Secondary electron emission-capacitive probes for plasma potential
measurements in plasmas with hot electrons
EnYao Wang,® N. Hershkowitz, D. Diebold, T. Intraior, R. Majeski, H. Persing,

G. Severn, B. Nelson, and Y. J. Wen®

University of Wisconsin-Madison, Madison, Wisconsin 53706

(Received 23 October 1986; accepted for publication 2 February 1987)

It is shown that a secondary electron emission-capacitive probe can determine the plasma
potential when 7,50 eV. The probe is wideband (1 Hz to greater than 20 MHz) and
relatively simiple to operate. The Phaedrus-B tandem mirror plasma where T, ~40-60 eV and

n=5X10" cm 7 is used to verify this technique.

L INTRODUCTION

Plasma potential is an important parameter in “fusion”
experiments because it affects radial transport in torcidal
devices' and both radial and axial confinement in open sys-
tems.” While swept Langmuir probes provide a convenient
technique for determining plasma potential in many labora-
tory plasmas,” the high-energy density of “fusion” plasmas
have limited their use to plasma boundaries. In this region,
fluctuations in density and potential are particularly high,
further complicating their use. One technigue for determin-
ing the potential and for observing the fluctuations has been
to monitor the probe floating potential. However, the fioat-
ing potential is sensitive to the electron temperature and
electron tails and may not be a good measure of the plasma
potential. For example, consider a situation where the plas-
ma potential is given by 3 7, /e, where 7, is the plasma elec-
tron temperature. If the floating potential is 3.5 7, /¢ more
negative than the plasma potential, an increase in 7, will
result in an increase in the plasma potential but a decrease in
the floating potential.

Anocther technique has been to foliow the fioating poten-
tial of a heated emissive probe.® This technigue is limited by
the ability of the probe to emit as much current as it collects,
which in practice often requires that the probe be molten.
Nevertheless, self-emissive probes which are heated by the
plasma, have been shown to give a good measurement of the
plasma potential.” Unfortunately, such probes rarely last for
more than one plasma discharge in pulsed fusion plasmas.
Recently, it has been shown in Iaboratory plasmas® that sec-
ondary electron emission probes can replace thermionic
emission probes. In those experiments, monoenergetic pri-
mary electrons produced the secondary emission. Secondary
electron emission probes are particularly suited ¢to “fusion”
plasmas in which hot Maxwellian electrons produce the sec-
ondary electrons. Secondary electron emission increases
with electron temperature and can be quite high. In this pa-
per we report the first use of secandary electron emission
probes in “fusion” plasmas for potential measurements. It is
shown that it is relatively easy to construct and operate sec-
ondary electron-capacitive probes (SECP} which are smail
in size, have good frequency response, and are much more
durable than the hot thermionic emissive probes.

The energy distribution of the emitted secondary elec-
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trons resulting from electron impact on solids has been
found to be similar in character for all solids.” All distribu-
tions measured for metals have their maxima near 2 eV, the
exact shape depending on the metal and the nature of its
surface. The total secondary electron current vield o, de-
fined as the ratic of the current of emitted electrons pro-
duced to the primary electron current, increases from a low
value at small primary energies to a maximum value of g,
(usually greater than 1.0) at £, , and then falls slowly with
increasing primary energy. In general, the yield for metals
and semiconductors is smaller than that for insulators. For
instance, clean glass has a 0=~ 2-3 wher primary energy ex-
ceeds 50 eV.” When primary electrons are Maxwellian, with
temperature T, the effective secondary coeflicient g5 (Ref.
6) can also be greater than 1.0 for sufficiently high 7.

A test of the SECP was carried out using Phaedrus-B,
which is a five-cell tandem mirror.® A central cell is bounded
by thermal barrier cells which in turn are bounded by plug
end cells. Plasma in Phaedrus-B is produced by ICRF (ion
cyclotron range of frequencies) antennas at each end of the
central cell and end cells.® ICRF power is used for ion heat-
ing and rf stabilization. Representative plasma parameters
are central cell ion density n. = 5X 10*? cm 3, electron and
ion temperatures, 7, =60 ~80 eV, and T, =~ 50 eV, barrier
and end cell densities are n, 0.2 n, and n,. ~n,_/2, respec-
tively. Electron temperatures in the barrier and end cells are
comparable to the central cell. For such electron tempera-
tures, os o= 1.0 (Refs. 6 and 7) and the typical secondary
clectron energy 7, always satisfies T, < 7,. End cell ion tem-
peratures are ~ 500 eV. We found that plasma potential fluc-
tuations in the central cell were approximately 100-300 V
{peak-to-peak). These strong fluctuations and the high-en-
ergy density make it difficult to use Langmuir and ther-
mionic emission probes. A method of measurement of plas-
ma potential fluctuations which makes use of time-averaged
emitting probe f-¥ characteristics has recently been present-
ed.® However, the technique only works with sinusoidal
waves. The SECP technique can overcome these difficulties.

It. SECONDARY ELECTRON EMISSION-CAPACITIVE
PROBE

A. Floating potential of secondary emissive capacitive
probe

Probes can be considered to be one dimensional if the
electron gyroradius is small compared to the probe radius.
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This condition is almost always satisfied in fusion experi-
ments (except for self-emissive probes) and will be assumed
throughout this paper. The possible potential structures
between a floating probe and the ambient plasma are re-
stricted by two requirements: that the net current to the
probe is zero {the floating condition requirement) and that
the plasma potential and density are related through Pois-
son’s equation. Three qualitatively distinct potential struc-
tures for the sheath between an emitting probe and the plas-
ma surrounding the probe have been suggested.>'%!2 These
structures are shown in Figs. 1{a), 1(b), and 1(c).

A nonemitting probe’s floating potential in a hydrogen
plasma is approximately 3.5 T, /e more negative than the
plasma potential > With electron emission, a probe’s floating
potential becomes more positive.”® Space-charge effects can
be neglected when electron emission is weak enough that the
potential still increases monotonically between the probe
and the ambient plasma. For such weak emission all the
emitted elecirons are able to escape from the probe to the
plasma. With strong emission (o4 £ 1), the floating condi-
tion requirement can only be satisfied if there is a potential
dip near the probe which reduces the amount of emitted
electron current that reaches the ambient plasma. For strong
emission, the floating condition requirement can be satisfied
by all three of the potential structures corresponding to Fig.
1 by suitable choice of the potential dip.

Chen has argued that,>'? when the typical energy of the
secondary electrons T is much less that 7, the value of the
floating potential is not brought much closer to the plasma
potential by emission. This situation is shown in Fig. 1(a).
Most of the emitted current is reflected back by a potential
dip A¢, which satisfies T, » 3A4,> T,. For such a potential
structure, the emitted electrons can be ignored in consider-
ing net current to the probe and the floating potential of the
strongly emitting probe is the floating potential of a non-
emitting object within a few T, /e.

The potential structure corresponding to Fig. 1(a) is
not consistent with Poisson’s equation. Since littie of the
emitted current in Fig. 1(a) reaches the minimum of the
potential dip point 34 and because the potential at point M is
nearly the floating potential of a nonemitting probe, the den-
sity of electrons and ions at point A7 is nearly the same as that
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FIG. 1. Three-probe sheath potential structures which satisfy the floating
condition requirement.
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at a nonemitting probe. Hence, at point M the density ratic
of electrons to tons is

(n./n;}=[2e[(V, — V, }/T,J(m./m,) €1, (1)

where V; is the floating potential of a nonemitting probe and
¥, is the plasma potential. This is inconsistent with the Pois-
son’s equation requirement that {n,/#r,} > | at a point such
as point M, where the second derivative of potential is posi-
tive. The only way to simultaneously increase n,/5;, and to
satisfy the floating condition is to reduce Ad,.

Sizonenko'” has argued that when strong secondary
electron emission is present, the floating potential has two
possible values, one above the ambient plasma potential [see
Fig. 1(b}] and one approximately T,/¢ below [see Fig.
1(c}]. He further argues that the solution the plasma finds
depends on the plasma initial conditions. The validity of the
solution Fig. 1(b), above the ambient plasma potential, is
questionable because Sizonenko assumes that the ratio of the
ambient ion density to the ambient electron density is a free
parameter which can adjust to the extra electron density to
the emitted from the probe, even if the emitted electron den-
sity is a large perturbation to the ambient plasma.

The potential structure corresponding tc Fig. 1(b) sat-
isfies the floating condition requirement, but not Poisson’s
equation, if the ratio of the ambient ion density to the am-
bient electron density is not treated as a free parameter. The
current of emitted electrons, which reaches point M, must
approximately equal the current of plasma electrons flowing
towards the probe in order to satisfy the floating condition
requirement. Since the currents are nearly equal, the ratio of
emitted electron density to plasma electron density at point
MinFig. 1(b) isapproximately (7, /7. )!/?, whichis greater
than one (a typical value is 3). Quasineutrality at point
requires that n, =, which can only be achieved if the ratio
of the ambient ion density to ambient electron density is
dramatically increased.

Sizonenko'? and others'' have argued that when the sec-
ondary emission emission o, is greater than one, the poten-
tial structure between the probe and the plasma can be that
corresponding to Fig. 1{c). This potential structure satisfies
both the floating condition requirement and Poisson’s equa-
tion and resembles Fig. 1{a) except that potential dip with
respect to the ambient plasma Ad, in Fig. 1(c) is about | the
value of Ag, in Fig. 1(a). The ratio of the emitted electron
density to plasma electron density at point A7 in Fig. 1{c) is
about (7,/7,)"/? when the floating condition requirement
is met. For approximately constant ion density in the sheath,
Ag, 5T, /e gives a net electron density at point M, which is
required for consistency between the potential structure and
Poisson’s equation. The analytical solution to Ag, of Fig.
1(c) as found by Sizonenko'?is

(2} [(1 +ap,, )t —1]
={1 +@[(¥,)"?*] + [e " 'm/(z¢,)* 1} "
X{l + @[ (¥, )"?] —e Im}, (2)
where

S[() P =20m) [ eva,
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¢m Ee¢m'/Te’ ¢m = A¢29
a=(2T,/mu*}.

Far away from the probe, Sizonenko'® assumes that the ions
are monoenergetic and heading towards the wall with veloc-
ity u.

Figure 2 gives eAd,/T, vs (m,u°/2T,) corresponding
to Eq. (2), and it shows 0.5<(eAd,/T,1<0.9. The upper
limit is determined by the Bohm Sheath Criteria that the
minimum value of m,u?/27, is 0.5 for 7, € T,. For increas-
ing values of (m,4°/27, ), the solution approaches 0.5. Note
that Eq. (4) predicts that Ad, is only weakly dependenton w
and roughly equal to T, /e. In the derivation'® of Eq. (2), it
was assumed that the ratio of the ambient ion density to the
ambient electron density is able to adjust to the emitted elec-
trons in order to preserve quasineutrality. In Fig. [(c}, the
emitted electron density in the plasma is only 0.2-0.4 the
ambient electron density. The ambient electron density can
readily adjust to these emitted electrons. Therefore, it ap-
pears that of the three choices in Fig. 1, only the potential
structure shown in Fig. 1{c) is consistent with Poisson’s
equation and the floating condition.

Strong magnetic fields accentuate the perturbation of a
probe on the plasma when the currents drawn to and from
the probe are confined to the flux tube containing the probe
and its sheath. As compared to a current collecting Lang-
muir probe, a nonemitting foating probe is a small perturba-
tion because it draws no net electrical current and very little
electron current from the plasma. Hence, there is no charg-
ing and relatively little electron depletion of 2 flux tube con-
taining a nonemitting floating probe. An emitting floating
probe corresponding to Fig. 1(c¢) has the advantage of being
much closer to the plasma potential than a nonemitting
probe while still drawing no net current. Furthermore, the
net particle current between a plasma and a floating probe is
constant regardless of the amount of probe emission. As the
emission (and hence the potential) of a floating probe is
increased, the plasma electron current drawn by the probe
and the emitted electron current to the plasma both increase
by the same amount to satisfy the floating condition require-
ment. Hence, as emission is increased, there is no net in-
crease in particie loss to the probe. Note, though, that power
loss to the probe increases as emission increases, the more
energetic plasma electrons being replaced by the less ener-
getic electrons.

o} 0.5 'O 1.5 2.0

FIG. 2. The probe sheath potential dip vs the energy of ions entering the
sheath for potential structures corresponding to Fig. 1{c) and Eq. (2).

4788 J. Appl. Phys., Vol. 61, No. 10, 156 May 1987

Cogxial gable

Glass

FIG. 3. The physical construction of a capacitive probe.

B. Probe construction and clrouit

The capacitive probes used consisted of a glass (or ce-
ramic) envelope and a detecting electrode. The physical con-
struction of a typical probe appears in Fig. 3. The input ca-
pacitance was determined by the dimensions and the glass,
and the dielectric properties of the glass. To obtain a satisfac-
tory frequency response, the load was chosen to be largely
capacitive. A resistor R was placed in parallel with a high
input impedance operational amplifier to prevest the input
bias current of the amplifier from charging the input capaci-
tance to large voltages. The equivalent circuit at low fre-
quency is shown in Fig. 4. The capacitance €, was the cou-
pling between the plasma and the electrode while C, was the
capacitance of the cable and amplitude. The low-frequency
cutoff f; was 1/(2%#R,C,), where R, is the effective resis-
tance of resistor R in paraliel with the input resistance of the
amplifier. The probe attenuation was equal to
C/{(C, + C,). Typical parameters were: C, = 0.3-0.6 pF,
C,=0.01=003 uF; R=88 MO, R, =R, f, =1 Hz, C/
(C,+ C))=C,/C,= 1 X 1077 to 6 X 1877, The duration of
discharge in Phaedrus-B is ~20 mas so this circuit is ade-
quate for measuring “dc” levels of plasma potential. This
system can extend the high-frequency response up to ~ 100
MHz. ™

C. Calibration procedure and typical perfersv

Calibration was performed by covering the probe with
aluminum foil or inserting the probe into mercury as shown
in Fig. 5(a). The low-frequency response of the probe was
measured by applying a 20-ms duration square signal ¥, 1o
the aluminum fcil. Both ¥, and the correspondiag output
signal ¥, from the follower are shown in Fig. 5(b). The
attenuation ¥, /V;, was approximately 10™*. The high-fre-
guency response of the probe was measured up to 20 MHz
where the attenuation was found to be less than 3 dB. The
probe frequency response satisfies the requirernents of Phae-
drus-B experiments.
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R

FIG. 4. The low-frequency equivalent circuit for the capacitive probe.
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FIG. 5. (a) Calibration test circuit for capacitive probe. (b) Waveform of
V., and ¥, showing a low-frequency response.

fHl. SECP TECHNIQUE FOR MEASURING PLASMA
POTENTIAL

The theory suggests that the ficating potential of a
SECPis (0.7 + 0.2} (7, /e) lower than the plasma potential.
Hence, if T, is known, the plasma potential can be calculated
from the SECP floating potential.

Unfortunately, in the Phaedrus-B tandem mirror the
electron temperature is not well known. For a nonemitting
probe, ¢, — ¢,=3.5T, /e, where ¢, is the plasma potential
and ¢, is the floating potential of the probe. This implies

¢, — ¢, = (281027, /e (3)
and

¢, =¢, +0.7[ (¢, —¢.)/2.8], {4)

where ¢, and ¢, are the floating potential of a SECP and a
ELangmuir probe, respectively. Data in Fig. 6 show that the
SECP floating potential is much more positive than the
ficating potential of a metal Langmuir probe. The floating
potential of a clean Langmuir probe, with little secondary
emission, was =~ — 175 V [see Fig. 6(a) ], while the foating
potential of a capicitance probe with a strong secondary
emission was ~ + 75 V [see Fig. 6{b)]. The electron tem-
perature T, measured by a double probe at the floating po-
tential, was ~80 eV.
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FIG. 6. (a) Langmuir probe floating potential and (b} SECP floating po-
tential vs time,
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FIG. 7. Data graph as ¢, + [ (&, — ¢,3/2.5} VS &gy, where ¢, ¢, and
dsep are the floating potentials of the SECP, Langmuir probe, and self-emis-
stve probe, respectively.

Figure 7 is Phaedrus-B data graphed as
¢, + [(dy — #.)/2.53] VS dsgp, wWhere dgpp is the fHoating
potential of a self-emissive probe. As noted before*
bsep =@, . Figure 7 shows empirically that

¢,z¢s+[(¢s—¢l.)/2-5]. (5)
It should be noted that Fig. 7 contains only data for which
[(¢, —6.)/2.5]>30eV. (6)

If the electron temperature is too low, o < 1 and the SECP
is not a good measure of plasma potential, Eq. (5) is not
valid. In agreement with theory, it was found that data for
which Eq. (6) was not valid fell much below the dashed line
in Fig. 7. Hence, Eq. (6) is a good test for the sufficiently
high electron temperature which is necessary for the accura-
cy of the SECP method, Eg. (5).

Equation (5) isin slight disagreement with Eqg. (4), but
this disagreement can be accounted for. Electron tempera-
ture calculated from Eq. (3) will tend to be lower than the
actual electron temperature because of secondary emission
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FIG. 8. Effects of surface conditions on floating potential: (a} data for clean
surface, (b) data after titanium was deposited on the probe surface.
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from the Langmuir probe. An effective secondary coefficient
of 0.7 for the Langmuir probe would account for the discrep-
ancy between Eqs. (4) and (5). In Phaedrus, titanium get-
tering is used for vacuum pumping. Titanium has a second-
ary emission coefficient .4 =~ 0.7 for T, ~40 ¢V, a roughly
typical electron temperature for Phaedrus-B. No effort was
made to keep the surface of the Langmuir probe clean of
titanium. Hence, the discrepancy between Egs. (4} and (5)
can be accounted for by a titanium coating of the Langmuir
probe. When the Langmuir probe surface is kept clean, and
the probe is made of a weakly secondary emitting material
such as tantalum, Eq. (4) is expected to be valid.

Figure 8 shows the effects that a thin film of titanium on
the surface of the SECP has on the measured floating poten-
tial of the SECP. Figure 8(a) gives data for a clean SECP
while Fig. 8(b) gives data at the same point in the plasma
after a thin film of titanium was deposited on the SECP. A
significant decrease of the floating potential of the SECP is
apparent after the titanium was deposited, as is expected
because glass is a stronger secondary emitter than titanium,
The SECP was pulled out of the machine between shots in
order to keep the SECP free of titanium.
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