!

Thia 16 a preprant of a paper intended for publication in
4 journal or proce2dings. Since changes may be made
belore publLication, 1his preprint is made avillable with
the understanding that jt will ot be cited or reproduced
without the permisaion of the author.

UCRL - 76562
PREPRIN
o AF - 1F 9 -1

LAWRENCE LIVERMORE LABORATORY

University of Cakfornia/Livermare, Cakforria

COMPUTER APPLICATIONS
IN CONTROLLTD FUSICN RESEARCH

John Killeen

February 1975

NOTICE
This report was prepared as an awecunt of work
sponsored by the Uniled Stajes Gavernment. Neither
she United States nor the United States Encigy
Research and Development Acministration, naf any of
theit employees, nor any aof their contractors,
subcontractors, or their employees, makes any
wartanty. expiess of inaplied, ar assumes any legal
tiahility o7 respunsibility for the accuracy, completeness
or usefulness of any informution, apparatus, product or
process disclosed, or sexresents that its use would not
infringe privately uwrned rights,

This paper has been prepared for the American Nuclear Society National
Topical Meeting on Nuclear Engineering Education, the proceedings of

which will appear in a special issue of Nueclear Technology.

BISTRIEUTIGY OF TH15 S0CuMENT UNLIMIFED

i




COMPUTER APPLICATIONS IN CORTROLLED FU. 7N RESEARCH
John Killeen

Department of Applied Science
University of California, Davis-Liverngre

and

Hational CTR Computer Center
Lawrence Livermore latoratory
University of California :
P.0. Eox 8¢8, Livermore, Califorals “45% :

i

Felruary 1477

Communications should te addrecced to

Professor Jechn Killeen
Lr.wrence Livermore Laboratory
P. 0. Box 8C8, Livermore Q453C

Telephone: (%13) LAT-1100, ext. 3278

Number of peges: 22
Tables: none
Flgures: none

This paper has been preparcd for the American Nuclear Society Nationel
Topical Meeting on Nuclear Engineering Education, the proceedings of
vhich will appear in a special issue of Nuclear Technology.

weplorerrorned nTer the 1




2-

ABSTRACT

The role of Nuclear Engineering Education in the application of
conputers to controlled fusion research can be a very important one.
In the neer future the use of computers in the numerical modelling of
fusion systems should increase substantielly. A recent study group
has ldentified five categories of computational models to study the
physics of magnetically confined plasmas. A comparable number of types
of models for engineering studies are called for. The development and
aprlication of computer codes to implement these Todels is s vital step
in reaching the goal of fusion power. In order to meet the needs of
the “usion program the Nationel CTR Computer Center has been estab-
lisheA at the Lawrence Livermore Laboratory. A large central computing
facility is linked to smaller computing centers at each of the major
CTR labcratories by a communications network. The cruciel element that
is needed for success is trained personnel. The number of people with
knowledgz oI plasme science and engineering that are trained 1in numeri-
cal methods end computer science is quite small, and must be increased
substantially in the next few years. Nuclear Engineering departments
should enccrirege students to enter tkis field and provide the necessary

courses and¢ research programs in fusion computing.




INTRODUCTION
Large-scale digital computers will play an increasingly important
rele in future controlled fusion research and in the develomment of
practical fusion reactors. The plasma state exhibits such a diverse
variety of phrcical phenomena that only through extensive use of high-
spead computers can the interplay of all factars that affect the per-
formance of a lusion cystem be modelled.
The behavior of a plasma conrined Ly 2 magnetic field is samu-

lated by a variety of numerical models. 3ome models used on & short

time scale give detailed knowledge of the plaspa on a microscepic scale,
while other models used or much longer time scales compute macroscopic
properties of the plasma dynamics. All of these models are under con-
tinual develomment. btut in the next few years there should be a sub-
stantial increace In the development and use of rnumericel models in
order to meet the needs of the fusion power program.

A 1974 study gro:p on the "Applications of Computers to CTR"
~ponsored Tty the AEC/DCTR idertified five categories of computer codes
used to model the physics of furcion devices.

1. Time-dependent macroscopic (fiuid) codes.
2. Time-independent macroscopic codes.

3. Vlasov and particle coies.

4. Fokker-Planck codes.

5. Hybrid codes.

In later sections of thils report we chall examine these problem areas
in more detall and consider their Importance to the CTR program and

discuss future goals in each area.
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There are also a wide variety of engineering applications which
require extensive computing. These applications will become more and
and more important as we move into the reactor develomment phase. We
shall also discuss some of these problems in more detail later in the
report.

Computers are expected tc play an important role in the acquisi-
tion and analysis of experimental data as well as the control of
experiments.

In order to meet the needs of the controlled fuclan program the
National CTR Computer Center has teen established at the Lawrence
Livermore Iatoratory. This Center will be connected to all ma.jor CTR
laboratories, as well as selected universities, Ly means of a wide-
tand communications network. The incremsed computing power made avail-
able by the Center will accelerate ths development of the theoretical
models and associated computer codes needed to predict the behavior of
plasma confinement systems and the operating characteristics of fusion
power reactors. A more detailed description of the Center will be
given later 1in this report.

COMPUTER MODELS OF A MAGHETICALLY CONFINED PLASMA

1. Time~-dependent macroscoplc codes

The complex nature of the MAD fluid equations of motion is such
that our understanding of the macroscopic behavior of realistic
toroldal plasma devices has been mest efficiently advanced by numerical
studles of simplified fluid models. When one conslders the additional
complicating features Irvolved in realistiec boundary conditions, the

presence of divertors, and extensions to non-axisymmetric systems,



it Lecome:s clear that many new physical phenomena await investigation.
The range of time and space cceales of the various physical phe-
romena leads to a falrly natural division from the physics point of
view--(a) fast time scale; and (t) diffusion time scale. Such a divi-
~ion is also natural from the numerical point of view as the techniques
involved in the solution for each cetegory are different. Not only do
the classification of the model equetions change (i.e., from hyperbolic
to parabolic), but it is clear that even with Cless IV and V computer
hariwere, one woul: not, for exemple, ittempt to reech confinement
time scales in a Tokarax simulation by time-stepping a code designed
to follow Tast compressional Alfvén waves.

a. S:imulation on the Fast Time Scsle

Detailel compariron of experimental data from Scyllacs and pinches

with theorv, taking iue account of experimental complications (plasma

tirg. compresclon, progression of equilitria, stability, etomic
processes, ete.), will depend on the develomment of 2-D and 3-D {two
ani three dlmensioral) versions of codes anzlogcous to the 1-D Hain-
Roverts coje.l Mest of the physical rhenomenz important here lie in
the fast MHD timescale (nanoseconds to microseconds).

For Toramak configucations, the corresroading effects occur
rrimarily on rether longer time scales, milliseconds, and are discussed
in subsection (b), However, the questions of stability of Tokemak dis-
charges toward Mi{l' modes are very lmportant for achieving efficiency
in a reactor system and for minimizing the cost of feasibility gevices.
One example of great interest is the area of the early stages of a

Tokamak discharge ani the formation and destruction of magnetic surfaces.
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Here also the relevant times are on the fast MDD time scale.

The potentially high impact of cimulation techniques at the come
pressional Alfven time scale lies in the possibility of detemining
the ranges o! plasma parameters in which MHD modes (e.g., local,
tallooning, kink, tearing modes) ave stable, or sufficlently so to be
tolerable. Factors which arfect the existence and severlty of such
modes are discharge shape, distritution of plasma pressure, current
and magnetic field. location of conducting walls, dissipative elfects
in the plesma and waells, self limitation ~f wmodes [rom nonlinear er-
“wvts, possitilities for stabilization ive to reedback, finite particle
orbit size effects, ete. In adiition to studies of specific effectce,
compasite models will Te needed in which all the effects are treatedl
simultaneously and accurately to rield results with all the velevant
rhrsics taken into account.

Some descriptions of codes in thls category are given in Refs.
2-16,

b. Simuletion on the Diffusion Time Scale

In order to simulate the time evolution of a plasma in 2 magnetie
confinement device over most of its lifetime~-{rom tens to hundreds of
milliseconds--a set of’ partial differential equations of the diffusion
type must be solved. Typlcal dependent variables are the nupber densi-
ties and temperatures of each particle species, current densiti~s, and
magnetic fields. The transport coefficients such as thermal conduc~
tivity, electrical resistivity, and diffusion coefficilents are obtained
“vom the best available theories, e.g., neo-classical, but the codes

skould also have the capability of easily changing the form of the
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~onfficients v orier vo develop phenomerological model:z or take into
aecount reriits of particle codes.
In the pa:% Tew ye2rc, a conclderatle effort hes been devoted, at

.everal laboratorier, to the nmmerical =clution o one~dimensional

Tor toroldel plasmacs. Thic effort pro-

(raifal) trancport eq.ntio

vider an cxcelilent mennc of comparing theory with experiment. Recent

sevelopment: o thece coles have concentrates on the inclusion of

of empirical trans-

seutralc an:

wort coeflri

wegrs shere 4111 te B great increase in the use

In the

ari conslueratls relinement of <he models will te

include ar increese in the

tritons, and a-perticles--in

The e’f2cts of radiation

ani the grestez: iemanion the talents

;7 the computationel phslelrt ani programmer will te the increase in

el in there moiclo. In ~ricr to realistically simue

sections, neutral beam

- are given In Refs.

2. Time-Iniepenient Mscroscopic Coies

It is normall: necessary to levelop time-independent codes to
support Lhe :design and operation of each major CTR experiment. These

include codes ured to compute and rtudy prospeetive equilibrium plasma
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corfigurations and jetermine their ciability from SW-type calculations
{especially importent i high teta applications).

Experimental devices Incorporating the idea of axial symmetry in
a torus appear to te capable of plazma confinement for times which are
o7 giest intercst. One reason for thir rscult [- the assurance of equi-
tiiria tnh suth levicers ar preldicta: iy MHD ani galiing-center theoriecs.
Two=dimencional moldels or rlamma eq.ilitrla have teern ured to compute

\ . . . 2i
the equilfirim flelis Jor varics contalament cchemers incluilig Astron,

23 ol

Levitron, Tokamer,” and the otaiffe: -

Several containment schemer, incluiing the ctatilized mirror
levices, do rnot rovsess arn [gnoratle coordinate, allowing a reiuction
o the equilitrium equationy to two mencions. Coder have teen .Je-
veloped to harile the general czse for open contelment--a three-
iimensional code <het solwve: Tor plasma equilitria in open-ficli
geometries, whick allows aralysic of most .inimum-B mirror s:.':tem:.gq’er'

The criticel protlems in thic ares are the Jollowing:

(a) Dewvclop “wo and thres ilmensional placma equilibrium codec.

(t) Levelep SW codes to ietermine the ctability of verious plasme

ceafiguratio

nese codes to letermine whet plasma egullibrie exist

—
(£
~
b4
‘d
rt
[
fan

which look vromising from their ctatility propertiec and from the

plesme that they can confine.

(d) Investigate the effectc of divertors and cother boundaries.
Some descriptions of equilitrla calculations are given in Refs.

2431 ang time-independent stability codes are deccribed in Refs. 32-34.
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‘. Viavov ani Particle Codec

Particle codec are the most fundamental in that they emulate
nature, following Irn ideteall the mection of partieles under the influ-
~nee of their cell-consictent clectric and magnetic flelds, as well
nooany externally impocec Ticldic, Thece codes give the most detalled
recults; they glve phase-cpace iistritution funetions, fluctuation and
wave cpectra. and cvan che orivits of Iniiviiual particles. They are
Ideal Tor proviiing ietallei information on the growth and saturation

2t: of turtulence, Such turtulence

feeti--for example, the

ot
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o
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+ %0 many imporian

anomalous gYosrption of waves ani the trancport of plazma, energy,

ae

an: momentis. Information on at n propertiz2c helps Jetermine

tne relative merits of iifferent trpes of turtulernt heating, e.g.,

what type of dictritutior Sunctions are produced, what type of ture
wulent spectra zre produces, 2ni what tartulent transport is caused
1y varlous wave heating mwethod:. Inlormation or iransport produced

i 2rd hirli cooses because these

iy turbulernce
coder require z xnowledpe of transport coefficients which result from
microzeopice procecses, Particle codes ere also valuable in checking
theories and the arrroximations that go into ther. They provide clues
to the impcriunt ronlincar mechanisms which saturate instabilities and
help ertatlich an intultive understanding of plesma tehavior. Because
these codes must follow the tehavior of plasma on the plasma-frequency
time scale and on the Debye-length svace scale they are not suitable
for mndeling large syeiems for long time periods.

Despite the fact that some applications of particle codes to




«10=

realistic protlem:s will require consileralle leva2lomment over a lorg”
period of time. many urgent protlems can te esoried out with reason-
atly straightforward extensicns of existing techniques.

The following proilems which are critical tc the progress o the
CTR program can te usefully attacxed with particle codes:

(a) Determining the ctaiility or plasmas heatei ity neutrel inicce-
tion or containing energeti: reaction preoducts.

(t) Lleterminirg how the loss rate Trom mirrors in affected iy
the loss-cone and high-frequency inctatilitiec.

(e) Underctanding the oreration of iiverter. ani letemmining
the effects o toundaries on plasma tehavire.

{d) Determining the effectieness 47 iLoating ty meanc of paru-
metric instatilities using verious types of waver (lower hytrid, ion
cyelotron, ets.).

(e) Determining the e’fect: of trapped pariicle instatilitiec

in Tokemaks and other closed geometries.

(f) Simualetior of curren: penetretion in Tusion dischirges.

(g) Tetermining the nature and magritude of rarticl. diffusion
and other transport processes due to nonlirrcar collect.ve ef'fecté.

Three-dimensional coder and calcvlations will le limited by com-
puting time and the size ol systems which can be handled. It is Qiffi-
~ult to predict the exact extent T progress in an effort which is in
its infancy and just beginning to meke contact with laboratory experi-
ments. The size of the effort required to make rapid progress on all

of tke many critical problems is very large. Availability of people

trained in both plasma physics and computing techniques will be one ot
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confive: placmes wheve the forns

rre 2 oznawle g of Lhe strivation fanstions
Imporinns, alyein eganlzn. oot te colvein Trhe proposition thet

i ret thevmon.clear power jeyenic on

vnoelt the enis of the device. At

tc mirvor crstemc. The

thermalization o7

- of runaver electrons in Tokemers,

Jiricn reactors ere other

Pokker-Plancx sgquatlon 1s required.

zelve & nonlipear rartizl differential equation
for the digtritution funcilon of each charge:i zpecies in the plasma.

and there are

1 injepenient variatle: (three spetial coordinates,
three 1elocits coordinates, ani time). Suck aa equation, even for a
zingle specles, exceeds the capabllity of any present computer so

ceveral simplirfvin,

.
5]

assumptions are therefore reguired to treat the

protlem. Typical approximations that are made in present day codes
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are to neglect spatial dependence and to assume that the distribution
functions are azimuthally invariant in velocity space (about the direc-
vion of the 2.gnetic field) and can be represented by the lowest
anglar eigenfunction.

The goal in this area is to develop multi-species codes vwhich are
fully two-dimensional in veloclty space and include the spatial de-
pendence of the magnetic field. The development of two~dimensional
(v, u) multi-species codes 1s already completed. The next step is to
introduce one space dimension (r) to such codes. Such codes should
be in production use in one year. The goal for the five-year psriod
(1975-1979) should be to include realistic spatial dependence in
Fokker-Planck codes. This will certainly require Class V and VI
computers.

Descriptions of Fokker-Planck codes and results are given in
Refs. LO-bk,

5. Hybrid Codes

There will be a critical need for codes which can best be de-
seribed gs Hybrid Codes; these are codes which combine the good features
of fluid codes with the good features of particle codes, but which can
avoid some of the weaknesses of eath. The advantage of a particle code
is that it contains the most complete treatment of the physies. Its
disadvantage also stems from this feature because it is forced to fol=-
low the develomment of the plasma on the fastest time scale and short-
est space scale at which significant plasma phenomens occur. These
scales are typically much shorter than the time and size scale in

thermonuclear plasma devices. It is clear that even the fastest




computer would not te able to follow the plasma develomment in a miero-
scople way over the length of time or over the spatial volume of prac-
tical interest. The feature of fluid codes which is attractive is that
they treat the plasma onr a coarser scale and hence need many fewer time
steps and spatial points. On the other hand, the usual conditions
required for a fluld treatment (short mean free peths and frequent
collisions) are not realized for a thermonuclear plasma. The motions
of certain classes of particles are often crucial. One example is the
motion of trapped particles, which cause the trappeé warticle insta-
tility. PFurthes, the generation and damping o'f waves and the effective
ness of waves in causing diffusion and energy transport will Gepend
eritically on rescnance rhenomena between particles and waves. It is
clear that proper treatment of  :h phenomena will require some reason-
abtly accurate deseription of the important class of particles. On the
other hand, it should be possible to treat the rest of the plasma by
means of fluid equations. Thus some mized description should be effec-
tive and economical.

The relevance of nybrid codes to thermonuclear plasma devices is
really the same as the relevance of fluid codes and particle codes.
Tt appears that the lmpacl of develomments in this area will be large
und, perhaps, even crucial. Codes of this type will probably give the
most accurate overall description of the plasma which i:c practical and
hence may ultimately be called upon to predict the performance of vari-
ous plasma devices and reactors. It is difficult to assess ,just what
the developments will be or how scon they will impact the program be-

cause this is an aree which is still very much in its infancy; not
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many things have been tried, and it is not yet known how successful
this approach will be.

Another class of hybrid code which promises to be very useful is
the coupling of a Fokker-Planck code to a plaswa trausport (diffusion)
code. In neutral-beam-heated Tokamaks and the two-energy-cocmponent
toroidal fusion test reactor there is a warm Maxwellian background
plasma which can be described by macroscopir transport equations and
an energetic specles which should be described by the Fokker~Planck
equation. The coupling of these systems 1s by means of sources of
particles and energy in the multi-specles transport code and a time-
dependent Maxwellian *arget plasma in the multi-species Fokker-Planck
code. Codes of this type are solved cn the same time scale (milli-
seconds) separately so there does not appear to be any difficulty in
this regard.

The first step is to add r dependence to a (v, p) multi-species
Fokker-Planck code and then couple it with an already existing 1-D
transport code of the type deseribed in 1b.

The long-range goal would te the courling of a 2-D transport
code to a Fokker-Planck code which included two space dimensions.

Same existing hybrid codes are described in Refs. Lui-l6,

ENGINEERING AND TECHNOLOGY STUDIES

Engineering and technology studies will become more and more
important as we move towards a DT burner and into the reactor develop-
ment vhase. Among the critical engineering rroblems are the following:

(a) Development of 1- end 2-D transport codes, including burning

;

reaction products and radiation.
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(b) Neutron reaction and transport studies in the Flanket and
reactor structure using 2- and 3-D Monte Carlo calculations.
(c) Studies of wall and divertor effects, sputtering, plasma and
heat loss to the divertor, effectiveness of divertors in preventing
the penetration of Ilmpuritles, etc.
{@) specific machine design calculations, especielly parametric
studles with optimization in view.
{e) Investigationc of control systems.
(f) Structural studies, stress, deflections, heat loads, induced ;
activity, etec. :
(g) Safety studies, possible faults 2nd failures end their effects. ;
(h) Armlysis of the operation of direct converters,
The near-term goals are to provide the required caleulations for
the design, construction, and operation of upcoming and existing experi-
mental devices. The long-term goals will be similar but, 1n addition,
we must be sure that the required codes are available for the very
large experiments which will be built and that the required manpower
and computing capability exist.
With proper support there sppears to be no reason why the criti-
cal engineering calculations cannot be carried out. (lass IV computers
are capable of performing nearly all of these studies. <Class V com-
puters will probably be required for the parameter studies and reactor
system studies needed. Large engineering calculations requiring ac
least Class IV and possibly Class V computers wlll continue as long

as machines are designed and built.
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NATIONAL CTR COMPUTER CENTER

The initial configuration of the CTR Computer Center, which will
be operaticnal in late 1975, consists of a Control Data Corporation
7800 computer located at Liverr - This type of computer is referred
to as a Class IV computer and will have 500K words of large core
memory and 64K words of small core memory as well as disc storage.
1his machine will bte fully dedicated to fusion computing and will be
used by all of the CTR installations.

The CTR proiects at Los Alamos, QOak Ridge, Princeton, General
Atcmic Corp., and Livermore will each have a User Servize Center (USC)

which consists of a Digital Equipment Co. PDPIOKI computer, disc packs,

printers, and other peripheral equipment. The PDP10, which is reterred,

to as a Class I computer will have 64K words of fast memory.

Each of the UCS's will be connected to t°e central computer at LLL
by means of leased 50 kilobit/sec lines. The USC's will serve as local
computers for small jobs and exp=rimentel date processing and as remote
job entry terminals to the 7600 for large numerical calculations of the
type described 1n previous sections of thils report.

Future expsnsion of the CTR computer network will include smaller
User Service Centers at universities engaged in CTR research. Tkese
mini-USC's will be linked to the network at the nearest USC by means of
communication lines of somewhat smaller capacity. 1In addition the com-
puting capability of the Center at ILLL will be increased by memory
expansion of the CDC 7600 and later by another Class IV computer or

possibly a Class VI computer if such a machine is aviilable.
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