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Abstract

The location of the plasma boundary in the Maryland Centrifugal Experiment (MCX) is experimentally 
determined and the electron temperature at this boundary is estimated using electrostatic probes. The 
bulk plasma in the MCX device is known to be too energetic for direct probe techniques. Electrostatic 
probe measurements of the floating potential provide a relatively cheap means to map out the boundary 
of the rotating plasma, the so-called Last Good Flux Surface (LGFS). The radial location of the LGFS 
depends on the mirror ratio of the magnetic field. Locating this boundary precisely has allowed for more 
delicate diagnostics to be successfully deployed on MCX.

Introduction

The Maryland Centrifugal Experiment confines a dense plasma, n ~ 1020 /m3, in an axially symmetric 
magnetic mirror stabilized with supersonic velocity shear1. An axial high voltage electrode initiates 
breakdown, and provides a radial electric field perpendicular to the magnetic field that drives plasma E x 
B rotation. The mid plane field may be up to .33 T and the mirror field may be independently set as high 
as 1.9 T, giving a mirror ratio, defined as the ratio of the mirror field to the mid-plane field, of 2-201. The 
Last Good Flux Surface (LGFS) defines the outer most magnetic flux surface that does not contact the 
vacuum vessel at any point, and is free to rotate. 

The use of any internal diagnostics on MCX depends critically on the location of the LGFS. The rotating 
plasma in MCX is energetic enough to destroy delicate probes at a cost of time and materials in addition 
to contaminating the plasma with impurities. Initial attempts to implement the electrostatic probes showed 
that tungsten wires, up to 5/8 of an inch thick, suffered visible erosion when placed on the order of 1 cm 
into the mid-plane plasma. Because the radial position of the LGFS varies depending on the mirror ratio 2 
it is important to have a reliable way of determining the radial extent of the LGFS if internal diagnostics 
are to be used. 

Measurements of the floating potential using simple electrostatic probes provide a relatively cheap means 
of mapping out the plasma boundary. Since MCX plasmas are magnetized, these probes cannot make 
precise measurements of the electron temperature 2, but provide a good system for determining the 
location of the LGFS and a qualitative time history for the local electron temperature during the MCX 
discharge. The time variation in the floating potential can also be used in conjunction with other 
diagnostics on MCX to study overall plasma evolution. Of primary practical importance is the information 
gained on the “safe” and “unsafe” regions of the vacuum vessel for internal diagnostics.
Theory

A Langmuir probe immersed in a plasma, isolated from ground will rapidly charge to the floating potential. 
The magnitude of the floating potential is dependent on the electron temperature, and may be estimated 
by,3

     Eq. 1
Where Vf is the floating potential, e is the electron charge, K is Boltzmannʼs constant,Te is the electron 
temperature, and m and M are the electron and ion mass respectively. This expression is only an 
estimate at best, as it ignores the effects of the magnetic field, plasma flows and large electric currents3, 
all of which are present in MCX. We will use it only to provide an estimate of the electron temperature. 



Experimental set up
 
The probes consist of a thin tungsten wire of radius .5 mm with an alumina jacket so that only the last 
1mm of the wire is exposed to plasma. The wire is grounded the vacuum vessel though a voltage divider 
with a total resistance of 10 kΩ. (Slide 8) The probe signals may be recorded using either a 2.5 MHz 
digitizer for the entire duration of the discharge or with a floating oscilloscope which records only 2500 
data points but may operate up to 500 MHz. A total of six electrostatic probes measure the floating 
potential at different locations. (Slide 7) The radial positions of the “upper” probes may be varied shot to 
shot. The 4-probe array may be rotated or moved radially between shots. (Slide 9)
Several other diagnostics are deployed on MCX. The voltage across the plasma is measured using a 
voltage divider. The total current is measured using a Pearson current monitor.  Density is measured 
using two IR interferometers, one at a transition region, and another at the mid-plane.  A multi-chord 
spectrometer is used to measure the rotation profile of the plasma and estimate of the ion temperature. 
An array of internal magnetic probes measure magnetic fluctuations up to 500 kHz and may be used to 
calculate the rotation velocity3. An array of external DML coils and magnetic pickup coils measure 
magnetic fluctuations up to 1kHz.  (Slide 7)

In a typical discharge the chamber is pre-filled with hydrogen at 5 mTorr. 10 kV is applied to the axial 
electrode, forming a plasma via breakdown. The plasma settles to a quasi-steady state in approximately 2 
ms, which persists for 3 ms before a crowbar switch shorts the axial electrode to ground and terminates 
the discharge. To determine the average floating potential for a given radius, the signals from the two 
“upper” probes are averaged over the last 3 ms of the discharge when the plasma is in a quasi-steady 
state. This measurement is repeated and averaged over four discharges. This technique has given very 
useful results in the transition regions for a range of mirror ratios however when the procedure was 
attempted at the mid-plane, the probe tip was quickly destroyed.

For mirror ratios 5 and 7 the floating potential is essentially constant for small distances from the vessel 
wall and then begins to fall sharply with decreasing radius. This transition indicates the probes are 
crossing the LGFS. With a mirror ratio of 3, the floating potential is seen to decrease with the radius for all 
distances, indicating that at this low mirror ratio the LGFS is scraping the wall.  (Slide 12)

The floating potential measurements confirm that for mirror ratios larger than three there is a “safe” region 
between the vacuum vessel wall and the rotating plasma. This region has already been exploited for the 
use of a 3 axis fast magnetic probe that is being used to study the details of the current distribution in 
MCX5. Whenever this new magnetic probe is moved to a new location or used under new conditions, a 
floating probe is first used to determine the safe operating distances for the magnetic probe.

The electron temperature may be estimated using Eq. 1. For mirror ratios 5 and 7 the electron 
temperature near the LGFS is around 5 eV. For mr = 3, when the plasma is confined to the transition 
region we find a temperature of 40 eV, greatly supporting the conclusion of past work that the plasma is 
being centrifugally confined in the transition region for low mirror ratio2.

The voltage across the MCX plasma undergoes periodic fluctuations believed to result from an m = 2 
interchange mode that is partially stabilized by the plasma rotation.3 These interchanges cause an abrupt 
reduction in plasma voltage and rotation velocity. Since the mid-plane plasma is too energetic at high 
mirror ratios the probes cannot provide any direct information about how the interchanges affect the 
plasma boundary at mid-plane. However, at low mirror ratio, the plasma is axially confined in the 
transition region2, and is diffuse enough to be accessible to the probes. By examining the behavior of the 
plasma boundary at low mirror ratio we get an idea of what is happening in the mid-plane plasma 
boundary at higher mirror ratios.

The upper probes are primarily used with the slow digitizer and show that the floating potential spikes 
simultaneously with the voltage crashes on MCX. This change in the floating voltage indicates an 
increase in the electron temperature around the probes. The floating probes show that this spike in 



electron temperature happens simultaneously and symmetrically for all mirror ratios. This seems to rule 
out axial heat flow as the dominant cause and is consistent with an interchange mode transporting warm 
electrons from an inner flux surface outward to the LGFS. (Slides 13-15) The spikes in the electron 
temperature could also be caused by the interchange directly heating the electrons. An electron cyclotron 
emission radiometer is currently being installed to measure the axial electron temperature profile and will 
help to settle this question.

The 4-probe probe array is primarily used with the fast digitizer to study the fluctuations in the floating 
potential at a shorter time scales (~1 μs) than the upper probes, and provides an estimate of the local 
plasma rotation velocity. For these studies the 4-probe array was 10 cm from the axis of plasma rotation. 
At these smaller time scales the time response of the probes became a concern. Because of the rapid 
rotation of the MCX plasma, a phase shift is expected between the probe signals as the plasma flows 
past them. To see if the probes could detect this phase shift, several shots were taken and the delay 
between the probes was calculated via cross-correlation. The probe array was then rotated 180 degrees 
and the shots were repeated and the signals again cross-correlated. The average cross-correlation time, 
in microseconds, for the two orientations are plotted in the figure 6. The clear reversal of the average time 
delay between the two signals provides some confidence that the probes have sufficiently fast time 
response for these shorter time scales.

At this time scale the 4-probe array shows that the crashes in the MCX voltage are accompanied by the 
onset of high frequency oscillations in the floating potential. As the crash progresses, these oscillations 
continue to grow until an abrupt transition to oscillations with much larger amplitude and lower frequency 
as the crash bottoms out. These large amplitude oscillations then die off as the voltage begins to recover. 
This pattern has been observed in every case when the oscilloscope was recording during a voltage 
crash. A typical trace is shown in figure 7a. The large oscillations seen at the end of the voltage crashes 
have a period of about 10 μs consistent with an m = 2 mode moving at roughly 30 km/s. A cross-
correlation of the signals from array probes B and D yields a velocity of 28 km/s, giving confidence that 
the probes are observing an m = 2 structure. (Slide 16)

The short time interval measured by the oscilloscope limits our ability to calculate to the average rotation 
speed of the plasma. A typical time interval is 100 μs, on the same order as a voltage crash when the 
voltage, and thus the rotation may vary by as much as 30%. To measure the average rotation speed, the 
4-probe array signals were recorded on the slow digitizer and cross-correlated with the signal from the 
upper probe at the same axial location. This calculated velocity was compared with velocities calculated 
by cross-correlating signals from array probes B and D. The results are shown in figure 8. The agreement 
between the velocities measured by upper and lower probes, compared with the velocities measured 
using only the lower probes is within 15% for most shots and implies that the probe array may by itself be 
used to determine the average flow velocity. (Slide 15)

Conclusion

Six electrostatic probes have been installed on MCX. These probes have already proven useful in placing 
delicate internal diagnostic close to the MCX plasma. Additionally these probes have provided information 
on the rotation velocity at the edge of the MCX plasma and support previous conclusions that the voltage 
fluctuations in the plasma are caused by a partially stabilized low mode number interchange.
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