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ABSTRACT
The hot electron rings of the ELMO Bumpy Torus (EBT) [Plasma Physics and Controlled Nuclear Fusion (IAEA, Vienna, 1975), Vol. II, p. 141] are formed by electron
cyclotron resonance heating (ECRH) and have an electron temperature of 3S0 to 500 keV.
The original intention of these hot electron rings was to provide a local minimum in the
magnetic field and, thereby, stabilize the simple interchange and flute modes, which are
inherent in a closed field line bumpy torus. To evaluate the electron energy density of the
EBT rings and determine if enough stored energy is present to provide a local minimum in
the magnetic field, a detailed understanding of the spatial distribution of the rings is
imperative. The purpose of this report is to measure the ring thickness and investigate its
implications for bumpy torus stability. The spatial location and radial profile of the hot
electron ring are measured with a unique metal ball pellet injector, which injects small
metallic balls into the EBT ring plasma. From these measurements the radial extent (or
ring thickness) is about 5 to 7 cm full width at half maximum for typical EBT operation,
which is much larger than previously expected. These measurements and recent modeling
of the EBT plasma indicate that the hot electron ring's stored energy may not be sufficient
to produce a local minimum in the magnetic field.

v

I.

INTRODUCTION
A principal plasma component of the ELMO Bumpy Torus (EBT)1 is the energetic

electron annulus1-3 or ring in each of the 24 mirror sectors. These high-beta rings (0* =
15%) are formed by microwaves resonant at the second harmonic electron cyclotron frequency, and they have an electron temperature of 350 to 500 keV. The purpose of these
hot electron rings is to provide a local minimum in the magnetic field (through their
diamagnetism) and to stabilize the simple interchange and flute modes, which are inherent
in a closed field line bumpy torus.4'5 Over the years, much interest has been expressed as
to the possibility of achieving magnetohydrodynamic (MHD) stability by diamagnetic
currents that are generated by a hot electron population. It has generally been believed
that the diamagnetic currents resulting from the hot electron rings of EBT possess enough
stored energy to produce a local minimum in the magnetic field at the plasma edge, thus
achieving gross MHD stability.1
In recent years, little spatial information was available on the geometric properties of
the hot electron rings. To evaluate the electron energy density of the EBT rings, a detailed
understanding of the spatial distribution of the rings is imperative. A measurement of the
ring location (radial position) of the hot electron ring has recently been accomplished by
Bieniosek et al.6 and the toroidal extent (or length) by Hanlcins.7 The determination of the
radial extent (or thickness) of the hot electron ring has eluded measurement for many
years. Geometric parameters of the rings, such as the ring thickness Ar, can influence various stability boundaries.8 Van Dam and Lee9 and also Nelson10 have shown that the core
plasma is stabilized with respect to a pressure-driven interchange instability only if fie <
Ar/R, where R is the unfavorable radius of curvature (20 cm for EBT-S), 0C is the cold
background plasma beta, and Ar is the ring thickness that is taken to be the full width at
half maximum (FWHM).
In this experiment measurements of the ring thickness are obtained and implications
for bumpy torus stability are explored. The radial profile of the hot electron ring is measured with a metallic ball pellet injector.

This metal ball injector shoots small stainless
1

2
steel balls through the EBT plasma. As the metal ball travels through the hot electron ring
plasma, energetic electrons strike the metal sphere and are removed from the hot electron
ring population.

Upon striking the metal sphere the hot electrons produce thick-target

bremsstrahlung, and at the same time a decrease in the stored energy of the rings occurs.
By measuring the time history of the X rays emitted from the ball, the synchrotron emission, and the ring-stored energy as the metal ball progressively eliminates the hot electron
population, a detailed knowledge of the hot electron ring's radial profile is obtained.

A

similar technique of utilizing free-falling metal balls to probe very hot electron plasmas
was reported as early as 1963 on the Physics Test Facility (PTF) by Ard et al."
First, the experimental details of the ballistic pellet injector will be described in Section II, along with the normal operating parameters of EBT and the applicable diagnostic
set In Section III, the experimental results are presented for normal EBT operation as a
function of the controllable machine parameters: microwave power P^, ambient pressure
Po, and magnetic field B^ Experimental data obtained during the pellet injector measurements include hard X-ray emission, synchrotron emission, fast pressure measurement, and
hot electron ring-stored energy (as measured by diamagnetic pickup loops). In Section IV
a discussion of the experimental results is presented. Finally, Section V summarizes our
conclusions about the hot electron ring geometry and its implications for bumpy torn stability. We conclude that the hot electron ring thickness for EBT-S is about 6 cm FWHM,
which is much larger than originally thought (about 2 cm). 12 These measurements and
recent theoretical models of the EBT plasma indicate that the hot electron ring's stored
energy is probably not sufficient to produce a local minimum in the magnetic field. Therefore, some other mechanism is probably responsible for the stability and plasma equilibrium observed in EBT.
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II.

EXPERIMENTAL DETAILS

A.

EBT operational parameters
The ELMO Bumpy Torus1-4 is a closed field lins device of 1.5-m major radius and a

magnet coil throat radius of 0.11 m. It consists of 24 mirror sectors (1.9:1 mirror ratio)
connected to form a torus with a "bumpy" magnetic field. Steady-state plasma production
and heating occur when the electron cyclotron heating (ECH) power, available at either 18
or 28 GHz, is in resonance with the local harmonics of the electron cyclotron frequency.
The plasma formed via this electron cyclotron resonance heating has three principal
plasma components: (1) a toroidally circulating core component of moderate density and
temperature inside the hot electron ring radius; (2) a cold, poorly confined surface plasma
of low density near the vacuum vessel walls that is outside the region of closed drift surfaces; and (3) a mirror-trapped, high-beta, hot electron ring (annulus)1""4 found in each of
the 24 mirror sectors.
The ECH power source for EBT-Scale (EBT-S)13 utilizes a 28-GHz continuous-wave
(cw) gyrotron that operates at power levels up to 200 kW. The electron cyclotron heating
configuration for 28-GHz ECH operation is illustrated in Fig. 1 for a midplane magnetic
field of Ba — 0.72 T on axis and shows field lines, mod-/) contours, and resonance zones at
the first and second harmonic ECH frequencies in EBT-S. Figure 1 illustrates the location
of the hot electron annulus at the second harmonic resonance zone, while fundamental
heating occurs across the mirror throats. EBT-I1 utilizes 18-GHz klystrons that deliver up
to 60 kW for plasma heating. EBT-I has a similar heating configuration to that shown in
Fig. 1 when a lower midplane magnetic field of 0.5 T on axis is used. Typical machine
characteristics and physical dimensions for EBT can be found in Ref. 13.

B. The ballistic pellet injector
To measure the radial profile of the hot electron ring, a metallic ball pellet injector
system has been designed and is shown in Fig. 2. The 3.2-mm-diam stainless steel balls are
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injected vertically downward into the EBT plasma and are captured in a ball catcher
located on a bottom port. The pellet injector consists of a plunger that is actuated by an
electrical solenoid. Upon energizing the solenoid, the plunger strikes a stainless ball, which
is held in the firing position by a metal spring retainer, and fires it into the injector barrel.
After firing, the plunger returns to the armed position and another ball rolls into position
via a gravity feed. The injector can fire repetitively 80 balls before reloading the magazine.
To assure that trapped gas is not present in the solenoid/plunger region, a turbo pump is
used for differential pumping, thereby preventing the puffing of trapped gas into the
plasma upon firing the injector.
To measure the initial velocity of the stainless ball before it enters the EBT vacuum
vessel, a time-of-flight method is used. A 0.8-mW, helium-neon (HeNe) laser beam is
directed onto a photodiode detector using a series of mirrors to pass the laser beam
through two optical viewing windows located on the injector barrel (see Fig. 2). The output of the photodetector is monitored via a waveform digitizer. As the stainless ball passes
through the laser beam for the first time, the photodiode senses a decrease in laser light. A
sharp impulse is recorded by the waveform digitizer as the ball passes through the laser
beam.

Similarly, a short time later the metal ball arrives at the laser beam again, and

another sharp impulse is recorded by the waveform digitizer. The time between the two
impulses is accurately recorded by the waveform digitizer, and when used with the distance
of 21.6 cm between the laser beams, the initial velocity is accurately measured for each
metal ball fired by the injector. A typical initial velocity for the metal ball is about
125 cm/s.

C. Diagnostics utilized
To measure the radial profile of the hot electron ring, several diagnostics were used to
monitor the changes in the hot electron ring as the metal ball passed through. The diagnostic set used in these measurements is as follows:

7
1. a hard X-ray detector (ionization chamber) which is equipped with a lead collimator
to view the thick-target bremsstrahlung emitted when energetic ring electrons strike
the stainless metal ball. This detector is sensitive to X rays between 30 keV and
5 MeV.
2. a fast pressure gauge to monitor pressure variations in the cavity. As the ball passes
through the hot electron population, some heating of the ball is expected with an
accompanying gradual increase in cavity pressure due to outgassing of the stainless
ball.
3. a 95-GHz synchrotron receiver which is principally sensitive to emission from only the
highest energy electrons between about 200 keV to several MeV.
4. a pair of calibrated diamagnetic pick-up loops that surround each of the EBT cavities.
These diamagnetic loops measure the hot electron ring diamagnetism and make it
possible to measure the hot electron ring-stored energy, Wj_.
5. a motorized, remotely operated skimmer probe that is installed on the pellet injector
cavity such that the skimmer probe can be fully inserted into the hot electron ring to
scrape off the hot electron population. This permits the injection of metal balls into a
plasma without the hot electron rings present, thus providing a baseline level for the
various diagnostics when rings are absent.
The output of each of these diagnostics is provided as input to a multichannel
waveform digitizer that is started (triggered) when the metal ball passes the first laser
beam. The time history is recorded every millisecond (or every half-millisecond) for the
diagnostics until the metal ball strikes the ball catcher.

ni.

EXPERIMENTAL RESULTS
The controllable EBT parameters are the microwave power P^, the hydrogen filling

pressure pm and the midplane magnetic field strength B0 on axis. Experimental data are
presented both for EBT-I and for EBT-S conditions. For the data taken during EBT-I
operation, the conditions are

= 40 kW at 18 GHz, a midplane magnetic field of

8
0.50 T, and pa = 8 ^torr, while for EBT-S the operating conditions are

= 100 kW at

28 GHz, a midplane magnetic field of 0.72 T, and pQ = 10 /itorr. These conditions, for
EBT-I and EBT-S, are in a parameter region commonly referred to as the T-mode,1 where
both ring and bulk plasma fluctuations are minimal. Figure 3 shows the stored energy W±_
for each hot electron ring, in both EBT-S and EBT-I, as measured by a set of diamagnetic
loops, when the ambient pressure p0 is reduced. For typical EBT-S operation at pressures
of about 10 /ttorr, the ring-stored energy approaches 25 J, while for EBT-I the ring-stored
energy is about 5 J for p0 — 6 utorr. This pressure scan illustrates the behavior of the hot
electron rings in moving from the T-mode operating regime, where rings are present, to the
C-mode at higher pressures, where rings are absent.
A typical data set obtained with the various diagnostics during EBT-I operation is
shown in Fig. 4. A similar data set for EBT-S operation is shown in Fig. 5. As is illustrated by the data, the metal ball passes through the hot electron annulus twice—once just
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after the ball enters the EBT cavity and again just before leaving the vacuum vessel. Upon
entering the hot electron ring, the metal ball heats up and some outgassing occurs, resulting in about a 7% increase in the cavity pressure. The first pressure increase occurs around
210 ms, when the stainless ball first passes through the hot electron ring. Then the pressure begins to recover as the ball passes through the colder central core plasma region.
Once again the pressure increases as the metal ball passes through the ring a second time
(around 310 ms).
The 95-GHz synchrotron signal S and the diamagnetic loops both indicate that the
hot electron ring-stored energy is decreased as the stainless ball passes through the ring
location and removes the energetic electrons. The diamagnetic loop signal fV± is distorted
and delayed in time relative to the synchrotron signal S due to the magnetic flux penetration time of the vacuum vessel. (The diamagnetic pick-up loops are located outside the
EBT aluminum vacuum vessel. This significantly modifies the data because the
diamagnetic field must diffuse through the vacuum vessel wall, which results in a characteristic integration or time constant of about 60 ms for the diamagnetic loops.)
Another interesting aspect of these measurements is the formation time of the hot
electron ring. As the stainless ball passes through the hot electron population the second
time, the entire ring population has been destroyed, as is evidenced by the near-zero value
of stored energy observed by the diamagnetic loops. (The diamagnetic loop signal has been
corrected for cross-coupling effects due to the presence of rings in adjacent cavities such
that the stored energy shown in Figs. 4 and 5 represents the stored energy of the single hot
electron ring which is being observed.) The subsequent recovery of the hot electron ring
population after about 310 ms, as seen by the synchrotron diagnostic, is a measure of the
formation time T/ of the hot electron ring. Typical formation times of the hot electron
rings are found to be about 250 ms.
In addition, the thick-target X-ray intensity is shown in Figs. 4 and S. Two pronounced increases in the th'ck-target X-ray emission occur as the stainless ball traverses
the ring locations. The first peak around 210 ms is quite large, while the second burst of
X rays around 310 ms is less pronounced. The smaller X-ray intensity observed as the

12

metal ball traverses the ring the second time is due to the lower electron density present in
the ring, since the hot electron population does not completely re-form during the
=)00-ms flight time across the core plasma ( r / = 300 ms).
To relate the time history measurements of the metal ball's flight time through the
EBT cavity to the spatial dimensions of the hot electron iiflg and its radial extent (or
thickness), the time-of-flight method is used. Because the time history of the metal ball
and its initial velocity (laser time measurement) are known, then the spatial location of the
metal ball can be calculated upon including the acceleration of the ball due to gravity.
The interaction of the metal ball with the magnetic field was investigated and determined
to be negligible. The time history data of Figs. 4 and 5 are redisplayed (see Figs. 6 and 7)
after converting the time axis to the spatial location of the metal ball within the EBT
vacuum vessel.
Figure 6 shows the thick-target X-ray emission and 95-GHz synchrotron source
strength, 1 /r{dS/dr),

as a function of the spatial location of the metal ball within the EBT

vacuum vessel. (Corrections to the signal strength are made to reflect changes in the detector solid angle as the ball traverses the EBT cavity.) The negative values of cavity radius
correspond to locations of the metal ball above the EBT cavity midpoint (neatest the pellet
injector), while positive values correspond to locations below the cavity center (nearest the
ball catcher). The locations of the EBT cavity walls, as well as the vacuum magnetic field
second harmonic resonance zones, are also indicated in Fig. 6.
As is shown in Fig. 5 the synchrotron signal S is decreased as the metal ball passes
through the ring location and removes energetic electrons. To relate this detected signal to
the actual electron source strength, the synchrotron signal must be differentiated [i.e.,
1 /r{dS/dr)],

and the result is shown in Fig. 6. From these data the radial location of the

hot electron ring can be determined as well as the thickness of the hot electron ring. As
shown in Fig. 6, the hot electron population forms very near the second harmonic resonance location (r = 12.2 cm), as determined by the magnetic field Ba = 0.72 T and the
microwave heating frequency of 28 GHz.

These measurements also show that the ring

thickness for typical EBT-S operation is about 6 cm FWHM. The data of Fig. 6 are
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obtained for a standard EBT-S operating condition of P„ (28 GHz) =

100 kW,

p0 = 10 fitorr, and B0 = 0.72 T. It is found that other filling pressures p0 have little
influence on the location of the hot electron ring or its thickness.
Figure 7 shows the results obtained for typical EBT-I operation with P^ (18 GHz) =
40 kW, p0 — 8 jitorr, and Ba = 0.50 T. The X-ray emission and synchrotron data both
show that the hot electron ring populations form at the second harmonic resonance location (r = 13.5 cm). The ring thickness is about 4 cm FWHM, somewhat thinner than that
of EBT-S.
The ECH resonance zones for both 18 GHz and 28 GHz can be moved spatially by
varying the magnetic field B.

Figures 8 and 9 show the hot electron ring location as a

function of B for EBT-I (18-GHz microwaves) and EBT-S (28-GHz microwaves), respectively.

The magnetic field of EBT is varied from 0.35 T to the highest magnetic field

available of 0.72 T. As the magnetic field is reduced, the second harmonic resonance zone
moves inward toward the cavity center, while the fundamental resonance zone moves into
the mirror throat region. The ring thickness measurements determined during the magnetic
field variation are shown in Figs. 10 and 11 for 18-GHz and 28-GHz microwave operation,
respectively.
The data of Figs. 8 and 9 show that the location of the hot electron population generally follows the variation of the vacuum second harmonic resonance as Ba is changed, but
the ring does not form precisely at the second harmonic resonance location as determined
by the vacuum midplane magnetic field B^ In fact, the hot electron population is generally
located between the second and third harmonics of the ECH heating frequency. Only when
the ring population is located about 13.5 cm from the EBT cavity center does the hot electron ring occur near the vacuum second harmonic resonance of the ECH heating frequency.
For EBT-I operation with 18-GHz microwave power and B0 between 0.65 and 0.72 T,
the fundamental resonance zone also moves into the cavity midplane. Figure 8 shows that
in addition to the ring near the second harmonic resonance zone, a population of hot
electrons exists near the fundamental resonance. This population of hot electrons also does
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not occur at the location of the fundamental resonance but midway between the fundamental and second harmonic resonance zones.
Figure 10 shows the variation of the ring thickness during 18-GHz operation with
Pp

= 40 kW and p0 — 8

ptorr as

the B0 field is varied. Data are shown for both the syn-

chrotron radiation as well as that determined from the X-ray emission measurements. The
ring thickness as determined from the synchrotron measurement is generally about 1 cm
smaller than that found for the X-ray measurements. This is most likely due to the different sensitivities of the two diagnostics to different energy electrons. The synchrotron
diagnostic is primarily sensitive to only the highest energy electrons between 200 keV and
several MeV, while the X-ray measurements are sensitive to X r?ys generated by lowenergy electrons ( = 30 keV) as well as the highest energy X rays ( = 2.0 MeV). The data
of Fig. 10 show that the ring thickness for normal EBT-I operation %ith J>M (18 GHz) =
40 kW at BQ — 0.S T is about 4 to 6 cm FWHM, but the ring thickness increases substantially to about 6 to 8 cm FWHM at either higher or lower magnetic fields.
Similar measurements of the ring thickness during EBT-S operation with PM
(28 GHz) = 100 kW and p0 = 10 jitorr are shown in Fig. 11 as the B0 field is varied. As
is found for EBT-I operation, the ring thickness as determined from the synchrotron mea\ •

surement is about 1 cm smaller than that found for the X-ray measurements. The ring
thickness for normal EBT-S operation with B0 — 0.72 T is-about 5 to 7 cm FWHM. As
the magnetic field is reduced, the ring thickness increases to about 9 cm FWHM atO.SS T,
then decreases to about 7 cm at even lower magnetic fields. For Figs. 10 and 11 the ring
thickness can be determined within ±0.5 cm from the X-ray and synchrotron spatial profiles.
An additional uncertainty of about ± 1 cm is possible due to the finite relativistic
gyroradius of the hot electrons. For typical EBT-S operation at 28 GHz, the hot electron
ring temperature is about 450 keV, giving a relativistic electron gyrodiameter of about
1.1 cm. For typical EBT-I operation at 18 GHz, the hot electron temperature is about
150 keV, giving a relativistic electron gyrodiameter of about 0.9 cm. For a particular spatial location of the 3.2-mm-diam metal ball within the ring, electrons can be disturbed
within one gyrodiameter.
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At low values of magnetic field on EBT, disk-like, low aspect ratio rings are observed.
When the magnetic field of EBT is reduced (see Figs. 8 and 9), the second harmonic resonance zone moves inward toward the cavity center. At the lowest magnetic fields of 0.3S T
for 18-GHz operation and 0.48 T for 28-GHz operation, a ring structure probably no
longer exists, but a hot electron disk of about 6-cm radius might be expected. Figure 12
shows the detected synchrotron radiation during metal ball injection for normal 18-GHz
operation at B0 = 0.70 T, as compared with two additional Ba field cases at 0.3S T and
0.S0 T. Clearly the normal case at B0 = 0.50 T shows two distinct minima in the synchrotron signal, which corresponds to two passages of the metal ball through the ring population. For the low-fl field case with B0 = 0.3 5rT only one broad minimum occurs, perhaps
indicating that a low aspect ratio disk-like structure has formed. At the higher magnetic
field B0 =• 0.70 T, a single broad minimum is also observed. As the injected metal ball
leaves the region of the relativistic electron population and travels into the ball catcher, the
hot electron ring will begin to re-form and will be reheated. As is shown in Fig. 12 the
0.50 T is about

re-formation time of the ring for normal 18-GHz operation at Ba
250 ms.

Upon converting the raw digitized data of Fig. 12 into spatial profiles, the synchrotron
source strength [1 /r(dS/dr)]

is plotted in Fig. 13 as a function of the cavity dimensions.

For normal 18-GHz operation of EBT with B0 = 0.50 T, the hot electron population is
observed to form very near the second harmonic resonance location (r

—

12.2 cm). After

passage of the metal ball through the hot electron ring at the top of the EBT cavity, the
ring begins to regenerate itself as shown in Fig. 12; therefore, a weaker, less energetic hot
electron population is present upon passage of the metal ball through the ring region near
the bottom of the EBT cavity. For the lower magnetic field case (Bc — 0.35 T), the hot
electron population should have a very small radius r at 6 cm (see Fig. 8) or occur as a
disk. Only one minimum occurs near r •= —9 cm in the synchrotron source strength for
B0

0.35 T. A second minimum is not observed as for the case with B0 = 0.50 T. This

is probably due to the short flight time across the hot electron population (about 50 ms),
which is an insufficient time for the ring to regenerate (r/ = 150 ms). At B0 = 0.35 T the
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width of the hot electron population is about 6.S cm FWHM, which is quite broad. These
data for Ba — 0.3S T are suggestive of a rather thick hot electron population still in the
shaje of a ring, although a disk structure cannot be ruled out.
For the highest magnetic field case (B0 = 0.70 T) shown in Fig. 13, the fundamental,
second, and third harmonic resonance zones lie in the EBT cavity midplane (see Fig. 8).
The data indicate for B0 =• 0.70 T that the hot electron population does not foirn precisely
at any of these resonance locations that are determined by the vacuum magnetic field and
the 18-GHz heating frequency. Instead, the data indicate that a hot electron population
occurs midway between the fundamental and the second harmonic resonance zones, and a
somewhat weaker hot electron population resides between the second and third harmonic
ECH resonance zones. It is also noted that no hot electron population is observed near the
bottom of the EBT cavity after the metal ball passes through this population the first time.
For this case the formation time T/ is = 3 5 0 ms; therefore, insufficient time is available for
regeneration of a significant number of hot electrons before the metal ball passes through
the hot electron region near the bottom of the EBT cavity.
The formation time of the hot electron ring as determined from these metal ball injection experiments is summarized in Figs. 14, IS, and 16. Figures 14 and IS show the
formation time of the ring after metal ball injection as a function of the hydrogen filling
pressure p0 for normal EBT-I (18-GHz) and EBT-S (28-GHz) operation, respectively. In
general, the formation time of the ring [and the ring-stored energy (see Fig. 3)] increases
when Po is reduced. Figure 16 illustrates the variation of the formation time of die hot
electron ring as the B0 field is varied for EBT-I 18-GHz operation. The formation time
increases from about ISO ms at B0 = 0.35 T to about 350 ms for Ba = 0.72 T.
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IV.

DISCUSSION OF RESULTS
The original reason for generating the hot electron rings in EBT was to produce a

local minimum in the magnetic field (or to reduce the gradients in j di/B)

at the plasma

edge so that gross MHD stability6 could be achieved. To evaluate the energy density of the
EBT rings and determine if enough stored energy is present to provide a local minimum in
the magnetic field, a detailed understanding of the spatial distribution of the relativistic
electron rings is imperative.
As demonstrated by the ring-stored energy measurements of Fig. 3, an energetic population of hot electrons does exist, and for

(28 GHz) = 100 kW the ring-stored energy

approaches 30 J. Recent X-ray energy distribution measurements7 of the hot electron ring
have determined the relativistic electron ring temperature TE to be about 400 keV and a
hot electron density of n t = 1.2 X 10" c m - 3 for EBT-S with PM (28 GHz) -

100 kW,
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Po = 10 Mtorr, and Ba = 0.72 T. For EBT-I with P„ (18 GHz) = 40 kW, p0 = 8 /itorr,
and B0 = 0.S0 T, the ring temperature is found to be about ISO keV and ne = 8 X
10'° cm" 3 .
Figures 8 and 9 show that the radial location of the hot electron population within the
EBT cavity generally follows the location of the second harmonic resonance zone as determined by the ECH heating frequency and the vacuum magnetic field; however, the hot
electron population generally falls between resonance zones. Figures 10 and 11 indicate
that the hot electron ring's radial extent is quite broad, giving a ring thickness of about S
to 7 cm FWHM for EBT-S 28-GHz operation and a ring thickness of about 4 to 6 cm
FWHM for EBT-I 18-GHz operation.
The presence of the hot electron ring at a radial location somewhat larger than the
vacuum second harmonic resonance can be understood via the ECH heating configuration
shown in Fig. 1. For normal EBT-S operation with 28-GHz ECH, second harmonic heating should occur along the 0.S-T mod-fi contour (as shown in Fig. 1). From the ECH
heating theory of Batchelor,14,13 most of the second harmonic heating should occur at or
near the cavity midplane (i.e., the region of the 0.S-T mod-2? contour closest to the cavity
center). If the ring particles had very small pitch angles, then a rather narrow ring would
result and be located precisely at the second harmonic resonance zone. Its minimum
thickness would be a gyrodiameter (about 1 cm). Drift orbit dispersion (due to finite V|)
will result in an additional broadening of about 0.7S cm (Jaeger et al.16), which when
added to the gyrodiameter gives a total ring thickness of about 2 cm. This ring thickness is
still small compared to the 5 to 7 cm FWHM found in. these measurements. A simple
explanation for this large ring thickness can be obtained by allowing ECH heating to occur
along the entire extent of the 0.S-T mod-B contour. As can be seen from Fig. 1, the ring
electrons would be heated via ECH along the 0.S-T mod-/? contour (although less efficiently than at the midplane). These electrons would then leave the second harmonic resonance zone along field lines and become mirror-trapped. Clearly, if heating occurs all
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along the O.S-T mod-27 contour, a ring of appreciable thickness would result and its location from the center of the EBT cavity would be shifted radially outward as are the data
of Figs. 8 and 9.
Figures 12 and IB show for the normal EBT-I heating geometry, with B0 = 0.S0 T
and 18-GHz microwaves (like that shown in Fig. 1), a hot electron annulus clearly exists.
Yet, at higher or lower magnetic fields the hot electron populations reside at locations significantly shifted from the resonance locations as determined by the vacuum magnetic
field. These observations also suggest that the ECH heating takes place over a broad range
of the mod-27 contour where the ECH resonance occurs.
Figures 14, IS, and 16 summarize the results for the formation times of the hot electron ring, which are available through the use of this unique metal ball injector. For normal EBT-S operation with P^ = 100 kW, pa = 10 /ttorr, and Ba = 0.72 T, the formation
time of the hot electron ring is about 220 ms. During normal EBT-I operation with PM =~
40 kW, pD = 8 ptorr, and B0 = 0.50 T, the value of r/ = 250 ms is obtained. For both
18-GHz and 28-GHz operation of EBT, the formation time of the ring [and the ringstored energy (see Fig. 3)] increases when p0 is reduced. Little theoretical work has been
performed to calculate the formation time of the ring, due principally to a lack of
knowledge about the exact plasma processes which are responsible for heating mirrortrapped electrons from a few hundred electron volts in the bulk plasma to several kiloelectron volts in the ring population. Considerable theoretical work is needed in this area of
ECH heating processes, and perhaps these measurements can supply some insight.
Recent theoretical equilibrium models of the plasma (like that of Jaeger et al.16)
indicate that the hot electron ring 0 (or ring-stored energy) in the present EBT-S experiment is not sufficient to produce the local minimum in the magnetic field and thereby
influence the MHD stability. Figure 17 shows the results of these calculations for normal
EBT-S operation with a midplane magnetic field of 0.72 T, where the amount of ringstored energy W± required to reverse the gradients in B and produce a local minimum in
B is displayed. As was determined from the data in Fig. 11, the radial extent (or ring
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thickness) is about 5 to 7 cm FWHM for normal EBT-S operation with PM * 100 kW and
B0 -* 0.72 T using the metal ball injector data. This is much larger than previously
expected.12 The toroidal extent (or ring length)1,17 has also recently been measured with an
array of Nal X-ray detectors. The toroidal extent corresponds to a FWHM of about 8 to
10 cm. The calculation presented in Fig. 17(a) utilizes the experimentally measured radial
location of the hot electron population at 13.S cm (see Fig. 9), a ring thickness (radial
extent) of 6 cm FWHM (see Fig. 11), and a ring toroidal extent (or length) of 10 cm
FWHM.7 For this geometry, a hot electron ring of more than 190 J would be required to
produce a magnetic well or to produce a flattening of j di/B, due to the hot electron ring
diamagnetism. To illustrate the importance of ring thickness on these calculations, a ring
thickness of only 2 cm was assumed for the results of Fig. 17(b). If the ring had a thickness of only 2 cm, then 49 J of stored energy would have been sufficient to produce a magnetic well. For the EBT-S data with P„ (28 GHz) -

100 kW presented herein, the

maximum W±_ observed was about 30 J; therefore, no gradient B reversal should be
expected. Figure 18 further summarizes the influence of the ring thickness on the critical
value of ring-stored energy W± to just flatten B (VB =» 0) and to just flatten j dS./B (Vf
di/B

=s 0). In fact, the largest W±_ values ever experimentally measured during normal

EBT-S operation with P v (28 GHz) = 200 kW never exceeded about 40 J;of stored
energy.4,18 Based on these calculations, f dH/B stabilization has probably never been
achieved during normal EBT operation.
Contrary to what has traditionally been assumed, a minimum B stabilization by hot
electron rings is probably not responsible for the stability found in EBT. Berk et al.8 have
shown theoretically that stability for EBT may be obtained, even if a diamagnetic well is
not produced.

This stability can be achieved if the hot electron-to-cold background

plasma density ratio fljf/ftc near the plasma edpi is not too small. Physically, this means
that the charge density difference between ions and the background electrons is sufficient
to shift the interchange frequency off resonance.
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V.

SUMMARY
A set of experimental measurements on EBT have been performed using a unique pelr

let injector that shoots small 3.2-mm-diam stainless steel balls into the EBT plasma. Using
this peiiet injector, the spatial location and radial profile of the hot electron ring have been
measured. From these measurements the radial extent (or ring thickness) is about 5 to 7
cm FWHM for typical EBT-S operation with 28-GHz microwave heating, which is much
larger than previously expected. These measurements, along with other recent measure-,
s

ments of the hot electron ring's toroidal extent (or length), give a detailed picture of the
f"

e

spatial distribution of the hot electron ring.
These experimental measurements and recent theoretical models of the EBT edge
plasma indicate that the hot electron ring's diamagnetism (stored energy or hot electron
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ring beta,

is probably not sufficient to produce the local minimum in the magnetic

field and thereby supply the MHD stability found in EBT. Since a relatively quiescent
plasma does exist during normal EBT-S operation, as evidenced by recent fluctuation
measurements,17'19 another stabilizing mechanism, besides gradient B reversal, is most
probably responsible for the stability and plasma equilibrium observed. These stabilizing
mechanisms probably require only the presence of a hot electron population near the core
plasma edge instead of a true gradient B reversal. A number of other existing mechanisms
can provide a stable plasma operation within EBT, including effects due to the electrostatic
potential well on stability, charge uncovering, finite Larmor radius effects of the hot electrons, and compressibility. These topics have been discussed recently in Refs. 17 and 20.
In the present configuration of EBT, rings with sufficient stored energy to test the original hypothesis (that a diamagnetic well produced by hot electrons would stabilize a
bumpy torus) are not possible. Recently, a new multiple mirror experimental device, which
is configured into a square with high field corner sections instead of a circular torus, has
been proposed—called the ELMO Bumpy Square (EBS). 21,22 Because of its unique design,
EBS offers the possibility of much higher fig rings, improved drift surfaces, and better core
plasma confinement due to true minimum B stabilization as a result of the hot electron
ring diamagnetism.
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