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ABSTRACT
Supervisor: Dr. Reginald M. Clements

A method of utilizing a planar geometry probe to measure flow

properties of a plasma has been developed. No previous work exists

-

in the literature on using a Langmuir probe to examine the viscous
boundary layer around the probe. The technique involves applying

a step voltage to a flat plate probe in a flowing continuum plasma

and observing the relaxation of the ion current to flush probes
mounted in the plate. The time it takes to relax to a new equilibrium
ion current equals the flow time along the ion sheath edge from the
flat plate's leading edge to the flush probe.

A simplified theory was developed to predict the relaxation
phenomenon for the flat plate ion current when the ion sheath edge
was outside the viscous boundary layer. The purpose of this theory
was primarily to explain the ion current signal which was used in
the relaxation measurements. The success of the model was evidenced
by agreement (within 25%) between theory and experiment when measuring
the amplitude of the ion current spike that resulted from the voltage
step.

A rigourous theory proposed in this thesis, gave numerical
results for the ion sheath thickness as a function of plate voltage
when the ion sheath edge is inside the hydrodynamic boundary layer.
This theory was based on Stahl and Su's technique of matching the

quasineutral solution to the ion sheath solution of the equations
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governing the plasma behaviour around the flat plate. There is no
earlier model for the ion sheath completely inside the viscous boundary
layer when ion convection is an important transport mechanism. This
new model allowed the step voltage method to be used in measuring flow
times in the viscous boundary layer which were then compared to an
approximate fluid model calculated using Von Karman's momentum gntegral.
Agreement to within 10% between the flush probe relaxation times and
the fluid approximation was observed. It is felt that this new

method of plasma flow measurements is amenable to further development

as a general diagnostic technique in flowing plasma studies.

Signed
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CHAPTER 1

INTRODUCTION

The first major advances in the use of probes in plasma diagnostics
can be attributed to Langmuir in 1924 during his studies of electrical
conduction in low-pressure gas discharges. Probes have since been
used to measure ion and electron densities and temperatures in ionized
media which include electric discharges (Langmuir, 1924), re-entry
vehicle flow fields (Sonin, 1967), ionizing shock waves (Burke, 1968),
flames (Clements and Smy, 1969) and MHD flows (reviewed by Self and
Kruger,‘1977). The method of using the electric probe is to insert
one or more metallic electrodes in the plasma and to connect the
electrodes to a voltage supply. The probe's current-voltage charac-
teristic may then reveal properties of the plasma. In the single
probe configuration, there is one electrode and the return path for
the current is some conducting wall in good electrical contact with
the plasma (for example, one end of a gas discharge tube or the burner
for a flame plasma). The double probe normally consists of two electrodes,
usually of equal area and the current characteristics are measured.
These two basic probe configurations are illustrated in Fig. 1.1.

Probes can be operated in different plasma regimes where certain
parameters characterize the system and may lead to simplification
of the theory. When X << 7 where 7 1is a probe reference length
and X 1is the smallest mean free path of particles in the plasma,

the probe is in the continuum regime. In this case, a plasma particle
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suffers many collisions when moving one characteristic length. Other-
wise, the probe is said to be operating in the collisionless regime.
Throughout this thesis only collisional plasmas will be examined.
Another parameter which is particularly important is the dimensionless

quantity R, = Uol/b+o . Up 1is the plasma flow speed far from the

-

probe and b+o is the ion diffusion coefficient where subscript '"o"
indicates the value in the undisturbed plasma. FE, 1is the Electric
Reynolds number and indicates the relative importance of ion convection
to ion diffusion in the plasma; R, + 0 as diffusion dominates while
Rg = @ as convection becomes the important ion transport mechanism.
When R, > 1 the plasma is said to be flowing. The probe studies
in this thesis will be for a probe in a weakly ionized flowing plasma
operating in a continuum regime. .

Nondimensionalizing Poisson's equation reveals one other important
parameter. With the Debye length Ap = (cokT_O/Noeg)% (k = Boltz-
mann constant; €, = permittivity of free space; e = electronic charge;
No = charged particle density; 5_0 = mean temperature of the electrons)
and Y = eVp/ki_o (Vp a typical probe voltage), the dimensionless

Poisson's equation is
xp(AD/Z)z VY = —(n, - n_)

Y =V/Vp 3 vZ is the dimensionless Laplacian operator and

@ =+ or - . Poisson's equation is singular as xp(AD/Z)2 + 0 and
the ion and electron densities are equal except for a thin layer close
to the probe where only ions are present. Since the Debye length

is a measure of the range of influence of a charged particle (Krall



and Trivelpiece. 1974), the singularity as xp()\D/Z)2 vanishes can

be interpreted as saying that the particle weakly interacts over a
probe dimension and so the plasma disturbance is confined to being very
close to the probe. In the limit as xp()\D/Z)2 + ® , the ion and

electron densities are negligible and allows for an ion sheath to

-

extend over the whole region of interest. For xp(AD/Z)2 >1 , the
sheath is said to be thick.

The experimental arrangement for making the probe measurements
is often very simple but the problem arises that the plasma is disturbed
by the probe's presence. Away from the probe, the plasma is quasi-
neutral, that is, there are equal numbers of electrons and ions in the
plasma though their density may be less than the freestream density.
Close to the probe, the ion and electron concentrations may differ
greatly. In the quasineutral region, only a weak electric field exists
and the voltage drop over the region is characteristically kT_O/e
The mechanism of ion and electron motion in the quasineutral region is
ambipolar diffusion and possibly bulk plasma motion. In the usual
experimental situation for the single probe, the probe is biased negatively
with respect to the plasma and the region closest to the probe has
a much higher concentration of ions than electrons. Large electric
fields can result in this ion sheath and ion mobility dominates as

the transport method unless | |v| < ]VF| (V, 1is the

F

plasma floating potential) and ion diffusion may be significant (see

V?Zasmal

Fig. 1.2).
In an experiment with a probe, the current of both ions and electrons

will contribute to the net current. The measured current as a function
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of voltage applied to the single probe is similar to that illustrated
in Fig. 1.2. Three points are of special interest in Fig. 1.2. First
is the floating potential, VF which an isolated probe will assume
when immersed in the plasma. At this potential, the net current to
the probe is zero. Secondly, there is the plasma potential, V?Zasma
where an object does not electrically disturb the plasma. EleZ;rons

are lighter and more mobile than the ions in a plasma so if the two
particles are at equal temperatures, the thermal electron flux through

a given surface will be much larger than the thermal ion flux. At

plasma potential then, the net current to a conductor is electron current.
Finally from Fig. 1.2, if a probe is biased sufficiently negative,

the electron current will become negligible compared to the ion current
and the ion collection will be limited by the ions' mobility and
diffusivity. This region of the probe current-voltage characteristic
where the electron current is very small is called the ion saturation
region. Electron saturation of a single probe is difficult to attain
because the electrons are very mobile and large perturbations of the
plasma are likely before electron saturation occurs (i.e., the electrons
may be largely depleted by high electron currents to the probe before

the ion current is negligible).

After Langmuir and Mott-Smith (1926) studied electric probes in
collisionless plasmas, probably the most significant result in probe
theory was the continuum plasma model as elucidated by Su and Lam
(1963) for quiescent plasma (Re < 1) . It was soon realized though
that the flowing plasma is the more common experimental continuum

plasma simply from the methods of plasma generation. Examples of



flowing plasmas are MHD flows, flames, and argon arcs with respective
flow speeds of 100 m s_l, 5mstand 30m s} (Clements et al.,
1972). Lam (1964) studied the incompressible flow continuum plasma
and soon afterward Su (1965) extended the study to compressible flow.
These last two studies were limited to xp()\D/Z)2 << 1 when the ion
sheath is very thin. Stahl and Su (1971) obtained detailed current-
voltage characteristics for flush mounted, highly negative probes with
a thick one dimensional sheath. Dukowicz (1969, 1970) numerically
solved the two dimensional Poisson's equation for highly negative
probe potentials using flat plate and cone geometries.

There are fopr equations common to these previously mentioned
probe theories though simplified conditions may reduce this number.
First, there are the ion and electron conservation equations which
account for charge species conservation and include production, re-
combination, convection, diffusion and mobility. When the electron
and ion temperatures are not equal, the electron energy equation 1is
required. Most theories do not involve themselves with the electron
energy equation except when T_/T+ = q constant and when T_/T+ = 73
thus the electron energy equation can be deleted. Finally, Poisson's
equation must be satisfied. Together, these four equations are a set
of elliptic equations which cannot be solved analytically except in
simplified cases. A good review of the different approximate methods
is given by Chung et al. (1975).

The most thorough study to date of the two dimensional plasma
flow over a negatively biased flat plate has been done numerically

by Russo and Touryan (1972) where they allowed for variable ion and



electron transport properties, nonequilibrium chemistry and differing
ion and electron temperatures. Notable from Russo and Touryan's

work is that they substantiated previous authors' analytical approx-
imate methods of solving particular problems. Good agreement was found

between Russo and Touryan's results and those of Stahl and Su (1971).

-

Stahl and Su's method is extended in this thesis to include variable
ion transport properties and nonequilibrium chemistry. Russo and
Touryan concluded that the transport properties are crucial for the
ion density profile and consequently the ion current density to the
probe. For example, in the case of a cooled probe, an unexpected rise
in the ion density near the sheath before going to zero at the probe
surface was calculated. This phenomenon resulted from the decreased
ion mobility and the reliance upon diffusion to maintain current
continuity through the sheath. Russo and Touryan's work clearly pointed
out that changing transport properties and the plasma nonequilibrium
must be accounted for in every model attempting to describe the sheath
structure and probe current-voltage characteristics.

In the approximate methods, one serious effort to account for ion
and electron production inside the ion sheath was done by DeBoer et al.
(1969) where convection brought ions to the ion sheath and they were
collected by the probe through ion mobility inside the sheath. Though
production was accounted for, the model was simplified by having an
ion sheath that was thick compared to the viscous boundary layer and
production was constant. A correction for viscous boundary layer
effects was done by Johnson and DeBoer (1973) who allowed the ion

mobility around a cooled flat plate to decrease following Langevin's



theory (see Loeb, 1961). The point that arises is that the models
of the ion collection characteristics are either for the thick ion
sheath extending into the freestream plasma flow so that the quasi-
neutral piasma is unaffected by the viscous boundary layer (DeBoer,
1973) or alternatively, the ion sheath is thin so that it is inside
the viscous boundary layer and either convection or diffusion is corrected
in the ion transport to the probe (Lam, 1964; Su, 1965; Stahl and
Su, 1971). When the ion sheath is slightly thinner than the viscous
boundary layer, a correction is required for the convection of the
ions to the ion sheath edge, ambipolar diffusion in the quasineutral
region and ion mobility in the ion sheath. A gap in the approximate
methods exists for this case of probe operation and will be filled
by the theory in this thesis.

For the thick ion sheath at large potentials, a very useful
approximate method had been developed by DeBoer (1968) and Clements
and Smy (1970) where the ion flux convected to the sheath edge is
equated to the space charge ion flux inside the sheath (see Cobine,
1958). No corrections for a viscous boundary layer are made nor are
nonequilibrium chemistry effects considered. These corrections are
not important when the ion sheath is very much thicker than the viscous
boundary layer. This model also ignores the ambipolar diffusion in
the thin quasineutral region. The value of the model is that it
successfully predicts the current density to a planar probe operated
in the thick sheath mode when convection dominates outside the sheath
and provides a comparison for the more detailed models mentioned

earlier.




10

Few flowing plasma models extend beyond a steady bias applied
to the probe. Clements and Smy's (1970) model is amenable to a.c.
transient response studies of the sheath edge motion (Smy, 1976).
This possibility wiil be explored in the theory to develop a first

order approximation to relaxation phenomena for the planar probe.

-

Of the recent investigations of Langmuir probe responses to voltage
transients, most were studying the current spike to a probe for a very
large negative going voltage step. Thomas (1969) experimented with

a cylindrical probe aligned perpendicular to the flame flow of a

CsCl seeded Meker burner. By switching the probe from floating potential
to -90 V, Thomas observed a current spike which relaxed in 1 ms for

a 1 mm diameter probe and flow speed of 3 m s_l. Subsequently, Clements
and Smy (1970) confirmed Thomas' observations but extended the work

to include a wide range of ion densities (1015 - 1018 m_s), probe

voltages (10 - 400 V) and flow velocities (5 - 40 m s_l). Clements
and Smy also offered a theory based on the space charge equation for

a collision dominated plasma with u+OV?/rs >> drs/di >> Uo where

u

" is the ion mobility and g is the sheath thickness. These

bounds on the sheath expansion velocity are limiting it to be larger
than the plasma flow speed and smaller than the field impelled ion
velocity inside the sheath. If drs/d% > p+0V?/rs then the ion transit
time through the ion sheath must be considered (Rosa, 1971). The net
current to the probe is equal to the charge uncovered by the expanding
sheath as the electrons recede from the probe. Clements and Smy

(1971) extend their cylindrical probe study to spherical geometry and

1
-3

predict a t response (£ is time) in the current spike. Oliver
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and Clements (1975) slightly modify the theory of Clements and Smy

(1971) to include the trailing edge of the spike where drs/df < Uo
Clements and Smy (1971) showed that for high sheath expansion

velocities and R << B the ion current to a spherical probe pulsed

from floating potential to a negative voltage VP behaved as

-

1 1
_ Lo, 1%
Is = Zﬂ(eou+0eNo) RV?t

IS is the probe current and R 1is the probe radius. Thus by ob-
serving the time dependent behaviour of the sphere's current, it is
possible to deduce the ion density of a flowing plasma without any
concern for the plasma flow speed. However, this and other work with
the pulsed probe do not render the most information this technique has
to offer. Both the probe geometry and probe bias conditions of Clements
and Smy and other workérs: limited the pulsed probe method. By using
cylindrical probes, the sheath expansion time can be recorded, but
unless a second search probe is used to detect this sheath edge (Oliver
and Clements, 1975) only an estimate of the sheath expansion speed

can be made. By using a flat plate aligned parallel to the plasma
flow, a different relaxation of the probe current occurs for a small
change in the voltage. Here, it is conceivable that the ion sheath
edge motion resulting from the voltage change can be slower than the
flow velocity and the ion transit speed through the sheath, i.e.
p+oVb/Ys >> Uo >> dYS/df where Ys is the sheath thickness around

the probe. The purpose of this operation is to have the flow speed
dictate the relaxation time at any point downstream from the plate's

leading edge. The change of the plasma characteristics due to the



voltage step, are swept by the neutral gas flow past a given point
and detected as a change of the probe's current. When the sheath
edge extends beyond any viscous or thermal boundary layer surrounding
the plate, the relaxation time is not related to the sheath thickness
as in the case of a porous flat plate aligned perpendicular to the
plasma flow (Noor et al., 1977). Ion convection speeds to thé ion
sheath edge decrease if the probe bias conditions are such that the
ion sheath is completely inside the viscous boundary layer. The result
would be an increased relaxation time as the flow time to a point
downstream is longer than in the freestream plasma. This possibility
will be examined in this thesis and yields an electrical method of
studying the hydrodynamic boundary layer around a flat plate in a
weakly ionized flowing gas.

The remaining chapters of this thesis will concentrate on two
problems mentioned here. First the general behaviour of the pulsed
probe ion current will be derived in section 2.3. Following this der-
ivation, the d.c. behaviour of the flat plate probe with the ion sheath
edge inside the viscous boundary layer is examined. The purpose of
the d.c. study is to predict the probe current relaxation time for
a given voltage step in the probe's potential. The relaxation time
can be calculated from the flow speed at the final position of the ion
sheath edge. Chapter 3 outlines the experiments which were performed
and Chapter 4 summarizes and comments on the results of the experiments.
Conclusions on this work and suggestions of possible future lines of
research are in Chapter 5. Dimensional quantities are in SI units

unless noted otherwise.

12
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CHAPTER 2

THEORY

2.1. General Discussion

It is of fundamental importance to understand what mechanisms
are responsible for the ion and electron motion in the plasma surround-
ing a probe. There are three mechanisms of interest here. First,
there is diffusion where a gradient in the ion or electron density
results in diffusion of particles from regions of high density to
those of low density. Secondly, there is charged particle mobility
in any electric fields around the probe. Finally, if the plasma is
flowing, convectioﬁ of ions and electrons may be important. Lam
(1964) considered plasma flow velocity and derived the following
equation describing the ion density around an ion collecting flat
plate probe (§+ = T_)

%n on on o [ax 82x 83

- U—J’+vﬁe—1L = R a?—|———+ —
3g2 3X aC arlar 8z?2 a3

(2.1.1)
X and Y are directions parallel and perpendicular to the probe and
U and v are the corresponding particle speeds. a = AD/Z H
= Yﬁe% ;X = eV/kT_o . The first term on the left side of Eq.
(2.1.1) represents ion diffusion, the second térm, ion convection and
the right hand side is ion mobility. The order of the three terms
are 0(1/t?) , 0(1) , and O(Heazxz/c“) . Clements and Smy (1970)

have shown for Reazx2 << 1 , the right hand side of Eq. (2.1.1)



may be neglected and the plasma around the probe is diffusion dom-
inated with convection suppiying the ions to the diffusion layer ad-
jacent to the probe. When Rea2x2 >> 1 , the first term on the left
hand side of Eq. (2.1.1) is small and in this case convection supplies
the ions to the ion sheath which are then moved to the probe by mobility
in an electric field. Clements and Smy (1971) go further to show that
for a flush mounted probe on a flat plate, the mobility effects dominate
when Rea2x2 > (b/1)? where b is the flush probe downstream length.
For Rea2x2 n~v7 , both diffusion and convection must be considered
significant. In this case, the plasma around the probe may be divided
into two regions. One region is closest to the probe where mobility

is still dominant, and just outside this ion mobility region, diffusion
and convection dominate in the ion transport. In this thesis, the case
of Reazxz << 1 will not be studied, but rather, moderate probe
potentials are studied where x is large enough for mobility to be

a controlling mechanism in the ion collection. The motivation for

a large X 1is more than just to ensure that the ions are transported
by their mobility when close to the probe. If x 1is small, then the
electron flui will be significant in the net current collection which
is undesirable since relaxation times are being studied. The electrons
come to equilibrium after a change of the probe voltage in a time

much shorter than the times associated with any convection from the
flat probe's leading edge. If the monitored current is significantly
electron collection, then very fast relaxation times result and do

not relate to the plasma flow speed.
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2.2. Probe Floating Potential

Though not of large theoretical interest in this thesis, the
calculation of the floating potential is still of paramount importance
in properly interpreting experimental results. As discussed iﬁ'the
Introduction and seen in Fig. 1.2, the floating potential is easily
measured as the voltage where there is no net probe current. However,
plasma potential is the zero potential because an object at this
potential does not electrically disturb the plasma. Unfortunately,
the plasma potential is often not easily measured without greatly
perturbing the plasma and it is not likely that the plasma and floating
potential are equal (unless fuo =0 ). To circumvent this problem,
the floating potential in a plasma model can be calculated by equating
the random thermal electron flux to the probe, to the ion flux predicted
by the model. The calculated floating potential gives the difference
between it and the plasma potential which then allows the experiment's

voltage measurements to be referenced to the plasma potential. Very

simply then

V="Tp ’ V@.r.t. Floating Potential
(Theory) (Experiment)

2.2.1)
Although, as Clements and Smy (1974) show, the calculation of the
floating potential VF in a collisional flowing plasma is not, in
general, straightforward, the following simple approach is generally

accurate enough. This is especially true for the present case where

VF is a relatively small correction to V



From Chen (1965), the electron flux to the plate at floating po-

tential VF for a Maxwellian particle energy distribution is

2KT % -
- e_(eVF/kT-)

mm
K (2.2.2)

J_="%N_e
The ion current can be approximated by the theory of Clements and
Smy (1970) and DeBoer and Johnson (1968) to make the calculation
tractable. Other more exact theories such as Russo and Touryan (1972),
Johnson and DeBoer (1971) and Stahl and Su (1971) yield unwieldy num-
erical results and lead to only a small correction of Clements and
Smy's current density calculations (Chung et al., 1975). From Clements
and Smy (1970), the ion flux to a flat plate for Reazxz > 1 is

i, = (965“+0VF2)1/4 o805

8X
(2.2.3)

Eqs. (2.2.2) and (2.2.3) are set equal to each other since the ion
and electron currents are equal, and for given experimental parameters,
VF can be solved for by the Newton-Raphson method. Finally from

Eq. (2.2.1), voltages in the experiment can be adjusted to be refer-

enced to the plasma potential.

2.3. Sheath Relaxation with the Simple Model

The aim of this section is to devise a simplified model to explain
the ion current characteristics of a flat plate to which a step voltage

has been applied. The relaxation of the ion current is directly related

16
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to the plasma flow velocity at the ion sheath's final equilibrium
position. In a low ion density plasma, the ion sheath edge can be
sufficiently thick so as to be far away from the viscous and thermal
boundary layers adjacent to the plate. Here, the relaxation will
characterize the freestream flow velocity and with Reazxz s> 1
the simplifying assumption of mobility dominated ion transporf-close
to the probe can be made. Also, Reaz < 1 1is assumed to ensure that

the ion streamlines in the ion sheath are nearly perpendicular to

the plane surface (Smy, 1976) and the current density at the probe
surface is equal to the current density convected into the ion sheath.
Clements and Smy (1970) and DeBoer and Johnson (1968) solved the probe
characteristics for a steady state solution, while here the model is
extended to a time dependent sélution to predict the behaviour of
flush probes measuring the ion current density to the flat plate.
Thomas (1969), Clements and Smy (1970) and Oliver and Clements (1975)
pulsed cylindrical probes aligned perpendicular to the plasma flow and
studied characteristics for a rapidly expanding ion sheath. These
studies were different from the work here since here the disturbance
is flowing parallel to the probe surface and the relaxation time is
a function of the distance downstream from the probe's leading edge.
Also, for these earlier studies, convection was not important in the
ion sheath formation but rather the ion mobility in the ion sheath.
Fig. 2.1 illustrates the present situation in this model.

For large negative probe potentials, the electron density close
to the plate can be approximated as zero (Su and Lam, 1963) and the

space charge equation for a collisional plasma (Cobine, 1958) gives
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the ion current density to the plate as

]}2
IJ €
9

8YS3
(2.3.1)

Eq. 2.3.1 approximates the ion current flux to the flat plate as

-

being ion mobility dominated in the ion sheath region and following
Clements and Smy (1970), the voltage drop is taken to be entirely
across the ion sheath region with no electric field extending beyond
it. Again, with Reazxz >> 1 , diffusion to the sheath edge can be

neglected and

(2.3.2]
The first term on the right hand side of Eq. (2.3.2) is ion collection
when the motion of the sheath sweeps into the undisturbed plasma
resulting in more ions being impelled by the electric field towards
the flat plate. BYS/BE = (0 is the condition of steady state where
the plate voltage and current are unchanging. The second term of
Eq. (2.3.2) is ion convection into the sheath with BYS/BX being the
slope of the ion sheath which is intercepting the ion flow in the
freestream plasma. Once inside the ion sheath, the ions are mobility
impelled towards the flat plate and the currents in Eqs. (2.3.1) and

(2.3.2) can be equated

s
= € = Ne|— + U
H1o%o o

# (2.3.3)
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For a step voltage applied to the flat plate at time ¢ =0 , the

voltage changes from Vi to V, and Eq. (2.3.3) rewritten to include

f

this time dependence becomes

9 (V, + H(E)(V, - ViR 27 2 B(t)=0 <0

“‘U+0€0 = Noe —j—'+ Ub——— =17 tzp

8 Ys3 1 oxX -
(2.3.4)

For both £ %0 , 3w 3Y8/3£ = 0 and the result is familiar

from Clements and Smy (1970) and DeBoer and Johnson (1968)

9u e V2%
Ys _ +0 0 1 X% <o
2N0eUO
/ (2.3.5)
9u+ € Vz\k 1 .
ys = _too. f x? >
2N el
o o

(2.3.6)
Eq. (2.3.4) is solved by the method of characteristics for first order
partial differential equations to give YS as a function of time
and position X from the flat plate leading edge. Defining the

constant

9y € V,2
a, = _toof
8Noe
(2.3.7)
Then for % > 0 , Eq. (2.3.4) can be written as
a] Y oY
-1 . & 4, p-=L
% 3 ot g
(2.3.8)

Which by the method of characteristics yields




dz dx dy
_— = — = 8
7 U %y ,
o y? (2.3.9)

The first equality of Eq. (2.3.9) gives

t = X/UO + 01

(2.3.10)

Where C] is a constant. The second equality of Eq. (2.3.9) gives

= _ 4
CZ X/Uo Ys /4a1

(2.3.11)
Where 02 is also a constant but because Eq. (2.3.3) is only first
order, there can be only one free parameter so CZ - g(CJ) = g(t - X/Uo)

where g 1is some function. With Eq. (2.3.11), this finally yields

1
= a2 T
YS = (4a,) glt
& < (2.3.12)
To satisfy the boundary Eqs. (2.3.5) and (2.3.6)
4 X i Vi2 X
glt - —| = Hl— - %||1 - —

U U V2 U
/ (2.3.13)

[y &

And as an end result Eq. (2.3.13) becomes

L<
]
<
L8
|
+
in o]
|
|
o
(=)
|
ol
|
|
okt
| v
S




Eq. (2.3.14) can be interpreted as saying that the ion sheath thickness
increases for increasing time until t = X/Uo when steady equilibrium
of the ion sheath position is attained. Substituting for Ys into

Eq. (2.3.1) gives the current density to the flush probe as

. 4 . 2 =
(9, /M) (Vy + HE) (V- 7))

i, 575 5 2 3/4
Ve TR/, + BOX/U, - BN = V7V ) (E - /U )) (2.3.15)

The essential features of Eq. (2.3.15) are, after the voltage
step and before the disturbance disappears, the current has a i—3/4

dependence and a current spike is observed. A parameter which tests

the validity of Eq. (2.3.15) in an experiment is the ratio

A i
r . = Oy a4
L= =0 (2.3.16)
j% ot j%—O" s  Juw are represented in Fig. 2.2.
| M
h2
Figure 2.2. Diagram of the Probe Relaxation Current

By using Eq. (2.3.15), Eq. (2.3.16) can be evaluated and

g & e = {(vf/vi)‘z- 1}/{(Vf/Vi)l/2- 1}

2 (2.3.17)
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When Vf/Vi =1+ A where 0 < A << 1 , ¢ can be written as
{(1+0)2 - 1}/{(]+A)]/2 - 1} which to 0(A) in a Taylor series expansion
of the numerator and denominator gives o = 4

A significant correction to o 1is evident from physical reasoning.
Electron motion will be the only particle motion due to the voltage
step in a time period of" O(Ysz/u—vi) This means that the electrons
will recede from the plate to a new position be and the net density
structure will be approximately the original ion density profile of

the ion sheath to and a net ion density of NO between

YS(E=0-)
Ys(%=0-) and be .  Beyond be , the plasma is quasineutral.
The result of this change in the model is to decrease the mean electric
field for the ion motion and to decrease the current spike to the
probe. The electrons would recede in a period 0(10_7 s) and the
current spike from their initial motion would not be resolvable from
capacitive noise that is inherent from using a voltage step to create
the plasma disturbance. The ion current spike to the flush probe which
is of interest here, would be after =~ 10-7 s when the ion density
changes with the new plate potential. Clements and Smy (1971) have
done a similar analysis for a pulsed spherical probe and their method
is extended here to the flat plate probe.

An estimate of the correction to o can be made by estimating
Y,b and using be to calculate a new j5=0+ to substitute into
Eq. (2.3.16) and give a new ¢ value. This correction to ¢ will
be denoted ¢~

Just after the voltage transition, to first order, the voltage

across the region to is still Vi and V, - Vi is the

¥ e riep] £
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potential across the region yé(%=0-) to be . By using the one

dimensional Poisson's equation, be can be estimated

32y ¥,
e - _;—' TotE=gey ST % yfb
“ (2.3.18)

-

Eq. (2.3.18) can be integrated twice and imposing the bounda}y con-

dition that the electric field beyond Y}b is zero, then be is

+ {(V

- f

1
fo ys(%=0‘) - Vi)ZeO/NOe}Z

(2.3.19)
It is important to note that if the voltage does not changes, then
=Y -~
yfb s(t=0-)
estimate jE=0+

The space charge equation can then be used to

9 V.2

J., 3 .—-u E _L

t=0* 8 +0 0 y .3
fo (2.3.20)

-~

Substituting for j%=0+ in (2.3.16) gives the ¢~ value as

Viz 5
g’ = - 1lv/v.)? - 1)
273 774 1/6 73 7y

(Vi + (8EOU0/9u+0NoeX) Vi (Vf = Vi) )

(2.3.21)

By comparing Eq. (2.3.20) to Eq. (2.3.17), it is easily seen that

the correction to the current spike decreases the o value as expected

-

from physical reasoning. It is also interesting to see that ¢~ has
an X dependence resulting from the changing magnitude of
Ys(£=0“) - be . As X becomes large, the ion sheath is thick and

the distance the electron edge recedes is comparatively very small,




resulting in a smaller correction to o

The observation of the peak current affords a simple verification
of the model for the high bias operation of the flat plate. The pur-
pose of this simple model is to assist in understanding the more
difficult case to be developed in section 2.5 where the ion sheath
is inside a viscous boundary layer. The current characteristics for
the ion sheath inside the viscous boundary layer can be expected
qualitatively to be the same as for the simple model here. The initial
current spike is an effect from the sheath thickness suddenly increasing
and consequently the BYS/BX term in Eq. (2.3.2) is increasing as
well as BYS/B% being a new term in the ion collection. For large
Vf/Vi , the model cannot be expected to hold because the sheath will
be expanding at speeds such that a nonequilibrium plasma inside the
ion sheath results. The ion transit speeds in the ion sheath will
then be much slower than the expanding sheath (Rosa, 1971) which
quickly leads to nonlinear effects, the essential feature being that
o could be less than predicted. This simple model was developed with
the implicit assumption that the ions traversed the ion sheath in
zero time. However, when the sheath edge is moving faster than the
ions, this approximation can no longer be made. No study of this
problem has been done to date although Thomas (1969), Clements and
Smy (1970) and Smy (1976) have recognized the limitations in the time
resolution of an ion collecting probe, as in this case, when a large

step voltage is applied to the probe.

2.4. Viscous and Thermal Boundary Layers Around a Flat Plate
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For high ionization density and moderate probe bias, the ion sheath
edge may be inside the viscous and thermal boundary layers (Smy and
Noor, 1976). 1If this occurs, then the relaxation time of the ion current
to the probe when applying a voltage step, can be expected to be longer
than when the ion sheath edge is outside the viscous boundary layer.
This latter case was studied in section 2.3. To estimate thé!relaxation
time for the more complex case, the velocity structure of the viscous
boundary needs to be elucidated.

Two important assumptions are that the flowing gas is weakly
ionized so the hydrodynamic flow properties will be decoupled from
the electric field and the plate temperature is assumed a constant

over the whole surface. Polhausens' (1921) approximation of the

velocity profile over a flat surface will be used where

U
— = 2n-2n3 + 1t 0 <n<1I
Uo

(2.4.1)
n = Y/GD(X) and Gv(X) is the viscous boundary layer thickness a
distance X from the leading edge. Von Karman's momentum integral

equation for compressible flow is used for estimating 6v(X) . The

steady two dimensional flow momentum equation (Stewartson, 1964) is

3U U v 3 [ U
pb— + pv— = p U — + —|u—
0X oY dx aY| 9Y

(2.4.2)
p 1is the mass density of the gas and yu 1is the viscosity. For
the simple case of uniform freestream flow, the first term on the

right hand side of Eq. (2.4.2) vanishes and the equation can be in-




tegrated from Y =0 to Y =h where h 1is some distance away from

the flat plate

h oU h oU U |h
pU — Y + ppr — Y = qu=—

0 0X 0 Y 0y

0
(2.4.3)

-

Using the continuity equation V-(pU) = 0 , the second term on the
left hand side of Eq. (2.4.3) can be integrated by parts and the

equation changes to

h U h h 3 U h
oU —dY + pv(U -U )| + |((U-U)— (pU) dY = y —
o o
0 X 0 0 X 3Y 0
(2.4.4)
As h » « , the second term on the left hand side vanishes since
v=0 at Y=0 and U = UO at Y=o ., Also. 3U/3Y - 0 as

Y » » since this is now the freestream region and the equation

simplifies to

o oU o ) oU
pll —d¥Y # (U - UO) — (pU) dY = -y —
0 oX 0 X oY |¥Y=0
(2.4.5)
Upon grouping terms on the left hand side of Eq. (2.4.5)
0 (= P oU
— (pU” - pUU ) dY = - u —
3X O Y| Y=0
(2.4.6)

Before Eq. (2.4.6) can be solved, the thermal boundary layer
around the plate needs to be known. The plate is cooled and maintained
- at a temperature Tw such that fb < TO . TO is the freestream

flow temperature. From thermal boundary layer theory as discussed



is the

by Schlicting (1968), /8, 1/YP where

éthermal dthermal

thermal boundary layer thickness and P 1is the Prandtl number (P
is the ratio of kinematic viscosity to thermal diffusivity). For
air, the Prandtl number is slightly less than 1, but to good approx-

imation, P can be taken as 1 (Schlicting, 1968) and the thermal

-

and velocity boundary layers are of the same thickness. &§(X) will
denote the thickness of these two layers. For subsonic gas flows,
the temperature and velocity profiles are similar and for the cooled

plate

(2.4.7)
Using the ideal gas law and Eq. (2.4.7), the density distribution

inside the thermal boundary layer is

p = po
(U/u )(1 -T /7 ) + T /T
o w o w o (2.4.8)
And defining Tw/TO = v , then Eq. (2.4.6) becomes
3 (= U U/Uo o (U
pOUOZ— 1-— dY = wl —|—
X 0 Uo ((l—v)U/UO + v) oY |U y=0
el 1= (2.4.9)

Upon changing variables in Eq. (2.4.9), the Polhausen velocity profile

can be substituted and the left hand side of Eq. (2.4.9) integrated
over n , 0 <n <1 (only integrating to n = 1 because the in-

tegrand vanishes for n > 71 ). Two integrals result
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1 Zn - 2n? + nt
I] = dn
0 (1-v)(2n - 2n3+1%) + v
(2.4.10)
1 (2n - 2n3 + o*)2 .
12 = dn
0 (1-v)(2n - 2n3 + %) + v
(2.4.11)
With these two integrals, Eq. (2.4.9) can be rewritten as
ds(X) 2U n
p U 21, - I,) b bW
@0 ax 8(X)
(2.4.12)

The integration of Eq. (2.4.12) immediately yields the thickness of

the viscous boundary layer as being

Ny

s(X) = {aw X /((I, - I)o U )Y? = ax
(2.4.13)

This approximation of the boundary layer thickness for the gas
flow over a cooled plate is used with Eqs. (2.4.1) and (2.4.7) to
specify the thermal and viscous boundary layers around the flat plate.
In the flowing plasma, these boundary layers will change the ion trans-
port properties and the d.c. current characteristics of a conductor
can be expected to differ from the predictions using the simple sheath
model of section 2.3. In section 2.5, the d.c. case of the ion sheath
completely inside the viscous boundary layer is studied and uses the

results of this section.
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2.5. Theory of the Ion Sheath Edge inside the Viscous Boundary Layer

2.5.1. Formulation of the Problem

The simple sheath model of section 2.3 demonstrated the relaxation
of the ion sheath upon applying a step voltage to the flat plate in
a flowing plasma. In section 2.4, the thermal and viscous boundary
layer structure around the flat plate in the flowing gas was studied.
Here, a more complicated approach to the ion collection is examined
with the ion sheath inside the viscous and thermal boundary layers
of the neutral gas flow. Inside the viscous boundary layer, the ion
convection to the sheath edge will be reduced and at the same time,
the ion transport coefficients for the mobility and diffusion decrease.
D.c. characteristics of the plate current density and ion sheath edge
position for a given distance downstream of the leading edge, as a
function of plate voltage will be derived. The relaxation time of
a step voltage response will be the flow time from the plate's leading
edge to the point of interest, only now the flow speed will be less
than the freestream velocity. The method of solution for the ion
sheath edge position as a function of voltage is similar to the method
of Stahl and Su (1971) but here variable ion transport and recombination
are allowed.

The plasma disturbed by the presence of the probe is divided into
two regions; the ion sheath closest to the flat plate and the quasi-
neutral region just adjacent to the ion sheath. This is illustrated

in Fig. 2.3. In the quasineutral region, the ion and electron numbers
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are equal (Su and Lam, 1963) and the ion motion is governed by diffusion
and convection. The ion sheath region has a predominance of ions and
they are electric field impelled towards the flat plate. By matching
the solutions of the quasineutral region and the ion sheath region,

it is possible to get a complete solution to the sheath edge position and

-

ion current density to the flat plate.
To begin with, the equations of continuity for the ions and electrons

and Poisson's equation are

8N+
- + Ve(UN, +T,) = P,
Ion Continuity (2.5.1)
N 4 vewmw +1) = P
ot
Electron Continuity (2.5.2)
i eb+
£+ = —D+VN+ - ;;—-N+VV
* Ion Flux (2.5.3)
L = =D VN_ + '~—N_VV
B KT
Electron Flux (2.5.4)
-e(N. - N )
vy = .« =
€

Poisson's Equation (2.5.5)
The first terms of Eqs. (2.5.1) and (2.5.2) represent recombination
of the ions and electrons and the second terms represent convection,

diffusion and mobility of the ions and electrons in the plasma.



The term on the right hand side of Eqs. (2.5.1) and (2.5.2) is the

ion and electron production in the plasma. Eqs. (2.5.3) and (2.5.4)
are the ion (electron) diffusion and ion (electron) mobility transport
in the ion (electron) flux. D+ and D  are the diffusion coefficients

and the Einstein relation is used to write the mobility coefficient

-

in terms of the diffusion coefficients. In their present forms, these
equations are not very manageable and can be nondimensionalized to
facilitate a study of them. The following equations define the dimen-
sionless variables 2 , y , ne % U, uy 3 Da 3

vy , and ¢
o

X = lx (2.5.6)
S %
¥ = (ZD+O/U0) Y (2.5.7)
N = N n a = + or - (2:5:8)
a o) a
v o= (KT, /e) ¢ (2.5.9)
v, = U u, (2.5.10)
1
_ A 8
Uy = UO(D+O/UOZ) u, (2.5.11)
D = D D a = +or - (2.5.12)
a (o] a
P = F T o = + or - (2.5.13)
a ao (6]
t = (1) t (2.5.14)

The dimensional variables in Eqs. (2.5.1) to (2.5.5) can be eliminated

to yield dimensionless variables in each term. Using Eq. (2.5.3)
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to eliminate £+ in Eq. (2.5.1), the dimensionless ion continuity

equation becomes

3 D 9 on n, 9¢ d
— (un,) - o D, < + 2§ — n,)
dx UOZ ox dx T, ox 3y

Yy * oy T+ oy & ot

(2:5.15)

Similarly for the electrons, Eq. (2.5.4) can be used to eliminate

I in Eq. (2.5.2) to give the electron continuity as

3 b b, n_ n_ 3¢ 8
—wun) - ——— 1D |— - ——|| + — (un)
oz D, U1l ax x T 3 sy Y-
+0 0 -
b3 m_ n_ 3¢ on
- =2—p|— - =—|| =P - —
_D+0 Y oy T oy ot

(2.5.16)
The two preceding equations are solved by analysing the quasineutral
and ion sheath regions and applying the simplifying conditions in
each case. The quasineutral region is macroscopically neutral with
a weak electric field making ambipolar diffusion important in the ion
transport (Chung et al., 1975). The solution of the quasineutral
region will provide boundary conditions for the ion sheath region and
the solution to the ion sheath region assumes large ion mobility effects
and the electron density can be approximated as zero (or decreasing
exponentially as in Lam (1964) and Su and Lam (1963)). The two

regions in the plasma are studied separately.




2.5.2. Solution of the Quasineutral Region

To study the quasineutral region, Eqs. (2.5.15) and (2.5.16)
can be merged into a single equation. The Electric Reynolds number

Re = UOZ/5+0 >> 1 1is assumed which matches with the parameters in

-

the experiment. This condition on Re allows the deletion of the
second term in Eqs. (2.5.15) and @.5.16). Diffusion in the quasineutral
region is ambipolar and the ambipolar diffusion coefficient is denoted
ba . Thus, the nondimensionalizing constants D and ﬁ+0 in

Eqs. (2.5.15) and (2.5.16) are changed to Ea and then adding these

two equations being aware that n,=n_=n, gives
o 3 on

Ve(un) + |— - P = =—iD —} = §
ot ’ ayl 7 oy

(2.5.317)
D+/T+ - D_/T_ was assumed and can be demonstrated by the use of
Langevin's theory of charged particle mobility (Loeb, 1961). From
Langevin's theory, if My (o = + or -) denotes the mobility of the
charged particles, By = uaopo/p where p 1is the mass density of
the bulk gas and Moo is the charged particle's mobility at a density
o . The Einstein relation for sufficiently weak electric fields

o

is Da = uakTa/e and coupled with Langevin's relation

Dao Da - pOKTaOTa/pe =
o
D =, —8 = T o
o o a
p

(2.5.18)

A more detailed treatment of this relation is given by Bradley and
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Abrahim (1974). 1In a collisional plasma for weak electric fields,
T_ =T, so the assumption of D+/T+ =D /T (remembering this equation
is dimensionless) is a safe one. Section 2.4 on the velocity and

temperature profiles gave

s
I

v, u{Y/s8(X)} z Y < 8(X) -

= U = Y > &(X)
(2.5.19)

1
2

where 6(X) = aX Nondimensionalizing the equations for the velocity

profile by defining a new constant

B = (D_/ua’)*
a ao’ "o
(2:5.20)
and a new variable
L
Yy = y/x* (2.5.21)
the velocity profile around the plate is
U, = u(By) Yy < 1/8
= J y > 1/8 (2.5.22)

Analagous to the use of the similarity variable for fluid mechanics,
the ion and electron number densities are assumed functions of vy
(Stahl and Su, 1971). In the region of the disturbed plasma around
the probe, there is a rapid change of #» in the y direction as
compared to the change of » in the x direction (Russo and Touryan,
1972; Stahl and Su, 1971; DeBoer and Johnson, 1971). Changing the

derivatives to explicit <y dependence, the partial derivatives are
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changed to
9 7 d ) 1 d
—_— = —— ; _— = _—-Y—
oy Yz dy ox 2x  dy
(2:5.23)
From this, Eq. (2.5.17) becomes
y dn d%n
o e = f y > 1/8
2 dy dy?
(2.5.24)
vy d d dn x(dn
-——(wm) - —|D, —| + —|— - P | =0 y<1I1/8
2 dy dy dy 2\dt
(2.5.25)

The production and recombination of charged particles are equal in
the equilibrium freestream plasma and so the last term of Eq. (2.5.25)
is not present in Eq. (2.5.24) which describes the quasineutral region
in the plasma outside the viscous boundary layer.
To close the set of equations for the quasineutral region, equations
for u and D+ are required and come from section 2.4. The Polhausen

velocity profile Eq. (2.4.1) in the dimensionless variables is

v o= 28v) - 208v)% + gp? v < 1/8
# Y > 1/8
(2.5.26)
As D, = T2 , Eq. (2.4.7) can be used to substitute for 7 and the

diffusion coefficient written in terms of the velocity profile is

D+ = (v + (1 —v)u)2

(2.5.27)



38

Eqs. (2.5.24) to (2.5.27) are a complete set of equations which describe
the ion and electron density structure throughout the quasineutral
region. To approach these equations, Eq. (2.5.24) which describes

the quasineutral region outside the viscous and thermal boundary layers
is first solved. Eq. (2.5.25) which describes the plasma where changing
convection and diffusion occurs, is then solved using the bou;Aary
conditions of xn(1/B) and n'(1/B) ( ' denotes differentiation

with respect to vy ) from the solution of Eq. (2.5.24). Fig. 2.3
illustrates the regions of solution.

Eq. (2.5.24) is solved with the boundary conditions at infinity

n(w) =1 , n'(e) =0 and is rearranged to yield

dn' i
emb, _ —n!
dy 2
(2.5.28)
Solving for »n' from above
2
n' = C exp(-y /4)
(2.5.29)

Where (¢ is a constant and the boundary condition #n'(«x) = 0 is

met. Eq. (2.5.29) can be integrated from « to the viscous boundary

layer edge

n(i/g) - 1 = C JJ/B exp(—Y2/4) dy
(2.5.30)

Defining ¢ = y/2 and redefining the limits of the integral, Eq.

(2.5.30) gives
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1/28
0

n(1/g) - 1 = C{Zf exp(—cg) dz - Vn}

£2.5.31)
Rearranging Eq. (2.5.31) gives C in terms of n(1/8) , and this

is substituted into Eq. (2.5.29)

(n(1/8) - 1 ) exp(-y2/4)

n'(y) =

2{1/23 exp(-§2) dg - /n

g (2:+:5.32)

This is the equation for the ion density gradient through the freestream
plasma. The value of Eq. (2.5.32) is that it directly supplies
n'(1/8) when 1/B and n(1/8) are specified. It is apparent from
Eq. (2.5.20) that 1/B carries information about the thermal and viscous
boundary layer thicknesses around the flat plate. Eq. (2.5.25) is a
second order ordinary differential equation for n(y) inside the
viscous boundary layer (x a constant) and to solve, n(I1/B8) and
n'(1/8) are given by Eq. (2.5.32)

Eq. (2.5.25) can be simplified further by imposing x ~ I and
the net ion production results from the competing processes of ion-
electron production and their recombination. The freestream plasma
will be assumed at equilibrium and the net production to be zero.
Ashton and Hayhurst (1973) did a series of experiments with alkali
metals ionized in flames on the temperature and particle production.
From their results, in dimensionless form, the net ion production

in the quasineutral region is
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ek ¢ (2.5.35)
o, is the ionization potential of the alkali metal (4.33 V for po-
tassium). The first term on the right hand side of Eq. (2.5.%}) is
the production of charged particles which increases with temperature
while the second term is recombination of the ions and electrons
by M+ e M (M denotes the alkali atom) and equally apparent,
recombination decreases with increasing temperature. X = ZNoar/Uo
where @, is the recombination coefficient and the remaining factors
are a result of using dimensionless variable. Noor et al. (1977)
found for an air propane flame seeded with potassium @, = 8 x 10_15 ms s-1
at 1500° k and for the remaining parameters, XK v 1 . Eq. (2.5.33)
is completely specified and substituting it into Eq. (2.5.25) then

exapanding all the derivatives, the quasineutral solution is described

by the equation

Yy du Yy dn dD dn d2n
= Ewe== g S ERe=m o eSS o D~—7§
2 dy 2 dy dy dy dy
K 1, ed. n2
+ —|-T? exp|—X1="1/T)|+ | = 0
2 kTO T
(2.5.34)

This gquation is solved for »n and dn/dy using a Runge-Kutta method
of O(h4) (Greenspan, 1973) to where »n = 0 and the value of vy

at n = 0 specifies the ion sheath edge position. This condition for
the ion sheath edge position is reasonable because of the low ion

density inside the ion sheath and for high probe biases, the electron
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density in the sheath can be approximated as being zero (Clements
and Smy, 1969; Su and Lam, 1963; Stahl and Su, 1971). The matching
of the solution of Eq.(2.5.34) to the ion sheath solution is effected
by equating the ion current density which represents ion flux con-
servation when going from one region of the plasma to the other.
Eq. (2.5.34) demonstrates a useful feature of nondimensionalizing the
equation in that except for K , the freestream ion density and
position downstream from the flat plate's leading edge are in the scaling
factors. Only changes in the viscous and thermal boundary layers alter
the solution as these changes manifest themselves in new boundary
conditions from Eq. (2.5.32). Solving Eq. (2.5.34) and matching with
the ion sheath solution to be derived soon, needs to be done for only
one ion density and position downstream from the leading edge; appro-
priate use of the scaling factors can extend the solution in the ap-
plicable range of the theory. More will be said of this treatment

of the solution after studying the ion sheath.

2.5.3. The Ion Sheath

The innermost plasma region adjacent to the flat plate is the
ion sheath. Here, because of nonnegligible electric fields and different
ion and electron densities, a new set of equations approximate the
region. For a moderate bias on the flat plate, i.e., Reazx2 s 1 s
mobility in an electric field is the important mechanism for ion collection.

(Clements and Smy, 1970; Su and Stahl, 1971). The following derivation

is similar to what has been done by previous authors (Clements and
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Smy, 1970; DeBoer and Johnson, 1968) only now variable transport
properties are allowed. Neglecting convection in Eqs. (2.5.15) and

(2.5.16) and for a small Electric Reynolds number

d n D 3¢

Yy Yy T oY -
(2.5.35)

0 on_ D+ Jo)

— |0, — - —n_—| =0

oy | — 9y T oy
(2.5.36)

At this point free diffusion coefficients D and 5+0 are used as

the scaling factors because the ion and electron densities are no

longer equal. Eq. (2.5.36) can be integrated once and the corresponding
constant of integration is taken to be zero since it represents the
electron current to the negatively biased probe. Also for large ¢ ,
as the mobility dominates over diffusion (Clements and Smy, 1970),

Eq. (2.5.36) gives the result n_ =0 1in the ion sheath region.

This result is a reasonable approximation to the exponential drop off
‘of the electron density that Lam (1964) and Russo and Touryan (1972)
predict in their simpler models of frozen chemistry plasmas. n = 0
justifies approximating the net charged particle production as zero
since no recombination occurs where there are no free electrons.

In the cooled plasma region, generation of ion-electron pairs is also
very low because of the exponential temperature dependence of ionization
as shown in Eq. (2.5.33). One consequence of no electrons in the ion

sheath is that free diffusion definitely occurs in this region as

opposed to the ambipolar diffusion in the quasineutral plasma. This
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result substantiates using D,o and D+o for nondimensionalizing
the ion sheath equations.
Similar treatment of Eq. (2.5.35), only now the ion current is

not negligible, results in the equation

(2.5.37)
I+ = D+(3n/ay) at the ion sheath edge as calculated from the quasineutral
region Eq. (2.5.34) to ensure current continuity where there is no

production nor recombination. The dimensionless Poisson's equation in

the ion sheath is

2 .
ur, 82

-~ 2 +
Dot ¥y - (2.5.38)

Eliminating n, between Eqs. (2.5.37) and (2.5.38) will give the
potential field distribution through the ion sheath region in a dif-
ferential equation

o [ 3¢ |2 D 1 T

e} = + 2T

L % Ylo P (2.5.39)

As with Eq. (2.5.37) where the diffusion coefficient was approximated

as D = TZ , from Eq. (2.5.18), Eq. (2.5.39) becomes

2 =

9 99 B f. . 2I+D+OZ
0 9 _T . U)\z
Yy Y oD

(2.5.40)

Looking at a distance 7 down from the flat plate's leading edge,



m=1 , T=v+ (1-v)(2(8y) - 2(8y)° + (8y)?) and as 9¢/3y = 0
at the sheath edge for a smooth matching to the quasineutral region,

twice integrating Eq. (2.5.40) gives the plate potential

Yg [(BYg S/B dt ]%

3 4 dy o
0 By v + (I-v)(2g - 2¢ +¢ )J

(2.5.41)
It is evident that this equation is coupled to the quasineutral region
solution by two parameters. These are the sheath edge position Y,
in the limits of the integration and the ion current density I+
Also, as the ion flux due to convection is neglected, for voltages
sufficiently high to bring the sheath edge close to the viscous boundary
layer edge, convection will be important and the currents could be
higher than predicted here. At low voltages, diffusion in the ion
sheath region is more significant than mobility and the model again
fails. In the case of low voltages, the probe characteristics are
best described by models first elucidated by Lam (1964) and Su (1965)
particularly for probe voltages close to the floating potential where
the electron current can no longer be neglected.

Eq. (2.5.41) can be simplified in the case where the thermal

boundary layer is replaced with a uniformly reduced temperature A4 ,

T >A>T_ . The new result is
o w
2 S |4
¢ = — | +~— y83/2
3 A
(2.5.42)
The vy /4 dependence is predicted by Lam (1964) and Stahl and Su

s
(1971) for high probe potentials in their models. This dependence
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is revealed in the present plasma model not from limiting the general
solution to high potentials (this is already in the solution), but from
assuming a uniform temperature around the plate. To solve Eq. (2.5.41),
the parameters Yg and (an/ay)]ys from the quasineutral solution

are required and the integration is effected by double integration

L

using Simpson's Rule.

As alluded to at the end of the discussion on the quasineutral
region, the scaling factors from nondimensionalizing the original
Egqs. (2.5.1) to (2.5.5) are very useful. They allow the solution for
the sheath edge position and flat plate current density as a function
of voltage to extend over a wide range of freestream ion densities
NO and distances from the leading edge, 7 . There is no explicit
dependence on No nor . in Eq. (2.5.32) or (2.5.34) (except for

K of Eq. (2.5.34)), while for Eq.(2.5.41) these dimensional quantities

appear as a factor in ¢ . Upon returning to dimensional quantities
F = y (B,v,K) = 172 f (B,v,K)
s U s ¥
¢ (2.5.43)
Uobao 5 on NO
Idim = eNO ) D(B,ys) ;—- = —g-fZ(B,v,K)
Yy L
(2.5.44)
KT, 5
Vo= 20 ,1,8,v,n(1/8)) = (N )7 £ (8,v,n(1/8))
e
(2.5.45)

f] s f2 , and fé are evaluated numerically (see Appendix A) and

the above expressions extend the solution to any combination of
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NO and 7 . There is the constraint that the extension does not
approach probe potentials close to the floating potential, nor potentials
high enough to take the ion sheath edge outside the viscous boundary
layer. K depends on No but only weakly affects the solution for

o ys and the ion density gradient.

2.6. Propagation of the Plasma Disturbance

From section 2.5, the ion sheath position as a function of voltage
is calculated when the sheath is inside the viscous and thermal boundary
layers. These results can be applied to a time varying problem for
the relaxation of the ion current density after a step in the probe
voltage. The current density measurements with a flush probe can be
interpreted to give information on the velocity profile inside thé
viscous boundary layer. As outlined in section 2.2 for the simplified
model, the sheath edge is expected to relax in the flow time from
the leading edge of the plate to the flush probe. If the ion sheath
edge is close to being parallel to the flat plate surface, then the
disturbance from the voltage step propagates from the leading edge

along a streamline parallel to the plate. Fig. 2.4 illustrates this.

Ve 4 — . — —
R

uy & - Laal Viscous Boundary Layer Edge
& /./
Approximation of the Ion Sheath Edge
_/L___ __________
/

“\\\\\\\ Flat Plate Conductor

Figure 2.4. Approximation of the Ion Sheath Edge
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From Eq. (2.5.22), the Polhausen velocity profile in the viscous boundary
layer is

28y 2 (By)® (8y)?

W, = s e
x 8 x3/2 x2

(2.6.1)

-

Yy =Yg and is a constant along the ion sheath edge and comes from the
solution of the ion sheath edge position as a function of plate voltage.
The velocity can be integrated from x =0 to x = 1 and because

of the normalization of x , the integration yields directly the

average flow velocity from the leading edge to the point of interest

1 (Bys)2 1
u = u(x) dx = ] dx + u (x) dx
average 0 0 (By )2 &
S
) 2 3 4
s ARy, - 6(8y5) + 4(Bys) - (Bys)

(2:6.2)

The current spike produced during the voltage step will still be
observed since the mechanisms of ion current collection are not rad-
ically different between the simple model and the corrected model
of section 2.5. Coupled with the results of section 2.5, the average
velocity to a given point downstream from the leading edge gives a
strong tool for studying the nature of the plasma close to the flat
plate. Monitoring current densities and relaxation times to flush
probes mounted in the plate should enable measurements of the freestream
ion density and the velocity structure of the viscous boundary layer.
Refinements in the mathematical approach could be made but it is expected
that as the underlying concepts are invariant, the corrections would

not be large.
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CHAPTER 3

EXPERIMENT

3.1. General Discussion

The relations between the different experimental procedures are
important and are briefly summarized here. First, a cylindrical
Langmuir probe made of thin platinum wire was used to measure the ion
density structure of the low ionization flame. These measurements
were important to ensure that anomalous ion density distributions
resulting from the flame structure did not disturb the results compared
with models which do not account for a nonuniform free-stream ion
density. Preliminary to the plasma relaxation studies, the ion sheath
formed on a negatively biased flat plate aligned parallel to the flame
flow was detected using an air cooled spherical probe. A mapping of
the thick sheath position as a function of plate voltage in a low ion
density plasma was done with the spherical probe biased to be slightly
electron collecting. Electron collection with the sensing probe is
desirable to ensure that the resolution and sensitivity in finding
the sheath edge would be limited by the sphere's size and not by dif-
ficulties in detecting the gradual changes in the ion currents as the
spherical probe enters the sheath.

Electrical transients in the plasma were created by applying a
step voltage to the flat plate and relaxation times of the disturbance

were then measured. From previous theoretical considerations with
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Reazxz >> ] , the relaxation time of the disturbance is equal to the
distance downstream from the flat plate's leading edge, divided by the
flame flow velocity. Experimentally demonstrating this effect is

straightforward for a low ion density plasma (No " 1015 m-3) under

thick sheath conditions, while the high ion density (No " 1016 m—3)
requires the use of flush probes where there is a moderate sheath and
Rea2 ~ 1 . The flush probe embedded in the flat plate allows flow
velocities inside the viscous boundary layer of the plate to be measured.
By changing the plate potential, the electric sheath can be positioned
anywhere inside the viscous boundary layer and relaxation times of a
transient disturbance will characterize the flow velocities at the

final ion sheath position. The rest of the experimental section

elaborates on the equipment and methods of each procedure discussed

above.

3.2. Producing the Plasma

The flowing plasma used in this experiment was generated using
a standard Meker burner supplied with a nearly stoichiometeric mixture
of propane and air. Both the propane and air came from main outlets
in the laboratory. For the case of the low ion density plasma, the
H30+ chemi-ions normally generated in the combustion process supply
a sufficiently high ion density. The ion production is thought to
be two step with CH + O > CHO' + e  , CHO =+ H,0 + CO + H30+
(Bell et al., 1970; Miller, 1972). Though the actual ion production

method suggested is not conclusively shown, the predominance of H30+



in the flame is no longer in question. To achieve high ion densities,
a specially constructed '"seeder'" with an aspirator was used to dis-
perse a solution of KOH in water and the resulting mist was mixed
with the normal air flow to the burner. The ion predominant in the
seeded flame is the potassium since it has a low ionization potential,

enabling high concentrations (NO N 1018 m—s) of X' ions to be produced.

-

: x . . . + - .
The mechanism of ionization is K + X K +e + X where X 1is

a gas molecule colliding with the potassium with sufficient energy
to ionize the potassium (Ashton and Hayhurst, 1973). By varying the
potassium hydroxide concentration in the seeder, ion densities from
5 x 10° 5> to 5 x 1017 0> were possible.

The other important bulk characteristic of the plasma was its
freestream flow velocity. Calculation of the flow velocity was done
by measuring the air and propane flow to the burner and after com-
bustion, the ideal gas law was used to calculate the volume flow rate.
Knowing the burner top diameter as 3.7 cm, the flow velocity could be
found. All experimental work was done with an air flow of 0.3 1 s—1
and propane flow of 0.012 1 s—1 (STP). Thus for a flame temperature
of 1500° X (measured using an optical pyrometer), the freestream flow
velocity of 3.8 m s—1 was expected. These calculations do not consider
possible entrainment of air into the flame and so are subject to some
error. Measurements which are to be described later, used a spherical

probe to give a corrected velocity which was then accepted as the

plasma flow speed.

3.3. Probes
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3.3.1. Cylindrical Probes

Ton density measurements for both the unseeded and seeded flames
were done using cylindrical Langmuir probes of .25 mm diameter platinum
wire which were passed through the flame at approximately 12 m s_1
using the rotating assembly shown in Fig. 3.1. The cylindrical probes
were shielded with fine quartz tubing to allow localized plasma measure-
ments and ensure that the measurements were not affected by the flame
edge. When the cylindrical probe is negatively biased using a 30 V
battery, the resulting probe current can be used to calculate the
ion density using an empirical formula derived from microwave cavity

ion density measurements (Clements and Smy, 1970)

N = 2.176 x 1077 (1/(1.v,2/3))1"23 573
‘ pf
(3.3.1)
I 1is the probe current in pA , Zp is the probe length in cm and

v, 1is the probe speed relative to the plasma in m s_l. Rapid fluc-

y |
tuations in the flame ionization produced disturbances large enough

to make necessary an averaging of the current to the cylindrical probes
to give an average ion density. Fig. 3.2 illustrates the averaging
method. Essentially, the cylindrical probe current is converted from
the low current signal (v 1 pA) to a voltage signal by using an oper-
ational amplifier. An integrator is gated to integrate only for the
time the probe is passing through the flame. The time constant of the

integrator is 1 s so typically for a period of rotation of 70 ms, the

average of 15 current pulses of the cylindrical probe is taken and
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outputted to an oscilloscope as a slowly varying d.c. signal. This

method proved very reliable as a way of deducing the ion density.

3.3.2. Spherical Probe

-

Another probe used in the flat plate measurements was an air .
cooled spherical probe, Biased to be slightly electron collecting
(voltage limited to ~ +1 V w.r.t. VF or else the plasma may be
strongly perturbed), the spherical probe was used to detect the ion sheath
edge in the unseeded, low ion density flame. Biased at 30 V for ion
collection, the spherical probe was also used to measure relaxation
times for the same flame conditions. Fig. 3.3 illustrates the construction
of the spherical probe. The probe was a 3.2 mm diameter bronze sphere
with a 1 mm diameter air vent hole. The sphere was silver soldered
to a 1.3 mm O0.D. stainless steel tubing. The stainless steel tubing
was co-axially shielded with quartz and stainless steel sleeves.
The probe was mounted on an x-y mechanical stage to allow positioning
of the probe any height above the burner and any distance from the
flat plate. Downstream venting of the sphere's cooling air was done
to ensure a mininum disturbance of the probe current and plasma structure
around it. Woxk of Clements et al. (1977) and MacLatchy et al. (1974)
on the current density to a spherical probe in a flowing plasma can
be used for estimating the magnitude of the disturbance of the vented
air. For a normalized current density I , I = cos2 8/2 was ob-
served with © ©being the azimuthal angle from the probe's stagnation

point. In a worst case, imagining the vented air disturbing the
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field flow from 6 = m to 6 = 3m/4 , the maximum current perturbation

would be

2mR? sin® cos?(8/2) de

w =

o'l a 3
H

= 0.02

2 ad 2
2mR% sin® cos?(6/2) de6 (3.2.1)

A 2% error is very small for the electron or ion current measurements

where fluctuations in the flame parameters would make this effect

unobservable.

3.3.3. Flat Plate Probe

The flat plate probe for the experiment was the flat side of
a copper wedge aligned parallel with the flame flow. The copper wedge's
leading edge was positioned 1 cm above the burner to make certain the
wedge was above the flame's visible reaction zone which usually can
extend approximately 5 mm to 10 mm above the burner. The wedges were
made of copper to facilitate the water cooling that was necessary to
prevent thermionic emission from the wedge and also to ensure the
presence of a large temperature difference between the flame and copper
to maximize the viscous and thermal boundary layer effects. Two
copper wedges were constructed; one for the ion sheath position
measurements using the spherical probe, while the second had flush
probes for the ion current measurements. Electrical isolation of the
first wedge was accomplished by installing showers (Sandhu and Weinberg,
1975) in the inflow and outflow cooling lines and electrically isolating

the wedge from its support. The showers effectively dispersed the
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cooling water into droplets to make certain the wedge would not be
grounded by the water lines. The second wedge has a series of five
2 mm diameter copper flush probes, insulated from the main wedge
with 1 mm thick mullite sleeves. These flush probes were arranged

in line with the first one 1 cm downstream from the flat surface's

-

leading edge and the successive probes spaced 1 cm apart. The con-
struction of both wedges is illustrated in Fig. 3.3. Iron-constantan
thermocouples were embedded in the side of the second wedge to monitor

the wedge temperature throughout the experiment.

3.4. Experimental Procedure

The cylindrical probe discussed in section 3.3 was often used
to determine ion densities for both high and low ion density plasmas.
Measurements with the cylindrical probe were also used to determine
ion density gradients in the plasma. Density gradients were seen as
a change in the calculated ion density as the cylindrical probe was
moved to sweep at different positions downstream from the flat plate's
leading edge as well as different distances away from the plate.

These gradients were then used to calculate the magnitude of ion diffusion
and compare it with the ion convection in the plasma.

The method of using the spherical probe to detect the ion sheath
around the flat plate is illustrated in Fig. 3.4. The wedge was biased
strongly ion collecting and to eliminate possible supply voltage noise,
a battery power supply was used. The spherical probe was biased

slightly electron collecting (0.8 V w.r.t. VF). The quick change
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of electron density from the freestream value to practically zero in-
side the sheath gave a resolution in detérmining the ion sheath edge
position limited only by the probe size. Following Oliver and Clements
7(1975), the sheath position was defined as the position where the
electron current to the probe decreased by a factor of % from the
freestream electron current measurements. The second part of the
preliminary experimentation with the first flat probe was to measure
the relaxation time of the sheath when a step voltage was applied to
the probe. As explained in section 2.5, the increased voltage would
move the ion sheath further out from the flat surface. The spherical
probe was positioned inside the ion sheath before the step voltage

was applied and was biased to be ion collecting (electron collection
would be very low inside the ion sheath). Typically, spherical probe
currents of 0.02 pA were measured and the flat plate was biased from
20 to 50 V with a step voltage change of 5 V to create the disturbance.
The spherical probe could be moved to different distances from the
leading edge of the plate to vary the relaxation time. The spherical
probe was not used in the seeded, high ion density plasma for two
reasons. First, the high ion density plasma required high voltages

v 200 V to create an ion sheath large enough to be able to surround
the spherical probe. However, such high voltages can result in elec-
trical breakdown inside the sheath (Nasser, 1971). Secondly, the
potassium hydroxide quickly deposited on the spherical probe and
disrupted the current measurements by shorting the sphere to the shield
around the air supply tube (Clements, 1975).

Next, with the first flat plate assembly which had an insulated
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side, the theory of the current spike to the probe when applying a
voltage step was studied. These measurements were done for a low

ion density plasma. By monitoring the total current to the flat plate,
the current spike relaxation time was measured.

Having established the mechanism of the ion sheath relaxation,

L aad

the second flat plate assembly with the flush probes was used to
determine flow speeds in the viscous boundary layer adjacent to the
plate. Because of capacitive coupling between the copper wedge and
flush probes, it was not possible to apply a voltage step to the wedge
and flush probe then measure the flush probe current separate from

the total plate current. Thus, the flat plate assembly was grounded
and the flush probes were connected directly to the operational amp-
lifier input. A positive d.c. bias and positive going step pulse

were applied to the Meker burner with the consequence of electron
collection at the burner and ion collection again at the flat plate.
Low ion density plasma measurements were not pursued beyond verification
of the relaxation time previously measured using the first flat plate.
High ion density in the plasma with moderate burner voltages gave an
ion sheath thinner than the viscous boundary layer. A lower bound

on the burner voltage came from needing to limit the electron current
to the flush probe to very small values. When the voltage was not
sufficiently electron retarding, the high mobility electrons had a
short relaxation time through the ion sheath and would dominate the
measurements. All five flush probe current densities were measured

as a function of plate voltage and following Stahl and Su (1971) and

Russo and Touryan (1972), a sudden change in the d.c. ion current



density indicated at what voltage the ion sheath was extending beyond
the viscous boundary layer. This voltage put an upper bound on the
voltage that would be useful to probe the viscous boundary layer
velocity structure. Also, the average E/p values where E is the
electric field in V m_1 and p 1is the gas pressure in Torr, could
not be excessively large or Townsend discharge may occur (Naéger,
1971). The limiting E/p is ~ 100V n! Torr™! which for an atmo-
spheric pressure plasma and for a typical ion sheath thickness of 2
mm for the seeded plasma, limits the applied voltage to < 150 V

The maximum voltages applied were below this value and during the
experiment kept below 50 V.

The difficulty in the flush probe current measurements was fluc-
tuations in the probe current caused by changes in ion density and
flame speed. These fluctuations were as large as the step voltage
response (v 10_9 A) and had to be filtered and averaged out. The
signal processing method is illustrated in Fig. 3.5 and explained as
follows. The flush probe current is converted to a voltage signal
using a low current offset operational amplifier in a current to
voltage configuration. The voltage signal is filtered through a
10 KHz low pass filter (Krohn-Hite 3202, 6 db/octave) to remove high
frequency components of the noise. After amplifying the filtered
signal further, it is fed into a voltage controlled oscillator to
create a frequency modulated pulse train. Using a linear gate (Brook-
deal 415), this pulse train gates a triangle signal generator which
is synchronous with the step voltage applied to the Meker burner.

The result is a signal where time information is in the pulse height
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and flush probe current in the pulse frequency. A pulse height ana-
lyser (Northern Econ II) demodulates the signal. Briefly, the pulse
height analyser (PHA), discriminates pulse height and adds one count
into the one of the 512 channels of the PHA's memory which corresponds

to the voltage height of the counted signal. If a train of pulses

-

linearly increasing (or decreasing) in voltage as time progresses is
fed into the PHA, the analyser's channels can be directly calibrated
in time rather than voltage. Consequently, the signal going into the
PHA results in counts in a channel proportional to the pulse frequency
at the corresponding time. Only a portion of the signal from the
linear gate is sampled by the PHA, This sampling is accomplished
by using an oscilloscope (Textronix 547) in an intensified time base
mode, triggered by the triangle generator. The oscilloscope gate
output (Gate A+) feeds into the PHA's coincidence input to gate its
signal input. The PHA then adds successive gated signals to give a
reconstruction of the flush probe current. Typically, the apparatus
was run to sum over 2000 responses to the voltage step. By adding
so many signals, unsynchronized noise added to a very small effect
and the relaxation of the probe current was readily discerned. The
linearity of the circuit was tested by inputting a linear ramp voltage
and checking that the reconstructed signal was linear. Fig. 3.6
illustrates typical waveforms in the signal path just discussed.
Processing data accumulated on the pulse height analyser was done
using a PDP 11/10 minicomputer. Data transfer to the computer was
effected by modifying the teletype output of the PHA to a 600 baud

rate and optically coupling this output to a video terminal port of
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the computer. A program (see appendix B) was written to accept data
from the PHA in character format, to convert the relavent data block
into floating point numbers and then perform the data analysis. Fig.
3.7 will assist in discussing the analysis. Region A] is the portion

of the accumulated signal where the plasma disturbance is no longer

-

present. This region is fitted with a straight line using the method

of least squares. Region B, 1is the portion of the signal where

1
the plasma disturbance is relaxing and is approximated by a logarithmic
curve (origin O is some distance away from the fitted data to avoid

the singularity of the logarithm at the origin). A second approximating
logarithmic curve, BZ was fitted for a shorter channel interval
further from the origin, starting where the slope of B] was a pre-
determined value. This second fit helped to avoid weighting the

fitted curve with data close to the origin where information is irrel-
evant to the relaxation time. Retaining data close to the origin un-
favourably weights the curve fit to give a relaxation time shorter

than the actual time. To finally determine the relaxation time, the
intersection of curves AJ and BZ was taken as the point where the
disturbance ceased and was found using the Newton-Raphson method.
Calling the channel width from the origin to the intersection of

Al - B2 » Ty and the total signal channel width Ty 11/12 is

the fraction of the sampling interval that the original current spike

had taken to relax.
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CHAPTER 4

RESULTS

4.1. General Discussion

Flame generated plasmas have both advantages and disadvantages
in their use in experimental plasma physics. Producing these plasmas
is often very simple as in this thesis where a standard laboratory
Meker burner was used to generate the flame. More refined methods
for creating the flames are used to give greater flow stability or
some desired flame characteristic (Lawton and Weignberg, 1969). The
direction of these refinements is primarily to compensate for the
problems inherent in flame plasmas. Constant flame speed and ion
concentration are the most severe limitations with flame plasmas with
many measurements being very sensitive to them (Clements et al., 1972).
Flame size can also limit the usefulness of the plasma as it becomes
increasingly more difficult to control the plasma parameters as the
test configuration increases in size (Lawton and Weinberg,1969).

In the experimentation for this thesis, measurements within a
factor of 2 of the theoretical prediction are reasonable. Such errors
are commonly experienced among researchers who have been involved
with flame plasmas (Clements et al., 1972; Smy, 1976). Low probe
ion currents of 0(10-9 A) were measured in this thesis and it was not
uncommon for 50% fluctuations in the ion current to occur. If the

. plasma parameters drifted through the course of the experiment, even
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larger variations occured. Signal averaging was necessary in some
parts of the work to ensure that the measurements could be extracted.
The methods employed in the signal averaging are outlined in the

experimental section of this thesis.

4.2. Plasma Conditions

A dichotomy in the experiment came from the use of two plasma
regimes. A low ion density plasma was first studied to demonstrate
the feasibility of using a flat plate, generating an ion sheath around
it and measuring ion current relaxation times with flush probes.

The high ion density flame was used to make certain the ion sheath edge
was inside the viscous and thermal boundary layers adjacent to the
plate. Essential parameters for the high and low ion density plasmas
are tabulated in Table 4.1. & and 7 subscripts in Table 4.1 in-
dicate quantities that were calculated with 7 as a scale length

and 6(X) as a scale length respectively. The reason for this dis-
tinction is that one transport mechanism may dominate in the direction
parallel to the plate conductor while another mechanism may control

the ion transport perpendicular to the flat plate. The most relevant

figures are the dimensionless quantities Re 5 Reaz and Rea2X2

Ion Convection
Ton Diffusion

The Electric Reynolds number Re , characterizing s
certainly demonstrates that ion convection will be the most important
method of transporting the ions to the quasineutral region whereafter

diffusion and mobility continue in transporting the ions to the probe

surface. Reazxz values indicate that mobility and diffusion at the
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Table 4.1.

Plasma Parameters

Low Ion Density High Ton Density

2.6 x 10 0% s 1 1.3 x 107 n?
T T
1500° K 1500° K
1x10 % n 1x102%n
2 x 107 3 % 187" w
1x 10™° wd 1 x 1037 w3
390 770
8.5 x 107 m 1.7 % 107% n
9 x 107° 9 x 1074

03 6 x 1074
1.89-72 .037-12
40 80

.15 3x 107°
10-V2 272

S

-1
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ion sheath edge may be of similar magnitude for VvV = 0(1) . In both
the low and high ion density plasma, the ion streamline close to the
probe will be perpendicular to its surface as indicated by very low

Reaz values.

4.3. D.C. Measurements of the Low Ion Density Plasma

A large sheath thickness for the low ion density plasma made it
possible to measure the ion density near the flat plate probe using
a rotating cylindrical probe. The results of measuring the ion den-
sities are given in Fig. 4.1. These graphs demonstrate the voltage
dependence of the ion density gradients in directions both parallel
and perpendicular to the flat plate. The estimated ion current resulting
from these gradients is bao(AN/AX) . In Table 4.2 baO(AN/AX)
is compared to the ion convection, NOeUO in the z direction and
for the diffusion in the y direction, ﬁao(AN/AY) is compared with
ion flux in the simple sheath convection model (Eq. (2.2.3)).

For comparison, Re xz was approximately 390 (Table 4.1) while
jT/jD in the x direction is estimated as being approximately 210

(Table 4.2). is the theoretical current density which in the

I

z direction is NOeUO is the diffusion current bao(AN/AX)

D
This is an experimental verification of the ion transport conditions
around the probe. jT/jD n~ 4 in the y direction which is a factor
of 10 below the estimated Be y . The explanation is that the Electric

Reynolds number in Table 4.1 was calculated by comparing the diffusion

flux to the bulk ion convection flux NerO rather than the ion
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Figure 4.1. Ion Density Around the Flat Plate

(Solid lines indicate least squares fit to data)
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Table 4.2. Comparison of Diffusion Currents to Convection Currents

Current in y Direction. Current in z Direction.

1% X = 8 mm X =13 mm Y =2 mm Y =4 mm

Y
ip (A m'z) 1.3x 107 2.2x10° 54x10° 1.8x 1070
Jp (A m'z) -------------------- g x 1074 g x 1074
Joflg =~ seememmmes ssemeseses 148 435

10 V
ip (A m'z) 1.5 x 10°° 1.8 x 10> 5.6 x 100 4.2 x 10”
Jp (A m’z) 7.5 x 10°°  5.2x10° 8x107? g8 x 107
JT/JD 5 2.8 143 190

20 V
ip (A m'2) 1.5 x 107> 1.4 x 10> 4.6 x 10°® 5.0 x 10
Jp (A m ) 1.1x 107" 7.4x10° sx10? g x 1074
g I 7.3 5.3 174 160

30 V
do (& m"z) 1.4 x 10°° 1.0 x 10° 3.4 x 107> 5.2 x 10
jp (A m'z) 1.3x10% 9x107 g x 1077 g x 1074
/iy 9.3 9 235 155

40 V
. - -5 -6 -6 =
gp Am ") 1.3 x 10 7.0 x 10 2.6 x 10 4.8 x 10
jp (Am7)  1.5x 107" 1 x107? g x 107 8 x 1074

11.9 14.3 307 165




sheath convection flux which decreases NOeUO by the factor ays/ax
The conclusion for the low ion density plasma is that diffusion can

be neglected in ion transport models and in fact this was done for the
model describing the motion of the ion sheath edge in a step vbltage
response.

Further characterizing of the steady state ion sheath conditions
around the flat plate was done using the change in the net electron
current to an air cooled spherical probe to measure the ion sheath edge
position as a function of plate voltage and distance from the leading
edge. Fig. 4.2 summarizes the results of the measurements and compares
them with the simple model of Clements and Smy (1970) and DeBoer
(1968) (see Eq. (2.3.5)).

The discrepancy between the theoretical and experimental ion
sheath edge position in Fig. 4.2 is explained by the ion density gra-
dients existing in the plasma (c.f. Fig. 4.1) which cause the ion
sheath thickness to increase faster than X% for a uniform plasma.

The ion density decreasea further downstream from the flat plate's
leading edge and the sheath thickness increased because of the NO—%
dependence in YS . The large spherical probe size was far from an
ideal test probe and limited the resolution of the measurements of the
ion sheath edge position. Particularly, close to the flat plate leading
edge, the sheath thickness was comparable to the test probe radius

and Qés not expected to give very accurate measurements.

A final d.c. measurement made for the low ion density plasma
experiment was done to compare the flush probe characteristics with

the behaviour predicted by the sheath convection model (jf=0— from
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Eq. (2.3.15)). Fig. 4.3 displays the results and the approximating
sheath convection model prediction. Qualitatively, the decreasing
ion density furhter upstream from the flat plate leading edge is man-
ifested by the ion current density decreasing faster than the X_S/4
from the simple model and is supported by the rotating probe results

-

in Fig. 4.1 and Table 4.2. The calculated diffusion current DaO(AN/AX)
between the flush probes 1 cm and 2 cm downstream is 5.2 x 10-6 A m-2
which is within a factor of two of the rotating probe results. In
conclusion, the results of the d.c. measurements show a significant
ion gradient in the direction of the plasma flow for the low ion den-
sity flame, but the sheath convection model of plasma sheath formation
holds locally along the flat plate surface. The plasma properties

and flat plate probe characteristics are acceptable for using the

relaxation model of section 2.3 to study the flat plate response to

a negative going voltage step in the plate's bias.

4.4. Pulsed Probe in the Low Ion Density Plasma

Using the stationary spherical probe in the ion collecting mode,
the sheath relaxation time to a voltage step in the plate's bias was
measured. All the relaxation times were measured for an increasing
negative step voltage to move the sheath to an equilibrium position
further from the flat plate. Fig. 4.4 plots the results of relaxation
time 1T as a function of distance downstream from the leading edge.
The reciprocal of the graph's slope equals the disturbance's propa-

gation speed. From the theory for the low ion density plasma, this
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is equal to the freestream plasma velocity. Two different air-propane
flow rates were experimented with and gave flow speeds of 2.7 m s
and 4.6 m s—1 . The gas flow setting was left at the higher flow speed
setting through the rest of the experimentation for both high and low
density plasmas. The 4.6 m s—1 is 20% higher than the calculated flow
speed of 3.8 m s—1 from the stoichiometric calculations in section
3.2. Similar results are calculated for the lower gas flow speed.

A plausible explanation of this effect is that entrainment of surrounding

air into the flame increased the total mass flow in the flame and gas

buoyancy together gave a higher flow speed (Clements et al., 1972).
Further verification of the pulsed probe measurements was done

by measuring the pulsed probe hj/hg values and comparing to those

caiculated from Eq. (2.3.21). Table 4.3 summarizes the results from

measuring the total current to the flat plate. Flush probes measured

the current density at different points downstream on the flat plate

and also gave hj/hg values and relaxation times. The flush probe

measurements displayed a greater scatter of hl/hZ values than did

the total plate current measurements and is probably explained by

realizing that a very low ion current was being detected (v 10_9 A)

and significant fluctuations in the current did occur because of the

difficulties in maintaining a spatially and temporally uniform plasma.

The o° values were observed to correspond closely to the experimental

hl/hZ values for the whole plate even for large voltage changes during

the voltage step. The value of these results is that they encourage

the possibility of using the current spike to study the viscous boundary

layer when the ion density is sufficiently high to move the ion sheath




Table 4.3.

Comparison of hl/h2 to o and 0~ Values for a Flat Plate Probe
X V. Vf h1 h2 hl/hz o o’ T
(a) Total Probe Current
2em <10V 21V —-- o 5,2 4.3 1.5 -
2 -38 -42 -—- -—- 2.7 4.3 1.5 ---
2 -18 -22 . — 2.3 4.7 2.3 - i
2 -36 -44 - — 2.4 4.7 2.3 -
2 -32.5 -47.5 --- -—- 2.7 5.4 3.1 -
2 -10 -30 --- --- 6.3 10.9 6.0 ---
(b) Flush Probe Current
1 cm S0V <15V 1.7x10° A 4.1x 100 A 4.2 5.6 2:1 2 ms
2 -10 -15 . 346 1.42 2.4 5.6 2is5 4 ms
3 -10 -15 +285 .813 349 5.6 2.7 5.8 ms
: 2 cm was chosen as a mean value of X for the whole probe. £

6L




edge close to the probe.

4.5. D.C. Probe Characteristics in a High Ion Density Plasma

After having studied the operation of the flush probes in the low
density plasma, the viscous boundary layer effects for a higH,ion
density plasma were examined as outlined in section 2.4. No attempt
was made to use the rotating cylindrical probe or stationary spherical
probe to detect the sheath edge since it is very close to the
plate at high ion densities. Fig. 4.5 shows typical current-voltage
characteristics of the flush probes and compares them with predictions
from the sheath convection model and the model of section 2.5. Only
fair agreement is attained between either of the two models and the
measured probe current. The sheath convection model is too simple
an approach when the ion sheath thickness is comparable to the hydro-
dynamic boundary layer thickness. Correcting the sheath convection
model by decreasing the mobility constant to some lower average
value would only predict less current and give a large disagreement
with the measurements.

There are three explanations that together could reasonably
account for the discrepancy between the measured current and that in
the theory of section 2.5. Fig. 4.6 shows the temperature dependence
of the floating potential calculated by changing T_o in Eq. (2.2.2).
This graph suggest that if the electron temperature was higher than
1500° K , as first measured for the flame using an optical pyrometer,

it is possible that the floating potential could be as much as v 1 V
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higher. From the mechanism of electron generation, it is possible

for the electron temperature to be higher than the flame temperature
by as much as a factor of 2 (Von Engel and Cozens, 1963). A shift of
1 V will change the discrepancy from a factor of 2.5 to one of 2.3 --
not enough to account for the difference. The second explanation is
from a problem inherent to the experiment. When the flame wég-seeded
with KOH, a thin white deposit formed on the plate through the course
of experimentation. Measurements with an ohmmeter immediately after
turning off the flame, showed that the white film had a very high
resistivity (ohmmeter reading > 106 ohms). With this film acting

as an insulating layer, it could be expected that a significant decrease
in the current density might occur. Swift and Schwar (1970) warn of
this difficulty with probe contamination and the large effects it may
have on the ion collecting characteristics. Clements'(1975) also
reported difficulties in using probes to study the ion density in an
MHD combustion duct seeded with KOH. Clements observed the deposition
of a white powder on his probes that interfered with his ion current
measurements. From chemical analysis, Clements found that the powder
was K2C03 and it is probable that the deposit in this experiment was

also K2CO Finally, the ion flux to the probe is typically a signif-

3"
icant portion of the total ion flow from the burner. At an ion density

of 4 x 1016 m_3 and for the gas flow of the experiment, the total ion

flow would be 3.2 x 10_5 A . For an average ion flux to the probe of

4 x 10_3 A m-2 and a total collecting surface of 20 cmz, the probe ion
collection would represent 25% of the total ion flux from the flame.

It is likely this has consequences on the current-voltage character-



istics and suggests that the probe ion flux could be less than predicted
simply because of the large perturbation the probe had on the flame ion
concentration. These three effects mentioned may have cumulatively
resulted in the lower ion flux to the flush probes.

The validity of the model in this thesis in predicting ion current

-

to the probe was checked by comparison to two simpler models which
have been proposed by earlier authors. The parameter fé in Eq. (2.5.44)

for moderate potentials (4 - 10 V) using a high ion density plasma

7 -21

(v 101 m-3) had a range of 2 x 10 to 10 x 10_21. Chung and Blank-

enship (1966) derived the ion saturation current for a self similar
boundary layer flow with frozen chemistry as

.2

D
+0Noe Uopo Pt 7+

. _ ww
It sat 5

ﬂzlﬁé

(0.207 +0.128?uo/ooD+o))
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b
+

(4.5.1)
For the plasma conditions of the experiment and modelled in the theory,

& L
Eq. (4.5.1) gives =6 x 10 i NO/Z2 . Even with their assump-

jt,sat
tion of frozen chemistry, good agreement is seen with the range of

fé calculated in the theory. Another comparison for the model in this
thesis can be made with that of Clements and Smy (1971) who used sheath
convection corrected for a temperature gradient close to the plate.
Their theory was done for a conductor embedded in an insulator, but

the difference between this case and the model here manifests itself
primarily at the plate's leading edge where the ion sheath and hydro-
dynamic layer thicknesses are changing rapidly. Since both models

are considering current far downstream of the plate's leading edge,

the comparison can be expected to be close. For the conditions of

84



85

this experiment and small potentials with the ion sheath inside the

It,sat

- 1
5 x 10 el NO/Zé . One feature common to all three models is the

hydrodynamic layer, Clements and Smy's theory predicts

IVO/ZI/2 dependence in the current density. This similarity is a sub-
stantial reinforcement of confidence in the proposed model. Neither

of the two previously mentioned theories adapt to the change.gf current
with voltage but rather, examine only the ion saturation current for

the thin sheath. The advantage of this new model lies in it's ability
to calculate the changing ion current as the plate voltage changes

when the ion sheath is thin compared to the viscous and thermal boundary

layers.

4.6. Pulsed Probe Characteristics

The most difficult part of the experiment came from merging
the high ion density flush probe behaviour with the step voltage re-
sponse. The KOH seeder used to generate the plasma suffered from
both short period (v 10 ms) and long period (v 100 s) fluctuations.
The short period fluctuations in the ion density and flow speed were
critical because they gave noise comparable in magnitude to the measured
signal ~ 1 x 10-9 A and a duration similar to that of the relaxing
signal after the step in the probe bias. This problem necessitated
the use of the averaging circuit described in section 3.3. Normalization
of the averaged signal to the maximum current pulse height precluded
the calibration of the current axis of the relaxation curves but the

qualitative nature of the response and the relaxation time were dis-



played. Fig. 4.7 exhibits typical relaxation curves accumulated in
the signal averaging instrumentation. The relaxation times indicated
on the curves are those calculated from the computer analysis of the
data in the pulse height analyser. Again, because of the averaging

scheme, o¢” values were not compared with hl/hg values, but for

-

the test conditions hj/hg was 2 - 3 .

One asset of the averaging circuit in spite of the long time
required to accumulate a single point and calculate the relaxation time,
(v 3 hours total time/point) was the reliability of the calculated
time. Time measurement for the flush probe 0.01 m downstream of the
plate's leading edge was difficult to analyse because of the small
variation of the relaxation time with probe voltage. As demonstrated
in Fig. 4.8 (c) by the spread of data points, further downstream of
the plate's leading edge, a scatter of data points was observed. This
problem may be explained by the unsteady flow of the flame gases and
disturbances caused by ambient air turbulence and changing atmospheric
conditions. 0.04 m downstream was found to be the limit for measuring
the relaxation time. Figs. 4.8 (a) to 4.8 (c) show the relaxation
time as a function of plate voltage 0.02 m, 0.03 m and 0.04 m down-
stream from the plate's leading edge. The measured ion density in-
dicated for each set of experimental results is used to calculate
the theoretical predictions for K =0 and K =1 ( a measure of
cooling effects on the ion sheath as outlined in section 2.5). The
rotating probe measurements of the ion density are accurate to 30%
(Clements et al., 1972) and could explain some of the difference

between the predicted and actual voltage dependence of the relaxation
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time.

An inherent drawback of the model prediction is assuming that
the step voltage disturbance travels parallel to the flat plate rather
than along the ion sheath edge. This simplification was done because
of the inapplicability of the theory close to the plate's front edge
where the characteristic length and sheath thickness are comp;}able
in size. The relaxation time can be expected to be longer than predicted
because the sheath edge is closer to the flat plate nearer the leading
edge. The sheath convection model when used to predict the relaxation
time fails by nearly a factor of % too low through the range of ion
densities and voltages in the experiment. Experimental measurements
had U/Uo limited to >0.6 because at lower voltages, the electron
flux became significant and because of the high electron mobility,
the relaxation time decreased as the voltage was further decreased.

A direct comparison of the relaxation data to the theoretical

prediction can be conveniently done by converting the flat plate volt-

ages to the fg values using Eq. (2.5.45) and then calculating

Umeasured U is the speed calculated from the relaxation

_— measured

Utheory

times 1in the experiment. U is the theoretical speed that
theory

corresponds to the calculated f'3 values. Fig. 4.9 shows the results

of these calculations by plotting Eﬁéﬂﬁﬁféé_ as a function of fS

theory

(K = 0). This figure shows that the measurements fall very close to

U
the expected values with maximum deviations of 12% from ujﬁggﬁzzééle

Umeasured tisaiy
The mean of ——————— 1is 1.02 which strongly suggests that the exper-

theory
iment was successful in measuring the plasma flow speeds in the viscous

boundary layer adjacent to the flat plate.
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CHAPTER 5
CONCLUSIONS

The operation of a flat plate probe in a continuum flowing plasma

-

was investigated in this thesis and certain properties were experi-

mentally ascertained. Jon transport conditions were studied and it

was demonstrated that for a large Electric Reynolds number, convection

dominates over diffusion in supplying ions to the ion sheath edge

around the probe. D.c. flush probe characteristics were measured for

both low ion density (1015 m_s) and high ion density (1017 m_s) plasma.

Good agreement between theory and experiment was found for the low ion

density plasma but at high ion density, agreement was only within a

factor of 2. Such a discrepancy is not unusual in plasma measurements

and difficulties in the experiment could account for the difference.
The flush probe step voltage response has been explained using

a first order theory of ion collection in a low ion density plasma.

A current spike was observed when the ion current overshot the equili-

brium current for the new probe potential. The o~ ‘values were on

the average 25% lower than the observed hj/hg , but considering

the approximations in the theory and difficulties in making measure-

ments, the agreement was good. The benefit of the current spike was

that it provided a signal which was utilized to study the hydrodynamic

flow properties of the plasma around the probe. By developing a theory

to predict the ion sheath thickness when the ion sheath edge was inside

the thermal and viscous boundary layers, it was possible to examine



the velocity profile of the viscous boundary layer. Agreement between
the predicted and measured relaxation of flush probe current was within
10% which verified that the technique was feasible. Better agreement
could have been sought for by refining the theory, but it is more

probable that improvement of the experimental apparatus would be more

.-

worthwhile. The aspirator used to introduce the potassium hydroxide
to the flame was particularly limiting in the control of both the

flow speed and ion density. Noise in the flush probe current was
troublesome and could be improved with better methods in generating
the plasma. If improvements in the plasma production are made, it
would be fruitful to do further work on the flush probe relaxation

for a greater range of the plasma's ion density and flow speed.
Experimenting with very high ion densities (1020 m‘3) could be partic-
ularly interesting since the ion sheath edge would be close to the
probe to give long relaxation times and enhance the viscous and thermal
boundary layer effects on the d.c. probe characteristics. The probe
signal would also increase proportionately with the higher ion density

and reduce the current noise problem.
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APPENDIX A

PROGRAM FOR EVALUATING fﬁ, fé AND f. OF SECTION 2.5.

The annotations in the program are self explanatory and identify
different sections of the calculations. The data created is outputted
into a file designated LPOUT.T@ but a program modification can have
the data outputted to the user's terminal. Typically, the program
takes about 1 minute to generate a single data point or 30 minutes
for a complete set of data for given input parameters. The input
parameters for the program are V2 , B , C and D+ . These
variables are identified in the symbol table below. In particular,
B=1/8 with B from Eq. (2.5.20) and a in B (Eq. (2-4112D was
calculated using Simpson's Rule on a calculator. C was evaluated

from Eq.(2.5.32) at vy = 1/8 by the same method as g . Following

96

the program listing, a typical output for a given set of input parameters

is given.

Important Variables in the Program

B=1/8 (Eq. (2.5.20))

C n'(1/8) = C(1 - n) (Eq. (2.5.32))

D1 = Freestream Ambipolar Diffusion Coefficient

H = Step width of vy in Runge Kutta Solution of Eq. (2.5.34)

I3 = Double Integral Eq. (2.5.41)

K = Measure of Plasma Nonequilibrium (Eq. (2.5.33))

=z
1}

n(1/8)



N1 = n'(1/B)

U=10 /U (Eq.

average’ “o

V1l = n' at sheath edge
V2 = Tw/To

W= T/To

X1

= Ysheath

(2.6.2))
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g

Lo Y U w B a W e W T o W 5 (Y g IO

1
2 H=-.02 \ PRINT 7 IMPUT V2.8.C.D+" N\ INPUT V2.8.C.D1
2 OPEN ’LPHUT Te’” FOR OUTPUT AS FILE #1, FILESIZE 288 N\ S2=2 \ K2=1 \ K=-1"
4 PRINT #1."%2=2"3V2:7B=":8:"C=" 057 D+¥=" D1 N PRINT #1.” *
S PRINT #%1.," N(1-B) N (1/8B) N” (S) . G(S)
& REM- ‘
7 REM- LIMES 11 TO (@5 SOLWE FOR ION SHEARTH EDGE USING RUNGE-KUTTR
2 REM- METHOD FCR ECUARTION 2.5. 34
9 REM- - .
18 FOR J=1 TQ 3 \ K=K+K2 ) R =
11 FOR L=88 TO 99 :
12 REM- L MAY MEED TO B8E CHANGED FOR DIFFERENT INPUTTED PARAMETERS
14 H=LA1808 N H1=Cx(1-H)
15 X1=B N VYi=H \ Vi=N1
16 FRINT "xn;
28 X=xX1 N Y=¥Y1 N\ ¥=Vi
25 GOSUB 16BA
a0 MB=HxF :
35 X=RtH®.5 N Y=Y+HWHA2 N Y=VEMB2
4a GOSUB 1968 :
45 M1=HxF
B Y=Y+MsH 4 N V=\V-Hosz2+M12
S GOSUB 18060
5] N“ H#F
S K=N+H®.5 N\ V=Y T+ IRH+MISH 2 \ V= V1+¥Q :
5] uu.Uu 1808 : <.
5 M3=H#¥F ;
B Y11= 1+ R (MEHMTHM2) 76
0 VI=VI+(ME+24MM1+245MM24M3) /6 -
S Xi=x1+H :
8 IF ®1<0 GO ™D 288
Ga IF 10 GO TD 2
81 REM- _
102 REM-LINES 118 TO 112 CALCULATE F1.F2.F3 OF EQUATIONS 2.5.43,°
184 REM- 2.5.44. 2.5.45
185 REM-
118 F2=Y14lrZxi, GE2OBE-19%(2.5%D1)+.5
111 GOQSUEB 1588
112 F3=3.07C080E-05K (B4 14D 1/2) .Sk 3k
113 F1=X1%(D1/5)+.5
114 DEF rHH(P,C|—4 P'r‘ S+44R+3/51, 5-RM4/8
115 A=X1/8 N #8=A+2 ~ D=FNU(A.1) N\ U=D-FHU(A.XD)+XD
117 PRIMT “H{1-8) —’;H;’G(5)=’;l:’VDLT.=‘:F3
118 PRINT #1.K.N.Ni.%1.U.F1.F2.F3 d
120 MEXT L .
121 PRIMT # ], e m e e e _
122 NEXT J

123
125

203

205
hs

cur
208

REM-FPROGREAM FOR CALCULATING 1-V CHARACTERISTICS OF FLUSH FROBES

|; I:l E. Uu 15 an

GO TO 275 |D\,1

FRINT #1."SLH NOT FOSSIELE AT .N=".N

GO TO 122

REM-

REM-LIMES 13688 TJ 1928 CALCULATE RIGHT HAND SIDE OF EQUATION 2.5.34

REM-

Fl
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P A

i e ———

1005
10685
1915
1917
1613
1815
1620
1825
1500

505 ¢

1528

oo i - O e R W S S G b G 3 4 SR T TR e e e " o———: il i o | i

G=2(M B) -2 (X B) 23+(X/B) 24
Bi=2/B-6%(X/B)42/B+d% (X B)*3/B
LI=V2+(1-Y2) %G

T= (2L (1 =-V2) %G 1 +X6G72) XV

IF 17U>2 GO TO 1818 N D9=K*((Y/U)42—U*.5*EXP(33.6*(1—1/0})) \ GO T0 1922

D9 =Kk (YA 42

F == (T-DI+XKVHG1./2) A2

RETURN

IF 52=5 GO TO 1520

52=5 \ &0 TO 1525 - -

|“ '\ 2
2ETURN

F,: EI\’ -

REI- LINES 1598 TO 1738 CALCULATE DOUBLE INTEGRAL OF EQUATION 2.S.41

2 REM-
9 EO=21 \ E2=X1/B/18 \ MI=1 \ S4=0

189 FOR El=8 TO 9

1640
1650
1660
1670
1690
1784
1716

ron
17382
17689
177a
1788

Fgels]
2Ra6
20HS

e t—— e e e ———— e Sp—

3 E0=EB-2 \ E3=(X1/B-E14E2)/(EB+1)
5 56=0 \ M2=1

[FOR E4=3 TO EB
S=E 1+E2+E3*E4
SE=S6+MZ/ (V2+(1-Y2) % (Z2¥ES-2XES+3+ES14)) .
IF M2=1 GO TO 1638 \ lF M2=2 GO TO 1658 \ M2=2 \ GO TO 1789
M2=4
HEXT E4
Se=SE+1/(V2+(1- V”)*(Z*XI/B 2% (X1/7B)r3+(X1/B)+4))
14 JUP(*S*E3/3)

..

S4+MIxI4 N O IF Mi=1 GO TO 1768 \ IF M1=2 GO TO 1768 \ {M1=2 \ GU T0 1778

Hl 4

HEXT E1l
[3=54xE2/3
RETURN
CLOSE

EHD

.



PHPCHRCI Ak AT AT PR L0044

vz= .2135 B= 2.61 C= '1.38 D+= Z.EODOBBE-B4 "
N C1sB) - N”
316 ,

L2882

K " NC1sB)

@

U e N o |

WM Jdna s ol —

Wwiow oo o oo

Lo B eI I o o e o O 0 o It v w0 v o Y e )
N —

LR T B O e e e i e e e i
* ¢ o & & ® ® 8 % & A @ » . e .

Gt "Nh‘\_" B &

w

J RN S O B B Y g
Vo 200 NN

(R I R X it I S
Ol ol N Oy Al

L % A BV I SN

X
[

. 43229

N0 0MW WU W W0 WD o

NN DWW e DO N0 -

WOl Oy — U= N

wWw N

DN N NONDODAEMNOMU NG

)
N

OIN) 0D — (M= OO0 0
NLEWOMNWOOLOWMEGODMNMND

.742078

78715

.655283
.611934
.548049

b

NP OOAONNNODMmODWWW

Fl
.6196A03
.B183113
LO1E6234
L7 3459E-03
L44E55E-83
SE811E-63
.BE9GEE-A3
.S52122E-03
. 14255E-03

427 44E-B3
. 13300E-23
7RE3Z4E-AT
L27367E-B3
.B4100E-63
. 48824E-83
.97567E-03
.35873E-083
.96612E-83
. 38923E-83

F2

NN NN GO OB BN

.47725E-21
42379E-21

.36 1T6E-21

=0

W N O 20~ 00 WS — )

.B32843E-21
+69951E=-21
- 92534E-21
.36BBSE-21

DT OY N N O3 WD s o o e s e e e e s e

F3
.98365E-07
. 9D4R6E-07
§2553E-67

Ty Oy O L0 en

SNV NS | ) ) S )
LSO A I I B S SN

43 1SE-67
. 1SPBRE-O7
LO73Z322E-87
LITEEZE-BS3
.B37E0E-05
.920R32E-03
.B29BRE-B3
. 16737E-03
. 15037E-083
.36349E-08
3.45583E-83

~

[

00T



I TSR Xk R [ B Y W - - ol & Sl o Pl | 2 > SIS, - v N G 0

5 o - R PRI Al Do e R v e Sy W . -

' o v
- ' &
%
1 .8 1.6311 . 524562 .B1Z 1853 . 2.7709%E-R7
1 .81 1.E5489 .983175 .9120425 B 2.6E341E-07
1 .82 1.6553 .980124 .B117541 s 2.52253E-07
1 .83 1.64932 L9TEETA 0114557 5, 2.43289E-07
! .34 1.63523 .972734 8111772 8- 2.37237E-07
1 .85 1.61183 . 96845 .B198353 5. 2.25633E-07
1 (E6 1.57755 L 963604 LB 106003 5. 2.13631E-07
! .a7 157385 .955315 .B1B1E77 5. 1.930S0E-07
I LBE g 1.58511 .949952 9.87922E-02 4. 1.85772E-07
1 .83 , 1.50577 .534577 e 1.677B2E-07
1 .5 158 1.48183 517215 8.72544E-83 4. 1.45892E-07
1 .91 < 1422 1.4554 . 830506 8.88433E-83 I.68747E-21  1.2634BE-07
1 .92 . 1264 1.40124 .851573 7.1398BE-B3  3.143186-21  1.B1724E-07
1 3 1186 1.38269 . 76356 S.63678E-83  2.418MZE-21  6.7307BE-03
1 .94 .8948 1.23767 -~ .375707 2.89123E-83  7.58G96E-22  1.D4156E-02
S L & 3 .

N NOT POSSIBLE AT N= 95

10T



NN RDNNNNMD RN

e 400 e . . o o o e . e

SLN NOT POSSIBLE AT N=

.8

.81
.82
.83
.84

o O

.56
.87

.83 -

.89
9

.91
.92
.93

i

©1.44282--~

>
aping -

) BN N
W W

Sl

D

Oy W Y = 0
W 00w rg

@
W NI

1.2937

- s b i

> 4 N . .
.332024 : .9131263 7.71942E-21 3.43740E-07
«8991173 .8130521 7. S5463E-21 3:.35291E-87
989271 01276357 7.93917E=2 3.25412E-07
.988212 .8126194 7.30224E-21 3. 1S752E-G7
.9855581 .B123321 7. 158082E-21 3.04222E-97
. 934562 L0121268 6.287319£-21 2.9214%E-07
.521627 .0112223 6.65923E-21 2.73731E-07
. 373451 .0116033 6.37158€E-21 2.65318E-07
972724 .B111772 6.11634E-21 2.47303E-27
. 966032 - .B1av44s 5.75111E-21 2.22660E-B7
.95822 8182113 5.25437E-21 2.97611E-87
.842154 9.59077E-83 4,73753E-21 1.80082E-07 .
- 917215 - . B.72544E-23 3.96836E-21 1.46919€E-07 ‘§
.851579 - 7.1350BE-03 2.58195E-21 9.77426E-088 3
-.......-...__-_-‘_.-__.__....__--‘r'- - e e e i S i (5 s s S
‘ - i

-



103

APPENDIX B

PROGRAM FOR ANALYZING RELAXATION CURRENT DATA FROM THE PULSE HEIGHT ANALYZER

The principle of the analysis was discussed in the experiment
and will not be repeated here. The programming features included
using an INPUT statement to input the information stored in the
pulse height analyzer memory. The character file from the PHA was
converted to a numeric file-- it is important that the format from
a given PHA is identical to that of the Northern Econ II as otherwise
it is unlikely the program will work. Modification of lines 42 to
85 could rectify this problem if it arose. The format of the information
accumulated by the PHA should be as shown in Fig. A.1. Variations
of the data structure could require further program changes. Least
squares was used to fit the appropriate curves to sections of the

data. Details of the fitted curves are given in section 3.4 and

referred to in the REMark statements inserted in the program.

—— 4000 Counts

= |

—_— 0 Counts

. Channel 1 Tame Channel 512

Figure A.1. A Typical Signal Accumulated in the PHA
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EM- FPROGRAM TO DETERMINE RELAXATION TIME FROM DATA

EM-  ACCUMULATED ON HORTHERN PULSE HEIGHT AMNALYSER.

REM -FIRST INPUTTING HEW DATA.REMOVE LINE 17

D=8 \ F=18€6 \ G=0 ) 2
FOR D1=1 TO 2

REM-A.DC 15 [ CHARRACTER FILE FPUN FULSE HEIGHT ANMALYSER
REM-ARRAY.DC 15 A NUMERIC FILE CREARTED FROM A.DC

OFPEN ’DKEB:R.DC" FOR IMPUT RS FILE YF13(256)=£8

OFEN *ARRAY.DC” FOR OUTPUT AS FILE VFZ22(500)

GO TO 42

REM- LINES 28 & 36 IMPUT FEOM PULSE HEIGHT AMALYSER

REM- (ENSURE BAUD RATES OF FHA ARND COMFUTER FORT ARE MATCHED)
FOR K=1 TO 285 N INPUT J% \ VF1(K)=J% N\ NEXT K \ CLOSE

GO TO 3508

REM- LINES 42 TO 85 CREATE RRRAY.DC FROM A.DC

FOR I=6 TO 5868 N\ VF2(I1)=0 N\ NEXT I ' .
FOR Q=D TO F N\ F1=8 \ P2=11 N\ E$=VF1(Q+1) N\ WUF=SEGF(ESF.1.4) \ T=VAL(US)
FOR N=0 TO 4 \ B=VF2(B) \ D%=SEGF(EZ.P1.P2) \ VF2(B)=VAL(D%)
P1=P1+47 N\ P2=FP2+7 \ ¥VF2(@)=VFZ2(@)+1 N HEXT N '
NEXT Q@ N\ CLOSE N OPEN “ARRAY.DC” FOR IMPUT AS FILE YF22(S588)
FEM- LINE 140 SEARCHES FOR BEGINWIMG OF SI1GNRL DATA

FOR T1=1 TO 388 \ IF (VF2(TI1+1)-VF2(T1))»S& GO TO 158 \ NEXT T1i
REM-

REM- LINES 158 TO 260 LOCATE BEGIMHING OF RELAMATION DATA
REM-

Bl1=T1+1

Mi=1.000B0E+10

FOR Ti=(B1+18B) TO 588 = ;

REM- : =
REM- MAXIMUM ACCUMULATED SIGMNAL ON PHR LIMITED TO 4608

REM- COUNTS. USE THIS FACT TO FIND SIGNAL EDGE.

REM-

IF VF2(T1)>25@88 GO TO 289

IF VF2(T1)>HM1 THEN 268

Mi=VF2(T1) \ B3=T1

HEXT T1 g
REM- .
FEM- LINE 2808 IS COARSE LOG FIT TO RELAXATION SIGHAL

REM- -

B2=R3-28 \ G2=18 \ S7=VF2(E2) \ G3=188 \ GOSUE 2000

REM- LINES 282 TO 287 IS THE SECOND LOG FIT

G2=10 \ G3Z=84

F7=INT(A3/5)

S7=VF2(B2) +A4+AZ4L0G (P?7)

E2=B2-F7 \ GUOSUE Z@00

GOSUB 1068

FRINT ."LINE EGN IS V¥Y=",A1.°X +’.A2

FRINT ,’RELAX. REGION EON 1S VY=’.A4.’+’.A3, LN(X)*

GOSUE 3604

REM-

REM- FIRST TERM OF T2 1S THE TIME WIDTH (MSEC.) OF THE

REM-  ACCUMULATED DATA (15 MSEC SHOWN)

REM-

T2=15%(B2-E2+Z2) 7 (BE3-B1)



R AL

425

438

4508

5608

So1

582

1eaa
1610
1812
1815
16z
18326
16048
1858
15688
15681
1502
2pan
2018
2815

CLOSE o .
PRINT *CHANNEL”,D1,”TIME=",T2 \ D=118 \ F=282"\ NEXT DI
GO TO 4043

REM-

REM- LINES 1880 TO 1058 FIT STRAIGHT LINE TO EQUILIERIUM DATA

REM-
FPE=B N\ P1=B \ FZ=B \ P3=0 \ P4=8
FOR Ci=(EB1+18) TO (B1+1B9)
F9=VF2(C1)-57 ¢
FB=PB+EZ-C1 \ Fi=P1+F3 \ P“-P +(82—C1)¢2 Py
P4=P4+(EZ2-C1)¥F9 \ NEXT CI '

Al1=C1684P4-FPBxP 1) 7 (18B%P2-PB12)
2=(PI¥F2-FBAF4) 7 (1BExF2-PB12)

RETURN

REM-

REM- LINES Z@0@ TO 2@8a FIT LOG CURVE TO RELAXATION DATA
REM- .

FB=6 \ P1=0 \ F2=8 \ P3=0 \ P4=8

FOR C1=G2 TO G3

F1=VF2(B2-C1)-57

P@=PB+LOG(CI1) N\ P4=P4+LOG(C1)F1

F1=P1+F1 N\ F2=F2+(LOG(C1))*2 \ NEXT CI1 .
Q8=G3-G2+1 '
AZ=(U9*F4-PERP 1) /7 (Q3%F2-F012)

3 Ad=(FI¥P2-FO*F4) 7 (Q3xP2-PE42)
RETURN
REM-

REM-  LINES ZA@0 TO 3628 USE THE NEWTON RAFHSON METHOD

258z REM- TO CALCULATE THE TIME OF INTERSECTION OF .THE
2583 REM-  STRAIGHT LINE FITTED TO THE EQUILIBRIUM DATA AND

3815
316
3817
3828
3036
3035
3048
3050
3500
4p@s

S

REM- THE LOG CURVE FITTED TO THE RELAXATION DATA.
DEF FNA(Z) =A4-A2+AZ¥L0G(Z)-R1%Z

DEF FNE(Z)=R3-Z-A1

Z=R3/A1

IF FNA(Z)<B THEN 3848

2=88

IF ABS(FHA(Z))<.1 THEN 3858
Z2=2-FNR(2)/FHE(Z) \ GD TO 3828

GO TO 2850

PRINT "MO INTERSECTION®

RETURN :

FRINT “PUT IN LINE 17 AS GO TO 42, AND RUNNH’
CLOSE N\ END
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