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Electrostatic Probe Techniques

J. C. Sprott

. INTRODUCTION

Much has been written about the theory of electrostatic probes and the ef-
fects of widely varying experimental conditions on the results of probe measure-
menTs.| The present paper emphasizes circuits and fechniques and fries to point
out most of the practical difficulties that someone unfamiliar with probes is
likely To encounter. No previous experience with probes is assumed, and for this
reason, many elementary considerations are discussed in detail. Experience has
shown that it is frequently the simple things which are overiooked. Different
types of probes are compared, with parficular emphasis on frequency and density
limitations, and errors which are introduced when the plasma is turbulent. The
descriptions are giVen in terms of pulsed plasmas where frequency components from
a few tenths of a KHz to several MHz are present. In most cases, extension of the

techniques to D,C. plasmas is straightforward.

I'f. REVIEW OF PROBE THEORY

Any conductor immersed in a plasma and insulated from ground can be used as
a diagnostic probe if properly connected to an appropriate circuit. Probes are
capable of measuring plasma density (n), pofential (Vp), electron temperature
(Te), distribution function (f(ve)), and in some cases, ion temperature (Ti)'
Basically, probe measurements consist of biasing the probe to a voltage (V) with

respect to some large conductor in contact with the plasmg and measuring the



current flow (i) to the probe. A typical V—i characteristic for a probe
Joe

is shown below:

V

The current density (j = i/A) is plotted instead of i because the collect-

ing area (A) is not in general constant, but increases as the sheath thick-
ness becomes comparable to probe dimensions. The various quantities which are
defined on the curve are jon saturation current (joi), electron saturation
current (jOe), plasma potential (Vp), and flcating potential (Vf). By plotting
out the entire curve, either point by point or with a fast sweep technique,

one can ascertain all of the parameters of the plasma. The relevant equations

are summarized below:

{. Electron temperature (Te): I f we assume Thermal equilibrium, The cur-
rent in the fransition region (the region between Vf and Vp)is given by
e(V-V )
jv) = (Vp) exp [ 7T 1.
Solving for the electron temperature gives
. -1

e e dv

I the distribution is non-Maxwellian, the distribution function can be found

as follows: 2
tv) « L0y e 2 (2)

dv®
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For a non-Maxwellian distribution, it has become customary to speak loosely

of a "temperature'" defined by

a——

mv2
7= I,
3k _

where m is the particle mass (electron or ion) and v2 is the RMS velocity.

2. Density (n): Once the electron temperature has been determined, the

density can be derived in a simple manner from the electron saturation current:

——

. |
Joe T 7T M Ve (3)

where V; is the average electron speed. For a Maxwellian distribution,

8kT
p— _ e
Vv =
e ™

e

If n is known by some other means, this method gives a measure of the electron
Temperature.

Often, the current Joe is rather large and the plasma is disturbed be-
cause of the large flux of electrons fo the probe. In this case, it is more
convenient to use the ion saturation current Joi to determine the den;iTy,

At this point, a complication arises, because of the sheath criterion; which
states that when Ti < Te’ ions are collected at a faster rate than would be
predicted by their random velocity. To a good approximation, the ion satura-

tion current is given by

s ey
Joi T 7 eV (Ti j_Te) (4)

8kTe
where v¥ #[——— for a Maxwellian.
.
Note that the electron temperature and ion mass are used to determine v¥.
This is physically reasonable since the force driving the ions info the probe
is provided by the plasma pressure3 nkTe. in the simpler case where Tsze*
the density can be found by the usual relation:

N '
Joi = 7 Nev, (Tiije) (5)



8KkT,

where V. = — for a Maxwellian. In either case, if the plasma temperature
| .

is constant, the ion saturation current is proportional to the density.

3. lon Temperafure(Tik For Ti< Te’ the sheath criterion prevents us
from determining the ion temperature with electrostatic probes. For Tizje’
however, TI can be determined from equation (5) provided the density is
known. For a Maxwellian, the result Is:

2mm. j .2
T, = (T.>T) (6)

i anGZ

in practice, this method is not too reliable.

4, Plasma Potential (Vp): [f the entire probe characteristic is avail-
able, the plasma potential can simply be read off the curve. |In practice this
is not too successful because the knee of the curve is usually not well defin-
ed. A more convenient method, from the experimental viewpoint, is to measure
Vf, The potential at which no net current is drawn to the probe. At the
floating potential, the ion current Joi is given by Ji = joi’ and the electron

current j is given by

- V)
exp [———ET—_—E_J .
e

Je = Joe

»

Equating The ftwo currents, JI =

e

|
(V,=V ) i Tm -
e f p _ ol _ e 2

TR 7 log ) = gl 7o

T e T oe e i
_ e e'|
or Vp = V1c + —Eg'logetTime]' (T, > T (7

This result, however, is correct only for Ti z_Te because of Tthe sheath

criterion. For Ti < Te, The Ti in equation (7) should be replaced by Te.

The electric field in a plasma is given by E=-- VVp. If the temperature
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—
is constant in space, the electric field becomes E = - va. The drift velocity
of a plasma in a magnetic field can then be found from V= E ; B.
B

F11. TYPES OF PROBES

I+ is generally difficult to obtain an entire V-i characteristic curve for
a probe in a pulsed plasma. Poor reproducibility makes the point-by-point
method difficult, and rapid time variations complicate the swept-probe techni-
que. Both methods are tediously slow when it is necessary to obtain the
variation of some quantity, such as density, in both space and time. To circumvent
these difficulties, various probes have been designed which produce an output
voltage V(T) which is proportional to Vf, n, or E. These types af probes are
described here in increasing order of complexity and versatility. In select-
ing a probe, it is wise to choose the simplest type which meets the experimental
requirements.

l. Single High Impedance Probes (Vf): Perhaps the simplest use to which a
probe can be put is the measurement of floating potential. The circuit for such

a probe [s shown below:

< ————————o©

probe ‘ V =< V%

A Y
1)

The capacitance C should be made as small as possible and the resistance R should
be as large as possible. C includes all cable capacitances and the input capa-
citance of the black box which may be a scope preamplifier, a pulse transformer,
an emitter follower, or some combination. Appropriate black boxes for various
applications are discussed at length in section IV. The resistance R is the
input resistance of the box.

To understand the limitations of this type of probe, it is helpful to think



of the plasma as a voltage source Vf

P |
o~

Rs probe

in series with a source resistance RS:

Vf is The floafigg potential and RS is the inverse slope of the V-1 curve at

the point V = Vf.

the resuit is given below:

RS has been calculated by means of a Taylor expansion4 and

e i e |
R == [—1" = (=) (+—) (8)
s ne2A kT* e JoiA
where T* = Ti’ Ti >Te
T, T. <T
e i e

The resistance per unit area (RS/A) has been plotted as a function of density
for the special case of Ti = Te in the graph at the end of this paper.
|f the probe is to accurately reproduce the floating potential, fwo

conditions must be met:

1Y R>> R
S

!
27fc > Rs'

2)
The first condition sets a lower limit on the density of the plasma with which
the probe can be used, while the second condition sets an upper limit on the
frequency response of the probe. There is no lower frequency limit for this
type of probe, and the maximum density is defermined only by effects such as

probe arcing and vaporization.

2. Single Low impedance Probes (n): The simplest type of density measure-
ment consists of biasing a single probe fo draw electron or ion saturation currentand
/gfgﬁ#r#ﬂﬁnTpﬁgcﬁ 5?&5. The following discussion will assume that the probe

is biased negative to draw ion saturation current. The basic circuit for



such a probe is shown below:

< -4:|I}+ ’ o
Probe \/o . \/ <™
c’ cl R |
4 =

The current Is measured by reading Tﬁg voltage drop across the load resistor
R which in fthis case should be made fairly small. The capacitance C, as usual,
includes all cable capacitances and the input capacitances of the black box.
Capacitor C' is not critical and merely shorts out the internal resistance
of the battery Vo and slightly improves the frequency response.

Consider first the case in which the plasma potential Vp is small
(s kTe/e) and constant in Time. Proper operation of the single low impedance

probe requires that the following conditions be met:

1) V> kT /e
o e

2) R << VO/IO

|
3) 575 >> R

The first condition insures that the probe is biased to saturation. Because
of sheath expansion and arcing, VO should not be too large. Three fo ten
times the electron temperature in eV is usually satisfactory. The second con-
dition requires that the voltage at the probe tip remains at VO even when the
current io through the resistor R is large. Condition 2) is equivalent to re-
quiring that the voltage drop across R be small 'in comparison to Vo’ The
lower limit on R is set by the sensitivity of the defector and the background
noisse. The third condition defines the upper frequency limit of the probe
which can be quite high since R is small.

The single serious disadvantage of this type of probe in most plasmas
is that fluctuations of floating potential produce an outfput signal which

cannot be distinguished from the signal due to density. Consider the following



equivalent circuit for the plasma:

g

probe

OB E

This time, Rs' is used'as the effective sheath resistance hecause it is not
the same resistance as RS which was calculated at the floating potential.
RS' is the inverse slope of the V-1 characteristic at the point V = Vo'
This slope depends on the density and probe geomefry and Is best determined
experimentally. Typically, RS' is about 10 Times larger than RS. Proper
operation of this type of probe in the presence of pofential fluctuations

demands that two additional conditions be met:

4) VO >>Vf

5) iORS' >>Vf
Condition 4) insures that the bias point remains in the saturated part of the
curve. Condition 5) is that the density signal dominates the signal due fo po-
tential fluctuations. Condition 4) can always be satisfied by making VO farge
enough but condition 5) is a fundamental limitation which cannot be overcome
with this type of probe. When Vf is sufficiently small to satisfy The requir-
ed conditions, the output voltage V is proportional to the density according

to equation (4) or (5).

3. Double High Impedance Probes (Vf,E): Electric fields in a plasma can
be measured with a single high impedance probe by measuring the potential at two
nearby points in the plasma on successive shofs. The irreproducibility of

the plasma, especially at high frequencies, and the difficulty of subtracting



two nearly equal large voltages makes it highly desirable fo have a probe
which measures potential gradients directly. A double probe does this by
electrically subtracting the floating potential of fwo electrodes spaced a

given distance apart. The equivalent circuit is shown below:

< O
O‘VQQCE;
probe Tes 58 l
C| 1 R\ C N R L
) - 2
- O
T Vp =V,

As usual, with high impedance probes, all capacitances should be as small
as possible and all resistances as large as possible. In particular the fol-

lowing conditions musT be met:

) R2 >> RS
2) R >R
S
i
3) 27Tf¢2>> Rs
|
4) 2mfc zZ Rs

Condition 1) insures proper floating potential measurement and condition 2) in-
sures proper electric field measurement. Condition 3) sets an upper limit on
the frequency response of the floating potential and condition 4) sets an upper

limit on the frequency response of electric field measurements.

In general, the voltage difference between tips AV is small compared fo

the voltage of either tip, V This imposes additional restrictions on the

P



circuit:
5) ES_I.TZ_I_ << A_V.
RIRZ Vf
ic,-c
6) ! 2‘ << %_!
C2 f

The upper black box must be a differential amplifier or transformer with a
high common mode rejection ratio (CMRR) if V, is to be proportional to

I
AV, independent of V_ at all frequencies. In particular,

.f
Vs

7) CMRR >> i

The difficulty in using this type of probe lies primarily in meeting
condition 7). Some techniques for achieving adequate CMRR's are discussed
in section |V, The CMRR can be measured on the bench by applying a constant
Sine wave voltage to both probe tips in parallel and then between the tips.

A
[ diff” | error
of the CMRR. The CMRR should be measured as a function of frequency and

The ratic of the ftwo output voltages, V , gives a measure
applied voltage to verify that condition 7) is met for all experimental

conditions.

4, Double low impedance probes (n, Vf): To overcome the interference
from floating potential variations which plague the single low impedance probe,
a double probe has been developed5 To measure the ion saturation current. The
basic concept of the double probe is that the tips can be biased with respect
to one another and the current read between them, while both Tips float near

the floating potential., Consider the V-icharacteristic of a single probe:

3

Y V




The probe tip voltages, Va and Vb’ are uniquely defined by the conditions
that V -V, = Vg and j(Va) - J(Vb) =0 (i.e., no net current to the probe).
We have assumed that the probe Tips have equal area. Note that if VO>>kTe/e,
then j(Va) is just the ion saturation current. The voltage Vb is usually

only slightly greater than V_, because of the steep slope of the curve af

,F
that point. This fact makes it possible fo read floating potential by

measuring the voltage of Tip b.

A suitable circuit for a low impedance double probe is shown below:

- + .
F il —
v, 1 o
b J} }_ ’ “"L
probe C C, RT —_
] C R w——
3 — S

/2l

\
I
l




As usual, the resistors R| and R2 should be large and equal, and C‘ and

C2 should be small and equal, although this requirement is not as important
as it was with the double high-impedance probe because of the small value
used for R. As with the single low impedance probe, the following conditions

must be met:

1) V. >> KT /e
] e

2) R << Vo/'o

|
onfc

In addition, adequate rejection of variations of Vl due to Vf requires the

3) > R

following:

v

4) CMRR »>> ..f
IOR

5) lO >> Vf/R[

6) io >> ZﬂfCIVf

Conditions 2), 3), and 4) +together give an optimum value for R. Conditions
5) and 6) result from the fact that the positive Tip (b) is more strongly
driven by the plasma than the negative Tip (a). Condition 6) is probably
the most severe |imitation because it sets an upper limit on the frequency

of potential fluctuations which can be folerated.

Proper floating potential measurement requires two addifional conditions:

R.R
)
7) — 2 55 R
R]+R2 S
8) |
7w (G, 7C,) >> Ry

RS is the sheath resistance given in the graph at the end of this paper.

Recall that the output is not exactly proportional fo V]c but That Vb= Vf+%-ioRS.
Fortunately, however, since io <« n and Rs « /n’ Vb turns out to be independent



of density, and is approximately given by
kT »
> Sle
Vb Vf oy . (9)
This fortunate circumstance permits measurement of the floating potential
with a double low impedance probe in the presence of density variations,

provided the electron temperature remains constant.

Finally we mention one other type of error which can occur with this
type of probe. If the probe is in a strong electric field, such as to give
a voltage difference AV between the tips, with R = <, a voltage proportional

to AV is impressed on V, uniess the following condition is satisfied:

9) AV << I R
o's

RS' is the inverse slope of the V-i curve at V = Va' Recall that RS‘ is

typically 10 times larger than RS.

5. Attenuated high impedance probes (Vf, E): When a high impedance
probe is used to measure floating potential, the most serious limitation

+hat
is the factVthe sheath resistance RS can be too large to permit the probe

to follow rapid potential variations. The equivalent circuit looks as
follows:
<L
~
Rs probe
~
C R

—
it
e

The cgzbiTion That R >> RS is usually easily satisfied by using an amplifier

with high input resistance. There is a limit fto how much C can be reduced, how-
ever, since it is usually necessary to shield the lead to the probe. 52 & poly-
ethylene cable, for example, has about 30 pF/ff. The improvement with higher im-
pedance cable is slight because of the logarithmic' dependence on radii. Fur-
thermore, most amplifiers have input capacitances of at least 20 pF. The net

result is to place an upper limit on the frequency response of the probe given



by

f_ = . (102

The cutoff frequency fc can be increased by three methods:

) increase the probe area, A

2) reduce the effect of the capacitance, C

3) attenuate the signal at the probe Tip.
The first method reduces the sheath resistance RS at the expense of spatial res-
olution. In addition, large probes tend to perturb the plasma and give off im-
purities.

The second method consists of driving the shieid with a low impedance emit-

ter follower with a voltage and phase equal to that of the probe signal.6 The

appropriate equivalent circuit for understanding this effect is shown below:

-1
~

Rs 1

<V

h.

The voltage at the bottom end of the capacifor is held at GV by an emitter
fol lower whose voltage gain is G. The current flow, i, through the capaci-
tance C is

i = 27fC(V-GV) = 2nfCV(I-G),
and the output voltage V is

V=V, - iR =V, - 2rfCVR_(1-G).
f S f s

Solving for V gives

vV = Vf/[l + anCRS(l—G)] . ¢



In the case of G = o (no emitter follower), equation (10) is recovered by
I

setting V = i-vf . The ideal situation resulTs when G = |, in which case,
the frequency response is limited only by the input capacitance of the
amplifier which has not been included here. G >| corresponds fo positive
feedback and in general causes the system to oscillate. The resistance RO
is the output resistance of the emitter follower and should be quite
low if the shielding is to be effective. The drawbacks of this system are
two-fold: 1) I+ is difficult fo design emitter followers which operate lin-
early over the wide range of potentials encountered in most plasmas, 2) All
amplifiers have a meximum bandwidth above which the output is no longer in
phase with the input. In addition, when this method is applied fo double
probes, the magnitude and phase of the feedback voltages have to be identical
to a high degree of accuracy, if common mode effects are o be avoided.

The third method, that is, attenuating the signal at the probe tip, has
proved to be the most successful.7 With this system a high resistance Rl
is placed at the probe *ip to attenuate the floating potential signal:
—VV\ < VAVAYA
F<5 probe ‘Q'

G/_F . . C'

m——— et

<V

With the resistance Rl very near Thg-Tip, the capacitance C3 is very small.

CI is the intrinsic capacitance associated with the geometry of the resis-

tor, or it may be a small capacitor in parallel with the resistor. Most small
resistors are observed to have a few tenths of a pF parallel capacitance.

With this type of probe, one chooses R >>RS, and the upper limit of the fre-

!
quency response is
- |
fe= Zmre voo. (12)
s 1 3




f can be made much higher than the fc given by equation (10) because

C
R CZ' This condition is easily derived by requiring that the attenuation

be the same at zero frequency (where the capacitances can be neglected)

<<CZ' For frequencies below fc, V is proportional To Vf provided RICI=

N W 0O

and at infinite frequency (where the resistances can be neglected). The
voltage gain of the probe Gp (which for this type of probe is less than

one) is given by
R R
- _ 2 = _2 . :
i o (s
An alternate description of the attenuated probe is that greater

G

bandwidth is achieved with a sacrifice of gain, the gain - bandwidth

product remaining constant. The gain - bandwidth product is given by

|
Gf = === . (14
pcC Z'rrRSC2

The frequency response of this probe can be increased indefinitely, until the
gain is so low that the system is noise limited.

Unfortunately, the capacitance Cl associated with -the resistor Rl is
not perfectly lumped but is distributed throughout the resistor. [T can
be shown that a pure capacitance in parallel with a pure resistance is
electrically equivalent to a series of equal capacitors connected across a
series of equal resistors, provided the fotal resistance and capacitance

are the same:

AN ves —
= %
{ ( i-o0e ‘l /Vh
e ne,

In particular, this is also frue for an infinifqéeries where the resistance



and capacitance are distributed evenly throughout the resistor. In a real
resistor, however, the end effects cause some distortion and the impedance
varies by about 10 or 20% from that of an ideal lumped RC. This problem
can be overcome by shunting the resistor with a capacitance of a few pF

or by using a special balancing circuit such as described in section IV, 5.

Finally, the question of whether to shield the resistor must be answer-
ed. Shielding tends to increase the capacitance C3 and thus lowers the fre-
quency response. On the other hand, if the resistor is left unshielded, it
may pick up capacitive signals from the plasma which are larger than signals
at the probe Tip. Generally, it is safest fo shield the resistor because
the capacitance added is rather small and the impedance characteristic of the
resistor is not appreciably changed. |f the shield is left off, it is
wise To bench test the probe by wrapping aluminum foil around the probe, near
the resistor and driving it with a signal of the same amplitude and frequency
as The fluctuations expected from the plasma. The oufput should be small
compared to the signal that results when the probe Tip is driven.

The extension of the attenuated probe technique to electric field measure-
ments in tenuous plasmas is straightforward. Two tips are placed close fo-
gether and each connected to a high resistance. Adequate common mode rejection
requires perfect geometrical symmetry at the probe tip. In practice, the
probes must be balanced by applying the same signal to the two tips and moving
the resistors relative to one another until the difference signal is minimum.
Shielding the resistors makes this adjustment less crifical, but it is import-
ant for the shields To be identical.

With all this as an introduction, we are at last in a position to describe

a circuit suitable for a double attenuated probe:



s e VAVAVA ©
R Vi=<E
1T | —

L C, = |
PVObe CS C /_"‘ -1
_/—-]::-_ 2 I RE c R —
S e VAVAVA — °
R, V=<V,
W o 2 F
T ANy A
Tc; c: Tre -

Constant attenuation at all frequencies requires:

1) R‘C] = RZ C2

1~ 1ot
2) Rl Cl RZ C2

Proper floating potential reproduction requires:

3) R '™>>R
| s

T '>>R
21rf(CI + C3 ) s

4)

As is generally the case, R >> RZ’ Rz' and C <<'Cz,C2', Then the frequency re-
sponse for electric fields is the same as for floating pofentials.

Adequate
CMRR requires:

R, - R
5)_l__2____2._|_ << AV

R, v

C,6 - C.'
ol 2 2| << M
) f

7) CMRR >>Xi
AV

The best CMRR is achieved by balancing the probe on The bench by methods descri-
bed earlier.



6. Attenuated Low Impedance Probes (n,Vf): The attenuated probe
technique described in the previous section can also be applied to the double
fow impedance probe for density measurement. |fs chief advantage lies in the
fact that it permits density measurements in The presence of rapidly changing
floating potentials. |Ifs chief disadvantages are difficulty of construction and
balancing. A suitable circuit for an attenuated low impedance double probe is

shown below:

a % Y o
R, C V,=<n
1 | L 1 0 | °
== LAgrs
probe L _ - - _
—_— L — \/o
+[ C = =
< VAAA %\L —0
1 JI\LR‘ N ~ VeV
Cs ! cé[ Re 1

The compecnents R, C, Rl’ and R, ! should be as close to the probe tip as

I
possibie. C, and Cl' are stray capacitances associated with R, and R,'.

C3 and CB' are stray capacitances from the probe Tips to grouné . Th; uni-

que feature of this type of probe is the resistors Rl and Rl' which serve

the dual function of attenuating the signal to increase the bandwidth and

of charging the capacitor C fo a voltage VO. The capacitor C should have

a voltage rating greater than VO and as large a capacitance as possible.

Its internal leakage resistance should be much greater than Rl + RI' +R3.
I+ should be pointed out that this type of probe differs from all

others discussed in that it will work only in a pulsed plasma. The duration
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of the plasma pulse must be sufficiently short that the voltage VO between
the tips does not change appreciably. Furthermore, the time lapse between
shots must be long enough fo allow the capacitor C fo charge through resis-
tors RI’ RI' and RB' The first condition is equivalent to requiring that
the charge which leaks off the capacitor be small compared to QO = CVO.

The change in charge is AQ = in(T)dT where iO(T) is the time dependent

1C_
fon saturation current, iO(T) = qeviAn(T). Hence, a minimum value is seft
foh C: eVTA
1) C >> 7V Sn(t)dt
o]
If the time between shots is T, the capacitor will be fully charged provided

2) T >>(R| + Rl' + RB)C'
As with other low impedance probes, R must be small enough that no appreciable

voltage drop exists across it:
3) R <<V /1

R3 should be large to prevent unnecessary attenuation of the difference signal:

4) R3 >> RZ + R

1
«

2

The voltage VO is chosen somewhat greater than the electron ftemperature in eV:
5) V_ s> kT /fe .
o e

The capacitors C4 and C4' prevent the battery VO from discharging through R,
and RZ', and isolate the differential amplifier from the DC bias:
I

6) ZﬂfC4 << R2

l '
X 2nfC, " << R

fn conditions 6) and 7), the frequency f is the lowest fourier component of

the density signal. Constant attenuation at all frequencies requires:

8) RICI = R2C2

e 1~ 1
9) R'C T = R,IC,



2|

Proper floating potential reproduction requires

{0) R,> R
{ S

]
y r >> R
an(c3 + C3 + C' + CI ) s

1)

Adequate CMRR requires:

N
Py
N
|
P
N
A
A
O_.
Pyl

R, v

C, - C.' i R

3 L2l « &
2 ;

14) CMRR >> Vf/ioR .

This type of probe is subject fo one rather subtle fype of floating poten-
tial interference. Since the positive tip is more effectively driven by the
1
plasma because of its lower sheath resistance (~ ZRS), a current proportional

To Vf will flow through R. The equivalent circuit which shows this effect is
shown below:

< \ N\ >
A probe R
2 RS /
—~ SR = SR
’ ’
C,+C5 C,+Cy
It is usually the case that R << R]'. Also, condition 1) insures that

Cl' + CS' can be neglected. Then the conditions that the current through R

due to Vf be small compared to the ion saturation current io,are:
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2v.
2) R, + 2R T 2R, < s
16) 2V -
R, * 2R ¥ 1/7f(C| ¥ Cg) o

These restrictions can be quite severe in a low density plasma with a large
floating potential.

With four components at the end of the probe, The question of shielding becomes
/¢gﬁgsm$geg?ggi?ysfnc?gggédéggand C.', but in cases where the capacitive pickup
is large, it is necessary. Sometimes a compromise is made by shielding only
Rl and Rl"

As usual, the circuit must be balancing on the bench before being put
into service. When Rl and RI' are physically small, their resistance is ob-
served to be slightly voltage dependent. [f the CMRR is fested by driving both
Tips in paraltlel, it is necessary 1o reduce Vo to zero if the probe is to re-
main balanced in the plasma. A more physically realistic way to balance the
probe would be fo drive only the positive tip, but this may cause some trouble
at high frequencies where the plasma couples evenly to both Tips by displacement

currents through the sheaths. (To be discussed in Section V, 4. )

[V. COUPLING CIRCUITS

In This section we will discuss various circuits which may be used to
couple the probes previously described to the vertical amplifier of an oscil-
loscope. These circuits were represented as black boxes in the previous
section. |t should be noted that all the black boxes fall into one of two cate-
gories: those with a common connection at the input and output (singlie-ended)

and those whose output is isolated from their input (differential):

o- o O }——o
\IIN Vou-r \/IN Vou‘r
o 24 e m— ]

single - ended differential



23

All the circuits discussed here are linear; that is, their output Vou+ is
proportional to their inpuft, Vin' In some cases, non-linear circuits are
useful, such as to record the log of the ion saturation current in plasmas
where the density varies over several orders of magnitude. The Tektronix
type O-plug-in is capable of logarithmic amplification. In the circuits dis~
cussed here, a high degree of linearity is considered desirable. The dif-
ferential circuits are by far the more difficult to design and adjust because
of the requirement of a large common mode rejection ratio (CMRR). |f the in-
put has a common mode signal VCM which is large compared to the difference
signal AV, the CMRR must be much greater than VCM/AV if tThe circuit is to

work properily.

. Direct Coupling: In cases where considerable capacitance can be

tolerated, direct coupling between the probe and the scope can be used when-
ever a single-ended circuit is required. The scope should be as close to the
probe as practical. Noise pickup often demands that the scope be some dis-
tance from the experiment, however. Recall that 52@ polyethylene cable has
about 30 pF capacitance per foot, and that the capacitance goes inversely as

the impedance. RGII4 is useful because of its high impedance (180Q ) and low
capacitance (6 pF/ft). An open ended transmission line will exhibit resonances
at frequencies where the electrical length of the cable is an integral multiple
of a quarter wave. A fransmission line looks capacitive at lengths much less
than + wave. As the quarter wave point is approached the cable inductance be-
comes important giving an effective series resonance at A/4. Between a quar-
ter and a half wave, the impedance increases again, becoming infinite at /2.
The electrical length of polyethylene coaxial cable is 5 nsec/mefer. |f the
line is terminated with its characteristic impedance, the fermination is reflec-
ted back to the input, and the line can be arbitrarily long without adding any
capacitance. Such a line, whose impedance is constant for all frequencies, is
said to be "flat." For very long lines there are dielectric and ohmic losses,

but for lengths commonly used in the laboratory (x 100 ft.), these can be neglected.



24

Several types of Tekfronix probes which are useful for reducing capacit-

ance while maintaining high impedance are lisTed below:

Type Length Rin Cin Attenuation
P6028 6! M@ 95pF X1
P6006 6' oM LipF X10
P6013 10! | O0OMQ 3pF X1000

The last two types, incidentally, use the same aftenuation technique discussed

in section i1, 5.

2. Emitter Followers: When it is necessary to drive a long cable, it is

best to ferminate the cable in its characteristic impedance and drive it with

an emitter follower located near the probe. An emitter follower is an amplifier
with a low output impedance, a high input impedance, and near unity voltage
gain. A very useful emitter follower for driving low impedance cables is the
Navy's preferred semiconductor circuit PSC-22 (shown in drawing no. 4048).8
The PSC-22 is a complimentary symmetry circuit, which enables it to drive a low
impedance (~ 50 Q) without drawing appreciable current ( ~4 ma) from the battery
since neither transistor conducts except during the short time when a signal is
present. The complimentary symmetry circuit has one drawback in that for the

low signal levels (a few millivolts) it is non-linear. The PSC-22 has a

IKQ, 50 pF input and a 50 Hz to 5 MHz bandpass. |f a higher input impedance

is desired, a Los Alamos preamplifier (no. 4039) can be used. |t has an inpuf
impedance of about |0MQ, an output impedance of IKR, a gain of 100, and a band-
width of about 5 MHz. It is suitable for driving a PSC-22. Another useful circuif
is the cathode follower in drawing no. 4040. |t has an input resistance of M@,
an output of 50Q, a gain of 0.1, and a bandwidth of 10 MHz. The three circuits

previously described are compared in the following fable:
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Circuit Rin Roqu Voltage Gain Bandwidth Output

4048 IK 50Q I 5 MHz + 10V

4039 | OM K {00 5 MHz + 10V

4040 M 50Q 0.1 10 MHz -.5 to + 2V
The circuits described here are all single-ended and will not work in applica-

tions requiring differential amplification. The bandwidth is usually imited

by stray capacitance and transistor response time. The output voltage is usually
limited To about %—The power supply voltage, but non-linearities may become
significant at considerably lower voltages.

3, Transformer Coupling: A transformer is essentially a device for frans-

forming power from one impedance level fo another, determined by the furns ratio.
A transformer is probably the simplest type of differential circuit which one can
use. The subject of transformer design and application is a compiex one, and only
those topics which are of particular infterest fo probe circuits are discussed here.
In particular, we will be concerned with the factors which limit bandwidth, ampli-

tude, and CMRR.

The equivalent circuit of a high frequency fransformer is shown below:

O~

©
Rp and RS are the respective DC winding resistances. Lp and LS are the primary
and secondary winding inductances. LLp and LLs are primary and secondary leak-
age inductances (caused by magnetic flux linking only one transformer winding).
C is the winding-to-winding capacitance, and N = N]/N2 is the turns ratio.

When a fTransformer is placed in a circuit, its primary is driven by some

source resistance RO and its secondary drives a load RL:
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7
XFMR \/L RL
|

£

What is usually desired 1is that the output voltage VL be proportional to VO
independent of the frequency f. For this fo be true, the folliowing conditions

must be met:

1) R + R << Zﬂpr

2) RS + R << ZWfLS

3) R+ R > 2nflL
Lp

4) RS + RL >> anLLS
These conditions set lower and upper limits on the frequencies f over which the

Transformer works properly. |If f is within the allowed range,

RV
Vo o= L o
L R +R +R +R, °
o] p s L

The common mode rejection ratio is limited by two effects. The first is

the series resonance which occurs when f becomes sufficiently large:
!
2 N(LLP +1,.)C

For f below this value, the approximate CMRR of fthe ftransformer can be derived

5) f<<

by considering what happens when both primary leads are tied together and driven:
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_F

S————.

o

The capaci;;nce C is actually distributed along the windings, but we will

consider it to be concentrated at the center. In this case the output

voltage is given by

2R, V¥ 4nfR, C V
Vo= Lo - L
L RL + 1/2nfC 2nfR C+ 1
2 4nfRL C VI°
The CMRR is defined by
v
|~ [
CMRR = &— = === . (15)
VL 4wfRL C

This expression has been experimentally confirmed.9 The CMRR becomes worse

as the frequency gets higher. Good CMRR requires a small

and low value load resistor.

interwinding capacitance

Another factor to consider when selecting a transformer is core saturation.
As the magnetic field in the core increases, a point is reached where further
increase in primary current does not increase the magnitude of the field.

For small fields, B is proportional to the primary current i

Since the primary
is inducTive,

SV o dt
p

)
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The quantity pr dt = Et for which the core saturates is an important proper-
ty for small pulse transformers. For sufficiently low frequency, high am-
plitude signals, the coupling becomes non-linear and harmonics are introduced.
Core saturation is generally not a serious |imitation because the signal can
be attenuated before it reaches the transformer. When a transformer is used in
a circuit where a DC current flows through the windings, cere must be Taken
to insure that the current is not large enough to saturate the core.

One other effect can be annoying when using a pulse fransformer. Consider

the highly idealized transformer connected to the square wave source shown below:

\A

Re
v, L R, l
A
AV
2

The output V, locks as follows:

The droop & is given by
- RT

Lo (16)

where

lo R +R " R_+R
O (o]
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The condition that the fractional droop AV/VLO‘be smail is the same as
conditions |) and 2) discussed eariier. This overshoot can be particular-
ly annoying when it is necessary to measure a small signal immediately pre-
ceded by a large signal of long duration. Such a situation is encountered,
for example, in the octupole, where a large density burst during filling is
followed by a period of low density during confinement.
Finally, we list a number of pulse fransformers which are typical

of what is commercially available. Those listed were ftaken from Catalog
206 of Pulse Engineering, Inc., which also contains much useful information

about testing fransformers.

Number Turns Ratio LE (mhy) ET (V-usec)
5268 [:2:1 I5 5000
4034 2:1:1 [20 2000
5163 | ct: lct 10 252
5158 I ct: lct I 77

cont'd,

Rise Time (nsec) -~C(pF) LL (pyhy)
220 55 4]
220 75 300

60 1.23 14.0

21 0.96 2.5

The last two types have good CMRR because of an electrostatic shield be-

tween windings which reduces the winding capacitance C to a very low value.

4, Differential Amplifiers: Usually the CMRR of even the best

transformer is not sufficient when used with double high impedance or atten-

uated probes. Also, it is difficult fo find transformers which work well
over more than two decades of frequency. On the other hand, differential
amplifiers can be built which are flat from DC to many MHz with a very

high CMRR (> 104). Unfortunately, the construction of differential amplifiers
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is very difficult because of the high degree of electrical and physical sym-
metry required. For someone inexperienced in circuit design, the best ap-
proach is to try to use one of the Tekfronix preamplifiers. A number of

these are listed below, fTo facilitate selection:

Type Price Sensitivity Bandwidth CMRR
D $170 ImV/cm DC-300KHz 1%
E 190 50uV/cm .06-20KHz 5 x 10%
e 190 50mV/cm DC-20MHz 10°
W 575 ImV/cm; 50mV/cm  DC-8MHz;DC-23MHz 2 x 104
1A7 425 |OuV/cm DC-500KHzZ 5 x 10%

Frequently it is useful to have some small, cheap, home-made differential
amplifiers which can be placed near the probe. Over the past few years, a
large number of such amplifiers have been built and tested. The simplest
types (nos, 4046, 4036, 4037, 4033) have a floating emitter follower which
drives a pulse transformer. The most successful designs which have been used

are listed below:

No. “Bandwi dth CMRR Rin Gain
4046 | OMHz 100 12K 1072
4036 8MHz 100 5K
4037 | OKHz~ | 6MHz | K 4
4033 | KHz=40MHz 100 5K 1072
4044 | OMHzZ 200 2K 0
4047 | MHz 100 5K 10

In addition to these circuits, several integrated operational differential
amplifiers have given good results.

Finally, we mention the Tektronix type P6023 probes which are especial-
ly good for use with differential preamplifiers because they have adjustments
+to match input resistance and capacitance to compensate for differences in
amplifier inputs. The input is 10MQ, 12 pF, and the attenuation factor is 10.

With any of the amplifiers discussed here, it is essential to balance the

amplifiers for maximum CMRR before attempting to make measurements.
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5. Passive Balancing Networks: |t was mentioned in section Ill, 6,

that an ordinary resistor cannot be exactly represented by a parallel RC cir-
cuit. Hence if the probe circuit has a simple RC input, the attenuation will
not be the same at all frequencies. To overcome this problem, the method
used by Tektronix in their high voltage probe has been applied fo attenuated
plasma probes. The method consists essentially of using a series of RC cir-
cuits adjusted in such a way as to give an impedance which is proportional

to the series probe impedance at all frequencies. Of course, with a finife
number of RC's, it is never possible to attain this goal, but a very close
approximation (within a few percent) is achieved with a circuit such as that

shown below:

probe SCoPE
AO
5000 i
5K
— SK Sk p———
300 [y

This circuit was found suitable for |OM @ shielded probes with 10 ft. of
RG58 cable, and gives an overall attenuation of 104. The circuit is adjusted
essentially by trial and error with a long square wave with fast rise time dri-
ving the probe. |f the best adjustment occurs at the end of the range of any
of the pots or trimmers, their values should be changed accordingly. In some

cases, iT may be desirable to add more RC sections. -
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6 Fi!TerséO It is offten desirable to limit the frequency response of a

probe circuit tfo one frequency or to a range of frequencies. For example, one
may wish to measure a small high frequency density fluctuation in the presence
of a large slowly varying background density, or if the CMRR is very bad at
high frequencies, one might wish fo etectrically ignore the error signal. De-
vices which perform such duties are called filters. We will discuss four basic
types: ) low=pass filters; 2) high-pass filters; 3) band-pass filters; and
4) resonant filters. They are distinguished by the frequency dependence of

their ftransmission properties:

T T T T
)
. : Co
l ! ! ! |
£ S A F £ 4
Jow-pass high-pass band-pass resonant
Another type of filter, one which rejects signals at a given frequency, will not

be discussed.

In the following discussion, fI will represent the high frequency cutoff and
f2 will represent the low frequency cutoff. The filfter will be driven by a
source resistance RS and will drive a [oad RL:
Rs FILTER R,
O

The simplest types of low pass filters are shown below:
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AN —— o T ——
R L

T R

RC circuit RL circuit -

LOW PASS FILTERS
These circuits are also useful as integrators when used well above Their cut-

off frequency. The cutoff frequency fl (3db down) is given by

R - R-R
£ = L s
| 2mR,. C(R + R )
L S
and .- RRL _ RS(R + RL) (17
{ 27l (R + RL)

The equations look much simpler for the usual case of R5 << R, RL >> R:

l

f1 = ZRe
_ R
fI ~ 2nL
Generally, the RL circuit is preferable because R can be made equal to the
cable impedance and the cable will be properiy terminated over the filter

pass-band. Above fl’ The transmission decreases a factor of [0 for each

decade of frequency.

|f a sharper cutoff is desired, an LC filter can be used. There are

Two types:
—— 0000 0000 o o000 T
{ i L
T~ T T
A !
C zC 3C
O— O O O
T Section 7 Section

LOW PASS FILTERS
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The values L and C are chosen as follows:
[_: i__
nf!
(18)

where RL is the load resistance, which in general is made equal to the
cable impedance. The choice between the T and m section is made purely
on the basis of convenience.

High pass filters are designed in a similar way:

o — € 0 o—/ N\ —0
C R
R L

RC circuit RL circuit
HIGH PASS FILTERS

Well below cutoff, these circuits act as differentiators. The cutoff

frequency f2 is given as follows:

i = R+ R (19)

2nCLR RL - Rs (R + RL)J

and
RL(RS+ R)
2nL (RL - RS - R)

—+
|

For RL >>» R and RS << R, these become:

2 2mRC
_ R
f2 © 2nk

These conditions are the same as those derived for the low-pass filter. For
the high-pass filter, however, the RC circuit is preferable because of the

parallel resistive fermination. Again, the fransmission decreases by 10 for
each decade of frequency.
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Better high-pass filters are shown below:

| (. ¢ | L
O—1K S © A ©
2 2
C Cc L C 2L
L
O— O O O
T section m section
HIGH PASS FILTERS
L and C are given by:
L = RL
4ﬂf2
| (20)
T Imrr
2L
I a very sharp cutoff is desired, filters can be connected in series.
Band-pass filfers have a flat response over a range of frequencies
and a sharp lower and upper cutoff. The simplest band-pass filter is
a low and high-pass filter in series. Two suiftable circuits are shown
below: j!{L.a Té‘La Ca La
—— QLT © € —0
{ {
/r\ b G, 2Cy
e, . 0 O O
T section
BAND PASS FILTERS m section

The values are selected according to the following table:

[_ - R_L.__. C = fz—fl
a ﬂ(fz—fl) a 4ﬂf|f2RL

R (f=F ) s 21
L C,_ =

b 4ﬂf!f2 b ﬂ(fz—fl) RL
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Resonance filters consist of a single capacitance and inductance, and

have a response curve which is sharply peaked at the resonant frequency,

fo. There are two types of resonance filters:

o QQ | £
1< O O -O

L C
L B
series paraliel
RESONANCE FILTERS
The resonant frequency fo is given by:
f = i
o 21 LC (22)

The Q of the resonance _o s a quantity of considerable importance.
Af

Af is the resonance width at the half power points. The Q is given by:

0 = ZNfOL
TR TR (series)
s L o}
R + RL (23)
Q = 7;?21———- (parallel)

where Ro is the DC resistance of the inductor and all other symbols are as defined
before. Hence, if a high Q is desired, the series circuit works best at low
impedances and the parallel circuit works best at high impedances. Note
that the Q can be changed by varying the L/C ratio. For ordinary LC circuits,
Q's greater than a few hundred are difficult to achieve.
A useful device for producing a very high Q (lO5 - IO6) is a quartz
crystal. Crystals have a parallel and a series resonance very near each
other, and can be operated in either mode. Unfortunately, crystais are

rather expensive and it is very difficult to change their resonant frequency.
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V. Miscellaneous Considerations

|. Johnson noise:

A fundamental limitation to the sensitivity of wide-band, high impedance
amplifiers and probes is noise voltage due to the thermal motion of electrons.

The RMS voltage fluctuation was calculated by J. B. JohnsonII and is given by:

V = J4KTRAF (24)

where k is Boltzmann's constant, T is the temperature, R is the input
resistance, and Af is the bandwidth. As an example, consider the Tektronix
type L plug-in which has an input resistance of | megQ and bandwidth of

25 MHz. The calculated Johnson noise at room temperature is about 0.65 mV.
This is just about the level of noise observed with a type L. In general,
good amplifiers approach the Johnson noise level rather closely. High

impedance, wide-band plasma probes are subject to the same |imitation.

2. Electrode size and shape:

The probe theory derived in section || assumed that the Debye sheath
thickness Adf given by

_| KT
" Fmet - (25)

was small compared to probe dimensions., This requirement, together with the
fact that sensitivity increases with probe area, places a practical lower
ITmit on probe size. Remember also that the sheath resistance RS decreases
with increasing probe area. On the other hand, large probes reduce spatial
resolution and tend to disturb the plasma.

Except for spherical probes, it should be noted that probes have a
directional effect. A plane probe weighs particle fluxes according to the
cosine of the direction fo the normal. Hence a plane probe would be useful,
for example, in measuring currents paralltel and perpendicular to field lines.

A cylindrical probe also has a cosine weighing factor, buf has azimuthal
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symmetry. A spherical probe collects particles isofropically. When the sheath
becomes comparable to probe dimensions, the plane probe is superior because the
collecting area does not increase. Cylindrical probes represent a compromise

and are most commonly used because of their convenience.

3. Sheath Expansion:

When the sheath thickness becomes appreciably larger than probe dimensions,
collection is no longer limited by space charge effects, and orbital motions become
imporTanT.lZ In the timit of very thick sheaths, it can be shown that the satur-
ation current is independent of bias voltage only for a planelprobe. For spheres,
the saturation current varies with V, and for cylinders, as VZ,

For most laboratory plasmas, the probe size is chosen large enough that
orbital motions can be neglected. In this case, the collecting area may still
increase as the density goes down. The collecting area of a cylindrical probe

is given approximately by
A= 2n(r + AD) ( 2+ xD) (26)

where r is the probe radius,% is the probe length,and X, is The'Debye distance.

D
Note that three regions can be distinguished.

1) Aq<<r, A=2aarg, i &n
D o)
2) ro<<h. <<f, A =21 AR, i €vh
D D 0
3) r>> %, A=2r A2, | = const.
D o

Hence the cylindrical probe behaves |ike a plane, cylinder, or sphere, depending
on the density. Data interprefation is simplest if one of The above cases is

used. Usual operation, however, is between cases |)and 2) in which case:

AD "r<< g, A=27lr+ XD) L

and i = nev. (r 41/ —K— ) g. (27)
o) i 2

4dmne

N =
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4. High Frequency Sheath Properﬂes:l3

It has been assumed in the previous discussion that the sheath can be re-
presented electrically as a D.C. resistance between the plasma and the probe,
with magnitude RS given in the graph at the end of this paper. The value of
RS is most easily determined by dividing the electron temperature in eV by the
jon saturation current. As the frequency becomes sufficiently high, displace-
ment currents across the sheath become important, and the sheath looks capaci-
tive. An electrical equivalent circuit for the plasma sheath valid at high

frequencies is shown below:

~\V\N

Rs .
|/ probe
Phsma%‘ 2?
s
V_ -V, is the potential drop across the sheath as given in equation (7), and

.f.

RS is the sheath resistance given in equation (8). It can be shown ~ that the

capacitance CS is approximately the same as would be derived for a capacitor

14

of the appropriate geometry with plates separated one Debye length and filled

with a dielectric e, = i. In plane geometry
_ kA
CS = 35 (28)
where k is given by
2T, 1
k= i 1% . (29)

X
2 Ti loge (Temi/T me)

In a hydrogen plasma with Te = Ti’ k = 0.36.

The RC time constant of the sheath is a quantity of some interest:

/ZﬂmikT KA m.

n e2 A ne

Re Co = L
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Or in terms of the ion plasma frequency fp

Y '
RSCS = 87 g (30)
pi
where
LW AR
¢, oo L jime (31
pi 21 2m m,
Using the value 0.36 for Kk, RSCS = I.4/fpi.
Hence RSCS is about equal to the transit time of ions across the sheath.

The capacitive component of the sheath becomes important at frequencies above
the ion plasma frequency. When looking at potential fluctuations in this range,
it should be noted that the phase shifts by 90° near the ion plasma frequency.

If a floating probe is To give accurate results near and above fpi’ it
would be ideal to have RSCS equal to the product of the probe inpuf resistance
and input capacitance. Then the signal attenuation through the sheath is
constant for all frequencies. Unfortunately RSCS varies with the square root
of the density, so this condition cannot be universally satisfied, but it can
be closely approximated if the density is fairly constant in a particular
experiment.

5. Grounding Considerations:

The method of grounding the probe shield is of considerable importance
for a floating probe if the output is fo be proportional fo the floating pofen-
tial. Aside from the usual precautions of avoiding long ground leads and

ground loops, two effects are worth mentioning:

| 'piégma ~

CFI)F%B‘?Ti A R
ground wire conducting wall
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Since the probe shield is usually inside an insulator, the shield cannot

be grounded where it enters the vacuum system. An external grdund wire is

usually placed between the probe circuit and the tank wall. [|If fthe area A
is large, a considerable inductance will be infroduced in the ground lead and
the plasma will be able tTo capacitively drive the probe shield at high fre-

quencies. The inductance should be kept sufficiently low so fthat the reson-
ant circuit formed by the ground inductance and the plasma-to-shield capaci-
tance is resonant at a frequency much higher than the bandwidth of the amplifier
circuit. Usually this requires refurning the ground wire back along the probe
to the vacuum tank wall.

A second consideration is the fact that the plasma may not make good elec-
trical contact to ground at the point where the probe enters the vacuum tank.

The ground path may look somewhat as follows:

}JIR

yavi

Effective Ground
Through Plasma

robe
rcait

LL LS

L L/ L)/

In this case there may be a large area A around which current must flow. |[n
the presence of time varying magnetic fields, fthe voltage at the probe cir-

cuit is given by

v=vf+§;r— 15, B a8 (32)
With large, time-varying, magnetic fields, or with high frequency field

perturbations caused by currents within the plasma, this second term can be-
come important. Since it is difficult to estimate the effective area A, all
that is usually possible is to calculate an upper limit on the magnifude of

this effect. |In most experiments this contribution is negligible.
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6. SwepT Probe Technigue:

Sometimes it is desired to obtain an entire V-i characteristic at a parti-
cular Time. This can be done by sweeping the probe voltage and measuring the
current drawn. The sweep time must, of course, be faster than the fime during

which the parameters of the plasma, such as n, T, and V_, change appreciably.

f
A suitable circuit for sweeping a probe is shown below:
— 1l
g | |l J) 0
probe Scope
V| ox f
e ol
R ) [Ql
¢ C

R2 is the source resistance of the sawtooth genera‘ror{5 and C is the stray capa-
citance from the probe to ground (which is considerable when the probe is shield~
ed). V should be large enough fto allow the entire characteristic to be swept,
that is, several times the electron temperature in eV. Vo merely provides a

bias so that a positive-going sawfooth can be used. The pulse fransformer

must be capable of passing The major Fourier components of the sawtooth and
should have a sufficiently large Etf constant, in accordance with section |V,3.

If the probe is to follow the sweeping voltage, the following relation must hold:

D] (RI+R2)C<<T

R2 should be as small as possible, preferably less than R R, is chosen accord-

I I
ing To considerations in section (I}, 2.
Proper operation of the probe can be verified by measuring the ftime depend-

ence of the voltage at point X to see that it does resemble the sawtocoth input.
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¥ +the waveform at X Is appreciably distorted, the method can still be used by
feeding the signal from X to the horizontal amplifler of the oscilloscope.

For very fast sweep times, the AC current through C due to the sawtooth
can become important., Proper operation of the probe requires that this para-
sitic current be much less than some characteristic current such as the ion
saturation current |

cv

2) == << |
o

T
Finally, we have the requirement that the sheath be always In equilibrium.
The sheath relaxation time is the order of the ion transit time across the sheaTh
which is about I/fpl' Hence,
3) T >> l/fpi.
These three conditions set a lower |imit on the duration of the sweep, T.

EFFECT OF FLUCTUATIONS

When a probe is used To measure current in a fluctuating plasma, the pot-
ential fluctuations can cause a DC shift in the current drawn. This rectify-
ing action results from the non-linear nature of the V=i curve, and shows up
when the frequency of the fluctuation is abave the cutoff frequency of the
probe circuit. Assuming a sine wave fluctuation, V = VO + AV cos wt, inte-
gration of the current drawn over one period T = 2n/w leads to the following

approximate result which is valid in the fransition region:

Bl L o1 AV

T = | Ig (kTe) (33)

Aj'is the DC current shift, Je is the electron current, and'I% is the zero
order Bessel| function of the first kind, with I% (o) = |. Beyond the frans-
ition region, no shift is expected because of the |inear relationship between
V and i in the saturation regions. This result is strictly valid only for

frequencies much below The ion plasma frequency, since it has been assumed
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that the sheath has ample time fo reach equilibrium. Above fpi’ the current
shift is actually greater than predicted here and increases linearly with
frequency, reaching a maximum near the electron plasma frequency.

Rectification also occurs with high impedance probes measuring floating

e
potential. Equating/oncurrent j . and electron current j - 4j =1 (oL,
o} e o) kTe ,
gives:
e(V-V )
. . eAV p
Joi e Lo T e T
e e
But the floating potential Vf in the absence of fiuctuations is given by:
e e e(Vf - V)
of oe kTe

Equating the two expressions gives:

eV

f _ eV eAV
e 7 T e 7 L (T
e e e
KT
Gi - - . e eAV
| N —= log, I, (57 ) - (34)

e
Sincero <1, V- Vf is positive. Hence we see that fluctuations, which have
amp | itudes comparable to the electron enpergy, shiff the probe voltage up from
the floating potential in cases where the detailed character of the fluctua-

tion cannot be followed. |In effect, this process is simply a non-linear aver-

aging.
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For a more detailed discussion, see F. F. Chen, op cit.
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