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STUMMARY

The present réport describes the work completed bétween
June 22, 1964 and March 22, 1965, on the development of
electron density probes to perform measurements in flow fields
similar to those estimated to exist in the local flow sur-
rounding the Apollo spacecraft during reentry at altitudes
between 350,000 and 150,000 ft.

The maximum stagnation point electron density expected

during reentry of the Apollo spacecraft is 10*® e/cm® and

the minimum value considered of 1nterest is 10° e/cm®.

ek g

The aerodynamic conditions taxen for simulation have
been computed for a typical trajectory and the point
selected to'perform the measurement 1s located aft of the
heat shield where the local Mach number remains essentially i

constant (2.5) for a considerable portion of the trajectory.

A probe with an operating principle ,ascd on the inter-
action between a plasma and an electromagnetic field is con-
sidered to satisfy the main requirements of minimum size of
the instrument, local supersonic flow conditions, wide
range of electron densities and high spatial resolution.

Three types of interaction are considered giving the basis
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for three types of proles:

Lo 1. An-internal cavity probe that can ke used over
three orders of magnitude in electron densities, the upper
limit being 10°° 2/em® and can cnty operate 1n underdense

: ' plasmas.

' 2. An exterral cavity probe, also ccvering three
orders of magritude and operating in overdense plasmas only.
3. A low phase velccity structure which can operate
in both over and underdense plasmas for a range of four

orders of magnitude.

The méin_effort under the present development program
has been the study and testing of prckes of tre internal
cavity typé; The first phase of this development program
was coqcefned with the design of the probe to satisfy
mutually interacting aerodynamic and electromagnetic reguire-
ments. ‘The measurements of tre resnlution, sensitivity and

range of operation were performed and the effects of a

simulated plasma upon the conditions of resonance of the
cavity determi~ed.

A series of tests have peen performed to determine the
aercdynamic ¢ aractor g oo G o suaie Yo Maceh and
Reynoids numbers equivalent to the ones encountered during

reentry.

o am
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Finally the probes have been tested in a shock tube
where the range of electron densities and Mach numbers close
to the design values of the instrument were reproduced. The
output from the probes was compared to the indication
obtained with an independent measurement and with the values
predicted for the shock tube as a function of the initial
driven tube conditions and measured incident shock velocity.

This program has resulted in the development of two
internal cavity type probes one operating with a 10 cm
wavelength to measure electron densities in the range of 108
to 10** e/crﬁ3 and another, a 3 cm wavelength probe to meas-
ure electron densities in the range of 10°-10%° e/cm®.
Analytical studies of an external cavity probe and a low
phase velocity structure probe have indicated that using
these techniques the upper limit of measurable elecgron

density levels can be extended to 10’ % e/cm”.
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1. Introduction. - A program to develcep probes suitable

for measuring electron densities of supersonic flow

plasmas has been undertaken. These probes are intendeéd to
operate in a superorbital shock-tube tunnel, and are also
adaptable for measurements in the ionized flow field of a

spacecraft during supercrbital reentry conditions. A study

to determine their possibilities and limitaticns for this

special application. The factors considered of prime impo:.

of electron densities to be covered, the aerodynamic coﬁﬁ¢
tions in which the probe is toc operate, and the spatial ;és
lution to be achieved.

The type of probe considered most adequate for perform-
ing these measurements is the one based on plasma-microwave
interactions. Three possible configurations utilizing these!

interactions have been studied. Internal cavity, external

cavity, and low phase velocity structure probes. For the

lower end of the above-mentioned range two internal cavity.

probes have been developed. Each can cover three orders of
magnitude in electron density with the range of operatiocn

depending upon the microwave frequency being used; the ) TR




W, - ‘ranges are 10° to 10%% e/cm® for a 10 cm wavelength probe
and 10 to 10'? e/cm® for a 3 em wavelength probe.
. A region in the Apollo local flow field was chosen

where the Mach number remains almost constant at a vaiue of

approxiha:ely,z-s during reentry to establish the design

'operqting conditions for the probe. Estimates of the elec=-

tron density levels in the local flow IlCld of the Apollo
vehicle were made in order to determlne the extent to which"ﬁ
'orobes of a given maXLmum electron density measuring capa—';

Sy bllit} would have application. Estimates of the stagnation

| equilibrium electron ‘density and the electron density "
* o »

. | )
exxstlng in the local flow field where the Mach number wag

2.5 were made. For the purposes of this study an Apollo

wa'”\ :reehtry trajectory with an initial flight path angle of -6.4°
and a reentry range o: 3000 nm was selected. The stagnatipn”ﬁ
equilibrium electron densities were calculated for the alti;*“

..~ = tude and velocity conditions corresponding to this trajéctori,

- tude, stagnation electron density and the electron density

'+ ° - estimated to exist in the local flow at a Mach number of 2.5

are given as a function of time during the trajectory. The

%fl Aw The results are Presented in Fig. 1, where the velécity,'altif‘i‘“‘




estimates of the electron density for the local Mach

number of 2.5 case were made for the 200,000 ft altitude
flight condition by assuming frozen chemistry along a
streamline passing from the stagnation region to a point
where the local Mach number was 2.5. It was found that the
local electron density was an order of magnitude lower than
the corresponding stagnation point value. The local

(M = 2.5) electron density curve shown in Fig. 1 was esti-
mated by drawing a line one order of magnitude lower than
tﬁe stagnation value throughout the entire trajéctory. It
is seen that for appreciable portions of the trajectory the
electron density at the stagnation point is lower than

10** e/cm® while at a point where the local Mach number is
2.5 the electron density is below the maximum value meas-
urable with the 3 cm wavelength internal cavity probe

(10'® e/cm®). The bulk of the time spent at conditions
corresponding to electron densities (at the M = 2.5 station)
less than 10'? e/cm® is seen, however, to be above an alti-
tude of 200,000 ft. 1In the development program presented
herein, the electron densities encountered at altitudes

above 200,000 ft could only be duplicated at unit Reynolds




numbers higher than those actually experienced in flight.

The diffusion of charged particles toward the wall of

TR compared to the free stream condition.

s A simple:analysis has been performed assuming a uniform
flow condition and a ﬁniform electron density distribution’ - *

‘%* - along the a*ic'of the duct. Consequently only the radial
5 diffusion was considered.
&3’;,, ~ - The process was considered ambipolar and the differ-
L ential equAtion is
L .

A R dane 1 dne : nz

- D + = =k . n n_ |l- — .

: dr® r dr d N o nz
L o
e
| , ' . : v

P where D ig the ambipolar diffusion coefficient, given by
g#;;:? the expreacio@gl

%L' R R

N ' D = 4 kT

miDi
(:;Wk.il the Boltzman constant
T the temperature

|
. ...~ ®m, mass of the ions

} A

BT

o .

B : » L
B the duct was estimated. This effect can, under the same con-
T& ditions, result in a considerable reduction of the electron

b density in the region of Plasma-microwave interaction as

E2
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Di the ion-neutral collision frequency
kD is the forward reaction rate
ne o are the equilibrium concentration of the species
N and O
neo 1s the electron density at equilibrium

The cnly reaction considered is

The condition of zero electron density at the wall of the
duct has been imposed.

The COmputatioﬁ'was performed for an altitﬁde.of
200, 000 ft.and at two points along thé trajeétofy, one at
1 1/2 minutes aﬁd the secdnd at 11 minutes from reentry
(Fig. 1); charaéterizedkby the temperature, 5900 K and
4880 K respectively.

The reéults are plotted in Fig. 2 together with the
ideal case of zero diffusion. The integration of the radial
electron density réferred to the ideal case gives the reduc-
tion with respect to the free stream condition. These values

are;




. v The axial velocity has not been considered in the com-

putation. Since it is very large and the length of the.

" ‘duct is only of the order of one inch the effect of the .
velocity is to reduce the diffusion. The numerical compu-

+~ . tation requires the solution of a partial differential

IR equation of the parabolic type and was not performed

L f because of restriction in time and man-power.
The problem of devalopxng an internal cavity type electrcﬁ
densxty probe to make measurements in a partially 1onxzed

supersonlc air flow can be lelded into three main aspecta‘,

vet;c Development Program, dealing withl

»;thévelactromagnetlc resonant cavxty, the regolu-'”‘

'ftianr'honaitivity and range of operation of the -

jpmbe

(b) Aerodynamlc Test Program, considering the basic

aerodynamic conditions to be simulated, selection :-

BEEI ; : ';of tho poxnt of operatlon, aerodynamlc design of

S - : tho probe ~experimental facility, instrumentatioa,<

te:ting and analysis of the results. v

(c) Chi;pfhtion of the Probe. To perform this cali-

bration the probe is located in a plasma flow,




similar 1r hoth electron density and Mach number
te the ore encountered durirg the reentry condi-
tion ard the response of the probe is correlated

to the valuos ol fained with ancther ztandard
electren density imeasuring device.
fhese separite aszpaots o b0 developaent program are dis-
cussed 1n the following sections of {0ig rCport. These
sccticns are then followed by the resuits of an investiga-

ticn of other techn:gues for measuring electron density i

levels higher than those moacuralle with, an interral cavity

probe. ks
The authors wish t.. ackrowledge the contributions of

Drs. V. Zzkkay and R. Cresci in the decign of the aerody-

namic experiments: ot Mossrs. A. Agngne and A. Martellucci,

ih cariy g out the gescuynamice test orearam. to Dr. M.

Naraghi fcr the electron beam phase of the proﬁe development

program, and to Mr. David Attwood for his assistance in the

calibhration of the instrurents.
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'ﬁ““ﬁaofyiys_;esonantﬂfrequency‘can be related to the electrcn*
>density.

;ﬁ%‘%‘x Nals,
i R

R

of this instrument 15 given in Appendzx I.

2. ‘Electromagnetic Development Program

.QZJEg;ntrO&uetibn; - The principle of operation of the

‘,minternal“éaV§ty'probe iB based on. the interaction between

the electromagnetic field of a resonant cavity and an

«underaénse plasma. The resonant frequency of an electro-

magnetlc cav;ty 1s known to depend on the dielectric con-.-

N

ustant of the mediqm within. For an underdense collisionless . -

‘plasmat the equivaiént dielectric constant is less than one

o

j and a function of. the electron density. Therefore, when a

plasma is 1ntroduced into the field of the cavity the- changcf‘

b

*

; It is the‘purposé of this probe to provide such a

.';cavitjiand to-allow the plasma to flow through'the inter-

actzon reglon w;thout an apprecxable change in its proper—

T tzes with rcspoct ‘to the undlsturbed flow. A schematic

’ raprenentaxion of such a probe is given in Fig. 39.

A detazled descrlption of the principle of operatxon

or

22>’éharacteristics of the Probe. - The characteristics

- of this_probe have been derived using small perturbation

-t
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cons:deraticns (Appendix I'. Howevor, such an approach
cannot be used to define the upper iimit of measurable
electron densities because the electric field is distorted
and theretore the <mall perturbatron approximation 1s no

v

longer valid. It can be accepted that the probe can, near
tie wpper bimit of elccutron density, sﬁart to operate in a
certain higher mode reseriling a coaxial structure whero
the center conductor is the plasma flowing through the
cavity. Here effects not important in the limiting small
perturkation approacl play all-importart roles. In this
case the plasma is a lossy conductcocr and the conduction of
current between the plasmavand the walls of the channel,
apart from keing not well defined, introduces additional
losses, increasing with W - The upper limit can be taken

as - w_and 1t cananot be moved upwards by increasing the

W

p o

operating frequency because of viscous aerodynamic choking
of the flow in the internal passaye when its dimensions are
reduced to correspond to the decreased wavelength On the
basis of these considerations the maximum electron density

. N2
that can be meas:red with an internai cavity probe i 10

N

)3

(l
o3

Lr2 1 ragueency ur 0Lerat ) onr b crer ke {3 o wan e -

-
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The resolution of an internal cavity probe can be’
defined as an increment of electron density producing a
certain resbnantvfrequency shift; it can be taken equal to half

f
the bandwidth Af=2-b2 where f0 is the resonant frequency of

' the cavity. The measurement technique to be used may give

a better or worse resolution than the one defined in this
Qay; but as én»order of magnitude and for comparative pur-
poses this re{grpﬁce is very‘convenient.-

The-minimnm measurable electron density is the one

that produces the minimum detectable resonant frequency

‘ghift. If thiémahift.is taken equal to the bandwidth, both

_ resolutioniand'midimum electron density have the same valie.

The sensitivity of the probe is the ratio between

relative resonant frequency shift and relative plasma fre-

quency when the perturbation of the field is small.

Aw
w

k = —2

vv> V, %2

2.3 Design Considerations - Aerodynamic considerations

lead to the selection of the cone angle. The length,

SENe




dirameter and divercence angle of the duct must he adopted
as a compromise amorg electromagnetic, aerodynamic and

; plasma dynamic requirements: i.e it should he short and

1 with a large diameter and divergence angle to minimize
boundary layer and diffusicrn cffects; on the othar hand,

it should be long witih a small diametor to avorid racialion

electromagnetic enceray.  Lower oloctron densiiics can be

3]

(W]
measured by increasing the diameter of the duct; i.e. by

havina more plasma interacting with tihe microwave field,

provided tnat the Q 1s neot affectoed.

The maximum electron density that can be measured

with the probe corresponds to a plasma frequency equal to-

the operating frequency. The first 10 cm wavelength

(3 kmc/sec) probe has heon designed, as shown in Fig. 3

taking into acccunt the above mentioned considerations.

The resonaht cavity ras leen distorted in order to fit

ghsnad -

within the aeradynamic configuration.

The resorant frequency of this cavity gecmetry is

very difficult to calculate, irstecad 1t has beenl estimated i .
as a transition between a cviindricel ard 4 recatroant

coaxlal cavity with an o000t tonal crrvestioa foe e




12 .

The difference betWeen the estimated and measured resonant

N

frequency was less than 10%. 1In order to have a well- .

oA

e v -

hllmlted plasma a piece of teflon covers the cavity gap pro-

- viding a contznuous surface for the aerodynamic flow. The
construction~of'the cavity has been made in two pieces

" which were soft soldered together.

2.4 Electromagnetic calibration. - To determine the

, }

e [

T .-;;,,:_» | o “j;
e i

' glznsonant:¥rcqﬁency shift as a function of the electron
: ’density two tuchniques have been used. The first technique o §

’used a d;electrxc rod to simulate the plasma and ‘was based

#i: on ‘the ;ﬂﬁo&dcﬁawion that the frequency shift resulting -

_frOm ﬁhe inueition of a dielectric:’ with a dielectric con- i i

stant verY'clcse to one is equlvalent (apart from a sign

ff*

ldlfferenco&;to that caused by a weakly ionized plasma. A . b

plastxc fona‘was found to be a aatxsfactory dielectric sub- = R

atitute fov'the‘plaama. A cylindrical cavity operating in )

cfe“the lama modbf&nd frequency has been built to callbrate this o -  §;
reference materlal. Samples filling completely the inter- ) ',‘ 3
;action regxon of the probea have been prepared. The plasma
)

“-‘o)=

where €. is the relative dielectric constant of the material, o P

’frequency simulated with this materlal is

’

€ - 1

e e . g
.




(The same principle has been used to calibrate the two
standard electron density measuring devices described
later.)

The second technique employed an electron gnn to
create an electron cloud equivalent in density to that found
in a weakly ionized plasma. Sirce, in the derivation ol the

dielectric constant of the plasma (Appendix I) the [

eliee

{1

of the 1ons and the neutrals has been neglected, one can
repeat the same derivation for an electron cloud and find
identical results. This is the basis of the particular
technique utilized here to calibrate the internal cavity
probe. ’If the number of electrons present in the interaction
region of the cavity is the same for a body of plasma and for
an electron beam passing through the plasma. then one can
expect the same shift in the resonance frequency of the
cavity for the two conditions. Let ng represent the number
of electrons per unit length of the beam, noq the egquivalent
plasma electron density, and finally, A L and A the length
and area of the interaction region respectively, then one

can write,

n AL =n noAT,
e T




n

=

e
neq A C ‘ (})

Now if e is the electronic charge, u the velocity

of the electrons, and I the current carried by the beam,

H‘;-—Wé have the fdllowing relation

7
e us= ,
ng I | (2) .
‘and if V is the accelerating voltage to the gun, and m thé'f
% electronic mass, | Ss

[gfc. S ,Bx;comﬁinihg Egs. (2) and (3) we obtain
o Co L e et : ' e ey

RS T R ‘:‘;;:;‘.?w..‘ | _ ;i
S : (4)

<

alg

L

| . If g@faﬁﬁstitute the quantities for the electronic =

»,it-;_< I

mass in Kﬁ,;ﬁhéQghq electronic charge in Coulombs in this
Ialt'relation,mwevﬁéve

.

_ =I | 13 I ’ v
T mg = Los(O) (5)
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This last relation shows the independent variables which
ol determine the operation of the beam so far as the electron
’ density n_ is concerned are limited to the accelerating
: voltage and the beam current. 1In Eg. (5; n_ is the number
of electrons per meter of beam length, I the beam current
in amperes, and V the accelerating voltage in volts.

By combining Egs. (5) and (1), and assuming a value
of A = 2.3 cm®, which is the cross sectional area of the

central duct of the first model of the 10 cm wavelength

probe, we obtain

I 2
n = 4.56 x 10*° = e/cm® 6
eq V% / _ (6)

In order to determine the characteristic of the gun
to be used, it is more convenient to use a parameter called
the "perveance" of the gun, which relates the parameters 1

and V due to space charge effects. The perveance of the

beam, or gun, is defined as

’

P = . (7)

By eliminating I between the last two equations we

obtain the plasma electron density simulated as a function

of perveance, and accelerating voltage of the gun, ile.




Reg = 4.56 x 10*° pPv e/cm® (8)

Thzs last relatlon shows that the sxmulated electron

'°“denszty is directly proportional to the perveance of the
gun. However, the perveance cannot be chosen too large,

‘because it will result in a larger diameter of the beam and

© a significapt number of electrons being collected on the

walls of the central channel of the cavity.

The particular electron gun used here to generate

' an eloctron danalty of 10a e/cm®, has a perveance of 1 6xlO

and a beam dzameter of 3.7 mm (which is small compared to

ﬁﬁ?the dlamﬁtﬁt4dﬂﬂthe central channel of the cavity). The
?’“ope:atxng vqltage of the gun is of the order of one KV. For

_short 1ntarvala. which are suffxcxently long for microwave

Ameasurements,‘higher accelerating voltages may be used. For
' znltance. for an accelerating voltage of about 1500 volts, thej
equlvalent ol.ctron density can be found from relation (8) to

'b'e'

n _ =1,1x 10° e/cm®
eq

The gun used to generafe the above test condition
for the first 10 cm wavelength cavity was a Pierce type.

The cathode of the gun is made of impregnated tungsten due
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to its high emission properties. The gun i¢ enclosed in a
magnetically shielded housing which is connected by means
of flanges to a chamber which contalns the cavity as shown
in Fig. 4.

An axial magnetic field was used to confine and
collimate the beam to a unifeorm diameicr The value of

this field on the ax.s of the beam was approximate v 120

| Gauss for a distance of about 7 ¢m. A water-cooled collector
(target) was used to collect the current corresponding to
the beam crossing the central channel of the cavity. The
collector is insulated from the cavity as shown in Fig. 4.
This insulation served to measure the current collected by
| the target.independént of the current diffused to the walls
due to runaway electrons.

The cavity wesed in Lhe electron beam calibra
was made of oxygen-free high conductivity copper in two
parts which were brazed together. The inner dimensions of
the cavity are identical to those of the first 10 cm wave-
length probe showr in Fig. 3. A pick-up locop, as shown in
Fig. 4 connects the cavity through a 50 orm coaxial line to

a BNC connector Fermetically sealed st tie collactor flango.
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/
A vacuum system consisting of a forepump, a two-

inch oil d@iffusion pump, and a liquid nitrogen baffle was
used. The pressure was measured with a cold cathode ioni-
zation gauge station provided on the line close to the

chambef. The ultimate pressure obtained was 2 X 10-7 torr.

The electron gun assembly, and the vacuum system are shown
s in Figs. 5 and 6.

]

Use of\thzs‘technique required two sets of measure-

R
I

 nents to be made. - The first involved the determination of '

% R ' N
< the‘cha:actetistics of the beam from which the equivalent

E - plasma gleghron denszty could be calculated. The second

e ) ‘fﬂ A

set of measurementg ‘was made to determine the shift in the

resonant frequency ‘of the cavity produced by the electron

beam passipéffhfohgh the duct of the cavity.

The schematic diagram of the set-up used to perform
e ‘the ab0ve,méqurements is shown in Fig. 7. The current
f-intaraqtingégifh;the electromagnetic field consists of two

parts; one gdinq to *the collector and one diffusing toward

“ﬂjthLWElls of the channel after passing through the inter-
ié;f“ *.actibn‘reqion. . The second current was measured by replacing
the channel of the cavity with electrodes, and found to be

negligible. As a result the collector current gives an
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accurate representation of the electron flux through the
interaction region of the electromagnetic field of the
cavity.

The current voitage characteristrcs of the electron
gun are shown in Fig. 8. The total current and the col-
lected current are cicsely related to Lne values obtained
from the perveance (Ip) specified bLv the manafacturer of the
clectron gun. Nevertheless, the current used in obtaining
neq is the measured value of the collector current which is
slightly smaller than the specified values.

The maximum electron density that can be generated
with the eléctron gur 1s slightly more than 10% e/cm®. The
fact that the current flowing in the interaction region
does not affect the ¢ of thne cavity ailows the measurement
of electron densities as Low us 16 escm ., one order of
magnitude below the nomiral resolution of the probe. The
results of this experimental calibration with the electron
gun are shown in Fig 9. The point values shown are the
results of the electron beam calibration. The line repre-
sents the calibration performed with the diclectric rod
technique descriked above. The resonant Crequency zshift e

Linearly related to the electron density o that the slope
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is 45 deg;ees. The format used to locate the line was
experimentally determined with a plastic foam with a
di;ieétrié,cpnstant of exA= 1.0336 corresponding to an
" electron aéﬁsiéy of 4.37 x 10° e/cm® and a resonant fre- R .
qﬁéncy‘shift of 8.8 Mé. ‘This point is not shown in Figi, 9
'becausé‘it is out of scale.
The agréemént‘of the two procedures justified the

use of oqur;he aielectr;c rod technique to obtain subse-
'éuent caliﬁ:éﬁionlcﬁarts fpr‘the\finai models of the probes. -

é.S ;Finai Des;gn of the Probes. - The first médel of the
g 10 cm wav;ldqgth probe was designed on the basis of a first

estlmataon of 1ts characterlstlcs. The Q of the cavity

wlthout plasma, Q + was lower than expected by a factor of
thxee and‘a gerturbatlon analysis can be performed to deter-
m;ne the effect of this reduction of Q upon the range of

electron den;i%iea covered with this instrument.

It a uniform plasma is assumed the resonant fre-

-
¢

”;”quency shif: isv

J Edv
n \")
Lo Ll e _p ls‘ (1)
“y 2 n, f E®av 1- ¥
“s

where E is the electric field intensity in the cavity without

is the plasma volume and V the cavity volume.

@




Egueation

(1) can be written
A w Ne 11 ;
— ~ k — where k == - . ETav E"dv (2)
ug nC 2 1+ v J J
e V \%
w
o p
is defined as the sensitivity of the instrument.
The change of the QO of the cavity is
alll_or_ 1 Few -r:,/‘ £ ay ()
Tl = T av /o av 2)
lo Q noowoo.ov VAN
C ¢ o l- == /v
w Yp
Q L
The value c¢f Qo is determined Lv tlhe losses in the walls of the

| cavity, in the dielectric window and the radiation losses at
the opening of the duct.

The minimum electron density which can be detected, Ne .

min
! ‘ X . . v . , :
i correspond to an ideal situation where w Tl and 1s given hy
(o)

n

“min 1 (A “nin h X is £l tivit
: — ~ where 1s the sensitivity corre-

Ne ko “o 2ksQ4 © .

sponding to v

1l

it is necessary

According to Eq

0. Thus 1n order to minimize the value of Ne in
t

to have the product kX O as large

_ 4s possible.
O

(2) the value of ko can be increased by enlarging

the diameter of the duct. This may reduce the Q
solution should

electron density.

A compromise

be taken to get the desired minimum measurable

Two possible modes of operaticn of the electromagnetic

cavity have been considered for the probos

reaction.

transmlas jon

and



v:pated With the lntroductxon of the plasma. For these reasonsg
‘the prmg, PR

_ ment of the oxternal shock from the leadlng edge at the zero

'.‘and nonzé _

In the former, the input and output of the cavity

are independent, connected only by a :eéonant condition in

the cavity. while out of resonance there is no output.

ﬁIn;the latter there is only one magnetic coupling

loop, with the cavity acting as a terminating impedance of

the line. A change of this impedance is indicative of a

resonant condition and it appears as a shift of the standing
wave patternmb This reaction mode was used with the first
lO cm wavelength probe ‘because the obtainable Q is higher

[N

than with the transmission mode. However, the measured Q

_ L
was lower than expected and addltlonal losses were ant1c1~; B

,u

- ' R e

the tranamiasfan‘mode was aGOpted for the final models of

vt
X

In ‘order to prov1de a margin of safety against detach‘

lngle of-gttack, as well as to allow the probe
tovoperate‘gt-a Mach number as low as two, the half angle

of the éonh'ﬁas.redﬁCed from 25 to 20 degrees.

jAfsécohd probe operating with a 10 cm wavelength'was

'designed and built incorporating the experience gained from

the first mpdel. It is shown in Fig. 10. The duct diémétef‘;, w;£.

was’ increased from .5 to .7 inches.




i
T

23

A third probe, operating with a 3 cm wavelength
(10 kmc), has also been built as shown in Fig. 11. The same
consideration made before for the cone angle and divergence of
the charnel apply here. The range of operation of this
probe is 10® to 10°° e/cm®. The resonant frequency shift
obtained using the dielectric rod technique is shown as a
function of electron density for the tnree probes in Fig. 12.
The material used to produce the perturbation of the elec-
tromagnetic field has a relative dielectric constant
€. = 1.0336 corresponding to a value of neﬁic = 0336.
The threg experimentally determined calibration points are
given. The minimum detectable frequency shift has been
taken equal to A f = ﬁyQQO,and the maximum measurable
electron density corresponds to a microwave frequenzy equal
to the plasma frequency.

The principal characteristics of the three probes

are listed in the following table:
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Minimum critical 5 E fSensitlvity;
Name ' Detectable Electron iResonant . Quality § Af !
of Electron ; . }Frequency ' Factor ik _ fo
Probe :Densigy (e/cm3¥ (mc/sec) | (Q) | -.n ___!
(e/cm”) § g e i
' ; ' T !
10 cm ; ; {
Probe & - i ‘ . :
(1st 4 1x10 1 3x10 31200 ! 3400 | .04z i
Model) i i | |
; i | T
10 cm | ! i ;
n i - i : i '
rrore . o e e o, : i
(2nd 7x10 5.4x10°" | 2060 L3200 i .118
Model) ? Z ! :
: i - . :
3 cm .ﬁf § ; :
8.5x108 ,9 0x10°* i 8684 ; 2000 270 %
_Probe i ; 3 i ;
X ! ! i 1
3. Aerodynamic Development Program

3.1 Introduction. - In order to obtain accurate electron

density measurements the internal cavity probe desion

requires that a streamtube of supersonic flow be 1introduced
undisturbed, into a small diameter duct with a length of
about five (5) entrance diameters. The boundary layer thick-

ness at the duct exit may under some conditions, be comparable

te the duct radius. The fluid in the duct could under these
conditions, decelerate supersgon:icaily and may ever i

I

.- - h -, R . o v
N L S T S G Cors barie g

R
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The presence of the shock will influence the static temp-
erature and pressure of the flow within the duct. This in
turn will influence the electron density measurement. 1In
order to obtain a flow of fluid through the tube at the
free stream temperature and pressure, it is necessary to
compensate for the "effective" reduction in streamtube area
due to frictional effects. This is accomplished by
increasing the tube diameter in the downstream direction.

In view of the lack of an adequate theory to des-
cribe the flow field in the entrance region of a tube, and
in the absence of experimental data at the low Reynolds
numbers of interest, an experimental aerodynamics program
was found necessary in order to determine if the duct
entrance streamtube is captured and if the flow field within
the duct is free of significant disturbances.

In order to establish a set of design flow condi-
tions which would be representative of those which might be
encountered in the local flow field about the Apollo vehicle,
use was made of the pressure distribution data contained in
NASA TM-X-705. The data presented therein for the nose shape

with an edge radius of 5 percent D (D 1s the overall body



Ca.s,

aiameter) were used. These data indicated that the flow

| h~éxterhalf£o'éh¢ bouhdéry 1ayer reached a Mach'number of
2.5 in airegiéh betuaeh S/D = 0 and S/D =/0.125 {s is the
distance measured from the juncture of the nose section
with the éfterbbdy‘(see TM-X-705)], for aﬁgles of attack
of 0 to 257 s in both the leeward and windward flow regions
in the pitch plane. Since no data were presented for S/D.
]yalqe.'ﬁeeween-;o.oe and +0.11, it is difficult to define

' precxsely whete-the local Mach number reaches a value of

i
r'.w ‘Z

T G

fllght reglme,wthls reglcn just outside the boundary layer

petn
’. ",.v ;!.V

’ ,(and aiso jus@ ahead of the indicated separated flow region

ovexr thq;aftarhOdy), appeared to be a suitable location for

the probe.; Accordzngly, the design Mach number of the probe
. was select.d»adwh 5, - This value of the Mach number essen-

- tially fixed ﬁh& maximum value of the cone.angle of the ' .ﬁ o
}external surface-of the probe, Fig. 3, The value of the
“cone half angle selected initially was 25°  This value was

used in the design of the early models of the 10 cm wave-

 len9th$Probe.. Later in the program and for the final probe
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designs, the value of the cone half angle was reduced to
a value of 20° {corresponding to a critical Mach number
equal to two) to provide for operation of the probe at
angles of attack with respect to the local flow direction

ahead of the probe.

32 Estimated Flight Local Flcw Conditions. - The con-
ditions required to be simulated then are those encountered
in the local flow field surrounding the Apollo vehicle aft
of the heat shield where the local Mach number is 2.5 over
the altitude range extending from 350,000 ft to 150,000 ft.
These flight conditions lead to the following estimated

local conditions:

Length of Slip

Altitude Reynolds Mean Free Path Flow Regicn
kft Number/ft (mm) (mm)
350 2.3 445 4200
300 38.8 26.0 245
250 543 1.88 17.5
200 4,269 0.24 2.23
150 14,050 0.07 0 68

The length of slip flow is based on criteria given in Ref. 1,




These local flow conditions were determined by con-

,‘3,,sidgringﬁthe flow to be in“thérmochemicél equilibrium at

'the stagnatlon region followed by an equ;lzbrlum isen-

tropzc expansion to a point in the local flow field whe
the local‘nacn'number is 2.5. 1In the absence of specific
trajectory inﬁormation, the following £light conditions

were assumed for the purpose of making these calculations:

" h, kft v, _fps
. ;L;}}«“:'; 350 . 37,150
R 300 37,100
250 136,800

200 29.700 ’
150 9,950

Thése'co$Qi£ibns were later found to correspond closely

with the initial trajectory conditions (in the altitude

i

range between 350 kft to 200 kft), later supplied to us for

a 3000 nm reentry range trajectory with an initial flight
p;th anngfo ;6.4°. and with the 150 kft conditions during

‘final descent on the same trajectory.

-'_Thg“blowdown wind tunnel test facilities available

at GASL can simulate the conditions existing in the local
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flow field for the 150,000 ft case. It was not found
possible to simulate the local flow conditions above this
altitude because of the limited vacuum levels available in
a vacuum sphere and lkecause of the low local Mach numbers
involved. The particular conditions of very low Reynolds
numbers and low supersonic Mach numbers required for the
simulation of higher altitude cases represent unusual test
conditions for which it is difficult to fingd facilities
with the necessary characteristics. The only facility found
which might be adequate is the low density tunnel at the
University of california, Berkeley. However, it is seen
from examination of the above table, that above 200,000 ft
continuum considerations no longer apply because of the
length of the ambient mean free path and the small probe
dimensions (% mm internal probe diameter). It is therefore
not believed necessary to carry out aerodynamic tests of
the probe for conditions corresponding to 250,000 ft and
above. The flow conditions corresponding to the altitudes
in the vicinity of 200,000 ft, however, represent a flow
range where tests are desirable but cannot be achieved with

the existing GASL blowdown test facilities.
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ia normal

Calculations were made which indicated that when a

--normal shcck is caused to stand at the entrance of the

| lnternal passage of the probe, the electron densities indi-

cated by the probe can be in error by about two orders of

'magnifude,i"Such'discrepancies could therefore be used as

an 1nd1cat10n of faulty aerodynamic: performance (choked

'passage) durlng the shock tube callbratlon tests.

@he ealculated performance of our high drlver pres~-

slble to ach1eve the proper Reynolds number and Mach

W

number congigﬁons qurespondxng to the 200,000 ft altitude

- case in tha itcilxty. The estimated electron density

A’”level availabla 1n the shock tube would not, however, cor-

?‘i ’

&7

g:espond»ta_cﬁ%ulevgl‘anticipated in the local flow field

if‘.&
pLs )

. the above consideratzons, one could determine whether or not

tat

¥”’Adensxty level with the level calculated to be generated by

x'f',th. shock tqbg faczlity Accordingly several snock tube

tests were made in an attempt to achieve the proper test

lhgdk isicahsed to stand ahead of the probe due to

"'sura shock tupe facxllty indicated that it would be pos-—. 1@Q¢jg,

e
o Y

in the fllght a;tuatlon. However, it was thought that ﬁsing'

.;lnternal viacqﬂs ehoklng by comparing the indicated electron'
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conditions. Difficulties associated with the improper

-response of triggering circuits due to the low pressures

involved prevented the collection of mearingful data.
Time and funds did not allow the development of new instru-

mentation for operation at the low pressure levels required.

Consequently no experimental proof could be furnished for

the performance of the probes at altitudes above 150,000 1ft.
The remainder of this secticn, then is devoted to

a description of the tests conducted in the GASL blowdown

wind tunnel facilities and the results obtained.

3.3 Aerodynamic Tests

3.3.1 Previous Investigations. - The problem of
flow through a tube has been investigated at highef Reynolds
numbers, both thecoretically and ovperimentally, by other
authors. Shapiro (Ref. 2) presents the solution for flow
in a constant area duct with friction. Toong and Kay
(Ref. 3) investigated the viscous flow problem associated
with the entrance regior of a tube. For given free stream
conditions, Shapiro presents a working formula which pre-
dicts the maximum tube lomgth rega oved to onoke the £ low

(L.e. to decelerate the flow to sonic conditions), with the



skin friction as an input to the problem. Toong and Kay
ffyfgsgﬁt §;Qé§§o§ for evaluating the local friction coef-
‘ficignti;dhich can then be used as an input to Sﬁapiro's\
formula»for_determining the maximum tube length. Although

-the flowféonditioﬂs of the present investigation are out-

side of the.range of applicability of the theory of Toong

" - ana Kay, the method was applied to the present problem to

_ obtain = foﬁgﬁ-‘*e‘atftmate of the behavior which might be

densitY'lh shpéfsbhic”flqw, The flow conditions were

:w:similarfig;ﬁﬁgigﬁéécnt inviatigatibn and his primary pur-

- 908’ waa ge-dotaznine if the bow shock would be swallowed

vunder tha ambient low Reynolda number condltlons. 'Although

_the intexuil;gaomatry of a dlffuser is different from the

- probe intarnaiﬁgeomatry, the general conclusions reached

by Colllns max be extended to the present case. That is,
Jthe bow shock can be swallowed, in spite of the diffuser's

initial contraction and the rapid boundary layer growth.
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The unit Reynolds number of the GASL tests were slightly
smaller than those of Collins and the probe internal duct

dimensions were considerably smaller.

3.3 2 Experimental Apparatus

3.3.2.1 Facility. - The tests were conducted
in the GASL Pebble Bed Heater facility. This facility (Fig.
13) consists of a pebble bed heater and a Mach 6 conical
nozzle which is connected to a forty (40) foot diameter
vacuum sphere. A Mach 2.5 contoured nézzle is mounted in
the test section of the Mach 6 nozzle and provides the test
conditions for the electron density probe.

The mode of operation of the facility is
to expand_the heated air (To = 1400°R) at the plenum chamber
pressure (15 < Pp.C. < 22 psia) by means of the Mach 6
nozzle to a low static pressure (P ~ 50 ). Then, it is
shocked down to a low stagnation pressure (PT ~1to 1l.4
psia) at the entrance of the Mach 2.5 nozzle while keeping
the flow supersonic around and at the exhaust of the nozzle,
(Fig. 14). 1In this way, a Mach 2.5 flow could be obtained

in the contoured nozzle with low stagnation pressure and

hence, low Reynolds numbers. This technique has been used
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successfully by other experiments (see Ref. 5) and allows

ldw»dénéity tests to be performed in relatively high pres-

' sufe facilities,

3.3.2.2 Model. - The electron density probe

geometry used in the aerodynamic tests and pressure tap

. locations are shown in Fig. 15. The duct entrance diameter

was 0.2 inches and the length was five entrance diameters. .

The internal diameter in later designs was increased as a

- result of_preliminafy developments. The results obtained

for this smaller internal diameter are conservative when

~_ the la:gef diameter internal duct is considered. The duct

. wae éXpanded with a half angle of 2°30', to compensate for

boundary layer growth. The expansion was determined from

calculations of the bbundary layer displacement thickness

which would be obtained over a flat plate of a' length equal

to the duct length and subjected to conditions similar to

those experienced by the probe. This criterion was used in

‘the design on the basis of the findings of Ref. 3.

The leading edge of the probe was made

'sharp (R ~ .0005 in.). The 25° semi-vertex angle of the

external cone was chosen in accordance with the previous

i
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discussions. As mentioned there, the final probe designs
incorporated a 20° semi-vertex angle for the external cone
shape. However, the results presented herein for the 25°
semi-vertex angle apply equally well to the 207 semi-vertex
angle geometry since tne lip shock apparently remained
attached throughout tine tests and the internal passages
were the same in all cases. The duct was machined to a
polished surface. Three static pressure taps were located
at various axial locations. These ports were placed at
different azimuthal planes so as to avoid their mutual
interference due to the restricted space available. The

pitot tube was located at the exit plane.

3.3.2.3 Instrumentation - Total pressures
were measured by means of Statham pressure transducers,
which were calibrated prior to the test program and zeroed
at the beginning of each test. The transducer output was
continuously recorded on a Visicorder Oscillograph recorder.
The flow total temperatures were sensed by means of chromel-
alumel thermocouples and their outputs were also recorded

on the oscillograpnh recorder.
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The static pressures were measured by

: ?*f*means'dszastings-Riydist heated thermopile vacuum gauges.

Because<sf the logarithmic output of the gauges, they were
carefully calibrated periodically during the test program.

A typical calibration curve is shown in Fig. 16.

3.3.3 Discussion of Experimental Results. - To
insure thg; the Mach 2.5 nozzle had started and that a plane
: normal ahock existed at the entrance of the nozzle, a pitot

pressure survey‘was made in the test section of the nozzle.

The resultgﬁgra shown xn Flg. 17. The Mach number was

determinaérbeﬁh-from tha measured pitot pressure in the

TP test sectien,IP@ ) and the measured total pressure (P ) at

tthe entranea af hhe uach 2 5 nozzle, and from the pitot
Pressure (P ) and the nozzle wall static pressure (P ).
a,

The two m.bhods agreed to thhln 7%. It can be seen that a
*m

gnifbté;qéga gf.appgqximately two (2) inches exists in the
' tﬁst aeetxen.lmrar comparison the probe inlet diameter is
also shown in'the figure.

ﬁ‘vSteady flow was found to exist for approxi-

mately six seconds, during which time the data was obtained.

At later times, the Mach 6 flow separated from the nozzle
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walls and the tunnel unstarted. The minimum Reynolds number
which was obtained before separation occurred was approxi-
mately 40,000 per ft. This unit Reynolds number is higher
than that required for complete simulation of the 150,000

ft case. However, the unit Reynolds number is believed
close enough so that the results obtained are indicative of
the aerodynamic behavior of the final probe designs at

local flow conditions encountered at an altitude of 150, 000
ft (Ref. 6).

The static pressure distribution along the
probe internal duct for various free-stream Reynolds
numbers, nondimensionalized with respect to the static
pPressure on the wall of the nozzle, is shown in Fig. 18.
These data wére obtained without the presence of the pitot
tube at the exit of the duct. It is seen that the pressures
are within 30% of the free-stream value. With the probe at
zero ahgle of attack, the pitot tube was located at the
center of and normal to the exit plane of the duct. The
pitot pressure measured at this point is shown plotted in
Fig. 19. Also shown is the static Pressure along the duct

when the pitot tube is in place. The disturbing influence
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Qf the pitot tube on the wall static pressure is readily
evident when compafed to tﬁose of the probe-free duct..

The static pressure in the duct with the |
probe at a 5° angle of attack is shown in Fig. 20. The
probe was at a negativelangle of attack (a = - 5°), and the
Préssure taps are on the expansion side of the duct. The
static pressure is seen to drop initially and then increase
to the frec-stream value. The initial drop is due to the
expansion from the upper edge of the lip of the duct, and -
the subsequent rise is due to the impingement of the

attenuated shock (emanating from the lower lip).

3.3.4 Conclusions of the Aerodynamic Tests. = The

static pressure measurements in the duct indicate that:

1) The flow in the duct was supersonic
without the presence of normal
shock, either at the lip or in the
duct. The existence of a normal
shock would cause the average static
pressure to be several times higher

than the free stream static pressure.
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2) The flow in the duct is accelerating,
which implies that the passage is
slightly over-expanded for the Reynolds
numbers of the test. ‘

3) The static pressure in the probe
remains nominally at the free-stream
value with the probe at a 5  angle

of attack.

4. Calibration of the Probes

4.1 Introduction. - The probe considered here is a
self-calibrating device in that the resonant frequency shift
1t experiences corresponds to the electron density existing
within the interaction region. This, however, may differ
from that found in the free stream due to the disturbances
caused by the probe. To determine this difference in the
properties of the plasma, simultancous measurements of elec-
tron density are made in a shock tube with the probe and
with a standard, nondisturbing technique consisting of a
I cm wavelength interferometer and a 30 cm wavelength reso-

nant cavity located just upstream of the testing area.



The probe is mounted inside the shock tube in a
chamber designed so as to pick up the plasma without

affecting its properties.

4.2 Shock Tube Facility. - The GASL low pressure shock
tube was used to carry out the calibration of the probe.
Its dperational capabilities, important to the probe cali-
bration, are presented in Fig. 21. Details of the shock
tube design can be found in Ref. 7. The driven section is
50' long and has a 3" internal diameter. The driver and
ciaphragm section of the conventional shock tube configu-
ration are replaced by a pressure chamber with a volume
ejuivalent to a conventional driver section and a quick-
acting mechanical.valve. The velocity of the shock wave 1is
measured with heat transfer gauges located along the tube;
the output from these detectors can be connected to an
Oscilloscope or, for higher accuracy, to a counter. It
operates with hot hydrogen (500°K) with driver pressures of

the order of 400 psi.

4.3 Technique to Perform the Measurement. - The tech-

nique used to detect the plasma microwave interaction in
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the probe is based on the fact that the resonant frequency
of the cavity increases with the plasma electron density,
as shown in the calibration chart of Fig. 12. The micro-
wave getup 1s such that there is output from the detector
only when the resonant condition is achieved Plasmas with
electron densitiecs either below ar above thnat corresponding
Lo resonance allow no oulput The procedure used 1s as
follows. The micriowa e generator is present at a certain
Lrequercy to + A f fo beiny the resonant {regquency whon no
plasma is present. According to the calibration chart

this A f siould correspond to a certain e¢lectron densit
n,. and only this particular clectron density will give an

output n the detector.

|
|
|
It should Le noted thnat the plasma obtained in the
sghock tube depends on twe parameters  initial driven pros-

sure and incident srock wave velooity, as shown in Fig. 21.

The plasma column so produced moves down the shock tube with

a certain clectren density protfile along the axis of the

tube, or as a funct:ion of time for a detector snech ae +tro
prokle. Except for a small region near the wall, the elec-

tron denszity can he ta.en as a constant across the cross

cection of the shiock tane,
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maximum, and then decays. For a small A £ the resonant con- |

-a stationary object. The vertical scale represents either

&2

The electron’ density profile along the time axis

starts from zero before the shock front, increases to a

dition is found once in the builllup of the plasma profile
and once in the decay. 1If the value of A f corresponds to
an electron density not obtained during the test no reso=-
nance is achieved.

The repeatibility of the low pressure shock tube numder
three is good enough to obtain the same plasma conditions
for successive shots while changing the frequency oOf the
microwave generator. The information so obtained in a
series of runs makes it possible to follow the electron
cdensity profile for the conditions maintained.

Thils technique is illustrated in Fig. 22. On the
left side is a hypothetical electron density profile, where
the electron density is shown as a function of the distance

d behind the shock front, or as a function of time, t, for

electron density or the equivalent resonant frequency ob-
tained from the calibration chart. On the right side of the
figure is the output of the microwave detector, as seen on

the oscilloscopes as a function of time. The distance
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between the two peaks corresponds to the time elapsing

between the two resonant conditions for the given value of
microwave freguency. By ilncreasing the frequency the two
peaks indicating resonance move closer togetier until for
the maximum electron density they coalesce into one. With

an additional frequency increase the output of the detector

goes rapidly to zero because no resonance 1s achieved.

4.4 Independent Measurements - Interferometer and 20
cm Resonant Cavity. - The final check of the probe was per-
formed by simultaneously measuring the electron density in
the undisturbed flow with an independent system and with
the probe as explained abhove. The scheme adopted to inde-
pendently measure the electron density 1g also based on
plasma-microwave interactions. Thoe range from 10% to 107
e/cm” was planned to bLe covered with a resonant cylindrical
cavity located coaxially with the shock tube It operates
in the TM-010 mode with a 30 ¢m wavelengtih. The plasma
flows through the center of the cavity interacting with the
clectric tield. The range from 10°° to L0 e/em® was
checked independently with an interfcerometer operating with

a 1 ocm wavelength.
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In the former device (30 cm wavelength cavity) the
refractive index of the plasma is taken as x = 1 - §, where

0 is’ a complex quantity such that
o] <<

The angular resonant frequency of the cavity will change

fraom w, (corresponding to 6 = 0) to

W= w + A w
@]

In general one will have'ézg << 1l. The relative increment
o
of resonant frequency can be calculated (Appendix I) and

shown to be

r r r B
A 1 = / ba z /
=2 .37 —-) Ex '\2,4——)+J1 2:4 — Jo
Ll-o 3 L O r, r,

where r, is the radius of the cavity and r, 1s the radius
of the plasma within the cavity. This gives the change of

resonant frequency due to the plasma, assuming the plasma

cavity. 1In order to detect a change of the resonant fre-

quency of the cavity the imaginary part of‘éag ., responsible
o

fqr the reduction of the Q, should be smaller than the real
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part which corresponds to the actual frequency shift
Otherwise the effect of the plasma would be primarily a
broacening of the resonance curve of the cavity. This con-

dition can be taken as

where vV is the electron collision frequency. Since the

condl tion lﬁl =< b orequires that w - w the upper limit
: 1P

H oy
of operation of the cavity must bhe taken as w = w)( wh1ich
N |9) (
hs

for the 30 cm calibrating cavity corresponds to an electron
density of 10°° e/cm®.

The second technique used to measure =lec:ron
densitiecs Trom 10°° to 10°- e/cm’, was an interferometer
operating with a 1 cm wavelength. EBEasically an electromag-
netle plane wave o3 =zent aoross the placima and the ch.anges
1noamplitude and phase of the transmitted cignal are meas-
vred and related to the clectron deneit and collision fre-
dquency . Let o us considor a plane clectronagnoetic wave
propagating alross o plasma slab of t-icknese X Due to
the small transversal dimensions of tre electromagnet ic

bean one can assumo o onlform plasma dristribution perpen-

dicular to the microwave bLeam axes. Tie plasma frequency
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is considered lower than the microwave frequency.

In this case the plasma introduces a phase shift

X

"o
Ad =1 1,J’ n dx
An Va
O 1+ — o
of

where A 1s the wavelength in a vacuum and ng is given by

€ m W
O e

where w is the angular frequency, €5 the permittivity of a
vacuum, and where e and m are the electron charge and mass
respectively. At the same time the amplitude of the elec-

tromagnetic wave is attenuated by a factor of‘e-y where

A direct measurement of A ® and y provides the values of v

and the integrated value of n alon

a the nath
o - - &= ==

Af t+tho mi~vy~a_
YA walT e A

wave beam.

Since one does not expect variations of electron

density over the cross section of the plasma colunmn, except
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for a small region near the walls of the tube, the inter-
ferometer technique should provide accurate information.
Tae limitation of such a device for this particular inves-
tigation is that for small electron densitics ‘less than
10'° e/cm™) the phase shift due to the plasma is too small
to be detected hence tue requirement of another teonnique
capable of operating at a lower fregquency The circuit of
the ore centimeter wavelength microwave interferomoeter e
shown 1n Filg. 23 and construction Jdetails in Fig. 24

The signal generated in a klvstron is fed tnhrough
a flexible waveguide to avoid the oftect of mechanical
vibrations, and through an attertator in order to climinate
reflected signals. A cavity wave meter is inserted at this
point whenever “he freguency of operation of tie klystron
nas to he checked. 4 directional coupley =oend:s a reference
signal to the two detectors., The main cignal gyoes through
a calibrated variable attenuator and a calibrated variable
phase shifter to the tronsmitting horn antenna located
against Lie pvrex tubing confining the nlasma folhp meA G-
ured. A recorving antenna collects the signal that gocs

acrozs the interaction region and delivers 1t to the two
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detectors whose outputs are the combination of reference
and transmitted signal. The horns are matched to the glass
window and the effect of the plasma, being underdense, is

a change in amplitude and phase of the transmitted signal,
the reflections being negligible.

The detectors are located in the two arms of a
magic tee. As a result, their outputs are 90° out of Phase.
When no plasma is present the calibrated variable attenuator
1s set so as to make the transmitted signal equal in ampli-
tude to the reference signal. With the response of the
cetectors made equal, the phase shifter is adjusted so as
to havé zero output in the difference circuit. The suaming
- circuit adés both outputs. Thnis circuit is particularly
convenient for measuring small phase shifts, the response
being close to linear for the phase shift obtained from tre
differential circuit. The attenuation of the signal is
obtained from the summing circuit. The measurement is per-
formed by recording the sum ang difference of the detector
outputs 1in an oscilloscope. The values obtained during the
tests are ﬁhen reproduced on the oscilloscope by adjusting

the phase shifter and attenuator. In this way the effect
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of the plasma upon the transmitted signal can be determined
and from this the properties of the plasma may be found.
In general. the absorption was found to be very small for
the cecnditions of operation of the shock tube  thus simpli-
fving the measurement

The resonant cavity and the horr antennas of the

trerferometer are counted an the shock tube inside a 1gh

by
&
st

3
! 4
mn
)
—
[

e chamber desibned to support the ouguipment  as
snown 1n Figs 24, 2% and 26.  The plasma container in
the region of interaction of thre ravity and interferometer
s a =ection of pyrex tubing made with tie =ame internal
diamcter as tne shock tube o as to avold perturbation of

the flow. Botsn the interferoneter and the 30 om waveleongth

Cavity have been calibrated with a known porturbation pro-

duced by using o plastre foam and following the same tech-
nique already described for the probos Tne resulting

calibration cliarts are ¢hown in Figs. 27 and 28. However
the plasma generated in the shock tube fad a collision fre-
quency of the same order of magritude as the freqguency of

Operation of the 30 cm wavelength cavit- This resulted 1in

a low output and a tepdency to 1ndicale lower electron
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densities than actually existed.

| Rather than compute the resonant frequency shift
for a‘lossy plasma and use the cavity at an off-design con-
dition, it was decicded to calibrate the 10 cm wavelength
probe in the range of 10%® to 10*° e/cm® with the shock tube
calibration chart which is known to be accurate within a

factor of two for this range.

4.5 Experimental Setup. - The experimental setup 1is
shown in Fig. 29, It provides for the measurement and

recording of the following quantities:

a) Shock wave velocity

b) Electron density as determined with
standard measuring devices

c) Probe output

d) Shock wave pressure prorile

The probe is mounted in a chamber immediately after
the interferometer and pressure pickup. The shock Qave
velocity is obtained by mecasuring the time interval between
two pulses ggherated by the shock wave when it travels a
known distance. These pulses are obtained from heat trans-

fer gauges flush-mounted in the inner wall of the shock tube.
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The level of these pulses is raised to 40 volts and shaped
sO as to have constant output for a wide range of operating
conditlons

The first trigger starts a counter and the second
one stops 1t. Two dual beam oscilloscopes - 2reused: the
sweeps started with the cecond trigucr and the traces used
record  the sum and difference of the signals from thne
interferometer detectors. the response of the 30 om wave-
length resonant cavity and the response of the probe This
technigque 1s repeated several times 1n tne shock tube for
identical flow conditions until the electron density has
been Jdetermined Ly varving the operating frogquencies of the

probe and the 30 om wavelength cavitv as described prev-

iouslyl The shock wave pressure profile is recorded to check

cre repeatibyilliis of the acrodynamic conditions.  The test
results are shown 10 Figs 33 and 34 for the 10 and 2 cm

Wit longth probes, respectively,

L

Two tvprcar sots of pictures are presented 1n

Firye. 30 and 20 oo for the 10 om warelergtlh probe and the

N

other for che 3 om wavelength probe.



In each case the three pictures have been selected
in the neighborhood of the preset frequency corresponding
to the peak electron density. 1In the set of pictures corre-
sponding to the 1l0 cm wavelength probe a pressure trace
uséd to measure the shock velocity is shown, while the 3 cm
wavelength probe pictures show the trace of the inter-
ferometer.

The total set of pictures is as follows:

10 cm Wavelength Probe

Picture Af (Mcs)
1 6 (shown)
2 8 (not shown)
3 9 (shown)
4 10 (shown)
5 14 (not shown)
6 22 !(not shown)

3 cm Wavelength Probe

Picture A f (Mcs)
1 35 (shown)
2 64 (shown)
3 97 (shown)
4 138 (not shown)

A typical trace of the 1 cm interferometer is shown



in Fig. 32 along with the corresponding 3 cm probe output for
a specified preset frequency

According to the adopted definition of resolution
there is an indetermination associated with each measurement
of frequency due to the finite Q of the cavity. The corre-
sponding frequency bandwidth for the particular measurement is
expressed as a spreading of electron densitics as shown in
Figs 33 and 34.

To determine the resolution of the probes for the con-
ditions under which they have been calibrated the operating Q
was measured using the traces obtained during the calibration
and considering the amplitude of the resonance peaks. Figs. 35
and 36 show the general trend of the Q decay and the corre-
sponding change in bandwidth as a function of the electron
density for the particular conditions under which these tests
have been performed.

These values of Q are lower tran the ones computed by
using in Eq. {3) the values of V given by the properties of the
flow. In other words the apparent valuc of V is larger than the
value predicted by thie performance chart of the shock tube, indi-
cating that additional mechanisms 0f energy losses are present.
In particular the plasma sheath, the thin region close to the
walls of the duct wheve the elementary plasma model is not

valid may introduce the detected absorption of enerqy.



5. Investigation of Tocchniques to Measure Higher Electron

Densities. - As explained before, the upper limit of opera-~

tion of the internal cavity probe cannot be extended above

10*? e/cn® because of the viscous aerodynamic choking of

the flow in the channel when its dimensions are reduced to

correspond to the decreased wavelength. Therefore two
other poséible principles of operation have been studied

in order to determine the possibility of measuring higher
electron densities with probe devices. These are discussed

in the following paragraphs.

5.1 External Cavity Probe. - The principle of opera-
tion of this instrument is based on the penetration char-
acteristics of an electromagnetic wave in an overdense
Plasma. A partially open resonant cavity is surrounded by
an overdense plasma; the resonant frequency of this struc-
ture is a function of the penetration of the field inside
the plasma which in turn is related to the electron censity.
Consequently, a correlation between resonant frequency and
electron density can be established. A description of the
principle of operation is given in Appendix II.: It is

shown there that this principle can be used to cover three
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orders of magnitude in electron density. A practical upper
limit at wnich the penetration depth becomes comparable to
the thickness of the region where the plasma properties

are affected by boundary effects 1s 10%*%

e/cm”.  The mini-

mum measurable electron density corresponds to the critical
plasma frequency, wherc the cavity ledgins to radiate energy,
consequent.ly reducing the Q and the resolution of the probe.

- 1l 1y A ’ 32 P .
A range of 10°° to J0*%* e/cm” seems to e appropriate for

this instrument.

5.2 Low Phase Velocity Structure. - In this proposed
technique an evanescent wave is generated with a structure
equivalent to a dielectric. In this condition there is no
radiation of energy when no plasma is present. The pene-
tration depth of this cvanescent wave is like in the
external cavity probe, a function of the plasma electron
density in the interaction region. Here too a correlation
between resonance frequency and electron density can be
established. The principle of operation of tiis technique
i1s given in Appendix III.

Tre fact that there is no radiation when a plasma
is not present allows neasurements i1 underdense as well

as overdensc plasmas. Studies described in Appendix III
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indicate that four orders of magnitude in electron density
can be covered, going from one order of magnitude below

the critical electron density to the region where the .

.limitations similar to those of the external cavity probe

N

dre encountered. With these limitations the range

by

I measurable electron densities is estimated to be from

O

10*° to 10'* e/cm®.

These two téchniques appear to be particularly
convenient for measuring a broad range of several orders
o magnitude in electron densities at plasma frequencies
equal to or larger than the operating microwave frequency
of the instrument. It is worthwhile noting that using ;he
above-mentioned technigues electron densities in the range
up to 10** e¢/cm® can be measured using S and X band fre-~
quencies. Conventional interferometric tochniques when
applied to measurements in this range would require the use
of millime;er wavelengths. The high sensitivity obtained
with these techniques is due to the large values of Q which

can be achieved with the two resonant structures.
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6. Conclusions

6.1 With a given operating frequency the internal
cavity probke can be used to measure electron densities over
a range of three orcders of magritude. Aercdynamic consid-

erations limit the upper range of measurable electron dens-

~

ities by this technigue to 16~ «/cm

6.2 Aerodynamic conditions were simulated for an alti-

tude of 150,00C £t during the reentry of the Apollc space-

U

craft, and a model of the 3 cm wavelength probe was deter-
9 P

{

mined to fulfill the basic aerodynamic requirements of
sampling the flow without significantly changing its

properties. The angles of attack tested were 0 and 5.

6.3 The electromaynetic celibration was performed to
determine the resolution, sensitivity and range of electron
density of two models of a JO cm wavelength and one model
of a 3 cm wavelength probe. Two methods have been used to
measure the characteristics mentioned above and the results
have been found to ayree.

6.4 The measurement cf electron densities in a shock

tube with the 3 cm wavelength probe was compared to the one

obtained with a one centimeter interforometer. They have



been found to agree within a factor of two in electron

densities.

6.5 The 10 cm wavelength probe wés checked agéinst the
value of electron densities predicted for the shock tube as
& function of incident Mach number and initial driven pres-
sure. The results have been found to agree. The 30 cm
wavelength resonant cavity could not be used because the
plasma generated in the shock tube has a too-high collision
frequency for the frequency of operation of this pagticular

cavity.

©.6 This program has resulted in the development of
two operational internal cavit? electron density probes.
One of these probes Opéerates with a 10 cm wavelength and
measures electron densities in the range of 10° to 101}
e€/cm®.  The other operates with a 3 cm wavelength anad
measures electron densities in the range of 10° to 102

e/cm®.

6.7 Theoretical investigations have indicated that by
using other technigues, such as the external cavity and the
low phase velocity structure, it should be POssible to extend

the upper limit of measurable electron densities to 10*%efun®.

’
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APPENDIX I

PRINCIPLE OF OPERATION OF THE INTERNAL CAVITY PROBE

This appendix presents an analysis of the operation of
an internal cavity probe which essentially follows that
given in Ref. 8. The resonant frequency of a cavity‘depends
upon its geometrical shape and the properties of the medium
contained inside the cavity. If the cavity is partially
filled with a plasma, for small values of both the plasma
frequency and the collision frequency compared to the resonant
frequency of the cavity. the plasma behaves primarily like a
dielectric medium, whose index of refraction deéends upon the
electron concentration. Consequently, the resonant frequency
w of the cavity will depend upon the electron density n,- The

analysis of the resonant condition is performed assuming a

cylindrical cavity whose central duct contains a uniform plasma.

A. QOscillation of the Cylindrical Cavity

Let us consider a cylindrical cavity of radius rg
and height Z and let us choose a system of cylindrical
coordinates r, 6, z, coaxial with the cavity. The region

of the cavity:



I-2
0 <r <n, (ry << rp) (1-1)
i 1s assumed to contain a plasma defined by a plasma fre-
quency, u%, and an electron collision frequency. V. The
h geometry of the cavity is shown in Fig. 38.
We will analyze now the mode of oscillation of the
cavity corresponding to a distribution of electromagnetic
field with the electric field given by the component EZ

and the magnetic field given by the component H Further-

g°
more, in the region (I-1) in a first-order approximation,
the distribution of electric current, due to the electron
oscillations, is oriented in the z-direction. Thus the
electric current density is given by the component jz.

If Ez, H jz depend upon time t in the form:

el

i wt iwt | iwt
E =E e, H, =™ 5 =1 (I-2)

the governing equations in region (I-1) become:

dE _ .

ar 1w “o H (1-3)
1 a .
r ar (rH) = iw eo E + I (I-4)

(V + iw) I = € w;E (I-5)




TN 0 W T

where GO, “o are the electric and magnetic permeabilities
of a vacuum, respectively. From the system of Egs. (I-3).

(1-4), and (I-5), we obtain:

+ Eg ® E =0 . (1-9)

where ¢ is the velocity of light in a vacuum:

" (1-7)
== € —
c (€ 1)
and % is the refractive index of the plasma:
w® 1 5
=1 - Bt (1-8)
@ik
w
The solution of Eq. (I-6) is:
E=E J ﬁg nr| +E Y (9 xr (1-9)
o |c c

where Jo' YO are Bessel functions of order zero and of the
first and second kind. respectively. E,, E, are arbitrary

constants. By virtue of {(I-9) and /I-3). we obtain:

{(I-10)
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In the region of the cavity:

ry <r < ry (1-11)
we have x = 1 and E, H are given by:

+
Eq YO

w 4
P r) (1-12)

w r)] (I-13)
c

where Ez, E¢ are two additional arbitrary constants.

At r = 0, the function E must be finite; conse-
quently:

Ez = O (1—14)
t

If the wall of the cavity is assumed to be a per-
fect electric conductor, E must vanish at r = r;. Thus

from (I-12), we have:

E¢ = - Ej —_——“——] (I-15)
Y Yo
o\ cC

and in the region (I-11l), the electromagnetic field is given

by:



I-5
r— —
(w
J — I3
w o w *
E = E; Jo (E-r - © Yo io r) (1-16)
Y (— rp
o |c
| € J Iz
i / _o w © I w _|!
H-lEs:'——Jl -c—r_ Y, E.r”
VK v | ra) (1-17)
o |c i

{

At the surface r = r;, both E and H must be con-
tinuous. Thus, taking into account the condition {I1-14),

we obtain the system of equations:

—

W
7 |
W (73] w
— U r - - - = =0
JO o 1 E; JO - I © YO (C rl) Es
Y — Iz
o |c
F w
J - Ig
w O \cC w
X J,y c X ry E, - Ji (9 rl) - Y, (_ rl) Ez =0
c (w c
Y - IXa
o |c
(I-18)
By virtue of (I-18), w must satisfy the equation:
w w
J —~ N r - - r -\ = r Y - r
1 1 Ji - rl) Yo - Ta Io (c 2) R 1)
)(' —
w w W w
J - N r - - - - r - r
o t Jo |c rJ Yo |c T2 Jo | T2 Yq c !

(I-19)
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By solving (I-19), we obtain the complex values of w. The
real part of w gives the resonant frequency of the cavity
and the imaginary part gives the damping of the oscilla-
tions, due to the energy losses inside the plasma.

B. Resonant Freguency and Damping
of the Oscillations

Let us assume first:

x =1 (1-20)

In this particular case, Eg. (I-19) reduces to:

w w e w _
JO Yo [JO (C g} Y1 c ry - 0 c ry YO - rl)] 0
(1-21)
2 C «
= = = -22
T wr; "o (c rg) 0 (1-22)

Thus the resonant frequencies of the cavity with-
out the plasma in the region 0 < r < r; are given by the
'

roots of the Bessel function Jo. In particular the funda-

mental resonant frequency is given by:

rs ~ 2.40 (1-23)

0lg
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I-7

Let us suppose now that the refractive index of the plasma
is:

x=1-25 : (I-24)
where 6 is a complex quantity, such that:
6] <<1 (1-25)
The new resonant frequency of the cavity willibe-
w=w +Aw (1-26)

where u% is the frequency corresponding to x = 1. 1In a

general case A w is a complex guantity and we assume:
|A wl << w (1-27)

By virtue of (I-25) and (I-27), in a first-order approxi-

mation, Eg. (I-19) becomes:

2 C w (] w )
—_— = + = r =2 r = r
T W r; Jb c ta Yo c °® [Jo (c SR \c !

lw w |
- % i— % r = r ~ 0
Jy \c 1 Jo - o

(1-28)
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Let us call:

u%
= ry =X (1-29)
we have
w Y 8 ~ -
crn - (wo+A w (1-6) X (1+a) (1-30)
where
a=2Y%_5 (I-31)
w
o
In Eg. (28) we have:
w w W
JO o n ry J1 ry - J - n ry JO (C rl)
I , I ; A wl
_Jo(xo) + Jo (xo) X aJ {Jl(xo) + I (xo) X “Bj

- (1-6) [Jl(xo)+-Jf (Xo)xoa1 [JO(XO)+'J$ (XO)XO é%éf}

where J' are the derivatives of the Bessel functions:

d J(x)

J'(xo) =\"ax (1-33)
X=X

If (I-31) is taken into account, (I-32) reduces to:

6 {a_(x ) dy(x_) = x_ [320x)) 3 (x ) = T_(x)) 31'(x )1}
(1-34)



On the other hand:

I (x) == B(x )i & (x) = JT_(x ) - ;1; 31 (x) (1-35)

Thus:

I (x ) Ju(x) = T (x ) J1 (x)=-35(x)

(I-36)
- By
- J; (XO) + " JO(XO) Jl(Xo)
o)
and (I-34) becomes:
2 2
+ 6 I-37
[JO (x ) + 3" (x )] x_ ( )
Hence, Eg. (28) reduces to:
2 C w ! w 2 wO
Trwor1Jo Er2)+Yo c 2 o | .
I-38
w w, ( )
2 —— — ~
+ J, 2 rl} 31 6 0
The first term in (I-38) transforms to:
W
2 ¢ W 2 I3 ¢ o
—_—e o ~ o —— e I-39
Tru.)orlocr‘3 ﬂworil cr?‘) ( )




and Eg. (38) becomes:

w
Y ('—org)
<
R il R D R B S
w ~ 2 c w Jo c nif +a c N 6
"=

(1-40)

which gives the change of the resonant frequency and the
damping of the oscillations, due to the plasma, assﬁming
that the plasma represents a small perturbation of the empty
cylindrical cavity. '

In order to satisfy the condition (I-25), we assume
in Eq. (I1-8):

wp << W (1-41)

Thus for w = u%, the refractive index becomes:

LV
2 1+1 —
1 “% “%
2 w v
o 1 + =
w
(o)
i.e.,
2
w
1P 1
Re (9) P s (1-43)
o 1 + >
w



and
2
w
Im(6) ~+ 2 L1 _ ¥V (I-44)
2 w vcow
o 1 + o)

2

of

By means of (/.-43) and (I-44), we may evaluate
from E¢. (40) both the real and the imaginary parts of A w.

It is necessary to emphasize that in order to
detect a change of the resonant frequency of the cavity,
the order of magnitude of the imaginary part of A w must
be smaller than the order of magnitude of the real part of
A w. Otherwise the effect of the plasma would be primarily
a broadening of the resonance curve of the cavity. This

condition is satisfied if:

v << ow (1-45)
O

Consegquently, the resonant frequency of the empty
cavity gives the maximum value of the collision frequency
which allows the possibility of measuring the change of the
resonant frequency due to the plasma. For instance. for a

3 ¢m wavelength cavity, the maximum value of v would be:

Ymax ~ 10*° (1-46)



Iif ug“corresponds'to the fundamental resonant fre-

guency of the cavity, éiven by (I-23), Eq. (I-40) becomes:

r r .
—A—‘—"~3.71(—1 [Jz ‘24— + I, ¢ (2.4 —1)] 5
wo ra (@] 2 r2

(1-47)

We observe that the real part of A w is a positive quantity;
which means that the resonant frequency of the cavity
increases with the injection of the plasma in the central
region 0 < r < r;. Furthermore, the resonant frequency
increases rapidly with the dimension r;.

The plasma frequency u% is related to the electron

density n, by the equation:

C N e (I-48)

where q,. m, are the electric charge and the mass of an

electron. The numerical value of u%/Zﬂ is:

W

1
£ . g.97n? (I-49)
2m e

where n 1s the number of electrons per cubic meter. Thus
e

assuming always a 3 cm wavelength cavity, the useful range
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of the order of magnitude of n, which may be measured with

this technique is:

0 (ne) < 10'® el/m® (1-50)
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APPENDIX II

PRINCIPLE OF OPERATION OF THE EXTERNAL CAVITY PROBE

The reflection properties of an electromagnetic wave
of angular frequency w, at the interface of an overdense
collisionless plasma (u% > u%, V = 0) can be used as the
principle of operation of a probe intended to measure elec-
tron densities.

The basic idea is to have a partially open resonant
cavity. When this device is immersed in an overdense plasma
it becomes a closed structure with the resonant frequency
a function of the penetration of the electromagnetic field
inside the plasma. This penetration is a function of the
electron density, consequently a correlation between reso-
nant frecuencv and ala~trom density can be established.

The propagation constant inside the plasma is imaginary

and equal to
J -1 (Ir-1)

/I

where i

speed of light in a vacuum.

n
]
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For w >2 W
P o)

W
kal ~ —CE (1I-2)

Thus the penetration depth of the electromagnetic wave

inside the plasma is given by

1

ka

C
p

The results are essentially the same if either a plane or

a cylindrical geometry is considered.
I An analysis of the electromagnetic performance (reso-
nant frequency versus electron density) of a probe using
this principle of operation can be made using the model
shown in Fig. 40.

A cylindrical cavity formed by two perfectly conducting
parallel planes and a cylindrical electromagnetically trans-
parent sheet of internal radius ro; which separates the
internal region of the cavity from the plasma region, are
assumed. The thickness of the cylindrical wall is assumed
negligible. The plasma located outside of the cylinder is
uniform and the metallic planes are assumed infinite in

extent.
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For a% < u% the electromagnetic field is radiated in
the radial direction betweén the metallic planes, and a
well defined resonance condition is not found. Only an
overdense plasma a% > u% will lead to a total reflection
of the electromagnetic wave. A change in w_means a change
in penetration depth and consequently of the resonant fre-
quency.

The TEOll mode seems to be a suitable one because it
has no currents between the plasma and the walls of the
cavity.

The dispersion equation is

Loh(x) _ 1K) | (11-4)
x Jo (x) Y Ko (y)

where J, and J; are the Bessel functions of the first kind

of order , and , respectively, x and y are given by

2 2
W m
X =r_ T 5E (II-5)
2 2
- « L _ m -
y = 1 gz'[(w) l] + oT (11-6)

where ¢ is the velocity of light in vacuum. The solution
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can be obtained graphically but the analysis of the asymp-
totic behavior can be performed very easily. Assume

a% >> w. In Eq. (II-4) one has

where xo is the first root of J, (x) = O and

Ky (y)
Ko (v)

Lim =1

@
_R—om
w

Thus Eg. (II-4) yields

o
-
M

(1I-7)

%
t
el o

o
le)
%

By substituting in Eq. (II-7)

|
o) ‘ << x
pe

x =x + 6 with the condition
o X o

one has
~ 6
J1 (x) Jo(XO) %
and the equation simplifies to

6

X
——
X

_ L
o yo r w
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The resonant frequency of the cavity is w = ub + Gw where

w is the resonant frequency when ug - o, w, is given by

2 X
w =c -2
o J z ° r °
') fo)
In Eq. (II-8) one has
NE 2w b 6
w
S m° “ %w oo 1 ‘w
X =r | z -~ =z *t 2 . T X 1+ E z T
0,/ c X c” w O c X w
o o (o)
Thus
5 w*r ° )
X __0o0 o 1 _w
- 2 2
Xo ¢ X “%
and Eq. (II-7) yields:
) w x 2
(o} (o) k
. _ 2 : = - (11-8)
w W ojwr /n
o) P ( o o e
| ¢
where
ugxoz
k = ,
wr 3
°) e
L
€ 2
(mo)

n_ is the electron density; €O the permittivity of a
vacuum; e and m are the electron charge and mass, respec-

tively. One can conclude that the relative change of
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resonant frequency of the cavity is inversely proportional
to the square root of the electron density.

To estimate the range of application of this probe
6

w . .
— = Q may be assumed to give the minimum detectable fre-
o

quency shift, i.e., the resolution of the instrument.

) w x °
_w _1__o° o
w Q w wr 2
o/ .
min P 0 0
c

For w= 27T x 3 KMC, ro = 8 cm, xO = 3.83 we can expect a Q
of 10° as a maximum value. One gets @, = 1.8 x 10*? rad/sec
corresponding to n, = 10'® e/cm®, giving margin’for addi-
tional reduction of the sensitivity.

On the other hand the condition u% < u% must be satis-
fied. Consequently the minimum electron density is 10'!
e/cc for the operating frequency of 3 KMC/sec.

It is worthwhile pointing out that the minimum operat-
ing frequency is related to a maximum acceptable size for
the cavity. The flow field boundary layer and the plasma
transport processes may change the electron density close

to the wall. The thickness of this region of nonuniform

plasma distribution must be smaller than the penetration
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depth of the electromagnetic wave in the plasma. Prelim-
inary calculations indicate that this condition’ can be
satisfied up to a range of electron densities of the order
of 10** e/cc, where the penetration depth of the electro-
magnetic field is estimated to be of the order of 1 mm.
Additional limitations are encountered when one con-

siders the effects of collision frequency. When vV # 0 the

w
. . . o .
equation for the frequency shift w1th'5— << 1 is:
p
) x °
o, Yo % [Tv
w 3 / Tt w
5 w r “% N A
c

Thus in order to obtain a simple correlation between
6

the actual frequency shift R, ‘a?) and the electron dens-
e}
. vV . C. .
ity, one must have Zr < 1. For this condition the relation
o
given in Eq. (II-8) can be used. The plasma generated 4

during the reentry is estimated to satisfy this condition
as well as the plasmas obtained in the shock tubes used to
check the probe.

A possible configuration of a probe to measure elec-
tron density in a supersonic flow according to this prin-

ciple is shown in Fig. 41.

P
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The final dimensions of the probe will change linearly
with the microwave wavelength being used, with the square
root of the relative dielectric constant of the material
filling the cavity and with the use of more sophisticated
resonant structures. The maximum diameter of the probe
shown in Fig. 33, (10 cm wavelength, € = 4) is estimated
to be approximately 3 inches. Smaller sizes can be obtained
by reducing the wavelength; however, this will raise the
minimum measurable electron density, consequently the range
of operation will be narrowed because the upper limit,

10'* e/cm®, is fixed essentially by boundary effects.
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APPENDIX IIIX

LOW PHASE VELOCITY STRUCTURE PROBE

A probe can be developed with the basic idea of meas-
uring the propagation properties of a dielectric waveguide
located in the ionized flow field. In order to describe’
the principles of operations of such a probe assume a
dielectric rod of circular cross section of radius ro
located in a plasma. A detailed study of the propagation
properties of a dielectric rod can be found in Ref. 9.

Let X, be the index of refraction of the dielectric
rod. If the medium surrounding the rod is a uniform loss-

less plasma its index of refraction is given by

w
Xy = [ 1- (—E) (ITI-1)

where u% is the plasma frequency and w is the angular fre-
quency of the electromagnetic field. Furthermore, assume
a fundamental TM mode of operation of the dielectric wave-

guide. The dispersion equation is:

B2 N K(y) _
X Jo (%) Y Ko (y) (111-2)
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where Jo and J; are the Bessel function of the first kind
of order 0 and 1 respectively. Ko and K, are the modified
Hankel functions of order 0 and 1 respectively. x, y are
given by

< 2
X = kodxlzro -k Yo

(I1I-3)

2 3 2 2
Y = - ko o Yo + kzzro

ko 1s the propagation constant in a vacuum and kZ is the
axial propagation constant in the dielectric waveguide.

Assume for instance that the frequency of the electro-
magnetic wave is given. Thus kg is known and the solution
of the system of Egs. (III-2) and (III-3) determines a value
of kz as a function of the index of refraction », of the
plasma. Therefore a measurement of kz (i.e., the axial
wavelength of the electromagnetic field) can be correlated
to the electron density of the plasma surrounding the rod.

Assume first that the rod is surrounded by a very weak
plasma, (i.e. ub << W) and let %o, Yo be a pair of values
for x and y which satisfy Eq, (III-2) in the limiting case
nw = 1; (W = 0).

1f kzo is the axial propagation constant in the limit-

ing case of zero electron density, the solution of



w
Egs. (III-2) and (III-3) for a small value of (—R) leads

to a value k + 0k where
Z0 z

ko2G' (yo) ———2y° G(yo) w
) Yo - Yo
ok = %o . (—P-) (I11I-4)
Z . y w
' =2 . A
2k, [ *F' (x0) % ~© (vo)
In this equation G(yo) is the value of
1 K (y)
G == III-5
¥ =y % (y) ( )

at y = yo and G'(yo) is the derivative of G(y) with respect
toyaty = vyo. }

F'(x0) is the derivative of

Jy (x)
Jo (x)

F(x) = = (I1I-6)

at x = xq.

It is of interest to observe that the shift in the
propagation constant kz is proportional to the electron
density.

Equation (III-4) assumes that no propagation of the

electromagnetic field occurs in the radial direction.

PR A S YR
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APPENDIX IV

INTERNAL CAVITY PROBE OPERATING MANUAL

The suggested equipment consists of a cw microwave
generator with a power output on the order of 20 mw ?nd a
frequency range as wide as that specified for the particular
probe being used (2 to 2.3 KMC for the 10 cm wavelength probe
and 8.6 to 10.8 KMc for the 3 cm wavelength probe) a wave-
meter for the same frequency range, an oscilloscope with a
sensitivity up to 1 mv/cm, a recording camera, a directional
coupler, a crystal detector with output indicator, an iso-
lator and the components required to interconnect the above-
mentioned elements.

A schematic of the set-up is shown in Fig. 44. The
microwave power generator is a klystron with its correspond-
ing power supply: the output is fed through an isolator and
a directional coupler which delivers a sampling signal to the
frequency measuring system composed of a wavemeter, crystal

detector and an indicator (a milliammeter or an oscilloscope).

From the directional coupler the signal is delivered to

the probe.




Both '.t‘he 10 and the 3 cm wavelmgthp oba gperate
transmission’ cavity; the holders con ai;the orystal i.a*etér.‘?-‘
tors and the coaxial cables carfying ghé micéﬁwavebgignal';ﬁ’“
from the input to the cavity where thé eoupiiné is perforﬁed
with a loop:; a second loop picks up the transmitted signal
and delivers it to the crystal detector. Both input and out-
put of the probes are BNC connectors, the one mounted aheéd
is the input for the 3 cm wavelength probe and the output for
the 10 cm and vice versa. This is shown in Fig. 44.

’The output from the probe is connected to the oscillo-
scope and recording system. It is convenient to connect a
resistance at the output of the crystal to compensate for the
capacities and improving the time resolution of the recorded
measurement. A value of a few thousand ohms is adequate to
obtain resolution of the order of microseconds.

An appropriate foregoing system should be used to com-
mand the oscilloscope. For the calibration of the probes use
has been made of heat transfer gauges acting as triggers.

The probe in use should be mounted exposed to the plasma
flow; it can be held in place by using the two threaded

holes located in the back of the holder. Sufficient room

should be allowed for the ionized gas to flow around the




cavity gap have been de

sure jump that oceurs at‘tha enﬂ‘of the test;up to abo'

The fol%cwiﬁé’Steps in&ibaﬁé*aiQYStemaﬁic épproach to

perform the measurement of electron densities.

1. Detérmine the resonant frequency of the cavity .

I without plasma. The frequency of the microwave generator ;
I is changed until an output from the probe is found.: By
using the wavemeter this resonance frequency (fo) is
measured.

2. The maximum expected electron density is estimated
and the corresponding frequency shift (Af) can be found in
Fig. 37. The microwave generator is set at a frequency fo
+ Af.

The sensitivity of the oscilloscope can be selected
considering that the output of the probe goes down with
respect to the value obtained when determining fo at a rate
of one order of magnitude for each order of magnitude in
electron density. Those values change over wide limits and
the more convenient value can be found only by performing

the measurement.
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The sweep velocity of the oscilloscope is selected

according to the expected direction of the plasma flow and
the delay introduced in the trigger because of its location
relative to the probe.

3. Firing of the shock tube and interpretation of the
photographic traces. .

The main point is to determine whether the maximum elec-
tron density of the plasma flowing inside the probe is above
or below the expected one, corresponding to the preset value
of Af. 1If a double peak appears in the recording of the
oscilloscope trace it indicates that the value of Af was too
low or that the peak electron density has been underestimated;
a single peak indicates that both estimated and real electron
densities are close and no peak shows an overestima;ion of
the electron density. It is convenient to start the deter-
mination with a double peak trace and perform several runs
increasing the Af until a single peak appears and then decays.
The inspection of the traces give the value Afc corresponding

to the peak electron density.



fol

GCOEGUUN 40U

LN

ar'iId

{CY i

MO'TI DINOSYIANS

¥ Y04 d90¥d ALIDOTIA FSVHA MOT THL JO NOILWINDIINOD dI4ISSOd “€¥ IUNOIJ
JINLONYLS ALIDOTIA ISYHI MOT

A
AN AMNAISIA _,,sQ

1sy 9 ¢

q

SNIJd SNILOHATJIAY

MOTd

d
MOANIM

\

JINLDONULG
ALISOTIA
ASVHd MO'Y




Y Y
14 §
et hii M
I A Y ; 15580
il U i
14_
i
¢ 1
i \§ t inTth 1
; 1 i !
i m. } w
i &
PN 5y i ; .
« iHYTY
ey !
i
i
H
| . ik _ I
T i j Hif
3 Y H 1
30 i 1
i HM AT
1 ot —H
i
At i ¥ I
gin
ini B AR
3 ¥
i} §
1 13 I 1
LT 1
T T
44 X t » s
! B B i : it
i i { H i
1 ; 1 i i
'l B _ 3 i " t L
1 5 f 3 1 {HTT , i f :
\ ! i Hih 1 }
x } b, 4
4 4 ¥
344 ; “ S Th
o i
s s
H 1
13 N ;
—
1§
: t
T 1
s 4
e o +
- by
‘4
4
t
1
o4 | ) did.: Laded e cened N
Lodaaiid: i Ao L : L

oM O WV ¥

'\‘../ P~ o) ‘.m
3 o (=] o
3 —
. ~ —t . : ~

« B e 2oen hd VOING M G SN A O X 33D G
NIDTS . . YNNIV Y | Y s




Mr. M. . SauidGens, oG
<

S o sacviand 20

DISTRIBUTION LIST
JUMAT REPCRT - MASA Contract NAS5-3929
No. of Copies
e tor
ti1cs L& Space Administration
rght Oenter 1

Ny ey
\, Sod

me Aassistant Director, SS&SA

&~ Space Administration
Centor 3

Acsistant Director, T&DS
& Space Administration
Center 3

lces
& Space Administration
tex

,
) e Loy 2
s ~ -~
i
Xy oLiviy 2/, L

ministration i

g
[a

Road

Marcyiana 20771

nrovma o won Division, Code 250

& Epace Administration
tyet Centen 4

1 reproduc:ble
and
102




