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" I. Edge Plasma Modeling

C. E E Kaxney

The behav!torof the edge of a tokamak plasma is of the utmost importance in
machines such as ITER. The crucial issues are the particle and heat fluxes to the
divertor and the control of impurities flowing back to the plasma. Edge physics
is characterizled by complex geometry, material walls, large concentrations of
neutrals, etc.

The two major approaches to modeling the plasma edge are being pursued
by the Modeling and ITER Physics Division. These approaches utilize either a
fluid code, which follows the electron and ion fluids but which treats the neutrals

approximately, or a neutrals code, which follows the neutrals using Monte-Carlo
techniques in a given plasma background. Examples of edge fluid codes are B2,
written by Bas Braams, and PLANET, written by Marijan Petravic. An example
of a neu_ls code is DEGAS, written by Dan Heifetz.

One of the major goals of the edge modeling work at PPPL is to couple B2
pad DEGAS to provide a realistic model of the plasma edge. This work being

, p,_.rformed by Daren Stotler and David Coster. The B2 code necessarily has
to include neutrals. They are a source of plasma through ionization, a source
of rr,omentum through charge-exchange, etc. Ali of these processes are very

. important in the edge. However, B2 employs a rather crude diffusion model to
treat the flow of neutrals. The object of coupling B2 to DEGAS is to improve
the modeling of neutrals. B2 can be run with its neutral model to provide a
plasma profile for use with DEGAS. DEGAS is run to provide a neutral profile
and this is used when B2 is next run. The process is repeated until convergence.

The precedure, unfortunately, is not as simple as that. The chief problems
are: (a) that the convergence is poor because DEGAS produces noisy profiles
which can vary significantly from one iteration to the next even close to conver-
gence; and (b) that the procedure is CPU intensively because each invocation

of DEGAS may consume many minutes of Cray time. There are various sug-
gestions for removing these difficulties which we are currently exploring.

The other problem is that the interaction of a plasma with a material surface
or with a neutral species can lead to very steep plasma gradients which inval-
idate the fluid description of the plasma. In the case of the interaction with a

. material surface, a sheath is established and boundary conditions are normally
imposed on the fluid code specifying sonic flow towards the plate in the plasma
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region just beyond the sheath. Similarly plasma-neutral interactions can lead to
steep gradients because of the sensitivity of the charge-exchange cross-section •
to plasma temperature. An accurate treatment of both these situations requires
a kinetic treatment of the plasma. This is the thesis topic for David Coster who
is writing a Fokker-Planck code with two velocity dimensions plus one spatial
dimension to study the physics of these interactions.

Another area of current interest is the effect of stochastic magnetic fields
on the heat load to a divertor plate. Neil Pomphrey and Allan Reiman are
studying this with a simple field-line following code. We would like to be able
to incorporate their results into B2.

II. Theory Division Computing Modernization

G. Rewoldt, E. Valeo, and C.EE Karney

Over the last two years, the beginnings of a major change have taken place
in the computing capabilities of the Theory Division. At the beginning of this
period, the available equipment consisted of an Apple Macintosh or an IBM per-
sonal computer with a small, monochrome screen in the office of each theorist,
along with a heavily overloaded DEC Vax minicomputer in the PPPL Com-
puter Center, to be used in accessing the CRAY supercomputers at the National _.'

Energy Research Supercomputer Center (NERSC) in Livermore, California. In
the last several years, a revolution has taken piace in the capabilities of desk-
top workstation/servers employing Reduced Instruction Set Computing (RISC)
processor chips and running the UNIX operating system. They now have pro-
cessing capabilities which were available previously only from mainframes and
supercomputers. The Theory Division has now purchased three Sun SPARCsta-
tion workstation/servers with DOE and NSF money, and has made arrangements
to use a fourth SPARCstation and an IBM RISC System/6000 model 320 work-
station/server. Each of these workstation/servers (costing $10--20k) has at least
twice the processing capacity of the USC Vax (costing -_$500k). The fastest
of these workstation/servers, the IBM model 320, has run at up to 44% of the
speed of a CRAY-l, or of a single CRAY-2 processor (costing more than $2
million), on one of our benchmark programs. These workstation/servers can be
used for editing and file manipulation, for pre- and post-processing, and to run
most of our small and medium-size computer calculations (some of the large °
calculations still have to be run on the NERSC CRAYs).
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The Theory Division has also purchased twenty one graphics X-terminals
from NCD, IBM, and Tektronix. These allow access to any of the worksta-

" tion/servers and to any of the CRAYs by means of separate windows on the X-
terminal screen, using the X-windows protocol. These X-terminals can display
high-resolution(1024x 1280) (8-bit) color graphics as well as text. X-terminals
consist essentially of just a screen, a keyboard, a mouse, and a specialized graph-
ics processor, and communicate with "compute servers" and "file servers" over
a high-speed "ethernet" network. One of the advantages of X-terminals is that
they separate the function of data display from the function of data process-
ing. This makes economic sense in the longer term, because "compute servers"
like our workstation/servers are evolving much more rapidly than X-terminals.
(There seems to be a new generation of workstation/servers appearing every
year at the same price with twice the speed.)

Also, in the last year, we have had an "ethernet" network, which operates at
a 10 megabit/second rate, installed in every office in the Theory Division. This
prepares us for the modern era of "distributed computing", where different com-
putational resources can be in different physical locations, but are all accessible
from any user's office by means of a network. Fortunately, since the price for
a unit of computing power (a workstation/server) is miniscule compared to the
investment in a mainframe, a moderate annual capital budget allows continual

,, upgrading, so that the Theory Division computing facilities can be maintained,
on average, near the state of the art.

In the next several years, we would like to evolve to a configuration in
the Theory Division with a high-resolution color X-terminal on each physicist's
desk, from which they can access the workstation/servers, with their associated
peripheral equipment, such as hard disk drives and printers, as well as accessing
remote supercomputers, such as the NERSC CRAYs. We would also like to get
a few specialized graphics workstations, which would allow us to manipulate
3-dirnensional graphics images, rather than just display them. Such a data vi-
sualization capability will become more important as our computational effort
turns increasingly towards solving three-dimensional plasma models. The time
it takes to realize this plan will of course depend on the funding available each
year for computer equipment purchases.
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III. Error Field Effects

A. Reiman and D. Monticello

Over the past few years, experimental evidence has accamulated that res-
onant error fields of order _B/Bt ,._ 10-.4 can produce significant effects on
tokamak discharges. Some of the observations raise serious concerns for the
next generation of tokamaks. Islands produced by error fields are believed to
cause nonaxisymmetric heat deposition on divertor plates. By increasing the
peak heat load, this effect exacerbates the already serious problem of divertor
heat load. Error fields also are believed to increase plasma disruptivity through
mode locking. This is an issue because the divertor plates can only tolerate
a limited number of disruptions due to ablation of material from the divertor
plates during disruptions. In addition to the practical issues, error field effects
also provide a testing ground for some interesting physics issues. A small, rest
nant magnetic field perturbation affects the plasma significantly only in a narrow
region about the rational surface, allowing us to test our understanding of the
physics of magnetic islands.

We have studied the effects of small, externally imposed error fields using
both a cylindrical, analytical model and using the PIES three-dimensional equi-
librium code. Our analytical calculation, assuming narrow islands and tokamak
ordering, is a generalization of the usual nonlinear tearing mode theory to in- _
elude the effects of a fixed external perturbation. Details of the calculation are
presented in Ref. 1. Figure 1 shows schematically what the solution looks like.
The helical flux at the rational surface, _b(r_), is plotted as a function of a pro-
file parameter, with A' assumed to increase monotonically as a function of the
parameter.

The dashed lines in Fig. 1 show the solution in the absence of an error
field. For A' > 0, nonaxisymmetric solutions appear, corresponding to saturated
tearing modes. As A' _ 0 from the right, the island width goes to zero. The
point A' = 0 corresponds to a bifurcation point of the solution. The solid lines
show the solution for e > 0. The external perturbation breaks the bifurcation
at A' = 0, so that the solution now consists of two independent branches. The
solution for A' < 0 now goes smoothly into the locked mode solution for A' > 0.
This is the branch that we are interested in.

One thing that we would like to understand about the solution of Fig. 1 is •
Whether the plasma amplifies or diminishes the error field when A' < 0. To get
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a feeling for that, we have also studied a special case where things simplify
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l FIG. i. Solution for _b(ro) with finite e. The dashed line indicates the solution, in the c = 0 limit.
|
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somewhat. We assume that the island is in the vacuum region outside the
_, plasma. We find a critical value A' = A' at which the island width is just that

due to the vacuum error field. When A' is sufficiently large and negative, the
plasma is self-healing. When A' < 0 approaches zero, we get amplification.

Our numerical results have been obtained with the PIES three-dimensional
equi.librium code. Some of these results have been presented in Ref. 2, and
a more extensive set of numerical computations will be presented in Ref. 3.
Figures 2 and 3 show Poincare plots for solutions with R/a = 3, 7 = 1, and
circular cross-section, without and with an error field. (We caution that the origin
of our coordinate system does not lie on the magnetic axis, so the region about
the axis looks like an island, but is not an island.) The tearing mode is unstable
for these parameters. In the absence of an error field there are saturated islands
at the q = 2 and q = 3 rational surfaces, with the total island width across

the midplane about 6%. The solution in Fig. 3 has an error field imposed.
The coil current and shift were chosen to approximately reproduce the reported

, n = 1 error field spectrum on DIII-D, with an n = 1, m = 2 amplitude of about
5.5 X lO-SBr. 4 With the imposed error field, the islands are larger and more
numerous. The total island width across the midplane is now about 23%.
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Our analytical calculation suggests that the presence of an error field
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FIG. 2. Poincare plot for a toroidal solution with R/a = 3, 7 = 1 and no error
field. ,_

broadens the range of plasma parameters over which deleterious tca.ring ef-
fects are seen. This is consistent with the observation that the error compensation
coil on DIII-D effects the threshold for the onset of low density locked modes.
The numerical results indicate thz t the saturation amplitude of a tearing insta-
bility can be sensitive to the presence of a relatively small error field. This
is consistent with the general belief that locked modes tend to grow to larger
amplitude and to disrupt more readily than rotating tearing modes. We conclude
that experiment and theory are presenting us with a consistent picture indicating
that error fields of the magnitude that exist in present day tokamaks are having
significant effects. The theoretical results suggest that error field amplitudes, ,
the next generation of tokamak experiments will affect heat deposition peaking
factors on the divertor plates (through nonaxisymmetric heat deposition), an5
will affect disruptivity. Improved understanding of error field effects will play
a role in the design of the next generation of tokamaks in terms of suggesting
construction tolerances, and possibly in terms of suggesting the desirability of
trim coils for tuning out residual field errors.
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FIG. 3. Poincare plot for a toroidal solution with R,/a = 3, 7 = 1 and error
field as described in the text.
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V. Theory Visitor List
,L

For Year 1991-

• Dewar, B., The Australian National University, Australian, January
1991 and 1992.

. Lee, Lou-Chuang, College of Natural Sciences at the University of
Alaska- Fairbanks, January- March.

f

• Tessarotto, M., University of Trieste, Italy, January, February, April,
May, July, August, Sept•tuber 1991 and January- February 1992.

• Xia, Peking University, PRC, March- June.

• Zonca, F. ENEA, Centro Richerche, Energia, Italy, May - July.

• Fruchtman, Weitzmann Institute f• Science, Israel, August.

• Nakamura, Kyoto University of Plasma Physics Laboratory, Japan,
September, November.

. Rath, S., Princeton University, October 1990- September 1992.

, Rax, J.M., Institute de Recherche Fondamentale, France, September
1990 - September 1992.

• Li, Royal Institute of Technology, September - December.

• Romanelli, ENEA - Centro Ricerche Energia, Italy, November.
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