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The importance of computer modeling in the magnetic fusion 
energy research program is discussed. The need for the most 
advanced supercomputers is described. To meet the demand for 
more powerful scientific computers to solve larger and more 
complicated problems, the computer industry is developing 
multiprocessors. The role of the Cray-2 in plasma physics 
modeling is discussed with some examples. 

INTRODUCTION' 

During the early 1970's the U.S. magnetic fusion program supported at least 
fifteen varieties of experimental concepts. These were rather small experiments 
as compared to today's large facilities. During the years 1974 to 1980, the 
program went through a period of dramatic growth, but at the same time evaluations 
and reviews reduced the number of experimental concepts supported to the following: 

Tokamak 
Tandem Mirror 
Reverse Field Pinch 
Stellarator 
Compact Toroids 

The most advanced of the above concepts is the tokamak, and all four of the major 
international groups have commissioned large facilities to establish the scientific 
feasibility of fusion. All of the international groups are designing forms of 
"The Next Step,M which is an ignition tokamak. 
In all of these concepts, there are eight fusion physics issues which must be 
addressed as a complete plasma system, i.e., they are interdependent. They are: 

MUD Equilibrium and Stability 
Perpendicular Ion and Electron Confinement 
Parallel Confinement 
Electric Potential MASTER 

o 
Heating 
Fueling , 

.•is *\ 
Impurity Influx ' '.. -

DISTRIBUTION DF THIS TOMEHT IS UMJMITE6 
Alpha Particle Heating 

*Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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In order to resolve these issues, i.e. to reach a state where a fusion reactor 
is feasible, the experimental programs must be augmented by a program of computer 
modeling to aid in the design and interpretation of the experiments and implemen
tation of theory. The following plasma physics models are of importance to the 
fusion program. 

Time-dependent magnetoliydrodynamics 
Plasma transport in a magnetic field 
MHD and guiding-center equilibria 
HUD s t a b i l i t y of confinement systems 
Vlasov and par t ic le models 
Multi-species Fokker-Planck codes 
Hybrid codes 

The need for such a variety of models is caused by the great variation in time 
and space scales' present in the plasma phenomena relevant to the eight fusion 
physics issues. The implementation of these models requires the most advanced 
supercomputers available. The impact of new supercomputers on some of the types 
of models will be discussed later in this paper. 

NEW SUPERCOMPUTERS 
Supercomputers are the most powerful general-purpose computers available for 
information processing. Currently, supercomputers have the capability of perform
ed hundreds of millions of arithmetic or floating point operations per second 
(fiFL0PS) and are used in two general areas: real-time applications such as signal 
processing and scientific computing. In the effort to build the next generation of 
supercomputers, scientists are experimenting with a variety of architectural 
designs. The new architectures will have as few as two processors with shared 
memories to thousands of processor ; all executing instructions simultaneously. 

The three types of parallel architecture capable of increasing performance a>-e: 
Lockstep vector processors, 
Tightly coupled parallel processors, 
Massively parallel devices. 

When the execution unit operates simultaneously (in lockstep) on many data 
entities, the machine is said to have an array architecture. When the execution 
unit operates on sets of data, on an assembly line basis, the machine is termed a 
vector processor or pipeline processor. The CDC 205 and Cray 1 are examples of 
vector processors. The real beneficiaries of such vector processors have turned 
out to be multi-dimensional fluid codes, which are dominated b; long vector loops. 

A second architectural type is a tightly coupled system of a few high-performance 
processors. The current trend in supercomputer architecture is toward tightly 
coupled systems with two to four vector processors typically sharing a large 
memory. Recent experiments suggest that these systems can be successfully used in 
parallel processing of scientific computations. The next logical step in this 
trend is toward systems with 8, 16, or more processors. 

Multiprocessor devices handle large problems most efficiently when they are able 
to invoke a form of parallel computation known as multitasking. This is where a 
program is subdivided into independent tasks which can be executed simultaneously 
on separate processors sharing a common memory. .Sultitasking is expected to be 
the key for solving many problems which are currently intractable, and for 
significantly increasing the efficiency of present-day calculations. 
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In the long term it is possible to build massively parallel systems, that is, 
systems with 1000 or more processors communicating with thousands of memories. 
In general, the scientist cannot manually find and manage parallelism fc • thousands 
of processors. Rather, the software must find it, map it onto the architecture, 
and manage it. Therein lies a formidable research issue for massively parallel 
computation. 
The following two tables list (1) existing supercomputers, and (2) new super
computers. This tabulation employs only the few parameters usually contained 
in press-release type information. 

TABLE I Current Supercomputers 

Organization Fujitsu Hitachi CDC CRAY CRAY 

Model 
announcement 

architecture 

VP-200 S-810/20 205 X-MP/2 
Jul 1982 Aug 1982 Jun 1981 Aug 1982 
vector 
(IBM 

vector 
(IBM 

vector 
(64 bit words)compatible) compatible) 

500 630 maximum 
performance 
(M FLOPS) 

400 

X-MP/4 
Aug 1984 
vector 
multi-

vector 
multi
processor processor 

4 CPU 2 CPU 

479 953 

maximum 
main memory 
size (64 bit 
words) 

32M 
M0S 

32M 
M0S 

16M 
M0S Bipolar 

8M 
Bipolar 

TABLE II Supercomputers Now in Design 

Organization CRAY CRAY CRAY ETA NEC 
Model 2 3 Y-MP/16 ETA" SX-2 

announcement 
(or project 
start) 

1985 none 
officially 

none 
officially 

Sept 
1983 

April 
1983 

availability 1985 1987 1987 1986 1985 

architecture 
vector 
multi

vector 
multi

vector 
multi

vector 
multi

vectoi 

processor 
4 CPU 

processor 
16 CPU 

processor 
16 CPU 

processor 
16 CPU 

maximum 
performance 
(M FLOPS) 

1,000 10,000 10,000 10,000 1,30( 

maximum m a m 
memory size 256M 256M 32M 256M 32M 
(64 bit words) H0S M0S Bipolar M0S M0S 
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NATIONAL MFE COMPUTER CENTER 

The MFE Computer Network (Figure 1) provides fusion researchers in the U.S. 
the full range of available computational power in the most efficient and cost 
effective manner. This is achieved by using a network of computers of different 
capability tied together and to the users via dedicated data links and dial up 
telephone 1 ines. The concept of the NMFECC is that different levels of computer 
capability are provided ac the various locations according to research priorities. 
At the national center (Figure 2 ) , providing high level capability to the entire 
community, are two high-speed Cray 1 computers, and a Cray X-MP/2. Additional 
equipment at the national center includes processors and other AOP equipment for 
conmunications, file management, and data storage. 
On May 28, 1985 the first Cray 2 computer system was delivered to the NMFECC. 
This computer has four vector processors and 65 million words of MOS memory. This 
system will give the fusion community new capability required for advanced plasma 
modeling as described in the next section. 
The NMFECC computing environment reflects the needs of computer users in the 
magnetic fusion energy research community. Both interactive timesharing and 
batch processing are available. The fusion community has always found that 
interactive computing, even with the largest codes, is by far the most efficient 
use of physicists efforts. The 5% overhead in swapping codes in and out of the 
machines provides fast debugging, immediate turn around on key results, and the 
capability to interact with codes which need user control. The Livermore Time 
Sharing System (LTSS) was adapted by the NMFECC for the Cray 1 computer in 1978. 
CTSS is supported by libraries of FORTRAN callable subroutines which enable a 
user to issue almost every system call, giving access to every part of the hard
ware. A typical physics code can be run from a terminal, display graphics as it 
runs, be interrupted or interrogated ut any time. The ability to start or stop a 
code at any point and inspect the results provides debugging at least 100 times 
faster than older methods. The CTSS operating system is also used on the 
Cray X-MP/2 and the Cray 2 in a multitasking implementation. If the user's code 
employs the multitasking software available, the CTSS system will assign processors 
to achieve parallel execution of the tasks. 

PLASMA MODELING IN MAGNETIC FUSION 
It is within our grasp at present to model plasmas in full three dimensions with 
one or two orders of magnitude variation in space arid time scales in each problem. 
Some of the recent success in the field are worth listing as they are the basis 
for further developments. Representative work in MHD, kinetic models, and Fokker-
Planck calculations are considered. 
Time-dependent MHD Codes 

A technique for determining MHD instabilities along with their growth rates is 
through the solution of the time dependent MHD equations of motion.2 The full 
set of MHD equations comprise a coupled system of eight nonlinear partial 
differential equations, the solution of which is a formidable task on any computer 
system. In order to make these computations tractable, approximations have often 
been made, including reduction in dimensionality, linearization, restriction to a 
particular geometry, ordering, or regime, and the assumption of no transport or 
resistivity. 

The earlier advances in three-dimensional resistive MHD calculations for tokamaks 
have depended crucially on obtaining a reduced set of MHD equations. This model 
r.iakes use of the strong and almost uniform toroidal magnetic field in tokamcks. 
Additionally, the computational speed of the codes based on the tokamak reduced 
equations is greatly enhanced by the assumption of incompressibility, which 
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eliminates the congressional Alfverc wave. Because of the strong field in a 
tokamak, the fastest remaining mode evolves on a time-scale on the order of the 
major circumference divided by the Alfve'n velocity. This time scale may be more 
than an order of magnitude longer than that of the congressional Alfve'n wave. 
Since the field components in the Reversed Field Pinch (RFP) are all of the same 
order, and since these devices possess finite beta, there exists no universally 
small parameter in which tc expand the basic equations. Instead, the full 
equations are integrated.3"" These simulations reproduce some features of present 
experiments, but the new generation of computers is clearly needed here. 

To make three-dimensional codes applicable to more general geometries and to 
simultaneously include enough effects to ensure a complete description of the 
important physics effects (e.g. parallel heat transport, compressibility, finite 
larmor radius effects, and smaller values of resistivity) requires a machine with 
about 10 times the CPU speed of the Cray 1 as well as a large memory, e.g. the 
Cray 2„ 

A three-dimensional, compressible, finite beta, nonlinear code in cylindrical 
coordinates (r,-,z), using a spectral representation in $ and finite differences 
in r and z, and applicable to both toroidal and cylindrical geometry, was 
developed.' In a recent application this code, along with four other three-
dimensional codes (developed at other institutions), simulated the identical 
problem in RFP dynamics.8 Of these five codes, three are compressible and two are 
incompressible. It was demonstrated that the three compressible codes agree with 
each other and the two incompressible codes agree with each other, but that the 
compressible and incompressible models show qualitatively different behavior. 
Most importantly, for a certain set of initial and boundary conditions the 
compressible codes predicted field reversal maintenance while the incompressible 
codes did not. 

The JxB Hall term has been added to the MHD Ohm's Law in two different three-
dimensional MHD codesS running on the Cray 2. Simulations for the RFP indicate 
plasma rotation. 

Calculations have been carried out on the Cray 2,^° using a full set of MHD 
equations in toroidal geometry, to understand the effects of toroidicity and 
finite 8 upon nonlinear phenomena in tokamaks, e.g. disruptions. Experimentally 
observed phenomena, which do not appear in simulations using the reduced equations, 
are reproduced using this new model. The code makes use of the multitasking 
software available in CTSS on the Cray 2 at NMFECC. 

Collisionless kinetic models 

In many cases fluid models are not adequate to describe plasma behavior, for it is 
necessary to consider microscopic effects, i.e., the effects of the way particles 
are distributed in velocity. Numerically this is most often accomplished through 
particle codes. 11-13 Fully nonlinear kinetic ion and electron simulations in 
2-D Cartesian geometry have been carried out over the last decade. In the past, 
Cartesian geometry was not a major physics limitation even with the obvious cylin
drical and toroidal nature of experiments, because these models necessarily dealt 
with length and time scales on the order of the electron gyroradius and plasma 
oscillation period for stability. Resolving such length and time scales meant that 
any realistic macroscopic dimension could be considered infinite. With the 
increase of grid resolution allowed by improved computers and methodology, the 
scope of particle simulations has grown to encompass nonlocal effects and more 
realistic geometries. 

On the Cray-1 computers, large scale particle simulations in 2-1/2D and 3D are 
mainly limited by the size of the maximum fast memory. Experimentally relevant 
physics problems in magnetic confinement have important three-dimensional aspects, 
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such as in the multiple-helicity interaction of coliisiouless tearing modes and 
in the drift wave turbulence in sheared magnetic field; the 64M word memory of 
the Cray-2 and its multitasking will greatly enhance these simulations. 
The numerical simulation of drift-wave turbulence of a plasma has been initiated!'' 
on the Cray-2, making efficient use of the multitasking capabilities of CTSS. 
Particle-fluid hybrid models have become important in the last five years.15,16 
A typical hybrid model represents the ion components as kinetic species and the 
electrons as a fluid in order to eliminate some or all fast electron frequencies 
and short length scales. Recent progress with hybrid models is impressive, but 
the capabilities of the Cray-2 are clearly needed for three-dimensional models. 
A three-dimensional model^ has been developed at the NHFECC using a particle 
model for ions and an inertiale:s fluid model for electrons. The code is designed 
to use the capabilities of the Cray-2, taking advantage of the large memory and 
multi-tasking as well as the ability to vectorize gather and scatter operations. 
The latter is important when interpolating particle quantities to the grid and 
vice versa.'" A method of sorting the particles to allow vectorization of the 
collections of charges and currents onto the grid is used with an overall reduct
ion in CPU time of about 50% over scalar coding. The particles are advanced using 
a leap-frog scheme and the fields are solved on a grid using a Darwin^3 model 
and quasi-neutrality. One application is to the study of the tilt mode instabil
ity in field reversed compact toroidal configurations. 

The solution of the three-dimensional vector field equations is accomplished'9 
by implicit method', using pre-conditioned conjugate gradient algorithms which 
nave been successfully used on plasma problems in two dimensions. 2 0) 2 1 A 
multitasking preconditioned biconjugate-gradient algorithm has been developed to 
operate in the time-sharing environment of the Cray-2.22 

Collisional kinetic models 
Because magnetically confined plasmas are generally not found in a state of 
thermodynamic equilibrium, they have been studied extensively with methods of 
applied kinetic theory. 2 3 In closed magnetic field line confinement devices such 
as the tokamak, non-Maxwellian distortions usually occur as a result of auxiliary 
heating and transport. In magnetic mirror configurations even the intended steady 
sta're plasma is far from local thermodynamic equilibrium because of losses along 
open magnetic field lines. In both of these major fusion devices, kinetic models 
based on the Boltzmann equation with Fokker-Planck collision terms have been 
successful in representing plasma behavior. 2 3> 24 The heating of plasmas by 
energetic neutral beams 2 3> 2= 0 r microwaves,23,26 the production and thermalization 
of ct-particles in thermonuclear reactor plasmas, the study of runaway electrons 
in tokamaks, and the performance of two-energy component fusion reactors 2 3 are 
some examples of processes in which the solution of kinetic equations is 
appropriate and, moreover, generally necessary for an understanding of the plasma 
dynamics. 

Ultimately, the problem is to solve a nonlinear partial differential equation for 
the distribution function of each charged plasma species in terms of six phase 
space variables and time. The dimensionality of the problem may be reduced 
through imposing certain symmetry conditions. For exemple, fewer spatial dimen
sions are needed if either the magnetic field is taken to be uniform or the 
magnetic field inhomogeneity enters principally through its variation along the 
direction of the field. Velocity dimensionality is reduced through phase averaging 
over the angu)ar coordinates associated with nearly recurrent motion (e.g. 
gyromotion or bounce motion).. Four independent variables—one spatial coordinate, 
two velocity space coordinates and time--are sufficient for many applications. 
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The development and implementation of the code "FPPAC" 2 3' 2 7 a non-linear, two-
dimensional multispecies, uniform-B.Fokker-Planck package has allowed its 
triplication to a large class of plasma kinetic theory problems. Through the 
recent development of the Fokker-Planck code "CQL"23,26 it has become increasingly 
clear that no n-uniform magnetic field effects ignored by "FPPAC" can play an 
essential role in determining plasma behavior. For instance, the electrical 
conductivity parallel to the magnetic field in a tokamak is strongly affected by 
the presence of a population of trapped electrons. Also cyclotron resonance 
heating and the production or support of steady plasma currents to allow steady 
state operation of tokamaks are significantly affected by the magnetic field 
non-uniformity. 

The code "CQL" (for collisional,quasi-linear), like its precursor "FPPAC", is 
multispecies, 2-D and nonlinear. Unlike "FPPAC", however, the code is bounce-
averaged and contains an RF quasilinear operator as an integral part of the 
Fokker-Planck time evolution model. 2 3' 2 6 The consideration of these additional 
physical effects requires the analysis of a number of theoretical problems, the 
solutions to which provide the framework for the numerical mathematics utilized 
in "CQL". For instance, orbits which are nearly trapped but oppositely directed 
are topologically adjacent in velocity space and can populate each other through 
collisional or resonant wave/particle diffusion. Internal jump conditions at the 
trapped/passing boundary are rigorously enforced by the numerical algorithm so 
as to maintain density conservation down to round-off. 
The RF diffusion operator models lower-hybrid, multiple harmonic ICRH and ECRH 
scenarios. The evaluation of trajectory integrals for each gyro-orbit is done 
through the use of the stationary phase technique. This corresponds to perform
ing the bounce-average of the wave/particle interaction operator. The collision 
operator can be bounce-averaged directly by numerical integration. Ey performing 
calculations on several flux surfaces in parallel (within the context of a new 
code constructed using "CQL" as a subroutine),28 some very interesting radial 
coupling effects can be examined. In particular, with an additional dimension 
the issues surrounding wave propagation can be more readily addressed in a more 
consistent manner. A program28 of this nature is ideally structured to exploit 
the power of the large memory, multi-tasking Cray-2 computer. 

SUMMARY 
In summary, as the fusion program has advanced rapidly in the last few years with 
the development of more sophisticated theory and experiment, computational require
ments for accuracy and realism have increased to the point that Cray-2 capabilities 
and beyond are required. New features of the machines will allow vectorization 
of Monte-Carlo, finite element codes, and others which have been scalar until now -
a gain of 10 in speed. When programmed to also take advantage of multitasking, 
they will be another factor of 10 faster. 

It is not possible to define a performance level that represents the ultimate 
capability for fusion studies. Each successive generation of supercomputers has 
been exploited to produce more realistic results. Codes to exploit the new 
hardware capabilities are typically under development before the hardware is 
actually installed. It is safe to assert that the fusion computing community can 
effectively use the best performance that the supercomputer manufacturer's are 
capable of providing for the forseeable future. 
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