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1. INTRODUCTION

The use of electrostatic probes in thermally ionized cesium and
potassium plasmas requires some rather special techniques because
of the extremely low densities and temperatures which are encountered.
Among the problems encountered in measuring the dc properties of
the plasma are 1) the change of work function of the probe surface;
2) the loss of plasma on the probe by recombination; 3) the inade-

D
and AD the Debye length; and 4) the high levels of impedance

quacy of probe theory for rp = A. , where rp is the probe radius

necessary to 'float" a probe system. When a probe is used for meas-
urement of fluctuations, two further problems arise: 1) adequate
shielding of the probe, and 2) the frequency response of the probe and
its circuitry. This paper is devoted to the problem of frequency
response.

The first requirement for a probe is that it should not disturb
the plasma; in strong magnetic fields this amounts to the condition
T, <«< Tl where Tl is the ion gyroradius and r, is the overall
radius of the probe. Since rp < T this requires the use of small

probe tips and hence implies small probe currents. A second require-

ment is that the frequency response be good to the ion gyrofrequency



2.

fci , which is about 200 kHz for potassium at 5 kG . This range
includes all low-frequency phenomena such as drift waves, acoustic
waves, cyclotron waves, and drift-cyclotron waves but of course does
not cover high-frequency phénomena such as electron or l.1ybrid oscil-
lations. (The latter can be detected by probes, but not Langmuir
probes.) Since the prébe sheath can be expected to respond to fre-
quencies below the ion plasma frequency wpi , the frequency response
of the sheath is no problem if wpi >> wci , which is almost always
the case. The goal we have set for frequency response is particularly
hard to satisfy for floating potential measurements, but it is important
that Gf be measured without phase shift because the anomalous trans-
port of plasma across the magnetic field can be shown to be proportional
to B-1 (; EG Y , and this can be determined directly by correlation
measurements between ; and \.I-f .

Consider the diagram of Fig. 1, which is typical of what is used
to observe oscillations. Let C be the sum of the stray capacitances

C.toC To illustrate the difficulty of obtaining good frequency

relzsponsbe, let us assume we are trying to measure oscillations in
floating potential Vf with a probe 0.25 mm in diameter and 1 mm
long in a plasma of density n = 109 cm-3 and temperature kT =

0.23 eV. To float the probe, we must have RL >> RP , and the
frequency response is then given by the time constant RPC . The
plasma impedance Rp is the slope of tlze voltage-current charac-
teristic at Vf and is of the order of 10 ohms for the conditions
given. The stray capacitances are, typically, Cl =12 pf, C2 = 100 pf,
C3= 50 pf , C4=5.(;pf, C5=150pf, C6= 50 pf ; thus, C = 400 pf
and RPC ~ 4 X 10 sec. The response will be down 6dB at

W= 'J3/RPC , or £f=700Hz. Evenat n= 1010 cm-3 , the response

will be good to only 7 kHz .



This can be improved by incorporating a transistor amplifier into
the probe shaft so that only C1 , which is unavoidable, remains.
However, at n = 109 cm-3,,' the response is still good only to 20 kHz.
For this reason, we have chosen a method employing coaxial probes,
described in Sec. II, and capacitance neutralization, described in

Sec. III.
II. DESIGN OF PROBES

Figure 2 is a mechanical drawing of a coaxial probe as sembly.
A 6.4 mm diam stainless steel tube serves as a vacuum jacket and a
grounded shield. Another stainless steel tube, insulated from the
outer tube by teflon tape, forms a floating inner shield and is con-
nected to the body of a standard BNC fitting. The center pin of this
fitting is replaced by the end of a long tungsten rod, which serves as
the probe lead. An 0.05 mm diam wire is spotwelded to the other end
of the center rod; tﬁis is the probe itself. Vacuum seals are made
by four small O-rings. The insulator extending into the plasma con-
sists of two coaxial pyrex tubes, 0. 25 and 0.10 mm in outside diam-
eter. The outer tube leaves a 2 mm length of the 0. 05 mm diam
wire exposed as a truly cylindrical probe. The inner tube is recessed
about 1 mm and serves to center the probe tip and prevent it from
touching any conducting coating that may form on the outer tube.
Furthermore, the inner tube is coated with a conducting paint, which
is connected to the inner floating shield. Thus the probe is shielded
to within 1 mm of the tip, and the overall diameter of the probe is
0.25 mm , which is only 1/4 of T for a K atom at 4 kG.
Larger probe tips can, of course, be spotwelded onto the probe tip
if desired.

The resistance of the conducting coating is less than 100 ohms,
which is adequate for low-frequency observations. For high-frequency

electron oscillations, however, the skin depth is too large to provide



adequate shielding. In this case it would be better to use a slightly
fatter probe developed by N. Rynn, in which the insulator and inner
shield consist of a molybdenum tube sprayed with a thin layer of

alumina.
1II. FLOATING POTENTIAL FLUCTUATIONS

To overcome the problem of stray capacitance, we have used the
method of capacitance neutralization illustrated in Fig. 3. The float-
ing inner shield is connected to the output of a unity-gain amplifier
Al so that almost zero voltage appears across the capacitance C* .
Thus the capacitive loading of the probe is effectively cancelled. The
output of Al also goes to an ordinary amplifier AZ , which drives
the long cable from the machine to the oscilloscope or frequency
analyzer. For convenience, AZ is given a gain of 10. Note that the
driven shield ensures that the probe picks up only the local oscillations
at the probe tip. Provision is made for floating Al and A2 at a bias
voltage VB . The reason for this is shown by the probe characteristic
in Fig. 3. Because of the difference in work function between tungsten
and alkali metals, the floating potential Vf is normally 4 - 5 volts,
so that er >> kTe . The load resistance RL then has to be very
large if the load line is to cross the probe curve near Vf . If one
sets V_ = V., however, the origin for the load line will be shifted

B f
to V., and a lower value of input impedance can be tolerated.

'fI‘he design of a unity-gain amplifier with frequency response to
200 kHz turned out to be very difficult. Note that A1 has to drive
the ca:kpacitances C1_3 between the inner shield and ground as well
as C . These capacitances must be reduced to less than 2 pf to meet
our requirements, so that the gain of Al must be within 1% of unity

for all frequencies up to 200 kHz but must not exceed unity at any

frequency to avoid oscillation. Such an amplifier has been developed



by E. Grant of the Plasma Physics Laboratory Engineering Division}
it is shown in Fig. 4. The input stages consist of two field effect
transistors (FET) used as source followers. Following these is a two-
transistor complementary-symmetry-pair amplifier providing the
unity-gain output. AZ is another symmetry-pair providing the low-
impedance output. To cancel capacitances within the circuit and to
avoid oscillation, internal shields and bootstrapping are used. The
circuit is dc coupled, but an input capacitor is used to protect the
first FET.

This circuit has been tested with an oscillator feeding an input
adapter consisting of a low-capacitance 1 MQ resistor, representmg
the probe impedance, shunted by 220 pf , representing C . The
frequency response is +l, -6 dB from 10 Hz to 150 kHz for values
of C1-3 up to 330 pf . Various values of RL can be switched in
without oscillation, so that in principle oscillations in probe current
can also be detected with this circuit. However, this first model had
too much noise for this application. Figure 5 shows a test of this
circuit in an actual plasma. It is seen that the frequency spectrum of
Vf fluctuations is in good agreement with the spectrum of J_ (elec-
tron saturation current) fluctuations up to 150 kHz if the CNP is used,
but not if an ordinary preamplifier is used. A Keithley Type 102B

isolation amplifier was also tried, but its noise level was much too

high.
1V. SATURATION CURRENT FLUCTUATIONS

To measure J+ or J_ fluctuations one sets the load resistor

(Fig. 1) to a value much smaller than the plasma impedance, given
by the slope of the probe characteristic in the saturation regions. The
frequency response is then determined by the time constant RLC .

One method to reduce RLC is to build a resistive attenuator inside



the probe shaft and to compensate for the cable capacitance with a
variable capacitor. This has the disadvantages (a) that most of the
signal power is lost in the attenuator, (b) that the frequency compensa-
tion has to be readjusted for different plasma conditions or cable
lengths, and (c) that the resistors inside the shaft cannot easily be
removed or changed. The availability of low-noise, high-gain, large-
bandwidth amplifiers has enabled us to use a much simpler method;
namely, simply using a very small RL + Thus if c1-6 (Fig. 1) is
1000 pf and R
fact, if RL
(185 Q for RG 114/U), response to very high frequencies is possible.

L is 1k, response to 275 kHz is possible. In

is chosen to be the characteristic impedance of the cable

Of course, the signal becomes very small: for J+ = 10.7 A,

RL =1k , the signal voltage is only 100 pV. To amplify this, we
have used the Tektronix Type 1lA7 plug-in preamplifier, which has

10 uV/cm sensitivity, 3 pV rms noise, and 500 kHz bandwidth. It is
dc-coupled and has built-in high- and low-pass filters. For J_
oscillations, the currents are usually large enough that a less sensitive
preamplifier can be used.

The disadvantage of using J_ as a means of detecting density
fluctuations is that the plasma is likely to be disturbed by the large
probe currents. Sometimes these currents can excite oscillations,
as shown in Fig. 6. The high-frequency peaks in the spectrum of J_
are obviously caused by the probe, because they do not appear in the
J+ spectrum and the frequencies depend on the probe potential.

The use of J+ for density measurements is less likely to disturb
the plasma, but the J+ spectrum is not the same as the spectrum of
density fluctuations. We first noticed this effect when the ratio
3+/( J+) appeared to be larger than 3_/( J_) . and in fact J, was
sometimes found to go negative. Figure 7 illustrates the disparity

that sometimes occurs between J and J+ spectra, with J+ show-

ing a preference for high frequencies. We believe that the reason for



the disparity is that at low plasma densities a probe acts partly as a
Langmuir probe drawing particle current and partly as an antenna
drawing displacement current. Tests with a glass-covered probe have
shown that the displacement current can be quite large. We give
below a simple one-dimensional treatment of this effect.
Consider a plane probe drawing saturation ion current. The probe
current jp per cxnZ is
iy =3; +ig : (1)
where ji is the ion conduction current and jd the displacement cur-
rent, given by
. 1 8E
Ja T 4 e ¢
E being the electric field at the probe surface. For IeVp/kT | > 1,

(2)

E can be approximated by using the Child-Langmuir space charge
law /1/:

)1/4

|E| = zum)l/2 (2kT eIVpl . (3)

To obtain this we have given the space-charge-limited current ji the
Bohm value /2/:

j, = Lnear/My/? . (4)
Taking the time derivative of Eq. (3), indicated by a dot, and using
Eq. (2), we find

5l =L E L, (5)

|

Here we have used the fact that a fluctuation V of the plasma potential
at the sheath edge is equivalent to -Vp . For |V]|< wkT/e << w| Vp |,
the second term in Eq. (5) is much smaller than the first. We can

also write Eq. (5) as

ligl = C;svp + csvp . (6)



in which Cs is the sheath capacitance. Thus at frequencies below

w i the main contribution to j d is the change in sheath capacitance

e length when n fluctuates. At frequencies

Cs is constant, and the probe

due to a change in Deby
above @ ., the ions cannot move,
picks up potential fluctuations.

we see from Egs. (3), (4), and (5) that

|3 /i.| is pro ortional to le/Z nul/Z v 1/4 , explaining why J
a’% prop P +

For low frequencies,

has more high frequency power than J_ in low-density plasmas. The

magnitude of |jd/ji| is of order 0.5
and n J{n) = 1.

for n= 109 cm—3, f = 500 kHz,
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PERFORMANCE OF CNP
(a)

{2705 T .
'r;‘ ‘oM A3 s—mm
S S O W T R P B |

e v,

500 KMz 0
db (d)

—0—

20—

40—

Figure 5



OSCILLATIONS EXCITED BY PROBE
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COMPARISON OF dJ_, J4+ SPECTRA
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