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ABSTRACT

The flow of weakly ionized plasmas that is similar to the flow that
occurs over rocket-borne blunt probes as they pass through the lower
ionosphere has been simulated in a scaled laboratory environment, and
electron collection D-region blunt probe theories have been evaluated.

A scaled steady state plasma flow simulated the electron tempera-

2 OK) and number densities (ne LY 102 cm~3) characteristic

tures (Te ~ 10
of the lower ionosphere (D-region). A glow discharge was used to
produce the;éource plasma; source electron temperatures and densities
were controllé& by varying the electrode configuration., The test
section conditions were also controlled by relaxation of the plasma from
the cross flow in the discharge chamber and through a baffle system.
Subsonic (Mn = 0.3) and supersonic (Mn = 2.0) flows were produced.
Equivalence of the flow parameters (Mh n~ 0.3, R.n 4v 102, and Kn ~ 10_2)
was reproducéd by appropriately scaling both the neutral gas density and
probe diameter by two orders of magnitude.

The state of the plasma in the glow source and test section jet
was indicated from a Langmuié (collisionless) double probe response.
A scaled version of a rocket-borne blunt probe was alsoc evaluated in
thig controlled flow experiment., The various blunt probe theories for
particle collection were analyzed, and electron densities evaluated
from double Langmuir and scaled blunt probe data using these theories
were compared.with mixed results. The theory by Mitchell, Hale, Hoult
is felt to correctly describe the processes in the relatively thin per-

turbed layer adjacent to the probe surface that is dominant in ion
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collection. However, for electromn collection, the theory proposed by
Lai appears to more correctly describe the pérticle motion and processes
occurring in the several perturbed- layers adjacent to the blunt probe
surface, and indicated .number densities show better agreement with

those indicated by the double probe.
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CHAPTER 1

INTRODUCTICN

i.1 Discussion of Problem and Earlier Work

The D~region is the lower part of the ionosphere, located between
the lower thermosphere and upper stratosphere; it extends from about
40 km to 90 km above a standard sea-level reference. The chemical com—
position of the D-region is poorxly understood because of its complex
structure and general inaccessibility for probing. This region of space
is too high for balloon studies and too low for orbital satellite
research. The use of rocket-borne probes has overcome the inaccessibility
problem, but it has introduced a new degree of difficulty because of the
need to interpret the response of the probes. Accordingly, the correct
interpretation of the response from rocket-borne probes is of fundamental
interest in trying to understand the chemical composition of the
D~-region,

The properties of the D-region (1), presented in Table 1 include
values for the pressure, P, density, 0, neutral concentration, n,
temperature, T, electron-neutral mean free path, le~n’ ion-neutral, li—n’
and neutral-neutral, An—n’ mean free paths. The state of the medium
in the D-region is specified by the electron Knudsen number, defined as
the ratio of the electron-neutral mean free path to the characteristie
probe size (Eq. 1.3.2); it is about 9 to 90 km and 8 X 153 at 40 km. A
rocket-borne probe is typically on the order of 10 cm in diameter(Dprrﬁ)
and descends through the D-region while passing from a collisionless
(A >> rp) medium at 90 km to a collisional (ls_n << rp) medium at

40 km. The D-region is weakly jonized with the degree of ionization,
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defined approximately as the ratio of electron to neutral particle
cpncentration {9 = ne/n), varying from 10_9 to 10—14 between 90 and

40 km, respectively. The Debye length, the characteristic electrostatic
shielding length scale (defined im Chapter V), is approximately 10 ecm at
40 km and 3 cm at 90 km.

Sounding rockets are used to carry diagnostic probes into the
ionosphere where they are released; probes are flown in subsonic and
supersonic flight conditions. With the parachute system, the probes will
descend subsonically with velocities of about 300 m ser:._l at 90 km to
about 40 m sec_l at 40 km (2); the average descending velocity is
100 m sec_l. Without a Parachute drag system the probe's descending
flight is supersonic with a terminal Mach number of about 4 (3); the
probe's average flight Mach number is about 2.

The electrostatic blunt probe diagnostic was first used by Hale
and Hoult (4) to study the chemical composition of the D-region. These
probes were launched into the ionosphere and collected data in descent
from 90 km to 40 km. The probes moved subsonically with the aid of a
parachute drag system, having an average velocity of 100 m secul. Other
similar types of particle collecting probes have been flown supersoni-
cally. Gerdien. condenser probes (5) recorded data that requires a
knowledge of the flow f£ield and shock wave characteristics for proper
interpretation. In supersonic flow, as a shock wave forms in‘front of
the probe, chemical effects on the electrically charged particles occur
in the flow region surrounding the probe. Tf further ionization is
caused by the shock, difficulties arise in trying to relate the recorded

data to the basic atmospheric data. There are no foolproof means of



controlling the orientation of the supersonic probes, and this can
result in an alteration of the composition of the plasma in contact
with the probe. Bordeau, et al. (6) suggested that for a more satis-
factory understanding of the data obtained from the gupersonically
flown probes, an improved analysis would be required. Chung, -et al. (N
have presented a review of available electric probe theories in flowing
plasmas. They also point out that ion and electron particle collection
in the ionosphere is an important use 6f such probes, and that there
have been many theories developed for the interp;etation of data
received from rocket-borme probes. In the present work, comparison and
analysis of the various relevant probe theories, particularly for elec-—
tron particle collection by subsonic, blunt probes, will be presented.

The Ionosphere Research Laboratory of The Pennsylvania State
University has recéntly (October 1971 to February 1972) launched 11
electrostatiec blunt probes inte the D-region of the ionosphere. Hale
(8) has pointed out that the interpretation of the electron data
obtained from these subsonically flown probes needs further in-depth
study. This thesis will explore laboratory experimental-analytical
aspects of blunt, subsonic probe behavior.

The experimental techniques associated with rocket—borne probes
are well established. ‘The application of particle collection theory to
the data recorded by the probes, however, is required dim order to
predict atmospheric properties. The probes are flown as a means of
obtaining number densities of the constituents in the particular region
being studied. The current collected by the probe in response to

applied voltage is scaled, transmitted, and catalogued. Appropriate



equations with assumed averaged properties of the medium are applied
before the number densities are obtained. Burkhard (9) has suggested
that the use of hybrid computer techniques would alleviate the data
reduction problem by reducing the time required for reduction and by
providing an increase in accuracy that ig lost ir any hand reduction
process.

In order to study the response of probes for use in space, some
laboratory experiments involving flowing plasmas have been conducted
(10-18). The cylindrical Langmuir probe (10) has been widely used as
the primary diagnostic tool in collisionless plasma (Xs-n >> rp)
research. There is a major difference, however, between the use of
electrostatic probes for these collisionless plasma flow studies and
their use as lower ionosphere diagnostic probes. 1In the lowér ionosphere,
rocket-borne electrostatic probes collect particles from a highly
collisional plasma (lsgnfit?) with an applied electric field operating
in a region of free diffusion. The electrostatic probe flows that have
been studied in laboratory plasmas serve to model reentry (hypersonic)
flows.that are highly ijonized and have a large bias voltage so that they
are influenced by ambipolar diéfusion, and the space charge field
(sheath) dominates the collection region. While such laboratory experi- |,
ments are a means for predicting the effects that the flow velocity of
the pla;ma wili)ﬁave on the response of one specific operating range for
electrostatic probes, .to date therehas been no xgpgr;gg;laborgtgry
evaluation of electrostatic devices in flowing plasma that model D-region

probe flows of interest here.



Research conducted on the response of electrostatic probes in
flowing plasmas has dealt with some of the effects of flow on electron
temperature and density, probe potential distribution, and plasma poten-—
tial as related to ion and electron currents collected. Dunn and Lordi
(11) made electron temperature measurements with cylindrieal Langmuir
probes in the collisionless (ks—n >> rp) and transition (ASTH = rP)
regimes of a plasma produced in a shock tunnel. They found that the
deduced electron temperatures were independent of the probes radius and
end effects. Sonin (13) and Smetana and Iachetta (14) found that in a
collisionless plasma the electron temperature indicated by cylindrical
Langmuir probes was independent of the probe's orientation with respect
to the flow velocity direction. More recently, Segall and Koopman (15)
have studied the flow effects on indicated electron temperature in a
laser produced collisionless plasma. Generally, they found that the
indicated value of electron temperature in flowing plasma was higher
than in the static plasma. From such results, it can be concluded that
the electron temperature as determined from standard techniques using
the slope of the logarithm of the electrgn current plotted as a function
of applied probe voltage, provides an'upper limit on temperature
measured in a flowing plasma.

The effects of plasma flow on the indicated plasma potential was
considered by Heatly (16). He found that the plasma potenti;l may not
be clearly recognized from the current—voltage characteristics. The
current conducted by the probe at the plasma potential will be greater

than the thermal current to the probe in the stationary plasma. Sonin

(13) considered what effects the orientation of the probe would have on



the indicated plasma potential. It was found that the plasma potential
as identified by a "knee" in the characteristic, is altered when the
positively biased probe's orientation is changed with respect to the
flow direction. |

The potential distribution about the probe in a flowing collision-
less plasma was considered by Lafrawboise (17) and Heatly (16). Heatly
found that because of the imposed flow velocity, the effective cross
sectional area of the sheath around a cylindrical probe is distorted
from a circular shape. However, if the probe is positioned perpendicu-
lar to the flow direction the sheath will have a bilateral symmetry
and the distortion of the potential field can be avoided. Heatly also
concluded that, in principle, the response from the probe can be treated
as if it were in a stationary plasma. More recently, Laframboise found
that if the cylindrical probe is positioned parallel with the flow

direction it will respond as if it were a stationary plasma when the

mean free paths of the species being collected are larger than the
probe’s radius (17).

Regarding saturation, Segall and Koopman (15) found that when using
cylindrical Langmuir probes, the electron current did not saturate. A
nearly linear increase in the probe current with applied voltage was
obtained, while the same probes did show saturation in the stationary
plasma. It was concluded that the shielding effect of the sheath is
lost due to the flow velocity. As a related observation, Iachetta and
Smetana (14) found that the electron current is independent of the
velocity of the plasma when the f}ow velocity is less than the particle

random speed.



Jakubowski (18) and Sonin (12) both studied the effects that plasma
velocity has on the conducted ion current. It was found that the maxi-
mum ion current is conducted when the probe is positioned parallel with
+he flow direction. As the orientation of the probe is changed with
respect to the flow direction, the ion current decreases.

The studies of electrostatic probes in flowing plasmas discussed
above give a general indication of the unresolved nature of the effects
of flow veloeity on the response of electrostatic probes. Some specific
regimes of operation such as for collisionless particle collection, are
fairly well understood and this can aid in understanding the response of
lower ionosphere, collisional rocket-borne probes. The studies noted
have dealt with strongly ionized plasmas and mostly with ion current
collection. The intent of the present work is to provide an experimental
verification of the response of electrostatic probes in a weakly ionized
flow as experienced by rocket-borne probes descending through the
highly collisional D-region of the ionosphere. Electron collection is
of primary interest, and is used to allow correct determination of

electron density from the response of the probes.

1.2 Objectives

In this work the flow over a D-region rocket—borme blunt probe
will be simulated in collisional, continuum regimes in a laboratory
experiment. Subsonic‘and supersonic flows are modeled in order to
simulate the probe's f£light conditions through the D-region. The
D-region parameters are scaled to provide an alternative means of

understanding the formation and dynamics of D-region probe flows. It is



one objective of this research to show that the response from the
rocket~borne blunt pfobe can be correctly evaluated in a comntrolled
D-region flow experiment.

The blunt probe theory was originally developed by Hale and
Hoult (4) for subsonic rocket-borne probes. Sonin (19) provided an
alternative interpretation and extended the theory to include super-—
sonic probes. Both theories were based on the concept of particle
convection in the zero space charge limit. Until recently, these were
the only relevant theories which related the current conducted by the
ionospheric probes to the ambient charged particle density for blunt
probe flow. A new theory for electron collection has been outlined by
Lai (2). This theory is developed for subsonic blunt.probes and is
based on a dominant mobility concept in the zero space charge limit.
Not one of the above theories for the operation of an electrostatic
blunt probe has been substantiated by controlled experimental results.
On that basis, the interpretation of D-region data from subsonic and
supersonically flown probes clearly needs further study. The present
work will help identify the appropriate theory for the interpretation
of blunt probe data by allowing coﬁparison of appropriately determined
electron density and temperature of the plasma with that determined
from blunt probe data interpreted by each of these available theories
for parameter ranges appropriate for full-sized D-region rocket-borne

probes.



- 10 -

1.3 Method of Investigation

To obtain a properly modeled experiment, some plasma and probe
properties were scaled by two orders of magnitude. The relevant flow
parameters include the Reynolds number, Knudsen number and Mach number.

The Reynolds number is given by

nmUD
R = __—E' (1.3.1)
n u B

where 1 is the neutral concentration, m is the mass, U is the flow
velocity, Dp is the probe diameter, .and P is the viscosity. The Knudsen

number is given by

1 .
= .3.2
Kn nor (l 3 )

where U is the collision cross section. The Mach number is given by
U

Mﬁ = E;;E;T7§ . (1.3.3)
where v is the ratio of specific heats, R is the gas constant, and T is
the gas (heavy particle) temperature. In the D-region the Reynolds
number for a 10 cm diameter p?obe, descending subsonically, ranges from
about 4.1 at 90 km to 724 at 40 ‘km, and about 110 at 90 km to
6.4 % 104 at 40 km for a supersonically descending probe. The electrom-
Knudsen number varies from about 9 at 90 km to 8 X 10_3 at 40 km. The
Mach numbers are about 0.3 and 2 for the subsonic and supersonic f£light
conditions, respectively, and were determined by using the average
descending velocities of the probe through the D-region.

Equivalence of the flow parameters was reproduced by scaling the
neutral concentration and probe diameter; the neutral density was

scaled up by two orders of magnitude while the probe diameter was
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scaled down by two orders of magnitude. By reproducing the correct
flow velocities and ambient temperature, the D-region flow parameters
were reproduced. Without this scaling, an excessive volume flow rate
of about 4 m3sec_1 would be required by a pumping system for full scale
models. It was, therefore, desirable to scale the experiment by reduc-
ing the physical size while retaining the order of magnitude of the flow
parameters, -

A glow discharge (20) was used to produce a weakly ionized plasma.
The glow discharge is characterized by a gas (heavy particle) tempera—
ture on the order of 300°K and an electron density on the order of

108'cmf3. The degree of ionization in a glow discharge is on the order

of 10“14. The proper D-reglon electron temperature and density was
achieved by allowing the discharge to flow through baffles, into a
nozzle, and into the test chamber. The ionization in the plasma enter-—
ing the test chamber was controlled by the baffle system which lengthens
the path of the flow, allowing electron temperature and demnsity to
relax to desired values. The plasma source was controlled by varying
the electrode configuration and power levels.

An impact pressure probe (21) was used to obtain impact pressure
measurements at the exit of the nozzles. These measurements describe
the charactefistics'éf the flow field in the discharge jet. *

The cylindrical Langmuir probe (10) has been widely used to
obtain electron temperatures and particle number densities in colli-
sionless laboratory plasmas. This type of probe consists of one or

more metallic electrodes with a large aspect ratio, QDPul, which when

inserted into a plasma and biased relative to it, enables the local
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properties of the plasma to be accurately determined when operated in
the collisionless regime. Because the theory of its operation and the
procedure for its use are well understood (22), it was used in this
work to accurately establish the plasma characteristics in the test jet.
A scaled version of Hale's rocket—borne blunt probe (23) was also
used to obtain standard current—voltage data indicative of the electron
temperature and particle number densities. The data from the scaled
blunt probe will be correlated with the data from the actual rocket-
borne D-region probe. The validity of the plasma properties deduced
from rocket-borne data will be determined by a comparison of the magni-
tudes of the exact plasma number densities and temperatures with those
determined from the various techniques using the curremt-voltage char—

acteristics in the laboratoxryy experiment.

£



CHAPTER I1

EXPERIMENTAL APPARATUS AND TEST CONDITIONS

2.1 Flow Scaling

The reproduction in the laboratory experiment of the flow about a
descending D~region blunt probe requires the viscous (Rh), compressi-
bility (Mh), and rarefraction (Kn) parameters to equal those in the
ionosphere. The mass flow rate through the internal flow system must
be controlled to produce the desired flow conditions over the scaled

probe in the laboratory system, as

i = 0.785 nmlD B (2.1.1)

where m is the mass of the average gas particles. Excessive mass flow
rates on the order of 8 gsec_l would be required for a full-size model
to be tested. By reducing the geometric size of the experiment, large
reductions of mass and volume flow rate can be achieved because

n nD% A reduction in size by one order of magnitude aloqg with an
inerease in density by one order of magnitude, results in a lower mass
flow rate of one order of magnitude, while the volume flow rate, ﬁ,

required by the pumping system is reduced by two orders of magnitude,

as

¥ = 0.785 UD° (2.1.2)

Since Kn Y ('nDP)'-l and Rn u nDP, similarity of test and flight parame-
ters is insured when the flow velocities, temperatures, and the product
n X DP (cm—z) is the same in the actual and scaled flows. In this
experiment the blunt probe diameter was reduced from 10 ecm to 0.1 cm,

and the gas density was scaled up by two orders of magnitude. This
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scaling resulted in lower mass flow rates by two orders of magnitude
and a reduction in the steady state volume flow rate by four orders of

magnitude.

2.2 Apparatus and Evaluation of Alternative Plasma Sources

2.2.1 Introduction ~ Electrical Dischéfge and Test Chamber

In order to simulate the weak ionosphere plasma, the production
of a low temperature and low density plasma was needed in this experi-
ment. Various electrical discharge configurations for obtaining a low
temperature and density plasma were tested before the glow discharge
source with ecross flow was established as the appropriate plasma source.
The temperature and number density of charged particles was controlled
by the geometry of the electrodes and a baffle system for the flow.

The alternative techniqués considered will be discussed in section
"2.2.4.

A glow discharge is produced by the conduction of low-level
current (mA) through a low density (mT) gas. The discharge is generally
comprised of interelectrode regions, dark spaces, and a uniform posi-
tive column. The transport of electrons and ions in the gas are the
primary processes which maintain the discharge. Ionization, excita-
tion, recombina;ion, attachment and dissociation, and the absorpticn
. and emission of photons are the processes which are involved in the
total physical phenomena of the self-maintained glow discharge (20).

In the laboratory experiment, electrostatic probe measurements in
the stationary glow configuration were made in the postive column. The
positive column is characterized by_a low gas (heavy particle) tempera-

ture on the order of 300°K and an electron density on the order of
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108 cm—3. This region of discharge extends from the Faraday dark space
near the cathode to the anode glow. It is a quasi-neutral plasma

(n:i~ = ne) which has been studied by standard L‘angmuir probe techniques
(24).

In general, in the discharge configuration with cross—-flow super-
imposed, no such definable regions occured in the glow discharge. The
electron concentrations in each definable static region were found to
be mixed together. As the'regulting ionized flow progressed from the
discharge chamber into a baffle and accelerating nozzle, the concen—
tration of electrons was also altered by the processes of diffusion to
the walls and recombination. The control of the .electron density was
achieved‘by the geometry of the electrodes and the baffle system. The
specific electrode configuration will be discussed in section 2.2.4
and the baffle system will beé discussed in sections 2.3 and 2.4.

The circuit for the ngW. discharge is shown in Figure 2.1. It is
comprised of a variable DC power supply and load resistor. As will be
established in section 2.2.4, 28 mA was chosen as the appropriate
working discharge curéent. The compatible voltage applied to the
system was found to be a function of the operating pressure in the
flow; it varied from 500 V to 1500 V. A 1000 {, 200 W load resistor
was used in series with the power supply to insure a stable discharge
(24).

Figure 2.2 presents a schematic of the experimental facility: glow
discharge chamber, traversing mechanism, and test chamber. The test
chamber was a standard 15 em internal diameter pyrex cross. The dis—

charge chamber was initially designed so that various types of plasma
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sources could be emplaced in the pressure-isolated discharge chamber.
The rectangular discharge chamber was fabricated from plexigiass, as
low temperature plasma sources were originally envisioned; the electri-
cal discharge was along a lateral axis and the neutral gas flowed along
a longitudinal axis. A steady state flow system was developed. After
fonization by the glow discharge, the gas was accelerated by a fitted
subsonic or supersonic nozzle which allowed flow into the test chamber,
which had a fixed pressure. The test station was located at the exit
rlane of the nozzle.

The traversing mechanism enabled the diagnostic probes to be
moved with considerable precision across and along the discharge jet.
It was made primarily of plexiglass components and was supported by
two side plates in the test chamber cross—arms. An integral precision
micrometer allowed accurate positioning of the probes across the dis-

charge jet to within 0.01 mm.

The low density plasma jet streaming from the exhaust nozzles,
flowed into the test chamber; probes were positioned in an axial
orientation. The end plates of the test chamber were made of plexi-
glass. The aft end plate supported the glow discharge chamber. The
forward end plate was used for electrical and pressure connections.

The side plates also supported the 5 em dismeter vacuum pumping inlet.

2.2.2 Pumping System and Pressure Measuring Instruments

The low density, steady state volume flow rates were achieved by
a tandem comnection of two Welch 1397B (8.5 x 10_3 m3sec“1) mechanical
pumps at a 5 cm internal diameter "T" junction. They were operated

simultaneously and controlled through a common gate valve. The test
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chamber was connected to the pumping system by heavy rubber tubing with
a 5 cm internal diameter. The rubber tubing was comnnected to a cold
trap which was mounted on the gate valve and pumps. This configuration
is shown in Figure 2.3. Rubber tubing was also used to connect the
pumps to the common linkage on the gate valvé. This prevented vibra-
tions associated with the vacuum-pumps from being transmitted t6 the
test chamber. |

Two types of gauges were used for static pressure measurement. A
Pirani vacuum gauge (0 to 2 Torr) was used for the scaled lower pressure
range (0.09 to 0.16 Torr, 90 km)and a Wallace and Tiernan gauge (0 to
50 Totxr) for the scaled higher pressure range (0.4 to 4 Torr, 70 km and
80 km). The Pirani gauge is a thermal conductivity vacuum -instrument.
The Wallace and Tiernan is a mechanical vacuum gauge. Both of these
give direct pressure indications. They were calibrated with a Mcﬂeod
mercury manometer. The connecting arrangement for these pressure
instruments is also shown in Figure 2.3.

Impact pressure measurements in the discharge jet were made with
a standard right circular cylinder impact probe; this inastrument will
be discussed in section 3.1. 1In the subsonic flow configuration, the
impact probe was connected to a Granville-~Phillips capacitance manometer.
This manometer' is a differential pressure instrument of high sensitivity;
it gave pressure readings relative to the reference static pressure in
the test chamber to within 0.001 mm Hg. In the supersonic flow con-
figuration, the impact pressure probe was connected to a Cole-Parmer
micrometric mercury manometer. This instrument also gave differential

pressure readings; it was sensitive to within 0.05 mm Hg.
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The impact probe was also connected to a supplementary Welch 1400
(3.5 % 10—4 m3seé_1) mechanical pump to help evacuate the impact probe
prior to initiating a given series of data runs. When the static pres-
sure in the probe and test chamber were equal the pump was closed,
allowing the probe to respond to the impact pressure from the discharge

jet. This arrangement is shown in Figure 2.4.

2.2.3 The Subsonic and Supersonic Nozzles

Both nozzles were designed for a constant volume flow rate of
1,18 x 10_2 m35ec_l. The ambient gas (heavy particle) temperature was
maintained at room temperature (300°K) while the discharge pressure was
adjusted for a specific opérating condition. The neutral gas entered
the diséharge chamber thrqugh a choked orifice; the pumping system
induced the steady state flow through the system. The exit area of the
nozzles was determined by matching the mass flow rate entering the dis—
charge chamber with the mass flow_rate entering the test chamber. The

continuity equation for this condition is

- ' 2.2.1
o Vo2 P Uiy _ ( )

where A is the cross séctional area and the subscripts o and E denote
the entrance condition into the choked orifice and entrance condition
(jet exit) into the test chamber, respectively . The predetermined
conditions entering the choked orifice (P0 and To) and the specified
scaled test conditions (PE, pE, TE and UE) enabled the exit areas of the
nozzles to be determined. From Eq. (2.2.1) and the perfect gas law

(P = pRT), the exit areas of the nozzles were determined by
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= Tru - (2.2.2)

where V = UoAb, the constant volume flow rate.

The exit diameter of the subsonic nozzle was 1.2 cm and was
designed for the representative, average flow Mach number of a desend-
ing rocket~borne probe, Mﬁ = 0.3. The nozzle was machined from plexi-
glass and polished smooth. The entrance of the nozzle was 3.18 cm
diameter. The subsonic nozzle was found to produce the expected flow
field and core region; this is further considered in section 4.2. The
nozzle profile is shown in Figure 2.5A.

An exit diameter of & mm for the supersonic nozzle was designed
to produce a representative, average Mach number, Mn = 2. The throat
diameter was 4.3 mm. The supersonic nozzle was also machined from
plexiglass and polisﬁed smooth. It was designed with a conical diverg-
ing section with a half angle of 10 degrees. The supersonic nozzie is
shown in Figure 2.5B. The impact pressure profiles from the subsonic
and supersonic nozzles will be discussed in Chapter IV.

The external design of the nozzles permitted each to be inter-
changed easily for a specific test run. The nozzles were attached
through the nozzle plate which was fastened to the glow discharge

chamber.

2.2.4 Low Temperature Plasma Sources

Several electrical heating methods were tested before the glow
discharge techniques was accepted as the optimum plasma source for low

temperature and low number density plasma of ionosphere interest. The
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tests were conducted in the subsonic flow configuration. A double
Langmuir probe with 0.25 mm diameter tungsten filaments, discussed in
section 3.2, was used as the basic diagnostic tool for determining the
order of magnitude of the electron density and temperature in the
source plasma.

With simple, plane electrodes, shown in Figure 2.6A, and using a
5 mA discharge current, the electron temperature and number density range
were established to be on the order of 105°K and 107 cmﬁ3, respectively.
Electron temperatures and number densities were determined for various
values of discharge current by the logarithmic plot method described
by Johnson and Malter (25). A firsg variation examined thé effects due
to an increase of the glow discharge current. By increasing the dis-
charge current from 5 mA to 30 mA, the order of magnitude of the

4°K while the order of

electron temperature decreased from 105°K to 10
the electron density increased from 107 cmf3 to 108 cmf3. Persson (26),
and Bunting and Heikkila (27) have used discharge currents of 28 mA to
achieve electron temperatures on the order of 102°K. As a result of
their findings and the tests conducted,-a discharge current of 28 mi
was chosen as the working glow discharge current. One and two cathode
systems were also compared. This arrangement of the cathode-anode
systems is also shown in:Figure 2.6. ° The indicated electron tempera—
tures were found to be lower for the‘one cathode -~ one ancde system.
The second variation evaluated the effects of a point anode and
plane cathode configuration, as showm in Figure 2.7. The glow dis-

charge is maintained by the flow of electrons emitted by the cathode

upon bombardment by ions from the anode. The point anode discharge
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system was developed to minimize the ion bombardment at the cathode for
a given discharge current. The anode was constructed from tungsten
wire, 0.25 mm in diameter and 6.35 mm long. The cathode was machined
from aluminum stock. It was 4.44 em in diameter and 6.35 mm thick.

The electrodes were separated by a 7.62 cm gap. The resulting electrom
temperature was found to be on the order of 1O4°K.

A ring cathode and ring anode configuration was also tested to
determine if the electron temperature of the ionized flow could be
reduced by permitting the plasma to flow throggh the cathode. The
aluminum cathode with a hole through the axis was located at the
entrance of the nozzle. A brass anode was located opposite the cathode;
this is shown in Figure 2.8. Electron temperatures of order 104°K
were obtained.

Because the electron temperatures were being reduced by only one

order of magnitude by these previously described techniques, alterna—

tive methods of producing a cool, weak plasma were considered. A
resistance heating technique (28) and a non-self-sustaining discharge
technique (34) were tried in an attempt to produce a low temperature
plasma of order 102°K.

Resistance heating is characterized by large currents (3-5 A)
through a separate filament circuit and small voltages (6V). Three
variations of this technique were tested. The configurations are
shown in Figure 2.9. The first. variation utilized a coiled tungsten
wire filament, 0.25 mm in diameter. The coil was 6.35 mm in diameter
and 7.62 cm long (30.5 cm uncoiled). The second variation utilized a

straight piece of tungsten wire, 0.25 mm in diameter and 7.62 cm long.
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The third variation consisted of two pieces of 0.25 mm diameter-tungsten
wire, also 7.62 cm long. Each of these filaments broke when the neces-
sary current level was maintained for extended periods of time (=15mid.),
and current saturation as indicated by the Langmuir probe was not
achieved. This appears to be explainable, as the applied current to the
filaments constantly "boiled" off electrons;so as the applied positive
probe potential was increased, electrons were cohtinually drawn to the
probe and therefore, the saturation level of the probe continually
increased. To eliminate‘this effect the non-self-sustaining discharge
was tested. This discharge is characterized by the emittance of
electrons due to irradiation (24). For a specific operating voltage,
all of the electrons emitted by the cathode are drawn to the anode.
Increasigg the voltage beyond this operating point does not result in
further emittance. As the positive probe poténtial is increased, it
draws electrons_-from a iimited source and therefore, for a continual
increase in probe potential a saturation level should he reached.

Figure 2.10 shows the two variations of the non-self-sustaining
discharge technique that were tried. The first utilized a single loop
of tungsten wire, 0.25 mm in diameter and 1.9 cm long as an ionization
source for a high voltage anode. The second variati;n used the heater
filament from a power pentode 6BK5 (29), and a high voltage anode.
Both of these filaments also broke when the current was maintained for
a continuous heating pefiod of approximately 15 minutes, but current
saturation could still not be achieved.

Since the resistance heating and non-self-sustaining discharge

techniques did not reduce the magnitude of the electron temperature, a
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brush electrode system (26) was designed in an attempt to achieve
current saturation and a lower electron temperature. Brush electrodes
are known for producing a well defined negative glow with electron
temperatures on the order of 102°K (26). One brush anode - one brush
cathode, and two brush cathodes - one ring anode arrangements. were
tested. These configurations are shown in Figure 2.11. The brush
electrodes were constructed from 0.25 mm diameter tungsten wire fila-
ments, 1.6 cm long. Each brush electrode consisted of 50 tungsten
filaments which were epoxied to a stainless steel base plate, 1.9 cm in
diameter. A negative glow was obtained, extending out about three
cathode diameters from each cathode, but the discharge was erratic and
oscillatory. Because of the unstable nature of the discharge, current
measurements could not be taken and the technique was abandoned.

The flow heating experiment was reéurned to. the original glow
discharge configuration but with an alteration to smaller electrodes
insulated on all but the forward facing surfaces. The electrodes
were reduced to a 2.5 cm diameter. They were insulated with a 2.3 mm
layer of epoxy everywhere but their front surface and covered with
plexiglass tubing, aS-ShOWn in Figure 2.12A. The plexiglass was used
to confine the plasma. The resulting dischafge was stable but still
produced électron temperatures of order 104°K.

A further. variation of this configuration was made by using a
2.5 cm diameter cathode and a 4.67 mm diameter anode. Both electrodes

were machined from aluminum stock. These electrodes were separated by

a 2.5 cm gap.
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A basic difficulty arose when the Langnmuir probe was grounded in
any way. The ground caused the glow discharge to form between the
anode and probe, this increasing the conducted current by 1 mA and dis—~
torting the local plasma properties. To prevent this the probe bias was
made to float with the plasma as reference by employing DC battery
operated poﬁer supplies.

In order to further’ reduce the temperature and density, this
discharge system was operated in conjunction with a baffle system,
shown in Figure 2.12B. The baffle system was positioned at the entrance
of the nozzle; two and three phase baffles were used, The baffles also
helped prevent the probe from being an active part of the glow circuit
and helped suppress the electron concentration and temperature values.
With the addition of the baffle system, the current levels sensed by
the probes in the jet were reduced from IO_GA to 10_9A. The resulting

electron temperatures were found to be on the order of 102°K. The

- i aa . . . 1 -3
electron number densities indicated in the jet varied from 10" cm = to

& =3 . R
10" em ~; depending on the operating pressure. As a result of the
achievement of satisfactory test conditions, this electrode confiéura—
tion and baffle system were used for the production and control of the

low temperature laboratory plasma.

2.3 Experimental Conditions

The simulation of D-region probe flows as discussed above,
required some properties to be scaled by two orders of magnitude. With
these scaled values, the test conditions in the experimental configura-
tion were determined. With the int?oduction of baffles and different

electrode geometries discussed above, the production of an appropriate
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plasma was achieved, However, the available pumping apparatus for this
experimental work did prove to limit the altitudes which the modeled
flow could simulate.

Table 2 presents the scaled experimental conditions for the
D-region. The table lists the test conditions for all of the altitudes
of interest in the D-region (40 km to 90 km). It includes parameters
for the glow discharge chamber and test chamber, specifically: the mass
flow rates, ﬁ, static and stagnation pressures, PE’ PO, densities, pE,
and the baffie and electrode configuratioms.

The required mass flow rates for the steady state flow configura-
tion were determined from the specified volume flow rate; the volume
flow rate is characteristic of the pumping system. The two Welch 1397B
vacuum pumps each has a volume flow rate of 8.5 X 10_3 mBSecﬂl. Their
combined volume flow rates were reduced in the caleulations by 30
percent to account for mechanical and flow losses. With an effective
volume flow rate of 1.18 X 10_2 m3sec_l, the D-region probe flows that
could be simulated were at altitudes to 70 km, 80 km, and '90 km.

The electron number densities and temperatures were controlled by
the baffle system; two and three phase baffles were used and are shown
in Figure 2.13. The baffles were machined from plexiglass and posi~-
tioned at the entrance of the nozzle. In the subsonic flow configura—
tion the two phase baffle was used at the 70 km and 80 km altitudes.
The three phase baffle was employed for the 90 km altitude. In the
supersonic flow configuration, no baffles were required to contrel the

temperature or densities of the plasma.
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The electrode configurations used for the production of the
scaled plasma are shown in Figure 2.14. At the 80 km and 90 km alti-
tudes the electrode configuration consisted of the 4.76 mm diameter
anode and the 2.5 cm diameter cathode. The electrodes were separated
by a 2.5 cm gap. At the 70 km altitude, 2.5 cm diameter electrodes
were used, also séparated by a 2.5 cm gap. Since the amount of source
ionization is reduced by the higher chamber pressure, the larger amode
was employed at the 70 km altitude to inerease the order of magnitude
of the electron number density, and accordingly reduce the magnitude

of the Debye length.

2.4 Baffle System Effect on the Recombination Process

The electron concentration at the exit plane of the nozzle was
controlled by the baffle system, as the baffles lengthened the path of
plasma travel from the source and increased the flow time, thus allowing
the recomb;nation process to progress. The electron loss mechanisms
involve diffusion to the walls and recombination. For purposes of
analysis, it is here assumed that the plasma is recombination —
controlled from the source condition in the discharge chamber. The
diffusion to the walls, followed by surface neutralization, is pre-
suﬁed to be a negligible loss mechanism on the basis of surface to
volume estimates. The resultant electron density at the exit plane
of the nozzle will then be accounted for by an effective, average
recombination coefficient (30).

First, for the ionization processes, it can be shown that the
gas flow in the discharge chamber remained long enough to achieve

equilibrium with the entire volume of plasma before entering the baffle



- &2 —

Glow Chamber Wall

Gas Inlet
\\\\\\\\7{\\%»{\‘\!\ AAVAVANAVANAN

6.35 mm — 4.76 mm Dii);7 1
%) j 2.5 cm

,'72.5 Cll—» ] l

Anode Cathode

(A) Electrodes for 80 km and 90 km Altitudes

NARANAA \% I\\\l\\\\\\\\

Anode Qathode

gjﬁrlcr’u r:zjcm
U |

2.5 cm—™

(B) Electrodes for 70 km Altitudes

Figure 2.14 Glow Discharge Test Configurations



- 43 -

system. The time required for ionization of the gas entering the
discharge chamber can be expressed as the inverse of the electron=-
neutral collision frequency, as

1

noc

’

where n is the neutral particle density, 0 is the cross section for
ionization, and ¢ is the mean (thermal) veloecity of the electrons.
Taking a lower limit on density at 10:L cmf3, g = 10“15 for electron-
nitrogen ionization at 1 eV (30} and c=7X lO7 cm sec‘l at 1 eV, a
value of t = 10'_7 sec is indicated. Clearly, the cold gas input to the
discharge chamber will quickly reach equilibrium with the local plasma.
Second, for the recombination, the baffles increased the path of the
flow without increasing the velocity. The gas in the discharge chamber
flows at 6.1 cm secpl in the subsonic case and at 16.8 cm sec_l in the
supersonic case; these velocities were taken as average, constants
through the baffle system. The time for the flow through the nozzles
was on the order of 10_.3 sec. The time for the flow through the dis-
charge chamber and baffles was about 6 sec for the subsonic case and
about 2 sec for the supersonic case. These relatively long times in
the steady state flow system allowed recombination to proceed to a

limiting state. The electron density recombination in the test flow

will be further discussed in section 5.4.2, relative to specific data.



CHAPTER II1

DIAGNOSTIC DEVICES

3.1 Impact Pressure Probe

An impact pressure probe (21) was used to determine the properties
of the flow field in the test jet. The mature of the response from an
impact pressure probe depends on its design. There are three basic
types of response errors that arise with an impact pressure probe,
which can be minimized by a carefully designed probe; these will now
be considered.

The first error is related to the ratic of probe diameter to dis-
charge jet diameter. This ratio should be made small so that the probe
measures localized impact pressure. The impact probe employed here
was designed with a diameter that was only 2 percent of the subsonic
jet diameter and 4 percent of the supersonic jet diameter, thus
minimizing the extent error.

The second error is related to the ratio of probe length to probe
diameter. When slip or transitional flow conditions exist within the
probe, the boundary layer growth can affect the pressure response (3L).
The slip flow regime occurs for Knudsen numbers within the range
0.01 < Kn Rh—llz < 3 (32). For the subsoniF jet £low, a slip condition
occured within the impact probe at the scaled 70 km and 80 km conditions.
At the scaled 90 km condition, transitional'flow cccured within the
probe. In the supersonic jet flow, transitional flow occured within

the probe at the scaled 80 km and 90 km altitudes, while the slip flow

condition occured at the scaled 70 km altitude. Rogers et al. (31)
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point out that the length to diameter ratio should be larger than about
20 for the slip and transitional flow conditions so that the errors
resulting from this geometry would be negligible. This impact pressure
probe was designed with a length to diameter ratio of 32.

The third type of error is related to viscous effects due to the
flow within the probe. The extent of viscous corrections to the impact
pressure probe response depends on the specific flow conditions, as
previously discussed. The viscous corrections could be minimized by
designing a probe with an internal diameter which would allow the flow
to attain the free molecular flow condition, Kn R.n_l/2 > 3 (32). This
condition, however, was not reached by the flow within the probe.
Viscous corrections required for the slip and transitional flowlregimés
were obtained by Eq. (4.2.1) for subsonic flow and by Eq. (4.3.1) for
supersonic flow. —;t was found that the corrections were less than 2
percent for the subsonic flow case, while no viscous corrections were
required in the supersonic flow cenfiguration. The response from the
impact probe will be further discussed in Chapter 1V.

The impact pressure probe was designed so that the above errors
in response would be minimal. It was constructed from 0.5 mm outside
diameter, 0.25 mm inside diameter, stainless steel hypodermic tubing,
1.62 cm long. The hypodermic tubing was epoxied into a 6.35 mm outside
diameter brass sleave. The brass sleeve was epoxied into a 6.35 mm
outside diameter brass tube which was electrically insulated by pyrex
tubing, 8 mm in diameter. The inlet (sensing) end of the probe had an
external chamfer of 10 degrees. The length of hypodermic tubing

extending from the brass sleeve to the chamfer tip is 8 mm. The probe
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was connected to the Cole-Parmer and Granville-Phillips pressure
measuring instruments through 6.35 mm outside diameter copper tubing.

The impact pressure probe configuration is shown in Figure 3.1.

3.2 Langmuir Double Probe

The unique design of the Langmuir double probe (10) was developed
to facilitate the removal and replacement of the electrode filaments.
This alleviated the need to comstruct an entirely new probe when the
filaments became contaminated by deposits from the discharge during
each use. The configuration is shown in Figure 3.2. The probe con-
sisted of removable électrode filaments within a permanently epoxied
housing; the filament used was made of tungsten wire, 0.25 mm in
diameter.

The electrode filaments were mounted in 0.8 mm outside diameter,
0.4 mm inside diameter stainless steel hypoderxrmic tubing. Each tube
was filled with Hysol K16 conductf%e epoxy after which the tungsten
filaments were inserted. Hysol 1C white epoxy was placed over the
interface of the filament and stainless steel tubing forming a conical
shape as it cured. The epoxy cone was 3 mm in length and 1.6 mm in
diameter at its base.

The filament housing was formed from a Hysol 1C white epoxy mold.
The mold was machined into a conical shape, 4.76 mm in diameter at the
front and 8 mm in diameter at the base. Two stainless steel hypodernic
tubes, 1.2 mm outside diameter and 1.6 cm long were placed through the
center of the cone and epoxied in place. Each tube was insilated with
two layers of Scotch No. 74 mylar tape, 0.05 mm thick. The hypodermic

tubing was connected to RG 174 coaxial cable. The coaxial cable was
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placed ‘through a 6.35 mm outside diameter brass tube which acted as

an electrostatic shield (33). An 8 mm outside diameter pyrex tube was
fitted over the brass shield, insulating the unit. The pyrex and brass
tubing was permanently epoxied to the filament housing, forming a
vacuum seal. When the electrode filaments were inserted into the
filament housing the separation distance between them was 2 mm. To
minimize the end effects (7) in the plasma flow configuration, each
tungsten filament was made 4 mm long.

Figure 3.3 shows the circuit used for the Langmuir probe. The
circuit suggested by Johnson and Malter (25) permits the potential
between the electrodes to float with respect to the plasma. The cir-
cuit used in this work consisted of a variable DC power supply,
Keithley 602 electrometer and a Dynamics 501 millivoltmeter. The
electrometer used for the recording of the current, and the milli-
voltmeter used for precise voltage settings, were both DC battery
powered, allowing the system to float.

The current conducted by the probe will indicate the correct
plasma parameters only when the potential difference between the
electrodes is floating with the plasma as reference. When the
reference is grounded, the glow discharge forms between the anode and
probe, because the resistance between the probe and anode is less than
between the cathode and anode. The grounded reference then causes the
current to increase by 1 mA. This excessive current was found to
clearly distort the plasma parameters being measured.

Before every test run it was found necessary to insure that the

I
|
|
electrode filaments were carefully cleaned. This was done by first
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flushing the filaments with acetone so as to insure that all dust and

0il deposits had been removed. Second, after the probe was under
vacuum at about 1 Torr, 10 mA of current was applied across the fila-
ments for 15 sec intervals. This procedure was repeated until all
spurious deposits were removed from the surface, as indicated by the
soft-glow between the two filaments.

The cleanliness of the probe was important in influencing the
quality and reproducibility of the current-voltage characteristic
through the active collecting area of each filament (34). After every
test run the electrode filaments were removed from the filament housing

and replaced with new ones.

3.3 Scaled Rocket-Borne D-Region Electrostatic Blunt Probe

A scaled electrostatic blunt probe was designed and fabricated
to simulate the rocket-borne D-region probes used by Hale (23). The
blunt probe was scaled down by two orders of magnitude. It is shown
in Figure 3.4A. The probe consisted of a 0.25 mm diameter tungsten
wire with its end surface functioning as the collector disc. The wire
was wrapped on its side with five layers of Scotch No. 74 mylar tape;
this forms the insulator ring between the collector disc and guard
ring. A 1 mm outside diameter, 0.75 mm inside diameter stainless
steel hypodermic tube formed the guard ring for the probe. The guard
ring was insulated with two layers of mylar tape leaving only the front
end of the probe electrically conducting. The return electrode was
formed by a 1.6 mm outside diameter, 1.35 mm inside diameter stainless
steel hypodermic tube. The return electrode was 1 mm long and was

positioned 3 mm from the front end of the probe. The collector disc,
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guard ring and return electrode were each connected to No. 24 copper
wire which was insulated with heavy formvar. The copper leads from

the guard ring and collector disc were comnnected to RG 174 coaxial
cable. The copper wire from the return electrode formed the third lead
in the circuit for the probe system. The coaxial cable and third lead
pasgsed through a 4 mm outside diameter brass electrostatice shield which
was epoxied to a 2.4 mm outside diameter pyrex tube. This pyrex tube
was epoxied to the return electrode forming a vacuum seal. The brass
tubing was insulated with pyrex tubing which ran the length of the
probe. The pyrex and brass tubing were epoxied together forming
another vacuum seal.

Figure 3.4B shows the circuit for the blunt probe system. The
collector disc was biased relative to the return electrode as in the
Langnuir doublé%ﬁiﬁbé gystem. No current will be drawn through the
guard ring due to the 22 M} resistor between the collector disc and
guard ring. The guard ring will, however, assume the same potential
as the collector disc. The floating circuit for the blunt probe is
the same circuit used for the Langmuir probe.

The blunt probe was cleaned before every test run. The front
end of the probe was first rubbed smooth with No. 500-A silicon carbide

paper. Acetone and carbon tetrachloride were then used to clean the

collector disc, guard ring, and return electrode.



CHAPTER IV

EXPERTMENTAL CHARACTERISTICS OF THE PLASMA JET TEST FLOW

4.1 Introduction

The test flow was produced by metering room temperature purified
air through a choked orifice feed line into a glow discharge chémber
which allowed passaée through a nozzle into a low pressure test chamber.
The gas pressure in the glow discharge chamber was adjusted to a value
required to obtain the desired test conditions at the exit plane of
the nozzle. The scaled D-region conditions therefore set glow and test
chamber pressures, and both being related to the desired flow through
the nozzles. The pressures in the test chamber were those correspond-
ing to the scaled D—region wvalues.

An impact pressure probe was used to identify the flow field
properties in the test jet. The open—ended type of probe was employed
because it is easy to construct and with proper design the viscous
corrections would be less than 1 percent down to a Reynolds number of
about 25 (21). The probe was initially positioned at the exit plane
of each nozzle.

4,2 Subsonic Flow

The subsonic nozzle was designed to produce a Mach number on the
order of 0.3. This condition represents the average descending
velocity of a rocket-borne blunt probe (100 m sec-l) through the
D-region of the lconosphere.

The flow-field patterns from the nozzle were found to be charac—

teristic of low density flow in a round, free jet (21). The flow at
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the exit plane of the nozzle was found to be uniform and parallel. The
mixing region of the jet was found to extend about four nozzle diame~
ters downstream of the exit plane. Within this region there is a
shearing layer between the ambient test chamber gas and the jet flow;
in this shear layer the turbulent intensity and Reynolds stress are
maximum. The shearing layer reduces the kinetic energy in the flow
field. Downstream of the mixing regio%_there is an adjustment region
where the flow decays in a turbulent state (31).

The Reynolds number for the flow within the 0.5 mm diameter
impact pressure probe required only very small viscous corrections to
the impact data. The Reynolds number values were 2.4 at 90 km, 14 at
80 km and 69 at 70 km. The viscous correctlons are expressed by the
ratio of the measured impact pressure (Pi) to the impact pressure

)} which is given by (21)

under free molecular flow conditions (P,
. ideal

Pi v C
5 = ooy 1 (4.2.1)
ideal

where Cu'is a pressure coefficient parameter; it is determined for
each Reynolds number from the experimental curve given by Enkenhus
(21). The values for the viscous corrections are 1.13 at 90 km, 1.02
at 80 km and 1.0 at 70 km. These corrections are less than 2 percent
for the subsonic flow condition.

The jet flow field was determined by measuring the impact
pressure in the discharge jet relative to the static pressure in the
test chamber (Pi - P). Measurements were made along the centerline
and across the exit plane of the nozzle. ~Figure 4.l is representative

of the impact pressure profiles obtained across the exit plane of the
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nozzle and at positions downstream of the exit. Pressure is nondimen-
gionalized with the test chamber static pressure to indicate a
typical. response for the D-region under subéonic flow conditions. The
decay of the ilmpact pressure across the exit plane indicates the effect
of the shearing layer on the flow. The turbulent decay of the flow
dominates the field beyond about 10 mm fromlthe exit plane of the
nozzle.

Mach number distributions were determined from the ratio of
impact to static pressure as (21)

p
{deal 271/2
M, = [(_lz?_a - ?J / _ (4.2.2)

where it is assumed that the flow decays isentropically. The cénter-
line Mach number at the exit plane of the nozzle was found to be 0.27,
which is within 10 percent of the intended value. Figure 4.2 shows the
decay of the Macﬁ number across the exit plane of the subsonic nozzle
flow. The jet can be seen to possess a fairly uniform core region of

about 3 mm in diameter at the exit of the plane of the nozzle.

4.3 Supersonic Flow

The supersonic nozzle was designed to produce a centerline Mach
number of about 2 in the test jet. Rocket—borne probes utilized by other
researchers (5,6} typically ascend supersconically through the iono-
sphere and descend without a parachute drag system, thus reaching
large supersonic velocities. A Mach number of 2 is taken as repre-
sentative of the flow field that such a probe will experience in its

passage through the D-region.
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The scaled laboratory experiment utilized a test jet with flow
field patterns from the supersonic nozzle that are omce again
basically characteristic of low density flaw from round, free jets.
In the supersonic flow test configuration in the present case, the
static pressure ratio across the jet-background interface is equal Fo
1 and therefore compression or expansion zones are not present mnear
the exit of the nozzle. Abramovich (36) points out that the near field
jet behavior is independent of the flow velocity and temperature when
compression zones are not formed at the exit of the nozzle. Under
such a condition the flow characteristics from the supersonic nozzle
will be similar to that for a subsonic jet. Compression zones will
form away from the nozzle exit when fbe static pressure ratio across
the jet boundary increases above the unity value (35).

The viscous effects in nozzle flow and in the impact pressure
probe response are determined to be negligible on the basis of flow
Reynolds number. Relative to the former, the smallest value of the
nozzle Reynolds number based on the sonic throat conditions is about
140. Ashkenas and Sherman (37) point out that the viscous effects
from the growth of the boundary layer at the throat should therefore
be small. Relative to the latter, the viscous effects on the imfact
pressurexprobe response are negligible for Reynolds numbers above
-about 20 (21). The Reynolds numbers are found to be 33 at 90 km, 183
at 80 km and 942 at 70 km. Therefore, no viscous corrections were
necessary for the supersonic flow configuration.

The radial impact pressure profiles were determined in the same

manner as for the subsonic flow configuration. Figure 4.3 shows a
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representative impact pressure profile across the exit plane and at
subsequent positions downstream of the exit. As the radial distance
.from the nozzle axis is varied, the impact pressure is found to peak
at T = 1 mm. As the axial position downstream is increased, the peak
value is found to decrease relative to the centerline pressure, an
effect compatible with decreasing Reynolds number. The dissipation of
kinetic energy in the mixing region between the potential core and jet
boundary causes the location of the peaks to move radially inward toward
the nozzle axis as the axial distance increases (31).

Mach number distributions were determined from the ratio of static

and impact pressure by the Rayleigh formula (35), which is given as

P 2 v +1 1,2 2 1 - 1
1 Y+ 1.7Y - _LY X -1y -
p - M )l 1Y - y¥F L . (4.3.1)

For a ratio of the specific heats, v = 1.4, the form of the equation

for the Mach number is
. 0.47
M = 0.78 (=) °° (4.3.2)
| P

The centerline Mach number is found teo be 2.1, which is within 5 percent
of the intended value. Figure 4.4 shows the decay of the Mach number
across the exit plane of the supersonic nozzle; it indicates a core
region of about 1.5 mm in diameter at the exit plane of the nozzle as
determined from the distance between the impact pressure peaks. Figure
4,5 stiows the axial distribution of the Mach number from the exit plane.
The Mach number is found to increase downstream until the region‘where

compression zones are formed, about 2 mm; this is due to the increase

in the local statiec pressure ratio because of viscous interactions.
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In Figure 4.5,the gradual decrease of the Mach number is observed as

the distance from the exit plane of the nozzle increases beyond 2 mm.



CHAPTER V
ANALYSTS OF EXPERIMENTAL DATA AND COMPARISON

WITH ROCKET-BORNE BLUNT PROBE DATA

5.1 Introduction

The experimental- flow facility was used to produce accurately
scaled D-region probe flows. The cylindrical double Langmuir and blunt
probes were both used to obtain current-voltage data from which electron
temperatures and number densities of the weakly ionized plasma were
evaluated. Data from the test runs are presented and will be evaluated
by employing appropriate continuum, transitional, or collisionless
diagnostic-probe theories for specific operating regimes. The specific
probe theory most valid for the reduection and interpretation of the data
is determined by the pluasma-probe interaction phenomena. The relevance
of each of the probe theories is dependent upon knowing the degree of
interaction between the plasma electrical and fluid mechanical properties,
as related to the probe size. The plasma-probe regime will be delineated
for each test condition.

Reference values of the plasma electron temperatures and densities
are determined by double Langmuir probe diagnostics, whose accuracy will
be established relative to the probe theories. Comparison of the raw
data obtained by the Langmuir and blunt probes, and reduced plasma
properties determined from available diagnostic probe theories, will
enable the several relevant blunt probe theories to be evaluated under
carefully controlled experimental conditions. Again, since the theory
of the collisionless and transitional Langmuir probe is well understood

(7, 22), the reduced plasma properties derived from the cylindrical
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double Langmuir.probe will be used as reference to indicate the validity
of the blunt probe reduction procedures. Evaluation of ionosphere data

recorded with rocket-borne blunt probes will also be made.

5.2 Criteria Related to Application of Particle Collection Theories

Collisions between particles provide a most fundamental influence
on the current conducted to a probe and therefore the indicated tempera-
ture and density of the plasma., These interactions among neutral
particles, ions, and electrons provide a number df possible collisional
parameter scales within the plasma. The probe theories that have been
formulated are clearly dependent upon an understanding of the internal
collisional structure of the plasma. Specifically, when an electrostatic
probe is inserted into a plasma and biased relative to it, collisions
between particles within the effective collection layer of the probe
determine the exact state of the plasma-probe interaction, such that the
probe may be in a continuum interaction with respect to one particle
{(e.g., ions) while in a collisionless regime with respect to another
type of particle (e.g., electrons). Such criteria for the validity of
any specific theory must éhen be examined.

In order for a collisionless probe theory teo accurately describe
electron collection within the collection layer of the probe, two
criteria must be met. The first criterion is a function of the degree
of ionization in the plasma and is related to the number of particles in
a Debye cube, nkg (12). When nhg >> 1, electrons are free to move
within the effective collection layer of the probe without encountering
collisions between ions or neutral particles. This is a‘phySical

constraint on the structure of the collection layer immediately



adjacent to the probe surface and may be represented by {(12)

(0.329)

>> 1 (c.g.s.) (5.2.1)

for electron collection, where Te is the electron temperature and n,
is the electron number demsity. Eq. (5.2.1) was derived from the Debye
length, AD’ a basic parameter that indicates the thickness of the

effective collection layer adjacent to the probe; it is given by (2)

kT 1/2
e

D — , (c.g.s.) {(5.2.2)
4rie n,

>
Il

where k is the Boltzman constant.

A second criterion specifies the collision state of the plasma-
probe interaction for specific particle species being collected. When
a probe collects one particular species, the average distance between
collisions of that particle and a neutral particle must be large
compared to the probe size, rp. This reduces the possibility of
collisions in the region near the probe surface. This criterion is

represented by (12)

>> 1 {(5.2.3)

where hs—n is the mean free path between a neutral particle and the

attracted species, and rp is the probe radius.
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When both the above criteria are not satisfied, collisionless
probe theory is not wvalid. Transitional (ks~n z_rp) and continuum
(As—n < rp) probe theories which account for the increasing effect of
collisions between particles within AD, must then be applied to explain
the plasma behavior as influenced by any surface fluid interaction
layer(s) and electrical interaction layer(s) in the near field of the
probe,

The plasma-probe interaction problem may be further complicated
by the mere presence of the probe. In the electrostatic probe theories
which will be discussed, the probe acts as a sink for the charged
particles and so is itself a cause for perturbation in the plasma.
Particles are collected with the assumption that the probe, through
surface recombination processes, is a perfect absorber of charged
particles, Once a particle is collected by the pxobe as current, it is
removed from the problem. The degree. of perturbation arises from the
size of the probe and the magnitude of the conducted current. If the
current collected is small compared to the current which maintains the
plasma, it can be neglected as a disturbance source (12). This was
experimentally considered in a case (12) where the glow discharge current
was maintained at mA, while the conducted probe current was less than
10_9 A; in that situation, the current conducted by the probe could be

ignored as a source of plasma disturbance.

5.3 Review of Particle Collection Theories

Various electrostatic probe theories are used to evaluate the

relationship between ambient plasma conditions and the current-voltage
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response of the probe, including the effect of field-fluid structure of
the plasma during the collection. When a probe is biased at a potemntial,
Vd’ relative to the potential of the plasma, Vp, the attracted particles
are influenced by the resulting electrical fields, and so will move
relative to the ambient plasma where the particles are generally

assumed to have a Maxwellian veloeity distribution.

Random particle motion, mobility, and diffusion processes comtrol
the convective motion of the attracted particles through distinctly
different layers in the near field of the probe. Specific layers can
be defined as being dominated by one or more of these processes. When
the attracted particles reach the surface of the probe they are
absorbed by surface recombination and surface diffusion processes, thus
satisfying the zero density boundary condition at the probe's surface.
In a collisionless plasma, the dominant feature involves attracted
particles with an equilibrium random kinetic flux at a distance of
one mean free path from the probe's surface. In a continuum plasma,
the probe size is the dominant scale length and particles are driven
toward the probe in a field-diffusion process by the nondimensional
probe potential, 73 = eVd (kTe)_l. Both collisionless and collisional
probe regimes involve the concept of a "sheath", or electrically
perturbed region in the general sense, near the probe's surface; this
region can be envisioned as extending outward from the physical collecting
surface to creaté an effective, displaced particle collection surface.
Distinctly different from the "probe" or "flow" condition, a sheath may
be collisionless, transitional, or collisional (7). The mathematical

formulation of this "sheath™ region ultimately must match the ambient
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plasma conditions on one side with the zero density surface condition
on the other side.

The standard and specific definition of a sheath (7) is: that
region near the probe's surface where charge separation (ne # ni)
cannot be neglected, and the particle motion is determined by the
magnitude of the positive or negative bias of the probe and the extent
of the plasma-probe interaction condition. Under steady state
conditions the flux of particles through the sheath to the probe is
constant, and the rate at which the attracted particles are absorbed
by the probe is balanced by the rate at which charge particles enter
the sheath region. In the sheath, charge neutrality (ne = ni) does
not hold, and the distribution of charged particles is the dominant
feature of this region. Particle density and motion must be consistent
with the local, altered electric field. Some standard, basic solutions
are well known (11, 27).

Generally, electric field generated by the collector-plasma
potential difference extends into the plasma away from the probe, and
is diminished by the plasma within a characteristic length which is a
function of the electron temperature and number density. Under
certain conditions, this effective screening distance is found to be
the Debye length, AD’ represented by Eq. (5.2.2). The formulation of
a value for screening distance was examined in the specific sense by
Lai (2), where it was pointed out that the standard, physical
interpretation of AD as an indicator of a sheath thickness is only
D—l (7), indicates

the extent of charge particle saturation within the sheath region (2).

valid for ?ﬁ << 1. Further, the Debye ratio, rp A
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When T, >> A (thin sheath) ,the paths of the attracted particles to the
probe are straight and intersect the probe perpendicular to the collec-
tion surface. For a thick sheath, rp << AD’ the trajectory of the
particles will converge toward the probe and those particles inter-
secting the collection surface will be collected as current. Thus, in
the collisionless thick sheath limit, AD + o, the current conducted bz
the probe will be over estimated relative to the current collected
through a thin sheath (7). However, if hs—n << AD the number of
attracted particles reaching the probe surface is decreased by the effect
of charge particle collisions within the sheath region (33).

The collisionless plasma-probe interaction state (collisionless
probe and collisionless sheath) is described by the orbital-motion-
limit (7). The current conducted in this regime is that due to attracted
particles that pass through a collisionless sheath and are nog prevented
by potential barriers from reaching the probe. This current is a
function of energy and angular momentum considerations (7). In the one
dimensional central—force problem relating the trajectory of the
particles to the current collected by'the probe, the potential energy,

EP (r, @), of the attracted particles in the collisionless regime is

related to their radial velocity, vr, and local electrical potential,

and is given by (7)

2

2mr2

Ep (r, @) = 2 p(x) + (5.3.1)

where @ is the angular momentum of the particles, Z is the charge on

the particles, and ¢¥(r} is the local particle potential. The potential
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energy governs the radial motion of the particles. The total energy

of the particles, E, is not affected by the motion, and is given by (7)

N

+.Ep (r, 2 (5.3.2)

The total magnitude of E and @ together determine the path and
location of the particles relative to the probe's collection surface.
When rp Asl% o, potential barriers will dominate Ep (r, @) and prohibit
certain particles from reaching the probe. Particles whose trajectory
is dominated by the magnitude of § will not be absorbed by the probe,
but will pass by it because of their trajectory. The particles whose
value of EP (r, Q) are sufficient to overcome the effect pf 2 will enter
'trapped orbits. In a steady state collisionless probe theory, Chung
et al., (7) point out that the procedure to determine the density of
these particles has not been formulated. However, Laframboise (17) has
found that the influence of particles in trapped orbits is not
important in the determination of the current collected by the probe.
The orbital-motion-limit is applicable when spherical or cylindrical
probes are used for collisionless particle collection. Chen (33)
points out that orbital-motions are not possible with plane probes
because of the probe's geometry; further, in that case the sheath size
is assumed constant after charge particle saturation, when Vd is larger
than VP.
In general, the state of the plasma within a sheath (electrically
perturbed) region is determined by the relationship between the species

mean free path, A , T , and A,. In the case when A, >> A >> r
s-n p D b $—n p’
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collisions between charged particles occur within a sheath region,
while a collisionless plasma exists with respect to the probe (7).
The gas operating pressure, P, willserve to define As—n’ and along

with other variables, A., and so determine the degree of plasma-probe

D?
interaction and thus the collisional state within the sheath.
Specifically, since As—n = (nos__n)—l where O is the species collision
eross section, the number of collisions will increase with higher P
and will prevent attracted particles from éntering orbital (collisionless)
motions in the near field of the probe. The mégnitude of the electron
density, n.s electron temperature Te and applied probe potential, Vd’
determine the thickness of the sheath (electrically perturbed) region.
Chung et al., (7) review the many regimes of specific plasma-
probe interactions and the relevant analytical schemes for stationary
and flowing plasmas. The various operating regimes for electrostatic
probes are discussed and the available diagnostic theories are
formulated to interpret the probe's response within these regioms.
The review work includes the response and operation of Langmuir probes
in transitional and collisionless plasmas. The use of Langmuir probes
in continuum plasmas is also presented, but as discussed, the wvalidity
of the analysis in this regime is open to some question, In that
work, primary consideration was given to ion particle collection.
However, Lai (2) does present a specific electron collection
diagnostic theory appropriate for,blunt probes in the continuum
regime of the ionosphere. Other blunt probe continuum theories have

been developed by Hoult (38} and Sonin (19), as noted above; again,

these theovries were formulated primarily to explain ion collectiom.
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To date none of these blunt probe thecries have been substantiated in
laboratory experiments appropriate for the lower ionosphere, D-region,
which is of primary concern in this work.

The cylindrical double Langmuir probe operating in the collision-
less and transitional regimes will be used in this work to determine
the properties of the plasma produced in the flow facility. This
probe consists of two relatively thin cylindrical (rp < 2) electrodes
which, when biased, conduct a current, the magnitide of which will
indicate the potential of the plasma, the onset of charge particle
saturation, and hence, the appropriate values of electron temperature
and number density. When this constraint, As—n z_rp is met, the
Langmuir probe will function in a plasma-probe interaction condition
which is collisionless or transitional, regimes which are well under-
gtood theoretically and experimentally (7, 22). Because of the well
established collisionless .and transitional operational procedures and
eva;uation schemes for the Langmuir probe, it was considered sufficiently
reliable as a diagnostic tool to substantiate the state of the test
plasma, in order to then be able to evaluate the response of the blunt
probe for electron collection. Differences in response mechanisms
between the blunt and cylindrical probes will require an indepth
understanding of the difference in the collisionless and continuum
theories formulated for each of these diagnostic probes.

The diagnostic theories developed for cylindrical collisionless
probes, as outlined by Chung et al., (7), account for the formation

of orbits by the attracted particles within the collection surface.
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The most widely accepted and experimentally verified theory for
eylindrical collisionless probes was formulated by Laframboise (17).

This theory was formulated single probes and for the range, rp AD > 1,
and has been well established as the primary comparative tﬁeory for the
particle collection processes in collisionless plasmas, where the
possibility of orbits formed by the attracted particles is most
prevalant.

The double probe method of diagnosing plasma properties was first
presented by Johnson and Malter (25); this analysis is appropriate for
collisioﬁless probes with thin sheaths in stahic plasmas, A more
general development of double probe theory, including the effects
of thicker sheaths and the influence of applied potential on ion
current, has more recently been outlined (39). The work presented
there considered cases with rp 1513_1, variable temperature ratios,
and comparison of the results with those of Laframboise (17) for
similar conditions.

Chou et al., (40) have developed the most complete theory for
the operation of electrostatic single probe in the tramnsitional plasma
regime. However, the work was quite detailed and did not permit a
form of the theory appropriate for simple interpretation of experimental
work (22). More recently, Talbot and Chou (41) have presented a
transitional regime analysis for saturation ion current to spherical and
cylindrical probes for the range rp l;lz_ 0 which can be used to
interpret diagnostic results. Their theory has compared well with

experiments conducted by Kaegi and Chin (42), and Kirchhoff et al., (22).

The Talbot—Chou theory was developed for cylindrical single Langmuir
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probes in a flowing plasma and describes the effects of collisions on
ion and electron current collection.

While the saturation current for a single probe can be used to
derive the plasma number density from doublé probe data, a specific
formulation including the effects of collisions in the transition
regime for double probes has been presented by Thornton (43). It should
be noted that, generally, such thick sheath theories involve the
definition of a sheath boundary and the evaluation of an effective
collection surface area at that position (22, 41, 43). Further, it
has also been nated (7, 22) that the double probe is less sensitive to
collisional effects, distortion, and the analytical theories can be
used with more confidence with double probes.

In the continuum plasma regime the effect of orbital trajectories
is reduced because of the increase inm charge-neutral collisions. A
conprehensive discussion of the available theories for this regime is
presented by Chung et al., (7) and a detailed discussion..of direct
interest is included in the work of Kiel (44). COnce again there does
appear to be a reasonably consistent analysis available when current-—
voltage data up to saturation is used for the determination of plasma
properties. As one effort of interest Chung and Blankenship (45) have
developed a continuum theory appropriate for flat plate double
diagnostic interpretation; their theory has been experimentally verified
in experiments by Chung (46).

The blunt probe geometry and relatively constant sheath size with
an increasing probe potential, V&, above plasma potential, Vp, will

eliminate the formation of orbital trajectories of the attracted
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particles (33). Thie major difference in the particle collection
process for blunt probes requires different diagnostic theories to
describe the motion and path of the collected particles. The-
Child's Langmuir theory (47) was formulated to interpret the response
of highly biased plane probes in collisionless plasmas. This theory
can also provide a basic description of the electron collection
process (Vd > Vp) for blunt probes in other, non-orbital regimes.

A new electron collection theory for subsonic continuum blunt probes
was outlined by Lai (2). As yet, however, no theory for electron
collection in flowing plasma has been validated by laboratory experi-

-

ments.

5.4 Determination of Plasma Properties Using the Double Langmuir Probe

5.4.1 Introduction

The cylindrical double Langmuir probe was used to define the
plasma properties in the static and flow configurations. From the
studies conducted in coliisionless plasmas (10, 13), where the
Langmuir probe was used to determine the local properties of the plasma,
it was found that this diagnostic probe is dependable in securing
accurate and useful current—-voltage data. A cylindrical geometry was
chosen for the probe because a large aspect ratio, QD;I N 16, reduces
the influence of end effects on the response of the probe. The
double probe configuration was used because of the minimal_a%ﬁturbance
of the plasma and, as concluded by Kirchhoff et al., {22), the twin
electrode geometry is less sensitive to collisional effects than the
single electrode geometry and so would be more reliable in determining

the correct values of plasma temperature and density in the range of
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operation. Johnson and Malter (25) have pointed out that the double
probe's electrical eircuit allows the probe to function independently

of the plasma discharge system. As discussed in section 3.2, the
Langmuir probe circuit is not grounded, but floats with respeét to the
discharge system, and thus conducts current unaffected by the potential
which maintains the plasma discharge. The electron number density and
temperature were determined with this probe and are the basic properties
in the ionized, scaled éegimes.

In the static plasma configuration, the values of electron tempera-
ture and density were measured at positions between y = 1 em to ¥y = 4 cm
from the center of the flow discharge chamber. The y direction is defined
along the axis of the nozzles between the discharge chamber and the
test chamber (Fig. 2.2); the reference point (y = 0) corresponds to the
center of the glow column, or the intersection of the transverse axis
along which the electrodes are positioned (Fig. 2.2). Under static
conditions the probe current was so small that it could not be measured
in the test chamber, because the discharge chamber walls localized the
plasma distribution. In the subsoni¢ and supersonic flow configurationms,’
the probe current was measured on the axis of the flow nozzle at the
exit plane, y = 8.5 cm from the center of the plasma source.

The precise interpretation of the data obtained with the Langmuir
probe requires the application, of diagnostic theories which are
appropriate for each operating regime. The equations which allow
electron temperature and number density to be determined from the raw
data are correctly applied only to specific collection regimes. As

discussed in section 5.3, the relationship between the collected



- 79 -

particle mean free path, ls—n’ and AD and rp determine the exact

operating regime of the probe with respect to the plasma. Raw data

was obtained for collisionless (A >> ¥ ), transitional (A >r )},
s-n P s-n — p

and continuum (As—n < rp) plasma regimes. This data will be

presented and then analyzed relative to the specific operating regimes

where the probe was functioning.

5.4.2 Static Source Plasma

The values of temperature and density for different altitudes of
interest in the D-region have been presented in Table 1. The scaled
values of discharge chamber pressure and number density and test (jet)
pressure and number density have been presented in Table 2; also, on
the basis of the approximation (24) that the glow discharge plasma will
have a cold (Ti = 300°K) ion temperature and hot (Te 1 ev = lO,OOOOK)
electron temperature, the mean free paths (le—n’ An—n) presented in
Table 2 were estimated. The correct, specific method of;reducing

double Langmuir probe data, comprised of current-voltage characteristics,

depends in detail on the relative magnitude of AS

s AD’ and rp.
While the relationship of ls-n and rp can be estimated by the above

method, the order of magnitude of A_ requires values of n_ as well as

D
Te for the different experimental positions and comnditioms. In order
to establish orders of magnitude for AD’ an approximate evaluation

of o> Te for all conditions by a standard collisionless double

probe analysis (25) will first applied to the experimental current—

voltage characteristics to be discussed.
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Figure 5.1 presents typical current—voltage characteristics for
the double Langmuir probe in the static plasma configuration for the
scaled 90 km regime; the data is for four axial positions relative to
the center of the glow discharge.

The current-voltage characteristics for the double Langmuir probe
at three different source pressures that model the 70, 80 and 90 km
altitudes are presented in Figure 5.2.

In general there is a well defined saturation region indicated
by the "knee" in these figures. 1In Figure 5.1, the probe is moved
away from the center of the plasma source and along the discharge chamber
axis, the "knee" indication of saturation is seen to decrease; the
reduced slopes and magnitudes of current conducted to the probe indicate
that the electron density of the plasma in the discharge. chamber
decreases, while the temperature increases, with distance away from the
center of the source. Also, relative to the data in Figure 5.2, some
general comments can be made. In a glow discharge, ionization is
caused by electron-neutral inelastic collisions, and as pressure is
increased the mean free path is decreased, resulting in lower electron
and ion densities. The reduced number of ilons impinging on the cathode
will also serve to decrease its effective electron emissions. This
behavior would necessarily result in the anode collecting fewer
electrons; in Figure 5.2 the electron current is seen to decrease
from about 10_9A to about 10_10A with increasing discharge pressure.
Figure 5.2 alsc demonstrates a decrease in the indicated degree of
saturation with increase in the gas pressure; there is little indicated

saturation foxr 70 km, while the 80 km data is anomalously high.
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The collisionless double probe analysis formulated by Johnson
and Malter (25) was applied to the current-voltage data to obtain an
indication of the magnitude of o, Te and thus AD. The electron

temperature was estimated from the formulation:
T = 1.16 x 10* (Av,/Aln T) (5.4.1)

where T' is a nondimensional current (25) conducted by the double probe.

The values of n, were then determined from the relationship;

n, = 4J/eU (5.4.2)
where

J=2k T, (A I/QYEY?O/ASe (5.4.3)
and

T= (8 k1 /T m)t? (5.4.4)

Equation (5.4.3) expresses the current conducted to the probe in
terms of the slope of the current-voltage characteristic before saturation
is reached.
Table 3 presents a summary of the approximate magnitudes of Te’
n» AD, and leun’ determined by using the method outlined above. Again,

the values presented are indicative of plasma within the glow discharge



Table 3: Approximate Properties in the Static Discharge Plasma

T, =~ 300°K
L
Scaled Axial Displacement T n AD A
ALT from center of electrode o -3 e
axis K (em ™) (mmm) (mm)
vy = cm
90 1 1160 1.04 x 10 6.51 2.6
2 987 6.7 x 10° 7.49 2.8
3 748 5.25 x 10° 7.36 3.13
4 " 669  3.08 x 10° 9.06 3.48
80 1 1857  1.23 x 10° 2.4 0.442
2 : 870 5.8 x 10° 9.4 0.571
- 3 1005 1.28 x 10° 17.3 0.551
70 1 481  1.17 x 10° 39.5 0.141

2 i46  8.08 x 100 46.8 0.163
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chamber. No plasma properties were obtained outside the discharge
chamber and in the nozzle, y > 8.5 cm, because with the static plasma
the glow discharge chamber localized the plasma, resulting in indistin-
guishable probe signals at the nozzle exit.

The approximate magnitudes of n, determined by Eq. (5.4.2) range
from 104 cm_3 to 101 cm_3 as the Langmuir probe is moved axially away
from the center of the glow discharge.and as the source pressures are
increased to model the 90, 80 and 70 km altitudes.‘ The values of Te
range from 103°K to 102 0K; the wvalues of AD are of the order 10 mm.
The mean free path between electrons and neutral particles are also
presented in Table 3 to indicate the plasma-probe interaction domain.

Table 4 summarizes the relationships between rp, Ae~n’ and the
approximately determined AD. The operational regimes as outlined by
Chung et al., {7) for the double Langmuir probe in the static glow
discharge source plasma were concluded to be: collisionless
(AD > Ae—n >> rp) at 90 km, tramsitional (lD > Ae—n 4 rp) at 80 km and
70 km.

The approximate evaluation of the static source plasma has
indicated the relative magnitudes of ls—n’ Te’ n_ and AD. The
standard collisionless double probe analysis (25) used to evaluate the
data gives the appropriate operational domains. As indicated by the
data the simulated 90 km altitude is collisionless while the 80 km and

70 km altitudes are transitional. Exact methods for evaluating double

Langmuir probe data will now be applied to the data.
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The most widely accepted and experimentally verified theory for
cylindrical collisionless probes was formulated by Laframboise (17).
The exact value of o, in the scaled 90 km collisionless regime was
obtained from a reported application of this theory; using the ion

saturation current at the "knee" of the current-voltage characteristic
g

by (48),
_ -1/2
n, = J, [21T m, /k Te] Ja e A (5.4.5)
where
up = f (rP/AD, Ti/Te) (5.&.6)

and Ji is the ion saturation current. AS is the surface area of the
probe, VP is the plasma potential and m, and m  are the mass of the
ion and electron, respectively. From Laframboise (17}, for

Ti/Te =0, rp/AD =0, up = 2.5. Eq. 5.4.5 was arranged in diagnostic

form to simplify the data reduction process, and the electron number

density was determined by the formulation

[ov . fir ] V2
= 1 & J (5.4.7)
e (2.5) e AS i *
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In the collisionless regime at 90 km, the electron temperature,
Te’ was determined from the slope of the logarithm of the electromn
current, ie, plotted as a function of the applied probe potential, Vd.
This technique was outlined by Johnson and Malter (25) for cylindrical
double Langmuir probes, and has been experimentally verified by microwave

techniques as reported by Graf (48). The values of Te were determined

by

AV

T = o mp—i; (5.4.8)
where ié is the electron current collected by the probe. For a
double Langmuii probe Eq. (5.4.8) is presented in diagnostic form
by Eq. (5.4.1).

The exact values of n, and Te obtained in the collisionless
plasﬁa regime at 90 km are presented in Table 5 at the end of this
section. These valﬁes were obtained at probe positions varying from
¥ =1cm toyvy =4 cm from the center of the source discharge. Values
of n, range from 3.98 x 106 cm_3 to 8.9 x 103 cmf3, respectively. The

values of Te range from 1160 °K to 669 °K. Table 5 also presents

desired values of A

D and le-n; when these are compared with the probe

size, rp = 0,127, reconfirm the collisionless and transitional plasma-
probe operation.

In the transitional condition at scaled 70 km'and 80 km, the values
of n were obtéined:from the theory developed by Talbot and Chou (41).
As discussed in section 5.3, this transitional probe theory has been

substantiated in laboratory experiments over a range of conditions
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from well-defined collisionless states into transitional plasma regimes.
The relation for o, developed by Talbot and Chou was presented in

diagnostic form by Kirchhoff et al., (22), and is given by

-1
= Y
(ne)Trans B (ne)001 ] % (5.4.9)
i,e=
where (ne)Col is the value of n, evaluated under collisionless

conditions, 7_1 is defined-by Eq. (2) in Ref. (22), and ji,w* is defined
by Eq. (5) also in Ref. (22).
‘ The values of Te were determined in the transitional regime at

70 and 80 km by the diagnostic procedure formulated by Johnson and
Malter (25), Eq. (5.4.1). As pointed out by Kirchhoff et al., (22)
the electron temperature evaluated by Eq. (5.4.1) in the transitional
regime should be adjusted by a correction factor. The modification,
however, is less than a few percent. Thus a double probe analysis may
be used to ewvaluate Te in the transitional regime.

Table 5 at the end of this section presents the values of n,s Te,
AD’ and Ae—n obtained in the transitional plasma regime. The data
was obtained at probe positions from v =1 cm to v = 3 cm f;bm the
center of the plasma source. The electron number density ranged from
3.6 x 103 c:m_3 to 2.6 x 102 cm_3. The electron temperature varied
from 1857°K to 635°K. The magnitude of Te, as indicated by the
slope of the probe characteristics in the electron retarding region
can be seen to decrease,

With the exact wvalues of n_ and Te in the socurce plasma established,

values of AD'can also be calculated. Table 5 presents the exact values

of n,s Te and AD in the source plasma. As a point of interest,
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indication of the virtual surface area for particle collection at AD

can be made. In the scaled 90 km source plasma, the identification

of saturation from the "knee" in the probe current-voltage characteristic

was found to decrease as the probe was moved further from the plasma

source., This was felt to be due to the field perturbed region

inereasing in thickness; AD can be seen to increase from 0.33 mm

to 5.34 mm. Also, as the source plasma pressure was increased, the

current-voltage characteristics evidenced a less definable saturation;

this could be due to the larger perturbed thickness approximated by

AD = 16.5 mm at 80 km and AD = 34.8 mm at 70 km, As pointed out by

Chung et al., (7) convective effects in the thick sheath regions are

relevant. The convection of ions and electrons into the large

perturbed region of the probe necessitates larger applied potentials

for saturation. As evidenced by the data the increased size of AD

does require higher values of VD.
Values of Ae—n which indicate the extent of particle collisions,

are presented in Table 5. The number of collisions between electrons

and neutral particles increases with pressure because the neutral

density increases from 6.4 x 1013 cm-3 at 90 km to 1.61 x 1015 at 70 km.

The values of Te remain of order 1020K; this causes the collision

cross section of the electrons, Opp? to also remain of the same order.

At 70 km, the resulting Ae—n is 0.130 mm which is an order of maénitude

smaller than in the collisionless 90 km regime, lemn = 2.6 mm. The

values of the non-dimensional probe potential, 7%, and the degree of

ionization, ¢, are also presented in Table 5 for the source plasma.
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5.4.3 Flowing Plasma Properties at the Test Station

As has been clearly established (7), flow can have a substantial
effect on the collection of particles by an electrostatic probe. Again,
the collection theories that have been developed were reviewed and
classified by Chung et al., (7), and it will be emphasized here that
most theories were developed to explain ion collection, not electron
collection which is of primary interest in the present work. However,
since the n, determinatioh from double probes involves ion saturation
current, ion response must be given careful consideration in the double
probe data interpretation.

One basic point to be recognized is the fact that the electroﬁ

particle velocity, V_, induced by the applied (probe) electric field, is

D’
the dominating velocity component in the eléctron collection process.
Specifically, in the present experiments the subsonic flow velocity

is lO3 cm sec:_1 and the supersonic flow velocity is 5 x 104 cm sec_l;

from the experimental field data and the drift velocity measurements
presented by McDaniel (30), it was estimated that VD was on the order

of 106 cm sec_1 which is two orders of magnitude larger than the
supersonic flow.velocity and three orders of magnitude larger than the
subsonic flow velocity. Also, from an analysis of thermal neutron, the
electron arithmetic or average velocity (30) is of order 1 x 107 cm secml.
The thermal velocity estimate is four orders of magﬁitude larger than

the subsonic flow velocity and three oxders of magnitude larger than

the supersonic flow wvelocity.

. . - o . .
In this experiment, Ti % 300K and the ion thermal velocity estimate

(30) is 4 x 104 cm secnl. The ion flow velocity is two orders of
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magnitude smaller than the electron particle velocity, V_ . Clearly,

D
the electron drift wvelocity is the dominant velocity component of the
plasma flow field of interest.

Sinee the particle dynamics are governed by the vector sum of the
imposed flow velocity, U, and drift wvelocity, D’ and since the latter is
so dominant, tﬂere is generally no violation of. the basic assumptions
of static plasma theories. Therefore the probe theories specifically
formulated for static plasma diagnostics will be used to evaluate data
in flowing plasma when VD > > U,

The current voltage characteristics for the subsonic flow
configuration are shown in Figure 5.3. 1In general, the electron
saturation region is not as well defined as in stationary plasmas. A
decrease in the conducted probe current at the test station relative to
the static source could be expected; this decrease was noted to be
from ab;utrlo—SA to 10_11A. Due to recombination and equilibration
processes, the values of Te and n_ at the test station are expected
to be reduced relative to values in the discharge “thamber.

Again, the Johgson—Malter double probe collisionless analysis (25)
was first applied to obtain an indicatién of the magnitude of n,s T

e

and AD; Equations 5.4.1, 5.4.2 and 5.2.2 were utilized. Table 6
presents approximate plasma property values for the subsonic flow
configuration.

The relationship between the Langmuir probe size, rp, AD and

le—n again determines the specific plasma-probe operating domain.

Table 7 presents a summary of these values. The approximate analysis
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Figure 5.3 Double Probe Current-Voltage Characteristics

for Subsonic Flow in the 70, 80 and 90 km Regimes



- 95 .

Table 6: Approximate Plasma Properties with Subsonic Flow at Exit

Station
T. 300°K
1
AIT Te ne AD Ae—n
v °x em > m mm
m
90 707 6.04 x 10° 6.66 3.14
80 893 2.29 x 10% 12.19 0.3088

20 439 6.75 x 101 49.75 0.168
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of the plasma data in the test flow indicates that in the subsonic flow

regime the plasma was collisionless (RD > Ae—n > rP) at 90 km, trans-

itional (AD >> A z_rp) at 80 km, and transitional (AD >> A = rp)

e~ e-I

at 70 km.

As discussed by Chung et al., (7) when all relevant Knudson numbers,
Kn >> 1, a cylindrical probe aligned with the flow direction will exhibit
similar characteristics as a cylindrical probe inta static plasma. This

condition does not hold, however, when T, AD << 1. An "end-effect"
condition occurs when the sheath radius becomes larger than the probe
radius. An aligned probe with the flowing plasma will collect particles
through the lateral and end surfaces of the sheath area. If the flow

velocity, U >> (k Te m;1)1/2

or if the number of ion-ion collisions is
not negligible, then a significant number of ions can reach the probe

surface and cause a sharp peak in the measured ion current. As

defined by Chung et al., (7),

- -111/2 -1 -1 -
T = [k Te m, ] U=~ 2 AD (5.4.10)

is the "end-effect" parameter; it is the following: ratio: the product

of the lateral sheath dimension (length} 2, and the transverse velocity,

m;1)1/2

(k T

e , to the product of the end sheath dimension (thickness),

AD’ and the directed flow velocity, U. When T >> 1 the end-effect on
a cylindrical probe is negligible. When T < 1 the ion current will be
greater than the orbital-motion limit value because of the increase in

ions reaching the probe surface through the end of the sheath. Also,
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the.end—effect is associated with very small angular raﬁges, AB, of
the probe and flow directions; around 0 = 0°.

As discussed earlier the alignment of the Langmuir probe was
controlled in the test configuration by a traversing mechanism and
micrometer. These devices were capable of accurately aligning the
probe with the flow direction to within 2.5 x 10_3 cm. Therefore, with
the probe directly aligned with the flow direction on iom current peak
could be expected to occur in the recorded current data if the ion
dynamic parameters are appropriate. Since the o values are
determined from the ion saturation current, higher values of o,
indicated data could be expected with an active end-effect flow
condition, than in the stationary plasma configuration.

In this experiment, the end effect parameters for the aligned
cylindrical Langmuir double probe in the subsonic flow configuration
3

51 range from 1.4 x 10_2 to 2.5 x 10 ~,

However, the end-effect parameter, T, ranges from 23.2 at 90 km to 2.43

were considered. The walues, rp A

at 70 km and thus conditions generally satisfy the requirement that
T » > 1 for the 90 km ccollisionless altitude of interest.

In tﬁe subsonic flow configuration an exact analysis of the plasma
properties was determined from the diagnostic theories previously
discussed in section 5.4.2. To reemphasize, the flow velocity, U, is
not the dominant velocity component, therefore, the constraints on the
basic static plasma theories have not been violated. Egs.(5.4.,5,

5.4.8 and 5.4.9) were used to evaluate the exact plasma properties in
the subsonic flow configuration. In 5.4.5, ap = 2.7 was used for

T /Ty = 1.3, £./A = .
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Table 8 presents the results of an analysis of plasma properties
. R . . 3
in the subsonic flow configuration; values for Te, ns Aps Ae—n’ ?%

. 0 0
are given. The electron temperature ranges between 707 K and 8937K;
these values are comparable to the values obtained in the static
plasma configuration as presented in Table 5. The electron number
densities are 9.66 x 104 cm_3 in the collisionless regime (90 km) and

1 -3 1 =3, s s
9,48 x 10° cm ~ and 4.98 x 107 cm - in the transitional regimes at
80 km and 70 km, respectively. These values indicate a reduction in n,
due to recombination, of about one order of magnitude from the static
plasma values. The particle collection surface area, AD’ can be seen
to be of the same order of magnitude as in the static plasma, but at

90 km, A, is approximately half as small in the subsonic case, whereas

D

at 80 km and 70 km, AD is approximately twice as large.

The current—voltage characteristics for the superscnic flow
configuration are shown in Figure 5.4. 1In general, the saturation
region is as well defined-as in subsonic flow but not as well defined
as in stationary plasma. The conducted probe current is further
reduced by one order of magnitude from the subsonic flow values.

The Johnson-Malter double probe collisionless analysis (25) was
again first applied to obtain an approximate indication of the
magnitude of ns Te and AD; equations 5.4.1, 5.4.2 and 5.2.2 were
utilized. Table 9 presents approximate values for the supersonic flow
configurations. Table 10 presents a summary of the plasma-probe
operating domains. In the supersonic flow case the approximate double

probe analysis indicates that at 80 and 90 km the flow was collisionless

and transitional at 70 km.
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Plasma Properties in the Subsonic Flow Configuration

9.66 x 104

1
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4.98 x 10°

3.14
0.3083

0.148

*»

m
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at Exit Station

644

476

284

T, = 300°K
1

s}
e

-3
el

1.41 % 104

1.95 x 10°

3.36 x 101

with Supersonic Flow

13.18

30.4

56.6

10.39

2.11

0.544
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Table 10: Plasma-Probe Interaction States in Supersonic Flowing Plasma

v=28.5cm
*p *on *-n o PROBE STATE
i mm i} juin
13.18 > 10.79 > 9,69 >> 0.127 Collisionless
30.4 >> 2.11 > 0,27 > 0.127 Transitional
56.6 >> 0.544 > 0.04 z 0.127 Transitional

- £0T -
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In supersonic flow, the characteristics of a shock wave formed
in front of an object depend upon the degree of rarefaction in the flow.
The Knudsen number specifies the rarefaction and is the parameter on

which the change from continuum behavior is based (32). The values

m

of Knudsen number (Kﬁ Ann/rp)'in the supersonic flow in front of the
Langmuir probe elements are: 76.2, 2.12, ,314 for 90, 80 and 70 km
scaled éonaitions, respectively. The flow interaction can be concluded
to be free molecular at 90 km, transition at 80 km, and slip flow at
70 km, scaled. Generally, the thickness of the shock wave transition
region is on the order of one mean free path, hnn’ and in continuum flow
(Ann << rp) the shock stand-off distance is on the order of the body
radius, rp (35). However, for flow at fixed Mach number, or Knudsen
number increases, the thickness (68) of the ghock transition region
increases and the shock position (A) forward of the body moves farther
away from the body. Specifically, following McKenna (49), for
1072 <K <10°6 =5A_, and for 1072 <K < 10%, A= .5r, +2 A_.
n s nn n B nn

Accordingly at the scaled 90 km,A * 20 mm while AD = 13.18 mm; at 80 km,

A 60 mm and A_ = 30.4 mm; at 70 km, A = .22 mm and AD = 56.6 mm.

D
Since the extrapolation at 90 km is not precise, it can be approximated
at all conditions that the shock Jies within the collecting surface and
should not perturb the particle collection process., Accordingly, the

calculation of free stream plasma conditions will be made assuming that
temperature and density jumps occur in standard fashion across a shock
wave, before particles reach the collecting surface. With a shock wave

at M = 2.0, it can be presumed that it deces not create further ioniza-

tion in the plasma. The probe response is taken to represent -the
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M = 0.56 subsonic flow behind the shock, and calculation to account
for compression and heating by the shock wave were necessary to obtain
correct free stream properties.

The end-effect on the Langmuir double probe in the superscnice
flow configuration must be considered. Values for the end-effect
parameter, T , range from 0.046 at 90 km to 0.30 at 70 km. Also, the
parameter., rp h;l << 1, ranged from 2.24 x 10-‘3 to 9.6 % 10_3. There-
fore, values of n, indicative data must be examined for enhanced currents
in this end-influenced flow condition as in the stationary plasma
configuration. When the detailed discussion in Hester and Sonin's work
(50 is considered, it can be seen that for large values of r there is
enhancement of collected ion current. However, an examination of the
results presented also indicate that for wvalues of r << 1, there is
also no ernhancement. Intuitively, this can be understood on the basis
of the fact that short length sheaths, even though thick, will have
little ability to alter ion trajectories and so gather larger numbers
of ions. In the present experiments with r = .046 at 90 km, the
one relevant collisionless state, there would appear to be little
likelihood of enhanced collection, and it will not be considered in
detail here.

Table 11 presents the values of Te, n, and AD calculated for
conditions in the supersonic flow configuration. The exact values of
Te and n_ were determined by the appropriate diagnostic theory as
discussed in section 5.4.2. In the collisionless regimes n = 1.04 x 104
crn—3 and n, = 5.26 x 101 cm_3 at 90 and 80 km, respectively. In the

trnasitional regime at 70 km, n, = 7.8 cm~3. The value of o, at
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70 km is above the 80 km value due to the larger anode employed in the
scaled 70 km test; this was done so relevant values of n, would be
obtained. Thesge values indicate a reduction in n, from the static
plasma, due to recombination, of about two orders of magnitude. The
values of T_ were 340°k, 269°K and 268°K for the 90, 80 and 70 km
conditions respectively.

The double Langmuir probe data presented and analyzéd above will
be compared with the blunt probe data to evaluate the blunt probe's
operation and the analytical procedures. However, the double Langmuir
probe reduced data will first be compared with other experiments.
Figure 5.5 presents a comparison of data obtained from this experiment
and the work by Dunn and Lo%di (11) with the theoretical prediction in
the orbital-motion-limit (collisionless regime) by Laframboise (17} for
specific values of Debye ratio, rp A;l and nondimensional current

density,

—1)1/2>.

3, @)™ (e n ((k T,) (2m,)
The work by Dunn and Lordi was conducted using single probes in nitrogen
with Debye ratios about two orders of magnitude larger than the values
obtained in this scaled D-region flow experiment. Hester and Sonin
(50) indicated these data needed reduction for end flow enhancement.
The figure shows that the transitional data falls further away from
the theoretical values, while the collisionless data lies close to
Laframboise's prediction. It can be seen, therefore, that the
Langmuir probe data is relatively consistent with theory and experi-

mental data obtained in other works.



Non-Dimensional Current Demnsity

) 2m) ™1

(ene((k'l‘e

-1

(Ji(ZﬂrE)

10.0

[ %]
.
o

1.0

i o . -
A Langmuir Probe Data in Nitrogén Dunn and Lordi Data in Nitrogen

O @]
L QO
- o0 o
n o o)
B 90 Sv.1‘t:rsc;r1:i.\'f:s Theoretical —/jf
Prediction by

| Laframboise
B ZS90 Supersonic

| | l
1073 1072 » 107! 10°

rp AD

Figure 5.5 Comparison of Langmuir Probe Data with Theory for Collisionless Regime

- 801 -



- 109 -

5.4.4 Indicated Extent of Recombination of the Plasma in the
Flow from Source to Test Station

Considering the loss of electrons and ions due to recombination,

it can be formulated (51) that

~ 1 _ & . _ 4amn (5.4.11)
. 1 e

Since n, = n, this can be integrated to give

@ = = |:ni - HL} (5.4.12)
e e0
On that basis, an experimental value of the recombination coefficient,
(¢) EXP, can be computed by estimating the electron demsity in the
glow source, the electron density in the test jet, and the time for the
particles to flow between the two. Table 12 presents the values of
recombination coefficient determined using Eq. (5.4.12). The wvalues
of the recombination coefficient listed are orders of magnitude higher
than recombination coefficients reported in classical studies {52-55)
with short period quenching behavior (¢ = 1.8 x 10_6 cm3 .~’5ec—'l for N2
at 9 Torr). One physical difference here is the much longer tjme
involved in the flow from source to test station; also, there is
considerable contact of plasma with the wall during the flow passage.
The magnitude of the recombination coefficients does seem to
indicate that dissociative recombination (53) is the predominant loss
process. It should be noted Kasmer and Biondi (54) have measured

. . . . . -6 3 -1
recombination coefficients in nitrogen on the order of 10 cm sec .
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Table 12: Recombination Coefficients Indicated for the Flowing Plasma

. [

ALT sub sup

km cm3/sec_1 cm::"'/sec_1

90 . 4.3 x 107 2.28 x 107

80 9.2 x 107> 6.66 x 107>
4 3

70 1.1 x 107 2.26 x 10~
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They used microwave, mass spectrometric, and optical techniques to
study the recombination rates in the afterglow of a microwave discharge.
These researchers point out that such high values of ¢ can only be
attributed to the process of dissociative recombination between
molecular ions and electrons in the weakly ionized plasma. In such

a process a radiationless transition occurs in molecules; the
molecules gain kinetic energy from their mutual repulsive forces
making the neutralization process permanent (55). The time of the
microwave discharge was only on the order of 10—3 sec. Recombination
coefficients greater than 10_6 cm3 sec“1 could be recorded for longer
discharge times after excitation of the reactions between the species.

5.5 Evaluation of Plasma Properties from Blunt Electrostatic
Probe Data and Comparison with Langmuir Probe Results

5.5.1 Introduction

The Langmuir double probe was used to obtain reference plasma
properties in the scaled_D-region environment. These results establish
reference conditions in the plasma at the modeled 70, 80 and 90 km
regimes. Insertion of the blunt probe into the presumably known
plasma environment will serve to indicate the validity of the blunt
probe's operation and basic theory.

At present, blunt probe theories for the continuum regime have
been developed by Lam (56), Touryan and Chung (57), Hoult (38), Sonin
(19) and Lai (2)., The theories formulated by Lam, and Touryan and
Chung, however, generally are not valid in D-region probe flows

-1 -1/2

because the assumption AD rp << Rn in their theoxry is not satisfied.

Hoult's don collection theory assumes that the charged particle density
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in the plasma is low enough that the applied electric field of the probe
dominates the space charge electric field. The path of the attracted
particles in the theory is controlled by convection until very near

the probe surface where diffusion governs thé dynamics of the particles.
Sonin's theory extended the theory developed by Hoult to include
supersonic moving probes. Sonin's ion collection theory is equivalent
to Hoult's theory in the D-region of the ionosphere because the strong
field condition, outlined in the theory, is satisfied throughout the
D~region (2). Sonin accounted for‘convection by assuming that at

large Reynolds numbers, Rh’ the flow separates into two regions. In
the outer inviscid region, the particle concentrations remain constant,
while in the very near field of the probe a thin (§ << Dp) boundary
layer exists. At the probe surface, the velocity and concentration of
the particles falls to zero. In Sonin's theory the electric field is
constant from the probe surface to the ambient plasma. It is therefore
observed that Hoult's theory-assumes a very small perturbed region
(diffusion layer), while Sonin's theory does not include any perturbed
region outside the relatively thin boundary layer. In the absence of
any sheath region the electric field extends far from the probe
surface, but the collection of particles is dominated by convection
until near the probe surface. Tor a positive bilased probe in a
continuum regime, however, the electron's high mobility and small mass
will result in an effective collecting surface at a large distance from
the probe surface; within this region the field induced velocities will
dominate and an analysis completely different f£rom Hoult's and Sonin's

is necessary.
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The theory outlined by Lai (2) is an apalysis of electron
collection for blunt probes in the continuum regime of the D-region.
This theory was developed for subsonic probes and is based on a
dominant mobility concept. Starting at the probe surface, the probe's

 field of influence is separated into the diffusion layer, mobility
layer and the convection and mobility region. When the electron drift
velocity (VD) is found to dominate the imposed flow welocity (U) and
electron thermal velocity (VT)’ the perturbed thickness (particle
collection layer) is determined by using an analysis for the static
probe. The static probe analysis is reasoned to be valid when VD >> U,
because the magnitude of the electron motion is the vector sum of U and

v Therefore, although this probe theory was outlined for subsonic

D*
probes, it can also be useful for supersonic flow configurations.

The blunt electrostatic probe electron co}lection theory (2) for
subsonic flowing plasma is based on a dominant mobility concept in
the continuum particle collection regime. The probe's field of
influence is separated into the diffusion layer, mobility layer, and
the convection and mobility region; these regions are shown in Figure
5.6 (2). For a positively biased probe, the electrons in the ambient
plasma (outer region) first encounter the influence of the probe at
the outer boundar& of the convection and mobility region, Ypr In the

present flow experiment, the electron drift velocity, V dominates the

D!

imposed flow wvelocity, U, and electron thermal velocity, V., so the

T’
region, in theory, where convection would dominate is irrelevant. The

mobility layer, with outer boundary at Yg» igs the next inner layer and

is that region where the dynamics of the electrons are controlled by
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the electric field of the probe. The electroms. enter at g with two

velocity components, V.

D and U, and the magnitude of V. relation to U

D

-

enables the mobility processes to dominate the motion and path of
the electrons. The region closest to the prohe ‘surface.is the di#fusion
layer, with outer boundary at rpspgl, where both electron diffusion and
mobility are dominant processes. The diffusion layer is Felatively
thin compared to Yy and allows a uniform and constant electric field
to form. Within rp 50;1, there is an exponential decay of electron
concentration because of the proximity to the probe surface. However,
there is also a simultaneous increase in density from the ambient plasma
due to the mobility process. Thus, for a specific probe potential and’
operating pressure the combined effect of diffusion and mobility
processes leaves the electron number density in the diffusion layer a
constant.

Again, the primary interest here is to determine electron density
from the electron collection regime of the blunt probe characteristic.

The Debye length, A can be used only as an approximate indicator of

D’
the position of an effective collection surface for a probe of an
effective collection surface for a probe in the test plasma, because

the criterion for its wvalidity, yé << 1, is not satisfied. The theory
presented by Lai (2) develops a different criterion for a scaling length
indicative of the sphere of influence of the blunt probe; in that work,
Yo was specified as a static plasma perturbed radius (boundary of a

sheath region). For a moving probe, y_, was derived; generally,

B’ Yo

and Yg are comparable for low values of velocity. Further, the

dominance of drift velocity, VD’ over flow welocity, U, enables Yo> YB
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to be used as the position of the surface where the particle flux to
the probe is determined. The formulation of YO{ Yy by Lai, however, was
developed for a particle coliection radius much larger than the radius
of the probe, Yy > rp. If Yo is approximately the same ofder as the
radius of the probe, Yo ~ rp. an alteration of Lai's formulation of Yo
for the continuum regimes is necessary.

The perturbed thickness for Yo n rp was formulated from the
electric field distribution on the surface of a flat, circular, conducting
collector disc modeling the probe. The collector disc is an equipotential
surface where the charge distribution is symmetrie about the axis and in
the plane containing the dise. The electric field distribution for a
circular disc where the probe radius is the same order as the radius of

interest is (2)

2Vd rp
o = — 5 5 (5.5.1)
where ¥ is the radial loéation of a surface of interest, Vd is the

applied probe potential, and rp is the radius of the probe electrode.

Near the surface of the probe, xr << rp and the electric field is

s = —4 (5.5.2)

From conservation of flux between some collection surface AO at radius s

and the surface of particle collection on the probe, the electric

field due to the probe is expressed by
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(5.5.3)

where AO is the area of the collection surface displaced from the

.

2, X '
probe, and ACOL = Trog is the area of the collector disc (probe
surface). Combining Egs. (5.5.3, 5.5.2 and 5.5.1) the collection area

at the boundary of the perturbed region is determined by
A = A S (5.5.4)

Dividing Bq. (5.5.3) by the static pressure, P, and substituting Eq.

(5.5.4),

o]
AY __ P _
5 (5.5.5)

2
e
I‘O T.

"dl,e,

Following Lai (2), with @0/P = 4 x 10“2 volt cm_l mm Hg at ry = v, for

electron collection on nitrogen gas,
2 2 & 2
= 25 r — - r egs 5.5.6

The data cbtained by the blunt probe in the static and flow
regimes were analyzed by first considering the relatiomship between the
collected particle mean free path, As—n’ and the blunt probe size, rp.
The parameters that categorize collisions between charged and neutral
particles enable the plasma-probe interaction states to be specified.

Analyses appropriate for these states were then applied.
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The approximate magnitude of the mean free paths between electron-
neutral, A , ion-neutral, A, , and neutral-neutral, A . particles, .
e-n i-n n-n
specified in section 5.4 and as listed in Table 2, were compared with
the blunt probe size, rp = 0.5 mm. With these approximate values, it
was determined that for electron collection in the statie and subsonic

plasma regime, A >z, (collisionless) at 90 km, and A__ > T,

e-n
(continuum) at 80 and 70 km. In the supersonic configuration

> r (collisionless) .at 90 and 80 km and A < r (continuum)
e-n e-n P

at 70 km.

5.5.2 Static Source FPlasma

Tn the static plasma configuration, curremt-voltage data was
obtained with the blunt probe.positioned similar to the Langmuilr probe.
The blunt probe was found to conduct measurable current at locations,
y=1cm toy=4& cm from the center of the plasma source, within the
glow discharge chamber.

Figure 5.7 represents typical current voltage characteristics for
ion and electron collection by the blunt probe in the static continuum
(70 km) plasma case. It should be noted that the extent of charge
particle saturation decreases as the probe is moved further away from
the plasma source, similar to behavior indicated by the Langmuir probe.

Figure 5.8 shows the electron collection, current-voltage charac-
teristics for the pressure regimes studied in the static plasma configura-
tion. The blunt probe indicates more pronounced saturation effects with
increasing pressure; this trend is opposite to that observed with the

Langmuir probe. This behavior could occur here because of the decreasing
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thickness of the perturbed region Yor which results from the increasing
pressure. Also, an increased glow discharge potential was required to
maintain the plasma at higher test pressure (500 V at the 90 km regime
to 1500 V at the 70 km regime). It should be noted that the electron
current conducted by the blunt probe in the 90 km regime was on the order
of 10_9 A, the same order of magnitude as the current to the Langmuir
probe in the 90 km regime. This indicates that Yo should also be the
same order of magnitude as AD. In the 80 and 70 km regimes, electron
current, ie, was on the order of 10"ll A, a reduction by two orders of
magnitude from the current conducted by the Langmuir probe at these
conditions, thus indicating a smaller Yo for the blunt probe in the
static continuum regime than AD.

The raw data obtained in the static plasma configuration with the

blunt probe allows the plasma and sheath operational domains to be

identified:

Yo > Aenn > rp ( Yo = 9.44 mm) or collisionless at 90 km;

at 80 km (YO = 4,18 mm), and 70 km (YO = 1.51 mm), Yo 7 rp > Ae—n’ or
continuum,

In the continuum pressure regime (80 and 70 km) with static plasma,
the wvalues of n_ were determined by employing the probe analysis presented
by Lai (2). The analysis is based on the formulation of the perturbed
thickness, YO’ appropriate when Yo > rp, based on the above estimates.
Lai's formulation (Eq. 4.3.12), n, was determined from

4

n, = 1.29 x 10 2| —2 | sar (5.5.7)
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In the collisionless, static plasma regime (90 km) the diffusion
layer concept, as discussed by Lai (2) is not relevant because rp ?% <
le—n' The absence of collisions within the very near field of the
blunt probe, therefore, requires the use of a theory, such as Child's-
Langmuir (47), to evaluate data with a collisionless surface layex. A
theory such as Laframboise (17) for the orbital-motion-limit in the
collisionless regime does not apply for the blunt probes ;ither, because
particle orbits do not form due to the probe's geometry (33); for a
constant operating pressure and discharge potential the effective
collection area of the probe is a constant. The blunt probe data with
Yo > Ae—n > r was therefore evaluated by the Child's-Langmuir relation

{47), given by

) AjE 3 m 1/2 kTe v o+ kTe -1/2
Ba0 AV 2 e

Ze 2 P
PEAT € (5.5.8)

where o is the electron number density in the undisturbed plasma,

(Aje/AVp) is the electron current slope after saturation, and 'Yeis

SAT

the electron current density. The Child's-Langmuir relation is valid

for V. e (kT )_l >> 1 and X >t ., The electron number density was
D e e-n P

determined by the diagnostic form of Eq. (5.5.8) by

AT v 1/2
_ 14 e -1 p’p
n, = l.42x 10 (—AV ) %p T ] (5.5.9)
SAT P

where AJe(AVp)_l QAT is the slope of the electron saturation region

from the current-voltage characteristic and_fg = evp(kTe)—l the
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nondimensional plasma potential. The electron temperature was determined
by Eq. (5.4.1) using the double Langmuir probe data. The values of n0

and Te for the static case are presented in Table 13.

5.5.3 Flowing Plasma at Test Station

The current voltage data in the flow configuration was obtained
with the blunt probe at locations similar to those previously specified
for the Langmuir probe. The probe was positioned at y = 8.5 cm from the
center of the plasma source on the flow axis, at the exit plane of the
nozzles,

For the subsonic flow configuration, Figure 5.9 shows the electron
collection, current-voltage characteristics. As in the static plasma
case, there is a continual increase in the degree of saturation with
pressure. With flow, Te reduces to 7Q7OK at 90 km, 893°K at 80 km and
828°K at 70 km, which is an order of magnitude reduction below static
plasma values. The values of Te were determined from the Langmuir probe
by Eq. (5.4.1). It was found that Yb is about the same magnitude as
in the static plasma, which would be expected in a region where
V.. >> U. Also, at 90 km, Yo is about 3.85 mm, which is as large as the

D

Langmuir probe particle collection dimension, AD; at 80 and 70 km, Yo

is 1.41 mm and 0.40 mm, respectively, which is an order of magnitude

smaller than y_ . The values of YO and vy however, are two orders of

D B’

magnitude smaller than the values Lai calculated due to the flow scaling

by two orders of magnitude,
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5.9 Blunt Probe Electron Current-Voltage Characteristics
for Subsonic Flow in the 70, 80 and 90 km Regimes
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From the subsomnic, blunt probe raw data, the operational regimes

for the probe were determined. It was found that at the 90 km regime

Yo > A > rP (collisionless), at 80 km Yo > rp > Ae—n (continuum) ,

[ 1

and at the 70 km regime #0 >r o> A (continuum).

P
Tn the subsonic flow configuration at the 90 km test regime, the
operational plasma and sheath domain CYO > Ae-n > rp), Yo T 3.85 mm,-
indicates the existance of a collisionless surface layer. The value
of n, was obtained by the Child's-Langmuir relation (47). Eq. (5.5.9)

s =3
was used to obtain a value of n,; a value n, = 8.99 x 104 cm ~ was

obtained.

In the continuum regimes at 80 and 70 km the values of n, were:
determined from Lai's (2) theory (Eq. 4.3.52). Lai's formulation of
Eq. é.j.52 was reformulated for the blunt probe in the 80 and 70 km test

regimes. For the 80 km regime the value of n_ was determined by
14

where PE is the static test pressure at the exit plane of the flow

nozzle (y = 8.5 ecm) and (AJe/AVp) is the electron current slope

SAT

after saturation. In the 70 km regime n, was determined by

14 A

n, = .3.05x 107" P N (5.5.11)
] SAT

This data is presented in Table 15, at the end of this section. The

values of n, obtained by the blunt probe are relatively the same

magnitude as the values obtained by the Langmuir probe.
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In the supersonic flow configuration, a detached shock wave can
be expected to form in front ‘of the blunt probe. The-values of Knudsen
numbers (Kn = lnn/rp) in the supersonic flow in front of the blunt probe
collection surface are: 19.38, 0.54 and 0.08 for 90, 80 and 70 km scaled
conditions, respectively. The flow interaction can be concluded te be
free molecular at 90 km, and slip flow at 80 and 70 km, scaled. As
discussed in secticn 5.4.3, free stream plasma conditions will be
calculated assuming that temperature and density jumps occur in standard
fashion across a shock wave, before particles reach the collection surface.
Calculations to account for compression and heating by the shock wave
(Mﬁ = 2.0) were necessary to obtain correct free stream properties.

Figure 5.10 shows the electron collection, current—voltage charac-
teristics for the supersonic flow configuration. The saturation voltage
continues to increase with pressure, while the magnitude of the conducted
current continues to decrease below subsonic levels. Te was determined
from Eq. (5.4.1). The values of Te are: 340K at 90 km, 269°K at 80 km
and 268°K at 70 km.

It was found from the data that the magnitude of Yo is about twice
that in the subsonic flow case but an order of magnitude smaller than
AD for the Langmuir probe. As in the subsonic flow configuratiom, the
reduction in magnitude of the conducted probe current appears related
to the smaller sheath or field affected, mobility region. In the
subsonic flow, Yp Was about twice the magnitude of Yoo whereas in the
supersonic flow configuration Yg is 1.64 mm at 90 km, 0.62 mm at 80 km,
and 0.27 mm at 70 km; these values are about one-third the size of Yo
In the 70 km regime rpﬁfﬁl is 0.12 mm, which is one-third that in the

subsonic flow case.
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Figure 5.10 Blunt Probe Electron Current-Voltage Characteristics
for Supersonic Flow in the 70, 80 and 90 km Regimes
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The operational domains for the blunt probe in the supersonic flow
configuration were determined from the data, and provide for the
specification of the collisionless or continuum probe theoxries. At the

> r

90 km regime Ae—n >> Yo > rp (collisionless), at 80 km Ae—n > Y .

{(collisionless) and ét the 70 km Yo > rP > ie—n (continuum). The
operational domains for the flow and static configurations are summarized
in Table 14,

The values of n, in the collisionless test regimes at 90 and 80 km
were determined from the Child's-Langmuir relation (47). Eq. (5.5.9)
is the diagnostic form of the Child's Langmuir relation Eq. (5.5.8)
used to evaluate the collisionless states. The values of n, in the
continuum regime (70 km) were determined from a reformulation of Lai's

(2) theory Eq. (4.3.52) and is given by
n, = 5.47x 10 p = (5.5.12)

The wvalues of n_ are presented in Table 15, at the end of this section.
Table 15 is a summary of the properties of plasma in the scaled

flow facility obtained with the scaled blunt probe; it is useful for

comparison with the properties obtained with the Langmuir probe.

5.6 Comparison of Electron Densities in the Scaled Laboratory Experi-
ment as Indicated by Various Blunt Probe Theories

-

The values of the electron densities in the scaled plasma flow
laboratory experiment were evaluated from double probe and blunt probe
data using available theories. The blunt probe particle collection

theories reported by Lai (2) and Mitchell (58), Hale and Hoult (4) have not
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as yet, been tested or substantiated by controlled laboratory experiments.

Electrostatic probe response using a double Langmuir probe and a

scaled blunt probe in static and flowing plasmas was studied and allows

for an expetrimental comparison of the indications of number density

from the various probe theories formulated for D-region probe flows.
Lai's theory (2) was developed for continuum electron collection

by static and subsonic moving probes and presents an analysis of the

several perturbed regimes adjacent to the probe's surface. The Mitchell

(58), Hale and Hoult (4) theory has primarily been used to describe

ion particle collection but was also used to indicate electron demsities

with rocket-borne probe data. Mitchell calculated the particle

concentration in the D-region from the data obtained by Hale's rocket-

borne blunt probes. The electron densities, n.s in the present experi-

ment without negative ions, are determined by
g..
n = — (5.6.1)

where n, is the electron mobility and o_ 1is the electron conductivity.

In the collisionless regimes the response from the Langmuir double
probe was evaluated from the theory developed by Laframboi;e (17). 1Im
the collisionless regime, the response from the blunt probe was
evaluated by a new application of the Child~Langmuir theory. (47).

In the transition regimes electron densities were evaluated from
the pafticle'collection theory formulated by Kirchhoff et al., (22).

Figure 5.11 presénts a comparison of electron densities evaluated
with various particle collection theories in the subsonic flow configura-

tion; Figure 5.12 presents densities determined in the supersonic flow
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configuration. Generally, there are relatively small differences in
indicated walues of n, in the 90 km collisionless regime. The
procedure used to determine particle concentrations from Laframboise's
theory (17) for the double Langmuir probe, utilizes the electron-
retarding region of the probe's curremt-voltage characteristic. In
this region the electrons are absorbed by the probe while the ions are
repelled. In the Child-Langmuir theory (47) for the blunt probe, however,
the values of n, are determined from the slope of potentials above the
saturation of the probe characteristic. In such a model the dynamics
of the electrons are determined within the sheath. The electron.
current is collected by the continual collisionless flux of particles
through a constant area sheath at a boundary which increases in
thickness with increasing probe potential.

There are dissimilar indications of n, in the continuum regimes.
Under continuum test conditions with a blunt probe, there is a
relatively constant sheath thickness for a specific operating pressure.
As the applied blunt probe potential, Vd’ is increased the collection
surface area generally remains constant. For the eylindrical double

probe, however, the sheath collection surface area continually increases

1/2

d (33).

proportional to V
The values of n, indicated for the supersonic flow configuration
are generally smaller in magnitude than concentrations obtained in the
subsonic flow configuration. Some differences may be due to the shock
wave which is presumed to form in front of both geometries of probes.

Shock compression would not only increase the density in the flow, but

also would increase the recombination rate between positive ions and
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electrons. While temperature jumps across shocks would appear, there
would only be recovery of lower initiai temperatures due to expansion.
Any correction to the data to account for changes in density due to the
shock wave, camnot recover the loss of electrons from recombination.
Also, the position of a shock forward of the probe surface could be
outside any detached effective collecting surface, as shown in Figure
5.4, and cause extraneous effects in the particle collection process.

The electron density reduction method used by Mitchell (58), Hale
and Hoult (&), predicts densities that are generally one order of
magnitude higher than predicted by Lai (2) and one to three orders of
magnitude higher than predicted by the double probe diagmostic. These
results are not unexpected, because the theory developed by Mitchell (58),
Hale and Hoult (4? correctly models ion collection which takes place
close to the probe surface. This theory does not account for the
relatively thick "sheath" or perturbed region, which forms when
electrons are collected by a positive biased probe. Therefore, only an
analysis which includes the structure of a region with enhanced electron
activity sheath and accounts for the particle dynamics within this
perturbed region, can be expected to be valid for electron collection.
Lai's theory (2) appears to give better agreement with double probe
indications of electron density. However, it will be noted that some
double probe indications of electron density are anomalously low,
10t-102 cm"?’, and their validity is questionable.

The differences in the electron densities indicated by the various
probes and theories must be considered relative to some significant

factors. First, the theories to reduce double probe data never precisely



- 137 -

matched the experimental conditioms. The data shows that there were
few distinct, definable regimes of operation that are either collisionless,
transitional, or continuum. The general inability to apply a theory which
precisely fits the experiment, resulted in approximate analyses being
applied in the reduction procedures. Further, Laframboise (59) has
recently pointed out that the standard double probe method for
determining the value of the electron temperature, Te’ will result in
an overestimation as the Debye length increases under continuum or
transitional plasma regimes. Laframboise discusses an improved theory
for determining the correct wvalues of Te; such a theory should be
explored further. At the present time, the implications of Laframboise's
new theory have not, as yet, been fully explored. However, the indicated
values of Te that have been presented could be higher than more correct
values; such a situation would also imply higher densities for the
double probe.

Another influence on the differences in the evaluated magnitudes
of the electron densities relates to the detailed construction of the
blunt probe. The blunt probe's design did not preecisely fit the

requirement of rp >> because of the large gap between the

TcoL®
guard ring and collection surface., If, however, rp = Toqp then the values
of n, would be four times smaller using Lai's theory (2) with the present
experiments.

In brief summary, it will be reemphasized that for the first time,

a series of controlled laboratory tests with ionospheric plasma was

conducted to examine electron collection by blunt probes. Several
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theories that had mot been tested or verified under comtrolled conditions
were used to reduce electron density estimates from the data. The results
presented here show that, generally, the theoretical studies of particle
collection by electrostatic probes should be continued and improved

before the present experimental results can be satisfactorily resolved.



CHAPTER VI
CONCLUSTION

6.1 Summary

Rocket-borne blunt probe flows have been simulated in a weakly
ionized plasma. A steady state plasma flow system adequately simulated
the electron temperatures and number densities indicative of the
D-region of the ionosphere. The equivalence of the flow parameters
(Mn, Rh and Kn) in the actual and simulated regimes were achieved by
scaling the neutral gas density and probe diameter over two orders of
magnitude. The glow discharge source plasma produced satisfactory
electron temperatures and densities. The control of these properties
was achieved by varying the electrode configurations in the discharge
chamber and by allowing relaxation of the cross flow from the discharge
chamber through a baffle system. Subsonic and supersonic flows were
produced to model the flight configurations of actual rocket-borne
probes through the ionosphere.

The electron collection theory outlined by Lai was specifically
considered. It was concluded that this theory, which was formulated
for subsonic and static blunt probes, appears to be valid for super-
sonic probes when the electron drift velocity dominates the imposed
flow velocity.

The laboratory data obtained from the scaled blunt probe were -
reduced and compared with the Langmuir double probe predictions of n,
in the subsonic and supersonic flow configuration. They were found to
be in mixed agreement. The electron densities indicated by Lai's

theory were then compared with those indicated by the jon
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collection theory of Mitchell, Hale, Hoult. It was found that these
reduction procedures resulted in electron densities that were one
order of magnitude or more higher than the demsities evaluated by Lai's
electron collection theory. These results were not unexpected because
of the basic formulation of the ion thecries, which do not account for
the relatively thick sheath formation when electrons are collected.

The recent development of a new theoretical formulation for deriving
the electron temperature in large Debye length, continuum-transitional,
plasmas is noted. While this work must be further explored, values of
Te would be overestimated if this theory is shown to be substantiated.

The work presented here is the first controlled laboratory test
for electron collection from jionospheric plasma. Further work is
required, for precise coxroboration of electron collection theories by
electrostatic blunt probes.

6.2 Improvement of Plasma Discharge System for D-Region Probe Flow
Modeling

As an improved plasma discharge flow modeling system, the employment
of a cold-cathode discharge system along with the multiphase baffle and
flow nozzle arrangement would provide a means for obtaining low electron
temperatures (Te N 102 OK) and number densities (ne LY 103 cm“3) at the
test section in the experimental facility. A cold-cathode discharge
system is produced by using brush cathodes as the electrode configuration
(26). Brush cathodes produce a stable plasma discharge in the abnormal
glow region of the glow discharge (26). The negative glow typically

produced in laboratory plasmas by the usual glow discharge electrode

configuration, is generally too small to be of significance fox
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diagnostic probing. However, if brush cathodes are employed the
resulting negative flow typically extends one or two orders of
magnitude further longitudinally than the normal cathode glow. Within
the negative glow region of ;he discharge there are no striations or
instabilities, which aré usually associated with a glow discharge
plasmas. The negative glow plasma is a reliable means for attaining
desired, reproducible values of electron temperatures and number
densities.

Specificaily, the employment of brush electrodes in a discharge
tube where its length to diameter ratio is about sic, is proposed.
Two brush cathodes located opposite to each other and one brush anode
positioned off-set from the center of the discharge tube between each
cathode is suggested. This arrangement would provide a uniform
electron gas in the energy range of 1 to 10 KV (26)? and enable the
gas cross flow in the discharge chamber to remain long enough to reach
equilibrium with the entire volume of plasma before entering the baffle
system. The relatively long distance between the cathodes and anode
would require the operating discharge current to be maintained at
about 150 mA. This current is necessary to-provide sufficient kinetic
energy to the ions for continued and sufficient ion bombardment at the
cathodes, such that electrons could attain energetic trajectories for
a uniform and concentrated discharge beam.

Persson {26) has used brush electrodés in a similar arrangement.
Helium was used as the test gas, and single collisionless Langmuir
probes were employed for diagnostic probing. The negative glow discharge

beam is a field-free plasma and was observed by Persson to fill the
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entire discharge. tube. Electron temperatures of order 102 °k were’
obtained in this experimental arrangement. It was found that the high
energy of the electrons in the discharge beam prohibit the beam from
interacting with the different plasma wave mechanisms. Engrgy only
assoclated with electrons released in ionization and recombination
processes is transmitted to the plasma, thus enabling low electron
temperatures. Electron densities of order 1012 cmu3 were obtained and
are characteristic of negative glows produced in helium. The use of
multiphase baffles, however, in the proposed experimental arrangement
with air as the test gas, would reduce the densities sufficiently such

that characteristic D-region electron number densities would be

achieved.
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haplon, Lee Bernard, Loboratory Simulation of Rochet-Borne D-Reglon Blunt Probe PSU-TRL~5C1-456
Flows, The Ionosphere Research Laborarory, Elececrical Engineoring East,

Universtry Park, Pennaylvania, 16802, 1977 Classification Humbers

The flew of weakly fonlzed plosmas that is aimflar to the Flow that accurs 1
over rocket-borne blunt probes as thay pass through the lower ionosphere has been 1.
simulated in a scaled laboratory environment, and eleccron eolleetion Deregion blunt
prebe theories have been evalwated,

A acnled steady stote plooma flow simulated the eleccron temperatures
(To ™~ 102 %K) and number densitiea (ng » 102 en™¥) characteriscic of the lower
fonosphere (D=region). A glow discharge was used te produce the source plasmas
source elogtron temperatures and densities were contrelled by varying the electrode
configuration. The test section conditions were alsc controlled by relaxacion of
the plasma from the cross £low in the discharge chamber and through a bafflc systom
Subsonic (M, m 0.3) and supersenic (B, = 2 0} flows werc preduced Equivalence of
the flow parameters (M, ~ 0.3, Ry ™~ 102, and Kp v 10-2) was reproduced by
appropriately mcaling both the neutral gas density and probe diameter to two
orders of magnitude. .

The geate of the plasma in the glow source and test section jet was
indicated from a Langmuir (collisionless) double prebe respense. A scaled version
of a rocket-borne blunt probe waa also evaluated in thiz controlled Elow experiment
The various blune probe theories for particle collection were anolyzed, and eclectron
densities aevaluated from double Langmuir and scaled blunt probe data using theae
theories were compared with mixed resukts The cheoty by Mivehell, Hale, Hoult
is felt to correctly deserfbe the processes in the relacively thin perturbad
laver adjacent to the probe surface thar is dominamt in ion collecticn. llowever.
for eleccron collection, the theory propescd by Lal appears to more correctly
describe che particle motion and processes occurring (o the aeveral perturbed
lavers sdjacent to the blunt probe surface, and indicated number densicies show
better agreement with those indicated by che double probe
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The flew of weakly lonized plasmas that is similar to the flow that occurs 1
over rocket-borne blunt probes as they pass chrough the lower fonosphere has been 1.
simulated in a scaled laboratvory covironment, and clectren collection D-regfon blunt
probe theories have been evaluated.
A s¢aled steady state plasma flow simulated the electron temperaturas
T, v 102 ®) and number densitics (“e ~ 102 cn™?) characterdstic of the lower
lenosphere {D-region). & glow discharge was used to produce the source plasmaj
source electron temperatures and densities were controlled by varying the electrode
configuration. The test section conditicns were also controlled by relaxatfon of
the plasma from the cross flow in the discharge charber and through a haffle system.
Subsonic (M = 0.3) and supersonic (M, = 2.0} flows were produced  Equivalenee of
the flow parameters {4, ~ 0,3, Ry~ 104, and X, ~ 10~2) wag reproduced by
appropriately scaling both the neutral gas density ond probe diameter to two /
orders of magnitude,
The state of the plasma In the glow scurse and test Sectien Jet wna
indicated from a Langmuir {cekliglonless) double probe response A scaled version
of a rocket-borne blunt probe was also evaluated in chis controlled flow experiment
The various blunt prabe theories for pareicle coliccrion were analyzed, and electron
densitfes evaluated from double Langmuir and scaled blunt probe data using these
theories were compared with mixed tegults. The theory by Micchell, llale, lloult
is felc to correctly deseribe the processes in the relatively thin perturbed
layer adjacent to the probe surface thac s domfnant In lon coklection Rewaver,
for electron eelleation, the theory propesed by Lai appears to more corractly
describe the particle metion and precesses occurring ln the several perturbed
lavers adjacent to the blumt probe surface, and indicated number densities show
better agreement wkth those Indicated by the double probe
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Flewg, The Ipnesphere Research Laboratery, Eleccrieal Engineering Easc,
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The flow of weakly lonized plasmas thar ia similar eo the flew that oeeurs
oaver rotket~borne bilunt probes as they pass through the lewer fcnosphere has been
aimulated in a scaled laboratory environment., and electron collection D-reglon blune
probe theorics have been evaluated,

A sealed gteady state¢ plasma flow gimulated the cleckron temparntures
(Ta v 102 Ky and number densities (nu ~ 102 om3) characterlscic of the lower
ionosphere (D-reglon). & glew discharge was used to produte the source plasma,
source electron temperatures and densities were controlled by varylng the electrode
eonfiguration. The test section conditlons were also controiled by relaxation of
the plasma frem the ecross flow in the discharge chamber and through a baffle system
Subsonic (M“ = 0.3) and supersoniec (M, m 2 0) flows were produced Equivalence of
the flew parameters (Hn ~ 0,3, Ry ~ 104, and Kn w 10'2) wag reproduced by
appropriately scnling both the neutral gas density and probe diameter to two
orders of magnitude,

The state of the plasma in the glow socurge ond teat section jot was
indicated Erem A Langmulr (collisfonless) double probe response A scaled verslon
of a rocket-borne blunt probe was also evaluaced in thiz controlled flow exporimenc
The various blunt probe theories for parricle cellection were analyzed, and electrom
densities evaluated from double Langmuir and scaled blunt probe data using these
theories woere compared with mixed reaults. The theory by Mitchell, Hale, Houlc
is felt to corroctly deseribe the procesaes in che relatively thin perturbed
laver adjacent to the probe surface thac &s dominant In ion eollectien, However,
for electron collecetion, the theory propogsed by Lai appears to more correctly
deseribe the particle moticn and processes occurring In the several perturbed
layars adjacent to the blunt probe surface, and fndicnted number densities show
buetter agreement wich those indicated by the double probe
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The flow of weakly ionized plasmas thav f8 similar to the flow thar oecurs 1
over rochet=borne blunt probes as they pass through the lower lonosphere has been 1
simulated in a sgaled laborarery environment, and clectron eolleetion D-regleq blunt
probe theories have been evaluated.

A scaled steady state plasma flew simulared che eleceren temperaturcs
(Te v 102 9} and nurber densities (nc ~ 102 en**) characteriscic of the lower
ionosphere (D-reglon). A glow discharge was used te produce the source plasma,
source electron temperacures and densities were controlled by varyimg the clectrode
configuration. The test section conditions were also controlled by relaxatlon of
the plasma from the cross flew I[n the disgharge chamber and through a baffle system
Subsonle (M, = 0.3) and supersonic (M = 2 0} flows were produced Equivalence of
the flow parameters (Mp ~ 0.3, Ry 162, and K, v 10~2) was reproduced by
appropriately scaling both the neucral gas density and probe diameter to two
orders of magnitude, .

The atate of the plasma in the glow source and test scetdon jet was
indicated from a Lengmuir (collisfonless) double probe response A scaled versiom
of a rocket=borne blunc probe was also evaluated ip thia conktrolled Flow experiment
The various blunt probe theories foxr particle collection were analyzed. and clectroa
densities evaluated from double Langmuir and scaled blunt probe data using theae
theories were compared with mixed results The cheery by Mitchell, Hale, Hoult
is felt to correctly deseribe the processes {f the relatively chin percucbed
layer adjacent te the prebe surface that is dominanc in ilon collection, However,
for electron colleccion, the theory proposed by Lal appears to more correctly
describe the particle motion and processes occurring in the several perturbed
lovers adjacent to the blunt probe surface, and Indicated number densiclies show
beteer agreament with chose indicated by the double probe
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Flows, The Ienosphera Research Laborarary, Electrical Engincering East,
University Park, Pennsylvanio, 16802, 1977,

The flow of weakly ionized plasmns that is similar to the Elow thar occurs
ovar rocket-borne blunt probes as they pass chrough the lower fonosphere has been
simulated in o scaled laboratory onvirenmene, aad electron colleection P-regfom blunt
probe theories have boen evaluated,

& ocaled steady scate plasma flow simulated the electron temperatures

(Tg ™ 102 9%) and numbar densitiea (ny ~ 10¢ cm™ %) characteriscic of the lower
ionoaphere (D-reglon). A glow discharge was used to produce the source plasma,
source electron temperatures and densities were concrolled by varying the electrode
configuration. The test section conditions were alse controlled by ralaxakion of
the plasma from the cyeoss Flow in the discharge chamber and chrough a baffle systam.
Subsonfc (H.n = 0.3) and supersonic (M, = 2.0) flows were produced. Equivalence of
the flow parameters {My %~ 0 3, By » 102, and X, ~ 10-2) was reproduced by
appropriately scaling both the neutral gas densicy and probe diamcter to two

orders of magnitude,

‘The state of the plaama in the glow source and test scciion jet was
indicated from a Langmuir (collisfonless) double probe response A scaled version
of a rocket~borne blunt probe was also evalusted in thiz controlled flow cxperiment
The various blunt probe theories For pavticle collection were analyzed, and electron
densicies evaluated from double Langmuir and scaled blunt prebe data using these
theories were compared with mixed results. The thesry by Hltchell, Hale, Hoult
is fele to ceorrectly describe the proceases in the relacively thin perturbed
lpyer adjacent to the probe surface that 1s dominant in fon collection  However,
for clectron collection, the theory proposed by Lai appears to more correctly
describe the particle morion and processes oceurring In the several perturbed
layers adjacent co the bdlunt probe surface, and indicaced number densities show
better agreement with those indiceted by the dsuble probe
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Yaplan, Lee Bernard, Laboratory Simulocion of Rocker-Borne D=Region Blunt Probe
Flows, The Ionospherc Research Laboratory, Elecrrienl knpineering Easc.
Universiry Park, Pennaylvania, 16802, 1977,

The flow of weakly ionized plasmas thac is aimflar to the flow that occurs
over rocket=borne blunt probas as they pass through the lower Lonosphere has been
stmulaved in a scaled laborstory cavironment. and electron collection D-regicn bluat
probe theories have been evaluated.

A sealed stoody state plasma flow simujated the electron temperatures

{Ta v 108 K} and number densitieas {ng » 102 em™3) characterlscic of the lower
ionosphere (PB-region). A glow discharge was used to produce the source plasma,
gource clectren temperatures and densities were controlled by varying the electrode
configuration. The test section conditions were also concrelled by relaxation of
the plagma from the cross fiew in the diascharge chamber and through & baffle syatem
Subsonie (M, m 0.3) and supersomic (M, w 2,0) flews were produced  EZquivalence of
the flow parameters (M; ~ 0 3, B, » 10°, and K, v 1072) was reproduced by
appropriately gcaling both the moucral gas densicy and probe diameter to two

orders of magnicude.

The state of the plaama in the glow source and test seccion jet was
indicated frem a Langmuir (collisionless) double probe response. A scaled verslon
of a rocket-horna blunt probe was alse evaluated in this controlled flod experiment,
The varleus blunt probe theorics for particle collection were analyzed, and electron
densities evaluated from double Langrmuir and acaled blunt probe data wsing these
theories were compared with mixed results. The theory by Mitchell, Wale, Hoult
£5 felt to correctly deseribe the processes fn the relatively thin perturbed
layer adjacent co the probe surface that 13 deminant in jon collecticn  However,
for eleezron collection, the theory proposed by Lal appears to more corrcctly
describe the particle motion and processes occurring {o the several perturbed
lavers adjacent to the blunt probe surface, and indicated sumbor densities show
butter agreemenc with those indLcated by the deuble probe

Haplan, Lee Bernard, Loborstory Simulatrien of Rocker-Burne D-Region Blunt Probe
Flews, The Inpnosphere Research Laborarory, Electrieal Enginecring East,
Unfversicy Park, Pennaylvanin, 16802, 1977

The flow of weakly fonized plasmas that 4s aimikax ro the flow that cccurs 15 Lonosphere I The flow of weakly ionized plasmas that is similar to the flow that cccurs
over roechet-borne blunt probes as they pass chrough the lower lonosphere has been 1.5.1 D=-Reginn over rocket-borne blunt probes aa they poss through the lower ionosphere has bean
simulazed in a scaled laboratery environment, and electron collection D=region blunt simulaced in a scaled laboratory cnvironmept, and cleccron collection Derggion blyng
probe theories have been evaluated probe theories have been evaluated,

A sealed steady state plasma flow_simulated the cleckron temperatures A scaled steady state plasmn flow simulated the electron temperatures
(To v 10% °K) and number densitics (n, » 102 en™Y) charscrerisefe of the lower {Tq ~ 102 °%) and number densicdes (n, * 102 en™* characteriscic of the lower
lonoaphere (D-reglon), A glow diacharge was used to produce the source plasma. ianasphere (D~regfon)., A glow discharge was used to produce the source plasma,
source clectron zemperatures and densicies were controlled by varying che electrade gource electron temperatures and densities ware concrelled by varying the elecerode
configuratfon. The cest section comdicions were also controlled by relaxation of configuration. The test section conditions were nlsc controlled by relaxation of
the plasma from tha cross flow in the discharge ghomber and through a baffle syscom. the plasma from the cross flow fn the discharge chamber and through a bdaffle syatem
Subsonic [M“ = 0.3} and supersonic (M, = 2.0) flows were produced Equivalence of I Subsonic My, =0 3) and supersonic (M, = 2.0) Elows were produced Equivalence of
the flow paramecers (M ~ 0.3, Ry ~ 102, and Ko v 102} was reproduced by the flow parameters (¥ ~ 0 3, By ~ 104, and [ 10-?) was yeproduced by
appropriately scaling both the neutral gas denstey and probe diameter to two appropriztely secaling both the ncutral pas densicy and probe diamerer to two
ordors of magnitude, I orders of magnitude

The state of the plasma in the glow source and ctest section jet was The stare of the plasma in the glow source and teat section jot was
indicated from a Langmuir (collfsionless} double probe response, A scaled version indicared from a Langmuir (collislonless) double probe response A scaled version
of a rockec-borne blust probe was alse evajuated in this controlled Flow erperiment I of a rocker-borne blunt probe was alsc evaluated in this controlled flow experiment.
The varicus blunt prebe theoriea for particle collection were analyzed, and clectron The various blunt probe theorfes for partiele collecction ware amaiyzed, and electron
densities evaluzted from double Langmuir and scaled blunt probe data wslng these densities evaluared from double Longmulr and sesled blunt probe data using these
theories were compared with mixed results. The theory by Mitchel}, Hale, Hoult [ th¢ories were compared with mixed results. The theory by Mitehell, Hale, Houle
is felt to correctly deacribe the processes in the relativety thin perturbed is felt to correctly describe the precesses In the reletively thin perturbed
laver adjacent ro the probe surface that is doninane In ion collection  Howcver. laver adjacent te the probe surface that i3 dominant in fon colleccion. However,
for eleceron collectden, the theory proposed by Lai appears to more correccly [ for electron collection, the theory proposcd by Lal appears to more carrectly
deseribe the particle motfon and processes oceurring in the several persurbed describe the particle motion and procesees occurring in the several perturbed
lavers adjacent co the blunt prebe surface, and fadicated number densitfes show loyers adjacent to the blunt probe surface, and indicated number densities show
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