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A small electrostatic retarding field energy analyzer is constructed in order to measure locally the
ion energy distribution functions parallel and perpendicular to a magnetic field. A compensating
differentiation circuit enables it to yield the energy distributions clearly in spite of the smallness of
the signal available in a low-density plasma. An application is performed to reveal local

anisotropic heating due to a plasma instability.

PACS numbers: 52.70.Ds, 52.35. — g

I. INTRODUCTION

In recent years the simultaneous measurement of
charged particles’ energy distribution functions parallel and
perpendicular to a magnetic field has been required to esti-
mate the velocity space diffusion or the heating rate in wave
heating and in nonlinear wave experiments.'? Historically,
large sized electrostatic retarding field energy analyzers
were mostly used in magnetized plasmas to find the parallel
energy distribution of ions.>* In order to measure both par-
allel and perpendicular ion distributions, small analyzers
have been used, that is to say, analyzers which are small
enough to be moved and rotated within the volume of the
plasma without disturbing its conditions too much.

The small analyzers known as far, however, mostly
yield only integral characteristics'; in cases where the ana-
lyzer characteristics are electronically differentiated-—thus
displaying the energy distribution function of the ions direct-
ly—the resulting curves are very noisey due to the small
signal available.® Only in the case of an ion beam experiment,
where the large beam current was utilized, was it possible to
obtain clear differentiated curves.’

A special case of a small analyzer which measures only
perpendicular ion distribution functions is the Katsumata
probe.® It achieves charaged particle separation by utilizing
the different gyration radii of ions and electrons in the mag-
netic field, whereas most analyzers mentioned here use a
biased entrance grid for this purpose. Also for the Katsu-
mata probe, only integral characteristics have been reported.

In this paper we describe the construction of a small
gridded energy analyzer and its application to a Q-machine
plasma. The analyzer presented here uses an improved dif-
ferentiation circuit giving satisfactory differentiated curves
for ions even in a low-density range (5 X 10’ cm™). It com-
bines the sensitivity of the large analyzers with the local reso-
lution of the small ones. And, in the application to a current-
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driven wave heating experiment,’*® it reasonably reveals a
local anisotropic ion heating.

In Sec. I1, the experimental apparatus is described. The
experimental results are reported in Sec. II. Conclusions are
contained in Sec. IV.

ii. EXPERIMENTAL APPARATUS
A. Analyzer

A schematic drawing is given in Fig. 1. The collector
(1), a circular disk 4 mm in diameter made of a 0.2-mm
tungsten plate, is separated and insulated from the entrance
grid (2) by a thin (0.15 mm) ring of ceramic Al,O; material.
The grid consists of a fine copper mesh (40 000 25X 25-um
holes per cm?) which, together with a limiting diaphragm (3)
of 0.1-mm Molybdenum, is pressed mechanically onto the
ring by a loop of 0.2-mm W wire. Thus mesh and diaphragm
can be removed easily for cleaning or repair of the analyzer.

[:] A1203 ceramics
solder glass

- tungsten

FIG. 1. Construction of the analyzer. Left: Front view (copper mesh and
diaphragm removed). Right: Side view. (1) collector, (2) copper mesh, (3)
diaphragm, (4) thermocouple, (5) heating spiral.
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FIG. 2. Analyzer differentiation circuits. (a) Usual circuit, (b) circuit with
compensation of stray ac currents. C, ... stray capacity, C, ... variable ca-
pacitor compensating C,, P ... potentiometer for resistor symmetry.

During operation, the mesh is biased at a negative voltage
Vi = —4... =9V, which ought to be just negative enough
to reflect all electrons. The diaphragm improves the con-
stancy of the ion saturation current.

Electrical leads are fed through a four-hole ceramic
tube 2.4 mm in diameter around which a heating spiral (5) is
wound. The heating of the analyzer is useful in order to re-
duce the contamination with condensed plasma particles.
The ceramic parts forming the body of the analyzer are fas-
tened together by small portions of Dow Corning glass, a
solder glass, melted over a Bunsen flame. The use of Corning
glass should be kept to a minimum since, when the analyzer
heating is applied, it becomes electrically conductive
(R<10'° 2) to an extent that Ohmic leak currents may con-
ceal the collector characteristics. Ohmic currents could be
neglected up to an analyzer temperature of 250 °C, corre-
sponding to a heating power of 6 W. The analyzer tempera-
ture is measured by a thermocouple (4), mounted close to the
collector by use of Corning glass.

B. Electronic differentiation circuit

Following a frequently used method,’ differentiation of
the integral analyzer characteristic is realized by superposi-
tion of a small ac-voltage ¥ (in our case, 50 mV peak-to-
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FIG. 3. Experimental set-up.
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peak, 172 Hz) onto the dc-bias ¥ of the collector. The result-
ing ac current is proportional to the slope of the collector
characteristic, i.e., it represents a difference quotient of the
characteristic. In usual circuits as in Fig. 2(a) there is the
possibility of an additional ac current via stray capacities C,.
It turned out that, with the small analyzer, the ac current
resulting from the slope of the collector characteristic is
about 100 times smaller than this capacitive ac current and
therefore no satisfactory differentiation could be performed.

In order to avoid this trouble a compensation circuit
was devised and is shown in Fig. 2(b). It can be regarded as
two differentiation circuits that are identical with the excep-
tion that the second (lower) circuit contains a variable ca-
pacitor C, in place of the analyzer collector. With no plasma
present, this capacitor is adjusted to minimum ac signal at
the lock-in amplifier which measures the differential ac volt-
age between the two circuits. Also, the potentiometer P,
which is responsible for resistor symmetry, is tuned to mini-
mum signal. The elements of the compensation circuit are
mounted to the analyzer as close as possible.

With the adjustments described above, the ac signal
produced by stray capacities is eliminated almost completely
from the input of the lock-in amplifier. As there remains a
noise signal of only about 0.5 4V as compared to an ac signal
of 100V (at maximum slope of an average collector charac-
teristic at plasma density 10* cm), differentiation is easily
possible. It can be shown by circuit analysis that the ac volt-
age received by the lock-in amplifier (strictly speaking, the
ac voltage portion “in phase” with the applied ac voltage V)
is still proportional to the slope of the analyzer characteristic
as in the case of the simple circuit of Fig. 2(a).

lil. EXPERIMENTAL
A. Experimental conditions

The analyzer is inserted into one of the radial ports of
the Innsbruck Q-machine® in Fig. 3 and positioned into the
middle of the plasma column (» = 0 cm). The column is ter-
minated by a large diameter cold plate (“single-ended” Q@
machine) and operated under “electron-rich” conditions.
The plasma, about 2-3 cm in diameter, is produced by sur-
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FIG. 4. Typical ion parallel collector curves. (1) Current-voltage character-
istic, (2) differentiated characteristic is the parallel ion distribution func-
tion. 1 = 1.5 10® cm™, analyzer grid bias ¥,, = —5 V.
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FIG. 5. Ion parallel energy distributions for different densities.

face ionization of sodium atoms on a tungsten plate of 2000—

3000 K and confined magnetically (B = 1.5 kG). The densi-
ty of the plasma is n = 10’-10° cm™* and the background gas
pressure is less than 5 X 10°° Torr. Thus, collision mean-free
paths of charged particles are longer than the plasma column
( = 60 cm). The electron temperature 7, 0.2 eV, is mea-
sured by a Langmuir probe. The ion Larmor radius r, is 0.2
cm and the Debye length A, is 0.1-0.01 cm.

For the application of the analyzer we excite the cur-
rent-driven collisionless drift instability by applying a posi-
tive bias ¥, to an axially movable 6-cm-diam grid (made of
0.2-mm tungsten wires spaced 2 mm apart) with respect to
the hot plate. The distance between the hot plate and the grid
is set to 35 cm. Parallel electron current is drawn through the
whole region of the plasma column (typically 1 mA), result-
ing in parallel and perpendicular ion heating due to the drift
wave turbulence.®

B. Measured ion distribution functions

The parallel distribution function F, is recorded when
the surface of the analyzer is perpendicular to the plasma
column. The perpendicular distribution F;; is measured
after a 90° rotation of the analyzer in the magnetic field.'?
First, curves are shown for the quiescent plasma, i.e., V is
left at floating potential. Figure 4 represents a typical paral-
lel current-voltage characteristic of the collector together
with the differentiated one [ = F;; (V) in a voltage scale] at
the plasma center, r = 0 cm. The temperature estimated
from the exponential slope on the higher energy side of F;,
(V) gives a reasonable value of about 0.25 eV which is com-
parable to the hot plate temperature. For different plasma
densities, F; (V') does not show a big chapge, as seen in Fig.
5.

When the @-machine grid is biased positively with re-
spect to the hot plate, the induced electron current strongly
enhances the growth rate of a drift instability with @/27~15
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kHz. The amplitude of this current-driven collisionless drift
instability becomes larger with increasing V; and saturates
at about ¥; = 10 V; simultaneously, its spectrum becomes
broader.” The corresponding ion distribution functions at
r = 0cm areshown in Fig. 6. F; (V) remains essentially con-
stant. F, (V'), however, becomes broader and displays a high
energy tail with temperature 2.1 eV inthecaseof ¥z = 10V,
Radially, the drift instablity has its largest amplitude at
the positionof maximum density gradient which is at r~1.0
cm. When the analyzer is moved into this position, the heat-
ing effects become stronger: F;, (¥') assumes a one-compo-
nent Maxwellian with a temperature of about 9 eV at
Vs =10 V; F; (V) now shows tail heating with a tempera-
ture of 1.7 eV. The detailed structures and local variations of
the distribution functions, which represent the characteris-
tics of drift wave heating, will be displayed elsewhere.®

IV. CONCLUSIONS

We have constructed a small electrostatic retarding
field energy analyzer and applied it to the Q machine. With
the use of the compensating differentiation circuit the dis-
turbing influence of stray capacities is eliminated successful-
ly, and parallel and perpendicular ion distribution functions
in the magnetic field are obtained clearly in spite of the small
signal available. In the application to the experiment of plas-
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FIG. 6. Dependence of ion energy distributions on Q-machine-grid bias V.

(a) ;;arallel and (b) perpendicular energy distribution functions. n = 4 x 108
cm™,
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ma heating, the analyzer gives the detailed structure, local
variations, and anisotropy of the ion distributions, which
physically result from the current-driven collisionless drift
instability present in the plasma. Generally, results of this
kind are also important in explaining mechanisms of wave
heating and nonlinear wave saturation.
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