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ABSTRACT

Measurements on the effects of = conical plasma sheath on two
orthogonally oriented slot antennas flush-mounted on the surface
of a conical vehicle model were made. The plasma parameters were
varied over the range 13 < wp/w < 23, .007 < v/w < .026. The
measurements were performed at 2700 MC with iﬁput powers of 100

milliwatts and 10 watts.

The ;ntenna patterns show strong interference effects and
signal attenuation on the order of 30db. Isolation between the
slot antennas is found to decrease 20 db for wp/w > 20 and v/w
< .008. The antenna input impedance is observed to be apprecia-
bly affected by pressure changes of 1 Torr in argon for high in-
put gower (i.e.,lo watts). The impedance is also observed to
undergo an appreciable change for high power but constant pres-
sure. The greatest change in input impedance is produced by an
RF sustained plasma at the antenna aperture at high power. The
plasma sheath produced a maximum VSWR of 4.5 indicating that the
major loss of power was due to absorption in the plasma. The RF

sustained plasma produced a maximum VSWR of 7.8.

Developments in progress to extend the operating range of the

simulatoer are described.

The analytical problem of determining the input impedance and
radiation field pattern of a slot antenna on the surface of an

infinite conducting cone covered by a plasma sheath is formulated.

A summary of a systems analysis. is presented.

SRS W i o e
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SECTION 1

INTRODUCTION

This report describes the work performed during the final
quarter by the Space and Information Systems Division of the
Raytheon Company on Contract AF19(628)-5519 for the Air Force
Electronic Systems Division (ESKK), Systems Command, under ARPA

' Project Defender.

The purpose of the pPrograrm was to use a laboratory reentry
plasma simulation technique to study the effect of the plasma
sheath on various types of practically realizable ECM vehicle
antennas. On the basis of this study an optimum antenna config-
uration for penetrating through the plasma sheath was to be re-
commended. Due to the difficulties encountered in developing
the plasma simulation technique, time and funds permitted the
detailed investigation of only one fype of antenna configuration.
The experimental and analytical s.udies were concerned with the

} effects of the plasma sheath on two orthogonally oriented slot
] antennas flush-mounted on the surface of a conical reentry ve-

hicle model.

The analytical problem of determining the antenna input im-

pedance and radiation-field pattern was formulated, and the field
amplitude coefficients were in the Process of being evaluated.
Ac this point, the analytical effort was terminated to conserve
funds and place more emphasis on the experimental effort. .The
experimental program was carried out in great detail, producing

l many useful results,

1-1
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A systems study was performed to guide the Program towards
reentry systems problems and requirements.

l.1 Summary of Experimental Effort

A dc diséharge plasma simulator was constructed which pro-
duced a conical plasma sheath whose overall dimensions were ap-
proximately equal to those of a typical ECM Treentry plasma sheath.
Inside the simulator was mounted a copper cone whose dimensiors
were typical of a full-size ECM vehicle nose cone. Antennas were
mounted in the conical surface. A photograph of the setup appears
in Figure 2-4, page 2-5,

Electron densities und electron temperatures in the Plasma ]
were measured with Langm:ir probes. Useful plasma sheaths could

be generated with argon gas in the pressure range from 2.4 Torr

to 3.5 Torr. fThe electron-neutral particle collision frequencies
were less than 5 x 108 (sc—:c)-l and electron densities were greater
than 1013 (cm)-3. An anechoic chamber was constructed around the
simulator facility for making antenna pattern measurements. The
chamber was modified until satisfactory "no plasma" antenna pat-
terns were obtained. This modification brocess proved to be more
difficult than expected, and substantial work was needgd to ac-

hieve satisfactory results.

An S5-Band coaxial system was constructed.which‘produced very

little RF leakage. A low RF leakage background was required to
obtain meaningful antenna pafterns. Antenna patterns, antenna - ff
isolation, input impedance and input VSWR were measured at low

power (i.e., 100 milliwatts) and high power (i.e, 10 watts.),

in the actual reentry case, electromagnetic energy propagated

towards the rear of the vehicle becomes trapped in the wake of

e = o B,
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the plasma sheath. This aspect of the wake was simulated by

properly terminating the vehicle model at the base with micro-
wave absorber material.
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SECTION 2

REENTRY PLASMA SIMULATOR
!

A dc discharge plasma facility developed in an =arlier pro-
gram by the Raytheon Company was used to generate a conical plasma
sheath whose overall dimensions were approximately equal to those
of a typical ECM vehicle reentry plasma sheath. The plasma fa-

cility is shown schematically in Figures 2-1 and 2-2.

2.1 Construction

The simulator envelope was constructed from two glass cones
which were joined at their bases. The apex of the outer cone
was connected to 1 1/2" D glass tube which contained a water-
cooled anode and two Langmuir probes. Four externally heated
cathodes were located near the base of the outer cone, spaced 90
apart. The ac heater supply for the cathodes and the dc dis-
charge power supply are shown schematically in Figure 2-1. The
principle dimensions of the simulator are given in Figure 2-3.

A photograph of the simulator mounted in the anechoic chamber is

shown in Figure 2-4,

The main dc supply was a welding generator capable of supply-

ing 600 amperes of dc current. A dc power supply was put in ser-

o~

jes with the welding generator to obtain the necessary striking anode-

to-cathode voltage required to initiate the discharge. Each ca-
thode stem was air-cooled to prevent excessive thermal stresses

in the glass. The cathodes were operated between 900°C and 1000°C;
the cathodes were observed to "tlicker" at lower operating tem-
peratures. fhe Langmuir probes were constructed from .010" tung-

sten wire encased in a glass sleeve. Each probe extended to the

e “ - 5 - - - — ———
L™ o ra ” y i R R T Lo oY r ; =
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center of the discharge column. The use of two pProbes enabled

one to measure the electric field strength in the plasma,

The entire glass system was baked for several days to 350°c

‘to drive impurities out of the glass walls, After bake-out the

simulator was pumped down tc 10-8 Torr. A very clean system was
nhecessary for steady operation of the discharge, for long cathode
life and reproducibility of Plasma conditions. The gas Pressure
could be held at a constant value over a period of several months
without adding or subtracting gas. Before making measurements

the simulator was run for several hours to further clean the sys=-

The all-glass gas-mixing section enabled one to mix any three

Spectroscopically pure gases in any Proportion desired (Figure 2~ 2),

2.2 operational Characteristics

{
The electric fi~1l4 in the plasma for gas discharges with ex-

ternally heated cathodes is constant and close to zero along the
distance between the cathode and the anode, except across the
cathode fall space which is usually very short, on the crder of
10-4 cm (Reference 1). A constant electric field distribution
in the plasma is very convenient for determining the drift velo-
city of electrons at any point in the Plasma, since the drift
velocity is a function of E/p where E is the electric field
strength and p is the gas pressure (Reference 2). Thus the elec-
tron drift velocity is a constant along the distance between the
cathode and the anode, except for the cathode fall Space. For

a constant drift velocity of electrons along a discharge vessel
of varying Cross-sectional area the electron density at some

cross-section is related to the electron density at some other

2-€
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cross=section through the relationship

I

e ADe Va

n (2-1)
where I is discharge current: AD the cross-sectional area of the
discharge vessel; e the charge of the electron and Vd the drift
velocity of electrons in the gas being used. Equation {2-1) was
used to determine the electron density in the region of the slot

antenna (Figure 3-1,page 3-2) as discussed above.

Filling of the simuylator envelope with plasma was investigated
experimentally over a wide range of gas pressu.es and discharge
currents. One hundred percent argon was used in all experiments.
The percentage filling of the simulator depended critically on
the gas pressure and to a lesser extent, on the magnitude of he
discharge current. At very low pressufes (i.e., approximately 25
microns) the gas pressure dropped to zero in about 35 minutes,
indicating that argon was being driven into the simulator walls
by the discharge. 1In the current range frcm 24 amps to 50 amps,
however, the simulator was completely fllled and the dlscharge
appeared to be very'stable. At 50‘plcrons ccld pressure the sim-
ulator wés=completé1y filled and ﬁﬁe discharge very stable in the
current range from 24 amps to 50 amps. Below 24 amps the dis-
charge became unstable anﬁ'the percentage filling decreased rapid-
ly with decraa31ng/dlscharge current.& For 215 microns cold pres-
sure complete filling was never achieved. Maximum filling of
approximately 75% of the simulator envelope occurred at 48 amps.
Below 34 amps the percentage filling decreasgd rapidly and the
discharge became highly unstable. Between 215 microns and approx-
imately 2 Torr the discharge was highly unstable. At 3 Torr cold

pressure the percentage filling increased with increasing current
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and was almost_completely filled (i.e., approximately 95%) at

45 amps discharge current. No attempt was made to run the simu~
lator above 48 amps since the apex temperature of the inner glass
cone became very hot at high discharge currents. The percentage
filling dropped to about 50% at 25 amps. It was discovered that
about 75% filling could be achieved Ly running the simulator on

only three cathodes. With only three cathodes the unfilled por-
tion of the simulator was essentially confined to the region di-

rectly above the "turned-off" cathode; whereas the plasma filling

in the region over the operating cathodes was 1ncreased This
mode of operstion of the simulator was found to be most useful

when making antenna measurements, since both slot antennas were

located on one side of the simulator. At pressures of about 13
Torr the discharge constricted to a strip of plasma about 5 inches
wide at 50 amps and 1 inch wide at 4 amps, Such a constricted

plasma was useless for antenna measurements,

From the above observations it was concluded that the only
useful pressures of operation would be at about 50 microns and
3 Torr. Operation at 50 microns was later excluded when it was
discovered that the discharge was fluctuating at a rapid rate,

as discussed below,. ‘

The supply voltage required to initiate the discharge was
typically about 120 volts with the aid of a Teslar coil. The

average anode-to~cathode voltage required' to sustain the dis-

S el

charge varied between 70 volts at low current and 33 volts at

high current. The simulator was run with each cathode drawing

e e i s

| {} equal dc current to obtain a uniform plasma in the azimuthal

direction.




Leamey SAY THEON CcOMPANY

Heating of the apex of the inner glass cone required the dis-
charge current to be maintained below 48 amps. Cooling of the
apex was provided by a jet of compressed air fed through the ECM
vehicle model and directed to one side of the apex., A thermo-
couple was placed at the avex during the heat tests to obtain a
correlation between discharge current and the temperxature of the
apex. The outer glass cone was cooled by a high capacity blower

mounted several feet above the anode.

2,2,1 Plasma Instability

Preliminary antenna patterns taken with aféon gas at 60
microns in the simulator showed approximately 3 db of attenuation
due to the plasma sheath, but no noticeable pattern distortion.
This led us to suspeéf that the discharge was unstable even though
it appeared very stable visually.

A CW s-Band signal was fed into one of the slot antennas,
and the signal transmitted through the plasma sheath';as de*tezted
and displayed on an oscillbscope using the circuit shown in Fig-
ure 2=-5, The amplitude modulation superimposed on the signal by
the plasma is shown in Figure 2-6 and Figure 2-7. 1In each case
it is noted that the mean height of the top of the julse corre-
sponds to zero db of signal attenuation and the mean height of
the bottom of the pulse corr ~-onds to signal attenuation greater
than 10 db. The almost square-wave modulation due to the plasma
explains the approximate 3 db of attenuation observed from the

antenna pattern measurements and the absence of pattern distortion.

At a gas pressure of 620 microns or greater the plasma
did not modulate the signal, thus indicating a stable plasma.

This is shown in Figure 2-8 and Figure 2-9.

2-9
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Figure 2-7 Modulation of 2700 MC CW Signal Due to Plasma In-
stability frr Argon at 105 Microns and 1=35 amps.
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Attenuation of 2700 MC CW Signal Due to Piasma
Sheath for Argon at 3.0 Torr and I=35 Amps.
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No measurements of plasma modulation effects were made
£'or gas pressures below 620 microns and above 200 microns, since
the plasma was visually highly unstable, in this pressure range,

as discussed in the previous section.

From the above observations on plasma r£illing of the
simulator envelope 2nd plasma stability it was decided to make

all antenna measurements at 2.4 Torr and 3.5 Torr.

2.2.2 Plasma rarameters

The eslectron density and electron temperature at the
apex of the simulator were determined from Langmuir probe mea-
surements. The electron density in the vicinity of the slot
antennas was obtained by applying equation (2-1) and the measured
values of the electron density at the apex of the simulator. To
Jetermine the electron-neutral particle collision frequency the
gas temperature was measured by noting the change in pressure

when the discharge was turned off and applying the ideal gas law.

Since the percentage filling of the simulator with plas-~
ma decreased appreciakle for discharge currents below 25 amps,
the plasma parameters were not measured for currents below 25

mps L]

A detailed discussion of Langmuir probe theory, and cor-
rections to Langmuir probe data required at the higher pressures
(i.e.,above 1 Torr) is given in References 3 and 4. A descrip-~
tion of the Langmuir probe circuit used in the experiments is
described in Reference 4, A typical Langmuir probe character-
istic obtained with the prube nearest the simulator anode is
shown in Figure 2~10. The probe current Ip is measured on the
vertical axis and the probe voltage Vb (i.e. with respect to the

anode) is measured on the horizontal axis. The distance of the
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Figure 2-10 Langmuir Probe Characteristic for 25 Ampere Discharge
in Argon at 3.5 Torr.

flat bottom portion of the characteristic from the horizontal
axis is a measure of the ion saturation current to the probe
when the probe voltage is sufficiently negative. fThe intersec—
tion of the characteristic with the voltage axis is the floating
potential of the probe (Ip = 0). The floating potential was
found to be negative in all measurements. The electron satura-
tion portion of the curve could not be obtained since it would
‘have required the probe to draw a large electron current causing

the probe to burn out.
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2.2:2.L Electron Density

The electron density at the probe is given by
(Reference 4)

I 1/2 .
N = 5w ) (2-2)
eA x 1.67 x 10 @
P
wherve,
Ies = electron saturation current to the probe (amp)
Ap = probe area (mz)
Te = electron temperature (OK)

e = electronic charge = 1.6 x 10-19 coulombs

k

Boltzmann's conscant = 1.38 x 1023 joules/oK

After substituting the numerical values of e, k and A , for the
probe used, Equation (2-~2) can be re-written in the form:

I 20
le = (23.144) (1,) =5 x 12— (73, (2-3)

e x T
is e

where Iis is the ion saturation current to the probe. The numer-
ical value of Iis is obtained from the Langmuir probe character-~

istic and the ratio Ies) is given by Figure 59 of Reference 3,

(—

z.
ls
I
For P= 2.4Torr (:25) < gg0 (2-4)
* 18
I
and for p = 3,5 mqory (EEEO = 840 (2-£)
1s

The electron temperature is obtained from the slope of the ver-~

- tical portibn of the Langmuir probe characteristic and the

2-15
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relation (Reference 4)

(1n1 ) 2 .
ddv‘E ol - - (2-6)
P e

where IP is the probe current and Vb the probe voltage with re-
Spect to the anode.

Frem thz point of view of antenna easurements, the elec-
tron ansity in the Vicinity of the slot antennas is of intergst.
Let the Cross-sectional area of the discharge at the probe be
denoted by ADl and the cross~section at a point midway between
the two slot antennas by ADZ' then from Equation (2-1) of sec-
tion 2.2

I
Be1 2p; = eV, ~ ez Ap; (2-7)

since the total discharge current I and electron drift velocity
Vd are independent of the discharge Cross-section (Section 2.2).
8 o . _
nel an ne2 are the electron densities at ADl and ADZ respe?
tively. If the discnarge extends to the simulator walls, ADl

and ADZ are obtained from the dimensions of the simulator envelope.

In the experiments the dischargé was observed to

extend to the walls of the simulator, and ADl and AD were com-

2
puted simply from geometrical considerations. Substituting for
ADl and ADZ in Equation (2-7).

A
D1
n | = (.137) n (2-8)
e2 AD2 el e2
From equations (2-3), (2-4), (2-5) and (2-6) the electron density

at the probe was calculated for three discharge currents. The

2-16
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electron density at the slot antennas was then computed from
Equation (2-8) and plotted as a functicn of discharge current in
Figure 2~11. The electron temperature calculated from Equation

(2-6) is given as a function of electroa density in Figure 2-13.

2.2,2.2 Electron-Neutral Particle Collision Fregquency

The collision frequency of electrons with gas atoms

is given by (Reference 2)

vV = g (2-9)

where, V is the average speed of the electron and A is the elec-
tron mean free path. For a maxwell-Boltzmann distribution of

velocities, V is given by (Reference 1):

172

¥=(8% T, ) Y (2-10)

mr
where k is Boltzmann's constant in joules per degree Kelvin, m is
the mass of the electron in kilograms and Te is the electron tem-
perature in degrees Kelvin. The general expression for the mean-

free path is given by:

L salk L 1
PP, 273 p P_ )
T
5 9 (2-11)
iR
or, A 273pP_

where, mg is the gas temperature in degrees Kelvin; p is the
pressure in mm Hg,:Pc is the prrbability of collision in
(ram Hg)-l cm-l, and P, is the reduced" pressure. Combining

Equations (2-9), (2-10) and (2-11) the collision frequency reduces

to:

|
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1/2

T
e

T
9

=

v =1,69 x 108 o) Pc (2=-12)

The values of Pc were obtained from Reference 2. T§ was deter-
mined by noting the change in pressure when the discharge was
‘turned off. The collision frequency is plotted as a function of

electron density in Figure 2-13.
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SECTION 3

ECM VEHICLE MODEL

The vehicle model used in the experiments was constructed
from a copper cone 10 1/2 inches high with an apex angle of 21
degrées. Two orthogonally oriented slot antennas were flush
mounted on the conical surface approximately 4 1/2 inches from
the base of the cone, measured to a point midway between the slots.
A copper cylinder about 12 inches long was soldered to the base
of the cone to support it in the simulator and to confine reflec-
ted RF power from the Plasma interface as well as surface wave
radiation from the plasma discontinuity to the microwave absorber
material at the base of the simulator (Section 4). An air jet
was passed through the nose of the cone to cool the apex of the
inner glass surface of the simulator. 1/4 inch holes were drilled
into the copper cylinder wall to permit air from the jet to flow
down between the cone and the inner glass surface of the simula-
tor. The copper cone was cooled by passing water through copper
tubing soldered around the base. A sketch of the model is shown

in Figure 3-1, and a photograph is shown in Figure 3-2,
3.1 Antenna Construction
=—=thha tonstruction

The slot antennas were constructed from dielectrically loaded
C-band waveguide terminated at one end by a metal plate. The
waveguides were fed by coaxial cables whose outer shields were
soldered to the waveguides. Because of the mismatch between the
coaxial cables and the wavequides, and the mismatch due to the
glass walls of the simulator, coaxial stub tuners were put on the
ends of the feed cables. The cut-off frequency of the dielectri-

cally loaded waveguide was about 2.6 GHz.

3-1
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AIR JET

VERTICAL SLOT ANTENNA

.Y

HORIZONTAL SLOT ANTENNA

— .

l COPPER CONE
(VEHICLE MODEL)

\
\
/

E
)

COPPER )
CYLINDER

o o ~~ 4IR HoLEs

TO COMPRESSED T2
AIR LINE | Il

X—- COAXIAL

%

CONNECTORS

S
J -
NWATER COOLING LINES

DOUBLE SHIELDED COAX '
FEED CABLE

COAXIAL STUB

TUNER .
RF INPUT

Figure 3-~1 Sketch of ECM Vehicle Model with S-Band Slot Antennas
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3.2 Antenna Characteristics

With no plasma in the simulator, the stub tuners could be
adjusted so that the VSWR at the input of the tuners was less

than 1.10. The internal loss of the antennas was estimated by

covering the slot aperturés with aluminum tape and noting the
change in the input VSWR. The vertical slot antenna had about |
a 4 db loss and the horizontal slot antenna had less than a 1 db
loss. The high internal loss of the vertical slot antenna was

due to a weak connection between the coaxial feed cable and the
waveguide. It would have been necessary to take almost the entire
vehicle model apart to repair the antenna. Since time did not
permit undertaking such a major task, the outer shield of the

feed cable was soldered to the inside surface of the copper
cylinder to prevent the antenna input impedance from changing due
to mechanical stresses in the feed cable. Since the tuning was
highly sensitive to frequency variations, the output frequency

of the transmitter had to be controlled to within a few megacy-
cles. A small change in VSWR was cbserved due to heating of the
antennas by the plasma. The affect of heating on the VSWR was
measured by measuring the VSWR immediately after the discharge

was turned off.

3-4
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SECTION 4

S--BAND MI CROWAVE SYSTEM

A block diagram of the coaxial S-Band system is shown in
Figure 4-1. The frequency of the Alfred oscillator could be
adjusted from 2.0 GHz to 4.0 GHz with a maximum power output of
80 milliwatts at 2.0 GHz and 220 milliwatts at 4.0 GC. The
frequency was monitored by displaying the output of the frequency
meter on the vertical pPlates of the oscilloscope. During a
frequency adjustment, the output power was held constant by a
correction signal fed back to the oscillator from the RF sampler,
Two isolators prevented the output frequency of the oscillator
from drifting when large changes in load impedance occurred due
to the plasma. Since the antenna input impedance was highly
sensitive to frequency changes (Section 3.2), a large surge of
reflected power was obtained if the RF coaxial switch was not
used. This effect was due to the transient frequency output of
the oscillator immediat:ely after turning it on. Since the ther-
moelectric power head on the reflected power coupler could take a
maximum of one milliwatt, a surge of reflected power caused the ‘

head to burn out before the coaxial switch was put in the circuit.

A TWT amplifier was used to deliver 10 watts of power at the
inputs of the antennas. The angle of the reflection coefficient
was obtained directly by feeding the outputs from the sidearms
of the dual directional coupler into a phase bridge. The VSWR
was obtained by measuring the incident and reflected powers. The
reflected power was recasured with a thermoelectric power meter.

With the one milliwatt pbower head reflected power as small as : !

e ——
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30 microwatts could be measured. This sensitivity enabled the
tuning of the antennas for input VSWR's less than 1.1 for incident
powers below 100 milliwatts.

The transmitted signal was detected with a Scientific/Atlanta
microwave receiver. The rceiver was connected to an antenna
pattern recorder which gave relative power directly in decibels.

A potentiometer circuit was built to externally control the
frequency output of the oscillator. With this device the frequency

could easily be adjusted to within a megacycle.
4.1 Vehicle Model Microwave Termination

In the actual reentry case the wake of the plasma sheath tends
to constrict towards the vehicle axis forming a trap for electro-
magnetic energy. This aspect of the wake was simulated in the
laboratory by mounting the plasma simulator on a ring of "pack-
in-place" microwave absorber and surrounding the base of the
simulator, up to the base of the cone, with paneis of absorber
which were specially cut to fit the contours of the simulator
vase. A sketch of the microwave termination is shown in Figure
4-2. The simulator and absorber rested on a copper ground plane
approximately 3' x 2'. The vehicle model was inserted up into
the simulator through a hole in the ground plane. A copper
cylinder was soldered to the hole and slotted at one end for
clamping the model in position. The cylinder also extended one
inch above the ground plane to hold the "pack-in-place" absorber
in place. The absorber pauels which were cut to fit around the
simulator also shielded the steel flanges of the cathodes from
the RF field. The flanges produced scattering in the field of

the antennas when exposed.

4-3
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Figure 4-2 Sketch of Vehicle Model With Microwave Termination
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4.2 FRF Shieldigg

Since the Plasma attenuated the incident signal more than
30 db (Section 5.4), the field at the receiving antenna due to

to the signal received from the Plasma, The leakage level was
measured by terminating the coax from the transmitter with a
dummy load angd noting the change in signal level on the antenna
Pattern recorder.

To obtain a meaningful measurement of the small signal from
the plasma, the background Ry level had to be reduced to 1t leagt

4-5
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. steel conduit and taping the ends of the conduit with.aluminum

{d tape, with ~onducting adhesive, to the bodies of *hLz connectors.
. The transmitter assembly is shown on the left in Figure 4=3. The
{J shielded cables can be seen along the floor. The anechoic

chamber (not shown in the photo) is to the far right. The
Scientific/Atlanta receiver and phase bridge is located in the

center of the photo and the pattern recorded to its right.

The RF shielding was quite successful. Background RF was

the simulator. This isolation was maintained even at 10 watts

(] reduced to =b5 di. below the signal received with no plasma in
{] input power.
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SECTION 5

ANTENNA MEASUREMENTS

Preliminary measurements showed that the perturbation of the
plasma on the antenna measurements discussed in the following
sections varied by a negligible amount as the frequency was varied
from 2700 MHz to 3900 MHz. Since one of the requirements of this
program was to make measurements at low frequencies, all measure-
ments were made at 2700 MHz. The slot antennas were "cut-off" at
approximately 2600 MHz and thus a lower frequency could not be

used.

The operational chaiacteristics of the simulator defined the
upper and lower limits of gas pressure and discharge current that
could be used to obtain meaningful antenna measurements (see
Sections 2.2 and 2.2.1). Therefore all measurements were per-
formed at 2.4 Torr and 3.5 Torr, and at currents between 25
amperes and 45 amperes. The prdcedure used in taking the mea-
surements was to set the gas pressure at 2.4 Torr or 3.5 Porr
with the simulator current set at 35 amperes. The current was
then varied between 25 amperes and 45 amperes to make antenna
measurements under different plasma conditions. The small pres=-
sure variation due té changing the current was observed to have

no measurable effect on the antenna measurements.

With 10 watts input power to the slot antennas, a small
plasma could be sustained around the antenna apertures with the
RF power alone. The plasma had to be initiated by applying a
high voltage from a Tesla coil near the simulator. With the RF

Plasma alone, the input VSWR to the antennas was high and the
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reactive component of the input impedance was large and negative.
When the dc discharge was turned on the VSWR decreased and the
reactance became less negative. A photograph of the RF plasma
around the aperture of the horizontal slot antenna is shown in
Figure 5-1. The measured values of the input VSWR and input im-

pedance are given in the sections below.

To facilitate the presentation of the experimental data, the
electromagnetic parameters (i.e., VSWR, impedance, etc.) were plot-

ted as a function of the simulator discharge current for parametric

values of gas pressure and input power. The experimental results
given in the following sections may be related to the rztios wp/w

and v/w by Table 5-1.

TABLE 5-1

Relation of Simulator Gas Pressure and Discharge Current

to Ratios wp/w and v/w.

P = 2.4 TORR P = 3.5 TORR
ANODE
CURRENT w_/ow v/W w_/w v/0
(AMPS) : b P
0 0 0 0 0
25 13.50 .009 14.00 .026
35 . 16.64 .009 18.09 .012
45 20.54 .008 22.61 .007
5=2
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Figure 5-1 RF Plasma Produced by Horizontal Slot Antenna
at 10 Watts Ingput Power.
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5.1 Antenna Input VSWR

=N S ‘“““““iﬁ'f%%ﬂﬂi

The VSWR at the antenna inputs was determined by measuring the
incident and reflected powers with directional couplers (Figure
4-1). The reflection coefficient is related to the incident and

reflected powers by

1.

where [: is the reflection coefficient at the couplers, and

p 1/2
T

P,
i

(5.1)

Pr and Pi are the reflected and incident powers, respectively at
the ~ouplers. Due to transmission line attenuation, the reflec-
tion coefficient at the couplers is smaller than the reflection

coefficient at the antenna inputs. If r; is the reflection

r\

line attenuation (db} = 10 loglo —C (5.2)

A |

coefficient at the antenna inputs, then

The input VSWR, SA' is given by

i

A ‘ (5.3)

=r |

A
The line attenuation was measured by terminating the transmission
lines to the antennas with known RF loads, and measuring the re-
flection coefficient at the couplers. Due to discontinuities at

the connectors, an effective attenuation was measured. The ef-

fective attenuation was founl to be different for low and hich
/|
VSWR's. To facilitate the measurements, an average valzé of the

effective attenuation was used. fthe input VSWR's meas?'ed were

|
i

accurate to within approximately 15%.
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The input VSWR is plotted in Figures 5-2 and 5-3. For the
horizontal slot, the VSWR was appreciably affected by increasing
the input power to 10 watts. The VSWR was only slightly affected
by changing the pressure from 2.4 Torr to 3.5 Torr. The RF sus-
tained plasma produced the highest VSWR. The maximum VSWR ob-
tained for the vertical slot was much lower than the maximum
VSWR for the horizontal plot. This effect was due to the high
interpal loss (4 db) of the vertical slot antenna. A VSWR of
2.14 was measured when the vertical slot aperture was covered
with aluminum tape. Therefore, the plasma could not produce a

VSWR much greater than 2.0.

5.2 Antenna Patterns

An anechoic chamber was built around the simulator, part of
which is shown in Figure 2-4. The receiving antenna was log-
periodic with a beamwidth of about 110° in the H-plane and about
90° in the E-plane. It was mounted on 2 boom that could be
swung through an angle of 90° from the simulator axis. A photo
of the antenna on the boom is shown in Figure 2-4 . The boom was
covered with absorber material to reduce spurious reflections.
The plane in which the antenna patterns were taken is defined in
Figure 5-4. The receiving antenna was about five feet from the

axis of rotation of the boom.

The received signal was detected with a microwave receiver
(Figure 4-1) whose sensitivity was -95 dbm. The output of the
receiver drove a chart recorder which recorded the field inten-
sity directly in db as a fuaction of the "off-axis" angle ¢ (Fig-
ure 5-4). The chart drive was rmonitored by a l:1 synchro motor.

on the boom axis of rotation.
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. The H-plane Patterns of the vertical slot are given in Figures
5=5 thfough 5-6d, and the E-plane patterns of the horizontal slot
are given in Figures 5-7 through 5-84. All patterns (except the
"no lasma;patterns) exhibit strong interference effects. Since

the plasma was highly overdense (i.e., wp/m >>1) in all cases

terference at various points in the fielq, resulting in antenna
patterns with strong interference effects. Interference effects
due to spurious radiation from cables, Connectors, etc., was
negligible since the level of this radiation (-65 db) (see Sec-
tion 4.2) was far below the level of the received radiation.
This fact was further checked by repeating the "nc plasma" pat-
terns with a 50 gp pad inserted at the inputs of the slot antennas.
The resulting patterns were identical in shape to the patterns
obtained without the pad. A small pProbe was placed at the base
of the vehicle model (i.e., a plasma discontinuity) to detect
surface wave radiation. When the Plasma was " turned-on" no
increase in signal was observed. However, this may have been
because the Probe was not in the optimum position to detect sur-

face waves, so that this result is inconclusive,

Ty e
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input power, can be made. 1In all cases the attenuation was
greater for the larger value of wp/m at a given pressure and
input power. There was roughly 5 db more attenuation for the
vertical slot and 10 dp more attenuation for the horizontal slot
at the larger value of wpﬁw. The attenuation was approximately

the same for the lower power ( = 100 MW) and the high power

P,
(Pin = 10 Watts) cases for the $2rtical slot at a given Pressure
and wp/m. Typically, the attenuation was greater than 30 db.

The detailed structures of the antenna patterns for the verticail
slot were essentially the same at lower power and high power at

a given pressure and wp/m. For the horizontal slot the attenuna-
tion was roughly greater than 20 db at lower pPower and greater
than 25 db at high power at a given pressure and gp/mu The de~
tailed structures of the antenna patterns for the horizontal slot
were essentially the same for the corresponding low power and

high power cases.

Although the difference in attenuation between the vertical
slot and the horizontal slot might be attributed to the different
polarizations, the hiqher internal loss (4 db) of the vertical
slot antcnna was probavly responsible for the difference in at-

tenuation.

5.3 1Isolation Between Orthogonal Slot Antennas

Isolation between the slot antennas was measured using the
experimental arrangement shown in Figure 5-9, The transmitter
and receiver cables were disconnected from the antenna inputs
and shorted together. For a given input Power a reference level
was obtained on the pattern recorder. & pad had to be placed
on the input of che receiver when making the reference measure-

ment to prevent saturating the receiver. The shorting cable was

5~30
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then removed and the transnitter and receiver cables were connec-
ted back to the antennas. The pad was then removed and the re-
quired amount of attenuation was taken out of the receiver to
bring the recorder pen back to the reference mark. The remaining
attenuation in the receiver was subtracted from the total attenua-
tion in the receiver (i.e., including the pad) used to obtain the
reference level, and the isolation between the slot antennas was
obtained directly in db. The plasma was " turned-on" and the
receiver attenuation was adjusted to bring the recorder pen back
to the reference’mark. The isolation between the slot antennas

was obtained as previously.

The isolation measured by transmitting with the vertical slot
and receiving with the horizontal slot is given in Figure 5-10
and Figure 5-i]1, The transmitter and receiver cables were inter-
changed at the transmitter and receiver, and the isolation mea-
sured by transmitting with the horizonta; slot and receiving with
*he wvertical slot is given in Figure 5-12 and Figure 5-13. In
all cases the isolation was essentially independent of input
power from 25 milliwatts to 10 watts. No noticeable deviation
from the reciprocity principle for transmitting and receiving
antennas in a linear medium was observed. Since the plasma was
highly overdense the RF fields could not Penetrate into the
plasma to any appreciable extent and the energy was confined to
the air-glass space between the slot apertures and thke plasma
boundary. Therefore, the eénergy coupling the antennas was cone-

fined within linear media and the antennas behaved reciprocally.

The isolation between the transmitting antenna and the re-
ceiver was measured by disconnecting the receiver cable at the

receiving antenna input and terminating the cable with an RF load.
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The isolation was =119 db. Therefore, the effect of RF leakage

v on the isolationfmeasurements was negligible.

{] 5.4 Antepna Input Impedance

For a uniform lossless transmission line terminated in some
impedance ZL' the input impedance Z(g) at a distance £ from the

load is given by (Reference 5)

2(s) _ 1+]r e~3902)
m - |r| e~iote) (5.4)

where Zo is the characteristic impedance of the line; r is the
reflection coefficient and ¢(g) is the angle of the reflection
coefficient. The normalized load impedance is found by taking
2 =0:

Denote the input impedance to the slot antenna by ZA' Then,

N
>

-i¢
g ,r""a . (5.6)

"l

0 -j¢a
(o] L ’PA, e
Since FA is related to the VSWR, SA' at the antenna input by the

equation

] I‘A'= T (5.7)
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Equation (5.6) becomes

5 =1
S i [
1+(S +1)e A

WA i~ e

2
A A
5 8, - 1 (5.8)
5 1 -('-———“!ll )e hj‘hﬂ
SA + 1

If ¢A is measured, and using the neasured values of SA given in
Section 5.1, the rnormalized antenna input impedance is given by

|
|
[} Equation (5.8).
I

between the incident and reflected waves with a dual directional
coupler and phase bridge as shown in Figqure 4-1. To read ¢A
directly off the phase bridge, the bridge had to be balanced. The

[

bridge was balanced by terminating the coaxial cable to the antenna
{] at the antenna input with a resistive RF load whose impedance
[ was greater than Zo and adjusting the bridge until the reflection
angle meter read zero. The justification for this calibration
procedure can be seen from Equation (5.5). TIf ¢p is set equal to

zero, then

To compute the antenna input impedance, it was found easier
to use a Smith Chart than Equation (5.8). A circle of radius

SA was drawn about the center of the chart. A line drawn from

5-38
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Equation (5.6) becomes

' gz - 1 .
A s [0
1+(s +1)e A

B T e T

z
A A
A I 1 (5.8)
P 1l = A — e ~j¢A
EA + 1

If ¢A is measured, and using the measured values of SA given in
Section 5.1, the normalized antenna input impedance is given by
Equation (5.8).

The anale ¢A was measured by measuring the phase difference
between the incident and reflected waves with a dual directional
coupler and phase brilge as shown in Figure 4~1. 7o read ¢A
directly off the phase bridge, the bridge had to be balanced. The

was greater than Z° and adjusting the bridge until the reflection
angle meter read zerc. The justification for this calibration
procedure can be seen from Equation (5.5). 1f ¢L is set equal to ‘

Zero, then

4 S 'FL’
Z° 1 - ,I"L,
ZL
But since ’PL, Sl,'z";' - IR

To compute the antenna input impedance, it was found easier

to use a Smith Chart than Equation (5.8). A circle of radius

SA was drawn about the center of the chart., A line drawn from

the center of the constant VSWR circle to ¢A on the "angle of
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Equation (5.6) becomes

8. =1
1 +(_a__), -38,

ZA Bﬂ. + 1 ’
g 8 =1 ; (5.8)
SA + 1

If ¢A is measured, and using the measured values of SA given in
Section 5.1, the normalized antenna input impedance is given by
Equation (5.8).

The angle ¢A was measured by measuring the phase difference
between the incident and reflected waves with a dual directional
coupler and pnase bridge as shown in Figure 4~1. To read ¢A
directly off the phase bridge, the bridge had to be *alanced. The
bridge was balanced by terminating the coaxial cabie¢ co the antenna
at the antenna input with a resistive RF load whose impedance
was greater than Zo and adjusting the bridge until the reflection
angle meter read zero. The justification for this calibration
procedure can be seen from Equation (5.5). 1If ¢y, is set equal to

Zero, then

M ,rLl

Zo l - II‘L,
ZL
But since ,rLl ==l E: =) .

To compute the antenna input impedance, it was found easier
to use a Smith Chart than Equation (5.8). A circle of radius
SA was drawn about the center of the chart. A line drawn from

the center of the constant VSWR circle to ¢A on the "angle of

5-38




SPACE AND INFORMATION SYSTEMS DIVISION

reflection coefficient" scale intersected the VSWR circle at the
normalized input impedance, ZA (Reference 6)

E...
O

A sample calculation is shown in Figure 5-14.

The normalized real and imaginary parts of the input imped-
ance are given in Figures 5-15 to 5-18 for the vertical slot
antenna, and in Figures 5-19 to 5-22 for the horizontal slot
antenna. The reactive component of the input impedance was nega-
tive for the horizontal slot and positive for the vertical slot
at low input power (Pin = 100 milliwatts). When the input powér
was increased to 10 watts, the sign of the reactive component
of the input impedance was observed to reverse for both the verti-
cal slot and the horizontal slot. For anode currents below 25
amperes the reactive component of the impedance might be negative,
for the horizontal slot, as indicated by the extrapolated pnrtion
of the curve in this current range in Figure 5-22. A larger
variation in the real and imaginary parts of the impedance with
pressure was observed at high input power (Pin = 10 watts) than at
low power for both antennas. The real and imaginary parts of the
impedance for the vertical slot were less sensitive to variations
in the plasma parameters (i.e., n, and v), due to changing the
simulator anode current at a constant pressure, than the real and
imaginary parts of the impedance of the horizontal slot for the
same variations in the plasma parameters at both low and high
power. This phenomena was possibly due to high losses in the

vertical slot antenna.
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Figure 5-14 Sample Graphical Calculation of Normalized
Antenna Input Impedance
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SECTION 6

SIMULATOR DEVELOPMENT FOR JMPROVED
COVERAGE OF REENTRY PARAMETERS

The Raytheon Reentry Plasma Simulator used on this pProgram
has many features which are invaluable, “if not essential, for
reentry electromagnetic and communications measurements. In its
Present form, however, the range of parameters over which the
plasma is stable, and uniformly fills the envelope, is limited.
Company effort towards increasing the operating range is already

in progress, and the present status is described in this section.

6.1 Present Limitations

The present limitation in range of plasma operating parameters

is summarized in Table 5«1,

: Figure 6~1 shows the electron concentration and collision
frequency ranges over which the simuiator will now operate. Also
in the figure are shown electron concentrations and collision
frequencies generated by typlcal Reentry ECM vehlcles following

characteristic trajectories.

It is clear that the operating range of the simulator should
be extended to a region of lower electron concentration and -

higher collision frequency.

It is believed that another operating range exists at pres-
sures below 100 microns, provided suitable changes are made in N
the anode power supply system to damp out periodic, high \
frequency oscillations. These are most probably caused by the

"load line" of the simuiator being too close to the V-I operating
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characteristic, so that the total circuit resistance is on the
threshold of being negative, as discussed in References (4) and
(9). Assuming this to be the source of instability, the technique
is simply to increase the total power supply voltage and add
additional series resistance in the circuit. Since the power
supply is a heavy current one, this change was not made during
the present work, particularly since operation at lower pressure
(and therefore lower collision frequency) was of less interest to

the present investigation.

6.2 Design Considerations for the Improved System

In terms of gas discharge parameters, the desired improvements

must be brought about as follows:
6.2.1 Lower Electron Concentration
__M

From EQuation 2~1, lower electron concentration can
be achieved by operating at a lower tube current and/or a higher
electron drift vélocity. Since the first is not permissible if
good filling of the plasma envelope is to be achieved, recourse
must be had to increasing drift velocity. Data on drift velocity
for a number of gases appears ir Reference (2). Unfortunately
the data are rather limited, either because precise experiments
have not been made with many gases other than rare gases, or
because measurements have been made under conditions not
applicable to the present problem, such as in a different energy
range. A mixture of argon plus one percent nitrogen shown prom-
ising possibilities (Re“erence 2). It should be noted that
almost any other gas o. gas mixture other than pure argon would
be expected to have a higher drift velocity. This gas was
originally chosen with the express purpose of achieving a high

electron concentration in the gaseous discharge.
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6.2.2 Higher Electron Collision Frequency

The total electron collision frequency is determined

in a relatively complex way by several parameters, such as neutral

concentration, ion concentration, and electron temperature (Refs.
2, 10, 11). Again, data useful for our specific requirements are

relatively limited.

Hence, starting perhaps with Argon plus an admixture of

nitrogen, a series of different yas mixtures must be experimentally

tried over a range of pressures and tube currents, to determine
their operating conditions for good stability and filling of the
glass envelope. Then those mixtures and conditions most appro-

priate for ECM Reentry conditions must be selected, following

A
)

Figure 6-1.

6.3 Current Development of an Improved System

From the preceding discussion and knowledge of discharge tube

design requirements, it is clear that additions must be made to
the simulator in the form of a precise gas supply and mixing
system. The gases must be of extreme high purity (less than

) ppm contaminants), so that the system must be fully bakeable
for many hours at temperatures up to 400 deg. C. The pressure
must be accurately measured and controi.ed over a relatively
wide range (say 1 micron to 760 Torr). It follows, of course,

that pressure indicators and valves must also be bakeable.

A further requirement also emerged from some early experi-
ments on the simulator. When a 1% Nitrogen in Argon mixture was
used, while a good discharge was obtained, the nitrogen was
effectively removed from the system in about a minute by ion

bombardment. Clean-up also occurs with pure Argon, of course,

L o
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but at a negligible in Vac-=Ion pumps. 1In these pumps, it is well
known that rare gases are very difficult to pump, whereas pumping
for other gases is quite rapid. Thus the new system must be
designed to feed gas in continuously to replenish cleaned-up
gases. This immediately dictates the need for a sophisticated,
precise, bakeable automatic Pressure control system for the

simulator.

It would be desirable that gases be used which do not poison
the hot thermionic cathodes. Thus this class of gases will be
selected first for experiment. Should this prove inpossible, or
should it be desired for ECM system reasons that a damaging gas
suchlas oxygen be used, then a simulafor design has been formulated
in which the cathodes would operate under an inert gas blanket,
while the system gases are fed into the simulator without contac-
ting the cathodes. Such a technique has proved feasible at the
NASA Ames Research Center, although in a different configuration

and application, namely a high temperature plasma arc.

Development and ~onstruction of the new high purity, buakeable,
mixed gas continuous feed system and bakeable pressure gauges and
controller has proceeded at the Raytheon Company to the point
where the main, critical items havr: been constructed ready for

trial. A photograph of the system is shown in Figure 6-2.
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SECTION 7
CONCLUSIONS

At bresent, simulation of reentry plasma sheath collision
frequency and electron density, utilizing an argon dc discharge
with externally heated cathodes, seems to be limited to collision
frequencies below 5 x 108 (sec.)—l and electron densities above
1013 (cm)=3. fThe use of 1 gas other than argon or gas mixtures
such as argon and one Percent nitrogen may shift and pPerhaps
extend the range of simulation of reentry plasma parameters. The
nitrogen in the argon-nitrogen mixture, however, is driven into
the simulator walls by the discharge within a few seconds. Such
@ gas mixture is unuseable uniless nitrogen can be fed into the
simulator at a pPrecisely controlled rate. Raytheon developrent

work on a system of this kind is described in Section 6.0.

The simulator fills with plasma between 75% and 90% depending
on the discharge current. It is felt, however, that antenna
measurements are not siqnificantly affected by the unfilled por-
tion of the simulatcsr sirnce most of the power dissipated is due

ty absorption in the plasma,

Strong interference effecus are observed in the "no plasma"
antenna patterns if all metal structures at the base of the
simulator are not well covered with absorber material. The
"pack-in place" absorber ring at the base of the simulator has
a negligible effect on the antenna patterns, and no change 'in

signal attenuation in the far field results when the ring of

absorher is removed.
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It is difficult to extract the effect of the polarization
of the vertical slot antenna on the measurements from the -
"padding" effect due to the internal loss (4db) of the antenna.
Due to the mismatch between the coaxial feed cables and the slot
antennas the input impedance is very frequency-sensitive, thus
requiring the frequency to be held constant to withir a few mega-

cycles.

RF shielding of cables and connectors in coaxial systems is
extremely important when antenna pattern measurements are made
for plasma attenuations greater than approximately 20db. For
coaxial systems, measurements of input VSWR and impedance should
be made at the antenna inputs. Errors introduced in the VSWR

measurements due to mismatches at the comnnectors are as high as

15%.

In the presence of 2 highly overdense plasma (i.e.,mp/m >20)
the isolation between orthogonally oriented slot antennas
decreases by more than 20db. The maximum input VSWR attainable
(for a low loss slot antenna) is about 4.5. Since the antenna
patterns show an average attenuation on the order of 30db, most
of the power loss is due to absorption in the plasma. RF heating
of the plasma appreciably affects the antenna input impedance.

At high input power (i.e., 10 watts) the impedance is also

appreciably affected by a change in gas pressure of 1 Torr.

7.1 Recommendations

It was difficult to shield the steel flanges of the cathode
stems on the simulator from the antenna’' fields, since the flanges
are only about 5 inches from the antenna slots. It would be
desirable to lengthen the cylindrical portion of the simulator

envelope at least 5 inches. At present, the Langmuir probes

7-2
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height of the antenna apertures but 90 degrees to the right or

left of the apertures. New gases and gas mixtures should be

If two or more antennas of the Same type are to be mounted at

various Places, ang with a Prescribed relative orientation, on

antennas be identical, Furthermore, if small plasma effects at
the antenna apertures are to be measured at the antenna inputs,

the antennag should have small internal losses. To facilitate

model, Furthermore, an all waveguide S-Band system is imperative
if errors due to mismatches of connectors in a coaxial system

are to be eliminated.

two easily detachable parts. Such a construction would
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facilitate the repairing or modification of any particular

Antenna on the model without requiring the other antennas to‘be

removed or essentially dismantling the entire model.




4 k— 3

Em 5

Gea md D

L R —

| RAYTHEON COCMPANY

SPACE AND INFORMATION SYSTEME DIVIBION

SECTION 8

SUMMARY COF ANALYTICAL STUDIES

8.1 Analytical Approach - Cone Problem

The model considered for this problem of radiation from slot

antennas consists of a semi-infinite metallic (perfectly conducting)
cone with a spherical cap of radius r, at the tip of the cone

(see Figure 8-1). This conducting cone represents an ECM vehicle,
The cone is assumed to be covered by a uniform plasma sheath
occupying the region r>r° and a<9<B, where the angle 6 is

measured from tae axis nf the cone., The angles 6 = @ and

6 = B define the surfaces of ‘he conical §ehic1e and the plasma
sheath respectively. Two orthogonally oriented slot antennas

are mounted on the surface of the conducting cone. These

radiaiing elements radiate through the plasma sheath into the

free space.

The method of approach (see References 4, 7, 8, 9) consists
of introducing appropriate radial eigen functions for each region
(i.e., for plasma and free space regions). In order to remove
some mathematical difficulties encountered in the construction
of radial eigen functions, a spherical cap on the nose of the
cone is introduced as a mathematical model of the problem. For

details the reader is referred to References (4)-and (9).

At present the problem is incomplete. However, the approach

is discussed clear'y in References (4) and (9).

8-1

T b R T AT

i,




e "
!
]
qunoum. 3UOD ay3z IO TSPOW TeoTIewsyzeyw TI-8 2anbtg
VNNILNY 10§
 » g6 IILNINIINNONID g-6
SR 3NOD ONILONANOD ) et b
>|z IR R JLINIANI -IN3S o
] - a f;
z|a N S e W
qf: Ve ~*-n . . .., R -
p a .f_ =-ah o= -.-. .r- B .”-.-I .\
2% g B Lo
ofs i s .
ol® 5 e
0 W i
. Z|s N “
o] 3 N ¢
w m &
Ile
o H
> 30vds 33M4 >
< O G/ 39ws 33w O
nls
m % sniavy 40 dvd I
MWINIAdE ONILINANOD !
|
I
0=g—1
]
> v
/ z
) m._...;
g rILrleunlJ..;nur.L[ﬁJr.u,._wr.h,}ttiﬂﬂunﬂ”




RAYTHEON COMPANY

FACI AND INFORMATION SYSTEMS Division

The purpose of this problem was to calculate the radiation

pattern, the phase of the radiated fields and the mutual impedance
between the two antennas,

S
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