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APPENDIX A

LANGMUIR PROBE METHODS

A._ RF Probe Design

The substantial RF plasma fluctuations that develop in inductive plasmas can lead
to inaccurate Langmuir probe measurements. Specifically, plasma potential fluctuations
over the RF period will cause the DC bias between the probe tip and the plasma to
fluctuate about the mean probe bias, and analysis of the probe traces with conventional
theories will yield erroneous results. The solution to this problem is to make the probe tip
“follow” the plasma potential fluctuations so the DC bias between the probe and the
plasma is constant [60,61]. This is accomplished by creating a very large impedance at the
RF frequencies between the probe tip and the measuring circuit, so the probe tip will be
forced to follow the RF fluctuations. With these precautions, the probe I-V data may be
acquired and analyzed accurately with conventional methods.

A schematic of the Langmuir probe that was constructed for RF plasma
measurements is shown in Fig. Al. Three self-resonant inductors are housed inside the
ceramic tube at the base of the probe. One of the inductors is resonant (i.e. has a large
impedance) at the fundamental frequency (13.56 MHz) and the other two are resonant at
the first and second harmonics, respectively (27 and 41 MHz). The inductors are

electrically connected to copper rod housed inside the stainless-steel tube. The copper is

90



SHO LONANI
LNVNOS3Y-413S

3gnlt 1331S
SSTINV LS ANV
43dd0OD N3IIM 138
SORILOINZA
NOLdv3

OGNV VOIW

(QO ww /£ g)
aoy ¥Y3ddOD

"MIIA [BUONI9S-SSOI) (q

"SRWISB[J Y UI SIUSWAINSEIJA 10J 9q01d JInwSueT Jo onewdyds [V Sif

"MIIA Jeursxyg (e

38NL JIWVH3ID ™~ ~—

WW $'9 —p] e

ww g — l— N

(g1 ww $9) 3gNL —~
133LS-SSIINIV LS

S3gNL JWWvY3ID

(O wwg'y)
39N1 Z14vNO

(Ww G x ww 9/0'0)
JHM NILSONNL

acy
1331S-SSTINIV LS r_m..ﬂvm_w

91



wrapped in dielectrics so that it and the stainless-steel tube are electrically isolated from
each other and form a cylindrical body capacitor. The tungsten wire probe tip is then
attached at the other end of the copper rod.

Electrically, the inductors provide the necessary RF impedance between the probe
tip and the measuring circuit. Equally important is the body capacitor, which was
designed to have a capacitance near 60 pF. The capacitance between the plasma and
probe tip, based on expected plasma conditions in an inductive argon discharge, is
estimated to be near 0.2 pF. Thus, the body capacitance between the probe tip and the
plasma will dominate the probe-plasma capacitance and substantially reduce the probe-
plasma impedance and enable the probe to follow plasma fluctuations more closely. The
large body capacitance also has the added effect of keeping the probe-plasma capacitance
essentially constant and this reduces errors associated with the changing sheath
capacitance as the probe bias voltage is varied. The arms attached to the stainless-steel
tube are required to keep the body capacitor in contact with the plasma as the probe tip is
drawn to the downstream end of the discharge chamber where the tube is no longer
immersed in the plasma. Conservative estimates of the plasma potential fluctuations and
the total probe circuit impedance indicate that the probe design meets the criteria of
Godyak et al. [61] for accurate measurements in RF plasmas.

The probe measuring circuit is essentially a conventional probe circuit. The
reference electrode is the stainless-steel plate which is located at downstream end of the
discharge chamber. In addition, low-pass RF filtering circuits are used on the atmospheric
side of the vacuum feed-throughs for electrical connections to both the probe and the

plate. The RF probe design and the low-pass filters reduced RF fluctuations at the
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measuring equipment to less than 5 mV, whereas potential fluctuations in the plasma are

expected to be tens of volts.

B. Analysis of Probe Data Acquired in RF Discharges

The conventional analysis method for a plasma containing only Maxwellian elec-
trons and positive ions involves: 1) the subtraction of ion current from the probe trace, 2)
preparation of a semi-log plot of I-V data from which the electron temperature and plasma
potential are inferred, and 3) calculation of the electron density from the probe current
collected at plasma potential. The positive ion density is then known by assuming quasi-
neutrality in the bulk plasma (i.e. 7., = n,,). In a plasma also containing negative ions, the
analysis is complicated by an additional species of negatively-charged particle carrying
current to the probe, and by the fact that the positive ion density and electron density are
not equal. In order to calculate the value of an additional variable (n.,), an additional piece
of information must be obtained from the probe trace. This is often achieved by calcu-
lating the positive ion density from the positive ion saturation portion of the probe trace.

In the limit where the plasma Debye length is much greater than the radius of a
cylindrical probe (i.e. the thick sheath case), the current to the probe is described by
Langmuir's orbital-motion-limited (OML) theory. Laframboise [62] has numerically
verified the accuracy of the simple form of the OML for probe radii less than the Debye
length, which is the case for the Cgo plasmas. For positive ions, the OML current to the

probe at large potentials compared to the ion temperature is given by [62]:

- 26 rooe - asma
I, = eAPnM\[ Bt ~ ) (A1)

2
w'm,
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(it was assumed for all the Langmuir probe analyses that all heavy particles were Cgo and
none were fragments for simplicity). If the probe data are plotted as I vs. V, the OML
regime appears as a linear portion of the curve and the positive ion density can be
calculafed from the slope of a linear curve fit at negative probe potentials. This regime,
however, must be at potentials that are large compared to the electron temperature to
assure that the current to the probe is only ions, but not so large that the probe sheath
becomes more spherical than cylindrical and the OML relationship changes.

The OML ion current can be subtracted from the total probe current using the
method of Wainman ef al. [63] and then a traditional semi-log plot can be prepared to
determine the electron temperature. Since it is assumed that the negative ions are at the
wall temperature (7, = 800 K = 0.07 eV), at a probe potential of one volt less than plasma
potential, essentially all negative ions will be repelled from the probe and the electrons will
dominate the probe current. Thus, the electron temperature is obtained from the I-V data
at probe potentials just less than plasma potential.

The electron density is determined from the current to the probe at plasma
potential (/,), where no sheath exists around the probe and all charged particles arrive at
the probe surface with their thermal velocities. If quasi-neutrality is invoked (7., = 1, +
n.,) and it is assumed that all heavy particles are in thermal equilibrium with each other and
the chamber walls, the electron density can be calculated using:

1,427 (kazz, k_T_} .
Tttt ek (A2)

P e +

The negative ion density is then calculated using quasi-neutrality.
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C. Analysis of Probe Data Acquired in DC Discharges

The electron energy distribution function in a DC discharge is frequently and
accurately modeled as consisting of a low-temperature Maxwellian group and a high-
energy primary electron group. If the plasma sheath adjacent to the probe is
approximately planar, the primary-electron contribution to the probe current appears on a
probe trace as a linear I-V relationship, while the Maxwellian-electron contribution is the
typical exponential I-V relationship [37]. The planar sheath condition is satisfied with a
spherical probe if the plasma Debye length is much smaller than the probe radius (i.e. the
thin-sheath case). The probe data can be fitted with a curve that is the sum of a linear and
an exponential component and the resulting curve fit will yield the primary electron energy
and density, and the Maxwellian electron temperature and density [64]. Even though the
negative ion density in the Cqo plasmas that were in\;estigated were appreciable, the curve
fits yielded accurate results because the negative ion currents to the probe were negligible
compared to the electron currents.

In order to determine the positive and negative ion densities in a Cqo plasma, the
positive ion saturation portion of the probe trace must again be used. In the thin sheath
case, this requires a knowledge of the positive ion velocity at the sheath edge (i.e. the
Bohm velocity) and knowledge of the electrical potential distribution near the probe. The
Bohm velocity is also used to predict the beam current that can be extracted from the Ceo
plasmas in the DC thruster. The necessary expressions are derived in following sections.

1. Bohm Velocity in a Plasma Containing Negative Ions and Primary Electrons

The one-dimensional Poisson equation applied to the sheath region is given by:
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d2
dxf = ——:jlm ()= (x)~n,(x)~n,(x)] (A3)

where all variables are defined in Appendix B. The potential (@) and position (x) are
defined to be zero at the sheath edge (i.e. the plasma/sheath boundary).
The Maxwellian-electron and negative-ion densities in the sheath are given by the

barometric equation:

n,(x) = n,, exp(ed/ky1,)

n_(x)=n_, exp(ed/k,T.) (A4)

and are referenced to the densities at the sheath edge (x=0).

The continuity and energy equations are used to determine the densities of primary

electrons and positive ions in the sheath. Continuity of primary electrons is given by:

n,(x)v,(x) =npsvps(1+% (AS)

€p

where the multiplier on the right-hand side of the equation accounts for reflection of
electrons in the sheath. The corresponding expression for conservation of energy is:

lmev; (x)-ed(x) = %m vi=¢ (A6)

2 e ps P’

Combining Eqs. A5 and A6 yields the expression for the primary electron density in the

sheath:

s %
np(x)=nps[1+i—} . (A7)

The continuity and energy equations through the sheath for positive ions are:
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n (xpv, (x)=n,v,,

(A8)
—m vi(x)+ed(x) = —m vi=eg,.
Combining the two equations yields:
. T
= * ) A9
n,(x) nﬂL - A (49)

Now, substituting Eqs. A4, A7, and A9 into Eq. A3, multiplying both sides of the

equation by d@/dx, and integrating using the boundary condition d¢/dx~0 at ¢=0, yields:

& -l E)

B-e gl’ e¢ %
> nﬁ[exp(e¢/k37;)—l]+—3—nps 1+==] -1

4

sl n_, [exp(e¢/k3 T)- 1]
(A10)

In order for this equation to be meaningful, the term inside the braces on the right hand

side must be non-negative, hence

e[ 1—@——1} £
€+

n 51 )— 1]

3 (Al1)
51, p ed 6
+ ne:[exp(e¢/k37;)—l]+?nps 1+—( -1{20.
gP
The following power series expansions are used to simplify this expression:
ep 1/ ed
exp(ed/k;T)=1+—= T 2 T +
2
1 1
(l_ﬁé} 1__%__(1] .o (A12)
g, 2¢ 8ig

( e] 1_}_3e¢ 3(e¢]
£, 2, 8¢,
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Near the sheath edge,

keB¢T <<1, Z—¢ <<, %Q <<, (A13)

+ 4

so higher-order terms can be discarded and Eq. A11 reduces to:

i

(o], [t (ct) o
e
ep+——— °¢ ’ 9 +L > 0.
2k, T, "o 8¢,
Rearranging Eq. A14 and recognizing that quasi-neutrality holds at the sheath edge
(n4s = ns + ng + ny) one obtains
1 2| —n 2n 2n, n,
— Lyt 1>0 AlS
8 (e¢) [ 8+ kBTV_ kBT; gp } ( )
which simplifies to
2n 2n s N
o — > Al6
kpT. kT £, (A16)
Solving Eq. A16 for the positive ion kinetic energy gives
1 2 n+s
E, =T—myv, 2 : (Al17)
2 ' 2n, 2n, n,
kg, kgT ¢,
Solving for v., and rearranging yields
IkBy; n+s
v, 2 m T T (A18)
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Equation A 18 is the expression for the modified Bohm velocity in a plasma containing
negative ions and primary electrons. Eliminating ., using the quasi-neutrality expression

and using the non-dimensional parameters defined below,

n—: _ _ps
a: B nes ﬂs B es
(A19)
_L _ksT,
7 - 7'_ 7p - gp >
the final expression for the Bohm velocity becomes:
k, T, l+a,+
J L 1ta+h (A20)
m, 1+ye, +3y,p,

Equation A20 reduces to the conventional Bohm velocity for a plasma containing only
positive ions and Maxwellian electrons (@,=f,=0). It also reduces to the expression
derived by Boyd and Thompson [36] for a plasma with no primary electrons (5;=0) and to
that derived by Brophy [65] for a plasma with no negative ions (a,=0).

Typical ion thruster DC discharges have primary electron concentrations of a few
percent (i.e. §; of order 10%). Since plasmas established with strongly electronegative
gases such as Cgo often have large negative ion concentrations (a; >10), it can be seen that
the Bohm velocity will be dominated by the effect of the negative ions and that the effect
of the primary electrons will be negligible.

2. Relationship Between Particle Densities in Bulk Plasma and at Sheath Edge

In reality, the ion density at the sheath edge is different than in the bulk plasma as a
result of the potential variation in the presheath (i.e. the region of space between the bulk

plasma and the sheath edge). Boyd and Thompson [36] derived an expression for the
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variation in particle density through the presheath in a plasma containing negative ions,
and their development will be extended here for a plasma containing both negative ions
and primary electrons.

The plasma potential (i.e. the potential that exists in the bulk of the plasma) is
taken to be the zero point for potential variations. The potential at the sheath edge is then
¢, which is non-dimensionalized with respect to the temperature of the Maxwellian

electrons,

_-ed,
77: = kBT; .

(A21)

If it is assumed that the positive ions have zero kinetic energy in the bulk of the plasma,
then the kinetic energy that they possess at the sheath edge will be equivalent to the

energy gained by falling through the potential change in the presheath:
—m?, = —ef,. (A22)

Substituting Egs. A20 and A21 into Eq. A22 and solving for 7; yields:

1 l+a, + .
n == N . (A23)
2 1+yax+27p,ﬂs

The relationship between « in the bulk plasma and at the sheath edge may be

determined from the sheath potential and the barometric equation:

L _m._npexpled, k1)
£ nes B nea exp(e¢s /kBy;)

=a, exp[— Al 1)]- (A24)

Similarly for £,
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n npo,/1+e¢s/ap

“n ) V17,7 A25
& n,, n,expled, /kyT,) B, exp(n,)\1-7 7, (A25)

es

Using quasi-neutrality, the positive ion density may then be determined at the sheath edge:

n,=n,+n +n,

n n__ n_ n,n ,
= nea es + 0 s + po " ps ( A2 6)
n n_n n n

eo eo ""-o eo "' po

= n...,,[eXP(—m) +a, exp(-ym,) + B,41- 7,7, ]

3. Calculation of Ion Densities from Probe Data

Following the method of Braithewaite and Allen [66], the current to the probe at
plasma potential and the positive ion saturation current are determined from the probe
data. The positive-ion saturation current is given by:

L =eAn.v (A27)

5 +s 45

Substituting Eqs. A20, A23, and A26 into Eq. A27:

21k, 7,
I, = edn,[exp(-n) + @, exp(-m) + B,\1= 7,7 ]J—m—”. (A28)

The net current to the probe at plasma potential is given by:

k. T k. T k.T n 2ee
I — Be + B - — B+ + po 14 . A29
P eA,{nw V 27m, 7o \} 27m, Pao \I 2nm, 4\ m, (A29)

Assuming that the positive and negative ion temperatures are equal, Eq. A29 can be re-

k,T k. T 2ee
1, =eAsnw[/ e _(1+4) ’L+ﬂ‘1 ”} (A30)
27m, 2mn, 4\ m,

written:
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The ratio of the two currents (/,/1.) is then taken and the resulting expression is re-

L) [m B [Lm _ |
e O o
Jn[exo(-n)+a, exp(-rm,) + B,{1=7,7.|

The initial analysis of the Langmuir probe trace may be done without knowledge of

arranged:

the ion densities, as discussed earlier, and will yield all of the electron parameters. The
left-hand side of Eq. A31 then is known, and the right-hand side is a function of 7, and «,.
Finally, Eqs. A23, A24, and A25 are solved simultaneously with Eq. A31 to yield the non-
dimensional parameters a,, a;, £, and 7. The positive and negative ion densities in the

bulk plasma and at the sheath edge may then be calculated.

D. Accuracy of Probe Measurements

A Langmuir probe used for plasma measurements must have certain physical
dimensions compared to characteristic plasma dimensions to ensure accurate results [61].
For example, the probe tip and probe holder near the tip must have dimensions smaller
than the electron mean free path so that the local plasma electron density is not depleted
by probe collection and so that the sheath surrounding the probe is essentially collisionless.
The electron mean free path was greater than 100 mm in all tfxe plasmas considered in this
study, which is much larger than the probe dimensions. As mentioned previously, the
probe tip must also have a certain size compared to the plasma Debye length depending on
the analysis method. The Debye length for the DC plasmas was 4-7% of the probe radius

which is considered acceptable for the thin-sheath requirement. For the C¢o RF plasmas
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the Debye length was several times larger than the probe radius which is a necessary
condition for the OML theory of positive ion collection. Additionally, the mean free path
for positive ions was at least 8 mm in the Co RF plasma which assured collisionless OML
ion collection. The length-to-diameter ratio of the cylindrical probes was also sufficient to
provide a one-dimensional cylindrical sheath that avoided end effects [67].

Probe measurements can be affected by contamination which either changes the
work function of the probe surface or creates a resistive layer on the surface of the probe.
Both of these contamination effects can lead to inaccurate estimates of plasma parameters,
and thus probes are often “cleaned” by holding the probe potential at either a very large
negative or positivé value, drawing relatively large currents to the probe [68]. Since Cgo
will condense on cool surfaces it was necessary to take precautions to avoid probe
contamination. The probes were not inserted to Cgo discharges until measurements were
to be taken, and then they were held at potentials tens of volts above the plasma potential
to draw large electron currents between measurements. The large electron currents
heated the probe surface to drive off any carbon deposits. The probe data were found to
be very reproducible over the ~ten minutes of an experiment, indicating that the cleaning
method prevented a steady buildup of residue on the probe surface during an experiment.

In addition to probe contamination and changes in work function, the data analysis
method and general uncertainties in plasma property measurements can lead to errors in
the probe results. The errors in plasma potential and electron population parameters,
shown in Table A1, are estimated from the analysis of hundreds of probe traces and
through other work [4]. Also shown in the table are estimates of errors in calculation of

the positive ion density. Part of the estimated error for the OML method (RF Cgo
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plasmas) comes from the curve-fitting procedure. Further discussion of errors in the OML
method may be found in Refs. 61 and 69. The error in the ion-saturation-current method
(DC plasmas) was estimated from comparisons between ion and electron density in argon
plasmas. Godyak et al. [69] discuss various methods of measuring plasma properties in

non-Maxwellian plasmas and the errors associated with them.

Table Al. Uncertainties in Plasma Parameters.

Oplasma 1V

n, +20%

T, +15%

np +20%

& +20%

n, (OML) +20%

n. (Ion sat. curr.) +30%

104



ks
kcalls
Kfrag
krad
krec

m,

APPENDIX B

NOMENCLATURE

Surface area of tantalum filament (m?)
Open area of screen grid (m?)
Surface area of cylindrical Langmuir probe (m?)
Area of sheath surrounding spherical Langmuir probe (m?)
Surface area of discharge chamber walls (m?)
Arrhenius pre-exponential factor for reactions:
Ch = C+C,and C}, > C} +C, (sec™)
Energy deposition function for ionizing electrons (eV™")
Electronic charge (1.6x10™" coul.)

Arrhenius activation energy for reaction C;, & Cg; +C, (eV)

Positive ion saturation current collected by Langmuir probe (A)
Orbital-motion-limited positive ion current collected by Langmuir probe (A)
Net current collected by Langmuir probe at plasma potential (A)
Beam current (A)

Boltzmann’s constant (1.38x10% J/K)

Reaction rate for positive ion collisions with neutral molecules (sec™)
Reaction rate for positive ion fragmentation (sec™)

Reaction rate for positive ion radiation (sec™)

Reaction rate for recombination of positive and negative ions (sec™)
Ion mass (kg)

Electron mass (kg)

Positive ion density at sheath edge (m™)

Positive ion density in bulk plasma (m™)

Negative ion density at sheath edge (m™)

Negative ion density in bulk plasma (m™)

Maxwellian electron density at sheath edge (m™)

Maxwellian electron density in bulk plasma (m™)

Primary electron density at sheath edge (m™)

Primary electron density in bulk plasma (m?)

Neutral molecule density (m™)

Positive ion temperature (K)

Negative ion temperature (K)

Maxwellian electron temperature (K or eV)

Molecular vibrational temperature (K)
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T, Discharge chamber wall temperature (K)

v, Positive ion velocity (m/s)

Vis Positive ion velocity at sheath edge (m/s)

Va Neutral molecule mean thermal velocity (m/s)

Vp Primary electron velocity (m/s)

Vs Primary electron velocity at sheath edge (m/s)

vV Volume of discharge chamber (m®)

x Position variable (m)

Z’? Distribution function for vibrationally-excited positive ions (m™ eV™?)
Greek Letters

a; Negative ion concentration at sheath edge (defined by Eq. A19)
a, Negative ion concentration in bulk plasma '
Jia Primary electron concentration at sheath edge (Eq. A19)

Bo Primary electron concentration in bulk plasma

4 Ratio of electron to negative-ion temperature (Eq. A19)

Yo Ratio of Maxwellian-electron temperature to primary-electron energy (Eq. A19)
& Ion kinetic energy (J)

&p Energy cost of a beam ion (eV/ion)

Eox Excitation energy added to molecule by ionizing electron (eV)
&p Ionization potential of Cg (€V)

& Primary electron energy (eV or J)

o Molecular thermal energy stored in vibration (eV)

& Molecular vibrational energy (eV)

€, Permittivity of free space (8.854x10™"% F/m)

s Non-dimensionalized sheath potential (defined by Eq. A21)

o+ Cross section for positive ionization of Cgp (m®)

¢ Electrical potential (V)

&s Electrical potential at sheath edge (V)

106





