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PROGRAM SUMMARY

Title ofprogram: TOPIC Nature ofphysical problem
In high temperature—lowdensity tokamakplasmas,radiation

Catalogue number: ACDY cooling by impurity atomscan be an important energyloss
mechanism[1,2], sinceradiationis not reabsorbed.Thecoupled

Program obtainable from: CPC ProgramLibrary, Queen’sUrn- setof time-dependentdiffusionequationsfor ionized tokainak
versityof Belfast,N. Ireland(seeapplicationform in this issue) plasmaimpuritiesis solvedin conjunctionwith asimplemodel

for neutral impurities, on the assumptionof a cylindrical
Computer: CDC Cyber170—720; Installation: CentralInstitute symmetry.The resultantdensity distributionsareusedin the
of Physics,Bucharest-Mägurele,Romania subsequentcomputationof therelatedenergylosses.

Operating system: NOS1P4552/552 Method ofsolution
Thesetof coupledsecondorderdifferential equations,describ-

Programming language used: FORTRAN IV ing the diffusion of impurities in the MHD approach, is

discretizedusinga finite difference scheme.The resultant linear
High speed storage required: 0.7 Kwords for the test ru~ system,with a three-diagonalblock matrix structure,is then

solvedby a specialforwardelimination—backwardsubstitution
No. of bits in a word: 60 technique.

Peripherals used: card reader,line printer, magneticdisk
Typical running time
About 6 s for thetest run output

No. of lines in combined program and test deck: 1217

Keywords: tokamak, plasma, impurities, diffusion equation, References
coupleddifferentialequations,three-diagonalblockmatrix in- [1] H.W. Drawin, Phys.Rep.37 (1978) 125.
version [2] H.W. Drawin, Phys.Scripta24 (1981)622.
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LONG WRITE-UP

1. Introduction

Theidealmagneticallyconfinedfusionplasmawould consistonly of hydrogenisotopes,heliumionsand
the neutralizingelectrons,well separatedfrom the material walls of the reactionchamberby suitably
shapedmagneticfields. In practice,high energyplasmaparticlesleakacrossthe magneticfield, strike the
walls andliberatewall material,which diffusesinto theplasma,wherethe impurity atoms(suchascarbon,
oxygen,iron, nickel, molybdenum)are ionizedand excited.Ionizationandexcitationare accompaniedby
radiativedecayand radiativeand dielectronic recombinationwhich lead to unwantedenergy lossesin
additionto thebremsstrahlungradiation.Theseradiationlossesleadto the cooling of the plasma[1,2].

2. Method of solution

Themodel adoptedfor theneutralimpuritiesassumesthat theseflow into the plasmaat thermalvelocity
1’~and their density, n0(r), decreasesrapidly through ionization as the impurities penetratethe plasma.
Using the coordinatesindicatedin fig. 1 we have

n0(r) ~f2~ d~J~
2d~cos ~ exp[_ ~f~‘ai(p’)ne(p’) dp’I, (1)

0 “0 0

wheren~is the averagenumberof neutralsleaving the materialwalls from the unit area.MKS units are
usedthroughoutthe paper,exceptwherespecifically mentioned.In eq. (1) a

1 is the ionization ratefor the
neutralsand

t1e is the electrondensity. V
1~, is approximatelygiven by the following expression

= 4 X 1O’°(To/m~)”
2,

whereT~is the temperatureof the neutrals(in eV) and m~is the massof the impurity.

A’

±
/

7 I

r~

0’

a b

Fig. 1. Coordinatesemployedin themodel for neutralimpurities.
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Taking into accountthesymmetriccontributions,the integral (1) canbe expressedas

±

~ dP~J1, (2)

whereKi2 is the Bickley function of the secondkind [3], definedas

Ki2(x) =f~~~2d~cos ~ exp(—x/cos~p). (3)

In order to evaluaten0(r) oneneeds2 furtherrelations:

p0 = (r~ — r
2 sin2~)”2— r cos p, (4)

, 1 2 2 2 ~1/2
r =~(p

0—p0+rcosq) +r smq) , (5)

where r’ representsthe positionof the integrationpoint with respectto the z axis, correspondingto the
argumentp~.

The densitydistributionsof the ionized impurities are calculatedby taking into accountclassicaland
anomalousdiffusion andthe ionization—recombinationprocess.The radial densitydistributions are then
given by the following set of coupleddifferential equations:

~k 1 3

k=1,2, ...,NST, (6)

where ~k is the impurity ion densityin the kth ionization state,ct~,,is the ionization ratefor the passage
from the (k — 1)th stateto the kth stateand /

3k is the total recombinationratefor the passagefrom the
k th stateto the (k — 1)th state.NSTrepresentsthe totalnumberof ionization statesand~ is Kronecker’s
symbol.

The flux of the impurity ionsin the k th ionization stateis given [4,5] as

~11k —yDDk0nk/3r+yWWknk, (7)

on the assumptionthat the impurity ion densityis low enoughfor the effect of mutual collisionsto be
neglected.The Pfirsch—Schlhterdiffusion coefficient Dk andthe inward diffusion velocity dueto friction
with plasmaions Wk are,respectively,given by

Dk = (1 + q2)p~vk, (8)

ldn 1 dT

Wk=kDk ~ (9)
where y~and Yw are the anomalyfactors.The safetyfactor q, the squaredLarmorradiusp~,and the

collision frequencyof impurity ionswith plasmaions ~k, aredefinedas follows:
rB

(10)

p~= 6.25x 1O18~1~c (11)

= 2.765x 1027n~(m~)l/’2k2lnAk/(mZTI3”2). (12)
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Here R1 is themajor radiusof the reactionchamber,B1 and B~are the toroidal andthepoloidalmagnetic
fields, respectively,n1 is theplasmaion density,

T
3”2 1

lnAk=ln 1.552X1013 —‘ 1/2k (13)
(Zfle)

is the Coulomblogarithm,7’, is the plasmaion temperatureand Tk is the impurity ion temperature(in eV).
The effective ionic chargeof the plasma,Z, is definedas

NST
Z= n~+~ kin,,, /‘~e (14)

k=1

andaccordingto chargeneutrality

NST

~ knk. (15)
k=1

The diffusion coefficientsdependon the impurity ion temperatureTk, for whichwe used the following
simplemodel:

givenconstant (k = 0),

Tk= T
1for~~~r~(k#0), (16)

min[T1, T~1+(r’,— Tk_l)Ti/Teq] for ~ (k#0),

where

‘TI = 1/(a,~i+ $k)~e (17)

and

T~l/
2Vk. (18)

This programusesthe ionizationratesak given by the formulaof Lotz [6]

NSS a”q” 1 pk b,” exp(c~) pk

ak=67~—~72 pk/TE1 ~ pk/r+ck~ -~-+c,” , (19)

where

Ei(x)=f[exp(_y)/y} dy

is the exponentialintegral, F,” is the binding energyof the electronsin the i th subshell(in eV), q7 is the
numberof equivalentelectronsin thissubshelland a’, b~’ andc7 arefitting constantstabulatedin ref. [6].
NSS stands for the numberof subsheilsconsidered.The ionization rates of Lotz were found quite
satisfactory,especiallyfor light atomswhereautoionizationis less important.

Takinginto accountthe radiativerecombinationrate/1~[8] andthedielectromcrecombinationrate
[9], the approximateexpressionfor the totalrecombinationrateis /3k = $,~+ $~,with

p 1/2 tpk pk p 3/2 oo 1 k2P
$~=2.6x10_20k2fl_.~ ~-~-‘--E~-~- +2k2 ~ ~ ~ ~ (20)

Te n T~ e e ~ (n+i) (n+i) 7~)
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where

E~(x)=exp(x)E1(x). (21)

In (20) n is the principal quantumnumberof the ground state,~ is the numberof emptyplacesin the
valenceshell, ~H is the ionization potentialof hydrogen.

For impuritieswith NST~ 21 we use

$~=1016A(k)[~ET~~1)Iexp[_ ET(k,1)1 (22)

with A(k) a coefficient dependingon the type of transitionandwith ET(k, 1) representingthe energyof
the first resonanttransitionof the ion. ForNST>21 we use

= 2.4 x 1015 ~f~~B(k, j) exp[— C(k, j)/~], (22’)

wherek1 = k + 1,

k1(k1 + 1) 1/2 ET(k, j)
A(k)= (k?+13.4) XkJ(kl)p~

x 1.36(k +1)x
kj ,- .~ 1 kj

B(k,J)= , C~k,j~=
1 + O.

1OSXkJ+ 0.015x~
1 1 + 0.015k~/(k1 + 1)2

and wherefkj representsthe oscillatorstrength.

Eqs.(6) are solvedunder the following boundaryconditions:

[n0(r)] r~r~= givenconstant,

[nk(r)Ir=rp=0, k=1,2,,...,NST, (23)

=0, k=1,2,...,NST,
r=0

and in consideringthe time-dependentcasesoneaddsthe initial conditions

n~’°(r)=n~(r), k=1,2,...,NST. (24)

The energylossesby ionization, recombination,bremsstrahlungandexcitation dueto the presenceof
impuritiesare approximatelygiven by

NST

= 1.6 X 10_19~ ‘~e~k_l’tk(~1 + ~Te)+Prsc,
k—i

NST

Prcc= 1.6>< 10—19 ~ ~

k—i (25)
Pbr = 1.5X 10

38Zn~7~”2,
NST—1 L

Pex1.73>(103~”2h7e E nk~cklexp —-~

k—i l’—l e

where~ is the excitationpotential.ThecoefficientsCkl are tabulatedin ref. [5].
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3. Numericalaspects

Both the stationaryandthe time-dependentimpurity transportproblem are considered.Let usdiscuss
first the stationarycase,that is eq. (6) with vanishingtime derivativeof the particle flux. The equations
wereapproximatedby simplefinite differenceschemes:

if —2 rmD~~+ rm~D,~?2_~n~’— n~1— rm±~D~±1+ rmD~~rn+l —

htm+ h”1 2 h”’ 2

mj,~,’m m ,n—1

117m—1 rn—I rn±Ij~jrn±I m+I mix/rn rn~ r “’k ~ — r “k ~k r “k

13k — r ~
2rm h”~

— 8kl)a~n~I — (a~~
1+ $fln~+ $~±1n~±1J= ôk,lneaino,

k=1,2,...,NST, m=2,3,...,NMP—1, (26)

wherem denotesthe meshpoint, h”’ = rm — rm~, hrn = rm~ — rm andNMP representsthe numberof
meshpoints.This linearsystemcanbe finally written as

NST

k=l =T~
m, j=1,2,...,NST, m=2,3,...,NMP—1, (27)

with

1 rn-i
A”— d”1 ____ r wml ~jk — — 2h~~,.m j jk’

—(1—~ki)n’a7, k=j—1,

~ d~~1+d5~2+ _~)H~m+n~(a7±
1+f3Jn), k=j, (28)

‘~e/3J~’-i~kj+1,

0, k*j,k*j±1,

1 m±1
~-‘m_ jm2 ‘ r y~jm±l ~

— ~ 2h”’ rm ~‘j ~-‘jk’

‘i’m_a m m m‘f — I~~k,1neai no

where

dml=(/)uJ dm2=(’~)uJ (29)
(hm_i + hm)hmI ‘ (hm~+ h

m)hm

The use of the Crank—Nicholsonschemefor the time-dependenttransportequationyields a linear
systemsimilar to the oneobtainedfor the stationarycase:

NST

k”l [A~’~~ + BT’tn~’.+ c~,1~~1±1,t]= (30)
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with

A7~”=A~, B;”=B;+(2/hl)~fk, Cm”=Cm (31)

Tm~’= 2T~m- A~n71” - ~y~
1n~:c - (Bm~t- 2)mt~ - ~n7~c - Cmnm~,z’ t’ = t + h~.

Taking into accountthe three-diagonalblock structureof the discretizedlinear systemmatrix, a special
forward elimination—backwardsubstitution techniquewas used to solve this system. The method is
equivalentto supposinga lineardependencebetweenthe densitiesin two neighbouringmeshpoints:

NST

n
tm—Ftm—~ G”’~”’~1 (32)

k=i

This lineardependencerepresentsin fact the recurrencerelationof the backwardsubstitutionsweep.The
recurrencerelationsfor the forwardelimination sweepmaybe derivedby substitutingeq. (32) into eq. (27)
(or into eq. (30) for the time-dependentcase) for both ~fl~1 + 1 and n~. One thus obtains the following
equations(by denotingby G’7,~the elementsof the matrix obtainedby the inversionof the matrix having
the elementsGJ~):

G
,m — / Dm ~m m—1\ ,ç’m

jk~’~jk~ff jk )/‘—jj’

NST

~ i’m (pm — Am i’m—I\ jç’mjk1k \ f jj j //%..jj.
k—i

Fromthe boundaryconditions(23) ~ canbe expressedapproximatelyas

I_4 2 1 3

nk — ~J~k—

This supplementaryrelationallows us to obtain independentrelationsfor F.2 andG~:

= (~+ — ~Afl, (36)

NST
~ ,,,2 r’2_~r2,lr’2 1 A2\

I~IJkrk — 1j /~—jjV1jj)~
k—i

The solutionof thediscretizedstationarysystem(27) can beiteratedaccordingto chargeneutrality(15).
This non-linear iteration scheme,consisting of NNI iterations, is due to the fact that the stationary
algorithmmustbeprovidedwith aninitial guessfor Z and n

The computationof the exponentialintegral (eqs. 5.1.53 and 5.1.56 in ref. [10])and of the Bickley
function [3]was accomplishedwith polynomial and rationalapproximations,for which the errorsare less
than 2 x i0~.

4. Codedescription

TOPICconsistsof a mainprogram,20 subroutine-typesubprogramsand 3 function-typesubprograms,
structuredas in theblock-diagramshownin fig. 2.

SubroutineSTART readsnecessarydata(NST, NSS, NMP) for the subsequentcomputationof the
numberof wordsrequiredby the arraysusedin the program:

NW = NST*(24+ 3*NST+NMP)+ 12*(NMP+ NSS)
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TOPIC —~—=]START I

~ AORS I

CALLS INPUT

(STOP) INIT 1

OPNFLS

INIT 2

H LIR 1—] ~i i I
REC —.~ El 2

HCRN_I

a.
—j~iEUI GAL~j~—[ PN

I__I BIC2I

0~

~T!NVI

.11

Fig. 2. Flow diagramof TOPIC.

On returnto the mainprogram,NW is usedby the systemsubprogramsSYMLIB, CMMALF andLOCF
for dynamicmemoryallocation, relativeto the startingaddressof the arrayA dimensionedin the main
program.On computerswhich do not havedynamicmemory allocationfacilitiesthe sequence

CALL SYMLIB

CALL CMMALF(NW +1,0,0, IA)

LA = IA — LOCF(A(1)) +1

shouldbe replacedby

LA = 1

while the arrayA shouldbe dimensionedaccordingto NW. SubroutineSTART alsoprints the headingof
the programand the currentdateby calling the systemsubroutineDATE.

SubroutineADRScomputesstartingaddressesfor the arraysusedby theprogramrelativeto the “new”
startingaddressof the arrayA, that is LA.

SubroutineCALLS hastwo purposes.First,it makesthe correspondencebetweenthe startingaddresses
of the arraysof the programandthe addressesof the appropriatecomponentsof thevectorA. Second,it
calls the subprogramsof the next level (seeflow-chart) whichbenefit of a simple variabledimensioning.

SubroutineINPUT readsmostof the input data:
AD coefficient for dielectronicrecombination[A(k) in eqs.(22), (22’)],
AL, BL, CL coefficientsfor ionization rates[a~”,b~, c” in eq. (19)],
CPW coefficientfor excitationenergylosses[c~, in eq. (25)],
ET transitionenergyfor dielectronicrecombination[E~ in eq. (22)],
FF oscillator strength[f~~in eq. (22’)],
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HIEX excitationpotentialEPex in eq. (19)],
PL bindingenergyfor electrons[P/’ in eq. (19)],
LQ numberof equivalentelectronsin a subshell[q7 in eq. (19)],
NLL numberof emptyplacesin the valenceshell [~in eq. (20)],
NPF principal quantumnumberof the groundstate[n in eq. (20)],
GAMAD, GAMAW anomalyfactorsfor diffusioncoefficients[~D, ~ in eq. (7)],
HD hydrogen/(hydrogen+ deuterium)ratio of the plasma; for HD = 1 plasmacon-

tainsonly hydrogen,while for HD = 0 plasmaconsistsonly of deuterium,
HT temporalstepsize,
MZ impurity ion mass,
NGP numberof Gaussianintegrationpointsfor thecomputationof the neutraldensities,
RP poloidal radius,
RT toroidal radius,
TO temperatureof neutrals,
NNI numberof nonlineariterations,
NTI numberof temporaliterations,
IOPTN normalizationoptionvariablefor impurity densities,
INPRR, INPBP, INPTE, INPTI input options for mesh, poloidal magnetic field, electron density,

electrontemperatureandplasmaion temperature,respectively.
All the input datais printed in anexplicit manner.

SubroutineINIT1 readsfor INPRR= 1 the values of the poloidal meshpoint distancesto the axis of
the plasma column. For INPRR= 0 the code initializes a mesh having equidistantpoints. Subroutine
INIT1 alsozeroesthe impurity density.

SubroutineOPNFLSopensthe massstoragerandomaccessfiles on whichionization rates,recombina-
tion ratesand the arraysG andF (usedfor the iterativesolutionof the discretizedsystem)arestored.

SubroutineINIT2 is called at eachtemporalstep(oncefor the stationarycase).According to thevalues
of the variablesINPBP,INPNE, INPTE, INPTI, the valuesfor the correspondingprofiles are read(option
1), or initialized by readingonly a few input data(option0). If INPBP= 0 the poloidal magneticfield is
initialized as

B~(r)= 2 X 1071p/r{1 — [i — (r/rp)2]2}, (38)

whereIi,, the total plasmacurrent,is input data(variableCTOT). If INPNE= 0 the electrondensityis
initialized to aparabolicprofile:

fle(T) = ~~e(0)+ [ne(rp) — ~1e(0)}(r/r~)2, (39)

wheren~(0)and ~e(’~p) are input data(variableNE(1) andNE(NMP)). The plasmaion density(variable
NI) is takenequal to the electrondensityfor the first temporaliteration, or in the stationarycase.The
electron temperatureand plasmaion temperatureprofiles are initialized for INPTE = 0 and INPTI,
respectively,by a three-orderpolynomial form:

7~(r)=[2(7(O)_7(rp)}+STE](r/rp)3_[3(~(O)_7~(rp))+STE](r/rp)2+7(O), (40)

j(r)=[2(Ti(0)_7(r~)}+STI](r/r~)3_[3(T,(0)_T
1(rp))+STI](r/rp)

2+Tj(0), (41)

whereSTEandSTI are the derivativesof the respectiveprofiles at r = ,j,. 7,(0), 7(r~),STE, 7(0), 7(r~),
STI are input data.
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SubroutineLIR computesthe ionization ratesof Lotz [6] (vector ALFA in the program). It calls
function Eli whichcomputesthe exponentialintegral E1(x). The ratesarestoredfor eachmeshpoint on
magneticdisk.

Subroutine REC computestotal recombinationrates (vector BETA). It calls function E12 which
computesexp(x)E1(x)andstoresthe recombinationrateson magneticdisk for eachmeshpoint.

SubroutineCRN is called only for the stationarycase. It computesimpurity densitiesin the corona
model [1,2],usingthe relations

n~’=1, m=1,2,...,NMP,

n~=~n~1, k=i,2,...,NST. (42)

Theseprofiles will representthroughthe effectiveionic charge,computedin subroutineZZ, aninitial guess
for the diffusionmodelcomputationof the densities.

SubroutineZZ normalizes the impurity density profiles according to the value of IOPTN. For
IOPTN = 0 the profiles are normalizedsuch that the total impurity density (neutralsplus ions) should
representat r = 0 the fraction CONC from the electron density at r = 0. For IOPTN= 1 the same
procedureis appliedatthe point atwhichthe totalimpurity densityhasthe greatestvalue.For IOPTN> 1,
CONC representsthe ratio of the total impurity density spaceintegral to the electron density space

Table 1
Descriptionof theinput datacards

No. Input variables Format Observations

1 NST, NSS,NMP 2413
2 NGP, NNI, NT!, IOPTh,INPRR, 2413

INPBP,INPNE, INPTE, INPTI
3 RP, BT, RT,GAMAD, GAMAW, HD 8F9.4
4 TO, MZ, CONC 3E12.4
5 ((LQ(I, J), I = 1, NST),J=1, NSS) 2413
6 ((PL(I, J), I = 1, NST),J= 1, NSS) 8F9.4
7 ((AL(I, J), I = 1, NST),J= 1, NSS) 8F9.4
8 ((BL(I, J), I = 1, NST),J = 1, NSS) 8F9.4
9 ((CL(I, J), I = 1, NST), J = 1, NSS) 8F9.4

10 ((ET(I, J), I = 1, NST),J = 1, 2) 8F9.4
ii (AD(I), I =i, NST) 8F9.4
12 ((FF(I,1), I = i, NST), J= 1, 2) 8F9.4
13 ((CPW(I,J), J — i, NST1),I = i, NSTi) 7F9.4
i4 (HIEX(I, J),J — i, NSTi), I = 1, NST1) 7F9.4
15 (NPF(I), I = 1, NST) 2413
16 (NLL(I), I = 1, NST) 2413
17 HT 3E12.4 IF(NTI.NE.0)
18 (R(M), M = 1, NMP) 3E12.4 IF(INPRR.EQ.1)
19 CTOT 3E12.4 IF(INPBP.EQ.0)
20 (BP(M), M =1, NMP) 3E12.4 IF(INPBR.EQ.1)
21 NE(i), NE(NMP) 3Ei2.4 IF(INPNE.EQ.0)
22 (NE(M), M —1, NMP) 3E12.4 IF(INPNE.EQ.i)
23 TE(1), TE(NMP), STE 3E12.4 IF(INPTE.EQ.0)
24 (TE(M), M i, NMP) 3E12.4 IF(INPTE.EQ.1)
25 TI(1), TI (NMP), STI 3Ei2.4 IF(INPTI.EQ.0)
26 (TI(M), M = 1, NMP) 3Ei2.4 IF(INPTI.EQ.i)
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integral.Theoption IOPTN = 1 was found to give alwayscorrectresults,while the otheroptionscanyield
errorswhenthe impurity densitiesandtemperaturesreachhigh values.

SubroutineNEUT computesneutral densities accordingto eq. (2). It calls subroutineGALEG to
generateGaussianintegration points. About 4 integrationpoints are found sufficient in most cases.
SubroutineNEUT also calls functionBIC2 for the computationof the Bickley function.

SUBROUTINE INST computesdensitiesfor the ionizedstatesof the impurity by usingthe algorithm
(32)—(37). It calls subroutineDISC, which computesthe discretizationcoefficientsA7~,B~,Cj~’and Tm
employedin the stationaryequation(27) or in the time-dependentequation(30). DISC calls subroutine
TDW which computesimpurities temperaturesanddiffusion coefficients(Dk andWk). SubroutineINST
alsocalls subroutinesMATINV and ZZ. MATINV solves the matrix equationAX = B, replacingA by
A~ andB by X. INST allows for NNI nonlineariterationsaccordingto chargeneutrality(15).

5. Input

The descriptionof the inputdatacardsis given in table 1. Eachline in thetablecorrespondsto a data
card, except in the caseswhen the variablescorrespondto arraysof dimensionsgiven by NSS, NST,
NST1= NST— 1 andNMP. The lines 19—26 are readat eachtemporalstep,while in the stationarycase
they are readonly once.

________— 102

1.0- -3 8

~iii~

Ip~J

N
\-2’~E ~Z

N
I ~

= Cni 10°~— 4

3
C 2

I 10

0.4 0.6 0.8 1.0 10 0~2 0~.4 0’, 0.8

r/rp r/Tp

Fig. 3. Input profiles for n~,Te, T
1 andtheoutputprofiles for n1 and Z calculatedby TOPIC.

Fig. 4. The impurity densityprofiles given numericallyin thetest run output.
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lot

~io
3 -

r /rp

Fig. 5. Radiativeenergylossesobtainedwith theimpurity densityprofiles of fig. 4.

E
N

L

C

2

o __J_J1_1_J__L~L. I
0.2 0.4 0.6 0.8 1.0

Fig. 6. The variationof n
6(r) obtainedwith 11 (lower curve)and41 meshpointsrespectively.
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6. Test run

Thecodewas testedfor oxygenimpurity ionswith the inputdatasimilar,but not exactlythe same,asin
ref. [5].Thetestrun deckconsistsof two cases:astationaryanda time-dependentone.The testrun output
presentstheresultsonly for the stationaryproblem.Theseresults,whichcanbecomparedwith thoseof ref.
[5] are discussedin what follows.

Fig. 3 presentsour input profiles for the electrondensity n~, electron temperatureT~,plasma ion
temperatureT, andthe output profiles for plasmaion densityandfor effective ionic chargeZ. The input
profilesaregeneratedby the coded polynomial approximations(39)—(41).

Fig. 4 showsthe resulting impurity densityprofiles. The figures attachedto each curve denotethe
ionization stateof the impurity (the neutralsare labelledwith 0, the simple ionized oxygenwith 1, etc.).
Our resultsareseento agreequalitatively with thoseof Tazimaet al. [5]. Fig. 5 gives the radiativeenergy
lossesobtainedwith the impurity densityprofiles of fig. 4.

7. Accuracy test

We havetestedthe influenceof the spatialmeshgrid upon the accuracyof the impurity densityvalues.
Fig. 6 comparestheprofilesobtainedfor 06+ by using11 and41 meshpoints,respectively.Thedifferences
betweenthe two profiles appearto be verysmall, with a maximumof 2.5%.

References

[1] H.W. Drawin,Phys.Rep.37 (1978)125.
[2] H.W. Drawin,Phys.Scripta24 (1981)622.
[3] W.G. Bickley andJ. Nayler, Phil. Mag. 20 (1935)343.

[4] A. Samain,EUR-CEA-FC-745(1974).
[5] T. Tazima,Y. NakamuraandK. Inoue, Nuci. Fusion 17 (1977)419.
[6] W. Lotz, IPP1/62 (1967).
[7] K.L. Bell, H.B. Gilbody,J.G. Hughes,A.E. Kingston andF.J. Smith, ReportCLM-R216 (1982).
[8] S. von Goeler, W. Stodiek, H. Eubank, H. Fishman, S. Grebenshchikov and E. Hinnov, Nuci. Fusion 15 (1975) 301.
[9] EUR-CEA, MAKOKOT — Coded’evolution (August 1977).

[10] M.Abrasnowitz and l.A. Stegun,Handbook of Mathematical Functions (Dover, New York, 1970).



174 TA. Beu et aL / TOPIC — a tokamak plasma impurities code

TESTRUN OUTPUT

Input data

WORDSOF COPE REQUIRED 634

EXCEPT WHERESPECIFIED DATA API IN MNS UNITS

DATA ON INSTALLATION I~IR 4~I~4*i#CIS4I*•S~$*4I4
RI TORO1DALRADIUS
PP POLOIDAL RADIUS •12000
PT POLOIDAL MAGNETIC FIELO 2.70000
DATA ON PLASMA *4*$~*S*!***,~I.*~***I.S~$**.
HO HXDP.TD CHIDP.401UF.) FRICTION 1.00000
DATA ON iMPURITY ~
NY ION MASS •2656~E—25
MST NU.OF IONIZED STATES 6
NSS NO.OF SUBSIIELLS 2
TC TEMPERATUREOF NEUTRALS (EV) .500001+01
CCNC CONCEWTRAT]OH .ICCCCE—01
bRIM NORPALUPTICNOPTION 1
GAMAD PFIPSCH—SCHLUTERAP4OMILITY FACTOR 1.00000
GANAW INWARD DIFF.VELOCITY AP4OMAL!TY FACTCR 1.00000
NUMERICAL DATA •~**eø*tse*e$~•*eø~*.S•Iøe•4e
lIMP NO. OF MESHPOINTS 11
WGP ND. OF GAUSSIAN INTEGRATION POIIN?5 4
MN! NO. OF NONLINEAP ITERATIONS 3
NT! NO. OF TEMPORAL ITERATIONS 0

MESH POLOIDAL PLASMATEMPUATURES ELECTRON
POINT MAG.F!ELD ELECTRONS TONS DENSITY

1 .1331—01 .8501403 •2601+03 •270E+20
2 •133F—C1 .8261403 •2721+03 .2681+20
3 .2621—Cl •763F4f3 .2!2E403 .2601+20
4 .3821—01 •669E4C•i .22214C! •2481420
S .4911—01 .5541+03 .1851+03 .2311+240
6 •583E—0i .4301+03 .1451+03 •209E420
7 .6561—01 .3061.03 •1OSE+03 •182E+20
8 •7C51—01 .191E4C3 •683E+02 •150E.20
9 •72~E—C3 .c748402 .3811402 .1131+20

10 .7141—01 .3351402 sF761402 •7161+tq
11 •6671—01 .1001+02 .1001.02 .25.01+19

Output data

CORONAMODEL**4
MESHNEUTRAL EFFECTIVF

POINT DENSITIES CHARGE
1 •206E+20 •264E401
2 .2221+20 .2181+01
I .2431420 •145E~O1

.2451+20 .ICGE4C1
S •230E+20 .1O1E+C1
6 .2091+20 .1~0loE+IO1
7 .1821+20 •100E+01
P .1501+20 .1001402
9 .1131.20 .100E.01

IC •11614)c .1CCE4CI
31 •2!CE+39 .ICCE4C1

MESH NEUTRAL AND ION DENSITIES
POINT (INCREASING CHARGE)

1 .1231—14 •837E—C6 •207E+00 •977E+04 .1171+09 .4511+12 .217E+16 •6791+17 •740E+18
2 .1231—14 •812E—C6 •193E.0C .8771.04 •IO1E+09 .3711+12 .171E+t6 .5081+17 .5241+18
3 .1231—14 ‘.7431—06 •1!EE+C0 •843E4C4 ‘.6531408 •21!E412 •1621.18 •2201+17 •193E+18
4 .1231—14 .843E—06 .114E+0O •381E+04 .3191+08 •843E+11 .2761+15 .5461+16 .364E+17
5 .1231—14 .521E—O6 .7101—01 •18401+04 .113E+08 •220(+11 •5281+14 .7161+15 •318E+1b
6 .1231—14 •3901—06 .368E—01 .6361+03 .2681+07 ,339E+1O .5211+13 .4121+14 •1O1E+t5
7 .123E—14 .262E—06 .1481—01 •14c1+o3 .3561+06 •2441409 .199E+12 •7051+12 •682E+12
P •1231—14 .1471—08 .3941—02 .1791+02 .1841+05 •!02E+07 .1541410 .1441410 .2581.Og
9 •123E—14 .5671—07 .4721—C! .~583EsC0 .1461+03 .8131+04 .440E+06 .1321+05 •2361+02

10 •123E—14 .9881—08 .7571—40! .6381—03 .727E—02 •9R71—402 •74061—02 •378E—1O .8201—21
11 .1231—14 •554F—09 .8241—08 .4051—08 .5831—10 .1101—13 .1141—18 .4291—50 .6371—88
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•$IOIFFUSTON MOCEL*ØI

NON LINEAR ITERATION ND. I
MESH NEUTRAL. EFFECTIVE

POINT DENSITIES CHARGE
1 .26$E+20 .1061+01
2 •264E+20 .1091+01
S .252E+20 •120E401
4 .2351420 .2311401
S .2151+20 .34C1’C3
6 .191E+20 •146F+01
7 .1631+2.0 .356E+~01
8 .1301+20 .1701+01
9 .9471+19 .1781+01

10 .5961+19 .17C1+C1
21 .8308419 .1001401

M8SH NEUTRAL AND 1011 DENSITIES
P01111 (INCREASING CHARGE.)

1 .7901+00 .5881+02 .2461+03 .9151+06 .1131+10 .2181+13 .3481+16 .1371+17 .1311+17
2 .2061+02 •‘EIE.C2 .2461+03 •91!F+06 .1131+10 •218F+13 .8081+16 .252f417 .1951+17
I .2731+04 •7941+04 .4511405 .5071+01 .1761.11 .8981+13 .2191+17 .3381+17 .~e7E+17
4 .3561406 .1051407 .8231+07 •2431+10 .3301412 .4391414 •4601+17 .6191+17 .5171+17
5 .3841+08 .1181+09 .1271+10 .1051+12 •668E+13 .3001+15 •612E+17 .9441+17 .5041+17
6 .4331+10 .1401+11 .1441+32 .3901+13 .1111+15 .202P416 •129E+18 .9031+17 •4131+17
7 .3281+12 .1151+23 •9081+13 .1131+15 .1431+16 .1101417 .180E+18 .749E+17 .3141+17
8 .1511.14 .6381414 .338E+15 .2161416 .1211+17 .1911417 .200E+18 .3541+17 .2301+17
9 .3611415 .1761416 •6431+16 .204E+17 •4681+17 .6251+17 .1301+18 •3b01+17 .1301+17

30 •3291416 .1721417 •3761417 .464E+17 .367E+17 .3341+17 .7711+17 .1861+17 .7711+16
13. .7431+16 0. 0. 0. 0. 0. 0. 0. 0.

PlOW LINEAR ITERATiON tIC. 2
MESHNEUTRAL EFFECTIVE

POINT DENSITIES CHARGE
3 .2231420 .2141401
2 .2211+20 .2131+01
3 .214E+24~ .2131+01
4 .2031+20 •216F+O1
5 .1861+20 •219E+01
C .1661+20 .2231+01
7 .1411420 .2301401
8 .231E42C .2401401
9 •792E+19 .2471+01

ic .~40E.19 .228E+O1
11 .2301+19 .1001+01

MESHNEUTRAL IWO lOP’ OFWS’TIFS
ODIN, (yNCPçAStN(~ CHARGE)

I .125E+Cl •9~IE+C2 .423E4C! sF701407 .4251+10 .7681+13 .3911+17 •217E+18 .3681+18
2 .3241+02 .9331+02 .4210+03 .1201+07 .4231+10 .1131+14 .4!4E+17 .2201+18 .3581+10
3 .4311+04 •7251+05 •601F+0! •5911+06 .2601+11 •222F+14 .6431+17 .2321+18 .3271+18
4 .5601+06 .165E4C7 .9461+07 •258E+10 .4221+12 .7621+14 .1011+18 .2411+10 •2601410
5 .6C41+06 .3031409 •1401+1C .1111+12 •794E+13 .4341+13 •162F+18 .2391+10 .224r+1,
P .6831410 .2361411 .1651412 •443(41! .1361+1! .2861438 .2431+18 .2121+28 .1C~E+18
7 .3171+12 .176(413 .114L+14 .1371+15 •187E+I6 .1611+17 .324E+i8 .1651+18 .1181+18
P .2301+14 .9361+14 .4561+15 .2021+16 .1741+17 •P141+17 .3491+15 .1131+18 .7831+17
° .5691+15 .2661+16 .9651+16 .3221+17 .7671+17 .1101+18 .2581+16 •6911+17 .4781+17

10 .5161+16 •2771417 .6461+17 .0581+17 .6621+17 .3711+27 .2271+10 •3421+17 .2931+37
11 .3111+27 0. 0. 0. C. 0. 2. 0. 0.
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WOWLINEAR TIFRA7ION NC. 3
MESH NEUTRAL EFFErT1~,E

POINT DENSITIES CHARGE
~ .2!OE+2C .lccE.c’
2 .2270+20 •2uIE.C1
2 •225(420 .2(81401
~ •2C41+20 .21214C1

5 .1061+20 .2200+07
6 •1651+20 .2251+01
7 .1401+20 •231E+C1
e .1111420 .2421+11
c .790(410 .250C4U1

30 .3031439 .22’1401
21 .25C(4]9 •IOCE4C1

MESH NEUTRAL At~O !i2P~ D~N~TT1ES
POINT (INCREASING CHARGE)

1 .1301+01 .6181402 .26’F+OI .5071+06 .2531+10 .3241+33 .2651+17 .1731+16 .3341+18
2 .287(402 .6161+02 •262E+C! .6018406 .2331+10 .7031+13 .3241+17 .1001+10 .3291+18
3 .3821+04 .1101400 •368E+’~3 .2121+06 .1241+11 .1361+34 .4991+11 .2011418 .3131+10
4 •496E+C6 .1451407 .5540+07 .1091+20 .1941+12 .3041+16 .0561+17 .2261+18 .2851+10
0 •533E+08 •161E409 .8061+09 •559E+11 •4151+13 .200d+15 .1431+18 .2361+10 .2381+18
6 .605E+1C .1881+11 .1031+12 .253(413 .SISE+14 .1971+10 .2281+18 .2161+18 .1011+18
7 •4’RE+72 .1511+13 •8CIE+13 •9C7E+14 .129E+16 .3241.17 .3131+15 .1691+10 .1271+3.8
Q .2211414 .7901414 .3331,1! .2211+16 .1391+17 .5361+17 .3501+10 .1161416 .5391+17
c .3C4Ei2! .2281416 .6160426 .2831431 .7351417 .1101+38 .264E+18 .7021+17 .5041+17

10 .4591+16 .251E+17 .6131+17 .874E+17 .665E+17 .5461+17 .1231+18 •331E+17 .2361+17
11 .1041+17 0. 0. 0. 0. 0. 0. 0. 0.

ENERGY LOSSES DUE TO YMPURITIES
MESH !ONIZ?TICN IECCMPINAIICN OPENS IXCITATION

POiNT STRANLUNG
.643E+t’~ •6~9E+C4 .6331+03 .30~OE+(’3

2 .6621+05 •t!2E+t’4 .6201401 .3191+05
3 .6901+01 .6368+04 .578r+0~ .3771+05
4 .7071905 •ScJ2E+04 •305C

401 .4401+05
5 .631(405 .4731+04 •41!r+03 .4021+05
6 .474140! .3351404 .3058+03 .450E+O3

•4131+1 .1841404 .2011+03 .4901+05
8 •7510+V .3121+04 •1131+03 .7251+05
° •136E4~6 •125E+04 .4730+02 .2321406

10 •560f4t’~ .6221+03 .1001+02 .2740+06
11 .7210+04 0. .2961400 0.

•a~~ CLSE WAS ~ROCESSE’~ PY T~)PIC TN 5.34 S000NflS*+*


