted out. The nsertion
loss 15 less than 0.2 dB over the C-band operating frequencies of 4 to 6 Gz, This
insertion loss is much less than the EM-wave attenuation expected in the cloaking
expenments therefore we expect to accurately measure the effects of plasma on the wave
propagation in the waveguide without having to worry about the etfects ot the impertect

walls.

4.2. Plasma Density Measurement

We installed a cylindrical Langmuir probe to measure the plasma-density protfile
We sampled the axial plasma density by removing one coax-to-waveguide adapter and
inserting the probe into the waveguide. The probe was biased at +45 V 1o collect electron
current, which provides a relative measure of the local clectron density. Two plasma
profiles are shown in Figure 15, One profile was recorded when 700 A was discharged
through 19 spark gaps. The second profile resulted when 680 A was discharged through
only 10 spark gips (one five-gap array on cach side of the slotted waveguide).  From the
profile measured when the 19 gaps were fired, we tind that the plasma extends for about
22 cm (half-maximum points on the electren-current profile) within the waveguide and has
a gentle gradient at either end. At this point, we have not yet assigned an absolute plasma
density to the protiles in Figure 15 because we have tound that the Langmuir probe theory
developed for highly collistonal plasmas is computation intensive.  However, we have
applicd an empirical technique based the data trom the plasmia-titled waveguide's
absorption experiments (See Section 4.3) and applied @ non-lincar curve it to determine the

plasma density. The curve fitis based on the theory of Section 2 and we assumed  unitorm
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Figure 13

Slotted, 30-cm-long WRI1R7 waveguide section.
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Slotted-waveguide insertion loss measured using scalar network analyzer.
The insertion loss is less than 0.3 dB when system s operated in the
tundamental TE 1y maode (4 10 6 Ghz).
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plasma density across the waveguide's cross secuon. As shown in Figure 10, the plasma
density scales proportional to the square of the spark-gap current. A corollary is that the
corresponding plasma frequency scales linearly and a curve is it to the data points based on
this simple dependence. The lincar behavior is casy to demonstrate analytically it we
assume that the spark-gap impedance is constant and the power that zoes mto the plasma
generation is proportionsl to the power dissipated across the are; then nes<Pyge=lyre"Ryge and
fpe<lare. On the other hand, we can expect complications due o the following uncertainties;

the spark gap's UV spectrunt as o function of current , the gap's radiation efficiency, the

.

stability of the spark-gap impedance and the modeling of the true plasma protile. As seen
in the curve fit of Figure 16, the complications do not introduce serious aberrations.

We wiso used the Langmuir probe to measuic the relative plasma density as a
tunction of argon sced-gas pressure in order 1o verify the optimum value as predicted by
the UV-photoionization analysis of Section 3.1, The elecuon probe current wis monitored
as the seed-gas purtial pressure was increased trom 0 1o 1 Torr by holding the probe at a
fixed +45 V bias. The helium pressure was also varied from 200 w 300 Torr. “The probe
current peaked at argon pressures near FSO mTorr corresponding to an e-folding UV-

absorption length of about 10 cm, thus ven

-
[P
—

ing the caleulations of Section 31 that

showed that the argon/helium gas mixture was suitable for our absorption experiments.

4.3. Absorption in the Plasma-Filled Waveguide

In this section we describe absorption experiments demonstrating a maximum of

63 dB attenuaton for a 4-GHz EM wave propagated through the plasma-loaded
wiaveguide. These experiments eimployed the Your, tive-gap spark arrays and the slotied C-
band waveguide shown in Figure 17, the microwave tansmission svsteims shown in
Figures 18 and 19, and the spark-gap modulator shown in Figure 11

We assembled the EM-wave tansmission system shown i Fieure 18, The pulse
generator gates the nucrowave signal source on for approximately 50 ps. The signal is
then amplified to approximately 1 W. An isolator prevents power retlected trom the

amplifier input from rewrning to the signal source. Fhe output from the ampliticr is routed

through a circulator to isolate the amplifier from the plasma-loaded waveguide. Divectional

couplers and diode detectors are used to measure the power incident on, retlected from, and
transmitted through the plasma-loaded waveguide.  Hermencally scaled SMA feedthroughs
are used 1o route the microwaves into the vacuum chamber. Standard WRIS7 coax-to-

waveguide adapters match the coax cables t the plasna loaded wavegmde. This ransmis-
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PLASMA
SPARK MICROWAVE

VACUUM ARRAY OUTPUT
CHAMBER '
<D

MICROWAVE
INPUT

RECTANGULAR l
WAVEGUIDE

Fivure 17 Rectangular waveguide and spark-gap array used in the plasma-filled
waveguide experiments. The spark gaps, mounted parallel to the
waveguide axis, produce UV radiation that penetrates the waveguide
through slots in the sidewalls. The UV ionizes an Argon-Helium gas
mixture inside the waveguide to density as high as 1012 ¢cm’3
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Figure 18 Electromagnetic-wave transmission system using diode detectors.
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Figure 19 Electromagnetic-wave transmission system using i@ spectrum analyzer as a

tuned receiver. The tuned receiver increases the dynanmic range to about

70 dB.




sion system had about 15 dB of dynamic range. We increased the dynamic range to more
than 70 dB by installing the 10-dB amplifier and by replacing the diode detectors with a
spectrum analyzer employed as a tuned receiver as shown in Figure 19. To climinate
electromagnetic interference (EMI) produced by the short-duration, high-current spark-gap
pulses, and ground-loops, we installed the signal source, amplhifier, diode detectors, and
tuned receiver inside an EMI-shielded screen room. This eliminated all ground loops and
EMI effects.

The timing scenario for the experiment s displayed in Figure 20. The microwave
source is gated on by the pulse generator as described above. The turn-on time is chosen to
be about 10 us before the spark gaps are triggered. This enables us 10 calibrate microwave
transmission losses by comparing the power transmitted through the system with the
plasma OFF and then ON. In the ideal case of VSWR = 1, there is no reflected power
when the plasma is OFF because the 50-ohm load absorbs all the incident power, and there
are no reflections from the various waveguide and coaxial components. (VSWR stands for
variable standing wave ratio; it is a measare of how much power is reflected from a
microwave transmission line system or various components.) However, the retlected
powcr actually includes the signals reflecied from conneciors, cables, and adaprers in the
vansmission system. In fact, we have found that & major contribution to the retlected
power is from the coax-to-waveguide adapters, which the manufactures quotes as having a
VSWR of £1.25. This specifies an ultimate sensiuvity limit of 19 dB tfor the reflected
power relative to the input signal. With the plasma on, the measured reflected power can
increase or decrease depending on the standing-wave pattern at the directional coupler.
This standing-wave pattern is created by the multiple reflections of the microwave signal
from the various coaxial and waveguide components on the input side of the plasma-loaded
waveguide section. This 18 because the standing-wave pattern changes when the reflected
power originating from the components on the output side of the plasma-loaded waveguide
section is attenuated by the plasma.

We performed the cloaking demonstration shown in Figure 21 to unambiguously
demonstrate that the microwave power is not retlected by the plissma. The 50-ohm load
normally used to terminate the transmission system s now replaced by a short. This
reflects all the microwave power that reaches the short back toward the plasma loaded
waveguide. Before the plasma is pulsed, the ransmitted and reflected powers are roughly
equal. When the plasma is triggered, both the transmitted and reflected power decrease to

very low levels thus demonstrating that the short ar the end ot the transmission line was

cffectively cloaked by the plasnia.
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Figure 20 Timing scenario for plasma-filled waveguide experiment. The microw

aves
are pulsed about 10 ps before the plasma is triggered.
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Figure 21 Cloaking demonstration.  The 50-ohm load normally used to terminate the
transmission system is replace with a short; microwave power reaching the
short 1s reflected back toward the plasma-loaded waveguide. The EM-wave
frequency was 4.95 GHz, the spark-gap current was 700 A (for cach of
the four five-gap spark arrays), and the clectron collision frequency was
61 GHz.
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We installed the spectrum analyzer o increase the dynamie range of the
transmussion system. The spectrum analyzer is operated as a wned receiver by inhibiting
the frequency sweep and manually setting the trequency. We then display the vertical
output from the spectrum analyzer on an oscilloscope to obtain a temporal record of the
microwave power as shown in Figure 220 The IF bandwidth on the spectrum analyzer is
3 MHz, which provides a wemporal resolution of about 0.3 s, The improvement in
dynamic range 1s readily apparent. The baseline at the top of the photo is 0-dB attenuation,
since this 1s the power level prior to pulsing the plasma. When the plasma is pulsed, the
attenuation increases to 50 ¢B for a spuark- gap current ot 940 AL The noise at the bottom
of the oscilloscope trace is the weak signal from the microwave source after it is amplified
by the 10-dB power amplifier. The dynamic range for this system 1s now 270 dB.

We measrred the attenuation of the microwave signal transmittied through the
plasma as a function of the electron collision trequency. The collision frcqucncy” is
varied by changing the He-gas pressure. The data is shown i Figures 23 for microwave
frequencies of 4, 5, and 6 GHz. The anenuanon increases as the spark-gap current, and
hence the plasma density, 18 mereased. The atenuation increases because with higher
clectron densiucs, more clections aic aviilable foracecleration by the EM wave. Another
trend 1s that the atenuation decreases us the colliston frequency increases. This is expected
since the electron collision frequency 1s always greater than the microwave {requency in
these experiments. These trends are predicted by the theoretical model as desceribed in
Scction 2.

We also measured the attenuation as a function of the microwave frequency for
different plasma densities as shown in Figure 240 The Largest attenuation iy observed for
the lowest EM-wave frequency and the highest plasma density (iee., spark-gap current).
The attenuation decreases, at fixed microwave frequency, as the plasima density decreases.
We also aote that the attenuation decreases as the microwave trequency increases. These
trends are consistent with those observed in Figure 230 We cmphasize that there is no point
where the attenuation saturates: it will continue to increase with increasing plasma density,

We measured the attenuation of the transmitted signal for ditterent plasma-density
profiles. We produced difterent protfiles B pulsing sciceted S-gap arrays. Our preliminary
conclusion 1y that the shape ol plasma protite s only a minor effect on the ransmitied

signal. We found that the maximum attenuatios. is provided by the densest plasma with the

longest axial length.
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Attenuation of the transmitted signal measured using a spectrum analyzer
operated as a tuned receiver. The line at  the p of the trace is O dB
attenuation.  The EM-wave frequency was 5 Gliz, and the clectron
collision frequency was 61 Gliz.
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4.3.1. Comparison of Experimental Results With The Theoretical Model
We appiied the theoretical analysis of Section 2 1o the data in Figures 23 and 24
and achieved very good agreement. Using the profile shown in Figure 15, we modeled
the electron-density profile as a 22-cm-long plasma of unitorm density. However, since
we did not have an absolute measurement of the electron density using the Langmuir probe,
we used a self-consistent curve-fitting procedure to determine the clectron density as
described in Section 1.2
We applied the theoretical model with the clecuron-density scaling shown in
Figure 16 to the data in Figures 23 and 24, The theoreucal curves are superimposed on the
measured data in the figures. There is excellent agreement between experanent and theory.
Also, since the data in Figure 23 was recorded independently of the datain Figure 24,

these data provide an independent confinnanon of the validity of the model and the scaling

relationships.




5. EM-WAVE ABSORPTION BY A PLASMA-FILLED
NCLOSURE

In this section we describe the operation of a plasma-cloaking prototype consisting
of a radar target and a plasma source inside a ceramice enclosure. The system's design is
based on the principles described in the previous sections; in particular the plasma source
and gas-handling system used in the plasma-filled waveguide experiments are redesigned
for integration into the ceramic enclosure. The plasma cloaking principie was demonstrated
by measuring the prototype’s radar cross section (RCS) in 4 compact radar range that can
measure far-ficld EM-wave interaction with the target without interlerence trom other

structures.

5.1. The Ceramic Enclosure

The ceramic enclosure system is pictured in Figure 250 The enclosure is 7" in
diameter at ity base and 18" long trom basc o tip. The wall thickness varies over the ity
length such that microwaves in the frequency range trom 9.5 to 10.5 GHz pass through the
wall with little reflecion. This 1s known as the enclosure's transparency zone. A
perforated circular nlate is mounted inside the enclosure 47 from its base. The plate will

. . . . . ( Neay - .
serve as a reflector for incident radiation. Its radar cross section !9 19 (RCS) is given by

27N

Ores = 75— | ——vost

o’y A ))2
A ( u
where a is the plate radius, A is the radiation wavelength, € s the observation angle with
respect 1o the plate’s normal vector and w0 = dasin(@)/ A . As seen in iigure 20, the peak
RCS of 3.5 dBsm oceurs tor normal incidence and the RCS is relatively flat over a wide
angular range; from 8=0 to 107, the RCS varies by only 2 dBsm. The perforations allow
the plate to be partially transparent to the UV radiation from the spark gaps according to the
same principle used tor the slotted waveguide inthe plasma-filled waveguide experiments
(See Section 4).

A spark-gap array 1s mounted 27 behind the retlector phte. Its purpose is to
produce the UV radiation which will ionize the gas nixture inside the enclosure and create
the plasmat. The spark gaps, shown in Figure 27, are arranged into two cuircuits of 5 spark

gaps cach placed along a circutar curve ona ceranue substrate. A high voltage lead s
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Angle of Incidence, Degrees

Rudar cross section of circulur plate. The RCS of the 37 diameter circular
plate 1s calculated tor a frequencies of 8, 10 and 12 GHz. it is seen that the
RCS changes very little for angles of incidence less than 5° thus indicating
that the alignment is not critical tor RCS measurements.
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Figure 27.

Spark gap assembly
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connected to one end of the spark-gap array and a return line is attached to the other side.
Switching is performed by a 20k V-100kA ignitron switch. When the high voltage is
turned on, the large voltage ditference on the spark gaps causes the gas mixture in the gap
to break down, thus allowing current to flow from a bank ot discharge capacitor through
the spark gaps. In our experiments, a 1-pF capacitor, charged to 10 kV was connected to
each spark-gap circuit. During the high-voltage pulse, the current reached a peak value of
3000 A in 4 psec and then decayed with a half-life of 20 psec. Each spark gap consisted
of a 0.25" spacing between tips and each up was made tfrom 0.060™ tungsten with a 40°
cone greund on each ¢nd.

The spark-gap array and the reflector plate are mounted as an integral unit on the
ceramic enclosure’s back flunge. The spacing between the components is critical because
too-small a spacing would lead to high voltage breakdown occurring in undesired
locations. High voltage feedthroughs for spark-gap operation, a vacuum pumping port,
gas feedthroughs for maintaining the proper gas mixture and diagnostic feedthroughs for
measuring plasma density and providing feedbuck on the device's operation are all mounted
on the enclosure's back flunge. When the device was operated inside the compact radar
range, all connections except the high-volage lines are valved off and disconnected in order
to reduce spurious reflections that would reduce measurement's dynamic range and the

effects of the plasma cloaking.

5.2. The Compact Radar Range

The compact radar range located at the Microwave Products Division of Hughes
Alicraft was designed specifically for RCS and antenna mcasurements. Equipped with a
March Microwave retlector system, this range provides test zones as large as to 6 feet over
the frequency range of 4 1o 100 GHz. The test zone, also called a quiet zone, is the arca
where the radiation pattern closely resembles a plane wave incident from a distant source,
thus allowing far-field measurements to be made in relatively small spaces.

The chamber measures 25" wide by 19.5" high by 55" long and is fully lined with
Rantec anechoic material which effectively absorbs any radiation at the walls and prevents
multiple reflections from interfering with the measurement in progress. The chamber
background levels within the 6" test zone are better than -35 dBsm from 4 10 8 GHz and
-60 dBsm from 8 to 18 Ghz, Targets tor RCS measurement are typically placed on a 10

high, low RCS, tupered towm column.
a)
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l Figure 28. Ceramic enclosure RCS Calibration. In order to determine the absolute
RCS of the enclosure system, we measured the radar return trom the
' system with no plasma present as shown i a). The gaps in the data curves
represent the gain differences in the horns used 1o produce the various
segments. The data in a) is then compared to the return from an object of
known RCS. in this case a 14" metal sphere was used. The result is the
enclosure’s absolute RCS shown in b) as dBsm. Figure ¢) plots the RCS
for the microwave retlector within the enclosure.
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The system c¢lectronics allow fora wide -ty of measurements including RCS vs.
time, frequency, down-range positi *n and targe  .entation. Imaging is also possible via

Fourier analysis of RCS vs frequency measurements

5.3. Calibrauon in the Radar Range

The enclosure's absolute radar cross section is determined by comparing its
measured return to the return from . 14" metal sphere whose RCS is calculated to be nearly
constant at -10.01 dBsm for frequencies above 2.8 GHz. Below 2.8 GHz, the sphere's
RCS is dependent on frequency and shows the characteristic Mie resonance. As seen in
Figure 28, the enclosure's absolute RCS has a very complex dependence on frequency.
This is due to the structures on the back side, structures on the inside and multiple
reflections when the incident frequency lies outside the transparency zone.

Since the plasma is enclosed inside the enclosure, it is not possible for it to cloak
the structures on the outside and they will limit the possible RCS reduction. Figure 29 is a
high-resolution range strobe of the enclosure sv ..:m showing the radar return as a function
of distance from the transmitter. It shows the relative return from various portions of the
enclosure such as the up, the intemal retlector, the buck thinge and the rear structures. The
high-resolution range strobe is determuned by taking the fourier transtorm of a frequency
strobe. The range resolution is Ax=c¢i2Af where  Af is the interval of the frequency
strobe. In our example, the frequency was scanned from § to 12 GHg, therefore the range
resolution is 1.5 inches.

It is apparent from the figure that the maximum return is from the reflector mounted
inside the enclosure. In this plot, the return from the target is nonnalized to 0 dB. A locul
maximum of -40) dB corresponds to the enclosure’s tip and the rear structures contribute to
a broad maximum of -25 to -30 dB. It is not possible for the plasma to cloak the rear
structures, therefore it is expected that the maximum effect of plasma cloaking 1s 1o reduce
the RCS by 25 to 30 dB. We emphas.ze that the relative return from the various enclosure
structures 1s dependent on the interval selected tor the frequency strobe. A range strobe
using a 4-t0-8-Ghz interval will, in general, have a different protile from one using an §-to-
12-Ghz interval.

A similar strobe with the plasma turned on would provide a definitive graphic
illustration of the plasma-cloaking ettect. In principle, it would drive the return from the
internal reflector to much lower levels while leaving the returns from the tip and the rear
structures unaffected. Unfortunately, it was not possible to make such a measurement due

to the plasma’s short lifetime and low plasma pulse rate. “There are two possible ways to

muke ti.c high-resolution range measurcment In the tirst method, the plasmia must stay on
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Figure 29. High-resolution range strobe of ceramic enclosure. A 1-d range strobe off
the ceramic enclosure with the plasma OFF reveals that the microwave
reflector is the biggest contributor to its RCS. Smaller contributions come
from the tip (-40 dB), the metal flange (-20 dB) and the rear structures (-20
to -40 dB). Since it is impossible to use the plasma o attenuate signals
from exterior structures, the plot range scan predicts that the RCS can be
reduced by a maximum of 20 to 30 dB.




at a constant intensity tor the duration of the range strobe, @ minimum ot 100 usee. In the
second method, the plasma is pulsed at the same rate as the radar transmitter whose
minimum pulse rate is 1000 Hz. In our experiments, the plasma source s capable pulsing
at a maximum of 1 Hz while the plasma density changes rapidly throughout its lifetime,
thus making synchronization by cither method impossible.

Additionally, a high-resolution range strobe with the plusma on could be performed
by sending a radar pulse of very short duration and gating the reeeiver to look for the pulse
ata time corresponding to reflection from a particular dist: ¢, By varying the gate timing,
it would be possible to produce a return vs. distance measurement. The duration of the
pulse must be as short as the desired resolution, i.e. At=c/Ax. For Ax=/.5" resolution,
the pulse width must be 27 picoseconds, well beyond the capability of the MMS-300 radar
system whose minimum pulse duration is 5 nanoseconds corresponding to a pulse length
of 5 feet.

5.4. The Cloaking Measurement

As discussed in the previous sc. o synchronize the plasma
source with the radar transnutter during a gy, ..~ Therefore, the effects of the
plasma cloaking vs. frequency are measured by singl: snot methods where cach shot is
made at a different frequency. Each measurement is made by transmitting a burst of radar
pulses with a 400-kHz repetition rate throughout the plasma's lifetime. The return from
each radar pulse is measured as a phase and an amplitude. Figures 304 and 30b show a
typical set of data for the phase and amplitude of the radar return from the enclosure du.ing
a single plasma pulse. Each data point on the plots corresponds to a single radar pulse.
During the vime from 0 to 16 usec, the plasma is turned off and the radar return is constant
at -5 dBsm. At 16 psec, the spark-gap current pulse is initiated and the plasna torms in the
enclosure s evidenced by the decrease in RCS from -5 dBsmat 16 psec 1w -27 dBsm at 20
psec - an RCS reduction of 22 dB. Determination of the peak RCS reduction is affected by
the low radar-pulse repetition frequency. The phase is likewise affected by the piasma
formation.

Figure 30c plots the  vk-gap current during the plasma paise. When compared to
the RCS measurement in Figure 30a, itis seen that plasma formation degins at the onset of
the current pulse. However, the peak plasma density is achieved at a time delayed with
respect to the peak spark-gap current because the plasma density accumutates throughout

the current pulse ducto a finite electron ion recombination rate. It the recombination
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Figure 30. Single shot RCS measurement of plasma-filled enclosure. A typical data set
for the radar return from the plasma-filled enclosure is plotted tor a radar
frequency of 9.25 GHz.  As the spark-gap current is pulsed, the plasma
density grows within the enclosure thus decreasing the RCS and phase
shifting the return signal.




rate were zero, then the plasma density would increase whenever current tlowed through
the spark gaps and would never decrease.

Several sets of data such as the one shown in Figure 30 were produced covering
the frequency range from 4 o 14 Ghz. Figure 31 displays the results of the measurements
by plotting the peak RCS reduction vs frequency. There 1s considerable structure present
in the grapn; much of it is due to multiple retlectons within the enclosure while a
contribution is caused by resonances with external structures. The RCS reduction in the
enclosure from 9 to 11 Ghz is relatively tlat because that is the enclosure's transparency
zone. In that range, the enclosure is desigried to allow EM transmissions to pass through
unhindered by reflections at the enclosure's surtaces, thus eliminating the possibility of
multiple reflections. In principle, it would be possible to design the enclosure with the
transparency zone anywhere.

When comparing Figures 31 and 8 it is not obvious why their should be so many
peaks in the enclosure’s RCS reduction. After all, Figure 31 and Equation (24) show that
the resonant absorption only occurs for coincident choice of the plasma parameters and the
front-interface reflectivity. A simple explanation is that the plasma density is neither
constant nor untform within the enclosure. As the density rises to its peak, both the real
and imaginary parts of the EM-wave propagation constant are changing, thus making 1t
more likely to satisfy the conditions for resonant absorption. The other feature of Figure
31 seeking explanation are the dips in the enclosure’s RCS reduction. If we assume that
the ambient extraneous reflectivity is -20 dB, then most of the dips are within the range of 6
dB from that and may be explained as part of the internal retlections model.

Some of the dips extend much tarther than 6 dB and they are probably due to multiple

reflections from external structures.
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18 substantial structure elsewhere due to interference between muluple
retlections within the enclosure and the external structures. The RCS
averages to a nonunal value of ~20dB over the trequency bund which is in
agreement from the range strobe data of the enclosure system that showed
that the external structures had a radar return 20 10 30 dB below the
microwave retlector’s.
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