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ABSTRACT 

The electron transport in EBT is simulated by a two-point 

model-corresponding to the central plasma and the edge. The 

central plasma is assumed to obey neoclassical collisionless 

transport. The edge plasma is assumed turbulent and modeled by 

Bohm diffusion. The steady-state temperatures and densities in 

both regions are obtained as functions of neutral influx and 

microwave power. It is found that as the neutral influx de-

creases and power increases, the edge -density decreases while 

the core density increases. We. conclude that if ring instabil-

ity is responsible for the T-M mode transition, and if stability 

is correlated with-the cold electron density at the edge, it 

will depend sensitively on ambient gas pressure and microwave 

power. 

Work suppurted by Department of Energy, 
Contract DE-AT03-76ET51011. 
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Plasma turbulence at the surface of the quiescent central plasma in the 

ELMO Bumpy Torus (EBT) can have a significant influence on the overall sta-

bility of the plasma through its effect on the rate of creation and relative 

concentration of cold electrons. The nature of the dominant effects can be 

seen from an elementary model in which the plasma is divided into two regions: 

(a) a stable central region which obeys neoclassical transport; (b) a turbu-

lent edge region extending from the outer part of the annulus to the con-

tainer wall, wpich we assume to obey Bohm diffusion. 

In an open-ended system, it is appropriate to consider a slab model for 

the edge in which a steady neutral flux pa:sses through the slab of width, a, 

and the increase in density due to ionization is balanced by Bohm diffusion 

loss. We arrive at the equation 

1 - e 
-N 

e 
N 

e =-
N 

0 

where N = ~ <av> . a/v , N = n <av>a2/DB , and bar denotes averages e e ion1z o o o e 

( 1) 

over the slab, v
0 

being the thermal velocity of the neutrals of density n
0

• 

Figure 1 plots Ne versus N
0 

in Eq. (1). We note that as N ~ 1, N ~ 0, so 
.o e 

that at this critical neutral density, the edge region is suddenly deficient 

of cold electrons. If we take T -50 eV, B ~ 5 kG, a- 5 em, and <av>i . e on1z 

2.5 x 10-8 cm3/s, the critical neutral density n - 10
11

/cm3• o crit 
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In a toroidal device such as EBT, one should, in principle, consider 

the particle and energy balance of both the electrons and ions in the 

presence of a self-consistent ambipolar field. However, we note that the 

ions in EBT-I and EBT-P are mainly in the plateau region where the diffusion 

coefficient varies exponentially with the ambipolar field 

[Di ~ exp(eB~'/kTiB')]~ We therefore expect that the ambipolar field con

trains the ion transport so that e~/kT. is roughly constant (or logarithmi
l. 

cally). The main energy exchange between the electrons and ions is due to 

Coulomb collisions which is usually only a small fraction of the total micro-

wave power input. One may then expect a reasonably good description of the 

electron power balance by negtecting ele.ctron-ion energy exchange, an~ re-

placing e~/kT by a constant (we have used unity) in the electron transport 
e 

equations. 

The edge plasma is unstable and a plausible transport model is Bohm 

diffusion (DB = ckT /16 eB). The relation between the particle diffusion 
e e 

coefficient and heat c.onductivity is unknown, however, and we assume a 

relation ~e = ST kne/DBe where ST is an adjustable constant. 

The continuity equations for particle and energy are 

an 1 Cl(rr ) 
e+- e 
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where r and Q are the particle and energy fluxes, E is the ambipolar field 
e · e r 

·field; n , P , E
1

, and <crv>. are respectively the neutral density, microwave 
0 ~ 1 

power, ionization energy, and ionization rate. 

We assume a neutral density radial dependence given by 

n (r) = 
0 

n 
0 

r ( rr2 
: exp - Jr n 

e 

where r 
1

,, r 2 are the radii of the bulk and edge region, and v 
0 

is a mean 

neutral velocity. Although this profile is singular at r = 0, it gives a 

(4) 

finite flux for all r. If the plasma line density, na, is not too high, as 

is the case in EBT-1, the integral in Eq. (4) is approximated in each region 

by 

n.<crv>. 
e 1 dr 

v 
0 

n <crv> 
e

2 
i2 

v (r2 - r) 
0 

n <crv> 
e2 t7. _..;..._ ___ !:.r + 

v 
0 

n <crv> 
1 e

1 
i 

v 
0 

in edge (region 2) 

(5) 

(r
1 

- r) in bulk (region 1) 

where !:.r = r 2 - r 1 is the thickness of the edge, and the bar and subscript 

denote average values in each region. 
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On integrating over the volumes of the two regions separately, we get 

point model transport equations for each region. The fluxes f , Q in 
e e 

We restrict ourselves to collisionless region. 1 are given by Kvriznykh. 
1 

regime and replace the factor v/(v2 + n2
) by v!n2 in the diffusion coeffi-

p p 

cients. By replacing the densities and temperatures.by averages in each 

region, we arrive at the point model for region 1: 

d n 
e1 

---dt 

- [7 + 101 
2 r

1 n ---
1 L 

n1 

5 

(1 + n1)]D 
ne 1 

n kT
1 e1 

r
1 

L 
n1 

(6) 

(7) 



where L is the density gradient scale length, n1 is the ratio of logarith
n1 

mic derivatives of temperature and density; D is the Kvriznykh diffusion ne 1 
which in the collisionless limit is given by the expression 

T . 
e1 

T . 
e1 

(8) 

(9) 

where Rc and RT are the mean magnetic radius of curvature and the toroidal 

radius. We have replaced all e Er/kT1 by 1/L in Eqs. (6) and (7), and 
n1 

defined the quantities N ., j 
eJ 

n . <crv> .. r. 
eJ 1.] .J 

v 
0 

1 ' 2: 

The ambipolar field in the edge region is difficult to treat and we 

neglect it (or rather absorb its effects in the definition of density 

gradient length). We arrive at the equations: 

2 n v 
0 0 

r2 

6 

(1 0) 

(11) 



( 

-!J.r 

1 - e 

p ·) 112 
(12) 

We note that in assuming two distinct diffusion mechanisms in the cen-

tral and edge regions, we are neglecting the inevitable transition region 

which hopefully do not affect the overall particle, energy balance. Also we 

have not considered the annulus in the transport equations. Furthermore, we 

have neglected charge exchange, but when solving Eqs. (6), (7), (11), and (12) 

numerically, we add an ad hoc amount to. the ionization energy E
1 

in each 

region to partially take this effect into account. A simple, and yet useful, 

understanding of the steady state can be obtained in the limit when the edge 

is thin and the center is thick, (i.e., N << 1, N >> 1 which is appro-
e2 e 1 

priate for EBT-P parameters). Equation (6) becomes 

2(1 +n
1
)n 

ne
1 

and Eq. (7) becomes 

n 
e 

1 
L 

n1 

n v 
0 0 
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(13) 
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Dividing Eq. (14) by Eq. (.13), we immediately get 

(15) 

and from Eq. (13), 

(16) 

Similarly, for the edge region, 

where P 
].1 

p 

T a: __!:_ 
2 n 

0 

(17) 

( 18) 

Equations (11), (12), (6), and (7) have been solved numerlr.r~lly at 

EBT-1 parameters and the results are shown in Figs. 2 and 3. If we write 
a. S. a. S. 

n n J P J 
e o ].1 ' 

j 1 
T 
e. 

= n J P J then a =- 0.30, a 2 = 2.10, 81 = 0.76, s
2 

= 
0 ].1 ' 1 

1 J 
- 0.62, y 1 1. 09' y2 =- 1.05, o

1 
= 0.90, o2 = 0.76. The neutral density 
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dependence is seen to be quite close to the limiting values previously 

obtained. The dependence on the microwave power is off somewhat partly 

because the center is not thick, and partly because o
2

, 8
2 

are in terms of 

P in the numerical study rather than P in Eqs. (17)-(18). 
~1 ~ 

The nonsteady solution [Fig. (4)] seems to be always stable as in the 

one-point model. 

Experimentally, T-M.mode occurs as the microwave power P~ is increased 

or n is decreased. An interesting eff.ect in the present model is that such 
0 

variations of P and n cause n , T1 , and T
2 

to increase, but n to 
o e 1 e

2 
decrease. Various theories have predicted that the stability of the annulus 

requires cold-hot electron density ratio, nc/~, to be above certain thres-

holds. 2 For example, in the absence of line tying, Dominguez and Berk 

showed that (when w /Q. << 1) 
g 1 

n 4 (1 + 82h) n1. 
_..£.> 
~~ w 

g 
- 1 

Although, due to .the simplifying assumptions of the theory, the absolute 

magnitude may not closely correspond to actual values under experimental 

conditions, they underline the vital role transport, which controls n , may 
c 

have on ring stability~ If the onset of ring instability corresponds to 

T-M mode transition in. EBT, we can draw conclusions from the present result 

as to whether the core density or the cold edge density is the plasma vari~ 

able which is responsible for T-M mode transition. Specifically, as one 

9 



decreases n
0

, the central density increases, and ~ should not increase, so 

that core density varies in a more stabilizing direction. However, the edge 

electron density decreases quickly so that one has to conclude that the lack 

of cold edge electrons is responsible for the T-M mode transition. It thus 

seems worthwhile to experimentally correlate the edge plasma parameters with 

ring parameters. 
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FIGURE CAPTIONS 

1. N vs N for Eq. (1). 
e o 

2. 

3. 

Steady-state solutions of Eqs. (11), (12), (6), and (7) as a function of 

3 n , with P = 20 kW/m , P 
0 ~1 ~2 

EBT-I: r 1 1 0 em, r 2 = 15 

2 kW/m3
• Parameters used are those of 

em, B = 6.5 kG, L 
o n

1 
5 em, L 

n2 
= 6.7 em, 

2 n1 = 0.03, Rr = 156 em, rRc = 150 em , and BT = 8. 

Steady-state solutions of Eqs. (11), (12), (6), and (7) as a function of 

P with P = 2 kW/m3 , n = 4 x 109/cm3. Parameters are the same as in 
~1 ~2 0 

Fig .. 2. 

4. Transient solution of Eqs. (11), (12), (6), and (7). Parameters are the 

same as in Fig. 2. 
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Fig. 2. ·Steady-state solutions of 
Eq s . ( 11 ) , ( 1 2) , ( 6) , and ( 7) as a 
function of n0 , with P~ 1 = 20 kW/m3, 
P~2 ·= 2 kW/m . Parameters used are 
those of EBT-I: r1 = 10 em, r2 = 
15 em, B0 = 6.5 kG, Ln1 = 5 em, 
Lu2 -- 6. 7 em, n1 '"' 0.03, RT ;;; 156 em, 
rR = 150 cm2, and BT = 8. 
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Fig. 3. Steady-state solutions of 
Eq s . ( 11 ) , ( 1 2) , ( 6) , and ( 7) as a 
function of P~ 1 with P~ 2 = 2 kW/m3 
n

0 
= 4 x 109/cm. Parameters are 

the same as in Fig. 2. 
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Fig. 4. Transient solution of Eqs. (11), (12), (6), and (7). 
Parameters used are the same as i.n Fig. 2. 
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