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ABSTRACT 

Neutral and charged particle densities and temperatures are 

calculated as functions of radius for the toroidal plasma in the ELMO 

Bumpy Torus (EBT) experiment. Energy dependent ionization and charge-

exchange rates, ambipolar diffusion, and self-consistent radial electric 

field profiles are included. Variation in magnetic field due to finite 

plasma pressure, effects of energetic electron rings, and transport due 

to drift waves and magnetic field errors are neglected. Diffusion is 

assumed to be neoclassical with enhanced losses at low collisionalities. 

The model repreduces many of the observed features of EBT operation in 

the quiescent toroidal (T) mode. The self-consistently calculated 

electric field is everywhere positive (not as in experiments) unless 

enhanced electron collisionality is included. Solutions for advanced 

EBT's are obtained and confinement parameters predicted. 
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1. INTRODUCTION 

In the ELMO Bumpy Torus (EBT) experiment, plasma is confined by a 
number of toroiaally linked magnetic mirrors and is heated by microwaves. 
In the toroidal or T-mode of operation, rings of hot electrons form in 
the midplane of each mirror with energies of a few hundred kilovolts. 
For sufficient microwave power, the diamagnetic plasma current of the 
electron rings is enough to reverse vacuum magnetic field gradients and 
produce an average minimum in the magnetic field that is required to 
stabilize a cooler but more dense toroidal plasma. The toroidal plasma 
of the T-mode discharge is characterized by relatively long lifetimes 
and a low fluctuation level. Because of this seemingly well-confined, 
quiet behavior, there is much interest in studying the toroidal plasma 
in EBT as a possible environment for controlled thermonuclear fusion 
reactions. However, to extrapolate the results of the current experi-
ment to larger machines, a basic theory for particle and energy 
transport in the toroidal plasma is needed. Such theories have already 
been developed for alternate toroidal magnetic traps such as tokamaks [1], 
In this paper we develop a time-dependent, one-dimensional radial 
transport model for the toroidal plasma in EBT which is based on a 
series of moments of the bounce averaged drift kinetic equation [2]. 
Quasi-charge neutrality is assumed to compute a self-consistent radial 
ambipolar electric field. Except as required for gross MHD stability, 
effects of the hot electron rings are ignored. Since it is not yet clear 
which process or combination of processes is most important in determining 
the transport rates in EBT, the model is developed in terms of a general 
set of diagonal and off diagonal transport coefficients. However, for 
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the purpose of obtaining specific results here, we use transport rates 
based on classical and neoclassical calculations which are modified at 
low collisionalities to model collisionless transport processes. 

Transport in bumpy torus type geometries has been the subject of 
some previous investigations [3-9]. However, radially resolved calcula-
tions with self-consistent electric fields have not previously been 
attempted. Kovrizhnykh [3] applies neoclassical theory to compute 
analytic expressions for particle and energy flux across the magnetic 
field in various toroidal magnetic systems. For the bumpy torus, 
Kovrizhnykh considers only the limit of very large radial electric 
fields where the results in general do not depend on the poloidal 
component of electric field, Spong and Harris [4] obtain numerical 
results for finite radial electric fields and no poloidal electric 
field. Hedrick et al. [5] apply Kovrizhnykh's results in a zero-
dimensional point model to derive analytic expressions for bulk ^nsities 
and temperatures in the. EBT toroidal plasma. They assume particle and energy 
diffusion times to be equal. Transport rates and confinement times have 
been predicted by Ikegami and Dandl [6] and Quon and Dandl [7] based on 
magnetic field errors, and by Batchelor [8] and McBride [9] based on 
the theory of drift wave stability in EBT including trapped particle 
modes. 

Calculations described in this paper extend the zero-dimensional point 
model of Hedrick et al. [5] to include radially resolved density and temper-
ature profiles, energy dependent ionization and charge-exchange rates, 
distinct particle and energy diffusion times, a spatially resolved self-
consistent radial electric field, and a time varying self-consistent 
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neutral density profile. Our results are thus applicable over a much wider 
range of plasma parameters than those of Ref. [5]. However, since we do not 
consider variation in magnetic fields due to finite plasma pressure, effects 
of energetic electron rings, or transport due to magnetic field errors and 
drift waves, and since we only crudely model effects of loss regions where 
electric and magnetic field drifts cancel (super banana particle orbits), it 
is not expected that our results will be applicable in all aspects to real 
EBT plasmas. Rather we regard this work as a step toward a complete 
transport model for EBT and similar axially asymmetric toroidal systems. 

In Section 2 we derive the five transport equations used to describe 
the time-dependent behavior of charged and neutral particles in the 
presence of a self-consistent radial electric field. In Section 3, we 
discuss results of a numerical solution of these equations for parameters 
corresponding to the current experiment EBT I, and the next generation 
experiment, EBT S . A simplified model in Section 4 assumes an ad hoc 
electric field, and results are compared to those found with the self-
consistent equations. EBT I data appear to be consistent with neoclassical 
transport if one assumes reasonable ad hoc electric fields of either sign. 
In Section 5 the self-consistent model is used to examine the effect of 
variations in plasma conditions such as (a) changes in the edge density 
of neutrals, (b) supplementary ion heating, and (c) enhanced electron 
collisionality. Self-consistently calculated electric fields are 
generally positive (not as in experiments) unless enhanced electron 
collisionality is included. Calculations for EBT S design parameters 

predict ion temperatures as high as 160 eV and a product of density and 
11 -3 energy confinement time of 6 x 10 sec cm 
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2. TRANSPORT EQUATIONS 

2.1 Moments of the Drift Kinetic Equation 

We begin with tha bounce averaged drift kinetic equation [2] for the 

distribution of guiding centers f= f(r, 9, v^, Vy , t) 

|| + vD • Vf + A • 7 / = C(f) (1) 

where v^ is the guiding center drift velocity, and C(f) is the collision 
integral. The acceleration A may be written 

A, 1 mvĵ  
v i 3B . V i 

2B at + VD 2B 
- V . 1 ' e_ - V 

n v., m E — 2B ̂  

(2) 

where m is the mass, e is the charge, u is the magnetic moment, E is the 
electric field, and v^ and V|| are velocity components perpendicular and 
parallel to the magnetic field B, respectively. Choosing toroidal 
coordinates r and 8 as in Fig. 1, may be written 

^D (vDy s i n 6 + V 8 ) * + + vDy cos 6 ) § 
C3D 

where 



6 

n = - Er/(rB) 

-v2 / Vll \ C4) 

V - S r ^ y1 + 7) • 

In Eqs (3) and (4), we assume an axial magnetic field, B = B^ = BQ/h where 

h = 1 + r/R̂ , cos 9, o>c is the cyclotron frequency and R^ is the major 

radius of the torus. The aximuthal drift frequency represented by 

is due to mirror-like gradients and curvature in the magnetic field. 

It can be shown that the drift velocity and acceleration are in 

general related by the expression 

V • v = - V - A (5) 
D v 

which for Hamiltonian systems is equivalent to the equations of motion. 

Moments of the drift kinetic equation are derived by multiplying Eq. 

(1) by an arbitrary function 4>, integrating over velocity, and averaging 

over 9. Using Eq. (5), we obtain 

It (»<•>) - ( I f ) + V ' (»&•» "" <?D ' ) "n <* ' V ) (6) 

where = ̂  / fjT d3vij>f. Setting « 1 and ty = | (v^ + v(| 2 ) in Eq. 
th 

(6) leads to the equations for particle and energy balance for the j 

species, 
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3n . i 3t + V T. = v n 3 i j (7a) 

+ V • Q. 
J (7b) 

(8) 

where v'= v^ + V|| , ê  is the charge, k is Boltzmarm's constant, v^ is 

the ionization rate, and the particle and energy densities are defined 

respectively, 

- r f & f ^ ' i 

The particle and energy fluxes are defined respectively, 

C9) 

3 
In Eqs (8) and (9), y n.kT. includes both the random and directed energy 

density and Q^ includes both the conductive and convective heat flow. 

Results of neoclassical transport theorv for axially asymmetric 

toroidal systems [3,4] give the radial component of the particle and 

energy fluxes in Eq. [9) as 

I 
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8n. ST. 
T. = -D . 5-J - D™. + n.p. E j,r nj 8r Tj 9r J J r 

an. 3T. <10> 
,r = "K

nj 3F" " KTj ^ + 

where 

"J " ̂  (U, 
ej yTj = kT7 Knj ' 

The moment equations for an arbitrary species given by Eq. (7) may 

be simplified to describe toroidal plasma containing ions and electrons. 

In the collision term on the right of Eq. (7b), we include the energy 

exchange rate between ions and electrons, 

m 
Q . = 3nv . — (kTp - kT.) xei ei m. V ® i/ 

I 

and energy gain and loss rates due to ionizing and charge-exchange 

collisions. In Eq. (12), v . is the electron-ion collision frequency. 

Energy loss by line radiation of impurity atoms, which are excited by 

inelastic collisions with electrons, is found to be small for current 

density estimates of low charge state impurities in EBT [10]. 
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We assume quasi-charge neutrality, i.e. n * n. and define 
6 X 

n = tiq ~ n^. Noting that equal radial fluxes of ions and electrons are 

required to maintain charge neutrality (T̂  = rg ^ = I\ r), we write just 

one equation for the conservation of ions and electrons and separate 

equations for energy conservation:, 

3n 
at = n (av).n - i | ~ ( r r o\ /i r 3r\ r/ CI 3a) 

|rfl nkT.) = Q . - - |-(rQ. ) - n (CTV\ | nk(T. - T ) ot \jL it xei r 3r \ ^itI o\ /CX 2 l o 

+ ef. E + n (ov). nkT lr r o\ 'x 2 o 
(13b) 

I t ( f n k Te) = 2 m e ^ D y ) " 7 h ( T % r ) " ^e i " no<OV>i nEI " e F E er r (13c) 

where we have assumed 3B/3t = 0. Only the radial dependence has been 

kept since axial avid azimuthal uniformity has been assumed. The 
ionization rate v. is represented as n {avY where n is the neutral x A o\ /i o 
density, and n0(ov)cx represents the rate of charge exchange between 
ions and neutrals. The ionization energy of atomic hydrogen is 
Ej = 13.5 eV and t q represents the neutral temperature. 

The first term on the right side of Eq. (13c) represents the bulk 
microwave power source to electrons at the fundamental cyclotron 
resonance. ( D p ) is the resulting effective diffusion coefficient in 
velocity space [11] > 
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ire 
n(r)ni 

j n ! E i l ) 
i LdaJc/ds| U (s) = UJ c^ ' y 

(14) 

where n(r) is the field line averaged plasma density; |EjJ is the complex 

microwave electric field amplitude perpendicular to B, and L is the 

separation in z between resonance zones. The quantity in brackets is to 

be evaluated at a position, s, along the field line such that to (s) = ai c y 
where tô  is the microwave frequency. Adopting a model bumpy cylinder 

magnetic field, the only unknown in Eq. (14) is the microwave field 

amplitude |EjJ. Assuming a spatial profile for |E^|, its magnitude can 

be determined by integrating the power density, 2men^D^, over the plasma 

volume and equating the result to the total power deposited in the 

toroidal component as estimated experimentally. For results given here, 

|EjJ is assumed uniform in space, and 20% of the total microwave power is 

assumed absorbed by the toroidal plasma in EBT I and EBT S. Because of 

the large electron thermal conductivity, we find the results relatively 

insensitive to the particular microwave electric field profile chosen. 

2.2 Ambipolar Assumption and Diffusion Rates 

We define ambipolar diffusion coefficients in the usual way by 

equating radial particle fluxes from Eq. (10) for ions and electrons. 

After some rearrangement this yields, 

3T. ?T 
E _ °ni ~ Dne 1 3n , DTil£ " DTe"^ CIS) 
r ~ y. y n 3r n(y. - y ) i - e v i e 
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where the transport coefficients in general may depend on the electric 

field. Substituting Eq. (15) into Eq. (10) yields for the particle and 

energy fluxes 

„ 3T ST. 
r = -Da 22. _ Da — - Da — 3 r n 9r uTe 3r uTi 3r 

q. = - Ka. - Ka xir nx 3r 
3T. 3T 

Til 8r 
3T 

- K; 

*er - ra v3- va 
~ ~K ~ " *Tel W " K' 

Ti2 3r 
3T. 

ne 3r Te2 3r 

(16) 

where the superscript "a" denotes the ambipolar rates defined as: 

y.D - p D . 
na - 1 n e e n i 
n = - ye 

D . - D 
Ka - K - U n l n e 
ni ni yTi y. - y 

D; ^liDTe 
Te y. - y ' i e 

Ka - K y T i D T i fVn.J 1 — IXi Til "Ti y. - y i e 

A. -Tx y. - y x re 
^Ti^Te 

~ ' V (17) 

D . - D 
Ka = K yT Si ne ne Te y. - y 

£ - K , ^ xel ~ Te y. - y 

Te2 
yTeDTi 

- ye 
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We note for example that in the limit y » y., Eq. (17) gives 6 X 
Da ~ Dni(l + T^Tj). Therefore, particle diffusion is dominated by the 

slower species, in this case the ions, while the faster electrons are 

electrostatically confined. 

By writing the electric field and particle and energy fluxes as in 

Eqs (15) and (16), and substituting into Eq. (13), we eliminate the 

explicit linear dependence on the electric field from the final set of 

particle and energy balances which become 

3n = n (cv\.n + 11_( rDa + rD! o \ / i r 3r\ n 3r 
3n 3T 3x. a e _a I + rD_. (18a) 

lt(! ̂ i ) - f fe ( < i £ * *KTil ̂  * < 2 iff 

3T 3T 
X l D a - § 2 . - + D a — - + D a - i X 1 n 3r Te 3r Ti 3r 

-D, 
3T e 

Te 3r 

3T. 
3 n + D„. 1 

y ni " °ne J 3r ' "Ti 3r 

3 + Qa + " (ov). -JnkT - n (ov) f nk(T. -^a o > /1 2 o o x / c x 2 ^ l 

(18b) 

V 

3T 3T. ,a I 
I t ( I » k Te) • ? I ? ( f e + < 1 I T * r K f e 2 * r I * V 

„ . 3T 3T. 
Ina 3n ̂  na e . na i 

x 'Dn 37 + DTe fcT + °Ti 3F 

-D 
3T e 

Te 3r 

°„i " °ne If 
3T. 

+ °Ti S T 

" n o W i nEI + 2 men<Dy> 
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2.3 Electric Field Equation 
The ambipolar diffusion coefficients given in Eq. (17) are defined 

as a matter of convenience to eliminate the linear dependence on the 
ambipolar field from the particle and energy balances in Eq. (18). When 
the transport coefficients themselves depend on the electric field in a 
nonlinear way as they do in EBT, electron and ion fluxes are still not 
necessarily equal. In this case we solve an additional equation for the 
time-dependent electric field. From Ampere's law we have 

a 
- > -y 

where D = eE and B = yH where e and y are the permittivity and permea-
bility tensors. The current density J includes a collisional part due 
to the diffusion flux, a collisionless part due to plasma polarization 
and waves, and an equilibrium part due to diamagnetic drifts. Since the 
magnetic equilibrium is determined on a time scale very much faster than 
the diffusion time scale considered here, we take it to be given. In 
principle, at the end of the diffusion calculation, the magnetic 
field can be recomA ted and the diffusion solution repeated until 
convergence is achieved. Writing the radial component of the collisional 
current density as J^ = " ̂ er) > assuming Hg = 0, and making use of 
Eq. (10), the radial component of Ampere's law, when averaged over 9, 
becomes 

el 3Er 
T W = rer~ rir (19) 

r , 3Ti "1 
" |(Dni " Dne)£ + °Ti 3r °Te \ ' ~ ̂ e) Er 
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which reduces to Eq. (15) in steady state. We note that the equilibrium 

currents (in the 9 direction) do not enter this equation, and the 

collisionless currents, due to plasma polarization, enter through the 

i} .2/co •2 + 2/w pi ci pe ce 
2 2 2 2 perpendicular plasma dielectric, Ej_ = e (1 + w . /to . + d /w *) 

where uî  is the plasma frequency, By Er in Eqs (19) and 

(15), we mean the azimuthally averaged radial electric field 

/
hd9 
2, E r W = S T V r > « 

2.4 Neutral Transport Model 

We assume that the neutral gas adjusts instantaneously to changes 

in the plasma parameters and write a stationary kinetic equation for the 

neutral distribution f at each time o 

v • Vf = -na(av\. f + (av) (n f^ax - n.f ) o e\ /i o \ /cx o i I o (20) 

The first term on the right represents a loss of neutrals due to ionization. 

The second term represents a net gain in neutral energy due to charge 

exchange where the charge-exchange neutrals are assumed born as a 

Maxwellian velocity distribution f\ with the temperature of the ions. 

Assuming plane slab geometry and two groups of neutrals, one hot and one 

cold, Eq. (20) is solved using the Oak Ridge neutral transport code [12] 

for the neutral density nQ and neutral temperature Tq. Boundary conditions 

used are equivalent to a delta-function isotropic source of cold neutrals 
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at the edge with energy eq and density nQ e(jge-

2.5 Transport Coefficients 
Eqs (18) - (19) form a closed set which can be solved for n, T , T., 

6 X 

E^, nQ, and Tq. The functions D^, D^, \i., Kn ̂, K^, and used in 

the solution are taken from the neoclassical transport coefficient calcula-

tions of Refs [3-4] for a bumpy torus with closed magnetic field lines. 

In the limit of large radial electric field treated by Kovrizhnykh [3], 

small poloidal electric fields Eg c"o not affect the magnitude of particle 

and energy fluxes, and the diffusion rates take the particularly simple 

form [3], 

v2. v. 7 

^ = ^ v . 2 ! fi.2 K n j = 2 k T j D n j 
3 3 

2 n i 101 
°Tj = TT^ Dnj KT3 * — knj D n j (21) 

ê  e. 
yj = kT7 Dnj uTj = kT\ Knj 

where = 2kTj/(nucocjRT) is the average drift velocity due to toroidal 

curvature and v. = v. + v. + v.. is the effective collision frequency 3 jn je ji H / 
where 

4 e .n.JlnA 
. - . e v . ; , ei I e. V ee le m 

m- O 
i V e i ' Vjj 25.8v^e2mj1/2(kT;j)3/2 
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and A = 127r(e kT / 0 ° ' V n o e ' i 
,2)3/2^1/2 . The transport coefficients in Eq. (21) 

result from a direct solution of Eq. (1) where the gyromotion of the 

particles has been averaged out, and hence they do not include classical 

diffusion. We therefore add to these coefficients diffusion rates 

corresponding to the classical fluxes [3] 

where p = p^ + p. and p. = n.kT.. In all cases considered, the classical 
rates are negligible compared to those given in Eq. (21). 

It will be noticed that in the collisionless limit ( - « 1)» the 
3 3 

diffusion coefficients of Eq. (21) become arbitrarily small. This leads 

to difficulties in the self-consistent solution of Eqs (18) and (19) 

which result in .-Arbitrarily large electric fields and steep gradients. 

Therefore, in order to model enhanced losses at low collisionalities due 

to drift waves and trapped particle effects, we multiply the rates in 
O "kO Eq. (21) by a factor (1 + a /v- ) where v? = v./Q... For the results 

J J J 3 

given in Sections 3 and 4, we have taken ot = 0.2. We note that inclusion 

of such enhanced losses yields more conservative estimates of plasma 

parameters than would otherwise be obtained, since it effectively 

decreases particle and energy lifetimes in the collisionless regime. 

Finally, we comment on the validity of the assumptions which lead 

to the transport rates in Eq. (21). In particular, the assumption of a 

3 3 e e 
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nearly Maxwellian velocity distribution [3,4] may be a poor one for 
electrons in EBT. Microwaves modify the distribution function by 
enhancing the high energy anisotropic tail which appears as the hot 
electron annulus in the experiment. Also, in the presence of a self-
consistent electric field, a loss region exists for the faster diffusing 
species in which a cancellation of poloidal drifts occurs. This can 
cause as much as an order of magnitude increase in transport rates for 
particles with thermal energies on the order of the electric potential 
[4]. In this case, the large electric field limit is clearly not 
applicable and even small poloidal electric fields can significantly 
affect particle and energy fluxes [3]. 

3. RESULTS OBTAINED WITH A SELF-CONSISTENT ELECTRIC FIELD 

3.1 Numerical Procedure 
The equations derived in the previous section have been applied to 

hydrogen plasma with parameters corresponding to EBT I and EBT S. The 
ambipolar diffusion equations given by Eq. (18) are solved in time using 

a Crank-Nicholson implicit scheme [13] with a spatial mesh of 50 points. 
A predictor-corrector step is used to treat nonlinear coefficients in the 
equations. The maximum possible time step on the diffusion time scale 
is limited by the nonlinearity in Eq. (18) and is typically AtQ ~ 0.05 msec 

for EBT I and EBT S. By contrast, the time scale for the electric field 
L 2 ID . 2 _ 6 _ 5 

variation, as given by Eq. (19) is on the order of Ei_~l.o -10 
E ne Uci 

sec where is the electron debye length. Hence the electric field 

adjusts very rapidly with respect to the plasma parameters. Therefore, 

after each time step on the diffusion time scale of Eq. (18), we follow Eq. 

(19) for a sufficient number of time steps (i.e. 10-50) to ensure that 
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an approximate steady-state electric field has been calculated consistent 
with the plasma parameters for that time. 

3.2 Comparison to EBT I Data 

Figure 2 shows solutions to Eqs (18)-(21) for typical EBT X parameters, 
i.e. 24 mirror sectors with a plasma radius a = 10 cm, a major radius 
R^ = 150 cm, resonant magnetic field BQ = 6.4 kG, and total microwave 
power 55 kW with 20% of this (or 11 kW) deposited in the toroidal core 
plasma. At the plasma edge (r = a) we assume conditions characteristic 
of the cold surface plasma in EBT I, n = 3 x 1011cm"'> with kT = kT. = 

6 X 

13.5 eV, The energy of cold neutrals at the edge is taken to be EQ = 0.5 eV 
9 -3 

in agreement with Ha measurements [14] and a density nQ e(jge = 2 x 10 cm 

is assumed. 

Since EBT operation is steady state in the toroidal mode, we 

emphasize for the most part steady-state results. However, such results 

are obtained by following the transport equations in time as described 

above until equilibrium is reached. This approach to equilibrium is 

illustrated for EBT I in Fig. 2a where radial profiles of electron 

density, ambipolar potential <f>a(r) = / r E (r)dr, and ion and A O X 
electron temperature are shown at time intervals of 4 msec until an 
approximate steady state is reached at 60 msec. Because the electric 
field is determined self-consistently, ion and electron particle fluxes 
are equal at each time step. Electron heat fluxes, on the other hand, 
are typically 10-40 times greater than ion heat fluxes. 

The steady-state result is shown separately by the solid curves in ~ 1 3 - 2 Fig. 2b. The integrated electron density, /n dl ~ 5 x 10 cm , is 
© 

slightly higher than peak microwave interferometer measurements 

in the current experiment. Axial values of ion and electron temperatures 
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are on the order of 100 eV and 300 eV respectively. Also, they are in 
good agreement with soft x-ray spectra [15] and ion charge-exchange 
measurements [16], Particle lifetimes are on the order of 127 msec on 
axis and 15 msec at the edge averaging about 60 msec. The total stored 
energy in the toroidal component is about 58 J giving a gross 
energy confinement time of 5.3 msec. The total potential drop from 
the center of the plasma to the edge is on the order of kTe/e and 
corresponds to an outward pointing radial field. Initial electric 
potential measurements made along an arc passing from the lower 
to the upper halves of the torus show a potential rise of about kTe/e 
indicating an inward pointing electric field within the hot electron 
rings [17] . However, no exact information as to the plasma and ring 
horizontal location is obtained [17]. More recent observations made 
along a horizontal arc passing through the plasma suggest that the shape 
of the potential profile is strongly correlated to magnetic field errors 
in the experiment [7]. The effect of such field errors on transport 
rates is not included in the present calculations. 

These comparisons between theory and experiment must be regarded as 
tentative because of the highly idealized nature of the calculations 
involved. In particular, a number of simplifying assumptions must be 
made in applying the diftusion rates in Eq. (21) to both ions and 
electrons. These include neglecting effects of the hot electron rings 
and magnetic field errors on transport rates. However, it is encouraging 
that the present theory can be used to fit the experimental values of 
densities and temperatures. We should point out that for larger aspect 
ratio machines, such as EBT II, some of the theoretical assumptions 

\ 
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(particularly with regard to geometry) would become more reasonable. 
In the current results, the direction and magnitude of the radial field 
are extremely sensitive to the relative difference between ion and 
electron diffusion rates. We conclude from ad hoc electric field 
calculations discussed in Section 4 that the gross plasma parameters 
are quite insensitive to this difference in diffusion rates and to the 
sign of the resulting field as long as the radial field is of substantial 
magnitude. 

3.3 Extrapolation to EBT S 

We have computed similar solutions for parameters corresponding to 

EBT S parameters with 24 mirror sectors and major radius R^ = 150 cm. 
The plasma radius remains unchanged at a = 10 cm, but the resonant magnetic 
field is increased to Bq = 9.25 kG and total microwave power is increased 

to 200 KW with 20% or 40 KW deposited in the core plasma. Edge neutral 
9 -3 

energy and density are taken as eq = 0.5 eV and nQ e(jge = 5 x 10 cm , 
respectively. The solid curves in Fig. 3 show results for a particular case 
which is not optimized. We note a factor of two increase in density, and 
50% increase in ion temperature. Also particle containment time has doubled. 
In Section 5, self-consistent field calculations similar to those in Fig. 3 
are used to evaluate confinement parameters for EBT S over a range of plasma 
densities. Also the effect of supplementary ion heating is considered. 

4. AD HOC AMBIPOLAR ELECTRIC FIELD ASSUMPTION 
The ad hoc ambipolar electric field assumption has previously been 

used in zero-dimensional or point models to compute steady-state solutions 
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and the onset of thermal instability [18]. In this approximation, 
electron loss rates are assumed to be other than neoclassical and are 
set equal to the ion rates by ambipolarity. The electric potential is 
treated as a parameter. 

Such an ad hoc field model is a limiting case of the self-consistent 
formulation given in Section 2 when the time step Atg for solving Eq. (19) 
is set to zero. The electric field profile then remains fixed in time 
at its initial value Er(t = o) and becomes, in effect, a free parameter 
set by the initial conditions. Diffusion rates used are still the 
ambipolar rates from Eqs (17) and (21). 

The dashed curves in Figs 2b and 3b show steady state and ad hoc 
electric field solutions for EBT I and EBT S, respectively. For the ad hoc 
field cases we have chosen a cubic potential profile and assumed a potential 
rise of 175 V from the axis to the plasma edge. We note that while the self-
consistent and ad hoc electric field profiles are quite different, there are 
only minor differences between the two cases in the density and temperature 
profiles. 

The resulting particle fluxes for the EBT I calculations are shown 
in Fig. 4. In the ad hoc electric field result (dashed curves), the 
negative electric field causes an inward flux of ions and an outward flux 
of electrons. The maximum ion flux occurs at r/a = 0.25 where there is 
cancellation of poloidal drifts for ions. In the self-consistent case, a 
positive electric field forms to decrease the outward flux of electrons and 
increase the ion flux electrostatically giving a resultant outward flux 
(solid line) which is the same for both species. 
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5. EFFECT OF VARIATION IN DISCHARGE CONDITIONS 

5.1 Neutral Gas Density 

Effects of the edge neutral density on steady-state solutions for 

EBT S are illustrated in this section using the self-consistent electric 

field model developed in Section 2. For R = 1.5 m and a fixed microwave i 
power of 40 kW deposited in the toroidal component, we consider the scaling 

of discharge parameters with density. In Fig. 5, the peak steady-

state ion temperature is plotted versus the radially averaged electron 
— 1 a density, n = /_n dr, as the edge neutral density is varied between 3.5 a o e 
9 -3 and 6 x 10 cm . The points in this figure represent actual stable, 

steady-state solutions obtained with the self-consistent field model. 
2TTRt A / Also plotted are the gross energy containment time, x̂ , = p j f y nkTg + 

3 \ _ c o r e "'o \ _ 6 
j nkT^ 1 2irr dr, and the nx£ product. Line average plasma densities n 

12 12 -3 range from 3 x 10 to 8 x 10 cm with peak ion temperatures 100 eV < 

kT. < 160 eV and energy confinement times 3 msec < x„ < 7 msec. The result-
x j J 

— 10 -3 ing values of nx£ vary between 1.0 and 6.0 x 10 cm sec. The self-

consistent potential drop between the plasma interior and edge, e<j>A, is on 

the order of the peak electron temperature kTg which varies from 400 to 

700 eV. Error bars should be placed on these results principally due to 

uncertainty in the electric field calculation. We show in Section 5.3 for 

example that enhanced electron collisionality can reverse the sign of the 

electric field. Also the ad hoc electric field solutions in Section 4 for 

potential profiles similar to those observed in the EBT-I experiment 

suggest that errors on the order of 20% might not be unreasonable. 
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5.2 Supplementary Ion Heating 

To assess the effect of neutral beam injection power on the 

development of EHT discharges, we include an additional energy source on 

the right-hand side of the ion energy balance, Eq. (18b). This source 

has the form 

% = G i T r 2 7 - H W 2ir a r t 

where P^ is the beam power, G^ is the fraction of the total energy 

deposited in the ion component, and H(r) is the radial heat deposition 

profile, which for simplicity we take to be parabolic. For a beam energy 

of 10 keV, G^ ~ 1 so that the beam energy is absorbed almost entirely by 

the ion component. Thus, no additional heat source has been added to the 

electron energy balance, Eq. (18c). Since the cross section for charge 

exchange of 10 keV neutral hydrogen is an order of magnitude larger than 

that for ionization, no additional particle source term is included in the 

particle balance, Eq. (18a). 

A typical result for EBT S is shown in Fig. 6 with P^ = 10 kW and 
9 -3 

nQ e(jge = 5 x 10 cm . Comparing results in Figs 3 and 6, we notice that 

the ion temperature increases by about 25 eV with 10 kW of beam power. 

The ambipolar potential and electron temperature also increase in Fig. 6. 

5.3 Increased Electron Collisionality Due to Microwave Heating 

One possible explanation for the experimentally observed inward 

pointing radial electric field in EBT I is that microwave heating provides 

an additional scattering mechanism for electrons which increases their 

effective collisionality. If we denote the resulting effective collision 

frequency for electrons by v^p and assume that microwave and coulomb 
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collisions have qualitatively similar effects on neoclassical diffusion 

rates, then Eq. (21) shows that for vRp » electron confinement is 

improved by this mechanism. The physical picture is that multiple 

microwave scatterings prevent electrons from completing a single particle 

drift orbit, thereby reducing the neoclassical diffusion rate. Or 

equivaiently, electrons which scatter into the neoclassical loss region 

(fl0 fy 0) do not have time to drift out of the machine before another 

microwave collision removes them from the loss region. For v^, > 

v /m./m ~ It)** sec \ electrons become better confined than ions, and 
GO X Q 
a radially inward pointing ambipolar field results. By comparison, in 

7 EBT I, the bounce frequency for 350 eV electrons is about v^ ~ 2 x 10 
sec * and the heating rate for electrons in a 30 V/cm microwave electric 

7 
field is on the order of 10 eV/sec [11]. 

To illustrate the effect of such enhanced electron collisionality, 

we have repeated the calculation of Fig. 3 for EBT S with an electron 
collision frequency v = v + v + v . + vn„ where vnT, = 8 x 106sec-1. ^ e en ee ex RF RF 

9 -3 
For nQ e(jge = 1.5 x 10 cm and 10% of the microwave power absorbed by 

toroidal electrons, the steady 

-state result is shown by the solid 

curves in Fig. 7. The observed potential rise, A<j>A ~ 415 V indicates 

an inward pointing electric field as observed in the EBT I experiment. 

The ambipolar potential varies with the temperature of the more rapidly 

diffusing species, in this case the ions. Hence, 10 kW of supplementary 

ion heating leads to a larger ambipolar potential shown by the dashed 

curves in Fig. 7, and an improved heating efficiency as indicated by the 

50 eV increase in ion temperature. This is about twice the temperature 

rise observed in the positive field case of Fig. 6 for the same power 

input. 



25 

A more rigorous treatment of the effect of microwave resonance on 
neoclassical diffusion of electrons requires including a Fokker-Plank 
collision term in the drift kinetic equation to model microwave scattering 
of electrons in the calculation of neoclassical transport rates. 

6. CONCLUSION 

The calculations reported here should be considered as a further step 

in the solution of a very complex problem. It has been shown that a self-

consistent electric field can be calculated numerically at each time 

step in a radial transport simulation for the core plasma in EBT. Time-

dependent solutions approach stable equilibria when enhanced diffusion 

is included at low collisionalities to limit arbitrarily large electric 

fields and steep gradients. The calculations show potentials inside the 

plasma which are generally positive with respect to those at the edge and 

with magnitude comparable to kTe/e. An ad hoc electric field model 

appears to give reasonable results for density and temperature profiles 

although radial fluxes of ions and electrons are not necessarily equal. 

Self-consistent calculations for EBT S with a major radius of 1.50 m 
and 40 kW of microwave power absorbed in the core plasma predict 
— 10 -3 
nt^ ̂  6 x 10 sec cm and kT^ ̂  150 eV for line average densities of 

12 -3 
8 x 10 cm Supplementary ion heating increases ion temperature; 

however, the magnitude of the increase is dominated by the effect on the 

ambipolar field. Finally, artificially enhanced electron collisionality 

can cause inward pointing radial electric fields. One possible mechanism 

for such enhanced collisionality may be the increased scattering of 

electrons due to microwave resonances. In order to obtain a more accurate 
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description of steady-state plasmas in EBT, this work should be 

extended to include effects of the hot electron annulus on the ambipolar 

potential and the effects of magnetic field errors and drift waves on 

transport rates. 
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Fig. 1. Toroidal coordinate system. 
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Fig. 2. Numerical results for EBT I. 



31 

o r n l . d w g ' f e d -77586 

NUMERICAL RESULTS FOR EBT S 

r(cm) r(cm) 

Fig. 3. Numerical results for EBT S. 
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Fig. 4. Charged particle flux profiles for the discharge of Fig. 2. 
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Fig. 5. Confinement parameters for EBT S. 
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EBT S WITH 10kW OF SUPPLEMENTARY ION HEATING 

Fig. 6. Steady-state result for EBT S with supplementary ion heating. 
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EBT S WITH ARTIFICALLY ENHANCED ELECTRON COLLISIONALITY 
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Fig. 7. Steady-state results for EBT S with and without ion heating 
for artificially enhanced electron collisionality. 


