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Our research for 1989 has been widely reported, as given by the listing following, of 7 Journal
Articles, 4 ERL Reports, 10 Talks, Conference Proceedings, and 8 Talks, Poster Papers.

Abstracts are attached for most of the talks; full papers for the Numerical Simulation Conference._

Sent along with this Report are reprints of the Journal Articles and the ERL Reports.

Our prior mode was to publish Quarterly Progress Reports; these then became Semi-Annual
Reports, which ended in 1988. In 1989, we began publishing Annual Progress Reports. While QPR's
were excellent exercises in reporting, they required an immense effort; in today's research climate, such
effort is not available.

We trust that our _portin6 is still useful.

C.K. Birdsall

Principal Investigator



Publications for 1989

Journal Articles

W.S. Lawson, "Particle Simulation of Bounded lD Plasma Systems," J. Comp. Physics, 80 (2), Febru-
ary 1989, pp. 253-276.

K. Theilhaber and C.K. BirdsaU, "Kelvin-Helmholtz Vortex Formation and Particle Transport in a
Cross-Field Plasma Sheath," Phys. Rev. Lett., 62, pp. 772-775, February 13, 1989.

B.I. Cohen, A.B. Langdon, D.W. Hewett (ali at LLNL) and R.J. Procassini (here), "Performance and
Optimization of Direct Implicit Particle Simulation", J. Comp. Phys., 81, pp 151-168, March 1989

William S. Lawson, "The Pierce Diode with an External Circuit. I. Oscillations About Nonuniform

Equilibria," Phys. Fluids B, 1, July 1989, pp 1483-1492.

William S. Lawson, "The Pierce Diode with an External Circuit. II. Chaotic Behavior," Phys. Fluids B,
1, July 19891 pp. 1493-1501.

K. Theilhaber and C.K. BirdsaU, "Kelvin-Helmholtz Vortex Formation and Particle Transport in a
Cross-Field Sheath I: Transient Behavior," Phys. Fluids B, 1, pp. 2244-2259, November 1989.

K. Theilhaber and C.K. Birdsall, "Kelvin-Helmholtz Vortex Formation and Particle Transport in a
Cross-Field Sheath II: Steady State," Phys. Fluids B, 1, pp2260-2272, November 1989.

ERL Reports

J. Verboncoeur, "ES1 Reference Manual" (which is distributed with ourPC disk, which is not included
here - but free for the asking)

MJ. Gerver, S.E. Parker, and K. Theilhaber, "Analytic Solutions and Particle Simulations of Cross-Field
Plasma Sheaths," Memo No. UCB/ERL M89/114, August 30, 1989.

IJ. Morey, and C.K. BirdsaU, "Traveling-Wave-Tube Smlulation: The IBC Code," Memo No.
UCB/ERL M89/116, September 26, 1989.

S.E. Parker, and C.K. Birdsall, "Numerical Error in Electron Orbits with Large ¢octAt," Memo No.
UCB/ERL M89/136, Der_cmber 20, 1989.

Talks, Conference Proceedings

At Sherwood Theory Conference, San Antonio, Texas, April 3-5, 1989:

W.S. Lawson and C.K. Birdsall, "Simulation of RF driven plasma edge."

S.E. Parker, C.K. Birdsall, A. Friedman, S.L. Ray, "Bounded multi-scale particle simulation: The
sheath problem."

At 13rh Conference on Numerical Simulation of P/asmas, Santa Fe, NM, September 17-20, 1989

J.P. Verboncoeur, V.. Vahedi, "WinGraphics: An Optimized Windowing Environment for Interac-
five Real-Time Simulations."

I.I. Morey, J.P. Verboncoeur, and V. Vahedi, "Bounded Plasma Device Simulation with PDW1,
Including: External RLC Circuit, DC and RF Drive, and Collisional Processes."
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iJ. Morey, and C.K. Birdsall, "The Traveling-Wave-Tube Code IBC."

M.V. Alves, V. Vahedi, and C.K. Birdsall, "PDCI: One'Dimensional Radial Code for a Cylindri-
cal Plasma Device with an Extenml RLC Circuit."

S.E. Parker, A. Friedman, S.L. Ray, and C.K. Birdsali, "Multi-Scale Panicle Simulation of
Bounded Plasmas."

S.E. Parker, "A Particle-In-Cell Method for Modeling Small Angle Coulomb Collisions in Plas-
mas."

RJ. Procassini, C.K. Birdsall, B.I. Cohen, and Y. Matsuda, "Comparison of Particle-In-Cell and
Fokker-Planck Methods as Applied to the Modeling of AuxilimT-Heated Mirror Plasmas."

Talks, Poster Papers

At APS/Gaseous Electronics Conference Annual Meeting, Palo Alto' CA, October 17-20, 1989

IJ. Morey, V. Vahedi, J.P. Verboneoeur, and M.A. Lieberman, "Particle Simulation Code for
Modeling Processing Plasmas." ,,

M.V. Aires, V. Vahedi, and C,K. Birdsall, "Cylindrical Simulations for RF Discharges and
Plasma Immersion Ion Implantation."

At APS/Division of Plasma Physics Annual Meeting, Anaheim, November 13-17, 1989.

RJ. Procassini, C.K. Birdsall, and B.I. Cohen, "Particle Simulations of a Low-Recycling Divertor
Scrape-Off Layer."

C.K. Birdsall, RJ. Procassini, and B.I. Cohen, "Particle Simulations of a High-Recycling Divertor
Scrape--Off Layer."

RJ. Proeassini, B.I. Cohen, Y. Matsuda, and C.K. BirdsaJl, "Modeling of Auxiliary-Heated Mir-
ror Plasmas: A Comparisonof Particle-In--Cell and Fokker-Planck Methods."

S.E. Parker, and RJ. Procassini, "Large Space and Time Scale Particle Simulation of Bounded
Plasmas with a 'Logical Sheath'."

M.V. Alves, V. Vahedi, and C.K. Birdsall, "RF Plasma Processes in Cylindrical Models and
Plasma Immersion Ion Implantation."

IJ. Morey, V. Vahedi, and J. Verboncoear, "Particle Simulation Code for Modeling Processing
Plasmas."



Sherwood Theory Conference, San Antonio, Texas, April 3-5, 1989
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APS/Division of Plasma PhysicS Anmual. Mee_Ing, A_ahelm,CA, November 13-17, 1989

Particle Simulations of a Low-EUecycLinK Diver- Particle Simulations of a High-Recycling D_ver-

tor Scrape-O_ Layer " R. Paoc_sstNl, C. Bnu3sxu-, _nieer- tor Scrape-Off. Layer " C. Bnu3s, Lr., R. Paoc_ss_h Voider.
sit_ o_ C_llfornia. Berke/ev; B. COHEN, Insure•ce _eermore _ational _ily of California, Berkeley; B. COHZN, _awrence _ieermare _a_ional

_a6om_orr--The attest of Coulomb collistonali;y on the _ransport of"par- _abera_ar'g--The effect of neutral/charged particle interactions or, the
titles and energy to a low-recyclin_ divertor plate through the scrape.off tr••spert of particles and energy to a hif, h-recy¢lLug divertor piace

layer (SOL) in a co"karnak is scudb:t using a fully-kinetic, self-consistent tluouKh the scrape-off layer (SOL) in a tokamak is studied using a fully-

particle-la-cell (PIC) model. The two species (electron and ion) P[C kinetic, self.consistent particle-in-:ell (PrC) model. In addition to a

code features _ Monte Carlo binary-particle collision model which con- Monte Carlo binarpparticle Coulomb'co[Uslou model, the basic ales-

serves the momentum and kinetic energy of' the interacting particles, trcmtadc particle code also simulates the charge-exchange and impact-
The full-range of Coulomb collL_ional processes (e-e, e-i and i-i) are in- ionization processes which occur between pl_ma particles and recycled

cluded. The dependence of" the pre_heach and collector sheath potential neutral particles in the vicinity of the divertor piace. (The neutral par-

drops, pl_ma temperature, flow velocity and parallel heal; flu.,c on the title densRy profile is specked by the user, hence the neutr_ particles

colUsionaficy is discussed. The "collisional" preshea=h drop, deccron sre nal handled in _self-consistent manner). These atom2c physics rood-

• temper._cure _t the piace, and collector _heath drop incre=e with cef als may also be used as a source of sputtered ht.purity particles, which

lisonalicy The _leccron temperature ac the plate is much sm•Iter them ca_ then be followed by the code as a second [on_c species. The de-
the source temper•cure, due to the loss of electrorm over the collector pe•de•ce of the presheath _nd collector sheath potential drops, pl_ma

sheath potential b=rier. The electron heat flux, which is the main than- temperature, flow velocity and parallel heal; I]ux on the ratio or" the
• nel tor ,.ner_' transport ._lontg the field lines in the SOL, is reduced rela- char=;e exchange/ionisation rate to the Coulomb colfisioq frequency is

live to cho "[ree-_trea_nint;" heac f]u._._/, _ n,u_,/;T_, for ft•ce (nora-zero) discussed. Comparison is made to other bi_h-cecyclJa_ divertor models.

v.-duesofthe me=s-free path A = v,./v=_. "This_ork supported by theU.S. DOE undercontrnctW-T405-En_-48,

"This '*,orksupportedby the U,S, DOE under contract'vV-7405-E;n_--18,



APS/Division of Plasma Physics Annual Meeting

Anaheim, CA, November 13-17, 1989

Modeling of Auxiliary-Heated Mirror Plasmas: Particle Simulation Code for Modeling Process-
A Comparison of Particle-In-Cell and Fokker-Planck ing Plasmas : I.J. MoRay, V. VAS_Di ASD J. V£LSONCO_.U_,
Methods ." J. PROCASSlNt, B. CotizN, Y. MATSUDA, Lawrence /)'r,/_,rs/_ 0fCa//j_n/a, Ber/_*/e_-The bounded plasma particle simu-
Livermore National Labomto_; C. BIRDSAr.L,Unieersiig oi Culi[or. httion coda PDW1 t has been modified to run interac_ively on a PC. A

nia, Be_e/ep--The transport and confinement of charged particles in collision model luta been added which can be used to simulate elastic,
an au.xJfiary-heated mirror plasma is modeled via a bounce-averaged mccitzcion, ionization and charge e._ha.uge collisions. The code a2ready
Fokker-Planck(F-P)codeand a direct-implicitparticle-in-cell(P£C) had modelsofex'temalcircuitsand plaan_sources,soa number ofdif-
code. The test cue studied is that of a tandem mirror end plug plasma ferent processing plasmas can now be simuLv.ted.This includes R.F and
which is heated by the injection of fundamental and second harmonic DC d_char_es and plasma immersion ion lmnlantaCion devices. RF dis.
ECRII wave energy.This testcasedeterminesthe confinementand cha_BesimulationsImveshownrectificationofthepleurapotential,ions
transport of electrons onlg, with the ions modeled as scattering sites, responding to the average potential, sheath heating and joule heating.
Bothelectron-electronandelectron-ioncollisionsareincluded.The mag- Both voltageand currentdrivenILFdischa_esh_vebeen e.'_mlned,
neticandelectrostaticfieldsareprescrib_d quantities.Each codeeta- and differenceshavebeenobservedbetweentheharmoniccontentofthe

ploysa relativisticdescriptionoftheelectrondynamicsinone spatial potentialIon velocitydistributionsactheboundariesexhibitfeatures
dimensior..The modelingcomparisonisdividedintothreesections:i) due tocha_e exchangeandionizationwithinthesheathregions.The
BenchmarkingthephysicsresultsfromtheP[C codeagainstthosefrom code_ exceUen_graphicsand themany diagnosticsaredisplayedin._
theF-P code;ii)A computationalcostanalysisofeachcode;iii)A windowfornmt,accessedusinga menusDtem.

discussionoftheadvantagesand disadvantagesofeachcode,including "Thisworksupposed inpartby DOE contractDE-FG03-S6ER53220
a comparisonoftheeffortinvolvedinsettingup eachinputdeck. and ON"K contractNO001,_85-K-0809

"Thisworksupportedby theU.S.DOE undercontractW-7405-Eng-48. tW.S.Lawson,J.Comp. Phys.80,253(1989).

Large space and time scaleparticlesimulation of RF Plasma Processesin Cylindrical Models and
bounded plasmas with a "Logical Sheath"." S. E. PARKER Plasma Immersion Ion Implantation : M. V. ALVZS _ V. VA-
AAD R. PROCASSlNI,Univermtllof Ca_i[ornia,Ber'ke/e_--Whenstudy- MEDIAND C. Z. BIRDSALL, ERr.,_niuer_tllofCalifornia,Berk.eleT--

Lugplasma flow to a conducting, absorbing plate, the sheath can a.Hect Spherical and cyUndrica um.ny.parflcle models are being _ed to
the relevant physics. The sheath is s sma_ space (_,, Ao.) and time simulate RF diachar_m in which the RF powered and the grounded

(,_ w_,_) ccale structure. Hence, to include boundaa'y effects in a pa.,'¢icle electrodes have dlflrerent areas. These a/so model plasma immersion
simulation ordlnaxi]y one must resolve these sma_ time and space scales, ion implantation, where atarge¢ is pulsed negatively. PDC1, is • ID
ForCun.ztely,the Direc_ Impllcit method haa relaxed the wpAt restra.int radi,_i, electrostatic code shnu]acing a plasma contained be_veen concen-
forstability,butisnotaccur_eatlargew_._t forboundedsimulations triccylinderscoupled_oLn_x-_ernalRLC :._cuitand an RF source.Col-
inwhichonewantstoretainthesheathdyuamics.We proposean alter- lision_withneutxffilparticlmareincludedasinPDWt tsothatweakly

n_tive to nsolvin_ the sheath by' implementing what we ca_ the _loSical ionized discharges can be simul_.r.ed. The self-bias voltage (producin_
sheath'. We absorb ions and reflect eleccrons sequenti_y to maintain the ion bombaxdin_ energy) at the powered electrode is measured and
zeronet currentto thewall.The sheathdropisretainedthroughthe comparedwith theory._ Pulsedplasmaimmersionionimplantationwill

cutoffvelocityoftheelectrons.Small_imeand spacescaleresolution alsobe ducribed.
isnotnecessary.We It_vealreadyusedthelogicalshe•cbin explicit "Thisworksupportedinpartby DOE contractDE-FG03-S_ERS3220
simulations of a Q-machine. We plan _o show i,mplicit results with large 'and ONR contract N00014-35.K-0809
_At. By implementingthelogicalsheath,we plantostudykinetic tOn leavefzomI_PE -S.J.C_mpos. SP -Brazil
effectsinthedivertorregionofa tokamak, tLJ.Morey,V. Vahedi,J.P.Verboncoeur,tobe presentedacthiscon-

"Thisworksupportedby DoE contr_:_No. DE.FGO3-S6EIL53220_nd ference.
ONR contractN00014-.85-K-0809. _M. A. Lieberma_,J.AppL Phys.65,4186(1989).
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The reports following are, the full papers from the 13th Conference on Numerical Simulation of
Plasmas which took piace in Santa Fe, New Mexico, September 17- 20, 1989,



WinGraphics: AN OPTIMIZED WINDOWING ENVIRONMENT
. FOR INTERACTIVE REAL-TIME SIMULATIONS

JohnP.VerboncocurandVahidVahedi

• PlasmaTheoryandSimulationGroup
Electronics Research Laboratory

Universityof California
Berkeley, CA 94720

We have developed a customized windowing environment, WinGraphics, which provides particle
simulation codes with an interactive user interface. The environment supports real-dme animation

Of the simulation, displaying multiple diagnostics as they evolve in .time. In addition, keyboard

and printer (PostScript and dot matrix)support is provided. The simulation codes are structured
as shown in figure 1.

INIT _ WinGraphics
MANAGER

l PHY
(START) ( EXIT ) KF_RNE.L I

I
/

' _ ,

_EFRESH

FIGURE1. Schematicrepresentationof the interactionbetween
WinGraphicsandthe physicskernel.

ThephysicskernelisportabletoanymachinesupportingstandardC. TheINITmodulescansthe

inputfilecontainingthephysicalparametersoftheproblemandinitializesthediagnosticwindows.

INn"alsosetsup memory forarraystorage.The ¢nvirormlentprovideshooksforthephysics
kerneltoruncontinuously(thereisnodme limit-thecodecanrunindefinitely)orstepthrough

individualtimesteps.The screenisrefreshedeachtimestep,andalluserrequestsareprocessed

bytheWinGraphicsMANAGER. When thesimulationisintherunningstate,theMANAGER
isinvokedateachtimestep(ifnotrunningtheMANAGER isconstantlyinvoked)tocheckthe

keyboardbufferfortheuser'srequests(messages).Pendingmessagesaretranslatedanddis-

. patched by the MANAGER until the user requests QUIT.

The WinGraphics environment provides menus (as shown in figure 2), messages, prompts, and
. dialog boxes as well as keyboard support fornavigating the above. These facilities allow interactive

control of both the simulation and the output of the simulation.



Figure2. TheWinGraphicsmenusforPDW1[1].

WinGraphics controls the video display bymanaging each window as an object with the following
attributes:

• Labels for each axis.

• The coordinatesoftheouterwindow frameandtheclientmca.

• Scalesforthex-andy-axes.Thesequantifiesam usefulfornormalizedcodeswhere

valuesmustbeconvertedtosomeunitsbeforeplotting.

• Maximum andminimum x andycoordinatesoftheplot.

• Stateoftheobject.The environmentchecksthestatetodetermineffthewindow is

on/off,ffitwaspreviouslyon,thetypeofplot(s)thewindow contains(semilog,linear,

orscatter),ifthewindow isoverlappingotherwindows,andifitiscurrently/previously

beingautorescalcdt.The stateisusedtominimizercdrawing;objectswhichhavenot
changed sincethe last scr_n update are not redrawn.

1.Autorescale: a process of scanning the x and y arrays for the maximum and minimum val-
ues. An autorcscaled plot falls the entire client area of its window, and causes the axis labels to
be recalculated each time they change.



• Linked list of curves to plot. The contents of the linked list include the number of point_,

Pointers to the arrays, and the color of the curve. This enables windows to dis_play
mnltiple curves using the same axes.

By manipulating the above characteristics interactively, windows can be opened, closed, moved
to a new location on the screen, made smaller or larger in two dimensions, and overlapped. In

addition, WinGraphics provides an interactive crosshair with which the user can point to any
location on the scr_n and disF1ay the coordinates of that point in the units of the plot containing

the point.

WinGraphics provides management of the segmented Intel 80x86 mem._ry by allocating only the

required space for arrays and structures. Near arrays (addressed using the DS segment regist,;r
and a 16-bit offset) arc used for performance-critical variables, while far arrays (addressed with
a 16-bit segment and a 15-bit address) are used for large arrays which cannot fit in the 64kB near

heap of the 80x86.

Since the code can run for an indefinite number of times _ps. arrays which accumulate some

physicalquantityintimemustbemanaged.The historiesarecombed when thearraylimitis
reached,retainingonlyeverynthvalue.Thisleadstolossoftemporalresolutionasthesimulation
isadvancedintime.To retainlocaltemporalresolution,localarraysarcusedwldchcontaindata

forcontiguousdmesteps.

The codescurrentlyrunningintheWinGraphicsenvironmentincludeESt 0ElectrostaticI
DimensionalPeriodicPlasmasimulation)[2],PDWI (PlasmaDeviceWorkshop IDimensional

Cartesianboundedsimulation)[I],andPDCI (thecylindr_.c_"counterpartofPDWI) [3.].

Figure3 shows asamplePostScriptoutputofWinGraphicsforESIdisplayingthevariationof
potential,_(x)(left),andthetimehistoryofelectrostaticfieldenergy(right)fox.'Landaudamping

with8192particles.

Figure3. PostScriptoutputof WinGraphicsfor ES1.



As a l_fformance comparison of the codes, we use ES 1 running a Landau damping simulation
with 16000 cistrons. The results of the comparison a_ shown _low. The Cray values are given
using the _CC Cray computers _asingthe v_toriz_ FORTRAN v_rsion of the code due to
A. B. Langdon (LLNL).

I_fl ii I I I II

computer clock speed (MHz) _s_ Per particle per push
am , ,m, ,, , ,,, ,,,,,,,,, ,,,, , ,,

IBM AT 6 1038
IBM PS/2 Model 80 16 183

Dell 310 20 + memory cache 1t8
Cray I vecmrizeJ 1.8
Cray II voetorize,d 1.4

.... IIII II I ....... I II II

From this information, we can extrapolate for new hardware. For example, an 80386/80387
running at 33 MHz with sufficiently fast memory should perform at 71 Izsee per particle per push,
an _0486 at 33 MHz should _rform at 24 lasec pcr particle per push, and an 80486 running at 50
MHz should result in performance of 16 I.tSocper particle per push.

Clearly we are rapidly approaching the performance needed to run two dimensional codes on
PC's. Note that as the number of dimensions increases, the relative computational cost of the

i field sc_lvcincreases, so one cannot dirr_tly extrapolate from the lD pardcle pushes. Given
sufficient memory, it is estimated that a minimum speed of 40 ttsec per particle per push (25,000
particles per second) is required to run a 2D simulation in real dme. Memory requirements vary

widely depending on the problem, but a good minimum estimate is 800k bytes (500k for particle
quantities of 25,000 particles, 120k for quantities on a 100xl00 glid, etc.)
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BOUNDED PLASMA DEVICE SIMULATION WITH PDW1,
INCLUDING: EXTERNAL RLC CIRCUIT,

' DC AND RF DRIVE, AND COLLISIONAL PROCESSES.

Ian J. Morey, John P. Verboncoeur, and Vahid Vahedi
Plasma Theory aad Simulation Group

Electronics Research Laboratory
University of California

Berkeley, CA 94720

PDWI (Plasma Device Workshop l-dimensional), running in the WinGraphics environment [I],
is a ver_.dIe many-parncle bounded plasma simul_tion code used to study diverse plasma and
boundary conditions. The boundaries are connected through an external RLC circuit with time
dependent voltage/current sotax:es. Having a versatile input deck is an efficient way of specifi .ying
plasma parameters to the code without recompiling. In PDW1, input deck parameters are given
in MKS units. The list includes:

plasma variables: number of species, characteristics of each species and back-
ground charge and current densities

d-_viccvariables: electrodescparadon,electrodeareaandbackgrouvd£
circuitvm-i_bles: R,L,C,V(O andI(O
electrodevariables: absorption,secondaryemissionandplasmasourccs
collisionvariables: neutralpressure,elastic,excitationandionizationcollisions
numericalvariables:_, Ax,numberofcells,chargepercomputerparticleandFvr

PDW1 employsfourdistinctcircuitsolverstohandlethefullrangeofexternalcircuitparameters.
ForthegeneralsericsRLC circuitwithvoltagesource,a 2ndorderbackwardEulerisused.For
C _ 0,theexternalcircuitbe.c_mesanopencircuit,andexternalparametersareignored.For

C _ aoandR=L=O, cxtcmalpotentialsareapplieddirectlyacrosstheplasmaregion.The f'mal
caseisan idealcurrentsource,whichdrivesthespecifiedcurremfromoncplatctotheother
(cxternalc_uitparametersdo notaffectanidealcurrentsora'ce).

............... vettat.-I_ll U I_m._ Tim. _p rP6 Ii,.. , . ,

=r..................._ II

ur..4 o......... 31F.,*OOA.O.J___ ....0 Tlma ...... *Fgt

_._,, .....:i......
,,480 .....

( dilh,,5_ 3 I¢.,_0_ _ Time , ?Ce0 ,i ..... i,i, _':

Figure1. "limeandfreqt,encyresponsesofvoltageand
currentsignalsinan RFdischarge.



FFT routines are used to obtain the fr_uency response of any signal accumulated in time. The
quantities currently transformed include the driven wall potential, the potential at the middle of
thesystemandthecturent.The totalimpedance,Z(f),oftheplasmaregioniscalculatedinthe
frequencydomainastheratioofV(f)toI(jg.An exampleisshowninfigureI.foranRF discharge.

CollisionswithneutralparticleshavebeenincludedinPDWI sopartiallyionizeddischargescan
be simulated.The presentmodelcanbe usedforelastic,inelasticand ionizingelectron-neutral
collisions,andcanbeextendedtocharge-exchangeion-neutralcollisions.Thefull3-Dcharacter
ofa collisionismodelledwithjusttwo velocitycomponents,parallelandperpendiculartothe
spatialdimensionofthesimulation.

The neutrals are assumed to be uniformly distributed between the boundaries with a constant
density. The probability, P,,, that the m-rh electron has a collision .with a neutral is given by

P,, = 1 - exp(-n or(E,,)v,,At) (1)

where n is neutral density, or is the total cross-section (the sum of cross-sections for elastic,
excitation and ionizing collisions) and v,, is the velocity of the m-th electron. Laboratory
cross-sections are entered into arrays at the start of the run. A collision occurs if a random number
R( R e [0,11) is less than Pm. Another random number is then used to determine what type of
collision has occurred, based upon the following:

R g o,_(E)/or(E) :elastic

o,a(E)/or(E) < R < (O,_,(E)+ O,_(E))/or(E) :excitation

(o,u(E) + o,_(E))/or(E) < R :ionization

Once the type of collision is determined, the energy of the scattered electron is obtained. Energy
is unchanged for elastic collisions, while excitation energy is lost during excitation collisions.
During an ionizing collision the energy is divided between the two electrons using a differential
ionizationcross-sectionof the form:

A(E) (2)

S(E,T) =TZ +BZ(E)

where E is the incident electron energy, T is the scattered electron energy, and A and B are general
functions of E. This is a simplified form of the cross-section used by Peterson and Allen [2].

Lastly, the directions of the scattered and ejected electrons are obtained by using the same dif-
ferential cross-section to determine the scattering angle after ali collisions, which has been taken
from Den Hartog et al [3], and has the form

o(T, _) T (3)

o(T) 4n(1 + T sin:(X/2)) lh(1 + T)

where X is the angle between the incident and scattered velocities.
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Figure 2. RF discharge ion and electron phase space (left) and potential _(z) (right) over
one half-cycle with right wall ddven at 10 MHz, _u= l'q sec
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Figure2 shows asamplerunof PDW1for an RF-drivendischarge overone half-cycle,displaying
the velocity phasespace (velocityversus position foreach particle),and the variationof potential,
_(x), from wall to wall.

The left-hand plot in figure 3 shows the velocity phase space in expanded scale, as the ions
_c,elera_eoutto thewailsfrom thebulkplasmadue tothepresence ofan averagepositivepotential,
as seen in the right-hand plot, in the middleof the system.

v_-D._,_ Pa,_._

Figure 3. Enlarged to show ion velocities to the left; time response of mid-potential to the right.
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The Traveling-Wave-TubeCode IBC
i

by I.J. Morey and C.K. Birdsall

ERL, University of California, Berkeley, CA 94720

IBC (Interactive Beam-Circuit) is a one-dimensional many particle, traveling-wave-tube

simulationcode which has beendevelopedtorun interactivelyon a PC orWorkstation.

The codefollowsalloftheparticle_inthetube,ratherthanjustthoseinone wavelength.

This allowsfornonperiodicinputs,nonuniformlineand a largesetofspatialdiagnostics

which can be displayedgraphically.

The code usesparticle-in-celltechniques(Birdsalland Langdon,1985)to model the

motion ofbeam electronsand simplefinitedifferencemethods tomodel thefieldsofthe

coupledslow-wavetransmissionline.The couplingbetweenthebe_m and thetransmission

lineisbased upon thefinitedifferenceequationsofBrillouin(1949),and particle-in-cell

techniquesarealsousedto includethespace-chargeeffects,ina manner similarto that

used by Hess (1961).

The transmission line equations used in the code are:

rr-l/2 rr-1/2
E' - vl -_ 1"_+_n- "_-_n+ _(k)QL- q_,,_ ,(1)

At = - C Az -'_ At '

i,+112 r,-112
___,,_- -___,,_= _ zv/- _'.._. (2)

At L Az

rr+t12
The va_ables _t and "_+i/2 are the transmission line voltage and current at the points i_z
and (i+1/2)_z respectively, and at times tAt and (t+I/2)_t respectively. The capacitance

and inductsnce per unit length are C and L. The beam charge within a section of the

tube, Qs,_, induces a charge on the transmission line i¢(/¢)Qb,i, where k is the wavenumber

of the space-charge waves. The factor _(k) reflects the nature of the sp_e-charge coupling

constants for finite diameter TWT and depends on the relative diameters of the beam and

the waveg_de, and the transverse field profiles of the different wave modes.

From the equation of continu/ty, another driving term could be used, similar to Pierce

(19,50):
r_-_12 _ it-lt 2

_ _(k)-b,_+_/2_,,_-_n. (3)C Az

Thisoptionisavailableinthecode.Usinga method ofassigningthechargeofeachelectron

particletothetwo nearestcellboundariesand thecurrentofeachelectronparticletothe

, two nearest cell centers, these two driving terms produce the same growth (satisfying

continuity).

1
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We assume that the space-charge field variables have a radial profile of the form Jo(k_ r)

(TM0, mode), .where k_ = 2.405/R_m and R_,m iS the beam radius. This implies that

there is a conductor at {he edge of the beam and allows Poisson's equation for the space-

charge potential, @,and density, p, in cylindrical coordinates to be simplified to

= -p-- (4)
(_x2 _0 _

where _(z,r,O) = _b(z)Jo(k±r) and similarly for p. We also assume that there is no DC

space charge because the unperturbed electron beam is neutraliz,ed by cold immobile ions.

Therefore, even though the AC space-charge density has a J0(k_r) profile, we can choose

a uniform radial density profile for the beam and the ions.

An additional feature has also been added so that the effects of space charge can be

observed easily. The constant SCcoup allows the user to change the strength of the space-

charge force When SCcoup = 1, the htll erect of the space charge is included, but when

SCcoup = 0 the space-charge force has no effect, so

E(_.O_+,I2= E(_._.)_+,I2+ SCcoup*E(._=__.g.)_+,/2. (5)

The same relationship applies to the total, circuit and space-charge potentials, and the

electron bunching observed in IBC with SCcoup = 1 agrees with the results of H_s

(1961).
The transmission line is terminated at both ends with a resistor and a voltage source.

However, these terminations can be matched only when there iS no beam-circuit coupling.

The greater the coupling between the beam and the circuit, the greater the reflected signal.

If the loop gain exceeds unity, the tube will become an oscillator. To avoid this, a section

of the transmission line can be made lossy, or, an absorbing termination length may be

added to the tube - a region where the loss increases exponentially and the beam-circuit

coupling decays to zero.

The boundary conditions for the particles are absorption at both the source and collec-

tor. The beam particles are injected uniformly at the source. The space-charge potential
iS fixed at zero at both the source and collector.

When the code is run on an IBM PS2, with 100-200 cells and up to 5 particles per
cell, many diiTerent features of a TWT interaction can be observed in a one hour session.

Quantities such as: the beam density and current, the two driving tert_s, the circuit voltage

° and current and the power, can be displayed individually or all together. The following

diagrams ._how the output for a tube of length 0.2 meters, a gain of C = 0.056 and an

absorbing termination.
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PDCI: ONE DIMENSIONAL RADIAL CODE FOR A CYLINDRICAL

PLASMA DEVICE WITH AN EXTERNAL RLC CIRCUIT

M. Virginia Alves t, Vahid Vahedi, Charles K. BirdsaU
. Plasma Theory and Simulation Group '

Electronics Research Laboratory

University of California
Berkeley,CA 94720

PDC1 is a one dimensional (radial), electrostatic particle simulation code with t1!leplasma

bounded by two concentric cylinders. These electrodes can be coup!cd to a_.external circuit as
shown in Figure 1. Only spatial variations in r are considered. The principles applied in flais
code are the same as those used h_ the planar model code PDW1, widely used since 1983 [1].

l(t)

V(t) L R C

Figure1. Cylindricalplasmadevicewithan externalRLCcircuit.

PDC1 is very flexible and runs in the WinGraphics environment [2]. It is being applied, for
example, to RF discharges, in which the RF powered electrode and the grounded electrode have
different areas, and to Plasma Immersion Ion Implantation. For convenience, the inner cylinder

is considered powered and the outer cylinder is grounded. In addition, in 1D-3V (r, v,, ve, v,)
with an applied axial magnetic field, B,o, many magnetized non-neutral plasma problems may
be addressed, with or without the center cylinder.

We obtain the f'mite difference equations for fields (E) and potential (_) related to density (p),

on a spatial grid, using Gauss' law, in order to guarantee conservation of flux. The particles are
considered to be cylindrical shells, uniform along z. The grid quantities are indexed by j. The

rNc-r O

gridpointsarespaceduniformlyinr,Ar E-3_, whereNC isthenumberofcells,androand

' rsc arc the inner and outer cylinder radius. The charge weighting guarantees charge conserva-
tion.

i
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Applied to the cylindrical surface at j +i, Gauss' law produces the radial electric field from the

Charges as in Birdsall and Langdon [3]:

---OJ=2_r ,E _-2m'j ._Ej _ where r ,z r_.--2+ Q and j>0 (I)£ J+i )+i - -i J+a 2

For j = 0 we have:

Q---2°= 2ra'_E._- 2_roEo (2)
E a a

In order to obtain an equation in _, we use single cell diffel_neing: .

E , = where =-r ,._- r. ,J+_ _'. t ''- _-i

The charge density is obtained from p_=_,_ where V_ m_(_r2){ with:

2 _r2 ., j>0 (4)

(Ar2)o= r?- r2o (5)

Using (3)-(5) in (1) and (2) we obtain a three-point f'mite difference form of Poisson's equation:

-rjAr 2 = (rj - O.5)i_j.t - 2ri(_j+ (rj + 0.5)_i . , j >0 (6)

(ro+ 0.25)Ar T roa

_1- % = -At (ro+ 0.5:_ (7)

In (6) rj were normalized by Ar, and to derive (7), we assume E0 = _, where o is the charge

surface density at the inner cylinder. Equation (7) is one of the boundary conditions used to
solve the Poisson equation. The second boundary condition is obtained assuming that the outer
electrode is at the reference potential, 0mr = 0.

Equations (6)-(7) provide a tridiagonal matrix which is solved to find the potentials #j. Then the

electric fields are obtained using:

Ej = _+l-_j-t for j = 1,2, ..,NC- 1

The electric field at the rh'st grid point is obtained from (2); for the last grid point we use a
similar equation for ENc.



J

In order to solve equations (6)-(7) for the potentials, the charge density must be known on the
same grid. The weighting used to accumulate charge is similar to linear weighting. We use the

" area of rings to weight the charges ([3]; without variations in 0).

The weighting of the electric field to the particles is done in the same manner. The charge accu-

" mulated on the grid point at the b._tmdary is some fraeotion(in PDW 1, exacdy -_,[1]) of that

which would be accumulated at the grid point which is not at a boundary if the physical charge

density were the sa_ae at the two points. To compensate for this we use a volume corresponding
to half a cell (see eq.(5)) when we del'me charge density at the last grid points (i'=O,j=NC).

In order to load the system at t=O with a uniform density, we assume a constant density in r

equal to _ where N is the total number of particles to load the system. Since the density

is uniform in r, at each position rgwe have:

(8),
r?- r/2-' - N

where r__t is the position of the previous particle. The algorithm (8) is used to determine the

positions of the particles at t=O.
i

The cylindrical plasma device with an external circuitlRLC is showed in Figure 1. In order to
solve the circuit equation we use the 2nd order backward Euler method and we treat four differ-
ent eases (as in PDW1 [4]):

a) C=0, open circuit;
b) current source;
e) R = L = 0 and C _ **,short circuit;
d) general ease: RLC circuit with voltage source.

It is important to consider carefully the relation between _ and _0 in order to specify the correct

boundary condition for solving Poisson's equation.

Cylindrical computer experiments were performed many years ago with lD models in order to
ascertain the possibility of electrostatic inertial confinement [5] and the dynamics of limiting
charge and current [6].

The following plots illustrate a run of PDC1 for _a RF discharge driven by a ctm'ent source

displaying the velocity phase space (velocity versus position for each particle), the potential
across the bounded region as a function of position, and the time history of the potential at the
inner electrode.

Ii





' Multi-Scale Particle Simulation of Bounded
Plasmas

S. E. Parker', A. Friedman", S.L. Ray" and C. K. Birdsall"

., "Electronics R,_earch Laboratory, University oi" California, Berkeley CA 94720

"Lawrence Livermore National Laboratory_ Univ. of California, Livermore CA 94550

1 Introduction

We areusingthemulti-scaletechnique[I]tomodelbounded systems.'Certainbounded systems

are a naturally suited for the multi-scale method because the boundary layer (or shear.h) that

forms at the wall, which is usually a short spatial (_, ADe) and time scale (-,, _) structure,

can significantly affect the bulk plasma behavior. One goal is to understand the interaction

between the bulk plasma and the sheath. If the relevant short time scale physics is local to a

few (or one) known spatial regions, then one can take advantage of this by advancing particles

with variable At depending on position, hence reducing computing time. The unmagnetized

sheath problem is such a case.

The model is a one dimensional bounded slab with kinetic ions and electrons. We start with

a collisionless and unmagnetized system for simplicity. The fight boundary is a conducting wall

that absorbs all particles that come in contact with it. The left boundary is a symmetry point,

where the particles are reflected. We allow a specified initial distribution: f(z, v, t = 0).

In order to test the numerics of both the multi-scale method and boundary conditions we are

using the following test problem: a cutoff Maxwellian distribution for the electrons and fixed (or

infinitely massive) ions. The system has an analytic solution, so the run may be started from

equilibrium. This gives us a benchmark and tests th_, fast time scale electron sheath dynamics.

Results using vaxiable At (with ratio of smallest to largest of 1:128) will be given. In the future,

we intend to 'ase the more gener_ model to study time dependent bounded plasma problems,

such as a plasma expanding toward a conducting wail.

2 The Multi-Scale Method

The goalisto model bulk,macroscopic(_ ,__,, A ;_ AD) plasma phenomena globally,while
*w

a/_ accuratelytreatingshorttime (,,,w_"z)and shortspacescales(_,Ao) in localregions

where microscopicphysicsisimportant(e.g.sheaths).We accomplishthisby allowinggroups

1
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• of particles to move at different At's. The Direct Implicit method is used to allow for lz_rge_ p&t

[2]. E_:h group of particles (call them GIn), is pushed every 2m time steps, using At" = 2m6_,

m = 0, 1, 2, ..., where 6t is the smallest time increment. In order to avoid having "special"

time steps, we do not move all the particles of a given group at once. We de_ue subgroups

of G,, called blocks (call them B_). Given a group G,,, there are 2" bl_;ks B_, where

l = 0,1,2,...,(2" - 1). Each block in a group is moved at a different time step. We move a

block Bl,. at time step n, with t = n6t, when: (n)mod(2") = I. As an example, consider 3

groups (m 0, 1,2):

Go &to - 6t Boo every step

GI Atl = 26t BI° even steps

B_ odd steps
,, ,,,

G2 At2 = 46t B ° if n rood 4 = 0

B_ if n raoci 4 = 1

B_ if n rood4 = 2

B_ ifnmod4= 3
.......

To illustrate how particles _re moved, take time step n=7:

H Time Level n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 n=ll []

B° , • • _ , • • •

B° • .--_- -_o •
• • , .,_ • •

B° • o--_,

B_ ,_- - -_ ->

_-. f_

Threeblock'Jaremoved atn-7: B °,B_ and B_ (representedby thesolidarrows).Contributions

tothe _,eestreamedchargedensity_, and the "effective"susceptibilityX from allblocksare

known in advanceof the step;thosefrom blocksB°,B °,B_ and B_, have been obtainedby

interpolation in time. Thus, the field is known before the blocks: B_, B_ and B_ axe advanced /

ton=7.
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' 3 Physics of the Test Problem

The sheath problem we use is a simple example to test the electron sheath dynamics, f(z, v)

Cef the electrons is a cut-off Maxwellian:

{ ( )" SCx,,,)= ,,o_ -£_,-g-+_ ; I,,I<,,o(_), (i)
o; Irl >_ro(x).

{where no = ne(x -'0),rav_ = T, co = 2Vr2vTerf and,vo = vc(x= 0).The ions

arefixed:nj(z)= no Changingvariables;u = V_ v aud g_= e¢
T v"_' "T"' P°iss°n's equationbecomes:

= _ _:¢_ -
We can now solveEq. (2)with the appropriateboundary conditions,and knowing ¢(z) we

loadtheparticles(electrons)accordingtoEq. (1).

4 Comparison of Computing Time

Comparisonofcpu timefortwo runs:one with1 At groupand theotherwith8 At gro'ips.No,

ofparticles- 100,000;no.oftimesteps= 10,000.Time isgivenin microsecondsperparticle

pertimestep.

largestAt l"1 1128 IIGoi__.r_rnaIlestAt :

total time : 4.62 1.56 2.96
, ,, ,

without io : 3.75 0.670 5.60

without io, or initialization. : 3.63 0.546 6.64

We havenot yetfullyvectorized_he code.There isstillroom foroptimization,althoughthe

logicinvolvedinchangingparticlesfrom blocktoblockma_es vectorizationmore complicated.
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FigureI:Schematicofphasespaceforthebounded multisca/esimulation.The caseshown has

6 groups.ParticleschangeAt groupsas theymove inphasespace.The solidlinerepresentsthe

sepaxatrix,_=(z),whereinsidetheparticlesaxetrappedsad outsidetheparticleshitthewall

and axe absorbed.The ionaxefixedand theelectronshave a cut-offMaxwellisadistribution.

The conductingwallisleftflo_ting, VI.
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A Particle-In-Cell Method for Modeling Small

Angle Coulomb Collisions in Plasmas

S. E. Parker

Electronics Research Laboratory, University of California, Berkeley CA 94720

1 Introduction

We propose a computational method to self-consistently model small angle collisional ef-

fects. This method may be added to standard Particle-In-Cell (PIC) plasma simulations

to include collisions, or as an alternative to solving the Fokker-Planck (FP) equation using

finite difference methods. The distribution function is represented by a large number of

particles. The particle velocities change due to the drag force, and the diffusion in velocity

is represented by a random process. This is similar to previous Monte-Carlo methods [1,2],

except we calculate the drag force and diffusion tensor self-consistent!y. The particles are

weighted to a grid in velocity space and the associated "Poisson equations" are solved for

the Rosenbluth potentials. The motivation is to avoid the very time consuming method of

Coulomb scattering pair by pair. First the approximation for small angle Coulomb collisions

is discussed. Next, the FP-PIC collision method is outE=ed. Then we show a test of the

particle advance modeling an electron beam scattering off a fixed ion background.

2 Small angle Coulomb collisions

The FP equation for describing small angle Coulomb collisions can be solved numerically

using finite difference techniques. An alternate method is to follow the evolution of a large

number of particles. Using the notation of Trubnikov [3], an infinitestimal "cloud" of test

particles can be represented by the quantities < Avi > and < AviAvj > to the same order

of accuracy as the FP equation[4], and are defined by:

doa(t)
< Av,>-- dt (1)

d

(__)

The bars represent averages. These may be interpreted as ensemble averages over many

initial states, or as an ordinary average by letting the number of particles in a cloud, N.

become large. We follow the second interpretation allowing a simpler simulation method.

1



_iisnow theaveragevelocityofthelocalcloud.The iand j subscriptsarethe3 velocity

components in Cartesian coordinates, (vi = v=,v2 = vu,v3 = v..). < Avi > is the drag

force felt by an average particle in the cloud. < Avi'.:.Xvi > is the spreading or diffusion in

velocity' space of the cloud.

Numerically we advance the velocity of the particles by using the following equation [4]:
o

_v_(t") =< Av_ > _t + B,j_W_(t") (3)

where Bijsatisfies,

Bi_Bki =< Avihvi > (4)
,

where AWi(t") -= Wi(t") - Wi(t""l), and Wi(t) is a vector function that represents a

Wiener process (or Brownian motion) having the following properties < l/Vi(t) >= 0 and

< Vv',(t)I_'_(t) >= t$,i. B and W are not unique and only need to satisfy the above criteria.

La our model we choose:

Aw,(¢') = v'ETR, (5)

where Ri are independent random numbers satisfying < R, >= 0, and < R_Rj >= _ij. We

have found a a matrix B such that BB _ = A, given by:

/ ° ° /- - _ 0 (.6)

By letting-4ii -'< -_vi-'_vj >, we note that Eq. (6) satisfies Eq. (4) and can therefore use

this I3 in Eq. (3).

The "field" quantities are obtained from two functions ¢ and ¢, the Rosenbluth poten-

tials, which in turn are solved by the two Poisson equations [3]:

v2¢_= la(v;) (z

V2__ = ¢/3(v_) (s

where /3 is the superscript representing the field species, /3 = (i,e). Then < -_vi > and

< AviAvj > are obtained in terms of the Rosenbluth potentials using the following equation

(see reference [3] for a derivation)"

( ) ,mo Lo/o0¢,3 (o)<Av,>°:-Zo



< Avi-_vj >_'= -2_'_ L c'lO 02_
OviOvi (10)

LoI_ ), (4_'e°e0) 2
= is a constant (given here in cgs units), and ,Xis the Coulomb logarithm.

m, a

a and 0 represent the test and field particles, respectively (e.g. _ = (i,e) and _ = (i, e)).

o

3 Outline oi' the Met'hod

For the particle advance, we start with the simplest scheme [1], similar to Euler's method,
,,

except there is an added diffusion term (the last term on the right):
J

v,"+1= v,,"+< Av; >" At + B_v_R_ (11)

Rj are independent random numbers having .'.he two properties given above' Following a

methodology similar to PIC simulation, we wei_,ht the particles to a grid, calculate the field

quantities, advance the particles and repeat the process. The basic algorithm is as follows:
i

Step 1. Weight the particles to a grid in velocity space using linear interpolation.

Step 2. Solve Eqs. (7) and (8) on the grid for ¢ and ¢.

Step 3. Obtain < Avi >" and B_. on the grid using Eqs. (6), (9) and (10).

Step 4. For each particle, obtain < Avl >" and B .n.by interpolating from the grid to13

the particle location vi. Then, up,._ate the velocity using Eq. (11).

4 Test of the particle advance

As an initial test of th." particle advance, Eq. (11), we model an electron beam scattered

by infinitely massive cold ions. For this test case < At,; > and < AviAv i > are given by

the two simple analytic expressions'

Vi

< Avi >= -Cva (12)

< /xviAv, >= C( '0 viv.i)v v3 (13)

where C = noL_/_
4_.v ' We do not calculate the field quantities on the grid (step 1 and 2

above), but rather, use Eqs. (12) and (13) directly. This provides a good test of the particle

, advance, Eq. (11). We expect the total x-momentum to be given by [3]:

p_,to,a,( t ) = p=.,oca,(¢ = O)exp ( _v_Ct) (14)
d

3
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where v0 is the initial beam velocity. We have made a test run with the following parameters:
]

C= 1, v0 = 1, VTe = 0.01 and At = 0.001. The energy error is less than 0.2 percent and

the momentum error is less then 1 percent for a total time: T=I.

5 Future Work

We are developing a code to test the FP-PIC method outlined above. In the near fu_,,,e we

plan to implement the algorithm in a ld 3v electrostatic code in order to study combined

collective electrostatic and collisional effects. With this code we would assume spatial

homogeneity for calculating the collisional terms. If this assumption is not valid one would

have to partition f(v) into spatial regions j, and calculate fj(v) for each spasial region. One

would have tO ensure that enough particles in each spatial zone to adequately fill out the

distribution function.

In addition, we need to address the accuracy and stability issues associate d with this
,

method, and study the feasibility of using a more accurate particle advancing scheme than

that given by Eq. (11).
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1 Introduction

The transport and confinement of charged particles in an auxiliary-heated mirror plasma is
n

modeled via the bounce-averaged Fokker-Planck (F-P) code SMOKE [2] and the direct-implicit

particle-in-cell (PIC) code TESS [1]. The test case studied is that of a tandem mirror end plug

which is heated by the injection of ECRH at both the (undamental and second harmonic of the

electron gyrofrequency (wRF,1 -- wee and wRY,:z-- 2wee). Figure 1 shows the magnetic field and

potential profiles that are prescribed for the test case. Both electron-electron and electron-ion

collisions are included. Each code _mploys a relativistic description of the electron dynamics in

one spatial dimension. Each code follows the system to equilibrium, where the loss of particles

(resulting from collisional detrapping of the loss-cone dist,ribution) balances the trapping of

particles (resulting from the preferential increase in the magnetic moment of the particle due

to the resonant absorption of RF wave energy).q#

The modeling comparison is divided into three sections. The first entails benchmarking the

1
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Figure 1: Magnetic field and potential profiles in the end plug of a tandem mirror plasma. The

central cell is to the left, and the end wall is to the right.

physics results from the PIC code against those from the F-P code. The test case determines

the confinement a_d transport of electrons only. The magnetic and electrostatic fields are

prescribed quantities. Comparison is made of the electron velocity-space density contours at

different axial locations, as well as the electron density and kinetic energy profiles. In order to

determine the effect of particle counting statistics on these quantities, the PIC coJe is run with

varying numbers of simulation electrons. The PIC code is also run including the ions, and a

self-consistent calculation of the electrostatic potential. This last run allows us to determine

the accuracy of the assumed potential profile used in the other runs. Next, a computational

cost analysis is performed on each code. In addition to comparing the total run time for each

of the codes, various code dependent costS are provided, such as the cost to push a particle

each time step in the PIC code and the cost to _invert" the phase-space m_trices in the F-P

code. Finally, the advantages and disadvantages of each code are discussed in the co._text of

the chosen test caJe, including a comparison of the effort involved in setting up the input deck

for each code.

2 The Multiregion Bounce-Averaged Fokker-Planck Code

The SMOK_ code determines the evolution of a particle distribution function f resulting from

Coulomb collisional and RF-induced velocity space diffusion. The code numerically solves the



3!

relativistic Fokker-Planck kinetic equation

8..-_.+V._x+ . q E+-c ×B f+rcou+rr/ =0, (1)

where t is the time, x is the position, v is the velc_.ity, p = 7my is the momentum, 7

(I - v2/c2) -I/2 is the relativistic factor, m is the rest mass, c is the speed of light, E and B

are of the electric and magnetic fields (static and RF components), and roou and Fry are the

fluxes arising from Coulomb collisional and RF wave interactions respectively. Since the bounce

time of particles in the mirror (_) is much smaller than the collisional or RF diffusion times

(r_l, frf), a bounce-averaged version of the F,P equation [3] is solved in (¢,p) phase space

of 0 D,,_ + + D,f + v_-_7 + + D,,f (2)

where_ = ('y- 1)mc2+ q_' is the total energy,_ - p2/2mBo is the _agnetic momentand

- _ dz/l_l I is the particle bounce time. Each of the coefficient Da0 have contributions from

Coulomb collisional and RF wave interactions. The quasilinear model of Bernstein and Baxter

[3] is used to model the KF-induced diffusion.
=

The bounce-averaged F-P equation (2) is solved for the various regions (trapped-particle

populations) via a two-step process. First, the (f, p) phase space is mapped into a rectangular

(Cartesian coordinate) region (z, y). Second, a Galerkin finite-element method is used to solve

(2) in the (z, y) phase space. (The same procedure is used to solve Poisson's equation for the

Rosenbluth potentials.)

3 The Direct-Implicit Particle-In-Cell Code

The TESS code computes the trajectories of individual charged particles in either a prescribed

or self-consistent electrostatic potential, and a prescribed magnetic field. The implicit nature of

the code allows one to simulate long-wavelength, low-frequency phenomena, without having to

resolve high-frequency effects, such as electron plasma oscillatioas. A relativistic guiding center

formulation of the equations of motion in one spatial dimension (£) is used

dz Pz

dt 7rn

dpz_ dpz_
" dP...-J-z= qEz - PVBz + "_'/cou "4--_/_.! (3)dt 7

dp dp dp .
d'-'t = "_ ) coll4" "_ ) ,.y



t
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In general, the code simulates the transport and confinement of both ions and electrons. The

self-consistent ambipolar potential is then calculated via the direct-implicit form of Poisson's

equation

( ) •- v, 1+ = C4)

where _he summation is over species s (ions and electrons), n, is the free-streaming or e.xplicit

density of species • and X, is the implicit susceptibility which accounts for the implicit correction

to the free.streaming density. The equations of motion (3) and modified Poisson equation (4)

are solved via standard finite difference techniques. A self-consistent, relativistic, Monte Carlo

binary collision model [4] and a quasilinear RF diffusion model [5] (after Bernstein and Baxter

[3], as implemented by P_ognlien [6]) are also included.
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