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PURPOSE

This conterence wag held in order to facilitate an exchange of ideas
end results on plasma particle and particle-fluid hybrid codes in an informal,
unpublished manner, with frank and open discussion among about fifty people.
The only printed record is this collection of copies of transparencies used
by the thirty-five speakers. In keeping with this informality, the results
presented here are being distributed to the participants only and are not
to be quoted without explicit permission from the author,

In December 197h a similar unpublished conference was held in Berkeley
at the request of Robert Price of ERDA, The present conference is a follow-up
and is due in large part to the interest of David lelson (Chief, Fusion
Theory and Computer Services Branch, Div. Applied Plasma Physics,Office of
Fusion Energy, DOE). Dr, Nelson presented his view from DOE of contributions
by computation end simulation toward furthering plasma research leading to
fusion reactors; he received considerable feedback from particlipants. We
are rost grateful to him for his active and stimulating participation,

The conference 1s also due to the pressure of accumulated interest
among those who work with particle and hybrid codes, who wished to excharze
nev ideas, methods and results, in an informal setting, By no means was
this meeting intended to conflict with the Ninth Conference on Humerical
Simulation of Plaemas scheduled for June 30 - July 2, 1980 et lortlwestern
University, sponsored by Professors J., Denavit and G, Knorr, which covers
a much wider area and is to be published.

lastly, the particle-hybrid code community had concern that the very
real contributions of particle and particle-fluid simlations to the under-
standing of fusion plasmas, in support of both theory and experiment, might
Just have been underestimated in Washington, This conference is, in part,
a reaction to recommendations of the DOE committee for computer time
allocations for FY80 which included: major labs receiving 63% of their
requests, but universities receiving only Lotl;  the decision that large
particle pushing or kinetic codes can be afforded only sparingly; basic
plasma theory was given approximately a 20% absolute cut; ability to follow
out unexpected results was cut to a bare minimum; studies of alternate
concepts were cut more than were mainline studies. The challenges to the
community are clear: make our contributions known; make our codes more
efficient in terms useful physics per unit of computer time (op%imize,

uge minimum number of dimensions and particles etc, ); check code physics




PURPOSE  (continued)

by analysis (time and spatial grid effects, fluctualions) and by com-
parison with known linear and nonlinear results so as to increase contidence
in the simulations,

Editorially ve note that the ficld has matured conalderably from the
early desk calculator work of Duneman and-llartree on magnetrona in the early
19%0's, the one demensjonal electrostatic plasma work oh modern computers
by Buncman and Dawgon in the late 1950's, to the current 3d fully electro-
magnetic codes of Buneman and othera, The early art has become more of a
science, Simulation for magnetic fusion has now become slrongly applications
oriented, with DOE devoting the bulk of FY 80 computing resources to the
direct support of existing experiments and the deaign of next generation
devices, Including calculations of transport, impurities, heating, stability,
equilibrium, coil design etec,,a milestone- indeed, Coupled with this new
emphasis 18 the current plateau in large computer time for magnetic fuaslon,
with no relief planned until at least summer 1981, These factors present
a challenge to all of us to be more efficient and more effective in our
simulatiouns,

Co-ordinatora: C, K, (led) Birdeall Alex Friedman
U, C. Berkeley, December 17, 1979
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Final Schedule for
Informal Conference on Particle and Hybrid Codes for Fusion
December 10-11, 1979, Napa, California

Conference coordinated by Charles K. (Ned) Birdeall, Alex Friedman,
assisted by Ginger Pletcher, at the Electrical Engineering and
Computer Science Department, Univeraity of California, Berkeley 94720

There will be four main sessions. Talks will be 20, 15 and 10
minutes with adequate time for discussion, If certain subjects draw
great interest, additionsl time will be availsable,

Of general interest is the efficlency of particle and particle-
fluld codes, in terms of physics autput per unit of computer resource
(time, memory, volume of output, ete.). Of comparable interest is the
progress toward working at lower and lower frequencies, with larger mass
ratlos, eto.
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Session IIA - 8:30 am to 12:00 noon Chairperson: J. Demavit

® Linearized codes.

tModified particle codes (use of 1linear
response, 1d stretched to 2d or 3d).

® Quasineutral, hybrid, and Darwin codes (applications to confinement,
conpression, equilibrium, stability, and transport).

® Butldup and plasma trapping, neutral beam injection, and wave heating
(laser-pellet plasmas, pinches, mirrors, tokamaks) .

susceptibility or Boltzmann

W. W. Lee, H. Okuda, ©Particle Simulation Models for Low Frequency
Microinstabilities, wsw# »

A. G. Sgro, “Hybrid Simulation of Non-MHD Phenomena. "

D. Hewett, "A Global Method of Solving the Electron Field Equations in a

Zero-Inertia Electron Hybrid Simulation.®
D. Winske, "Particle Simulation of Reversed Field Configurations.®

R. Mason, "Monte Carlo (Hybrid) Model for Electron Transport in Laser
Plasmas.”
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J. Byers, "1d Linearized Particle Model for Tandem Mirrors and Field
Reversed Mirrors.®

A. Friedman, J. Denavit, R. N Sudan, “Linearized 3d Hybrid Simulations;
Ergodic Orbits in Simulatjon.®

V.Decyk, "Diagnostics for Bounded Plasma, with Applications.”

B. Cohen, N. Maron, G. R. Smith, W. M. Nevins, “DCLC Simulations with a
Stretched 1d Code.”

R. Huff, "Particle Hybrid Codes on the CHI Computer.®

Session IIB - 1:30 pm to 4:00 pm Chairperson: O. Buneman

& Inhomogeneous plasmas (fluctuations, initialization techniques in 2d
and 3d).

® Undesirable instabilities in warm plasma simulations (e.g. multi-beam

and wulti-ring).
® Grid effects (e.g. curvilinear coordinators, div B nonzero).
W. Nevins, "Fluctuations in Inhomogeneous Systems.”

V. Thomas, C. K. Birdsall, "Alias Growth in Hybrid Oscillations due to
Initiation at kax = 4"

A. Drobot, A. Palevsky, "E-M Simulation of Strongly Radiating Systems."

. Godfrey, “Electromagnetic Numerical Instabilities in Two-Dimensional
Relativistic Beam Simulations.®
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A. Sternlieb, "Coupling of Particle Codes to Electric Circuits.”

J. Poukey, J. P. Quintenz, "Preliminary Simulationa of Ion Beam Neutral-
i;ation."

Y. Chen, "Multi-Beam Instability Interference with Lower Hybrid Drift
Instability.”

4:00 po to 5:00 pm Moderator: B. Cohen

® panel Discussion: When to use a particle, fluid, or hybrid code (or
none at all). All participants invited to contribute.

Panelists: J. Denavit, A. B. Langdon, B. McNamara, C. Nielson, H. Okuda



DRAFT *

IV. Panel Discuasion

Plasma simulation is one tool in the attack on understanding plasmas
and eventually deaigning fusion reactors, Simulation using many particles
vies for usefulness with simulation using fluids. Particle codes can
deliver the full dynamics which is sometimes needed; fluid codes use
parameters from theory, particle simmlation, snd/or experiment, and deliver
average or long-term information. Rarticle-fluid hybrids attempt to uae
the beat features of both, mixing fast and elow time scales. FRarticle
codes, in some quarters, have gained a reputation for using much more
corputer time per unit of useful physics delivered than used by fluid codes,
This reputatlon is considered undeserved by many particle simulators in
most national labas and universitiea; the opinion may ring true occasionally.
Fortunately, particle simulators, especially those with limited budgets, ¥ork
very hard to optimize their codes, work in the least number of dimensions
for 'the problem at hand, with the least number of particles necessary, anl
use ag much fluid similation and guide from thcory as can be fit in and
still do acceptable physics., Those with larger computing budgets, please
follow. Generally speaking, the commitment is to the physics sought, and
not to the local method or local code avallable,

Okuda eddressed the progress made in underatanding anomalous transport
indigenous to tokamaks, moving from a early fully dyramic (h , expensize)
model to guiding center electron models in 32, both electrostatic and magneto.
static, with long time steps (lesa expenalve), tovard a 3d toroidal model
for sleady atate, including turbulence and transport, poloidal divertors,

and hybrid heating. ]
Deravit observed that hybrid codes, 3d particle codes, with time
filtering, long time scales, all appear to be problem dependent, In conflict

with this, there ia the need for optimization via assembly languege, which
implies loss of flexibility. He are fortunate, in particle siculation, to be

able to work on interesting problems and to obLtaln useful results, Simulation
identifies phyaical mechanisms, suggests theoretical work and rejects ideas that
do not fit,

lifelsen stated that aimulatfon must continue in order Lo keep theorists
honest; simulation is the only econo-ical means of checking Lhcory directly open

* This is a draft from my noles, to be cliecked over by the panclists belore
submitting fornally to DOE for their internal uge, The errurs, omissions elc,
are mine alone, C.K. Birdsall :

Pancl Discusasion (Continued)

to ther, The question in not whother, but how to continue, effectively, We
must pay more attention Lo racroscupic work; as we do, we are likely to find
that distinctions between particle and fluid work will disappear, The new
hardvare is revolutionary, but there slill 1s an open question -as to using
one big computer or many small machines; his view is that special computers
are atill too amall, too complicated to use,

Mchamara presented a 1iot of unresolved problems as follows:

Tokamaks

1, Anamalous electron transport

- is it really classical?

2, Honllnear effects of ballooning and tearing
Field Reveraal

1. Mon-axisymmetric states in RFP

2. Fquilibria and stability of large orbit FRM

1, Houlinear saluration of cyclotron modes

2, MID  stability and ballooning
3. Energy transport in tandems, thermal barriers, cte,
plus Computing - an Upbeat View, as followa: )
1, Simulation very effective and increasingly realintic. Tuerefore, push
major design and physics efforts for fusion systems,
@, Provide more software and graphics support for deaiguated activities.
~Othera benefit by fallout.
3. Encourage more collaboration - from three day advisory groups for

new problens to joint efforts and publications,
4, Improve the numerical analysis input - without a $200K tax to pay for it,
5. Write more reviews of the state of the art and advertise good results
more vigorously.
6, LOWG TFRM GOALS - DESIGN A FUSION RFACTOR ! Are we getting there??

plus the Computational Attack on Plasra Paramcters, on the attached chart,

lote Lhe marriages of all kinds, across Muzzy boundariea: particle plus fluid;
micro plus macro; dynanica plus equilibria, clc. Mcliamara ended with stressing
the need for more advertising ol accomplishments,
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rancl Discussion (continued)

Langdon noted that the MFE computational effect has grown greatly in the
last five ycars, lle repeated his advice of the last meeting that, if we want
to work with long time scales, then nosat time integrations will require im.
plicit time averaging, which may not be attractive, but is needed, because
explicit methods will end up unstable at large wat, lie suggests turning
to continuum methods for modeling kinetic physics - painful, but needed
(Rod Mason has done some, with multigroup transport), He is interested in
partially kinetic models.

Cohen concluded the panel discussion with the observations that scaled
variables probably always be with us , that having computer variables match
experiment is probably impossible in the foreseeable future. le presented a
summary of his philosophy on hybrid simulations, attached. (Everyone, please
note that Cohen hes given good example in this move to more efficieat com-
putation,)

Birdsall sketched on the blackboard the DOE hierachy of umodels, with
increasing expense reading left to right,

drift-kinetic Maxwell-Boltzmann single particle

hybrid

tluid multifluid

and his inteactive model

Particle
< tvo ¢ one
species specics

fluid fluids

“collisions
effects
making the point that these nodels interacting are mutually supportive and are

geldom wholly independent: over eophasizing one tool or removing another aight
well reduce the effectiveness of the remaining system,




DRAFT »

V. CONCLUSIOUS: RECOMEIDATIONS

Many of these are alrcady in the lanel Piscussion,

The 1974 conference tor the same purposes covered a number of topics which are
now pretty well resolved, e.g., particle weighting battles are mostly past, with
linear and quadratic veighting videly used and understood (multipole use 1solated);
hybrid codes were Jist starting then and now exist in a variety of forms; 34
codes, then done by one or two groups are now done by several; one special purpose
computer was mentioned then, with many now,

lowever, several authors from 197l gave up-dates in 1979 on problems still
not fully resolved, such as lincarized particle codes, long-time-scale particle
simlations, the plea for use of implicit schemes for large time steps, and 3d
economical codes. The 197h conference called for more use of hybrids (happening),
more emphasis on simulations including lnhomogeneous density, magmetic field,
temperature etc. (happening) and for honest use of two specles, large m‘/me
(hapoeuing soriewhat)., Perhaps tte long term nceded to resolve these problem
areas indicates their toughness and raises the question of pursuing them -
further - some of them obviously sust be,

David Nelszon's view from DOE, paper /10, was provocative. The loud and clear
nessages were Lhat magnetic fusion computing capability is fixed, with no relief
expected before 1981, with increasing allocations to device specificas and less
to large particle pushing or kenetic codes. Iiis 11st of problems areas needing
more attention was:

Diveriors.-axi + mon axisymmetric sheaths, potentials, boundry layers,
ambipolarity,

Plasza edge including shedow of )lmiter neutrals, atomic physics,
reflux, metal surface,

Transport in non axisymmetric aystems

RF heating including nonlinear effects

Optimization of gyrotron geometry

Stability of E B T ring-plasma

Formation + tearing problems in RFM, RFeP, spheromak

A1) the old unsolved problems including bump on tail (X particles)

lils cost-hierarchy of models was repeated at the end of the pancl wrile-up;

this ranking, while posaibly teken as self-evident in some quarters, was nol
readily accepted by the participanta; or, even if accepted in a fuzzy way, Lt was
considered highly undesirable to use ln gome form of cost-effectivencas arguemcnt
for and ageinst rluid versus particle simulations. ‘Mhat ig, both kinds neced the

* This is & draft from ny notes, to Le chiccked over iy tie panc)isls befure subsdLbing
formally to BOE for their internal use, The errors, osx:sslong elc, are mine alone, CKi

Knetic detad reguies parkides [or £¢7) descrphion].
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CONCLUSTONS: RECOMMEIDATIONS (continued)

other and the best is in the middle; 1indeed, the progress made in the past
five years and noted in this conference was strong evidence that both kinds of
simulations are moving toward particle-fluid hybrids,
A. Bruce langdon, in Paper /11, nade several strong suggestions abowt
doing MFE computing more effectively and uore erficiently, Optimization pays
off very quickly (he gave experience with ZOHAR showing that optimization paid
off almost as it was done!) Optimization must be done selectively, so as not
to hurt in making changes (e.g. ZOHAR particle boundary conditions are handled
in Fortran), lle advocated use of monitor, intervening, postprocessing, and
linking to other codes; these rely heavily on interactive codes, sharing the
(large) data set of the siaulation code, doing considerable computing and
driving rapid graphic displays. stprocessing is very helpful in evoking good
physical understanding, such as spectra, filtering, finding spatial and temporal
correlations ete, Fast graphic display, like LLL's TMDS, is extremely invaluable.
The pitch to MFE was not only to update software, but also to update hardware.
Recommendations are both explicit and implicit in the Panel Discussion and
in the above, 7o all: in computing be more effective, sore efficient; in physics,
make results better lmown. To DOE: be more eware of the interactions within the
particle simulation-theory-experiment net; be nore aware that most particle
simulation workers have moved toward particle-fluid models to stay; plug, on
your end, for oore efficient equipment; include particle simulation people
on your computer time allocations committee; reward inventions, like long-time
averaging, orbit-averaging,hybrid codes, MiD-particle codes, use of global
integrals of motion, use of macrocells, etc,, when these result in real savings;
keep alive support of the smaller university efforts, which in turn aid much
in keeping honest the larger national lab efforts; penalize users with larger
budgets who are slow to use new invention to save time (do away with "if you
don't use it, you lose it" policy).
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NONLINEAR SATURATION OF
BUMP- ON-TAIL INSTABILITY
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LINEARIZED DkE ForR ELECTRONS
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MUMERICAL SOLvTION
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PITCH-ANGLE DIsTRIBUTION
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NUMERICAL STABILITY TESTS
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MAGNETIC. DRIFT INSTABILITY
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,‘2. ORBIT-AVERAGED PARTICLE CODES
Bruce Conen, Tou BreneLe, AnD Bos Frels
LAWRENCE L1VERMORE LABORATORY
IFE

GoN: PERFORH NUMERICALLY STABLE AND ACCURATE
PARTICLE SIMULATIONS OF VERY SLOWLY VARYING PHENOMENA
WITHOUT LOSS OF KINETIC DETAILS. 1.E.

® FILTER HIGH FREQUENCY SELF-CONSISTENT FIELD
CHANGES;

©  FOLLOY PARTICLE ORBITS ON THEIR NATURAL TIME
SCALE;

® AVERAGE PARTICLE CURRENTS AND CHARGE DENSITIES
OVER MANY ORBIT TIMES; AND

® SOLVE FOR THE SELF-CONSISTENT FIELDS MUCH LESS
OFTEN THAN ADVANCING THE PARTICLES SO AS 10

® REDUCE THE PARTICLE STATISTICAL REQUIREMENT AND
IMPROVE THE ECONOMICS OF THE SIMULATION,

o

2D SUPERLAYER avp (D MAGIC

HAGNETO-INDUCTIVE PHYSICS MODEL
- - -
VB =Y T + oE
c c

0
Vx?: —'?Ig

-» — -
T ~ J" ELECTRONS ARE COLD  IONS ¢ =m,

OPEN HAGNETIC FIELD LINES TERMINATE ON
-—p
CONDUCTORS WHICH SHORT-UT g L B,

IF MAGNETIC FIELD LINES CLOSE, AS IN FIELD-REVERSAL,
ELECTROSTATIC AND ELECTRON DYNAMICAL EFFECTS MUST BE
§NCLUDED, 32 MAY NO LONGER BE NEGLIGIBLE.

SUPERLAYER - J.A. Byers, Puys. Rev. Lerr. 39, (1977), 1476

MWGIC - T.A. BrenaLe & B.1. Conen, UCID-17795 Rev.] (1978)
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Copg PERFORMANCE CHARACTERISTICS

REOR HARACTERISTICS €.G. SIMWATION oF XIIB on ReaLISTIC TIME ScALE
OPTIMIZE ACCURACY, ENSURE STABILITY, AND REDUCE MUMBER OF . -

SIMUWLATION PARTICLES BY ADJUSTING - @ SUCCESSFW. DEMONSTRATION OF SUPERAVERAGE

SIHULATION OF BUILDUP AND
OAT/AL - AS LARGE AS POSSIBLE, LIMITED BY L TRANSPORT OVER LONG

£.6. 60 10 1000 TIMES.,

o SUPERAVERAGE ACCOMMODATES LARGE LARMOR RADIUS
EFFECTS AND DISPARATE TIME SCALES:

o cland B - ACCURACY: d,B~1+  sTABILITY: 0.6 iol,g

©  NUMBER OF CORRECTOR ITERATIONS - FEWER THE BETTER FOR
ECONONICS, i
: 102 Y IMPROVES: no, > | ) ' -
STABILITY | ACCURRCY  IPROVE ? : PARTICLE ORBIT TIMES ~¢J, ~10 8 sec.

w5 nat
@  INTERPOLATION/EXTRAPOLATION OF (sf) FOR PARTICLE
PUSH - - PLASMA BUILDUP TIMES 10-3 sec.
PREDICTOR PASS: 'E:B = CONST, IS ADEQUATE :

- H
CORRECTOR PASS: ?,B= LINEAR INTER- ; ® (RBIT-AVERAGING

POLATION & EXTRAPOLATION NECESSARY TO | (1) FILTERS OUT HIGH FREQUENCY FLUCTUATIONS,
REMOVE JERKS. BIASING INTERPOLATION
5 (2) REDUCES THE NUMBER OF SIMULATION PARTIC
BACKWARDS IN FAVOR OF OLD E,B IMPROVES ! LES,
ACCURACY & STABILITY. WITH BIAS ONE AND
CORRECTOR PASS 1S ENOUGH. (3) ELIMINATES ARTIFICIAL ACCELERATION OF SLOW
PROCESSES, E.G., DRAG, RF DIFFUSION, AND

@ NUMBER OF PARTICLES — REDUCTION POSSIBLE DEPENDS ON
&T/AL 720 AND PHASE-SPACE DISORDER, IS
PROBLEM DEPENDENT BUT CAN BE QUITE

DRAMATIC. o NoN-ADIABATIC 10N LOSSES IN 2XIIB ARE REPRODUCED
IN OLR SIMULATIONS, A NEW RESW.T.

INJECTION.

® DATA NINDOW W - ROUNDED “CORNERS” REDUCES Eo NOISE
BUT NOT DRAMATICALLY,

TIME-FILTERING 1S ACCOMPLISHED; THERE IS SUBSTANTIAL
SMOOTHING OF At DISCRETENESS NOISE. E.G. INJECTION NOISE;
AND WAVES ARE DAMPED.
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PRECURSORS AND FOUNDATIONS L=

3D MHD Fullv Implicit Fixed Grid. Finan & Killeen

FLUID CODES (3D MHD Implicit MALICE. Barnes & Brackbill

BIG At

PARTICLE
AND HYBRID
CODES

NUMERICAL
ANALYTIC
METHODS

\30 MHD Semi Implicit Resistive MALICE. Brackbill

1D Hybrid. Crystal, Rathmann, Vomvoridis, & Denavit
1D Hybrid. Byers, Cohen, Condit, & H2rsor
2D Hybrid. Hewett & Nirlscr

2D Superaverage. Cohen, Brerale, Conlev, & Freis

2D FEM Galerkin. Greshe

1D (& 2D) Moving Node FEM Galerkin. Gelinas

ICCG. Meijerink & Vandervorst. Kershaw

THREE MODEL 3D TRANSPORT CODE

THREE MODELS: 1. Long Timestep Transpert on Full Time Interval

ONE GRID:

2. Short Timestep 3D MHD Czlculations 2t
Occasional Sub-Intervels

3. Short Timestep 3D Particle Simulation at
Occasional Sub-Intervals

A1l Simulations on 3D Almost Lagrangian Grid




REGIMES OF CODE OPERATION

1. Transient Start Up

2. Slow Evolution Near Steadv State
3. Fast MHD Disruption
4

. Fast Micro-Turbulent Disruption

ECONOMIC REGIMES

A. Only 2. is Advantageous Fcr Computer Economics

B. Fusion Reactors Won't Work Unless in Regime 2

SUMMARY

1. Need 3D Transport As In TMR.
. Keep Track Of MHD Stabilitv.

Get Transport Coefficients From Particle Simulation.

. Most Economical For Reactor Confiourations.

2
3
4. Calculate A1l Of These On Same Grid.
5
6. Galerkin and ICCG Methods Developed.
7

. MALICE Exists. 1Its Companion Particle Code Does Not.

8. Currently Available Computers Barely Adequate.

L2
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NEW LIBRIS

LIBRIS REWRITE

O TECHNICAL PROBLEMS 1IN CURRENT VERSION

(FILE FORMATS, FILE STORAGE,
INFLEXIBLE OUTPUT)

O MORE HUMAN ENGINEERING NEEDED

OAVAILABILITY ON CRAY-1 AND 7600
(ULTIMATELY SHARED DATA BASE)

ONUCH INPROVED RETRIEVAL

HEWLIBRIS PROPOSAL 1IN DOCUMENT:
DOCUMENT PRINT NEWLIBRIS pevice BOX wmw 1D

COMMENTS TO CAROL TULL USER # 764

NEW LIBRIS (CONT.)

HIGHLIGHTS:

OHUMNEROUS RETRIEVAL FIELDS, EG.
AUTHOR DIVISION INSTALLATION
LANGUAGE SUBJECT

OINTERACTIVE SEARCHING THROUGH SUBJECT
CATEGORIES, E.G,

MATH ———— | opE
PHYSICS Guowr) ROOTS
ENGINEERING FUHCTIONS
LINEAR SYSTENS
| PDE

GRAPHICS

OADD ABSTRACTS EITHER INTERACTIVELY
OR WITH TEXT FILES

OEDIT AND REVISE YOUR ABSTRACTS WITH
YOUR FAVORITE EDITOR

3
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LIBRIS STATUS INFORMAL CONFERENCE Git PARTICLE
AND HYBRID CODES FOR FUSION
PHYSICS + ENGINEERING CODES 33 ABSTRACTS - December 10-11, 1979
MATHEMATICAL ALGORITHHS AND 18 ABSTRACTS ' CODE SYNOPSIS
COMPUTER SCIENCE
WATHEMATICAL LIBRARIES 3 ABSTRACTS . Code Hame:
. Contact(s):
UTELITY ROUTINES 11 ABSTRACTS
( SEE HANDOUTS FOR A BRIEF i
Machines:
DESCRIPTION OF THE ABSTRACTS)
Description:
FUTURE WORK
PERIODIC MFECC PUBLICATION OF CODE
LISTINGS TO ALL USERS
ADDITION OF MATHEMATICAL ROUTINES Other Comments:
(K. FONG, ET. AL)
ADDITION OF NESC ABSTRACTS
ONLINE PHYSICS CODE DOCUMENTATION? 2 ? Return to:
Carol Tull

Hational Magnetic Fusion Energy Computer Center
P. 0. Box 5509 L-402

Lawrence Livermore Laboratory

Livermore. California 94550



PHYSICS CODES

Fokker-Planck codes

No. 7 ISOTIONS - A. A. Mirin, NMFECC CDC-7600

This is a one-dimenslonal multispecies code in which the
distribution functions depend on speed only. hpplications with -
this code include Q calculations for mirror reactors in which
there is neutral beam injection.

No. 8 ISOLEGEND - A. A. Mirin, NMFECC Cray-1 and CDC-7600

This is a two dimensional code in which the distribution
functions depend on both speed and pitch angle (using a Legendre
expansion). The code includes an ax!al electric fleld.and models
electrons and one ion specles. The primary application for the
code is to study runaway electrons and ions.

No. 9 TMDSZ - A.' A. Mirin, NMFECC Cray-1 and CDC 7600

This is a three-dimensional multispecies code in which the
particle distribution functions depend on speed, pitch angle, and
one spatial co-ordinate. An electric field is computed
self-consistently using a Poisson solver.

No. 10 HYBRID-II A. A. Mirin, NMFECC Cray-1 and CDC-7600

This is a two-dimensional multispecies Fokker-Planck code in

which the ion distribution Eunctions depend on speed and pitch

-

( (PN

angle. The electrons are taken as HNaxwellian. Applicaiions
include mirror devices (both standard and tandom) and tokamaks,
Various physical phenomena may be fincluded.

No. 12 TDMFP -~ A. A. Mirin, NMFECC, Cray-1 and CDC-7600

This is a two dlmenaiénal multispecies code which models two
dimensional electrona and ions in the presence of a mirror loss
cone. RF diffusion is included. Applications include modeling
the effect that untrapped pacticles have on trapped particles in
a tandom mirror device.

No. 56 FPPAC - M. G. McCoy and A. A. Mirin, NMFECC Cray-1 and CDC-7600
This Fokker-Planck package is designed to be incorporated into
large physics code drivers. It solves the full time dependent,
nonlinear, multispecies equation in two dlmensions, speed and
pitch angle. The package (s optimized for both the Cray-1 and
the 7600 with the Cray version running up to 12 times faster than
the 7600 version.

Transport codes

No. 11 FPT ~ A, A. Mirin, NMFECC Cray~-1 and CDC-7600

This §s a transport code applicable to beam injected tokamaks.
The energetic ions are described by two dimensional veloclty
space distribution functions which are time-integratedlusing the
nonlinear Fokker-Planck operator. Applications include PLT,

TFTR, PDX, and DITE.



Eguilibrium codes

No. 18 ELLIPTI - J. C. Taylor, University of Glascow (Scotland)
This code is designed to solve nonlinear elliptic equations in
two-dimensional regions.

No. 43 ORNLEQ -~ B. Dory, ORNL CDC-7600

This is the conducting shell version of the two-dimensional
axisymmetric tokamak equilibrium code developed at ORNL for

tokamak MHD calculations.

Magnetic field calculation codes

No. 13 MAFCO?76 - C. Finan, NMFECC CDC-7600

This code computes magnetic fields for an arbitrary set of point
conductors and calculates dl/B integrals.

No. 19 MSUPER - Larcy Miller, UCLA CDC-7600

This is an interactive code for designing magnetic fields using
Tektronix scopes. In this version, the code calculates magnetic
fields due to point sources in systems with azimuthal symmetry.
No. 20 MFIELD ~ Larry Miller, UCLA CDC-7600

MFIELD is an interactive code for designing and plotting (on
Tektronix scopes) magnetic fields for an arbitrary set of point

current sources.

PDP-10

No. 37 EFFI ~ Steve Sackett, LLL Cray-1 and CDC-7600
This code calculates magnetic flux lines, fields, forces, and
inductance for an arbitrary system of rectangular cross section

conductors.

Dispersion equations and the plasma dispersion function

No. 21 ROOTS - Michael Gerver, Cornell CDC-7600

ROOTS calculates and plots the linear normal modes for
electrostatic perturbations of a Vlasov plasma.

No. 36 ZETA - 8ill Sharp, LLL CDC-7600

ZETA numerically computes the value of the Fried-Conte plasma
dispersion function using three different approximation methods

depending on the value of the argument of the function.

Hybrid codes
No. 14 FLUPA - Bill Hobbs, NRL CDC-7600
FLUPA is a particle-fluid hybrid code in which the thermal
portion of the distribution function is represented as a fluid
and the high energy tail of the distribution is represented by
particles. Applications with this code include studies of the
evolution of ion-accoustic waves, landau damping, and nonlinear

oscillations of the O'Neil analysis.



No. 25 GUINON?? - C. G, Tull, NMFECC CLC-7600

This is a three-dimensional self-consistent gquiding center
particle model coupled with a plasma eguilibrium calculation.
Some particle collisional effects are included. Applications

include neutral beam injection into toroidal systems.

Particle codes

No. 16 TIBROX R. Stephen Devoto, LLL CDC-7600

TIBROX computes single particle orbits for charged pacticles in
magnetic fields. The fields may be computed analytically, input
from other codes, or calculated internally using MAFCO76 type
algorithms for a general set of point current sources. The code
also performs field curvature, d(1nB)/ds, and guiding center
calculations.

No. 26 ESI A. Bruce Langdon, LLL Cray-1 and CDC-7600

This is a one-dimensional self-consistent electrostatic particle
code with the provision for an external magnetic field. ES] has
been used as a starting point in research applications as well as
an introductory and experimental code.

No. 34 RINGA - A. Mankofsky, Cornell CDC-7600

‘RINGA i3 a self-consistent magnetostatic particle code (2.5

dimensional) used to study the behavior of strong axisymmetric

fon rings.

Y il 5
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No. 5% SPLASH - D. Mielsen and James CGreen, LLI and Stanford CDC-7600

SPLASH is a package of 9 codes used for three-dimensional
self-consistent electromagnetic particle simulations. Several

geometries and physical systems may be simulated with this code
including uniform plasmas, columnar plasmas, RF plasma heating,

mirror plasmas, and neutral beam Injection into mirror systems.

Reaction rate calculations

No. 17 SIGMA*V -~ Rris Rothe, ORNL CDC-7600 and IBM 360/91

This subroutine package calculates reaction rates, <sigma*vd, for

25 light elements for a specified temperature in the range from }

to 1000 kev,

No. 65 SIGV - R. Stephen Devoto, LLL PDP-10

SIGV is a subroutine package for evaluating reaction rates, <sigma*v>, for
several commonly occurring distribution functions: 1). two Maxwellian species
2). beam and Haxwellian specles, 3). a cold gas distribution and a Maxwelliar

species, and 4). a beam and a mirror confined plasma.

Neutron and radiatfion transport codes

No. 5 ANISN-L - T. Wilcox and R. Herrick, LLL CDC-7600
ANISN-L solves solves the one-dimensional Boltzman transport
equation for neutrons or gamma rays in slab, spherical, or

cylindrical geometries. ANISN-L was designed to solve



)

deep-penetration problems in which angle dependent Speckra are

calculated in detail.
i

No. 6 MORSE-L -~ T. Wilcox and R. lerrick, LLL CDC-7600 |

This is a Monte Carlo multigroup transport code for neutron-gamma penetratioi
problems in either a one-dimensional spherical geometry or a generalized

three-dimensional model using quadratic surfaces as the interface between

adjoining material media.

ENGINEERING CODES

Stress and thermal analysis codes

No. 40 SAP4C - Steve Sackett, LLL CDC-7600

This is a general structural analysis code for linear static and

dynamic analysis of complex elastic structures. A large variety

of both two dimensional and three dimensional structures may be
modeled with this code.
No. 61 TACO - Bill Mason, LLL Cray-1 and CDC-7600

TACO is an implicit finite element code for heat transfer

analyses. It performs linear and nonlinear analyses and is used

for both transient and steady state problems.

No. 62 pos/ i
O5TACO - Bill Mason, LLL CbC-7600
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No. 66 SCEPTRC - waldo Maqnuson, LLL CHC~7600

T SCEPTRE is a general-purpose electronic engincering program designed to
assist the electrical engineer in determining the initial conditions
and/or transient response of electronic circuits,
No. 67 SPICE~2 - waldo Magnuson, LLL CDC-7600
SPICE is a general-purpose circuit simulation program for
nonlinear DC, nonlinear transient, and linear AC analyses.

Circuits may contain resistors, capacitors, lnducgors, mutual

inductors, independent voltage and current sources, four types of
dependent sources, transmission lines, and the four most common

types of semiconductor devices: diodes, BJTs, JPETs, and

MOSFETs.

MATHEMATICAL ALGORITHMS and COMPUTER SCIENCE

No. 3 ETBFCT and PRBFCT - Jay Boris, NRL CDC-7600

These two routines implement a flux-corrected transport algorithm .
and are designed f&r Eulerian, sliding rezone, or Lagrangian

Einite difference calculations.

No. 23 MOVELES - K. Estrabrook, LLL, CCDC-7600

This is a compass coded, one;dlmensional electrostatic particle pushing

algorithm employing fnteger arfthmetic.

No. 28 Mp - K. Fong, NMFECC CoC-7600
This {g Richaed Brent'y multiple pPrecision tloatinq point
arvithmet jo Package which inclurag toutines for evaluating

elementary functionsg and the moge commonly uged Special
functions,

number generator,

No. 30 Lawson apg Hanson Leagt Square codes - g, Fong, NMFeCC CDC-7600
This Package consists of the Fortran codeg described in Lawson

and Hanson'g text on least 8quares Problems,

No. 41 Genic and soLic - M. and q. Petravic, PPL PSP-IO

The GENIC ang SOLIC routineg implement the ICCG algorithm to

solve a Sparse systen of linecar €quations with 4 positive ;
definfte matrix of coefficients, .

Ko. 42 1CcLY - T. Cutler, LLt Coc-7600

This {s 5 highly optimized subroutine for lmplement!ng the 1cce

algorithm using only smal}) core memory on the 7600.




No. 44 ILUCG -~ Alck Shestakov, NMFECC CpC-7600

This subroutine package solves the linear system of equations
arising from a nine-point descretization of a two-dimensional
partial differential equation over a rectangular domain. It uses
the ICCG algorithm and is optimized for use in large physics
codes.

No. 46 MPHP - Dale Nielsen, LLL CDC-7600

MPHP is an interactive multiple precision arithmetic package
designded to emulate desk top calculators. It uses Richard
Brent®s multiple precision routines (No. 28) and includes
elementary and special functions provided in the Brent package.
No. 47 ROOTSJY - Dale Nielsen, LLL

ROOTSJY calculates the roots of the complete Bessel function and
its derivatives. This routine was used in a k-space field solver
for a three-dimensional toroidal cavity problen.

No. 48 VECTOR-FFT - Oscar Buneman, Stanford Cray-l

This is a machine coded (CAL). vectorized Fast Fourier Transform
routine.

No. 49 PACK-UNPACK - Oscar Puneman, Stanford Cray-1

These are vectorized CAL-coded routines for a 2:1 data
compression and expansion. The routines were used to pack
particle parameters in a three dimensional electromagnetic

particle code.

No. 50 RCIPSQRT - Oscac Buncmman, Stanford Cray-1

RCIPSQRT is a vectorized CAL-coded routine for computing
reciprocal square roots. It was written for a relativistic
particle code.

No. 52 Jordan's linear Algebra Routines - K. Fong, NMFECC Cray-1
This package consists of a limited number of highly optimized
mathematical routines designed for the Cray-1 by Thomas Jordan
from LASL. These routines mostly fall in the category of linear
algebra.

No. 53 2I0 - A. Bruce Langdon, LLL Cray-l1 and CDC-7600

The 210 package is designed to perform efficient I/0 for high
performance production codes by providing the user with simple
access to operating system features such as overlapped I/0, user
error control, and user control over the assignment of disk
units. .

No. 54 DECSOL - Paul F. Dubois, LLL Cray-l

The DECSOL program consists of two highly optimized CAL routines
to perform an LU decomposition and to solve a system of

equations. It is limited to systems of 64 or less equations.

No. S8 INTRAN - Oscar Buneman, Stanford Cray-l

This is a vectorized CAL-coded routine to generate an array of
random integers.

No. 63 SOLVER - H. S. AU-Yeung and A. Friedman, UCB Cray-l
SOLVER calculates roots of a user speciied function using a

simple version of Muller's method.
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I3 PARTICLE SIMDLATION ON THE VAP

m—

W. E. Drommond and B. N. Moore
Austin Research Associates
1901 Rutland Drfve
Auxt in, Texas 28758

ABSTRACT

A report will be given of the status of hardvare and software development on the
VAP. The VAP is desigued as a floating point vector array processor of considerable
power and will be able to execute Jarge vector programs at high speed in a stand-alone
mode. Other design features are multiple large fast data memories with independent
data paths to a pipelined arfthmetic unit. Four of these memorfes are vector {serial)
memor fes with a maximum size of 8 million vords. There is also a scalar (ram)
memory with a total of 1 oillfon words. Practical opetatjon at speeds of 12 mflops
will be possible. A software package is under development which will cventually make ft
possible to program at the Fortran Jevel. Applications to plasma simulation wil) be
discussed.

INTRODUCTION 2. 1t has multiple, fast, data
memories with independent data paths to
the pipelined arithmetiec unfts. Four of
these memories are vector (serial)
memories and one is a fast scalar (ram)
memory. The inftial configuration will
have a total of 1.5 million words of fast
memory and can be casily expanded to a
much larger total memorv.

Austin Research Associates is develop-
ing a floating point vector array processor,
the VAP. This development was oripinally
motivated by the need for an inexpensive
high speed vector processor for large-scale
plasma simulations. However, the archi-
tecture of the VAP provides an extraordi-
nary degree of flexibility in vectorizing
algorithms encountered in the solutfon of
physical problems and, as a regult, the
VAP should have n fairly wide applica-

For fully electromagactic 2-1/2 b
plasma simulation problems, the
initial confipuration handles 25,000

bilfty. " cells and 200,000 particles.
The principal attributes of the VAP J. Programming 1s carrfed out using
are: a subset of standard Fortran statements

rlus a few additlonal statements unique
1. 1t executes large vector programs to vector programming.
at high speed.
4. 1t is locxpensive--less than
4 peveent of the cost of a Cray 1 or a

Star.

For plasma simulation problems, ft
is expected to be approximately three
times faster than a CDC-7600.

In the [olloving sections, the
orpanizatfon of the VAP memorfes and data

Y
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flow logic will Fseribed, together
with certain features of the VAP software
and utility packages.

MACHINE DESCRIPTION

The CPU of the VAP 1s a modified
Floating Point Systems, Inc. AP-120B array
processor. The AP-120B is a high-speed
synchronous processor with a cycle time
of 167 nanoseconds and executes one instruc-
tion per cycle. The instruction word pro-
vides the capability of overlapping 10
independent operations in each instruction,
{.e., 10 independcn; instructions per
cycle. The floating point arfcthmetic
units consist of a pipelined multiplier
and a pipelined adder, ecach of which can
produce one result per cycle. Thus, the
maximun execution rate for floating point
operations is 12 megaflops.

To write and debug optimized code for
the AP-120B requires assembly language
progranning which s extremely tedious
because of the overlapping of multiple
operations on each instruction. In
addition, because of data path and memory
conflicts, even carefully written assembly
language code does not make very efficient
use of the arithmetic pipelines. Finally,
there is only one data memory which is
limited to a maximum of a million words.
Even with these restrictijons, however, we
have written plasma simulation codes on
the AP-120B which execute at approximately
the same speed as on the CDC-7600.. Thus,
the AP-120B is a cost-effective processor
for many applications.

The VAP was designed to make use of
the many attractive features of the
AP-1208, while at the same time removing
the pemory size and data path conflict
restrictions. The resulting hardware con-
figuration lends itself to vector process-
ing and the development of a vector
Fortran compiler removes the need for
assembly language coding. With this
vector Fortran compiler, programming can
be carried out as easily as on a

standard Fortran processor and programs IQ§3 ﬂ
i -[ :m]~~—~| *.::]

B

execute approximately three times faster
than on a CIC-7600.

The principal wodifications to the
AP-120B8 involve Lhe addition of four
high-speed data and contrel paths to the
CPU, together with the expanded hardware
logic to facilitare the flexible use of
these additional data paths. The four
high-speed data paths ave connected
through controllers to four high-speed
ram memories which are used as vector
(serial) memorfes. The use of ram memo-
ries avoids the latency problems asso-
clated with CCD or bubble memories.

The resulting VAP functional diagram
is shown in Figure 1 and more details of
the array processor section are given in
Figure 2. In summarizing machine features
and capabilities, it is convenient to
distinguish between those characteristics
of the conventional AP mode of operation
given in Table 1 and the extended VAP
mode given in Table 2. Under software
control, the VAP can operate either as
a vector array processor or in a con- |
ventional AP mode.
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Fig. 1. VAP Machine Organization
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Fig. 2. Details of Array Processor CPU.

Table 1. AP mode features.

% 167 nsec cycle time.

* Independent pipelined floating
adder and multiplier.

* Pipelined access to as much as 512K
words of ram data memory at rates up

to 6 million words/second.

* Sixteen 16-bit integer scratch
registers with associated ALU.

* 2K table memory rom.

For large vector programs, the execu-
tion speed is primarily limited by the
waxioun rate from the data memories to the
ALU. The addition of the four fast data
memories increases the data rate for the
VAP to 30 million words per second as
compared to 6 million words per second in
the AP mode.

Table 2. VAP features.

* All features of convent fonal AP
available.

* 4 (n x 64K) serial wewories con-
figurable under pProgram control as
inputs and outputs of arithmetic
units,

* Access rates of 6 million words/
second to cach memory giving total
data flow rate of 30 million
words/second.

* Setup time for vector operat fons
= 4 microseconds.

The additional control logie incor-
porated in the VAP takes advantage of rhe
flexibilities provided by a mixture of
vector and scalar memories so that
scatter/gather operations which, in the
pPast, were not thought to be vectorizable,
are, in fact, easily vectorizable. For
plasma simulation problems, the scacter/
gather operations of interpolatfion and
allocation are thus materially speeded up.

SOFTWARE

Parallel development of software and
hardvare is being undertaken in order
that hardware design options may be
realistically evaluated as they become
apparent. The earliest possible useful
production from the machine will also be
obtained. VAP software items can be
classified as support, e.g., compiler,
assembler, linker, etc., or as utilities.
Typical utilities include conmonly used
vector arithmetic operations, as well as
specfalized utilities for plasma simula-
tion problems. Figure 3 i1s a block dia-
gram indicating the stages required to
convert VAP Fortran source code into an
execution module. All of the support
software items appear in Figure 3. All
of the compiling, assenbling, and linking



is done on the host computer and the
complete binary executfon module §g
shipped from the host to the VAP for
stand-alone executfon. Results and diag-
nostic data can be returned to the host
during execution.

Fig. 3. Support software.

Programming 18 done principally in
terms of a subset of standard Fortran
statements with a few modifIcat fons unique
to vector operations. Varfables are
declared as either vector or scalar varia-
bles and then wvsed in the usual Fortran
syntax.

For example, $f B, C & D are vectors
of the same tength, located in different
vector memorjes, the Fortran statement

A=B*C4p

multiplies cach element of B times the
corresponding element of C and adds the
product to the corresponding element of
D, to produce the resulting vector A,
vhich is stored fn the remaining vector
memory.

Seatter/gather operations make use of
additional symbols but the same Fortran
syntax. E.g., 1f B, C & J are vertors
located in different serial wemorjes, the

Fortran statement

Axsrcen o)

multiplies ecach element of B by the corre-
sponding element of € and adds the product
to the contents of the realar memory at
the address specified by the correspond-
fng clement of J to glve the resnliing
vector A, which is stored in the fourth
vector wmemory.,  This sratter/gather vecter
operatfon executes at the same speed as
the pure vector operation discussed
ahove.* Tnble 3 1fstr the execut fon rate
of typical Fortran operations.

Table 3. Exccution rates for VAP Fortran
statements and utilfties.

Pure Vector Operatfons
1.AFpsc 6 Megaflops
2.A=(+0) 6 Megaflops

J.A=B*c+0D 12 Megafllops

&, A= (B +C)*p 12 Megaflops

Scatter/Gather Vector Operations
La=srcen (3
2.8 n(D+ars

Vector Utilities

12 Megaflops
4 Megaflops

1. A = SQRT(B) 1.5 Megallops

2. A=-1/8

1.5 Megaflops

aln this table, A, B, € and J are vectors
located tn different vector memory.

H(J ) is the contents of the scalar
memory Jocation whose address is the
corresponding element of the vector J.

‘Other scatter/gather operatjons, e.g.,
scatter/gather operation No. 2 in Table 3
may run more slowly for two reasons:

The scalar memory is accessed twice for
the operations on each clcment; and if
adjacent elements of J have the same
value, f.e., 1f the same wemory location
is addressed for two consecut fve elements,

(oL

A critieal element in any vertor
processor is the setup time for vector
operations.  For the VAP, this actup 1 ime
is between three and four mfcroseconds.
Since the hasic VAP cyrle time §s 167 ns,
this mrans that the selup time for any
vector operat fon consumrs nppruxlma'o]y
20 cycles. Since the most common vector
operat fons cxecute une vector clement per
machine eycle, the overhead time, ag a
fraction of the executfon time, §s simply
20 divided by the number of elements in
the vector. For vectors of length 200,
the aetup time I8 thus 10 percent of the
exccutjon time. For particle simulatfon
problems, the typical vector length is
2,000, and thus setup time amounts to only
1 percent of the cxecutfon time. As a
result, the utilization of the arfthmetfc
pipeilnes appreaches 100 percent fn the
VAP,

APPLICATIONS

Although the VAP is belng developed
because it is needed for a rather specific
problem, it will be capable of quite
general application. Some problems for
vhich the VAP will be useful are listed in
Table 4. Consideration of the 2-1/2 o
plasma simulation problem will 1llustrate
some of the features of the VAP, A 2-1/2 b
fully-eleclromagnctlc, fully relatsvistic
c-beam simulation code has been in produc-
tion on the AP for some time and ft will be
the first major code to be implemented on
the VAP. An estimated performance compari-
son 18 given in Table 5. The VAP can
handle larger ficld arrays and particle
tables because n(\the serial memory

the write to this menory location from the
first of these clements would not be com-
pleted before the read of that same memory
Jocatfon for the next element. To guard
against this rossibility, the uttlity has
been slowed. For plasma simulatfon codes,
a special utllity has heen written for
this operatfon which executes at 6 mega-
flops.

capacity, and the avallabiliry of opl‘gi}
wlzed Fortran operatlons and eflicfently
coded vector utilities makes larger '
picces of the code run at the 12 megaflop
rate. With the vap Fortran compiler,
Programs will also he more casily modi-
fied and debuggnd.

Table &4, Applications.

* 2-1/2Dand 3 p plasma simulation.

* Hydrodynamic and magnetohydrodynamic
problems.

* Simulation of dinde operat ton.

* General 2 D and 3 p partial
differential cquations.

OUTLOOK

An operating prototype of the VAP
with reduced data path vidth and skeleton
serial memory shousld he available by the
end of the year to petrform tests of the
design. 1f al} Bres reasenably well at
that point, ft §s anticipated that a
fully operational machine will be vorking
by the middle of next year.

Most of the software will be availa-
ble before the prototype VAP is opera-
tional, and work will proceed on actual
code development . ’




Table 5. Conpa of the capabilities of the AP made and the VAP mode for a 2-1/2 D
fully~-electromagnetic, fully-relativistic, particle push program.

AP VAP
)
Number of particles 32K 200K .
Nuzber of cells 4K 25K |

a b
Execution time per particle 81 upsec/particle 21 psec/particle
Same as

Standard Fortran

Ease of programming Difficule

al-'ox' purposes of comparison, standard Fortran programming of the CDC-7600 gives an
execution time of about 80 microseconds per particle and standard Fortran programming
of the Cray I initially achicved an execution time of approximately 12-1/2 microseconds
per particle. However, more recent hand-optimized coding on the Cray 1 has led to a
significant reduction in this push time. (Private communication - D. Forslund)

b
This result is not a measured result. However, since the processor is a synchronous
processor, it is believed to be accurate.

, Comparing the Floating Point Systems, Inc. AP190L
to Representative Scientific Computers: :

Some Benchmark Results

Thomas A. Brengle
Lavrence Livermore Laboratory
December 10, 1979

{
- What is the AP190L?

38 bit, 6 MHz clock, 64K Main Data Memory.
Microcoded.

2 vay interlecave memory.

2 cycle add pipe.

3 cycle multiply pipe.

Driven as peripheral by DEC PDP-10 Model KI.

=~ AP FORTRAN

Crogs-compiler, runs on DEC~10.

First operable version.

Rudimentary optinfzation
(register-allocation, code foldback).

- Benchmark .

MAGIC2 (Cohen, Brengle)
1D, cylindrical, magneto-inductive.
Speed bound by Boris mover
(about 85 floating point operations, including SQRT).

Universiy ol Catforna PO Box 808 Livermore.Calitornva 94550 O Telephone415)447 1100 D Tiex 910 386-8339 UCLLL LVMR
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LAWRENCE LIVERMORE LABORATORY pre LAWRENCE LIVERMORE LABORATORY -

= Results
POP-10 APL90L 7600 CRAY
MIPS 1 18 36 80
- Comments
Theoretical MFLOPS 25 12 $4-56 160-240
Effect of offloading code to APIS0L wvas to reduce
Elapsed time 5640 564 375 m utilizstion of PDP-10 CPU by fector of 30.
Enlargement of Program Memory will reduce overlsying.
cru 2559 276 99 50 AP FORTRAN will get additional enhancements.
Nev electron physicas code shovs problens with passing
MFLOPS 14 1.3 3.5 7.0 data ss formal parsneters instead of as COMIOR data.
MFLOPS «56 o11 «06 «04
Theoretica
Hegabucks /MFLOP 2 ‘.08 1 1
Notest
1. AP190L CPU time was inferred by counting cycles.
2, Prioritices on 7600 and CRAY vere set at l.4.
-
Universityof Calitoria PO Box 808 Livermore Cakora 94550 O Telephone (415)447.1100 O Twx 910 386 8339 UCLLL LVAIR Universily of Catornia PO Box 6508 Livermore Cabloenia 94550 O Telophone (3151337 1100 O Twr 910 386 8339 UCLLL LVMAR
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’5 Macrocell Coding for Efficient Porticle Movers on Arithmetic Processors
onm——

Robert 1. Bermon®

George C. Corrette®

Plasma Fusion Center
Massachusetts Institute of Technology
" Cambridge, Mass. 02139

To be presented at the Informal Conference on Pasticle And Hybrid
Codes for Fusion, Napa, California, December 1979

ADSTRACT

We discuss the usc of a linked-list programming technique which we call macrocell

. ooding to facilitale the introduction of temporary vectors Lo make the lime step loops

in particle-mesh simulations run faster on arithmetic processors. This cxtension to

" arvay processors of part of the PFPM method of Eastwood and Hockney [1] represents
a significant improvement in timings for code wrilen in naive FORTRAN. The mac-
rocell, as originally cnvisioned, promotes cost effective and more accurate calculation

" of shoxl range forces, and therelore, permits longer simulations before numerical errors
grow beyond rcasonable bounds. Fusthermore, these suggestions for macrocell usage
provide eflicient vectorizalion on machines like ther Cray-1 in circumstances where
large particle numbers or high spatial resolution s desired.

*This work was supported, in pat, by the United S!oln Department of Energy under Contract
Number ET78.5.02-4052,
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Some physical problems that are studicd with particle-mesh simulation Lechniques

demand cfficicnt algorithms to allow complele investigations of the parameler spaces
that are cncountered. Our interest in problems in nonlincar plasma physics leads us
to formulate model problems with millions of particles and meshes with high spatial
resoullion for long periods of time[2,9). The Lypical lime step loop in our clectrostatic
codes docs: 1, a charge collection of the particles onto a mesh; 2, a potential solution;
3, integration of equalions of molion. These sleps may typically involve multilinear
interpolation on or off the mesh. Higher order interpolalion may be neceszary for
short-range accuracy. The parlicles move independently through the incsh in their

* " sell-tonsistent field and any external fields that are present. An array processor or

pipeline machine like the LISP Machine A-Box[3,4] or the Cray-1 offcrs some promise

“to the particle simulator if he can customize his computalion. The issue In the calcua-

tion is that, although the hasic update of positions with velocities can be naturally

. vectorized, lhe cotnpulations of charge collection and force interpolation cannot. This

occurs because typically, particles do nol retain any association with each other as they

’ wander throughout the mesh. The necessity Lo randomly access particle coordinates

or equivalently, lo access chatge or ficld coosdinates lessens the epporlunity to be
eflicient in a pipeline cnvironment. Efficient algorithms for the charge collection and
force interpolatalion phases need to be found. We consider that efficient methods for
potential solutious exist through veclorized FFT methods[S).

"We can extend an idea of the PPPM technique of Eastwood and Hockney|l] to '

write code that is amenable to veetorization on machines like the Cray-1. We call
our implementation the macromesh mover for partices (macrocell in short). We will

describe this conceplually in two dimensions with periodic boundary conditions. An -

N x N Cartcsian mesh (the mini-mesh) with is covered with a macro-mesh of size M
x M. The parlicles, stosed in random order in memory, have a macrocell coordinate
L. This coordinate is a linked list. Thus, if there are NSP species of patticles, an
integer atray HOL(INIX,IMY,JSP) points Lo the first parlide of specics Lype JSP in
a macro cell whose coordinates are (JMX,JMY). Let IP=HOL(JMX,IMY,JSP). Then,
X(L(IP)) is the x-coordinale of the first pasticle, Y(L(IP)) is the y-coordinate, ctc. The
next particde number is L{L(IP)), and thc lolal number of particles in the macrocell
is NIL(IMX,IMY,JSP). If L(IP) is 0, thc list terminates. It is more convenient for
vectorizalion Lo use NIL then Lest for L == 0. Thus, DO loops, broken down into blocks

. of convenient length (64 on the Cray-1) or less, are possible.

The calculation procedes as folows. First, we assune that the electric potential ahs
been caleulated and the linked list L has been prepared. We loop over the snacrocells.
Thus, parlicle coordinales and velocilics, forces and geometrical interpolation factors
are calculated and gatlicred into temproary veclors. This is facilitated by Lhe macrocell

2
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coordinate L. We use the lime-centered leap-frog scheme Lo integrate the equations of
motion. This can be pesformed in a vectorized mode on the Cray-1 using the temproary
veclors as well as calculating the lincar momentum and kinctic energy. Next, the
particlc spatial coordinates have to be reset o lic in the periodic mini-mesh. To do
this, we necd check only the macrocells that lie on the perimeter (surface) of the mesh.
Furthermore, we need only check the particles which have moved in the otward normal
direction. In terms of cells, we need only check the 4M macrocells on the perimceter of

" the mini-mesh lor parlicles that moved oulward, rather than the the N? cells for all

the pasticles. Finally, the charge collection can also be done using temprorary vectors
to calculate weighting factors. At the same time, the link coordinate L is recalculated.
It is casier to recalculate the macrocell coordinates rather then trying to do some sort
of garbage collection.

We must caution here that we do not advocale indescriminate use of macrocells.
The overhead in memory and computing may be too high a price to pay for small
minimeshs and small numbers of particles. We beleive that macrocell coding bccomes
an efficient alternative when there are a significant number of particles and a large
number of macrocells. The cfficicncy of this scheme is optimized when there are an
even number of particles per macrocell. '

In Table 1 we present some timing studies on the Cray-1 using a two-dimensional ....

mesh with N=256 and M= 64, 32, 16. We arc using a macrocell that conlains 42,
8? and 167 minimesh cclls. We call the lincar dimension of macrocell measured in
minicells MC. We present sesults for 102400 parlicles. The times scem to be linear
with particle numcbr above 10240 particles. The critical issue in picking the macrocell
size MC is Lo ensurc that the macrocell containg a substantial number of particles.
We have computed Uhe time (TFORCE) for bi-lincar force interpolation to updatc
the velocitics; the time (TPUSH) to update positions with the new velocitics in the
leap-frog lime-centered integration algorithm and to reset the position coordinates on
a spalially periodic mesh; the time (TRO) to collect the new charges with bilincar
charge assigninent. These operations include certain simulation overheads - zcraing
certain arrays, moving coordinales, cte. and in the the case of the macrocell methods,
recompuling the macrocell coordinales. To compare the utility of macroccll coding,
we alto compuled Mfops (Million floating point operations per second) by noting the
number N4 and N* of multiplications and additions in these cascs, excluding the
arithmetic necessary Lo resct the periodic mesh coordinates. The result shows that a
factor of Lwo in raw cycle lime sesulis over a naive method for coding the time step. It
should be pointed out that the naive method is not too naive in that it uses the Cray
veclor commands for the push and for the remap to the periodic mesh. It is the non-
veclor character of the charge collection and fosce incterpolation that elows down this
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naive calculation.

We have employed several of the Lechniques advocated by Derman(8] for cﬂicic:.)l.
FORTRAN coding in the particle push which accounts for the major difference in
TPUSH for these two imncthods. We uscd initial coordinates randomly spread over
the active mesh within a border. This accounts for in part for the diflcrence in opera-

- tion <ounts prescented below. Listings in FORTRAN of this implementation are freely
available from the authors.

Table

Timings for Macrocell Coding

Naive FORTRAN] MC=4 | MC=8 | MC=16
N per cell 1.5 25 | 1060 400
- TFORCE (scc) 10783 4165 .3664 .3581
- TPUSH (scc) 10320 0095 0094 0094
TRIO (sec)- 5319 2141 2746 2142
MFlops 3.827 10743 | 11529 | 11678
TOTAL (scc) 1.498 “0.701 0.650 0.642
RATIO (time) 1.0 468 434 429
RATIO (Mflops) 10 28 3.0 31

" We adovcate the use of macrocell coding especially in the following when large
particle numbers of high spatial resolulion demand as much vectorization possible.
The above table shows that cven in naive FORTRAN, the extra coding neccssary to
perform amcrocell management is compensated by increased vecloriution asevidenced
by the Mflops. We would suggest that this code be written seriously in assembler l'o'r

" production use.

" This xr;acr;)ccll method can be extended with the following considctalioqs:

- 1. The PPPM mecthod can be used for short-range force correction, which is wl}at
originally motivated our thoughts this way. This tcchnique can be vectorized to prov.ldc
large accuracy for simulations running many time steps. The PPPM mctl.xod cons!sls
of a Particle-Mesh calculated as we have outlined above followed by a Particle-Particle
pair-wise correction for the short range force. The eize of the macrocell then becomes a
natural distance over which (o do this correclion. One processes the current macrocell

" applying a short range correction to the partices in the current macrocell and the
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neighboring macrocells. Further optimization is possible if the particles are partly -

ordered within a macrocell.

2. Non-Cartesian coordinate syslems can be treated with this techinique. The
macrocells, then, are more genceral than sectangles. It is still no more convenient Lo
calculale geometrical faclors, bul the opportunily lo veclosize exists.

3. Non-periodic boundary condilions on the particles can also be Lreated. Suppose
we consider a bounded problem like a sclf-gravitating, isolated system or a bounded
plasma. The particles’ that wander off the active mesh need to be processed separtely.
In the gravitating problem, a particle might move in a two-body approximation{7,8).

"Il a " wander-list” is created for these particles, they can be identificd and processed
quite speedily.

4. It is possible lo extend the abstract structure of macrocells as suggested in (3)
to contain more information. The particles within a macrocell are all independent of
any other macrocell, and grouped together in space. IL inay be convenient to have
the electric ficld or potential grouped into the macrocell configuration. It may also be
desirable to do the charge collection in macrocell configuration as well. It needs only
to guard the boundarics of e macrocells and fix them up later. This may be highly

desirable if many independent paraliel processors are present (e.g. lliac 1V, «f. {1o)). .

" It may aleo be desirable to tag the identity of particles by pulting them in special

macrocells, as might happen if it is neccssary to identify particles in dillerent regions

of phase space: that osiginally starled close logether. This is particular imnportant in
measurc phase space correlations in palsma turbulente or stochasticity(2,9).

In an Lwo-dimensionat electrostalic problem, say, the ealculation for clectric field
proceeds by computing a mesh of polential values and using finite difference Lechniques
to caluculate the force. This is more cfficient in slorage than calculating extra meshs
for the dlectric ficld. ‘A space centered fintic difference formula would cause 16 Ips
(Mloaling point operations) per particle for interpolation whereas it would cost 4N? Ips
to calculate the clectric at afl the points. Thercfore, when the number of particles is
much larger than 0.25N7?, it is desirable (o precalculate the dectric field in a macrocell
and use il for inlerpolation rather than differencing for each patticle. The cost in extra
storage is just 2MC?, A similar result oblains in (hree dimesnions, Namely, when the
number of particles is much larger than 17N, the cleetric ficld should be precalculated
ina macrocell at a cost of IAC? memnory locations.

6. Temporary veetoss in macrocells can also be introduced for currents, magnelic
ficlds, elc. for inore general problems. We have Lypically used temporary veclors of

5

length 64 in our example.

7. A scheme of buffering particles in macrocells in main memeory for an array
processor can be cavisioned. A large bufler of parlicles is read from disk, gathered
into macrocclls, processed, dispersed, and then written out. This procedure could be
overlapped with reading and wriling other buffers. We bdieve that the buller eizes
need to be catfully matched with Lhe maciocell sizes and minimesh sizes for efficiency.

" 8. A final obscrvalion about coding slyles and practices is appropriate here, We

" have used a FORTRAN implementation of the macrocell method to itlustrale the
" technique for this discussion. Production codes would undoubtedly want this mcthod

-in assembler or microcode. There is a significant problem in balancing the gains in
“formulating an algorithm and the casc of manipulating a data structure in a flexible high

level langauge against the real-lime problem of getiting the maximal raw computing
power from a machine. Our observalion is that ideas of data abstraction (message-

- passing semantics, generalized data structures, data flow analysis) arc consistent with
* developing efficient vector coding because they can use information about the veclor

structure of the data. Dut, unlike other models of vectorization (DO loops, expan-
sions, temporary variables or vectors), properply chosen data absteactions can be used
throughout Lhe formulation of a problem (program) Lo recognize such activitics as disk

bulfering, mulli-processing environments (cach assigned to a macrocell), or parallcl .

" machine processing (data movement over a network, another machine doing pre- or

post- procesting). Any data structure that the computational physicist wislics to fm-
poses on the calenlation should be compatible with the technique for compuling as well
as the machino he compules with. We are finding the macrocell coding is amenable for
these reasons. h

In conclusion, we advocate the use of the macrocell as an efficient algoirthm for
particle mesh simulalions on array processors. Coding in naive FORTRAN produces
significant improvement in usage of the available resources. The macrocell concept, a
hieracechical form of divide - and - conquor”, €an be applied lo other difficult problems
that are studicd on pipeline machines
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SGEME _ANALYSIS

* ELRCTROAMAGNETIC RESPONSE NP STRUCTURES EXPOSED TO A PULSE
OF HIGH-ENERGY PHOTONS

¢ SYSTEMS OF INTFREST

SATELLITES, MISSILES, AIRCRAFT

GROUND-BASED COMMUNICATIONS PACILITIES
s11.0°

* PHYSICAL PHENOMENA

PHOTON TRANSPORT

ELECYTRON GENERATION

ELECTRON MOTION — EM PIELD GENERATION
ELECTRONTC QIRCUIT RESPONSE

e
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PHENOMENA

.RELATIVISTIC PRIMARY ELECTRONS GENERATED
AT SYSTEM SURFACES AND IN THE GASEOUS
- MEDIUM

SECONDARY ELECTRONS & POSITIVE IONS
GENERATED BY THE PRIMARY ELECTRONS

ELECTRON TRAJECTORIES DETERMINED BY IN-
DUCED ELECTROMAGNETIC FIELDS AND IONIZATION
- ENERGY LOSS FORCES

FIELDS DETERMINED BY PRIMARY ELECTRON
CURRENTS AND TIME DEPENDENT CONDUCTIVITY
DUE TO PLASMA GENERATED BY IONIZING PRIMARIES

COMPLEX BOUNDARY VALUE PROBLEM
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THESE EQUATIONS MUST BE DIFFERENCED AND INTEGRATED FORWARD IN TIME AT
EVERY ZONE OF THE ELECTROMAGNETIC SIMULATION AT EVERY TIME STEP.
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SYSTEM GEOMETRY OESCRIBED AS A SEQUENCE OF LINES, SURFACES, OR _

VOLUMES WITH SPECIFIED MATERIAL CONSTANTS

o EMISSION SURFACES INDEXED TO PRESPECIFIED ELECTRON INTENSITY,

ENERGY, AND ANGULAR DISTRIBUTIONS

o NEAREST GRID POINT CURRENT ALGORITHM

¢ SECONDARY ELECTRON PRODUCTION AT SURFACES WHERE PRIMARY ELECTRONS

IMPACT CAN BE INCLUDED

o EXECUTION TIMES

S$.5 usec/EM ZONE TIME STEP

19.0 usec/PARTICLE TIME STEP _

B

A6
INPUT LANGUAGE EXAHPLES
cv (%, Xy, X3) TO (X, %), Xg)
v ( ) ( ) EPS = VAWUE
wv ( ) ( ) s16 = vALuE
e ( ) C ) HU = VALUE

ouTeUT REQUESTS
ANY FIELDO QUANTITY AT ANY NESH foiWNT

EETJ) KK, HYD 4 ¥k, J2TH kK, PLoT
SI6 134 EK | NEL IT4d kK PLOT

POYNTING VECTDR AND C(ONPOV EVDTS
PUXTTINKE , PVNTTM KK

LINE TUTEGRALS of AVERAGES OyER CELLS

AVG(LAGEL) = Sum OF ANY ALLONED OUTPUT KREMEST
SuM QRBEL) = u "




o REQUESTS ©ON PRETICLES
+ CUARGE IN SPACE  PL0T
«Q,N,E BETWEEN 2| AN Z2
.+ NoN RELATIVISTIC ENERGY DISTRIBUTRN BEWEEN

PRETICLE OISTRIBUTIONS
ENERGY DISTRISUTION 4
ANELE DISTRIBUTION A

EMISBION INTENSITY 4

PARTICLE ENI1SSIDA)

N=

4|

AND Z2

BTC.

RUN CONTROLS

"

(K tY 70 CXEXE XY 2o Ted £
DELAY _____ TIMES

& CRENISTRY PARANETIRS
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PERSPECTIVE VIEW OF DIABLO HAWK SGEMP EXPERIMENT
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OIABLO HAWK EXPOSURE 80XY — CENTRAL SECTION

" UNCLASSIFIED

STIFFENER
¥/2"x1/2"x1/16" THICX

N

TERMINATION 30X

! smz}ts CABLE

0.20
12 SPACERS

0.25" DIA.

-+ 1 1 O |
: SPOKE WHEEL
\ (GAP 2 cm WIDE -
1 cm HIGH)
7.02 d0oH CENTER S0LID
. COVER CABLE PARTITION
o ) '
T =
WAY
socH iﬁ 4{ nio i ‘—-g'ﬁﬁg&c il soon
4 |
RE-00626 . DIMENSICHS IN INCHES
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SGEMP_EXPERIMENT SIMULATIOH PROCEDURE

» BOUNDARY CONDITIONS IMPOSED ON THE MESH

o X-RAY TRANSPORT THROUGH THE NGOEL

« @ DISTRIBUTIONS
o TIME-PHASED EMISSION
‘e OUTPUT REQUESTS

« FIT IT ALL ON THE COMPUTER
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ASSUMPTIONS

. INDUCTIVE ISOLATION NOT MODELED BUT ASSUMED TO HOLD CURRENT FROM FLOWING TO ;
CHAMBER WALLS FOR AT LEAST 20 ns ; '

. ONE PLANE OF SYMMETRY IMPOSED ON THE MODEL (QUITE A G0OD APPROXIMATION CONSIDERING
THE MODEL GEOMETRY AND THE X-RAY FLUENCE CONTOURS

. TIME-DOMAIN FINITE-DIFFERENCE SOLUTION OF THE MAXWELL-LORENTZ EQUATION SET IN
THREE DIMENSIONS IS USED AS THE PREDICTION TOOL

. ELECTRON DISTRIBUTIONS DERIVED FROM X-RAY DISTRIBUTIONS UTILIZING THE QUICKE CODE

ELECTROMAGNETIC

« SIMULATION TIME - 20 ns

. EM TIME STEP ~ 8 psec

. SMALLEST ZONE DIMENSION -~ 0.5 cm

. NUMBER OF EM ZONES - 124,740

MACROPARTICLES
. NUMBER OF EMISSION SURFACES - 511
. TOTAL NUMBER OF INJECTED PARTICLES ~ 900,600
« MAXIMUM NUMBER OF PARTICLES IR SPACE - 198,800
. NUMBER OF ELECTRON ENERGY DISTRIBUTIONS ~ 45

INPUT-QUTPUT-EXECUTION
s 2694 FIELD REQUESTS INTO 241 PLOTS
. INPUT DECK LENGTH -~ 2580 CARDS
. CPU TIME ~ «3,56 HOURS
. RAW OUTPUTS DIGITALLY FILTERED
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Mirror-Machine-Microinstability Simulations In-
eluding Ion Bounce Motion.® ERUCE I. COHEN, NEIL
MARON, and GARY R. SMITH, Laurence Livermore
Laboratory--Simulations of drift-cyclotron-losa-cone
{BCLC) instability in a uniform magnetic field have

. shown agreement with the nonlinear theory of R. Myer

: and A. Simon (for a single DCLC mode in weakly un-
stable plasma) and with a theory that invokes ton
trapping and a simple free-energy arguament (for a
spectrmum of modes in strongly unstable plasma). We
study modifications to these results as well as
effects due to nonuniformity of the magnetic field
using a new code that includes ion bounce motion. In
particular, we study effects of ion bounce resonances,
namely, stochasticity and quasilinear diffusion in
velocity space. The new code employs a one-
dimensional electroatatic slab model: drift waves
propagate and electric fields vary only in a direction
mutually perpendicular to the magnetic field and to a
density gradient. Ions are treated as particles, and
electrons as a cold fluid that responds linearly to
the wave fields.

Syork supported by U.S. DOE contract #W-THO5-ENG-48.
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. Tntroduction .

Mirror- Maj%fne - M;érmhs{‘abiﬁlg Simulat-rons ——
E\clud&lg" Ion B_g_“mce. Mol'%

" Bruce I.Cohen , Neil Maron and Gary R. Smith
Lawrence Livermore. Labovatory

.' jon Bernstein wave (W~ Ney ) + ion dn&mgneh’c-driﬂ- wave (wvu;:_‘)
. ' 3> unstable drift -cyclohron or DCLC mode.

These modes can be drwen yngtable, by steep density gradients
and loss -cone velocity distribubion fumctions in hot dense plsma,

® Swulahons of dw'#—cyclohgg-loss-cone @CLC) in a
untform mﬂ"d'c’ field g, ® * I jon bouhc;ns s mcluded , @ mode may exst +that & -

. Saturation of a ugle unsfale wide near manginal skl absent ; . . .
due 4o weqk mo!l.f‘léd*'fon O‘F Ol"bi"" - wd € C\_/._) 4> le umform E:, —_— I..A-Vls',u.bl-v. jon - bounce. ode.,
2, More, unslable. plasmas exbibited fon +rapping ‘ Driven, Pv‘wnq;r"n‘y’ by loss-cone veloctly distribuhon flurction,

@ Simulafions of DCLC and ion bounce modes in a
. =,
nonuniform rhqgh&'!‘u'c freld BOUO

' Experimenta| motvation s
% Ton bounce mode 9 modified negative-mass ﬂ'nsfab;h""yg ' ) AR
driven by dﬁ(ﬁ,\/ﬁ\(‘?o and requires jon parallel bouncing. 1. Observations of Ianag,.-qmpl;j“d,_ lért-cydof-ron waves due Yo
2. Linear (and V""\";“m")""o“'ﬁé“ﬁ;" of bel.c i DCLC and &r'uﬂ'-cycld'mn turbulence in mivror machines
: Y 1 ' )
due 4o mdusion of ion bounang ] Mu“’l'-'pdk’ Q- machines etc.
3. Overlap of wrrbounce resonances -+ aluqsihh«r- diffusion l; 1. At sheper gradients and hiy her frequancles, these. modes

Compd-ihim with novlinear awy: and ion 'imprl'nj. bransform o the bwer hybrid deiff and velated s babilibiis

(sheaths of @ "P';"Ghes, Tbl"mac,ed‘c.)

3, 0"0”"“*""\13 of l.dﬂ'byclo{'v‘an {-"u"e, wmodes 0 mirrer
"XPQ"":"Wf:s y&9- PR-5 and Dex -z, propngf‘fna i Hre
ion didmagnetic direction i highly avisotropic plasma
297 <Y modified negative-mass instabilty.




Hybrid Swmulation Model

y r Y, vy m"fwm 30
on Local slab model for
° 1 drift~wave simulation
ANy
VX )k)Ex y grid

it
dvi :-gV‘& i_yi
W

S(x'~x) = kinear m+erpolql~.m/{'.m{¢-gned ion

3 ° M.ﬁ'& g.t‘ ;'[S(x'-x)E-}vgo] = vl 1

n. (K,y-o) ZS(x‘-x)V[Y (0)/L ) L gd::s. g
ngt
= Y ‘0) y(t) W: dMSl‘y pmﬂ'e: ‘mw”w
tanh

® |inearized fluid electrons , BxB and {_g‘?ohr;mhén drifts
dt

® Ppoisson equa.hbn :

2
(l*wfe) -‘_"_‘gsﬁ_um:) nk
k Y
wkl, > ot
n — V'li'k ik¢k—9 Ex using FFT

This code is a‘modifu':a‘him of N.Maron's version. of
Bruce langdon’s EsS\ code.

“Fvm B,

° 36r

o Uniform plasma.__fest cases :

1. Lower hybrid waves in cold plasma - lmm.r' dispersion relation

| op= o +E ‘i‘— al “ji =i =100
V| fmemem o - — — Al‘:B _____ I ‘i.i ‘L me
e . 4t=.05
w Wt ax#0 Yei
o, simulahiaw " "“
“eh data AX corvections ave inpovian
% .
‘B 0 T S
2 kax
2. Ion Bernstein Wawvs — fluckuatiw spectrum
I Ype ) M- i 2100 ), at=005  G¥grid cells
‘ Q. " HOO ions
(%] . o0
<E¢>[ .\{{o.&.o

4:1; -8 “\\ e 'Y (eﬁ) ~ ‘iﬁ -L _L.’

. b S o ° . 13 ‘. k NM

M0~ T L2t s
.q -
° T 'n'
2 kax

e Driff waves in wvionuniform plasmas
drift-cyclotron wstability

I Maxwellian -fi'(v‘):

either  d(v-V,) or subtracted Maxwellian
drift-cyclotron~ loss-cone (bCLC.) modes

2. Loss-come £(v) ,
witially :
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DCLC «imulations o8 ' ' DLC P ' T
wniform B, ; Mwlwd for 84 't=0)= J'(VL-\Q)__ (gont d) \‘/\‘
oal- ~ e g
-l . p
® () = ary) 6(y~Y) at £=0 % ® Ton distribubion funchion
w 02 0~ a‘fr / - ! I s EQ
® mw/w g
DLLC  linear dipersion relqhan"é. 0’?/ . Ly
i
Wpllaz2  kaz2.s & 08 °% oz oz o3 l £w
mosm 21836 ' U2 kaer ; ! i e P
L ] 3
30 3 i
§ { ]
- T — ’ i
% ] L] V“_‘ /V:'
. . ! ] 0/L,=,20% Mimz1836 Wkl =
Saturation by ion -Huyphﬂ ka, =125 most qns‘:abﬂg
ej:(ﬁ? [ | ~ a1 ‘ 17 field erergy densily vs. ¥
.‘;. .‘ N“’e; . ' ”. ‘B '
. e 2 | 1
".'f' Sigmar ¢ Gallen PF ﬁy"” (m') X ° 02 03 ' s
5 \ xa, inverse scale length £¢ 107 -
! ,/'rlm uludl é B »
i l,, ) 7 ? =2 /] FI
It A0 ) | j
/4 A
<% t.mr'l.ed Jmsuy frof.'lg, change % - /l' N l p_.,z i h' . H
”»
L/ /2 4 o t i % t 100
[ | s, * Particle. okt Tscutenn” i
% 4 8 12 {2 h-{..l.‘la; '
’ . e
Celte | YA, ’O* AV
\‘(/V 01 H 7,0 . -. v V/V |‘ ;‘\ “
W,6t=2.05  MX=.20; G400 ions  GH grid cells &la,n .5 Talmy? ° - . 2% )
z"} ° —f - \j "’ 4 3
o 4 8§ n -1 o %6 " m




DCLC simulations
uniform Bo

[op-vAav?) ~Mexp(-RY, sa)]

P

® ‘Fi(‘-,“t: xw. (z r
a-TM/rm-mM o wirvor vahio *°[gy | '
P= n.‘qh\m dcvmiy of hole ' \3"' 06l -0’c Re w/w; _
3 .
g
DCLC linear dispersion velakion §
2 o2l o -
o
o g’ Im w/ Wy
R=9 D=l wyny;=3 ka=3 0 L
0.20 0.25 0.30 0.35
Inverse scale fength, «a,
0.16 1 ] L] ¥ I T ¥ T T L] T 1 J '
Y ang!e-mode nonlivear
so.'l'ura.ﬂon du'.e fo . g 012~ Nonlinear theory
Pewi‘urbo:h’ve. shift in 1o -g F
orbits and £(¥)) near marginal E 008l
stability: %
'# o< Imw, x(f«)"ﬁ. 5 00
1': m~| stab. - .Tl}g::ai ]
single-mede theory of Myer and Simon
warginal stability

w‘:atz O.I

50,000 jong ¢Hgrid points

DcLe simula#fon;
uniform B,

® Two-mode simulation, with .y 20)= T [exp £ 79} ) ~Pevp(-RY:/av))

R=9 =i wa, 2027 ;=3 nm;\m.

-rl)

{a)

10~ W o
- 107 1 nes
107\ | w010 ﬁ W—-lmu
10°° L 102 Vh’ -1 10! ~|—single-
mode
-7 - I(a =3 _|]
;-'3‘ - 10™3 w-z theory
) o[ Thermat tevel ] 107" 1
W 0= 1#
10 i y I
10-4 - 10 ]
( 10-? A
10-8— - 10-2 _ ] q\w
10~ 8|— ka;=6 —
10-4 ‘0—2
o - 50 50 100 100 150
gt
(b)
T 1 1
w;t=0 w,t=50
- -
10 10-
10~} — 1072 ]
- 10—2
-
2 10-3 .
- . 10—3
1072 — 10-¢ ~
5 -4
10~3 — 1w
-3 -6 10-5
10735 095 ™ 5

v,2v?

Most unstable mode ka‘.=3 grows and saturqtes ald Myer-St'mon.
Second harmonic is vonlinearly destabilized  as 5 the fundamendad
subsequm{"y which ulbimately +raps ions and fills $he [ess-come,
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DCLC simui N
* uniform ) 2, 3 1, .2
AV, )~ Rv, 1av
,mul*i—modo_ for ﬁ(VL‘t‘O) :m-?;?—(-e%;?( 072N ) "P(" L /2, )]
{a}

7 T T L) L I ! S | 1 i A
‘ 6 _-\.’——\ i
o
\3 8 \_ ] i i i
31 | Vivear dispersion
E' \ “velation
s 3 .
g —\ w'.lud>“/—/
wy 2 = - -1
¥ - Re w/w
al 1} - < .
§ P
0 ~=""Im wlwg:
-1 -
-2 e Rl B SR [ Tasalil okt S |
Te T2 T4 65 &6 7 8 9 10
i Wavenumber'_k'ai‘
(b}
=T I L NS BN B
=] 1073 .
' ! Cbo.‘__ms-l-able
< modes
A I o { furbulent sp“—“’"“m
&
[ (o]
< o000 o° 00
L o
_\_/J 10—4 o —
Bi
' 3 o Cbcb 1
f, | oo %o o
Qi 0o
E| 108 o °cb 2
[o]
Rt ISP T ARl T
1] - "5:'—"_ I [ A 15"
T Wavenumber ke

R=q Mzl W,k 23 m/m =1836 wa=029  ska,=05

-

DCLL Saturation

e ion +mgp;nj in a single gyclotron harmonic flute mode  waNa),;

+NPP|."3 threshold s Neﬂkr\r( f) ll"w/NtJ \ P!‘J&/‘%‘
"y,
ref. Tinofeev, Aomodt
e3 £Qedp)  kpzas JaS)eYaz h-wiy ] eqﬁ( L o)
Y
e.g. £ v)ec subbracked Maxw. ka =3 h-wsylza3

cIT e w02  oug gL 02
e wmk’y mmfme.qn orbit and -F(v\ modification
| .
Aw A A-F“ y ¢: gmjk.-mve. theory (Myer- Siimon)
"-_fu e Y
%

ec J“-/u.)‘h'

® free eergy balance estimake of saturation ampitude

fro rergy AKE = KECRT™H) - 8 (67 2, E v enrgy

E
—> wiea £ OU) KE, logs-cone.

kez kinehic energy densiby




14

377
DCLC and Ton Bownce Mede Simulafions
nonuniform 'E:
® "Stretch’code +o € phase-space dimension s G% 23V Yy Va )
n%y B@)= B (1+2/13)

1Y BN il = o [5# + LxBic]

1V, K, Ey ) grid 2

m‘d_v,_ 2 -pVB=-mv =
2%, B@) dt s
d(x)Y)%) = (.Vx,"y )va)
dt
fluke -averaqed. (k=0) cha ecllechion A(x =o)='I:S(x-’t)V[Y:c?;;‘L

Nﬁ i‘ c "3& .. ‘y ig." 4 T_;

o These equdnims only wodel mivror ﬂe,omfvy apyr:o\t:mﬂrh‘y.

Note conservation laws in smulation code:
. z/_nu'l' t(!.’ﬂ)qs in lab. gt
.;..M,Vz + '}.”"i\.,:l B°?=1' = const, * parhicle energy %
n v»agne{‘fo yuvror

-
o o

total ¢ystem "Perpmdléular
energy”

3

Strebched ESI  Code ferformance on CRAY

l-ypicn‘ pammel-ev‘s

N‘bn = 2.00 00D “3"".‘1' = 1298
nal )
0d; tﬁiml < 150-250 1:2'% Y 42 1- 3 hn

<ww)o,/ (a)d ~ 02 <wboukce tﬁ’nal £ 5-8

rsus

one disc record =  QU00 ioms x 6 phase- spAR _vlq;qilakc = 14,200 words

2 packed words per gtored word

" 200,000 ions = 32 vecords

CRAY vectorized partide pusl; —_ 5 psec /parhicle at

moved accel,
pack/unpack

g

\s psec./pav-h'cle, 4t
x/O0

no/i' o\lor{apfa{
total 20 psec/parhicle, At

needs imprwemen"' ~
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.I“ ﬂ\eory) ane writes The ‘FluTe-avemgeal ' Wl'!y musT we include ion bouncing in
Aispersion relation 7 N

Lel2 ds w 2(s) w(s) | Y1re n:
= pe _ _ __ b _ i,k
0 j [+ w;(s) wce(s)w l('.” l* q; })

linear 'Hﬂeor'y ?

o In simulations we choose a rela’h’ve/y

large value of

Lqe lengﬂ« over which mode is 'Hu"l‘e-/ike,

W bounce ‘Freiuency of 'f')'/.wica/ fon

. W, fon cyclotron freguenc
With 4 guency

wff;(s): w;;(O)exP (—sz/L:) because we want (run ’h'me)"—‘ many bounce period:

w, ()= w () (1+s7/L))

L =]z al A=T /T < ‘T’nus) we violaTe condition for nejlecf of
. P " ”; 1)_ ) ot ’ bouncin_q [ Berk & Pear’s'f’ein) Pluys,Fluids 1 I8I0('7Q],
isrers:‘on relaTion IS ohich is , g

L L0 0 1 ek, at el

B, L? w? ©) w (o) w kL, & %J) S tw; T

- h AS is Th | s read in
Poisson equation in simulation code (see p. 3) where “/;: ermal  Sp
§=J

is consistent with ﬂneory it we let -./FLP/L? = bo!t [wc.. (t) - Re w]
ond sef [w”w)]m”’ = Love e B ‘\ fn"‘egra' o.lom3 ion 'f‘rajec‘l‘or)/
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Dl'spersian relation ('F/u‘l‘e"avg'd ) local a/:/)rax,)
! +X‘:

2 2
={)=1/ -lfﬂe-_._a_,ﬁf__——-
0 D I". w? w, w l([_"

e e G2 ()

b .
Log)(za , 2 '
+( BTJ)(BE*‘S/:)-I-ZP%, %]'E.(E,A)

w—,ﬁcTa. - 2/’“’5

; [l-.. ,;’co‘

W, = VL/LM y Wy T fon cyclo‘h‘on 'Freiuencr at mid,:laue

b
ajefz B

"'urm’n! eolnf -l = " we" I+ We;
2 = .
B v-l ) wcf zwcc'

w.
a (]
-F..nF(vJ_)G('P), P=v /v,
Flv)ec exp(-av®) - exp(- Roniz)
G(?) = exp(-P%24%), &*=T/T,
In limit A""O, L?"'JT?LP y the clispers:'on
relation reduces 1o the infinite-medium DCLC result
x.= w’,ﬁ 2.0¢ A

B v L AOSRR A (V3]
LE ('(/wci )!/ZO( .

!_\}_onlinear effec’fs in DCLCfion bounce mode simulations

® [on Trapping as described ly Timofeev, Nucl, Fusion

: It lGS'('7‘f')) can occur For ions with
. :
I J - \A/" w,; <

¢
: AW,y T L

Trapping 'Hareslxouz
Le®, k o[ _ /e
Lefie T2 [ INRZE

Uniform-B, limit recovered for J=W,=0. In simulations,

Tropping behavior similar To earlier uniform-8,
simulations has been observed.

¢ WGa“)o nonlinear orbit and 'F,(Yl) modification
i Aw”—'r, A\i"'r Af.",r o 4,"2 sinjle-wave ﬂeor)'

ci )
ecpk/"; oc yh‘»ear oc (J-K/K)llz
Bouncfn_g modifies these effects,

® Quasilinear diffusion of *; (v) "
(1) Saturation has been observed 1o occur by Qw;
fon trapping effects. Accowl,oanyinj ampl/‘hde, oscl'/“
lations of unstable modes and thermal Fluctuatidns
diffuse ion v's, Frlling loss cone,
(2) Overlap of resonances w L +2Pw =0 due to a single mode

or

l leads b ;focltasffci*y. See Smith, Byers,& Loestro, Phys. Flulds (Jan, '80).

f e —— .



P'O]L .Of Finife-\/\/idﬂw Risonang

Par‘ame'l'ers: L=1, w=-Qo=2.8ix ',07 sec!
-~ L=60 cm, Rg=30 cm , qlq?f 100.eV,
k=1cm™, M=M,

Deuteron

0f

401
A P""Z
20} / .
\/\/J_(ch) ~ ?
10 2

yf Points on
b Stochasticity Boundary
2t

I A .2 2 g anld 2 A% .8 3 33
ol 02 o4 011 2 4% 7110

W, (keV)

sy hkove plot illustrates This conclusion (ve;-i'ﬁ'ed

3¢9

Ly " calculating Trajectories of single ions);
{higl‘-energy jons move superadiaba#call),}

low-energy fons move s‘I‘ocAas‘h'caH)c

Conditions Tor obserw‘uj supemdial)a'h'cif)' in sitmulation :
I, Unstable mode must salurate at amplifucle
signifc‘cauﬂy above thermal level
2. This mode, in saturated state, must not
exhibit ’arje amp'i'f‘ude oscillations
with Period < w/w,

Conditions For olaserw'nﬂ q/ua.si/inear diffusion

| due to a siug’e mode in simulation

l. If w<w,;, the mode causes exponen‘h'a”y
small jumps Ay, unless
2712 \!/3 ) 2/3
‘w-wc:' ' < (wci Va /Lm) ~ wci (7:'/7-;) (e/l‘m)
2. For any @ +He mode must cause larger Oy,

than The thermal Fluctuations with w W
With care, Hese conditions can be met,
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PRINCIPAL CIARACTERISTICS

OF TIE

CHI COMPUTER SYSTEM

HIGH ‘COMPUTING EFFICIENCY

Large-scale problems.
High Spesd

Comparable to CDC 7600

HIGH PROGRAMMER EFFICIENCY

Simple and natural language
Convenlent graphics
Interactive access

Usable directly by the physicist

LOW  COST
Lo cosT,

Comparable to minicomputers

3% of CDC 7600

3 To

Mp
llost
64 kW

{16-bit)

T |14 T

Terminals

Chr

AP
64 kW

IJB—I:lEL

COMPUTER  STRUCTURE

4 Disks
64 MW
(30-bit)

3



392
STRUCTURE OF CHI COMPUTER SYSTEM

DATA THROUGUPUT AND CAPACITY

| tacro Processor (HP-32R) :
e AP 1208 I ’ 16-bit fixed point processor 167 nanosecond cycle
P —— i , tch pad data meory
* Jocal | otnt procscor | it floating. ' ; g%zyt:dr«slssg:ed thstruction pesory .
| 258 point processor _ | point processor . om . instruction memory .
¢ user | ! 64 words writeable in fon and data memory (CD)
¢ station § . ) . 65,536 words of 1/3usecond instruction ex
[ I | o . . . .
. "ig? Sjl:ced : . 16 x 16 multiply in 333 nanoseconds
. sp a' ° ' .
. **|__ Controller 64k x 40 bit i o Controls high-speed local station displays
. 4K % 20 bi lﬁ::g AP Mcmory Bus ! . . Jpoint
B x t ' . s 2usec/poin '
! 10car ! 1/3usec y o - . . Display vate <2:usecp';or longest line
i1 user ’ ‘ >4000 characters/second
) station ! . : : .
! L---J : . . . o Schedules 10Ps and Array Processor
i ) : i 0 o
. transfer to modems (1200-9600 bau
Universal 1/0 Pos (16 bit data, 18 bit address) UA & UD . e Co‘,‘:::l:tg:?w;-ll compatible 170 devices over Universal 1/0 bus
ux (24 bit data extension) - .
MD §Ma (40 bit data,20 big Address)
for . . - .
user - - . .
stations Input/ : ot ) . ®
1200-9600 | - Qutput . SR . )
baud. Proc . . : : . . .
au; . w;ssor 10P, 10P;_ 10P3 ) ) - . .
1 . [+] | .t
| | .
— — - N 4 4 b B
' § Printers/ . |
Plotters 7. T80 T80 T80 T80 - . . .,
etc. | Disk Disk Disk Disk .

L. L S | Drive Drive Driveo Drive - . ; . . .
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DATA THROUGHPUT AND CAPACITY

Disk - 10Ps
4 Trident T80 drives -- over 16 million 38-bit words each

A1l four can be simultaneously transferring data to/ from
AP-MD or MP-CD, each at 250,000 words/second. z

Any T10P can be used for mesm.ry transfer between AP-MD and
¥P-CD at 1,000,000 words/second.

" Array Processor (AP-1208B)

Very high-speed 38-bit floating point arithmetic unit
Two 32-word scratch pad data memories,
2560 words 1/3psec fixed table memory

65536 words 1/3usec cata memory (MD)
512 vords instruction mewory

A1l memories can be referénced in one 167 nanosecond machine cycle.
Operation Times:
Vector add, multiply, subtract Tusec/point

Vector SQRT, divide 1.8psec/point
Vector EXP, LOG, SIN 5-Gpsec/point




.

EXAMPLE OF CHI MATH SYSTEM LANGUAGB .

For the Vector Calculation: C‘ = SIN (A‘ . B‘)

Keypushes

OB

D)

)

.

Operaticns Performed

C(1) = A(1) + B(1) for all {

C(1) = sin C(1) for all 1

plot C(i) versus i

)

3

SECTION OF MATH SYSTEM PROGRAM

Math System Program

* s o
e o o
¢ o .

MOVE-

MOVE  BUFF1 + OUTDISK

op
HOVE
MOVE
op
HOVE

INDISK -+ BUFF3

PUSH

BUFF2

INDISK -+ BUFF1

BUFF2 + OUTD1SK

PUSH

BUFF3

INDISK -+ BUFF2

BUFF3 -+ OUTDISK
. push

BUFF1

INTERLEAVE DISK TRANSFERS WITH COMPUTATION

ProcessorsInvolved

10P1, Disk 1
10P2, Disk 2
A
1071, Disk 1
10P2, Disk 2.
»
10P1, Disk 1
10P2, Disk 2
A

397.



STRUCTURE AND TIMING - ELECTROSTATIC PARTICLE SIMULATION

‘ ) 1,000,000 Particles - 32 x 32 Grid

- Data:

6 Words/particle x, y, 2, V., V., V

x'yz

. 8 Nordslgfidgolnt: E , “. Bv yx' E” C, D‘. D¥

. The particle descrlptors aro on disk, 667 particlesltrack. 1500 iracl:s.
| . or 750 tracks on each of two disks for input, and the samo for output,
i t e with the two pairs of dlsks being interchanged with respoct to 1/0 at
'
!
!
1
+

Nx=-1¢+ SUBT C,FY

[ ]
FY MULT HALF

FY LS CX<FY RS FY4X,

MOVE CY=CX'ADD C,CYR SUBT CYL
COMPUTE FOURIER TRANSFORM OF CHARGE ARRAY

each tinestep.

AP-Mcmory Allocation:

1 Electric Field arrays (5)' Sk
. I . . Charge and dipole arrays (3): 3x
. ' . ¢ Pparticle buffers (12) 48k
T . Total S6k

PIPOLE SCHEME

AND dOHFUTE FIELD ENERGY

MOVE FFECX FF<F S0 C MULT CX OP SUM C,FE .
COMPUTE FORCE COMPONENTS & DERIVATIVES VIA INVERSE FOURIER TRANSFORMS

FY MULT HALF SUBT CVY,

Data ’I'ransfer Tlnin_g. ' M

; ) 60 disk rotatlons/second or 16.7 ms/track, for a transfer rate of
. f i . 25 'ps/particlc for each of two disks, or an overall rate of
’ " 12.5 us/particle on a track-by-track basis. Loss of onc rotation
;' ; at the cylinder boundary (S tracks/cylinder) increases this by 20%,
} ; giving ls-ps/particlo on a cylinder-by-cylinder basi.s. ..
. . .

.

FORCE COMPUTATION,

Processing Tige: -

i ) Dominated by the partlcle-push AP routine for this systcn size.

: Present AP code estimated at 13 ps/particlo.

a 1 _Thus the AP processing is slower than the 1/0 on a track-by-track
basis, but is faster than the 1/0 on an overall basis.

MULT FC+INF2,CXC OP IFTER FCIINF,KY,NX,NY INC INF GO TO N

MULT HALF,C+FY SUBT CX,
RS CX»FY LS FVYéx,0* ADD C,
OP FFTER C,KY,NX,NY

GET FACTOR ARRAYS FROM DISK,

« 6

INCLUDE DIPOLE CORRECTIONS TO CHARGE ARRAY

FORCE

Overall Timing:

N

. 15 ps/particle overall, or 15 scconds/timestep.
16 hours for a run of 4000 timesteps (to upt = 1000 @ At = 0 ZS/u)




STEED COMPARISONS

Yoa .

Ol SYSTEM

18M360/91
PARTICLE CODE .
Time/Particle Push . Assendly Code )
Py’ S5 ps 13 ps
1/0 -- 0.6 .25 s _
Oyerall SS ps 15 ps
r; 10% Particies, 4000 Timesteps
Total Time 61 br 16 he
. . r——— ——
2-1/2D MID CODE Fortran
. . Code -~
(1-Compller) .
Time/Gridpoint 130 ps SO us
- 30 MID CODE Fortran
(H-Conmpiler) ' *
Time/Cridpoint “230 ps e 100 ps
RUN: “J System,. 4000 Timesteps :
Total Time . =~ 3hr - 14 hr
PSP

Go3

Cil1_APPLICATION CODES as of NOVEMBER 1979

Troe:
Status:

MG = Mol Syctem languegr only , AP = some portien m AP microcode
W = Working Code, D = Under Development, P = Planned

Display library

Code Typo Status Applications
2% Electrostatic AP “wop Transport Studies
Particle Simulations lleating Studies (with TRN)
(bounded and unbounded) Non-equilibrium fluctuations (with MIT)
Stochasticity studies
Surface Bernstein modes ’
230 Fluid MID (Linear § AP T Tearing pode -
. Nonlinear) Coslescence of magnetic island
30 Fluid MD AP W P| Fleld roversal
Toroidal-geometry tearing mode
Toroldal-geometry magnetic-
. island coalescence
20 Hydrid AP D Kolvin-lleluholtz Jnstability
. . (Interchange instability)
) Ballooning modes in Surmac
3D Hybrid AP P| Tokemak studies to
. . KASA Astrophysical studies
MID Equibrium AP GA Doublet 1IT equilibrium analysis
Holecuiar AP w0 Chemfca] polecular dynamics
Landau Damping AP Spatial Lendan Damping
Two Stream NS L Effects of DC electric field on
: beam instability
Explosive instability in multipoles
Thin Sheath ¥s " Drift-vaves in thin sheaths
Trajectory Integration M3 L] Tokamak particle orbits .
Adlabatic-Invariant b
Integration “MS 1] Stochasticity onset in mirrors
Real 8§ co-pl;x analysis” .
1ibrary ] ¥ D P| Variety of sxsller problems whose
on-line, interactive analysis
. develops the useks’ intuition
AP ¥ D P| Advanced displays, e.g.

3D projections
Contour plots
Field plots
Phase-space plots




€81 COMPUTER STRUCTURE

Mp
llost
64 kW
(16-bit)
T qr
™ T
T T
Terminals

AP
64 kW
(38-bit)
4 Disks
64 MW
. {38-bit)

COMUTER

STRUCTUKE -~  PFirst Expansion

cm
Me
Host
T T
L 4 T
-+ =
Printer

256 kw

4 Disks

. 240 MW




C€HI  COMPUTER STRUCTURE --  Second Expansion

»p AP
tost 256 kw
4 Digks
240 MW
rop
11
AP
256 kW
T T’
4 Disks
240 MW
‘l: TI T
T T
. AP
N 256 kW
T T
: 4 pDisks
TI 1 T 240 MW
~
T I T
AP
———t L J
I 1 256 xW
Printer ' Tope 7 -
Plotter Drives | °* 4 Disks
- “ 240 MW

Total Memory

1 liegavord. Core
———

R

960 Megaword Disk
T ———
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. To TmIThe Binetic eneyy o aTRide g3
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Usec le = Q (—LU"S'M w“t tl Sl t) and .

For. Jubrid oscillalions the egodfiond®oy

motion with B= 3B, , are
e - -w‘ )1 ! -— N J
4 (" 'jl\ = wLQ (-cosw,'( + Cosu), f> T e Xp . The.

s{ = -zmi + W(‘j LZ:) C‘_ . !‘/ .
Init’ﬂra'\"\h\tj WD) wn"Hq the :)/rr'ua‘ ;Vllll-l.a‘ (Ondl.ﬁ.ons ei ‘ven“(’j one oplaing qre 7""’” ) Wy t <
of . 4loy = - Xio) X(0) =0 gives . - N T
o . o | . OB s
8 = W X (3) However . xg (o) = [-é—l—-,}—‘@"\
. . . N m l-lJ.' -Wﬂ
?UH'V'j (D nfTe (D ﬁ""‘ls then  xg(f) = L2220 (S/’f)"lﬁs (ouq,t . For  This case
.. L L . iw "~y
X + LU:X = ‘g‘é (Ll') Xh h-‘-‘) on|7 | \(‘re{w.’m-/ ,usfeapl 0" 2z . ﬂe
Fouvier "'mns(:orm:nj FHhs ezuafl(wl h X j/e/ds el 1e ener gy hes  the \('n'/ veney 2wy
)’(‘& + W}x& - z Sfr;\m E(apl,{) (5) N Z 51.3‘» »B _ 2 E(ﬂ) ah(
A YN} _— = “
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vae ahle cJOinJ from o To o0, | Ax ¢ small em)? , thew ml[(_g):—u;,,\r‘
. <. 4 Do — 9 Cl.
From the simoletions we have observed #hat o he th s mall t)w]l‘ X&(o) - L(Tn—/-f*)uﬁ%
Wty

E() v cos wyu € There lore we take E(h1)=py osw,T ' \ y
. 0= A (o5 wy s sal o .
The wmosT general solotion to (5) using the ‘ v Q'( ¢

v el toni cditien X'h(‘-‘)'—'o 'S
- St Ag
xh\’r) - Q.tdbw‘t + W}wa’rt (?

For those mode where X()Z(U)tt;- "'Hus becomes
- Magsc-8) S -
xp;(f\ = _i_ﬁ—f)i (oswnt (03-4.1.1

e 'mv,;‘
whh can be  rewntten as

Xal1) = AM i s-’vn("""f:)h)f Sth ‘ﬂz-—m)t%
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ELECTROMAGNETIC, STRICTLY TWO-DIMENSIONAL
NUMERICAL INSTABILITY IN PARTICLE CODES*

BRENDAN B. GODFREY
MISSION RESEARCH CORPORATION

*WORK SUPPORTED BY THE U.S. DEPARTMENT OF ENERGY

INSTABILITY ARISES IN RELATIVISTIC BEAM SIMULATIONS AND IS MOSf SERIOUS
WHEN LAMINAR FLOW REQUIRED.

® OCCURS AT MAXIMUM K| AND LARGE Ky

® GROUP VELOCITY RELATIVELY SMALL

® DISRUPTS BEAM STREAM LINES

® STABILIZED BY BEAM TEMPERATURE

® SATURATES AT LOW AMPLITUDES

® PREVENTS BEAM QUALITY MEASUREMENTS
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COLD BEAM NUMERICAL DISPERSION RELATION SHOWS SOURCE OF INSTABILITY
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ABSTRACT

A computer simulation wodel has been devised for the purpose
of following the time-dependent behavior of electron and ion
generation from 1-d reflex diodes driven by pulsed power sources.
The power generator is represented by a lumped, equivalent cir-
cuit driven by a voltage source. 7This circuit is coupled in
series to a 1-d, relativistic particle simulation model of the
diode. Basically, particles collected at the electrodes contrib-

ute to the diode current, which is coupled back into the extermal

circuit. The emission in the diode is d to be sp charge
limited. The new scheme is able to explain and predict experi-
mental results obtained ﬁlth reflex diodes and can optimize
circuit and diode parameters for specific purposes. As a basic
test, results for a nonrelativistic Child-Langmuir diode are found
to agree closely with exact u.uuertcal solutions. Good agreement
i{s obtained with experimental results for reflex diode cases.

Some recent analytical results in reflex diode theory are well

corroborated by our simulations.

9s&

I. INTRODUCTION

Recently experiments have been performed with reflex diodes
for the purpose of generating intense electron and fon beams
[1-3,8]. Several basic steady-state theoretical and computational
models of the reflex diode operation are availabie {2,4,5]). 1In
all of them the diode voltage is artificially fixed. In reality,
there is dynamic interaction between the diode and the external
inductive electric circuit to which it is coupled. This interac-
tion is experimentally apparent in oscilloscope traces, describing
the diode current and voltage as functions of time. Thus, there
is a need for a self-consistent coupling scheme between & diode
model and an appropriate description of the external electric
circuit. Such a scheme should be able to describe the time-
dependent behavior of the diode current and voltage in experimen-
tal set-ups.

In this paper we describe a coupling wodel which 1s the
first of its kind to our knowledge. First, the generator is
represented by a lumped, equivaleant circuit driven by a pulsed
voltage source. Then, this circuit is coupled in series to a 1-d
relativistic particle simulation model of the diode (see Fig. 1).
No assumption is wade concet:ntua the relationship between the
diode current and voltage. As we shall see, the constraints of
both the diode physics and the external inductive circuit are
self-congistently taken into account.

With our model we were able to corrob te some T t

analytical results concerning conditions for steady-state reflex

diode operation [6,7]. In a test case, we obtained remarkable



quantitative agreement with exact numerical solutions for a normal,
unipolar Child-Langmuir nonrelativistic diode. We were also able
to explain the main features of the oscilloscope traces obtained
from reflex diode experiments. We fntend to use our model in pro-
viding guidance for future experiments with reflex gliodes. by
optimizing circuit and diode parameters for better current and
voltage characteriatics.

The plan of thia'paper is the folloving. Ta section II we
' present some bagic features of a 1-d electrostatic simulation code
for a reflex diode and we also describe our basic external cir-
cuit. In section IIl we present the details of the coupling model
between the diode code and the external electric circuit. In
section 1V we compare simulation results with exact numerical
solutions for a simple Child-Langmuir unipolir diode and also with
tesults for a characteristic reflex diode case. Next, in section
V ve meution some computational problews conmected with the present
model. Finally, 1n section VI we summarfize the main achievements

and potentfal benefits of our model.

qsy

II. SOME REMARKS ON DIODE CODES AND

EXTERNAL CIRCUITS

A. The Diode Simulation Code without External

Circuit (“The Uncoupled Code”) -

The electrostatic, relativistic and 1-d code follows the
orbits of many simulation electrons and fons ia the self-
consistent electric field derived from both space-charge and the
applied diode voltege. The dynamic emission of the electrons
and fons is assumed to be space-charge limited, The flow chart
of this code is presented in Fig. 2. Pirst, the electrostatic
potential distributfon ¢(z) is found from Poisson's equation,
using as boundary condition the externally given diode voltage
Vn(t): 4(A) -vn(:)(o(x) is alvays zero), vhere the synbols A and
K stand for anode and cathode, respectively. Then, the electric
fields at the electrodes, E:(A). P.:(K) are calculated. Using a
gaussian emission law, enough electron and ion charges are
emitted (at K and A, respectively), to make the electric fields
zero at the electrodes. The system is thus globally charge-
neutralized. Hext, the potential ¢(z) is corrected to take into
account the emitted charge (the boundsry values are not affected
by this correction). Then, the electric field in the system,
B:(z) 18 calculated (it is zero at the electrodes) from the cor-
rected potential distribution and it is used to push the emitted
particles to their newv positfions. The new charge distribution
p(z) and the four absorbed current density components are found
(electrons or fons can be absorbed at anode or cathode) and tl;:

code proceeds to the next time step.

460



Initially, for a few time steps, this uncoupled code gives
big emitted currents because it starts with a vacuun diode and the
inductive effect 1s not taken into account (this effect is not
present in a diode coupled to an external inductive circuit
because the inductance forces the current to start from zero).
After a short transient period, the simulation results do follow
closely the steady-state theoretical predictions, whenever
available (e.g., they follow the Child-Langmuir law, for a mon-
relativistic diode case).

Once a particle has been emitted fisually with negligible
kinetic energy), it is accelerated across the gap and is eventual-
1y collected by one of the electrodes. Since for a reflex diode
the electrons may pess several times through the anode foil
before being absorbed by it, a foil-scattering model has been
developed which includes energy loss and accumulated multiple
small-angle elastic scattering. The model uses tabulated charts
of electron ranges for various energies and materials. Any simu-
lation electron that reaches the anode is scattered by the foil
if its range is greater than the foil thicknees. An electron
whose range 1s less than the foil thickness is absorbed by the
anode, as well as all the ions that reach the cathode. The
absorbed particles, together,with the emitted omes, contribute to
the diode current.

There are usually six current density components in a bipolar

dode (see Fig. 1: 12(K), 15°°(0), 12°(x), 157(8), 15°(A) and

el
1:b°(A). where el, em, 1, abs, A and K represent electrom,
emitted, 1lon, absorbed, anode and cathode, respectively. No enis-

sion of electrons at the amode or of ioms at the cathode is

e

assumed. The electron current absorbed at the cathode and the ion
current absorbed at the anode are usually small. The various cur—

rent components are defined as:

. 120K = oM - s/ Q)

where Q is a surface charge density, S is the cathede (or anode)
area, and At is the simulation time step.
The total cathode and anode current densities are given by

the following expressions (all the quantities are posicive):

- {ER abs abs
‘x 1el + ‘1 = iel

(2)

abs abs
iA - 11 + 1e1 - 11

During a very short initial tramsient pericd, 1KfiA, because
V'}Q3plati0. but in the steady-state, 1K 18 very nearly equal to
1A in all our uncoupled code runs. For our simulation purposes
we define the diode curreat to be: in-tK.

The following notations are used in coannection with the flow
chart of the uncoupled diode code (Fig. 2):

d = A-K gap

Vn(t) = diode voltage (externally fixed)

Aoe(z). Aoi(:) = functions used to correct the potential
distribution by inciuding the effect of tge enitced
charges.

4z = gimulation space step

NZ = number of simulation cells: d=N2-Az.

The following constants are used to match the boundary con-

ditions to the finite grid system:
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D = 1-0.5/N2
B = 0.5/N2
¢ = p2-p?

The following are Creen-like functions which represent the
correction which should be added to the potential distribution
$(z), due to one unit of emitted surfsce charge density. They do
not alter the potential boundary values and they cause the
electric field to be zero at the electrodes:

(a) For electrons (emitted at the cathode):

84, (2) = -28 Bz(z-d)/d, + Bz/2S 2 S 4
84 (2) = <bx (8z/2-d)z/d, - 82/2 £ & £ Az/2
(b) For fons (emitted at the anode):
Mi(z) = 2% Az-2/d, 0 < 2 24 - 4z/2
“1“) = 4u(d-42/2) (1-2/d), d-82/2S ¢ Sd +A2/2

The following expressions represent the usual gaussian laws
used for space-charge limited emission (E ,(K) and Bz(A) are the
boundary values of the electric field before charge emission):

(a) Eaission of only electrons:

am
Q3T K) = E_(K)/4nD
Q" A) = 0
(b) Emission of only lona:
en
Qel(l) =0
en
Q‘ ) = - Ez(h)lhn
(c) Emisasion of both electrons and fons:
em . .
Qel(l) = (D uz(x) +B r::(n)lls:c *
Q" (A) =-{D-E (A) + B-E_(K)]/6xC
(d) No emission from any electrode:

en
Q, (RK) =0

10

"W -0
The corrected potential which takes into sccount the emitted
charge is therefore given by:
%(2) = 42) + QTR -84, () + QNI -84, (2) (O]
Finally, the electric field is calculated as:
2, (2) = 14€(2) - ¢ (2482 /02 )
{E,(A) = E_(K) = 0, vhen using 4°(z) for the dertvation.]

B. Basic Reflex Diode Operastion

Several early models of the reflex diode operation are
available [2,4,5]. 1In Fig. ! a sketch of a 1-d symmetric reflex
diode is drawn, of which only one half is simulated. The diode
is coupled to an external electric circuit consisting of an

impedance R,, an inductance l.‘= ("G" stands for generator) and a

G
pulsed voltage source, Ven(t). If the anode foil thickness is
only a fraction of the electron range in the given anode foil
material, the electrons will reflex several times through the
foil before being absorbed by it. If the foil 1is an ion source,
the accumulation of negative charge near the anode foil which
occurs during the steady state regime will drav enhanced fon
currents which in turn will cause enhanced electron currents
from the cathode. Thus, in a reflex diode, the total diode cur-
rent may largely exceed the Child-Langmuir value for noraal
bipolar flow.

The ion current efficiency, i:m(lt)l ‘D is also enhanced over
the usual bipolar retio, because of the increased electron 1ife-

time. No law similar to the Child-Langmuir law is available for

Gey
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a reflex diode. However, some recent theoretical results [6] have
shown that the reflex diode current is “resonant” for Nrik. where
H' 1s the number of reflexions of an electron through the anode
foil. In an inductive circuit the current will not be allowed to
resonate. Therefore, an inductive reflex diode will probably
operate at a voltage corresponding to N'%A for the given foil
thickness 1. This predicted operational diode voltage Vgp(t) can
be found from suitable electron “energy vs. remge"” charts for the
specific foil material, and is given approximately by V;P('t)-atu3

where “a" depends wainly on the foil waterials [1].

C. Some Remarks on Expected Reflex Diode Behavior

in External Circuits

As shown in Fig. 1, both cathodes are coupled together to
the negative polarity, and the anode to the positive polarity of
the external pulsed power generator. The circuit equation 1s:

di.n(t)
ve“(:) = Vp(e) +L; —g—+R, to(t) (6)

The diode current and voltage should start from zero because
of the inductance. This solves the big initial transient current
problem of the uncoupled code. Because of the high initfal
impedance, the diode voltage rises quickly to its maximum value, and
then follows a plateau period which lasts until a critical amount
of electron energy is deposited in the anode foil. When this
happens, an ion source is formed at the anode and the current
gtarts to exponentiate, if the plateau value 1s higher than

v;p(t)(the operational diode voltage, corresponding to

12

approximately 4 reflexions through the given foil of thickness 1).
Because of the LG :-aéfl term in Eq. (6) and because of the "reso-
nant” current behavior for erb. the diode voltage 1s expected to

collapse and stabilize at an average value V:p(t). The saturation

current 1;°t is given by:

d
sat _ (o688t _ ,Op LD
1 wose - PRy, (cLge 3> R0

The diode current tends to 1;“ according to:
(0 & - B/l (EEady L (820 4 (e )+ 1(e))

where T 15 the time at which the diode voltage stabilizes.
An” estimate of the curreat gain over the usual bipolar Child-

Langmuir value can be found from:

V::: - nc ‘M. 122. +V;p(l') (steady-state) ,

where M 1s the gain factor, and 12’{’ 18 given by:

2

129 ¥ 4.6.1078 v.r;"(r):"2 . sfd (in M.K.S. units)

We see that M 1s determined by v:::. Bg S, d, T and foil material.
V;p(t) can be estimated from electron “range"” charts to give
N 4.

Thus, we expect the steady-state diode current and voltage
to be relatively insensitive to parameters such as S, d, L, and
milue (ion to electron mass ratio). This fact allows us to
choose simulation values for these parameters which greatly
increase the computational speed and stability; lower Lc and ntlme
decrease the computation time, while higher S and d increase the

code numerical stability by reducing the current density (higher

Y66
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current densities require higher-order time-centering of the dif-
ference equations for the same At).

From the above picture it is clear that the diode voltage
cannot be externally fixed in a realistic code but should be self-
consistently datermined at any time, fncluding the inductive

effect of the externsl circuit.

14

ITI. THE COUPLING PROCEDURE

In the uncoupled code the diode voltage 1is externally fixed.
In the present code, coupled to an external inductive circuit,
the diode voltage is found self-consistently st each time atep.
An 10-\10 relationship is not assumed,s0 we look for a general
coupling technique vhile keeping the nmumber of as‘mmptlons at a
ainimum, The main assumptions in our simulation model sre the
following:

a. The circuit equation (6) 1s valid at any time.

b. The potential distribution is found from Poisson's

equation:
v20(z) = - 4up(2) . %)

c. A gaussian law 18 used for space-charge limited emission
at the electrodes [Eg. (3)].
d. We assume zero initial currents and zero initial charge
distribution.
e. The boundary conditions are:
$(K) = 0
E:(A) - sz(x) =0
f. For a bipolar diode we assume
b Tl ®
In Fig. ) ve present the Flow chart of a particle simulation
code, coupled to an external circuit. The notations are as in
the previous section.

The integration cycle starts by assuming that the emitted

electron and lon currents, the total diode current and the charge
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distribucion function are all zero, at t=0. Then, by using the
gaussian emission laws [Eq. (3)) one finds the uncorrected (before
enission) electric field at the cathode (it is zero, at t=0).
Using a recursion formula to solve the Poisson equation (7), one
finds the potential distribution function ¢(z) throughout the
system by taking as left-hand side boundary conditions the elec-
tric field at the cathode and the potential at the cathode
(defined to be zero). At t=0, ¢(z)=0, because p(z,t=0) is
defined as zero. Having found ¢(z), the cycle continues along
two parallel channels. In one of them, the instantaneous, self- :
consistent diode voltage Vn(r.) is eimply found from:

VD(t) = ¢(z=d) = ¢(A), where d 1a the cathode-anode gap. Therefore,

the process is in a way opposite to that used in the uncoupled
code (see Fig. 2). Then, from the circuit equation (6), the
total instantaneous diode current time rate change dtn(c)/dt is
found (at t=0, dlnldt is simply equal to V m“(l:--o) /Lg. The current
18 then advanced to the next time step. The simplest way to do
that is by using:

dip (v)
in(tﬂt) - ib(t)+ 9c «Ac 9

We found that this simple method was quite satisfactory in a vari-

ety of cases. Problems arose in cases in which the current

densities and the electric fields became relatively high or too

rapidly varying in space and time. In these cagses, higher order
time centerings of the circuit equation, and careful choice of At
and 8z are necessary (see discussion in Section V).

In the parallel channel, ¢ (z) i8 corrected, as in the

uncoupled code, to take into account the emitted charges at the

16

electrodes [Eq. (4)]. This correction does not affect the bound-
ary values of ¢(z), because the correcting Green-like functions
1Y) e(z) and Aoi(z) are zero at the boundaries (see definitioms in
section II-A). Therefore, the value of VD(t) is unchanged as it
should be. From the corrected potential distribution ¢c(z). the
corrected electric field distribution E z(z) is8 found [Eq. (S)}];
(it 1s zero at the electrodes). In the meantime the necessary
charges are emitted at the electrodes [QS_‘(K). Q?(A)l and the
newly found electric field is used to push the emitted particles
to their new positions during the timestep At. The new charge
distribution function p(z) is then calculated by usual grid-
weighting methods. The code also calculates at this time the
various abgorbed currents. There are four different absorbed cur-
rents, electrons, or ions being abgorbed at cathode or anode.

At this point the two parallel channels coanverge, the
total diode current 1.D(t+Az) and the various ahso:ébed curreants
being used to find the necessary emitted currents at the next time
step, t+At. These currente are Qs (at the cathode) and Qim (at
the anoée). For this purpose equations (1), (2), and (8) are
employed. Then, the time-integrating cycle restarts for the new
time t#at.

As a remark, we mention that for a asimple diode emitting, for
example, only electrons, all ion currents Qi should be equalled to
zero.

As can be seen from the above description of the coupling
code, the necessary emitted electron and ion currents at any time
are determined, as it should be, by a close dynamic interaction

between the intrinsic diode physics and the electric circuit
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parameters. The presence of the inductance gives to this model, IV. RESULTS ARD DISCUSSION

hanced

even when using a non-centered equation like (9) en enhanc As a basic test, results of computer simulatfons using our
. the

meagsure of stability, both “‘“’"“f‘uy end physically, because model as described in section 111 were compared with an exact
. F t —_

inductive term opposes any change in the current. For extreme numerical solution for a simple unipolar diode (only electrons

{m better
cases (high current density or long simulation times) bette enitted at the cathode). In the numerfical solution, the usual
[ . . hall in sec~
' ounerical procedures sre needed. Indeed, as ve s gee dn sec Child-Langanuir lav was assumed to be valid at all times. Thus,

1 h
tion V, tha current behaves in & relatively stable vay even vhen the system of equations to be integrated was the following:
the time-dependent behavior of the voltage becomes numerically

' 77
unstable. $08) = 236010 - V() 8/a7  (1n MXS unies) ,  (10)
a1, (t)
i Ivext(t) =Ry 1,(0) -Vn(t)lll. N

%(t-O) -0

The saturation values of the diode current and voltage, 1;“

and V;at can be estimated from:

g g av

where i;“ 1a found from Eq. (10).

For both the numerical solutfon and the simulation, we used

the following physical parameters:

vext = square pulse of 1 MV and 4 nsec, beginning at t=0.

I'G = 2nfl

R, = 20

G
d=1lca

S = 100 ca?

From Eqs. (10) and (11) we find:

sat Y at _
i 1% = 140 rA: v; 720 KV .
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These values are actually attained in the numerical solutions.
The simulation results are:

sat

LD

The results are presented in Figs. 4a and 4b. As one can see,

- 132 KA ; vg“-nsxv.

the agreement between the numerical and simulation results is very
good, thus giving us additional confidence in our model.

Next, we used our model to simulate several reflex diode
cases [6). A typical simulation result is presented in Fig. Sa.
For comparison, a typical experimental result is also reproduced
[9] in Pig. 5b. There appears to be good qualitative and in

' several respects quantitative agreement between the two [3,9). A
major difference between the simulation and the experiment is in
the time scale of the current and voltage development. The
externslly applied pulse rises more slowly in the experiment.

The ion source is also formed only after approximately 20 nsec (in
the simulation the ion source i6 assumed to be available from the
beginning). In the simulation we used lower than real values for
LG and ﬂllﬂe to speed up computation. The current saturation time
in both simulation and experiments corresponds closely to:

8ty c .t (2.2LG/IQG). which is expected to be true for any Lg-

Concerning the simulacion results, more study is needed to
find the dependence of i.b(r.). VD(I:) and 1;“/13 on L., ilme’ S and
d. Alternatively, a better time-centering of the circuit equation
1s needed to handle longer simulation times and higher current
dengities. In our simulations we use realistic values for V

ext’ *

98t and V:“ depend mainly on these parameters.

and Rc. because 1D

Also d 1s close to the experimental values. The cathode area S

20 74
cannot be made too small, because it may increase the current den-
sity to values which presently make the code unstable numerically.

In general, however, both simulation and experimental results
display the same fuactional relationship for VD(t) and lb(:).
Other similar featur;as are:

a. The diode voltage collapses and stabilizes at a value

corresponding to Nt&. as required by theory [6];

b. The diode current first exponentiates and then saturates

at the predicted value;

c. The diode voltage displays coherent fluctuations still

to be investigated;

d. Siganificant current density gains over the Child-Langmuir

value are present in both simulation and experiments.

In future simulations we plan to include the energy threshold
for ion source formation at the anode and the diode closure effect
which is present in all the experiments. Because of possible 2-d
effects in the experiments (when Bz 18 not high enough), we could
not expect & better agreement between simulation results and

experiments.
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v. NUMERICAL REMARKS

Previous attempts to provide a coupling scheme between a diode
code and an external circuit proved to be unstable numerically.
For example, a non-self-consistent model trying to directly sub-
tract from the external voltage the llcio and Lc%q teras as taken
from the uncoupled code runs did not succeed because of the follow-
ing reagons: (a) the requirement that VD(t) be essentialiy non-
negative would pose unnatural restraints on the time dependence of
VD(t). which may or may not be satisfied (it is essy to see this .
by using the circuit equation and the Child-Langouir law (Eqs. 6
and 10)]); (b) the inductive, current-noise generated term "cidi'
is most of the time much larger than Vc“(t) in the uncoupled
code, because of the discreteness of the charge emission mechanisn
(a few particles are emitted ot each time step); even averaging
the current over many time steps at a time could not reduce the
inductive term below the externally applied voltage.

Our new coupling model, as described in Section II1, is quite

ai
stable both physically and numerically, because of the "G _&Q term,

which opposes any change in the current. The current nojee 1s much
lover than in the uncoupled model, satisfying in the steady-state
a,

regime: |I.c TE" << Vpe

The choice of the simulation paremeters should fulfill some
basic requirements. First, the time step should be emall enough
to allov rapid time variations of the physical quantities. For
example, we require Avelw::‘(xc) at any time, vhere v_, 1o the
electron speed and ¢ is the light speed. Taking the maximum

possible value for the electric field (when the A-K voltage spans
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D

is formally similsr to a Courant-type condition, 8z>c8t, in which the

across a fev simulation cells), we get: At < (4z/V )(mecle). This
fastest electrons are not sllowed to travel over more than one cell
during one time step in order to correctly sample the space-varying
field. Io reflex diode cases with high current densities, situstions
vith high and rapidly space and time varying electric fields often
oceur, especially after diode voltage stabilization, when electrons
accumylate near the electrodes. Thus, quite small time steps must N
be used in these cases. On the other hand, very short time steps
cause prohibitively long computation times or large accumulation
errors. A higher order time centering of the circuit equation can
improve the eccuracy of the model, for long simulation times and
high, rapidly varying electric flelds.

A separate condition exists on Az, to ensure that the system
<an accomodate the highest physically attainable currents in the
systen. This can be estimated from: 1;“«(";")3“ -S/Azz. vhere
K is the Child-Langmuir constant. This condition poses an upper
1imit on Az, which together with d, determines the minfimum number
of simulation cells HZ to be used (d=N2-82z) for given v, V“t. Rc
and S.

The problems which arise in choosing 4z and At sre illustrated
in Figs. 6 and 7. 1In Fig. 6, the paremeters asre similar to those
in Fig. Sa, except for S, which s 1 2. The current density and
the electric fields become very thlgh. and both At and Az (as used in
Fig. 5a( become insufficiently smsll. To make At small enough would
cause too long computation times. So we reduced 3z, by increasing

NZ from 128 to 1024. As one can see, the stability is better, but

still unsatisfactory, for the smaller Az. 1In Fig. 7 the parameters
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ar; similar to Fig. 5a, except for S which is 10 mz, and NZ which

i8 1024. The numerical stability of the results is still not suf-

ficient, although the maximum current density is reduced by a factor

of 10 in comparison with Fig. 6. This means that At is still too big.
A different problem exists concerning the physical parameters

of the simulations. In 8ll our simulations we used realistic values

sat

sat and VD

for Vut. Rc and t, because LD depended mainly on them.
However, for L and mil B we chose values much lower than in the
experiments. We did thie in order to reduce the computational times
to acceptable levels. A study of the scaling-up of the simulation
results with these and other parameters is necessary. While the
dependence of the current time developmeat on l.G is more obvious
(ts“'\-ts+2.2 LGIRG). the effect of n\i/ ® on the various current

components in the diode is critical and should be carefully investi-

gated.
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VI. CONCLUSIONS

This 1s the first successful attempt to our knowledge to provide
a self-consistent computer simulation model for the time-dependant
behavior of a 1-d diode coupled to an external inductive circuit. A
current-voltage relationship similar to the Child-Langmuir law is
not assumed. The emitted electron and ion currents are determined
by both the total diode current, which is advanced according to the
circuit equation and by the absorbed electrodic curreats, which are
calculated by the simulation code.

For the first time, a direct comparison can be made between
simulation results and experimental oscilloscope traces describing
the diode current and voltage as functions of time. The agreement
is quite encouraging. Some recent analytical predictions are also
corroborated by the simulation results. More technical improvements
are necessary in order to deal with long simulation times and very

high current densities.

In the absence of a self-consistent time-dependent and inductive
analytical theory, it seems to us that our computer simulation model
provides an indispensable tool for the explanation and guidance of

future reflex diode experiments.

Y72¢
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FIGURE CAPTIONS

reflex double diode coupled to an external

emitted electron current
absorbed electron current

enitted fon current; 1A = anode current

absorbed ion current; "K = cathode current
generator impedance and inductance

potential; = diode voltage (= anode poten-

i)
tial)

electric field (=0, at all electrodes)

external voltage source

rise time of the extermal pulsed voltage v‘m (t)

t

a typical ion; @ = a typical electron

R.H.S. of diode has same currents (not represented).

Fig. 2: Flow-chart of the uncoupled code (Section II-A).

Fig. 3: Flow-chart of the coupled model (Section III).

Fig. 4; Numerical solutions vs. simulation results for a normal

unipolar Child-Langmuir diode: (a) currents; (b) voltages.

Fig. 5: (a) Simulation results for a reflex diode:

2

S®10em; T = Smil; m,/m_ = 25; NZ = 128; L, = 0.5 nH;
1" "e G

R; = 0.60; d = 0.5 cm; £ = 75 psec; v‘::: = 500 KV;

vf = 52; polyethylene anode foil.

Note:

5 mil + 300 KV correspond to % reflexions

Fig. 6:

Fig. 7:

Note: The fluctuations in VD(t) are mainly due to the L

SOOKV-BG'

+V
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sat

sat 1l) % 330 ka - 10 - j'c.l..
D
v:“ X 300 kv

(b) Experimental results for a reflex diode:

S =2 mz;
RG- 1.54;
L 20 nsec}
Lg= 50 ni;
milna- 18363

T = 2,5y of Gold

d=0.5cm

V3% 2 700 KV

ext
v;"(r) = 240 KV

VE-O

2

Same as Fig. 5a, but § = 1 om™ and NZ is 128 and 1024.

2

Same as Pig. 5a, but § = 10 um™, NZ = 1024.

di (t)
G dt

term.
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FLOW CHART OF TNE UNCGUPLED 1-D CODE

te0: p(z) =0

" (N
¢(K) -0 .
I] RO Vn(t)} + "“”"“(7%‘!- + o(z)> $ (2] £

: {®

(s) c (5) - -
E (=) ¢ (2) ‘ Q, (K): Qi W)
A
EMIT PUSH o(z)_J
y
tet+at < Q:::‘ (a.x
L
Figure 2




FLOW CHART OF THE COUPLED MODEL

t=0: 1 = Q%) (K) = Q{" (&) = p(z) = 0

)

} em em Poisson
B H F.z(K) = 40 - [D . Qel(K) +B - Q’. (A ’(R)-o. p(z ’(2)

7

(6)

dtn(c)

1
ey a0 2L L oponnedd S

Vpee)

¥ (4)

c (5)
¢ (z)—> Bz(z) 3 EMIT [—> PUSH }>—] o (2)
Eae b
em D abs abs
|Qel| ® H] - Qt ® |+ Qel ®)
- Egs. (1) and (8) Q%)% (A
t + At
em i * At abs abs
|Q1 | = |D 5 Q31 @ | + Qi (A)
Figure 3

I (KA (1) Numerical solution
o k&) (2) Simulation
2ol w
(2)
120
{a)
100}~ Square puise: | MV, 4 nsec
80 LG-ZnH
Rg=28
60 dslcm
40 Ss100cm?
Simple diode (only electrons)
20
L 1 ] 1
(%) | 2 3 9 S
t—>nsec
Vp (V) (1) Numerical solution
T (2) Simulation
800} (2)
m
600} Square pulse: IMV, 4 nsec
Lenzl:l-l ( b)
Relzn
400 dslem
$2100cm?
Simple diode (only electrons)
200
1 1 1
o{) | 2 3 4 L)
t—=nsec

Pigure 4
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PROBLEM

FIND TIME DEPENDENT DENSITIES AND FIELDS
(MAY HAVE APPLIED B)

APPROACHES

1, ANALYTIC 1-D MODELS

2. QUASI-STATIC CODES, 1-D AND 2-D
A. FLUID 1, PARTICLE e
B. PARTICLE 1, Ng= EXP ( E¢/xT)
C. PARTICLE 1, PARTICLE e
D. SUGGESTED BY GODFREY: PARTICLE 1, g (H,P)

3. EM CODES

b

IS SC NEUTRALIZATION AUTQMATIC?

" NO: 1-D ANALYTIC EXAMPLE, TRANSVERSE
+ 8 ¢ [

I_BEAM

no ¢

s D _
: =4
- t e+ 3 /e

E:O ®

WHO CARES?

UNLESS SC NEUTRALIZATION OBTAINS TO "HIGH” DEGREE IN
"SHORT” TIME, MANY ICF SCHEMES FAIL.

gah
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PARTIAL NEUTRALIZATION
$x=0

Y v
A, SClLe

a0 =0

A. SCL £ FROM WALLS, Egpy = 0,
IGHORE ENDS—Q = 0
—» 1 BEAM UNDERNEUTRALIZED

(CODE RESULT)
B, NO & FROM WALLS IN SS —& SHEATH A
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SUMMARY

1, SPACE CHARGE NEUTRALIZATION (SCN) CANNOT BE TAKEN FOR GRANTED.

2, SIMULATIONS OF SCN ARE IMPORTANT TO ICF AND HAVE THEIR OWN CLASS

OF PROBLEMS, ASSOCIATED WITH TRANSITION FROM UNNEUTRAL BEAM TO

QUASINEUTRAL PLASMA,
3, WORK IN PROGRESS TO DEVELOP NEW OR BETTER SIMULATION TECHHIQUES FOR

SCN PROBLEMS. THE MOST PROMISING SEEM TO BE HYBRID APPROACHES.

.
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