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ABSTRACT 

Using a calibrated, solid-state, soft x-ray detector, the electron 

temperature and density have been measured over a wide range of operat-

ing conditions of ELMO Bumpy Torus (EBT). The empirical relations of 

the temperature or the density to the microwave power and the ambient 

pressure have been determined. The toroidally stored energy has been 

observed to increase as the stored energy of the hot electron annulus 

increases. The energy confinement time has been obtained for various 

plasma parameters and has been found to agree with the neoclassical 

theory. The advantages of EBT collisionless scaling for fusion plasma 

confinement have been noted, i.e., n T„ increases as T*""' in the ' ' e E e 
collisionless regime. 

v 



I. INTRODUCTION 

1 2 The microwave heated ELMO Bumpy Torus (EBT) ' plasma consists of 

three different components: the surface plasma, the energetic electron 

annulus, and the toroidal plasma. The surface plasm£, located rear the 

cavity wall, is characterized by a low density, a low temperature, and 

a short confinement time. The energetic electron annulus is near the 

position where the main heating microwave frequency (18 GHz) corresponds 

to the second harmonic of the local cyclotron frequency and is charac-

terized by an extremely high perpendicular energy and a long confinement 

time. The high-beta electron annulus modifies the unfavorable vacuum 

field and acts to stabilize the toroidal plasma. The toroidal plasma 

is generated and heated by the fundamental electron cyclotron resonance 

of high power microwaves. The resonance region is located near the 

cavity throat and covers the entire cross section of the torus. Addi-

tional microwave power (10.6 GHz) is applied to the EBT plasma for 

profile heating. In EBT-I, the fundamental cyclotron resonance region 

for the 10.6-GHz microwave is close to the second cyclotron harmonic 

region for 18 GHz; therefore, the additional microwave power is expected 

to act as the plasma source for the hot electron annulus. 

As is well-known,* the global behavior of the toroidal plasma is 

divided into three different operating modes. The operating mode under 

high ambient pressure and/or low microwave power is called the C-mode 

and is characterized by low frequency fluctuations. As the ambient 

pressure is decreased, the density fluctuations decrease and the plasma 

becomes macrostable. This mode is called the T-mode. As the ambient 
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pressure is further decreased, the plasma becomes unstable aguin and 

MHD type instabilities are observed. This is said to be the M-mode. 

The purpose of this report is to study the electron heating and 

confinement in the T-mode. Typical plasma parameters in the T-mode are 
12 -3 as follows: plasma density n is 0.5 'v 2 x 10 cm ; electron temper-

6 

ature T is 200-600 eV; ion temperature T. is 40-150 eV; neutral density 6 1 
9 -3 

near the axis is of the order of 10 cm ; and the total impurity density 

to toroidal density ratio is less than 10 

In order to observe the electron temperature T and density n , the 6 6 

energy distribution of the soft x-ray emission from the EBT plasma is 

measured. The efficiency of a "windowless," lithium-drifted silicon 

barrier detector [Si(Li)] is not well-defined over the energy range nec-

essary (0.5-1.5 keV) for measurement of the temperature; therefore, the 

intensity calibration is a very crucial but difficult consideration. 

Section II contains the description of the detector calibration 

and spectrum analysis techniques. In Sec. Ill, the experimental results 

are presented. The controllable parameters of EBT operation are micro-

wave power P^ and ambient pressure pQ. First we show the plasma param-

eters n g and T e as a function of operating parameters P^ and pQ. Then 

we introduce an empirical relation of T or n to P and p . r e e y 1 o 

However, the derived empirical relation is not sufficient for an 

experimental understanding of EBT transport. The confinement of the 

EBT plasma has been described using neoclassical transport theory.4'5'6 

The comparison of the experimental results with neoclassical theory is 

given in Sec. IV. Concluding remarks are given in Sec. V. 
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II. SPECTRUM DETERMINATION 

The soft x-ray spectrum emitted by the EBT plasma is measured 

using a lithium-drifted silicon barrier detector. The spectrum is 

complicated by a number of effects which tend to obscure the informa-

tion desired, that is, the spectrum due to the toro 'al electron dis-

tribution. A typical spectrum is shown in Fig. 1. Some of the 

noteworthy features of this spectrum are the high energy continuum due 

to the energetic electrons, the presence of impurity lines due to 

aluminum (1.5 keV) and argon (4.0 keV), the reduction below 1.5 keV 

due to the decreased efficiency and the increase at low energy due to 

electronic noise. This section wi!l describe the methods used to deal 

with these effects. 

The lithium-drifted silicon barrier detector is used to determine 

electron temperatures in the range of several hundred electron volts. 

For this determination, the most serious effect is the loss of effi-

ciency at low energies, a result of the absorption in the material in 

front of the detector. To minimize this absorption, a "windowlesc'' 

detector is used, that is, one which does not have the thin beryllium 

foil typically used as a vacuum and light seal. Although the elimina-

tion of the beryllium window helps reduce the low energy attenuation a 

great deal, there are other absorbing materials which remain. These 

include a thin, gold electrical contact on the detector face and the 

silicon dead layer. Also, a very thin foil (carbon and aluminum have 

been used) serves to reduce the light which strikes the detector. Per-

haps the most serious contribution is a result of the gases which 
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condense on the liiuid-nitrogen-cooled detector. The principal 

component of these gases is water vapor. 

It is evident from Fig. 1 that the efficiency calibration is 

essential to the interpretation of the soft x-ray data. The nost be-

lievable calibration technique involves the use of x-ray line emitters 
7 8 9 

of known strength, either radioactive sources ' ' or electron excita-

tion of characteristic lines.10 Although confidence in the calibrations 

obtained with these techniques is high, it is difficult to use them 

on-line. Because the condensible gas problem is one which changes with 

time, it is essential to be able to calibrate the detector in place 

periodically. The technique used on EBT makes use of the high energy 

electron component to accomplish this calibration. 

For the sake of simplicity, the description of the calibration 

technique in this section ignores the presence of impurity lines in 

the spectrum. The differences caused by these lines are easily taken 

into account. 

Free-free bremsstrahlung radiation from a Maxwellian distribution 11 has a spectrum given by 

l(e)de = G n ^ Z * T~ 1 / 2 exp C-e/TJ de, (1) 

where e is the x-ray energy, G is a geometrical factor, and n^ are 

the electron and ion densities, respectively, and T g is the electron 

temperature. 

If the plasma has more than a one-component electron distribution, 

the spectrum emitted will be a sum of terms with different tempera-

tures. In EBT these terms consist of a contribution from the energetic 
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electrons with a temperature of ^100 keV and one from the bulk 

distribution with a temperature of several hundred electron volts. By 

varying the magnetic field and microwave power distribution, one or the 

other of these components may be emphasized. 

The high energy component can be emphasized by operating i 1 a 

mirror mode. This is accomplished by supplying current to two adjacent 

coils and by supplying microwave power only to the cavity between those 

two coils. In that case, there is no toroidal confinement and the low 

energy component is negligible. 

The bremsstrahlung spectrum is then due to the high energy electrons, 

and this spectrum is assumed to be known. Because the detector effi-

ciency above keV is unity, the assumed spectrum is made to fit the 

measured one in that region. Next, the assumed spectrum is extrapolated 

down to low energies. The detector efficiency is then the ratio of 

the measured spectrum to the extrapolation. This method automatically 

results in an efficiency of unity at high energy (that is, above 3 keV). 

The efficiency at low energy falls as expected from the window absorp-

tion. Figure 2 shows this procedure. The solid points are the experi-

mental points, the line through those points is the assumed spectrum, 

and the open circles are the reciprocal of the detector efficiency. 

In contrast to this calibration procedure, where the energetic 

component is maximized, the data for the toroidally trapped distribu-

tion are taken with this high energy component minimized. This 

minimization is achieved by eliminating the microwave power feed to 

that cavity seen by the detector. The measured spectrum is then 

corrected by dividing by the efficiency curve. The high energy portion 
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of the spectrum, which is due to the residual energetic electron 

distribution, is fit by a straight line on the semilog plot, and this 

assumed component is subtracted from the corrected spectrum. The re-

maining spectrum is then that due to the toroidally trapped electrons. 

Figure 3 shows two of these spectra, xrit with lines corresponding to 

210- and 320-eV plasmas. 

The technique described above ignores the contributions due to 

impurity lines. In practice, one is forced to eliminate from the anal-

ysis the spectral regions occupied by these lines. For this reason, a 

detector with good resolution is de. ,able so • s to eliminate as little 

of the spectrum as possible. 

III. EXPERIMENTAL RESULTS 

A. Electron temperature and density 

The electron temperatures obtained by the method described above 

are plotted in Fig. 4 against the ambient pressure with microwave power 

as a parameter. It is evident that the electron temperature increases 

as the ambient pressure decreases and/or as the microwave power in-

creases. Lower temperatures are obtained with profile heating than 

without profile heating. As is now known, the toroidally stored energy 

with profile heating is higher than that without profile heating. 

The line density from the 70-GHz interferometer does not distinguish 

the surface plasma from the toroidal plasma. The density measured by 

the soft x-rays, on the other hand, is clearly the toroidal density 

because the contribution to bremsstrahlung radiation from the cold 

surface plasma is negligibly small, in the energy range of 0.5-1.3 keV. 
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The density from the soft x-ray measurement decreases as the ambient 

pressure increases. However, the density from the 70-GHz interferometer 

is an increasing function of the ambient pressure. A reasonable expla-

nation for the above difference is that the surface plasma density is 

an increasing function of the ambient pressure. In these experiments, 

the density from the soft x-ray measurements was normalized to the den-

sity of the interferometer measurement at a low ambient pressure oper-

ating condition where the contribution of the surface plasma to the 

interferometer measurement is negligibly small. It is meaningful to 

point out that the density from the soft x-ray measurement is contrib-

uted from the higher temperature region, that is, near the axis. 

In Fig. 4 the toroidal densities with and without profile heating 

are plotted as a function of the ambient pressure with the microwave 

power as a parameter. It is interesting to note that, in the case 

without profile heating, the toroidal density increases as the ambient 

pressure decreases and as the microwave power increases. For the pro-

file heating case, the toroidal densit/ first increases and then de-

creases as the ambient pressure increases. A higher input power generates 

a higher density plasma. Note also that a higher density is sustained 

with profile heating than without profile heating. 

The empirical relations among T , n , P , and p for the case e e v1 o 

without profile heating are shown in Fig. 5. Most of the data are rep-

resented by the following simple relations: 

T « P 1 / 2/p (2) e u / r o ^ J 
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n « P3/2/p . (3) 

For the case with profile heating, the empirical relation for electron 

temperature is almost the same as Eq. (2), but the empirical relation 

for density is not as simple as Eq. (3) .. 

B. Torcidally stored energy 
t 

Equations (2) and (3) indicate that the toroidally stored energy is 

described by 

i n e k V W 2 ' C4) 

Higher stored energy is obtained as the microwave power increases and 

the ambient pressure decreases. This dependence is shown in Fig. 6. 

It is clear that the dependence on P^/P0 is different for the cases with 

and without profile heating. (At the present time we are unable to ex-

plain this difference clearly.) However,, it is encouraging that the 

stored energy increases as P^/P0 is increased. 

In early EBT experiments,* empirical relations were found between 

microwave power and ambient pressure defining the transition from C-mode 

to T-mode. The relation for the C-T transition was roughly written by 

Po(torr) * 10'6 P°'5 in kW) . (5) 

In this case, Eq. (4) can be rewritten as 

I CnWyc-T * Py ' C 6 ) 

The stored energy at the C-T transition increases in proportion to the 

input microwave power. 
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C. Hot electron annulus 

The diamagnetism of energetic electron annulus produced by electron 

cyclotron heating modifies the unfavorable magnetic curvature and, as a 

result, stabilizes the toroidal plasma. The correlation between the 

toroidally stored energy and the energy deposited in the annulus is ex-

amined next. 

The plasma parameters of the hot electron annulus change with the 

ambient pressure in the same manner as the toroidal plasma, as shown in 

Sees. III.A and III.B. As the ambient pressure is decreased or as the 

microwave power is increased, the hot electron temperature and density 

are observed to increase, and the perpendicular energy W^ measured with 

the diamagnetic loop increases also. So a better toroidal plasma is 

supported by a more energetic annulus. This is shown in Fig. 7. 

A comparison of the toroidally stored energy for the cases with 

and without profile heating reveals no difference in the higher stored 

energy regime. However, for a smaller value of stored energy of the 

annulus, the toroidally deposited power with profile heating is larger 

than that without profile heating. As the operating mode is varied 

from the C-T transition to the T-M transition, the toroidally and an-

nularly deposited powers increase. 

This result can be correlated to the fluctuation level and the 

annularly deposited energy as reported in Ref. 1. At a value of an-

nularly deposited energy lower than that at the C-T transition CC-mode), 

no gross instabilities are seen, but density fluctuations are observed 

in frequency ranges suggestive of drift waves. As the annular energy 

increases, the fluctuation level drops to very low values (T-mode). 
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When the annular energy increases beyond the T-M transition, MHD type 

instabilities are observed. It is significant that the toroidally de-

posited power increases as the fluctuation level decreases. 

IV. DISCUSSION 

Transport in bumpy torus type geometries has been investigated by 

several a u t h o r s . K o v r i z h n y k h ^ applied neoclassical theory to com-

pute analytic expressions for particle and energy fluxes across magnetic 

fields in various toroidal magnetic systems. For the bumpy torus, 

Kovrizhnykh considered only the limit of very large radial electric 

fields where the results, in general, do not depend on the poloidal 

component of the electric field. Spong et al.5 have obtained the 

numerical value of the radial diffusion coefficient for finite radial 

electric fields. 

For the present plasma parameters of EBT, the main electron energy 

loss of the toroidal plasma is diffusive; therefore, the energy transfer 

from electrons to ions, the ionization loss, etc.. can be neglected. 

Then the electron energy balance equation becomes 

aP 3/2 nkT 
HjT - T . (7) v tE 

where is the electron energy confinement time, V is the total cavity c 

volume, and a is the fraction of the microwave power absorbed in the 

toroidal plasma. 

When the energy loss is neoclassical, the energy confinement time 

is given by 
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(421)2 K (1 + e<,)/kv + M • (8) 

where V = 2kT /eBR, B is the magnetic field strength, a is the plasma 0 © 

radius (10 cm), R is the major radius (150 cm), fl is the poloidal drift 

frequency, <t> is the ambipolar potential, and K^ and K̂ , are the normalized 

heat transfer coefficients. 

The detailed calculation of the transport coefficients K^ and K^ 

was carried out by D. A. Spong et al.^ by using the bounce-averaged 

poloidal drift frequency, which is given by 

where R£ is a radius of curvature of poloidal magnetic field, v is a 

collision frequency, and <f> is an ambipolar potential. In the case con-

sidered by Kovrizhnykh, these coefficients are a simple function of 

collisionality v/ft. Then Eq. (8) is written by 

where A is the aspect ratio. It is interesting that T^ increases as the 

aspect ratio and magnetic field increase. 

From Eq. (10) T T p is easily seen to be a simple function of v/fl. C fc 
In the collisionless regime, T T_ is a decreasing function of collision-e L 

ality. When v/fl exceeds one, T i . becomes an increasing function of v/S2. 6 C 

The experimental plots shown in Sec. Ill are displayed as a function 

of experimentally controllable parameters, e.g., the microwave input 

power and ambient pressure. Comparison of experiments with transport 

theory is facilitated by use of collisionality as a parameter. 

1 
(9) 

(10) 
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Figure 8 is a plot of the relation between collisionality and 

ambient pressure with microwave power as a parameter. Collisionality is 

an increasing function of ambient pressure. At low pressures, collision-

ality is almost independent of power with and without profile heating, 

but the plasma with profile heating is more collisional than the plasma 

without profile heating. As the ambient pressure increases, collision-

ality rises to a peak the height of which depends on microwave power. 

The region at higher ambient pressure than the pressure at the peak is 

referred to as the C-T transition. These points correspond to the data 

near the straight line in Fig. 4. 

In Figs. 9 and 10, the electron temperature and density are plotted 

against collisionality with microwave power as a parameter. The tempera-

ture decreases monotonically as the collisionality increases. The den-

sity, however, is high for both low and high collisionality. As expected 

the experimental results do not strongly or systematically depend on the 

microwave power, depending instead on collisionality. This indicates 

that collisionality is the important parameter for understanding the 

heating and confinement of EBT plasma. 

In Fig. 11 the experimental values of T xP are compared with the G c 

neoclassical energy confinement time.^ It is very difficult to determine 

the exact energy confinement time experimentally because it is necessary 

to measure the microwave absorption rate by the surface plasma, the 

electron annulus, and the toroidal plasma separately for each operating 

condition. As a rough estimate, the hot electron annulus absorbs ^25% 

of the microwave power, and the absorption rate of the surface plasma is 

25%. Therefore, the absorption rate of the toroidal plasma must be 
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^50%. In this experiment, the microwave power P is the output power 
y 

of the microwave tube. The loss from the tube to the cavity is ^35%. 

The best estimate of the absorption fraction for the toroidal plasma is 

25-40%. In order to calculate the energy confinement time, this frac-

tion is assumed to be constant and to be *v30%. 

It appears from Fig. 11 that as the collisionality increases, T x 

decreases to a constant. The spread of data points comes from the dif-

ferent operating modes. 

The theoretical curves ( s o l i d iine) in pig. 11 are shown with 

e<|>/kTe as a parameter. In this experiment, this ratio has been measured 

and found to range from 0.25-0.7. When the experimental data are com-

pared with the theoretical prediction, it is found that the curve which 

best fits the experimental data corresponds to a higher potential than 

the measured value. Except for this relatively small difference, the 

EBT plasma follows neoclassical transport theory. 

In Sec. Ill, it was shown that higher energy annuli sustain plasmas 

with greater toroidally deposited energy because the annulus confines 

the toroidal plasma stably by the favorable modification of the magnetic 

curvature. This modification of the magnetic curvature not only stabi-

lizes the toroidal plasma but also increases the poloidal drift fre-

quency because of the decrement of R c in Eq. (9). Increasing the poloidal 

drift frequency decreases the collisionality and increases the confine-

ment time. This is suggested in Fig. 11, where the subscripts of the 

data points indicate the relative value of the annularly stored energy. 

A larger value of the annularly stored energy corresponds to better 
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confinement. This is shown more clearly in Fig. 12, where T x P is 6 c 

plotted against the annularly deposited energy with collisionality as a 

parameter. When the collisionality is kept constant and W^ increases, 

TeTF is observed to increase. Thus, lower collisionality and larger 

annularly stored energy support higher temperature and better confined 

EBT plasmas. Note that this better confined EBT plasma corresponds to 

the T-M transition. Thus, EBT operation under high microwave power and 

low aimient pressure sustains the best plasma. However, when EBT is 

operated at lower pressure below the T-M transition, macroinstabilities 

are observed. 

From the fusion point of view, it is important to consider the 

relation between nx£ and T . The experimental data points of nxE are 

plotted in Fig. 13 with density as a parameter. For the case of low 

density, nx„ increases as the temperature increases. In the high den-c 

sity regime, nx^ is also observed to increase as Tg increases. Quali-

tatively, this feature is easily understood from Eq. CIO). The 

dependence of nxp on n and T is written c 6 

I T 1 , 5 in the collisionless region 
nxp W e (11) 

1 2 - 3 5 

In T g ' in the collisional region . 

In the collisionless regime, nx depends only on T1*5. On the other hand, 
C 6 

the value of nTg in the collisional region depends on the square of 
-3 5 density and varies as T g . 
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V. CONCLUSION 

The measurements of the electron parameters descri.be>!. above have 

been made with a soft x-ray detector which has been calibrated in place, 

and which is sensitive to the toroidally confined component as well as 

the energetic ring component. The following conclusions apply to the 

toroidally confined component: 

1) The electron temperature increases as the ambient neutral 

pressure decreases. Higher temperatures are observed as the microwave 

power increases. 

2) The electron density without profile heating decreases as the 

ambient pressure decreases. The density with profile heating has a 

maximum at some pressure. The observed densities without profile heat-

ing are systematically lower under these conditions than with profile 

heating. 

3) The toroidally stored energy is an increasing function of P j / p o -

4) The toroidally stored energy is found to increase as the power 

deposited in the annular increases. 

5) EBT electron transport is collisionless neoclassical. In the 

collisionless neoclassical regime, nTg rises as the temperature increases, 

e.g., T*'5. This region is very attractive from a reactor point of view. 
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Fig. 5. Plot of temperature and density vs ambient pressure. The 
solid lines are the empirical relations for the case without profile 
heating. 
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Fig. 7. Correlation of the stored energy of the toroidal plasma 
and the annulus. Open and solid points show the data without and with 
profile heating, respectively. 
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Fig. 8. Collisionality is plotted against ambient pressure with 
microwave power as a parameter. Open and solid points correspond to 
the data with and without profile heating, respectively. 
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Fig. 9. Electron temperatures plotted against collisionality with 
total microwave input power as a parameter. 
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Fig. 11. Normalized energy confinement time obtained experi-
mentally is displayed as a function of collisionality. The theoretical 
prediction calculated by Spong et al. is shown with e<f>/kT as a 
parameter. The number beside the data points is W. of the annulus. 
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