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Abstract
A two-dimensional transport code, based on a description due to Hirshman and Jardin,
has been used to model a typical discharge for the ZEPHYR experiment. We describe

here the equations solved by this code and present the results of this calculation.




The reduced set of transport equations, derived in Ref. /1/, can be summarized as

follows:
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Here the surface averaged entropy and electron entropy source terms are defined as

S

<TWE, v 9l <Sp>

j:i,e




|

Se = I Ey *ylQey + (PO, /n,

* <gi-V-7;:l'i> =% Qs o _<Spe> (4b)
and the surface averaged cross field heat flux term for species | is
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The flux coordinates ( @ , 8 ) are the independent variables, along with the time t. Using
any of these as a subscript denotes differentiation with the other two held fixed. The
coordinates (x, ¢ , z) form a cylindrical coordinate system with ¢  being the symmetry
angle. Both x and z are considered to be functions of  , 6 and t. The Jacobian of the
transformation (x, @ ,z)to (g , ® , P ) is defined as g .—_[YLPX Ve - Y¢]-1- It is

taken to be of the form
m
¢ = Txy! (6)
where T is a normalization constant and m and { are integers. (Note that the symbol

is replacing the symbol n used in Ref. /1/). If the Jacobian is initially of the form (6) and

if x and z are advanced using eq. (3), then g will always have the form of eq. (6).

Angular brackets denote the flux surface average operator,
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and the differential volume is defined as
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The variables advanced in time in egs. (1a) - (1e) are the differential particle number for

each species



N}(Lp,t ) = n] (p,t ETH ; the differential plasma entropy
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Here nJ, is the particle densit?/ of spegies jo P.is the pressure of species j, p= Py + P.s and
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The operators A, &, and £, are defined by
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where the second form is obtained using the force balance equation.

We have used the symbol Q , eq. (2), to denote (X7lI| ) times the absolute time
derivative of the toroidal flux function, or equivalently, X times the normal com-

ponent of the toroidal flux velocity. Thus
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where q = 0/ X " is the tokamak safety factor. As derived in Ref. /1/, the relative

velocity of § and X' surfaces, U(¥,t ) , and the derivative of the coordinate stream

function, %e(\l’,ett) and §w(‘{l,e,t ) are obtainable from Q of eq. (2) by the relations
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Once the transport quantities ETI i I"J.* : QJ ond<gj-Y'Z_rj > are given in terms

of the plasma variables and their derivatives, the system of eqs. (1) through (3) together
with the definitions in eqs . (4) through (12) provide a closed system, needing only the
source functions <Snj>,<5p> ,{Se>  and the boundary conditions to completely
specify a problem. The numerical method used to solve eqs. (1) through (3) is outlined

here and detailed in the next two sections.

The numerical solution procedure described here has been utilized to predict the performance
of the proposed ZEPHYR experiment. In the operating scenario for this device, a deuterium-
tritium tokamak plasma will be heated to near ignition conditions by intense neutral particle

injection, and will then be subjected to major radius compression causing the plasma to

ignite.




In add ition to neoclassical transport we have included empirical anomalous electron thermal
i i ¢ = - CLIVYED(Te)

conduction and particle transport so that {4 y¢>anom LIVY"D (T Y

and 55 = Cp /n )<|V‘4'|2]?(n e) with the constants Cg and Cp equal

t0 6.25x 107" and 1.25 x 10" in cgs units.

Bremsstrahlung radiation is included as a loss term for the electrons. A diffusion-like neutral
gas refueling model has been used to provide a source term in the density equation with the
normalization constant chosen to keep the total plasma mass constant during the entire

discharge. Previous comparisons with a more involved Monte-Carlo calculation have shown

this to be a reasonable approximation.

A thermonuclear fusion source term has been added to the energy equation to account for
heating of the plasma by the 3.5 meV alpha particles produced by D-T fusion. If we assume
the alpha-particles to give up their energy near where they are produced, this can be repre-

sented by a local source term (cgs unifs)

S = 5047x10° n n exp[ 0.476 | 8n(69)| ]

where Npand N, are the deuterium and tritium density (assumed equal) and Ti is the local

ion temperature in keV. This source is split 40 % to the ions and 60 % to the electrons.

Another source term is added during the time interval when the neutral beam injection is
occuring, to model the plasma heating due to the slowing down of the fast injection particles,
and to the alpha-particles produced by fusion events induced by these high energy injected
particles. A source term in good agreement with that obtained from Monte Carlo calculations

is given by
-1 2
sop = P [y (@S] [ 1= ey

where Q<y <yy and (d/\o& = 0.9. The normalization constant P is chosen so that the

total power deposited is J‘W v SpB(\}' )d¥ = 14 MW during the injection .
o}
Using these source and transport models, the calculation proceeds as follows. An initial

plasma equilibrium is computed with R = 200 cm, a = 60 cm, toroidal magnetic field at

axis BT = 61 kGauss, and with plasma current Ip = 2.47 MA . The calculation proceeds




for 0.5 sec with no external heating source, at which time the neutral beam source
term is turned on and left on until t = 1.6 sec. The major radius compression takes

place in the interval 1.5 sec { +{ 1.6 sec, and the calculation is halted at t = 2.0 sec.

The boundary conditions used in this calculation are as follows. The values of n, Te’ Ti
and X’ were held at fixed values at the plasma-vacuum boundary (pedestal boundary con-

ditions) so that n,_ =2 x 1013 en™3, 1. =T =30V, q, = 2.68. The toroidal field

b
in the vacuum is  B_= gvy¢ , with g, a constant which gives the value BT =61 kG
at X = 200 cm. The surface averaged part of the toroidal flux velocity at the boundary, Ub’
is determined self consistently so that the equilibrium equation remains satisfied across the
plasma-vacuum boundary. The surface varying part of the toroidal flux velocity is prescribed

to be zero except during the compression phase at which time it is given a value corresponding

to a uniform radially inward velocity.

The results of this calculation are illustrated in Figs. | through 4. Figure 1 shows the magnetic
surfaces at time t = 0 (before compression) and at t = 2 sec (after compression). During the
compression the position of the magnetic axis has decreased from R = 207 cm to R = 140 cm and
the minor radius has decreased from a = 61 cm to a = 48 cm. Figure 2 shows the midplane
valuesof p, J , n, Te’ Ti' and q at various times during the calculation, and Fig. 3 shows
the central values of the temperatures and density, and the plasma B as a function of the

time t.

Fig. 4 presents a graph of the stability history of this calculation to localized ballooning
modes. This is obtained by evaluating the ballooning criteria on each magnetic surface
almost continuously during the calculation. The physical consequences of a portion of the
plasma being unstable to the linear ballooning criteria is not known at this time, however,
it is of interest to note that this experiment should theoretically exceed the ballooning

mode limit.
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Figure Captions

Figure 1  Constant ( ¢, 8 ) Co-ordinate Surfaces at (a) t = 0 (before compression)

and (b) t = 2 secs (after compression).

Figure 2 Profiles of the midplane values of (a) p, (b) J, (c) n, (d) Te’ (e) Ti and

(f) n at various times during the discharge.

Figure 3 Time histories of the central electron (a) and ion (b) temperatures, the

central density (c) and the total plasma ,’3 d).

Figure 4 Stability history showing which magnetic surfaces are predicted to be

balloon unstable at which times.
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