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Abstract :

This volume is a collection of the urclassified papers presented at the Third
Symposium c.: the Plasma Sheath — Plasma Electromagnetics of Hypersonic Flight.
This symposium consisted of the review of progress in reentry communication
studies during the three year period since the prior meeting. The program of this
symposium on plasma electromagnetics of hypersonic flight involves a-wide range
of scientific disciplines, including electromagnetics, aerodynamics, aerothermo-
chemistry, plasmra dynamics, electronics, and high-temperature phenomena, Tke
papers were selected to explore as many of these facets of research, including the

results of laboratory, flight, and system tests, as time permitted.
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I, ANALYSIS OF PIASMA GENERATCRS FOR
TESTING REENTRY COMHUNICATION SYSTEMS

C.D, Joerger and M.A, Glatt

Space and Missile Engineering Division
McDonnell Alrereft Corporation
S5t. Louis, Missouri

ABSTRACT ~ i

This paper surveys existing plasma generators to determinz their
usefulness in providing realistic environments simulating :'e-ent::y plssear

for testing communicaticns systems. From typical re-entry plasmas, yglmuise -

tion requirements are derived. Ten plasma generators are then described

relating their characteristics to simulation requivements. &t is shom
that no one facility can meet al. simmlation requircuments, but-fogfeny -
specific type of test a facility is eveilable, o
INERODUCTON s
Tha plasma sheath surrounding & re-entry vohicle i3 generateoibv ag-

immense conversion of vehicle kinetic ensrgy to-random kinetic 2n6xgy. Be=-

cause 1t s difficult both to obtein a comperable level of &veigy- 1n-the =
laboratory and to produce the relesse of this.energy ag it occurs‘;durix_:s »
re-entry, plasma simulation facilities are limited in thei: abuityfto »
reproduce precise re-entry conditions. “The purpose - of this ;yeper is".c
enumerate the characteristics of various plasm generators in- smnmmg
re-entry plasmas and {0 indicate their usefuiness for the tasting.of

communication systems or components.

This paper is chiefly drewn from vork .mpported by USAF; m.m, RTD -
Contract Ho. AF33(615)-1146k. .

RN T

=

B




rr—

1

s

T, |
A v e, i

gl g

A

The selection of & plasrs gensrator for performing & specific test
should not be made without knowledge of the operatiorn and limitations of
these devices. The facilities normslly considered for clectromgnetic
transmission tesis include: radio freguency (R.F.) plasmas, glow discharge
tubes, low pressure flames, 8lkali plaspas, {ree flight ranges, dimphragm
shock tubes, electran@etic shock tubes, shock tunnels, hypervelocity
impulse tunnels, arc jets, and arc heated tunnels. Because many of these
facilities were developed for campletely different purposes, modification
or abnorpal operation is required for accomplishing communication tesis.
RE-ENTRY PIASMAS

The plasme sheath around & re-entry vehicle is characterized by
four flow regions - stagmation, intermediate, aft body, snd wakel, (Fig. 1)

The stagnation region consists of highly compressed, high-temperature
gases sepurated from the body of the vehicle by a-thin boundary layer and
enclosed by & near-normsl shock: Gds températures anpd pressures in the
boundary layer are lowered Ly convection to the vehicle skin and by
sblation products. For orbital re-entry velocities (24,000 ft/sec.)}, the
maxjmum deceleration for a blunt vehicle occurs at an altitude of about
200,000 feet. For these conditions the plasma frequency that is reached
in the stagnation region is spproximetely 5 x 1030 cps with a corresponding
collisien frequency of 1010 encounters per second., The paximw= deceleration
for a pointed vehicle occurs at an altitude of sbout 100,000 feet. For this
shape of vehicle the stagnation region is much smaller, with a peak plasme
frequency of about 102 cps and & corresponding tr::qucncy of 19 encounters

per second. These plasma frequencies do not include the jonization introduced
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by low ionizavion potenifal oblation materials, that usually exist in the
boundary layer. The plasma frequency is & function of Poth velocity and
altitnde;' the collision frequency is primarily a function of alititude. The
depth of the plasme at high velocities can bz as much as 30 percent of the
vehicle dismeter.

The intermediate region is characterizedib;f vapid extension of the
stagnation gases as these flow towvard the eft body. Here thé composition and
the ifonization depart appreciably from equilibrium conditfons. This inter-
nrediate region contains the oost severe plasma conditions aft of the
stagnation region, and is nost often the principal cause of re-entry communi-
cation blackout. If the vehicle maintains an angle of sttack, this fiow
may pass over the top of the vehicle, not affecting resr-mounted antennss.
Values of plasme frequency in this region can be estimied by assuzing the
same percentage of lonized gas ac existing in thz stapmation region bdut
at the local gas depsity. For the Cemini re-entry conditirns, a pesk plasmm
frequency of 1010 cps vas calculated in this manaer and was gualitatively
verified by flight data.

The aft body ionization is created Ly gnses which pass scross _n obligue
shock. For pointed vehicles &t low angles of attack, the maximmm fonf{zation
occurs in the thin boundary layer next to the skin of the vehicle. At our~
face deflection angles greater than thirty degrees, the ionization 4in the
inviscid flow region approaches the concentration in the boundary layer. The
plasra frequency distributions as a function of position frox the vehicle,
for wedges aad copes both blunt and sharp, are shown 4o Pigures 2 and 3.

The computation of the plaszs profile becoxes extremcly complex for other
than simple body shapes.

L




The wake vegion trails bzhind the vehicle. It consists of a cool outer
layer and & varmer inner region. The peak local pressures correspond to
isentropic compression, and the peak enthalpy is rarely greater than one
third to one helf of the stagnation enthalpy. The cool outer lz;.yer causes
ionization to lecay &t a relatively rapid rate. Frequeic..s of C-band or
higher are usually not affected by the wake ionization unless excessive
contaninants are presant.

SNUIATION REQUIREMENTS

Antennas are not usually mounwyd at the stagnation region because of
the high plasma frequancies and severe materia. problems. The antennas
are nornally loca‘ed near the rear of the vehicle, taking advantage of the
lower temperatures in this region. Plasma simulation £5r re-entry communi-
cation studies therefore requires duplication of only the conditions for
aft antenna lucations.

The fellowing is a list of desirable conditions for simulated re-entry
communication tests.

{0) The facility should be able to simulate a wide range of plasma
parameters with good repeatability. A maximum electron con-
centration of 5 % 10*2 electrons ver ce (fp =2 x 1010 cps) end a
maximum electron ccllision f{requency of 1010 encounters per
second would include &ll normal orbital re-entry conditions at
art antenna locations.

(p) The size of the plasma and the distribution of the plaswa para-
neters of & re-eatry vehicle flow field at the antenna location
should be duplicated, avoiding any scaling of wavelength. The
area must be sufficiently large suv that refractions and stray

radiations do not appear es traveling through the plasma.
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(0).

(a)

(e)

(g)

(n)

The nlasma should be in thermal equilibrium having equal ambient
temperatures of electrons, ions, and neutral particles, or in
realistic non-equilibrium. A maximum temperature of about k,000°K
is sufficient for temperature studies. A cool plasme may be

used for most progpagation experiments, since only electron
conceatration, collisicn frequency, and profile simulation are
important.

A facility capable of continuous operation is most desirable;
howevar, useftl measurements can be made ia brief periods with
proper inscrumentation.

The facility should allov plasma conditions to be determined easily
efficiently, and accurately.

If the chemistry ol the flow is important for the test, the plasme
should be free from facility-induced contamination. For most
tests, however, plasma parameters alone will be important.

The cost of using a specific plasma generator should be commensurate
to the value of & test.

It is desirable that ihe facility have been in use for several
years so that its characteristies are well understood snd
documented.

PIASMA CGENERATORS

RADIO FREQUENCY GENERATED PLASMA

The radio frequency plasma generator produces a plesma by induction

heating of the test gas. A fieid is impressed on a test gas by passing

it through a coiled wire. The ambient electrons contained within the coils

galn energy from the RF field, collide with gas atoms, and produce additional
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electrons through inelastic collisions. The electron concentration builds
up in this manner until breakdowm occurs. A gas flow moves the plasma

away from the coils and into the test area.

A WOk )

A radio frequency gencrator is presently being operated at McDonnell

U

(Figure 4). The generator consists of an 8000 volt full-wave rectifier, and

& high-power 24 kv oscillator, resonant at 1 mc vhen driving a load coil.

r1en
Eadabiti

The load coil is several turns of water-cool.d copper tubing carrying a

maximum of 288 amperes. The plasma is contained in a one inch water-cooled

quartz tube. By rarrowing or widening the gus outlet, the mass flow rate

may be increaced or decreased. Testing is done downstream of the heating

coiis. Other RF generators are discussed in the 1itemture.2’3""5

A A AR AR

For small diameter gas columns, the plasma nearly fills the entire tube.

P

For large diameter gas columns, the RF energy penetrates only the surface

bt

of the gas column, leaving the inner core .naffected and un-ionized. Lovering

the excitation frequency increases the depth of RF energy penetration.

qessaenty gpegibesedptiontine s

Efficient couplinz of energy is obtained when the inner core is evenly
heated.

For a lov pressure RF plasme source (pressures less than 75 mm of Hg),
the plasma usually exists under extreme nonequilibrium conditions, having

electron temperatures hundreds of times higher than the gas temperature,

e

because very little momentum is transferred to the atoms or molecules by
the electrons. At McDonnell, & high temperature ges has been measured at
low pressures when a good match between the exciting coils and the plasma

was obtained. This hesting can be explained by inelastie collision between

N

the electrons and the neutrals followed by a rapid relaxetion which gives off
kinatic esergy to the gad. At the McDonnell facility, electron concentrations

of 1013 per cc and gas temperatures mear 10,000°K were measured in the test
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gsection, four inches below the coil region. The gas pressure vas less than
1 mm of Hg. For a generator operated near one atmosphere, the plasma is
alvays a high density thermal type with high Joule heating.

The RF generator has been used for diffusion ani seeding experiments.
These experiments are important as they provide basic physical data at condi-
tions near those experienced during re-entry.

The RF generator has the advantages of a simple, well-understood design,
continuous contaminate-free operation over a wide rsnge of conditions, and
at times high nsutral gas temperatures. Its major disadvantages are small
test volumes and high RP noise levels.

GLOW DISCHARGE

The glow discharge is a well known phenomena of gaseous electronics
vhich appears at a low pressure (typically 10 mm of Hg or less) with currant
densities between .001 and .5 nﬁ)eres per cna. The appearance of the dis-
charge is quite ¢ mplicated, with a number of light and dark regions occurring
along the axis. The jonization near the cathode is caused by positive ion
bombardment of the cathode; the fomization in the positive columm is caused by
electron bombardment of the neutral gas. The positive column is & long
lumincus region extending almost to the anode, and is the most important
regico for plasma tests.

Basically a glow discharge facility is made from some convenient
diclectric material such as Pyrex tubing, capped at each end by an slectrode,
and sealed to insure a good vacuma. To obtain a high current density vith-
out the glow discharge breaking down into an arc discharge, cathodr lesigps

[EP
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‘ ) such as & hollow cathode are requ!.red.6’7’8 The cost of a given discharge
- " - = tube .tx‘g relatively inexpensivs; the major expense is the power supply. The
plasma ¢ .epe is determined by the container geometry; therefore, a wide
range or plasma shapes are possible. McDounell facilities include a
T - rectangu.ar glow discharge tube dasigned to simulate the plasma distri-
7 bution in t!n boundary layer of a re-entry vehicle. This facility (Figure 5)
- ‘meaiures 18" long, 12" aigh, and 1" thick, and, among mamy spplications bas
been used to investigate pulse degradation over varied plasma conditions.s10
Many suthors discuss the characteristics of the positive column of the
- gicd ducuirggu)i?.ﬁ. In the range of pressures from 0.1 to 10 mm of Hg,
the loss of electrons -sxi ions from the positive column to the walls is
primarily-dus to azbipolar diffusion. The distribution of electrons across
a qlindrim tube is & Bessel function, and the distribution across a
mc@angtdnr tube is & sine function. The electron conceriration along the

axis is-proportional to the current density and inversely proportionl to
"_stha electron drift velocity. With a hollow cathode, electron concentrations
Tet” - 1012 ejectrons per cc can be generated before the glow
,disc!g.ré'é‘ degermrates t¢ an arc discharge. Since the glow discharge operates
'it—icé; ressures; thefmodynamic equilibrium botween the gas components does
"5t exist. The electron tewperature is on the order of 30,000, while the
gar and ion temperatures are slightly higher than room temperature.
-& high power glow discharge is capable of generating plasmas of various
shapes and of relatively large volumes, is continuous in operstion, ani is

" ontrollabie over a wide range of conditions. The plasma conditions are well
- e |

establiched, and the facility is inexpensive to build and operate. The test

g9ee does not provide real gas temperatures and contains a small DC electric
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field. Striations at some conditions introduce some rapid fluctuations
in the plasma, and & sma’l amount of sputtering at the cathode introduces
contamination; nevertheless, this facility provides probably the best
plasme enviromment for ztztic electromignetic studies.

LOW PRESSURE FIAMES

The ionization induced by the high tcwperatures in various flames
both at atmospheric and reduced pressures has bdeen used to simulata
re~entry plasma conditions. Since the fonization potentials are very high
for all the ordinary equilibrium flame gases, 02, Np, Hp, Hs0, CO, COp,
OH, 0, and H, the amount of {onization from these ingredients is quite
small., Only NO, whose equilibrium concentration is usually below one
percent, has a low ionization potential which leads to ionization levels
of about 3 x 1030 electrons per cc at flame tempsratures. The addition of
one part in 100 of Ca., or one part in 108 of K. or Ha. gives -higher
fonizations than that due to NO. In organic flames, high values of
ionizaidion are generated through a chemi-ionization process. Here the
epzrgy of an elementary exothermic chemical reaction leaves one of the
products in an jonized state.

Huber and Gooderuml* produced a potassium-seeded cyanogen oxygen flame.
Vaporized potassium was introduced into the flame whose gases were then ex-
paned through 8 3 inch diameter subsonic free jet. The temperature of the
flame was about 4,200°K. The resulting plasma was probed with transmitted
frequencies up to 20 Kme. At SRI,lsl16 A low pressure ethylene-cxygen
flame vas used to study the effect of plasma in the near-zone field of an
antenns end on antenna breakiown. An Langieyll, rocket exhausts were
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blown across models in an altitude chamber to simulate a re-entry plas;:n
sheath. The rockets produced a thrust of about 100 pounds for 10 to 20
seconds and & gas Mach mumber neer ten. Signsl attenuations of the order
of 40 db at 2Lk.3 Mc were recorded.

The low pressure flame gives a continuous high temperature plasma vhen
se¢eded with alkali metals. The gredients of plasma coniitions are severe und
not very controllable. Some of the constituents of the flame may also be
toxic. This facility, however, provides a good environment for antenna
breakdovn tesis.

AIXKALI PIASMAS

The vapors of the alkali metals are particularly attractive as the
test gas for plasme generators because of their low ionization potentials.
Both photon and contact ionization are used to excite the neutral molecules.
Photon-ionization is supplied by ultraviolet. radiation in the wavelergth
range from 2000 to 3180 angstroms; the lower limit is determined by the
availability of window material. Contact, or resonant, ionization is obtained
at the hot surface of an emitter. The condition for ionization is that the
work functios ¢f the emitter at t}- emitter temperature exceeds the ionization
potantial of the gas. This condition is met in a cesium vapor on refractory
metal emitters (W, Mo, Ta) at high temperatures (greater than 20009K). The
4est chamber must be heated to & high temperature in order to have an
gpprecinble vapor pressurc of the r~“al. At low test chamber pressures,

a magnatic rield is applied tG raduce recombination at the walls.
A typical ultraviolet generstor of this type is about three feet long,

four inches in diameter, and constructed of materials such as quartzla or

il
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stainless stee119, carefully bonded and sealed to resist the highly corrosive
nature of the alkali metals. By controlling the temperature of the container
walls, the pressure in the tube is controlled. The ultraviolet radiation is
generated by any one of a number of commercisal sources such as a B-HE uigh
pressure capillary tube. The radiated power enters the tube through quartz
wvindows. The use of a heated refractory metal as the ionizing source is
very similar, as demonstrated in the construction of microwave plasms
amplifiers, thermionic ~onverters, and ion engines.

Preliminary data at McDonnell has indicated that in s mgnétic field cf-

600 gauss & concentration of 10%2

electrons per cc can be obtained with 160
watts of ultraviolet radiation. This represents an ionization of about 1.0
percent. Wade and Kv.echtlizo, using a contact fuvnizing source, have
reported similar concentration with a 9C percent ijonization at mgn;tic -
field strengths of 1500 gauss. For this case,the electron temperature
was about the same as the emitter temperature, about 2100°K. -
The alkali plasmas have bzen used &8s an ion source for space engmesal,,r
as the plasma for microwave amplifiers, in thenaionie convertersae, and in
plosma wave studies.m
The advantages of the alksli metal plasma are its high percentage of
ionization, freedom from cxtraneous electric fields, and its coﬁtin\ious
operation. Its dicadvantages are the usual presence of a magnetic fiem,
low electron collision frequencies, and the limitations of & test gas <o
only alkali metals, which are very difficult to landle because of their .
highly c. rosive pature. Uith generators of the present designs, re-entry

conmunication testing cannot be practically performed in alkali metal plasms.
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‘DIAPHRAGH SHOCK TUBE

The shock tube, in its simplest form, i3 a tube divided by & thin

diapirage into two chambers, the driver (high pressure) section and the

driven {low pressure) section. Upon bursting of the diaphragn, s femily
of compression waves originates at the pressure interface, and travels
into the low prescure section,rapidly forming into & shock wave. Behind
the shock there is a region of stesdy flow, which is the normal region for
testing. Testing is also accomplished in the gases that are stagnated by
the shock vave reflecting off the end of the tube,3

Thy details of operation may be characterized by the shock Mach mumber
relative to the unshocked gas. The Mack number and the initial conditicns
are sufficient to calculate the gas conditions immediately behind the shock.
The optimum copditions for producing strong shocks are a low molecular weigat

-and-a_lowv. ratio of specific heats for the driver gas; and & high molecular

veigb.t for the driven gas. With helium at room temperature driving air, the
maximum theoretical Mach mmber is only 10.6; with hydrogen into argon, the
theoretical maximum is 26.86,

The simplest method to create a plasma is to increase the strengths of
shocks by heating the driver gas. One of the most common procedures is to
use a-mlti-dtaphragm shock tube, The first diaphragn is burst, creating a shock
vhich heats the gas in a second compartment, which in turn is used as the driver
gas for generating the teat shock. A combustible mixture, such as oxygen and
and hydrogen, may also be used to heat the driver gas. A third method to
obtain strong shock velocities is to reduce the cross-section of the flow,
The strongest shocks have been achieved by combining several of these methods.
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Diaphragm shock tubes have diameters generally greater tt;an one inch
in order to avoid undue attanuation of the shock from boundary layer drag
on the walls. The test section is located at least 8 to 10 tube diameters
from the diaphragm in order for a plane, well-defined shock to have a
sufficient distance to form. The driver section must be sufficiently long
to allew the experiment to be completed before the rarefaction wave is
reflected from the back of the driver section.
The shock tub~ at AVCOzI" cozsists of a 50 foot long, 24 inch diameter,
low pressure section, and 8 6 foot long, 5 inch diameter high pressure
section, connected by a 4 foot long transition section. The driver gasconsists -
of the combustion products of a hydrogen, oxygen, and nitrogen izni‘bed
by four exploding wires. Normally copper disphragms are used; tﬁese 'mtrst; N
open after the pressure builds up to 140 atmospheres. For a high performncs ’
shock tube as used at AVCO, the maximum shock Mich number reported in air
is 23. At an initial pressure in the test section of 20 microns of Hg,
this Mach number would generate a de:zsity rise of 17 and a tempersture of
5500°, which is an elcctron concentration of 4 x 10'2 per cc and an elec-

tron collision frequency of 1020 eficointers-por secord. These conditions
will remain relatively constant for tae -duxtation of the test peré?d,
approxizately 30 microseconds for this example. ’

The diaphragn shock tube produces a flow that is well understood, that
is relatively free of foreign material, and that is in thermel equilibrium

between electrons, ions, and ueutral specicz. The disadwntages are related

to itz short test time.
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ELZCTROMAGNETIC SHOCK TUBE
The electromagnetic shock tube was originally developed to surmount
e lizits of the conventional diaphragm-type shock tubes. The t=sic -
ptineii:ule of the EM shock tube is the rapid discharge of capacitor stored
energy. through lov pressure gas in a chapmber, The discharge heats,
ionizes, anr.'. accelerates the gas out of the-3ischarge region into the
- reglons of cold gas. Ths accesleration takes place by the combination of
| presoure of thermal origin and magnetic currents. In Some cases the hot
- gaset are prei:édeirby & shock in tha co0l g8ses downsiresm of the discharge
region. In-practice oaly rough calculations of the gas conditions can be
x;ade, as the‘proéeases inrolved are not underatood.

An excellent reviev article on electromagnetic shock tubes has been
written by Thoraton.%? The construction of an electromagnetic shock tube
is e:%ﬁé.r to that of the ﬁiaphmgn types, except that strong shocks may
be produced: vithout the mechanical problems associated with the high
‘pressure driver section and diaphraga. Typical tubes are 2 to 6 inches
in dismeter sid mény fect long. Figwre 6 shows such a tube at McDonnell.

A typiéal system sight consistof a lovindustance Su fd, 20,000 volt
zapacitor; & 20,000 volt supply; snd & triggered spark gap switch Zor
discharging the cspecitor through the electrode system. When used vith

a tube of the genersl type described sbove, such a capacitor will produce
peak discharge currents of 105 amperes, ringing at frequencies greater than
100 Ke.

Many of the charscteristics of the electromagnetic shock tube are logical
extensions of those of the diephragm+4type tutke. Maximum reported velocities
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are on ihe order of 200 km/scc for air and 1000 km/sec for hydrogen, both

at pressures below 100 microns Hg. The gas conditions behind the shock

cannot be determined from the shock velocity alone, since the theory
of operation of electromagnetic tubes is not as vell understood as the
diaphragn type. Measurements of electron concentrations behind shocks
iraveling at 10 km/sec indicate greater than 1013 electrons per ce for
8 period of 100 to 200 microreconds.

Plectramgneiic tubrs are being used in magneto-serodynamicd and
reaction kinetic studiesc?, for injection of hot plasms into fusion type
mchines28129 apl for plasma cor=mmication studies.

The electrcrmagnetic wnock tube is5 in a relatively early stage of

development. I can produce high electron concontrations and high gas

tenmperatures vith noderate power levels. The flow is quite complicated,

with ionizatfon existing in more than the shock-processed air. The flow
is as yet not theoretically understood; therefore, the conditions rust
be measured experirmentally, and, if adeguate instrumentation is employed,
it provides the most easily obtainable high clectron copcentration in the
laboratory for very low cost.

SHOCK TUHNEL

The shock tunnel, in its early development, involved the additfon of a
diverging nozzle to the end of a conventional shock tube. By expanding
these hot gases through a nozzle, the gas temperzture would drop, and the
gas velocity would rigse, resulting in s high Mach mxber sizuiation for
models suspended in the flow.  Accurate siculatiomsof re-entry Mach and

Reynolds ~—ters are the primry object of this facility.
!
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The shock tube portion of this farility consists of a driver section,
diaphragm and throat. Connected to the throat is the nozzle section. This
consists of a two-stage bilateral expansion, first in the horizontal plane,
ard then in the vertical plane. The opening of the second nozzle may be
utilized :s the test section, or expanded and Joined with a constanh
diameter test section.

& large hypersonic shock tuanel is operated by Cornell Aeronauvtical
Luboratory31. The tunnel has a driver tube 40 feet long, 20 feet of which
can be heated, sud & driven secti~n 50 feet lomg. The test section utilizes
a 24 inch diameter, 10.5 degree haif angle conical nozzle.

“This facility has been tomplemented by a wave superheuter hypersonic
tunnel.3? This tunnel operates as a Gatling gun, with a large number of
shock tubes firing in sequence and timed to give & contin’ sus flow of high
temperature gas. Test times have been increased to 15 secondu in this
facility.

The test sectic) electron density varies only slightly for a wide range
of tunnel operating regimes and stagnation conditions.33 From the attenuation
of eleu- “omagnetic signals, a typical value for electron concentration in un-
geeded flows is 1010 electrons/em3. Care must be taken in cleaning

the walls of the facility to eliminate seeding the low with contaminates,

which usually in~reasc the fonization in the plasma sheath around the model.

ot 14
i

A survey of shock tunnzl performance has been made by Vicente and Foy3 s and %
lertzberg3l. Stagnation temperatures of about 6000%K, e Mach numbers of £

about 25, are the typical maximum conditions obtained. For these conditions,

alectron concentrations and collision frequencies of 1012 electrons per cc

and 1019 encounters per second can  be axpected. The test sections range
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from 3 inches to 100 inches in diameter with test times up to 14 milli-
seconds. Since the originsl purpose of the shock tunnel was to sinulate
re-entry conditions for hypersonic vehicles, mo: ¢ experimentaticn per-
formed to date has been diiected towards that end. Past experiments
have included a large number of fiow diagnostic and instrumentation tests,
antenna window tests and some electromagnetic plasma iateraction studies.

The prinicpal advantage of the shock tunnel is its realistic simula-
tion of shock shape and flow conditions around models of moderate size in &
coptaminate free flow. Electron conceatrations are thermally generated and
are of accurate levels in the stagpation region. However, aft body conditions
cannot be obtained except by seeding the flow. The shock tunnel, neverthelesgs,
18 excellent for electromegnetic testing because it is the only facility in
which realistic plasma sheaths are generated with & non-contaminate high
velocity air flow, The wave superheater is particularly atiractive because
of its long test periods

HYPERVELOCITY IMPULSE TUNNEL

The Hypervelocity Impulse Tunnel, or "Hot Shot" tunnel as it is often
called, gives accurate simulation of Mach and Reynolds number by expanding
high pressure and temperature gases through a nozzle in the same meanner as
the shock tunnel. The difference ie that the high pressure and temperature
gases are obtained by an arc discharWssurized chamber rather than

a shock wave,
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A typical Hypervelocity Impulse Tunnel (IDT) is comprised of an arc

chamber, diaphragm, throat, conical expansion nozzle, and reservoir. The

pov

test section is any portion of the nozzle. The arc chember is pressured
by & mass of driving gas necessary to give the desired flow characteristics
for the amount of electrical energy released and for ths test section
pressure. The expansion chamber is ususlly evacuated to about one micron
of Hg. The facility at McDonnell has a nozzle 25 feet long culminating in
a 50 inch diameter test section. A capacitor bank stores, at 12,000 volts,
T x 106 Joulee of energy which is released into the arc chamber within
three milliseconds at a peak discharge current of 3,600,000 amperes. A
survey of "Hot Shot" tunnels has been made by Vicente and Foy.3h

The plasma conditions in the stagnation region of the model can
reach electron concentrations of greater than 1012 electrons per cc and
collision frequencies of 103! encounters per second, for arc chamber
temperatures of SOOO°K and pressures of 4000 atmospheres. The seeding of
the flow by metallic properties, melted during the discharge, increases
the electron concentration above those experienced by a re-entry vehicle
similar conditions. At high temperatures and rapid nozzle expansions,

as are required for these plasma conditions, the flow remains partially

jonized even before interacting with the test model. This does not influence

the stagnation region simulation but introduces errors into the other flow

region simulation around the bedy. At extremely high arc chamber conditions

(10,000°K) » the entire flow contains ionization concentrations gbove :1.0:"2

electrons per cc for periods of up to 10 milliseconds .35 Normal test periods

are from 30 tu 100 milliseconds.
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Tais type of facility has been devoted to hypervelocity aerodynamic
and thermodynamie simulation exporiments of heat transfer rates, force
and balance measurements, and pressure distributions slong & test model.

The hyparvelocity impulse tunnel is able to provide a large scaie

simulaticn over a wide range of re-entry conditions. Realistic shock

structures can be generated. Flow velocities, iemperatures, electron
concentrations, and collision freguencies typical of re-entry conditions
can also-be obtained. A msJo;j disadvantage of the HIT for plasma
compunication «xperiments is the canmigation in the flow stream which
increases the ionizstion tonceatration and complicates diagncstics. The
cost of utilizing such a large facility st the required high temperature
{s high witi recycle time relativily long. ’

ARC JET AND ARC HEATED TUNNFLS

The arc jet and arc heatéd tumtiels are contimicus operating, bigh

entnalpy facilities vhich hsat the test gas-by an‘electric arc, and then.

expand the high temperature gases through & nozzle. ‘The are Jet 4s. used

for prorulsion dcvices- and high snthalpy generatiox:; the arc tix‘n:}gl is

uscd tc generste-hign velocity gas flows for ~ec-entry simulation. The

‘arc heaved tunnel consists of the arc jet exhausting into-s large vacing

chamher

A typieal arc »eater has a Qungsten rod cathode and-a éoppgr,anode 1A
the shape of & converging-diverging nozzle. The arc i3 §tabili::eé. b¥ vortex-
ing or by using a moderate mpgnetic fleld. This causes the pégnt;of attech-
ment t0 rotate on the anocde and to- prvduce mnre,\g;ifoﬁn heating with longer’

anode life. All parts vhich are subject o bigh heating rates are water

cooled. The heating in the arc chamber is-not uniform over the chamber area,

19




-and therefore, the gases are trapped in a plenum chamber, where

they come to 8 uniform temperature before they are expanded into the
%est chamber. Typical operating conditions are a centerline stagnation
temperature of 5000%K, k& static pressure of 425 microns of Hg, & flow :
rate of 1.16 grams per sec.ond, and a pover input of 11l.hk kilowatts. :
- ) Elesctron concentrstion measurements have been given by Talbot and

36 They report 1010 ¢o 1012 electrons per cm3, measured both with

Brundin.
Lir.gm:air probes and microwave interferometry. Van Camp et 3137 measured

168 to0-101°

electrons per en3 using single and double Langmuir probes in
-a-hydrogen arc jet. Ges enthalpy calculations indicated concentrations
. » - - ot 208 m/‘lb’ should be obtained. Mach number ranges from 3 to 12.738. The
7 7 cors, which qont&f.ns these gases, is variable in size, and is greatly
78{f‘reAci:ed by 7the gas used and cone angle; for example, with & 6 inch diameter
© nozzie asd vith argon, & 1.5 inch dismeter core vas observed at Mach 9.
‘ A_’.l‘be experiments conducted thus far have been mainly of the diagnostic
_type, and have been aimed at cbtaining & better understanding of the y
<. 7 . facility 1tselr.39 Some investigations of deep-space propulsion engines

have been conducted in such a facility, and, where arc jet conditions were

vell known, ablation material studies were also performed. i
Axc Jets and arc heated wind tunnels have the distinct advantage of
providing long duration, high enthalpy flow. Running times of thirty minutes

have been reported. The facilities can be operated on air or other gases,
but withair, contamination is Zntroduced. The smell size of the ionized !

core makes comfunication testing difficuilt. :
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FREE FLIGHT RANGE

The free flignt range is a facility which propels small models at
hypersonic velocities through & stationary environment. This high velocity
flight has been accomplished through the use of light-gas type launchers.

The light-gas type of launcher may consist of one, two, or three

Lawibh Sl i R

1

stages of acceleraticn.l‘o Typical single-stage launchers use & chemical

combustion or an electrical discharge to heat a light gas (hydrogen or

HHEHULD

helium) which {n turn drives the model. A two stage launcher uses the

combustion of & propellant or a hydrogen-oxygen-helium mixture to

b s L e
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accelerate a piston shich in turn heats the light gas that accelerates the

projectile. A threz stage launcher just adds a second piston and a second

bl
Certonoo
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combustible mixture. Single stage launchers have accelerated masses from
0.1 to 900 grams in the velocity range of 3.0 to 6.0 kn/sec.’’ A large
two stage iauncher bas accelerated a 1000 gram model to 6 km/sec.hz In
addi:bion to the launcher, the free flight range includes a dump tank,

to absorb the driver gas and to separate the protective sabot from the

model, and an evacuated range with its associated instrumentation and -

NI AR R R H AR IR e

pzmpifzg equipment. Free flight ranges are presently being operated at -

Arnold Air Development Centeru3 » General Motors Flight Physiecs I.aboratory““,
NRL, Ballistic Research Laboratories®®, CARDE™S, and 1.1.7.%6

HARAIL I

Since the plasma is created by a hypervelocity projectile, its character-

istics closely approximate those of a full scale re-entry vehicle. However, . 3
where non-equilibrium effects are important, the smell body sizes invelidate

the sinulation. The free flight range hes been used for drag and stability

3 studies, for ablation and vake studtes'?%8, and for hypervelocity impact

effects., This faciiity produces plasmas by the same mechanism and of the

sasnoh wlbebte

seme shape as actual re-entry vehicles.
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Free flight range experiments performed in the model wake should give
good correlation to actual vehicle characteristics. As the only contamina-
tion in the test is produced by the vehicle itself, the facility is used to
study the effects of ablative materials. The pr;.mry disadvantage of the
facility is that only small.model sizes can be used, ond therefore, the plssma
flov is highly restricted. The high g levels experienced in the luunch phase
require sturdy can-board eguipment. All the diagnostic techniques are compli-
cated by small model size, high velocity, -and short test time. At present,

tests are confined to propsgation experiments in the wuke plasmm.

SUMMARY

The characteristics of the plasma generators are complied in Teble 1.
In this table the generators are typed as static, where the fonized gas is
directly formed, and as dynanic, wherc the fonized gas either is contained
in & high velocity flow or gemerated by a high velocity flow impecting on
a test model. The plasma parameters are maximum values known to be
availshle for the particular generator in reentry communication studies.
All these values are not necessarily available concurrently or m the same
facility. The test area is the usable cross-section of the plasua or the
cross-section of -the high velocity gases floring across a test model.

JTonization wyuilibrium refers to the gas temperature. For facilities with
test models, eauil’brium is of course only in the stagnation region, with
varying degrees of non-equilibrium ionization existing along the aft body as
& function of model length and gas flow velocity, as is the case for the
reentry vehicle. The difficulty of plasma perameter measurements ie primarily
a function of time availadble for measurement, the physical difficulties in

making the measurements, and the lack of previous measurements. The desirable
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test gas is air; however, most facilities' performence is improved by working
with an inert gas. Detrimental contamination usually consists of metallic
particles or gases which change the normal concentration from that which
would be experienced in & pure air environment, thus hindering the accuracy
of plasma sheath simulation end plasma condition measurement.

The cost of a facility, a most influential factor when selecting a
plasma generator, can vary widely. The estimates given in the table are
purely qualitative and consider both initial and operating costs. The stage
f development reflects the amount of effort and the success in using
such a facility for reentry simunlation.

CONCLUSION

Most effects of plasma sheaths on electromsgnetic signals can de
experimentally studied without a flow velocity and a real gas temperature
simulation. The reentry communication problenm thus can be studied in
considerable detail in static plasma facilities, provided a good description
of the reentry plasma enviromment is available. Alsc tcchniques may be
studicd for alleviating the reentry communication blackout when the
chemistry or when the modifications of the flov field are not involved.

On the other hand, antenna breakdown, flow field seeding, shock effects with
realistic gradients, and reentry communication studies with ynknown placzum

conditions, all require dynamic plasma simulation. S -

It is evident from an examination of the facilities discussed in this
paper that most of thenm were not developed speciff.ally for studying coesmuni-
cation/plasme relationships. HNevertheless facilities are avnilable for~ 7
testing communication components or new techniques. In conclusion it is
strongly recommended that these kinds of facilities be utilized to stretch -

communication technology.
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II. SIMULATION OF RECNTRY PLASMAS
BY ELECTRODELESS DISCHARGES

H., U, Eckert

Plasma Physics Laboratory
Physical and Life Sciences Laboratory
Lockheed~Caiifornis Company
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ABSTRACT

The absence of contamination by elestrode materias makes the electrodc-
less disclarge » promising device for all reentry simulation studies where
plasma purity is essential, In an analvifcal study the electron balance equa-
tion is evalustad for a steady, diffusion controlled discharge using microwave
breakdown dats and other empirical information for the fonization character-
istics of air. Volume recombination is approximately taken into account in
thecalculation of elsctron density distributions across the discharge tuce
and is shown o cause appreciable electron depletion near the axis at rather
low density levels, Effective absolute electron densities are calculated for
particular tube radii and maintenance fieids from the change in discharge
characteristics with skin depth, These densities duplicate those encountered

in light to medium severe reentry conditions.

In a practical application of the electrodeless discharge, the effect
of typical ablating materials upon electron density has been mearured by
microwave techniques downstream of the discharge zone in a flowing system,
The observed chianges in electron density were found to correlate approxi-
mately with the changes in static pressure due to the addition of material,
At fifty poercent overpressure, cork produced an increase in electron density
from 101%/em® to 1011/cm3 while teflon lowered it to 4 x los/cms.
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Section 1
INTRODUCTION

The electrodeless discharge has been known for more than fifty years
1
as a light and jon sourca. More recently it has been shown by Babat and
2

FPeed” that this discharge, when operated at high pressure, can alsobea

source of high temperaire nlasmas at a range previously believed obtainable
only with direct current arcs. This latter feature is undoubtedly the main
reason for the upsurge in interest. Compared to the arc, the electrodeless
dischasge has the adyantage that the danger of plasma contamination by elec-
trode material is eliminkied, Since even traces of contaminants can con-
sideratiy affect the radistive characleristics and electron density of a plasma,
this advantage counts heavily in gpplications involving diagnostic and especi~
ally communication tests. Ouly If 2 clean plasma is used in a reeatyy model
experiment can one cxpeet that the results will hold for the free flight situa-
tion. Plasma purity is, however, not the anly requirement for model axperi-
ments, The exteni and reliability of information cn: can obtain from such
experiments depend greatly on how well the processes of pizsma generstion
in the discharge itself are understood. Sincs the induciive discharge repre-~
sents a case of strong interaction between an ionized medium snd an slectro-
magnetic wave, its study has also & direct bearing upon the reentry communi-
cation problem. To start with an anslysis of the induction torch, where
thermal ionization and the superimposed flow finld cause a hignly com-

plex situstion, does not seem promising, however., The best chance
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for success oxists with a stationary medium pressure discharge st medium
power lavel wkore fonization is primarily dus to electron iopact with gas
molecules and defonisation t0 ambipolar diffusion with subsaquent recombina~
tion at the container walls, In this glow discharge regimse the electron com~
ponent s, of course, strongly out of equilibrium, and gas temperstures are
not representative of reentry conditions. But elsctron cencentrations are

a8 we will ses, and these may be of primary interest in 2 meeting conosrnad
with electromagnetic aspects of reertry. In communication sxperiments it
is, moreover, oftan desirsble to eliminate the need for high temperature
materials and techniques.

in severel previous pd:lica:&onss" we had developed u theory for
the glow régime of the inductive discharge and spplied the results to bydro-
/Ren. in this piper we want {0 brisfly review this theory, point out the addi-
tionsl difficultiss when spplying it to discharges in uir. and ahow what results
oan be obtainod with 2 iimitsd suslytical effort.

Finally, wa wili zuport on some praciical applications of an electrode-
loas discharge plaama,
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Bection 2

ANALYRS: THE ELECTRON BALANCE EQUATION FOR
INDUCTIVE DISCHARGES

2.1  RADIAJL DISTRIBUTIOR OF ELECTRON DENSITY

It zepresents & significent step towasds understanding an electric

discharge if one 18 able to predict the electron concentration without recourae

to diagnostic means. For an inductiva rf discharge at medium |.ressure, the

electron density depends on iorization characteristics of the gas and geometry
of the discharge vessel as well a8 apon intensity and frequency of ths induced

i

i

i

electric flsld. We consider the vessel to be a long cylindrical tube positionsd
coaxially with the excitstion coil, which is also lozg comparsé to its dismster,
s0 that the problem is cae of cylindrical symmetry and the radial coordinste
r is the ouly space varisble., The arrangement is fllustrated in Fig, 1.
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In & zteady state discharge the eleciron density is constant with tir =
and determined by the balance betwsen jonization 24 defonization processes.
Besides by diifusion the deionizztion of air takes placs by electron atiach-
ment and volume recombination. Under these conditions the ~lactzon balance

equation has ths form:
2
= 2_d(@p) 1 diD) s
ViR = V0 +an od T e <)
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where vi and vy are the jonization and aftachment frequencies, respoctively,
n i3 the eleciron density, d, is the recombinaticn coefficient, and D is the
ambipnlar diffusion coefficient, considered as variable with r. Vis Voo
d, n, and D represent time averaged values.

We see that volume recombinetion introduces a nonlinearity into Eq. (1)
which makes it difficult to solve. Thewy have been published & few analyses
of discharges with simu’ ;ansous diffusion and recombination losses in uniform
electric fis2ds% 3 but none for nonuniiorm fields of which the inductive dis-
charge is a case. We will show in the following how this problem can be
attacked for small recombination rates.

Defining an effective ionization frequency

we rewrite Eq. (1)

2
d*(mD) . 1 di{nD) . nD
nzn +; dlnD + [’ly)‘r) - 'u—’()?')'] nb =6, (2)

The local value of the expression v/D is assumed to e detarmined by the
8 v
effective ir riced electric fleld E, deflnedby E = E rms (\)—2-:;’2—)%—
c

{v o = electroa ccllision frequency; w = driving fruquesncvi, E inturnisa
functivn of . The bracketed term in Eq, (2) thus r:presenis the differerse

batween two functions of r. Since E vanishes at the axis v/D oep be




s O

exi)ected to be zero there or slightly negative (due to attachment). At the
wall, on the ether hand, where r =R, E bas maximur value ER » aud
conseguently v/D will alsu be a maximum thers. The electron density,
however, is assurned to vanish at the wall so that an/D will also vanish
there. At the axis nD i, i1l be different from zero unless o becomes
infinitely large.

It appears, thereiore, that the range covered by Eq. {2) can be divided
into three zones: A zone near the wall whers electron production dominates
and v >> an; a ceniral zone around the gxir where volume recombingtion
dominates, o that an >> v ; and a ihird zone between these two whete

both processes ure of tue sare order and cpproximately cancel out,

A solution of Eq. (2) for the wall zons can be obtained #f an/D is set

egual to zexo and /D is rep “asented by the power law

q
R G @

where the subscripi R refers to conditions at the tube wall r =R,

Whaen use is made of ths boundary condition

nD =0, utr =R, 4
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the solution of EQ. (2) in the wall zone can be written

oD = C Y(!)-E("gﬁ)-cl(!) (5)
o JO(ER) ]

where Jo and Yo are the Bessel functions of zero order and

1/2 q+2
2 2
s =gvs B R(R) &

e s AT

is the transformed radial coordinate. gn corresponds to the position r =R,

i

In the intermeadiate zons where v/D ~ an/D, the solution of Eq. (2)
is simply

aD = C'(ln § + C")., M
In the vicinity of the axis, Eq. (2) reduces with v/D = 0 to

-t - (®)

B |5

whore ‘or briefness has been set

2
-%lx. nD =y, and an%

2 3.

With the beundary conditions
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vy =y, mxd%=0 at x =0, ®)

the aolution of Eq. (8) is given by the series*

4 6 4
¥ £ ax 32 st
S TR A e YR T ¥ e (19

Comparing the geries (10) with that of the modified Beasel function

2 4 6
= 2 X 4 x § x
I,8x) = 1 + B3 + 87 G2 + B 32 *+ ees (11)

We see that with & = 62 the first two terms are identical while the third
term in Eq, (10) i8 larger by the factor two, For values of a and x small
snough to make the series converge, Eq. {il) may therefore be used in plase
of Eq. (10), Series (11) had been obtained in some recsat work' as solution

of the balanos squation ir the axial region for tha case of & purely diffusion
controlled discharge in a tube of finite length L where 8 represents the
term nwR/L. The rather tedious procedure of matching the regional solutions
bud already been carried out in that work, Now for B = a2 =Rian/Dy Y2
and within the above limits these matckad soluticns apparently also repyesent
the effect of volume recombination upon the product nD. Since near the axis

D0, and D ~ D, the parameter § can be written

1/2 ]
8 = R(GD a2)

* For this solution the author is indebted to D, P, Hamm of the Ocsancgraphy
Department, Lockheed-California Company,
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It represents the ratio of recombination to diffusion losses at the axis and is
identical with that arrived at in References § and 6.

Typical nD distributions for the case q = 8 and various values of
8 are shownin Fig. 2, Theo case 8 = 0 1sdlsungulshed‘hya-n§tmaxhnum
at x = 0 while the other curves have a minimum there which deepens as
8 increases. An estimate indicates that for B = 1 the error made by using
Eq. (11) instead of Eq. {10) is about 2 percent; for 8 = 2 {tis around 8
percent, In the limiting case 8 ~ =, n follows the power law distribution
of Eq. (3). Elestrons then have no tirce to diffuse and their distribution is
identical to that at birth,

For a practical example, we take a = 10 85ec lem®, R = Y10 cm,
and D = 10%m3sec™, Toobtain 8 = 1, requires o = 10%? electrons/em>.
In view of the fzot that electron densities of J.Om/cm8 can be obtained without
difficulty for elsctrodeless discharges in air, this is a rather iow value which
indicates a strong effect of volume recombination upon the shape of the density

profile,

Some explanation has to be given about the roie of the quantity q in
Eq. (3) which enters as a parameter in all the results presented here. It

accowzts for the fisld nonuniformity across the discharge tube and is defined

byt

@ = rpD (& . (13)

et




R ML

i

e ——T L L L :L’?%‘!i’ﬂhmiﬁrmﬁlﬁﬁﬁm&

The first bracketed term is entirely determined by the properties of the air,
The second one can be influenced by the strength of inductfon, that is, ampere
tura density and frequency of current in the coil, It has been estimated® that

g cannot be less than about 2 but may assume values of 20 and higher.

2.2 THE CEARACTERISTIC EQUATION

In ordsr to obtain the absolute distribution of n from the mD/nOl.)o profiles
in Fig. 2, additional information is needed in two respects, First, the dis-
tribution of I)/Do has to be known which, strictly speaking, must come from
solution of the eluctron energy equation, This distribution is not critical
however, As shown in Reference 4 it can approximately be derived from the
distribution of E and a crude first approximation for the distribution of n/no
can in fact be obtained by setting D/Do = 1, The essential information

needad is the valus of n, which determines the level of electron density,

1t hes also been shown in Refarence 4 that for a diffusion controlled
inductive discharge an effective value of the slectron density n can be cal-~
culated for ths highexr density levels whsre the penetration depth of the rf
field becomes less than the tube radius. Restriction of electron production
o an inoreasingly more narrow wall zone will increase diffusion losses and
reguire a higher fleld at the wall for maintaining the dischsrge. n can there-
fore ba correlated with ER for a tube of particular radius R. I:x the fol-

lowing we will indicate how this procedure must be generalized when the

45

.




it

elsctron density profile is Yepresented by xonewise sclutions,

The condition that in the wall xone nD vanish at gR » and only there,
detsrmines ;R a8 2 characteristic value

En ™ Ap» (14)

i

i
i

M

where ), is the Srat root of Eq, (5). It has the familiar value 2,405 in case
the matching point {8 located at £ = 0, that is, Eq. (6) bolds over the entire
tube radfus, Thlnisﬁniim!ﬂngme an, - 0 . Inthe other limiting case
when the wall zone becomes infinitely narcowand £ -~ gn. xl spproaches

"
f

e

i
A W . -

infinity. Values of ); for intermedizie cases are given in Reference 8. g

.!,‘\v.; UK

~

it luu," NN A BT

Combining Eqs, (14) and (6) ylelds

1/2
a®, B u (15)

PR

As is well knowns. the ierm (v/D)'ll 2 represents & length which in a uni-

form field discharge (g = 0) equals the diffusion length A of the container.
Thus, for the infinits cylinder ®
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‘ -1/2
aB
A Xy {‘D) . (16)

For a finite cylinder of iength L
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-1/2
p=Rr02 4 6f) o
Y

where A = 2,405 and 8 = nR/L.

For ths inductive discharge one can define from the coordinate trans-
formation Eq. (6) or Eq. (15) an equivalent uniform field radius R' which
is related to the geometrical radius by

R = 2R (18)

This leads to ths following expression for the diffusion length of the inductive
discharge

2 -1/2
A = a[(-‘l-;‘—?) A2 4 a"J (19)
where x1 is now dependent onn B.

The similarity in the Eqe, (10) and {11) suggests that ths recombination
lossuss for the infinite cylinder be treated like axial diffusion losmes in 2 finite
oylinder and ‘o set in Eq, {19)

Qn
2 =l g, (12)

Combining then Eqs. (12), (13), (16), and (18), we obtain the desired relation-
ship between R ard Ea.o:ned oharactaristio equation of the indaoctive
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b E 2 'y s
a2 an
n[% (sn)] -’[1 +-§‘-‘(‘L’§§Y@)Rt(pn)] N g (20)
Here ths function f(pa) stands for
dE. R
f = (52 ¥ 21
(PR) (dr B ER (a1)

It represento the gradient of E at the wall relaied to the average gradisnt of
E soross the tubs radius and is equal to one if no skin effuct is present, The
argument PR ia Eq. (21) is dafined by

oy ‘-—uﬂoz R {22)

whers O is an effective plazma conductivity, The magnetic permeability
in Eq. (22) has been assumed equal to one. Px 18 related to the skin depth

8 by
bg ® F% . (23)

In the rogime where the discharge is sensitive to skin eifect, wr, can there-
fore obtain a valus for the plasms. conducivity on the basis of Eqs. (20) to

{22) if wo know the relationship betwesn R and EB either from calculation
or from sxperimant. From the conductivity we can proceed with & plausible
sssumption about tlis elactron sollision frequency to an estimate of the clectron

[N FA——————— ——
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density in the discharge, It i8 scon from Eq. (20), however, that the recom-
bination term requires us to assume a value for n, so that the electron
densiiy level can be obtained only through an iteration procedure. It is also
not simple t5 dstermine the proper characteristic value 1, since this makes
it nscessary to establish the location of the matching point £ betwsen the
wall and intermediate region.

An estimats has indicated that ths first term on the right side of Eq, (20)
15 gensrally of the ordsr 105, To bring the second term to the same order
would require with the values for ¢» 2, and R of the previous example
o 113, -8
n, 10%em .
Although such densities are 2ot unususl for inductive dischs: _sos, it
did not seem warranted to include volume recombination in the evaluation of
Eq. (20) ot this time becauss of the still considerable uncertaintiss in the
basic data and the large amount of additional labor involved. Rather, it was
decided to calculate n-valuez on the basis of diffusion losses slone,

With an B/D_ = 0 and A, = 2.405, Eq. (20) reduces ® Eq. {23)

of Reference 4,

E
2,405 [1 + R (d—l’fﬁ‘g’@)&]

R = A (24}

1/2
5 ®p)
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2,3 CALCULATION OF EFFECTIVE ELECTRON DENSITIES FOR DIB-
CHARGES IN AIR

To evaluate the relationship between R and Ep from Eq. @24) we
have ¢ know the varistion of ths function v/D with E:, or ratker, in the
gensral form with gas pressure a8 parameter, -1,‘-,- %" 2a = function of E/p.
Messurersenis of maintenance fHelds in air dlschl;rges from which this infor-
mation aould be extracted most convenisntly are not available in sufficient
quantity and quality, However, several suthors have measured alectric bresk-
down fislds in microwava cavities, axd these daia yleld ;-:'g ]-‘-)’-_ as a fuaction
of E/p, where D_ is the free electron diffusion coefficierd, One oan there-
fore obtsin the desirad information by substituting D for D_, In Fig, 3
srs shown the results of Harlin and Brown'? and the more recent measure-
ments of MacDonald, Gaskell and Giuermmn. Ths latter data, which repre-
sant averuges from a greztar smnber of tests, ware used for the present cal-

culationg. Values of ;lg 3 W97 obiained from the Telationship

D .
Dbl s)

whers u, aad u_ are ths positive joa and elactron mobilities, respuctively.
~

*
In air, positive icus are beliavad ¢o be mostly NO* tons, No informs-
tion on tha mobility of this Son could be found in ths litsrature, -According to

the compilation of data given by McDunteil>

» mobilittes of the N*» Ny o
N} and O, fems vary between 1,8 an 3.5 cm?/sec V st 760 Torr. A pro-

-bsble value ¢f 2.5 cmzlsec V was thorelore assumed. Tke velue is not oritical
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since only the square root of the mobilities enters into the calculaticns, Fsr
fi. & valus of 400 em?/sac V at 760 Torr was derived from the recent mea-
suremants by Schlumbohm ¥ of drift velocities of electrons in nitrogen. With

the sbove valus for J: , » this ylelds o, 4. = 6.25x 1075,

Since the driving frequency for inductive dischargss is several orders
of magnitude below microwave frequencies, the effect which elsotron cooling
between driving cycles has upon the time aversged lonizstion frequsncy must
be taken into scoount. This effect has besn cklculated by Gould and Xoberts!
for E/p vslues up to 50, and their results are reprocduced in Fig., 4. The
doftom curve represents the case pa = 0, where ) is ths wavelength of
the driving feld. In the regime of elecirodsless discharges which we oon-
sider, p\ would vary from sbout 19° to 10% which s best representsd by
tha top curve labelcd p) = Sxm‘szn. Extrapolation cf this curve to
higher E/p values has been carried out a5 shown in the figure. R is facdli-
tated hy tha meksuraments of Schariman avd Horihls and several vthar
authoTs quoted in Bafsrence 15 whase dats are also show in Fig. 4. Portan-
ataly, tha “modulstion factor' xepresented by the ratio of curves pi = @
to pA = 0 becomas léﬁ'elgnmum for high E/p values xnd spproaches
one, Ths valuss for -% % obtained befors vers multirlied by this factor
and the resulting function was found to be representahle withia + 5% Ly the

OIPI 21 .I{’-"
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with A = 25000 and B = 240.

Combination of Eq. (26) with Eq. (24) then ylelds

2,406 . . B B
PR = =55 ;+-§-%;‘f(pn)emé-£;‘. 27

The evaluation of tha system of Eqs. (21), (22), and (27), followed closely
that described in Reference 4. It may be remarked that Eq. (22) yialds
5/p% as similarity parameter if pR instead of R is used as variable.

In ordez to obtain an effective eleciron donsity n from the con-
ductivity dats, the relationship

T c m
p—z""?-e-z Ve (28)

has been used which applies if Vo >> w. For convenience Ve has been

assumed to depend on p only, and the relation
- 9
Vo = $5,3x10" p (29)

has been uscdm’ 15. Combination of Eqs. (28) and (28) ylelds with the num-~

erioal valups for e and m

= 1.9x 10 (30)
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where o is in Mhos/cm.

The results of these calculations are shown in Fig. 5 where F/p3 is
plotted vs. E/p with pR as parameter. A driving frequency of 8 Mc/sec cor-

responding to ¢ = §x ].07 sec—l has been agsumed, The curves ghow the

following:

1. The electron density level increases with increasing maintenance field.

2. Foreach pR exists a minimum value of ER/p below which the dis-

charge cannct exist,

3, For ER/p values sufficiently above the minimum value for a parti-

cular pR, the effect of pR vanishee. .

The first two vesults are plausible, The third one can be understood
from the coneideration that with increasing electiun aensity the skin depth :

bhecomes so small that the effect of curvature of the tuba wall becomes insigni-

ficant,

The selection cf pressure if of course, not arbitrary if we want fo stay
in the diffusion controiled glow discharge regime. We estimate that at the upper
limit of the graph p cannot be higher than about , 1 Torr and for the bottom of :
the graph not higher than about 3 Torr, These pressures roughly correspond
to altitudes between 100, 000 and 200, 000 feet and are within the range of interest
for reentry experiments. The predicted electron densities then vary between
about 109 anG 1013/cm3 which according to the calculations of Sizko and Fhskin16

correspond to those encountered from light to medium severe reentry conditiens,
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While, as mentioned, volume recombination losses-2re not ¢cansidered in
these calculations, for the sake of simplicity some effects which would tend
to raise the electron density have also been left out, most significantly the
lowering of the attachment irequency at elevated gas temperatures and the
reduction in diffusion losses by the pressure of tﬁe rf magnetic field, It is
likely, howaver, that electrical insulation or cooling problems set a practical
limit to operation at the high field side.

'Tﬁé final answex, aktoi what extent the calculated data are realistic
and where the limits are has, therefore, to come from experiments. Die-
gnostic experimerts for checking the calculated data are under way but coul
not be finished in time and will be presented in a later paper.” Instead we are

reporting some seeding experiments which are related to reentry phenomena.

*Note added Februsry 1967: Limited experimental data obtainad since pre-
sentation of this paper indicate fair agreement between calculated and measured
Ti-values when referred te the same pR. The measured values of Ep are
however, lower by about 50 percent.
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Section 3
EXPERIMENTS: PLASMA CONTAMINATICN /
- BY ABLATING MATERIALS Z

The purpose of these experiments was to explore the behavior of some

typical ablating materials which are expected to influence the electron density
in the shock envelope and the wake of a reentry body. The tests were made
with an arrangement which is shown in Fig, 6. The discharge vessel is hers
an open 2-inch diameter quartz tube through which dry air is flowing at a
velocity of a few feet per second and 2t a pressure of 0, 8§ Torr, At the exit
section, the tube is traversed twice by an x-band microwave beam. The beam is
modulated by spinning the reflecting microwave horn so that a better signal
to noise ratfo is obtained, To eliminate reflections from.the tube walls,
quartz segments are placed at 3 quarter wavelength on both sides of the tube,

o Since attenuation ig very slight, the electron density. i}s“dei'iﬁ'e& from phase
shift alone, assuming a plausible value for the collision frequency. A sample oL
of the seeding material weighing appro:dm:ately 100 milligrams is placed near
the front end of the tube at a suitable position where it is neither vaporized
too fast by the plazina to affect the discharge noticeably nor oo glow to cause
an immeasurable effect, This position varies for materials with different
heats of vaporization and has to be found by trial and error., Usually it took

eight to ten minutes to completely vaporize the sample.

With solid seeding materials a problem exists in determining the ratio
of seeding rate to afr flow rate, Dividing the weight loss during a test by the
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tex1 time yleolds only 2 crude averas« of vaporization rates since theserates

vary considerably during a test, They start with zero, go through a maximum
ami%apet off to zero again at the end of a test run, Attempts to coptinvally
weigh the sample by suspending it on a tiay besm balance did not succeed.

it .was therefore decided to simply correlate the changes in electron density
with the observed changes in stutic pressure of the plasma. Since the cross »
seciion of the flow is considerably restricted downstreim of the discharge
zone, one can oxpect that the mass addition essentially canses a rise in _
pressure rather than acceieration of the flow, According to Delton‘o law,

the pressuri rise is proportional to the raiative inarease in ths number of
molacules, provided they arc at the sme{te:nﬁéfa;ura._ This sppiars fo be

a fair assumption, It also seems juétlﬁed to disregard the electi» « contri-

bution to the pmssure. Although the electron xemperaure may £xcs3d- thnt

-of the gas by an orde*' of me.gnltude. the relati\e concentratlbn of the ‘le\.t'vone

is only.of the order.of one bundretn q;-a peroqnt.i {I‘ne nux,nber;of —mo}u :.ﬂes 7
may be changed conaidarsbly, ‘however, by chemical reactions batween the ~
seedant and air componenis. This would requizé a special ivestigation 1.

each casc and was beyend the scope of the present tasts.

Thc measuremants resuliing from- two materinls. mwins opggsitn
effects on the eleciron density are shown in Fig, 7. Belore seed.z.w tx_.,
electron density is spproximately 1.5x 101/em®, Adding the combustion
products of cork causes ike electron density to risc, and it an overpressuso

of 55 percent the electron density has {ncreased by an order of magnitude,
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When tho sampls is burned out, pressure and eleciron density return to thefr

original values. The effect of cork may ha due partly to ite content of aikali

raetals and partly 4o thermal electroa emission from soot pariicies.
Sublimation of teflon, on the other hand, lowers the clectron concen-

tration as the secoad curve éhows. This is known to be due to the liberation

" of fluorinz which has a large cross section for electron aftackment, That

the curves for rising anddescending pressure do not e&lngldé indicates that
time has not been complesely éiim!nated as a parameser. 8till, one can
conclude {rom these dita that the grosa etfectg of seedh;g‘can be represented

as 2-function of presaure.

- .. In vxew; of the pressure changes of upi‘.o ﬁfty perceQi which represent
h.lgh seeding ratios, the obser ¢ variations in eléctron density may appear
_rither émau. -One must considé-r. however, thet:the mezsurements were
made downstrean of the diacharge where the piasma is decaying and the
‘effects are réduced. There is also the pogsibility that mixing with the air
styéam was incomplete-alihough the strong thermal agitation in the discharge
“zone does not make this very likely.

Eviden<a for chemical reactions in these tests was obtained from

. 17
spectral obsarvationa of the plasma, Cork produced strong CN bands at

3383 A and 3590 as ie shown in Fig, &, With tefion, weokSi lices appoared,

-indleating that the quartz tube had been attscked by flusrine,

.l

DS AV

L




-_ — - = o _ - - _ - -
S-oE T LT .o - LT

) s T s ~ . - ~ :

. B :

; ]

- 3

i

El

El

- . g

H

- / S Although these tests wers ~f an sxploraiery nature, they dsm;)psirate

)
O S

] the suitability of eloctrodelagh discharges for ixvastigating the effects of

. = "~ seeding materiais. -

\
i
|
i
]
e
)
.
I
PRI 1Y

"

'
'
N @ b ampraris

v
i 14 8 s I

et g g 30 mmseppm g

ZRTTTR

s Attt gepg st

vy

ey e e e s

Y
NERORE
.
it
o d

e
it | M S G T ii<

G e

I




.
-
I

58

Section 4
REFERENCES

G, Babat, "Electrodaiess Discharges and Some Allfed f5roblems. "
Journ. Inst. Eleci., Eng. (London) Ser II, Vol, 94, pp. 27-37 {1947)

T, B. Reed, "Induction Coupled Plasma Torch, * Journ. Anpl. Phys.
Vol. 32, p. 2534 (1961)

H. U, Eckert, “Equations of the Electrodeless Ring Discharge and
Their Solution for tho Breakdown Criterion, " Proe, IVth Internatl,
Conf. Ioniz. Fhen. Gases I, p. 320-4, North Holland, Amsterdam,
(1960}

H, U, Evkert, "Diffusion Theory of the Electrodelass Ring Discharge, ™
Journ, Appl. Phys,, Vol. 33, p, 2780-88 (1962)

E. P, Gray and D, E. Kerr, "The Diffusion Equation with a Qu
Loss Term Applied to Electron-Ion Volume Recombination ;n a Pi
Annalg of Physics, Vol. 17, pp. 276-300 (1962)

1
X

V. 1. Solunskif and B, L, Timan, "Volume Recombination in the Pre~

-Bence of Ambipolar Diffusion in 2 Gas Discharge Plasma, ' Soviet Physfce-

Techn, Physics, Vol, 9, pp. 207-10, {1964)

H, U, Eckeri. "The Diffusion Controiled Electrodeless Discharge in a
Finite Longth Cylinder, ! Report LR 18428, Lockhsed-California Company
(January, ;965)

E. Jabnke and F, Emde, Tables of Functions, B. G. Teubner, Beslin
1938, pp. 2045 -




I

4

Aty A A

i

L}

P
f

Bk e relea i iy |

‘,‘
[ ot ! ol R M Y

ettt Ghinse (b Motz o

9.

10.

i1,

iz,

14,

17.

Phlyiiin

8. C. Brown, Basic Data of Plasma Physics, J. Wiley, New York, 1959,

M, A, Herlin a.nd S. C. Brown, "Microwave Breakdown of a Gas ina
Cylindrical Cavity of Arbitrery Length,  Phys. Rev. Vol. 74, p. 1650-56,

L. Gould and L, W. Roberts, "Breakdown of Air at Microwave Fre-
quencies, " Journ, Appl. Phye,, Vol. 27, pp. 1162-70 {1960)

A, D. MscDonald, D, U, Gaskell, and H, N, Gitterman, "Microwave
Breakdowr in Afr, Oxygen, and Nitrogen," Phys. Rev., Vol, 130,
pD, 1841-5,0, (1963)

E. W. McDaniel, Collision Phenomena in Ionized Gases, Jchn Wiley &
Sons. New Yorko 1964; PD. 473-79

#, Schlumboh™, *'Messung der Driftgeschwindigkeiten von Elektronen
und Positiven Ionen in Gasen, " Zeitschr, f. Physik, Vol, 132, pp, 317-

W. Scharfmsn and T, Morita, "Focused Microwave Techniques for
Mezsurement of the Ionization Rate and Collision Frequency, ' Journ,
Appl. Phys,, Vol. 35, pp. 2016-20 (1964)

W. B. Sisco and J. M, Fiskin, "Basic Hypsersonic Plasmsa Data of
Equilibrium Afr for Electromagnstic and Other Requirements,
Electromagnetic Effacts of Reentry, sditsd by W. Rotman gnd G. Meltz,
Pergamon Press, New York, 1961

R. W, B, Pearse and A, G, Gaydon, The Identification of Molecular
Spectrs, 3rd Ed,, Chapman & Hall, London, 1963, p. 112




oRXUGORIC GATIONPUT JO SUIIINO T axnh gy

| | ,..,, O 00O O O O 0 O O |
\A/ = J :
TN | = | .
f.a 03 H.....W.... 4 |
/IR LD

- s

OOOOOOOO )




r
XsR

Figure 2.

1.O

Effect of Volume Haocombination upon Radial Distribution of
Product Electron Density Times Diffusion Coefficient
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LI, SHOCK TUBE SIMULATION OF RE-ENTRY PLAS
FLOWS AND THEIR MICROWAVE NOISE EMISSION

James E. Hartselt
Ross Caldecott
ElectroScience Laboratory
{formerly Antenna Laboratory)
Department of Electrical Engineering

The Ohio State University
Colvmbus, Ohio

ABSTRACT

The thermal noise emitted by the piasma sheath is of great
importance in communicating with hypersonic vehicles, iIn order to
study this problem it is essential to know the flow properties about
the vehicle in considerable detail, particularly those of the thermal
bourdary layer. The flow fields of models mounted in the free stream
of a2 hypervelocity shock tube have been carefully studied and compared
with flight conditions in order to simulate experimentalily typical re-
entvy plasma flows over an antenna,

In the past the shock tube has been widely used to simulate
réoentry heat transfer at the stagnation point and can be applied to

the communications problem in this region with little difficulty,

* The research reported in this paper was sponsored in part by Contract
No. AF 33(657) ~10523 between Air Force Avionics Laboratory,
Electrc. .z Warfare Division, Electromagnetic Environmental Braach,
Propagation Group, Wright-Patterson Air Force Base, Ohio and The
Ohio State University Research Foundation,

+ Aerodynamic Laboratory, Department of Aeronautical and
Astronautical Engineering, The Ohio Staté University,
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.
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Howasver, in practice an antenna is usually located away from tha
stagnation region to avoid the "blackout” preblem, In the present
study, points away from the stagnation region have also been
measured in the shack tube, and it is found that 4 reasonable degree
of simulation can ts obtained. The boundary layers on shock tube
models will be similar in natuzre to those on re-entry vehicles, and
will possess the same dissociation and ionization effects, even
thoigh the free.stream Mach number will be conaiderably lower and
flow field geometry slighily different from the flight case. h

A simple model based on the existence cof guided waves in the

boundary.layer ha-~ pgéq adopted to explain the electromagnetic

layer pi'opei'ti\és-,r ir particular the geise temperature of a small

" fiush fMounted anfeuna,
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THE BASIC NOISE PROBLEM

Much zttention has been given to the radio blackout produced
by the hypersonic plasma sheath, while the problem of plasma
generated noise has tended to be overlooked, A blacked out signal
is of somewnat academic interest. In practice, in an imporiant
communications link, steps will be taken to maintain an adequate
signal level, This will be done by careful placement of the antenna,
by use of a transmission frequency above plasma cut-off, or by
resorting to one of the available methods of plasma control such
as the use of a strong magnetic field, Once a sufficient signai
level has been obtained, it is ‘he signai-to-noise ratio which becomes
important in determining system performance,

Plasma generated noise may be of two types, modulation or
therinal., Modulation noize is caused by variations in the plasma
sheath resulting from vehicle motion, operaticn of control jets, the
proximity of other high power r.f, systems and so on, and appears
ags unwanted modulation or an r,f, signal passing through the plasma
layer. It affects equally signals transmitted and received by the
hypersonic vehicle, It is also very much dependent on the particular

system configuration and for this reason will not be discussed

further here.




Thermal noise on the other hand is generated within the plasma
itse'f and is caused by the thermal motion of the free electrons, It
is normally only important when a signal is being received by the
hyperscaic vehicle, In the transmitting case the beam area of a
distanx receiving antenna is generally such that the plasma sheath
occupies only a very small part of it, A proportionally small amount
of the th;rmal élaama. noige is then coupled into the distant receiver,
In tt{c Tass of a very large receiving antenna this might not always
be true, in which case the effect of the plasma generated thermal
noise would have to be considered for both directions of transmission,
The present discussion will,” however, be confined to the case when
the receiver is on board the hypersonic vehicle,

Moise temperaturé will be used here rather thar noise power
since this keeps the discussion largely ﬁdependmt of the receiver

characteristics, The two are of course reiated by the familiar linear

equation:

{(1) P=kIB

i

where P is the nolse power in watts
k is Boltzmann's constant {1.38 X 10”2 joules/°K)
T is the noise temperature in degrees Kelvin

B is the bandwidth in cycles per second.
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At the receiver input terminals, T will be made up of the equivalent
receiver noise temperature TR and the antenna noise temperature Ta.
Ta will depend, among other things, on the plasma sheath, Figure }
shows the situation for 2 simple antenna aboard a re~entering vehicie,
Noise will be contributed by the ground, the atmcaphere, the cosmic
background and the plasma sheath, There will also be a contribution
from any lossy portions of the antenna structure, When low noise
receivers are uged, noise sources other than the plasma may well

be significant and are discussed in many papers on low noise anteana
systems, for example Reference 1. For the present px;rpose it will
be assumed that the contribution from all these may be neglected and

that the only contribution to the antenna temperature is from the

plasma, The antenna noise temperature will then be given b}'

{2} Ta = a{1-R}Tp.

In this equation Tp will be the physical temperature of the plasmz if
it is close to thermal equilibrium which is generally the case; other-
wise it will be the electron temperature, a is the emission coefficient
of the plasma, For thermal equilibrium it is also the absorption
coefficient for the signal and includes loss by reflection at the outer
plasma boundary where the signal is reflected back into the plasma.

R is the power reflection coefficient of the antenna,
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The importance of the plasma with regard to system noise will
depend on the magnitude of the antenna noise temperature compared
to the receiver noise temperature, The deterioration D in signal-to-
noise ratio due to noise alone but excluding the effect of signal loss
may be written as
(3) p=TR*TA

TR

or substituting from Eq. (2)

Tp
4 D=1+a{l~R) ¢+ == .
(@ (1-R) « =
At first sight it would seem that a high reflection coefficient at the
antenna would be an improvement, However, there is an additional

deterioration due to signal loss which is given by

' 1
i D= R

Multiplying Eqs. (4) and (5) gives the overall deterioration Dy in signal-

to-noise ratio

1 a Tp
= t = + o —
(6) D, =DD {(1-2) {1-R) l-« Tg .

-
.

¥
From this it is evident that & high reflection coefficient.is harmful,

Assuming for the moment that it is possible to keep the antenna m~ched

._over a wide range of plasina conditions, Eq. (4) may be written

Tp

Al

.
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The effect of plasma noise then depends only on o and the ratio Tp/Tg.
However, plasma temperatures are measured in thousands of degrees
Kelvin while the noise temperatures of modern recsivers may be below
one hundred degrees, Quite small vzines of a may thus produce a
significant effect, This is illu-trated using decibel scales in Fig, 2,
Signal loss is also shown plotted against itself in the figure to illustrate
its relative importance, It is evident from the figure that in practically
all cases when the signal loss is in the range from 0.1 to 10db, plasma

noise is of prime impo=tance.

SHOCK TUBE SIMULATION OF HYPERSONIC
PLASMAS

Evidently the noise level is sensitive to quite small changes in
the plasma. It is thus necessary to know the plasma conditions accurately
if the noise problem is to be properly evaluated., Unfortunately the plasma
is by no means a simple uniform layer, Itis bound‘ed at the outer edge
by the non-equilibrium region associated with the shock front and at the
vehicle surface by a boundary layer, Since, in practice, antennas are not
generally placed at the stagnation point but at some position further aft,
to avoid the most severe plasma conditions, the effects of flow expansion
and possible boundary layer turbulence must also be considered, Some
form of experimental program is thus virtually essential, which brings
up the question of whether the flight conditions can he accurately simu-

lated in the laboratory,
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Since the problem is basically aerodynamic, the qevelopment of
facilities to simulate hypersonic flows has been one of the major efforts
of the engineering approach to the problem, Hypersonic wind tunnels
can develop sufﬁcie?tly high Mach numbers but generally cannot
approach the high tota.i enthalpieg encountered in actual flight, Thus

such facilities do not produce the real gas chemistry which is the cause

of re-entry communications difficulties, Plasma tunnels are another
possibility, but flow conditions are often difficult to determine, and
high enthalpies cannot always be obtained, Impulse facilities, such as

the shock tunnel and the shock tube, are receiving much attention and

use, The shock tunnel can produce the high Mach numbers and enthalpies

P, T

needed for flight simulation, but care must be exercised in determining
the free stream flow ccnditions since the rapid expansion through the
nozzle may "freeze' the flow composition in a non-equilibrium state, -
The hypervelocity shock tube has been used extensively for stag-
nation point heat transfer studies 2'3'4 and also for measuring thermal
noise emission,5 It is an excellent device for creating clean, high
density plasmas for communications studies, However, it has not
been used for complete flow field studies since the free stream Mach
number is relatively low in the operating range where hypersonic
stagnation conditions are simulated. The hypervelocity shock tubes

at The Ohio State University Aerodynamic Laboratory can duplicate

'
oo A s
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the inviscid stagnation point conditione over a great portion of the
re-entry map, However, the stagnation point of a blunt bedy is only

a limited region in the flow field, and the larger question is what degree
of simulation can be obtained in flow field regions away from the
stagnation region?

Answering this question is the purpose of the present study, with
the primary objective being the use of shock tube generated flows to
measure thermal noise emission on a blunt body downstream of the
stagnation ragion. If the shock tube can be employed for noise studies
of this type, it may then be possible to examine the effzct of the boundary
layer on noise emission, The boundary layer on the aft region of 2
blunt body is thicker than that at the stagnation region and may have a
pronounced effect on the noise level reaching the antenna, The effect
of the thermal boundary layer oz microwave noise measurements has
been observed on the wall of the shock tube® and it would be of con-
sicsrable interest to ohserve the eifect of bourndary layers such as those
found on models mounted in the shock tube free stream.

The present problem is primarily one of similitude. The body
selected is the hemicylindrically blunted flat plate at zero incidence,

It is a simple two~dimensional body for which considerable wind
tunnel data is available in the open literature and possesees a flat

afterbody for uncomplicated antenna mounting. The parametsrs that

are investigated exparimentally are shock detachment distance, shock
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shape, and preesure distribution over the body. Since the shock tube
can 2asily produce the required total enthalpy of the flow, the three
parameters mentioned should indicate the degree of inviscid flow
similit e,

1 1e axperimental work was performed in normal air in the
supersoric fres jet of a four~inch diameter hypervalocity shock tube.
The tube uses helium as & driver gas, which is heated by an electrical
arc discliafrge from a capacitor bank with a maximum energy storage
capacity of 200,000 joules, The general layout of the shock tube
facility and-the Schlieren system usecd in the present study is pre-
sented in Fig. 3.

The flow pattern about a typical model in the free jet test region
iz shown in Fig. 4. The model must be located near the tube exit in
ozrder to remain within the conical supersonic free jet, the extent of
which is determined by the Mach angle u; of Region 2, The {ree
stream flow, Region 2, is considerably different from the free stream
encountered in hypersonic flight, evan thougnh stagnation conditions on
the model may be identical, Region 2 has been shock heated by the
traveling normal shock to an elevated temperature and is partially
dissociated and ionized for the range of conditions of this study.

The speed of sound in Region 2 is considerably increased by
the initial shocking process, Thus, even though the flow velocity

may be quite high, the Mach number remains in the moderate
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supersonic range. In hypersonic {light the fiow reaches the stagnation
point condition by passage through a single, strong, normal shock,

To reach the saine stagnation condition in the shock tebe, the flow
passes through two shocks, and therefore each of these muat be
weaker than the corresgonding hypersonic flight shock wave, Since

the bow shock about tha shock tube model is weaker than its flight
counterpart, the change of flow variables across it will be less severe,
Ax important hypersonic similituds pzrameter which is affected by this
differenco in fres stream conditions is the normal shock density ratio,
k. The variation of the shock tube free atream Mach number, M;, and
the density ratic acfoss the normal portion of the bow shock, k, is
presented in Fig, 5,

The eifect of the shock tube free stream dissociation and ioni-
zation on non(-equilibrium phenomena behind the model bow shock
deserves congideration, particularly the question of relaxation to
equilibrium behind the bow shock. Species recombination for flow
near the body sxiri;ace should not dspend on the free stream conditions
as long as equilibrium is reached at the stagnation point, since all
flow over the aftarbody near the surface will be in equilibrium near
the stagnation reogion, Since the ehock tube free stream is alrsady
raised to & high e'x-xex'gy leval, one would intuitively feel that rclaxation

wouid be faster behind the bow shock in the shock tube than it would
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be in the flight case where the free stream is "cold”, This has been

investigated recently in the present facility, and results obtained
indicate that relaxation is faster with a dissociated free stream.?

The mere fact that relaxation behind the bow shocs'c‘, m the shock
tube is faster than in a simulated flight condition is not sufficie;t
grounds for assuming that relaxation phenomena do not affect the
shock tube model flow field, The models commonly used in the shock
tube are usually much smaller than full-size hypersonic vehicles,
Therefore the relative importance of non-equilibrium relaxation must
be investigated by ccnsidering typical model sizes,

A good index of the relative importance of relaxation behind the
normal portion of the bow shock is the comparison of relaxation
distance to the shock detachment distancs. The relaxation distance,
de, is the distance behind the shock at which the flow properties are
within 10% of their equilibrium values, This i3 a common parameter
in relaxation studies and is presented in Fig. 6 for the shock tube
model bow shock, The diameter selected for the calculation is
3/8 inch, the smallest model used in the present stucly, The relaxation
distance curves are based on a constant flow velocity behind the bow
shock equal to the velocity immediately behind the shock, while in the
actual case the velocity will decsease as the flow senses the presence

of the model, Therafore the curves represent an upper limit on d,.

i
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The shock detachment distances for the axigymr airi¢ "\4 53

are from Reference 8, and those for the two-dimsanzicazal curve

(cylinder) are based on present resulvs, Figure $ does show that at

low pressures and low shock speeds a major portion of the nose region

for this srcall model size can be in non-equilibrium, particularly for

the axisymmetric model, For the two-dimensional model and test

conditions of the present study, the stagnation region of the flow about

the model was definitely in equilibrium, Since the equilibrium distance

is inversely proportivnal to the initial pressure P,, non-equilibrium
effects in the stagnation region can be virtually eliminated by choosing

2 high eaough value of P,. The problem of recombination equilibrium

during the expanding portion of the flow over the body is therefore as-
sumed to be unrelated to the free stream conditions except by the fact

that the limiting pressure for the expanding flow is the free stream

pressure in the shock tube, P; .,

The test program included four measurements: shock stand-

off distance, shock shape, body pressure distribution, and thermal

noise emission from the shock layer at some body station away from

the stagnation point, The first three measurements were made

using the single pass Z-type Schlieren system described in

Reference 8 and shown in Fig. 3, The pressure measurements of

this study are of the indirect type, inferred from Schlieren photo-

graphs of the Mach lines emanating from the model surface, Small




taps slices were attached to the surface of the blunt plate model

along the centariine, with the leading edge of each slice aligned
parallel to the_ leading edge of the plate. The Mach lines generated

Sy these small diléurbances on the surface were photographed and

the Mach angle p was mesasured as a function of bedy station, The
flow in the immediate vicinity of the afterbody surface has expanded
from stagnation point eq;xilibrium, »n expansion that is aszumed to

bz isentropic. This allows the Mach number distribution to ke
immadiztely converted ix;to & pressure distribution by the use of
standard "real gas" air tables, Pressure data were obtained only

a$ lower velocities and enthalpies and relatively bigh initial pressures
(P, = 15 mm Hg)-so that the assumption-of equilibriom expansion wouid
allow the use of- ;qum.brium values of the local speed of sound. This
precauticn was tokes to :iniure the validity of the indirect pressure
measurement technique, The p;.'esent data for botbi the nose and
afterbody of tl;ei‘blunt plate are campared with ssveral othar reaults

in Fig. 7. -
The degree of similarity between the ehock tube conditions m;d

. those of free flight is perhaps best illuctrated by an example. Since
it is the pl23ma temperature and slectron density which aze important
in dater:nining tho noise emiesion, thaze were calcuiated for the

specific antecra location used and for a typical shock spesd and

pressure nimely Mg = 15 and P; = 1,0 mm Hg. The corresponding
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flight conditions were then calculated and found to be approximately
Vo= 23,000 feet per second at an altitude of 110,000 feet, Assuming
ior the moment that it is important to simulate the stagnation region,
this choice of altitude and velocity will give both flow fields the same
total enthalpy. However, the shock layer on the flying plate at this
altitude will be more expanded at S/D = 3 than that of the model, and
thus the inviscid surface conditions will not be equal, If the inviscid
surface conditions are to be equal, the body location of the antenna on
tae flying plate will necessarily be closer to the shoulder than that of
the médcl, Using the blunt wing blast wave pressure equation of
Reference 10 and the flight shock wave properties of Reference 11,

it ia found that the correct location for simulation on the flying plate
is approrimately S/D = 1.0. Thus inviscid surface conditions on the
ghock tube modei at Py = 1.0 mm Hg, Mg = 15, and S/D = 3 are equal
to conditisnge on the flying plate at Vg, = 23,000 fps, altitude = 110,000 ft.
and S/D = 1,0. There may be an infinite number of flight velocities,
antenna locations, and altitudes giving equal thermodynamic conditions,
but by matching the total snthalpy and stagnation pressure, the isen-
tropic expansion from the stagnation point ¢f both the flying plate and
shock tube model to the same pressure means that the velocities will
be equal at the antenna locations. This may be important in studying

the boundary iayer effect sinceit means that the local Reynolds number

83
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at the antenna, based on distance from the stagnation region, is now
entirely determined by the relative size of the two bodies,

Using an intasgral method, the flow properties across the shock
layer for the two antenna ioca.ﬁons have been calculated and are pre-
sented in Fig. 8. This result shows the absence of the sharply defined
entropy liyer near the shcck tube model afterbody. In the flight case,
however, the flow that has come through the near-stagnation region of
the body forms a layer over the afterbody with severe gradients in
the Sow properties occurring beyond this layer as the bow wave is

approached,

THERMAI NOISE MEASL_IREMENTS

The noise measurements were made at a frequency of 10 Kmc/s,
the model used being shown in Fig. 9. The antenna consists of a
dielectric loaded, open ended waveguide and is located three body
diameters downstream of thq blunt plate leading edge, It is shown
surzounded by a choke ring in the figure, and measurements were
made both with and without this ring., Connection to the measuring
system was by way of the waveguide port seen in the lower left hand
corner,

Equation {2) shows that for the measured antenna temperature
T, tobe related to the plasma temperature, it is necessary to know

both the absorption coefficient of thn plasma, @, and the reflection
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coefficient of the antenna, R. Over most of the range of measurament

the plasma density was such that a could be taken as unity, The error

introduced 2t low velocities by this assumption will become apparent
on examining the experimental data., It was, however, necessary to

measure the antenna reflection coefficient,

The experiinental technique used is illustrated in Fig. 10, In
order to obtain both the noise temperature and the reflection coefficient,

a pair of measurements is necessary, For the first of these a sensitive

radiomeser was connected directly to the antenna, The radiometer
consisted of two traveling wave tubes followed by a detector and aw
oscilloscope, It hod a bandwidth of about 700 Mc/s and an integration
time of abou? 5 u zec, this latter being the maximum conzistent with
the desired time resolution, The radiometer was calibrated before
and after cxch shot using a known noise source and a precision
attenuator, Then, with appropriate allowance for transmission loss

in the model and connecting waveguide, the observed noise temperature
is given by

8} T, = r{1-R} TP .

¥; was measured and plotted as a2 functic 1 of shock velocity for an

initjal pressurs P; of 1 mm Hg. A sccond series of tests was then _:

rin 2sing the secend experimental arraugement shown in Fig, 10.
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This time the observed noise level was a combination of the noise

entering the antenna and that originating from a known noise source and

reflected by the antennz, The observed noise temperature is giveun by:

(9 T, = " RTN 4 7(1-R) Tp
4 2

P. rs of temperatures T; and T, , measured at the same shock velocity,
were then substituted into Eq. (8) and {9) and the corresponding values
of Tp and R calculated,
The oscilloscope noise traces fall into two distinctly diffevent

groups, depending on the ahocl'c\ velocity, Figure 1i presents one
sample trace from each categ;ry to illustrate thi~ sffect. Eoth are
measurements of antenna m.;i'se alone, that is of T;. For low spued
rurs {Mgz < 11) the temperature is nearly constant during the flow
time and the buildup time is short, For speeds above Mg = 11 there is
a definite overshoot in temp=arature followed by a gradual decay to a
relatively constant value for the d{ux"a':ion of the test time, Thexe are
two possible reasons for this phenc:menon, both of which probably
contribute to the effect, Ono ir the passage of the traveling normal
shock over the body, which produces a transient non-equilibriem
overshoot in temperature. Thic overshoot is quite high in magnitude,
but due to its extremely short duration, the cffect may only be partially

fel% by the radiometer, which has a rise time of several microseconds.
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Rowever, some contribution must expected. The other reason is the
time dependent buildup of the flow, particularly the boundary layer,

after the passage of the traveling normal shock ovex the body.

B As the boundary layer builds up, the field of view of the antenna is
! oEe
-
I B increasingly affected and the recorded temperature level will

= decrease, since the antenna sees the entire boundary layer but only

a limited depth of the shock layer. This is due to the "blackout"
causaed by the high electron density and plasma frequency at the higher
spcad runs,

In uvrder to study this boundary layer effect further, two completely
separate sets of measurements were made, The first set was made
using a simple open ended waveguide antenna, For the second set the

choke ring shown in Fig., 9 was added. The reduced temperature data

from both sets are shown in Fig, 12 and the reflection data in Fig. 13.

Referring to Fig, 12 the choked antenna temperature is only slightly

L

i
gt

= lower than the plasma temperature in the midportion of the velccity

%g% range, indicating relatively little boundary layer effect, At low

;% velocities it falls short due to the thin plasma; the assumption that

Sj:; the absorption coefficient a is equal to unity is no longer valid, At
% high velocities it again falls short due to the increasing influence of
= the boundary layer. The unchoked antenna on the other hand shows

a markedly lower temperature over the whole of the velocity range
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indicating a strong boundary layer dependence. The temperature
overshoot referred to earlier in connection with Fig. 11 is also
indicated in Fig, 13, It falls short of the non-equilibrium temper-
ature behind the moving normal shock because of the limited rise
time of the radiometer mentioned previously, However, it is
consiaerably abova the plasma equilibrium temperature at the antenna.
location indicating that it is not simply a boundary layer effect.

The part played by the boundary layer can perhaps be clarified ‘
by reference to Fig. 14. Within the boundary layer there exist both w
a temperature gradient and an electron density gradient which increase

up to the equilibrium values at the outer edge of the layer. For dense
plasmas there will also be a point along this gradient where the plasma
frequency equals the measuring frequency, At thia point the conductivity

of the plasm'a, is high, In the unchoked case this layer, where wpZws

forms the lg;sy wall of a waveguide tee, The antenna couples almost
entirely to this layer, and the observed noise temperature is essentially
the layer temperature, When a choke is added a short circuit is thrown
across this "waveguide', and the antenna is forced to look outwards.

The conductivity of the plasma is still high, and so the reflection coefficient

- of the choked antenna will be higher than for the unchoked case, However,

when allowance is made for the reflection coefficient, as was done in

[T S
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these experiments, the cbserved noise temperature will be much

closer to the equilibrium value for the choked antenna,

—"mu'.nunmxn|!mmlmm’um|!(}m2mnmml!i!lm!l!ﬂmmmmmmmmmﬂmmmmﬁ

CONCLUSIONS

It bas been shown that in situations where partial transmission
through the plasma sheath is possible, plasma genarated thermal

noise is of the utmost importance in determining the performance of

a receiving system aboard a hypersonic vehicle. It has alsoc been

demonstrated that small models mounted in the free stream of 3
shock tube can be successfully used for the study of plasma noise
emission at points away from the stagnation region, provided care is

exercised in scaling the relevant parameters, Experimental noise

studies have shown that at high plasma densities the antenna noise

temperature is closely related to the characteristics of the thermal

boundary layer,
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Fig. 3. Layou’. of shock tube and Schlieren system.
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IV, AN EXPERIMENTAL STUDY OF PLASMA-COVERED
SLOTTED-CYLINDER ANTENNAS

N. V. Karas and J. D. Antonucci
Air Force Cambridge Research Laboratories
Bedford, Massachusetts

Abstract

The radiation characteristics of axial slots cn a cylinder which
is covered by a layer of plasma has been studied by means of a plasma
simulation technique. The relative index of refraction of less than
unity between the plasrna and free space is maintained for the model
by aa analog tank which represents "free-gpace' by a high dielectric
constant liquid and the plasma by a lower dielectric material. This
technique differs frem a previous simulation method in that the models
can be immersed into the tank, rather than being kept external. This
madification allows the study of nonplanar geomnctries of complex shapes.
Antenna patterns of axial slots on cylinders of various radii and
thickness of plasma covering were observed to have good agreement
with theory for radiation in the equatorial plane. These measurements
are being extended to radiation from finite bodies, such as the finite
cone and cylinder. In addition, the effects of varying radii of curvative

upon the admittance properties of the radiators are under study.
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1. INTRODUCTION

The eifects of plasma sheaths and rocket exhausts on electro-
magnetic radiation from space vehicles have been the subject of much
ressarch. Since plasmas have complicated structures and the vehicles
have complex geometries, analytic solutions are not always possible.
Many simplifying assumptions aand approximations have to bz made.

An experimental technique that wovld more realistically simulate plasma
conditions and provide the means for checking theoretical predictions has
icng been sought.

Among the variety of devices suggested ~..d used in plasma
Jimulation have been lumped electric elements and mechanical analogs. 1
Artificial dirlectrics whose electrical characteristics are similar to those
of a plasma have algso been used, 2-3 among them a medium comprised of
periodically spaccd lattice of metal rods, and another a parallel-plate
guide carryiag the fundamental TEOI mode.

Somsz simulation techniques have limited application. For example,
an artificial medium made of metal spheres or consisting of hgles in plates
ur dishes may have 4 propagation constant equivalent to that of a plasma
but a relative magnetic permeability that differs from unity. A conductive
solation of an acid or salt may have the proper attenuation constant but a
refractive index greater than unity. The degree of applicability of these

simuclation techniques is therefore limited since only one or two of the scalar




S S A

A

ItV g

K

it

"

parameters of a plasma are simulated.

This paper describes a technique of plasma simulation in wnich the
relative index of reiraction of less than unity between the plasma and
free space is maintained by using two contiguous real dielectric media.
Free space is represented Ly a liguid of high dielectric constant, and the
plasma by a material of lowe;- dielectric constant. The technique differs
from a previous simulaticn mt:t’.hod4 in that here the experimental models are
not outside the liquid dielectric but immersed in it. The modification allows
for studying nonplanar geometries of complex shapes.
2. THEORY

For weak signal interact ns and in the absence of static magnetic
fields, the plasma can be represented as au isotropic, linear, losay
dielectric whose magnetic permeability B, is unity. Under these restrictions

the plasma has a complex index of refraction whcse real part is less than

ux:ity.s Th=n
wz wzv/w
e ®me j1-—2— #; B2 _1 .
.1 o 2, 2 2. 2
v ‘o v %
where

&%= dielectric constant of free space

up = plasma frequency

~ . v = collision frequency

1pg
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W = operating frequency

wp = dielectric constant of plasma.

If v O,
€ wz
-2 =1 -_E.
4 < 2
& w

Further, if 0< 59 <1,

W
Ad
'an0<-£.<l,
o
or n <1,

r

/2

where the rslative refractive index, n_ equals (ep /eo)l .

Since real dielect:ics always havc refractive indices greater than
unity while lossless plasmé.s always have refractive indices less tnan unity,
real dielectrics canrot be substituted directly for the plasma in a simulation
experiment. The present technigue is therciore based upon a double substi-
tution in which the free-space region is replaced by a liquid of ":igh refrac-
tive index and the plasma by {including air) of lower refractive index.

It is readily shown beil?_w that the radiation pattern and normalized

aperture impedafi “ofa suitably scaled model of a dielectric clad aatenna
aepends on the ratio of the constants of the cladding layer and the surround-
i _ medium, rather than only upon absolute values.

.

From the dimensionless form of Maxwell's equations, it is seen

NS a3t e

A ‘8
-

3 N A~

Al
ECR TR TR IR TR e - -5 T . T T T
= . .

d ’
& N .




that the scaling relations for any electromagnetic problem depend on

certain dimensionless combinations of the parameters that ckaracterize

the media:

where

The relative spatial relations of the fields in corresponding regions

}ulziz = A

pﬁlzf’B

4

A = chacacteristic length of model,

f 2 frequency,

¢ = conductivity,

# : magnetic permeability,

v

dielectric constant, and

L
u

A and B are constants

of two systems, A and B, will be pregserved, provided that:

2.2 2 2
*‘A‘A’ZA‘A"’%‘B/B‘ !

&

(1)

()

(3)

11
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Here the subscripts A, B refer (o systems A and B respectively.

The constraints are now imposed that B = %(-"'o’ and £ A x iB.

Then,

2 442
‘A/‘B'IB/'ZA' (5)

°r/%" l;/.li : (6}

The proper scaling relations will therefore be maintained in the
two systen.s, provided that all dimensions are scaled in proportion to the

characteristic lengths and that the ratios of dielectric constantes and con-

ductivities fur corresponding points in the two systems be kept constant in

accordance with Eqs. (5) and (6). For two sets of corresponding regions

in each system (indicated by the additional subscripts 1 and 2 respectively),

Egs. {5) and (6) also impose the related constraints:

>
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1t should be noted that equations {5} through (8) involve only ratios

of dielectric constants and conductivities. An antenna system, consisting of

plasma-free space interfaces, can therefore be simulated by another system

in which the free space (¢ Al = eo} is replaced by a material of high dielectric

o

constant (eBl > eo) and the plasma (GAZ < eo) replaced by iree space or air
; {e B2 = eo). The characteristic dimensions, as well as the wavelength, are
then scaled in accordance with Bq. (5}, Both systems are assumed lossless
so that the conductivity ¢ is everywhere zero. The physical model then
consists of an anechoic {reflection-free) chamber filled with a high dielectric
material in which a scale model of the antenna under test is immersed. The
plasma is represented by a low-dielectric constant or air layer over the
antenna. It should be noted that this simulation is only correct at a single
frequency since the plasma is dispersive while real djelectrics are not.’
Furthermore, this simulation technique is not applicable for frequex;cies at
which the dieloctric constant of the plasma is zero or negative.

3. EXPERIMENTAL RESULTS

Besides the physical restrictions enforced by elec%romagneﬁc
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requirerents, there are mechanical restrictions on the types of real
dielectric materials that can be used to simulate free space. The medium
simulating free space may not be a solid since a solid does not accommo-
date insertion of a model. A uniform granular composition is acceptable
onlg for static tests like measurements of impedance because such tests
require no movement of the model. A liquid appears to be the most suit-
able medium since it allows for both static and dynamic experimental tests.

A greater choice is available for selecting the medium to simulate
the plasma. It may be a solid, gas, or liquid. In the case described in
this paper, a liquid dielectric was chosen to simulate free space, and air
to simula.c the plasma. Plexiglas, whose dielectric constant approximates
that of the liquid dielectric, was used as a separator between the two media.

A schematic of the experimental setup is shown in Figure 1. The
dimensions of the metal tank that contains the liquid dielectric are 2.5 ft
by 2.5 ft by 4.5 ft, corresponding to dimensions of 37 by 37 by 67 wave-
leng.hs (measured in the dielectric) at the operations frequency of 9500 Mcps.
The tank has a capacity of about two ':mndr:d gallons of liquid dielectric.
Its inside walls are lined with mic?%’\vave absorber, spiked to minimize
reflections, which is protected by a plastic liner since it would otherwise
diggolve ir. the liquid dielectric.

Since the liquid dielectric occupies a large experimental volume,
there are many safety factors to be considerrd. It must be noncorrosive;
its vapors must be nontoxic; its flash and flame points must have high

temperature thresholds. Also, {>r slectromangetic reasons, it must
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have a low loss tangent to prevent any marked signal attenuation.

The liquid dielectric selected for the medium to simulate free
space was a secondary plasticizer for vinyl chloride and other resins,
HB-40 {Monsanto Chemical Company). It does not attack metal or plexi-
glas but does attack plastics such as polystyrene. At 10K Mcps, HB-40
has a dielectric constant of 2.4, and a loss tangent of 0.001’1.7

Experimental tests completed to date have yielded the radiation
patterns of a plasma-clad axially slotted cylinder such as shown in
Figure 2. The results are compared to the theoretical radiation patterns
which are computed from an analysis of the plasma-clad slotted cylinder
by Wait. 8

The radiation patterns in Figure 3 of the unclad axially slotted
cylinder of two-inch diameter (Model I--see Table 1 for dimensions of all
models), show that the free-space pattern and the simulated environment
pattern closely agree with theory, although the two experimental beam-
widtns are slightly narrower from about +45° to & _1800.

The radiation patterns for this same cylinder with a four-tenths
inch simulated plasma coating (Model II) are shown in Figure 4. The
theoretical curves predict the main effects of the lossle:ss plasma layer 5

to be a narrowing cf the beamwidth and a slight change in the shape of ~_

the sidelobes. The exp'erimental patterns exhibit the narrowing effect

i

caused by the plasma layer and also show the altered sidelobes.

Figure 5 shows the radiation pattern of the two-inch diameter
g

‘cylinder (Model Iff), but now the plasma thickness has been increased : . >

- -
© - ~
-
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to one inch. The effect of the plasma layer is to narrow the main
beamn slightly. The experimental pattern closely follows all the varia-
tions in the theoretical pattern. For purposes of clarity the experimental

pattern of the beam without the plasma has been omitted.

|

Next, the diameter of the cylinder was increased to three inches

and the plasma thickness set a't one-half inch (Model IV). The beamwidth

narrowing caused by the plasma is quite noticeable {Figurc6) but there is

[tk mdietat
A )

a larger divergence between theory and experiment than shown by the

m
Rudutit

{

previous models.

};m At

The beamwidths of the experimental patterns for both unclad and

i

plasma-clad models were narrower than predicted by theory. This is -
y partly because the theoretical curves were derived for an infinitely thin

slot, whereas the experimental slots had a finite width. In addition, the
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following two experimental conditions contributed to the narrowing of the

.

experimental beam: :

b
+
'

, .‘
IO AN (it ot i
¥ .

. 1} The separation between transmitter and receiver is limited
by the longitudinal dimension of the tank. The far fizld requirement
for a plane wave across a receiving aperture is givenby L = ZDZIK

where}D is the effective aperture and L is the transmitter-receiver
S

¢
sepa%-ation. Unfortunately, for the cylinders with diameters of three
P

inc})és and above, this criterion for phase and amplitude uniformity
£

acjoss the receiving aperture could not be met within the available
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2) Unwanted reflections often have adverse effects on the

radiation nattern of any antenna; in an enclosed area 3uch as a tank, these
adverse effects are accenluated. Since microwave absorber ordinarily is
matched to free space, its absorption capability in another medium iecreases,
and reflections correspondingly increcase. Radjated encrﬁ; that hits the

side walla of the tank at almost grazing incidence and is not absorbed may
combine with the direct radiation and causn a considerable amplitude taper
across the receiver apertire.

The amplitude acress the receiving aperture of the three inch
diameter cylinder varies by about 1.5 db, having a minimum value at the
edges. The radiation patterns of the cylindrical antennas show a beam
narrowing caused by this apered amplitude front, as well as by their
inherent directivity. This effect causes a deviaticn between the experimental
results and the theory which assumes a uniform amplitude across the
aperture.

The limitations imposed by the far field requirements and by
excessive reflections from the side walls may be overcome by placing tne
receiving antenna under test in the near field of a transmitting antenna whose
aperiure is comparable in dimension with the cross-gsection of the tank.

The fields in this near-zone of the traasmitier car be made uniform in both
phase and amplitude by suitable antenna design, ? thereby eliminating the
far-field restriction. Further, this plane wave launcher also collimates the

radiated ensrgy so that it is normally incident upon the back wall of the tank,

R B b T
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thereby eliminating the grazing reflections from the sid. walls. A

et

suitable design for such a plane wave launcher could consist of a large

ittty

parabolic cylindrical reflector which is .illuminated by resonant line

source feed.

4. EXTENSIONS OF THE TANK PLASMA SIMULATION TECHNIQUE
Since the experimental models are totally immersed in the

simulation medium, nonplanar model shapes, whose complicated geometry

makes them difficult to analyze theoretically, can be studied exp: rimentally.

Figure 7 shows a few of many possible configurations that can be used to
determine plasma effects on radiators that are located on finite bodies.

Several of these models are now under investigation.

DI M R nl‘r FEL
|

An advantage of the plasma simulation method is that the normalized

o
’

e} G

»

impedance of a simulation model can be directly compared with the impedance

of a similar plasma-clad radiator, and the effects of the p’nsma on the

Il
M

' normalized aperture impedance of an antenna determined. The use of plexi-
glas as a separator between the air and the liquid dielectric allows investi-
gation of many classes of plasma problems. Among these are the case of

<

a plasma composcd of several s&aﬁiied layers, each layer having a different

dielectric constant {Figure 8z}, and the case of a plasma that does not touch

the surface it envelopes (Figure 8b).

5. SUMMARY -

Artenna patterns of axially slotted cylinders of various radii and
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various thicknesses of plasma-simulating media have shown good agree-
ment betwezn experimental results and theoretical predictions, in the
equatorial plane. The described plasma simulation technique is being used
to determine the influence of plasma on normalized aperture impedance and
its role in the radiation patterns of nonplanar and finite bodies such as cones
and cylinders. The effects of varying radii upon the admittance properties
of the radiators are also being studied, as is the feasib.lity of using the

plasma-simula‘tion technique to reproduce the effects of a time-varying

or turbulent medium on electromagnetic energy.
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TABLE 1
Model Physical Dimensione (inches) Electrical Dimensions
d t Xm )\d xt A B
m m

1 2.00 -- 0.80 2.50 - 8 --
I 2.00 0.40 0.80 2,50 0.50 8 11
m 2.00 1.00 0.80 2.50 1.25 8 16
v 3.00 0.50 G.80 3.75 0.62 12 16
Frequency of operation = 9500Mcps
Also: a = outer radius of metal cylinder

t = thickaess of plasma layer {b-a)
b = outer radius of metal cylinder plus cladding dielectric layer
d = diameter of metal cylinder

\__ = wavelength in the medium
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LOSSLESS PLASMA COATING
METAL CYLINDER
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V. INTERACTION OF RLECTROMAGRETIC WAYES WITH TEX

FAARUST FLAME OF LAUNCE VEAICLES

G. Basserjiian
and
Ce Aa Clﬂrk
TEE BOZIAG COMPART

Aerospruce Group
Seuttle, Washington

ABSTRACT

-,

?lectmmetic phenézena infiuencing the redic link performence
i-'z‘:aeizxrefzzx 8 launch vehicle snd ground stetions in the prosence of
the yocket exhaust fieze are identified end the state of the art
enalyses of tnese phenorens ere revieved. The propegetion problenm,
through and gbout the inhoiogenecus plasme, is considered in detail
end 8 geozetricel optics spproximaticn for e lexinar exhaust flow 45
discussed considering refiection, diffractior gnd refrectic . phen-
comena. An integrated computer progrex is described which autozstes
the computationel steps of this approxicetion., idxmitaiions gnd
restrictions of the approximstion are discussed end & sample o0x-

outation is presented.
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I, INTRODUCTION

Uninterrupted radio links belween & launch vehicle during & povwered

#1ight and ground stations are essential requirements for modern day

space exploration. Militery leaunch vehicles also have similar require-

ments. However, such links are generally distorted due to the vehi-

cle's exhaust flame which represents a dispersive plesms environment

for the elcotromagnetic waves. In some instances this environment

completely interrupts the radio communicatior iink due to the highly

attenuating end reflecting plasua. These eritical peoriods oceur

generally at high altitudes where ground stations mey not have a

clear line of sight to the vehicle entenna due 4O the large extent

of the exhaust. The most critical periods occur, however, during

“e staging sequence )f the vehicle. In the latter instance, the

exhaust generally envelopes the vehicle establishing the dispersive

plasms medium between radiasting antennas and receiving etations for

all look directions.

In evaluating redio syetem performance on such vehicles, it 1is neces-
sary to properly eveluete the characteristics of the plesma environ-

ment, anelyze the electromagnetic behavior of the system, and attempt
to alleviste the possibility of losing communication with the vehizle.

A similer system evaluation and corresponding alleviating steps erise

in reentry vehicle system design commonly referred o as the reentry

blackout problem. In both instances, two basic steps are needed in

the am.dysis. The first is to predict the electrical properties of

the plasma, end the second is to evaluate the performence of a radiating




i

antenne and the propagation of its electromagnevic fields in the pre-
senice of this plasma. This paper describes an approach to the anelysis
of the propagation of the radiated fields of antennas in the presence
of flame plasme and is a redical improvement to techniques employed
previously. Because chemicel and ges dynemic analyses of flames are
not fully refined, flame attenuation estimates have beun based on
crude approximations. To alleviate possible conflict between the

two disciplines and with the principael intent of providing a more
accurate preuictive tool, the work described in this paper was under=-
teken. The method of analysis end th~ resulting computer program may
not only be appii.d to inhomogeneous plasmas, but maey also be applied

to problems involving propagation through other isotropic medie.

A revievw of significant electromegnetic phenomena, associated with
fiame effects is presented first to place them in perspective. The
state of the art approach to the analysis of these effects is then
briefly reviewed and their relative effects on a radio system are
compared. The propsgation of the radlated field. through and around
the flame is discussed in detail. The technique employed for this
analysis considers the geometricel optics epproximation supplemented
by & diffraction epproximation. The limitations and restrictions of
these approximations ure discussed and an integrated computer program
is described which autumates the computational steps of the approxi-
mations. Finally, a sample computation obtzined by the use of the

computer program is presented and discussed.
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== II, SIGNIFICANT ELECTROMAGNETIC PHENOMENA 2

—; ;_r:; The significance of the electromegnetic phenomena influericing the %
“_ 'E transmission of the information between a transmitter on the vehicle end %
: % receivers on the ground depends on the configuration of the exhaust. §
g

= ?;: One may classify them into two configurations; the staging plume g
= E configuration and the main engine plume configuration. In the former, H
= = g
= E the antenna mey be entirely enveloped by the exhsust plasma and in S

some ceses be in contact with it, In the second configuration, the

main engine plume may be sufficiently far away so that the antenns is

not affected directly. Therefore, the dominant effects for each con-

figuration will in general be different.

S EIHNRARA T

.

The significant electromegnetic phenomena mey be categorized into
two groups. The first group mey be identified as "Near Zone" pheno-
mena and the second group as "Par Zone" or "Propegation" pheromena.

Near Zone phenomene pley a dominant role in the staging plume con-

!
tadagh N TRt s i gl

figuration, while Far Zone phenomena ere significant in both con-

",
g

figurations. Propsgation phenomena are considered in detail in the

following sections, with emphasis on the main plume ccnfiguration,

vhile Near Zone field effects are only reviewed here.

RGP e DR

REAR ZONE FIELD EFFECTS

In the staging piume configuration, antenna plasme interaction play

a significant role in the performance of the communication system.

R R e M)At o i PR

This iateraction.may be categorized into effects due to antenna im-

hi

pedance change and nonlinear response of the plasma medium.
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The impedence of an antenna may change radically due to the changing
ionization of the gas and thus slter the power transfer bhetween the
transmitter and the external medium., If the field intensity around
the antenna is sufficiently low, it possidls to estimate the effect
of the impedance change which may be in the range of one to ten deci~
bels on the radiated power depending on the type of antenna and the
value of the pertinent parameters. Theoretical expressions for
antenna impedance in a lossy dielectric, havi~3 properties charac-
teristic of a plasma, are available in the literature for dipole

(1),(2) (3) (%)

antennas, annular slots and waveguide

loup antennas,
fed slots(s) and apert\mes(s). The validity of the expressions is
frequently limited to media having lew or moderate loss, Further-
more, these anulyses asgpume the plasma to be a lisear medium which

it is not, However, if the power levels are sufficiently low, the
above referenced analyses should yield adequate engineering results,
Traveling wave or array type of antemns in the presence of plasma
have not teen adequately studied to the best knowledge of the authors.
This class of antennas may be radically affected by the plasma due to
the self and sutusl impedance change of the individual elemants, if
they are of ths Yagi or array type. In the case of tapered dielec-
tric and corrugated structure type of traveling wave antennas, domi-
nant effects will be due toc the Gifferent wave number of the plasma.

Nonlinear effects of tlLe plasma may also be significant and have a
marked effect on tha cemmunication link, At relatively low power
levels and at high altitudes plasms .nhanced antenna bdreakdown may
occur incressing the ionigaticn of tbe gas sharnly. This causes
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a sharp increasse in the reflected power degreding trensmitter per-
formance. It &lso results in Jarger rf energy absorption by the
plasma snd causes antenna pattern distortion. Consequently, it is
necessary to operate the entenna below the power level at which break-
down occurs. The breskdown power level is dependent upon gas density,
gas velocity, the ionization level prior to breskdown, the rsdio fre-
quency and the configurstion of the antenna. This phenomenon has

been studied theoretically snd experimentally by many workers and

is reported adequately(ﬂ’ 8), (9 ; 80 that is is possible to meke

engingering &stimates on maximum alloweble power for & given system.®

As noted before, the plasme is by no means linear, even at pover levels
far below breakdown. There is coupling of electromegnetic energy to
the gas resulting in & change of the ionization. In eddition, the
plasma collision frequency may be a function of the applied field and
may only be assumed constant for extremely low signal levels. Such none-
linenrities cause phase and amplitude distcrtion in the radiated sig-
nal and hence an effective loss in the vommunication link. There have
betn some analytical and experimental results reported in the liter-

on this problem. However, the authors have been
wneble to find edequate results to obtain engineering estimates of

this effect on a radio link,

#More recent results were reported in 8 RASA sponsored workshop on
Voltage Breskdown in Electronic Equipment at Low Air Pressures, held
s’ JPL, August 18-20, 1965. An edditional phenomenocn, noted {n this
vorkshop, which might interrupt communication is DC discharge. This
rhenomonon is known to occur during the staging phase of the vehicle's
flight. A discussion of this phencmenon is beyond the scope of this
paper,
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FAR ZONE FIELD EFFECIS

At distences sufficiently far from an entenna, the rield intensities
may be relatively low and have & weve behavior. Therefore, it i3 rea-
gonable to cousider wave phencmena in & linear plasma. This phenomenon
of propsgation of electromagnetic energy through the plasma medium, is
by fsr the dominant factor influencing the communication link. To
anelyze the effect of this phenomenon, it is necegsary to know the
electrical properties of the plasma ss a8 function of space and time.
If field intensities are sufficiently low and one is Justified in
assuming & constant collision frequency for the charged particles of
the piasza, it is then possible to describe it as a linear, isotropic,
inhomogeneous and time varying dielectric medium. It is reasonsble
to also sgsume that the time variation is siow. To analyze the pro-
pagation through such a medfum, it is necessury to consider attenua-
tion, refraction, diffrsction and scattering of the electromsgnetic
waves, The scattering anslysis requires a description of the irre-
gularities of the medium, st least statistically. Such en analysis
is vayond the scope of this paper however. A brief discussion of
several anelyticel approaches is given elsewhere(la). We need to
emphasize, however, that if the plesma is very dense alohg th= nor-
mel path of propagation, the contributions from volumetric scattering
to the fer zone field become dominant. Otherwise, the average field
strengths may be obteined by evaluating propagation by sccepting s

laminer description of the medium.

Serious discrepsncies may erise by ignoring the scattering from the
medium irregularities in the staging plume configuration. However,

similar scettering in the main engine plume configuration hes secon-

dary effects except in regions where antenna pattern nulls may occur
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»

from the lsminar mnalysis. For & thorough analysis of the system, it
is necegsary that scattering from the irregularities be considered,
However, tbe laminar analysis vill yicid the eversge value of the
fields in the medium and is & necegeary firsi step to the scattering
anslysis due to the irregularities of the medium.

Tha above review of significent electromagnetic phenomens leads us to
the Jjustification of the assvamptions and approximations developed below
in the analysis of radio wave propagation in the presence of exhaust
flaxe, We therefore state that tvhe approximeations described below are
sppliceble o any plasms medium which has laminar inhomogeneities de-
scrived dsterministically for e given time in terms of spatial coor-
dinstes. The approximations also require that an effective complex
dielectric constant be computed froa the plasma parameters for & given
aignal frequency. To mske the propsgation enalysis more tractsble,

we further assume thst all pertinent dimensions of the exhaust are

arge in comparison to the signel wevelength.

The essumptions listed here sare not very restrictive. There are &
lerge clsss of vehicies whose main engine exhausts felli within the
ldmitations of the required assumptions 'stated ebove. In many other
circurstances our approximations will yield results describing first

ordexr effects.

Bubject t0 these sssumptions, the problem reduces to the analysis of
the electromagnetic fields of an antenna with a prescrided rediation
psttern, in the presence of s inhomogencous medium with a complex

refractive index, The sketch in Fig., 1 ig & achematic 1llustration
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of the geometry of the prebler and the electromagnetic phenomena that
need to be considered., The three dimensional geometry of the vehicle

and plume would be the figure of revolution of that portion of the

sketeh, The dashed line in the figure indicates the radio horizon of

the plume snd divides the field into two regions. Above the horizon,

the total field consists of the sum of the direct rays, the reflected

_ rays and the yefracted rays. Below the horizon, the field is the sum

of the diffracted and refracted rays. 210 is possible %o carry out a
= geometrical optics approximation to compute the total field, including
polarization and amplitude, provided the routine computationsl steps

can bz entrusted to a large digital computer. In the section IIL, we

discuss the approximstions that were developed for this study and in the

Bt IR 1T

section following we describe the integrated computer program that can

MR

implement the details of the compatation.

III, THE GEOMETRICAL OPTICS APPROXIMATION
The determination of the effects of reflsction, difrracticn and re-
fraction on radioc wave propagation about the exhaust plesma is sudject

to a large nmumber of parameters, Thess include geometry, signal fre-

quency and medium constants and their spatial variation. We can employ
5 the geometrical optics approximation if the distribution of the plasma
. is such that it can be subdivided into convenient subsections, the
boundary surfaces of which have large dimensions in comparizon to the
signal wavelength. The term "geometrical optics" is used here to imply

that the results are correct asymptotically as k o = where ko iz the




141

free space wave number of the signel, and that the ray nature of the
electromagnetic wave can be utilized in the approximetion, The dif=-
fraction anelysis, describved in & latter part of this seaction, is not
s geometricel optics epproximation in the true sense, vt it is a com-

plementary step to the approximation of the entire problen,

In considering propegation through the plume, we assume that 1ts sub-
sections consist of plasme having thick lossy subsections, thin lossy
sections and sections with low loss: the latter constituting the major
portions of the plume. For thick lossy sections we asgume the reflected
fields dominate, for thin lossy sections we spproximate the section by
a layered medium in the region of the incident ray tube for the compu~
tetion of transmitted fields, Under these assumptions, the geometrical
optics computations are performed for a lossless plasma and anelytically

continued to the lossy case.

The field intensity at a given observation point, which is essumed to

be st a large distance from the vehicle, 13 the vector sum of the direct,
the reflected, diffracted and the refracted fields. We describe velow
the necessary approximations and the resulting exprecsions to evaluate

these fields. The assumed geometry is that shown in Pig. 1.

THE REFLECTED FIELD
A ray tube, originating from the entenne end incident to the plume boun-
dary will be reflected from and transmitted through this boundary. De-

pending on the altitude of the vehicle, this plume boundary may be

O O e B TR S RO S RS AP AT o AT S AR A e Rttt oty

sherp or diffuse. To compute the reflected field, the reflecting

IR s
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boundary, the plene of incidunce and angle of incidence is first eval-

i

usted from tie known zZeometry. The principal redii of curvatura of

i

R —

3

G e i

the reflecting surface and the density grsdients of the plasma are
evalusted next. From these results, a "divergence coefficient” is
computed. From the koown plasma charscteristics in the region of the
boundary, trensverse electric (TE) and transverse magnetic (TH)
“reflection coefficients” are also evalusted, Finally, the reflected
fieids are determined within the limits of the gcometrical optics ep-
proximetion. This epproximation, hovever, fails near grazing angles
of incidence. For this reasson, the computstions for angles larger

than 85° ere performed by the diffraction formulas discussed later.

In the geometrical optics approximation, the reflected electric end

magnetic fields are given by

E=E 0 1 ( )
r TS5 BexpLO z.l‘”"2J

_ ==
i) (2)
= - - e
= Z H =t xZ
3 - o r be T
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where ‘f::s is the electric field at the reflecting boundsry, Ds is the
"Divergence Coefficient”, ko is the weve nucmber, ry is the distance
from the source t¢ the point of reflection, T, the distance from this
point to the observation ,.int, Zo = -,We—; is the free space wave
impedance, end :'v: is the unit vector in the direction of the reflected

raYe. .

The electric ffeld components on the surface zan be evalusted sicply

from the plane weve snalysis, yielding the expression

— -

= E t .
Re‘bis'b) b+ Rﬂ( y X v) Eis(tr xb) (2)
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where b is the unit vector normsl to the plane ¢f incidence, ti is the
=
= £t

unit vecter in tre direction of the incident ray, 15 is the inciden

field st the refliecting surface, Re and R_ are the reflection coelfi-

cients for the TE rnd TM.waves respectively.

The Divergence Coefficient

This coefficlent is sizply & geometrical factor expressing the degree

of divergence of & tube of ray due to refilection frox & curved surfece.

PHHEH I

It 4s releted o the cross section of tre incident ray tube A(r,)

end the cross section of the reflected ray tube A(rz), at a distance
E 5 from the refliection point, sizply by

D_ = Ja(r.
5 “‘4.

A r2;- (3)

Fock hss developed expressions for this coefficient for a general con-
3

vex surface("i) vith prirpcisel redii of curvature p; #22 23. The re-

suit for re-’ « is

- Alr) ) ] o \
: CA S 2, 27, 2y 0% , 55508
3 Alrli = Zose 100 (2 + r;) Y L(p, * ?z)cos o+

[

]

- LcosCol
o + —_— )
PyPz 4.

In the expression € is the angie of incidence ani g is the bourdsry

radius of curvasure in the plane of incidence.

E The Refl=2ction Coefficients Re end Rx:

Lo

These coefficients are a function of the cherscteristics of the mediuxm
: snd their gredients in the reflectior region. A4s vas stated before,
the plume boundery mey be sherp or diffuse. If it is sharp, the re-

= quired expressicns are sicply the stanlerd Fresnel reflection coeffi-

cients. Howvever, we wish to exmploy an analytic expression which is

A AR R e
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generel enough to account, for reflections from a diffuse boundery with
its sharp boundery limit the Fresnel reflection coefficients. This can

be accomplished adequately by considering the generalized "Epstein

i S

Profile" for the variation of the dielectric constant and the corres-

™

ponding wave solution for such a leyered medium. A genersl discussion

b M
of such a solution may be found in several books(lh)’(‘s)’(ls). The ;

authors have shown elsewhere,(l7) that & transitional layer of plusma

having an electron density and collision frequency varistion, describded

respectively by

mz
#(z) = ——g——;Z
1+ e

(5)

glz) = Joffa) + 7,
1+ 00

can also bu solved. These functions eppear in the Appleton-Hartree ex-

pression, for the plasma relative dielectric constant, as
e(z) =1 -~ af(2)/l1 + 2 Vig(2) (6)

In the expressions above z is the coordinete along the normel to the re-
flecting boundary, which is taken to be at z = 0 the center of the trean-
sition layer, w, = (a%/hﬂa with @, s the plasme frequency deep Za the

layer end w the signal frequency, V_ = viﬁ» and V. = vfﬁu with v, and v

1 i by
being the values of the collision frejuency at the extremities of the
layer. The parameter m describes the thickness of the layer and is

inversely proportional to it. The reflection and trausmission coefficients
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for such a layer, for a TE wave, are given in terms of Gamme functions

a8

BTt B S

B, = A(3-v) I’{x-l}f‘%l-ﬂ%j_&gs_vd
- T(1-y)T{y-8iT{«q,

T, = A (l‘Y‘“B"X}br a-y+1)T(1-8
Ma-p+1)T(1-y

(7)

where
1+ i.Vl

A= —=
l+iV°

=1+ i(ko/m) [coso - (cosze-n)"/z]
B=1+ i(ko/m) fcose + (cos’G-N)l/ 3] (8)

y=1+ 12(k°/m)cosG

K = o /(1427,)

For smell m, which correspends to a thick lsyer, the reflection and
transmission coefficients for the TM case are identicel to those in
f (7). For large m, & sherp transition or & thin layer, the expression

in (7) vill agein hold if the exponents @ and B are replaced by

TR TR ot R T it R R R B L

a' =1+ 1(k /m} [(1-h) coaO-(cos’G-N)"/33 (0
9

B' =1+ i(ko/m) [(1-1) cosm(cos’e-n)‘/ 2]

Y

Additionel corrections are needed for intermediate values of m- In the

limit es m—»0, the boundary becomes very diffuse hence the reflection

coefficient approaches zero exponentially. In this range, reflections are

sccondary and the transmitted fields ere computed according to the ap~

proximaetions of the refracted fields which penetrate the plume.
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THE DIFFRACTED FIELD

At grazing angles of incidence, plume boundary electromagnetic phenomena
cannot be described in the geometrical optics sense, particularly when
these boundaries are relatively sharp and are of high density. There
are cesus of exhaust plumes ~here diffraction phencmena cre significant
in the region of the plume Lorizon (. ee Fig. 1). An exact formulation
of the problem is not possible, we therefore consider the results ob-
tained for the solution of a sharply bounded spherical plasma region
with a source external to it. We seek appropriate approximations for
the fields about the horizon defined by the tangent line to the surface
drawn through the source. The basic problem has been studied exten-
sively by meny suthors in connection with radio prcpagation on tne
earth's surface. Logan has report<d an extensive review of these
\rorks(m) and lias generalized the results providing edequate approxi-
mations so that the geometric optics approximations for the illuminated

region sre continued smoothly into the diffraction or shadow regiom.

The assumpbions therefore are that in the region of incidence the boun-
dary cen Ve deseribed by a sphericel surface and that the tangential
component of the electric and magnetic fields are related by a con-
stant at the boundery. Improvements to the latter are possible but are
not considered here, logan's results ere given below for the case

of a source at a relatively large distance from the surface and an

observation point at infinity.

Figure 2 (llustrates the geometry in the plane of incidence. The boun-
dery shown in the figure is the locsl erhericsl approximation of the

actusl plume boundary, in the region of incidence, with a radius of

i

i
i
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of curvature p o* For linear boundary conditions we employ the surface

impedance expressions

. . aq/a
Zyy = (k/K) [1-(k /x)%] (10)

z‘I’E - (ko/k) [1—(k°/k)33'1/3

for the T and TE waves respectively, with k representing the complex
wave number in the plesma medium. In the development below, the above

impedance expressions appear in the temm
1/3
a= ko /) /2. (a1)

The terms y_ = (kopo/a)"/a (to/po), t and r are assumed to be approaching
infinity, end the angle of incidence, 0, is generalized to also describe
the diffracted ray beyond the horizon. s = po¢ is approximated by

8= (-Epocose) 18 used for 80° < @ < 100° since this is the range of

interest here and it aeppesrs in the perameter
/s
x = (k°p°/2) (s/po). (12)

For a radiel dipole of the electric or maegnetic type, Logan's results

for the total field about the plume horizon can be expressed by

-1/s

~ {to 5in 2 © v
U{r,y) = eip—:-:;j—ﬂ)— L%——* - cos 29] M (13)
n o
where
i

2@0(1‘81#9) + po(29 + sin20 - m), € > >

- - 3 i
tc(l 81in9) (90/3) cos9, 9 <3
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For 6 > n/2,(the shadow regiorn)

n _ exp(in/l) ; v'(t)-ar(t .
vn(x,q) el imexp(ixt) T e t)d‘k'. (1k)

which may be evaluated by its residue series.

For the horizon region, nf2 - € <9 < ﬂ’/2 + €, (e may be considered

%o be approximately 10°),

. n
Wy, K () 29 >3
.y n

VY, exp(-1x W) -, X (-xv¥,),8 < 3

~ _ exp{ in/k) 2 1xt v'ftz-cvft% 1 (16)
Va(XA) ﬁ- me W1 (&) -qw (B dt + 5%

In the expressions above wy (t) = u(s) + iv(t) end w, *(t) ere the Mry

(15)

vll(x}q) = Vg(x,q) +

functions end their derivatives respectively, and
3 -]
k(7) = SR/ fexp (167)as. (a7
NoB T

The evaluation of (16) is rather involved. However, for (x/q) smail

the approximation

S X\ 3
Va{x,q) ¥ -exp(in/k) {(2—9\/—5) (e % *% (i_q) ]
{18)

. r 1 1 1
* 38 p'(x) + p(x) [1+ —:;‘ +3 (%)3] + ..J“

can be used. Iogen has evaluated p(x) numericallyug) and given tszbles

for -1.6 < x < 1.6.

(U e
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3
In evaluating Vn(x,q) , it should be sufficient to use the expression g
given in (15) vithout carrying the evaluation deep into the shadow re- %

gion. In this region, the diffracted fields are of second oruer to

-

the refracted fields unlesr the medium is & very dense plasme. The

52

use of an impedance boundary condition requires further study. It

i

should be possible to derive more accurate linear boundary conditions

for various possible ranges of plasma parsxeters. Such improvenents

can be readily intreduced into the generasl expressions given above.

The evaluation of the diffrected fields of any antenna, (the results
above are for dipoles) can be performed by expressing the source field
in terms of the linear combination of TE and TM waves in the plane of
incidence snd normalizing the expressions in (15) hy the field inten-

sity of the source at & distance to.

IV, FiEIDS IN THE EXHAUST F1AME
The analysis of the fields in the cxhaust plasma 1s based on the

geometric optics approximation of Maxwell's equations. Before applying

this approximation, it is necessary tc classify the kind of medium and
the applicability of the approximation. If the exhaust plasma and

the signal frequency is such that there is significent transmission

i

through it, then it is reasonstle to approximate this into three subd-

i

¢
3l

sections: sections having low losses, thin tgections having high

i

insses, and thick scctions also with high losses, Transmitted fields

through the fizst two can then be computed by the geometric optics ap-
proximation if the thin lossy section is approximated by parallel boun-
daries. Since the transmitted fields through thick lossy sections will

be of second order, only reflected fields from their boundaries need

|
|
;

%

5

MHEIRUIIAIR R L7

be considered. The evaluation of the fields (their ampditude, phase

d

Vv i
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and polarization) is performed by integrating a set of linear first
order differential equations. Rey paths are determined from the vari-
ation of the real part of the propagation constant k, but the amplitude
of the field i{s evaluated for conmplex k because of analyticity with
respect to k. In the enalysis multiple reflections are ignored. A
brief review of the development of the required differentia) equations

is given below.

Kline(ao) has shown that the geometric optics approximation of the

field‘g’is the first term of the asymptotic series
- - - n
B(x,%,2) =[oxe k5 (x,y,2]]) B (oy,2)/(2x ) (19)
n=0

for large ko. This assumes a single family of phase fronts S(x,y,z) for
the fields. Substituting (19) in Maxwell's differentisl, equations and

equating terms of equal powers of ko, one ubtains the Eiconsl Equation

los|? - (x/x)° =0 (20}

and the Vector Transport Equation for the first term

28,98 + VS E_+2 (E,.%/k)vs = 0 (21)

The ray directions are the trajectories normal to the phase fronts

8(x,y,z) and thus from (20} we have

vs =~1:/k° -‘n.: (22)

.
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vnere T 1s the index of refraction and T 1o the unit vector slong the
ray. It is eusy to show that the nonlinear partis) differentisl equa-
tion in (20) is oatisfied by the following set of linear first order

differential equations:

= VS/TI-?

&
ax (23)
-9
ds

d
d..)-

('ﬂ}g = V1

vhere X = (x,¥,z) 15 the position coordinate of the ray and ds is the
differentisl length slong the ray path. The sbove set is used in our

computation in the form

-
. k K
B L @ (4)

o

where kr is the resl part of the complex k, since we require real paths
and geometry. The set of six differentisl equations define a ray path
for given initial values; medium constants and boundery conditions
(Snellts lav gives the boundary conditions) sufficient for the compu-

tation of the field intensities.

The vector transport equation, given in (21), contains information on
the polerization and amplitude of the field, It is easier to demon-
strate ihe significance of the terme of this equation by dissociating

the vector quantities from the scalar ones.

We consider the geometric optics term é: and the relations

- - -
P=E/E, Dt =0 (=5)

ot
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g
- where D is the unit polavization #tor. From (21) we have, after divi- g
g sion by &y, 3
Lople g8y @, HTa0 (26)
; Since P is orthogonal to T and (af/as), (26) yields the set of equations
; %:%i‘+%§- 0, (27)
: L 4@ Do (28)
also,
pem 3 (29)
Equation {27) describes the amplitude dependence of the field term E, and
(28) aescrives the polarization dependence. A closer examination of (27)
- reveals that conservation of energy is implied. Therefore, it does not
account for reflections in regions where the change in k might be small
but finite. We make this requirement since difference equations are to {
A i be used in ocur application and also we wish to avoid using boundary con-
ditions as much as possible. Equation (27) represents the differential
5 equation
| Mo L[odeRd] (30)
: " It 1s shom elsevnere'®) thst to account for finite but small changes in
k, the smplitude transport equation should be
f; SRR LT -
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Physically, the temm V.t accounts for the change of emplitude due to
the divergence of the ray tube. The last term in both equations ac-
count for energy density change, but the lest term ia {31} alse eccounts

for change in energy due to pertial reflections.

Thus, given the {nitial direction, ampiitude end polarizetion of & wave
we can obtein the tofsl field enywhere in the plasma, subject to the
essvaptions mede, by integrating the foliowing set of ten linsar,

first order, ordinary diffec:.ntial equstions.

1 &8 10 ==, 9.t [ [ ‘J

Eas - F -3 |™v T (vx,'. )

-

g.-(p-:_z;‘g)? (32)
ég-i; dk-; = Vic

das i;’ a5 b

The numerical evsluation of the term v.'t’ can be performed either for
esch differential step 4s or after ¢ ccxplete rey has %Leen iraced. In
either case a minirmun of three rays are required to evaluate the di-

vergence o a ray tube,

V. TAE COMPUTER PROGRAM
The approxinations described etove are insluled in the computer pro-
gram ac subroutines, The major portion of the program, however, consists
of input storage, rrouessing e£ad logic subroutines. The prograz pro-
cesses the input information in order to obtain cheracteristic pars-

waters raquired by the subroutines. These include incident field
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strength and polarization from the antenna, plume geometry, propa-
gaticn constants in the plume and receiver position with respect to
the transmitting antennas, Prom these parameters, the progrem de-
termines the region of the reguired rediation fleld and then carries

out the necessary computations snd prints out the results.

The pasic funcszion of the computer progres is to eveluate the redi-
ation fields bf four types of rays when celied for. ZThese rsys are;
the direct ray from the antenne, the reflacted rsy from the plume boun-
dary, the diffracted ray around the piume boundary and vhe transmittsd
roy through the plume. The field is divided intc two regions, the
shadow region and the {lluminated region. In the former, the present
progres eveluastes the transmitted and diffrected rays. In the lstter,
it evgiuates the direct and reflected rays. For some angl<s there

may only be s direct ray while for angles close to the :hadow dboun-
dary the &iffrsstion calculation may be required in eddition to or in

plece of the reflected plus the direct ray calculstionc

Figuse 3 1llustrates the control for performing these calculations in

_ae proper sequesce. The field strengths for sll reys radisted froo

the sntennr srv determined from antenna pettern tapes, The angle Om,

is the =inim-m angle of incidence below vhich only the direct ray

computations are made. This angle of incidence is determired by the

tengent ray te toe vehicle surface and the angle normal to the pluxe
2 boundary. The reflected ray calculstion is performed if the angle

ix

of incidence setisfies O, <@ < 85% The direct snd reflected .
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rays are surmed vectorially. The reflected ray is the product of the
antenna pattern factor in the direction of the incident ray, the ro-

flection coefficlent, and tne divergence factor. The reflection co-

efficient subroutine conteins the Fresnel formulas and the Epstein

profile reflection formules. Both computations use the "Plume Progranm"
to obtain the besic perameters. The "Plume Program" also has a pro-

cedure for fitting th- "exponents" of the Epstein profile to the ac-

tusl electron density and-collision frequency for both polerizations.
An alternate procedure for computing cthe reflection coefficient is to
consider direct integration of the "Ricatti Bquations". However,

it is necessary to weight the computer time for the two approaches.

The divergence factor is & real number less than unity and requires
geometric information from the "Geometry Subroutine" for its calcu-
The letter computes the angle of incidence, point of inci-

iatica.
dence, distance from the antenne, end parameters describing the curva-

ture of the boundary.

If the angle of incidence is too close to 90°, the geometrical. optics

procedure of adding the direct and reflected rays is no longer valid

end a diffraction calculation must be used. For an overlapping region

of 80° <9, < 85°, both calculations are performed and compared (not
sdded), The diffraction calcuistions are carried for 9 > 80°. Tnis
subroutine requires parameters from the sntenna pattern tapes, the
radius of curveture and the deflection angle from the "geometry sub-

routine,” and a surface impedance from the "Plume Subroutine”.
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For the shadov region, 0, > 90°, the transmission calculations are pcr-
formed followed by the diffraction calculations. The total field is
the sum of the two contributions. The transmission program conteins

& number of subroutines that are called for urder various circumstances.
The most important subroutinz is the "Ray Tracing - WXB" progrem (our
nomenclature for the geometric optics approximation). If the losses
are not excessive this program computes the exit direction and field
strength of a given incident ray. All parts of the Vector Transport
Equation are not included in this program &s yet but will be in the
neay future. DBecause of possible discontinuities and high loss re-
glons within the plure, provisions are made to compute complex propa-
gation vectors and complex field vectors across a discontinuity or a
layered medium. The point of incidence and exit of the rays across
such a leyer is assumed to be displaced by the thickness of the layer
only. Multi-layered transmission line equations are used for the

transmission and reflection coefficlents.

A tvo dinrensional linear interpolation program is included to relate
the reflection or transmission direction vectors to the incident vec-
tor. This is employed to 1imit the computation to the required look
direction. Provisions are also maldc for seguencing the calculations
in any desired order. A control card may be introduced to require
various parts of the computation to be executed indeperdent of the
others. There.is also & plotiing routine which can be used to plot
the constant electron density and collision frequency contours, the

internal shock line, and the plume boundery lines., These additional

RIHLE EILOKHARS E
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functional subroutines add to the £flexibility of the program end
also aid in checking the computations during the development and al-

terations of the program.

At the date of the writing of this paper, the entire progrum has veen
asgembled but & complets run on e large booster pilume has not been
successful. The difficulties have been minor and routine. A fully
operative program ghould be available in the very near future, Al}
subroutines have operasted successfully and several computations on
reflection, diffraction and transmission heve been obtained seper-
ately. We have chosen tc present, in the next section, the re-

sults of & computation which considers the cese of a high altitude ex-
haust vhich has no sharp boundaries. The results show a definite
necessity for computing exheust fleme effects in the manner suggested

here.

VI, A BAMPLE COMPUTATION AXD CORCLUSIONS
The results of a sample computation, obtained by the computer program,
are illustrated in Fig. 4. The chosen example is & vehicle exhaust at
high altitude which has a very diffuse and expanded plume. The Mach
lines in the figure also represent constaent electron density and colli-
sion frequency contours. Ray paths are shown in the figure vhich were

computed for a telemeter frequency of 250 Me.

Because of the low density of the plasma, it was anticipated that
reflections vould be negligible and that the deviation of the ray
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paths from the line of sight path would be slight. As is shown in the
figure, the rays deviate radically from the line of sight path in the
region close to 30° from the vehicle axis, These results indicate an
effective shadow region for look angles less than 30°, This is an

entirely unexpected result since overdense regions of the plasma occur

withia & two degree cone sbout the vehicle axis.

The example shown is a simple plume case in which reflestion and diffrece
tion effects are not significant. The computer program, however, has
the capacity to process the case of more complex plumes which have
mixing and internal shock regions. At this time, plume description

date storege and processing subroutines of the progrem are limited to
axisymmetric plumes. Consideration i1s being given to multi-nozzle

Plumes which mey not have such symmetry. The present program is also
capable of processing, by & slight modification, an intersteging

Plume configuration which can be approximsted by a single plume having

its own symmetry axis at an erbitrary angle to the vehicle axis.

The sbove described analytical spproasch and the associated computer
program to carry out the computgtional routines, represent & practical
approach to the enalysis of wave propegation through inhomogeneous plas-
ma., There ere further necessary improveuents to the analysis to ac-~
count fully for electromegnetic phenomens associeted with a communi-
cation link in an exheust flame enviromment. There is a definite

need to develop analytical methods to account for the nonlinearities

of the plesma at power levels below breskdown. A leminar degeription
of the plasma is not sufficient either. Irregularities in the exhsust
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must also be accounte) for, at best, by a statistical description of
the mediuxz, Bxamination of some flight date has shown periodic modu-
lations of signals in the lower audio range which show correlution
vith the rocket charber resonances. These imply periodic vearistions
in the density of the plesma and the boundery of the plume, Pre-
liminery analyses have been conductzd to account for the internal
irregularities of the plasma and its boundaries. These analyses
assunx: the laminer medium results as the average field and the
scattered field fiom the irregularities of the medium as seconéary
fields., It is anticipated that an snelysis of the nonlinear effects
of the plasma will also require the results of the laminar and linear
medium analysis as a first order result for an iterative solution.
Therefore, the results reported here represent a significant step

to & full analysis of electromsgnetic interaction of radio frequency

vaves with the exhaust gases of a launch vehicle.
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VI, IFORMATION 1CSS CAUSED BY REENTRY PIASSA DISFERSIOH®
J.F. Fox and T.R. McPherron
Space and Missiie Engineering Divizion

McDonnell Aircraft Corporation
St. Louis, Missouri

ABSTRACT

#Acdulation dagradation of C-Bard signsls passing through & simul-
ted reentry plasma is discussed. A rectangular (1" x 4" x 20") glow
digcharge was used to simulate & reentry plasma. Peak plasma frequency
was varisable from 2.0 to 6.4 geps and the collision frequency remained
constant at 9.4 x 108 second™ resulting in & maximm attenuation of
15 db to a 4 gepe signal. Evperimenis with single pulses, iime variant
plasmas, and a8 PCH-AM (non-coherent) system shoued pe detecfable frequency
sensitive phase chit't or attenuation Tor typical telemetry bandwidths.

A nanosecond pulse experiment showed slight pulse widening. Based on
these experimental results, the perfcrmanc. of several POM systems is
<capared to serve as an aid in the selection of an optimuea modulation
technique.

INTRODUCTION

Aerospace vehicles may experience parvial or total loss of radio
communication during their atmospheric reentry phase. In addition to
signal attenuation, fluctuations in the plasca parameters cavsed by flow
field turbulence and ablation products may cause phase and emplitude
changes in the signal resulting in degredation of the modulation or
intelligence on the signal.

#This work was partially supported by USAP, WPAFB, Contract AF33{615)-1198.
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Ioss in information could also be caused by the dispersiveness of
the plasma producing nonlinear phase and amplitude response. Dispersive
effects have been studied and experimentally cbserved for waveguide
propagation.l;2 The analysis has been extended to the plasma case and »

tortion predicted fur certain plasmas under very restrictive condit10n5.3
These cunditions reguire the signul frequency to be greater than twice
the plrsma frezuency and the plasma to be collisionless so that only
phase shift effects are produced. It has been hypovhesized that degrudx-
ticn effects increase as the plasma frequency is approached since the
propagation characteristics become more nonlinear. Since this region-is
difficult to treat amalytically, an experimental program was initiated
1o determine the intelligence degradation of SHF telemetry signals caused
by plasma dispersiveness. The intent was to determine possible optimum
modulation techniques to provide maximum information trancfer during
marginal reentry transmission conditions. llpon ¢ -letion of these tests
the study was extended to include a wide bandwidth signal employing &
nanosecond pulse.

PLASMA/ELECIROMAGNETIC ENVIRCNMENT

The realistic reentry plasma/electromegnetic environment was inves-
tigated to determine the required sirmlation characteristics. For
propagation tests it is necessary to simulate the plasma electron con-
centration and collision frequency magnitudes and gradients as well as
Current

the plasma thickmess. literature was reviewed to determine

representr tive ranges for these parameters.
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The flow field around a typical body is characterized by four flow
regions - stagnatioq\, intermediante, aft body, and wake. The regions of
interest are the intq}mediate and aft body since theze contain the ususl
propegation paths as determined by antenna location on the vehicle. The
majority of analyses have been performed for cylindrical bodies with
spherical nose caps. The electron concentration has &n exponential decay
across the flow field while the collision fregqusncy remains approximately
constant. For blunt bodies such as Gemini and Apollo, the peak electron
concentration is greater and varies from zero to a peak and returns to
zero as the flow ficld is traversed., The collision frequency remains
relatively constant. For slender or pointed vehicles, the peak electron
concentration is lower and the plasma is very thin. The electron con-
centration has an exponential decay while the collision 'ﬁ-eq),dxcy rezains
reletively coustant.

Summarizing the reentry plasma characteristics obtained in the regions
of interest for electromagnetic wave propegation, it is obvious the plasmas
are highly dependent on the shape of the reeatry vehicle. The peak electron
concentrations in the regions of interest range from 107 to 1013 electrons
per cubic centimeter for corresponding collision frequencies of approxi-
mately 102 per second. The profile of collision frequency remains
relatively constant. However, the eleciron corcentratior may remain
relatively constant as in the case of the blunt vehicle but may vary over
several orders of magnitude in an inch or less for the case of the sharp
cone, and, to & lesser extent, for the cylindrical body. Placma thicknesses
range from vany incnes for blunt bodies to fractions of an inch for slepder

bodies.

169

3

WAL v

ram,,




R R MRt

IR R

170

REENTRY COMMUNICATION SYSTFMS

As a part of determining the realistic plasma-electromognetic
enviromment of reentry vehicles, present telemetry systems were reviewed.
The primary objectives were to determine types of modulation, power
level, carrier frequency, and pulse width or bandwidth of typical systems.
A summary of these characteristics is given in Table I. In additiox
to the systems shown in the table, use is made of FM/FM for continucus
data telemetry and AM for voice commnication. This brief review
indicated & wide range of communication system parameters. Frequencies
are predominantly VHF, but S and X band are utilized. Of particular
interest for this study was the range of pulse widths which are typically
of the order of several microseconds. System types vary, but it is to
be noted that PCM is used for Gemini and Apollo.

PLASMA GENERATCR

The interaction of an eloctromegnetic signel and plasma is controlled
by the magnitude and distribution of the plasma electron concentration
and collision frequency, the ratic of the electromagnetic frequency to
these plasma parr-eters, and the plasmy dimensions. Data presented pre-
viously showed the wide range of magnitudes and gradients of electron con-
centration poasible depending upon the vehicle configuration. However,
collision frequency was primarily dependent upon altitude and exha)ited
only small gradients. Therefore, to provide simulation of reentry plasma
perameters, the plasma should contain gradients of electron concentration
with & near constant collision frequency. The plasma thickness should

be in the range of cne to several inches. Absolute megnitudes of electron
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concentration and collision frequency depend on the electromagnetic -
frequency chosen in order that these magnitudes be capable of producing
large attenuation‘a of the signal at the chosen frequency.

Plasme generation can be accomplished in both static and dynmmic
facilities. Dynamic plasmas are generated in shock tubes, shock tunnels Py
plasma Jets, and free flight ranges. These facilities give good simula-
tion of such features as aerodynsmic flow about a scaled nodel, gas
and electron temperature, electron conceantration, and collision frequency.
Some undesirable features characteristic of such generators are short
test time, srall plasma volume, inability to reproduce the plasms, and
generally high operating cost.

Static plasmés are produced by impressed radio frequency fields, low
pressure flames, arc discharges, and glow discharges. These plasma sources
do not give realistic flows and are also marginal in free electron con-

centration and the collision frequencies obtainable. The most desirable

features are continuous operation, ease of instrumentation, good
reyroducibility, and low operating cost. Large plasma volumes can be
shaped so that plasmas of varying thicknesses are possidle. A more !
detailed account of the applicability of various plasma generators for
telemetry studies is given in Ref. 4. Review of the advantages and
disadvantages of these facilities indicates the glow discharge to be well
suited for telemetry studies.

°  Glow discharge is & complex phenomenon with severai distinct regions
of various characteristics. The region utilized for electromagnetic inter-

action studies is the positive column which is characterized by equal
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numbers of electrous and positive ions, thermal ponequilibrium, low
voltage gradients, and ambirolar diffusion as the dmnt loss wechanism.
The principal problem is obtaining a high electron concentration in a
large volume so that a reasonable approximation to a plasma slab is
obtained. McDonnell has developed the rectangular glow discharge facility
shown in Fig. 1 vhich fulfills the requirements for electromegnetic inter-
action studiest The rectangular geometry vas chosen to best utilize the
plasma volume obtained and to &pproximate & plasma slab for correlation
to theoretical analyses.

The main part of the glow discharge facility is fabricated from 3/4

inch silicone laminate. One wall is pyrex plate glass (12 x 2k x 1 1/k

inches) to permit visual observation of the plasma. The instrumentation

ports are pyrex ground glass sockets which allow diagnostic equipment

to be easily poved to different test regions. The system can be evacuated

Al
AR it L ML LR

"

to & minimum pressuve of less than 1 y Hg withcut using a cold trap or

" T
TR A B T

diffusion pump.

y

The primary design feasture of the facility is its double or hollow

cathode permitting passage of large currents without arcing. The cathode

= consists of two plane erallel stainless steel plates {5 x 11 inches).
= Current density at the cathode is increased as much as & thousand times
‘ that observed in a glow discharge using a single cathode. Sustaining
A= voltage is considerably lower than that observed in a normal glow dis-

.5’6’7 The anode (7/8 x 11 inches) is also planar and made of

charge
stainless steel. The electrodes are well polished to prevent "hot gpots"

and subsequent arcing.
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The discharge is maintained by a power supply capable of 3000 volts
at 20 amperes. A 125 ohm, 625 wati, wire wound, bellast resistor is
used for circuit stability.

The plasma instrumentation is shown in Table 2. The disclarge
characteristics measured were voltage drop, current, and gas pressure.

For this study program, the primary requirement of the glow discharge
was to produce plasma frequencies greater than the transmittiang frequency
so that significant attenuwation resulted. The discharge performance
was optimized as & function of test gas, pressure, and allowable current
flow belore arcing. Argon at a pressure of 100 y Hg yielded a uniform
plasma slab at currents up to five ami:res. However, the electroa con-
centration resulted in an inadequate witenuation of 25% for an S-band
signal. Helium at 600 y; Hg produced higher attenuations, but the dis-
charge constricted into two distinet colurms vwhich terded to become
unstable. Plexiglass inserts wer: placed in the facility %o reduce the
vertical plasma dimension from 12 to & inches. Hit;l thiz configuration
helium at 60C y Hg with currents up to 5 amperes proved satisfactory and
was used throughout the tests. The volt-ampere characteristics showed
the discharge to be operating in the normal glow region‘ffith & voliage
drop of %40 volts for currents up to 5 amperes.

The facility plasma characteristics summarized in Table 3.
Electron concentrat;.on is a linear fu/n:;.f of current from 0.3 to §
amperes. The remaining parameters are independent of current. A complete
description of the plasma and discharge parameters and the instrumentation

-

techniques is given Ref. 8.
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COMMUNICATION EQUIFPMENT
The communication equipment was designed to be compativle with the
plasaa facility and to meet the objective of investigating bvasic phenowena

of signal degradation caused by a reentry plasna medium. Simulation
parameters desired were:

(a) Pulses transmitted by amplitude and frequency modulation,

(b) Power levels of the order of a Jew watls to milliwatts,

(¢) Transmission frequency in the proper range to produce high

levels of attenuation for a wide range of w with respect to

mgFto obtain parametric data,

SHF carrier frequency for a realistic relationship between

wavelength and plasma thickness and small antenna size compared

t4 the plasma dimensfons, and

{e) Monitoring of the s‘smal time function and frequency spectrum
to determine frequency sens:tive phase shift and attenustion.

(2)

The communication systen block disgram fulfilling these requirements for
telepetry signals is shown in Fig. 2. The transmission channel was
matched to minimize reflections by adjusting the facility wall thickness
te a2 multiple of one-half wavelength.

Ta2 block diagram for the nanosecond pulse experiment is suown in
Fig. 3, and Fig. 1 is a photograph of the experimental configuration.
The technique to generate the nanosecornd pulse was developed for low
povc'er applications 9

EXPERIMENTAL RESULTS

The three basic phases of experimentation with telemetry signals
vere degradation studies with static plasmes, time-variant plusmas, and
PCM-AM (non-coherent) system performance tests. Primary emphasis was
placed on static tests with detdiled exanination of time function ami
frequency spectrum data to determine frequency sensitive channel

~

characteristics.
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A carrier frequency of 4 geps was seiected as giving acceptable
performance with respect to attenuwation and antenna size. The maximm
attenuation at this frequency was 15 db. The ranges of the moduletion

function parameters were based upon present practical communication

requirements as well as the practicality of laboratory instrumentation.
It was desirable to investigate a group of signals with wide variation of
frequency spectral spacing. Such signals reveal ncnlinear effects of
the mediun as well as the basic effects of the medium on the Fourier
components. A practical signal which satisfies ‘“hese requirements
results from square pulse modulation. Both amplitude aad frequency
modulation were investigated. The pulse widths examined varied from
5 to 1000 ps while pulse repetition rate varied from 500 to 50,000 cps.
The transmitted power levels were on the crder of milliwaits. Plasms
characteristics were varied over the range from .5uw S w, < 1.6w for a
v/w = 0.37. Most of these tests were performed with the antennas opera-
ting in {he near field.

A sample of the data is shown in Fig. 4. Freguency spectrum amd
time function data are presented for both a plasma and no plasma case.

Gains were adjusted in the plasmr case (fp = 5.3 gcps) to accentunlte any

I e e o

nonlinear effects thus not showing the true channel attenwation which
was 9 db. The case shown isa.na\:nplitudemodulatedpulse of width S us
with a repetition rate 50,000 pps. The marker on the frequency spectrum
photograph indivates the frequency spread between the center of the
photograph and marker which for this case was 1.2 mcps. The upper trace

on the time function photograph is the transmitted pulse while the lower

trace on the photograph is the received signal.
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The data presented is characteristic of the entire modula%ion degrada-
tion experiment for telemetry sigmals. No distortion of the modulation
function was observed during the entire test sequence for static plasma
conditions. These results {ndicate that typical telemetry signals would
not exhibit detectable nonlinear phase shift or attenuation during reeatry.

Experiments with time variant plasmas were performed to investigate
the effects ol changes in the piasma characteristics on a propagating
nicrovave signul. Such changes in reentry plasmas pay occur bacause of
ahlation materials or flow field turbulence. A lack of data on the
frequeancy and magnitude of such variations led to an investiration over
& vide range of frequencies from very low to tens of kilocycles.,

Variations in the glow discharge tube current were accomplished by
an electronically controlled, current shunting amplifier connected in
tarallel with glow discharge tube. Since the circuit power supply was
& constant current source, variations in the amplifier current produced
equal variation in discharge current and electron concentration.

Samples of the data are presented in Fig. 5. The upper trace in each
photograph shows the discharge tube current with modulation function.
The modulation functions shown are a 5 keps sine wave and a square pulse

of 250 microgseconds duration and repetition rate of 1 «cps. Only part
of the sine function is shown since the amplifier wes biased in cut-off
The variation in the tube current is from 0.k to

for static operation.

2.0 amperes in each case. The lower traces show the received microwave

signal, & 1 kcps square wave. In both cases the amplitude of the recaived

signal follows the modulation function. The high frequency fluctuations
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appearing on the recel<ved signal during pulse modulation were apparently
caused by an instability induced in the plasra as a result of the shaxp
change in current level. These fluctuations were definitely not caused
by striations in the plasma.

Similar data was taken for sine wave modulation functions varying
from 100 cps to 50 kcps and for random noise of 20 keps bandwidth. The
results show the production of possivle error effects by changing the
signal energy, the apparent position of the leading edge of the pulse,
or the apparent pulse width.

Experiments with a PCM-AM (non-coherent) system were also performed
to verify the conclusions formulated on the basis of the single pulse
studies. The criterion of perforuznce was probability of error. Tests
were performed with both variable and fixed decision thresholds. Reduction
in the systenm signal to noise ratio caused ty insertion of the plasms was
shown to be equivalent to increasing chanwel attenuation.

Since these experiments had shown no detectable distorticn, a
test was performed to determine the effect on a very wide btendwidth signal.
This test was limited to pulse modulation. Photographs of the received
signal for various plasma conditions are shown in Fig. 6. The upper set
of photographs was taken with gains held constant to accentuarte attenua-
tior characteristics, vhile the lower set was taker with gains adjusted
to accentuate distortiun effects. The swe2p rate for all photographs
was 1 nanosecond per centimeter. Attenuation characteristics were as

expected with approximately 12 db loss for & discharge current of I amperes.
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Distortion effects were not as pronounced as anticipated. The wide
variation in attenuation and phase shift characteristics over the signal
bandwidth led to an expectation of apprecisble degradation. The observed
distortion was 2imited to a slight increase in pulse width (10-20%) at
discharge currents producing plasma {requencies near the transmitting
frequency. However, due to synchronizing difficulties it could not be
conclusively determined that the pulse broadening was caused by plasma
effects.

A computer program is presently being written to theoretically
predict d:a:‘&-adation for arbitrary pulse shapes and plasza conditions.
Theoretical verification of these results will then be attempted.

FREDICTIOR OF SYSTEM PERFORMANCE

The experimentsal results of the preceding section were used to
predict tha effects of such plasma conditions on various pulse code
=odulation {PCY) systems. Digital systems were selected for study
because of thelir extensive usage and superior performance to analog
systes. Pulse code modulation vas analyzed because of its use in
present vehicles and its theoretically superior information capability.
Since no dispersion was detected for signals of telemetry tandwidths,
only the atienuating effects of the plasma were considered.

The performance of PCM systems in the presence of Gaussian noise
bas been well docurmented (e.g., Ref. 10). Probabiiity of binary digit
error is the usual criterion of performence. Amplitude, frequency, and
shase modulation vere investigated. Both coherent and non-coherent
detection, that is, the presence or absence of & reference carrier at

the receiver, vere anslyzed.
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In a PCH-AX (non-coherent) system the informetion is carried on the
amplitude of the signal. A signal of the form E ¢05 ot is itransmitted
for a “one"” and nothing is transmitted for a "zero" No reference
carrier is availatle at the recciver and the signal plus noise is pro-
cessed by 8 matched filter with the decision as to a "one" or "zero” made
by a threshold device. The conditional probabilities of error are:

-
H

P(L/0) - £ S exp (<U2/20%)
D e~

U ] .
Dy U2.4E_. W VE
PO/T) = [ —op exp (- —om )1, () dU.
[+ ¥ 2g* o~

Trke terms in the above equations are defined in the glossary at the emd

of the paper. Assuming &n equal probability that & one or zero is
transnitted, the total _robability of error is:

1 1, ey,
P, == P (1/0) +—P(O,-’I) ‘\f‘
L] 2 2 *

S

If the maxinun signal energy is 2 WE, the optimm threshold is
approximatelyyE. Probability of error as a function of sigmal to noise
ratio is shown in Fig. 7 for optimm= threshold conditions, that is, the
threshold adjusts itself to always remain one-half the signal level of

] "one". The effects of an attenuating plaste on systen probedility of
error may be considered in the following mamner. If optimm threshold
conditions are maimtained, the probebility of error for a plassa 2ondition
can be read directly from the zurve of Fig. 7 by adjusting the signal
level with the appropriate plasta transmission coefficient, assuming only

the signal changes and not the noise. If the decision threshold is fixed,

W
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that is, indezrendent of & znal level, the new probability of error must
be calculated from:
Po-towi-Sys Lit-o i /E, JEu,
4 ¢ o~

where K 1s the voltage trensmission coefficient of the plasma and the
Q-function is defined and tatalated fn Ref. 1ll.

The PCM-AM (eoherent) system differs from the non-coherent system
in that & local phase and frequency reference is maintained at the
receiver and mixed with the incoming signal. The conditional probabilities

of error aye:
v
exp (= _0) du,

20

. 1 .
P(1/0) = s fUD

ln

U 1 2
™ U -~2/E
. P(0/1) = ! ( ——’)_—) ydu,

r oxp (-

4]

o3 942

The optimum threghold for this system is JE. Iis relative performance
is shovn 1n Fig. 7. In a plasma environment, the performance for variable
threshold conditions can be determined in the gpme manner as for the

non-coherent case. Under fixed ihreshold condi“ions tbe probability of

erroy is given by: h oA

1-2K ’E -
uill*,orf[ ._.]l+_é.[1.-erf — s
e g . v Z,

= \fg [l . 20

P

A Y
The PCH-FM (2 channel) system transidts o signal E cos wt for a
"ane" end E cos u,t for a "zero". Detection is accomplished by & Twns

channel receiver having each channel tuned 4o cne of the carrier frequencies.

If,ithe outputs are™arranged cuch that the cutput frow the "zero" charnel is
surirected trom the output of the "one" channel, the optimum threshold
devel 48 "zero". The ducision in favor of a "ont" or "zéro" depends
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upon whether the difference between the two channe.s is positive or
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The inherent advantage of this system is that the decision

threshold is indenendent of signal level. The conditional probabilities

of error are:

o0 1 i
P(0/1) -fo —5 oXp (=~ ———

- Yy 1
P(1/0) = f0—02- oxp (- —z oxp (- - ydily dU,

()

Since threshold is independent of signal level, the probability of
error fcv a plasma casc may be vead directly from the curve in Fig. 7.
In the PCM-PM (differentially coherent) system the information is
carried on the phase of the carrier with the "one" and "zero" functions
187° out of phase. The differentially coherent system detects the phase
shift between successive binary digits. The probability of making an
error vhen the previously transmitied digit is used as & reference is@
donel,
[+4

Siace threshold is indepenient of signal level, system p‘g;qumnce in a

plasma enviromment can be determined by referrins to the proper curve

The relative. performance of these systems wunder the gonditions
producible in the” glow discharge facility is shown in Fig. 8. A 10 db

at - . N I
signal to noise ratic vwas'assumed for no plasma conditions. These resﬂfe .

on .
B o B e

#1lustrate thesguperior performance given by rhase modulation and the
greatly iz‘groved‘ pex;formance"pqssible br maintaining optimm threshola

for -AM systems.
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If pulse distortion effects were considered, the total probability of
error would depend on the particular binary sequence under consideration.
The same analysis would be followed with effects of pulse overlap or
channel memory added to the signal levels in the conditional probability
integrals with no change in the threshold level or limits of integration.

CONCLUSIONS

The results of this program show no detectable degradation of the
modulation function for signals of typical telemetry bandwidths prop-
agating through a plasma representative of reentry conditions. A slight
increase in pulse width was observed in the nanosecond pulse experiment.
Theoretical verification of this result vill be attempted. The glow
discharge facility peiformed very satisfactorily and additional tests
relative to the plasma transmission problem are planned.

GLOSSARY

P(1/0) probability that a "one" is detected when a “"zero"
is transmitted

P(0/1)  probability that a "zero" is detected when a “"one"
is transmitted

U signal voltage

Up decision threshold

-* noise power

E average signal energy

I modified Bessel—) function

P probability of error

K voltage transmission coefi ‘cient of plasma
.
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TABIE I.

Frequency Transmitted Power

REENTRY TELEMETRY SYSTEMS

Data Rate Pulse Width

Vehicle meps Watts Systen msec” Microsecond
ASSET . 238 6 PDM/fM or  0.90 100-700
PDM/FM/FM
ASSET 9320 £00 PPM/AM 0.90 0.75
Gemini 230 2 PCM/FM 51.2 19.5
(Real Time) .
Genini 259 2 PCM/¥M 112.6 8.9
(Delay Time) .
Apollo 225-260 10 PCM/PM 5.2  19.5
. 2280 5
TABLF II. PIASMA INSTRUMENTATION

Instrument
Double Iangmuir Probve

-

l&a‘ Band Mic;ovﬁve
Interfercmeter’ °

Photoelectric Cell

Thermocouple

TABLE III. PIASMA
Characteristic

Electron Concentration

Plasma Frequency

Elegtron-Neutrsl Collision
Freguency L

. SizeY

Electron Distridution
Collision Freguencs Distribution

Gax Temperatyyre du

Electron Temperature

Electron Concentration -
Reliability

Parameter Derived

Electron Concentration
Plasma Repeatability
Electron Concentration Gradinnts

Electron Temperature
Electron - Neutral
Collision Frequehcy

-Rlectron Concentration, °

Plasma Repeu'ta'bility

)
Gas Temperature -

CHARACTERISTICS - . '
Range

o 2 x 1010 t0 5.5 x 1011 =3 *
2.0 to 6.5 geps .
(9.4 + .3) x 108 sec.‘l_ <
1 x b4 x 20 inches
Approximately sine in 1 and 4 inch axes.
Uniform in 20 inch axis. -
Approximately constant
Approximately 350%
12,000 + 5000°K.
Better than 85%

[ B
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Pulse Slotted section
gonerator Signel l Varioble with universal
Electro. generotor ottenuator probe cortioge Tuner
pulse HPS1S —‘l_HPG:‘;szA > end detector DBK919
—— i mount !
‘ Glow Directional Waveguide
Hom Hoen Tuner
discharge > » i Lt to coaxial
DBK520 DEK520 DBK?19 g
] focility DBK-630 odepter
‘ HPG290A
Detector
m:::f Oscilloscepe ~20db
Tektronix 551 3
crystel
HPL4OA 3 Spectrum 1
enclyzer
Polored SWR
SA~-24w meter
g HP415D
Yoltmeter l‘w MCPS
Kintel ‘/
202 ) Recsiver
Nems Clarke
rf ~—: 1501A
Oscilloscope -
Tektronix 551 1o @ HP - Hewlett Packard
Digitel DB - Demornay Bonardi
counter
__J Betkley Variable
Beckman time e Trigger
7380 delcy

Figure Z. Block diagrom for telemetry tests,
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Dischaorge current

Frequency - 5 keps

Received microwave signal

Discharge current
Pulse width — 250 3

Received microwave signal

Figure 5. Time varion. plasmag experimental photcgraphs.
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1~ PCM-PH (differentially coherent) 1 "2 \
2 — PCM-AM (cohersat)
. AV AN

— 3 ~ PCM-A {nen-cclerent)
4 — PCM-FM (2 chanaelj \

10-3

0 2 4 I3 8 10
Signel pawer/noise power (Jb}

w

v

Figure 7. Performance choracteristics of selected PCH systems. §_~L
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é
4 _—1.2‘.
/ //’ 51,
2 7 4‘/‘/‘5“
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-1 / pd
10 7
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e 2 1// A
= 10
E ) 7:j n_. g V4 Vi Vi
= N ¢ YL/
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3 < f
2 7
= 3 2
2
= e
= -9
4 10-3 £
=. /
= ; é
= . ) /
= i ‘Transmitting
= frequency = 4 GCPS
: 2 /
= 104 |—
" 8
= /
3 ]
= / 1 ~ PCM-AM {coherent — fixed threshold)
e 4 2 = FCM-F4 (2 channel)
= 3 ~ PCM-AM (nun-coherent ~ varicble threshold)
a 4 — PCi-PM (differentially cohercnt) _
E= “ 5 — PCM-AM (coherent — veriable thresnold)
- 10-3 ' L
5 0 1 2 3 4 5
Discharge current (omperes)
3 { i L I | }
3 0 3 4.2 5.4 6.1 6.5
= Plasma frequency (GCPS)

Figure 8, Predicted performance characteristics for 10 db instial signal to noise ratio.
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V1i, DEVELOPMENT OF A PROBE FOR THE MEASUREMENT OF POINT

VALUES OF ELECTRON UENSITIES IN SUPERSONIC FLOWS*

.

By Manlio Abele
Hector Medecki

General Applied Science Laboratories, Inc.
Merrick and Stewart Avenues
Westbury, L. I., New York

ABSTRACT

dynamic requirements which dictate the geometry of the cavity
and the mode of interaction of the electromagnetic field with

the flow itself.

The cavity probe techniques appear to be particularly
convenient for measuring a broad range of several orders of
magritudz in electron densities even when the plasma frequen-

cies are larger than the operating frequency of the cavity.

LGB

Consequently, standard microwave technigques with S and X hand
cavities can be used to measure electron densities up to values <
which weuld require the use of millimeter wavelengths with

conventional interferometeric techniques.

*
Sponsored by tne National Aeroaautics and Space Administration,
Goddard Space Flight Center, Contracts NARS55-3929 and NAS5-9881.
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A high sengitivity is obtained with this probe technique

due to the large values of Q which can be achieved with a1

resonant cavity.

Specific cavity arrangements are presented, ranging from

i

configurations where the ionized gas is allowed to pass
through the cavity to configurations where the probe measures
the electron density of the flow passing over its external

surface.

Probes operating over the range L0° to 10'* e/cm® have
been developed and used in measurements conducted in a shock
tube facility. The results are presented and compare with
the data obtained with other techniques.

ACKNOWLEDGEMENTS
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I. INTRODUCTION

' The classical microwave interfercmeter is one of the most
widely used technigues in the study of the plasma gfoperties QF
an ionized gas. The measurement is conducted without perturbing
the medium and a relatively gimple correlation is established ¥
between phase and attenuation neasurements and the elecfron
density and electron collision frequency of the plasma. .The
bagic disadvantages of these techniques are the upper limit of
plasma, frequency which must be lower than the frequency of the
electromagnetic wave and the long path of propagation in the
mediur which is required when the plasma frequency becomes vety
small. Thus only the average properties of the plasma can be

determined on the basis of such measurements.

In the microwave range resonant structures can be bullt
with large values of Q and dimensions of the same order of the
wavelength of the electromagnetic field. Due to the high preci-
sicn by which Eesonant frequency and Q can be measured resonant
cavities have been widely used in the study of electric proper-
ties of materials. The bigh Q and the relatively small dimensions
suggest the possibility of using cavities in the measurement of
the electric properties of an ionized gas. In actual flight
conditions and large simulation facilities the flow dimensions :
are usually large compared to the dimensions of resonant micro-
wave structures in the centimzter wavelength range. Consequently
quasi local values of the electric properties of the flow can be

measured with these technigues. The main disadvantage is that

i




- zhe resonant microwave ziructure probe has to be located in the

" flow. The ensuring flow perturbation depends on the aerodynamic

httatnshutsg

and £luid &yhamic properties af the flow itself. Thus, to mini-

]

titn ki

-mize the flow perturbation, the probe shape has to be designed

according to the aerodynamic and fluid dynamic properties at the

X . . .
point where the probe is located. 3in a flow situation an
extremely wide range of electron densities is found. To obtain
: the desired sensitivity in the measgur.rient of the plasma .

-properties different approzches to the mode of interaction
between the el.ctromagnetic field andﬂlte plasma must be taken
accoréiﬁé—tp whether the plasma frequency is small or large
compared to the cperating frequency of the pookbe. 1It is the
purvoge 0f this paper to discuss the basic procoerties of the
interaction mechanism between the field of a vesonant structure
and the plasmx, which lead to the selection o~ the mcde of
operation. ‘Furthexmore some of the £luid dynami-: and plasma
d&namic effects arising in the perturbation of tre flow

induced by the probe will be discussed.
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IX. CLOSED CAVITY PROBES

The design of a specific microwave resonant structure as a

plasma probe depends on the acrodynamic and plasma dynamic
properties of the ionized medium where the probe is located.

The range of resonant frequencies and the mode of operation

of the probe depend on the electric properties of the ionized

gas. The region of interaction hetween gas znd electromagnetic

field of the probe has to be minimized in order to obtain a

quasi local measurement of the plasma properties. Furthermore

the shape of the probe has to be selected in such a way as to

minimize the perturbation of the physical properties of the

ionized gas.

Before discussing the restrictions imposed by the aero-
dynmic and plasma dynamic conditions on the probe design it
convenient to analyre some basic types of microwave resonant

probes in the presence of a plasma which is characterized by

is

a

plasma frequency ub and an electron ccllision frequency V. 1In

this analysis a cold plasma modei is a.ssumed, i.e. plasma
ocscillations are not taken into accunt. With a sufficliently

small intensity of the electromagnetic field and a large

operating frequency of the probe, a linear theoxy can be used

in the analysis of the electron motion in the plasma. With

no DC magnetic field, the plasma is characterized by a complex

irndex of refraction % which is given by

3
4 1

o=l Ey—=— (1)
wt,_ ;v
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The plasma frequency is related to the electron density n

thréugh the equation

. - 3 ne
- w® == (2)
- P m ‘O

where e; m are the electric charge and mass of an electron and

<, is the dislectyic uvonstant of a vacuum.

JIn general the calculation of the resocnant frequency ani
Q factor of a microwave structure in the presence of the
plasma is extremeély involved and numerical methods of solutiocn
have to be used in each particular case. Nevertheless, some
of the basic properties of the interaction of tke plasma with

the electromagnetic field cafi be readily discussed on the basis

of a perturbation theory.

¢Consider first a microwave -structure, without plasma,
which resonates at a frequency o for a given mode of opera<
tion and let E be the local value of the electric field. 1In
the presence of the nlasma, if a small perturbation of the
field is induced by the plasma itself, the resonant frequency

is shifted to a new value W+ & w. Awis given by:

i v E.j dav

(3)

A W _
Wy 24, ¢, I Eav ..
v

where V is the volume occupied byffhe electromagnetic field.

iIn Bq. (3) 3 is the electric current density induced in the

plasma. By virtue of Eq. (1}

SN RSN RN 1
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(4)

>
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- One observes that the é;? is a complex quantity. The
real part of Eq. (3) gives thé)actual shift of the resonant
frequency and the imaginary part is related to the change in
the Q factor through the equation:

. A (%) =2 In (A—w:i:} {5)

It is important to observe that the perturbation equation
(3) does not necessarily imply that the plasmz is underdense
(wp < wo). In the case wP << wo the plasma may occupy a large
fraction of the total volume V without introducing a large
perturbation on the field distribution. On the other hand if
wp > w, the perturbation in the field distribution is still
small provided that the penetration depth of the electromag-
netic field inside the plasma is sufficiently large gompared to
the dimensions of the plasma region. Specifically the plasma
region must have everywhere a linear dimension which is small
compared to the gquantity c/h&,where c is the speed of light

in a vacuum.
In the particular case of a uniform plasma Bg. (3) yields

r .A_‘.*.’,..KJL,.AL‘NZK_!’__,_S;.
1w w  + v 2|qf W W2+
[] (o] o O
(6)




where

(7

vP is the volume of the plasma region. X may re defined as the
sensitivity of the prohe. Eg. (7) shows that K increases as
the plasma volume Vp increases, By means of Eq. (6) and a
measurement of both the resonant frequency shift and the @

of the probe one obtains the value of wp and v.

From Eg. {6) one observes that as long as the collision
frequency ¥V is small compared to ug, the shift of the resonant
frequency is dowmirant compared to the decrease of the Q of the
probe. Therefore, due tc the large values of Q which can be
attained 7 a microwave structure this scheme of interaction :
is particularly appealing for the measurement in an underdense

plasma over a wide range of electron densities.

With this scheme of interaction two basic types of

ﬁ';}.!

resonant structures can be used. One corresponds to a cavity

where the piaswa is inserted in the cavity itself through a

suitabie channel. The second scheme is an open nonradiating

structure located inside the plasma. 'Y

A typical example of the first type of probe is a cylin-

drical cavity of radius rz and height z as shown in Fig. la.

N

L [ R ‘w'r

Assume a uniform plasma confined in the cylindrical region

o

“4" "
Wil

of radius r; coaxial with the cavity. iIn the fundamental THy, o

mode of operation the resonant freguency and the change in the
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Q of the cavity

are given by the complex values of W which

satisfy the egu:tion:

Eq. (8) is tf.‘o c

1

Auw
2
wo 2 3 (Xo)

vided that

kind respectively.

In the absence of the plasma {(x =

X0 o

i i
) w w w o
J"lE X xr; Nz o Yo(g Izj - Jo{‘é' rzj Yilg r;)
% = —
1
@, | w @ | w w
JO(C % x| Jo(,_. r-,) Yo{c ra - Jo(-c- £z YO(E :;;3

where J, Y are the Bessel functions of the first and second

i), the solation of

T+ where x, is the first root of J,{x} = O.

i:g lxl rp, =<1

tromagnetic field in the plasma.

T, ¥ r I
(-—“} [O’oz{x —L) + 3 {x —Ln 5
b °r, O r, w

Assume now that the plasma is strongly urderdense

(wp << wo}. Iin this case Eq. (8) reduces to

As mentioned before a small perturbation of the field

irside the cavity is found even in an overdense plasma pro—

{8}

{10)

This implies that the radius r, of the plasma cylindex is

small compared to r; and to the penetration depth of the elec-

N TG CHILETT

T R AR PR AT Kt R RSOy




When Eq. (10} is satisfied one has

E]
4 wea 1 n)? % 1
W 200 (x) \ral @° v ()
° o) Tl B 1.t
A Y o

Fcrom Egs. 69) and (11) une observes that this é:? depends

3 3

o
on the product w_~ r,”. Thus the probe measures the electron

density per unitgiength in the axial direction. It is worth-
while vointing out that in t%e T,,, mode the plasma is found
in the region of maximum value of the electric field, which
is the ideal condition for a strong effect of the plasma on

the resonant frequency.

This technique is used to measure electrc. density in a

variety of experimental conditions (Refs. 1 and 23).

An application to a supersonic flow condition is shown in
Fig. 1lb. The region A .corresponds to the cylindrical trans-
missizn cavity and the plasma is injected coaxially with the
cavity through the channel B. One€ observes that the channel
has a slightly divergent conical shape dictated by aerodynamic
considerations which will be discussed in the next section.
Also the external conical shape is determined by the flow field
Mach number, In the central part of the cavity the confinement

of the plasma is obtained with a thin dielectric window.

This probe departs somewhat from the scheme of Fig. la
because the cavity is not a completely closed structure. When
the plasma is underdense the electromagnetic field penetrates

into the channel B and some radiation losses occur at both ends

HURNEE U ARG D
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of the channel itself. As a consequence the Q of the
depends also on the radiation losses. Neglecting the
due to the small conical divergence, one may consider
channel as a section of a cylindrical waveguide which
excited in a TM,, mode. Therefore it is necessary to
the radius of the channel small compared to the value

corresponds to the cutoff condition. Furthermore the

of both sections of the channel has to be long in order to

minimize the intensity of the field at both ends of the probe.

Unfortunately, a long narrow inlet channel is undesirable

from the flow point of view, and a compromise solution has tu

be addpted which optimizes the electromagnetic requirement

without introducing a serious perturbation of the flow.

It is worthwhile pointing out that the energy loss through

the channel may become quite large when the plasma becomes

uvverdenge. In this case the above-mentioned cutoff consider-

ations does not apply any more. A surface wave is excited

at the boundary of the plasma and a large energy abscrption is

found in the plasma even Lf no substantial radiation occurs at

both ends of the probe.

As a consequence the use of this probe iz limited to under-

dense plasmas. The operating frequency of the cavity shown in

Fig. lb is in the X band. Thus the maximum values of electron

densities which can be measured with this probe is in the

10*? + 10*? e/cm® range.

The total range of electron densities n that can be msas-

ured depends ch the narticular technigue which is used in
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measuring the output signal of the cavity. With an amplitude

measurament the minimum measurable frequency shift can be

defined as half the bandwidth of the resonance curve of the
cavity in the absence of the plasma. Thus if Qyis the value

<f the Q of the cavity without plasma, one has:

n

c
e 1
"min 2 K Q (12)
o
where ., is the critical value of electron density which
~orresponds to iy = W, and K is defined in Eq. (7). In order

i

T T

to maximize the value of K it is necessary to increase the
volume of the interaction region, i.e. the radius of the

channel.

For the probe of Fig. 1b Q5 ~ 2x10°; K ~ .27.

Thus no 10% e/cm”.

‘

This electron density range can be extended to lower
values with 2 differential technique in the measurement of

amplitude and phase of the cavity output.

o

Due to the conplicated geovmetry of the probe an exact

calculation
tion cf the

culibration

of the shift of the resonant frequency as a func-

plasma properties cannot be performed. Thus,

techniques must be used.

In the range of low

electron densities the probe may be calibrated by introducing

in the channel a dielectric medium of dielectric constant close

tc unity.

In this caBe the frequency shift has the opposite sign

compared to the shift produced by a strongly underdense plasma.

AN QIS P 1‘,:,,(.
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% Nevertheless on the basis of the perturbation theory the
% results can be extrapolated to the equivalent dielectric con-
g stant of a plasma, according to Eg. (1).
E
§ Another technique which appears to be particularly
§ suitable for extremely low electron densities is the use of

an electron beam inserted in the cavity where the electron
density is known on the basis orf accelerating beam and current.
A verv gocd ccincidence betwesn the results obtained with

these two techniques has been found. In the higher range of
electron densities the calibration is pe:formed with an
independent measurement of the plasma properties with a micro-
wave interferometric techniques in the flow where the probe

is located. Fig. 2 shows the characteristics of the probe of
Fig. 1b. The svlid line corresponds t» the shift of the
regonant frequency obtainad on the basis of the above-mentioned
calibration techniques used is the low electron density range.
The experimental poincs correspond to the calibration per ‘ormed

- with the interferometric technique.

The same cavity of Fig. la could be used in the rance

u% 2 W without the severe decrease in the Q which appear in the
TM mode by exciting the cavity in the TE,;; mode. In thi: case

no current is flowing from the plasma to the cavity walls. For

the TE,,, mode the resonant frequency and the change in Q of

the cavity are given by the complex solutions of

1 A(kn) L1 Gitken) Yy (kara) ~ Ji(kara) ¥r (keny)
ky Jylkari)  ka J (ker1) Ya(kera) = Uy (kerxa) @ (kari)

(13) ;

SARITEHIR AT RTINS SrvRato,

YRR A Ot

B —




2 2 2
[5) [} 7

¥ ==K =-——g: ky =—3~-—7 (14)
c z, c z,

i

AT

In the particular case ¢f r; << r; and wp of the same order

of W or smaller, Bg. (13) reduces to:

i

=
.‘§_;
= 6,2
= 2 w
== A w 1 X] o 8 p 1
g TﬂEJa(xs_ I, w? v (23)
;EE ° o 3 0 1-14 o
g
= vheie X3 is the first root of
=
Jy{x) =0 (16}

arl w, is the resonant frequency of the cavity without plasma.
it is of interest to compare Eq. (15) with Eq. (1l1l). One
cbserves that due to the high power of the coefficient r;/rp

in Bq. (15), the TE,,, mode provides a smaller sensitivity in

the range of extrewmely small electron densities.

. If one assumes now in Eg. (13) that the plaama is strongly

T

overdense (wp» w) and v/w << w;/wz, the absolute value of

=
iﬁé %k, r; may become large compared to unity. In this case in
= Eq. {13):
] L atkn) 1 (17)
= - = ki Jolkari) Kk
= g=
5 =
e = where
5 w -%
- - v
: k;“'"éE(l-lm (18)




Thus the cavity of Fig. la is equivalent to a coaxial cavity
with an inner conductor of radius r, where the penetration

depth 6 of the electromagnetic field is

e |
6=Re(§)~ﬁpr

b2 |
l+?) + 1 (19)
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The value of 06 determines the shift in the resonant fre-
—_— -] .
quency of the cavity and the imaginary part of k determines
the change in Q of the cavity.
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IlI. OPEN STRUCTURES PROBES

In the cylindrical cavity probe discussed in the previous
section, when the plasma is strongly overdense and & << r;, the
effect of the plasma is to confine the electromagnetic field in

the region ry < r < r. tThis property suggests the possibility

of using an open cavity technique to measure high electron

densities. The plasma itself closes the cavity when Wp >> W

A

= and the mode of operation of the cavity is selected in such a
way as to minimize the energy losses due to radiation and the

contact between plasma and external surface of the caviiy.

Two possible schemes of open cylindrical cavities are

shown in Fig. 3. Fig. 3a shows a probe where the cylindrical

o A A

surface of the cavity is exposed to the ionized gas. For a

strongly overdense plasma and a T8 mode, the frequency

011
shift and the change in Q of the cavity are given by

w | % w [ sk
Aw o v 1) o 178
Re (—w;}~ - Ky e (1+ F) + L A(Q’ 2Ky @ J (l+ ;—z-) 1
P o P o

L L 0

(20)
where
a2 3
Xy C©
K =—F—=—"7T7
> w3r 3 (21)
o o
=i g
= E and x; is the first root of Eq. (16) and
3 w = {22)
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u% is the resonant frequency of a perfectly conducting
cylindrical cavity of radius r, and height z, in the TE;,;
mode. An identical behavior is found in the scheme of

Fig. 3b where one of the bases of the cylinder is exposed to
the plasma on the plane surface of a wedge. Again for the
TE,,, mode and a strongly overdense plasma Re (A.thE) and
A(1/Q) are given by Egs. (20) where

(23)

The schemes shown in Fig. 3 correspond to operation in a

supersonic flow. Nevertheless it is apparent that the same
open cavity technique can be used in a stagnation region cr
in a zero velocity region of the flow, where a probe of tle

type of Fig. 1 could not be used (Ref. 4).

The maximum value of electron density which can be meas-
ured with the probes of Fig. 3 depends on the Q of the cavity.
Again if the minimum measurable frequency shift is def-ned as
half the bandwidth of the resonant curve of the close cyliﬁ;
drical cavity. Thus if Qo is the value of Q for the closed
cavity the maximum value of electron density is

P 2
Pnax 8 Ba K Qo (24)
The order of magnitude of 8 K;a is about unity in a

practical case. Thus Eq. (24) shows that N oax TEY be higher

than n, by several orders of magnitude and with a relatively
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low value of Qo. The most serious limitation in the maximum
value of n which can be measured arises from fluid dynamic
and plasma dynamic boundary problems at the surface of the
window of the cavity. As mentioned before the open cavity
technique is limited to the range of overdense plasmas. This
limitation is eliminated with a different technique which uses
an element of nonradiating dieleciric waveguide as a resonant
structure {(Ref. S5). Assume for instance a circular dielectric
waveguide of radius Tt length 2, index of refraction xd. A
uniform plasma is assunmed in the outside region » > L The

dispersion equation for the TE,, , Mode is

m
13 (x) 1K (y)
= - = (25)
x J_(x) Y K {y)
whera - '
. a "k 2 2 k
xX=r Q.ru’-ma—!:'}:yf-’x: (ms—-’?z'--‘%'xa (26)
o a zo o zo c

K, Ko are the modified Bessel functions of the seconc kind.

No radial propagation occurs as long as

m e >
z
o

alg

% (27)

If condition (27) is satisfied in the range of small electron
densities (u% << w) Eg. (25) ¢ields
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where

(29)

“b is the resonant frequency without plasma (x = 1). x , y

o’ ‘o
are the values of x, y for w = a% and
' _ 4 {1d3(x) _ 4. {1 K (y)
Fi(x) =& (x J_(x) P oY) = Fply x m (39)
o X5 o Yo

Thus the resonant frequency shift for ah << w, is proportional
to the election density of the plasma, as in the previously
discussed cavity probes. 1In the range of large electron dens-

ities

ke
} and
v
ot

(31)

.V
l1 -1 w

Eg. (25) reduces to:
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(32)
2k
Q w, w,*
where
x;z Ca
Ky {33)

= 3 3 3
2w r°

x; is the first root of Eq. (16) and w; is resonant frequency
of the element of waveguide when the external surface (r = ro)
is assumed to be a perfect conductor. As expected in this
higher range of a% the behavior of the waveguide is identical
to the open cavity. In conclusion this type of probe may
operate in a wide range of electron densities from the under-~
dense to the overdense conditions. Fig. 4 shows an example of
a dielectric probe which is designed to operate in a zero
velocity region. The operating frequency is in the X band, and
the length of the probe is three times the waveguide wavelength
{m = 6). The dielectric medium used in this probe is boron
nitride (xd ~ 2). Two metallic plates are mounted at both

ends of the probe in order to reduce the radiation losses. 1In
order to have a unique relation between resonant frequency and

plasma properties, considerable care has to be taken in the
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dielectric probe to have the required mode separation over
“the entire range of resonant frequencies. The mode separation
has to be maintained over a2 value of A w as large as possible
in the total range of electron densities. FPurthermore the
sensitivity of the probe must be as large as possible in the
upper range of electron densities where the most severe
reduction in the Q of the probe has to be expected. With the
chosen dielectric medium these considerations have suggested
the hollow structure of Pig. 4 for the dielectric waveguide
which is supposed to measure a range of electron densities
between 10°° e/cc and 10** e/cc. 1In addition Fig. 4 shows an
array of three metallic wires imbedded in the dielectric
medium to eliminate the modes which do not belong to the

TE°1 type. The excitation of the TE,, n Tode is performed
through the coupling of the dielectric rods to the narrow
side of a rectangular waveguide which operates in the funda-
mental TE,, mode as shown in Fig. 4. The measure-* Q of the
probe without plasma is 2.10°. Pig. 5 shows the theoretical
characteristic of the hollow dielectric probe. In the range
of low electron densities the calibration has been performed
by surrounding the probe with a dielectric medium of dielec-

tric constant close to unity with the same technigque followed

=
z
H
=
£
=
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=
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=
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=
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=

in the closed cavity probe. In the upper range of electron
densities a calibration has been performed by measuring the
resonant freguency of the probe with coaxial metallic
cylinders of different radii which surround the dielectric
medium. In this measurement the calibration is performed by
identifying the gap between the inside surface of the metallic

cylinder and the external surface of the dielectric wavegquide




with the penetration depth § defined in Eq. (19). fn the
middle range the probe calibration requires an independent
neasurement of the plasma properties. The probe of Fig. 4
has been designed for operation in a large environment situ-
ation where the probe dimensions are of no particular
importance. If the dimensions of Fig. 4 .ce scaled down for
an operating frequency in the 30 Gc range this technique
appears to bhe particularly suitable for laboratory experi-
ments in shock tube and shock tunnel facilities (Ref. 6).
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IV. PLUID DYNAMIC AND PLASMA DYNAMIC CONSIDERATIONS

If a microwave wrobe iz to operate in a supersonic flow two
fluid mechanical effects have to be considered, those of com-
pressibility and of viscosity. The gas should reach the region
of interaction with the electromagnetic field of the probe with-

out sufferiny a significant perturbation.

Consider first the probe of Fig. 1lb where the flow is
allowed to pass through the cylindrical cavity. The external
shape of the cavity has to be designed in such a way to avoid a
detached shock. Thus the angle at the leading edge depends
upon the Mach number and the angle of attack at which the probe
is supposed to operate. This specific probe is designed to
operate at M 2 2.5 and maximum sngle of attack of 5°. 1Inside
the channel viscous effects can lead to a perturbation of the
flow situation which ia turn affects the electron density dis-
tribution in the interaction region. Furthermore if proper
allowance is not made for the boundary layer growth in the

channel a choking of the passage may result leading to a normal

ST CBREHTEE R B

shock standing ahead of the probe entrance. This effect can
be minimized by compensating for the effactive reduction in
stream area. This can be accomplished by using a slightly
divergent channel which is just enough to compensate the bound-

ary layer growth. Since the boundary layer effect can only be

assessed approximately it is necessary to perform aerodynamic

L S R AR B MIEH 0

measurements of the channel flow to assess the magnitude of the
flow field perturbation. Measurements of the static pressure
were performed at several gtations along a channel with half

the diameter of the final design shown in Fig. 1lb at a free

=
=
=
E
=
=
=

stream Mach number M = 2,5 and several Reynolds numbers. A
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typical result is shown in Fig. 6. It is seen that the flow is
not choked and that actually the internal passage is slightly
overexpanded. This condition corresponds to the maximum Reynolds
rumber at which the probe is supposed to operate. The minimum
Reynolds number at which the probe may cperate without serious
fluid dynamic effects has not been dgterm{hed due to the lack

4.

of adequate facilities.

The open cavity probes shown schematically in Fig. 3, which
are designed for measurementes of electron densities in supersonic
flow conditions, are similarly affected by compressibility and
viscosity. The confiquration of Fig. 3a will produce a flow
perturbation due to the shock formed at the apex of the cone.
However, for many ionized flow fields of practical interest,
preliminary calculations employing equilibrium thermodynamics
have indicated that the perturbations caused by the shock for
cones with semi-vertex angles less than 10° is less than a fac-
tor of 2 in electron density. Non-equilibrium chemistry consid-
erations should lead to even lower values of the estimated per-
turbations in electron density. In addition to the perturbations
caused by the shock, one must examine those caused by the bound-
ary layer which is built up on the cone and its afterbody.
Preliminary calculations of the boundary layer growth over a
10° semi-‘rertex angle cone, three inches long, have indicated
that for conditions similar to those for which the internal
cavity probe was developed, that portion of the boundary layer
where the electron density differs significantly from that
external to the boundary layer is on the order of 1/10 of the
boundary layer thickness and extended about 4/10 mm ab. ve the

surface of the cone. The configuration shown in Fig. 3b will
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have negligible effects of shock perturbations of the electron

density for flow conditions where viscous interaction effects

e
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are not large. The calculated boundary layer thicknesses will

be larger than those for the cone differing roughly by a factor

ase akassad huniPounees

of 43 fov the same length over which the boundary layer is

brebirhi

allowed to grow.

i

In addition to the fluid dynamic perturbations induced by
the probe, the electron density distribution in the interaction
region may be affected by the plasma boundary conditions at the
wall of the probe. 1In the range of electron densities of inter-
est in a fluid dynamic problem, the Debye shielding distance is
always extremely sm.1l compared to the dimensions of the inter-

action region, for both overdense and underdense plasma. The

plasma sheath at the surface of the probe may become important
only when the mode of operation of the probe involves an elec-

tric current flowing from the wall to the plasma, particularly

e A

in the case of an overdense plasma. Por this reason the TB,

o
3

"
Atin

modes have been selected for both the open cavities and tle
dielectric probes. Also, it is worthwhile pointing out that
the TE° modes of operation avoid a possible coupling mechanism
between the electromagnetic field and the plasma oscillations

in the plasma sheath.

The most serious perturbation of the electron density disc-

tribution in the interaction region appears to be due to the

I
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diffusion of the charged particles, ions, and electrons, toward
the wall of the probe. The walls act as a sink for the charyed
particles which recombine at the wall. Thus, the electron den-

sity at the surface of the probe becomes very small compared to

the density in the unperturbed region. It is apparent that the
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thickness of the layer cloge to the wall, where the electron
dangity decay is important, must be small compared to the dimen-
sions of the interaction region. Consider the flow of the
ionized gas inside a cylinder of radius r as in the case of

vhe closed cavity probe. assume that temperature, density and
Jlow velocity @ are uniform. The diffusion equation for the

2lectron density may be written in the form

1o K
v’n-su-vn+-';[1-f(n)‘_l =0 (34)

in a situation where the ionization zrocesses are due to colli-
sion between neutral particles. Kd is a positive constant which
depends upon the pressure and temperature of the gas. D is the
ambipolar diffusion coefficient and f(n) depends upon the chem-
istry of the ionization reactions in the gas. Eg. (34) must be
solved with the boundary conditions of a vanishing electron
density at the wall of the channel (r = ro), and an assigned
distribution of n, at the entrance of the channel. At larger
distances from the channel entrancs the radial distribution of

electron density depends primarily on the parameter

K
a
@=r, /Dne (35)

where n, is the equilibrium electron density at the assigned
values of pressure and temperature of the channel flow. If

a >> 1 the electron density is almost uniform across the channel
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and the electron density decay is confined to a small layer
close to the wall of thickness.

r

2
Ap ~ 2 (36)

XD may be defined as the electron diffusion length. If o << 1

a strongly nonuniform distribuvion has to be expected and the
electron density at the axis of the cylinder (r = 0) becomes
small compared to n,- The equilibrium electron density n, may
be assumed to be equal to the free stream value. Thus a probe
operating in a situation where & << 1 would measure an electron
density which is much smaller than n,. Figure 7 shows tha asymp-
totic radial distribution for the particular case of a reaction
between atomic oxygen and nitrogen where

n3

n2
e

£(n) = : K. =%k nn {(37)

kd is the ionization reaction rate; n, .y are the oxygen and

nitrogen densities respectively. With assigned values of xa
and n, it is apparent that che perturbation decreases as r,

increases and D decreases.

In the case where o << 1, the decay of electron density
along the axis z of the channel may be computed assuming Kﬁ = 0
in Eq. (34). If a unif’rm electron density n, is assumed at the

entrance of the channel (2 = 0) the solution is

L1 2
2 Iy (xn ro) L
x Jq (xn)

e (38)
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(N

ang x, are the roots of the equation Jd(x) = 0, From Eq. (38)
one observes that the electron density decreases rapidly within
a distance of the order of the cylinder diameter even for rela-
tively large values of uro/Dxn. As mentioned in Section I1I,
the ratio between length z; and radius r, of the channel sec-
tion upstream of the cavity must be sufficiently large to mini-
mize the radiation losses. Consequently from Eq. {(38) and the
requirements of a strong attenuation of the TM,, mode in the

channel, the ratio z;/ro must satisfy the condition

1 z ur .
.x_<<;:L<<43x—2- {40)
(o} o n

at least for the first few roots xn.

In the case of the open cavities and the dielectric probe
the electron diffusion toward the surface is equally important.
Thus the combined fluid dynamic and plasma dynamic considerations
reguire that the penetration depth of the electromagnetic wave
at the maximum measurable electron density be large ccmpared to
the thickness of the layer where n departs significantly from

the free stream value.

These fluid dynamic and plasma dynamic considerations show
that the probe calibration must be performed in the same range
of Mach number, Reynolds number and electron diffusion length
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as those of the flow in which the probe is supposed to operate.

For the internal cavity probe calibration a shock tube was used
to generate the plasma. Measurements were made immediately
behind the incident shock where the Mach number was approximately
2.5 and a range of densities from 10~%x 107* ko/m’. Simultaneous
measurements of the electron density were made using the probe
and a microwave interferometer {(Ref. 7). Typical results of

this calibration are those shown previcusly in Fig. 2. The cal-
ibration of the dielectric probe which is intended for a zero
velccity application is being conducted again with a microwave
interferometer in the region behind the reflected shock in a
conventional shock tube. The preliminary results are shown in
Fig. 5.
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V.  CONCLUSIONS

The microwave cavity probe techniques offer the advantage
that measurements of both underdense and overdense plasmas can
be performed. Thus, even extremely large electron densities of
the order of io“ e/cc can be measured using conventional micro-
wave circuits in the centimeter wavelength range. The relatively
small size of a microwave resonant structure in this wavelength
range allows the measurement of quasi local values of electron
uensities over a wide range of flow situations. Several orders
of magnitude in the electron density can be measured by a probe
due to the sensitivity which can be achieved in a microwave
resonant cavity. The design of a probe and its mode of opera-
+ion is dictated by the range of flow conditions in which the
probe is intended to be used. Several practical probe geometries
can be designed which minimize the flow perturbation induced by
their presence and in particular do not significantly change the
local value of electron density in the region of interaction

with the electromagnetic field.
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VIII, MEASUREMENT OF PLASMA PARAMETERS
USING A RADIAL TRANSMISSION LINE

John H. Mullen
Louis N. Medgyesi-Mitschang
Research Division

McDonnell Aircraft Corporation
8t. Louis, Mo.

ABSTRACT

This report presents a new method for measuring the electron
density and collision frequency of plasmas. This disgnostic technique
vhich is applicable to low as well as high density plasmas, minimizes
the usual field problems associated with microwave plasma diagnostic
schemes. The effect of plasma non-uniforuity on this technique has
been calculated. Spectrographic measurements and thermodynamic parti-
tion function calculations were found to be consistent with the plasma
parameters measured with the present technique.

INTRODUCTION

The measurement of plasma perameters, particularly the plasma
electron density, haes been a persigtent problem in the plasas diag-
nostic field. Ever since the plasma-induced blackout of reentry
telepetry was recognized, the importance of this problem has in-
creased. Various disgnostic techniques, such as langmuir probes,
have been proposed along with spectrographic and electrical techaiques.

The most direct approach to the problem has involved {ransmitting
electrical signals through a plasme mediim and observing the subsequent
plasma-induced attenuation and phase shift. From a theoretical point
of view this scheme ghould work. However, it is difficult to imple-
ment experimentslly since it requires the signal weavelengths to be

231




S

comparable to the plasma dimensions and assumes very little refraction
and reflection. For the usual laboratory plasma, the signal frequencies
are restricted to the X band region or higher. But such frequencies
require high density plasmas, which are difficult to generate. Further-
more, high density placmas have high density gradients, which lead inm
turn to considerable experimental errors.

The diasgnostic scheme Presanted here ig compatible with high as
well as lov density plasmas and is optimum with respect to the usual
cylindrical laboratory plasma geometry. Furthermore, since the basic
diagnostic apperatus is a radiel transmission line, the electromsgnetic
vave equations for the diagoosing signal can be solved exactly. Taus,
the correlating analysis, while not simple, is capable of good reso-
lution. The usual field problems connected with fringing, leakage, and
non-uniform phase fronts are minimized because of the gecmetry of the
structure. The question of the effect of non-uniformity in the plasma
or this meesurement technique has also been considered and appropriate
ccampensations can be made for it in many cases.

GENERAL APPROACH

This diagnostic technique involves the corxrelation of the impedance
in s radial transmission line with the plasms electron density and
eollisicn frequency. The correlation between these quantitics involves
matching the boundary conditions of the electro-msgnetic fields at the
plesma air interface of the radial transmiasion line. From this cor-
relation a theoretical plasma impedance is then compared with the experi-
mentally measured values, providing the correlating link between the
reasured plasmc impedance and the plasma electron density and collision

frequency.
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EXPERIMENTAL APPARATUS
The experimei.tal aspects of this diagnostic scheme best illustrate

the underlying features of the technique. The implementation of this
method is shown in Fig. 1. A radial transmission line is placed around
the plasma at the point of diagnosis. The device is equipped with a
radially calibrated slot and probe, connected to & crystal detector
measuring the VSWR and the location of the field maxims end minima of
the radial line. A tuner is provided for the probe t0 ensure increased
sensitivity without requiring increased power from the sigusl source.
The radial line is excited with s 95% TEM mode by & graduslly tapered
section from 8 shallow auxiliary cavity which is fed from six loop feeds
as shown in Fig. 2. Sufficient ettenuation is placed in the tapered

section to make certein the generator wave impedance matches the wave

T A A

characteristic impedance of the slotted section.

MEASUREMENRT OF THE EXPERIMENTAL PARAMETERS
The VSWR and the location of the field maxima snd minima in the

radial line, as in uniform transmission lineg are functions of the line
termination. In this apparatus the termination is the plasma columm.
It can be considered in the electrical sense as & dielectric.
¥hile such a termination may be difficult to synthesize in teims of
lumped parameters, its effect on the radial line can be meagured in the
sane way as & conventional load.

The measurement procedure of tha VS4R and the location of the field
maxime and minima on a redial live is identical to that on & uniform
transmission line, such &5 & coaxial cable or waveguide. The interpre-

tation of the date for these parameters however i< different. In this

*The experimental apparatus used in these studies was cunceived, designed
aod constructed under McDonnell's independent research and developmant

- program. All patent and proprietary rights therein rre retained by

McDonnell Aireraft Corporation.
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diffevence lies the dissimilarity btetween the uniform and non-unifora
transzission lines. The redisl transmission line is a non-uniform
transmigsion line. The distinguishing feature between the two types

of lines is that in a nor-uniform transmissioca line the propagation
constant and the charscteristic impedance of the line are functions of
the spatial dimension of the line in the direction of propagazion. In
the radial line this is the radial direction. The functional variation
of the characteristic impedance with radius is given by Pig. 3. The VSWR
measured on & redisl line sust be normalized with respect to this vari-
ation. The normelized VSWR is given by '

Gl

Glrmax) 2,

VSWR = (VSHR), ——— k. 2%
T G KYin) v

vhere (VSWR), is the VSWR measured on the radial lime and rpg, aod Tipgn

refer to the location of tie field maxima and minima, regpectively. The
functional dependence of G,(ki)is given by Pig. 3.
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Since the propagation constant varies on the rajial line, the phasge
shift is non~linear, so that the conventional phase ghift asgociated vith
the Smith Chart is not applicable. Hence, the data from the radiasl line

cannot be plotted on & Smith martdirectlyeventhough_the VSWR has been

ot

normalized. For this type of work, a radisl transaission line calculator

{Pig. %) has been devised by the aui.horl. This calculator compensates

.
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for the non-uniformity of the phase ghift. Using tae calculator, the
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messured data can be reduced directly to an impedance. It is convenient
for data correlation to transform all the experimentally deterained im-

pedances to the plagma air interface. This transformation is aost con-
veniently accomplished omn the calculator itself 7.




THEORETICAL, ASFECTS

To correlate the experimental data with the plasma parameters, it
is nccessary to match the experimentally determined impedance on the
ralial line, transformed to the plasma-air interface, with the theo-
retical plasma impedance at the same point. The schematic represen-
tation of the fields in a radial transmission line terminated by a
plasma column if given in Pig. 5. 'The sense of the EM fields shown
correspond to a TEM mode excitation. This excitation vas chosen because
it greatly simplifies the analysis. The experimental apparatus was
optimized to minimize the effect of the other modes.

Pirst the analysis will be performed for the case of a homogeneous
plasma load. HNext a non-uniform plasma termination will be considered.

Thege results will then be compared to provide 'a.n upper and lower bound

on the electron density measurements on the radial transmission line.

HOMOGENEOUS PIASMA COLUMN
Tne plasma wave impedance equals the air wave impedance at the plasma-

air interface. If the wave impedsnce on the non-plasma side of the in-

terface is chosen, the expression has to include the reflections at the

interface, considerably complicating the expression. On the other side
of the interface the reflection terms drop out. The resulting wave im-

pedance expression is just the ratio of the electric and megnetic fields

nnnmmnmmmnmmmm|nmmmmmnmnmmnmmnmnmr.qmnmmnmmumammmmmmmmmmm&mmﬂmwwﬁﬁﬁmh i mmmsmin‘?ﬁmmmEﬁ%ﬁmﬁ!ﬂﬁﬁ!%?ﬁ!ﬁmmﬁmwmﬁmmmmmmmm‘ '

in the plasma. The electromagnetic fields in the plasme cen be deter-
ained from Maxwell's equations with the appropriate boundary conditions.
Maxwell’s equations in a complex dielectric medium assunming sinuscidal
time variations are®’3,
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The bourdary conditions at thr plasmn-air interfsce are:
Etangl = Etanzz )
Htangl - Htaugz 4
But since the radial line is excited with & TEM mode, the electric and
nagnetic £ields in the nca-plasma region of the lins are given by“
Eg = AHEY (k) + BUED (kn (5)
; D (2 -
Hg = Lo [AR{D 6o 4 BB )] | )
‘f = vhere ¥ represants Hankel functions and k = -27‘- « The constunts A and

P

B s:fer ¢o the magnitudes of the inward and outward traveling waves in

+he redial line.
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Solving Maxwell's equations {Equations 1 and 2) simltanecusly,

" 4
QiR

one cbtains

i
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Since the electric field may exist only in the Z-direction as a con-

IO i

=,

sequence of Equations 3 and 5, the double curl reduces to:

N gt
RRit R LR

(8)

- 1 1E, d2321
VxVxEn—-;- +

dr dr?

Then Equation 7 reduces to Bessel's equation

¥l

d%E, | dE,

P —

+ k2E,. 0 (9
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where k is the complex propegation constent in the plasma columm,

given by

k2. 02 #o€ — o pyo {10}

The parameters § and ¢ are the permittivity and copductivily of

the plasma, respectively. Por 8 homgernecus plasms ¢ and ¢ are defined

2
(.,(_ “p ) an

o 7. 2

Tl O )

2
e (“’P") 12

o \7, .2
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Tne solution of Equation § gives the electric field inside the plaszms

as

column in terms of the zeroth ovder Bessel function with a complex

argument

E, = A" d, tkr) a3

“here A is an arbitrary persmeter which will drop out. Substituting

Equation 13 into Equation 2 gives the magnetic field intensity within

the plas;‘:;a as ’
ikA”

g

] it kr) {14

Hé’

The wave impedance on the plasma side cf the interface is given by the

ratio of the electric and magnetic fields:

jorg (kR
L loke (Fo T as)
Z--= (Jl(km
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The complex ergument, kR, of the zero end first order Bessel functions
is related to the plasma parameters in the folloving way,

2.2 2,\ 214
a (] v
k = {op n"*{mz(l- L ) +( p )} {cos ¢ +] sin ¢) (16)
oo v2+m2 V2+02
where
2
-1 / L
g S-tan~l P} an
2 \m( mz + vz —mp2)

Thue the plasma impedance reduces to & comblex function of v andwp,
represented mathecatically as

ZaUlapiv)+ iV lap »? (18!

vheri: U and V are real functions ofwy and v . The rf frequency,w , is
rot included in tke functicnal notation sbove because the radiasl line is
operated at constant frequency for each set of experiments. The mumeri-
cnl evaluation of Equation 18 waes done by & camputer progrum.

NON~HOMOGENEOQUS PIASMA COLUMN
The previous anaiysis assumed that the plasma wes uniform taroughout.

While this approach is often jugtifiable for iow and -:dium dsnsity dif-

A

fusion plasmas, it neglects the effect of the wvalls of the plaswa con-
tainer on the electron densi‘y. If thig effect is teken into account,
then the plasma will be non-waiform. The effect of non-uniformity in
the plasma on the 2lectron density measured by the gre.cent technique

will now be digcussed.

In general, the electron density in a cylindrical plasma is maximum

E
5
£
E
£
B

at the center ani zero at the walls. The rate at which the eleetron
density drops off from its meximum value 1y impossible to predict in
general. Hov.ver, for diffusion plasmas vhere the diffusion coefficient

is constant throughout & cylindrical geometry, tha zeroth order Bessel

LAt 1 s A U VO O e i o b o b
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function, Jg (2.405 _1;) , has been found to describe the non-homogeneity

I ———

in electron densityS}EG. This electron distribution is given 3 Fig. 6.
In order to simplify the analysis, a parabolic distribution (Il‘ig. 6) wag
chosen instead of the Bessel function. A comparison of these two curves
shows that the former closely approximates the Besael function. Further-
more, both functions satisfy the boundary condition at the walls of the
plasma container.

The analysis for this case with a non-houogensous plassma is similar
to the foregoing case with a homogeneous plasma. For this case the
@®&fining equation for the plasma frequency is

%
4 2
mp - 5.63 x 10 {NO ( b -;—2->} (19)

vhere N, is the maximum electron density at the center of the plesma
column; R is the radius of the plesma column. Thus the dielectric con-

stant and the conductivity of the plasma, Equations 11 and 12, respectively

become: . S
. .
2

€=t [1_ —m°—( -—'E-)] (208)

v+ o2 r2

2
0mtg Q—ﬁ) (20b)

v+ w R2

o = 5.63 x 104 N,
Using these modified expressions for é and ¢ in the complex propegation

constant 'k (Eg. 10), the differentiasl equation giving the electric fiels

T R RS HIC AR, A e A Nt R A
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in the plasma column becomes
2B, 1B, ([,\2 (m)z weZ\ o [t o0
dl‘2 * r dr (c) B ? v2+02 - -,—i v2+o.\2

2 {0\ 2 “’02 Jw “’02”
e S @] e
rRZj\¢c (v2 02 2240

This equation is of the second order having two possible solutions.
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Since the roots of the indicial equation are both zero, the two solutions

1‘4 ',il- 4 biiC,

have the fom

RRHEERATHY
f

Ez, -zo Cpt" . Co # 0 (22a)

E

HUHHIEH KMl

Zo ™ Z C[(rk + (constant) E,_ Inr (22b)
2 o 1

il

vwhere the C's are found by substitution of these series solutions into
Equation 21. The second solution is singular st r = 0, and thus physi-
cally inadmigsible. Substituting the first solution into Equation 21

gives

Cp . e" +{(%)2 - A} Y, Cpr™2 (23)

vwhere

O A b st . SRt AT
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Equating coeffizients of like power, the fcllowing recursion relation-

ships are cbtained

Co = arbitrary

C
(n)ZE"- +{(ﬁ)2 -Al -0 ,n=2 (24
[+

Y

2 0 (ﬂ)z_ -z A So-q
< *{ g Bl i e i e L UL L P

Note siuce all Cp's with odd nusbered subscripts are zero, it is con-
venient for the latier calculations O redefine the coefficient in the
recursion relatiouships as

Cn

[ agy + j ba, (25)

Rewriting Equation 2l using the previous definition and equating the real

snd imeginery parts to zero gives
a,=1 by=0

-D F
- T4 bypeop (26)

1684+D&2+ sz-G-O

16b4—F82+ Db2+L-0
4 n2ag, + Dagy._y) + Gag(y_2) + Fbap_1) — Lbg(p_g)= 0, >3

4nlbyy — Fag,  + Dby(n_y) + Lagn_2) + Gbn_2) = 0
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where

The previous equations determine the coefficients of the series

solution of the electric field. Thus
Ez-l«»z1 aznrz“+izlb2nr2“ (28)
fim fi=

Substituting Equation 28 into Equation 2 gives the magnetic intensity
within the plasams as

a¢._—2-{ nagqr 21 4 5%° nbz,,r%-l} (29)
n=1 1

The wave impedance on the plasma side of the interface is given by the
ratio of the electric and msgnetic fields,

1 +§'-;1 aznrzn +i§lbhfm

E
Z_H_Z__’%Ii 30
é

i: nag f 2n-1, iin hzann—l
n=1 f=l

Retionalizing Equation 30, the real and imsginary perts of the plasme
impedance for & non-uniform plasma are resp‘e"ctively,

U Vy ~ Uy
zR-f"-‘i( 0 ; 12") @31a)
2 Vol + Vy
7 - 2F (U°v°+ U‘vl) (31b)
2\ v2.vy?

A R L i
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g vhere - (32)
g 2n 8
g Ug=1+2 82"
Z n=l
§_ - 2b)
£ 2“ (3
% Uy~ El b2n "
:
B 3 201
§ Vo - Z nag, r< T (32¢)
g Nal
£ -
i Vi=), nby, r20-1 (32d)
= E n=1
: B
z E The previously deduced expressions were calculated for a wide range of
Z E
E plagma persmeters using en JBM program.
E
£ EVALUATION OF THE PIASMA IMPEDANCE
E The foregoing equationg for the plasma impedance, Equations 15 and 31
£
E
g for a uniform and a non-uniform plasma, respectively, were evaluated by a
§ computer since the exact reletionship between the plasma parameters and
£
% the plasma impedance is too involved to be expressed as an explicit
g function. Two IBM programs were developed to calculate the plasma im-
g pedance for the anticipated plesma parameters. Plasma electron densities
g
of 102 to 10%%em™3 and collision frequencies of .'I.O8 to 6 x 10%3 gec~l
vere chosen. The computed resulty are plotted on the Smith Chert given
in Pigs. T and 8. The plots are normalized to the real part of the
characteristic impedance of the radial transmission line at the plasm=-
air interface (132 chms). The various plnsass parameters plotted corres-
pond to coustant collision frequency and electron dsnsity lines.
F;:é

it L
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plasza frequency, then the impedance meazured will countain no resistive
part but vi' L be a pure capacitive susceptance, which corresponds to a
very high VEWR resding on the radial line. The resolution of the Smith
Chart, however, decreases rapidly at bigh VSWR radii. Therefore, the
excitation frequency must be equal to or lower than the plasma freguency.
As the excitalion frezquency is lowered, the dimensions of the radial line
must be compsrably increased, in order tc enable meaningful VSWR measure-
ments £0 be mede. Thus, the lower limit of the electron density capable
of resolution with this method is set by the maximum physical dimensions
of the radial line that can be accomiodated and the uniformity of the
Plasma in axisl direction.
EXFERIMERTAL RESULTS

Evaluation tests were parformed on the diagnostic apparatus using
four known solid dielectrics es loeds for the radisl transmission line.
For this purpose dielectrics with dielectric constants of 2.1, 4, 9, and
15 were used. The Mel&tﬁc loads tested were one inch in diemeter.
The wvave impedance of these dielectricc was measured. From the meagured
vave impedance, the dielectric congtants of the loals were determined.
These results were then compared with the dielectric constant in the
manufacturer's specifications. This comparison is shown in Pig. 9. The
results show that at higher dielectric constants the error between the
experimental and specified values is less than 10% which would indicate
an error in electiron density of approximmtely the seme smount.

Next & series of tests vere performed on & mumber of seeded and
unseeded plasmas under varied flow and presswra conditions. A repdresen-
tative sampling of these measwrements is summerized in Teble 1. All
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If the plasz, load in the rediel trsusmission line is uniforam. then
the electroa density is interpreted from Fig. 7. If the plarms is noa~
uniform, with the elzctroa density profile given in Fig. 6, then the ex-
perimental results =re interpreted from Fig. 8. Thus, for s given izpe-
dance, measured on the radial transmission line, two electrom density
correlations can be cbtained. At low electron densities %, = 10 rem3,
the average electron density of tha mon-:aiforw distribution ¥, {using
Fig. 8) is approximately 1.33 times =s high as the dengity of the uniform
plagma, K., (using Fig. 7). The ratio between N, and N, increases con-
tinuously, watil at X, = 10%3ca3, B, = 3.33 %,. The change in the .wtiv
N /K, is to be expectsd since =t high electron densities the effect of
sny non-uniformity in the plasme becomes important. It should be noted
that the constant collision frequency lines on the impedance plots are
not noticeably altered by the change of the plasms density profile.

It may seem thet this method of interpreting the experimental data
is ambiguous. In reality by having congidered these two limiting cases
for the electroa density profile, this method is capeble of yielding
upper and lowver limits for the electron dengities measured.

The usefulness of the plasma impedence plots (Pigs. ':{mda) is
limited to electron dengities in excess of 101%="3. mis electron
density corresponds toc & plasma frequancy vhich is identical to the
excitation frequency of the uhf radisl liae (i.e., 950 Mc/8ec). PFor lower
electron densities it ic necessary to use & lover frégquency o drive the
radial line to cbisin mesningful results. This requiremsnt arises from
tne fact that, if the disgnosing eignal's frecuency is grester than the
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messurements werz madje on & radio frequency plusma of one inch dlsmeter.
The exciting frequency of the radio frequency generator was 1 Mc and the
rf power to the Tlasma was 10 kW.

When using argon; the electron density was meagured using the radisl
transmissicn line method and spectrographically. A three meter Baird-
Atmoic grating spectrograph was focused on & point in the center of the
Plasza immediately above the reiial line. Pecause the transition proba-
bilities of argon are readily availshle end relatively unsmbiguous, an
accurate check was cbtained. All electron densities measured using the
radial line were approximately 20% lower than those measured spectro-
scopically. The spectrograph was not used to check the electron density,
using an air plassa because of the great difficulty in reducing the data.
However, the radial transmission line technique should not be affected by
the type of gas used in the plasma.

CONCLUGTIORS

The radial line technique for measuring the electron density and
collision frequency of laboratory placzas has the following diaguostic
characteristics:

o It is applicable to both high and low density pleasmas;

¢ It can bs adapted to uniform as well as non-uniform plasmas;

¢ It minimizes the custumary difficulties with microvave measure-
ments of a plasma, such as non-uniform phase fronts, refraction
and reflection, and cther ficld ancmalies;

e It gave results on seeded ani unseedsd plssmas which wers found
to be consistent with spectrographic measurements snd thermo-
dynamic partition function calculations.

e et n dAmeamri shosmarte Sovn SaMOI
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Teble 1 Prelininery seeding sxperiments

Fower inte § 7 stem | Seedont Collisisn Elsctron
Ges | Sesdont{ water jocket | pressure tlow Gas flow | Weight sesdont fraquency concentration
W) {teer) | {cw 3/min) (ib/3ec) Weight ges (ase=1) (olectrons/cm3)
Ale | Water 2.9 0.3t {s3xw-trrx107%] 12x1072 5.9x 107 14 x 1010
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28 033 1821071772107 8éx 10~2 48 %10 78x 10
2.8 0.33 }22x10"1i{7.7x10 107 e5x100 ] 9o0x0
Alr | Weter 2.6 0.33 §127x10°17721075] 1ax107? | 2. 8.1 x 1010
air 75 2.1 0.32 josx10-M74x1075] 37x1072 | seoxi0f 2x 1010
Ethenol 2.2 032 Jrix10"Y74x10"% 4s.10m 5.0x 107 10 x 1610
inweter] 2.2 033 |13x1017.4x1073] ssr1072 | so0x10¢ 16 x 102
2.2 033 15«1} 7ax107d sex10” 7062107 | 34 m,“
2.2 034 (18107 74x1073] 7.6 107 7.0 10 8.1 x 100
2.1 03¢ jzox10~74ax10"5] 87x1072 | ssx10¢] 84x10!0
Ale 2.0 03¢ 1222107421075 9.8 10" 6.0x 10 8.1x10'°
ArgeniEthonal |  M.A. 042e {05107 16104l 03x107? | 10x16%2] 10.0 1012
.1 0.42 NA. Jlsx10 NA. 1.0 x 103} 10,0 x 1012
1.1 0.44* 0.2 w‘: 1éx 10 0.4 x 1072 10x1072] 10,0 = 1012
1.0 o.se Jo9x 10"} 16x 10 Lex1072 | 005x1012 15 10!
11 04 14x1071 {1610 2521072 | 0.058x102]  1.0x 1012
L1 o48 |1y w0 raxt0 34x10"2 | 0.10x10 15« 1012
1.1 048 l24x 10 M lex107% 3.107 | 0.07x10! 10x 1012
11 048+ |29x 0 1621074 524 1072 | o.05x 1012 0.39x 1012
1.1 0.48* 1312 10" 1sx 1074 5621072 | 0.008x 102 o02x10
1.0 048 125107t isx107d] 52x 10-2 { o.o1sx 10321 007 5 1012
0 048+ 140> 1071 L6x 1074 7.1x10-2 | 3.030x 1012 01541012
1.1 0.48° {45107 161024 8.0x1072 | 0.0404 1002} 5 012
1.1 048 15.1x107H16x107¢ 9121072 | 0.008x 1012]  Cosx 0¥
Argon] Etheno! 11 0.8 |ssx10"116x10 1021072 | 0.02x10'] o0.08x10%

Dsta is pralimingry end guelitstive enly,

*imarpoloted values

N.A. — No data avsiloble.
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GENERAL APPROACH
Plasma zolumn Voltoge
stonding
wgve
indicator
N Crystol detector
- - Probe aond tuner
\ /
——
"\
N
z - ] Signal 1000 cycle
~ A generator moduletor
& Six way
power divider
Fig. 1 Experimental apporatus for mecsurement of plosma poremeters.
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GENERAL APPROACH
.
Gy x) o () )
Top-_ 80y~ 400
) cos @ * Z /¢ (ohms)
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04— 26 100]
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o
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o
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Argu:aent of the Hankel function {x)

Fig. 3 Normalization chart for YSWR
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GENERAL APPROACH
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Fig. 4 Radial transmission line calculator
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IX,REFLECTOMETER MEASUREMENT OF THE PLASMA
SHEATH ENCOUNTERED DURING THE
PROJECT ASSET FLIGHTS

R, J. Plugge
ElectroScience Laboratory
(formerly Antenna Laboratory)
Department of Zlectrical Engineering
The Ohio State University
Columbus, OChio
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ABSTRACT

The input impedance of an antenna was measured thoughout two

flights of a hyperaonic glide reentry vehicle, a VHF antenna in one case,

Wt

= apd an X-band antenna in the other case., These2 data and a qualitctive
discussion of their time history are presented here,
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INTRODUCTION

The Assel venicle is a hypersonic iifting re-entry veahicle designed
to obtain Lasic aerodynamic, thermodynamic, and stractural test data,
A secondary okiactive of itz fiights was an evaluation of the effecis of
the plasma sheath on radio comraunicatior links between the vehicle
and groend, The on-board measurement of the piasma effects was
limited to a continuous impedance measurament of oie anienna par
vehicle, Data from two flights <. different trajectories 2re shewn
here, One set of da:ta was obtained from a VEJ antenna, the other
fromr an X-band antenna, *

This reﬂ‘ectomeéér experimen? was conducted to determine the
amount of mismatch introduced into tae rf systems by the presence of

the plasma sheath, As a secondary purpose, it was hoped that the

* The data on which this paper is based were furnished to this loratory
in the form of analog plots reduced from the original teler :try data,
For some of the measured varisbles, several apparently inconsistent
reductions were received, The zeasons for the incorsisiencies have
not been fully resclved., Since the reflectometer was flown az an "add-
on" experiment on a vehicle with a different primary mission, the
antenna locatica was sevarely constrained. The chosen lovation made
predictions of flow f{ield conditions extr”emely difficuit, so that it was
alinest impossible to determine whai the reflectometer should have seen
from tucoretical censiderations, The conclusions to be drawn :rom thie
expsriment are therefore mostly of a g ralitative nature, The present
paper should be taken as a demonatration of the power of antenna
measurements for the indication of flight conditions rather than as an
ac:urate determination of th: conditions of these pasiicular flights,
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effectivenc:ss of antennc impedance measurements in providing vehicle

flow fieid information would be demonstrated,

The plasma environmant encountered dusing these flights caused

impedance chanjcs which appeared primarily as variations of the phase

angle of the reflzction coeffizient, Thus, these results indicated

relatively emall reflectior loss changes dne to the plasma. The small

oA

ra2flectior loss variation may be duz to the particular VHE antenna

used, which was mis-matched to the transmission line, or due to the

far* that the plasma was of 2 relatively low density durine the X-band

measusement, Another possibility is that the denser piasma was
located, for the most part, away irom ‘he antefin% aperturss., How-
ever, these results have shown that the reflection ccefficient phase
angle was still responsive to changas in the rf eavironment of the
antenna, including the presence of the plasma sheath. This is taken
to indicate that with suitable desigu and placement of the antenznzs;
reflectometars can be useful tools for investigating plazma fiow
characteristics as well as the radic communication problems 2n-
countered during hypersonic flight,

A single impedance measurement determines values {for only
two variables, A vehicle's plasma sheath environment presents
many more variables which affect the antenna impedance, Thus
the main diagnostic value of impedance data from a single reflec-

tometer is to support or reject plasma sheath models proposed on

4
~a

.

-

¥




262

the basis of aerodynamic knowledge., Since the plasma studies were a

L4

secondary objective of these flights, the communication links into
which the reflectometers werfe inserted were not optimuin for deducing
plasmna characteristics from impedance measurements. In particular,
the VHF antenna was not readily amenable to theoretical analysis and
both antennas were located at points on the vehicle where aerodynamic
flow fields could not be accurately predicted. Therefore, because of
the complexity of the aercdynamic and electromagnetic problems )
associated with this particular experiment no numerical results for
the plasma parameters themselves were expected, Thus the data

obtained are primarily of qualitative va..e, providing a demonstration

= of the responsiveness of these antennas to their environment,

X

Rttt

EXPERIMENT ,DESCRIPTION

< The s"ape of the vehicle and the antenna locations on its right

i i,
R R

flank are indicated in Fig. 1. It is apparent that the vehicle wing will

) greatly influence both the EM field and air flow in the vicinity nf the

[N

antenna,

Both antennas were essentially linearly polarized, with the
polarization parallel to the roll axis of the vehicle,

The VHF antenna[l] was a dielectric-loaded, cavity-backed,
U-slot that was quite temperature sensitive, On the basis of the

pre-flight temperature predictions and laboratory measurements of
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the antenna, the antenna had been d~-tuned to approximately a 12, 4:1
VSWR prior to launch in the expectation that it would tune itself as a
result of heating during the flight, However, it did not tune as much
28 expected, The X-band antennaf[l} was an open-ended waveguide

with a dielectric window,

The reflectometers were of a four-probe type[2] which provide
both phase and amplitude data, The output data from the reflectometer
are in the form of two voltages (V;and V,). These voltages are the
rectangular components ¢ the reflectior. coefficient with reference to
an arbitrary voltage plane (V-plane). When this V-plane is properly
rotated for phase orientation, it is directly proportional to the
reflection coefficient plane defined by I'g, I, or Ir l, /T, the
rectangular or polar coordinates of the Smith Chart.

The effective telemetry svstemms into which the reflectometers
were inserted are shown in Fig, 2, These were conceptually the
same for both frequencies except that the X-band transmitter was
isolated from the antenna, whereas the VHF transmitter was not,
This, of course, necessitated more calibration of the VHF system
and increased its liability to error. Known loads were used to
establish the loading effects on the VHF transmitter and the resulting
reflectometer outputs, However, some varjations seen in both the
VHF and X-band data are presently unexplained and thus may indicate

possible sources of error in the experimental system not accouated for




"

264 f

during calibration, The reader is therefore cautioned to accept these R :
data as a demonstration of the sensitivity of antenna impedance meas-

urements rather than as a Secessarily accurate determination of the

conditions during these particular flights,
The VHF communication link sampled was "blacked out” by the

plasma sheath during a portion of the trajectory, Thus, the reflec-

i
ittt

tometer data in both cases were telemetered via the X-band system

Lt

or by delayed (tape) playback via the VHF systern,

REFLECTOMETER DATA

o r

] '-‘-';mmnmumnmﬁnmmnnmmnm

The variations in the reflectometer data were primarily co. sined
in one of the two output voltagés on both flights, Thus, the variation of

the reflection coefficient vs t, the time from launch, can be pictured

qualitatively with the time history of only one voltage parameter.
These are shown for the VHF and X-band antennas in Figs. 3 2nd 4,

respectively,

The second voltage parameter of the VHF data remained at a
nearly constant, relatively large value (-1, 45} through the period
where plasma induced effects were seen, Thus the imdedance vari-

ations of the VHF antenna during this period were seen to be contained «

T e e

predominantly in phase angle varjations which closcly follow the

curve in Fig, 3,
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The reduc- ! impedar .. Y1.a 7 » ©  “-Land antenna ar¢ shown
in Fig, 5, The Smith Chart is normalized o the TE; o wave
impedance of the waveguide and the data are phase~referenced to the
aperture of the antenna, The effects of the plasma sheath on the
impedance of this antenna are also primarily teen in the changing
phase angle of the reflection coefficient, In Fig, 5 there is 2 poim
indicating the impedance seen when a short circuit (aluminum foil)
was placed at the vehicle skin, The data in Fig, 5 have not been
corrected for the line loss from the reflectometer to the antenna
aperture which is apparent in this short-circuit reference reading,

The X-band data is also shown plottad on the voltage piane in
which it was measured in Fig. 6. The data points plotted in Fig, 6
and labeled 250+ through 600 are the average values determined by
drawing a smooth curve through the impedance variations, The
actual data points in the V,, V;, plane are shown in the inset, This
inget and the V, trace shown in Fig. 4 illustrate that the actual antenna
impedance measured oscillated from point 250 to approximately point
605 about the average values shown,

The point identification in these figures is the flizht time in
seconds,

Both the YVHF and X-band data can be broken down into time
poiuts and periods which are of interest., A qualitative explanation

of the time history of the antenna impedance follows,
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THE VHF CATA

‘The slow change in imyedance which occurred from lift off to

il

t = 160 sec is at present wnexnlzined, It could have been caused by

i

an antenna temperature chapgy, a change in the transmitter charac-

teristics, or by drift in some par! of the vehicle or data receiving

il edisi

systems. No other support for any explunation has so far been
found,

Plasma induced variations of the impedance were ubserved
frem approximately 162 < t < 3205, The vekicie angle of attack (o)

was changed during a period prior to 180s in preyas :tion for the

>
=
=
=
E=3
=
=
=
=
=
=
%_'-
E
o
E
£
=

glide phase of the flight, Deviation from free-spa:e impedance

i

conditions is not2d tG have begun at t & 162s.when o w- 6 slightly
negative, The impedancc continued to vary until t & 180s. During
the glide phase o‘f the flight o was approximately 38°,

The impedance shows a relatively large phase change caused

by the plasma when the angle of attack passed through zero degrees,

It is alsd seen that as the angle of attack continued to increase, the
impedarice returned to nearly its free-space value before agajr

indicating a phase variation. The rapid variation between 178 and

i R

Lo

18Cs indicates the increasing effects of th: dense plasma originating
on the bottom of the vehicle at the bigher argie: of ajtack,

It is interesting to note that the signai strength data[3] showed

I
RS S e ottt o

1

a similar variaticn of the attenuation vs angle of attack during this
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period, This signal strength variation has been seen[3] to indicate
that plasma formed at the vehicle nose flowed first along the top of
the wing past the antenna aperture at o X Q* and then that it flowed

above the antenna reducing the-aitenuation as the angle »f attack

)

gttt g B R DR

increased, It also indicated that as the angle of attack coctinued

to jncrease the densé plasmaz originating on the bottor of the vehicle

flowed into the field of view of the anptenna,

The “spike’ in the data at 170, 88 agrees_with the time of retro

L et

fire and thus is attributed i¢ reflection from the reiro flame,

During the period 180 < t < 216 z large positive angle of attack )

. o : : N
Bt AR R TR AT R R

and dense plasma existed, Throughout this period the antenna "looked"

- at a dense “sheet’ of plasma approximately at the wing.edge. “The

bRt

plasma sheath also extended somewhat "upward' from the rear edge

q

of the wing. Over the wing only a sparse, inhomogeneous plasme

BT
1}

existed, The impedance seen during this 30-second period was

hd

essentially constant. :
The inhomogeneous plasma over the wing, the aense plaamz
along the wing edge {side and back), the vehicle side, and the Awinhg‘
top are believed to have formed a type of trough waveguide during
the time period 180 < t < 2165, This trough would have redirected :
energy toward the top-rear of the vehicle. Th: trough and the

direction of EM energy flow axe illustrated on the right side of

Fig. 7, The impedance reen during this pericd would thus have

v
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rasuited from the:aperture coupling of the energy from the antenna
into the trough-waveguide mode, -

A trough weveguide structure appropriate for the geometry of
Fig. 7'tas been investigated[4]. The combination of the zugle sub-
tended by {the:y\ehic\lg flank and the plasma shesath, the approximate
plasma densities calculated for this flight jpch'%)si, and the pperating
frequengy-were seen-to be sufiicient-to allow dong?nant mode propa~
.gation:in this assumed trough-waveguide .mode!, -It:is hoped that:lhe
validity of this trough-waveguide model will:be substantiated by
Hfurther.analysis of the data, 7

;ﬁu,rqu the:time span 216 <-t < 3205 a2 gradual.change in-the
antenna-impedznce -was measured, caused by the.decrease in:the
;piéﬁsjn; @engity resulting from ‘the vehicleztrajectory, By:the end
of-this period ‘th\e-_plas.{na density in.the vicinity of-the-ar.tenna had
dropped to the:point-where it-was no longer ecbservable.

‘With the antenna again "seeing’ free space, th: dimpedance
data indicate .a reduced VSWR and.a phase change from that seen
at 160s. This resulted from the ‘heating of the antenna which had

occurred.




b 5 10 KRR F I8 LK B
4

[Ir—

L R i N

&
XAl

AR

THE X-BAND DATA

The X-band data are sncwn-in Figs, 4, 5, and 6. It was noted
-that impedanne changes occurred hoth before and after -the period
in which-plasma eifects were expected,

At 1t~off the antenna was only siightly mis~-matched te-free
spzce, During the period 103 < t < 1175 a change in the -reflertion
coefficient-was -no::d. It waz at-first suspected-that this might have
been due to condensation in the air -flow adjacent-to-the antenana.
‘However, this is considered unlikely at-thz -pressnt-time. _Another
vuexplained-impedance-variation occurred at:appreximately 7803,

Both:these-variations occurred.at similar supersonic flight.con-~

ditions.

‘Vehicle .separation and-the beginning of-tﬁe:glide;phase‘oc;‘:»urxed:
-at'2}7, 8s, The.angle-of-attack:irausition.ended:by £28s, -?Lhis :
wehicle also glided-with:a 38° angle of attack, “The:impedance meas-
-ured was :2pproximately constant from 219s -<:t < 250s.

The ‘trajectory-and.attitude dats do noj:indicate any-reasondor

- believing that:the impedance shenid-have changed-at-t==250s. The

cause of the small phase angle variations beginning at t =2560s:is
unknown. Thereis insufficient.calibration:information:available to
removethe possibility of higher order -mode contributions-in-the
anterna window as:it-was heated. £lso, a subliming ablative material

existed on-the top of the wing, A corner of-this-.material, -upstream
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from-this antenna-aperture during-the glide-phase, is known to have
-peeled.off and-projected into-the air stream-at some point during the

Alight. This may nave occurred here and-produced ablation:products

-

-which:affented-the antenna-impedance,
The mnpedance-variations are also noted to-have continued long

after-plasma .reflection induced-variations would have-been expected.

SUMMARY
The-refieciometer-data-have .shown-that:the input-impeczace of
" sthe:artennasis -sensitive-to :the -density and.position of:tke plasma sheath
Hormed:during-re~entry, In:addition-the data:bsve :shown-impedance

-sengitivity:to:the:aerodynamic flow-fiel2-characteristics.and:to
L) b

:antenna-temperature, "the latter:being.a:sile-effect-duc-to-the.char-
:acteristics of the particular-antenna flown. When.specifically
-designec-for-the-purpose, an:antenna:and-reflectometer.system-can
-be_a useful:tool:for-the.study.of both:the-aerodynamic .flow-field-and
:radio.communicationsin-hypersonic flight, :particuiarly when used
:in.conjunction.with other-recorded:flight.data. The results vbtained
Irom these:flights have -prompted-the study of-a-number of-theoretical

-problems :in-this.connection.
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X, PLASMA SHEATH REDUCTION BY {LEGYRON ATTACHHENT PROCESSES
AJX. Carswell and C. Rickard
RCA Victor Company, Lid,

Ressarch Lsboratories
¥ontreal, Canads

ABSTRACT

One promising technique for reducing the plaams shesth aurrounding s
re~entry yehicie :involves -the :use of eleotronegetive .additives -to "quench®
the -plusma by -the prooess of .eleotron attechment., Bevause of its very
‘high orcss-ssotion for elsctron attactment, :sulfiwr ‘hexafluoride (SF)
presents itself as a suitsble materisl for -plasss quenching and 4nitisl
sessurements .on supersonic argon plasmes have served to support this,
‘Because .of -the .additional complexities of the -possible resctions cocurring
4n ai> plassas seeded with elsctronegative gases, & leboratory experimentsl
stuly of such systems has Ddesn undertsksn. This paper presents recent
findings on studies .of nitrogen plasse flow systams which are seeded with
8F, HO, Op, CO; and X0, The spparatus developed for these stulies s
described gad measurements at flow velocities up to sbout 10* om/sec and
Xor pressures bstmesn adout 0.5 and 10 Torr are 'n;oﬂi-d. “The -properties
of the seeded sfiergiow picemes are examised using eleotriosl probing
sethods, optioal spentrussopy and microwsve techniques snd -the results of
thess disgnostics are disevssed.
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e As ToCorsnell and [, Richard
= ‘R4 Wictor Compeny, Ltd.

== ‘Research Laborstories
== Montreal,, "Cansds

-~ | 1. pemopocTion
It -55-well<snown -that the electron .component of the .plasms :theath

SUETeunding ;s re-esntry vehicls :is ‘the primery:csuse .of ‘the degradation in r?
:sigial trenamission, A-possibls teclmiqus for reducing -the .elsctron .content.of
ke -plosns Sovcives -the -use 0f slestromegative additives, Sush aélitives {s.g.
1he thalogens) Send £0:replace :the :electrons :in ithe ;plasss with hesvier negative
Acas by the -process :of .slectron aticchment. Sines -the :sore :massive nepative :ions
i1l :only intersct weekly :with -the thigh frequency .rf :field, :an iaprevemsnt in
Aae signel -transmisaion -will ihe .affscted.

- ‘The 1aderatory study .of such elsciron .attachment processes ‘bas heen

-pursusd £ a0y -years -under & varisty.of .conditions :and -tiile Anfermatios

- Andioates that the -process -is s promising .o for slectron density reduction
' Auring re-entry. ‘Nowsvar, becauss .of -the -very complex nature :of the re-
SRtry-plasss, it is .not possible 1o apply the .existing.date -in :sush 4 samer
4hat prastical .quantitative assesements -can be meds. The effects .on Wi

.attachmsnt -proceas :of phencmeny -in -the flow £isld :such as: shesk-frouts,
-turbulencs, -chemical-kinetic .resctions, .ablation -products sts. are sxiremsly
Aifficult 4o -iwluﬁ- in-any analysis. Beasuse .of -this, & series.of
Jaberstory dwwestigations 'bas ‘been undertaicsn -t0 .examing the "guenshing”
sfficiency .of wvaricus slectronsgative additives :in plasms Lisw systens
‘having properties :of -zslavance 0 re-enitry conditions,

As in any sttempt 1o siaulate the re-entry surircmment 4n the

e v gn1l-ul|lm||||||||mlIllllllml|mlIIlmlIIlllIIl!lIlllmIIIIIIlmlIlmllllmllllIlmllllmlmﬁwllmllllllllllllhﬂlllmimllll!lmmllmlmmn‘ul
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Jlstoratory, -the -pressnt systexs:oscnot:provide :acoursts :sisulation of a1l
-of -the :paramsters, :but by:providing -quantitative :mssaurensnts:of -the
Amportant .proossses :over s controllsble racgs -of :conditions, -much useful
Anformation oan .be :obtained.

“The resilts -of :sarlier investigations on the reesding of :supsrsenis
:argon plasma jets:with.elsctronegative ;gases have :alresdy ‘been padidshed'"*
:and :ip -the :present -peper xa's :racent :messuresants :0q -the -properties of
:nitrogen -plasas flow :systens :seeded with:5¥ , (H;0, (COy , (X0 :and 70, :axe
slamarised.

‘During the :course :af ‘the asssuressnts =in:several :Tlew :systems, it
:has ‘heen :found -that -the -properties -of -the :plasms :are -strongiy influenced by
:changes “in: .wall .conditions, ;gas -purity, :ses pressure :and .excitstion power
Asval. ‘As:a-resilt, mesningful :messcremonts :ean:cnlyihe:odiainid “1f ‘thase
Lastors -are :sdequatsly controlled :and :monitared. This aspect inflmsnsss :the
-Gasign 07 "the :apparatus :and :the :disgnostic techniques, -and :some -cf these -oon-
:siderations .are :also presented “in :this -paper. =
I, ATEACRCENT FEOCISEES

‘Whes -an -electronattaches 40 a2 :atom -to :Torm :o :megativs :100, :aneTgy
A8 :7elessed ;55008 -the enex gy :of ‘the :s5abls :negative -ion ‘is Thelow Ahet i0f the
-pavent -zeutrsl :atom, There :60's :ssvarsl sechanisms by hiek ‘the -stteshmeat
28y take -place; 4+

1. The:radistive :attatkaentof -a fre=:giscires 4o .5 :meutril :atom,

PYPRY WP s {9

ndare -the -capture precess “is:accompanied by :the :emissien of radiction, =




Capturs of a fres elsctron by an atom with a third dody taking

up the exoess snergy

:'E .§A§B-.A-§B4mo‘nn (2)

il e 1 B

3¢ Dissooclstive attachment, in which the slectron is capiured by

& molecule with ths exn=ss energy going into dissociation of the

= mcleculs,

E - e+ (I aX sy (3)

:: is Rleotrcnu oapturs dy a molesculs with vibrational sxoitation of the

- wolesule,

o +XYs I'XY]“‘ (4a)
[!ﬂ“ + b+ (XY} + &+ Xneen. + poteen. (4b)

Conoersing thass veriows prooesses, it is known that the probability
of ro2iative capture is quite smcdl (of the order of 10°7 per coliision) and
that ths probodvility of ths 3-body capture process, being dependent on ths
svailability o the third dody, decresses with decreasing gas preasure.

The probability of the elsuirca capture process can be expressed
in ssversl ways. The eleotron ssptury aross-section is d.f.'u;od in the
conventioncl manser, and the electron gttachwent probability, h, used
extensively in the sarlisr litersiuce® is defined by:

h=

(5)

nﬂli.ﬂl

where ;‘ sod "'8 are respestively the aversge attachment oross section and
sverage total asattering oross section for electrons.

In electron svarm expariments it is also oonvenient tc isfine an

-
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attachment oefficient. The ckangn in alsotron oconcentration, n, drifting
under the action of' & uniform field in an electronsgative gas is given by:

dn, = =nn dx (6

where n is the wtt .ohment coefficient rapresenting the probability that an
electron traversing vait distance (in the x-diresction) will attech to s
molrouls. Yt oes be shom®™® that n is related to :‘ by the expression

- et
no v

n= ¢

v

4
where v end Ya are itho electrons' aversge random and drift velooities
respeciively, and n, is the nuaber of sleotronegative molscules. Also,

since h = m;‘. it is appavent that n and h are relatsd by the expression:
hv
"%, (8)
where A is the «ssruge slectron mosn fruw path.

Tor studies of ths alactron rssoval process in re-entry plassa it
is desirable to examine electronegative materiasls having the greateat
probability of elestron attachment: i,e. materials having the greatest valv:as
Y LA h or n &8 tabulated in the existing litsrature.

P4g. 1 shows the attachment cioss-seciions, ey for ssveral of the
gases used in the present investigrtion. Except for SPF, the cross~sections
shown ars for dissocistive attechient, Thess data illustrate the strong
depsndence of o, on tle elestron energy as vsll as the marked varistion
betwesu differant elsctronegative zases. The oross-ssotiona sxhibit a strong
"resonance® behaviour being sharply resked ovar a relatively narrow band of

elsctron emergies, An additional suamary of some attachment orosz-secticns
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is given in Tedle 1.*

A oomparison of the same gases on the basis of ths attochment
ocoefficient, n, is given in Fig, 2, Since 7 is a messwre o’ the overall
electron loss, independsnt of what the partiocular attichment process 1s,
it i1s possible to have consideradls differences in the relative values of
n and % depending on the range of sleotron energies. Yor exsmple ii is
sesen from Figs. 1 and 2 that although Op and HeO do not show significant
dissooiative attachment st low snergies, some non-dissooietive attachment
ssohanisa is signifiocant snough to cause a iarge attachment coefficiect
(n/p) st low emergy values.

Although the sirong slectronegativity of SE, is appsrent in both
Pig. 1 and Fig. 2, the complex variations of % and n serve to fllustrate
some of ths probleas encountered in seleoting, on the basis of exiating
data, the bect elect-onegative gas for re-entry plassa quenching,.

III, OTHER FROCESSES AFFECTING THE RLECTRON DENSITY
Except under very specially seleoted conditions, the elsciron

density in any plusms will be affected by a numbsr of prnoerses in addition
to attachment. In the examinstion of the attachment process in re-entry
type plesmas it is, therefore, necessary to ascertein the relative importsnce
of such interastions.

The various processes oan be sugmerissd in the form of an elsctron

oontinuity equation of the fora:

* An spparent typographical error in Ref, 44 leads to two values being scited
for the uross-ssstion of CO. vis: 2.7x10°'® and 2,7 x40°'®, with the second
ons being cormmot end in sgreement with Ref, 11, The incorreot velue has
besn reguoted in Refs. 5(p.285) and 15.
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-d-:- = (ui -y"'}n. + ?.(Wn.) - krﬂ.' + Q(t) (9)

where
v = ionization ¢ollision frequency

v, = attachasnt frequensy
D = diffusion ocosffioient for aslectrons
kr = electron ion recombination rate
and Q(t) = an unspevified time dspendent ioniszation sowrce inzluded
in soms discussivns of more complex systems'®,

Working with afterglows in the laboratory, it is often poseible
to distinguish between the various procsases by their different depsndence
on the plasma parameters (e.g. electron donsity, gas pressure, ocontainsr
geonetry) .

In the design of a system for attachment studies, one of the
ains would be .o selvot, if possible, a combination of the parsmeters such
that the sttacbment process dominates. If this can be done, equation (9)

reduces to:

én
(]

T (10)
giving an sxponential time dependenrsa for the slsctron density,
The sttachment frequency, ver is in general, further specified in
terms of the two- and three-body attachmsnt rats oocefficients,'’ ko t0d k
siving:

38 ek, (D2, - X, 1y (3) 2(V)n, (11)
%hare 1,(X) and n,(Y) are the number densities of the sttaching molecules,
X, and third bodies, Y. For s velocity indepsndsnt crose-section the twe-
btody rate coefficient and the orcss-section are relsted by the sxpression




kK, =oF (12)

Bencse, from squation (7), if », und v, oo Jmown, the attachment cosfficient

7% oan bs computed from ths rate constant kn or vioe versa since

ne k ae
Ya

(13

Trom the foregoing zumsery it is obvious that in a complex
plssaa such ar that enococuntered during re-entry, or in & laboratory
simulation facility, soccurate measuresents of the effectiveness of slectro-
megative additives for eleotron removal will be extremely difficult to make.
Experimentsl assessasnts of the relative magnitudes of the varicus terms in
equation (9) have to be mads over the rangs of rissss parsseters nf interest,
and in generel this is not resdily scsomplished - especially if there are
sleotron shurces: in the plasms arising from chesical-kinetioc reactions.

In the prwsent investigation, oontinuous flow afterglow systeas
have been used so that the electronsgative gas siditives ean be injected
into & plasss whose salient propsrtiss can bs measured before and after
injection (i.e. upstresm and downstresm from point of sesding). In this
way, the plasma source parsasters are independent of the electronegative gas
properties ~ & faotor which cannot be achieved if the elsctronegative gas is
introduoed directly into the region whare the plasaz {s being gersrated.

The geomsiry of the apparatus has besn kept simple (uniform oylindsr) so
that diffusion sffects can be more readily sssessed. The disgnostic
technigues have been aclected to provids good temporel and spatial resolution

of ihe plasma praperties.
Nitrogsz has been used initially in the present experiments since it
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is & gas which has properties of ssrodynamic intcvest, but ruich doss not
give rise to many of the problems involved in analysinz an air plesss. Some
asaswrensnts have been made on air discharges, but as yet no quantitative
seeding studies have been undertaksn

The nitcogen afterglow is useful for seeding studiez, howev.r,
sinos it provides, in a rvgion fres from external fields, plasssy with
slsctron densities two to tluws orders of magnituds lower than tha prizsry
dischargs and slsotron temperatures s% leasl an order of smagnituds lower,

Thus the pressnt results with 5000°X ¢ T, < 95,000°K ocomplement the tesperstuze

rangs previously stuiied’’® ia the argon discherges wheze: 20,00.°K < %, <
100,000°, Alco, as in the re-satry rlasa, the nitrogen afturglor mechacisss
includs plassa generstion processes so tlat the quenching in the presence of
eleotron produstion can bo sysmined.

1V, APPARATUS

Fige 3 shows & schematic disgrem of one of the expsrimantsl arrange-

ments used., 7The sain body of the flow system consists of s pyrex tube

2.5 om $.d. by 1.5 meters long. The high purity nitrogen (99.996K) gas is fed

from & pressurized cylinder through a nesdls valve snd i3 then exoited by
two external cylindrical slectrodss oonnected to & 1 kw, rf powxe> supply
(13¢5 Mo/sec). The discharge products proceed down the tubs and towards the
pusps. Eleotricai prodes can be introdused into the floz as showm in the
figure. These proves, inserted through O-ring seals, can be »oved under
vacuum and their length is sufficieat to allow sny point in the flom tubo to
be exsmined, Such an arrangessnt makes possitls s sontinuwcus proding of a
steady state flow,

The seed gases can be introduced vither upstresm or downstresm of
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the main discharge. 7Ths relative position of the downstresa sesding can be
varied by either sdlusting the flow velocity or moving the ri excitation
sleotrodes. Preoision gauges and nesdle valves are ussd throughout the
seed gas handling systes for maximum control of ths gas flow, GSeeding
ratios (seeding ratic = molscules of seed gu/noloc;ulu of Ny) as small as
10°* can be measured resdily. Fiow velocities up to about 5x10® om/cec
have besn attained with pressures ranging from 0.1 to 10 Torr,

Apart from elsotrostatic prcbe disgnostios, the expsrimentsl systea
also includes Tacilities for meazuring optical emission from ths aftsrglow.
Two spectromsters are used to provide s detatilid spectral anslysis and the
rediation from the afierglow can be directed intc the spectrometers vis 2
fiexible uptical £ibre system sc that, by ccsnning the fibre along ths flow
tubs, any position of the afterzlow can be examined. The soanning bench is
fitted with an electrical posision indicator so that plots of lignt output
as fudtion of _poa'ition cap »3 obtained direstly on an X-Y recordsr.

In sddition to the specirsl snclyzis spetisl intensity veriation of
p.gticuhr optical transitions of interest can be investigated with the aid
of photomultipliers 223 d series of appropriats interference filters.

T interference fiiters used had & pass-band ¢f approxizstely
100 : and center frssucncies were chossn to correspond with seversl of the
rost intsnse molagulsr nitrogen ion and rsutral emission bands, (s.g. the
first negative (u.‘[a‘::u‘n 0=0, O=1 and 0-2 bands at 3914 2. L278 2 and
4209 i respectively, and the first positive (¥,[P’z ‘T) AV = 4 series at
spproximately 5900 1)

Nicrowave facilitiss are also availshle for smaking ssplitude
and phase measuresdnts i the plsszas with hcth focussed and unfocussed
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basms'®. Az yoi, detailed micrownve messuremsnts of the afterglow plasse
bave not bscn mede, chiefly bacauss of ths fact that st the low elsstren
Gensities involved (e.g. 10°°/occ «od lower) the spetial resclution of the
sicrewave diggnostics is mush poorer than that of the other techriques,

V. MEASIREMENTS ON PIRE N;

3inos the quenshiog ability of sesd gases was to be investigated
by comparing the preparties of seedsd snd unseedsd nitrogsn plasma flow
£ields, it was of importssica to axemine the properiies of the pure nitrogen
eftervilow azd 40 insurs its reproducibility.

7 The nsture of the early nitrogsn afterglow is quite complicated

and as yet, pot fully understood, particulerly with respect to the ion and
alsctron produciion aschenisas iz the so-celled "pink” afterglow. In cddition,
the aftergior sxhibits & rather "tecapsrasestal” behaviour bsing highly
dependont upon gas pressure, impurity lovel, excitation powsr, tempsrature,
wall oomditions, eto. Henos msasuresents wers msde to éstermine the
quantitativs velues and tbe spstial varistions of the afterglow parsasters in
the present systes. Rleciron {(and ifon) denaitiss, elestron, ios end gas
temperstures, niirogen stos, excited molscular nsutral nitrogea (¥;°) and
exsited molscular nitrogen ion (1,°*) relative d‘naitiu were mesoured.*”

Axial variations of ihe nitrogen afterglow properties mexe
investigated over s range of velocities up o sbout 3 x10% on/ses and pressures
betwesn gbout one and ten Torr, Figures 4 and 5 shov saapls plots of tho iem
(and electron) domeity distribution and the slectron teapereatwre varistions
in the afterglow sz obtainsd from doubls probe charsctsristios. Tue
distribu. 2 shown in the curves presents tta typlesi shaps s3scolates with
the Ny sfterglow. The various regions of the sftarglov are labelled in Pig, ke
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After ths dischargze region thers is & tail flame which exhibits a rapid
dr™ay of fonisation end elsctron temparature. A dark spacs follows where
ths 4cnissticn is extremely small {< 10"/oc).

The pink glow in Pig, 4 shows two maxims in jonizstion st sbout
40 and 18 milldseconds after the discherge with Son concentrstions of sbout
10'® /oo and 10% /oo respeetively.

The sleotron teapersiure (Fig. 5) shows a rapid decresse from a
valug . ¢ sisut 10° deg X in the primary discharge to sbout 10* deg.X in the
sftergion, It 1s intaresting to nots that becsuse of the flow, ths electron
temperature shows its muximum st the downstiresm end cf the discharge with
iower values being Yecorded within the dischargs itself, The rf fields
uded Tor genersting the dischargs were found to be present in the tail flame
which axtendod about 10 om from the electrodes as s visible “orangs" discharge.

Bxperiments conducted in seversl systems under s variety of
oonditions have revealed the grest sensitivity of the afterglow properties
on the impurity level and wall conditions in the flow systems. ¥With the
present spparatus, it was found that the sesding of the nitrogen afterglow
with SP, for example, couid affect the tube walls in such a wey that on sub-
ssquent running of a pure nitrogen flow, the sfterglow intensity will be
spprecisbly altered. Careful clesning and handling of the systex it required
if reproducible results are to be obtained.

Figure § presents the axial varistion of afterglow properties of
gure Ny as recorded by optical emission (using photo-multipliers and filters)
st 59&: and 5780 : and by deuble probe measurements. It is interesting to
= note that the strusture s the afierglow as seen by ths tires ssssurables
(¥; don saission, ¥, neutral emission end ion density) is virtually identical,
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In genersl, such sgreement was observed, whatever the desteiled siructurs of
the afterglow, The probe measuremsnts, however, usually showed peaks wiich
were more clearly reaolved, This appears to indicste that the probes provide
s somewhat botter spatial resclution than the photomuliiplier-systems (which
integrate along their line of sight).

The simultaneous use of probe asnd opticel emission illustrated in
Fig, 6 provides s rapid means for making detailed analysis of the adiel
dependsnce of the safterglow and this method was also employed with the seeding
investigations,

VI. NEASUREMENTS ON FLONS

Seeding experiments in nitrogen plssmas have been carried out
using Og, NO, COp, HeO and SF. In the messwrements to be described, -the
sesd gas was introduced immediately downstress from -the tail flame shown in
Fige 4o (spprox. 15 ca from the dischargs) and the seeded flow was investi-
gated by the methods described above.

The general procsdure consisted of exsmining -the axial variation
of the properties of the afterglow with the various disgnostic means for sach
different uodins-ntio starting with the purs nitrogsn snd procseding with
inoressing seeding rates, Sufficient tims wrs given aftex any changs of
sesding rate (espscially at low rates) in order ¢o ensure that equilibrium hed
been resched in the flow system. Times of the order of one to five minutes
were usually required., Ibe reproducibility of the pure N; afterglow was
chected before and aftsr sach run to ensure that apparatus contaminetion-was
not affecting the results.

6.1 0y Sesding
Figure 7 shows & sample variaticn of the intenaity of the exsited
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don sadasion (Ny' st 39151) as the N, flow is seeded with Oy I4 is noted
then an Op oconoentration of about ope percent (sesding ratio ~ 107%) is
sufficient -to remove almost all traces of excited K;* jon, Pigure B presents
& cotiparative plot of the decey in the aftsrglom of excitsd K; molsaules,
excited X,' ions and the tots) ionisation as & funotion of the O, seeding
ratio, This plot ds typical of those obtained with the other ssed gases.
The Lirst negative (e.g. 3514 ;) system is the first to show g sffect of
the seed gas, followed hy the first poalitive system and closely by the total
pozitive -ion density.

Oxysen shows s dissociative attachment oross-section of
1,3 x10 8 oa® at 6,7 ov, acoording to the two body process

0640, +040

Since the slecirem tesperaturs prevailing in the aftargiow is
considershly leas than 6.7 ov (~ 1 ov), it 1is unlikely that this mschanism
oan sccount for a1l of the observed guenching. It 4s possible that its
thres body proocess occwrring around 1 sv and sugsesisd by Hurst and Portner*®
snd Chanin st al®' acoording to

o+ O + X(third body) « O + X
43 alec effestive. Studies mads by Chanin st al havs found a rslatively
hish valus far 4he over 211 attachment coeffioiszt {n/p) in G; for low
spergy valuss (ses Pig, 2).
6.2 ¥ gesding

Ths guenching ability of NO was cbserved whes esploying the O

titration technicue®® to dstermine the ground state nitrogea sbovs som-

centration in tie aitrogen sfterglow. Figurs 9 illustraiss the quenching
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-aotion on ths first negative systes (N;* -don) .along the aftargiom for
different KO seeding ratios. The quenching produced .on -ths Tirst positive
systez (N @olecule) and the -toisl don denaity is, as in ths .case of oxygen,
conparable but 1.1ightly less.

Measurezents performsd by Bredbury®? give N :an.slectron sttacheent
probability of sbout 4/10 that .of H,0 under ‘the .conditions prevailing in the

present systen., THowsver, it iz .unlikely thst slaciron attachoert 3s -the

main reaction responsible for the observed gusnching, It has besn postulated®™

that the rharacteristics of ‘the eaxly X, afterglow can bs sxplained by ths
Antersction of & highly energetic (> 25.5 s¥) 1oosdly baund N, molecile
Anteracting with atomic nitrogen and .excited ¥, moleciles. Thersfore rspid
Temoval of -the stomic nitrogen by the WO oould also’bs contribiting to-the
‘plasza guenching,.

6.3 0 Sweding

Although the sattachment -cross section of CO; is mot-vary lsrps
{Pig. 1), s strong gusnching of the nitrogen afterglow by CC, ‘was cheerved
with oonsidsrable evolution of heat. -

Figure 10 shows a ssmpls variationof -the totsl dom cwrent slong
the ufierglow for different 00, seseding ratics, The gusnching of the two
snission systems was found £o be almost identiocsl to thst of Pig, 10, Eave,
& sesding ratio of sbout 1.5x10™> 4s suffizient o reduce the lfonisstion
40 sero (d.s. 1o the background lewel).

The important slectron attachment mechsaiss kmows 45 sosur with
C0p 4s dissociative sttaciment sscording to

Cop ¢+ 8+ 04 O

«1
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whioh raa & muxicum messured oross-seciion of L.5x 10°'* o' st 8.3 ev.

Again, under the thermal oonditions in the present system (T. < 1e7), the
attachment alons is probably not suffizient to scoount for the quenching
obzerved.

Milne et a1'®, however, havs found that near resonsnce vibrational
snargy transier can tals place betwern the vidbrationslly exoitsd ground-state
of K, and the y; vibrational mode of €Oz, .9

Np® 4 COp » Ne + 20

Since nitrogen molecules with large vibrational excivation are
known to he present in the aftevglow’® this mechanisk sould alsoc contribute
to tho afterglow quenshing with COp.

6sk HpO Seeding

¥adax vepour i3 of considersble inteivst as . quenching agent
oning to its high attachment coefficient et low 245 (Pi_. 2) axd ite
Tavourablo effeot on the recombinution time, Both meohanisms result in
ths dspletion of the free slectron density in the plasma.

Flgure 11 illustratss the strong quenching of the plasma prodused
by water vapour as scen by the 391k 2 filter. Seeding ratios of only
2x10™* are sufficient to reduce the ivnisation by two orders of magnituds.

¥ith HeO as well as with SF,; the low seedinzg ratios were achisved
by preparing 0% mixtures of the seed gasezr in Ny. In order to assess the
sffgotas of tho injected N; on the aftergiow, pure K, was ala> seeded into
the afterglow. Somse reduction in iinization vas observed, but 4t was severszl
orders of magnitude smaller than that obtained with the HyO-N; mixtures,

Arcnpding to measurements by Muschlits'”, two types of negative
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ions (0- and H-) may result from the discociative attachwent following an

eleotron-H, 0 molecule encounter, OH may be produced oy secondayy reactions.

¢ + 10+ 2H+0 (appearance potential: 6.3 ev)
¢ +HO+ OH+ H (appearance potential: 7.3 ev)
H + HOp OH + He

v mmmmnmnmmggxmmnmmmmmmmmmmmmmmmmmmﬁmmmmm

0 + HO o OH s+ Cd

Again, under the present conditions of operation, it is doubtful
that the above dissociatirs attachment processes can sscount for the strong

quenching measurad, MNeasurements by Schulsz'® have shown that water vapour

3 may not be efficient for electron attachment below about 2 ev epergy., On the
other hand, & large attachaent coefficient (n/p) in water vapour hes been

measured, at low snergies, by Kuffel®® (ses Fig. 2). According to “uffsl,

this attachment is no% of the dissociative type but is dus t¢ electrons
attaching to large clusters of molecules - a concept also shared by
Bradbury*>,
6.5 SF Seeding

Acong the eleotronegative gases, SF, presents one of the largest
capture cross-sections for attachment of slectrons. This oross-ssotion is
about 107'*ca® for close to ssro electron energy as shown in Pig, 1. A
strong quenching should therefore be expscted in the afterglow where the

A e HEL L T b L LT e b R s L T

thermal condition is more favoursbis than it waz for the previcus seed gases.

2

Results are shown in Fig, 12 where it is seen that complete quenching is
schisved for a seeding ratio of sbout 10°?,

The strong quendhins of SPy can be seen by comparing the relative
of efficiencias of the differsnt seed gases for quenching the nitrogen
afterglows, PFigure 13 presents a cooposite plot cf the relative quenching
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of the nitrogen plasma by the various ssed gases, The data plotted shows
the redustion in the Np* ion density as a function of the secding ratic for
8%, HeO, COp, NO, O, and N,

As shomn in Pig, 13, in the present studies, SF, ia found to be the
2ost eflective quenching gas, followed by water vapour:. This order ocorresponds
tc that expectsd on the basis of the valus of the overall attactaent Soeffioient
at low energy (s.g. Mg. 2). The data of Fig. 13 1o really a comparison of
the guenching "per moleculs” and on this basis, SF, is more effscient than
HeOe On the basis of quenching per unit ness, howaver, 5,0 beoomes equally
esffestive since the moleculer weights differ by aimost an order of magnitude

(W, . =18, ¥, L " 146) .

He© b:1 7

The quenching ability of CO; is less speotscular. CO; has been
observed to be slightly more efficient than that of oxygen. As discussed
sbove, this msy de attributed to an sfficient energy transfer batween tiws
vibrationslly excited Ny molscule and CO;.

MO also proved to be.a better qusnching agent than O, In this
ins“ance, Lowever, it is likely that the electron attachment is not aa
important proocess, but that most of the quenching is due to the resction
of MO with the ground~stete nitrogen stoms which constituts a major resctant
in ths generation of the My aftarglow,

VIi, CONCLUSION

The results presentsd in the previous saction illustrate the
relative quenching ability of several electrousgstive guses in the laboratory
systems studisd. Although such results 4o not provids all of the inforsation
reguired for assessing the effactivensss of seeding ia s re-entry
envircnment, they cen provide useful data on several aspsets of the probleam,
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It has been found that the electronegative sdditives in a somplex
plasss system do produce significant reductions in tha fonisation over & wide
range of oconditinns ~ even in the presence of elsctron produstion resctions.
In the cases studied thus far, the resulis indicate also that a trus plasas
quenching is obtaimed, i1.¢., that the replacemsnt of elsctrons by negsative ions
is rapidly followed by a charge nsutraliszation intersction which reduces the
oversll iomisation in tus plagms.

In sddition, it sppears that the usefulness of the quenching proceas
extends over s wider ranges of elsctiron snergies than might be expeoted from
the knewn {resonance) atteshment cross-ssotions of the verious species

(e.g. 7ig. 1)o 1In fast, it appears tkut in estimating the ussfulness of such

I PR

sdditiv -~ for re-entry applicstions, dats on the sitachment occefficient may de
more useful that data on the specific sttackment cross-secticms,

M

As alresdy pointed out, howsver, the attuchment prooesz is not thw
only property of the seed-gss which can determine its effactivenssa for
plasma quenching. The seed gas ecn Rave an eoffect on the slestran-iom re-

combipation tine in the afterglow as hss been reported by Kuhas®® im water
vapour and such proecsses must alsoc be taken into account,

Ona lizitstion of the axperiments slresdy performed is the fadt that,
although tke effestiveness of elsotronegative gases for plssme quenching has
Ssen demonsirated for a larze range of elsotron tomperatures (~ 5000°K in the
present axperiments, up t0 10° deg.k in the rere gas axperimeats'’?), the
iom and mauiral gas Zempersturcs ewployed have alrays bsen below sdout 1000°K,

RN ALY iR

Theze is the possibility of other effssts at higher gas and iom
onc_gies which could limit the ussfulness of tho electron attachment process.
Jor example, with large pulyatomic attaching molesulos such as 3P, , it is
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possible that in the higher temperature plasaas the SF, moleculss would be
*fragaenitsd" sc that the large attachment oross-ssotion of SF, would not
dstermine the electron resmoval process. (Mass spectrometer studies in SP,
seeded Glscharges®® have shown & high degree of dissooiation of SPF, into
SPs, ¥, and P atoms.)

At higher ges and ion tesperatures it is also known that the
dstachment rate of electrons from negative ions is incressed®'™?% resulting
in an apperent reduction of the sattachment rate. Other interesting gas

teuperature sffects on ths attaohment process in O; have been recently

R

reported by Pite ot al®4, A measurement of the quenching of a cosbustion
fleme plasea by SF, seeding has been published recently’® 4in which gas

s

A A1
1

G
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_tsmperatures of the order o 3000°X were smployed. The sleotron density
“Fedustions in the flames were found o be much ssallasr than those fuund in the
present stuly. Although this may indicate the incresss of detachwsut, tlw
complexity of the flame plasma makes quantitative comparison difficult. The

msasuremsnts are deing oontinued in an effort to clarify the isportance of
ion and gas temperature ;ttccts on the attachment processes in re-sniry plasma,
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TARIE I - Attechment Cross-Sections of Commom Blectronegative Cases,

-—

' Pirst Peak Sesend Pesk

| Noleculs Ret
Energy (ov)  o/s (ea®) Energy (ov) /s (=)

I ~0 3.2 x10°'S 5,7
57 » (825) ~0 1.2 x40°'* 4,8
82, (8%;) ~ 0.1 507 107" 9
cox, 0,02 13 %4076 0.6 1.0x 104 9
B, 0.5 5.8x 107 9
He0 Sk beBx10** 8.8 13x10"* 9,10
801 0.6 3.9x 1074 9

- O 6.7 1.3x16'* 11,12
CO ko3 1.3 x16** 8.3 45x101? 14,13

. co 10,1 1.6x10*? 11,14,15
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THE EFFECT OF CHEMICAL ADODITIVES ON MICROWAVE

TRANSMISSION IN AN AIR PLASMA

ABSTRACT

The effect of several chemical additives on microwave trans-
mission through a high temperature air plasma was found., Two types
of plasma generators were used in thig study; one employed an rf
inductive heating coil and the other an industrial discharge piasma
unit, Gaseous sulfur hexafluoride, propane and other hydrocarbons,
sprays of water and a culloidal cucpenrion of silica in water and
micron size solid particles were inlected separately into the air
plasma operating at pressures ranging between atmospheric and 2.5
inches Hg., The change in X-band microwave transmission across the
plasza was noted. Sulfur hexafluoride waz found must e¢ffective in
improving .transmission and this was attributed to the presence of .
highly electrophilic fluorine atoms which reduce the electron
density of the plasma.

INTRODUCTION

W A <SS

One way.of px"oventing the detection of reentering tallistic
nisai]hes and of improving radio communicztions with manned apace vehiclec
d-.'u‘ing reeatry is to reauce the free electron density of the plasma . .

.

sheath which surrounds the reentering ve.icle. This can be achieved ..

by one of the following shemicel means: .

the plasma: This method involves the injection of a chemical which

produces, upon dissociation, a large number of free radicals or atoms

‘

having a high electron affinity, Electron attachment ' kes place
X

35
. : 1. The injection of electrophilic atoms and radicals in %
§
according to the following reaction: §
A+ & ¢+ kauetic aneriy=pA" + kinetic energy + electron affirity E
The clectron affiniiy is defined as the energy required to diasociate

<4 negative molecular ion inte the noutral molecule ani. a free elsctron.

Tue halogen ztoms axe known to have high electron affinities, because .

1

an additional olec‘t'ron' produces X relativaly stable outside orbital

TR

'shell  The cyanozen radical (CN) has also been founéd to have high
.

) A elsctron afhnity] 2 <
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2. Quenching of the plasma with a highly endothermic reaction:

This metliod depends on lowering the temperature of the plasma which in

turn lowers the electron density in order to maintain equilibrium as
described by the Saba equation. The dissociation reactions of all
molecules ars endothermic (heat absorbing). For instance, the heat
required to dissociate propane according to the reaction

C4Hg (gas)«»3C (gas) + 88 (gas)
is 946 Keal/mole at 25°C and is called the heat of atomization. The

final temperature of the plasma can ve calculated from values of tha

specific heats of the components of th: srstem, the heat of atomizatiox,

amount of additive in the plasma, and the initial temperature of the

plasma, For instance, the addition of .0L mole fraction of propane to

an air plasma at 3230°K and atmospheric pressure lowers the temperature

to 2050°K assuming cczplete gaseous dissociation. Typicel values of

standard heats of atomization at 25°C .are listed in Table 2.

Zable 1. .

‘ . Standard Heats o}‘ Atomiution'at 25‘&. LD
Compourd L Formula . Heat of Atomizatfon, Kcal/mole
Fropane o c,ﬂé oug”,
‘Propylene ' 0336 . 815 ° ’ .
Allene LB g ) ‘683
Ethgne . . CZHS ' . 670 .
Sulfur Hexafluoride SF6 . g v . 508
Methane ; ‘ CH, 39 . i
Water - o B ) 221 ,

. : B : ,
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At low initial plasma temperatures, the quenching effect is
probably the predominant cause for reducing the elsctron density of the
plasma, At higher temperatures, the atoms and radicels become sufficiently
excited so that electrons may be effectively absorbed by attachment. It
should be kept in mind that jquenching by a dissociation reaction is
usually complicated by side reactions (which could be exothermic or
endothermic) among the free radicals and atoms present in the plasma.

3. The introduction of micron size refractory dust particles
in the plasma: This method was suggested theoretically by Rosen> and
it utilizes the large collision cross section of a micron size refractory
dust particle with respect to an electron. In the absence of thermal
emission, when an electron collides with a dust particle, it is effectively
absorbed, thus reducing the free electron concentration. Table 3 shows
the calculated effect of particle addition to different plasmas accord-
ing to Rosen's theory. The refraciory particles were assumed to have a

specific gravity of five.

Table 3
Effect c* Parti~les Size and Distribution on Electron Absorption
Particle Plassa Electron -1 Particle Electrons
aize! cs, temp.,*K _denaity, cc distribution, mg/l absorbed, %
107 3000 10 10 G6.5
1074 3000 1ot 10 .003
w07t 4000 1012 10 .02
10°* 4000 10t? 10° 0.7
10~% 1000 1012 10 1.9
1076 4000 1012 10 97.7
*  OBJECTIVE

The objectave of this study was to incestig..ce the effect of

chemical additives on microwave transmission thru.gh an air plamua.

]
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Since microwave transmission is governed by the number of frse slectrons
in the plasma, reducing the number of electrons by means of one or
more of the methods described above should lead to improved transmission.
APPARATUS

Two plasma generators were used in this investigation. One
was a tuned plate, tuned grid, 40 megacycle oscillator powered by a
3000 volt DC power supply. The oscillator was capable of drawi-z S00
watts continumisly and could be driven to 1000 watts for short runs.
A water cooled rf coil inductively heated a stresam of air flowing in
a central glass tube. This type of plasma generator had been originally
suggested by the Amperex COmpanyu and used by other investigatoras . A

photograph of the apparatus is shown in Fig. 1. The injection of

chemical additives was achieved either by premixing the additive with

the air or by injecting the additive in a central
Figz. 2 end 3. Gaseous additives were metered ough rotameters.
Iiquids were atomized in the air stream and theifr flow rate calibrated
against atomizing air pressure. Solid particles were fluidiged in air. -
Their Ilow rate was calibrated by collecting and weighing all the particles
leaving the fluidizer over a given time interval for a given air flow rate.
The temperature of the rf plassa was slightly over 3200°K as indicated
by melting point measurements. This temperature corresponds to an
equilibrium ciectron density of about 3 x 1011 electmns/ccs. ‘.

The second plasaa generator was an industrial vunit manufactured
by Thermal Dynamics Corporation, Labanon, N.H., model U-50K. It
consisted of two power supplies which could be connected in series

or parallel, each capable of supplying a maximua of 1l Kw of power.
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A control console with plasma gas flowmeters, switches, rheostat, volt-
meter, and ammeter was used to run the plasma torch. The torch itself
could be fitted with different types of nozzles depending on the plasaa
gas and flow rate to be used. A mixing nozzle was attached to the
front of the torch where gaseous, liquid, or solid additives could

be injected into the plasma strea=. An air plasmn was prcduced by
generating a nitrogen plasna first, then adding the necessary amount

of oxygen downstream in the mixing nozzle. The equilibrium temperaturse
produced by this plasma generator when operated with synthetic air

at atmospheric pressure were estimated at about 2800°K &t 8 Kv and
L6BO°K at 20 Kw,

In order to operate under vacuus, the torch was inserted iusto
the bottom of a six inch Pyrex glass cross. The upper arm was connected
to a heat exchanger and a vacuum pump while the side arms were uzad
for the introduction of microwave guides and cooling water tubes.

Figure 4 is a sketch of this apparatus.

Most aicrowave t.mnsaisaion studies were made using the apparatus
shown in Fig, 5. Earlier work was performed with a microwvave trans-
migsion bridge. Most of the nes;snrecents were made in the x-hand region
(8.2-12.4kmc)s  Ku~band (12.4-18Kac) was used occasionally. The micro-
wave signal was transmitted across the plasma and the attenuation noted.
The change in transmission was recorded as the chemical additive wam
allowed to enter the aixing nozzle.

DISCUSSION OF RESULTS

Exrlier work performed by the anthcu" wan concerned with the

sffect of andothermic reactions on the electron dwnsiiy of an air plassa.
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The rf plasss having a temperature of about 3200°% .ax operatad at

PRI AT RIS TN IRV AN GIRMARIN R PR NI O SO B RS KRR KRN I ASONA RIS S0N AR ttr s

atmospheric pressure. Several paseocus hydrocarbons and g:iifur hexa-
fluorids were premixed with air and the shange in Transeitted rower

noted. A plot of traasmitted pover ratio verzus sale fractiun of the
we=ding agent is shown in Fig. 5. The 2ffectivenese uf hydrocarbons

in increaszing microwave transmission wzs hastily altributed to the high

ikt B i
L
s

W
R
T
A

energy reguired to dissociate the= into thsir gaseous atomic products

i

b SR

of hydrogen and carbon. It is doubtful, however, that gase=Qz carbon

.y

e

was pyagent to any lurge extant because carbon sudlimes at about 4000°K.
later observations showed that solid carbon waz actually preeent in the
flame, zarticulsrly when the bydrocarbsa was fed centrally sad ot pre-
gixed with aiz. Aszumirg that the so0lid csrbon particles have an
wverase diamoter of .3 microns {=hich cérresponds to that of soot), a

calculstion can be mxde of the expectzd reduction in electron density

sécordih; io Rosen's =etk043. The plisma was assumed to have an initial
electron density of 2 x 1'.0"‘1 ricntrons/ce and that complete dissociaticn

of the hydrocarbton additive into soiid carbon and hydrogen took place. -

XSl

It was found that the additica of .Ul mole fractios propane should re~

-mm

i

sult in 2 99.41% reducticn in the electron dansity widle the add-tion

of 001 mGie fraction should weed cut 98.72¥ of the electrons. Experi-
mentally, uaing x-bund microwsves, it wvae fourd that the central addition
of .%'36 =ole fraction propane caused a reduction of 1.1 db on a plassa
with 3,59 db attenuation whils the additlon of .00113 =mcle fractien
caused a reduction of .37 db., If, as a firs: approximation, the electron
deasity i{s assumed to bs directly proporticaal to attexmations, the
reduction in slectron density is 58% and 15.5% respectiveis. The

: - d.7catenne betvesa the theoretical predictions and these wvalues could

PR A 0 1) 1 0 L oty
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be attributed to the inevitable side resctions between the carbon and
the other atomic species present. Spectrographic analysis revealed
all possible diatomic combinations of C, By O, end N atoms in th: plasma.

Farfnermore, as soon as the solid carbon migrated to the lower tempsra-

B ture regions of the plasma, it immediately reacted with oxygen render-

ing it ineffective. It was alsc noted that feeding the zdditive centrally

Jlul-‘lr'm‘!gv

was much more effective than premixing it with alr, This is due to the

Nt
i

fact that central feeding intvoduced the additive at the hottest region

ey g

i
n

- of the plasma where the electron density is highest. ~

;-‘i

The rf eir :l.asma vBE eieo used to study the effect of water

Hit i TH] ,‘p

sprays and a spray of a colloidal suspension of silica sutmicron particles

in water on microwave transmission, In this experiment, a very small

il

= . portion of the air entering the Pyrex glass tube was used to atomize

water in a cosmetic atomizer before entering the plasma generator, It

'

it

.o

" was found that the addition of silica particles to the wanter spray did

[

IRt
bk g et |

make the plasma more transparent to Ku-band microwaves than by vsing

Gl

-»i

nh

pufe watsr, Figure 7 shows a plot of the change in attenuation (which

V-

i

vas obtained by subtracting the attenuation due to the plasma with

additive from the attenuation of the plesma without additive) versus

Vot
i

the rate ¢f watar or suspension injection in the plasua.

il A

Micron and submicron particles of carbon black, silica and metallic

aluminum were injected into the rf plasma at atmospheric pressure with

il

it

no detectable effects on microwave transuission. Aluminum oxid» particles

"

s abd e Bl A

increased microwsve attenuation indicating an increase in electron density

probably due to thermionic emission. Tests were performed on the dis-

charge plasma at low pressures with the ssme solid particles and gave

similar rcsults,
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Figure 7 . P
Effect of Water and Silica f‘

Suspension on MW Transmission

through RF Flaema

»

(db)

B

tive

N
/

s

(

o

ion due to add

TGS BRI

Bt R RN

change in otte

~—X

Diagnostic Frequency=14.406 g
Incident MW Powsr =10mw
Air Flow Rate = 50cu f¥/ir
X gure waler sproy
o) colloidal suspension
of silica in water

2 —3 L% 2
wajer spray rate (mi/min)

-t




i

bt

il

e A

fi
|
1

i

it 'v,'

[ttt ol

St bk

bl

|

S S DA UM A S

- The discherge plmsma, operating st generator inputs of 8 Kw end
20 kv snd & total gas flow of 325 scfh, was used to inyestigate the
effect of adding SF§, ‘G}HB and other hydrscarbons opn x-band microwave
transsission at pressures ranging from atmospheric (€230 inches He)
to 2,5 inches Hg, . A probing frequency of 9,525 Kme and an incident
sicrowaye power of 10 mw were _usied. In each ¢ase, the edditive was
injected into the plasza at different retes and the ghange:in transpitted
power recorded. A square wave modulated signal was tranemitted across
the planza. Figwe 8 shows what happened to the squere wave when the
8 Kv -laszs was turned on snd when various szounts 9!- SFg were inject
into the plasms, Thbe ratio of the power transeitted while the plasza
wis turned on to that transmiited through the gap with the plasas off
seesed to be A good measure of the disturbance and scattering of the
signsl. A mexisum ratio of one is rescned wben enough additive is in~
jected into the plasma in order to meke it cospletely transparent to
microwsyes. It cen be seen in Fig., 9 that the effectiveness of sulfur
hexafluoride as an electron weeding sgent improved at lowar pressures
while that of propane was reduced, The reason for this is that low
pressures prozote the dissociation of 51"6 into fluorine and sulfur, at
ieast the first of which is known to heve ‘hig‘h electron sffinity
On the other hend, at these high temperatures the heat
of stomization is relatively smel} compsred with tne totsl enthalpy of
the plesma and the szall temperature drop due to dissociation slters
the slactron density very 1it§19, The gaseous products of dissoclation
of ;rogar.s do not have the high affinity of fluorime for electrons and
£0lid carbon is no longer availsble to bebave 8s refractory dust particles.

The other hydrocarbons, methane, ethans and propylene behaved very guch
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= the same o propane. Figure 10 is sisiler 3o Fig. 8 except that the

_ Plasaa was operated 4t 20 Kw, Figure 11 shows the trapmmitted pover
- Fatio varsus zole fraction for tiis cese, It can be seen -that propane
E 16 #4311 nore eifective as &tmospheric preasure and lese eifective at g
; lou presoure.  fowever, SE; 4o now-eore effective at atsospheric * g
precsure ard somewhat lsss &ffective at ‘the low .pressure, £

The ckange in the helavior of 856 8050t -be -explained drsediately.

It was noted, however, that &t high generator -power levels s the Pyrex

glass cross was stched copsidersbly and g #2211 emount of .a flaky.yhite

‘powder wes accumulated in the bottos of the chanber.

el

AT R L I P

X-ray diffrastion

“-‘ LT
b

&ralysis of -this :powder -showed ‘that it is.nost Jikely sodium fluoride:

with-the sodium cozing f.om -the glass wall. Tt is .possible -that.at

Hgh power and iow pressure s “the :resction between luorine .and -the

L e

i
h

:glass wall depletes -the Plasma of its ‘Slgpjply-gf Lluorine atoms.eeded
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CONCLUSTONS

The results of -thie study -show ‘that At -should be -poasible -to

lleviate -the .radio biackout ‘probles by Apfecting certain chesical

RN R AT N

#dditives dnto the shock front -surrounding reentering space-vehicles.

; BOfur hexafluoride .gesms 40 ‘be =oat ‘Promising. -Tests:are ‘being.conm
f{ $inued on water vapor and other ‘balogen -containing compounds. It 48

boped ‘that -actuszl An-flight :tests on these coapounds will be .perfor
in tbe near futuce,
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XII, REDUCTION OF FREE ELECTRON CORCENTRATION IN A

el

REENTRY PLASMA BY INJECTION OF LIQUIDS
By John 8. Evans

HASA iangley Rezearch Center
Langley Station, Hempton, Va,.
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ABSTRACT

e

bl

Liquid droplets injected into an over-ionized plasma {such as the plasma

i

]
Mk

sheath over an antenna on a reentry vehicle) are treated as sites for recom-

bination of electrvns and fons. Each droplet is considered to be a small

spherical probe at floating potential.

Thug, the rate at vhich it removes
electrons from th» plasma i8 equal to the rate at which fons reach its sur-

face. Thermionic emission and secondary emission are neglected and all elec-

trons and ions which strike a drop are sssumed to be recombined.

mmwmwmmmmminwmnmmnnmmmmnhmmmnnmmmtmmﬁmmﬂhﬁmmm T AR .hﬁﬁmﬂimﬂ\ﬂmm% ...”il?ﬁ"'ﬁl“ﬁmﬂﬂmﬂmmllm“!mﬂ

Theoretical calculations are described for the reduction in electron

concentration as a function of three parameters of interest for practical
applications.

| 3 ¥ I he B #5 $ i il
il R AR IR R

M

These are the drop size, the mass injection rate, and the
time required for the drops to flow from the injection point to the antenna.
The results of the calculations indicate that the addition of liquid

droplets to a flowing plasma is capable of producing large reductions in

electron concentration. However, it shculd be noted that the details of

drop formaticn, mixing, acceleration, and evaporation were greatly sim-

plified {n the analysis. Since these proceases can have important effects

3

on the results emd since the thepretical treatmert of such complex phenomena

is both difficult and uncertain, it appears that experimental velidation of

tite theory is needed before conclusions can be reached aboub the applica-
bility of the results.
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INTRODUCTION *

It is common knowledge in radio propasgation studies that the presence
of large numbers of free electrons can cause gevere signal attenustion or
radio blackout. Evidence now exists that electron concentration in the
atmospheric entry plasma sheath can be reduced by injecting materials into
the flow field over the entering body.l’e’ 3k

Gzs injJection appears to be impractizal because no way has been found
to make a gas penetrate the ionized layer much beyond the boundary layer.
Bolid particle injecticn is also difficult, but, even if particles can be
injected in a satisfactory way, they rapidly reach high temperature and
thermionic emission limits their usefulness. ILiquid injection holds the

most promise, since adequate penetration can be achieved and.since heat-

transfer rates to small cvaporating drops are such that both long lifetime
and lovw drop temperature gan bs obtained,

The literature contains quite a bit of information on topics relating
to material injection,’6,7,8 and some experiments have been performed to
shov the effects of material addition on free electron concentration. -
Carswell and Cloutier at RCA have seeded supersonic streams with electro-
negative gases ,9 Soo and Dimick at the University of Illinois have injected
solid particles into floving plasmas,lC and Kurzius at Aerochem has been
experizenting with water injection in seeded hydrocarbon flames. 1l

The MASA experimentsls%»12,13 pave proved that injection of liquid

wvater can restore radio coemunication during sctual atmospheric entry. This

paper is concerned with a discussion of vhat is believed to be the way in
vhich liquid injection is able to reduce the crncentration of free electrons
in the reentry plasma sheath. More information about the experiments and
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more detailed discussions of the theoretical basis are given in HABA

reports, 14,15

THEORY

It should be made ¢lear at the start that we are discussing injection
of a 1liquid into an over-ionized” and relatively cool plasme flowing over
the afterbody of e vehicle. TLe electrons present were produced in the high-
temperature region near the stagnation point at the nogse and persist in the
expanded and cooled gas on the afterbody only because the rate of electios-ion
recombination is too slow to couse them to disappeer in the flow time over
the bod,;r.+ As is shown in figure 1, typical conditions for the-plasma under
discussion are: electron concentration (ﬂe) of the order of 10°2 efomd;
flov velocity (ug) about 3000 n/sec; temperature (T) about 2500° K; density
(pg) gbout 10> of sea level atzospheric dsnsity. There is an antenna at

some point downstresm, and it is desired to transmit signals from this
antenna to a ground station.

A reasonable criterion for relief of radio blackout 18 to require that
the electron zoncentration at the antenna-gtation be less than
(Me)eritical = 5._0_6::2:1;7’ where £ 15 the transmitting frequency, For VEF
transmlssion, this requires that N, be less than 109 efcad. Thus, if

Bep = 1012 e/end, a reduction of about three decades in electron concentration

*Me term "over-fonized” here means that the concentrstion of free
electrons is largzer than it would be it the plasma verce in thermal equilib-
rium at the local temperature.

tThe plasms will become even colder when water is added but the effect

of additional cooling on the dissoclative recombination process
(50t + e ¥ + 0) 1s szall.
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is required for VEF trapsmission. This much reduction is not siways aec-
essary, since, if the tbickness of the coverdense plasma region is emsll
enough, part of thezsisnal energy penetrates the sheath and is radiasted into
gpace, For such thin plasma layers, a more moderate reduction of free elec-
tron denaity vill mc{x:eue the amount of energy which can pemetrate and be
radiated, and the signal strength at the ground station will be increased.

The determination of the dispersal and mixing of the liquid jet into
the supersonic sirstreaa and of the effects that momentum exchange and
evepuration have on the resulting mixture is too inyolved and too littie
understood to discuss in this peper. These things are important parts of
the overall problem, and the brief mention made of them here is not intended
to imply otherwise,

The way in vhich vater drops are sble to cause free electrons to dis-~
appear {s illustrated in figure 2, where s single drop is shown being bos-
barded by electrons and ions in s plassa. The electrons move faster and
strike the drop often than the fons. ‘Thus the drop becomes negatively
charged and denge\lecyn{vhne it attracts ions. A steady-state con-
dition is quickly ‘attained in wvhich the net current to the drop is zero.
The drops are, in fact, small spherical Langmuir proves at floating poten-
tial, and the rate of removal of electrons from the plasma is the product

of drop concentration (Ns) and the ion collection rate for & single drop.
This rate of removal is given by the equation

g& = {0P0FH, )0, = ~{ oL F N 0y (1)
shere r is the drop radfus and 'ﬁe and ﬁi are mean thermsl speeds of

electrons and ions, respectively.
The collection efficiency of e drop for electrons (F,) alvsys has the
fors ¥, = exp{-no), vhere n 1s the muber of electron charges on the

N R
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drop end o = €2/bxeyrkT, The quantity no is relsted to the floating
potential by the eguation

e @
As is indicated in figure 1, the electron and fon collection effi-
ciencies are related ln the steady stete by the equation
UeFy = Ei?i (3)

vhere U, snd U; are the meen thermal speeds of eiectrons and icns in
the plaesza. The folloving expression for ¥y has besn derived by mﬁé-
grating over the Boltzmann velocity distribution in & moving plasma:

y,2 8u;2 ‘
ro- (ol o o s 25 %} w

vhere Uy intherstioofd:opspeedwrwthewtoﬂ;e#entheml

fon speed. These expressions were derived on the basis of free nolecuu
collisions vith the drops and 2n the basis of 2;2>> 1, vbere Xy is the
Debye length. It bas also been assumed that thermionic spd secopdary esds-
sion of electrons by the drops is negligible and that all fons which reach
a drop recoxbine with electrons,

We w11l ggsume that the strcam of water is instently conyerted into s
fine spray of droplets upon entering the superscnic sirsireams. We will slso

essume thet gll Arops have the same radius and thet they are deposited.in

pqual nuzbers per smit volime theoughout s known fractiop of the tofal cross-

section of the fiow field. Reduction of drop radius with time by eyspors.

tion will bc neglected,

To keep the problem simple, anslysie of the effect of drops on elec-
tron concentretion has been confined to changes along s typical stream

o s = = =y e
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tube, Figwre > iliustrates how charge is conserved along such a streas
{ube, wvhere diffusfon of charge through the siresm tube walls has been neg-
lected. Charge conservation is expressed by .

ufA + Aa = Constant )
where o' 4s defined t0 be the tctal mumber of electrons removed from the
plasss by s drop during its history in the flow, and A is defined by the
equation for conservation of the mumber of drops present

A = ya¥sh = Constant (6)
In the stesdy state,
ligter) = A @
By folloving the drop motion, %t can be related to %‘3, and
* ax,
sftet)] - &) - 8- () ®

By integrstion of this equation

¥ =¥ %)exp[-l\ fo x;#‘;_%% (9)

This 4s an integral equation for the variation of electroa concentration as
a function of distance from the point vhere water is injected. Beckwith
and Bushnell have integrated it using en electronic dats processing machine
which also calculates the acceleration of the drops and their gradual reduc-
tion in size due to eveporstion., This is the more sccurate way to solve the
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problem, and they are presenting their solutfons and cogparing thea to
experisental results in another paper at this meeting.l® ’

To gain insight into the general pature of the problem and to assist 3
in the recogaition of the principal paraseters, certein approximations ceb

be made which allov equation (9) to be integrated directly. These spproxi-
mations are:

u
1. Felie = Foly ~ Ty Fig - (Fi0 ~ ?11)-“-31-]: {Liveor varistion of ¥,
between initial and finai values,)

2. uh = —‘ngAO' {(Constant density plesma.)
3. Ty = Consteat. (ﬁe mean -thermal ion speed nctually varies as

P/2,)

k. ‘ug = of until Yy = ‘fg- {Drop undergoes .constant scceleration
until drop end gas speeds are equal.) -

The integration of equation (9) then yields

- nonl 8- 48]

o~ () s

Io these equations, r 4s drop radius, Pgo 1€ gas density at fke injec-

AR i e

tion pofnt, p, is the density of wmter, and M' 1s the rutio of the mass
Tiov of vater in the stress tube %0 the mass flow of gas in the stress tube.




The epproximate soluticn given :in.equation (10) is essentially an
exponential decay of .electron concentreticn with distance from the dnjec-
tion point. Bince the drop radius eppears oaly :n -the ratio x/r, univer-
#al solution curves cen-be -prepared vhick ave independent ¢f drop radius.
“Experience -with the golutions has shown-that-the paremeters b ard g are,
Lor the most part, functions of the mass flow-ratio X'. Frar.eguation {19),
one concludes -thet -the principsl parameters of tb2 -probvlem-are: (1) the
drop yedius -r; (2) the mass flow-ratic M*; and (3) the distance downstream
of -2he Anjection point x.

Lowparison with machine computed results aa 4n figure L, indicates -that
4he .approximate solutions give nearly -the same resuits-as -the-machine solu-
4ioms. Foweier, 1t should be noted that Hoffeo 18 plotted.against time
4n figure k. ‘Becsuse of -‘the assumed consient accelerstion- of drops in-the
.analytical sethod, -the calculated .distance -from the injection -point ss5 &
function of -elapsed-time since :injection becomes :progressively -worse:as time
goes .on, and-plots of M. /Mo sgainst x/r (not shown) do-not sgree ss
-well as-the curves of figure L. Thus, one :is -reminded that time of .expo~-
-sure :of -the drops -to the plasea 4s -the fundazentsl variable, rather than
the distance -they have traveled. For practical use, curves of N, /N9
egsinst -x/r are more convenient, and can still -be used, 4f careful atten-
tion :is-paid to determination of the jproper-time-distance -relationship.

Another point .of disagreement between -the analytical and machine solu-
tione de 1lustrated in figure 4 Dby the curves for M = 1. If enough time
.elapses before electron concentration comes down-to the desired level, evap-

oration reduces the radii of the drops enough to noticeadly decrease their
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effectiveness. Since the analytical solutions do.not account for any reduc-
tion 4n drop -radius, they do not show this effect.

.Bince the more accurate machine solutions are available, -they are -used
Zor design work and anaiysis of experimental -results. The analytical solu-
-tions are-useful for studies of the.general .nature of -the effects of water

4Anjection, for making -rough estimates, and as anyfid An Jinterpreting the

% zachine golutions.
§ APPLICATION
% ‘We can:now examine -some of the.effects predicted by -theory, -as {1lus-
% 4rated in figures 5 and-6. Figure 'S5 shows values of the mass flow ratio .
% iy required -to .achieve given :redvction factors Ne/Nep .8t 8 fixed dis-
§ tance dowmstrean -from the Anjection -point. This type of plot-would-be
: % useful -for determining -the -rate of :uatér dnjection -to-achieve signal -recov-
i % -ery for -an-antenns located .at a:given distence -from-the dnjection.orifice.
§ Two -points canbe:.made about -this figure. Onme, 4f the -water -injection
& % rate 48 such that -the walue of :M" 1ies sbout balfway-up the .ordinate
= g scale shown, then Np/Ne:= 107> will:not :be obtained-with drops 1070
g weters 4n-radius, but-will .easily be cbtained -with -drope ’émrs-jn
- § radfus. This A1lustrates the dmportance .0f breaking up the-vater jet dnto
% & fine spray. The other-point -to:be:made :is-that, for given drop .radius,
* % the electron:concentration at -the .antenna goes dovn :as -the mass -flow-ratio !
% ‘becomes larger. :One-would.expect, of course, -that Af a 1ittle mater -reduced
"j % the electron concentration.at -the -antenna a ceriain.azount, -then:more-water
4 § -would ‘have & darger effect.

Towrnsnd

Figure .6 :ghows that the -injection rate of .water reguired to-achieve:s

-transparent ;plaéas typically grows smaller as:altfitude -increases. 'The-reason
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for-this :1s ‘the xupid decrease in-afr density with altitude. The drops do
:not .accelerate Lo gas -speed-as -yapidly wvhen -the air density is low and
therefore -a larger number-cf drops per unit volume is obtained -from 8 given
:2a8s of water iinjected per-second.

‘For -the -design . of .water :injection systexs, one needs in-addition-to
:plots of :N,/B.o -against :x/r -and curves iike -those in figures 5-and 6,
Anforsation.on:the drop.size distribution-produced by -aerodynamic breakup
4n low-density :supersonic flov-end -on-the diatribution of drops over-the
-cruss -section of the :flov :field. :Much:remains-to be learned:about -these
-gatters. ‘Bowever, :Beckwith-an Hut el have -correlated -experimental meas-
urements -of :penetration-and-distributicn of 1iquids injected :into supersonic

:ptreams *in -such:a-way “that -the :results -can:be-used for-the design of -precticai

‘dnjection systexs 1,4
‘SUMMARY
“the-principal ;parameters:of -the problen are:
1. Thedrop:.redius, .r
2. “The-mass Clow Tatic, W'

A, The Llov time o_f ‘drops -after their njection -irto -the flow.
“Ihe tbasic:process is recamhination 0f electrons-and ‘fons on voluse-

:dispersed surfsce:area.
“The -recosbination -xate :{s controlled by:

S e mmuauuusnm:muuumnmu:|uummamuumummummmumuumsmnuummummlmumuummsmwnmlmmunmmmumummtmummmxu

1. Collisfion rate -of ‘fons-with .drops

2. ‘Surface -avea :of ‘Grops :per imit volume
The:collisionrate of ions .with drops iis-a -function of:

1. :Relative :speed between gas and-drqps (vg - ) L

2. “Drop potential (X225)
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The drop-potential is -the floating potentisl-of a _spherical prrbe. It
: is a-function of:

1. Relative speed (gs.- “d)

| 2. ‘Rat1o -of drop -radius to Debye length (3‘-)
_: f'é::;- The important physical .;rocesses -are: »
% 1. -Breakup -of "1iquié jet {determines-drop .radius and distridution-of
’ % 1iquid in-the fiow-field).
] % 2. Evaporation-of drops {dstermines rate-of reduction of -drop xadius,
% .affects surface conditions of -drops, -and -affects flow properties-of :gas).
, % 3, “Two-phase “£lov internctions (determines -speed of -drops -reiative to
' ':' £ :gas -and ‘the -flow-properties -of -the drop-gas-mixture).
, : k. Jon-collection rate-of drops {clectron rezoval -rate [is-controlled:by
-the :fon collection-xaté). —
= “The -cozplexity-of ‘the:problem-is:such-that -relisnce-on-pur-iy theoret~
£ dcal predictionsof -the results :of injecting-wvater :into ;amenég@phaa:is
2 precluded. The:best :that -one-can:hope [for is -to-obtain-meaningiu® -correis-
-tions -between -observed -effects and -theoretical :xesults. Even-the-achievenent
-0f this 1inited-objective-will be -of :great-value in-the applicaticn-of water
; :Anjection-as -2 practical means “for . restoring -radio communication-with -reentry
= yehicles.
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