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SUMMARY

An>electr6n density probe hés beenvdéveloped’to measure
‘ffom 10lO to'lO14 e/cm3. The probe is basically an open non~radiating
7electrqmagnetic cavity wﬁose resonant frequency is uniquely
vrelatea to the electfon density of the surrounding medium.

.The calibration of this instrument has been performed with real
andrsimulatédvplaSmas.

Particular emphasis haS'been;ﬂacedon an application in the
séparated flow region of a reentry Apdllo spacecraft for a typical
trajectory. The effects of heat transfer and diffusion of charged
particles upon the operation of the probe have been estimated for
tﬁose conditions. A preliminary design of a system for this

in-flight measurement is presented.
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NOMENCILATURE

speed of light in vacuum
electron charge

electric field intensity
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enthalpy

magnetic field intensity

modified Bessel function of the first kind

Bessel Ffunction of the first kind

propagation constant
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electrqn density
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pressure
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v collision frequency

w angular frequency

A wavelength

Subscripts

c critical condition, w = a%
d dielectric material

e electrons

o free space

p plasma

r,B,z aylindrical coordinates

X,y,2 rectangular coordinates



Final Report
for

Electron Density Probe

I. Introduction

This report describes the work performed between May 28,
1965 and Febfuary 28, 1966 in the development of an elec-
tron density probe gapable of operating in a superorbital
shock tube tunnel, and while therein, be capable of measuf-
ing the electron density distribution within the separated
flow region of a‘model of the Apollo spacecraft under super-
orbital reentry conditions at altitudes between 350,000 ft
and 150,000 ft traveling at velécities from 36,000 to
10,000 fps (Ref. 1). The probe is designed to measure elec-
tron densities through the range lOlo to lO14 electrons per
cubic centimeter (e/cm3).

The principle of oﬁeratibn is based on the interaction
between the plasma and the microwave electromagnetic field
of an open nonradiating structure. The étrﬁcture basically
consists 6f a section of dielectric waveguide (Ref. 2)

limited by two metallic reflecting surfaces. The propa-

gation of an electromagnetic wave along a dielectric



waveguide is known to depend on the‘complex dielectric
constant of the surrounding medium (Ref. 3). Specific-
ally, underdense plasmas introduce a perturbation of the
evanescent field attacﬂed to the dielectric rod while
overdense plasmas confine the electromagnetic field ineide
the dielectric except for a certain penetration of the
field into the plasma itself. The resonant propefties~of
these structures, nemely the resonant frequency and Q, are
related to the properties of the ionized gas. Consequently,
electron densities and collision frequencies can be deter-
mined by referriﬁg to the equation for’the dielectric con-
etant of the plasma.

The range of operation of the probe depends on several
factors including the desired spatial resolution, the obtain-
able guality factor and plasma boundary conditioﬁs. The
interrelationship of these factors is discussed in succeed-
ing chapters.

A cylindrical geometry has been chosen for this particu—
lar probe as there are no significant aerodynamic require-
ments to be satisfied and because this geometry lends itself
to the desiredkpolarizaticn of the electromagnetic field in

the region of interaction with the surrounding plasma.



II. Reentry Plasma Conditions

As the probe develpoped in this investigation is to be used
in the separated flow region of a model of a reentering Apollo
vehicle, it was necessary to anticipate the conditions which may
exist there. With this in mind an attempt has been made to
estimate the plasma properties of the gas in this region.

The basic reentry local flow conditions have béen determined
using the dataléiven'in NASA TM-X-705 in the same ﬁanner as was
done in'GASL TR-527 (Ref. 4). The stagnation point conditioné
were computed using real gas thermochemical equilibrium pro-
perties. The flow was assuﬁed to expand from the stagnation
conditions in equilibfium isentropic.expansion to a point in the
flow field where the Mach number is 2.5. It was assumed that the
flow separates at this point and that the pressure in the
separated region remained constant at this value. The enthalpy
in the separated region was assumed to be related to the stag-
nation enthalpy by

h

sep ¢ hstag
where
0.1 =¢c = 0.5
A Mollier diagram for equilibrium air was then used to determine
the temperature in the separated region. In order to compute

the ion-neutral collision frequency, use has been made of



1/
v, = 3.45 x 1079 pop

where P is the pressure in atmospheres and T is the temperature
in degrees Kelvin. The electron-neutral collision frequency has
been taken as

vV = 165 VvV,
e 1

The results of this computation are shown in Fig. 1. It is
seen here that the maximum electron density is appfoximately
/ 13 -3 . .. .
10 e/cm , and that the maximum collision fregquency is approx-

imately 7 x 108/sec. For a probe operating with a frequency of

2

10 KMHz (3 cm) this would give n/nc ~ 10 and V/w ~ 10



ITI. The Slow Phase Velocity Structure

In conventional microwave transmission systems the elec-
tromagnetic energy is confined within a region of space
bounded by conducting walls. Under certain conditions other
types of waveguides may be used in which the energy is not
rigidly confined, but rather is bound to a surface or struc-
ture. Such a guiding structure can support evanescent waves
which are forms of electromagnétic energy propagating along
the interface between two media with different physical
properties. The electromagnetic field extends to infinity
in the direction normal to propagation, but the energy den-
sity decreases iﬁ an.exponential-like form so that in prac-
tice most of the energy of the wave is constrained to flow in
the immediate neighborhood of the structure (Ref.5). Such a
structure is characterized by a slow phase velocity, that is
the phase velocity of propagation of the evanescent wave along
the interface is slower than the phase velocity of a plane
wave in the surrounding media (Refs.6 and 7).

The most common types of slow phase velocity structures
are metallic helixes (Ref.8), metallic corrugated surfaces
(Ref.9), and dielectric waveguides (ﬁefs.lo, 11 and 12). Each
of these structures can support several electromagnetic modes.

If a cylindrical geometry is adopted for the probe the losses



due to current flowing between plasma and structure can be
avoided by using a mode with no radial component of electric

field. A mode of this type is the TE which is easily ex-

Oln
cited in a circular dielectric waveguide. This was the decid—
ing factor in choosing this element rather than a helix or
corrugated structure.

In this mode the magnetic field has components in the
axial and radial directions onl&, while the electric field
has only an azimuthal component, which, as mentioned above, is
éymmetric. Within the rod itself the magnitude of the electric
field has the form of a Bessel function of the first kind of
order one, while in the region of the plasma it has the form
of a Hankel function of the first kind and the first order.
In other words the magnitude of this azimuthal electric field
is zero at the center of the cylinder, builds up to a maximum
within the rod and begins to decrease as one moves closer to
the outer surface of the probe. Outside the rod, that is
within the plasma, the electric field goes from the finite value
at the wall within the dielectric to zero in an asymptotic form.

The variables to be manipulated in the design of a probe
of this type are the free space wavelength Xo' the effective
wavelength along the axis of the dielectric rod kg' the

radius of the dielectric rod ro, its relative dielectric



constant in the appropriate range of frequencies, and

Ed,
the electromagnetic properties of the plasma. The relative
dielectric constant of the plasma is related to the plasma
properties by the eqguation

¢, =1 -(n/n) (1-i v/w "t

where n is the electron number density, n_ is the critical
number density corresponding to aplasma frequency equalto the
microwave frequency, w is the aﬁgular microwave frequency,
and vy is the eléctrén collision frequency.

A qualitative description of the interrelationship between
the parameters affecting the design of the probe follows. First
of ail the axial llength of the probe must be equal to a whole
number of half-waveguide wavelengths O‘g)' that is the length 4
should be taken as 4 = (n/2)kg where n is any integer. From the
point of \}iew of spatial resolution it would be best to take n=1
for this would give a length on the order of a half inch, hpwever
this would maximize the end plate and coupling losses and dimin-
ish the Qof the pfobe. The end plates are the metallic surfaces

at each end of the probe which form the boundaries of the reso-

nant structure. As will be seen later the Q determines the mini-

mum measurable electron density and hence must be kept as large as
possible.

Another important factor is the ratio )\q/)\o which is related to
the penetrationof the electromagnetic wave inside the plasma. The

Py
condition XH_ > 1 has tobe excluded to avoid propagation in
. o) .



the radial direction. For ;2 < 1 the penetration depth is
o ;

proportional to this ratio. This penetration plus ‘the radius
of the rod should be smaller than the reflecting end plate
radius in order to confine the electromagnetic field. It
has been found experimentally that in order to obtain the
necessary sensitivity a value of Ag/ko of approximately .60
is required. The dielectric constant of the rod, ed' and
the free space'wavelength, Ao, are the two most important
parameters determining the radius of the rod, L, The radius
decreases for decreasing values of the wavelength and increas-
ing values of the dielectric constant of the probe material.
It must be emphasized however that these two parameters are
not completely independent of the other variables involved in -
the problem. For instance, the operating wavelength Ao has
to be adopted according to the range of electron densities
to be measured. This probe operates with a 3 cm wavelength,
corresponding to a critical electron density of approximately
10'® e/cm®. The electron densities to be measured are two
orders of magnitude above and below the critical.

The minimum electron density that can be measured
depends on the particular technique which is used in measuring

the resonant frequency shift of the structure and on

the sensitivity of the probe, that is the relative change



in resonant frequency referred to a relative change of

electron density,

A’f;/f0

n/nc

S =

With an amplitude measurement of the detector output the
minimum resonant frequency shift can be taken, as a value,
equal to half the bandwidth of the resonance curve when no

plasma is present.

Af _ 1
© /min Q0

where Qo is the d of the structure with no plasma. The

i

sensitivity and the Q must then be chosen-$6 as to have a_

resonant frequency shift equal to half the~bandwid£h'f0r an

electron density of 10*° e/cm®, i.e.,

or

where N is the minimum measurable electron density.
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The upper limit of operation is given primarily by
plasma boundary conditions. Near the surface of the probe
the electron density departs from that found in the unper-
turbed region because of charge diffusion and thermal grad-
ients. In this highly overdense condition the penetration
depth of the electromagnetic wave has been reduced to a
point where it becomes comparable to the thickness of the
region of perturbed electron density, and this is taken as
the upper limit of measurable electron density. The dielec-
tric material to be used must satisfy several physical
requirementé. It must be a low loss material in the oper-
ating frequency range in order to maximize the Q. The
dielectric constant should be within a certain range as dis-~
cussed below. Machineability.is a highly desirable quality.
The material should be capable of withstanding high temper-
atures for as long a period of time as possible and be
structurally strong. A numbér of materials have been inves-
tigated for these purposes such as Teflon, lucite, fused
alumina and boron nitride. 1In general boron nitride seems
to be more advantageous as far as the above requirements are

concerned.
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A necessary characteristic of the probe is that it
should have only one resonant frequency for each electron
density within the total range of operation. This. range of
resonant frequency shift should be large enough to provide
the desired sensitivity. Among all the possible modes which
may exist in this structure those differing from the TE
family are eliminated by techniques described below, while
all TE ;modes, except for the éarticular one desired, are
eliminated through proper choice of the frequency range.

The latter is attained through proper selection of probe
length, radius ahd dielectric constant. An optimum range of
frequencies can he obtained only if an additional variable
is introduced in the design of the probe. This has been
achieved.by the consideration of a tubular geometry instead
of a solid dielectric rod.

It is also possible to build a probe in which the fre-
quency is maintained constant and the effect of the plasma
is to alter Ag' thus producing a phase shift of the standing
wave pattern along the rod (Ref. 3). This method of opera-
tion would greatly simplify the microwave circuitry asso-
ciated with the probe. Such a probe.consishs of a dielectric

waveguide with a reflecting surface at one end and a perfectly
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matched input, for all possible phase shifts, at the other.

A detector is used to monitor the position of the minimum
voltage of the standing wave pattern, which in turn is related
to the electron density of the surrounding plasma. Two diffi-
culties are encountered with this arrangement. The first is
that in order to provide a sensitivity comparable with that

of the probe already described (variable resonant frequency)
the length of the dielectric waQeguide must be increased hy

a factor of five and the phase shift measurement accuracy
must be within a half degree. The second difficulty is that’
of providing a coupling which is matched for all possible
phase shifts without exciting undesired electromagnetic

modes. Such a coupling must have an input from a rectangular
waveguide (TE,, mode) and an output to a circular waveguide
(TE;, mode). The length of a tranéition such as this is
approximately 40 centimeters (Refs. 13 and 14).

| A third scheme of ope;étion was investigated in whichthe
probe operates at a constant frequency and the resonance
measurement is performed with a tuning element. The electron
density is theﬁ obtained as a function of a tuning device
position. Figure 2 show; a configuration operating according

to this idea. The coupling is performed by inserting a



13

portion of the dielectric waveguide in a meta;lic cylinder.
The plane of both input and output loops are located in the
azimuthal plane in a region of maximum magnetic field. Two
evanescent fields exist in this configuratiqn, the radial

one in the plasma-microwave interaction region and the axial
inside the metallic cylinder, which is a below cutoff wave-
guide for the TE,; mode. 1In principle it is possible to
compensate for the effect of one of these fields by acting

on the other. A resonance is found with no plasma surrounding
the probe and with the piston all the way against the dielec;
tric. As the electron density begins to increase the resonant
frequency also increases but can be brought down by allowing
the axial field to build up, that is by moving the tuning
piston. lMeasurements performed with this instrument show

that this principle'of operation is feasible. A description
of the interaction between radial and axial evanescent fields
can be found in Ref. 15, Seéﬁion 111, pages 15-16.

A comparison of the three schemes of operation shows
that a resonant frequency shift probe offers a minimum size
of the sehsing element, together with a reasonable complexity
of the associated electfonic equipment. The phase shift

probe simplifies the microwave circuitry at the expense of a
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much larger and complex sensing element. Finally the mech~
anically tuned probe offers a relatively small probe together
with simpler associated equipment but with the limitations
introduced by the tuning mechanisms. For an inflight appli-
cation of this probe the variable resonant frequency prin=-

ciple was adopted on the basis of these considerations.
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Iv. Mathematical Analysis of a Dielectric Rod -
Plasma Interaction

A basic description of the principle of 6peration of the’
slow phase velocity probe as well as a qualitative description
of the variables affecting its design have been prééented. A
more rigorous mathematical analysis of the dielectric rod-plasma
interaction will now be derived by considerina the dispersion
relation obtained by solving the>wave equation in cylindrical
coordinates. Considéring a circular dielectric waveguide of

radius r length z_, and refractive index ., surrounded by

dl
.a plasma of refractive index np one finds the dispersion relation

for the TE mode to.be given by

Oln
1 K
| X c>(X) Y Ko(y)
where
1/2 , v 1/2
X = r gf_ " 2 _ nzﬂz . - r nz‘n‘2 _ gﬁ 2§
T ol 2 @ z 2 Y E I, 2 2 p. }
c o) N z c

L)

J and K are the Bessel function of the first kind and
the modified second kind, respectively. No radial propagation

occurs as long as
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If this condition is satisfied in the range of small electron

densities“(#% < w) the dispersion relation yields :

2
i : w
Lw
Re | o ~ K 53 S
Lo . w 1l + v /w
o] o}
9
w
1 P v 1
B2, 2 2 —t
Q Sw? Y% 14 vz/w 2
O O

where the sensitivity Ks is given by

-1

K =

[ Jo E &) 1)
S

X, | G'(x) ’/

W, is the resonant frequency without plasma (xp = 1) and

Re (A w/'w,) is the relative shift of resonant frequency from
the lower limit @,. Xo and yo are the values of x and y for

W= . The derivatives are

Py =8 (2 e r
o Tax |x JI_(x)] Yo! Tay |y R (v) |

Thus the resonant frequency shift for “%<Ka5 is proportional

to the electron density of the plasma.
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For high electron densities where

2
« 1

b |
“F 11-i p/w

>1

the relations for Re(A w/w,) and A (1/Q) become

15 2 e
Aw 1 v
Re - @ )‘~ - Ksl ) 1 + ) + 1
1 w,
1
Y
w 2
1 1 2N
A(Q)~2Kslw 1 + > 1
P u&
where
X 2‘03
K = 1
Sl )\/'é'w3r3 2
© 1 Te) *3

and where Xy is the first root of Jl(x) = 0, and “ﬁ is the reso-~
nant frequency when the plasma is replaced by a perfec£ reflect-
ing surface at r=r_. Re(Aayui)is the relative shift in reso-

nant frequency from the uppef'limit w, - In this case the reso-

nant frequency shift is seen to be inversely proportional to
the square root of the electron density.

The minimum electron density that can be measured depends
on the particularvtechnique which is used; with an amplitude
measurement of the resonant output signal it-can be taken to be

the value which produces a resonant frequency shift equal to half
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the bandwidth with no plasma present, i.e.,

;.‘ﬁ’\, - 1
1“’0 ’/ min ’ Qo
or
nmin - 1
nc 2 Qo KS

where n_ is thg»critical and n i, the minimum measurable electron
density.v Typical values are Qo ~ lO3 and KS ~’lO_l, consequently
electron densities two orders of magnitude below the critical
value can be measured.

The maximum measurable electron density can be defined in
an entirely similar manner. The minimum detectable frequency
shift is taken as half the bandwidth of the resonant curve with
the probe'enclosed by an overdense plasma. Denoting the Q in

this condition as Ql gives

2 .
The value of 8 K is close to unity, thus n may be
sl max
several orders of magnitude higher than n with a relatively
c

low value of Ql' However, other limitations must be considered
in this range. Plasma dynamic considerations require that the
penetration depth of the electromagnetic wave at the maximum

measurable electron density be large compared to the thickness
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of the layer near the probe where n departs significantly from
the unperturbed value. The penetration depth, 8, of an electro-

magneticwave ingside a strongly overdense plasma is given by

[ 220% .
6 ~ iagag oY {1 + vz/w?) + 1
An estimation of the plasma boundary effects due to charge
diffusion and thermal boundary layer indicates that the thick-
ness of the region where the eléctron density is affected is
small enough so.that an electron density of approximately lOl4 e/cm3
can be measured. |

As mentionea before the use of a dielectric tube instead
of a rod allows fér a.- better selection of the characteristics of
the probe. The considerations made for the behavior of the
dielectrig rod are also valid for this geometry. ' The mathe-
matical analysis is performed by solving Maxwell's equations in
cylindrical coordinates for three different regions: the
central hole, the dielectric'materiai and the plasma surrounding
the probe. The boundary conditions at the surface of separation
bétWeen two media lead to the corresponding dispersion equations.
If no losses are considered the fundamental symmetric modes

(TE and TM) give the dispersion equations below. For the

TEOl mode
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. I.(k.a) x.1 7 R (k.b) . k 3
1'72 21 | Kylkg 3 .
J (k,a) —=— -7 (ka)—-;;—-————— (k.b)+— N, (k. b)| =
o 1 Io(kza) 1 kl:i o(k3b) 1"k, 101 !
r I.(k.a) k}. (k b) k. -
s 1'72 2111 3 =
IN (k.a) =——%— - N_(k,a) — ———-—J(kb)*-""-J(kb‘)f
Lo 1 Io(kza) 1'™1 klji-o(ka) o'l k, “171 |
and for the TMOl mode
(%2 x K, (k,b) Tk I, (k,a) I
P a3 A P9 T2 1727 s
— — N, (k,b) + —=— N (k b);g e — J (k.a) ~ J (k.a); =
f‘np 1 1t K(kb) 1 Jkal 1'71 Iz(kza) 1 Q
~ e 2
C k I.(k.a). I K, (k.b)
n2_2 1'\"2 , a3 173
a5 Ny (kja) - sy Y (k@) 5 1 Iy (kyb) + - J_(k.b)
{.kl I(ka) lJkal 171 Ko(k3b)olj
where
2. 2 2Li
kl=(xdko -kz)
L
2 2
kz“(kz"ko)
2 2 2 %
k3=(kz-xpko)

and where J and N are Bessel functions of the first and second
kind, respectively, I and K are modified Bessel fuhctions of the
first and second kind, respectively, nd is the refractive index
of the dielectric material,}tp is theArefractive index of the
plasma, k_ = w,J?—E_, k =‘%§ , and where a and b are the inner

and outer radii of the tube, and z is the length.
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A numerical computation (Ref. 15) has been performed for

a typical probe in order to show the relation between electron

density and resonant frequency shift for a TE

ol mode of

operation. The result of this computation is shown in Fig. 3.

The magnitude of the electric and magnetic fields has been

computed for the same probe.

The resulting equations for

the different regions of the probe are

0
k02 Il(kzr)
' i ’ < <
Toe " sin kz Z (0 r a)
o 2
0 1
o —
ko2 EDlJl(klr)+D2Nl (k,x) ]
: <y <
iwe X sin k, z| (2 <r=b)
C N
O ——y
o -
x 2 &k (k.r)
Toe ké sin kz 4 (
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where

Io(kzr) sin kz z

) kz-[plql‘(klr)+D2Nl

o

(k.r) ]

1

%

-

kZG‘Kl‘$k3r)
k.

3

cos k

b(‘Z-', Ko(k3r) sin kz‘ z

e W

= |

! I (k.a)N. (k.a) - !
2 ;o271 k

-

b
4

[DlJo(klr)+D2No(klr)] sin k_ =z

2

(0 <r < a)

cos k =z
z

(a <r <b)

(b < r)

Il (k2a)qo (?{la) - I (kza)Jl (kla ).

-

{
Il (kza,) NO (kla) ;
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D,J_(k;b) + D,N_(k;b)
K, (k3b)

G =

and where the other parameters are identical to thdse given
previously. |

Figures 4 and 5 show the magnitudes of these fields,
where the axial magnetic field at the tube center has been
taken as one ampere per meter. ' The configuration'of the
radial magnetic field is identical to the azimuthél electric
field. .The curves are shown for three values of ambient

electron density: n/nci= 10_2, 1, and 10°.
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V. Electromagnetic Coupling for the Dielectric Probe

The dielectric probe is made to operate as a transmis~
sion resonant structure such that the microwave generator is
able to deliver power ﬁo the detector only in the vicinity
of the resonant frequency. Several coupling configurations
have been studied to determine the most qonvenient circuit
for both input and output. Desirable properties of such a
coupling are mode discrimination enhancing the de;ired'TEOIn
mode over the frequency range of operation, and a
large output for the values of Q of the probe in the
operating frequency range.

The two basic types of coupling are loops terminating
coaxial lines and holes in waveguides adjacent to the reso-
nant structure.

Figure 6a shows a coupling performed with waveguides.

An E-plane tee (also called a series tee) has the property
that the electric field at the input propagates with oppo-
site phases in both arms and that the power is divided equally
between the two arms if thg loads are equal. For the con-
struction shown here the loads are short circuits symmetric
with respect to the input. The standing wave generated

preserves the symmetry of the magnetic field, and the holes
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located at Ag/4 from the short circuit exgite a radial
magnetic field in the probe. For a small size of the holes
no electric field is excited. An entirely similar device

is located at the other end of the dielectric tube. This
construction allows for a high symmetry in the ekcitation,
and no electric field is introduced. The main disadvantages
are the bulk of the construction and the difficulty of locating
both input and output on the same side of the probe. It was
also found that a ™, , mode is excited, and that in order to
éliminate its detection the output should be mounted with a
45° azimuthal shift with respect to the input.

Figure 6b shows a coupling performed with a family of
loops located at the plane of the reflector near the center
of the dielectric waveguide. The input is a coaxial cable
which is split into four loops located in the azimuthal
plane. The magnetic field so generated has no azimuthal
components. The detector isuconnected to a similar arrange-
ment at the other end of the dielectric tube. The coupling
is not performed in the region of maximum magnetic field

corresponding to TE,, mode;'consequently the size of the
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loop has to be increased up to a point where it becomes ¢om-
parable to the wavelength. The electric field along the
loop now becomes important and undesired modes are excited.

Figure 6¢c shows a coupling arrangement where a metallic
rod is located along the center of the dielectric tubing.
This rod is the shield of a coaxial line. The coupling is
performed with helical slots in the shield; the current
flowing axially is deviated in correspondence to Ehose slots
thus introducing longitudinal components of magnetic field.
The coupling region is located Ag/4 from the reflector, and
the coaxial feeding line is short circuited Ag/2 from the
slots in order to have a maximum current flowing through the
coupling. The output is obtained from a similar circuit
mounted at the other end of the dielectric tubing. This
coupling allows for a mechanically strong structure and can
be adapted so as to have both input and output in the same
side. The main problem is tﬁat a coaxial family of modes
is introduced.

Another coupling performed with loops is shown in
Fig. 7. Their location cérresponds to the maximum radial
magnetic field, consequently their size can be made much

smaller than in case 6b. The detector is located at the
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other side of the dielectric tubing. The behavior of this
coupling system was found to be satisfactory. A modified
form of this coupling was used in the last version of the
probe.

The coupling used in the final version of the probe is
shown in Fig. 8. The dimensions have been reduced to a
minimum and both input and output are on the same side of
the probe. Instead'of circular holes a set of four dumbbell
couplings are located in one of the reflecting surfaces.
Fbr a given linear dimension the dumbbell allows for a
stronger coupling and a weaker electric field excitation
compared to a circular hole. The coupling is made by a wire
which runs perpendicular to the slot of the dumbbell, and in
close proximity to it, generating a current and a magnetic
field similar to those existing in a strip line. The
magnetic field can be maximized by putting a short circuit
at a distance equal to A/2 from the coupling, or an open

circuit at A/4.
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The connection between coupling holes andvexternél
circuits is performed with a double coaxial line:‘
where three concentric ° conductors are used; The inner
conductor, "a,' feeds tWo opposite holes exciting in phase
radial magnetic fields. The end of the wire is an open cir-
cuit at A/4 from the coupling. Both signals are added in a
"tee" at the axis of the probe and go out to the fA" con~
nector. The iﬁtermediate conductor, "b," a tube;:couples
the other pair of holes which are located at A/2 from a
short circuit. Here also a tee is used to add the two‘
signals in a symmetric way. The output connector "B" uses
a A/4 stub to avoid short circuiting the signal while
allowing the inner conductor "a" to go out tb cénﬁectbr "A."

The relative position of the wires is maintainea with
teflon spacers, while a brass box with partitions avoids all
direct coupling between the two signals, so that the only
coupling between input and output is that through the
dielectric tube in a resonant condition. The connectors are
interchangeable, except that "B" provides a D.C. return to
ground while "A" does not.” This coupling scheme eliminates

the dipole mode which appears with nonsymmetric excitations.



The TM,, type mode may appear with this coupling, however
it is easily eliminated with a set of six longitudinal

wires, as shown in Fig. 8.

29
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VI. The Final Probe and the Calibration
With Simulated Plasmas

The final model of the electron density probe consists
principally of three sections, the electromagnetic coupling,
the dielectric element, and the reflecting plates as shbwn
in Fig. 9. The coupling, as described in Chapter V and
seen in Fig. 8, excites the TE,; mode. The dielectric
.element is a boron nitride tube of relative dielectric con-
stant four which has an outer diameter of one inch (2.54 cm),
an inner diameter of three eighths of one inch (0.95 cm),
and a length of 0.717 inches (1.94 cm). This length corre-
sponds to one full wavelength of the TE,; mode in the axial
direction.’ The circular reflectors which terminate the
element are one and one half inches in diameter (3.8l cm).
This diﬁension was found to be the minimum which could be
taken without seriously affecting the open cavity Q. The
resonant frequency of the structure without plasma is
9175 MHz with a corresponding Q of 1500. The upper limit,
found by tightly wrapping the element with a metal cylinder
is 10,120 MHz with a Q of 1000. This gives a total range
of operating frequencies.éf 945 MHz.

The slow phase velocity probe has been calibrated in
the upper and lower portions of the measurable electron

density range with plasma simulating materials. 1In the
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lowest range of electron densities the plasma has been simu-
lated with a low dielectric constant plastic foam (Ref. 4)
which, except for a sign, -simulates the perturbation to the
electric field produced by a strongly underdense plasma. . In
the upper range the simulation is performed by wrapping the
probe with metallic cylinders of inner radius slightly larger
than the outer radius of the probe. The small gap between the
two is then related to an equivalent penetration of depth the
electromagnetic wave into the plasma. A calibration is made
with those devices by precisely determining their equivalent
electron densities and measuring the corresponding resonant
frequency of the probe.

The equivaient electron density of the dielectric foam
is

_ _ i _ .
n= (er 1) nc (3.36x10~"°) n,

As the critical electron denéity n_ for this probe is
1.04x10%*2 e/crﬁ3 the correséonding electron density simulated
by the plastic foam is 3.49x10'° e/cm®. The resonant fre-
quency shift due to this foam was found to be 5.5 MHz. The
half bandwidth of the probe response with no plasma is

2.5 MHz so that the linear approximation for the frequency
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shift, which is valid in this region and which takes the
half bandwidth as the lowest detectable shift, gives a mini-
mum detectable electron density of 1.84x10'° e/cm®. The
calibration performed with the dielectric foam is shown in
Fig. 10.

In the upper range of electron densities the calibration
is performed with a metallic cylinder placed coaxial to the
probe. The equivalent electron density can be found by deter-
mining analytically the resonant frequency shift for such a
configuration and comparing it with that found for a highly
overdense plasma,‘as in Chapter IV. For a configuration such
as that shown in Fig. 11 the resonant frequency shift is found

(see Appendix I) to be

Aw

22 A
= 3

X r
- s 8. 2
“ “ Yo *a

where w, is the resonant frequency as the gap Ar = r;-r

approaches zero, x; is the first root of J, (x), and nd is
the refractive index of the dielectric material. It was

found in Chapter IV that with a highly overdense lossless

plasma the resonant frequency shift is given by
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Comparing these results it is seen that for a given Aw there is a

unique correlation between Ar'mmiab which is.given by

ax-g
P

where a% is angular plasma frequency.

A calibration of the probé has been made utilizing this
equivalency. The érobe was surrounded by metallic cylinders
of varying sizes and the resonant frequency for each noted.
An equivalent electron density was then obtained from the
last relation. &he calibration points obtained in this
manner are shown in Fig. 12.

As there is always some degree of direct coupling in
such a étructure the output of the probe has been measured
throughout the entire range of operating frequencies fo; two
conditions. These are the limits of operation, that is no
plasma on one hand and tightly wrapped with a metal cylinder
of gap A r = 0 on the other. The results of these measure-
ments are shown in Figs. 13 and 14. The relative outéut of
resonance is shdwn throughout the rahge of operating fre-
guencies in Fig. 15. It is seen that the output is fairly
constant throughout the range, varying only by a factor of

three.
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VII. Calibration with shock and Discharge
Produced Plasmas

A calculation has been made of the plasma conditions
in which the probe being developed will be immersed during
reentry (see Chapter II); It is important that the plasma
used to calibrate the probe be as similar as possible to the
above-mentioned reentry plasma with respect to the properties
important to the operation of the probe, namely, eléctron
density and collision frequency. Two laboratory piasmas which
are capable of producing these properties in a no-flow con-
dition are those found in the reflected shock region of a
shock tube and the after-glow region of an arc-discharge
tube. Both of these have been used to calibrate the probe.
The two gases being used to simulate these conditions in the
laboratory are air and argon, each of which offer certain
advantages and disadvantages. It was found both analytically
and experimen£ally that for the conditions available in the
GASL laboratory facilities, argon offers an important advan-
tage over air. In simulating the proper electron densities
with both gases the collisiqn frequency is found to be much
nearer the desired value in argon than in air. For this reason
studies have been directed towards argon; however, both gases

have been used extensively. It should also be noted that the
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higher collision frequeﬁcies found in air not only hampers the
operation of the probe but also that of the calibrating inter-
ferometers. Two microwave interferometers, operating with

1 om and 4 mm wavelengths, have been used in this study. The
basic characteristics of the two are a maximum measurable
electron density of 10*®and 7x10'®e/cm®, respectively, and a
minimum measurable electron density (ten degree phase'shift) of
4x10'°and 10**e/cm®respectively, when mounted in the shock
tube. Typical calibration charts of these two systems are shown
in Fig. 16, and a schematic diagram is shown in Fig; 17.

In these interferometers, an interacting signal passes
through the plasma and is compared with a reference signal.
The effect of the plasma is to cause a phase shift and an
attenuatipn of the interacting signal. This phase shift
produces timewise osciliations in the detector output. A
typical interferometer trace for a plasma whose electron.
density increases_to‘a maximuﬁ and then decreases again (such
as that produced in the incident shock region of a shock
tube), will appear as a phase shift of several degrees (or
cycles) until the meximum is reached, and then reverses itself
and retraces this shift in the opposite direction. As the
electron density is increased the interacting signal reach-

ing the detector will be reduced due to partial absorption.
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As a consequencerthe observed traces show an attenuation of
the os;illatiéns near thé_reversal point. This~description-
is for the case of low coilision freqﬁency,»i.é., v/dwle“aa
For largef values the attenuation is greafly increased thus
restricting the use of the interferbmeter. As an example,
‘with n/nc-~ O.E'the»éiqnal'of the 1 om interferometer is
reduced by ~ 90% for v/w;v 107, whileAthe reductioﬁviSf~25%
f¢f v/w ~ 1072, For a plésma whose electron denéiéy doeé not
increase monotonically to a maximum and then decrease monoton-
ically to zefo this. simple approach is nét poséible. This
description further assumés, among other considerations, that
the gradient of electron density.in the interaction region be
small.enough so as to provide a meaningful average.

The first facility to be used in the actual calibration
of the probe was the shock tube. it was felt that before a
meaningful diagnosis of the réflected shock region'cculd be
made the incident shock plasma would ha&e to be thoroughly
‘understpod. As the delivery of the 4 mm wavelength klystrdn
was delayed seVerai months the investigations were begun with
the 1 cm interferometer. A ﬁypical study is shOWn in Fig. 18
for an incident argon plasma. Three traces are shown for vari-
ous initial (driven) pressures of argon at’approximately

equivalent Mach numbers. The upper trace in each is that of
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the (one cm wavelength) interferometer, while the lower is a
marker.'Fig. 3, for instance, yields values for collision fre-
quency and electron densify at peak conditions behind the
incident shock of approximately 2x10%/sec and 2x10'2e/cm®,
respectively. The corresponding equilibrium values are approxi-
mately 2x10°/sec and 3x10**e/cm® respectively. The discrepancy
in electron dénsity has been noted previously in the litera-
ture (Refs. 16, 17, 18, and 19). The duration of the plasma
has been estimated from these three traces (Fig. 18) and piotted
in Fig. 19. This time has been arbitrarily taken as that durihg
which a detectable phase shift appears in the corresponding
interferometer tréce. Again, similar findings have been noted
in the literature (Ref.20). With the arrival of the 4 mm
klystron the second interferomefer was used to check the con-
ditions c§rresponding to Fig. 18b. The trace obtained is
shown in Fig. 20, where it is seen (upper trace) that this
also gives a peak electron density of approximately 2x10'?e/cm®
Similar traces for incident air plasmas are not as easily
analyzed because the much increased collision frequency causes
a far greater attenuation of the observed oscillations (Refs.
21 and 22).

Having what was considered to be a sufficient understand-

ing of incident shock plasmas, a study was begun of the
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reflected shock region. This egain was begun'with the‘l‘cm
interfetometer and then oontinued with the 4 mm'interferometer
when available. StudieSIWere made for’several conditions in which
the position of tbe reflecting piate was varied systemaﬁically
between two positions. This piate represented the end of the

- shock tube as far as the flow was concerned, Or more specif—
ically, it waS'in’this region that the reflected plasma wae to
be'found. The two positiohs were (a) well downstream of fhei

interferometer and (b) adjacent to the downstream edge of the

interferometer horn. In this way it was possible to obtain the

trace due‘to the ineident plasma alone, and then to subtract
this from the trace obtaioed in the reflected ehock region. It
is then possible to successfully separate the trace'due to the
refleeted shock end analyze it apart from the rest. Even with
this techoique,’it is extremely difficult, if not.imposeible,4'
to draw significant conclusions concerning ﬁhe properties of
the reflected region plasma. This is due primarily to the fail-
ure of the reflected shock region plasma to meet two require-
ments mentioned earlier; first that the plasma be sufficiently
uniform in the region of interaction and second, ﬁhat the
electron deosity incfease and decrease monotonically. in addi-
tion, it is found that the reflected plasma is smaller in length

and lower in electron density than that anticipated (Ref.23).

Fig. 21 shows the trace obtained with the 4 mm interferometer
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'with an endplate adjacent to the horn. The left éart of the
trace corresponds to the incident plasma and it can be analyzed
in terms of the phase shift. The part at the right shows the
effect of the reflected shock which ié very difficult to analyze.
Two techniques weré developed to overcome the diffiéulty

of properly diagnosing this reflected shock region plasma. The
first was to produce a weaker plasma such that the interferom-
eter trace was just a 180°phase shift (one-half cycle). In
this experiment‘the phase shifter on the interferometer is set
.so that the signal begins either in the minimum or maximum.
The highest electron density attained in the reflected region
then deflects the output signal to a 180° shift (to the oppo-
site extreme) and 180° .back, giving the appearance of a full
cycle. If the highest electron density attained is less than
the required value the amplitude of the observed deflection
will be smaller than ﬁhat anticipated, while if it is higher

some uninterpretable fluctuations will begin to appear at the
reversal point of the interferometer trace. With this tech-
nigque at least one point can be found where the electron den-
sity is known in the reflected shock region. With the 4 mm
interferometer horns mounted flush to the wall of the shock
tube the electron density corresponding to a maximum deflec-

tion of a half cycle of 1.6x10'? e/cm®. The probe is then

inserted in the test section exactly where the interferometer
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measurement was made and the‘fiow parameters exactly repro-
duced. . A study is then made to find the greatest-fréquency‘
for whi;h the probe will react. It is then concluded that
this freqﬁency corresponds to the value found with the‘inter—
ferometer. This particular technique has been used for two
geometries ag shown in‘Fig; 22. Part (a) shows the position -
of the probe sﬁpport and first reflectof, wiﬁh theAinterf
ferometer horns looking through the region whére tﬁe probe
element and second reflector will later be placed. After
determining the flow conditions which produce a half cycle

in the interferometer trace, the horns are replacedvby the
prébe as shown in (b). Part (c¢) shows the'same arrangement
as in (a) except that now a scréen is placed in frcn£ of the
probe holdef; The coﬁditions needed to-produce a half cycle
interferometer trace in this configuration are not the same
as for the first so that the entire procedure must be repeated.
As before the probe element (dielectric waveguide) then
replaces the interferometer hoins. The two calibration points
obtained in this manner are shown in Fig. 12. The First
confiéuration gave a maximgm ffequency shift of 100 MH# while
the second gave a shift of 90 MHz. It is worthwhile pointiﬁg
out that although the calibration of £he probe could not be

extended beyond the tWO‘points obtained, a resonance of the
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probe has been detected throughout the entire range of operat-
ing frequencies in the configuration of Fig. 22b. Fig. 23
shows the reaction of the probe at a frequency shiff of 700 MHz
which according to the éalibration performed with the metallic
cylinders corresponds to an electron density of 5x10'%e/cm® .
The second attempt to overcome the difficulties of
diagnosing the reflected shock plasma consisted essentially
of replacing oﬁe of the interferometer horns by a reflecting
mirror aé shown in Fig. 24b. The reflecting mirror of this
double-path interferometer was then placed at a distance equal
to the length of the boron nitride probe ahead of the horn in
a direction coaxial with the shock tube, as shown in Fig. 24a.
In this way the probe could be placed in the same configura-
tion and then calibrated with the results obtained from the
interferometer. An interferometer trace obtained for this
arrangement is shown in Fig. 25. It is seen here that the
interpretation of the obtained trace is not straightforward.
For this reason no attemp£sbwere made to calibrate the probe
in this conditioh A measurement such as that described above.
utilizing the half cycle reversal point might have been possi-
ble for this configuration but it was not fully investigated

because of a lack of time.
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The second facility to be used for the probe calibra-
tion was a discharge tube in which simﬁltaneousAmeasureménts
of elé&_tron c‘iehsity were inade with the 4 ﬁ\m_ interferometer and
the probe in the aftergiow region. A schematic diagfamlof the
facility is sthn vin’ Fig. 26. ﬁ_f‘he plasma is obtained by discﬁarg-—
“ing a 90 MF maﬁacitor (with a 6 KV maximum rated voltage)through
two 15 em diameter disks at a separation distance of 65 com. The o
gléss test’section surrounding the disks}mw four ports located
jﬁxthe center such that they face each other in pairs, witﬁ_the
_réspectiVe pair axes séparated by 5 cm. Wiﬁh tﬁis arrangement
the interferometer hcrnswerenmunted through one}pain flush to
the tube wall, whilé the probe was’ inserte_d through one of the
remaining ports‘ Using argon‘thé discharge is produéed at'é
réducéd pressure and outputs are monitored from both devices.
As thé’eléctron density decreases time—wisevin the aftefglow
region an output of the ptrobe will be observed. The calibration
is then maaekmraséociating the preset frequency shift of the
probe with the e¢lectron density measured with th.‘e interferom-
eter ét'the time‘when a resonance is observed in the probe. A -
typical trace is shown in Fig. 27. In this picture the probe is
set at a frequency of 125 MHz abové the resonant frequency with
no plasma. The ocutput is seen.(lower-trace) to occur at a

‘time when the interferometer reads (for this horn separation)
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2.1x10'® e/cm®. The calibration points obtained in this
manner are shown in Fig. 12. These points were obtained at
an initial pressure of .d35 mm Hg argon and a potential of
500 volts. The 1 cm and 4 mm interferometers were used
simultaneously in order to check the obtained traces. It
was found that the two saw the same electron density. A
typical trace comparing the two is shown in Fig. 28. 1In
these conditions the calibration of the probe was performed

in the range of electron densities from 4x10'° to 1x10*®

e/cm’ .
The upper limit of electron density in the calibration |
process mentioned.above is limited by the high noise level

of the recorded signal at small time intervals immediately
after the end of the discharge current. To increase the
upper limit of this calibration a stronger discharge is
required. However, for stronger discharges it was observed
that the time correlation between the resonance of the probe
at a given frequency and the interferometer reading dépends
upon the applied voltage,. namely the discharge strength.

This situation made it impossible to use the discharge
induced plasma for the probe calibration in the upper range

of measurable electron densities.

A final resonant fregquency shift vs. electron density
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curve has been constructed utilizing the calibration points
obtained with both the real and simulatéd plasmas described.
The cﬁrve ig shown by~thé solid 1ine’in Fig. 12, The lower
portion of the curve, in the ranée 10*° to 10*' e/cm® wés
deterﬁined primarily by the dielecfric foam calibration and
the knowledge Ehat the resonant frequency is linearly reléted
to the électrdn dénsity in this range. - The'middle'portidn_b
qf'the curve, c@rresponding to 10*' to 10'°® e/cm®, has 5een
determined primarily Qh the calibrations peffqrmed with the
shock tube énd electrical discharge produced piaémas. The
remaining section of the curve was determined primarily on
the basis of the calibration performed with the metal
cylinders. - An inépection of the curve shows that in genéral
these portions overlap ¢ach other. For the purpose of iilus—
tratioﬁ the approximations fo; small électrcn deﬁsitieé and
for highly overdense plasmas‘(see Chapter 1IV) havé been

shown.
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VIII. Estimated Perturbation of the Electron
Density Distribution Due to Diffusion-
and Heat Transfer

Due to the physical presence of the probe in the
ionized gas the measured electron density may differ from
that in the unperturbed gas. These perturbations arise from
locally inducea changes in flow field properties due to local
transport phenomena and the geometry of body. Ideally the
probe is to be located in the zero velocity region of the
separated flow. However one must expect that during the
inflight application finite velocity gradients wili exist
near the probe. For a location 75 cm aft of the shoulder it
is estimated that the velocities about the probe should not
exceed 100 m/séc for a flight condition with a velocity of
33 kfps and an altitude of 200 kft. This situation corre-
spons to the first'penetration to an altitude of 200 kft for
the 3000 nm reentry trajectory with a reentry angle of -6.4".
Peak electron densities and heat transfers are estim#ted to
occur in the vicinity of this flight condition. Furthef,
gince temperétures in this region are estimated to be about
5400o K the corresponding Mach number will be about 0.1.
Therefore locally induced changes in density due to flow

perturbations will be small.
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Under the aforemenﬁioneﬁ flight~conditions the elec-~
tron density distributicﬂ-surrounding the“probe'shquiahbe
primariiy‘affected byvheat tfansfer from the gas to ﬁhe_rela~_
tively}aaid probEAsurféce and the diffusion process of Ehe

charged partiéles.toward the probe.

The asseésment of the heat transfer effects on the
locdl electron density is quite difficﬁit fof a numﬁer cfA
redsons. First, it is well known that the deécripéion of the
fluid mechanics of the flow in the seﬁaration :égion ig incom-
plete. oﬁly the gross flow field propertiés are qualitatively
ﬁnﬁeréton and both detailed experimental and analytical
‘inﬁestigations of.thé flow in thesé regibné are not yet avail~
able. - Further discussions of tﬁe environmént‘anticiéated_Can
be found in-éhapter X; Furthermore the‘altitﬁde raﬁge over
which the probe is to operate results in local flow regiﬁes
'extending from continuum-flow at 150,00Q ft to free molecular
flbw at 350,000 ft. Pinally as mentioned previously veldcity
gradients exist in the separated flow region which preclude
consideration of purely cbndpctivé heat transfer from the air
to thé probe. Estimétes.of thé local flow properties for the
200,000 ft ;ltitude cage wﬁere.a local velocity of 100 m/seé
‘wag taken, indicate that Réynolds number bésea on the probe

diameter is about 5. The estimated mean free path is 0.28 mm
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with a corresponding Knudsen number of about 0.01. This
flight condition at 200,000 ft then appears to present local
flow conditions which are on the borderline between'continuum
flow and slip flow. Fufthermore the Reynolds number of 5
indicates that a Stokes like flow condition will prevail
around the probe. This flight condition then represents a
flow situation for which heat transfer effects could be
estimated and ﬁe used as a base from which departures into
either ﬁore well established continuum or rarefied flow
regimes could be assessed. The fact that the surface tem-
perature of the probe is relatively cold compared to the
ambient temperature makes it impossible to apply existing
incompressible Stokes flow solutions about the cylindrical
sensitive element of the probe. Further there does not appear
to be any available theoretical treatment of this problem.
Numerical solutions of the flow around cylinders in low den—
sity flow using Monte Carlo techniques have been published in
Ref. 24 however the calc&lations have been restricted to
Knudsen numbers above 0.10 because of computing machine
capacity limitations. Therefore in order to obtain an
estimate of the temperature gradient above the surface of

the probe use has been made of the available experimental’

heat transfer data obtained for cylinders in flow situations
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comparable to those of interest here. The heat transfer data
used is presented in Ref. 25 where the Nusselt number is
given as a function of Reynolds number.

These data were uéed to determine the heat flux to the
probe wall in the following manner. The heat transfer coeffi-
cient h is obtained from the relation

k
t
h = NN "D

where NN is the Nusselt number obtained from Ref. 25, kt is
‘the air thermal conductivity at the total air temperature and

D is the diameter of the probe. The temperature gradient at

the wall is obtained from the relation

h (T -T) = -k (93)
w 0 w |dy
w
where Tw is the wall temperature, TO is the recovery tempera-
ture (for the Mach number under consideration here the recovery
temperature is equal to the total temperature, Ref. 26), kw is the
thermal conductivity at the wall temperature and (dT/dy)W is

the temperature gradient at the wall. For the 200,000 ft

altitude conditions mentioned above (Reynolds number = 5,
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Mach number = 0.1) the temperature gradient at the wall is
calculated to be 0.7x10* °K/mm.

These results are indicative of large temperature gra-
dients and that the asymétotic temperature is reached within
a distance of the same order as the penetration depth of the
electromagnetic field in a plasma with an electron density
< 10'4 e/cc. Even assuming that the local value of the electron den-
sity ¢corresponds to tihermal and chemical equilibrium everywhere
fhere shéuld be no significant perturbation of the electron
density measurement due to heat transfer at this flight con-
dition. As was pointed out before this 200,000 ft altitude
flight condition has associated with it estimated vehicle
separated local flow conditions which are in the transition
region between continuum and slip flow. Above 200,000 ft
rarefied gas effects will exist in the local flow around the
probe. In particular in the upper range 300-350 kft locaily
a free molecular flow will exist around the probe. The mean
free path is comparable té the probe dimensions and it is
meaningless to compute a temperature gradient. Furthermore,
in this regime the charged particles will interact with the
surface of the probe independently of the neutral particle
distribution around the probe. As a consequence heat transfer‘

considerations in the upper range of altitude should be even
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less significanf than tho#e ésﬁimated for the.200y000 ft-case{;
Since‘heat transfer effects do not appear'tp be significanti
at thh'ends of the fahge frbm 200 kft to 350 kft it is not
- expected ghat substantial pérturbations in electron aenéities
\due to heat ti&psfer:effectSWiil arise at intermediate alti-
tudes. At altitudes lower than 200 kft one can expecﬁ deparf'
tu#es fromvStokes like flow and althbugﬁ caléulaﬁe& témpera_
ture gradients will be larger thén those detefminea for 200 kft
there will be an onset-bf vortex shéding‘which‘Will_reSulE in’
'unsymmetrical flow aisfributions about tﬁe'probe; Estimates
of.thévheat trather aﬁd local flow:effects are difficult and B
_thé probe operation should be checkeaiexpéfiméntally'undér
these cdnditions; However befofe an éffort is made in this
direction.it‘is récomménded that a carefﬁl study of £he éffécts'
of ablation’prodﬁcts on the electron densityhlével:be made
becaﬁse preliminary estimates,of the electron density in the
separated flow region for pure air Chemistry at 150,0b0’ft
.indicates that the electron dehéity is below thé'iower limit
of operatién of thé ptobe;‘

| An additioual'pertu%batioﬁ of the electron'densiﬁy dis-
tributionudue to the physical presence of the probe in the
,iohiZed gas is caﬁséd by tﬁé’diffusion of charged particles

(ions and electrons) to&ards the surface of the probe.
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The effect of the diffusion processes is to decrease
the electron density at the wall of the probe éoﬁﬁared to the
electron density in the uﬁperturbed medium. A gradient of
electron density is found at the surface of the probe in a
direction perpendicular to the surface itself. Therefore the
error introduced in the measurement is small only if the elec-
tron density gradient at the probe surface is sufficiently
large such that the electron density attains a value close
to the unperturbed value within the penetration depth of the
electromagnetic field of the probe inside the plasma.

At altitudes where‘a continuum approach to this problem
can be used for the range of electron densities of interest,
one may assume that the electrons diffuse toward the surface
of the prqbe according to the ambipolar diffusion model.

To estimate the order of magnitude of the diffusion
effect one can consider the axisymmetric problem of a cylinder
of infinite length where the diffusion occurs only in the
radial direction. 1In the range of temperatures up to 5000°K

the ionization reaction
+ —
N+0+ 2.8 ev N0 + e (1)

can be considered the dominant one. In this particular case

the ambipolar diffusion in the radial direction in the ionized
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gas surrounding the cylinder is governed by the equatidn

SE+SE = (v-1) (@)

-where y=n/n&, n 18 the local value of electron density and n_ is
the vdlue o6f electron density in the unperturbed medium, i.e.

The éanstént'a is giVen by

where pN, no a:é»the nitrdgen‘and oxygen_number densities;
respectively. kD is the forward reaction rate of Eq. (1).
D is the ambipolar‘diffuéion'coefficient.

Bg. (2) must be'solvéd numerically and, as a boundary
condition at the surface of the cylindef (r = ro) one can
agsume & value df the electron density which~is_negligiblé'
.compared to n;.. With this assumpfion one overestimates thel
effeét of the diffusion procéss.  The numerical integration
of Eq. (2) is presented in Fig. 29 for several values of o*.
One obsérves that the effect of the diffusion is substantial -

for of < 1 em™,
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For the assigned trajectory when the altitude falls
below 200 kft the value of ¢ is found to be larger than
1 cm~®. On the other hand as the altitude falls below 200 kft
during the final part of the reentry the expected electron
density in the unperturbed medium should be small and even
below the range of operation of the probe. 1In any event no
substantial perturbation due to the diffusion process has to
be expected in the altitude range between 200 kft and 150 kft.
buring the initial phase of the reentry at the minimum alti-
tude of 200 kft (90 seconds in Fig. 1) the computed-value of
¢ is in the range between 1-10 cm~2.

At 200 kft the mean free path for the neutral particle
is .28 mm as indicated before and the continuum approach is still
valid. At higher altitudes where the mean free path is of the
order of the penetration depth of the electromagnetic field
a continuum theory is not valid and Eg. (2) cannot be used to
compute the electron density profile around the cylindér. In
the_upper range of altitudes which correspond to a mean free
path of the order or larger than the diameter of the cylinder
| it is expected that the Debye shielding distance be thé
dominanf parameter in defining the extent of the perturba-

tion in electron densities around the probe. Even for the lowest
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value of measurable electfon‘densities'ne = ldl°e/cm3the.
Debyé'shielding~distance-is ~ 5.10-3cm. Therefdré in view
of the éxﬁremély smali valuevof the Debye shielding distance
for the cﬁerating'rangé of the probe compared to the'peﬁétra-
tion depth of‘the.elecﬁromagneﬁic field in the plasma one

should not expect & significant error in the measurement.
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IX. Manual of Operation

The equivalent circpit of the probe is shown in
Fig. 30a, This corresponds to a transmission cavity whose
resonant frequency is avfuhction of the plasma electron -
density interacting with the electromagnetic field attached to
the dielectric rod. Two couplings, "A" and "B} are furnished,
both with under critical coupling. Energy between the two
connectors can be tranSmitted at resonance only. If a micro-
wave generator is connected to "A" and a microwave detector to
"B," only one value of electron density will allow the -signal to
reach the detector for a given setting of the input frequency.
There is, therefore, a unique correspondence between electron
density and reéonant frequency throughout the specified range
of operating ffequencies.

Either connector "A" or "B" can be used as ah input, or
output, but it is worthwhile noting that "A" does not provide
a D,C. return, as required for most microwave detectérs.

This characteristic is shown by including a fictitious con-
denser, "C," in the equivalent circuit. A variety of

methods can be used to detect the resonant condition of the
probe. The circuit and procedure presented here correspond

to that employed during the calibration of the probe. The
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layout is# shéwn_in Fig. 305.' A'klystron‘pawer supply |
(FXR 23198) féédsai3 cﬁ wavelength klystron'(Sperry 2K39).
The klfstfon butput_gdes~through an iéolatof-(Airtfbd 332170),’
"a wavé meter (SPerﬁy léx1), an at£enuator (DeMornay-Bonardi
' DBG;Qlé)i and,é,dirééticnal coupler’(DeMornayaBonardi)Bl).
The power supply alldwé?cmntinuoué wave operation as well as__.'
several Eypeé of mbdulatioh. The dirécﬁional’couplef-fur—'A
nishés & refe:eﬁée for chécking the power and frequency @f
the genératéﬂ signai. The output of the mi¢rowavé gystem is
fea to theﬁpfobe input "A." Connector "B“~is-uéed to fée& a
éryétal'ﬁeteetor (1N76) whdse output is displayed on'a double
beam oscilloscope (Tektronix typ§'551,>Type D*ﬁréamplifier)_
togethgr.with the féferencé. | |

| A photographic camera can be used as an information
recordiﬁg device when thé probe is ﬁsed simultanecﬁsly with
an interferometer. Both‘siqnais can be displayed iﬁ one
oscilloscope thus simplifying any desirea comparisons. An
apprmpgiate éircuit haé to Ee used to trigger the oscillo-
écbpé tréée. for the calibration of the probe.iﬁ a shock
’tube,.héat transfer gages.wefe used as_triggeré, while in an
electrical discharge thé sweep was initiated with a signal

sbtained from a current sensing coil.
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The following steps indicate a systematic approach for
the measurement of elect;on densities with this probe.

1. Determine the resonant frequency of the probe with-
out plasma. This is ddhe by varying the frequency of the
microwave generator until an output from the probe is found.
the wavemeter can then be used to determine this frequency,
fo’ which should be the same as that indicated on the cali-
bration chart:(Fig. 31). By using a pulse modulated signal
the rise time of the detecting circuit can be determined.

To obtain a resolutioﬁ on the order of several micfoseconds
it may be convenient ta connect a resistance in parallel
with the crystal to cpmpensate for any capacities introduced.

2. After.estimating the ekpected electron density,
the corresponding frequency shift, A £, can be fdund from
Fig. 31l. The microwave generator is then set at a frequency
equal to fo + A £. As the output signal of the detector
varies over wide limits, depénding on its own characﬁer—
istics as well as that of the plasma and the microwave genera-
tor, the requiréd pre-amplifier sensitivity to be used can only
be found by performing the measurement. During the éalibra—
tion 6f the probe outputs between 100 mv and 1 mv were

obtained. Thé sweep speed of the oscilloscope must be
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chosen'accoraing'to the expected duration of the plasma
under study. The shock 6r aischargevshpuld now  bé
1n1t1ated and the resultlng photOgraphlc trace interpreted.
‘the main con91deratlon at this pomnt would be to determlne
whether the electron density to beé measured is above or
below that for which the probe has been set. 1In a'éhock‘
tﬁbe, forvinsﬁapce; wheré the electron density beﬂind the '
ineident shock first bﬁilds up and then decays  after
reachingfa ﬁaximum, one will find no prébe ouﬁput}if the
p;esét frequency‘correSPOhdé to_an'electron densityrhigher
than‘the maximum obtained, Qne_éutput if they are just equal,
gnd two outputs‘if the preset value is lower. The 6sci1;v
loscope :sétting (time and amplitude) should now be rgset
to opﬁimize the’obtAined photographs. In~the‘eléetricai
discharge the building up tiﬁe . 0of electron density isg

Very short and is marked by strong inﬁefference dug to the
high currents in_the circuit.. Consequently thé-measuremeht
is performed.only»in the afterflow region. 1In this-situaa
tioﬁ‘the reaction of the prbbé'moveé_towards the time'origih
as A f is increased, to a.point where it becomes indistine

guisable from the interferentce introduced'by the discharge. -
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The probe output will be seen to decrease with increas-
ing electron collision frequency for a given éreset condition.
This is most easily obser&ed in the reflected fegion of a
shock tube where the response to the incident plasma will
in general be greater than that of the reflected plasma for

the same preset frequency.
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X. In Flight‘Application'of'the Probe

‘ A. Separated Flow>Patterns
" The separaied_flow patterns abouﬁ‘the afﬁefbody of
the-Apollo spacecraft is to ablarge extent unknown. While
»numefous'studies'havé been made of the heat transfer to the
afterbody surface 1ittlevhas been done to determine the
details of‘thé flow within the separated flow regién; In.
'Réf. 27 résul£$ were reéorted‘on measurements of‘éhé
boundaries of the sepaiated flow over the afterbody for 0°
and 35° angle of attack. These results:indicéte that when
one considers the 1eeWard éide of the vehicle. the inclina—-
tion'of’the separated flow bounaéry,remains essentially
fixed with respéct to thé véioéity‘vector of the spécec;éft_
as the angle of‘attaék is varied from 0° to 35°. :Based on
this information frqm kef. 27 it is possible to estimate
roughly the boundary of the éeparated flpw regionlfor a 20°
angle of attack which_was used herein ésbthe design angle of
attack for the problem of sizing the length of the érObé
support. | | |
| The Separatéd floﬁ boundary on £he leeward side fér
a 20° angle of attack can be roughly defined by a line in the pitch

plane extending rearward from the front heat shield shoulder at an
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angle of 40° with respect to the surface of the afterbody.
As indicated prgviously the detailed fluid mech-
anics within the separated flow region is not well defined.
The problem is complicated still further by the fact that
estimates of the flow properties within this region indi-
cate that over the altitude range extending from 150 kft
to 350 kft local flow regimes extending from continuum flow
to free molecule flow will be experienced. There are indi-
cations’thaf over these flow regimes the details of the
separated flow patterns change considerably. 1In ofder to
obtain some idea of the-flow within the separated region
over the afterbody one must resort primarily to the work
done in the stﬁdies of flow behind bluff based bodies.
Following the work of Refs. 28, 29, and 30 for biuff based
bodies it aépears that the differences between higﬁ and low
Reynolds number flows can be qualitatively described as -
shown in Fig. 32. At high Réynolds numbers the mixing
region has a relatively small width dimension and the axial
extent of the recirculation region is relatively large. On
the other hand for low Reynolds numbers (in the Stokés flow
regime) the width of the mixing layer becomes very large and

the axial extent of the recirculation region becomes
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relatively Sma;l. The cotresponding details of the separated
flow over the afterbody of the Apollo can only be conjeetured,
at this time. 1If one,e#trapolates the high Reyndlds number
results obtained for bluff based bodies one might expeet a
_flow-pattern_eimilaf to that ehowﬁ in Fig. 33a. At low
Reynolds(numbers one eould expect a greaﬁly.reduced width Qf‘
the reeirculatioﬁ region‘as shown in'Fig. 33b. It is equeliy
possible with the limited knowledge we have at thé presente
£ime to cohjecture.that reverse flows over theemajor portion
6f the aftefbody will'not exist except for a small recir-
'cuiation region near point "B," The velocity_profilesAfrom_
A - B in this cese could have tﬁe'character of incipient
sepa;ationAprofiles. In any event, at low Reynolds“numbers
it apéears-that.the low &elocity regions will be close te

the afterbody eurfaee and the velbcity gradients within ‘the
separeted region will be smailer than those experienced at
higher Reynolds numbers. It is clear in view of the above
that in order to determine the location and reguired travel
of tﬁe‘separeted flow electron density probe, aetailed
experimental studies of the'seperated}flow region over an

extended range of Reynolds numbers are required.
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B. Preliminary Considerations of Probe Location

With the limite@ information available at the
present time we can assume that the high Reynolds number
cases under which the probe will operate will determine the
maximum distance which the probe will have to exﬁend from
the surface of the afterbody. It is assumed that measure-
ments will be made on the leeward side of the vehicle in
the pitch plane. 1In this case, it is estimated, based on
the flow geometry discussed previously that if the probe
were located about 30 inches from the front heat shield
shoulder the probe head.will have to be located not more
than 18 inches from the afterbody surface. Should detailed
design of the probe support indicate a shorter length would
be desirable the probe can be moved to a more fofward loca-
tion.

There are severai methods of erecting the probe
which can be considered. Oné method would be the simple
telescoping of the probe outward from the surface (Fig. 34a).
This method may require excessive penetration of the interior
of the spacecraft. A means of minimizing the penetration of
the spacecraft interior is shown in Fig. 34b. Here in the

retracted position the probe-support assembly is in a recess
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in the surface.énd is‘rotatéd'into position'as shown. Some
penet;ation of the spaceéraft interior is necgssary‘fbr
detection ofkthe finalkpbsition of the probe.‘ Thé final
selectioﬁ»of the method of prpbe location will be determined
by the ovérall'rahge éf_positions thch willihave to be
covered as fouﬁd by'detailed studies of the afterbody
separated flow.

Fof»botﬁ’methods éf_probe positioning'eohéidered.
it appears that a suitéble method Of.protegting-the probe
ﬁead and'subport prior to the measuremeﬁt'period is to
surround it with an activély cooled'heat protective shell
as showh in Fig. 35. The'proteétive_shell and probe-probe
support assembly are movéd into position as a unit érior to_
the time when measuréments aré made. When measurements are
to be made the probe-pfobe suppor£ aséembly~is héld fixed
and the shell is partially’rétracted into the spaéecraft;
The outside diameter of the shell is eétiﬁated to be about
2 inqhgs.r This 24in¢h dimension roughly corresponds to ﬁhe
relative probe to separated flow field dimensions fouﬁd in

Ref. 30 which resulted in negligible flow field perturbations.
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The previous considerations concerning the wide
range of flow regimes and flow patterns in the separated
flow region indicate that a specific mode of locating the
probe head in an area suitable for electron density measure-
ments must be devised taking account of these factors. Let
us consider first that the measurements are to be made
during the first entry into the sensible atmosphere, in the
altitude range extending downward from 350 kft to 200 kft
where the spacecraft begins to ascend again to an altitude
of about 300 kft. As indicated, there is consideréble
uncertainty about the nature of the recirculating flow at
the higher altitudes, while at 200 kft one might expect a
conventional récirculation regibn imbedded in the separated
flow. It is suggested (pending detailed experiméntal studies
of separated flow over a wide range of Reynolds numbers)
that the following mode of operation be considered. Prior
to passing through the 350 kft altitude the probe head is
set at a relatively small distance from the surface of the
afterbody (three to six inches). This location is chosen
because best estimates in this altitﬁde range indicate that
the Méch number will remain below 0.3 regardless of the

detailed flow pattern. For such low values of Mach and
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Reynolds nﬁmbere no substantiél perturbatiOne of the electron
density disttibution are anticipated. Measurements of
electron.deneity would'be taken until pressure sehsbrs‘
empioying orifices located at the front and back of the
-prdbe-heet shield indicate a deteetable preseure difference.
with the,sensitivity ;ofv‘“off 'the-.shelf"-strain gage
pressure transducers the first indicétibn of a sensible pfes-
-sﬁre differenee is‘expeeted to occur at an eltitdée near

250 kft. If the pressﬁre difference'indicates-é recirculating
£low the probe is moved outward to a location where the
pressure diffe:ence is again equal‘to the minimum detectable

value.

C. Inflight Measurement System

-The arrangement presented below prOvides:for‘the
positioning of the'pfobe, the meaeurement of eleetron
density, and the recording of data during a reentty appli-
cation. The sophistication of the,system reflects the lack.
of available infermation describing-the aerodynamic condi-
tions in the regien-of interest. An inflight application,
howeVer, should be‘ﬁreceeded'by,a theoreticai and expéri-
mental investigationtof the separated flow region. The

results of such a study may allow for a considerable
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simplification of the system, especially with respect to the
probe positioning mechanism.

The proposed system is shown in Fig. 36. The main com-
ponents are aprogramming circuit which gives the sequence of oper-
ations, furnishes a warm~up period for the electronic
equipment, and commands the erection and retraction of the
probe. Also included are a microwave generator which feeds
the probe with a signal which is frequency modulated and
monitored, a ramp generator to modulate the microwave
generator, a calibration unit which fufnishes a pefmanent‘
check of the correspondence between modulating signal and
frequency, a multiplexing circuit to collect the probe and
calibration unit outputs, and a fecording system to store
these outputs. Besides these, there is the efecting device
which swings the probe from its housing to the measuring
position, a differential pressure sensor which detects the
region of very low velocity; a positioning servo to move
the probe and its heat shield until the pressure sensors
find an adequate position for the measurement, and a heat
shield removal control. The probe positioning system
is shown schematically in Fig. 37. It is seen that the

probe is located coaxially with the positioning arm, this
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configuratibn hés been chbsen‘in order to simplify the
removal of the heat.sﬁield. To positién_the probe near ﬁhel
regioﬁ.of zero flow a pressure sensihg devicé is uséd. Thé
proﬁe is initially surrounded bj a heat shield which cén—
_tainé_two orifices iqdated in the plané of gés flow. These
Qrifices,then‘pick u§~the»pressurexq»-and downstream of ﬁhe_
probé'énd trahsmit it to.a differential pressure gage |
,ldéated ihsidé'the-vehiéie. The resolution of a‘typicai
gage is on.the ordér Qf 50 microhs Hg pressﬁrg.,'A corre=-
épondénce bétween differential pressure and gas velocity is
diffidult to estimate. waever, an arrangement similai to
tﬁat described here has been ugéd fo_deteiminé the zero f;ow
line in the near Qake of a cone at Mach 6 with preséures:on
£he same order of magnitude as thoée_encountered in thié
appliéation (Ref.-30). To a first approximation'thevpfés-
sure in the downstream Orifiée.can be taken as.stétic while
the upstream can be taken as the total‘pressure. To reach a
differential pressuré eqdal - to t;ie resolution of the
gage tﬁékMach numbér of the fléw.around the prbbe,_for an
altitude of 200 kft (approximat;ly té=1.5 minutes in Fig. 1)

for instance, should have a minimum value of 0.1.
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The heat shield is designed to protect the probe
during the erecting and positioning period. This shield
has a double wall with a cooling fiuid flowing through them
in order to extend its duration in this environment. Figures
36a and 36b show the top and side views, respectively, of
the mechanical system in the retracted position. To perform
the measurement the arm is rotated 90° around an axis
parallel to the surface of the vehicle. At this moment the
positioning actuator (commanded by the differential pressure
detector) slides the probe and shield until the préssure
difference is below thé resolution of the gage. The probe
is then locked in position and the heat shield actuator
slides back the shield, exposing the probe. After the meas-
urement has been performed the program commands the shield
to cover the probe and retracts the arm.

The electronic circuit which provides a calibrated
frequency modulated microwavé signal and gives the output
of the probe in a suitable form is shown in Fig. 38. It
includes a microwave generator which can cover the range of
operating frequencies required by the probe. >A solid state
oscillator is suitable for this application. A ramp

generator modulates the frequency of the microwave signal.
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The shape of thé signal at various points along the circuit
is shown in fig. 39. Fd: each sweep of the ramp generator:
a resénant peak is detgcted; This signal iskﬁheﬁ‘amplified
and'cut as shown. The resultiné square pulse is used'és a
_gate-to allow a porﬁipn of thé ramp signal té reach .a
voltage holdiﬁg ciréﬁit. -The voltage level at this poin£ is_
then direcfly‘reiated tobthe resonant freguency of the probé.
An additiqnal circuit is included which ’i:‘urnishesj
three calibration points to check the correspondence between
§olta§e levél (last signal from probe in Fig..39) and
miérowave frequency at'thé Vbltage holder. The same signal
fed to the probe is fed to threé microwave resonant-cavities.
working in the trénsmission‘mode with known resonané fre-
éuencies:in.the rangé of-operation of the probe. The output
of eaéh reference cavity goes thrbugh a circuit éntireiy
similar to the one just descfibed for the probe. bThe four
D.C. voltage levels, one from the probé and one from each
reference cavity are then multiplexed, encoded and recoraed.
| The.sequépce of operaﬁion.of the totai system must
be éhosen to be compétible with.thekexposure‘time of the
probe. A heat transfér computation indicates that the probe

element may last for several minutes, however other factors
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may be much more restrictive. The expansion and variatipn
of dielectric constant of the boron nitride tube due to
heating impose severe reétrictions on the measuring time.
A study of both effects indicates that the dielectric vari-
ation predominates, and that the combined effect at a
typical reentry condition produces a shift in resonant fre-
quency equal to the resolution of the probe in a time on
the order of two seconds. This effect is particularly
important at lower electron densities. In order to overcome
this restriction a technique may be employed where'the‘prqbe
is exposed for avperiod of two secondé, retracted into a
cooling condition, and then re-emersed in the plasma in a
repétitive manner. |

.The system described is merely a preliminary design
and must of course be redesigned to be compatible with a
specific spacecraft and trajectory. For the design presented
a preliminary estimate of weight and volume has been made.
In principle it can be accepted that the programming circuit and
recording equipment are already included in the vehicle and
that their bulk will not be appreciably increésed because of this
measurement. The equipment can be arranged in two physical

groups, the probe housing and the electronic package. The
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former contéinsfthe probe; heat shield, heat'shiéld and
positioﬁing éctuators; the erecting mechanism, and the
diffefential pressure.ggge.’ The latﬁer_cohtéins the micro-
wave‘and ramp generators, the'caiibration unit, the_audio
amplifiers and shapers, a mulfiplekor and encoder, and a
differential piessute»amplifier. It has been éstimated
that tﬁe prbbé hﬁusing will weight appfoximately eight
_pdﬁnds and havé'a volume“of four hundred cubic inches,
while the électronic péckage will weight apérpximately nine
éoundé and.ﬁave a volume of twenty-fivefhundred»cubic

inches.
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XI. Conclusions and Recommendations

Conclusions

1. A probe capable of measuring electron densities in
the range 10'° to 10'* e/cm® has been developed for use in
a superorbital shock tube tunnel in conditions simulating
the separated flow region of a reentering Apollo vehicle.

2. Three possible schemes of operation have been con-
sidered, their characteristics were evaluated and the one
most suitable for an inflight application, namely resonant
frequency shift, was selected.

3. The Q of the electromagnetic resonant structure is
found to be greater than 1000 throughout the entire range of
operating frequéncies, thus providing the required sensitivity.

4. The size of the probe and its coupling ha&e been
reduced to a minimum value for the selected range of operat-
ing frequencies. Both input and output couplings are pro-
vided on the same side of the probe, and a unique correla-
tion is attained between resonant frequency and electron
density through proper mode discrimination.

5. The effects of charge diffusion and heat transfer
will not appreciably affect the operation of the probe for

the particular flight trajectory taken in this study.
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6. A éalibration of'the'proﬁe was performed in the
lowest range'of electron densities wigh a plasma simﬁlating .
plastic foam, inrthe:miaale_range with shockbfube'and elec-
trical discharge prOduéed plasmés,ana ih the upper ;ange by
Vusing_metalliq cylinders to simulate highly overdense ﬁlasmas.

7. An inflight gpplication of the probe is possible
utilizing standard microwave equipment.,

8. A'considerable reduction in the complexity of the:
proposed sYstemtfor an infiight application may_bé realized o
With é bettér knowledée of the conditions_éxigting in the
sebarated flow region.

" Recommendations

Alf The dimehsions of fhe~probe shbuld be redﬁded inr
6rder'to‘minimize the pefturbation‘of the sﬁrrounding médium.
It is;recommenaed tﬁat'this reduction be attained by
deéreasing thé,opefating wavéléngth by a factor of three
with a corresponding scalihg of the prQbé dimensions_(Ref. 33).

2. An analytic and éxperimental study shégld’be made
of tﬁe'Separéted.flow field of'a‘reéntering Apbllo vehicle
for various flight:cbnditions in ofder to detérmine the
effects\of~the local'én&ironmen% upon the operation of the

probe and in turn the effect of the probe on the environment.
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Particular emphasis should be placed on the effects of heat
transfer, charge diffusion, and a finite velocity about the
probe, upon the electron density measurement. |

'3‘ The effect of the ablation products coming from the
main heat shield of the Apollo vehicle on the electron
density levelé in the region where the probe is supposed to

operate should be determined.



76

10.

11.

REFERENCES

Development of a Probe to Measure the Electron Density in

Separated Flow Regions Surrounding the Apollo Vehicle,

GASL Proposal No. 9-440 (Technical), September 15, 1964.

Abele, M., Theory of Propagation of an Electromaghétic
Field in a Dielectric Circular Waveguide, Nuovo Clm.,
vol. 5, N 4, August 1948. -

Rbbson, P. N. and Stewart, R. D., Surface Wave Probe
for Measuring Electron Densities in a Gaseous Plasma,
Electronic Letters, Vol. 1, No. 1, March 1965.

Abele, M., Byrne, R. W., and Medecki, H.} DeVelopment of
a Probe for the Measurement of Point Values of Electron
Densities in Supersonic Flows, GASL TR-527, April 1965.

Harvey, A. F., Periodic and Guiding Structures at
Microwave Frequencies, IRE Trans. on Mlcrowave Theory
and Technlques, January 1960.

Barlow, H, M, and Brown, J., Radio'surface Waves, Oxford
University Press, Londcn,'l962 ' :

Cbllin, R. E., Field Theory of Gulded waves, McGraw—Hlll
Book Co., New York 1960.

Hutter, R., Beam and Wave Electronics in Mlcrowave Tubes,
D. VanNostrand Co., New York, 1960.

Rotman, W., A Study of Single-Surface Corrugated Guldes,
Proc. IRE, August 1951.

Rosenbaum, F. J., Dielectric Cavity Resonator for ESR
Experiments, Rev. of Scient. Instr., Vol. 35, No. 11,

~ November 1964.

puncan, J. W. and DuHamel, R. H., A Technique for

Controlling the Radiation from Dielectric Rod Waveguides,
IRE Trans. on Antennas and Propagation, July 1957.



12.

13.

14.

15.

le.

17.

18.

190

20.

77

REFERENCES

Becker, R. C. and Coleman, P. D., The Dielectric Tube
Resonator, Proceedings of the Symposium on Millimeter

Waves, Polytechnic Press of the Polytechnic Institute of

Brooklyn, New York, Vol. 9, pp. 191-222, 1959.

Iiguchi, Shin-ichi, Mode Conversion in the Excitation
of TE,, Waves in a TE,, Mode Transducer, Proceedings
of the Symposium on Millimeter Waves, Polytechnic

Press of the Polytechnic Institute of Brooklyn, New
York, Vvol. 9, pp. 595-618, 1959.

Wolfert, P. H., A Wide-Band Rectangular-to~Circular
Mode Transducer for Millimeter Waves, IEEE Trans. on
Microwave Theory and Techniques, September 1963.

Abele, M. and Medecki, H. Development of a Probe for

the Measurement of Point Values of Electron Densities
in Supersonic Flows, presented at the Third Symposium
on the Plasma Sheath, Bedford, Mass., September 1965.

Lin, S., Resler, E., and Kantrowitz, A., Electrical
Conductivity of Highly Ionized Argon Produced by Shock
Waves, J. Appl. Phys., Vol. 26, No. 1, January 1955.

Petschek, H. and Byron, S., Approach to Equilibrium
Ionization Behind Strong Shock Waves in Argon, Annals.
Phys., Vol. 1, pp. 270-315, 1957.

Resler, E., Lin, S., and Kahtrowitz, A., The Produétion
of High Temperature Gases in Shock Tubes, J. Appl.
Phys., Vol. 23, No. 12, December 1952,

Morgan, E. and Morrison, R., Ionization Rates Behind
Shock Waves in Argon, Phys. Fluids, Vol. 8, No. 9,
September 1965.

Duff, R., Shock Tube Performance at Low Initial Pressure,
Phys. Fluids, Vol. 2, No. 2, March 1959.



78

21.

22.

23.

24.

25.

26 -

27.

28.

29.

30.

Lamb, L. and Lin, S., Electrical Conductivity of-
Thermally Ionized Air Produced in a Shock Tube, J. Appl

Phys., Vol. 28, No. 7, July 1957.

Lin, S., Neal,'R., and Fyfe, W., Rate of Ionization
Behind Shock Waves in Air, I. Experimental Results,

‘ Phys. Fluids, vol. 5 No. 12, December 1962.

Sturtevant, B., Diffusion in a Slightly Ionized Gas with
Application to Effusion from a Shock Tube, Phys. Fluids,
Vbl. 4, No. 9, September 1961. o

Bird, G..A., Aerodynamlc Properties of Some Simple Bodles
in the Hypersonic Transition Regime AIAA Journal, Vol 4,

No. 1, January 1966, pp. 55-60.

Baldwin, L. V., Sandburn, V. A., and Laurence, J. C.,
Heat Transfer from Transverse and Yawed Cylinders in
Continuum, Slip and Free Molecule Air Flows, ASME,
Journal of Heat Transfer, May 1960, pp. 77-86.

Hansen, c. F., Approximations for the Thermodynamic

-and Transport Properties of ngh—Temperature Air, NACA

TN 4150, March 1958.

Jonesy, Robert A., Hunt, James L., Recent Experimental

Studies on Heat Transfer to the Apollo Command Module -
NASA SP-101 - Conference on Langley Research Related to
Apollo Mlss1on, Langley Research Center, June 22-24,
1965. o ’

Viviand, H. and Beiger, S. A., The Base-Flow and Near-
Wake Problem at Very Low Reynolds- Numbers, J. Fluid
Mechanics, Vol. 23, Part 3, 1965, pp. 417-458.

Kavanau, L. L., Base Pressure Studies in Rarefied

Supersonic Flows, J. Aero. Sci., Vol. 23, No. 3, 1956,
pp. 193-207. - : '

‘Martellucci, A., Trucco,'H., and Agnone, A., Measure-

ments .of the Turbulent Near Wake of a Cone at Mach 6,
AIAA Journal, Vol. 4, No. 3, March 1966, pp. 385-391.



79

31. Proposed Extension of Contract NAS5-9881, Development
of a Probe to Measure the Electron Density in Separated
Flow Regions Surrounding the Appolo Vehicle, GASL
Proposal No. 2~726 (Technical), February 7, 1966.



80

500

400

Altitude (kft)

200

100+

~ 50 -1~ 50

T
AVelocity (kfps)
4

—20--.

- 10 -

13

( )s deno

( ), denotes hSep

.1 hstag

= hstag

~ 12

- 11

10

4
©

RN |

|
o

FIG.

l.

4

Time (min)

8

12

REENTRY PLASMA PROPERTIES AS A
'FUNCTION OF ALTITUDE

3
o .

w

logi, n (e/cm)?



81

T886~5SUN

30RIJUOD YSYN

| -¥E0¥d ALISNIQ NOWILOETE AONANOIYA ATIONIS g

|_ m < 0 sprnbaaem

OTI309T31a

doorp 3ndano

I03D9TI9Y ///

N

| mm~aran e |
nS

"DId

PTSTJ JUSOSSURAH TRIAY

/

DSOS NSNS

o o e o ] o e o o 0 o— v G . " 4 — - Gm e . e & G b e - e 4 - e

)

PToTd
juaosaueay TeIpey

dooq 3ndur

/

/

03s1g Hurung

s om o Gwo B em— e

I2qI0sqy




82

| T886-SSYN LOVYINOD VSUN
A90¥d OTYLOUTAIA FHL 40 SOILSTYAIOVNVHD ‘€ °OId

o .
. G\C o . .
MOH - NOH HOH o 60T HIOH. ..NIOH
; : T T T 0
AN .Eému; .
- €0°
-y wo'
%
o
- 60°
L o)
.mEU\mH.no._..me.w = u
. - o
. ZHWI GS¥°8 = UZ/ M
. NIH.




83

3001

Tube Walls
2
n/nc = 10
0
n/nc = 10

Azimuthal. Electric Field, Ee(volt/m)

.\:::\ WestBury, N.Y.
~
\\\\ ~—
i , I .
0 .4 .8 1.2 1.6 2.0 2.4

Distance from Center of Tube {(cm)

FIGURE 4, ELECTRIC FIELD DISTRIBUTION FOR
A DIELECTRIC PROBE

NASA Contract NAS5-9881



84

Lon'gitudinal Magnetic .Field,f'HZ(a.mp/,m) o

frombc':evnter'df‘l‘u}:e_ (cm)

FIGURE 5. MAGNETIC FIELD DISTRIBUTION FOR A DIELECTRIC PROBE

NASA Contract NAS5-9881



85

-///éef%ector
iy

| (T

Dielectric Waveguide

G A S L Reflector
WesTaury, N.Y. W’//

(b}

: Dielectric
4 Waveguide

F(//Reflector

Dielectric Waveguide

by

FIG. 6. VARIOUS ELECTROMAGNETIC COUPLING ARRANGEMENTS
NASA Contract NASH-9881



86

. DNITANOD d0O0T ¥NOJ

mﬁﬂﬁmm>m3

. o 4 e o S o o * S @ w6 o oo

7 \&\\\\\ -

I

i
_ o

L

I0309TIod

.

.GHM _




Connector Connector
19 A" 11 B 1%

AV
| Ir
T iView

View A "—"'I B

-

AN

R S R |

T 777777 4

‘I
g
’ I
L \///{L//J/j// 777777777 5\\ \\f\ \R\\\
. el 2 \ X
/ L' oke ﬁ S V§§\§§§§§§Q}\
3 1 vsx\\\\%\&\ NN

Inner ' .
Intermediate ‘2122 |
Conductor Conductor "b" l l

| Dielectric
Mode Suppressor Tubing

Coupling
Holes

AN

VIEW A VIEW B

GASL

Westaury, N.Y.

FIG. 8. INTERNAL VIEW OF THE FINAL PROBE




88

LY.

N

WESTBURY,

%

G )
oo
|
|

EXTERNAL VIEW OF THE PROBE

9.

FIG.



89

. 1886 -GSU¥N
ST IISNEA NOYIDITT TIVWS ¥Od NOIIVILITYD TUNIJA -OT "OId

0%t u/u 107 -0t
AN AINLSIM e ! _ , LR 1 . ' 0
ISV O
» -2
... —Ov

wo/e __0T X $0°1 = u
€ Z1 - - =9
O

ZHW GL16 = 3

WYOd DIVNIOETIIAIA V -8
YEANITAD OITIVIAW O
YWSYId qaongqo¥d IogvHOSIA X

B | , YWSVId QIOoNdo¥d MOOHS 0 —bo1
1, \ | i | \

T

(zHW) I V



- 90

© ¥BEANTTAD OTTTVIEW ¥ HIIM QEaqvIM HE0¥A JO ONIMWA TUNOIIOHS TT "DId

ESSEEETETEESNSNONOSSSSNY




91

0oc

1020) 74

009

008

000T

TANND NOILYYIITIVD TUYNIA 7T
mwo.H NOH .ﬁOH OOH H!O.H N’OH
LA ) ) ] d- L) 1 * _- k] | _1 L [} — =
-
1 AN mnusam PR fﬂpmﬁﬂxonmmm 3VVA5
u ureog OoTI309T9TQ ¥ Loom
_ SI9puTTAD DTTTE3ISW O
JewseTd poonpoad abaeyostqg X
rWSETd pasnpoid }ooys o /
uoT3ewrxoxddy M << QSIII/)\
/
4
= =1009
= mﬁo\m e (OTXV0°T = 008
ZHWN SLT6 =
0001

(zHW)F ¥



92

.. NOILIONOD WWSYId ON FHI ¥OJ ¥ONYM AONANOHEA INOHDAOWHI INJINO HEONd €T DI

B

(zHW) Aousnbexg

AN | 4
—— UOT3TPUOC] erUWSETd O |
T T3TPUOD 1d ON

0066 © 00L6
‘ N

08

ndano Joupejeq oAT3eTSY



93

NOILIANOD
YWSYId ISNIQYEAO ATHDIH HHIL Y04 FONVH ZONINOFTYS LNOHDNOYHL ILAdILNO dAodd 1 "OId

oZt'ot

00T ‘0T 0066 00L6 00596 00€6 0016

Q ‘euseld 9suapIaA0 ol

0¢

ov

09

08

andang 10309330 SAT3IRTSYE



94

08

oc

. EONVY ADNENOZMA INOHONOWHI FHOWd JO ESNOISHY EONVNOSEI °GT "I
(ZHW) mocmswmum
00T'0T 0066 .. -~ 00L6 " 00S6 . 00g£6 0016
AN MinusIM | _ o

0¥

09

andano eqo:& aaT3RTOY



95

10*4

(e/cm®)

101 3

1012

10t°

WesTBurY, N.Y.

100 10° 10°
degrees

- FIG. 16 . INTERFEROMETER CALIBRATION CHARTS
NASA Contract NASS5-9881




96 -

. _ OO

 wil. OTBEN 10309330

1886~GSUN 30BI3UOD VSYN |
YILANONTIYTINT FAVMOYOIW J0 WWNDVIA OIIVWEHOS LT TINOT I

‘A'N .Eabmu; I933TYS QWMQ.& . .HOPM.DA\HQUU\AN

15V & —h A b .
_ : - uoIlsATH

I03eTOST —

I97dnod Toung H-H

2 | | . .- TRUOT3D0ITd

I030939Q
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FIG. 32. COMPARISON OF HIGH AND LOW REYNOLDS .
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APPENDIX I

Calibration with Metallic Cylinders

The

equivalent electron density of a metallic cylinder

placed coaxial to the probe can be found by comparing the

analytically determined frequency shift for such a configuration

with that

found for a highly overdense plasma (see Chapter 1IV).

For a configuration such as that shown in Fig. 11, the field

components can be written as

Eg1

and

HzZ

\

where the

where the

it

ElJl(klr) sin kz z

<
(0 r < ro)

!

ey

ElJO(klr) gln kz z

i

[Ele(kzr) + E.N.(k.r)] sin k_ oz

371 2

(ro‘<r <r;)

k
2 : : .
= - i“”o [EZJo(kzr) + E3No(k2r)] sin kz z
. . . . T
longitudinal propagation constant is kz = Ef-, and
(o}

radial propagation constants in the dielectric and

surrounding vacuum are given by

2
kl

2
®
= QF d - n2ﬂ2 and k 2 u; n2ﬂ2
T 2 2 n 2 - T2 2
C zZ Cc z
o] O

respectively.



The boundary condition to be satisfied at the wall of

the metal tube (r=r;) is -

Fepf T °
177"
or .
s - . .Jl(kzrl)f
3 . 2 i_Nl(k.zrl) j
One then has
E¢2 = E2 F(kzr) sin kz z .
" and
k. E
: 272
B =7 Tap_ C (kpr)
o
- where _
A J. (k.r.) .
Sl 2717 A
‘F(kzr) = Jl(kzr) le k.r) .Nl(kzr)
’ (_]. 21' .
and .
o I, (k.r.)
1271
G(kzr) = Jo(kzr) —le(kzrl) No(kzr)

Matching the fields at the interface (r=r,) gives the dis-

. persion relation -

Jl(klro) 1 F(kzro)

1
! <} (A-1)
kp o TotkpTe) o ky Glkyry) |
where
Flkyr)) 3, (kr ) N (kor) - 3 (k) N (kr ) (A-2)

G(kzrl) - Jo(ero) Nl(kzrl) - Jl(kzrl)‘No(kzrb)



Assﬁming ry=r << X which is consistent with a highly
overdense plasma, and kg(rl—ro) << 1, one can write for

the denominator in Eg. (A-2)

2
ﬂkzro

J_(ker ) N (kpry) - Ty (kery) N (ko) ¥ -

Taking the approximations

J; (kary) = 0, (kar ) + Ty '(kzro) ks Ar
and

Nl (ka rl) = Nl (kz ro) + N1 ’(kg ro) kg Ar
where Ar = ¥, -r_ one can write for the numerator in Eq. (A-2)

Jy(ker) Ny (kery) - Ty (kery) Ny (ker ) ¥ Ly (kaxy) N1I(kero)

- 3, (kery) N (ker,) ] ke Ar

2
nkar

J1(karo) Ny (kary) = Jy (keory) Nl(kzro) = ks Arx

O



I-4

Thus the dispersion relation for the system of'Fig. llvbecdmes

1 50T~ 1 (k. br) = - &r
R CER k, 20 ;
or

J, (k,xr ) , =
1 1l o ~ ' , :

———————————r T A -

7 (k) oK E |  (A-3)
o lo" -

In the limiting case Ar =;0, Eq. (A-3) gives

Jl(klro) = 0 . v . X (A'—4’)
or
»'klro =.Xl' |
where X, is the first root of Eq. (A-4). For Ar#0 ard k, Ar<< x,
one has o | '
I k) = J,(xy) - 3 (31) 6
where"

Near the root of Eq. (A-4) one can take
Jl (klro) % Jo(klro)

so that
e 6;
Jl(klro? .Jo(klro).

or

.—-——-—————Jl(klr") = -5 | (AVS)
Jo(klro) ' . :
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Comparing this result with Eq. (A-3) one has

6 =4 kl A r
then
k1 A r=x - kl ro

In the limiting case A r = 0, the resonant frequency is given

by

2
c |n°q° Xq

- 2

2
r
d o o

Expanding k,; A r about this value for small A r one has

~ T
klAr'-:xl'ro( 5 - z - + P
o

wlrz ¥ AW




Then
Aw x°c® Ar ' ‘ |
- - S - (A7)
W Wy ¥ )(,d .

When the probe is located in a highly overdense lossless v

(v = 0) plasmaethe dispersion relation (see Chapter 4) is

- K — = - 5 3. 2 ' ) (A-8)

By>comparing Eq. (A-7) with (A-8) one sees that an equivalence
is obtained betﬁeen the dielectricAfod surrounded by the
‘metallic cylinder-and the dielectriC'rod surrounded by a
highlj overdense plasma when

Ar = f— | R | (A-9)
5 .

It is clear that the equivalencevexpreseed by Eg. (A-9). is

_valid,in the asymptotic situation of extremely high electron

: densities. ‘ _ o : . .
In the range of electron densities between 10*2® and ].01‘4

ebma the penetration depth c/ab corresponds to the range

.5 < Ar <1.7 mm
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thus A r is a small fraction of the probe diameter and
furthermore smaller than the difference between the radius

of the reflector and the radius of the dielectric rod. For
these reasons the equivalence between the penetration depth
in the plasma and the radial distance of the metallic wrap-
ping can be used for the probe calibration inbthe upper elec-

tron density range.
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