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Overview of probe diagnostics on the H-1 heliac
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A complex of probe diagnostics allows extensive characterization of the plasma parameters in the
H-1 heliac. The probes used on H-1 include quadruple probes, poloidal and radial “fork” probes,

a Mach probe, a 24-channel probe array, and a retarding field energy analyzer. This article provides
details of the probe design and a brief description of the experimental techniques involved. Different

techniques are compared. Sample results in two different modes of confinement in H-1 are

presented. The capabilities of the probe diagnostics used in different combinations are discussed.
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I. INTRODUCTION the probe tips to ensure that the tips do not touch the edges of
nge bores. This is necessary to prevent current leakage be-

Probes are among the most basic plasma diagnostics. the i i in the effecti llect
They are generally simple in construction and use, relativel)}Ween € ups or an increase in the etiective collecting area
f the probes due to sputtered material being deposited on

inexpensive, and robust enough to withstand considerabl

heat fluxes. They have excellent spatial resolution, Iimite%) e alumina edge facing the plasma. The Mach probe has a
[

only by the probe size and by the accuracy of the positionin arrier between the tW(? tips to make. them direction Sensi-
mechanism. Electric or Langmuir proBesan provide mea- ve. All probes have stainless steel shields to prevent rf pick-

surements of such basic plasma parameters as electron déJrIR('j_Elecmct cotnneictlonsdtc: trfl‘_a ;Iungster][ v(\glres are mgde \I’V'tg
sity ne, electron temperaturg,, and plasma potential, . sliding contacts clamped to Tetion-coated copper wires fal

Good temporal resolution make electric probes a useful todps'de radially _movable vacuum dnve_s. Two quat_:lruple
in plasma fluctuation studies. probes can be installed on a single drive to form either a

H-123s a three-field-period toroidal heliac with a major poloidal or a radial fork probe. In a poloidal fork probe two
radiusR=1.0 m and an average minor radias-0.15 m quadruple probes are of the same length, separated by 15 mm
currently operating at low magnetic fieIdsBo, in the poloidal direction. In a radial fork probe the probe tips

=0.04-0.15 T. Plasma is created and sustained by up to 1G3° separated by 15 mm in both poloidal and radial direc-
kW of radio frequency(rf) power at 7 MHz with the pulse tions.

duration of 30—80 ms. The typical argon plasma parameter RFEA DESIGN AND BIASING

C = 0E_ 8 m-3
are: line average electron_densifg~0.5-1x 10 m™, The design of the RFEAis schematized in Fig. (2).

central electron temperaturg,(0)~7-30 eV, and central . .
ion temperatureT;(0)~40—150 eV. These experimental The analyzer consists of four grids and a collector plate. The

conditions allow extensive use of probes throughout the
plasma cross section. The probes used on H-1 include single
probes, a quadruple probe, symmetric and asymmetric
double-quadruple “fork” probes, a Mach probe, and a 24-
channel probe array, as well as a retarding field energy ana-
lyzer (RFEA). Used simultaneously in a number of different
combinations these probes allow measurements of the most
basic plasma parameters, their radial gradients, and fluctua-
tions.

(©)
Il. PROBE DESIGN

Most of the Langmuir probes used on H-1 have similar — ' (
construction. Figure 1 shows the design of the quadruple 3
probe(a), Mach probe(b), and 24-pin probe arrafc). The .
probes are made of 0.8 mm tungsten wire inserted through ; lem
the bores in alumina insulators. Spacers wound with thin —

copper wire are located inside the bores about 10 mm from

FIG. 1. Probe design: quadruple pro@®, Mach probe(b), 24-pin probe
array(c). 1: tungsten wire, 2: alumina insulator, 3: stainless steel shield, 4:
3Electronic mail: dirl12@rsphysse.anu.edu.au spacer, 5: sliding contact clamped to Teflon-coated copper wire.
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IV. MEASUREMENTS OF THE BASIC PLASMA
PARAMETERS

The electron density,, electron temperaturé,, and
plasma potentiaV/,, are inferred from single and triple probe
data as->*°
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v v Yo wherel; is the ion saturation currentg= VK(ZT.+ T;)/m;

Hx Yix is the ion acoustic velocityl, is the probe collecting ared,

ADC is the ion charge statypically Z=1 in H-1), k is the Bolt-
zmann constant s the electron chargey,, m;, T, andT;
are the electron and ion masses and temperatures, respec-
tively, V; is the floating potentialy ., is the potential of the

FIG. 2. RFEA desigr(a) and biasingb). 1—analyzer lid, 2—orifice plate, ~positive pin of a triple probe, andis the secondary electron

3—Ni mesh, 4—copper support plate, 5—mica insulators, 6—collector, 7—emission coefficient. For the typical experimental conditions
clamp plate, 8—analyzer body, 9—support tulig—orifice plate, E— in H-1 (in argon

entrance gridR—repeller grid,D—discriminator grid,S—suppressor grid, 9
C—collector.
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Time-resolved measurements of the radial gradients of

grids made of 812 rule Ni mesh are supported by the coppete: Te. andV, (E,) are performed with the radial fork
plates separated by mica insulators. The grid stack is agifobe. Another quadruple probe is located in the adjacent
sembled on the analyzer lid and is held together by a clamffoss section and is typically fixed at about the last closed
plate. Plasma particles enter the analyzer thnoag2 mm flux surface(LCFS). This arrangement allows measurements
hole in a 0.1 mm thick stainless steel orifice plate. The enof both local(across 15 minand averagéfrom r/a~1 to
trance grid and the orifice plate are in electrical contact withf/2~0.3) gradients of the plasma parameters.

the analyzer lid, which is connected to the grounded vacuum  The ion temperaturg; is measured by the RFEA. For a
vessel of H-1. Maxwellian velocity distribution the dependence of the col-

The analyzer biasing circuit in the ion mode of operation|eC7'f09r currentl; on the discriminator voltag®/y is given
is shown in Fig. 20). The grounded entrance grif) serves by~
to ensure the continuity of the sheath potential surface across | _ Vi<V (58)
the front of the probe while allowing the input hole in the o oo Hd= T
orifice plate (O) to be made sufficiently large to provide B —Ze(Vy—Vp)
enough current at low plasma densities. The repeller @id le=lco €X KT,
serves to repel the plasma electrons and is biased from an
external adjustable dc power supply \dt<—100V. The The ion temperature can be determined by perform_ing a
discriminator grid(D) serves to retard the plasma ions allow- '€ast-square fit of Eq(Sb) to a measuredi(Vq) characteris-
ing only those with sufficient parallel enerdy,>eV, to  fC. The plasma.potenual can be determined frqm a knee on
reach the collectofC). This grid can be biased from either the characteristic. The accuracy of the potential measure-
an adjustable dc power supplgs shown in Fig. @)] or a  Ments is, however, limited to-10 V, since Fhe knee is
high voltage amplifier. The secondary electron emission contounded due to the acceptance angle limitation of the ana-
trol (suppressorgrid () is biased negatively with respect to yZer.
the collector(C) at Vs=—9V to suppress the secondary
electron current from the collector. The collector itself has a
negative bias with respect to ground,=—9V. Both the v FLUCTUATION STUDIES
suppressor grid and the collector are biased from fixed volt-
age batteries. The collector current is monitored across a The use of quadruple probes allows simultaneous con-
measuring resistorR,=10k(). A variable gain G  tinuous measurements of the local values of the ion satura-
=1-1000) buffer amplifier allows the current measurementgion currentlg;, the floating potentialV;, and the electron
to be done within a wide range of plasma densities withoutemperaturel,. The fluctuating components of the electron
changing the measuring resistor. densityn,, electron temperatur&,, and plasma potential

), Vg=V,. (5b)
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T} wherev 4 is the flow velocity,c is the ion acoustic velocity,
Z(mp ] Z is the ion charge state, ang , | are the ion saturation
03f 3 currents to the tips facing upstreatr) and downstream
: (—), respectively.

02f
: VIl. CROSS CALIBRATION OF DIFFERENT

o1k HW TECHNIQUES

In many cases the plasma parameters were measured us-
ing more than one technique. For example, in addition to the
triple probe measurements, the electron temperature was
measured using single probes swept at 5q hyzperforming
a least-square exponential fit to the measured current—
: ] voltage (—V) characteristit] and at 50 kHzby the ratio of
0Yr the first and second current harmonigsAll three methods

R(m) were found to be in good agreement everywhere inside the
FIG. 3. Schematic df, measurements with the 24-pin probe artayor the LCFS. The triple PrObe technique was chosen for the' rOL_Jtme
poloidal fork probe(b). measurements, since for the same temporal resolution it has
lower requirements to the analog-to-digital conve(&bC)
sampling rate than the swept probe techniques.

0F PFC —

o1t ]

V|, can be inferred using Eq¢1)—(4). This allows for an The plasma potential was measured using triple probes
experimental estimate of the fluctuation-driven radial particleas well as RFEA. The results generally agreed within the
flux® accuracy of the measurements. Of the two methods the triple
1 - Ko - probe technique has much better temporal resolution and

Fﬂ=§ (NEy)= EH (nVp), (6)  higher accuracy, so it was employed more often.

The electron density measurements done with single
wherek, is the poloidal wave number of the fluctuation and probes were calibrated against the 8 mm microwave interfer-
() denotes a cross correlation between the density and th@meter data to eliminate the effect of the finite sheath thick-
electric field(or the potentigl fluctuations. This cross corre- ness on the effective collecting area of the probes. Since the
lation can be obtained by applying digital spectral analysiswo methods agreed well without any correction, the probe
methods? to T, andV, signals inferred from the quadruple area enlargement by the sheath was presumed negligible in-
probe data. side the LCFS.

As have been previously report&t*® the fluctuations Finally, the ion temperature and the ion poloidal flow
in H-1 are global, highly coherent, and have low poloidalvelocity measurements made with the RFEA and Mach
mode numbersm=1-2. Consequently, the fluctuation probe, respectively, were compared to the results obtained
wavelength is much larger than the separation of the tips ofrom the modulated solid statf0S9S spectrometejr? The
the quadruple probé~1.5 mm). This is an advantage when results showed satisfactory agreeménithin the accuracy
determining (AV,), since the spatial resolution of the of the measurements
method is not compromised. However, this separation is not
sufficient to reliably measurk,. Measurements ok, are
therefore performed either by the 24-pin probe array inserteilll. EXPERIMENTAL RESULTS
into the plasma tangentially or by the symmetric fork probe,

o The bulk of the experimental results so far obtained us-
as shown in Fig. 3.

ing the techniques described above have been reported
elsewheré!~131%20rjgure 4 presents some sample results in
two different modes of confinement in H-1. Shown are the
The ion fluid flow velocities are measured with the Machradial profiles(measured on a shot-to-shot basithe elec-
probe’*> Under the typical experimental conditions in H-1 tron density(a), relative density fluctuationg), fluctuation-
the characteristic probe size,(~1 mm) is much smaller induced particle fluxc), plasma potentia{d), ion tempera-
than the ion Larmor radiu§ ;~2—6 cm in argoh There- ture (e), and poloidal ion flow velocityf) in L (diamond$
fore, we use an “unmagnetized” theory of Hudis and andH (squaresmodes. The data were taken in a few series
Lidsky'® (modified slightly for the cas@;=T,) for the in-  of shots in argon under similar operational conditions: filling
terpretation of the Mach probe data in H-1. This theory givespressure Py ~3x10 ° Torr, rf heating power Py
the following relationship between the Mach number of the~85 kW, magnetic field at the axiBy~0.06 T (L mode
flow M and the ratio of the currents to the tips of the Machand By~0.075 T(H mode. Figure 4 illustrates most of the
probe: characteristic features of thé mode with respect to the
L FET mode in H-112192%increase in the central plasma density
I e In( S')' (7y  and density gradier(); suppression of the fluctuatiortb),
s 4 T and associated particle flufc); decrease of the central

VI. MEASUREMENTS OF THE ION FLOW VELOCITIES
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FIG. 4. Radial profiles of the electron densig), relative density fluctua-
tions (b), fluctuation-induced patrticle flufc), plasma potentiald), ion tem-
perature(e), and poloidal ion flow velocity(f) in L (diamond$ and H

(squares modes.

plasma potential and increase in the radial electric fidj¢
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The extensive characterization of the plasma parameters
in H-1 is possible due to the simultaneous use of a number of
probes. For example, determination of the electron density
from the ion saturation current requires measurements of
both the electron and the ion temperatuUrese Eq(1)]. The
same requirement stands for the ion flow velocity measure-
ments with the Mach proléEqg. (7)]. In our experiments this
requirement is satisfied by using a quadruple probe, a Mach
probe, and RFEA simultaneouslpr under similar condi-
tions). Another example is the measurement of the
fluctuation-driven particle flux, which requires simultaneous
time-resolved measurements of the electron density, plasma
potential, and the poloidal wave number of the fluctuations.
This is realized by simultaneously using either two qua-
druple probegcombined in a poloidal fork prober a single
guadruple probe and a 24-pin probe array.

IX. DISCUSSION

Probe diagnostics proved to be very useful during the
first stage of operation of the H-1 heliac. The bulk of the data
pertaining to the improved confinement mode in H-1 was
obtained using probe techniques. Although most individual
techniques used on H-1 are well known, the combined use of
a number of different methods allows more extensive char-
acterization of the plasma parameters than usually achieved
in comparable experiments.
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