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Measurement of DC Electric Fields in a Plasma

%
Francis F. Chen and Kenneth C. Rogers
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey

ABSTRACT

Accufate measurements of dc electric fields in a
low-density plasma can be made with a probe by giving
the plasma a small displacement at 10 Hz and using a
lock-in amplifier to detect thev 10‘ Hz component of the

probe floating potential.

*
Permanent address: Stevens Institute of Technology, Hoboken, New Jersey.
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I. INTRODUCTION

Two recent 'developments in the study c;f plasma confinement by magnetic
fields haye underlined the importance of dc electric fields. The first is the
observation that anomalous plasma losses in at least two types of devicesl’
are caused in_paft by E X B drifts in steady electric fields. The second is
the realization fhat drift waves are greatly affected by radial electric fields
Er in regard to both frequency and excitation threshold. 3 Since not only
Er but also its derivatives E'r and E; can be shown theoretically to have
an effect on drift waves, it is clear that the usual method of measuring the
plasma potential profile ¢(r) and taking its derivatives will not be sufficiently
accurate for this application.

In this paper we describe a method which gfves Er(r)‘ directly. The
method is basically to use a vibrating floating probe, which would give an
oscillatory signa;.l proportional to the gradient of ¢ in the direction of vibra-
tion. Because of the danger of generating electrostatic charges in tfle cable
connected to such a probe, we have chosen instead to vibrate the plasma
relative to the probe. This method was tested in a contact-ionized potassium
plasma in a Q machine. 4 In this type of plasrha, measurements of ¢ are
complicated by slow drifts in probe floating potential Vf due to changes in
the work function of the alkali-metal coated probe surface. If the vibration
period is short compared to the time scale of these drifts, our measurement

of V¢ is clearly unaffected by these drifts.



II. THEORY

We consider a plasma confined by a uniform magnetic field B = B:z: in
which the linés of force are c.harged to different potentials, given by the
function ¢(r,0). Foridefiniteness, we consider the. measurement of
Er = -9¢/or w;th a probe 1o§ated at 0 = 90 and movable along the radius r.
Extension of_ the method to the measurement of any component of E in the
plane perpendicular to B and to nonuniform fields B is straightforward.
Suppressing the argument 6 and expanding ¢(r,0) in a Taylor series about
r . we have

1 2 1 3

B(r) = dlx )+ §llr-x )+ 39" (-1 )" +gnax) e . O
The probe is assumed fo be Qibrating about r = r » SO that its position is
given'by

r(t) = T + R1 sin wt . (2)
The floating potential of the probe is given by5

e(V,-¢)= -CkT_ , (3)

where C is a positive constant. Combining Eqs. (1) - (3), we find

‘ 1.3 .
Vf(t) = -C kTe/e + o(r) + (R9' + §R1¢"') sin wt
1— 2 " _]:__ $ m 3
_4R1¢ cosZwt-Z4RL¢ sin3wt + ... . (4)

Therefore, if kTe is constant over the scale of RI’ and R1 is small com-
pared with the scale A over which ¢ varies, the amplitude of Vf(t) at the

frequency w gives the radial electric field at r = T, If kTe is constant
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over the whole plasma, the pirofile of Er(r) can be obtained by moving the
probe radially, thus changing, r .

In Eq. (4) the cpefficienté of the terms in coswt, sin2wt, etc. vanish
to order (Rl/A)3. This would not be true if Eq. (2) contained higher

harmonics. For instance, if we add a term R, sin 2wt + 0) to Eq. (2), we

2
would find corrections to Eq. (4), the 1eading terms of which are
%RlRZ(p" (cosb coswt - sind sir;wt) + R1R2¢)' (sinf cos 2wt + cos_6 sin2wt) + ... .
It is therefore important that the harmonic content of r(t) be kept reasonably
small,

Equation (4) also reveals that, in principle, the derivatives of Er can
be obtained from the ampylitude of Vf(t) at havmonics of w. However, the
signal decreases by a factor RI/A with each gsuccessive harmonic. In spite

of considerable effort, we were unable to detgct even the first harmonic

because of low-frequency flicker noise in the plasma.
III. APPARATUS

A schematic of the Q machinel is shown in Fig. 1. The 5 cm diam,
326 cm long plasma column is produced by contact ionization of potassium
atoms directed at the tungsten end plates at 2500 K. The main confining
field Bz is 2 kG, uniform to 1%. The plasma is displaced relative to the
probe (shown at the midplane) by the addition of two sets of coils, in the
positions éhown, which produce an ac field B-l- of the order of 50 gauss
peak to peak. These coils displace the lines of force uniformly by about

1 mm, leaving the magnetic field uniform near the midplane and undisturbed



near the ends of the machine. The auxiliary coils consist of 20 turns
of ordinary hook-up wire wound on 30 X 30 cm square forms. Two sets of
coils at right angles provide either horizontal or vertical displacement of
the plasma. |
Figure 2 is a block diagfam of the electronics. The auxiliary coils are
driven to about 30 A’ peak to peak at about 18 Hz by a transformerless
transistor amplifier With an output impedance of about 1 £. The p~robe float-
ing potential is taken With a unify-gain, high-impedance isolation amplifier
with 3 dB points at 2 Hz and 150 kHz. The i8 Hz component of Vf' which
is phase locked to a reference signal from the apdio oscillator is detected

by a lock-in amplifier. The output of the latter, proportional to Er’ is

plotted against probe radial position r_onan XrY recorder.
IV. MEASUREMENTS

Figure 3 shows a scan of Er(r), as compared with a scan of ¢(r). The
sensitivity of the method is deménstrated by the narrow downward spike at
the left of the Er tré.ce; the cbrresponding discontinuity on the ¢ trace is
barely discernible. The reproducibility of the method is demonstrated in
Fig. 4, which shows two success‘ive scans of Er(r). It is seen that the results
are reproducible to within the width of the ink line. The integrating time
constant of the lock-in amplifier was set at 1 seg, and the probe was moved

slowly by a motor drive, requiring several minytes for a radial scan.
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of the vacuum chamber

In Fig. 1 we have shown that the potential Vb

and of the aperture limiters can be Véried by a power supply. Using this
method, we have been able to measure small changes in Er when Vb is

changed. These measurements will be published elsewhere.

V. EXPERIMENTAL CHECKS

1) Plasrha displa.ce.ment. The theoretical displacement of the plasma
was computed using the measured dimensions of the auxiliary coils. It was
found that the displacement was uniforr to a high degree over the entire
cross section of the plasma. The actual displacement was measured by
applying de to the coils and observing the shift in ¢(r). The measured shift
agreed with the calculations.

2) Stray fields. The computations also showed that when the displacement

is supposed to be in the x directibg,- .the}' spurious displacemeﬁt in the y
direction due to possible errors in coil shape and position was entirely
negligible. As a check, we measured Ey(x) by energizing the perpendicular
set of coils. The profile of EY bore no ‘:resemblan‘cve to that of Ex’ and the
magnitude Of’EY was less than lEx l , But EY was not zero because ther’é

was a finite component E_ in the plasma.

6
3) Linearity. Figure 5 shows the magnitude of the lock-in amplifier‘

signal as_a function of the magnitude of the plasma displacement for six

probe positions. It is seen that in every case the sjignal varies linearly with’

displacement, as expected. However, the points taken with the probe

extending across the axis to the far side-of the plasma do not extrapolate to
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zero at B = 0. The cause of this effect is unknown; perhaps there is some

pickup at 18 Hz in spite of the careful shielding of fhe probes. Because of
this effect, there is an uné;ertainty of order < 10'% in the absolute value

of E .
T

4) Freyquéhcyy depéndQnC'e. Figure 6 shows the magnitude of the E
signal versu"s.‘ driv‘if%‘g"'fre,q(ixency‘, for various magnitudes of B.L and for two
probe positir.)‘n.é Inf‘choosiﬁg a frequency, one must be sure that the plasma
is displaced 'a,,diaba.tti.:call’}»",; A mea‘.‘sure of the relaxation time of the plasma
is given by the time réquiréd for an acoustic wave tp travel the length of the
machine. In our gaée, thisi time is ~ 3 msec; hence we worked at frequencies
<< 300 Hz. In spite of theée p_i'ecagtions, we find on Fig. 6 that the signal
increases a.é f decréases_, for reasons we do not understand. 'The lock-in
ampliﬁer is retuned in fré‘qu..‘ency' and phase at each frequency. As long as f
is kept fixed, this rﬁethoa gives fﬁhe'relative values of Er correctly; to get
the absolute value of Er corre.ctly, one has to extrapolate to f = 0.

5) Absolute value of Erv. If such an extrapolation is used to obtain

] Er | , the resulting magnitude agrees with that obtained from the slope of
the trace of ¢(r) to within 10%. The gain of the circuitry was calibrated by
injecting a known signal at the probe.

6) Effect of B, onthe plasma. Theapplication of the Bl field did not

1

excite any observable oscillations in the plasma. To check this, we measured
the I E I signal with a probe located near the end of the machine, where the

lines of force are undisturbed. The signal was zero.
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7) Finite probe size. The probes used were cylinders 0.05 mm in
diam and 2 mm long. Increasing the diameter a factor of 5 did not change

IErI.

8) Harmonic distortion. The distortion in the amplifier driving the
auxiliary coils was measured; it was less than 0.15%.

9) Lock-in amplifier adjustment. The RC time constant of the lock-

in amplifief and the scanning speed of the probe drive were varied to be
sure that they introduced no error in Er(r). The lock-in amplifier had
sufficiently low Q that detuning of the amplifier did not introduce any error.

10) Asymmetric distributions. Measurements of EG by this method

were consistent with the asymmetry of the isopotential surfaces as found

from maps of ¢(r,0) over an entire cross section.
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Fig. 1. Schematic of apparatus. The computed deflection of a line of
force by the auxiliary coils is shown.
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Fig. 2. Block diagram of circuitry.
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Fig. 3. X-Y recorder tracings of ¢(x) and Ex(x). The abscissa is the probe position in ' 693292
the x (radial) direction, the center of the plasma being at x = 3.2 cm. The horizontal line
indicated E_(x) was actually taken point by point in this case.
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Fig. 4. Overlay of two successive X-Y recorder traces of Ex(x),
showing reproducibility.
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Fig. 5. Magnitude |E l of the electric field signal versus current in
the auxiliary coils producing B,. Each set of points connected by a line
was taken at a different probe position. The open points were taken with the
probe extending through the plasma to the far side.
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Fig. 6. Magnitude |E I of signal versus operating frequency f for two
probe positions (30.3 mm, near side and 40 mm, far side) and for various
currents in the auxiliary coils (given in amperes, peak to peak).



