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A B S T R A C T 

In order to understand the relationships between confinement and space 

potential (electric field) and between confinement and density fluctuations, 

plasma parameters in the ELMO Bumpy Torus Scale (EBT-S) have been 

measured systematically for a wide range of operating conditions. Present 

EBT plasma parameters do not show a strong dependence on the potential 

profile, but rather exhibit a correlation with the fluctuations. The plasma 

pressure profile is found to be consistent with the profile anticipated on the 

basis of the flute stability criterion for a marginally stable plasma. For a 

heating power of 100 kW, the stored energy density is found to be restricted to 

the range between 4.5 X 1013 eV-cm 3 and 7 X 1013 eV-cm"3. The lower limit 

remains constant regardless of heating power and pertains to plasmas lacking 

an equilibrium and/or stability. The upper limit increases with heating power 

and is found to result from the onset of instabilities. In between the two limits 

is a plasma that is in an equilibrium state and is marginally stable. 

Operational trajectories exist that take the EBT plasma from one limit to the 

other. 



I. INTRODUCTION 

A bumpy torus with high-beta, hot-electron rings generated by electron 

cyclotron heating (ECH) may be promising as a steady-state plasma device 

that embodies the ELMO Bumpy Torus (EBT) concept.1-2 The hot electron 

rings can reverse the gradient of $ df/B if the ring beta is high enough, 

thereby providing gross magnetohydrodynamic (MHD) stability.3 

Early experimental results from the EBT experiment at Oak Ridge 

National Laboratory indicated that a stable mode of operation designated the 

T-mode was achieved simultaneously with the formation of the hot electron 

rings. In the T-mode, a negative potential well was observed,' and plasma 

parameters appeared to follow neoclassical scaling.2'' 

Recent experimental investigations in EBT have found that nested 

closed potential contours aie present in the T-mode, but that the high-

pressure mode designated the C-mode is characterized by the typical 

nonequilibrium of a simple torus with horizontal potential contours6 formed 

by charge separation due to vertical drifts. In spite of these substantial 

differences in potential between C-mode and T-mode, the energy density and, 

hence, the plasma confinement for these two cases differ by only a factor of 

two. This suggests the first issue addressed in this paper: the relationship 

between the electric field and plasma confinement. The data presented 

demonstrate that, in contrast to the expectations of neoclassical theory,2 

confinement depends only weakly on the electric field in the EBT device. 

The second issue to be explored is the relationship between plasma 

confinement and stability of the plasma. Recent measurements7,8 of the hot 

electron rings indicate that beta is not likely to exceed 10%, which is 

insufficient to reverse the gradient of § dt/B. In view of these observations, 

instability activity (fluctuations) must be regarded as a likely contributor to 

1 



2 

the electron transport. Measurements of fluctuations in the electron density 

are presented and compared with plasma parameters. It is shown that there is 

a correlation of fluctuations with degradation of confinement. Low-frequency 

fluctuations have previously been measured and identified by Komori.9 In 

this paper, the relationship between the plasma parameters (i.e., the pressure 

profile and the energy density) and the fluctuations is developed on the basis 

of Komori's identification of the instabilities. The measured plasma pressure 

profile is compared with a profile governed by the flute stability criterion,10 

which is expressed as 8[£n(pUY)] > O, where p is the plasma pressure, 

U = # d€/B, and y is the specific heat ratio. The plasma is found to be 

marginally stable due to the lack of reversal of U in the present configuration. 

On the basis of these results, it is questionable that confinement is 

neoclassical. It is therefore of interest to examine the scaling of the basic 

plasma parameters. In general, it is found that there is an inverse 

relationship between n e and Te, such that the product n e T e is a constant. For 

a heating power of 100 kW, the stored energy density is found to be restricted 

to the range between 4.5 X 1053 eV-ciu3 and 7 X 1013 eV-cm"3. Using the 

nonequilibrium C-mode as a base case, stored energy is improved by a factor of 

two in the marginally stable T-mode. 

This paper is organized as follows: the experimental setup is described 

in Sec. II. The effect of electric field on confinement is presented in Sec. Ill, 

and the effects of fluctuations on the plasma are discussed in Sec. IV. The 

scaling relation is presented in Sec. V. The conclusion is presented in Sec. VI. 

II. EXPERIMENTAL SETUP 

The EBT device" consists of 24 cavities that are placed between canted 

. mirror coils and are connected toroidally as shown schematically in Fig. 1. 
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The initial microwave frequency was 18 GHz, and the machine is called EBT-I 

when operated at this level. Klystron output power up to 60 kW is available. 

EBT-Scale (EBT-S) is usually operated in a steady state with plasma produced 

by electron cyclotron resonance heating (ECRH) using a 28-GHz gyrotron. 

Except for a few examples, EBT-S data are primarily discussed here. 

Gyrotron output power up to 200 kW is available, but generally EBT is 

operated at 100 kW. 

The magnetic field strength can be varied up to 0.725 T on the midplane. 

Nornjally, EBT-S is operated at B = 0.725 T. (In this paper, values for B 

indicate the magnetic field strength on the magnetic axis at the midplane.) 

Let us consider the movement of the electron cyclotron resonance zone for 

28 GHz caused by changing the magnetic field strength. At B = 0.725 T, the 

fundamental heating zone is at z = 10 cm along the toroidal direction, where z 

= 0 is at the midplane, as shown on the right side of Fig. 1. The radius of the 

second cyclotron resonance, where the hot electron annulus is expected to 

form, is r = 12 cm. When the magnetic field is reduced from 0.725 T, the 

fundamental resonance zone moves toward the mirror throat and reaches z = 

20 cm [ = (2nR/24)/2] at B = 0.54 T, where R = 150 cm is the major radius. 

The second cyclotron resonance zone also moves inward as B is reduced and 

crosses the magnetic axis when B = 0.5 T. 

The diagnostics used in this experiment are also shown in Fig. 1. The 

line integral density is measured with a 4-mm interferometer. A continuing 

effort has been made by a group from Rensselaer Polytechnic Institute (RPI) 

to obtain electrostatic potentials in EBT by means of a cesium heavy-ion beam 

probe. Recently,12 this probe has been used to measure two-dimensional 

equipotential contours, thus providing the ability to investigate the effect of 

electric field on confinement. A Thomson scattering system13 is used to 
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measure the bulk electron density n e and the electron temperature Te. Due to 

the low density (ne < 1012cm~3), the signal-to-noise ratio is not good enough to 

measure n e and Te in one shot. In general, the sum of 10 shots is analyzed. 

Thomson scattering is used to obtain n e and Te profiles for a few 

representative cases; otherwise, the radial profile is deduced from Thomson 

scattering data measured at two different radial positions, r = 0 cm and 8 cm. 

Note that the position of r = 8 cm is outside the second cyclotron resonance 

(expected hot electron ring radius) when the magnetic field strength is below 

0.64 T. 

The line integral density fluctuations are measured from the direct 

output signal of the crystal detector in the 4-mm interferometer system. The 

frequency response (0-500 kHz) is high enough to consider drift waves, 

interchange modes, and other relevant instabilities. The measurement is 

primarily sensitive to poloidal fluctuations with wavelengths larger than 

2-3 cm. In some cases, such as flutes with odd mode number, cancelation 

effects can reduce the sensitivity. Since the experimentally observed range of 

mode numbers is less than 20, corresponding to wavelengths greater than 

3 cm, the sensitivity reduction is qualitatively small. 

In order to understand the physical mechanisms governing confinement 

in EBT, the plasma parameters have been measured systematically for a wide 

range of operating conditions. The independently variable EBT parameters 

are the microwave power P^, the hydrogen pressure p0, and the magnetic field 

B. Most of the data presented here are taken from scans of the magnetic field. 

The primary reason for this choice is the observation that, as the magnetic 

field is reduced from the normal value, the potential well changes smoothly 

from the negative well characteristic of T-mode to a positive potential hill, 

thus permitting an evaluation of the effects of the electric field on 
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confinement. A secondary reason comes from the expectation that if the hot 

electron annulus determines the core-surface plasma boundary, the plasma 

parameters radially outside the annulus should be different from those 

radially inside the annulus, providing the ability to discuss the stability 

boundary defined by the hot electron annulus. 

It is also of interest to examine other cases in which the potential is 

modified but the magnetic field is not. This is achieved by varying the 

pressure, by introducing magnetic field errors, and by operating with a single 

movable limiter or a toroidal array of fixed limiters (ring modifiers and ring 

killers11). For organizational clarity in the following sections, data obtained 

from magnetic field scans are treated first and are followed by other cases of 

special interest. 

III. ROLE OK POTENTIAL IN CONFINEMENT 

A. Plasma Parameters 

In Fig. 2 the line integral plasma density (nef) is plotted against the 

ambient pressure (po) for different values of the external magnetic field B. 

During normal operation (B = 0.725 T), one can define three operational 

modes. The C-mode appears during high-pressure operation and shows the 

monotonic decrease of n a s po is reduced. At po = 1.3 X 10~5 Torr, ne£ starts 

to increase. This operating point, called the T C transition, is where nested 

potential contours6 begin to form. At po = 9 X 10-6 Torr, ne£ starts to decrease 

again (called the "knee" point). Below po = 9 X 10~6 Torr, nef continues to 

decrease up to the T-M transition as po is reduced further. The plasma is said 

to be in the T-mode between the T-C transition and the T-M transition where 

the potential contours are nested. Near the T-M transition, hot electron 
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instabilities13 destroy the plasma because of a large hot electron-to-

background ion density ratio. 

When the magnetic field is reduced, the T-mode operation window 

becomes narrower, and nef in T-mode decreases, while ne€ in C-mode does not 

change markedly. When B is reduced uirther, the increment of ne£ in the 

T-mode is also reduced. Below B = 0.58 T, the T-mode window completely 

disappears, and the line integral density (neO decreases monotonically over 

the whole pressure range from high pressure to low pressure. 

The electron temper are (Te) and density (ne) at r = 0 and 8 cm are 

plotted in Fig. 3 as a function of B by holding the power and pressure constant 

atPp = 100 kW and p0 = 8 X 10~6 Torr. The electron density at r = 0 and 

8 cm increases as the magnetic field increases. This implies that the density 

profile remains roughly constant but that the density itself increases as 3 

increases. 

The electron temperature at r = 0 cm is a decreasing function of B. The 

electron temperature at r = 8 cm shows large error bars concomitant with low 

density (ne ~ 2 X 1011 cm 3). Within the limit of this scattering of data, Te may 

be implied to remain almost constant with B. It is important to point out that 

the T e profile of the bulk electrons is hollow for operation at high magnetic 

field. 

B. Equilibrium Potential Contours 

The potential structure (details of the shape of the potential contours 

from which the electric field is obtained) plays an important role in the 

equilibrium and confinement for a device without a rotational transform.6'16,17 

The potential contours are presented for the six cases shown in Fig. 4. Figure 

4(a) shows an equipotential contour plot for the normal EBT-S operation. 
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Typically, nested, closed equipotential contours are found in the central 

region (r < 5-7 cm). The central potential is negative (potential well) with 

respect to the potential maximum found in the region of the ring (r = 12 cm at 

B = 0.725 T). A net potential well depth of 200 to 500 V is found under 

various EBT-S operating conditions. 

As the magnetic field is decreased, the positive potential hill near Hie 

edge of the potential well moves inward, following the location of the second 

harmonic resonance heating1 (see Fig. 1). The potential well depth also 

becomes shallower as the magnetic field is decreased. The general shape of 

the potential well does not change significantly until the second harmonic 

resonance region is close to the magnetic axis. When this happens, the space 

potential well disappears, and a positive potential hill is observed everywhere, 

as shown in Fig. 4(b), where a very weak electric field is found in the 

confinement area. A large positive potential hill near the magnetic axis is 

observed at B = 0.52 T, where the second harmonic heating zone actually 

moves in toward the magnetic axis, as shown in Fig. 4(c). 

The plasma potential can be strongly affected by introducing external 

magnetic error fields. With an error field SB/B > 5 X 10"1, the potential well 

in the T-mode operation is replaced by a simple potential structure where no 

nested potential contours are found, as shown in Fig. 4(d). 

Another interesting potential profile is found when the movable limiter 

is set just inside the hot electron annulus, as shown in Fig. 4(e). The potential 

well is replaced by a positive potential hill. Even when the limiter is fully 

inserted and intercepts a large amount of the plasma region, the potential 

contours are the same as those in Fig. 4(e). 

The potential structure in the case of a nonequilibrium state is shown in 

Fig. 4(f), where the plasma is in the C-mode. The electric field is directed 
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vertically, resulting from the charge-dependent vertical drift due to the 

toroidal effect. This is the expected potential contour for the simple torus with 

no rotational transform. (A detailed discussion of the last two cases is 

presented in Ref. 6.) 

C. D e p e n d e n c e of Potential on P lasma Parameters 

An important question to be answered is: Does the electrostatic 

potential play an important role on EBT confinement? The plasma 

parameters are listed in Table I for the different potential shapes and the 

values of the electric field strength obtained from -dtydr at r ~ 5 cm 

(horizontally inside). Case 1 in this table corresponds to Fig. 4(a), case 2 to 

Fig. 4(b), case 3 to Fig. 4(c), case 5 to Fig. 4(f), case 6 to Fig. 4(d), and case 10 to 

Fig. 4(e). 

It is clear that the stored energy densities Wc = 3/2(ncTe) are within 

50% of each other in the same category (for example, magnetic field scan). 
» 

The insensitivity of the stored energy to the radial electric field E indicates 

that the energy confinement is not consistent with the neoclassical scaling2 of 

(E/Te)2 in the collisionless regime. For example, the ratio of (E/Tc)2 for case 6 

and for case 7 is more than 10, but the ratio of stored energy values for the two 

cases is almost 1. 

Another interesting result is shown in cases 1 through 3. Following 

neoclassical theory, the plasma in case 2 is in the collisional regime, and the 

other two cases are in the collisionless regime because the precession 

frequency due to the E X B drift is approximately 50 times higher than that of 

poloidal VB drift. However, the difference in stored energies is within a factor 

of 50%. Moreover, the stored energy of the plasma in an equilibrium state 

(case 4) is twice as large as the energy density of the plasma in a 



Table 1. The electron density, temperatures", electric field strength, and potential structure for the 

various experimental arrangements on EBT 

Case Potential shape |E| ne Te (neTe) 

(V/cm) (10n cm"3) (eV) ratio 

1 Magnetic field scan 7.25 kG Well >30 8.3 60 1.0 

2 5.8 kG No closed contour <§10 5.8 62 0.72 

3 5.2 kG Hill >30 3.0 90 0.54 

4 Pressure scan Low p0 Well - 5 0 6.0 90 1.0 

5. High p0 No equilibrium - 1 0 6.0 50 0.56 

6. Error field No correction current No closed contour 8.4 67 1.15 

7 Correction current Well 30 9.8 50 1.0 

8 Limiter scan Out Well 30 13.6 113 1.0 

9 Just outside ring Symmetric well >30 12.9 148 1.24 

10 Just inside ring No closed contour 0 11.1 100 0.72 

11 Fully inserted No closed contour 0 11.7 97 0.74 

"The electron temperatures for cases 8 r l l are approximately 50% higher than those for the other cases because of an 
inability to accurately quantify the background light level in the limiter scans. 
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nonequilibrium state (case 5). From these discussions, it is reasonable to 

conclude that transport in the plasmas of the EBT device is not described by 

an ideal neoclassical model. 

IV. EFFECT OF FLUCTUATIONS ON THE PLASMA 

Next, the role of fluctuations on confinement is examined. The 

experimental di'.ta presented indicate that fluctuations play an important role 

in EBT confinement. The stability criterion for interchange modes in the 

present EBT configuration is described and compared with measured pressure 

profiles. These considerations lead to the conclusion that the plasma is 

marginally stable for flute modes. 

A. Density Fluctuations 

One of the most important effects observed during the magnetic field 

scans is that the plasma fluctuation level increases significantly as* the 

magnetic field is reduced. In order to quantify this effect, the line integral 

density fluctuations have been measured as a function of B using a 4-mm 

interferometer. The most interesting issue here is not the fluctuation level 

itself, but rather the correlation of the fluctuations with the plasma 

parameters. Percentage fluctuation levels (8ne£/ne€) for EBT-I and EBT-S are 

plotted in Fig. 5, together with the line integral density, as a function of the 

magnetic field. It is clear that the line integral density in both EBT-I and 

EBT-S decreases as the fluctuation level increases. 

The frequency spectra for these fluctuations have been investigated, and 

the results are summarized in Fig. 6. The percentage fluctuation level in 

several frequency bands is plotted as a function of the magnetic field. 

The bandwidth (Af) is 20 kHz. Although the low-frequency fluctuations 
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field strength is 0.5 T in EBT-I and 0.725 T in EBT-S at the center of the 
midplane. The density fluctuations and the line integral densities change 
with the same trends. Heating frequencies are 18 GHz for EBT-I and 28 GHz 
for EBT-S. 
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magnet ic field strength. The bandwidth is + 1 0 kHz. The microwave power 
is 100 kW, and the ambient pressure is 1 X10"6 Torr. 
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(f—10 kHz) decrease monotonically with magnetic field, the fluctuations at 

higher frequencies exhibit a plateau for intermediate values of magnetic field, 

0.58 to 0.68 T. Therefore, although the shape of the frequency spectra 

demonstrates a dependence on the magnetic field, in general the fluctuation 

level is a monotonically decreasing function of the frequency. What we have 

been examining here are variations of the background fluctuations that 

resemble broadband noise and are always present in EBT operation. These 

fluctuations are usually associated with C-mode operation but are also 

present throughout T-mode at a reduced level. 

In several instances, coherent modes have been observed, superimposed 

upon the background fluctuation spectra. The frequency spectra of the 

density fluctuations for ring killer and T-mode operation are displayed in 

Fig. 7. In each photo, the ordinate is a linear scale with arbitrary units and 

the abscissa is 20 kHz/division. The upper photo shows the effect of the limiter 

on the 150-kHz fluctuations typically observed in low-pressure, T-mode 

operation. When the limiter is placed just outside the field line that is 

connected to the second harmonic resonance on the midplane, the coherent 

signal at 150 kHz clearly disappears. This mode was identified9 as a flute 

mode with azimuthal mode number m = 10 localized near or just outside of 

the hot electron annulus. The limiter may stabilize this mode by line tying. 

In the lower and middle spectra, fluctuation spectra for normal T-mode 

operation and ring killer18 operation are compared. Two groups of coherent 

fluctuations, near 20 kHz and 60 kHz, are superimposed on the normal 

broadband fluctuation spectra typical of T-mode. In this case, the absolute 

fluctuation level with the ring killer is about twice that of the reference 

T-mode case. Correspondingly, the electron energy density measured during 

ring killer operation is reduced by roughly a factor of two. 
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In order to quantify more clearly the magnitude of the coherent 

fluctuations relative to the broadband background fluctuations, the 

integrated fluctuation levels (J 8ne€/ne€ df) of the two types of fluctuations can 

be compared. When this is done, it is found that the coherent modes are 

smaller by an order of magnitude for the two cases described above. 

The most significant results from the fluctuation measurements can be 

summarized as follows: 

1. Increases in the plasma parameters, specifically in line integral 

density and electron energy density, correlate well with percentage 

decreases in density fluctuation level for both EBT-I and EBT-S. 

2. Generally, these fluctuations exhibit broadband noise-like 

behavior. 

3. In some instances, coherent modes have been observed. However, 

their integrated fluctuation level is significantly smaller than that 

of the broadband background fluctuations. 

B. Interchange Stability Criterion 

A direct measurement of the magnetic field at the ring location has been 

carried out in the Nagoya Bumpy Torus (NBT)7 by using a neutral lithium 

beam and observing the Zeeman splitting of the electron-impact-excited 

lithium line spectrum. Ring beta was found to be about 6%. Measurements of 

the ring spatial profile in EBT8 show that the hot electron beta value is less 

than 10%. For both devices, this is not strong enough to reverse <f> d€/B. 

Therefore, the hypothesis that hot electron rings reverse the gradient of § d€/B 

and provide gross MHD stability has not been experimentally realized in a 

bumpy torus. The following question can be raised: What kind of mechanism 

of gross stability sustains the plasma in EBT? In this regard, it is noted that 
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several stabilizing mechanisms have been proposed recently, including charge 

uncovering for flute modes19 and K x B velocity shear stabilization of drift 

waves.20 

The approach followed here is to re-examine the question of interchange 

stability for the situation where the ring beta is small and can be neglected; 

that is, the vacuum field configuration. The energy criterion10 of interchange 

modes can be expressed as 

dW = p 5C/8| £n(p£/v)| > 0 , d ) 

where 8W is the change in plasma energy, p is the plasma pressure, U is the 

flux tube volume ( = <j> d€/B), and y is the ratio of specific heats. For the case of 

EBT, 8U > 0 everywhere on the radial profile, and the energy criterion 

reduces to the so-called compressibility criterion21 

8(€npUv)>0. (2) 
The radial plasma pressure profiles that are consistent with the interchange 

stability can then be predicted on the basis of this expression. If the pressure 

profile is compared with the profile of U'Y, the criterion is satisfied whenever 

the pressure profile is flatter (broader) than the U'v profile. Although such a 

condition is tenable in the interior of the plasma, the edge region, where the 

pressure must eventually drop to zero, presents a problem. In EBT, however, 

line tying of field lines to the cavity walls provides a mechanism for 

stabilizing flute modes in the surface plasma region (16 c m < r < 25 cm). 

Thus, the interior of the plasma can be interchange stable, provided that the 

pressure profile is not so steep as to violate the compressibility criterion, and 

the plasma edge can be stabilized by line tying. Nevertheless, it is apparent 

that this places a significant restriction on the plasma pressure profile. Any 

natural tendency of the plasma toward a profile that is more peaked than that 
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allowed by the compressibility criterion results in a marginally unstable 

plasma. 

C. Discussion of the Stability of the Interchange Mode (Coherent 

Mode) 

On the basis of the preceding discussion, it is of interest to compare the 

plasma pressure profiles in EBT with the calculated profiles of U"Y. For this 

purpose, the Thomson scattering measurements of electron density and 

temperature at r = 0 and at r = 8 cm are used. Because the ion temperature 

is quite low, the ion contribution to the plasma pressure will be neglected. 

The plasma pressure ratio at r = 0 and r = 8 cm, as shown in Fig. 1, is 

examined using Eq. (2). For these two points, the stability condition is written 

as 

p( r=8) U v (r=8) - p ( r = 0 ) UY(r=0) =» 0 

or 

p ( r = 8 ) UY(r=0) > 
p(r=0) UY(r=8> 

The pressure ratio p(8)/p(0) is presented in Fig. 8 as a function of the 

magnetic field. The experimental data are compared with marginal stability 

lines, given by the ratio UY(0)/UY(8), obtained from a three-dimensional 

numerical calculation of U. Because of the uncertainty in the correct value of 

y, three marginal stability lines are provided in Fig. 8. The proper choice of y 

is determined by the number of degrees of freedom of the confined particles. 

In the case of EBT, the U profile and y should be determined by a drift-orbit 

weighting of the trapped and passing particle distributions. This calculation 
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has not been done. The values chosen, y = 1.5 and y = 2, are representative of 

particle distributions with approximately two and three degrees of freedom 

respectively. The third line, motivated by considerations of a simple 

evaluation of the stability criterion, shows the ratio [B(8)/B(0)]2 obtained 

using midplane values of the magnetic field. 

When the data of Figs. 7 and 8 are evaluated in detail, it is found that 

the pressure profile (Fig. 8) is more or less flat within the uncertainty of the 

data as shown by the error bar, except for high and low magnetic field 

operation. It seems reasonable to conclude that the plasma in the present 

EBT configuration is marginally stable, being governed by the 

compressibility criterion, Eq. (2). Basically, the observation of coherent 

modes (Fig. 7) tends to support this viewpoint. The coherent flute modes at 

150 kHz tend to occur for low-pressure operation, precisely where the pressure 

profile tends to be most peaked. It is anticipated that the ring killers lower 

the plasma pressure in the edge region and steepen the profile just inside the 

limiter position (r = 12 cm). Therefore, the observation of large-amplitude 

coherent modes, at 20 and 60 kHz, for such conditions is not unexpected. 

D. Correlation of Background Noise with Plasma Parameters 

As mentioned in Sec. IV.A, the integrated fluctuation level (/ 8ne€ df) is 

much larger than that of any coherent mode. Except for extreme cases such as 

low-pressure T-mode or low magnetic field operation, violent fluctuations are 

not found in the EBT plasma. The interesting issue is the importance of the 

background fluctuations for confinement. 

Figures 3 and 5 clearly show that the line integral density and/or the 

bulk electron stored energy increase as the density fluctuation level 

decreases. The result, a line integral density in EBT-I at B = 0.54 T that is 
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60% higher than that in EBT-S (with ECH power in EBT-S 2.5 times that in 

EBT-I), supports the hypothesis that the background noise is very important 

for confinement. 

Another interesting result is found when the fluctuation level, the 

electron stored energy, and the power flow to the limiter are examined. The 

limiter is installed just outside the magnetic field line of the second cyclotron 

harmonic at the midplane in the case of B = 0.725 T and is used to measure 

the power flow. From the limiter measurement, 20% of the power absorbed by 

the bulk plasma goes around the torus. This circulating power correlates 

strongly with the fluctuations, as shown in Fig. 9. 

When the magnetic field strength is increased, the plasma energy 

density increases as B2, but the limiter power decreases. Generally, the 

energy density We, the limiter power Pf, and the diffusion coefficient D e may 

be related by 

P~W D la1 , t e e 

where a is the plasma radius. When D e is proportional to (8ne£/ne€)2, D e 

increases as B decreases. The experimental results shown in Fig. 9 are 

qualitatively consistent with this anomalous transport, which is also 

indicated in Sec. III. 

In summary, it is found that fluctuations are quite important to the 

understanding of transport in EBT. The electron energy density is shown to 

be inversely related to the percentage fluctuation level. The broadband noise-

like background fluctuations appear to be more important due to their larger 

total fluctuation amplitude. A comparison of the plasma pressure profile with 

a calculation of U indicates that, in general, the plasma in the present EBT 
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configuration is probably marginally stable with respect to interchange 

modes. In fact, for operating conditions that tend to favor more peaked 

pressure profiles, coherent flute modes are observed. 

V. SCALING OF PLASMA PARAMETERS 

As mentioned previously, the plasma parameters do not strongly depend 

on the radial electric field strength, and it is likely that the plasma is 

marginally stable. These observations make neoclassical scaling arguments 

questionable, and a lack of detailed knowledge of the anomalous transport 

mechanism for EBT makes discussions of plasma confinement difficult. One 

convenient method for discussing the EBT confinement properties is to plot 

the plasma density ne as a function of the electron temperature Te for different 

plasma conditions, as shown in Fig. 10. 

Data are included for (1) a normal pressure scan (with open squares for 

data obtained in the C-mode and open circles for data measured in the 

T-mode); (2) ring killer1'1 operation (closed circles); (3) "ring modifier"14 

operation (closed triangles); and (4) a magnetic field scan (closed squares), 

where the magnetic field strengths are indicated near each data point. The 

short-dashed line for the pressure scan is drawn from the product of the best 

fit of ne and Te on the raw data. In Fig. 10 the data points are also compared 

with the solid curves with 3/2(neTe) = const. 

The interesting trends found in compilation of these data sets are 

summarized as follows: 

1. The electron density (ne) generally decreases as the temperature (Te) 

increases. 

2. In the C-mode for a normal pressure scan (150 kW), the data points lie on 

the line of 3/2(neTe) = 4.5 X 10,aeV-cm'3 (ne is inversely proportional to 
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Te). In the case of ring killer and ring modifier during 100-kW operation, 

ne is also inversely proportional to TC) and 3/2(neTe) lies on the same line 

as the C-mode for the two powers. 

3. In the T-mode at higher ambient pressure, lower Te is observed, and n e 

increases as Te increases. This is clear in the case of the dotted line (best 

fit of raw data). This is quite attractive. In the T-mode at lower ambient 

pressure, nc is again inversely proportional to Te. The product of neTe is 

larger than the constant in the C-mode and in the ring killer case. 

4. The data points obtained from the magnetic field scan are observed to 

move from the lower ncTe line (C-mode and ring killer) to the higher neTc 

line as the magnetic field increases from 0.54T to 0.725 T. 

Figure 2 can be related to Fig. 10 as an operational trajectory that takes 

the plasma from the lower limit to the upper limit. This can be seen by taking 

the mirror image of Fig. 2 and by noting that both ordinates represent density 

and both abscissas represent electron temperatures. As the ambient pressure 

is reduced, the electron temperature increases.13 The data for the pressure 

scan p.t B = 0.52 T in Fig. 2 lie on an extended line of the C-mode in the 

normal operation. The data for B = 0.54 T in Fig. 10 also lie on the extension 

line of the C-mode and on the ring killer line. The plasma in the C-mode is not 

in equilibrium, and the plasma under the ring killer is unstable. The plasma 

in the lower magnetic field is therefore either not in equilibrium or unstable. 

This operation (B = 0.52 T) may represent a base case for EBT operation. The 

magnetic field scan covers the whole operation regime in EBT from the base 

case to the normal case. Therefore, Fig. 2 indicates the EBT confinement 

properties, qualitatively. 

The product of neTe is constant when high levels of fluctuations are 

present (Sne£/ne€ = 15%, C-mode, ring killer case, and hot-electron 
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instability) and/or in nonequilibrium (C-mode). The lower value of the 

product ncTc is not a function of the heating power. This value is expressed 

empirically, 

3/2(n T )-= 4.5 X 1013 eV-cm - 3 

The upper limit of the product ncTe is written by 

3/2( n T ) = 9.0 X 1013 eV-cm- 3 
e e 

in the case of 150 kW. The constant of the upper limit may have a power 

dependence because the product 3/2(neTe) at 100 kW is 7 X 1013 eV-cm"3. 

VI. CONCLUSION 

We have discussed experimentally whether the plasma parameters of 

EBT obey the neoclassical transport or the anomalous transport. The 

comparison of plasma parameters with changes in the potential profile 

indicates that the electron energy densities do not scale with collisionless 

neoclassical transport (E/Te)2. They correlate well with the percentage 

density fluctuation level. The gross stability condition is marginally satisfied 

with the governing criterion of 8(£n pUv) > 0 for flute modes. When the 

pressure profile becomes steeper than the U~v profile, density fluctuations of 

coherent modes are active. The electron energy density decreases as the 

broadband noise increases rather than with an increase in coherent mode 

amplitude. 

The plasma stored energy density [3/2(neTe)l for the bulk component is 

restricted between the following values in the case of 100 kW: 

4.5 X 1013eV-cm"3 < 3/2 (n T ) < 7X 1013eV-cm"3 
e e 

The lower limit does not depend on the heating power and is associated 

with a nonequilibrium state and/or low-frequency instabilities. The upper 
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limit is phenomenologically related to hot-electron instabilities. The value of 

the upper limit appears to depend somewhat on heating power. 

An attractive pressure region is found where the electron density 

increases as the electron temperature increases. This implies that the 

stabilization of the hot-electron modes is an important issue for improving the 

plasma parameters in this type of confinement system. 
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