
Observations with a Mach probe on edge plasma of the CDX-U
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~Presented on 15 May 1996!

Using a rotatable three-electrode Mach probe at the outer edge region of the plasma, preliminary
observations indicate the existence of a toroidal rotation in the ion flow direction~of the toroidal
current! with no comparable poloidal rotation. This rotation cannot be in the direction of the
magnetic field, because of the large pitch of the local magnetic field. ©1997 American Institute
of Physics.@S0034-6748~97!66101-8#
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I. INTRODUCTION

Using the Mach probe1 built2 for the CDX-U machine in
1990, we have made measurements of ion saturation cu
in the upgrade version of the machine with toroidal discha
currents now approaching 100 kA. The previous measu
ments in 1991 were performed on plasmas with usu
about 100 A toroidal current with a few cases approachin
kA. For the present conditions, on account of the lar
plasma density, the uncooled probe was limited to an e
position to avoid probe deterioration and its consequen
We have taken a series of observations to map out the p
ence of rotation, examining both toroidal and poloidal dire
tions.

II. EXPERIMENTAL METHOD

The probe is shown in Fig. 1. The probe was position
2.5 cm inside the last closed flux surface, determined b
limiter. There are now only three tungsten electrodes
lengths 3.1, 3.8, and 3.9 mm backed by a 15 cm long a
mina former, recessed at the free end to provide a moun
the three electrodes; each presenting a half cylinder to
plasma. Each electrode in turn is biased negatively to 40 V
accept positive ion current. Edge plasma temperature
clearly low enough and electron beam activity is believ
negligible so that the electrode current may be dominated
the ion contribution. Because of the radial insertion,
probe area is not significantly exposed to core radiation a
therefore, should not have a sizable photoelectric emiss
Triax screened cables were used for signal transfer.

The plasma for this study was produced, using hydrog
in the CDX-U vacuum vessel as modified in 1993.3 Briefly, it
is ~or rather was, since it now is in the process of be
rebuilt! a tight toroid with plasma major and minor radii 0.3
and 0.22 m and height 0.9 m. The wall is 3.75 cm thick a
is made of aluminum. There are 16 toroidal field coils. T
outer wall is a polygon with 16 vertical sides. Plasma
produced by an Ohmic coil wound on the slender cen
stack assisted by ECR preionization at a radius determ
by the toroidal field. All the systems involved in the oper
tion of the device as a tokamak are pulsed: toroidal and
loidal magnetic fields, two-part Ohmic transformer~OH! and

a!Presently at: University of Tromso, Tromso, Norway; Electronic ma
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b!Presently at: Korea Advanced Institute of Science and Technology, S
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ECR microwave power. In contrast, the probe is fed from
Kepco dc bipolar power supply~type BOP 200-1M!. Current
is measured by the voltage fall over a noninductive 10V
series resistor. The signal is then fed as a differential inpu
the preamplifier type 7A22 on the Tektronix oscillosco
type 7623. Then theZ output of the preamplifier is taken t
the Camac controlled analog-to-digital converter where
digital output signal is sent to the dedicated work station
the local SUN SPARC cluster. Real time presentation
given by the 7623 oscilloscope and by Apple terminal ren
tion ~digital-to-analog conversion! of the work station data.
Various other diagnostics are in place, but not all are sim
taneously employed. Among these were strippedC andO
optical emissions~core and edge origins in a first approx
mation!, phase contrast imaging, edge magnetic loops, l
iter current measurement devices, Thomson scattering, a
140 GHz interferometer.

In spite of the extreme conditions prevailing, it was su
prising how relatively free of sputtering and other surfa
effects the probe surface remained. Thus, an edge plasm
a toroidal current of the order of 70 kA gave less over
probe contamination and degeneration than in the prev
measurements,2 which in contrast extended over the fu
cross section of the plasma.

III. MEASUREMENTS

The measurements with the Mach probe were conc
trated on the toroidal and poloidal directions, although b
cause of the probe’s rotational freedom, measurement
other directions were possible. Only one electrode was u
at a time, with the other inactive electrodes decoupled a
therefore, at floating potential. A typical series of observ
tions involved the four orientations of each electrode
angles 0°, 90°, 180°, and 270° to the toroidal direction. T
gave, in principle, three measurements of both rotations.
oscilloscope presentation enabled a quick look estimate
the probe currents. Use was also made of the preamplifi
bandpass filter. There was a choice of digitizing equipme
The fastest sampled at 0.5 MHz and the slowest at 0.1 M
Using the part of the characteristic from240.5 V to15.5 V
in the conventional Langmuir method yielded an electr
temperature of approximately 15 eV~Fig. 2!. A better fit to a
log linear relationship was obtained if it was assumed t
even at240.5 V there was still a considerable electron co
ponent on the order of 15% of the total current. Using t
value ofTe in the formula for ion saturation current
ul,
/68(1)/986/4/$10.00 © 1997 American Institute of Physics
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M D 1/2A, ~1!

and assumingTi;Te , g;1, then yielded a value forne of
approximately 3.431012 cm23, which is compatible with the
interferometrically deduced value of electron density. It m
be large in comparison to edge values in large aspect r
devices with similar power input. The projected area,A, was
equal to 3.831026 m23; M was taken to be the proton mas
A significant ion temperature greater thanTe might alter the
form of Eq. ~1!, but there is no clear evidence from simula
tions for any such change. A plot of current to the two ele
trodes in the toroidal direction is shown in Fig. 3. These pa
of traces were not taken during the same pulse as we h
not yet obtained simultaneous recording. However, the in
val between observations was short~230 s!, and the forms
obtained seemed to be broadly repeatable.

The detected currents are by no means constant but v
similarly from pulse to pulse, but with different amplitude
for the ion and electron toroidal directions. The full and do
ted lines in Fig. 3 show ion and electron currents and cor
sponding plasma currents. The ion channel shows the la
signal at all times in the pulse, before the onset of the s

FIG. 1. The geometry of the probe. Three exposed~50%! 1 mm diam
tungsten wires project into the plasma on a 3.2 mm diam alumina form

FIG. 2. Langmuir characteristic for a single electrode. Note that the e
trode current is positive for all electrode potentials.
Rev. Sci. Instrum., Vol. 68, No. 1, January 1997
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posed internal reconnection event~IRE!.4 The responses to
the IREs and subsequent smaller increases seem to be
equal.

In Fig. 3, the relation of the electrode currents to t
plasma current is not simple. There is a very small alm
constant electrode current until after the second OH supp
coupled in, when the current begins to rise rapidly. The c
rent rises rather linearly with the integrated electron den
as measured by the 140 GHz interferometer~Fig. 4!.

IV. ERRORS AND UNCERTAINTIES

The rotational accuracy was about 10° and could be
proved greatly. Capacitative pick up by the leads to the pr
is thought to be small in that the probe is only at the edge
the plasma. Thus, the alumina arm sees only tenuous scr
off plasma inside the 5 cm diam stainless steel cylinder t
shields the probe and permits its movement. The sensiti
of the ion probe signal to rotation of the probe would seem
rule out gross rf interference at the electrodes. There is
the possibility of pick up along the connection from probe
triax connector, at the remote~from the plasma! end of the
probe assembly. By setting one end of an unshielded res
to earth at this point and observing the voltage at the ot
end, an attempt was made to see if there was noise inte
ence at the transition from~shielded! probe structure to
cable. No interference was found. The resistor for this t

.

c-

FIG. 3. Currents to electrodes facing opposite toroidal directions toge
with plasma currents determined by the use of the Rogowski coil.
dotted lines show electrode current~upper window! and plasma current
~lower window! when the electrode faces the electron flow. The full lin
show the same quantities when the electrode faces the ion flow.
987Plasma diagnostics
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was chosen to be equal to the typical voltage applied to
probe divided by the typical current from the plasma.

V. DISCUSSION AND ANALYSIS

The curves in Fig. 3 are typical of many observatio
The ion current direction signal is larger than the other,
dicating that the flow is in the ion current direction. Usin
the calibrated analysis2 for flow, we obtain a value for the
flow velocity,v, of about 63103 ms21. This assumes that th
analysis is valid for the present conditions. We have also
analysis by Chung and Hutchinson5 for flow parallel to the
direction of the magnetic field. This yields a value for t
Mach number,M , of the flow. Therefore, combining ou
knowledge ofv andM , we derive the thermal velocity of th
ions and, so, directly their temperature. We obtain a value
about 4 eV for this, yielding a ratio ofTe/Ti of about 4 when
we use the single electrode, sweep determination ofTe given
in Sec. III. Note that we neglect the presence of ions ot
than protons, and assume a Maxwellian population. The
rection of the totalB field at the probe can be obtained fro
the localq(a) value. It is at an angle tan21(Bp/BT) to the
toroidal direction whereqcyl5BTa/BpR. Forq(a), we obtain
approximately 3.5 giving an angle between 25° and 43° w
the toroidal direction. With the exception of one doubtf
case, all evidence of flow, i.e., where we obtain unequal c
rent strengths at 180° angular separation, is in the toro

FIG. 4. Correlation of electrode current~facing flow! with interferometer
fringe count. The interferometer measures integrated electron density a
a vertical chord through the center of the plasma. One fringe repres
approximately 1018 electrons m22. Pulse-to-pulse variation accounts for th
poor linear fit.
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direction. Our directional accuracy though poor, being610°,
gives an error angle much less than the angle the total m
netic field makes with the toroidal direction. Therefore, w
conclude the flow can not be predominantly along the dir
tion of the magnetic field.

In some measurements, there is a severe transient in
probe signal as shown in Fig. 5. Usually the apparent exc
sion into electron current coincides with a reconnect
event~as is the case here! and may be evidence for runawa
electrons.

We now turn to a brief consideration of the poloid
direction. There seems to be no preferred up or down mot
Fluctuating drifts of about 10% of the toroidal flow appear
exist.

VI. CONCLUSIONS

On all confirmed measurements examined thus far,
edge toroidal rotation was greatly in excess of any poloi
rotation, assuming that calibration was not very different
the two directions. In this low aspect ratio device, the fie
lines deviate by at least 25° at the edge from the toroi
direction for the parameters we have used. Therefore,
flow is not constrained by the field line direction. A larg
value for the edge electron density was deduced that is, h
ever, comparable with that obtained from the 140 GHz int
ferometer. A value for the local ion temperature, apprecia
less than the electron temperature, was deduced from
measurements. A possible largeZeff could remove this dis-
parity in temperatures.
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FIG. 5. Electrode current showing negative transient~a!. Trace~b! shows
the response of a poloidally oriented magnetic sensor and~c! shows the
plasma current. When the transient occurs on~a!, the magnetic sensor show
a strong perturbation, into saturation, while the plasma current show
increase corresponding to an IRE event.
Plasma diagnostics
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