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PURPOSE

This conference was held in order to facilitate an exchange of ideas

and 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unpublished manner, with frank and open discussion among about fifty people.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In December 197I1 a similar unpublished conference was held in Berkeley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 Nelson (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 and simulation toward furthering plasma research leading to

fusion reactors; he received considerable feedback from participants. We

are most grateful to him for his active and stimulating participation.

The conference is also due to the pressure of accumulated interest

among those who work with particle and hybrid codes, who wished to exchar.je

new ideas, methods and results, in an informal setting. By no means was

this meeting intended to conflict with the Ninth Conference on Numerical

Simulation of Plasmas scheduled for June 30 - July 2, I98O at Northwestern

University, sponsored by Professors J. Denavit and C. 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 simulations 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 Uo£; 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 (optimize,

use minimum number of dimensions and particles etc.); check code physics



PURPOSE (continued)

by analysis (time and spatial grid effects, fluctuations) and by com

parison with known linear and noalinear results so as to increase confidence

in the simulations.

Editorially we note that the field has matured considerably from the

early desk calculator work of Duneman and'Itartree on magnetrons in the early

19'tO's, the one demensional electrostatic plasma work on modern computers

by Buncman and Dawson in the late 1950'a, to the current 3d fully electro

magnetic codes of Buneoan and others. The early art has become more of a

science. Simulation for magnetic fusion has now become strongly applications

oriented, with DOE devoting the bulk of FY60 computing resources to the

direct support of existing experiments and the design of next generation

devices, Including calculations of transport, impurities, heating, stability,

equilibrium, coil design etc.,a milestone-Indeed. Coupled with this new

emphasis Is the current plateau in large computer time for magnetic fusion,

with no relief planned until at least summer I98I. These factors present

a challenge to all of us to be aore efficient and more effective in our

siitulations.

Co-ordlnators: C. K. (tied) Blrdsall 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) Blrdsall, Alex Friedman,
assisted by Ginger PI etcher, at the Electrical Engineering and
Computer Science Department, University of California, Berkeley 911720

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, additional time will be available.

Of general interest is the efficiency of particle and particle-
fluid codes, in terms of physics output per unit of computer resource
(time, memory, volume of output, etc.). Of comparable interest Is the
progress toward working at lower and lower frequencies, with larger mass
ratios, eto.

HONDAT. DECEMBER 10
Session 1A - 8:30 am to 12:00 noon Chairperson: C. Nlelson

* Long-time-averaging (LTA). Particle simulation or slow transport
phenomena.

" Particle KHD vis a vis fluid MUD and other fluid codes.
* Large time step problems (ml/me>>1, omega dt»1, digital filtering,

stiff equation Integrators).
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Session IB - 1:30 pm to 5:00 pm Chairperson: C. K. Blrdsall

• David Nelson; view from DOE.
* Improvements in simulation 1971 to 1979, and future.
* Code production vs development running times; allocations and priori

ties.

• Hardware, e.g. array processors, graphics, class VII computers.
* Efficient 3d simulation; 3d grid vs 2d«Fourler representation.

C. K. Blrdsall, Comments on 1971 Berkeley Meeting; hopes for this meet
ing.

D. Nelson, "Role of Particle and Hybrid Codes Present and Future; Com
puter Availability; Possibility tff Adding Special Purpose Computers
for Particle Codes."

A. B. Langdon, "Tradeoffs Among Code Development vs Hardware Costs vs
__Elapsed Calendar Time; Future Hardware Needs; ZED Postprocessor."

12 J. Kulp, "High Performance Array Processor for LIST Machine}
Architecture, Impact on Particle Simulation."

13 . B. Moore, W. Drummond, "Particle Simulation o n the VAP."

Ik T. Brengle, N. Maron, G. Sutherland, nVae of an Array Processor
With PDP-10."

15 R. nerman, "Macrocell Algorithm for Efficient Particle Pushing,
for CRAY and AP in 2d, 2}d, 3d."

"l6 "c"."T.""Cheng, H. Okuda, "3d Simulation of Trapped Electron Instabilities
~~" In Toroidal Systems."

17, 0. Buneman, "Data Management for a Million-mode 3-d e-m Code; Use of
Tetrahedral Mesh."

18 T. Tunollllo, "MEEC-3D: Description of an Existing Self Consistent Par
ticle Pusher."
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TUESDAY, DECEMBER 11
Session IIA - 6:30 am to 12:00 noon Chairperson: J. Denavit

• Linearized codes.
"Modified particle codes (use of linear susceptibility or Boltzmann

response. Id stretched to 2d or 3d).
» Quaslneutral, hybrid, and Darwin codes (applications to confinement,

compression, equilibrium, stability, and transport).
• Buildup and plasma trapping, neutral beam Injection, and wave heating

(laser-pellet plasmas, pinches, mirrors, tokamaks).

W. W. Lee, H. Okuda, "Particle Simulation Models for Low Frequency
Hlcroinstabllities. «iu»."

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. Wlnske, "Particle Simulation of Reversed Field Configurations."

R. Mason. "Monte Carlo (Hybrid) Model for Electron Transport in User
Plasmas."

?.U J. Byers, "Id Linearized Particle Model for Tandem Mirrors and Field
Reversed Mirrors."

25 A. Friedman, J. Denavit, R. N Sudan. "Linearized 3d Hybrid Simulations;
Ergodlc Orbits in Simulation."

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

27 B. Cohen, N. Haron, G. R. Smith, W. M. Nevlns, "DCLC Simulations with a
Stretched Id Code."

28 R. Huff. "Particle Hybrid Codes on the CHI Computer."

Session IIB - 1:30 pa to 4:00 po Chairperson: 0. Buneman

• Inhoaogeneous plasmas (fluctuations, initialization techniques in 2d
and 3d).

* Undesirable instabilities in warm plasma sioulations (e.g. multi-beam
and multi-ring).

• Grid effects (e.g. curvilinear coordinators, dlv B nonzero).
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W. Nevlns, "Fluctuations in Inhoaogeneous Systems." 407

V. Thomas, C. K. Blrdsall, "Alias Growth in Hybrid Oscillations due to 419
Initiation at kax * «."

31 A. Drobot, A. Palevsky, "E-*i Simulation of Strongly Radiating Systems.1 427

32 B. Godfrey, "Electromagnetic Numerical Instabilities in Two-Dloensional
Relativlstic Beam Sioulations."

33 a. Sternlleb, "Coupling of Particle Codes to Electric Circuits."

3l» J. Poukey, J. P. Quintenz, "Preliminary Simulations of Ion Beam Neutral-
izatlon."

25 y. Chen, "Multi-Beam Instability Interference with Lower Hybrid Drift
Instability."

4:00 pa to 5:00 pa 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. HeNamara, C. Nlelson, H. Okuda
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IV. Panel Discussion

Plasma simulation is one tool in the attack on understanding plasmas

and eventually designing fusion reactors. Simulation using many particles

vies for usefulness with simulation using fluids. Particle codes con

deliver the full dynamics which is sometimes needed; fluid codes use

parameters from theory, particle simulation, and/or experiment, and deliver

average or long-term information. Particle-fluid hybrids attempt to use

the best features of both, mixing fast and slow time scales. Particle

codes, in some quarters, hove gained a reputation for using much more

computer time per unit of useful physics delivered than used by fluid codes.

This reputation is considered undeserved by many particle simulators in

most national lobs and universities; the opinion may ring true occasionally.

Fortunately, porticle simulators, especially those with limited budgets, fork

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, aid

use as much fluid simulation and guide from theory 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 available.

Okuda addressed the progress made In understanding anomalous transport

indigenous to tokomaks, moving from o eorly fully dynamic (hence, expensive)

model to guiding center electron models in 3d, both electrostatic and magneto-

static, with long time steps (less expensive), toward o 3d toroidal model

for steady atate, Including turbulence and transport, poloidol dlvertors,

and hybrid heating.

Denavit observed that hybrid codes, 3d particle codes, with time

filtering, long time scales, all appear to be problem dependent. In conflict

with this, there is the need for optimization via assembly language, which

Implies loss of flexibility. We ore fortunote, in porticle simulation, to be

oble to work on Interesting problems and to obtain useful results. Simulation

identifies physical mechanisms, suggests theoretical work ond rejects ideas that

do not fit.

Nielsen stated that simulation must continue In order to keep theorists

honest; simulation is the only econo-.ical means of checking Uicory directly open

* Tills Is a draft from my notes, to be checked over by the panelists before

submitting formally to DOE for their internal use. The errors, omissions etc.

ore mine olone. C.K. Blrdsall

Panel Discussion (Continued)

to then:. The question In not whether, but how to continue, effectively. We
snist poy more attention to iracroscopic work; as we do, we are likely to find
that distinctions between particle ond fluid work will disappear. The new
hardware is revolutionary, but there still Is on open question as to using
one big computer or many email machines; his view ia thot special computers
ore still too small, too complicated to use.

McNomoro presented a list of unresolved problems as follows:

Tokomaks

1. Anxnalous electron transport
- ia it really classical?

2. Nonlinear effects of ballooning and tearing

Field Reversal

1. Non-axisymmetrlc states In RFP

?. Equilibria and stability or lorge orbit FRM

Tandem Mirrors

1. Nonlinear saturation of cyclotron modes

2. MID stability and ballooning

3. Energy transport In tandems, thermal barriers, etc.

plus Computing - an Upbeat View, as follows:

1. Simulation very effective and increasingly realistic. Therefore, push
major design and physics efforts for fusion systems.

?. Provide more software and graphics support for designated activities.

-othera benefit by fallout.

3. Hncourage more collaboration - from three day advisory groups for

new problems to joint efforts and publications.

1|. 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.

(>. WKi TERM GOALS - DESIGN A FUSION REACTOR ! Are we getting there??

plus the Computational Attack on Plosno Parameters, on the attached chart.

Uotc the marriages of all kinds, across Otzzy boundaries: particle plus fluid;

wlcro plus macro; dynamics plus equilibria, etc. McNomoro ended with stressing

the need for more advertising of accomplishments.
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Panel Discussion (continued)

Lon^don noted that the MFE computational effect has grown greatly in the

last five years. He repeated his advice of the last meeting that, if we wont

to work with long time scales, then most 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 «•>&«. He suggests turning

to continuum methods for modeling kinetic physics - painful, but needed

(Rod Mason has done Borne, 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 computervariables match

experiment is probably impossible in the foreseeable future. He presented a

summary of his philosophy on hybrid simulations, attached. (Everyone, please

note that Cohen has given good example in this move to more efficient com

putation. )

Blrdsall sketched on the blackboard the DOE hierachy of models, with

increasing expense reading left to right,

fluid multifluid

and his inteactive model

drift-kinetic

hybrid
Maxwell-Boltzmann single particle

making the point that these models interacting are mutually supportive and are

seldom wholly independent: over eoiphasizing one tool or removing another might

well reduce the effectiveness of the remaining system.
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V. CONCLUSIONS: RECOMMEIiUATIONS

Many of these are already in the I"and Plscussion.

The l<f[U conference for 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 weighting widely used and understood (multlpole use Isoloted);

hybrid codes were J«st storting then and now exist In a variety of forms; 3d

codes, then done by one or two groups ore now done by several; one special purpose

computer was mentioned then, with many now.

However, several authors from I97I* gave up-dates in 1979 on problems still

not fully resolved, such as linearized particle codes, long-time-scale particle

simulations, the plea for use of implicit schemes for large time steps, and 3d

economical codes. The 197'i conference called for more use of hybrids (happening),

more emphasis on simulations including lnhomogeneous density, magnetic field,

temperature etc. (happening) and for honest use of two species, large mi/tnc

(happening somewhat). Perhaps tfce long term needed to resolve these problem
areas indicates their toughness and raises the question of pursuing them ,

rurther - some of them obviously must be.

David Nelson's view from DOE, paper #10, was provocative. The loud and clear

i-essages were l!«at magnetic fusion computing capability is fixed, with no relief

expected before l°8l, with Increasing allocations to device specifics and less

to large particle pushing or kenetlc codes. His list of problems areas needing

more attention was:

Diverlors.-axi + son axisymmetric sheaths, potentials, boundry layers,
amblpolarlty,

Plasma edge including shadow of llmlter neutrals, atomic physics,
reflux, metal surface,

Transport in non axisymmetric systems

RF heating including nonlinear effects

Optimization of gyrotron geometry

Stability or E fl T ring-plasma

Formation + tearing problems in RFM, RF6P, spheromak

All the old unsolved problems Including bump on toll (otparticles)

His cost-hierarchy of models was repeated at the end of the panel write-up;

this ranking, while possibly taken as self-evident in some quarters, was not

readily accepted by the participants; or, even IT accepted in a fuzzy way, It was

considered highly undesirable to use In some form of cost-effectiveness arguement

for ond against fluid versus particle simulations. That Is, both kinds need the

* Tills is o draft from r\y notes, to be checked over \>j ti.e panelists before suiKiltthif.
formally to DOE for their Internal use. The errors, o'>:sslons etc. arc mine olone. CKli
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eovne-frt'es.



CONCLUSIONS: RECOMMENDATIONS (continued)

other and the best is in the middle; indeed, 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 If11, i.ade several strong suggestions aboit

doing MFE computing more effectively and more efficiently. 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 clianges (e.g. ZOHAR particle boundary conditions are handled

in Fortran). He advocated use of monitor, intervening, postprocessing, and

linking to other codes; these rely heavily on interactive codes, sharing the

(large) data set of the simulation code, doing considerable competing and

driving rapid graphic displays. Portprocessing is very helpful in evoking good

physical understanding, such as spectra, filtering, finding spatial and temporal

correlations etc. 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. To all: in computing be more effective, oore efficient; in physics,

make results better known. To DOE: be more aware of the interactions within the

particle siinulation-theory-experiment net; be more aware that most particle

simulation workers have moved toward particle-fluid models to stay; plug, on

your end, for more efficient equipment; include particle simulation people

on your computer time allocations committee; reward inventions, like long-time

averaging, orbit-averaging,hybrid codes, MHD-particle codes, use of global

integrals of motion, use of mocrocells, 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 notional 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).

©

/. LONG-7WE-SCALE Am* LOu- FREQUENCE
Simulations

•77Z..£ry*"rVt/ , XDCnai/itj C.E. XAfhi*a.»rty J. I. tfimvorljis
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OUTLINE
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Z. LOW-FREQUENCY SIMULATIONS
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HYBRID REPRESENTATION
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NONLINBRR SATURATION OF

Bt/MF- ON-TAIL INSTABILITY
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£ ORBlT-AVERAGHlPfflTinFrnnFR

Bruce Cohen, Tom Brengle. and Bob Freis

Lawrence Liverhore Laboratory

MFE

Qqau Perform numerically stable and accurate

particle sihilations of very slowly varying phenomena

without loss of kinetic details. i.e.

• Filter high frequency self-consistent field

CHANGES;

• Follow PARTiaE orbits on their natural time

scale:

• average partiae currents and charge densities

OVER MANY ORBIT TIMES: AND

• SOLVE FOR THE SELF-CONSISTENT FIELDS MUCH LESS

OFTEN THAN ADVANCING THE PARTiaES SO AS TO

• REDUCE THE PARTiaE STATISTICAL REQUIREMENT AND

IMPROVE THE ECONOMICS OF THE SIMULATION.

Tl

e.g. Orbit-Averaged Magneto-Inductive Codes

2D SUPERLAYER and ID MAGIC

• Magneto-inductive physics model

v*8 = 1jt1t+ yty

-* - 0

ot
-> —> —* _^
T « J", electrons are cold ions : f-s.rn a

«_' »*
Open magnetic field lines terminate on

conductors which short-out vjrf X B%

If magnetic field lines aosE, as in field-reversal,

electrostatic and electron dynamical effects must be

included. j. hay no longer be negligible.

SUPERLAYER - J.A. Byers, Phys. Rev. Lett. 13. (1977). 1176

MUSIC - T.A. Brengle 8 B.I. Cohen. LCID-17795 Rev.1 (1978)

A3
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Flow Chart lor Magneto-Inductive Coda with Orbit Averaging and Time Splitting

Initialiiation

and
Data input

B» VXAfl 4 B0

9 * at
at t + AT

I ~

*2,t-t+ATPredict (x, v|

Calculate Ag * from
VXvXAj4«,)' +4T/2

too

tui*

Boris Push
Injected Ions

-jnAt -*(n-|)At

Inject lorn

(x, v)

Boris Push
All Ions

nAt-»(n+1) At

with(E.B)nAI
interpolated

?M-*t + ATCorrect (k,iT|

Diagnostics
«nd

Data Output

Boris Push

All lorn

nAt-»(n+ 1) At,
•* -* nAt
(E,B) -const.

+

tm

tuj
M

«

Inject Ions
.- -..nAt
(x.v)

Boris Push

Injectsd lom
-+nAt ^.In-ll At
x • v *

Predict Aj*AT/2 from
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Code Performance Characteristics

Optimize accuracy, ensure stability, and reduce number of

simulation particles by adjusting

•ATAt - AS LARGE AS POSSIBLE, LIMITED BY
E.G. 60 TO 1000

• oCAwd p - ACCURACY: fl^J-"!- STABILITY: 0.6 £<*^

• NUMBER OF CORRECTOR ITERATIONS - FEWER THE BETTER FOR

ECONOMICS.

STABILITY: n0.t\ ACCURACY IMPROVES: HO. > |

• INTERPOLATION/EXTRAPOLATION OF (6,g) FOR PARTiaE
PUSH-

PREDICTOR PASS: t,B = CONST. IS ADEQUATE

CORRECTOR PASS: b,B= LINEAR INTER
POLATION & EXTRAPOLATION NECESSARY TO

REMOVE JERKS. BIASING INTERPOLATION

BACKWARDS IN FAVOR OF OLD fcTjB* IMPROVES
ACCURACY & STABILITY. WlTH BIAS ONE

CORRECTOR PASS IS ENOUGH.

• NUMBER OF PARTiaES - REDUCTION POSSIBLE DEPENDS ON

AT/At>*»l AND PHASE-SPACE DISORDER, IS

PROBLEM DEPENDENT BUT CAN BE QUITE

DRAMATIC.

• DATA WINDOW W- ROUNDED "CORNERS" REDUCES Eft NOISE
BUT NOT DRAMATICALLY.

TlHE-FILTERING IS ACCOMPLISHED; THERE IS SUBSTANTIAL

SMOOTHING OF At DISCRETENESS NOISE. E.G. INJECTION NOISE;

AND WAVES ARE DAMPED.

3( "J

E.G. SIMULATION OF 2X1IB ON REALISTIC TlME SCALES

•• Successful demonstration of SUPERAVERAGE

SIMULATION OF BUILDUP AND TRANSPORT OVER LONG

TIMES.

• SUPERAVERAGE accommodates large Larmor radius

EFFECTS AND DISPARATE TIME SCALES:

PARTiaE ORBIT TIMES ~«JT~10~8 SEC.
Cl

PLASMA BUILDUP TIMES 10"^ SEC.

• ORBIT-AVERAGING

(l ) FILTERS OUT HIGH FREQUENCY FLUCTUATIONS.

(2) REDUCES THE NUMBER OF SIMULATION PARTICLES,

AND

(3) ELIMINATES ARTIFICIAL ACCELERATION OF SLOW

PROCESSES, E.G., DRAG, RF DIFFUSION. AND

INJECTION.

• NON-ADIABATIC ION LOSSES IN 2X1 IB ARE REPRODUCED

IN OUR SIMULATIONS. A NEW RESULT.

37



c n r 39

SUPERAVERAGE Physics Model

• 2-D (r.^) AXISYMMETRIC <yrVp,V%)

• SELF-CONSISTENT Br ANDB4. AND INDUCTION E
(Darwin model)

Charge neutral and Jg 0

• Electrostatics negligible on open field lines for <i^^> rr\

• 3-D DESCRIPTION OF NEUTRAL BEAM DEPOSITION IN-

aUDING CHARGE EXCHANGE AND IONIZATION

• RF TURBULENT DIFFUSION BASED ON OUASILINEAR

THEORY

• Ions drag on electrons (*£ is an input parameter)

aXJEB BailcJluLp

1.00

.<K>
t

I 6 Inm

.30
-

' '.10

- .4o

60

.40

I 4o

•2D ft
J9

•lo */
*/

i i, _. >„

tune

2 4 0 I 10 \t M & It 10 AT
t .. -*

|1JD00«^; s,Ci»/o $ec

FlELP REVERSAL VS *tlME

COMPARED FOE. TklO ACCELLEftlvnoN

f Acvro^s (FT*)
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PRECURSORS AND FOUNDATIONS
L5

BIG At
PARTICLE

AND HYBRID

CODES

3D MHD Fully Implicit Fixed Grid. Finan & Killeen

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

3D MHD Semi Implicit Resistive MALICE. Brackbill

ID Hybrid. Crystal, Rathmann, Vomvoridis, & Denavit

ID Hybrid. Byers, Cohen, Condit, & H?nson

|2D Hybrid. Hewett & Nirlscp

2D Superaverage. Cohen, Brerolc, C-rrlev, & Freis

NUMERICAL (2D ^EM &alerkin# Gresho
ANALYTIC 1METHODS {ID (& 2D) Moving Node FEM Gelerkin. Gelinas

IICCG. Meijerink & Vandervorst. Kershaw

THREE MODEL 3D TRANSPORT CODE

ls

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

2. Short Timestep 3D MHD Calculations at
Occasional Sub-Intervals

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

ONE GRID: All Simulations on 3D Almost Lagrangian Grid

ft

x>



LS

REGIMES OF CODE OPERATION

1. Transient Start Up

2. Slow Evolution Near Steady State

3. Fast MHD Disruption

4. Fast Micro-Turbulent Disruption

ECONOMIC REGIMES

A, Only 2. is Advantageous For Computer Economics

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

LS

SUMMARY

1. Need 3D Transport As In TMR.

2. Keep Track Of MHD Stability.

3. Get Transport Coefficients From Particle Simulation.

4. Calculate All Of These On Same Grid.

5. Most Economical For Reactor Confiourations.

6. Galerkin and ICCG Methods Developed.

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

8. Currently Available Computers Barely Adequate.
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IC. 1. *U«o»lrfti«&c«lopofce*^1*>tlbe»oealleaedB»
•11 current Vibe* ml Important Ora eorlerea. Theeymbol f,
•irueftbe »ep»r««rU. <,U tor «url»ee»llh theodalmam
«s,-.s LeW boe. and t, •• the aiaMUiy bmSI auriaee. The acta
».* i.s.r.rtiy »»'•' left.

-4M130BD C19»Ame».«J» Innate* »*•»«» *34

t»i.tr i«w a

y IC. *• Fhrtuattoa amplitude aa a function ol aafery lactor f
lar at Situ* plaaoia If, « TJ. .

. jV*ta^ , ^jC***- ,0.0**"'* , Wovx-j

flC. >. Ul DreiltT a andflochuttloa amplitude eVej and(b>
•alerylactore, aaa fttocHoa ol fitteoca above thetopMem*!
ectopote beep.

FIG. "J. !•» riurnulloo ampbtoor manured atlb etnabove
Ko. 21 hoop »»a fraction ol a. lb) PlMina uletlmt» a> a
function di. .'

riattt, Efimi, OMaMt. and Wong 4

Y.->h>tMMA. nt»m*ti 2 i-iivsks Limns I2|1»«i>btll*lt
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30-
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5 4 .» d,» r »*,

Fig. I. Theobterved oloeof tnh n meattned by Lanpneb
piobeib plottedit a function of poailon, +.

wavespiopagated upthedentil)' giadienl aswed at
peipendkulai to Ittesultingln oblique propagation al

•. roughly 45*lo Iheditection of the demity gtadient.
The parallel wavelength watmeauiied lo be about
equal to the minorcfacumfeience of the toitn or
•bout 3.5 m tetulttngIna parallel phate velocity mtti-
mediate belween Ion and election thermal speeds as
expected lot• drift wi»e. The observed values of 8-i/n
weteapproximately equal lorb$ITtandweieob
served lo glow fromabout0.1%Imide •>, to about
25% at1>t «* shown infig. I for • value olBp ~ 750
C.

Shown in fig. 2 isthe limeevolution of Ihedensity
profile observed when fl„ - 750 Ccomplied with the
predicted evolution due toclassical diffusion using the
1*0 ptofileataninitial condition. The agieement
watverygood bothinmagnitude andInprofile shape
withIheprofile relaxing to aneatnoimalmodeshape
|S| in9 msecIt thendecay* withadecay timecom
parable lo Ihe 100 msec decay time of themagnetic ,
field. Thb good apeement watobtainedboth Inthe
quiescent legion intlde f, and In thelegion with large
amplitude fluctuations outside **,. Geailythen the
ItanspotI due to these drift mode* we* much let* than
lhal due to classical diffusionIn thiscase,although
anomalous Itanspott due to Ihitmode ha» been ob
served inother experiments |6J. Purthermote, over"
Ihe range inmagnetic field horn Bp —250CtoBf
— 1.25 kC ihe confinement lime increased by over an
olderol magnitude whfle Ihe value of on/itm Ihe avet-
agemlnimum-fl regions actually Ineieased somewhat.

224

Tig. I.Theobieiveddtmltjp-ofee w«b Bp - 730C «kIu
anWtblrondllloa atI • Oand e»ol»ed foiaai* l»tJma by
eemc-kal fetation tothedrTanoa caaatlon oilng only din*
cal dlffiitlon. ThliptetBettdA.pt Ittompattd alththa •»-
pnlmental polali al I- $o«cand I-1 aw. thef'**T •
notmattttd to1.0 arlth tha p»kWtul d.»tl*y rooJ toU
X 10'»ian^^Katlti»tt«^»pntmentalponMib««ete
dWllitng coon b.the daiaacqeWrton tyUno and the en
thrtettloat. The nomal n»4tdecay olthe planne •««*•*• *•
Okwagnetle field ?mtee aftat Injection it 10» miec

Weconclude, iheiefore. lhal thediirosion due to
the fluctuations./^. mast be lets (han 10*ofthe
magnitude ofthe classical diffusion or» significant d»-

"feienee In the time evofetion ofthe density piolue In
side *,and outside *,would have been observed.
This implies th.ti>r<0/250)DBohw for.Huctua-
lion amplitude oftn/ti -20% In contradiction lothe
usual assumption ofBtfwi-like liantport due lolaige
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Fig. 1. Asketch of t^.i^tie*^l-^^{^,^J*^
9n exteral magnetic field. The model is Per.10?^ctions>>,le the conducting walls are assumed in x.̂rec ^^ ^^
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Pig. 13. Particle diffusion in the absence of convective
Fig. 11 is also plotted for comparison.
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HEM L I B R I S

L1BR1S REWRITE

•TECHNICAL PROBLEMS IN CURRENT VERSION

(FILE FORMATS, FILE STORAGE,

INFLEXIBLE OUTPUT)

•MORE HUMAN ENGINEERING NEEDED

•AVAILABILITY ON CRAY-1 AMD 7600

(ULTIMATELY SHARED DATA BASE)

•MUCH IMPROVED RETRIEVAL

NEULIBRIS PROPOSAL IN DOCUMENT:

DOCUMENT PRINT NEULIBRIS device BOX tm id

COMMENTS TO CAROL TULL USER # 7 61

NEW LIBRIS (CO NT.)

HIGHLIGHTS:

• NUMEROUS RETRIEVAL FIELDS, E.G.

AUTHOR DIVISION INSTALLATION

LANGUAGE SUBJECT

•INTERACTIVE SEARCHING THROUGH SUBJECT
CATEGORIES, E.G.

MATH

PHYSICS (HANDOUT)

ENGINEERING

GRAPHICS

ODE

ROOTS

FUHCTIOtIS

LINEAR SYSTEMS

PDE

•ADD ABSTRACTS EITHER INTERACTIVELY
OR WITH TEXT FILES

• EDIT AND REVISE YOUR ABSTRACTS WITH

YOUR FAVORITE EDITOR

/<U
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LI BR IS STATUS

PHYSICS + ENGINEERING CODES

MATHEMATICAL ALGORITHMS AND

COMPUTER SCIENCE

MATHEMATICAL LIBRARIES

UTILITY ROUTINES

3 3 ABSTRACTS

18 ABSTRACTS

3 ABSTRACTS

11 ABSTRACTS

(SEE HANDOUTS FOR A BRIEF

DESCRIPTION OF THE ABSTRACTS)

FUTURE WORK

PERIODIC MFECC PUBLICATION OF CODE

LISTINGS TO ALL USERS

ADDITION OF MATHEMATICAL ROUTINES

( K. F 0 NG , E T. a L. )

ADDITION OF NESC ABSTRACTS

ONLINE PHYSICS CODE DOCUMENTATION???

^y

Code Name:

Contact(s):

Machines:

Description:

Other Comments:

Return to:

INFORMAL CONFERENCE GN PARTICLE

AND HYBRID CODES FOR FUSION

December 10-11, 1979

CODE SYNOPSIS

Carol Tull
National Magnetic Fusion Energy Computer Center
P. 0. Box 5509 L-402
Lawrence Livermore Laboratory
Livermore. California 94550

W



PHYSICS CODES

Fokker-Planck code3

No. 7 1SOTIONS - A. A. Mirln, NHFBCC CDC-7600

This is a one-dimensional multispecies code in which the

distribution functions depend on speed only. Applications with

this code include 0 calculations for mirror reactors in which

there is neutral beam injection.

No. 8 ISOLEGEND - A. A. Mirin, NHFBCC 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 axial electric field and models

electrons and one ion species. The primary application for the

code is to study runaway electrons and ions.

No. 9 THDSZ - A.v A. Mirin, NMFECC Cray-1 and CDC 7600

Thi3 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 IIYBRID-II A. A. Hirin, NHFBCC Cray-1 and CDC-7600

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

which the ion distribution functions depend on speed and pitch

r i
angle. The electrons are taken as Hoawellion. Applications
include mirror devices (both standard and tandom) and tokamaks.
Various physical phenomena may lie Included.

No. 12 TDHFP - A. A. Mirin, NHFBCC, Cray-1 and CDC-7600

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

NO. 56 FPPAC - M. G. McCoy and A. A. Hirin, 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 dimensions, speed and

pitch angle. The package Is optimized for both the Cray-1 and

the 7600 with the Cray version running up to 12 times faster than
the 7600 version.

Transport code3

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

This is a transport code applicable to beam injected tokamaks.

The energetic ions are described by two dimensional velocity

space distribution functions which are time-integrated using the

nonlinear Fokker-Planck operator. Applications include PLT,

TFTR, PDX, and D1TB.

U-7



Eijiti librium codes

No. 18 ELLIPTI - J. C. Taylor, University of Clascow (Scotland) PDP-10

This code is designed to solve nonlinear elliptic equations in

two-dimensional regions.

No. 43 ORNLEO - 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 MAFC076 - C. Finan, NMFECC CDC-7600

This code computes magnetic fields for an arbitrary set of point

conductors and calculates dl/B integrals.

No. 19 MSUPBR - Larry 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.

I T
No. 37 EPFI - Stevo 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 - Bill 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.

'•>?



r
NO. 25 CUIDON77 - C. G. Tull, NHFECC COC-7600

This is a three-dimensional self-consistent guiding center

particle model coupled with a plasma equilibrium 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 particles in

magnetic fields. The fields may be computed analytically, input

from other codes, or calculated internally using MAFC076 type

algorithms for a general set of point current sources. The code

also performs field curvature, d(lnB)/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. ESJ. 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 is a self-consistent magnetostat 1c particle code (2.5

dimensional) used to study the behavior of strong axisymmetric

ion rings.

t$t

No. 5-i SPLASH - D. Nielsen and James Creen, U.h 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 - Kris Rothe, ORNL CDC-7600 and IBM 360/91

This subroutine package calculates reaction rates, <sigma*v>, for

25 light elements for a specified temperature in the range from 1

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 specie*;

2). beam and Maxwellian species, 3). a cold gas distribution and a Haxwelliar

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

Neutron and radiation 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
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deep-penetration problems in which angle dependent spectra are

calculated in detail.

No. 6 MORSE-t. - T. Wilcox and R. Ilerrick, LLL CDC-7600

This is a Monte Carlo multigroup transport code for neutron-gamma penetratio]

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 postaco - mi i M. ,
lU HaSOn' L'-L CDC-7600

Thls i« * araphics pos, processor f„r seal
«••** element codes. It wa„ d , "'"' »~ "—*—1both the sap4c and Lhe 11112:^to——*-

CHAPE is agraphics display program for three dime ,
and polyhedral models „ Bafi , ^-nsional polygon

e*s. It was developed specif ie»i !„Procesor for finite al Pacifically as a post
rinite element and finite HiFf.SAP4C and TACO). <*ifference codes ^ ^

»- « SW - Michael Gerhard, LLL CDC-7600

-scriptlon of the georaetry - ;— —h complete the
- ™ - - 9L::;r::;ra and---

£ilS^i£fi__engineer ing

No- 27 EMTP - Waldo Magnuson, LLL CDC-7600
This network analysis code devel

oped by the Bonneville Power

;i:::;:;:and/or ——- -——«::

•*
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No. 66 SCEPTRE - Waldo Magnuson. I.LL CDC-7600

"SCEPTRE is ageneral-purpose electronic engineering program designed to
-ist the electrical engineer in determining the initial conditions
and/or transient response of electronic circuits.
No. 67 SPICE-2 - Waldo Hagnuson. LLL CDC-7600

SPICE Is ageneral-purpose circuit simulation program for
nonlinear DC, nonlinear transient, and linear AC analyses.
Circuits may contain resistors, capacitors, inductors, 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, JFBTs, and
MOSFETs.

MATHEMATICAL ALGORITHMS and COMPUTER SCIENCE

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

These two routines implement aflux-corrected transport algorithm .
and are designed for Eulerian, sliding rezone, or Lagrangian
finite difference calculations.

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

This is aCOMPASS coded, one-dimensional electrostatic particle pushing
algorithm employing integer arithmetic.

N°. 28 MP - K p„„

" U """"* »««•. «u,p„ »„. ,
««•»«*•. Packa„ vhu.„ laQll, PCeC'5i<'" "°»««* -I.'
••«.»l.r, <„„„,„„„ ' '"-tl°'s "»• .»«..*1„
function,. """" CO°°°"*l' <•»*<> fecial

»• » ^syth,. MaIc0B ond Hojor ^
*" I. apack,„e „f t.„ „„„, '* """• »««« CDC-7S0,
*•«•«*«- .» the autllors. ..J' mathe0a""* «-"*.
'-•*. roUtlnM for .„,„,;;; —"- -*-.. n< p,cka9e
—rt«. .ntcgrator. epu ;v smens °f "-'•-••.•

:;: 3° U"SO" a"d —• —. a™. c„aM ., rTnls packa,e c„„8lsts of «. Pen,. mmx CK_1(go
— '-»nS„„.s tMt „„ °"Can C°"*° """Ibca ,„ Uwon
•*>• 41 OENIC and SOLIC - M . .,
"» o-ic end so,.c . °" ,*"Ci,Vlc' •""• P01-'»

«•* « IC- - T. c„„ec, lu coc.76no •
»'• «• • -,..•, ,ptl„lMd 80brootIne
»l9orlth» „sl„, <,„,„ -„,„, "' *"»,*"~«««l the lece

' """ Cor<! •»«rr on toe ,«„,,.
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T
No. 44 ILUCG - Alek Shestakov, NMFECC CDC-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 problem.

No. 48 VECTOR-FFT - Oscar Buneman, Stanford Cray-1

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

routine.

No. 49 PACK-UNPACK - Oscar Buneman, 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.

T

IK
7^1"I

No. 50 RCIPSQRT - Oscar Ilutiutnan, Stanford Cruy-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 ZIO - A. Bruce Langdon, LLL Cray-1 and CDC-7600

The ZIO package is designed to perform efficient I/O for high

performance production codes by providing the user with simple

access to operating system features such as overlapped I/O, user

error control, and user control over the assignment of disk

units.

No. 54 DECSOL - Paul F. Dubois, LLL Cray-1

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. 58 IHTPAN - Oscar Buneman, Stanford Cray-1

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

random integers.

No. 63 SOLVER - II. S. AU-Yeung and A. Friedman, UCB Cray-1

SOLVER calculates roots of a user speciied function using a

simple version of Muller's method.

131



r

/flft.fhemo.l-tctx.1 l_.brtxn.c-Ps

L/iSL Subrou^ne Library ( tiAA/5 ABSTRACT #W %%^J
NCAfc <LuA,«>u.Wrxe Library ( LM^S *<3*7&Kr **#_ )

CDC. -760O

{from CHAL^ A»V£/e C0d-6fcoo

-t\(\(Zu>CLL

(LUltJ

*&flhfVtU

r~

£»f?(£l\)C£

<^C AK-* At^SOPy

.fl^OrO AA>P ^^ 1W**,***- >

'3?



hi0XoU314
<

3

&
l

*

S9s8

*
»

I
U

i
u

.

2
2

3

u
>

S

t
A

a

tS
U

|
2

A
r

•
s

•t
o

5
b

.

*N
3

3
8

5

^
i

*i
9

ft*

"
*

k
A

t
a

.
1

I
X

I
•*

*?
*0O

r
*

•

L
at

3
3f*

v
V

•

^
'

0*
.;

l

wo
l'

9
2

p
W

U
J

IA

V
.

r
;

£
0

e
ft*

£
3

«J0

-
J

/*
<

.
U

-
s
o

p

«6dft

5?»

iK
i

i
ii:•**

to5.fi»

a53

soc0u
,

o
t

m"
2

•a
:tc
*

-
V

J\A
)

<V
-Ja
-

VuK
4

u
.

4
IA

•
v

$
£x

V
I

X
*!»

2
v
.

*
O

l
a

&
*

a
<

0
0

w
.

X*M
*

t
0

,
u

.
Q

ft
tft

•*
3

$
*

£:
*

*
C

isC
Osft.

V
IC
D

{J.
OM

l
M§S

.
«•<<

no •
4

IV
I

•Vft!M

IXx

V
J

\
\
.

UUa»•
V

I

3♦
»

•a
A

.

*
\a

.

I



G
O IS

5 $

•J
fc

vi
1%

.

5 0 I*
* 9 09 C

w

09
^ i* c n

2

*9 ? 8 i

3 rO •0 S3 3

~
i

0 *»
>

0
0

s I

in >
n

N X! o I i o ft * 0 H O to

5 m

5

5
3 »

i
J I

3
?

"
1

«$ ^̂
^

5
fc

•n T *
i

•T
l 8 3 a i

*
k 9 ll «5 «

l ^

O 2 1 a
r 3 ? v

s

kr
**

» I m n J 3

5
I sr 0 >

l ! *
i

79

•*
< ! JO w f. Jr
.

*
< x ! C?

>[
'

i*

09 *
N

0
0

>
.

(S
. j

i I 1

8 39 O a *
> H
7

3
"

*l 4a I r+ I3 J* >
» s 10 2 0 JO "

< *
»

•

**
» 5 o

\a
§

^
%

^



1a

V

>
i

o

4

u
.

0X

/*»*,
r*~

y
r*

^o-/»^o
r*4

"•/*•«
H.'**'*

'.'lU

/Voo»zi
^•»X

/r-»'»oyi
o

o
/r"'-?

^

£
£

'•:iiiM
'{$?*%

v:':i:y.
*.*>

•>
*•"**•,tfrrx"

*"
..

*"Q
•

•
***':

"

^
•••\-

•"\
'

.'
•;I*V

.'•I-.-'!-:
I.

-.."-
:•',-

'.*'
.

-if"
.

0
0

X
.

•a:

o

u

*
*

s
>

l»KI
5

»

2s•5

*
*

*AC6
t

(X*aa<
*

doK
.

•«*»

8ofto

8uMsI*.

5v
u

UU
t

MBo

A
N

la,

*
*

r
»0•*.

v*t

si
till

0

MsO3ItC
Oo

•4
•».

s•ac

\

//



\

/Vow Ca}* OPT/* tlAT/tsU UVAT y*<* ? . *

*l*»)tS to ifkf. <J*««X%H« /4<t;v*l4«; J€J~*m*S.

£x-*+^fa;'-.Z*H4At p**ti*U Uti*4**y c*~dt'&i9*j
«rc k*~dUd m ^^7^»^

'--»acZ;** /*«;*•}€ "wwv" /*/* t*/*j e*/*/^ frti*/*j
Ca •/or-Su**** dub*** tJ

IT"

r 2>roo/»'** •/>»« eif/ e**/o»r •••; .,•#•.}.*•.,

0o€J.a ***»;* *• ***** *•«*/•'" *** S

••••

©**r



0*»
•*?••

>rrJiA*/v)f*%*t9jd

.'^-^ovji»;»^«-fl^8JV*9*T'(**-*'")/9**1

•:'•^/iViiV»^'*''/*•*»»"*'V<(**>*0*"•'**b> •'•'^?">k-"*/:...•.'•.'•,..o<::"''

I..,

re«JfiO4~»9~~1/f*<'9)0/J'V'9*"}*P

»9»-/r\%***i)?y*t*t*9yf
eT9p•*•"/**/***?***'

we</M»»ysn»)+*

r^tfoa&4LL0OX^^'7

f&OQVd-LfOc/

i.

XQU.tr*0L/

!•!'
J.VQJJ31Vr**t-L*Jjnd**0

/*i

\



\

\

fr.-« -»''•«•» »A*»*"**«

"TKDJ"' j+*>.1* >"''MUy IA
i^m/;, v*'**4U.

* a<V/0* Vorrf/ C***l»J : j. •*...-. ^•-•«

>%, .v.'- ^

fu«r<( ac •cufet+d *o;* ">.?*•'• -**-?ir*fm £#£**'* •".":.

»>•>* A»/*t.A*£<o»«* ' •'.., ££ : '"?;•{: ;! •

.-H**'*:ft*F *** )'•"*+ r

•H v"

o

«**r.

^*%

£?



nrilk mam g. liroc&ssor

lor He LISP MeAm-

ttiHF

K, Ba4rmav\

S. o^m

C P/\ CCo^aVf#•*»»( Pkysfcs /i**Uii+)

X*/Tfe«.ie>VT^O

"^r /£3

TK* LXSP /lacklK*

• b*v«l*/>*d *+ +ka /i.r/r»i.x-i»
• ^a-bi+ tag* 4J awc^iWukA

• lVf.a*,.ct«f.ftJ Disk C6o»*Mti)j

r 7 M-brt <olo»- )
* Co*vpUx FunctionaMy iw /ttcsococl<6

TyP* l*%fi+\A\ CgAtvftHc ©/OS*)
fliU *Y/U */>.S * \

•' S/i't**** 5©*f+«ook4 ( Window* S^$+••*!•)

* Nolfyfa piroe*s*<QS
* AlAc>*V<M

U/ky LXSP/1 as «> Kost p«>casscH,
Lomp^a Vav * /AA^X-M •*• avoilati/;^

**^£|C S/5+«0KA Coat*



;
:i.=

'•'
• • •

0
4

0
'

c >
J 0 9 o
- f «

l

.
* c

.
I

•
c
-

I
k

-

9 I T

<

r M

"

b
"°

•

3
:

c

to
I

l
9

0"
*

O

*
-
•

.

*
J

•

A
*

€ I

»

-

X
H

i

-

*

\

:
F

-
l
b

M
I

0

•J
?

19



/s*

4P Fjmf u^as

Tc, ;(yigfopy

35 h« A//10S M4fcio>y c^iiic

//a«o CAD s^atifet

lojic

A/otn<iA^ Fom^A:

F««* x/o - smuH 4fi i.«ktt
flmttril tntafft* *,/*/(

Gi%o,b«s - IAt - J6/i w«*J*
* Ql|o hi acco*$/cycl$

AP M*«*o*y - *i*K - IM \jo*h
$-(4-3,-1 w»^ |n'f4H'«ai^C

ftA^Ji+4lrs - 3. bon|f8. 3*6 4*.

AdJ*J>«5 - 9l /. 1*6 lo 6,'j

'^G btHi ) lo vtCj a-way

A|A>HOr|iftS

"7*

1S7

Fo**ct#»v\ 0*rk is «S clock

57 >*lFtoP3 Chawi}

BoJ«»*» ^ s*i /"f+j do* fc k j&r<cu/«vi,

Alu HtylKt* * * i dlUdU -*+V l douq Uj»r 4C .

AdcV*SS Owt+i - Alu */S
-KbUl tefiftytf <ot>

bi*f Mw4»»r4

lop c^^.p^yd<*Vw^ ^rc>**wo,p^
o/o*(c ttowslti^

S-OGuftwC^tA •>- Condi 4<ot*f fe'aniAy C-4LC j
rU^v ^ LOOP Coo*.*, A"K:.



c

/ST
I'AKTICI.K 'SIMULA! MN ON THE VAP IS1

AP ftjtti- *fo»- mowcJt SgfiVwufat
/i

W. E. Druuimonct and B. N. Moore

Austin Ri":i-arrh Anr.iul.il rs

1901 RuH.-ind Drive

Atisl in, Texas 78/58
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ABSTRACT

-Cully Ov4vftyM4.i. .feCc^D***fti ArePort w,» b« given of the status of hardware and software development on the
CHCktfct.ftX ' VAP# ™* VAP 1S ,,e8l*«M* as • Heating point vector array processor of consIderable

power and will be able to execute large vector programs at high speed in a stand-alone
mode. Other design features arc multiple large fast data memories with independent
data paths to a pipelined arithmetic unit. Four of these memories are vector (serial)
memories with a maximum size of 8 million words. There is also a sralar (ram)
memory with a total of 1 nflllon words. Practical operation at speds of 1? mflnps
will be possible. A software package is under development which will eventually make it
possible to program at the Fortran level. Applications to plasma simulation will be
discussed.

f

Ft>*- ho />/V*'l*'*3 y »*««» Hi/tjr "Hjc "4-iwuij X a-
INTRODUCTION

Austin Research Associates is develop
ing a floating point vector array processor,
the VAP. This development was originally
motivated by the need for sn 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 solution of

physical problems and, as a result, the
VAP should have a fairly wide applica
bility.

The principal attributes of the VAP

2. It has multiple, fast, data
memories with independent data paths to
the pipelined arithmetic units. Four of
these memories are vector (serial)
memories and one is a fast scalar (ram)
memory. The initial configuration will
have a total of 1.5 million words of fast

memory and can be easily expanded to a
much larger total memory.

For fully electromagnetic 2-1/2 D
plasma simulation problems, the

initial configuration handles 25,003
cells and 200,000 particles.

3. Programming is carried out using
a subset of standard Fortran statements

plus a few additional statements unique V/
to vector programming.

4. It is Inexpensive—less than
« percent of the cost of a Cray I or a
Star.

In the following sections, the
orp.inlz.it Jon of the VAP memories and data

Ocaq Co«yU* FFr C»*<*»*n±*) : l.gn$

^|r.**9 «*r*.\ tai*. <tH««tye«d o"ft»oo- ^fvi^iitisr
VacAo* divtM* - 7 cycUs

91 WAc(tt*«45 -fo*\&*i C>vsr^ /tir)
1. It executes large vector programs

at high speed.

For plasma simulation problems, it

is expected to be approximately three
times faster than a CDC-7600.



flow logic will ^escribed, togcthur
with certain features of the VAP .software

and utility packages.

MACHINE DESCRIPTION

The CPU of the VAP is a modified

Floating Point Systems, Inc. AP-120B array
processor. The AP-120B is a high-speed
synchronous processor with a cycle Iline
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,
i.e., 10 independent instructions per
cycle. The floating point arithmetic

units consist of a pipelined multiplier
and a pipelined adder, each of which can

produce one result per cycle. Thus, the
maximum execution rate for floating point
operations is 12 megaflops.

To write and debug optimized code for
the AP-120B requires assembly language
programming which is 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 restrictions, 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-120B, while at the same time removing
the memory 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 .nid |>»m;i aws »>M
execute appioxiniaiely three limes faster

than on a CDC-7600.

Tin' |>i iiiripal inndifi rat ions to the

AP-120B involve the addition of four

high-speed data and control paths to the
CPU, together with the expanded hardware
logic to facilitate the flexible use of

these additional data paths. The four
high-speed data paths are connected

through controllers to four high-speed
ram memories which are used as vector

(serial) memories. The use of ram memo
ries avoids the latency problems asso
ciated 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.

I tuui J I ,a:a I iuut I I mu |
I -tcm s I ^JO j I «na j I I -son . I

H- r Ljr__rJ
IlliK wctt r.iiuactJj?lc

-rJ1 ± I
:izn

D

Fig. 1. VAP Machine Organization

*\ i~a | H tS!T I

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
maximum 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 conventional AP
ava i1,-ibl e.

* * (n x 6«K) serial memories con
figurable under program control as
inputs and outputs of arithmetic
units.

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

* Setup time for vector operations
s U microseconds.

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

SOFfWARE

Parallel development of software and
hardware 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 commonly used
vector arithmetic operations, as well as
specialized utilities for plasma simula
tion problems. Figure 3 is 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, assembling, and linking



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

Fig. 3. Support software.

Programming is done principally In
terms of a subset of standard Fortran
statements with a few modifications unique
to vector operations. Variables are
declared as either vector or scalar varia
bles and then used In the usual Fortran
syntax.

For example, if B. C & D are vectors
of the same length, located in different
vector memories, the Fortran statement

A - B * C 4 D

multiplies each 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,
which Is stored in the remaining vector
memory.

Scatter/gather operations make use or
additional symbols but the same Fortran
syntax. E.g., If B. C A J are vectors
located in different serial memories, the

Fortran statement

A-B*C+M^y

noltlplles e.ich element of n by the ,,.,rc-
sponding element of C and adds the pr.-duct
to the contents of the m-alar memory at
the address specified by the correspond
ing element of J to give the resulting
vector A, which Is stored In the fourth
vector memory. This scatter/gather vector
operation executes at the same speed as
the pure vector operation discussed
"hove.* Table 3 lists the execution rate
of typical Fortran operations.

Table 3. Execution rates for VAP Fortran
statements and utilities."

P,,r.e Vet-tor Operations

*' A?B *C 6Megaflops
2' A" <B ± C> " Megaflops
3. A- B*C± D 12 Megaflops

«• A- (B+C) •D 12 Megaflops

Sca'.*.Iw/CaIher Vector Operations

1. A- B*C±M <J> 12 Megaflops
2. M<J>. M<J> +A*B «Megaflops

v-e-c.t0Jj,.U.,..,.M.e8
J- A- SQRT(B) !.5 „eefflr,opg

i'.*.".1/" 1-5 Megaflops
In this table. A, B, C and J are vectors

located (n different vector memory.
M\J/ is the contents of the Bcalar
memory location whose address is the
corresponding element of the vector J.

*

Other scatter/gather operations, e.g.,
scatter/gather operation No. 2 in Table 3
may run more slowly f„r two reasons:
The scalar memory is accessed twice Tor
the operations on each clement; and if
adjacent elements of J have the same
value i.e., if t|le saBC mvmory iocatlon
is addressed for two consecutive elements.

l<oV
A rrllli.il element in any vector

processor is the setup time for vector
operations. For the VAP, this setup time
is between three and four microseconds.
Since the basic VAP cycle time Is 167 ns,
this menns that the setup time for any
vector operation consumes approximately
20 cycles. Since the most common vector
operations execute one vector element per
machine cycle, the overhead time, as a
fraction or the execution time, is simply
20 divided by the number of elements in
the vector. For vectors of length 200,
the setup lime is thus 10 percent of the
execution time. For particle simulation
problems, the typical vector length is
2,000, and thus setup time amounts to only
1 percent of the execution time. As a
result, the utilization of the arithmetic
pipelines approaches 100 percent In the
VAP.

APPLICATIONS

Although the VAP is being developed
because it is needed for a rather specific
problem, it will be capable of quite
general application. Some problems for
vhlch the VAP will be useful are listed in
Table t,. Consideration of the 2-1/2 D
plasma simulation problem will Illustrate
some ol the features of the VAP. A 2-1/2 0
fully-electromagnetic, fully- relnlivistic
c-bcara simulation code has been in produc
tion on the AP lor some time and it will be
the first major code to be implemented on
the VAP. An estimated perrormancc compari
son is given in Table 5. The VAP can
handle larger Held arrays and particle
tables because of the serial memory

the write to this memory location trom the
rirst or these elements would not be com
pleted berore the read of that same memory
location for the next element. To guard
against this possibility, the utility has
been slowed. For plasma simulation codes,
a special utility has been written for
this operation which executes at 6 mega
flops.

the availability of opll-^rapacity, and
••»/ wi U|M1-

»«*"d Fortran operations and efficiently
coded vector utilities makes larger
P«-res of the code run at the 12 megaflop
rate. With the VAP Fortran compiler,
Programs will also he more easily modi-
Ned and debugged.

Table «. Applications.

2-1/2 D and 3 D plasma simulation.

* llydrodynamic and magnetohydrodynamlc
problems.

* Simulation of diode operation.

* General 2 D and 3 0 partial
differential equations.

OUTLOOK

An operating prototype of the VAP
«Ith reduced data path width and skeleton
serial memory should be available bv the
end of the year to perform tests or the
design. If a]] gocs r,.nsonablv we|1 flt
that point, it Is anticipated that a
rully operational machine will be working
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.



"1le 5. C..»i|>.. JPf of the t'.in.iltilit ies of the APTable >. C«.nip.. jH of the caji.iltil i t ies of the AP mode and the VAP m.nle for a 2-1/2 D
fully-electromagnetic, fully-relativistic, pariIcle push program.

Number of particles

Number of cells

a

Execution time per particle

Ease of programming

AP

32K

81 /isec/particle

Difficult

ICH

VAP

2II0K

Z5K

1
21 /isec/particle

Same as

Standard Fortran

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

b
This result is not a measured result. However, since the processor is a synchronous

processor, it is believed to be accurate.

JJL.

LAWRENCE UVERMORE L^,

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

Some Benchmark Results

Thomas A* Brengle
Lawrence Livermore Laboratory

December 10, 1979

- What is the AP190L?

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

2 way Interleave memory.
2 cycle add pipe.
3 cycle multiply pipe.
Driven as peripheral by DEC PDP-10 Model KI.

- AP FORTRAN

Cross-compiler, runs on DEC-10.
First operable version.
Rudimentary optimization

(reglster-sllocatloa, code foldback).

- Benchmark

MAGIC2 (Cohen, Brengle)
ID, cylindrical, magneto-inductive.

Speed bound by Boris mover
(about 85 floating point operations, Including SQRT).

UnwivtyolCuiluna POBox808 Uwrmon-Cablotna 94550 O TeleplK>i>ei415)447 1100 O hvx 910 386 8339 UCUL LVMR



LAWRENCE UVERMORE LABORATORY

- Results

PDP-10 AP190L 7600 CRAT

MIPS 1 18 36 80

Theoretical HFLOPS .25 12 34-56 160-240

Elapsed time 5640 564 375 271

CPU 2559 276 99 50

MFLOPS .14 1.3 3.5 7.0

Realized HFLOPS .56 .11 .06 .04

Theoretical MFLOPS

Hegsbucks/MFLOP 2 '.08 1 1

NotesI

1. AP190L CPU time was inferred by counting cycles.
2. Priorities en 7600 and CRAT were set st 1.4.

UriversityotCaStomia POBox BOB Lncrmore CaKlorna 94550O Tchfjhonel4lS}447 1100 O Ttv* 910386 8339 UCLLL LVMR

- Comments

(^

/tV7

LAWRENCE UVERMORE LABORATORY

Effect of offloading code to API90L was to reduce
utilization of PDP-10 CPU by fsctor or 50.

Enlargement of Program Memory will reduce overlaying.
AP FORTRAN will get additional enhancements.
New electron physics code shows problems with passing
dsts ss formal parameters instead of as COMMON data.

UnivenJlyotCaMcinia PO Box BOB Lnrfiooir Cahfcixa 94550 O TdcplKitelJI5'4J7 1100O T»v» 910 386 8339 UCLlt LVMR
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15 Macroeetl Cotllng for Efficient Psrticle Movers on Arithmetic Processors

Robert II. Ilermsn*

George C. Csrrelte*

Pfosma Fuwm Center

Massachusetts Institute of Technology
Cambridge, Mass. 02139

To be presentedat the Informal Conference on Particle And Hybrid
Codes for Fusion, Napa, California, December1979

ABSTRACT

We discusslite useof a linkcd-lisl programming technique whichwccall ntacroccll
. codingto facilitate the introduction of temporary vectors to makethe time step loops
in parliclc-mcsh simulations run faster on arithmetic processors. This extension to
array processors of partof the PPPM method of Eastwood and Hockney (1) represents
a significant improvement in timings for code writcn In naive FORTRAN. The mac-
rocctl, as originally envisioned, promotescost effective and more accurate calculation
of short rangeforces, and therefore, permits longer simulations beforenumerical errors
grow beyond reasonable bounds. Furthermore, these suggestions for macroccll usage
provide efficient vectorization on machines like thcr Cray-1 in circumstances where
large particlenumbersor high spatial resolution Ib desired.

•Thiswork wmBtipported, inpurl, byIhe Untied Stair* Department ofEnergy tinder Contract
Number BT785-02-10H2.
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Somephysical problems thatarc studied with particle-mesh simulation techniques
demandefficient algorithms to allow complete investigations of the parameter spaces
that are encountered. Ourinterest in problems innonlinear plasma physics leads us
to formulate model problems withmillions of particles and meshes withhighspatial
rcsoullion for long periods or timc(2,9|. The typical limesteploopin our electrostatic
codes docs: i, a charge collection of the particles onto a mesh; 2,a potential solution;
3, integration or equations of motion. These stepsmay typically involvemultilinear
interpolation on or off the mesh. Higher order interpolation may be necessary for
short-range accuracy. The particles move independently through the mesh in their
self-consistent field and any external fields that are present. An array processor or
pipelinemachine tikethe LISP Machine A-Dox[3,<l] ortheCray-1 offers some promise
to the particlesimulatorif he cancustomize hiscomputation. The issue in the calctia-
tion Is that, although the basic update of positions with velocities can be naturally
'vectorised, the compulations of charge collection and force interpolation cannot. This
occursbecause typically,particles donot retain anyassociation witheach otheras they
wander throughout the mesh. The necessity to randomly access particlecoordinates
or equivalcntly, to access charge or field coordinates lessens the opportunity to be
efficientin a pipeline environment. Efficient algorithms for the charge collection and
force inlerpolatalion phases need to be found. We consider that efficient methods for
potential solutions exist through vectorized FFTmelhods|5|.

We can extend an idea of the PPPM technique of Eastwood and Ilockncy(l) to
write code that is amenable to vectorization on machines likethe Cray-1. We cajt
our implementation the rnacromesh mover for particles (macroccll in short). We will
describe this conceptually in two dimensions with periodic boundary conditions. An '
N x N Cartesian mesh (the mini-mesh) with is covered with a macro-mesh of size M
x M. The particles, stored in randomorderin memory,hare a macroccll coordinate
L. This coordinate is a linked list. Thus, if there are NSP species of particles, an
Integer array IIOL(JMX,JMY,JSP) points to the first particle of species type JSP in
a macrocell whose coordinates arc (JMX,JMY). Let1P=H0L(JMX,JMY,JSP). Then,
X(L(IP)) is the x-coortlinale of the first particle, Y(L(IP)) isthey-coordinale, etc.The
next particle number is L(L(IP)), and the total number of particles in the macroccll
is NIL(JMX,JMY,JSP). If L(IP) is 0, the list terminates. It is more convenient for
vectorization to use NIL then lest for L = 0. Thus, DOloops, broken down into blocks
of convenient length (04 on the Cray-1)or less,arcpossible.

The calculation precedes asMows. First, weassume that the electric potential alts
been calculated and the linked listL hasbeen prepared. We loop over the macrocclls.
Thus, particlecoordinates and velocities, forces and geometrical interpolation factors
arecalculatedand gathered intotemproary vectors. Thisis facilitated by the macroccll
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coordinate L. We usethe time-centered leap-frog scheme to integrate the equations of
motion. This can beperformed inavectorized mode on theCray-1 using thelemproary
vectors as well as calculating the linear momentum and kinetic energy. Next, the
particle spatial coordinates have to be reset to lie in the periodic mini-incsli. To do
this, we need check only the macrocclls that lie on the perimeter (surface) of themesh.
Furthermore,weneedonlycheck the particles which havemovedin the otward normal'
direction. In lerm6 ofcells, wc need only check the 4M macrocclls onthe perimeter of
the mini-mesh for particles that moved outward, rather than the the N2 cells for all
the particles. Finally, thecharge collection can also bedone using temprorary vectors
to calculateweighting factors. At the sametime, the link coordinate L is recalculated.
It is easier to recalculate themacroccll coordinates rather then trying to dosome sort
of garbage collection.

We must caution herethat we do not advocate indescriminate use of macrocclls.
The overhead in memory and computing may be too high a price to pay for small
rainimeshs and small numbers ofparticles. We bclcive thatmacrocell coding becomes
an efficient alternative when there are a significant number of particles and a large
numberof macrocclls. The efficiency of this scheme is optimized when there are an
even number of particles per macroccll.

InTable 1 wepresent some timing studies ontheCray-1 using a two-dimensional .
mesh with N=256 and M= 64, 32, 16. We arc using a macrocell that contains 4a,
8a and 16' minimesh cells. We call the linear dimension of macroccll measured in
minicclls MC. Wc present results for 102400 particles. The times seem to be linear
withparticle numebr above 10240 particles. The critical issue in picking themacroccll
size MC is to ensure that the macroccll contains a substantial number or particles.
We have computed the time (TFORCE) for bi-linear force interpolation to update
the velocities; the lime (TPUSH) to update positions withthe new velocities in the
leap-frog lime-ccntcrcd integration algorithm and toreset theposition coordinates on
a spatially periodic mesh; thetime (TRIIO) to collect thenew charges with bilinear
charge assignment. These operations include certain simulation overheads - zeroing
certain arrays, moving coordinates, etc. and in the the case ofthe macroccll methods,
recomputing themacroccll coordinates. To compare Ihc utility of macroccll coding,
we also computed Mffops (Million floating point operations per second) bynoting the
number N-f- and N# of multiplications and additions in these cases, excluding the
arithmetic necessary to reset theperiodic mesh coordinates. The result shows that a
factor oftwo in raw cycle lime results over anaive method for coding the lime step. It
should be pointed out that the naive method is not too naive in that it uses the Cray
vector commands for the push and for theremap to theperiodic mesh. It is the non-
vector character of thecharge collection and force inelcrpolation thatslows down this
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naive calculation.

We have employed several of the techniquesadvocated by Dcrman[8] for efficient
FORTRAN coding in the particle push which accounts for the major difference in
TPUSH for these two methods. We used initial coordinates randomly spread over
the active mesh within a border. This accounts for in part for the difference in opera
tion counts presented below. Listings in FORTRAN of this implementation are freely
available from the authors.

Table 1

Timings for Macrocell Coding

Naive FORTRAN MC=4 MC=8 MC<=*16

N per cell 1.5 25 100 400

TFORCE (sec) .9283 .4165 .3664 .3581

TPUSH (sec) .0320 .0095 .0094 .0094

TRIIO (sec) .5379 .2747 .2746 .2742

MFIops 3.827 10.743 11.529 11.678

TOTAL (sec) 1.498 0.701 0.650 0.642

RATIO (time) 1.0 .468 .434 .429

RATIO (Mflops) 1.0 2.8 3.0 3.1

We adovcate the use of macrocell coding especially in the following when large
particle numbers of high spatial resolution demand as much vectorization possible.
The above table shows that even in naive FORTRAN, the extra coding necessary to
perform amcroccll management iscompensated by increased vectorization asevidenced
by the Mflops. We would Euggest that this codebe writtenseriously in assembler for
production u6c.

This macroccll method can be extended with the following considerations:

1. The PPPM method can be used for short-range forcecorrection, which is what
originallymotivated our IhoughU this way.Thistechnique canbevectorized to provide
large accuracy for simulations running many time steps. The PPPM method consists
of a Particle-Mesh calculated as wc have outlined above followed by a Particle-Particle
pair-wisecorrection for the 6hort range force. The 6izeofthe macroccll then becomesa
natural distance over which to do this correction. One processes the current macroccll
applying a 6hort range correction to the particles in the current macrocell and the
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neighboring macrocclls. Further optimization is possible if the particles are partly
ordered within a macroccll.

2. Non-Cartesian coordinate systems can be treated with this technique. The
macrocctln, then, arc more general than rectangles. It is still no more convenient to
calculategeometrical factors, but the opportunity to vectorize exists.

3. Non-periodic boundary conditions ontheparticles can also be treated. Suppose
we consider a bounded problem likea self-gravitating, isolated system or a bounded
plasma. The particles'that wander off theactive mesh need to be processed separlcly.
In the gravitating problem, a particle might move ina two-body approximalion|7,8).

*If a "wander-list" is created for these particles, theycan be identified and processed
quite speedily.

4. It is possible to extend theabstract structure of macrocclls assuggested in (3)
to containmoreinformation. The particles within a macroccll arcall independent or
any other macroccll, and grouped together in space. It may be convenient to have
the electric field or potential grouped intothemacrocell configuration. 11 may also be
desirable to do the charge collection In macroccll configuration as well. It needs only
to guard the boundaries of themacrocclls and fix them uplater. This maybe highly
desirable if many independent parallel processors are present (eg. Illiac IV, el. (10]).
II may also be desirable to tag the identity of particles by putting them in special
macrocclls, asmight happen if it isnecessary to identify particles in different regions
of phase space that originally started close together. This is particular important in
measure phase space correlations in palsma turbulence or6tochasticily|2,9].

In an two-dimensional electrostatic problem, say,the calculation for electric field
proceeds bycomputing amesh ofpotential values and using finite difference techniques
to caluculale Ihc force. This ismore efficient instorage than calculating extra meshs
for the electric field. A space centered fintic difference formula would cause 10 fps
(floating point operations) per particle for interpolation whereas it would cost 4/V* fps
to calculate theelectric atall the points. Therefore, when the number of particles is
much larger than 0.25/V', it is desirable to prccalcttlate the electric field in a macroccll
anddseit for interpolation rather than differencing for each particle. Thecostin extra
storage in just2A/C*. A similar result obtains inthree dimesnions. Namely, when the
number of particles ismuch larger than .11N*, theelectric field should beprccalculalcd
In a macroccll at a costof JA/C memory locations!

8.Temporary vectors inmacrocclls can also beintroduced for currents, magnetic
fields, etc. for more general problems. We have typically used temporary vectors of
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length 04 in our example.

7. A schemeof buffering particles in macrocclls in main memcory for an array
processor can be envisioned. A large bufferof particles is read from disk, gathered
into macrocclls, processed, dispersed, and then written out. This procedure could be
overlapped with reading and writing other buffers. We believe that the buffer sizes
need to be catfullymatched withthe mactocetl sizes and mintmesh sizes for efficiency.

8. A final observation about coding styles andpractices is appropriate here. We
have used a FORTRAN implementation of the macrocell method to illustrate the
technique for this discussion. Production codes would undoubtedly want this method

•in assembler or microcode. There is a significant problem in balancing the gains in
' formulating analgorithm and theeaseof manipulating adata structure ina flexible high
level langattge against the real-lime problem of gcllling the maximal raw computing
power from a machine. Our observation is that ideas of data abstraction (message-
passing semantics,generalized data structures, data flow analysis) areconsistentwith
developing efficient vector codingbecausethey canuse informationabout the vector
structure of the data. Out, unlike other models of vectorization (DO loops, expan
sions, temporary variablesor vectors), propcrply chosen dataabstractions can be used
throughout the formulation of a problem (program) to recognize suchactivitiesasdisk
buffering, multi-processing environments (each assigned to a macrocell), or parallel
machine processing (data movementover a network, another machinedoing pre- or
post- processing). Any data structure that the computational physicist wishes to im
poseson the calculation should becompatible withthetechnique for computing as well
as the machinohe computeswith.We arefinding themacrocell coding is amenable for
these reasons.

In conclusion, wc advocate the useof the macrocell asan efficient algoirthm Tor
particle mesh simulations on array processors. Coding in naive FORTRAN produces
significant improvement in usage of the available resources..The macroccll concept, a
hierarchical form of"divide- and -conquor", can beapplied tootherdifficult problems
that are studied on pipeline machines
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Figure 3« Tetrahedral mesh connecting cube centers and cube corners,
with two of the tetrahedra emphasized.
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SGKMV ANALYSIS

ELECTROMAGNETIC RESPONSE OP STRUCTURES EXPOSED TO A PULSE

OF HIGH-ENERGY PHOTONS

SYSTEMS OP INTEREST

SATELLITES, MISSILES, AIRCRAFT

GROUND-BASED COMMUNICATIONS FACILITIES

SILO*

PHYSICAL PHENOMENA

PHOTON TRANSPORT

ELECTRON GENERATION

ELECTRON MOTION - EM FIELD GENERATION

ELECTRONIC CIRCUIT RESPONSE

UNCLASSIFIED

PHENOMENA

• RELATIVISTIC PRIMARY ELECTRONS GENERATED

AT SYSTEM SURFACES AND.IN THE GASEOUS
MEDIUM

• SECONDARY ELECTRONS a 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

UNCLASSIFIED s
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APPROACH

. ELECTROMAGNETIC FIELDS-FINITE DIFFERENCE
TIME DOMAIN SOLUTION OF MAXWELLS CURL
EQUATIONS

V x E = - —

_i_»_> -» *D "
V x H=J+0-E + -JJ-

• PRIMARY ELECTRONS-DISTRIBUTIONS REPRESENTED
BY MACROPARTICLES TRAJECTORIES DETERMINED
FROM

± . -» -i. F(v)v^j^.q(E +vxB)-.
d(l^fV) sq (v.E)-F(v)v >*

dt M °
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UNCLASSIFIED

PLASMA- THREE SPECIES AND OHMIC

°" "e^,n, +At+n++At-nJ

AIR CHEMISTRY RATE EQUATIONS

=Q-(a-g)ne-/3n+n(dne
dt

•^=ane-/n+n.
n+ s n_+ne

UNCLASSIFIED

10^ 10s

E/pr (Y/ra)
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-19
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-20
10

-21
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27

25

f«=0.06

f-0.05

f»0.04

MOBILfTY AS A FUNCTION OF E/pr - ELECTRIC
FIELD/RELATIVE AIR PRESSURE FOR VARIOUS
WATER VAPOR FRACTIONS, f

10v 10' io-

E/pr (V/m)
10c

THREE-SPECIES RATE EQUATIONS

dn

•ar " S" (a"g)ne - pn+ne
dn

-gf - ane - fn+n_

10c

THESE EQUATIONS MUST BE DIFFERENCED AND INTEGRATED FORWARD IN TIME AT

EVERY ZONE OF THE ELECTROMAGNETIC SIMULATION AT EVERY TIME STEP.

AT THE N™ ZONE AND AT THE 1™ TIME STEP, USE:

"eN1 " neN «p(-°5 "> +P - exp(-<xj «t)J

- m n+N neN

n-N " 4 " neN +n-N 0 ' r"ntN)
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RE-00626

UNCLASSIFIED

OTABLO HAWK EXPOSURE BOXY - CENTRAL SECTION

UNCLASSIFIED

UNCLASSIFIED

SGEHP EXPERIMENT SIMULATION PROCEDURE

. BOUNDARY CONDITIONS IMPOSED ON THE MESH

. X-RAY TRANSPORT THROUGH THE MODEL

. «" DISTRIBUTIONS

. TIKE-PHASED EMISSION

. OUTPUT REQUESTS

. FIT IT ALL ON THE COMPUTER

UNCLASSIFIED

STIFFENER
V2"xl/2"x1/16" THICK

DIHENSIOMS IN IHQIES
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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 GOOD APPROXIMATION CONSIDERING

THE MODEL GEOMETRY AND THE X-RAY FLUENCE CONTOURS

. TIME-DOMAIN FINITE-DIFFERENCE SOLUTION OF THE MAXUELL-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 IN SPACE - 198.600

. NUMBER OF ELECTRON ENERGY DISTRIBUTIONS - 45

IHPUT-OUTPUT-EXECUTION

. 2694 FIELD REQUESTS INTO 241 PLOTS

. INPUT DECK LENGTH - 2580 CARDS

. CPU TIME - a.3.56 HOURS

. RAW OUTPUTS DIGITALLY FILTERED
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I i i » I I
tycWU

<Lo

Q
LU

<
-J

U
z
3

5b



r r

Aty

/7 2T^ ?A^T^AL ^"utATfotf MoocU

PPPL

uvpoSe

To cLa.\Jo.JUr>4^ 5cui4-e.I**f ^deCrf* 4-^ «^lW.f,n.^

KocUU - */<. 1> <X/ >, "ic, V^ V4 )

I tUc*.ro<A-c.4:< ( £-* )

A. 6u^<fc** C*H,t/ iUt+<^ Modil

t A<&aI*4'.< tr(*t-frru\ rAo4*\

7. C-lAcVrows.^1 n.J,:c C "?*/•*•'•» J

r

/- AjV «~ W-*""' «y Wee"1 -4-u *«*©&« +L JL«*v.«*

^s

1

lA-^wJ Swv^jU. V*A-«« V*4-«rof 4-t» V**t^t* C-owfcuJ&V

1* *< &1



f La v oJUju , Jcf ±ct <*f U11X)J

&(,

AtctCftUiXU £(*c«V«* Kodtt( (. tr(*cV«<+*4-.-«)
A*F

a.) (J

V, -_ c

~7* s " -s. fe,»
i

u*.l*«/W«*

v/ xl?

oik - W- c
I 6V\

^ _ ^ Jlllli y =.(.ire f IfcOc,)!- K.OC)/
.. v/

I.)

J

^.K?

iviw*

v tr v *; **:

Li *< Oy

—> a A /%. w<;"' a—**. 4X j* Am «.&•

27 —

^<

i^ASc



I,—

r r

7$i A«f
Gi«A<U«X Owjfc/ d»*W \AcdjH (.PAW*; V *ty<{"<•'«* V^V'.-» CP^«0

A(?* ^ 0
V tf ?*

1*p* I-

+-*y *oAJt!jci .'inf

«»J

^ - ..•«. ». «<
••^5t«'-fv"jV(^'

J5-- V*A,



I Co^/ee^-;v«i?y Lwis+fcl*** <&w'//r u/*w*£ >-o^/< U***t

£ Mav« 4-L*tfVeAtC4jL C*A«fi»v<;A-<^<fcKA/ 4* fc^*«U*<

[ L**, Tc~* <^ oJU*jLf pfft-crff ('Pi)j

4. £wk&/MCA«A 4-/**«*Uj*JLooM 0-*<«£v'a.W. wjjvL >k*

6-f +L Xj*-ov;*y «Hp.* ( o<M <f K- **** An)

n. - in <c» n«« «&»^ fc^7 °toV"*** • ^ ^^f'*^^y ***+M-

l#Y Jr**» iu-c '̂(:iCtf^b/ *l*+rw t



r

v2o>v*j 4-*\ IqtjSqyo
AS/

QQJCnthfositf* foriri*/>o* of* 7-$»ek*J

$*ns fS r*f

£/feTVcitr: /nerA« hf.£ chtrje neuir<\ //j/*r f ft*fit *'
/Ve Q*cr/ftt<,7f«/rV^J ;£ tlimmtU x/*v/ /turfA

» ^ O'W&nVwr of n**crvst.6}>$£. JLjieiiomfkir qk. f>otst'//e.

bl*S»A ti/*/t*6>» //r*Mj/ "Anono/cHS* faff/***/'
CPc//fCttH/S%

._,. L_

.as*.

ID UylriJ Model A(JR. ORB '
9 jfi*u- co»sf>>»t»r /} Sutfcer'A cotth fealty fclL

^^pUj kt*fr«j J*r»i (Jul /* m/«/»^r/ft^•/ fjtLU)
h*s f#wt *****;-fvJt, -far fill fiirhths; &t*f- h*s

r**ido** iirtch'oh.

tl'i-»fiJ\f (s*>e)



(8iP'&\

1!

VI

•

(s/wo8oi) JA

*lQ

s

*)

I

II

It

i«*
J?

i

6
o

V-'^J
••»,
*??#*

•rM»»;3'
'.!!•«*» y

-
•

•

i
CO :.*"C 8*
2 ' •.. ff

O 'J"
a^m

# *

/
• '"'.

o

(s/mo^oi) eA



e?5S

21.0

G? ">T
-J
<
z
o

I
DC

Ul
>•

UJ

20 40 60 80 100 120 140 160 180

TIME (NS)

180

AS1>



"7
AS7

"7 <?S8

*?/»&<& 7} (w) ts known,

n&'*$Tv*\ 2miss i** r*r& Wav 6& Ctt/cn/#/s*f

Can rzrUci* He* May*/*///** y\*Jttre.
. of- JonS.



ti



« 4

« **

.58

i.

^1>

X '542

MS c

* •

O

Si

t

: :iMfei; <f

~1

^

0.

*.

o

<•

^

>\.:

2 ^g. 2 "
' l*. *• Ma, »i

'-.<

00 A

a.



%l A Global Electron -Relet
Alqoriirrm -ror ar>

AxisijKnme+ric VUjWioL

S\Yvmla*Won Coct^

"b. W. Hewe.TT, LASL

r

M3

*<*<(

AssU/APji.o^S—

fZ)iA/x c i - A/e iaJYa I

J2i3L=_a.

J2zusj1*L^MJ>jJ.&lJ1<&\^) ^T?fi^S]/er^^_Eie,LJ<l.

S7JcE+-*JU2_

v*<3 *srg^

—' ^r-

JZurrtlO -!<*<•* Fz lech"DA/ Iher/Kal ELu'a.

U«xS-
n

Toja-JDiMeMs icA/A-CR—20—EuJAr.tW.-_.
(G^icl



/$
^

\

•4

!
vG

T
1

C
L

T
irti

<
ti£S
k

4
*l<*

C
O

2
S

^u4

Iru

1?W
t3£AlHliUuii

C
O

1*

4

v
.

S
ioll—
I

*J
i

I

C
O

'

H
i

olfc3Q

i
°

i
-2

I
vi

/•O
H

•
0

'

J?00

iI)roll

'
S

i
I

<
It

<
c

3*3>

!
«

0
1

^

C
O•w

Ir
u

i-o*

i

<
_

1

ii
ru

!iifiI'llC
D

iiIU;>.
\II

i
!

col*

ib*;

I
!

I3



U-

r r

mi

WM

is co*sisl**jt~ wt"tk -fie preeeJUV/* *+»««"/»;»«/£,
CoAJsCjerC*/* "M*e Iai-«« "h*vH« stieps M-s*^

"He altfpritIm -for TI Atust" Corr*elL ^«5cr/le.

dot" yzf U/cLJtJ self-co^/s+'V/L

r

AW

>XC for JoV

W.Tk o- M«V»V*u*«. c*eA)SiTy CmToTT

/lAOA/iforiVp pfAs*t*-\/*et4t«.*A iVffer£ce.
po s %TioA/&.

2-* l

Large. *>i ft'oAii oT p^cce^'Vp egi*«rfiW,g !



;?*>?

-/\Jl0*Aft*f*Z -fl»l *ft^s —MclloA.

.Eascs—louf_.dejvs.ljv—ptjcudej*\.&_

CuA»<J*_J/A/>€»_**s_pjr^
prop** +Ti%6aj.J.

t/Acut<*v. r&jfoA's Cu/JLiVk_j_.e««< nee*

IctmnicAj)

j)—to•'•fk—s\«is*\ ~^pejtU^cltsp^rJ^-ktdk/t.ej/_.
a^jpvec^T—p(4SA«A.=i/ACuttA*. ce/(s .

UAA\Mefkwf-JnAA/Ales—ar.hdra^y _pUsAAA^-vacitu

oa;Iv oaj ...jfi.e__0*cfs#We.. «Hf ?f(e .SAKut*/«W-l»dX.

App Ii'catVo*/ • + ~7«it

AJ 0- piVejL

a) jLToa/ Cyc/oT^ov ICi/cTklN'/fTy

"ToV °\reXppiU+ SATtAtAJiP4J

b) Mirror Xa^T* Ul« Ty

- OUi>«*c ProP*9 *7* d*>
- correcT f«Vt/4*r around r«7<&

Bu.K^py ©-p»^ck jL++-f> iO& #W

aio



'-•) **

5?

i -
•\ 1 1 1

— • —

—r.»_-.:* v-w.»—• .>».j
—

' -'-^•••.••.wir J_~.—•*! 1
•sp

r.o

^
-s;*

4 20
$

O ^

2?

-3.0

^ *<> v.

•I [
i [

fc
i

-3.0

.2.0-

S

/0.o

J_

?.r s.o 7r /<?.<)

F,W At,

/AO

Fy vt.

10.0



ffPN

ô
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^ *HOT e" TRANSPORT HAS BEEN EXEXAMINED FOR

STATIC GEOMETRIES. AS BELOW
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.A M.C. - HYBRID TRANSPORT SCHEME IS UNDER DEVELOPMENT
;to provide the required fundamental view. .

• Hot e~

• Cold r-

• E field

- M.C. particles (w/area weighting).

> .fluid (or particles) .

.-^polsson. eqn *' /'
;jj(wlth UJp1 dilated to QUI) ,
£ ft sat by courant condition on hots)

Geometry 2-d extentlon straightforward

. a *jj! *
$?'•* •.•iP

i

^••' -c curl E

i-F'l^-

•ti

«>
••1- ;
•i «

• ; '.

..

.1*

w— "•''•i" -1..: iL..

'|V; THE HOT ELECTRONS",EXPERIENcV SCATTERING, COULOMB DRAG
l '̂lAND.SELF-CONSISTEli™ '" ^~

...-t>.... — ..*. i i ^i

=;! A"

V

L^ ''AND.SELF-CONS ISTElitVfELOS^io

iy*":* O;Scattir^'~^oiW :V(u
>$&§&,

nlform dlst azlmuthal*angles).

:Pe^-e'^ '(gausslan envelope)
1j*'AL* •£*••k-^1:- :./V'̂ vVVV^^"7v:'<fi^2 • «»«VV3 ZCH)n|AUogA
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THE

i>/

" '•>• ^"-r?:v .• »* .vv- vi.-.-..x- . .•

.. . ..,*••» . .. • t .• • .•

SUPRATHERMAL.SOURCE CAN HAVE TWO FORMS
. • ••-. : i:'-' '•• &v-< ft ;.Vi-- '. *• ..v.

• . . .•.r.;. y . .

•r..*r '•t?.-..

Resonant Absorption Fraction _ ^.

Drifting Maxwelllan ug(u) j g(u) • -±—. e u "* X

with arbitrary Tx/Tt ' (usually emission In a 20?.;5fv
v -•"• \ / cone towards the Laser) •J:*:£J;;v'

Inverse Bremsstrahiung.fraction

Simple Maxwelllan g(u)

••-.m

T.7.Tt;:-v.:iV;>-.i'-;-> " •.•'.''''•'; .;•:. '.•• .:•
:v.. • .;• . : ;.f» « • r* ft. .. • «• • ; ••• . «* *.

Generally TH ;^o(IA2) V3-^1'3 {'the particles are'welghted
:. .>*•, ?/:£*> *#^':.' ••. . to allow..this..; -'.--;> ..»^;....;,

The Thermal density Is 'decreased for each suprathermalicreated.

.-. *:••• ., • ^-^:*< •i4 ^ ^.,,J".i •,;-•"•;•''• .r:v1 ;'••'•-i-». •' !'. ,l;. '• ••

«V:' • ' 'I
.•><» <*f.V^.\.-.

THE COLD ELECTRONS-ARE TRANSPORTED BY DONQR-CELL
COLLISIONAL HXDRODYNAMICS'

1|>i-- n i

Contlnulty^^A r {

^- • %.' ?•:•••
• i!L y a(nu)»-

•'' •$••; ^ ^convection) \. (Drag)
+ ft

(Laser )
source

•.-.^.-iwa

:•;$.

•• ^- v WvW,or?* '•"• ^ source)1: ":'••:*M-:!,WJ! :.•>• .

••••'• 71':il:*A >:?"..-i'i.- *••,•<•••«•»- . • -.^. '.'.;"'• .: :'vi • •:. -».-. • t-«-, *t|ji;,v :-••.
—2dio*L-L-... .^l:...,._.:. :.u*.-i-j :• .':.. :-—- -•••^^-,J^J^^ • :•' i:
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COLD TRANSPORT (cont'd)

Energy- - ': .'.

3/2

dx ax

- 3/5*(z)i/muq/T ♦ 3/2 n Df0 - 3/2 n •• T' '
(thermal force heating) (drag) (laser source)

Limited heat flux - r v
(diffusion) ' .^(thermo-electric)

JL. iL v;3/2 £!SL n uT
7(z) ax • • yh)

a « f Ks 5" T

FjjS- JLlil
y(z) ax-CB% •v-i? 3/2FL5. 0.6 n T

. (classical limit)a. a.yare extended

Braglnskll coefffcfents :f;^j?c; CranflH.

•^v>

<*<

. • '-^ ^ ^i?i??r' •.-:•.• •••;• ..;#

DONOR/CELL ..HYDRODYNAMICS WORKS. IN TWO STEPS "\&

9*
«y?'fr;-^

:jf S*i*«

Update alb quantities locally Ignoring convection •

;!'•'•• effects:of drag, sourclng, resistivity PdV work etc.)

Am)

,'i

Convect .theyildeJo.uahtltles with the flux nu

; ' „(m+l) . .. ? ' T(m+iV:-

> •• •• . --'J »*»» -a-1 *:. < . ;. . '

•••• ^?^. •• -w&Ai1 rfcv.-.'. • w- ^;:"' .^

y.

jathfrt:1-

1L>
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J-V--

ALTERNATIVELY, E IS OBTAINED FROM A "MOMENT
METHOD" MAKING USE OF.QUASI NEUTRALITY .<••

We use the predicted currents...

^0§'̂ F-^sft—P*™] . ($ame for Jc> |

Add them and solve for E... (Jh + J • o) r

:•)

rijLf

' •'•m*''->fc*JH . •
,'3"i'": ;?V: '•♦ ' $'•• .

Then average^ with the earlier E.
.i •'..-. $$-$&} %& v" •

1*1/..

THE E FIELD ALGORITHM PROPERLY ESTABLISHES

OUASINEUTRALITYJ^jWlCATED BY THE DENSITY
AND CURRENT PLOTS' B£LOW? "*.

9 V •

density

300

.'la'50

•ISO

•100
2M'&:-:;M0

X(Mm) r f

'!'*:r- i " .. 'Mv.|-*|'̂ 1:> •• *>:.l.i .
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Mlrror-Machine-Hlcrolnatabllity Simulations In
cluding Ion Bounce Hotlon.» BRUCE I. COHEN, NEIL
HAROH, and GARY R. SMITH, Lawrence Llvermore
Laboratory—Simulations of drift-cyclotron-loss-cone
(OCLC) instability in a uniform magnetic field have
shown agreement with the nonlinear theory of R. Hyer
and A. Simon (for a single DCLC mode in weakly un
stable plasma) and with a theory that invoices ion
trapping and a simple free-energy argument (for a
spectrum of modes in strongly unstable plasma). He
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 quasllinear diffusion in
velocity space. The new oode employs a one-
dimensional electrostatic slab model: drift waves

propagate and electric fields vary only in a direction
mutually perpendicular to the magnetio field and to a
density gradient. Ions are treated as partioles, and
electrons as a cold fluid that responds linearly to
the wave fields.

•Worksupported by O.S. DOB contract #W-7>l05-ENa-48.
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Mirror- AJacAiVifr - Mtcromshil>}liiy S/mtt/a-fi'ons
«>•»• • ' •• <> * / '

T^ctu^i'm Jovi Soahce Morion
•l.,,.i,Lii .J'"-!!,, I, i •• •: s=

Brue«. I.Cohen Mftil Aforoki <W Gtxvy £. Sfrvti-rh
LaWrevtce LiVer»nort- Ld,bov*<i-r©»*Y

% 5tMuUfioh$ of o!nff-cyclotVoh-los5-cohe (JDCLC) Jn <*.

i. S*fum4ib>i of aiiV^lc ttW-aW«. wocte near- kvwujikkJ shu&ltly
due. -fo v/««k ywcxli'ficaTYon of ©rfcfo 0^4 -6^

i. More uv«feJJe, plasiviAs ^xh'ikrf-ed Ton trwppVy

qj ^iVviulafi*onS of* £>CLC ««>io( Tow bounce r>>0cU!.s in a.
nonuniforwi wxicjKie-f-ic fieU 80Ctf>

driven by 4£civfc£>0 <W requires iovi parallel bounce*.

due. -fe> illusion, of ion bou»cmg

>. Ov«rUp «f lonrbouwc-c re5oi*ivices -> au<i$iliViecir. dipfuuhn [
C^*tpt^\h'ov\ wi+h woMlmcar Au^ awl ion "fr^plVM.

r

3*7

TiYhrodiAc-Won

to* Ben^w wave (uW*ffl^.~) +»0MaiaMa3riefiC-^nF+^/e (cj^coJ")
*> unsafe, drift- -cyolorfro* orDCLC rmwfe

The*? vnodw ca» be *W« cmjTaHe. fcy sfesp *W.ry ghtdienT*
*nk le*S-co*e velocity aiStVibufioh functions in hof <fa*e pJWt,

* If ion bouhoVuj ii included, a mod^ may ix^f -rh*t Cs '
absevfr ,Vi uniform £o ^ unsJuoU **-l**wwl«fe.
Oyrl/an^ prikn^rifyj by loss-cone veloci+y eh*trifeutSo>i flu^c+iovi.

Eyper»r>ewM n<iofivdfion *

I. Ohfemhons ©f lanje-awip/irMefc. irov-cyc/ofron *«ve5 dju*.4x,
J>CLC *»** ^rVPr-cyc-M-rwi -furbuUrice iVi mirror rwiohmts
Mulli-pdfc j Q- •Machines, efc.

4.A+ -StVfcr gr«u*iWa and higher f^ua^eiw,-ftese, wwxfe*
fncuxfbrvn mho fta lower hybrid drif-f «*A m.hhd ir*W/»'f»e5

(«j*i«Afh5 op 0-pw^)Tbi'>vi*cJe,+*.)

3. 0©se<rvwnovis of lon-cyclorVon ^fnhe. wie^e^ in wii-n©K»

ion ctiaKMa^ncfit oliVecfion »'n hl^ly avti'so+Vopic pk»vn«i
<*v^>» <v,lt> ^~" *M«Jifi««( vi€g<i'Kv«.-hi<«3s ms-fc»b»l»*Ty.



V»v

r/ypnd S|Kv»M,lg.r/on Model
uniform 8

^\-^V^^^'

Local slab model for
drift-wave s*iVwAla.fion

36*

t particle iov>s ; 1vK; =£ [S(xi-x)Ex+ vj§7 3x| =vj

*y »,• ** it y j
SC*'-*) s l»«eAr ii*ferpola.fitn/{iWfe>«iied! ion

L twuS

• linearised! f/uitt electrons £xb and dE-polari-fcafion Jrif fs

• Fo»s*o* «ma.fi'o>v:

OB. H

Y\. h
i," «K u*iVki FFT

Thw code is a modification «»f ft.(Aaron's version, of
Bruce LAMgiov^V E5L code.

<fc W

•> triform pleiswa. -fes+- cases ;

i. Low«r hytri<( waves in coM plasma - linear dispersi'*- relate*.

CO

Ufc.4te.05'

AX corvecijows «•* twyorfewf 8

2. low Bernstein W*ve$ — f/ucfua+i©H. *pectruw

****-| "Vs^slOO 6^,/ltsaflff 6*gr*l «7(s
^U" **i" <•£ WOO io*tf

*J*T,

HO

.8

.fc

.4

>. •• •

~ wp! i _[_

-»-»»•

Ux

JVff wovtes in vto* uniform plasmas

1. M*cwtlli«i -fjty) : drif f-cyclorro* instability

2. Lo$4-cov»e. f.^J >either (fC^-^) o* *ubtmcW MaxveUw
mirially: driff-cydoWt-losi-cone (bCLC),r*ode*



TjCLC ti'wu kftons
uniform B.

-I• ffOp a (lirvj) <RvrV) or t«0

0.6

3

£0.4

I
uT 0.2

Rew/cjc,

I

f

31*

S <1)CLC lmeour d«p«rtie»i re|ahon"|- ^
0.25 0.30

5*far«fro*i by ioM fruppina

tlSjl^l-*"
ref. Si^wwr ^Callen PF1$ Mz3 (rV?i)

<l%impbVA Entity profile ciwrjg-e

.o

1

3^*2 k*W
Wel

O J-

01-
0.1

' 99 I «-
0.2 0.3

k», inverse scale kwjH»
1

•

" Imu/u^ }.

^/ \ -

V
-

1 Ka.aan .

/ . l*"!"**!
12

unt/u
p»,w«*

• Ton disfriWuficM fu»icfi'oH

I

• Elee+ric field, wraff d&sAy v*. ^t-

• Rwh'c/e orfcif 75r*oJeJtJ</oO



DCLC frmukyKortS
uru-forrtt 30

RsT^/T^^sreUW •fe Mirror rahb
P= reWvto d«*wify of Hole. 30 Q6

c
«

DCLC Ime^r dispersion rukrion *
a

E
o

u

Ra<l paI Oi^/fcfcj s 3 kft|=3

0.4

-$1$.

0.2

Im tj/lj^
XT

Siw^le-irrtode. nonlinear*
«a.furo.tior» dlae to
per+ur fcecrive ^hiff i»\ ion*
orbiTS ayuifXy^) near- marginal

stability:

•**? oc Imui tje/^V*1

0.16

i'0.12
a>

J
a

I 0.08
«

.1 0.04

Sti^lcmede {Wry of Myer 4*4 ^imoh

0.20 0.25 0.30 0.35

Inversescale length, tcat

-<x£-

-j—1—1—i—1—1—1—1—1—i—"—1—r

Thermal x &
level * "

0.20 0.25

Nonlinear theory

0.30

♦ "I

margined jfabilify

0.35

w jAt=0.| 5*0,000 iovj^ trtyid poiVfy

pi'
X>CLC $ivy>uig|-ioiqjs

uni-form B„

Two-wwde siMuUhVv. V,th f.(v^f-o)S 4- fe^pf^)-r^P(-R>iVav>)l
R*q r*l iw..*o.xl fcVj/c*>£is3 •"iAv1*'*

ifcvf(|2-r)

w^t

2 a/2V^/Vi

f/lost art*laWc rtiode ka.= 3 grows artel svitUrnfes ala /Wyer-Simon.

<ecoM<t harmonic ,'s nowlmearly deitub'ihVed, as is fhc fun44werv/ai!
Subieflui/rtfly tfhi'tk ulf»»*vtely +mp* "*>i am<J -fills -ft* |©s»-covie.
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DCLC *t'wui

• multf-mode for f^(VMt«0)=^^:r)pi x ' ' "rrx 'J
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Re o/tj-i

Imu/u^;
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linear dispersion
relation
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0; Ii —2i 3 "~4i & 6< 7 8! 91 10

HI 10-2
.C !
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Y| 10
Si
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si io-6:

Wavenumner ka(
Ib)>
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^bP^^wni+^le
modes
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Wavenumber KE

. turbulent* spectrum
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Li—L

15:

P=9 r=l «*Li/wc;»3 n%.An ^|o34> Ka.*o.i<-i Aa.= o.S"
r • » *• i i

3>CLC Saturation

—is—r

377

• ion trafrpn'W in a. finale, cyclotron harmonic flute mode u>«lla^.

' ***f. TMnofeft^/bHKdt*

e.J. £(£<*%-# kpS^ J(».S)a«/a- |,-i^ua .| «^£ <y(i/z)

«»3. f C^oc $ubtr«ictea M«xv. U^-z^ U-^/oi^aS
o.lT.*v».l£*0.*T. O.I£ «Vi/T;.i 0'^

• weakly vtoytimear orbit* a&A fO^) rnodfficafi"©*!

a,o^j ^L jA"f. oc «j£* «^l*-wave theory (Myer-Siinon)

*A oc V
T.

i

,'/x
c^/«.v

free -energy balance. esfi'wwit*. of saturajfioH amplitude-

free energy A*E *k:E(fv^k) - ktfC^V^"^ * ^ "*"#
X***

oJ>6 £ S 6V) *•=,
><4^ir l©»-*ene

Kf?3 UuhKc *ncnjy doto'ib)
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3 to

•In theory one wr'tt&s t/ie f/«te-averaged
Jispers/ow re/atiflM

/I f^iifi ^w _r^j_ HSLULL°"V ar^V^kL," l«* 4»

L s lewfltli oV&r wniclt mode is •fluk-like.

Witt

«.*(*>-*v^«*^-*y*-P

Lf-,|TAL. , ^7-,/V*!,
dispersion relation is

Poisson e^uatfen in simulation code (seep.Sj
is consisted wiii tJieory if we /et JiirL^/L^^ I
and Set [%V0tftWory » [wpe]coje •

: ^—^r

vv/iy must" we Include ion Pouncing in

Ifnear theory \

• In siwulat/ons we choose a relatively
large va/ae or

6^.. ttPUMce frequency of typical ion
u)ci ion cyclotron frequency

lecause we want (run time)* many bounce periods

*Thus we violate condition for neglect of
houncing fBerk &Pearlstem, Pkys.Fluids ^/W(^
wlllCn /S

wliere AJ* is thermal spread in

V integral along low triajecfbr^
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5*1

Plot of r inite~Wldfh Resonances

farameters: Xs\, o> =fl0-2.2 *107 sec'1y
L-60 cm, R9*»30crn, q^-IOO.eV,
k-lc,-, M=MDeuteron

70

to

2 -

_i—i i » i»»*

p=-2

Points on

Sto elasticity Boundary

« * i__i » ««*

0.1 0.2 0.* 0.7 I 2 H 7 0

w„Uev)

AUve plot illustrates tits conclusion (verified
iy calculating trajectories of s'lngle ions);

kiaJt-energy ions move superadiabatically
low-energy ions move stochastically

Conations for observing superadialaticity in simulation
|, IWtal/e *We wt^t satarate at amplitude
' $i5M'fi%CAttt/v/ afcoi/e tier***/ level

2. Tlw* mode, in Saturated state^ must not
exhibit larjc amplitude oscillations
with period < n*/^.

Conditions for oUfrru/nj ^uajrf/iMear diffusion
olue +o a ^inj/e mode In simulation

I If to <u)c* y He mode causes eKponentially
small iambs Av. unless

2. For any *>, tie mode must cause larger AvM
titan tie thermal fluctuations witi u>*uo;

Wfti care tnese conditions can be met.

•off
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PRINCIPAL CHARACTERISTICS

OF TID-

CHI COMPUTER SYSTEM

HIGH COMPUTING EFFICIENCY

Large—scnle. problmn

High Speed

Comparable to CDC 7600

HIGH PROGRAWEfl EFFICIENCY

Simple and natural Inngunge

Convenient graphics

Interactive access

Usable tllroctly by the physicist

LOW COST

Comparable to minicomputers

3\ of CDC 7600

3?o

CHI COMPUTE*! STRUCTURE

MP AP

64 kWHost

|38-blt]

(16-blt)

H- •

m--•
t|J-.[71

Terminals

4 Disks

64 MM

(30-bit)

3ft
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STRUCTURE OF CHI COMPUTER SYSTEM

I .

J local L
«user i1
I station |
I 1

. • local ^
| I user K
• I station '
; •- 1

IIP 32

16-btt fixed

point processor

High Speed
Display-

Control ler

64K x 20 bit
l/3usec acatory

Universal I/O Bus

Modems
for

user

stations

1200-9600
baud.

1 ~1 1| Printers/ ~~-J
• Plotters -^^
! etc. I
L. 1

UX

MD I Ma

Input/
Output

Processor
I0P

o

1

AP 120B

38-bit floating
point processor

64K x 40 bit
l/3uscc
ncaory

AP Memory Bus

(16 bit data. 18 bit address) UA 8 UD

(24 bit data extension)

(40 bit data.20 bit Address)

1

IOPi I0P2. I0P3

\D*to° \l VDrive \j \Drivo \) ySrlvo \/

OATA THROUGHPUT AND CAPACITY

Macro Processor (HP-32A)

16-bit fixed point processor 167 nanosecond cycle

64 words scratch pad data memory
512 words fixed instruction memory

8j*»M3%£K*^ i- «• —•»<«•
16 x 16 multiply 1n 333 nanoseconds

• Controls high-speed local station displays
Display rate: 2usec/point

• <2<asec for longest line
>400fJ characters/second

e Schedules lOPs and Array Processor

3*3
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AP 120 B oLOCJC STRUCTttRB

MULTIPLE

38-BIT DATA PATHS

TABLE
MEMORY

HI |H2

STAGE 1

STAGE 2

STAGE 3

HOST

CPU

I/O

T
DMA

r- ^I INTERFACE f

OATA

PAD

X

DATA

PAD

Y

MULTIPLE
38-BIT DATA PATHS

FLOATING
MULTIPLIER

MULTIPLE

38 - BIT DATA PATHS

PROGRAM

SOURCE

MEMORY

MAIN

DATA

MEMORY

16 BITS

5-PAD

MEMORY

S-PAD

ALU

16 BITS

mT A2

STAGE 1

STAGE 2

FLOATING

ADDHR
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DATA THROUGHPUT AND CAPACITY

Disk - IOPs

4 Trident T80 drives — over 16 million 38-bit words each

All four can be simultaneously transferring data to/from
AP-HD or KP-CD, each at 250,000 words/second.

Any IOP can be used for memory transfer between AP-HD and
KP-CD at 1,000,000 words/second.

Array Processor (AP-120B)

Very high-speed 38-bit floating point arithmetic unit

Two 32-word scratch pad data memories,
2560 words l/3usec fixed table memory
65536 words l/3usec data memory (HD)
512 words instruction menory

All memories can be referenced in one 167 nanosecond machine cycle.

Operation Times:

Vector add, multiply, subtract lusec/point
Vector SQRT, divide 1.Busec/point
Vector EXP, LOG. SIN 5-Cpsec/point

3?(>



EXAMPLE OF QII MATH SYSTEM LANGUACB

For the Vector Calculation: C£ - SIN (A, ♦ B.)

Keypushea Operations Performed

0 A, B*C C(i) -A(l) ♦ B(i) for all 1

(jjjj) C(l) -sin C(l) for all I

(DISPLAJy plot C(i) versus i

f~

3ft

r

SECTION OP HATH SYSTEM PROGRAM

TO

INTERLEAVE DISK TRANSFERS MITH COMPUTATION

lath System Program

»VE INDISK

MOVE BUFFI

OP 'PUSH

MOVE INDISK

MOVE BUFF2 •*•

OP PUSH

MOVE INDISK

MOVE BUFF3 ♦

OP . PUSH

* BUFFS

"OUTOISK

BUFF2

♦BUFFI

•OUTOISK

BUFFS

* BUFF2

OUTOISK

BUFFI

Processors Involved

10P1, Disk 1

IOP2, Disk 2

AP

IOP1, Disk 1

IOP2, Disk 2.

AP

IOP1, Disk 1

IOP2, Disk 2

AP

3^7
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STRUCTURE AND TIMING - ELECTROSTATIC PARTICLE SIMULATION

1,000,000 Particles - 32 x 32 Grid

Data:

6 Words/particle x, y, *, vx, v ,vx

8Nords/gridpoint: Ex. Ey. Exx, B^.-E^, E . C, D , D
yy * -y

The particle descriptors are on disk, 667 particles/track, 1500 tracks,

or 750 tracks on each of two disks for input, and the sane for output,

with the two pairs of disks being interchanged with respect to 1/0at

each tinestep.

AP-Menory Allocation:

Electric Field arrays (S) Sk

Charge and dipole arrays (3): 3k

; Particle buffers (12) 48k_
Total 56k

Data Transfer Tiaing:

60 disk rotations/second or 16.7 ns/track, for a transfer rate of

25 us/particle for each of two disks, or an overall rate of

' 12.5 us/particle on a track-by-track basis. Loss of one rotation

at the cylinder boundary (5 tracks/cylinder) increases this by 20%,

giving 15 ps/particle on a cylinder-by-cylinder basis. *

Processing Tine: -

Doainated by the particle-push AP routine for this systen size.

Present AP code estimated at 13 ps/particle.

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.

Overall Tiaing:

• 15 ps/particle overall, or IS seconds/timcstep.

16 hours for a run of 4000 tincstcps (to u t - 1000 Mt » 0.25/w )
P P

</0/
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STF.EO COMPARISONS

PARTICLE CODE

Time/PartIcle Push

CPU

I/O

Overall

RUNs lo* Particles, 4000 Timesteps
Total Tln»

7-1/2D MUD CODE

Tine/Grldpoint

3D KJID CODE

Tine/Gridpoint

RUNt 64 System,. 4000 Tlmesteps
. ' Total Tine

IBM3G0/91

Assembly Code

55 us

SS pS

61 hr

Fortran

Code

(H-Coupller)

130 ps

Fortran
(H-Compller)

"230 ps

33 hr

QII SYSTEM

. 13 ps

0.6 *.2S ps

15 ps

16 hr

SO ps

100 ps

14 hr

y<*

c

<f<>3
Clll APPLICATION CODES as of NOVEMBER 1979

Status: W • Working Code, D » Under Developnent, P • Planned

Code

2V0 Electrostatic
Particle Simulations

(bounded and unbounded)

Vfi Fluid MUD (Linear 8
.. Nonlinear)

3D Fluid KID

2JjD Hybrid

3D Hybrid

W"D Equibritra

Molecular

Landau Damping

Two Streaa

Thin Sheath

Trajectory Integration

Adlabatlc-Invariant
Integration

Real 8 complex analysis'
library

Display library

Type Status

AP WD

AP * »

AP If P

AP D

AP P

AP D

AP W D

AP W

MS W

MS w

MS tf

MS w

MS W D P

AP W D P

Applications

Transport Studies
Heating Studies (with TRN)
Non-equilibrium fluctuations (with HIT)
Stochasticlty studies
Surface Bernstein nodes

Tearing node
Coalescence of nagnetlc islands

Field reversal
Toroidal-geometry tearing node
Toroidal-geometry magnetic-

Island coalescence

Kelvin-ltelaholts Instability
(Interchange instability)

Ballooning nodes in Surmac

Tokanak studies
NASA Astxophysical studies

GA Doublet III equilibrium) analysis

Chcaical nolecular dynamics

Spatial Landau Damping

Effects of DC electric field on
bean instability

Explosive Instability in nultlpoles

Drift-waves in thin sheaths

Tokamak particle orbits

Stochasticlty onset in mirrors

Variety of smaller problems whose
on-line, interactive analysis
develops the users' intuition

Advanced displays, e.g.
3D projections
Contour plots
Field plots
Phase-space plots



cm COMPUTER STRUCTURE

HP

Host

64 kU

(16-bit)

AP

64 kW

(38-bit)

4 Disks

64 HW

(38-bit)

'HMD

Terminals

Vo

CHI COMHJTKR STRUCTURE — Klrst Expansion

HP

Host

LH~Q
EH3

AP

2S6 kW

4 Disks

240 MW

te as*



CHI C0:*J»UTER STnUCTWRB Second Expansion

, 0-0
0
0

0

o-a
o

CD l
r__: n

Printer

Plotter

0

Tope :

Drives

Total Memory

AP

256 ktt

AP

256 kW

AP

256 ktf

AP

2S6 kW

1 Mcgavord Core

4 Disks

240 KW

4 Disks

240 MM

4 Dinks

240 MW

4 Disks

.240 KH

J *

960 Hegaword Disk
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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

rvRC

MFC

INSTABILITY ARISES IN RELATIVISTIC BEAM SIMULATIONS AND IS MOST SERIOUS

WHEN LAMINAR FLOW REQUIRED.

• OCCURS AT MAXIMUM K, AND URGE K|,

• GROUP VELOCITY RELATIVELY SMALL

• DISRUPTS BEAM STREAM LINES

• STABILIZED BY BEAM TEMPERATURE

• SATURATES AT LOW AMPLITUDES

• PREVENTS BEAM QUALITY MEASUREMENTS
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MRC
COLD BEAM NUMERICAL DISPERSION RELATION SHOWS SOURCE OF INSTABILITY

}m*-IV2-l\]2 -> £ s2(W) s*Ck„l s2^)j
•{l'l!rE s^^k&.^J

*s2(kM) s4(5(L) -y2 s4(k||) s2^) |(i- yf2

• EXPRESSIONS HAVE USUAL MEANINGS

• DERIVED FOR GALERKIN ALGORITHM, BUT QUALITATIVELY UNCHANGED
IN OTHER CASES

• ONLY DOMINANT TERMS KEPT

INSTABILin OCCURS AT INTERSECTION OF BEAM WOE ALIAS WITH LARGE k LIGHT HOOE
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INSTABILITY WEAKENED BY SEVERAL METHODS, BUT NONE FULLY SATISFACTORY.

• WAVE-TRANSMITTING DOWNSTREAM BOUNDARY

• 4X„< AX±

• CURRENT SMOOTHING AT LARGE K.. AND Kx

• CURRENT FILTERING IN K..

• HIGH FREQUENCY LIGHT WAVE DAMPING

• HIGHER ORDER DIFFERENCING SCHEME
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ABSTRACT

A computer simulation model 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, litis 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 external

circuit. The emission In the diode is assumed to be space-charge

limited. The new scheme Is able to explain and predict experi

mental results obtained with reflex diodes and can optimize

circuit and diode parameters for specific purposes. As a basic

test, results for a nonrelatlvlstlc Chlld-Langoulr diode are found

to agree closely with exact numerical solutions. Good agreement

is obtained with experimental results for reflex diode cases.

Some recent analytical results In reflex diode theory are well

corroborated by our simulations.

^57

~~?**$%&

INTRODUCTION

Recently experiments have been performed with reflex diodes

for the purpose of generating intense electron and Ion beams

[1-3,8]. Several basic steady-state theoretical and computational

models of the reflex diode operation are available (2,4,5). In

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 a 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 model which Is the

first of Its kind to our knowledge. First, the generator is

represented by a lumped, equivalent circuit driven by a pulsed

voltage source. Then, this circuit is coupled in series to a 1-d

relativistlc particle simulation model of the diode (see Fig. 1).

No assumption is made concerning 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-consistently taken into account.

With our model we were able to corroborate some recent

analytical results concerning conditions for steady-state reflex

diode operation [6,71. In a test case, we obtained remarkable

Hsr



quantitative agreement with exsct numerical solutions for a normal,

unipolar Chlld-Langmulr nonrelatlvlstlc diode. We were also able

to explain the main features of the oscilloscope traces obtained

from reflex diode experiments. We intend touse our model in pro

viding guidance for future experiments with reflex diodes, by •

optimizing circuit and diode parameters for better current and

voltage characteristics.

The plan of this paper Is the following. In section II we

present some basic features of a 1-d electrostatic simulation code

for a reflex diode and we also describe our basic external cir

cuit. In section III we present the details of the coupling model

between the diode code and the external electric circuit. In

section IV we compare simulation results with exact numerical

solutions for a simple Chlld-Langmulr unipolar diode and also with

results for a characteristic reflex diode case. Next, In section

V we mention some computational problems connected with the present

model. Finally, in section VI we summarize the main achievements

and potential benefits of our model.

HS1
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II. SOHE REMARKS ON DIODE CODES AND

EXTERNAL CIRCUITS

A. The Diode Simulation Code without External

Circuit ("The Uncoupled Code")

The electrostatic, relativlstlc and 1-d code follows the

orbits of many simulation electrons and Ions in the self-

consistent electric field derived from both space-charge and the

applied diode voltage. The dynamic emission of the electrons

and ions is assumed to be space-charge limited. The flow chart

of this code is presented in Fig. 2. First, the electrostatic

potential distribution 4(z) Is found from Poiason's equation,

using as boundary condition the externally given diode voltage

VD(t): 4(A) -Vn(t)(♦(!*.) Is always zero), where the symbols A and

K stand for anode and cathode, respectively. Then, the electric

fields at the electrodes, E (A), E(K) are calculated. Using a

gaussian emission law, enough electron and ion charges are

emitted (at R and A, respectively), to make the electric fields

zero at the electrodes. The system Is thus globally charge-

neutralized. Next, the potential ♦(t) Is corrected to take into

account the emitted charge (the boundary values are not affected

by this correction). Then, the electric field in the system,

E (z) Is calculated (it is zero at the electrodes) from the cor

rected potential distribution and it is used to push the emitted

particles to their new positions. The new charge distribution

p(z) and the four absorbed current density components are found

(electrons or ions can be absorbed at anode or cathode) and the

code proceeds to the next time step.

Wo



Initially, for a few time steps, this uncoupled code gives

big emitted currents because it starts with a vacuum diode and the

inductive effect is 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 Chlld-Langmulr law, for a non

relatlvlstlc diode case).

Once a particle has been emitted (usually with negligible

kinetic energy), it is accelerated across the gap and is eventual

ly collected by one of the electrodes. Since for a reflex diode

the electrons may pass 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 thickness. An electron

whose range is 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 ones, contribute to

the diode current.

There are usually six current density components in a bipolar

diode (see Fig. 1): ijjff). ifV). iJ'W. C(A)» 12"(A> and
i|b8(A), where el, em, i, abs, Aand Krepresent electron,

emitted, ion, absorbed, anode and cathode, respectively. No emis

sion of electrons at the -anode or of ions at the cathode is

V*i
8

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:

i~-fB(A.K) -Q^;fa(A,K) •S/at (1)

where Q is a surface charge density, S is the cathode (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 positive):

. .em . .abs .abs

He " *•«! * *i " Ha

. .em . .abs .abs

*A " \ el " 1

(2)

During a very short initial transient period, ly^A* because

V*T-3p/3tj<0, but In the steady-state, ig is very nearly equal to

i. in all our uncoupled code runs. For our simulation purposes

we define the diode current to be: U^i-v,'

The following notations are used in connection with the flow

chart of the uncoupled diode code (Fig. 2):

d - A-K gap

V_(t) • diode voltage (externally fixed)

A4 (z), A<t>.(z) - functions used to correct the potential

distribution by including the effect of the emitted

charges.

Az - simulation space step

NZ - number of simulation cells: dBNZ*Az.

The following constants are used to match the boundary con

ditions to the finite grid system:

Sfr*
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D - 1-0.5/NZ

B - 0.5/NZ

2 2
C - D -B

The following are Creen-llke functions which represent the

correction which should be added to the potential distribution

♦(z), due to one unit of emitted surface 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):

A+e(z) - -2x oz(z-d)/d, + Az/2 £ z < d

A* (z) - -4* (Az/2-d)z/d, - Az/2 .<:< Az/2

(b) For ions (emitted at the anode):

Af£(z) - 2> Az>e/d, 0 < z<d- Az/2

A4t(z) - 4w(d-Az/2)(l-*/d), d-Az/2 Se<d+Az/2

The following expressions represent the usual gaussian laws

used for space-charge limited emission (E (K) and E (A) are the

boundary values of the electric field before charge emission):

(a) Emission of only electrons:

Q^(K) -1,(1*)/4«D
Qf(A) -0

(b) Emission of only Ions:

q™(A) --EE(A)/4«D

(c) Emission of both electrons and Ions:

Q™(K) - *D-B8(R) + B-Ez(A)]/4«C

QjB(A) -iD-Ez(A) + B-Er(R)]/4iiC

(d) No emission from any electrode:

(3)

%3
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The corrected potential which takes into account the emitted

charge Is therefore given by:

♦C(z) -»(z) +Q™(K)A*e(z) +Qjn(A)-A#1(z) (4)
Finally, the electric field is calculated as:

B8(x) -UC(z)-*C(z+Az)]/Az (5)
(E (A)-E (K)-0, when using 4°(z) for the derivation.]

B. Basic Reflex Diode Operation

Several early models of the reflex diode operation are

available (2,4,5]. In Fig. 1 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 LQ ("G" stands for generator) and a

pulsed voltage source, v-_t(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 is an Ion source,

the accumulation of negative charge near the anode foil which

occurs during the steady state regime will draw enhanced Ion

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 Chlld-Langmulr value for normal

bipolar flow .

The Ion current efficiency, i^m(A)/in is also enhanced over

the usual bipolar ratio, because of the increased electron life

time. No law similar to the Child-Langmulr law Is available for

<ffr<J
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a reflex diode. However, some recent theoretical results [6] have

shown that the reflex diode current is "resonant" for Nr^4, where

N is 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 £4 for the given foil

thickness T. This predicted operational diode voltage Vqp(t) can

be found from suitable electron "energy vs. range" charts for the

specific foil material, and is given approximately by V°p(t)-aT

where "a" depends mainly on the foil materials [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 Is:

dyo
Vext(c)-Vt)+LG-It-+RGVt) (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 initial

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

starts to exponentiate, if the plateau value is higher than

VqP(t) (the operational diode voltage, corresponding to

<it>s 12

approximately 4 reflexions through the given foil of thickness x).
diD(t)

Because of the L_ —-j-— term in Eq. (6) and because of the "reso

nant" current behavior for N *4, the diode voltage Is expected to

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

current if° is given by:

d:L sat

The diode current tends to if according to:

yt) *(i-e^V^Xt-t^j .[l8at_ w, +^ f

where t- is the time at which the diode voltage stabilizes.
.8

An* estimate of the current gain over the usual bipolar Chlld-

Langmulr value can be found from:

Vs" - -L. •Mi iS'f' +V°p(t) (steady-state) ,*Q *C.L

b.p.where M is the gain factor, and ic*£* Is given by:

ij-f* »4.6.10"6 VJjp(x)3/2« S/d2 (in M.K.S. units)

We see that Mis determined by V^, Kg. S, d, xand foil material.
V°p(t) can be estimated from electron "range" charts to give

Nrl4.

Thus, we expect the steady-state diode current and voltage

to be relatively insensitive to parameters such as S, d, LQ and

m./ra (ion to electron mass ratio). This fact allows us to
1 e

choose simulation values for these parameters which greatly

increase the computational speed and stability; lower LQ and a^me

decrease the computation time, while higher S and d increase the

code numerical stability by reducing the current density (higher

</frfr
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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 determined at any time, including the Inductive

effect of the external circuit.

Hfr7
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III. THE COUPLING PROCEDURE

In the uncoupled code the diode voltage is externally fixed.

In the present code, coupled to an external inductive circuit,

the diode voltage is found self-consistently at each time step.

An ip-Vp relationship Is not assumed,so we look for a general

coupling technique while keeping the number of assumptions at a

minimum. The main assumptions in our simulation model are the

following:

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

b. The potential distribution is found from Poisson's

equation:

*/ *(z) - - 4*p(z) . (7)

c. A gausslan law is used for space-charge limited emission

at the electrodes (Eq. (3)).

d. We assume zero initial currents and zero initial charge

distribution.

e. The boundary conditions are:

*(K) - 0

f. For a bipolar diode we assume

S " H*" H (8)

In Fig. 3 we 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 Ion currents, the total diode current and the charge

<1K
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distribution function are all zero, at t-0. Then, by using the

gaussIan emission laws [Eq. (3)] one finds the uncorrected (before

emission) 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 4(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 4(z), the cycle continues along

two parallel channels. In one of them, the Instantaneous, self-

consistent diode voltage Vn(t) is simply found from:

VQ(t)-+(z-d) M(A), where d is 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 dl_(t)/dt is

found (at t-0, dl_/dt is simply equal to vext(tm°)fi'G' The current

is then advanced to the next time step. The simplest way to do

that is by using:

dlD(t)
lD(tfAt)-iD(t)+-g— -At (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 cases, higher order

time centerings of the circuit equation, and careful choice of At

and Az are necessary (see discussion In Section V).

In the parallel channel, $(z) is corrected, as in the

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

1*t
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electrodes [Eq. (4)]. This correction does not affect the bound

ary values of 4(z), because the correcting Creen-llke functions

A4e(z) and A4.(z) are zero at the boundaries (see definitions in

section II-A). Therefore, the value of V_(t) is unchanged as it

should be. From the corrected potential distribution 4 (z), the

corrected electric field distribution E (z) is found FEq. (5)];

(it Is zero at the electrodes). In the meantime the necessary

charges are emitted at the electrodes [Qe?(K), Qf*(A)l and the

newly found electric field is used to push the emitted particles

to their new positions during the tlmestep 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 absorbed currents. There are four different absorbed cur

rents, electrons, or ions being absorbed at cathode or anode.

At this point the two parallel channels converge, the

total diode current l-(t+At) and the various absorbed currents

being used to find the necessary emitted currents at the next time

step, t+4t. These currents are Qej (at the cathode) and Q> (at

the anode). For this purpose equations (1), (2), and (8) are

employed. Then, the time-integrating cycle restarts for the new

time t-t-At.

As a remark, we mention that for a simple diode emitting, for

example, only electrons, all ion currents Q. 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

H70
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parameters. The presence of the Inductance gives to this model,

even when using a non-centered equation like (9) an enhanced

measure of stability, both numerically and physically, because the

Inductive term opposes any change In the current. For extreme

cases (high current density or long simulation times) better

numerical procedures are needed. Indeed, as we shall see In sec

tion V, the current behaves in a relatively stable way even when

the time-dependent behavior of the voltage becomes numerically

unstable.

V">/
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IV. RESULTS AND DISCUSSION

As a basic teat, results of computer simulations using our

model as described in section lit were compared with an exact

numerical solution for a simple unipolar diode (only electron*

emitted at the cathode). In the numerical solution, the usual

Chlld-Langoulr law was assumed to be valid at all times. Thus,

the system of equations to be integrated was the following:

-6 3/2 1l^it) - 2.34 •10 °•VD(t) •SAT (in MRS units) , (10)

dyt)
-jf—- lvext(t)-Rc yel-voi/ift •

yt-o) - o

satThe saturation values of the diode current and voltage, il

and Vn can be estimated from:

.sat.
ext C d

sat . _sat
+v: (11)

where 1*" ia found from Eq. (10).

For both the numerical solution and the simulation, we used

the following physical parameters:

Vext - square pulse of 1 MV and 4 nsec, beginning at t-0.

Lc - 2ntl

Rc-2ll

d - 1 cm

S - 100 cm2

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

l£flt -140 KA; VJJ" -720 KV

Hn
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These values are actually attained in the numerical solutions.

The simulation results are:

i8/* -132 KA ; Vjat -735 KV .

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

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. 5a.

For comparison, a typical experimental result Is also reproduced

[9] in Fig. 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

externally 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 is assumed to be available from the

beginning). In the simulation we used lower than real values for

LQ and B./m to speed up computation. The current saturation time

in both simulation and experiments corresponds closely to:

t i> tg+ (2.2LG/RQ), which is expected to be true for any L_.

Concerning the simulation results, more study Is needed to

find the dependence of ^(t), VQ(t) and l^/lp on Lg, n±/me, Sand
d. Alternatively, a better time-centering of the circuit equation

Is needed to handle longer simulation times and higher current

densities. In our simulations we use realistic values for V . x
ext'

and R_, because i_ and V_ depend mainly on these parameters.

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

V..
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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 functional relationship for VQ(t) and IqU).

Other similar features are:

a. The diode voltage collapses and stabilizes at a value

corresponding to N %4, as required by theory 16];

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. Significant current density gains over the Chlld-Langmulr

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 B is not high enough), we could

not expect a better agreement between simulation results and

experiments.

V7V



21

V. NUMERICAL REHARKS

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-

dlDtract from the external voltage the R-i^ and t-Q-gj- terms as taken

from the uncoupled code runs did not succeed because of the follow

ing reasons: (a) the requirement that VQ(t) be essentially non-

negative would pose unnatural restraints on the time dependence of

Vn(t), which may or may not be satisfied (It is easy to see this

by using the circuit equation and the Chlld-Lsngmuir law (Eqs. 6
dip

and 10)]; (b) the Inductive, current-noise generated term l»c""J"r

is most of the time much larger than Vexc(t) 1° the uncoupled

code, because of the discreteness of the charge emission mechanism

(a few particles are emitted at 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 III, is quite
diD

stable both physically and numerically, because of the Lq -jj- term,

which opposes any change in the current. The current noise is much

lower than In the uncoupled model, satisfying in the steady-state

dlDregime: II,, -j^ « V„.
The choice of the simulation parameters should fulfill some

basic requirements. First, the time step should be small enough

to allow rapid time variations of the physical quantities. For

example, we require Avel<v"JX<$c> at anv tlir,e- vhere v«a lo the
electron speed and c is the light speed. Taking the maximum

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

V7f
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across afew simulation cells), we get: At <(Az/VJJ")(m c/e). This

Is formally similar to a Courant-type condition, Az>cAt, in which the

fastest electrons are not allowed to travel over more than one cell

during one time step in order to correctly sample the space-varying

field. In reflex diode cases with high current densities, situations

with high and rapidly space and time varying electric fields often

occur, especially after diode voltage stabilization, when electrons

accumulate near the electrodes. Thus, quite small time steps oust

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 equstion can

improve the accuracy of the model, for long simulation time's and

high, rapidly varying electric fields.

A separate condition exists on Az, to ensure that the system

-can accomodate the highest physically attainable currents in the

system. This can be estimated from: lj! <R(**n ) *S/Az ,where

R is the Chlld-Langmulr constant. This condition poses an upper

limit on Az, which together with d, determines the minimum number

Mr.

of simulation cells HZ to be used (d-NZ*Az) for given t, V , R„

and S.

The problems which arise in choosing Az and At are illustrated

In Figs. 6 and 7. In Fig. 6, the parameters are similar to those

2
in Fig. 5a, except for S, which is 1 mm . The current density and

i

the electric fields become very high, 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 ve reduced Az, by increasing

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

still unsatisfactory, for the smaller Az. In Fig. 7 the parameters

V76
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are similar to Fig. 5a, except for S which is 10 mm , and NZ which

is 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 all our simulations we used realistic values

for V , Rg and t, because il and V_ depended mainly on them.

However, for L_ and m /m we chose values much lower than in the
o i e

experiments. We did this 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 development on L_ Is more obvious

(t ttg+2.2 Lg/R.), the effect of <%/**> on the various current

components In the diode is critical and should be carefully Investi

gated.

V7
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VI. CONCLUSIONS

This is the first successful attempt to our knowledge to provide

a self-conaistent 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 Chlld-Langmulr 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 electrodlc currents', 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.

</7fr



c

25

ACKNOWLEDGEMENTS

tWork done under the auspices of the University of Maryland - NRL

Joint program in Plasma Physics.

We are grateful to Adorn Drobot for critically reading the

manuscript.

r

Vf
26

REFERENCES

1. D. S. Prono, J. W. Shearer and R. J. Brlggs, Phya. Rev. Lett.

37, 21 (1976).

2. J. Colden, C. A. Kapetanakos, Roswell Lee and Shyke A. Goldstein.

Sandla Laboratory Report No. SAND76-5122, Vol. I, p. 635 (1976).

3. 0. S. Prono, H. Ishizuka, B. Stallard and W. C. Turner, Bull.

Aaer. Phya. Soc. 23, 903 (1978).

4. J. M. Creedon, I. D. Smith end D. S. Prono, Phys. Rev. Lett.

35, 91 (1975).

5. T. M. Antonsen, Jr. and E. Ott, Phys. Fluids 19, 52 (1976).

6. A. Sternlieb, Shyke A. Goldstein and Roswell Lee, Bull Amer.

Phys. Soc. 23, 816 (1978); also University of Maryland Tech

nical Report f79-059, December 1978.

7. A. Sternlieb, Shyke A. Goldstein and Roswell Lee, 1979 IEEE

International Conference on Plasma Science, June 4-6, 1979.

8. C. Cooperstein, Shyke A. Goldstein, J. J. Condon, D. D.

Hinshelwood, D. Hosher and S. J. Stephanakls, Bull. Amer.

Phys. Soc. 23, 800 (1978).

Vfo



Fig. 1.

Fig. 2:

Fig. 3:

Fig. 4j

27

FIGURE CAPTIONS

A symmetric reflex double diode coupled to an external

circuit:

°*" - emitted electron current
el

.abs

el

•r
.abs

absorbed electron current

- emitted Ion current; i. - anode current

i. - absorbed Ion current; 1. - cathode current

R„, L„ - generator Impedance and Inductance

4 - potential; V. - diode voltage (- anode poten

tial)

E - electric field (-0, at all electrodes)

ext

t

• external voltage source

rise time of the external pulsed voltage V (t)

© - a typical Ion; © - a typical electron

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

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

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

Numerical solutions vs. simulation results for a normal

unipolar Chlld-Langmulr diode: (a) currents; (b) voltages.

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

S-10 cm2; x-5mil; a^/ir^ -25; NZ -128; Lg -0.5 nH;
R- - 0.6Q; d - 0.5 cm; t - 75 psec; V™ : - 500 KV;
w r ext

V. - 5Z; polyethylene anode foil.

Note: 5 mil -I- 300 KV correspond to %4 reflexions

Vf.
28

500 KV - Rg • ijj" + v:

.sat

D

VJJat * 300 KV

(b) Experimental results for a reflex diode:

2
S — 2 mm ;

Rg- 1.50;

tf- 20 nsec;

L_- 50 nH;

m./m - 1836;
i e

X - 2.5 u of Gold

d - 0.5 cm

V1*** - 700 KV
ext

V°P(x) - 240 KV

Vf-0

C.L.

Fig. 6: Same as Fig. 5a, but S - 1 mm and NZ Is 128 and 1024.

Fig. 7: Same as Fig. 5a, but S - 10 mm , NZ - 1024.

H><c>
Note: The fluctuations in V_(t) are mainly due to the L„—?-— term.
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FLOW CHART OF THE UNCOUPLED 1-D CODE

t • 0: p(z) - o
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< •

EMIT - • PUSH P(z)?
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Qcl.i \*,*J

Figure 2
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FLOW CHART OF THE COUPLED MODEL

t-O: ip - (Q (K) - Q** (A) - p(z) - 0

pi*|hz(K) -40 •[. •Q>) ♦ .•Qr(A]U2ifgn^4(x)

t+t + At

ln(t)*lD(t + At)

(4)

4°(z)

*el

(5) |
-)—I E.(z)

H) * At

i' +"• At

dln(t) 1 r J' VDCt)"
4(A)dt -17 • [w^-Vd™ -VD(t^ 4(A)

EMIT PUSH

Q!b8(K)

Eqs. (1) and (8)

+<tf8CA)
*el

Figure 3

P(z)

Q28(K)

Q^A.K)

Q,8(A)

Wl

lD(KA) (1) Numerlcol solution
(2) Simulation

(I)

(2)

Square pulse: IMV, 4nsec
LQ-2nH
Rg-2a
d»lcm

S«KX)cm2
Simple diode (only electrons)

2 3

t-«*nsec

(1) Numerical solution

(2) Simulation

(2)

(I)

Square pulse: IMV, 4nsec
LQ«2nH

d"lcm

S* 100cm*
Simple diode (only electrons)

2 3
t—*-nsec

Figure 4

H&



Vw

\m*

9 S o o
to o to o
ro ro cm cm to § o ^

tf> Op

8888888°
N «) ID ^ IO N -

-oos

-0001

-OOSI

o
o 8 8 O
<*• ro cm 2 o
1 ' 1 » 1 ' 1 •

< / O
b£ ,-^ — CM
^^ i JO

o 1

/£ 8
' Q
1 ""

\
O a>

^r "" CO <2

\
\

\

c

8 *-
\

\

4- O
*>^, /n — ♦<j-

> *P ^ r \
*: >^0*y \

>°
J 8

«

i t I.I. l**r*w

o
o 8 8 § c

>°
CD W rf CM



nsec

SandiaLaboratories

$*JSIMULATIONOFSPACECHARGENEUTRALIZATIONOFBEAMS

A.TRANSVERSE
IwI

f\J€

EXAMPLES:PULSELAC,IONDIODES

B.LONGITUDINAL

„

"'TV
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EXAMPLES:REACTORCHAMBER,COLLECTIVEIONACCELERATION



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 I, PARTICLE E

B. PARTICLE I, he= EXP (e*/kT)
C. PARTICLE I, PARTICLE E

D. SUGGESTED BY GODFREY: PARTICLE i, FgCH,P)

3. EM CODES

IS SC NEUTRALIZATION AUTOMATIC?

NO: 1-D ANALYTIC EXAMPLE, TRANSVERSE

"nn—r

I BEAM

•t « t t
r

E= 0

no e

-3e.= 4

WHO CARES?

UNLESS SC NEUTRALIZATION OBTAINS TO 'HIGH' DEGREE IN

•SHORT* TIME, MANY ICF SCHEMES FAIL.

-a

5?

A»
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KOTENIIAL5

jwp H-79

PERFECT NEUTRALIZATION IMPOSSIBLE

*-*0

1 y i *

•

t

**

p=0 — •"•-0/VO -^ E-0

REAL SYSTEM

g*Q -* E FREE STREAM TO WALLS
<**

N, NONUNIFORM-WIEED E-**HAVE P
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£SQ»

PARTIAL NEUTRALIZATION

-*>«o

1 *
A. SCL «

**0

A. SCL e FROM WALLS, EBDY - 0,
IGNORE ENDS-^Q = 0

-+- i BEAM UNDERNEUTRALIZED

(CODE RESULT)

B. NO e FROM WALLS IN SS -•e SHEATH Aj,
ne =n, EXP(«*/kT) QUASINEUTRAL
CAN THE APPROACH TO QUASINEUTRALI7Y BE SIMULATED?

PULSELAC EXPERIMENT: NEUTRAL TO .2X, FEW ns

-if

\^m0

y.Mjrtaap

j*
•3&
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So<(

rn. (w-ft\$)-

H*». I Dispersion curves of the lower-hybrid drift mode and the fastest
t

growing moll Ibeaming mode for the choice of parameters: H-N.-I638'»,

n,/me-l600. -Je/«fe-l. V».r 0.W163. Te-0, L„/L$-0, and l^/lyO.
Simulation data are denoted by circles (<•»,„_,/« .) and dots (t...«./» ,).

LnUI pi LHDI pi

H-M/29 Is the mode number.

1
>l

"1
*i-;

V4o*>~t% tyvioswo. "tkft. <xr*vM. robu and -fr*-r"*»%} °t
-fat* *bJ& E--p*M J****-^ Uxfb"«- J»\o"t ?

6(0

100 200 300 400 500 ^^00
Ol.jt

TIG. 2 Electric field energy versus time for simulation with N-l638«i,p

fIG. 2 <yptttlQ<g / Ityjd'fefftta^er^ •tBttPfoi^ ^o&UtJqr '̂̂ rtHJfrafltv

V^^^^^^T*®0*- V'-ce-'- Vvt|-°*"263-
T -0, I /(L-0, and I /1.-0, and M-5.
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(S) Sandia laboratories

sumary

i. 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 SIMUUTION TECHNIQUES FOR

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