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FOREWORD

This document is intended as a starting point for a continuing
documentation of the Oak Ridge Tokamak Transport Code. The code has
been developed by scientists whose chief interest lies in the analysis
of tokamak experiments and the formulation of reliable models of extrap-
olation. Consequently, potential users are cautioned that the version
of the code described here is far from optimum in the computational sense.
Some present versions of the code, incorporating most of the physical
models described in this manual, have halved both execution time and stor-
age requirements. Nonetheless, this manual contains such a detailed
description that users who require greater efficiency have the information
needed to obtain it.
As this manual is writtén, the Oak Ridge Tokamak Transport Code in-
cludes some features not described here. These include:
a) a Fokker-Planck solution to the fast injected ion distribution
function at Ni v 5-10 radial points (that is, N, solutions of
~the two-dimensional time-dependent equations for fi (xi, v, & t).
b) a multi-group, discrete ordinate (SN) cylindrical geometry
calculation of neutral gas transport. This NUTRLSN package
has been developed by modifying the XSDRN neutron and photon
transport solver which has been extensively used in other
fields.
c¢) a quasi-two-dimcnsional magnetic geometry. In this scheme
the (r,t) radial diffusion problem is replaced by one solved
on a (Y,t) grid where y is the poloidal flux function. The
ISLAND code of D. C. Stevens (as used in the work of Grad, Hu,
and Stevens) is then employed to compute the two-dimensional
axisymmetric magnetic surface structure.
These additional modules are run with the same basic structure de-
scribed in this manual and the logic has been designed to accept them.
It is expected that documentation of these more sophisticated features

will soon be forthcoming.
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ABSTRACT

A one-dimensional tokamak transport code is described
which simulates a plasma discharge using a fluid model which
includes power balances for electrons and ions, conservation
of mass, and Maxwell's equations. The modular structure of
the code allows a user to add models of various physical
processes which can modify the discharge behavior. Such
physical processes treated in the version of the code de-~
scribed here include effects of plasma transport, neutral
gas transport, impurity diffusion, and neutral beam injec-
tion. Each process can be modeled by a parameterized ana-
lytic formula or at least one detailed numerical calculation.
The program logic of each module is presented, followed by
detailed descriptions of each subroutine used by the module.
The physics underlying the models is only briefly summarized.
The transport code was written in IBM F@RTRAN-IV and imple-
mented on IBM 360/370 series computers at the Oak Ridge
National Laboratory and on the CDC 7600 computers of. the
Magnetic Fusion Energy (MFE) Computing Center of the
Lawrence Livermore Laboratory. A listing of the current
reference version is provided on accompanying microfiche.

xi



A USER'S MANUAL FOR THE OAK RIDGE
TOKAMAK TRANSPORT CODE®

1. INTRODUCTION

1.1 GENERAL STRUCTURE OF PROGRAM SPATIAL~-TIME GRID

This manual is intended for a user who wishes to change the basic
physical model in the code for one or more processes, or to incorporate
a model for some process not already treated in order to study its in-
teraction with the basic plasma transport process.

The manual can be most effectively used with two other documents: 1,2

J. T. Hogan, "Multi-Fluid Tokamak Transport Models,' ORNL/TM-5153
(November 1975); Methods of Computational Physics, Vol. 16: Computer
Applications to Controlled Thermonuclear Research, ed. by J. Killeen,

B. Alder, and S. Fermbach (1976).

J. T. Hogan, Physical Models in the Oak Ridge Tokamak Transport Code,
ORNL/TM, to be published.

The reference version of the Oak Ridge Tokamak Transport Code (@RTTC)
is supplied in Appendix IV on microfiche,

The code is available to members of the controlled fusion community
via the Magnetic Fusion Energy (MFE) Computer Center at the Lawrence
Livermore Laboratory.

The tokamak transport code was developed as a tool to aid both
theorists and experimentalists working with tokamak-type toroidal plasma
machines. This code has been structured to allow modular incorporation
of new models of various plasma processes as they are developed. The
code has been extensively documented internally to aid users who must
know the details of the processes being modeled. For those who wish to
use the code to lhelp iulerpret data, the input data is arranged so as to
allow for the inclusion of extensive comments in the actual input data

without disturbing the normal running of the program.

*
Research sponsored by the Energy Research and Development Administration
under contract with Union Carbide Corporation.



The input data is grouped as much as possible to reflect the
modular structure of the program. This parallel organization should
facilitate the selection of options for a particular type of simulation
calculation. Where possible, an attempt has been made to include at
least two alternatives for the important processes modeled: an analytic
model that provides a rough approximation but gives a quick calculation,
and a more detailed numerical computation which treats the physics of the
process with more care.

The program can be run with a set of default input values. Since
there are many combinations$ of options available, a default combination
has been chosen which will be designated the standard choice. The
"standard choice'" data set is also a useful reference point if the user
attempts to use a combination of input values for which the code produces
numerically unstable profiles. A poor choice of input data values may
result in difficulty in getting a simulation started; i.e., problems may
develop in the first few time steps and cause the profiles to behave
strangely or to grow rapidly to large magnitudes. The basic spatial and
time intervals for the standard choice data set are 0.02 x (plasma
radius, cm) and tens of microseconds, respectively. Some useful guide-
lines to consider in putting together a data set that should not lead to
numerical difficulty are summarized in Sect. 1.4.8. Models currently
under development are not treatéd in this manual, but a logical structure
which will accommodate them has been chosen for the code. Some examples
of models not covered here are:

+ computation of soulutions to a two-dimensional Fokker-Planck equation
for the neutral beawm injection module

« use of the NUTRLSN neutron transport code for the neiitral gas module

«  twuedimensional flux surface calculations®

» the collisional plasma model* to replace the plasma diffusion
equations.

1.2 USE OF SWITCHES AND DEFAULT VALUES

The code uses a number of switches for a variety of purposes. These
switches can be grouped according to their purpose and/or use into the

following types:



Type Purpose and/or Use

A Determines choice of particular model of a process
B Controls input and/or output

C Determines choice of machine configuration, e.g.,

neutral beam injection
Provides choice of diagnostic options
Provides values of exponents for power law ex-

pressions.

A detailed description of the various switches is given in Table 1.

Table 1. Summary of switch types and the
function or use of each switch

Type A Switches: Choice of analytic or detailed numerical model

NUTE (1) Neutral gas calculation
= 1, algebraic formula
= 2, Boltzmann transport model with slab geometry,
no wall reflection
= 3, same as NUTE(1) = 2, but with wall reflection
= 4, NUTRLSN transport code
Options 3 and 4 are not included in the Reference Version

(see Appendix IV)

IMP (1) Initial impurity stripping calculation
= 1, corona equilibrium table for carbon and oxygen
= 2, rate equation solutions for carbon and oxygen

IMP (2) Radial distribution of total impurities
= 1, corona equilibrium tables together with radial
distribution formulae for carbon and oxygen.
High-Z impurities are treated using a crude
estimate,

2, corona equilibrium tables for carbon, oxygen,
and high-Z impurity (Fe) atom charge states.
Radial distributions are assigned using
formulae,

3, corona equilibrium tables together with radial
distributions generated by Pfirsch-Schliiter
diffusion for carbon and oxygen. High-Z im-
purities are treated using a crude estimate.

4, corona equilibrium tables for carbon, oxygen,
and high-Z impurity (Fe) atom charge states.
Radial distributions are generated by a
Pfirsch-Schliiter diffusion model.

]



Table 1 (continued)

IMP(3)

IMP(4)

INJ(3)
INJ(4)
INJ(5)

INJ(6)

INIT(1)

INJ(1)

INJ(2)

INIT(4)

NUTE(2)

Impurities: Fixed values (=1) or detailed calculation
(=2) according to the wvalue of IMP(2).

Detailed model for iron
= 0, include iron coronal equilibria
1, omit detailed description

Current perturbaﬁion from injected neutral beam
Electric field effect on fast ions

Luss voue correcllon to fast ion thermalizacion
Neutral iujeﬁtion gas

= 0, hydrogen
= 1, deuterium

Type B Switches: I/@ control

Generate initial plasma profiles analytically or read them
in/restart calculation at some arbitrary time.
= 0, generate initial profiles analytically (“normal"
start)
= 1, read in initial profiles
2, restart calculation at a designated time

]

Type (. Switehes: Machine configuration

Neutral beam injection

= 0, no injection
1, moments calculation
2, debug calculation

Number and type of neutral beam injection used

, co-injection only

, counter-injection only

two injectors, one co- and one counter-
four injectors, two co- and two counter-

L]
SN

’
’

Type D Switches: Diagnostic options

Diagnostic options switch
= 0, off
=1, on

Type E Switches: Exponents and power laws used

Exponent in power law for neutral gas analytic model.




A standard set of default input values has been incorporated into
the code; the entire set is given in Appendix I. The choice of default
value for each input variable is explained in the detailed description
of the input data (Sect. 1.4). The default values for the type A .
switches will generally pick the analytic model. Type B switches will
be set co generate the initial plasma profiles analytically and to ﬁro;

vide detailed printout.

1.3 BRIEF DESCRIPTION OF MODULAR STRUCTURE

Each of the seven basic modules currently in the code is discussed
in a separate section. Each section includes a description of the input
data required and a summary of the function of each subroutine used by
the module. These modules and their functions are briefly as follows:

MAIN — reads the input data and provides primary program control

(Sect. 2.5)

PLASMA — obtains the solution for the set of partial differential
equations describing the time evolution of the plasma
(Sect. 3)

NEUTRA — calculates the effects of the inward-diffusing cold neutral
gas (Sect. 4)

IMPRTY — calculates the effects due to the presence of the impurities
carbon and oxygen and a high-Z element (Fe) (Sect. 5)

BEAM — models the neutral beam injection process (Sect. 6)

DIAGN® — generates diagnostic tests to measure the accuracy and
performance of the simulation (Sect. 7)

SURFAC — models the interaction between the plasma surface and the
external world (diverters, torus walls, etc.)(Sect. 8).

Labeled common blocks have been used extensively to store variables
and arrays whose values are used or generated in more than one module or
subroutine. The common blocks were constructed to‘parallel the modular
structure of the transport code as much as possible. Common block names
were chosen to suggest a common physical use or'associacion of the vari-
ables and arrays grouped in each block. A list of the variables (arrays)
in each common block is given in Appendix II, together with variable and

array definitions.



1.4 DESCRIPTION OF INPUT DATA AND DEFAULT VALUES

An input data set, completely internally documented, is presented
in Appendix I to enable the user to run the plasma simulation code with-
out having to consult a series of memos. Changes to the input data can
be made by editing the appropriaté NAMELIST 1list in this input data set.
The standard choice, with complete documentation, is built into BL@CK
DATA, so that it will always be available in the code for reference. All
input data appears in the labeled cowwon blocks.

In the sample input data set, variables appropriate for each NAMELIST
list grouping are described immediately preceding the NAMEL1SI data set.
Units of the input variables are given with their definitions. Default
values for the input data are given in parentheses following the defini-
tions of the variables; these values are the ones appropriate for the

ORMAK. machine.

1. Machine Configuration. The parameters associated with the tokamak

geometry (ORMAK values are the default) are:

AM — minor radius of torus, cm (23.0 cm)
R$§ — major radius of torus, cm (79.8 cm)
BT — toroidal magnetic field, G (18 kG)
R9* — initial plasma radius, cm (23.0 cm)
N — number of spatial grid (radial) points . (51)

2. Timing Intervals. Two groups of timing intervals appear in the code.

The first group listed below deals with the basic plasma model. The
second group is associated with the neutral beam injection module and

appears with the input for that module in Sect. 7.

TMAX — maximum duration of current pulse, ‘

msec (65.0 msce)
TC . — rise time of current, msec (10.0 msec)
TPy — fall off time uf external neutral

density, msec (4.0 msec)
TSTAR — starting time of simulation prob-

lem, msec (0.0 msec)
NT — total number of time intervals for

current pulse and plasma simulation  (1000)

*
See subroutine GETSET.
TSee subroutine SURFAC.



3. Plasma Data.

This group of input variables is used primarily by the

plasma module for generating the initial plasma variable profiles.

TE@

TI¢
TEB

TIB

V@LT
DEN@

DENB
ZpC

ZFI1

AMU

XI(1)

XI(2)

XI(3)

X1(4)

— boundary temperature for electrons,
eV
— boundary temperature of ions, eV
— initial central value of electron
temperature, eV )
— initial central value of ion
temperature, eV
— toroidal voltage, V
— initial central value of plasma
electron density, cm™
— boundary electron density, cm™3
— initial value of total current,
amps ~
— additional amount of total current
after time TC, amps*
— mass of plasma ions, amu, deter-
mined according to the equation:
AMU = (Z*ND+ + NH+)/(ND+ + NH+)’
where ND+ and.NH+ are the respective
densities of deuterons and protons

— exponent for initial profile of cur-
rent density,

i = 3,01 - ®/R9)

— exponent for initial profile of
electron temperature,

T, - (TEG-TEB) [1~ R/R)XT(?) ] 4+ TEB

— exponent for initial profile of ion
temperature,

T, = (TE-TTB) [1- (R/R9)ZTP) ) + 118

— exponent for initial profile of
electron density,

N = (DEN@-DENB)[1~-(R/R9)

XI(l)]

XI(4)]

INIT(1) — switch for starting mode for

initial plasma variable profiles
= 0, for profiles generated
analytically
= 1, for profiles read from
data cards

&
See function PC.

= DENB.

(10.0 eV)

(10.0 eV)

(20.0 eV)

(20.0 eV)
(3.0 V)

(6 x 10!2 cm—3)
(5 x 1012 cm3)

-(15.0 ka)

(85.0 kA)

(1.0 amu)

(2.0)

(2.0)

(2.0)

(2.0)

(1))



INIT(3)

D11(1)

D11(2)

D11(3)

D11(4)
D11(5)

D11(6)
4, Neutral Gas

— switch for examining MHD stability
characteristics of the plasma

= 0, determines the location of
the singular surface for
m = 3,5

= 1, calculates the radial eigen-
functions and tearing mode
growth rate according to
Furth, Rutherford, and
Selberg,5 for m = 3,5. Can
be used to evaluate trans-
port coefficients in sub-
routinc CDC.

— electron thermal trainsport coefficient,
for scaling diffusion coefficient =
D11(1) xpoecudoclassical

— ion thermal transport coefficient, for
scaling diffusion coefficient = D11(2)
*#neoclassical

— particle diffusion coefficient
= D11(3) *pseudoclassical

— resistivity = D11(4) xneoclassical

— threshold (nue®) of trapped electron
scaling

— threshold (nui®) of trapped ion scaling

Data. This group of input variables is used

(&)

(3.5)
(0.3)
(1.0)
(1.0)

(0.0)
(0.0)

almost en-

tirely by the neutral gas module for picking a path through a consistent

choice of options associated with a particular neutral gas model.

FCDEN

FCF

— Initial Franck-Condon boundary density,
-3
cm—

—-finalsboundary density of neutrals,
cm-

— number of nodes x4 in [0,1] for use with
the discrete integral equation asso-
ciated with the integral equation that
has the hot neutral density as its
solution. Approximations to the hot
neutral density are obtained at the X5
Approximations at nonnodal points are
obtained by linear interpolation. In
regions where the slope of the hot neu-
tral density changes rapidly, more nodal
points should be added.

(18 x 102 cm~3)

(9 x 109 em™3)

(21)



N@z — number of uniformly distributed points
in the interval [-1,1]. For each node
X:, the integration interval [-1,1] is
decomposed into the subintervals:
(-1,m7(QC)], [m~(QC),n=(QF)], [n—(QF),
x;1, xy,0t(AF) ], [NF(QF),w"(QC)], and
[m+(QC3,1]. The points determined
by N@#Z that lie in [-1,m~(QC)] and
[mt(QC),1] are used as integration
nodes. (101)

NSIMP — number of uniformly distributed in-
tegration nodes in a Simpson's
approximation to the integral on
[m~(QC) ,n"(QF)] and on [n*(QF),
wt(QC)].

NSMO — number of uniformly distributed nodes
in [n'(QF),Xj] or in [Xj,n+(QF)].
Used as nodes for a Simpson's
approximation in one case and as
a partition of the integration
interval in another. (5)

NUNIF — switch to select mode for describing
the nodal points x;. See N@X above. 0)

= 0, x; defined in subroutine NEUTIO
to be (J-1)/(N@X-1)
j=J=1, ..., N@X.

> 0, desired x; should be placed at the
beginning of array W1l in common
NUTRLP. Require W1(1l) = O, and
W1(N¢YX) = 1.0.

QF,QC — used to partition integration interval.

See N@#Z above and Sect. 4.4.3 in the

neutral module. (.001,.11)
EPSN1 — the functional iteration used to approx-

imate the hot neutral density at the
nodes x; is terminated whenever the
magnitu&e of the absolute error be-
tween the solution of the discrete
integral equation and the current
approximation is less than EPSN1 at

each Xj. (.001)

INTRPS — the values of the functions Ni’ Ti’ and
EATN at nonnodal points are approxi-
mated by interpolation.,
= 1, for linear interpolation
2, for quadratic interpolation
3, for cubic interpolation (2)
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IDEBUG — a switch controlling printout from
subroutine NUKERN @9)
< 0, no additional output

1, A,B;C, vy = Lipschitz constant,
estimated number of functional
iterations, and max {q(z,x)}

2, all of the above, plus the
arrays NI, TI, and EATN

3, all of the above, plus ap-
proximations to hot neutral

density at nodes X5

1) — cnergy - of neutrals leaving the wall, eV (10,0)

EPSNO -+ a new basic ncutral doensity profile is
requested if and only if the magnitude
of the relative error between

A*NI(J) /SQRT(TI(I))

for the last calculated profile and for

the corresponding current values, exceeds
EPSNO for some node x;. NI and TI are

the normalized ion density and tempera-

ture, respectively. (0.5)

IPNO — an output switch for subroutine NTF &)
= 0, no extra output
= 1, printe range of relative error
array deacribed under EPSNO
and prints the igntegration
time
= 2, prints the above plus the arrays
containing the new and old
values for

A*NI(J) /SQRT[TI(J)]

and for the basic neutral den-
sity profiles

NWDWlL  — number ot elefieiits in the array Wl in
common NUTRLP. A minimum of 5N +
40X + 3WNPZ eleweuls in W1 is re
guired whenever NUTE(1) = 2 (1300)

NWDWSC — number of elements in the array A in
common LBMIBT. This array will be
used as the scratch array WSC in the
argument list to subroutine NUKERN. (8008)
A minimum of

N@X (N@Z + 1ONSMO +5) + NSIMP (8N@X + 1)
+ 4(N@Z + NSMO) -2

elements in A is required whenever
NUTE(1) = 2
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NUTE(1) — switch for model of neutral gas
calculation (2)
=1, for analytic model

2, for slab model without wall
reflections

3, for slab model with wall
reflections (not included
in this description)

4, NUTRLSN transport code (not
included in this description)

NOTE: The analytic model option will
always be available. The remaining
three options cannot be simultaneously
linked with the rest of the program.
This restriction exists to reduce core
memory requirements. One of options

2-4 must be selected and the subrou-
tines for that option linked with the
rest of the program. This linkage is
accomplished on IBM 360/370 series com-—
puters by inserting an INCLUDE card with
a reference to the name of the cataloged
data set which contains the subroutines
for the desired option. Option 2 will
be assumed to be the only one avail-
able in any subsequent discussions in
this user's manual about the neutral gas
module.

NUTE(2) — exponent in power law for neutral gas
analytic model (4)

5. Impurity Ion Data. This input data is used to some degree through-

out the code, but is most closely associated with the impurity module
{Scet. 5).

PCIMP — percentage of electron density due to
"high-Z impurity. This parameter has two
- different meanings, according to the im-
purity diffusion model option determined
by the value of IMP(2). For IMP(2) =1
or 3, PCIMP is due to some average ef-
fective high-Z impurity; for IMP(2) = 2

or 4, it is due to iron impurities (0.01)
ZEFF — effective charge of iomns (4.0)
ZIMP — maximum charge of the high-Z impurity ion (25)
XCAR — percentage of electron density due to
carhon impurities - (2)
X¥X — percentage of electron ‘density due to

oxygen impurities 2)
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IMP (1) — switch for initial impurity stripping L
= 1, corona equilibrium for carbon
and oxygen
= 2, dynamic rate calculation for
carbon and oxygen

IMP(2) — switch for diffusion of impurities (1)
= 1, corona equilibrium tables with
radial distribution formulae
for carbon and oxygen. High-
Z impurities are treated
using a crude estimate
2, corona equilibrium tables for
carbon, oxygen, aud high-Z
impurity (Fe) atom charge
states. Radial distribu-~
tions are dssigned using
formulae
3, corona equilibrium tables with
- radial distributions generated
by Pfirsch-Schlliter diffusion
for carbon and oxygen. High-Z
impurities are treated using a
crude estimate
= 4, corona equilibrium tables for
carbon, oxygen, and high-Z
impurity (Fe) atom charge
states. Radial distribulLivns
are generated by a Pfirsch-
Sehiiiter diffusion model

I

IMP(3) — switch for impurity model (1)
= 1, use fixed values
= 2, use calculation determined by
choice of switch value for
IMP(2)

IMP(4) — switch for detailed treatment of iron (1)
= 0, include iron coronal equilibria
= 1, omli deLusiled description

6. Neutral Beam Injection Data. This group of input variables is used

almost entirely by the neutral beam injection module for choosing a path
through a consistent set of options associated with a particular neutral

beam injection model.

DTCH — time increment for calculation of
profile H(r), msec (10.0 nsec)
DTCGL — time increment for calculation of GE,

GI, and KE, msec (2.0 msec)



RC

BHLF

TNJCT
DTNJCT

N1

N3

INJ(1)

INJ(2)

INJ (6)
For the fbllowing
INJ(3)
INJ(4)
INJ(5)

7. I/@ Data and
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— major radius of beam line point of
tangency, cm

— neutral beam radius, cm

— neutral beam half-width, assuming
Gaussian profile, cm

— starting time for injection, msec

— neutral beam injection current rise
time, msec

— number of computational time steps in
plasma current rise time interval

— number of computational time steps in
injected neutral beam current rise
time interval

— neutral beam injection calculation
switch
= 0,.no injection
= 1, moments calculation
= 2, debug (quick-and-~dirty)
calculation

~— switch for number and type of neutral
beam injectors used

= 1, co-injection only

= 2, counter-injection only

= 3, two injectors only, one co-
and one counter-

= 4, four injectors, two co- and
two counter-

— injected gas

= 0, hydrogen

= 1, deuterium
switches, 0 = off and 1 = on:

— switch for current perturbation from
fast ions

— gswitch for electric field effects on
fast ions

— switch for loss cone c¢orrectlon to
fast ion thermalization

(75.0 cm)
(15.0 cm)

(7.5 ém)
(20.0 msec)

(6.0 msec)

(500)

(200)

(1)

(3)

(0)

L

(0)

(0)

Control Switches. This group of variables and switches

governs how often printout is obtained during the simulation run and

+

what level of diagnostic information is derived from the diagnostics

module.

NR

— number of printout sets obtained during

execution of the code

(5)
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8. Using Other Data Sets. Data sets with the same numerical structure

(i.e., same N, NT, N1, etc.) will have a better chance of success if the
ohmic heating input rate chosen initially is close to the oné for the
reference value. Thus, nj2 should be close to the value given here;
variations should incorporate the fact that n ~ Te'3/2 and j v total

current/area.

1.5 COMMENTS ON USE OF NAMELIST FEATURE FOR INPUT DATA

The format for the data in the NAMELIST data sets is as fnllows:

1. Column 1 must always remain blank.

2, A set of data associated with a particular NAMELIST list name
must begin with an ampersand in column 2 followed immediately
by the NAMELIST name, The set of data must end with a line
containing an ampersand in column 2 followed immediately by
END.

3. Values for single variables are entered, beginning in column 2,
according to the format:

VAR]1 = valuel, VAR2 = valuel2, etc.
4. Values for arrays may be entered in two ways:
a. individually:
ARRAY (1) = wvaluel, ARRAY(3) = value3, etc.
b. in a list:
ARRAY = valuel, value2, value3, etc.

After the input data has been read in, it can be written back out
using the NAMELLSY feature. If a new variahle (array) is added to the
input data, the appropriate NAMELIST statement defining the variables
(arrays) associated with the NAMELIST name must have the variable (array)
name added to it. These statements all occur in the group of nonexcutable

statements at the beginning of subroutine GETSFET.

1.6 PROGRAMMING CONSIDERATIONS

The language used is FPRTRAN IV. The code was developed using the
IBM 360 series computers and the @PT = 2 version of the FPRTRAN-H com-
piler. While the ORNL IBM ¢#S/360 F@RTRAN-H compiler can accept state-

ments such as: )
XK = (I - 1)*1,/NM1/NM1 ,
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and can handle the mixed mode arithmetic properly, other compilers do

not have this capability., An attempt has been made to weed out this type
of machine-dependent statements and to replace these statements witﬁ
sequences of statements that should not cause difficulty on most com-
pilers. We have tried to use ANSI standard FPRTRAN whenever potentially

troublesome statements such as the one in the example above are found.
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2, DESCRIPTION OF MAIN PROGRAM MODULE AND
SUPPORTING SUBROUTINES

2.1. OVERVIEW OF CODE STRUCTURE

The module MAIN exercises primary program control, initializes all
variables and arrays, computes plasma power balance at each time step
of the simulation; generates a history of the plasma evolution, and con-
tains most of the program output statements, A diagram of this module
ig gshown in Fig, 1.

The subroutine call statements in the basic time loop of the main
program have been limited as much as possible to the basic modules used
for the simulation. Switches used to select a particular option have
been left in each module rather than put in the main program. In some
ways this obscures.the logic in the program, since each module must be
consulted in order to learn what logic and conventions are used. How-
ever, this program structure facilitates adding or changing modules.
When module additions or changes are introduced, provision should be
made to read in data and supervise variable and array initializations in
GETSET, and to handle all output in subroutine PRT@UT (by use of an
alternate entry point). Data transfer between GETSET, module, and
PRTPUT can be made using a labeled common, unless a great deal of data is
involved. Appendix II contains tables listing the variables and arrays
with their definitions to aid the user who wants to add a new module or
wodify an existing one.

Almost all output is handled by subroutine PRT@UT, through the use
of alternate entry points., This arrangement was chosen because of the
economy of being able to use a few basic format statements to print the
same sets of arrays at different stages of the simulation merely by in-
serting a call to the appropriate entry point name. This subroutine is

never called as such.

2.2 INITIALIZATION PROCEDURE

All initializations of variables, arrays, and machine parameters are

handled in subroutine GETSEIl, using the NAMELIST feature of FPRTRAN IV.



18

ORNL- DWG 76-2304
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Fig. 1. Diagram of MAIN module and subroutines

called.
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NAMELIST permits the user to include helpful documentation in the input
data set without interfering in any way with the process of reading in

the data set.

2.3 BALANCES AND HISTORIES

The plasma power and energy balances, comparisons between contribu-
tions of various terms in these balances, and the histories of selected
plasma variables are calculated in subroutine @RMPWR. Time histories are

generated in the following arrays:

Array Name Physical Process Contributing to Energy History
Bl ohmic heating
B2 thermal conduction and convection of electrons
B3 thermal conduction and convection of ions
B4 line radiation
B5 energy loss due to charge exchange
B6 stored energy of electrons
B7 stored energy of ions
B8 electron energy input from neutral beam injection
B9 ion energy input from neutral beam injection

Power spatial integrals and fluxes are generated in the following

arrays for the time intervals for which printout is specified:

Array Name Associated Physical Process
Cl ohmic heating, integral over space
Cc2 electron thermal conduction, flux
Cc3 electron convection, flux
C4 electron radiation loss; integral of line, recom-
bination, and synchrotron radiation
C5 electron-ion transfer for electrons, integral
Cé ion thermal conduction, flux
c7 ion convection, flux
c8 energy loss due to charge exchange, integral
C9 electron energy due to neutral beam injection,

integral
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‘C10 ion energy due to neutral beam injection,
' integral
C11 ionization loss due to electrons, integral
Cc12 electron-ion transfer for ions (proton),
integral

2.4 GRAPHICS OPTIONS

No graphics options are available in the plasma simulation code

per se. The graphics programs which have been developed at ORNL assume
that a simulation run has been made and that the output has been written
into a particular file or data set. Two forms of graphic display have
been used: the graphics package (#RGRAPH) ! developed for use at ORNL
with the IBM 360 computers, and several interactive programs developed
for use with the Tektronix 4000 series? storage tube terminal and the
Tektronix Advanced Graphics3 software package. The code's output format
reflects the use of the Tektronix 4000 series terminal and its associated

hard copy producer.

2.5 DESCRIPTIONS OF SUBROUTINES

Each subroutine and function will be described, wherever possible,

according to the following format:

Purpose or use

Equations used

Called from:

Subroutines called:

Commons required:

NAMELIST names:

Variables and arrays (output) changed:
Significant internal variables:
Limitations on variables:

Limitations in subroutine applications:

ROUTINE MAIN

The routine MAIN only calls subroutines; it does no direct computa-
tion. It contains the main time loop for the simulation, and calls for
the final printout of plasma histories at the end of the simulation run.

Subroutines called: GETSET, TIMSTP, NEUTRA, STABIL, SURFAC, PLASMA,
RESET, DISGN@, EMPRTY, INJECT, HIST@R

Commons required: INDEX
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SUBRQUTINE GETSET

Subroutine GETSET reads in all the input data, initializes the vari-
ables and arrays used by each module in the simulation, and prints a
report of the pfogram input. The initializations of quantities for the
various modules are made by calls to the executive subroutines for each
module in the same order in which the data is read. This structure
should make the initialization procedure more obvious. A set of default
inﬁut data is passed from subprogram BL@CK DATA into this subroutine
through labeled common blocks, so that the program can be run as soon as
it is implemented on a particular computer. The documentation of the
input data internal to BL@CK DATA was taken directly from an input data
set in which the NAMELIST list of data appeared where the default values
are set in DATA statements.

Two options exist for initializing the plasma variable profiles.
The choice of option is made with the switch INIT(1). If INIT(1l) = O,
the following analytic expressions are used (see ENTRY IPPC in executive

subroutine PLASIM of the plasma module):

r 2| XI(1)

0 3,0 =
. 0.001 , AM >R > RY
2
(TE§ - TEB) [1 - &3 ] XI(2) | tgp , R <R9 < AM
(1i1) T _(x) = A
€ TEB , AM>R > R9

XIG) 4 118 , R<RY < AM

[

r 2
(TI§ - TEB) |1 - (§§9

(111) T, (r)
TIB , AM >R > R9
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2
(DEN@-DENB) [1 - (§§9j]XI(4)+ DENB , O<R<R9
(iv) Ne(r) =
DENB , R9 <R<AM
(v) ( B =0
v p—
= 2
<Bp YA (9_:_2_){1_[1_(r_)]XI(1)+1}’ 0<r<o9
r R9
B, =B (r-4r) * (r -Ar)/r , 19<71r<AM
\ p p

After an initial call to compute diffusion coefficients (subroutine CDC)

the following equations are used:

(vi) E() = n(x) * 3(r)
(vii) V(@) =0
V(r > 0) = - TDP*(dN/dr) /N

If INIT(1) > O, initial profiles are read in from cards, according to the
format (2F10.0, 2F10.3, 4PE10.2). The list of variables, for 1 € I <N,

is as follows:

TE(I) — electron temperature, eV

1TL(L) — ion temperature, eV »
ZJ(I) — plasma toroidal current density, a)cm2
B(I) - poloidal magnetic field, G

E(I) — electric field (torovidal), V/em

DEN(I) — plasma electron density, cm™>3

VEL(I) — plasma ion drift velocity, em/sec
ZN1(L) — total neutrral gas density, cm*3

These variables are also the ones printed out in several of the profile
summaries in subroutine PRTPUT. The variables can be punched out on
cards to be read at this point for restarting or continuing a simulation
run, if time limitations or other considerations require doing the simu-
lation piecemeal. If the option of reading these profiles is used, the

- profile data must follow the data read by the NAMELIST feature.



23

The initial profiles required for variables associated with the
neutral gas, impurity, and neutral beam injection modules will be gen-
erated by calls to the executive subroutines which maintain control over
the computations done by each module. The arrays which must be initialized

are:

1. Neutral gas module:
T$# — neutral gas temperature profile
ZN1 — total neutral gas density

2, Impurity module:

DENP — ion density profile

D1 — spatial profile of effective ionic charge;
Dl > 1 with impurities

H1Z — radiation from high-Z impurities

QRD — radiation from low-Z impurities

ZBR — Z bracket [Z], defined by:

}; mQroton nkzz
[z] = species k e k

species k nkzk

CARBPN — total density of carbon impurity, cm—3
@$XYGEN — total density of oxygen impurity, cm™3

CC(X,I) — density of (K-1)th charge state of carbon at I-th
grid point :

CA(K,I) — density of (K-1)th charge state of oxygen at I-th
grid point

3. Neutral beam injection module:

QE1 — injected neutral beam heat input to electrons
QI1 — injected neutral beam heat input to ions

DJT — fast ion current produced by injected neutral beam

Table 2 contains a list of the labeled common blocks used by GETSET,

together with lists of the input and/or output variable and array names.

Called from: MAIN

Subroutines called: CDC, NEUTRA, IMPRTY, BMSTRT, INIQUT

Commons required: BDYC@PN, BEAMC, CDCLBX, CURENT, ELCTRN, FIELDS,
' - GE¢M, IMPURT, INDEX, I@¢NS, NEUTRL, NEWS, TEMP,
TIME, TMINDX, XP@RT, ZRAD
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Namelist names:

MACHIN, TIMINT, PLADAT, NEGADA, IMPIDA, NBMIDA,
IPDATA, TEMPDA
Input: See Section 1.5

Variables changed: See Table 2 and Appendix II.




Table 2.

List of labeled C@MM@N blocks and elements in them used by subroutine GETSET

Input Output
COMMPN BL@CK Variables Arrays Variables Arrays
/BDYC@N/ DENB, DEN@, TEB,
TE@, TIQ
/BEAMC/ DTCH, DTCGL, RC, CURBM, ENGY, INJ DJT
RB, BHLF, TNJCT
/CURENT/ ZFI, ZPC
/ELCTRN/ FQE DEN
/FIELDS/ BT zJ¢ B, E, ZJ
/GE@M/ AM, RP, RO AREA, HR, V@L
/ IMPURT/ PCIMP, X@X, XCAR, CARB@N, @XYGEN, CC,
ZEFF, ZIMP C@, DENP, ZBR
/INDEX/ N, NT, NR NUTE, IMP, INIT TIC, NM1
[ I@NS/ AMU DEN
)NEUTRL/ ATT, FCDEN, FCF, QEl QIl1, ZN1
PINJ
/NEWS/ NEWS
/TEMP/ TE, TI, T@¢, VEL
/TIME/ TC, TSTAR, TMAX, HT, TIM, TPR
TPO
/TMINDX/ DTNJCT, N1, N3 ’
/XP@RT/ D11 D1 ‘
/ZRAD/ HIZ, QRD

174
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SUBRGUTINE @RMPWR

Subroutine @RMPWR computes the plasma gross power balance, particle
and energy confinement'times, fluxes through surfaces, plasma volume
sources and sinks, and a series of terms contributing to the gross power
balance. This subroutine is the primary interface between the plasma
simulation code and the user. Table 3 summarizes the basic physical
processes considered and gives the names of the variables and arrays
associated with them.

The follawing types of quantities are calculated:

Amount of power associated with the dominant plasma processes

. Total amount ot energy involved with each domlnaul prucess
Fluxes through the plasma surface

Confinement times

Safety factor

[« NNV, B O
.

Number of microwave interferometer fringe shifts resulting
from changes in the plasma density

7. Ratios of various plasma power loss terms to the power put

into the plasma. '

Section 2.3 gives the definitions of the B and C series arrays
which are generated in QRMPWR. ''he B series array 1s geucraled in the
section of this subroutine defined by the alternate entry SAVPWR, which
is executed at each time step. Time histories of quantities in the B
series arrays are stored for 100 equal time intervals which span the en-
tire duration of the simulated plasma discharge. The B serics arrays
are printed at the end of the simulation run.

The C series arrays are generated in the section defined by the
alternate entry NEWPWR, which is executed only for those time intervals
for which printout of the plaswa profiles has been speclfied. A sum-
mary of plasma variable values at the plasma center is given for the
course of the simulation in the array RNEWS,

Table 4 shows which elements in the laheled common blocks supply
information as input and which elements are defined or altered for out-

put;



Table 3.

with them in subroutine @RMPWR

Physical processes and names of variables and arrays associated

Total Amount Flux Power
Contribution of Energy Flux Through Flow Values of Power
Process to Plasma Involved Profiles Plasma Through-~ Integrals Densities
Power Time Integral Outer out of Profiles
of Power Boundary Plasma

Ohmic heating P@H P@X, Bl Cl SUM@ PIN
Poloidal magnetic

field SUMBT
Line radiation PLR PLRX, B4 SUMLR
Electron-ion

collisions SUMEI
(For electrons onliy)
Electron thermal

conduction PED B2 PEX, B2 ETE
Electron convection PCVE, C3 EB
Electron energy,

internal ZE, B6 SUMEX,

N SUMP4

Electron energy,

neutral beam

injection PER PHE, B8 c9 SNJE EEQ
Ionization loss dus

to electrons PEIL Cll SUMQE PE@

Lz



Table 2 (continued)

Total Amount Flux Fower
Contribution of Energy Through Flow Values of
Flux . Power
Process to Plasma Involved . Plasma Through- Integrals .
. - . Profiles _ . Densities
Fower Time Integra’ Outer out of Profiles
of Power Boundary Plasma
Electron-Zon transfer PEI 5 EIg
Synchrotron
bremsstrahlung PLR C4 SHR
(For protons only)
Ion thermal .
conduction PID, C6 PIX, B2 ETIL
Ion convection PCIV, C7 PB
Ion energy, internal ZS1, BY SUMIX, SUZI
Ion energy, neutral
beam injection PIR PHI, B9 C10 SNJI EE1l
Ionizaticn loss du=
to charge exchange PIIL PC¥X, BS C8 SUMQI PIp, PCX
Ion-electron transfer FIE C12 EIl
a . . . .
SUMP is also used as a cifferent type o quantity in.computation of gross =2nergy confinement time.

8¢



Table 4. List of labelad commons and elements within them used by subroutine @RMPWR

Input Output
COMM@N BLOCK Variables Arrays Variables Arrays
/CDCLBM/ TPD
/ERGBAL/ EB, EE¢, EI@, ETE,
_ ETI, EE1, EIl
/FIELDS/ BT B, E, ZJ BTHE, ELI, VAX (0):4
/GE@M/ AM, AREA, HR, R@, V@L
/IMPURT/ DENP, ZBR
/INDEX/ TIC, N, NML
/INLGS/ ' QEE, QII, FF
/IPNS/ DEN TES
/NEUTRL/ FCDEX QE1l, QI1 SIGV, ZN1
/@UTPT/ GAMIN, GAM@UT, PLR CTE, TAUE, TGR@S
/POWER/ ED@T, PED, PEI, PB, PED, PIN, PI¢
PEIL, PID, PIE,
PIIL, P@H
/RADL@S/ Al SHR
/SuMS/ SUMBT, SUMC, SUMEI,
SUMLR, SUM@, SUMP,
SUMQE, SUMQI, ZE,
ZSI, SNJE, SNJI
/TEMP/ TE, TI, T@, VEL

/THRMDF/ TDE, TDI

6¢



Table 4 ‘continued)

Input Output

COMM@N BL@CK Variaktles Arrays Variables '~ Arrays
/TIME/ HT, TSTRT, TIM, TMAX
/XP@RT/ D1, D6
/XTRA/ ALF ' F
/ZRAD/ QRD
/CXL@S/ QCx
JHIST/ ‘ B1, B2, B3, B4, B5
: ' B6, B7, B8, B9
/HIST1/ P@X, PEX, PIX,
PLRX, PCXX,

SUMEX, SUMLX,
PHE, .PHI, ICM

/RATI@S/ x PCVE, PCVI, RCUR,
RCVE, RCVI, TAX,
TAXZ, TAX1
/PINT/ c1, c2, €3, C4, C5,
c6, C7, C8, C9,
€10, Cl1, C12
/RATI@L/ REI, RTH, RPLR,
| RD@T, RTHE, RTHI
JcxXL@s/ | PCX

JNEWS/ ‘ NEWS RNEWS

0¢
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Cal}ed from: RESET
Subroutines called: PC
Commons required: =~ CDCLBM, CURENT, CXL@#S, ERGBAL, FIELDS, GE@M,

HIST, HIST1, IMPURT, INDEX, IUNL@S, NEWS, RATI@S, .
RATI@1l, SUMS, TEMP, THRMDF, TIME, XP$RT, XTRA,
ZRAD - :
Variables required: IT. See also Table 3 and Appendix II.
Variablés changed: See Tables 3 and 5 and Appendix II. In addition,
there are:

GAMIN — incoming neutral flux, number of particles/(cm2 + sec)

GAMPUT — outgoing flux of charged particles = NPV, number/(cm? - sec)

CTE — stored energy, mJ/cm3
TAVE — conduction energy confinement time profile, msec
TGR@PS — gross energy confinement time profile, msec
Qs — plasma safety factor profile
F — particle confinement time profile, msec
. a . 1
BTHE — poloidal B = [ZT/Z rdr(NeTi + Npr)]/[Eig'Béol(a)]
ELI — plasma inductance, H
VAX — toroidal voltage of plasma, V
TAX — gross electron confinement‘time, msec
TAXZ — gross ion confinement time, msec
TAX1 — confinement time characteristic of plasma transport
and radiation, msec '
TNUEM — minimum value of ve*, msec~!
TNUIM — minimum value of vi*, msec™!
ED@PT — time derivative of electron energy
XFRI — value of integral of the electron density

FRING — number of microwave fringe shifts with respect to the
vacuum due to the presence of plasma electrons
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Table 5. Variables representing ratios of power transported
by various physical processes to total power input
(from ohmic heating plus neutral beam injection)

Viiiiﬁle Physical Process
RCVE Electron convection
RCVI1 . Ion (proton) convection
REI Electron-ion transfer
RTH Total thermal conduction
RPLR Liné radiation
RUYL Elecliun hieating or cooling
RTHE Electron thermal conduction

RTHI Ion (proton) convection




33

FUNCTI@N PC(T)

Function PC(T) generates the program current, i.e. the driving cur-
rent for the plasma. It is a function constructed to fit the driving
current that actually produces the plasma discharge. The form of the

function used in this subroutine is:
PC = ZPC + ZFI*(1. - EXP(-T/TC)) ,

where
ZPC
ZF1
T
TC

initial value of the total current

additional amount of total current after time TC

value of current elapsed simulation time

rise time of the current

Called from: @RMPWR, LBM

Commons required: CURENT, TIME
Variables required: T

Variables changed: PC (the function name)
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SUBRGUTINE PRTGUT

Subroutine PRT@PUT handles only output from the simulation calcula-
tions. No calculations are done in this subroutine. Use of alternate
entry points puts various format statements at the disposal of the user
so the statements can be used any number of times-for printing out dif-
ferent arrays. This organization also permits the user merely to insert
a call to an alternate entry point in any subroutine he chooses, thus
gaining access to several write and format statements by inserting a
single line when output i1s desired.

The alternate entries and the subroutines calling them are:

Alternate Entry Called From -
INIGUT GETSET
PRYFIL RESET
SUMARY RESET
NUPRIN NEUTRA
IMPRIN IMPRTY
HIST@R MAIN

Commons required: CPUNT, CXL@#S, ERGBAL, FIELDS, HIST, IMPURT, INDEX,
IYNS, MEASUR, NEUTRL, NEWS, @UTPT, PINT, P@WER,
RADL@S, RATI@S, TEMP, THRMDF, TIME, TST@R, XP@RT,
XTRA, ZRAD

Quantities printed:

Single variables — TIM, P¢H, PEI, PED, PEIL, TAX, BTHE, ELI, FRING,
PIE, PID, PIIL, VAX, TSTRT, GAMPUT, GAMIN, TAXZ,
TAX1, RFET, RTH, RPLR, RD@T, RTHE, RTHI, RCUR, PCVE,
PCVI, RCVE, RCVI, TX1, TX2

Arrays — TE, TI, ZJ, B, E, DEN, VEL, ZN1, PIN, ETE, EB, EIl{,
SHR, PE®, EE@, RHS, DEDT, TDE, EIl, ETI, PB, PCX,
P1¢, EE1l, RHS, DEDT, TDI, TGR@S, F, QS, D1, ALF,
D6, DENT', TAUE, DHI, ZHI, ZBR, Cl, C2, C3, C4, Cl1,
c9, c12, c6, C7, C8, C10, ZN1l, T#, ICT, SPT, CARB(N,
@XYGEN, cc, c¢, Bl, B2, B3, B4, B5, B6, B7, B8, B9,
RNEWS
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SUBR@UTINE RESET (IT,K,*)

Subroutine RESET uses the solutions generated by the PLASMA module
to set the new values of the plasma variable profiles, and to compute
the new values of jonization loss. It also prints the new profiles,
calls for the power balance calculations, and prints a summary of the
power balance, Figure 2 shows the order of calls to other subroutines
and the logic of the time sequence which is observed by RESET.

The electron and ion temperature and plasma density profiles are
checked at each time step to be sure they are in a reasonable range of
physical values. If the values go out of range, an attempt is made to
recover by force. The profiles are set to their edge boundary values

from the radial point where trouble occurs on out to the plasma edge.

MATIN
SAVPWR, PRUFIL, BMPWR, NEWPWR, SUMARY

BDYC@N, BEAMC, FIELDS, GE@M, IBTMN, INDEX, I¢NS,
MEASUR, NEUTRL, RADL@S, TEMP, TIME, XTRA, ZRAD

Called from:

Subroutines called

Commons required:

Variables required:

IT — D@ loop variable in the main program for number
of simulation time intervals that have elapsed
K — number of equatiomns in the two-fluid plasma model

treated by the PLASMA module (currently K = 7).

From labeled common blocks (see Appendix II for definitions)

/BDYCON/ — DENB, TE¢, TI@
/BEAMC/ — DJT(101), TNJCT
/GE@M/ — HR

/IBTMN/ — X(360)

/INDEX/ — N, NR

/I¢NS/ — DEN(101)

/TIME/ — HT, TIM, TMAX, TPR

Variables and arrays changed:

Single variables — XFRI, TPR

Arrays

‘A3

— TE, TI, BZ, DEN, A3, ZJ, B, E, VEL, DJE, TE1l2.
See Appendix II.

— time derivative of the electron density
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RESET

ORMPWR

SAVPWR

/\ RETURN TO MAIN;

||M <. TPR SKIP DIAQNQSTIC CVALUATION
OF SOLUTION

PRTOUT

PR@FIL

<:;IffjiTNJCT BMPWR

NO

t ORMPWR

NEWPWR

~ PRTOUT

. SUMARY
NORMAL
RETURN

TO MAIN

Fig. 2. Diagram of subroutine calls and
logic of subroutine RESET.
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SUBRGUTINE SIGMA (ZEO, ZTE, ZSIGCK, ZSIGI, ZSIGEL, NS)

Subroutine SIGMA calculates the cross sections for charge exchange
ch’ ionization by ion impact Gii’ and ionization by electron impact oie.
The cross sections for charge exchange and ionization by ion impact are

Y Cross sections for D and T are obtained

taken from a paper by Riviere,
by using the energy/nucleon to compute the velocity. The expressions
used in the subroutine are:
6.937(10)715[1 - 0.155 log;g Ti]2
ccx = cm? ’ Ti in eV
. 1 =1.112(10)7!% 1,33 :

logyg 0, = ~ 0.8712(logyg Ti)2 + 8.156 logyjg T; - 34.833 .

The rate equation formula for ionization by electron impact was derived

by R. Colchin® and is given by:

T, (10)~-16
(3.97 fn =— - 1.57) ——— cm? , T_< 67.5 eV
10 T e
e
o. =
le .
-16
(21.9 £n Te - 42.9) ﬁi%l____ cm? |, Te = 67.5 eV
e

If the computed o, < 0, then o, = 10720 cp2
ie ie

Called from: CST

Variables required:

ZEP — ion energy/nucleus, eV
ZTE — electron energy, €V o
NS — switch with the following possible values:

o eo o
1, comput ox nly

, compute 94 only

2

= 3, compute o, onl

’ p ie y
o e .., and o,

4, comput ch, 011, ie
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Variables changed:

ZSIGCX —
ZS81GI -—

ZSIGEL —

Limitations:

ax
ii

. .
Fa -

value of the charge-exchange cross section O ox? cm?

value of the cross section of ionization by ion impact

G.., cm?
ii
value of the cross section of ionization by electron
impact o, cm?
ie,

The formulae given above represent fits to data and are

valid in the following ranges:
eV < Ti < 100 keV

eV < T'i < 100 keV
eV < Te < lOO keV
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SUBRQH?INE TIMSTP (IT)

Subroutine TIMSTP uses the timing information provided by the input
to set up in a general way an array containing times when processes are
turned on or off with respect to the beginning simulation time of the
plasma discharge. The input switch arrays are used to select an
initialization path for the timing and to determine the size of the time
steps for the discharge. Small time increments can be chosen for the
simulation calculation dﬁring periods of rapid changes due to fast cur-
-rent rise in the plasma and turn-oﬁ of neutral beam injection. The

timing relationships are shown in Fig. 3.

Called from: MAIN
Commons required: BEAMC, INDEX, TMINDX, TIME

Variables required:

IT — D@ loop variable in the main program for number of
simulation time intervals that have elapsed

From labeled common blocks (see Appendix II for definitions)
/BEAMC/ — TNJCT, INJ(10)
- /INDEX/ — NT
/TMINDX/ — DTINJCT, N1, N3
/TIME/ . — TC, TSTRT, TMAX

Varjiables and arrays changed:

First time the subroutine is called, the arrays TT, NN, HD.

First and all other times:

TIM — current value of elapsed time of the simulated plasma
discharge, msec

HT — current time increment for the simulation, msec



PROGRAM CURRENT

NEUTRAL BEAM INJECTION CURRENT
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[e———— TNJCT ——

-~ TC —

HL(Z)

—{ [=HD(1) |~}

—{ |+HD(1) —~{ |=HD(2)

- NT >
TIME

Fig. 3. Timing information used by plasma simulation code.
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3. DESCRIPTION OF PLASMA MODULE

3.1 PURPOSE AND STRUCTURE OF MODULE

The plasma module contains the heart of the plasma simulation code.
It is used to drive the evolution of the plasma with reference to the
basic system of coupled partial differential equations describing the
fluid model. This module makes no specific reference to plasma processes
such as impurity diffusion effects, neutral gas transport, or the slowing
down and trapping of an injected neutral beam. The influence of these '
processes on plasma evolution is provided through the rates of change of
number, momentum, and energy of the fields and primary species which have
been calculated in the pertinent module.

Subroutine CDC computes diffusion, particle, and energy conduction
coefficients; resistivity; and associated derivatives with respect to
the plasma variables. This information is then used to form the elements
of the matrix needed to solve the system of equations. The matrix ele-
ments are computed and stored by subroutine LBM.* The solutions are ob-
tained by subroutine. IBTM. The source terms and cross sections needed
for the plasma model are computed by service subroutines CST and SIGMA,
respectively.

The plasma module can be modified to include new physics or a dif-
ferent model for the plasma within the basic framework of the simulation
code. The use of a different model for the diffusion coefficients will
require changing some variables in subroutine CDC and perhaﬁs making
some corresponding changes in a few lines in subroutine LBM. The de-
scriptions of the'subroutines in this module are therefore written
under the assumption that such changes will be made. The structure of
the subroutihes is presented in such a way as to aid the user in making

his own changes.

3.2 BASIC INPUT/OUTPUT

The input required by this module includes machine geometry, toroidal
ﬁagnetic field, plasma ion -mass, poloidal magnetic field, electron and
ion (proton) densities, tcmperatures (elecltron, ion, and neutral gas),

Zeff’ transport and diffusion coefficients, electron and ion temperatures
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at the boundary, [Z], and current densities. The basic output is a new

set of plasma variable profiles and resistivity.

3.3 SUMMARY OF FUNCTION OF EACH SUBROUTINE

SUBRPUTINE PLASIM

Subroutine PLASIM is the executive subroutine for the plasma module.
It has the sole function of initializing plasma temperatures, densities,
electromagnetichfield profiles, particle diffusion velocity, and Zeff
at the beginning of the simulation. At subsequent times, it calls a
series of subroutines which solvé the set of coupled partial dlfiferteutial
equations describing the basic plasma evolution. Figure 4 shows the

subroutines which are called and the order of call. .

Called from: CETSET [ENTRY IPPC(ITZ)] and MAIN [ENTRY PLASMA(ITZ)]
Subroutines called: CDC, CST, LBM, IBTM

. .
Commons required: BDYC@N, CDCLBM, CDCLBX, CURENT, FIELDS, GE@M,
' IMPURT, INDEX, I¢NS, TEMP, XP@RT

Variables required:

ITZ — time loop index variable »

From labeled common blocks (see Appendix II for definitions)
/BDYC¢N/ — DENB, DEN@, TFR, TR@, TI#, XL(L0)
/CURENT/ — ZPC

/GEM/  — HR, R9
/IMPURT/ — ZEFF
JINDEX/ —N

Variables changed (initialized):

From labeled common blocks (see Appendix II for definitions)
/FIELDS/ — B(101), E(101), ZJ(101), ZJ9 |
/IPNS/ — DEN(LOL)
/TEMP/ — TE(101), TI(101), T@$(101), VEL(101)
/XP@RT/ - D1(101)
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PLASIM

PLASMA

1 CONTROL ROUTINE FOR
PLASMA MODULE
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DIFFUSION
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SOURCE
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SIGMA
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> LOAD.
BANDED
MATRIX

‘ IBTM
SOLVE

MATRIX

Fig. 4. Diagram of PLASMA module and subroutines called.
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SUBRGUTINE CDC(IT)

Subroutine CDC computes diffusion coefficients, thermal conductivity
profiles, resistivity, and associated derivatives with respect to the
plasma variables used in the implicit space-time centered differencing
scheme in subroutine LBM. The basic equations used in subroutine CDC
and the models associated with them are summarized below.

The electron and ion collision frequencies are given by

42T ez?N; Ln A 3.42(10)‘8Ne(émma) Zoee tn A

ff

Vv = =

€ 3/2 3/2

3/6; T, T, (eV) 17.25
Lok 0\ =10 -3 "

- 4/ etz N, Ln A _ 8(20)710 N (em™?)(1.41) 2 ¢ _ £n A

i 3/5;.T13/2 Vmp(amu) '1'.'i(eV)3/2 17.25

where
\/10‘13 Ne (em™3)

n A = 17.25 - &n .

10-3 T, (eV)

The ratios of the collision frequencies to the bounce frequencies are

given hy
v, Ro(cm) 10~7
v ¥ = = v_ (msec~!) R_ (cm) B, (gauss)
N mb,e € ° T r(cm) 4.3/Te(eV) Bp(gauss)
AT ~¢B_~IN
e p ¢
v | R (cm) 10~/
- 1 =1
vk = -2 - 9.9 v, (msec~!) R_(cm) B.(gauss)
i 1 [o] T ‘/
T VT.(eV) B auss)
Wy 1 (cm) VT, (eV) B (8
~T, 728 TIN
1 P P

Let v ** be the minimum value of D as a function of Vg» and define
e

v %%\2
e

v *
e

= * =
f f(ve ) =1+

The basic pseudoclassical particle diffusion coefficient is
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B \2 2
= 2 —T i 1 cm
D VePe Bp > Y3 , in units of msec ,

where Yy is a coefficient which is given in the input data and
Pe = (3.36 VTe)/BT is the electron gyro-radius. This diffusion coef-

fient is modified further to give
D=Df(v *) ~ T "1/2 B "2 N f(v %)
e e P e e

for the particle diffusion coefficient of the model.
Three derivatives associated with this diffusion coefficient are

required in subroutine LBM:

T, aD B 3D N, aD
— :2-———- , and —— .
D et D 9B D N

P e

The first of these derivatives is evaluated to illustrate the form of

these derivatives used in subroutine CDC:

T oD T (5D 3D aD 9f Jv *
e el - e

3 *
D aTe D L3D BTe of Bve BTe

ab _ 3D__ ;D

D - © 3T 2T

e e
~ % \2 * v *
b _ af ) 2 <ve > v, _ Ve
3F - x Ty % x R
of ave Vo R BTe e
so that

(w}) |(‘DH
o)| g
|1}
U>|mﬂ
1

o)
3 | o
o

+

~
%

m
dEk:
N
~

%#%)2
4 (ve )

(v 02 + (v %)
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In like manner,

B_ oD (v *%)2
D *%)2 %)2
D BBP (ve Y + (ve )
and
N, aD (v *%)2
——=1-2 = .
D 9N
%%) 2 *)2
e (VF*) <+ (v, %)

The basic pseudo-classical electron thermal diffusion coefficient

2
=vop?2 S in units of |2
Xe e’e \B Yl ? msec ?

where Yl is a coefficient which is given in the input data. The coef-

ficient is modified further according to
S x -1/2 5 =2 § %
Xo xef(ve )~ Te BP Ne f(ve ) I

Three derivatives associated with this diffusion coefficient are also

required for subroutine LBM and are given by

T 93X (v _*x)2
*%)2 v %*)2
Xe 9Tq (v **)% + (v *)
B_ 3% (v _#*%)2
£ _Z2-_24+2 <
3 %%y 2 %) 2
X, BBP (W **) % + (v %)
N 9y (v_**)2
£ _2-1-2 = .

: k%) 2 %) 2
Xe Mg (V¥ + (v %)

is
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The basic neoclassical ion (proton) thermal diffusion coefficient

is
2 2
X. =1.41 v, p.2 r BT Y » in units of e ,
i ivi - 2 msec
R \B
o MNP
, ¥2.09(10) *m Ti
where y2 is a coefficient given in the input data and Py = B P
T

is the proton gyro-radius. This diffusion coefficient is also modified

further! to give

0.47[1 + 0.43 v.*(—r>3/2]
i RO

i "My 41003 AE + 0,18 v *

Xg g(v:.L ) VT, Bp N, g(vi ).

>

The three derivatives associated with this diffusion coefficient are

given by

1% N
) ~ *
X4 aT X5 9x, oT ag Bvi BTi
where
X: X X X«
L1 _ #y |- 2] = 1, L
%, T, _ 8% [ 2 Ti] 2T,
r \3/2 (0.51 )
3g 0.47 {0.43 Ro 1+ 0.52Vvi* - ;ui§ + 0,18
vy * [1 +1.03 V¥ + 0.18vi*] 2
Y * %
axi _ iy avi _ 2v1
o 1 M ST T, ’
-~ ~ ~ *
X Y. 9X Bxi og Bvi
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where

and

— = +

~ ~ o *

X1 3N Xy 9x. ON dg v oN

where
9 " * *

Bxi axi _ X g avi ) vy

9x, OoN, N. oN, N, '
i i i i

The three diffusion coefficients and their associated derivatives

are evaluated separately for their values at the origin:

n . T, 9D B_ oD N_ 8D
D(r=0) = D(r=Ar) ——=1 jB‘—__'= 0 —— =0
: D ot D 9B D &N
e p
T 3y B_ 9% X
ie(r=o) = x (r=or) = -£-1 R_€_9 ?E'——E'= 0
Xe BTe Xe BBP xé aNe
X (3.7)(980)3 VT ] /1.6 B 2.09(10)‘*MPTi
" x.(r=0) = [1.6 + ( ) 5
i 1.6 BTv BT
.Ei 34 s (4.65)(980)J¢Ti
X. 9T, 1.6 B_v,

i iJr=o T i



Called fro

Commons required:

51

9%.. (2.35) (980) §¥/T.
1 1
=2+ 1.6 B.v
9B 0 BrYy
p ] xr=o
X (2.35) (980) j¥T,
4 2 = 1 - =
3N, 1.6 By,
1 r=0

m:

-PLASIM [ENTRY PLASMA]

TEMP, THRMDF, XP@RT, XTRA

Variables required: (see Table 6 and Appendix II)

IT

— time loop index variable

Arrays changed:

RB
RJ
RTE
RTI
RTE12
RTE32
RTE52
TE12
ALF

D6

TDE

EE
WGE
TDI

l/BO,

1/j, reciprocal of the current density

reciprocal of the poloidal magnetic field

l/Te, reciprocal of the electron temperature

l/Ti’ reciprocal of the ion temperature

T -1/2
e
T "3/2
e
T -5/2
e .
T 1/2
e
ve*, ratio of the electron collision frequency to the
electron bounce frequency

vi*, ratio of the ion collision frequency to the ion
bounce frequency

ﬁ, the particle diffusion coefficient (pseudoclassical)
(Te/?)(a?/aTe)
B_/D) (oD/3B
( P/A)( A/ p)
(Ne/D)(aD/BNe)

ie’ the electron thermal diffusion coefficient (pseudo-
classical

(Te/xe)(?xe/BTe)
(B/xe)(BxglaB)

(Ne/xe)(axe/aNe)
ii’ the ion thermal diffusion ocefficient (necoclassical)

CDCLBM, CDCLBX, GE¢M, FIELDS, IMPURT, INDEX, I@NS,
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Voo

1

WL = (T;/x;) (3x4/3T;)
EI = (B/X;) (3x,/0B)
WGI = (N,/x;) (8x;/8N,)
ETA = n, the plasma resistivity
Significant internal variables:
4 V21 eN
CZE = = 3,42(10)"8 N » N = proton density
3 /m_ P P
e
4/ et N N
z1 = ————F = 8(10)-10 L
3vm m
P
2n A 1 [Jlo-l§ N_ ]
ZL = 17.35 17.35 1 Ln —10__3,1,(2— , the Coulowmb
logarithm factor
-y =L . -8 -3/2 dn A_
ZNUE v, = T 3.42(10) NpTe Zeff 17.25 ° the electron
collision frequency, msec™!
1 N ~ f!LlL_ the ion
ZNUT = v, = = = 8(10)~10 B— ¢ -3/2 5z __717.25 ° "€
i T =" i eff
L vm
collision frequency, msec™!
rBT
QQ =X B , the safety factor
oPp
(r )3/2
0.47 | 1 + 0.43v %\ R
RK1 = - , the luu thermal diffucion
1+ 1.03 Vvi* + O.lSvi*
modification factor
e \3/2 :
0.47 40,43 o 1+ 0,52vv % - 10.18 +
og(v. %) R _ i
GKI = — = =
VIR

i [1 + 103/ % + O.lSvi*]z
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K%\ 2
%) — e .
f(ve ) 1 +<:e* )

FACT =

£(v_*)-1 (v _*%)2
TRAP = —= = £ -

* A%)2 *
£(v *) (W **) % + (v *)
_ o _ (3.36 \? )
RHPE2 = P =5 Te, the square of the electron gyroradius
T
2.09(10)* m T,
RHPI2 = pi2 = > P » the square of the ion gyroradius
B

T



Table 6. List of labeled commors and elements within them use¢ >y subroutine CDC
Inpuz Output
COMM@N BL@PCK : -
Variables Arrays Variables Arrays
/CDCLBM/ EE, EI, RB, RJ,
RTE, RTI, RTE12,
RTE32, RTE52, TDP,
WE, WI
/CDCLBX/ WPT, WPB, WPN, ETA,
WGE, WGI
/GE@M/ HR, R9
/FIELDS/ BT B, ZJ
/INPURT/ LENP
/INDEX/ N
/1@NS/ AMU DER
/TEMP/ TE, TI, T®
/THRMDF/ TDE, TDI
/XP@RT/ D1, DI11 D6
/XTRA/ ALF, TE12

49
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SUBRPUTINE CST

Subroutine CST computes the source terms: i.e., the particles and
power delivered to the electrons and ions. Contributions to the electron
power are a gain from the injected neutral beam heat input, losses due
to heating newly ionized neutral hydrogen by electron impact, and radia;
tion losses due to electron impact with impurities. Contributions to the
proton power are a gain from the injected neutral beam heat input, losses
due to heating newly‘created protons, and charge exchange. The rate Rie
for ionization of neutral hydrogen by electron impact is computed as

-1
, sec

ionization

R, = N N <gv>
ie p o

where <0\)>ion is the rate coefficient for neutral hydrogen ionization by

electron impact.

Called from: PLASIM [ENTRY PLASMA]
Subroutines called: SIGMA )
Commons required:  CXL@S, INDEX, I@NL@S, IPNS, NEUTRL, QT, TEMP, ZRAD

Variables required:

From labeled common blocks (see Appendix II for definitions) -

/INDEX/ —N .

/IONS/ — DEN(101)

/NEUTRL/ — ZN1(101)

/TEMP/ — TE(101), TI(101), T@(101)

/ZRAD/  — QRD(101)

Arrays changed: A

FF — rate Rje for ionization of neutral hydrogen by electron
impact

QEE — electron power loss due to ionization of neutral hydrogen
by electron impact - oo :

QII — proton power loss due to ionization{gg neutral hydrogen
by electron impact “

QE, QI — power gain to the plasma electrons and protons, the
source terms ' ‘

QCX — power loss to the plasma protons due to charge exchange

with neutral hydrogen
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SUBR@UTINE LBM(IT)

Subroutine LBM calculates the elements of the banded matrix which
is used in subroutine IBTM to give the solution to the plasma variable
profiles at each new time step. The method used here was originally
devised by Widner and Dory.? The banded matrix is loaded according to
a scheme which assigns a unique location MIJK according to the spatial
grid number (I) used for the differencing, the model equation number (J),
and the variable number (K). This scheme is summarized in Table 7.

The differencing scheme is straightforward conceptually, but can
bececome tedieous and time-consuming to work out in practice. The method
is summarized so that if a user wants to change the model, he will have
a reference for proceeding to derive the new matrix elements required.

The general form of the equations is

ou _ 1
t r

) 3h _
PP [rg Br] + A = rhs . -

Let the subscripts I-1, I, and I+l be used to denote spatial grid points
for r-Ar, r, and r+Ar. Let superscripts N, N+%, and N+1 denote time grid
points for t, t+%£, and t+At. The rules for evaluating the matrix ele- e

ments are as follows:
. . su_1 [Nl N
1. Time derivatives: 3t - AT [u u ]

. . . . oh _ 1 N N
2. First order spatial derivatives: 5T = AT [hI+l hI—l]

32h _ 1_)2 N N N
3r2 (Ar [h1+1 2hy + hI-].]

4, Each plasma variable ¢ on the riglhit-hand nido of the equation

3. 8econd order opatial devivatives:

is evaluated at the midpoint of the interval (t, t+At)

according to the prescription:

(V2 = 172 {te™ + N}



Table 7. Matrix element assignment scheme for banded matrix MIJK

I Term Represented by Index I
1 j-1
2 i spatial grid point indices
3 j+l
4 "right-hand side" of equations in
finite difference form
Variable
J,K (K) Equation (J)
33 -13 3 o, T —Ti
1 Te: E.SE-(NeTe) = ;—-3;-[r(qe + E-NeVTe)] -3 E; e Ne[Z] +E-J- Qrad - QHiZ
+ QE1 + 3 TNN <ov(T )>
2 "oeo e
33 13 3 m, Te_Ti' 3
2 _i: 7 3¢ (NpTi) =-3 = [r(qi + 'l NpVTi)] + 3 % Te Np - NONpRCX 5 (Ti_To)
+Q11+—3—TNN <ov(T )>
2 oeo e
3 _13 (EE
3 d at r dr (r ar
JB JE
4 B dt  or
5 E E = a(j-ip)
6 N: a—N +la—(rNV)=NNR(T)+z + I
) ot e r Jr e oeie imp neutral beam injection
; N
7 v NeV = -D ar
aTe aT
where q, = - Hexe s " bpxi 3 and jB is the additional current density produced by the injected

neutral beam, QEl and QIl are complicated source terms for which there are no single analytic expressions.

LS
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where

ML oY+ e Ay (o (ae)2]

[6] :

For the purposes of the computations, one is actually evaluating

- [%%] - R {[¢a]b11+1/2, [cbb]I;H-l/z" [¢n]1:+1/2} .

Once all the equations have been treated iu this fashion, they will be

I

in the form

+1
{a1) T§+l + (uy) TEH' + {az) TIZ + {g} TNiﬂ + {82} IIIH
-1 I I+1 -1 I
+ ... = RHS

where the oL Bi, etc, are the matrix elements. Using the Te equation as

an example, the matrix elements MIJK would be

MI1ll = o, M112 = B, v M411 = RHS
M211 = ngp M212 = B, . etc.
M3ll=a3 ce coe

Time devivarives luvulving the diffuoion and transport coefficients
should be handled in a general way using the chain rule and functional

derivatives according to

30 8D BT
3L 8T _ ot
e

T  db
since subrouuline (DU compurce BS;ET_’ «+. (aee the description of sub-

routine CDC, Arrays changed). The gorrespondence between the matrix

elements in LBM and the terms in the partial differential equations is

shown in Table 8.



Table 8. Correspondence between terms in plasma equations and matrix elements [IJK] in LBM.

T Equation
e

339 19 3 m, Te—Ti 3 .
75 (NeTe) = - T T [r(qe+ 5 NeVTe)] -3 g——e [Z] Ne +E - j+ 5 TONeNO<O'V(Te)> + Qrem
[411] [111] [111] [211)] [212] [213] [411] [411]
[211] [311] [311] [411] [411] [215]
[211] [217] [216] [411]
[114] [117]
[214] {317]
[314] [116]
[116] [216]
[216] [316]
{215% [411] where Qrem = QEl1 - Qrad - QHiZ
Ti Equation
33 139 3 me Te—Ti 3 3
E-SE-(NpTi) = - ;'3;-[r(qi +-E-NPVTi)] +3 o e Np - NoNpch E-(Ti—To) + E-ToNeNo<0V(Te)> + QIl
[421] [122] [122] [221] [222] [222] [222] [421]
[222] [322] [322] [421] [421] [421]
[124] [227]
[224] [421]
(324] [127]

[421] [327]

6%



Tatle 8 (continued)

J Equation V Equation
oN
33 _13 . 2E - = .p—=2
ot r or (r ar) ) Nev D or
[233] [135] [277] [176]
[431] [235] v [471] [276]
(335] [376]
[431] ' [274]
- [271]
[471]
B Equation E Equation
g—z—: -g% E = n(j—jB)’ n = ‘](zeff, Te
[264] [145] ‘ [255] {ggi%
[£41] [345] , [451]
[441]
N Equation
aNe 103
§ET-+ ;-Sgiquev) = §0Ne§i(Te) + zimp + 2NEI.
[266] 1266] . [461]
[461] [166]
[366]
[167]
7367]
.267]

[461]

9 o

09
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The matrix elements MILJK occur for each of the grid points in the

spatial net, so the general matrix element is AMMX + MIJK), with
MX = O*MK, 1*MK, 2*MK, ..., N&MK where N is the number of radial grid

points and MK = (3K+1)K, with K the number of equations (seven).

The

spatial net is divided into three intervals corresponding to MX = 0#*MK,

1*MK through (N-1)*MK, and N*MK,

The matrix elements for MX = 1*#MK

through (N-1)*MK all have the same general form while those for MX = 0*MK

and N*MK are different since the boundary conditions must be incorporated

at these two end points.,

conditions are

At the plasma center (MX=0%#MK), the boundary

and at the plasma edge (MX = N*MK), the boundary conditions are

Te,i(a) = Te .

s 1

j =

E = nj-.

a

3 N(a) = Ne ; B(a) = .2I/a ;

dB
VxB (extrapolating from the values of B and E;—at r = a - Ar);

A few matrix elements are evaluated in Appendix III to illustrate

the method for a simple case and a complex one,

Called from:

Subroutines called:

Commons required:

Variables required:

PLASIM [ENTRY PLASMA]
PC

BDYC@N, BEAMC, CDCLBM, CDCLBX, GE@M, FIELDS, IMPURT,
INDEX I@NL@S, I@NS, LBMIBT, NEUTRL, QT, TEMP, THRMDF,
TIME, XP@RT

(See Table 9 and Appendix II)

IT — time loop index variable

Array changed:

A — matrix of coefficients of the system of differenced equations



Table 9.

List cf labeled commoas and =2lements within them used ty subroutine LBM

/XP@RT/

ZL

Input Output
COMMPN BLOCX
Variables Arrays Variablas Arrays

/BDYC@N/ TE¢, TI@
/BEAMC/ DJT
/CDCLBM/ EE, EI, RB, RTE,

RTI, RTEl2,

RTE32, RTE52,

TDP, WE, WI
/CDCLBX/ WPT, WPB, WPN, ETA
/FIELDS/ B, E, ZJ
/GE@M/ AM, HR
/IMPURT/ DENP, ZBR
/INDEX/ N, Nml
/IPNL@S/ FF
/I@NS/ AMU DEN
/LBMIBT/ A

* /NEUTRL/ ZN1

/QT/ ZE, QI
/TEMP/ TE, TI, T¢, VEL
/ THRMDF / TDE, TDI
/TIME/ HT, TIM

29
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SUBR@GUTINE IBTM(IT)

Subroutine IBTM approximates the solution to the system of linear

equations
FX=B

where F is a block tridiagonal matrix of order N and each block element
of F is a K by K submatrix. The approximation is determined by Gaussian
elimination without any pivoting. Let F(I,J) denote the (I,J) block
element of the matrix F and let B(I) denote the associated K element sub-
vector of the vector B. The 3K+l by N*K array A in common LBMIBT con-
tains on entry into IBTM the nontrivial information to describe the
coefficient matrix F and the right-hand side B. The transpose of the
array A is displayed since it portrays the information more naturally.
0 F(1,1) F(1,2) B(1)
F(2,1) F(2,2) F(2,3) B(2)

transpose (A) =
F(N-1,N-2) F(N-1,N-1) F(N-1,N) B(N-1)
F(N,N-1) F(N,N) 0 B(N)
Upon exit from IBTM, the array X in common IBTMN contains the gen-
erated solution to the system of linear equations.
Called from: PLASIM [ENTRY PLASMA]

Variables required:

A — contains the nontrivial information of the block tridiagonal
coefficient matrix for the linear system of differenced equations
obtained from the set of partial differential equations; also
contains the right-hand side

N — number of radial mesh points

K — number of partial differential equations describing the plasma

Arrays changed:

A — destroyed

X — solution vector, at the new time step, of the plasma variable
profiles
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4. DESCRIPTION OF NEUTRAL GAS MODULE

4.1 PURPOSE AND STRUCTURE OF MODULE

The neutral gas module models the effects of neutral gas atoms in
the plasma. Two distinct species of these atoms are present: hot and
cold. The cold neutrals diffuse into the interior of the plasma from
the area next to the container wall. When a cold neutral collides with
a plasma ion, it can scatter elastically or charge exchange. The result
of either process is production of a cold ion and a hot neutral. The
‘purpose of this module is to determine the density distribution of hot
and cold neutrals in the plasma. A calculation of the charge-exchange
spectrum is included to allow comparison with experiment.

Four approaches are available for modeling the neutral gas effects:
1) an analytic expression based on a series of calculations using a
detailed slab model, 2) a detailed slab model calculatidn.without wall
reflections,! 3) a slab model with wall reflections,2 and 4) a Monte
Carlo transport code calculation (NUTRLSN).3 The analytic model options
will always be available in the program. The remaining three options
cannot be simultaneously linked together to form the object module of
the entire simulation program. This restriction exists to reduce core
memory requirements. One of options 2-4 must be selected and the sub-
routines for that option linked with the rest of the program. This link-
age is accomplgshed on IBM 360/370 series computers by inserting an
INCLUDE éard with a reference to the name of the cataloged data set con-
taining the subroutines for the desired option as input to the link step.
Until options 3 and 4 have been implemented, option 2 will be assumed to
be the only one available in the neutral gas module, Figure 5 shows the
structure of the subroutine calls for this option. Figure 6 shows the
slab geometry used in constructing the model. The user is reminded that
the data required for the detailed slab model (DSM) calculations, as well
as most of the data generated by the calculations, are communicated to the

various subroutines through the labeled commons displayed in Table 10.
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ORNL—-DWG 76—2308

NUKERN

NIINT

NTF
TOCAMP NEUTIT
SPECT NUKERN l— NEUTIO
TDN
—— SIGMA NO
— bssasnmmcmens N 1INTP
I-——— BINSER
NEUTC
f——— SSIMP G
INTRPU GM I— GM
NO
NIDSRT , |— DE1M@D
SRTT
NUNT I— INTRPU
——— INTRPU NHEQL
—— @DDEV NI I— NINT
b SSIMP T l— INTRPU

Fig. 5.

I-— INTRPU

NIIEQR
N1INTP ‘ l— NHNT
SSIMP
@DDEV

EATN

ERR@R I— INTRPU

Diagram of neutral gas module subroutine calls.
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ORNL-DWG 76-2309

‘x

Vv
—o 1‘—!- Z
=a - a
SLAB SLAB
BOUNDARY BOUNDARY

Fig. 6. Slab geometry used in detailed model of neutral gas
diffusion and charge exchange.
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Table 10. List of labeled commons and their contents which are
used in the detailed slab model (DSM) calculation

C@MM@N /NUTRLP/ N@Z, NgX, NSIMP, NUNIF, QF, QC, DZ, DzD2, DZD3, EPSN1,
1SIMPM1, BDSQTX, TCINT, N@XM1, N@XPl, N@ZPl, NSC, ININ, ITIN, IN1, IEATN,
2TINIOX, IINIX1, IX, IZ, IJL, IJH, IIJ, IRAT, NWDW1, MWDSC,

3N, ANM1, DSP, A, B, C, W1(l)

C¢MM¢N/INTRPS/ INTRPS, NSMO, NSMO21, IDEBUG ]

C@MM@N /NEUTPT/ contains pointers that partition the array WSC
C@MM@N/PRNT/ IPA, TPNO '
COMM@N/SLAB/ E@, EPSNO, NWDWSC

4.2 BASIC INPUT/OUTPUT

The neutral gas module requires a great deal of input related to the
numerical algorithms used to perform the integrations and to obtain the
neutral profiles specified by the choice of model. Once set, most of this
input should not need changing. This is the reason for setting many of
these values in a BLYCK DATA section of the program rather than reading
them in every time. The physics input includes the electron and ion tem-
peratures and densities and the eneérgy and denisity of the Franck-Coudon
neutrals at the plasma surface. The neutral gas module generates the
profiles of the hot, cold, and total neutral demsities and a total neutral
density temperature. A subroutine SPECT computes a charge-exchange spec-
trum and any other quantities which can be related to experimental mea-
surements and can be computed in.terms of the variables appearing in the
models used. Subroutine SPECT will most likely be modified by the user
to reflect the type of experimental measurements and apparatus used for

plasma diagnostics designed to obtain information on neutral gas effects.

4.3 DESCRIPTION OF THE ANALYTIC MODEL FOR THE TOTAL NEUTRAL DENSITY

The analytic model is based on the results of a number of cases

run using the detailed slab model.! Let
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DMAX = 10'13max{i011, max{Ne(x)]}
X

and

85.4 Ti(O)

ATT = 550 (DMAX*AM) 2

where Ti(O) is the ion temperature at the center, Ne the electron density,

and AM the minor radius of the torus. Then the analytic approximation,

NT’ to the total neutral density is given by

N (%) = 5% (ATT (142X VT (2)y 4 5. (22))

where
ZZ = .25%¥DMAX*AM* (1-X) (1-(1+X+X2)/3)

and E, is the exponential integral of the second kind. NUTE(2) is a
user-specified input value.
The scaled, total neutral density is obtained by multiplying ﬁi by

the Franck-Condon boundary density NFC where

NFC = (FCDEN - FCF)#*EXP(-TIM/TP@)+FCF .

TIM is the current time and FCDEN, FCF, and TP$ are input parameters.

4.4, SLAB MODEL APPROXIMATION TO THE NEUTRAL GAS bENSITY WITHOUT WALL
REFLECTION '

4.4.1 Neutral Gas Density as the Solution to an Integral Equation

The total neutral gas density, NT’ will be taken as the solution
to the integral equation
1 N.(2)

Np(X) = N_(X) + A‘/—‘l dz f—NT(z)c(qu,x?) - 6D

where Ni is the proton density, Ne the electron density, Ti the ion

temperature, and Te the electron temperature, and where
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Ni(z) = Ni(z)/Ni(O) >
Ti(Z) = Ti(z)/Ti(O) >
X
q(z,x) = B | f dz' EATN(z")| ,
Ti(z) z

_ ® —y2
G(q) = dy ve 7 E1(4/¥)
[¢]

NO(X) = .5(Eo(&1) + E2(82)) ,

-
£ = cf dz' EATN(z')
-1

1 .
£, = C d/ﬁ dz' EATN(z') , . (2)
X

Ni(x)ocx(x) /Ti(x) + Ne(x)oEL(x) /1836.15152T9(x)

’

EATN(x) = —
Ni (O)UCX(O) VTi (0)

>
|

= l.l3(AM)ocx(0)Ni(O) s

R =A

5

A/T.(0)/ED .

aQ
]

Moreover, Oox is the cross section for charge exchange between atomic
neutral hydrogen and protons; Ogr, ie the cross section for ionization of
atomic neutral hydrogen by electron impact; AM is the minor radius of the
torus; and E@ is the external gas energy.

The computational procedure actually approximates the hot neutral

density N;., N; is equal to N, - No and N; satisfies the integral equation

T

N;(x) = A/ dz —— [No(z) + N;(2)]Glq(z,x)] . (3)
Y@
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4,4.2 Computational Procedure for the Determination of an
Approximation to the Hot Neutral Density, Nj

For x in {0,1]

1 N, (2)
y(x) EA/ dz ——— G(q(z,%)) . ' (4)
S )
if
Y = max{y(x)} <1 |, (5)

then the method of functional iteration will yield a sequence of
functions {Nl(l)} that converges to the function N;. In fact, let Nl(O)
be an arbitrary continuous function. Then for x in [0,1] and for i = 1,2,

ess, define

. . : 1 ﬁ.(z)
N1(1+l) (x) = i(Nl(l),x) = A/ dz =——— [No(z)

T @

D ) leaE,n) . 6)

Then

. Y . .
max {|N;(x) - Nl(l)(x)l} S| ——} max {lNl(l)(x) - Nfl_l)(x)l}
X l_'Y X

< || max {INl(l)(x) - Nl(o)(x)l} . (7
1-v | x

If y > 1, then the method of functional iteration is, in general,
inappropriate. This does not necessarily mean that the integral equation
has no solution. )

The discrete analogue of the continuous problem expressed by Eq. (3)

employs a finite partition of the unit interval [0,1]. Let

be the N@X nodes at which an approximation to the hot neutral density,
Nl(xj), is desired. The approximation to Nl(xj) is taken to be an

approximation to ﬁl(xj) where
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. 1 N .(2) .
Ny(x,) = A/ dz —=——— [N_(2) + §1(2)]6[q(z,%)] (9
_ - 3
bV (@

and ﬁl is a continuous, piecewise linear function on [0,1] with nodes at
xj. The definition of ﬁl is extended to [-1,0] by the requirement that
ﬁl be symmetric with respect to x=0.

The computation defines

A 0 A

Nl()(xj) =0 j =1, vu., NOX (10)
and

§, G+ ) = i(ﬁl(i),xj) j=1, ..., NOX (11)

where I is defined in Eq. (6). The definition of ﬁl(i) for x not equal
to xj is determined by the requirement that ﬁl(i) be a continuous,
piecewise linear function on [0,1] with nodes at x.. The inequality
given in Eq. (7) is valid for the discrete case if ﬁl is identified

with N; and if
Y = max {Y(Xj)} (12)
is identified with y. For fixed j the sequence {ﬁ1<1)(xj)} converges

monotonically from below to ﬁl(xj) whenever v < 1.

It can be shown (Y < 1) that

INj(x.) - Ny(x,) | <ye(@ + 1) (13)
3 ] 1-Y
where
e = max {IN;(x) - Ny (I } \ (14)
X

* .
and Ny is the continuous, piecewise linear function with nodes at xj

that satisfies

Nl*(xj) = Ni(xj) . (15)
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4.4.3 Computational Description of the Approximation to i(g,xj)

The basic computational problem is to make an adequate approximation
of the value of the integral representation for i(g,xj) as expressed in
Eq. (6) where g is a continuous, piecewise linear function on [0,1] with
nodes {xj}. The definition of g is extended to [-1,0] by the requirement
of symmetry with respect to x = 0., A straightforward quadrature formula
is not adequate since the function G in Eq. (2) possesses a logarithmic

singularity at q = 0; G ﬁay be represented by
) .
G(g) = - = + GM(q) (16)

where GM is continuous for q = 0. Let

X
U(z,x) = | ./. dz' EATN(z')| .. a7n
z

Then G can be expressed by

. f.(z)
cla(z,x)] = - 1_:1__121(_zz§)_+ 0.25 ln<—%2—->+ Mq(z,x)1) . (18)

The integrand in the integral representation for i(g,xj) possesses a
logarithmic singularity at z = xj. The situation may be handled by

partitioning the integration interval as follows:

1 n”(QC) 2T (@QF) 5 nt(qF) m' (QC)
‘/F = d/ﬂ +-J/t_ +f + + f
-1 -1 m (QC) n (QF) X n (QF)
1
+ (19)
[n+(QC) .

(20)

Let
—l=21<22<...<ZN¢Z=l
be a uniform partition of the interval [-1,1] and let N@Z be odd. More-

over, let

‘e
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0 < QF < QC . (21)

be two fixed constants. Then define for each xj

- _ , ' S
m {(QC) max{zi such that z; < xj and q(zi,xj) QC},
n (QF) = z such that z < xj'and q(z,xj) = QF,
+, .
‘n (QF) = z such that z > xj and q(xj,z) = QF,
m (QC) = mln{zi such that z, > X, and q(xj,zi) = QCl. (22)

Undefined intervals are determined and handled correctly. The first three
subintervals and the last three are qualitatively the same. If an odd
number of z, nodes are in [-1, m (QC)], then a Simpson's approximation

to the integral over [-1, m (QC)] is calculated with these nodes. If
there are an even number of z; nodes, tﬁen a trapezoidal approximation is
made with the first two nodes and a Simpson's approximation on [z, m
(QC)]. A Simpson's approximation to the integral over [m(QC), n (QF)] is
calculated using NSIMP uniformly distributed nodes. To handle the third
integral on the right-hand side of Eq. (19) the integrand is decbmposed

into a sum. The derivative of U with respect to z is given by [see Eq.

1nl

U'(z,x) - EATN(2) s z <X

EATN(z) ,  z > X (23)

U'(x,2z)

Using this and the representaticn for G expressed-in Eq. (18), the third

integral may be written as

X, N, (2) g e s
A f I gr A N (@) + g1 {0.25 1n Q(—g—))+ aM{a(z,x,)1}
- = °© B 3

n (QF) T, (2)

X

J
+ 0.5A d{U(z,xj)[ln U(z,xj)—l]}h(z) (24)
n (QF)
where
N (z) + g(z) N, (2)
h(z) = =2 = . (25)

~

Ti(Z) EATN(z)
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Let

n (QF) =¥ < Y2 < ees < yNSMO = xj (26)

be a uniform partition of the interval [n—(QF),xj] where NSMO is odd
and =3, Then the first integral in Eq. (24) is approximated by Simpson's

rule with the nodes yis the second integral is approximated by

NSMO-1
0.25A z [h(yk) + h(yk+1)][sk+l(ln sk+1—l)—sk(ln sk—l)] 27)
k=1
where

4.4.4 Required Input, Space Allocation, and Calling Sequence for
Computer Program

With the input specified and with sufficient memory space in

the arrays W1 and WSC, the calls

CALL NEUTIT
CALL NUKERN (WSC,NPR@FI) (29)

will yield, if ? < 1, an approximation to ﬁl(xj). In fact

WL(INI+3) = f; ) (x,) | (30)
and the F@PRTRAN function TDN may be used to give the approximation

N G + 8§D @ | | (31)

to NT(x) where ﬁl(l)
defined by Eq. (11) and x is in [-1,1]. The value of i is determined

is the i-th continuous, piecewise linear function

by the accuracy desired in the approximation; i ié the least i for which

o & (1) Y & (1)
max < | N7 (x.,) - N (x)l < | ——=| max {IN; 7 (x,)
x, { 1273 ! j } [1_Y] x. { 3

- § 4D (xj)l} < EPSN1 (32)
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where EPSN1 is user specified. NUKERN sets NPR@JFI to O if a new profile
has been generated and to 1 if no new profile has been generated.

' Prior to the CALL NEUTIT the values for tﬁe variables N, N@¢X, N¢Z,
NSIMP, NSMO, NUNIF, QF, QC, EPSN1l, INTRPS, and IDEBUG must be specified.
However, QF, QC, EPSN1, INTRPS, and IDEBUG may be changed subsequently

without issuing another CALL NEUTIT. Moreover, subsequent N, .profiles

T
may be generated without another CALL NEUTIT unless a value of N, N@X,
N@Z, NSIMP, NSMO, or NUNIF has changed.

Let
y, = (L-1)/({¥-1) L=1, ..., N .

Prior to the CALL NUKERN the tollowing variables must be defined |see
Eq. (2)]=

WL(ININ+L) = N, (v),
WL(ITINL) = T, (y;), L+l, ..., N
WL(IEATN+L) = EATN(y,), (33)

and A, B, and C.
Except for WSC and NPR@FI all the FPRTRAN variables and arrays appear
in the labeled commons listed in Table 10.

The array WL must have a minimum ot
5N + 4N@X + 3N@Z (34)

elements in its definition. Moreover, the number of elements in the array
Wl must be specified in the variable NWDWl in common NUTRLP. I; is con-
venient to dimension W1 and define NWDW1l in a BL@CK DATA subprogram., In
this way the size of Wl can easily be set to the value in Eq. (34).

" The first argument in the parameter list for NUKERN is a scratch

array. to be used-by NUKERN. This array must have at least (QF > 0)
N@z (N@Z + LONSMO + 5) + NSIMP (8N@X + 1) + 4(N@Z + NSMO) - 2 (35)

elements in its definition. NEUTIT places the required number of elements
in WSC in MWDSC in common NUTRLP. The user should check that WSC has at
least MWDSC elements prior to the call to NUKERN.
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A fuller understanding of the input parameters may be gained by

reviewing the previous section and Sect. 1.5.

4,5 SUMMARY OF FUNCTION OF EACH SUBROUTINE

The descriptions of the subroutines appearing in this section are
grouped as much as possible according to the model with which they are
associated. Subroutines used in common by two or more of the models are
in the group which appears first and which includes the executive sub-

routines for this module.
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SUBR@UTINE NEUTRA

A call to NTF returns to NEULRA the estimate of the total neutral
density in the local array XTR. This is then scaled by the Franck-Condon
boundary density FCDEX and placed in the array ZNl for export through a

labeled common. In fact

FCDEX = (FCDEN-FCF)*EXP(-TIM/TP@)+FCF
and

ZN1 = FCDEk*XTR

where TIM is the current time and FCDEN, FCF, and TP@ are user-specified
paramaters,
The call to TPCPMP returns the estimate for the neutral gas atom

temperature profile T in the array T@.

Called from: GETSET, MAIN
Subroutines called: NTF, T@C@MP, SPECT
Commons required: IMPURT, INDEX, I@NS, LBMIBT, NEUTRL, TEMP, TIME
Variables required: FCDEN, FCF, TP@, TIM, N
Arrays required: DEN, DENP, TE, TI, T
Variables and arrays changed: (See Subroutine NTF)
XTR - total neutral deneity. May not be altered if NUIR(l) = 2
or 3.
ZN1 — total neutral density multiplicatively scaled by

the Franck-Condon boundary density.
FCDEX — = NFC = Franck-Condon boundary density

@NIDAI — contains Ni//fz'where N; and T; were used in the
calenlation of the profile in XTR. Applies only
when NUTE(1) = 2 or 3. See Eq. (2) in Sect. 4.4

S1G — temporary sturage fur NITF., Used only if NUTﬁ(l)
2 or 3.
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SUBR@UTINE NTF(NT, TE, TI, NE, NI, ¢NIDAI, NTNEW, WSC)

Subroutine NTF is structured to accommodate and/or drive four models
for estimating the total neutral demsity. The switch NUTE(1l) is used to
select the model desired. Currently only two models are available. If
NUTE(1) = 1, then the analytic model described in Sect. 4.3 is selected.

If NUTE(1) = 2, then the slab model approximation (without wall reflection)
described in Sect. 4.4 is selected.

qupose NUTE(1) = 2. In order to conserve computing time, the follow-
ipg criterion has been included to determine whether a new neutral density
is to be calculated. When a neutral density is determined, the values
Ni//fz-are stored in the array ¢NIDAI and the scalar ccx(O)/Tzfﬁy in the
variable Cl. On successive calls the range of the relative error between
the values C1*@NIDAI(I) and the associated current values is determined.

If the magnitude of the relative error for any I exceeds the user-specified
parameter EPSNO, then a new neutral profile is requested. However, if
NPROFI = 1 (see Sect. 4.4.4), then the most recently génerated neutral
profile will be used. In the case where NPRJFI = 1 on the first call to
NUKERN, the analytic model is used to generate a neutral profile.

The variables described in Eq. (33) are defined within NTF whenever

NUTE(1) = 2.

Called from: - NEUTRA
Subroutines called: NEUTIT, NUKERN, TDN, SIGMA, E2
Commons required: GE¢M, INDEX, NUTRLP, PRNT, SLAB, TIME

Variables and arrays changed:

NT — neutral gas density to use with given profiles

@NIDAI* = NI(I)/SQRT(TI(I)) for the most recently calculated
neutral profile

NINEWX = gcratch array with N elements

WSC* = gcratch array with at least the number of elements
as given in Eq. (35).

Cl* = ocx(O)/$;?5T for the most recently calculated ncutral
profile.

*
Applicable only when NUTE(l) = 2.
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SUBRGUTINE T@CEMP (T¥, TI)

The various models for estimating the neutral gas atom temperature
T, should be contained in subroutine T@PC@PMP or driven from it. Presently

the only model is to take Tb to be one tenth of Ti where Ti is the ion

temperature.
TE(I) = 1*TI(I) I=1,...,N
Called from: NEUTRA

Commons required: INDEX

Array changed:

T¢ — upon exit T@ contains the estimate for T0 at the usual
grid poluls.



81

SUBR@UTINE SPECT

The subroutine must presently be user supplied since it compares
simulated results with measured values and thus depends on the particu-
lar experimental apparatus and instrumentation used to obtain the

-

measured values (see Sect. 4.2).
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SUBRGUTINE NEUTIT

Subroutine NEUTIT defines the pointers that logically partition
the arrays Wl in common NUTRLP and in WSC, the scratch array‘that will
be passed to NUKERN., Prints most of the level 0O data and checks that

NWDW1 = 5N + 4N@X + 3N¢gZ.

If this inequality is not satisfied, a message is printed and a CALL EXIT

is issued. If the inequality is satisfied, then NEUTIO is called before

returning. .
Called from: NTT

Subroutines called: NEUTIO, possibly EXIT
Commons required: NUTRLP, NEUTPT, INTRPS

Variables required: Level 0O data, i.e., N, N@X, N@Z, NSIMP, NSMO,
NUNIF, QF, QC, EPSN1, INTRPS, IDEBUG. If NUNIF
# 0, values to use for x; must be in W1(J).
Level 0 data is stored in commons NUTRLP and
INTRPS.
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SUBR@UTINE NEUTIO

Subroutine NEUTIO basically defines arrays that expedite the calcu-
lation oflﬁl(i)(zj) where the z, is defined in Eq. (20) and in arrays
of Z subscripts to aid in the determination of m (QC) and m+(QC) in
Eq. (22).

Called from: NEUTIT
Subroutines called: EXIT (whenever X(1) # 0 or X(N@X) # 1)

Commons required: NUTRLP
Variables required: N@X, N@Z, NSIMP, NUNIF, QF, QC, N

Variables defined: SIMPM1 = NSIMP-1, ANM1 = N-1, DSP = 1./ANM1,
N@xXM1 = N@X-1, N@XPl, N@ZP1

Arrays defined: Z, X, JL, JH, 1J, RAT
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SUBR@UTINE NUKERN(WSC, NPR@FI)

Subroutine NUKERN first generates the tables

1
dz EATN(Z) |,
0
1
/ dZ EATN(Z)
Y1

for I =1, ..., N where yr = (I-1)/(N-1). These are used in NIINT. Then

WL(IINIOX + I)

W1(IINIX1 + I)

two calls to NEUTC are issued. The first returns the set of values given
in Eq. (12). Then NUKERN computes the Lipschitz constant y in Egy. (12).
If v < 1 and the number of estimated functiomal iterations required to

" obtain the accuracy expressed by EPSN1 is less than MAXIT(-250), then a
second call to NEUTC is issued to obtain the desired approximations to
ﬁl(xj). The user should note that if vy > 1, the computational procedure
may be inappropriate, even though the integral equation may have a solu-.
tion. If a problem is encountered, the user should review Sect. 4.4.2

on the computational procedure for the determination of an approximation

to the neutral density. Facilities to print information from NUKERN are

provided thréiigh the parauetler IDEBUG, discuococed in Sect. L.5,
Called from: NTF

Subroutines called: NEUTC, SSIMP, INTRPU, AL@G
Commons required: 'NUTRLP, NEUTPT, INTRPS

Variables required:

W1(ININ+I) = ﬁi(yI), the normalized ion density
W1(ITIN+1) = fi(yl), the normalized ion temperature
W1(IEATN4+I) = EATN(yI), ectimate of the total neutral gas
attenuation coefficient at the radial point Yie
= * AMX *
A 1.13%AM ocx(O) Ni§0)
= A

A*/T; (0)/E¢ and a scratch array, WSC, with at
least MWDSC elements.
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SUBR@UTINE NEUTC

If NSC (in common NUTRLP) = 1, then

1 N. (z)
v(x,) = A / dz ——— G(q(z,x.))
3 2 : 3

T, (2)
is approximated for j =1, ..., NgX. If NSC = 0, then approximations to

ﬁl(xj) are obtained. See Sect. 4.4.2.

Called from: ; NUKERN

Subroutines called: G, GM, NO, NIDSRT, SRTT, NIINT, NIIEQL, NI, T,
NIIEQR, N1INTP, SSIMP, $DDEV, EATN, AL@G,
AMAX1, ERRGR (do not expect ERR@R to be called)

Commons required: NUTRLP, INTRPS




86

FUNCTI@N TDN (X)

In function TDN(X),
TDN(X) = N_(X) + fi, D (xy

where the functional iteration [see Eq. (11)] performed in NEUTC terminated

with the i-th iterate. It is assumed that X is in [-1, 1].

Called from: NTF
Subroutines called: NO, N1INTP

Commons reyuired: NUTRLP
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FUNCTI@N NO(X)

1f NSCV# 0, then NO = 1. This is required in the approximations
to the function y at the nodal points xj.
If NSC = 0, then NO is the approximate value of the source term

in the integral equation for the total neutral density;

NO = .5 (Eo(XI1l) + E5(XI2))

X
c/ dz EATN(z)
-1
1
c / dz EATN(z) .
X

Double precision is used for the evaluation of

(1-X*DEXP (X) *E1 (X) ) /DEXP (X)

where

XIl

and

XI2

as the representation for the second exponential integral Lj.

Called from: NEUTC
Subroutines called: INTRPU, DE1M@D, DEXP

Commons required: NUTRLP
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SUBR@UTINE DEIM@D (X, ZEXPX, E1XM)

This subroutine returns E1XM = X*EXP(X)*E; (X).

Called from: NO
Subroutines called: DL@G
Variables required: X, ZEXPX = DEXP(X)
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FUNCTIGN NLINTP(NIL, Z, X)

The coordinates
(X(J), NI1L(J)) J=1,...,N@X

completely describe the continuous, piecewise linear function NI1L.
N1INTP returns N1L(Z). This is simply linear interpolation applied to

a table of values.

Called from: NEUTC, TDN
Subroutines called: BINSEE
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SUBRGUTINE BINSEE (L, Z, X)

X is the array of nodes in [0, 1] at which the hot neutral density,
N;, is to be approximated. These are assumed to increase in value as

the index increases. BINSEE determines, by bisection, an L such that
X(L) <lz| <X@@+L).
It is assumed that |Z | < 1.

Called from: N1INTP

Commons required: NUILRLFE
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FUNCTI@N E2(X)

‘Function E2 returns the value of the exponential integral of the

second kind

/°° e—xt
Ey(x) = . vy dt .

Called from: NTF

Subroutines called: E1

Variables required:

X — the argument of the function

Variable changed:

E2 — the value of the integral
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FUNCTI@N E1(X)

Function E1 returns the value of the exponential integral of the

firse kind

o}

El(x)=/ Tt ae .

X

o

This routine was obtained from the Argonne Code Center.* The routine

assumes x > 0.

Called from: E2

Variables required:

X — the argument of the funeétion, the lower limit of ‘the integral

Variables changed:

E1l — the value of the integral
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FUNCTIGN G(Q)

® _y2

This function returns an estimate of G(Q) =-/. dy ye Y E1(Q/y).
For Q > 10 the function G returns 0 as the estimate for G(Q). This
may need to be modified. If there exists a generated Q > 10, then this
is reported from subroutine NUKERN. There should be about four signifi-
cant figures in G(Q) for Q < 10. The user should refer to the comment

cards within F@RTRAN function G.

Called from: NEUTC
Subroutines called: GM, AL@G
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FUNCTI@N GM(Q)

This function returns an estimate of GM(Q) = G(Q) - ;gigu GM re-
quires, but does not check, that Q satisfies Q < 1. An appraisal of the
accuracy of the estimate is contained within the function as comment

cards.

Called from: NEUTC, G



FUNCTI¢N NI(Z)

Sy -
Function NI(Z) estimates ﬁi(z) at the radial point Z. ﬁi(z), the
normalized ion density at Z, is estimated according to the interpolation

scheme selected by the switch INTRPS.

Called from: NEUTC
Subroutine called: INTRPU

Commons required: NUTRLP
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FUNCTI@N T(Z)

Function T(Z) estimates Ti(Z) at the radial point Z. ii(Z), the
normalized ion density at Z, is estimated according to the interpola-

tion scheme selected by the switch INTRPS.

Called from: NEUTC
Subroutines called: INTRPU

Commons required: NUTRLP
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FUNCTI@N NIDSRT(Z)

~

This function approximates ﬁi(z)/VTi(Z) where Ni and Ti are the
normalized ion density and temperature. If INTRPS = 1, 2, or 3, then
linear, quadratic, or cubic interpolation is used to approximate ﬁi(z)

and Ti(Z).

Called from: NEUTC
Functions called: INTRPU, SQRT
Commons required: NUTRLP

Variables changed: NIDSRT
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FUNCTI@N SRTT(Z)

Function SRTT(Z) estimates VTi(Z) at the radial point Z. Ti(z),
the normalized ion temperature at Z, is estimated according to the inter-

polation scheme selected by the switch INTRPS.

Called from: NEUTC
Subroutines called: INTRPU, SQRT

Commons required: NUTRLP
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FUNCTIGN NIINT (Z,X)

' X
This function estimates If dz'EATN(z"')| .
z
Called from: NEUTC, NIIEQL, NIIEQR
Subroutines called:  INTRPU, ¢DDEV, SSIMP
Commons required: INTRPU, ¢DDEV, SSIMP

Variables required: Z, X, ANM1, DSP, (W1(IEATN+I), W1(IINIOX+I),
W1(IINIX1+I), I=1,...,N)
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SUBRQUTINE NIIEQL(ZM, BL, BH, VAL)

This subroutine returns in ZM an approximate solution of
BH

B dz' EATN(z') = VAL

VTi(z)
that is known a priori to lie in the interval [BL, BH]. Uniqueness of

solution is not guaranteed.

Callced from: NEUTC. SRTT
Subrvutines called:  NIINT

Variables requived:  BL, BH, VAL
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SUBRGUTINE NIIEQR(ZM, BL, BH, VAL)

This subroutine returns in ZM an approximate solution of

YA
B f dz'EATN(z') = VAL
(2 Jy

that is known a priori to lie in the interval [BL, BH]. Uniqueness of

solution is not guaranteed.

Called from: NEUTC
Subroutines called: NIINT, SRIT
Variables required: BL, BM, VAL
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FUNCTI@N EATN(Z)

This function estimates the total neutral gas attenuation coefficient
at the radial point Z according to the interpolation scheme selected by
the switch INTRPS. The analytic expression for the EATN function may be
found in Eq. (2).

Called from: NEUTC
Subroutine called: INTRPU

Commons required: NUTRLP
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SUBRGUTINE SSIMP(S, F, N, HD3)

Subroutine SSIMP returns in S the Simpson's approximation to

T
N

dlz dtf(t) where r,=r) + (i-1)*h, HD3 = h/3, F(I) = f(ri), and N is

odd. If N < 3, then S = 0.

Called from: NUKERN, NEUTC, NIINT
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FUNCTI@N @DDEV (N)

Function @DDEV returns value 0 if N is even and 1 if N is odd.

@DDEV is an integer-valued function.

Called from: NEUTC, NIINT
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FUNCTI@N INTRPU(Y, X, Y, ANMI)

Y(I) is an approximation to the function Y evaluated at (I-1)/(N-1)
where I =1, ..., N and N is the number of spatial grid points. ANM1 =
N-1. Function INTRPU approximates Y at the argument X by means of
linear, quadratic, or cubic interpolation whenever INTRPS = 1, 2, or 3

respectively. It is assumed that |X{ < 1.

Called from: NUKERN, EATN, SRRT, NIDSRT, NO, NIINT
Commons required: INTRPS
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SUBRPUTINE ERRGR

Subroutine ERR@PR calls for a dump of the contents of core memory
containing the job which references it and terminates the job. An
ASSEMBLER language version of the subroutine is .available for users

having access to the IBM 360/370 series computers.

Called from: NEUIC
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5. DESCRIPTION OF THE IMPURITY MODULE

5.1 PURPOSE AND STRUCTURE OF MODULE

The impurity module calculates the properties of nonhydrogenic ions
in the plasma. Subroutine IMPRTY directs the choice of models for strip-
ping of the multicharged ions, for spatial diffusion according to the
transport model selected, and for radiative loss. The module requires
the choice of a simple description [IMP(3) = 1] or a detailed model
[IMP(3) = 2], based on one of the options selected with the switch
IMP(2), for carbon, oxygen, and a pseudo "high-Z" or iron impurity.

Impurity stripping is currently modeled using corona equilibrium
tables [IMP(1) = 1] for carbon, oxygen, and iron if the detailed model
choice IMP(3) = 2 is made. A rate equation approach is also possible
through the use of the subroutine DYNAM [IMP(1) = 2] but is not currently
implemented. -A description of DYNAM is included in this section.

Diffusion is modeled by using formulae, by a numerical calculation
using Pfirsch-Schliiter diffusion coefficients, or by a combination of
these two approaches. If the formulae are seiected, the code arbitrarily
sets the overall carbon, oxygen and/or "high-Z'" spatial densities bylfhe
functions F@T, F@X, FCT, AND FCARX where:

FPT gives the time evolution of the total number of oxygen ions in
the discharge [F@T(0) = 1];

FCT does the same for carbon;

FPX (X) gives the spatial distribution of the total number of oxygen

ious

1 :
(2 / dXAX*FPX (X) = 1); and
0
FCARX(X) does the same for carbon.
The detailed model options are as follows:

IMP(2) = 1, corona equilibrium tables and formulae for carbon and
oxygen. A crude model is used for high-Z impurities.

2, corona equilibrium tables and formulae are used for

IMP(2)
carbon, oxygen, and high-Z (irom).
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IMP(2) = 3, corona equilibrium tables and Pfirsch-Schliiter diffusion
for carbon and oxygen. A crude model is used for high-Z
impurities.

IMP(2) = 4, corona eduilibrium tables and Pfirsch-Schliiter diffusion

are used for carbon, oxygen, and high-Z (iron).

5.2 BASIC INPUT/OUTPUT

The basic input to this module consists of the total carbon, oxygen,
and electron density profiles; the electron temperature profile; the
profiles of the charge states of carbon; some_timing and geometry values;
edge density values for carbon and iron; and an array of switch values.

The bhasic output consists of a set of new total carbon and oxygen
density profiles, the effective charge of the plasma and the high-Z
impurity, power losses due to the impurities, and synchrotron-

bremsstrahlung radiation. A plasma ion density profile is also generated.

5.3 SUMMARY CF MODELS AVAILABLE

The available models include use of corona equilibrium tables,
solution of a diffusion equation using Pfirsch-Schliiter diffusion coef-
ficients, and a rate equation calculation which is not currently refer-
enced by the program logic. (To ewploy the dynamic calculation, the
call to TABLE should be replaced by a call to DYNAM.)

5.4 BRIEF DESCRIPTION OF EACH SUBROUTINE IN THE IMPURITY MODULE

The subroutines described in this section will probably undefgo more
changes than those of any other module. Therefore, more attention has
been given to defining some of the significant internal variables in the

module. This should ease the task of making desired modifications.
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SUBRGUTINE IMPRTY

Subroutine IMPRTY is  the main driving program for the impurity

module., Figure 7 shows which subroutines are called, their order of

call, and the

flow of the logic associated with the switches which de-

termine the combination of models used. This subroutine does some of

the basic bookkeeping and the calculations of the impurity profiles

using the formulae.

Called from:

MAIN

Subroutines called: FCT, FT, FCARX, F@X, ZDIFFU, TABLE, HIGHZ,

ZCALC, IMPRIN

Commons required: GE¢M, IMPURT, INDEX, I@NS, RADL@S, SURF, TEMP,

TIME, XP@RT, ZRAD

Variables required: See Table 11 and Appendix II.

Variables changed: See Table 11 and Appendix II.

Significant internal variables:

ICLK -—

IST —

ICR —

IICCT -—

IICC —

IIFET -—

IIFE -

FEO -
HTC -

a "clock" setting used to determine the frequency of
printout of the density and effective charge profiles
for the iron impurity. The density profiles of the
various charge states of carbon and oxygen are also
printed.

a "timing" variable which keeps track of the number of
times the impurity module is called, and is compared
with the value of ICLK. When IST = ICLK, the impurity
profiles are printed and the value of IST is reset to
zero.

a "zero cross-over" switch used to initialize the values
of total carbon and oxygen impurities on the first call
to IMPRTY only

a counter switch setting used to program logic control
for the frequency with which low-Z diffusion is computed

counter variable for frequency of low-Z diffusion
computation -

a counter switch setting, used for program logic control,
which determines how often high-Z (Fe) impurity diffusion
is computed :

counter variable for frequency of high-Z diffusion
computation

central density of iron impurity, cm—3

elapsed time variable used for the simulation of the
low-Z impurity diffusion
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Table 11. List

of labeled commons and elements in them which are
referenced by subroutine IMPRTY

C@M@N BL@CK

Input Gutput

Variables

Arrays Variables Arrays

/GE@M/
/IMPURT/
/INDEX/
JIPNS/
/RADL@S/
/SURF/
JTEMP/ .
JTIME/
/ZRAD/
/XP@RT/
/ZRAD/

VOL

PCIMP

N, ™M1

CARN, FENS -

HT, TIM, TNAX

CARB@N, @XYGEN, CC CARBUN, @XYGEN
IMP '
DEN
Al
ISREN
TE

QRD
D1
HIZ

€1t



114

HTFE — elapsed time variable used for the high-Z impurity
diffusion simulation

ININIT — a '"zero cross-over" switch used to initialize the total
iron impurity profile and high-Z impurity (Fe) value

of Zeff
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FUNCTI@N FCT(T)

Function FCT allows for programming the carbon impurity content of
the plasma discharge throughout the simulation time. This subroutine
currently sets the value of FCT to unity for all times.

Called from: IMPRTY

Variable required:

T — fraction of elapsed simulation time

Variable changed:

FCT — value of factor expressing time dependence of total carbon
content of the plasma

v
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FUNCTI@N F@T (T)

Function F@T allows for programming the oxygen impurity content of
the plasma discharge throughout the simulation. The value of this func-
tion is currently set to unity for all times.

Called from: IMPRTY

Variable required:

T — fraction of elapsed simulation time

Variable changed:

FPT — value of factor expressing time dependence of total oxygen
cantent of rhe plaama.



117

FUNCTI@PN FCARX(X)

Function FCARX is used to program the profile of the total combined
carbon species present at each point X in the plasma. The value of this
function is currently set to unity for all radial values. ’
Called from: IMPRTY ‘

Variable required:

X — radial position in the plasma, scaled to the torus minor
radius

Varijable changed:

FCARX — value of total carbon profile form factor at position X
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FUNCTI@N F@X(X)

Function F@X is used to program the profile of the total combined
oxygen species present at each point X in the plasma. The value of this
function is currently set to unity for all radial values.

Called from: IMPRTY

Variable required:

X — radial position in the plasma, scaled to the torus minor
radius

Variable changed:

F@X — value of total oxygen profile form factor at position X
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SUBR@UTINE TABLE (TE,N)

Subroutine TABLE contains tables of values of the fractions of total
density of the elements carbon and oxygen in each ionization state as a
function of temperature. These fractions were computed on the basis of
a corona equilibrium model of electron impact ionization. The fractions
are given for temperature intervals of 10 eV and a linear interpolation
is used to compute the fractions for an arbitrary value of the temperature.
Called from: IMPRTY
Commons required: IMPURT

Variables required: TE, N

Arrays changed:

CC(K,I) — density of the (K-1)th charge state of carbon at the
i-th grid point ‘

CH(K,T) — density of the (K-1)th charge state of oxygen at the
i-th grid point

Significant internal arrays:

Cl — table of fractions of total density of carbon in the ground
state as a function of temperature

C2 — same as Cl, except for first ionization state
C3 — same as Cl, except for second ionization state
C7 — same as Cl, except for sixth ionization state

@1 — table of fractions of total density of oxygen in the ground
state as a function of temperature

$2 — same as @1, except for first ionization state

@9 — same as @1, except for eighth ionization state
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SUBRGUTINE ZCALC (TE, D1, DEN, ZFE, ZIR@N, IIR@N)

Subroutine ZCALC computes the following profiles:

= X 2
Dl Zegr = % (MqH)/mg
= -2
DENP np =n, % nka
=3 2
ZBR [z] ‘[k (nka )/Ak]/ne
QRD power loss due to line radiation from low-Z elements,
eV/msec/cm3
HIZ power loss due to line radiation from high-Z elements,
eV/msec/cm3

These profiles can be computed using a detailed model [IMP(3) = 1] or
an analytic model [IMP(3) = 2].

In the detailed model calculation, the profiles are calculated by
considering the impurity species

i) carbon — charge states 1 through 6,

ii) oxygen — charge states 1 through 8, and

iii) "high-7" — stripped according to the formula Z = VTE/13.6 %
ZIMP, where ZIMP is the atomic charge number.

'The auxiliary values

Xp1 = %o (J,I) * Z,/16
XCl = § CC (I,1) * 2,/12
xcgl = ¥ cp (3,1) * 2 /DEN(I)
xccl = ¥ cc (J,1) * 2z /DEN(D)
XCP2 = § ¢4 (3,I) * z /DEN(L)
XCC2 = ? cc (3,I) * z */DEN(I)

are defined for each grid point I. The charge state for the "high-Z"

element is modeled by assuming the charge to be

0 TE < 13.6
z1 = {/TE/13.6 13.6 < TE < 13,6%(ZIMP)?2
ZIMP TE > 13.6% (ZIMP)?
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The "high-Z" impurity density is assumed to be
DENZ = PCIMP *# ,01 * DEN(1) * DHZ(X),

where DHZ is a chosen function of X(=r/a).
Thus, for Zeff

D1 = 1. + XC@2 + XCC2 + DENZ*(ZI)2/DEN(I) |,

for n

DENP = 1. - XC@#l - XCCl -~ DENZ*ZI/DEN(I) ,
for [Z]
ZBR = 1. + X@2 + XC2

(the "high-Z" impurity is assumed to have infinite mass), for low-Z

radiation power loss
QRD = 9.18(10)'10 % V13.6/TE * Ne * [Ng e~ 16 /TE

+ 89 e-18/TE 4 0 o-19/TE 4 NO -20/TE |

+ NO e~12/TE 4 239 o-575/TE 4 2N e-655/TE
+ Ng e‘83/TE]

+2.04(10)710 VTTG7TR & n_ * [ 8§ e"12/TE
+ NC e~8/TE 4 §C o=308/TE 4 \C o-370/1E

+ N e_uo/TE]

and for high-Z radiation power loss

HIZ = {.4 + 4.6%EXP[-10"®*(TE)2]} * DEN * DENZ * 4,17(10)"!!
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For the analytic model, the profiles are given by simple analytic

expressions:

Z5s D1 = ZEFF

n, DENP = DEN

(z] ZBR =1

low-Z radiation power loss QRD = 0.0

high-Z radiation power loss HIZ = 4.17(10)18 * PHZ*HZR(X)/VQL,

where PHZ is the assumed power loss in kilowatts, specified in a DATA

statement, and HZR 1% a preselected function of X(=r/a). [Note that

1
2_/(; dX * HZR(X) * X = 1.]

Zeff is represented by ZEFF, an input parameter read in at the beginning
of the simulation.
Called from: IMPRTY

Common required: IMPURT

Variables and arrays required (see also Table 12):

TE — electron temperature profile, eV

D1 — protile nf effective thaige Zeff

N — number of radial points iu the spatial grid
DEN — electron density profile, em™3

IMP(3) — switch for type of model
= 1, detajled calculation
= 2, analytic model formulae

ZFE — effective charge profile of the iron impurity

ZIRPN — density profile of the iron impurity, cm ?

IIRPN -  switch used to determine whether high-Z effects are to

be modeled using iron or a general "high-Z" impurity
" species
Arrays changed:

DENP — plasma proton density profile, cm‘3

ZBR — the profile of [Z]

D1 — effective charge Zeff profile

QRD — low-Z impurity radiation contribution to the power loss,
eV/(msec + cm3)

HIZ — high~Z impurity radiation contribution to the power loss,

eV/(msec + cm3)



Table 12. List of labeled commons and elements in them which are

referenced by subroutine ZCALC

Input Output
COMMPN BLACK
Variables Arrays Variables Arrays
/GE@M V@L
/INDEX/ N IMP
/IMPURT/ PCIMP, ZEFF, ZIMP cg, cC DENP, ZBR
/ZRAD/ DHI, ZHI QRD, HIZ

€Cl
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SUBRGUTINE ZDIFFU(VAR, SIV, HT)

Subroutine ZDIFFU advances the impurity atom population profile
VAR(I) having charge distribution ZIV(I). ZDIFFU uses subroutine CDZ
to compute the needed diffusion coefficients. The following diffusion

equation was derived by Rutherford! for the Pfirsch-Schliiter regime.

3 19 3
P = = e—. * * =
5r VAR(r,t) = L o= [r TDZZ* o VAR(r,tJ
_ l’-‘—{r*VAR(r £)*21V (1, t) *TDZZ* (L -1] ¢ (1 - -;———)
r ar L7 e AenTAs T |} ZIV(r,t)
-c | +ct -)}
2 1P
where '
dT, 1 dN_ 1
L —1 = ._i._ L —1 = _B__
T dr T > 7P dr N ’
i P
0.35
Cp = 0.47 + 5¢¢ i =,
0.41
€2 =0.30 + 555 5% >
a =

VAR*(ZIV)Z/Np R

TDZZ is computed in CDZ (Note: it is scaled so that 0 < r < 1), and

1 c,

Y = 1 3 N S -1
LGKRAD a LT [(l ZIV(r,t)) Cl ] + a Lp

is also computéd in CDZ. .
The numerical method for solving the diffusion equation is predictor-

corrector and is contained in the subroutines EVALK, C@EFF, and S@LVE,

These routines solve the general one-dimensional, time-dependent equation:

u 13 ] 12
— rk(u) 5T ] 37 [rf]

3t r or

where f is a given inhomogeneous term.
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Subroutine IMPRTY prepares the diffusion step by loading the
appropriate profiles into the arrays VAR and ZIV and be selecting the
value of the time step HT to be advanced (this may be different from the
time step used for the plasma evolution in the main part of the simula-
tion code). The differencing scheme in the immediately preceding equa-

tion is based on the Crank-Nicholson representation

du,N ' ou.N
uli —u, 11 [rk ar]i+1/2 - [rk 317]1-1/2
At Tt 2 At
du ' Ju ~ ~
+ [rk Sedinye ~ 7% 5)io1/0 _ e !
Ar r 20T
where
du . U, Yy du u, -uy .
3 =T A v er =3 cemdf=rho.
i+1/2 i+1/2

The steps used in the predictor-corrector cycle are:

¢+ 8¢
1) predict — compute u; 2 using k[ui(t)]
2) compute uF+At using ku, (t + és)]
i i 2
Ar

t .
3) correct — compute ug 2 using

?ld + ut.:+At
i i

u 2 = %-[u ]

and compare this with the prediction. If the prediction is within
a spacified tolcrance, continue with the simulation, Otherwise
4) iterate the sequcnce

ui(“’) (£ + 55 = i (e + ui(m) (t + At)] .

Each new uim)(t + %ED is gotten from a uém)(t + At) in Step 2 using

-1
k[u? (t + %E)] until the tolerance criterion is satisfied.
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When the iteration has converged (or after one correction step in the
current code), the array VAR is set equal to the array X1, the value of

the dependent variable at the new time.

Called from: IMPRTY
Subroutines called: EVALC, EVALK, C@EFF, S@LVE
Commons required: GE@M, INDEX, ZDFPS

Variables required:

VAR(101) — impurity species density profile, cm™?
ZIV(101l) — effective charge profile of impurity speciles
HT — time increment for the impurity diffusion, msec
From labeled common blocks (see Appendix II for definitions)
/GEgM/ — AM
/INDEX/ — N, NM1
/ZDFPS/ — TDZZ(101), ZGRAD(101)
Variables changed: VAR (101)

Significant internal variables:

X1(101) — a temporary (local) array for the impurity species density
profile

ICY — subscript variable used to determine the number of cor-
rector iteration cycles for the predictor-corrector
method of solution
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SUBRGUTINE EVALC (ZK,ZF,V,Z,AM,N)

Subroutine EVALC computes the profiles of the diffusion coefficient
k(u) and the inhomogeneous term f of the diffusion equation referred to
in the description of subroutine ZDIFFU (p. 124). These profiles must

be recomputed for each new time in the diffusion process.

Called from: ZDIFFU
Subroutines -called: CDZ

Common required: ZDFPS

Variables required:

V(101) — total density of an impurity species of a given atomic
number, cm~3

Z(101) — effective charge profile of the given impurity species
AM — torus minor radius, cm
N — number of radial grid points
Variables changed:
ZK(101) — profile of k(u)
ZF(101) — profile of f




128

SUBR@UTINE CDZ(VAR,ZIV)

Subroutine CDZ computes the impurity ion diffusion coefficients

for the Pfitsch-Schliiter regime. They are given by the expressions

2
B

= 2l T -3
TDZZ(I) = v, o R T } c; (10)

and

a, dN a dTi 1 )
ZGRAD(T) = = 7= +ﬁdr {[1‘ - IV 'El_}

P
where .
1.13(10)~ 1n(N /T )

v, = ————N |1, - —22|z __ T -3/2

1 M € 17.25 eff “e

2 — L 2

o 2.09(10) MTi/BT ,

o, = 0.47 + 0.35 e, = 0.3+ 0.61

1 0.66 + a ° 2 0.58 + a °
and

W = VAR(I)kZIV(I)*ZIV(I)/Ne .

Subroutine CDZ prints the arrays VAR, ZIV, TDZZ, and ZGRAD the first
time it is called.
Called from: EVALC
Commons required:  FIELDS, GE¢M, IMPURT, INDEX, I@NS, TEMP, XPYKIT, ZDFPS

Variables required:

VAR(101) — total density of an impurity species of a given atomic
number

ZIv(101) — effective charge profile of the given impurity species
From labeled common blocks (see Appendix II for definitions)

/FIELDS/ — B(101), BT

/GEgM/ - AM, HR, R@
/IMPURT/ — DENP (101)
/INDEX/ — N

/IONS/ — DEN(101), AMU
/TEMP/ — TE(101), TI(101)

/XP@RT/ — D1(101)
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Variables changed:

TDZZ(101) — impurity species diffusion coefficient

ZGRAD(101) — a collection of ion temperature and density gradient
terms

Significant internal variables:

ZNUI — ion collision frequency

RH@2 — ion gyroradius
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SUBR@UTINE EVALK(ZK, N, ZKP, ZKM)

Subroutine EVALK calculates the arrays
= 5%

ZKP (1) SS5%(ZK(I) + ZR(I + 1)) IT=2, ...,N-1

ZKM(I) = .5%(ZK(I) + ZK(I - 1))

for the function k(u) in the predictor-corrector algorithm for obtaining

the solution to

u _ 13 duy 13
3t  r dr [rk(u) Br] r dr [rf]

set up in subroutine ZDIFFU.

Called from: ZDTFF

Variables required:

‘ ZK(I) — TDZZ(I)/AM/AM = D(r)/ai, the impurity particle diffusion

coefficient scaled by the torus minor radius
N — the number of radial nodes
Variables changed:
ZKP — forward difference of ZK
ZXM — backward difference of ZK
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SUBRGUTINE C@EFF (ZKP, ZKM, A, B, C, D, E, F, S1, N, V, ZF)

Subroutine C@PEFF computes the coefficients of the values of the
impurity atom density u at the new time step in the set of linear dif-

ference equations which are obtained from the Crank-Nicholson represen-

tation of
du _ 13 3. _ 13
3t  r or [rk(u) ar] T r ar [re]

where g(r) is a given inhomogeneous term. The Crank-Nicholson representa-

tion is

N

“i'“1=ii{5N+6}_ifi+1 - fia

At r 2 r 2AT
where
N N
N_1 3u - du
& = a5 {[rk(“) sriit+1/2 - [Tk ar]i-1/2} ’

1 Ju Ju
¢ = {[rk(“) arlis1/z ~ [Tk E]i—l/z} »

o _ Y4y T Y4 EE-| _ Yy T ui—l f=rg
- , - . f=
ot liv1/2 t T Vi 1/2 Ar
and
du -1 Ary 1 -
(k@) 57)ipyyp = a7 70 7 (g + Ry —up) -

The Crank-Nicholson representation can be rearranged to the form

~A. UN + B, uN - C. ug =D, .
i i+l i i i

Subroutine C¢EFF also evaluates the arrays E and F which are.used

in the Gauss elimination procedure to solve for u:
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Ai Di + CiFi 1
E, = ——— = —— T T
Ry "B <~ CrE, and  F.=g=TTE® -
i i i-1 i i i-1
Called from: ZDIFFU

Variables required:

ZKP (101) — forward difference of the diffusion coefficient, k(u)
ZKM(101) — backward difference of the diffusion coefficient, k(u)

S1 — reciprocal of the time step for the evolution of the
impurity profile, msec™!

N — the number of spatlal nodes

U(101) — impurity species density prufile at the current

value of elapsed time, cm—3

ZF(101) — profile of function appearing in the inhomogeneous
term of the diffusion equation

Variables changed:

A(101)] — coefficients appearing in the set of linear equations

B(101) for the value of the density profile at the new time.

Cc(101) The set of equations arises from the Crank-Nicholson
finite differencing scheme for solving the diffusion
equation.

D(101) ) — inhomogeneous term in the set of linear equations
obtained from the finite differencing scheme

E(101) — arrays used in the Gaussian elimination procedure

TF(101) to solve for the impurity species density profile at the

new time step
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SUBR@UTINE S@LVE(U, E, F, N)

Subroutine S@LVE generates the solution of the impurity atom diffu-
sion equation for the new time value. It actually performs the Gaussian
elimination using the E and F arrays generated by subroutine C@EFF. The
routine sweeps '

. = E,u, + F,

Yy E1u1+1 Fl

fromr =a (i =N-1) tor=0 (i = 1)

Called from: ZDIFFU
Variables required:
U(101) — impurity species density profile at the old time value
(upon entry into this subroutine)
E(101) — coefficients computed in setting up the Gaussian
F(101) elimination procedure
N — number of radial nodes in the spatial grid

Variables changed: U(101)
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FUNCTI@N HZR(I,X)

Function BZR returns a value for the high-Z impurity radial profile

form factor using the formula
HZR = (I + 1) * (1. - X*X)#**I

Called from: ZCALC

Variables required:

I — value of the exponent in the form factor formula

X — radial variable, normalized to the torus minor radius
Variables changed:

HZR — value of the form factor at X

Note: The user is free to choose any formula that seems appropriate for
this form factor.
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SUBR@UTINE HIGHZ (TE, ZIR@N, ZFE)

Subroutine HIGHZ contains tables of fractional values of total iron
density in each ionization state as a function of temperature. These
fractions were computed on the basis of a corona equilibrium model of
electron impact ionization. The fractions are given for temperature
intervals of 0.1 keV starting at 5.0 keV'at the lowest energy considered
and extending to 9.0 keV. Three separate cases are treated:

i) If Te < TS(=5.0 keV), all the iron ions are in the lowest

charge state (in the current version of this subroutine,
the lowest charge state is 3+).

ii) If TS < T_ < TTPP(=9.0 keV), a linear interpolation is used
to compute the fractions for a given value of T,

iii) If TT@P < T, all the iron ions are in the highest charge state
(in current version of the subroutine, the highest charge state
is 26+).
A printout of the TE array and selected parts of the RFE array is given

the first time subroutine HIGHZ is called.

Called from: IMPRTY

Common required: INDEX

Variables required: ’ -
TE(101) — electron temperature profile, eV

ZIR@N (101) L-ion impurity (all charge states included) density profile
From labeled common block (see Appendix‘II for definitions)
/INDEX/ — N

Variables changedt

ZFE(101) — effective charge profile of iron impurities

Significant internal variables:

AFE(45,30) - array of exponents for the fraction of iron atoms
in each charge state (K + 3) at a given temperature
(index L)

RFE(101,30) — profiles of fractions of iron impurities in a par-
ticular charge state K + 3
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SUBRGUTINE DYNAM (TE, DEN, DT, N)

Subroutine DYNAM calculates impurity stripping dynamically using
electron impact ionization and recombination coefficients, determined
analytically in a rate equation, to determine the densities of the
various charge states of carbon and oxygen as a function of temperature.
The ionization and recombination coefficients are supplied by subroutines
SVCARB and SV@XYG.

A The plasma simulation time interval is subdivided into ten intervals.

The rate equation has the general form
dNZ Z-1 Z Z Z-1
— = > , -_—
dt Ne '{<OV ion NZ-l + <OV>rechZ+l [<0V>ion + <0V>rec] NZ} '

This equation is integrated over the sub-intervals of time using the

general expression

Nold + N At {<0V>;-l Nold + <cv>z Nold _ 1 <ov>%- + <0V>Z—1] Nold
new Z e ion Z-1 rec Z+1 2 ion rec Z
N, = 1 Z Z-1
l+ 5N At [<ov>. + <ov> ]
2 e ion rec

to generate the density of each charge state at each step of the time
integration.

The general expression above is modified appropriately for the neutral
and completely ionized species. The neutral state cannot be fed from ion
species below it by ionization since it is the lowest state and cannot
feed a lower state by recombination. The completely ionized state cannot
be fed from above by recombination nor can it feed anything higher by
ionization. The integraﬁions for these two states are thus done explicitly
by themselves.

The total densities of carbon and oxygen impurities are computed

from the densities of the various charge states of each element.

Called from: Not currently used.
Subroutines called: SVCARB, SV@XYG
Commons required: IMPURT

Variables and arrays required: TE, DEN, DT, N
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Arrays changed:

CC(X,I) — density of the (K-1)th charge state
I-th grid point

CP(K,I) — density of the (K-1)th charge state
I-th grid point

CARBON(I) - total density of carbon impurity at
point

@XYGEN(I) — total density of oxygen impurity at
point

of carbon at the
of oxygen at the
the I-th grid

the I-th grid
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SUBRGUTINE SV@XYG (TE, SVI@N, SVREC)

Subroutine SV@XYG generates ionization <GV>§on and recombination
<OV>iec coefficients for the different charge states of oxygen. These
coefficients are required By subroutine DYNAM for calculating the den-
sities of the various oxygen impurity charge states. The coefficients

are generated using the analytic expressions2

pdon -8 VB 1, <100 T,

, Z ion °?

<cv>io = B+XZ
n n ., L, >100T
f z e
and
A 3/2
arec 8

Z Z

<GV>rec - rec ’
B+XX
I

where B EZ; The values of the coefficients A;on, A;ec

e

and parameters

ion rec
X
X, and XZ

the subroutine. These values were obtained by R. A. Dory,3 who made

for each charge state are supplied in DATA statements in

adjustments in the results given by Beigman et al.,2 and Lotz."

Called liomi DYMNAM

Variable required:

TE — value of the electron temperature, not to be confused with
the electron temperature profile of the same name used in
most of the rewuinder of the simulation code.

Arrays changeds

. . . < Z
SVION — values of the ionization coefficient <ov>ion for each
charge state %

SVREC — values of the recombination coefficlent <uv>iec tor each
charge state Z
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SUBRGUTINE SVCARB (TE, SVI¢N, SVREC)

Subroutine SVCARB generates ionization <cv‘>Zion and recombination
<cv>iec coefficients for the different charge states of carbon. These
coefficients are required by subroutine DYNAM for calculating the den-
sities of the various carbon impurity charge states. The coefficients

are generated using the analytic expressions2

adon 8 VB 1 cap0r
Z ion Z e
B+X
7 Z
<gv>, = 4 ‘
ion
>
. 0 s IZ | 100 Te
and
, 3/2
Arec 8
Z Z
<OV>rec - rec ?
g+X
Z
where B = E&. The values of the coefficients A;on’ Z;ec and parameters
Te
X;on and X;ec for each charge state are supplied in DATA statements in
the subroutine. These values were obtained by R. A. Dory,3 who made

adjustments in the results given by Beigman et al.,2 and Lotz."

Called from: DYNAM

TE — value of the electron temperature, not to be confused
with the ‘electron temperature profile of the same
name used in most of the remainder of the simulation
code

Arrays changed:

. . . . R .. Z
SVION — values of the ionization coefficient <OV>ion for each
charge state Z

SVREC — values of the recombination coefficient <0v>§ec for
: each charge state Z
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6. DESCRIPTION OF NEUTRAL BEAM INJECTION MODULE

6.1 PURPOSE, STRUCTURE, AND BASIC INPUT/OUTPUT OF MODULE

The neutral beam module treats the slowing down and charge-exchange
interactions bgtween the injected neutral beam and the plasma target.
The module calculates the fast-ion deposition profile, the power trans-
ferred to electrons and ions in the plasma, and the change in the plasma
current density. Heating and current perturbation profiles and smooth
injection profiles are also obtained.

The fast-ion deposition profile H(§ = E) is calculated when the
simulation time (TIM) first exceeds the time of injection turn-on
(TNJCT), as shown in Fig. 3. Subroutine SUBH calculates the profile
at ten radial positions (£ = 0, 0.1, ..., 0.9), and the results are
stored in the array HTMP.

In order to assure a smooth beam turn-on, it is assumed that the
beam has already slowed for a given time DTCGL in the simulated plasma
existing at time TNJCT. This assumption is used in calculating the
fractions of beam power transferred to the ions (Gi) and to the electrons
(Ge)‘in the plasma, and in determining the change in the plasma current
density (AJ). These values are obtained at ten radial positions by a
call to subroutine FPM@PME and are stored in the arrays GETMP, GITMP,
and DJTMP.

Heating and current perturbation profiles are then obtained at the

ten radial positions for the time TNJCT + DTCCL by uoing

IBEB(J) HJ(r) Ge,i(J)

Qe,i B Z e % volume
beam components, J

and

AT = D, AT (T) .
beam components, J
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The profiles are stored in arrays QETMP, QITMP, and DJTTMP. At time
TNJCT, the injection profiles are all assumed to be zero.

Smooth injection profiles are then obtained over the entire number
N of spatial grid points used in the simulation code by a fourth order
spatial interpolation between the eleven calculated values for the points
r = 0.0, 0.1, ..., 0.9, 1.0, where the heating and current perturbation
are assumed to be zero. These smooth profiles, calculated at the times
t; = TNJCT and t, = TNJCT + DTNJCT, are stored in QES, QIS, and DJS.

As the simulation progresses from t; to ts, the‘heating (QE1 and QI1)
and current perturbationn (DJT) profiles for each time are assumed to be
obtained from a linear interpolation at each radial point between the
values at t; and t,.

When the simulation time t = tj, subroutine FPM@ME is called to give
values of Ge’ Gi’ etc. for t3 = TNJCT + 2*DTCGL, and a new set of profiles
is generated for this time. The temporal interpolation-is now between
the o0ld values of the injection profiles calculated for t; and the values
just calculated at t3 as the simulation proceeds from t; to t3. This
procedure repeats every DTCGL milliseconds until the end of the simula-
tion. Every DTCH milliseconds, starting at t = TINJCI, subroutine SUBH
is called to generate a new fast-ion deposition profile H(£) which 1s used
for each injection profile until the next call to SUBH. Figure 8 shuws

the order of subroutine calls in this module. -

6.2 SUMMARY OF FUNCTION OF EACH SUBROUTINE
BLACK DATA (FOR THE NEUTRAL BEAM INJECTION MUDULE)

The block data subprogram for the neutral beam injection module
.contains initial values for the loss cone correction arrays. The array
names and subscripts have the general form STX (I, J, L, M), where the
values of X, I, J, L, and M are given in Table 13 with a brief descrip=-
tion of each case represented by the values of these characters., The
numbers contained in the loss cone correction arrays were generated

using a Fokker-Planck code,!



BEAM

ENTRY BMSTRT

BEAM

ENTRY INJECT

Fig. 8.
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#—v FPMOME
= XTERP
& SUBH

SIGMAX

—- XTERP

»{ AVETH

QAUSST

AVETH

R

YTERP

ORNL-DWG 76-2310

RPT3XY

L.

W3XYZ

GAUSSS

>

YTERP

Order of primary subroutine calls in the neutral beam

injection module.
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Table 13, 1Identification of characters used to label
loss cone correction arrays STX(I, J, L, M)

X K N Description
1 1 1 Ge’ no loss cone correction
2 1l 2 Gi’ no loss cone correction
3 1 3 KE, no loss cone correction
4 2 1 Ge, with loss cone correction
5 2 2 Ci’ with lo3s cone corrgction
6 2 3 KE, with luss cuue curieclivn
Subscripta Rsz%ie:f Identification
1 1, 10 Ten values of the radius (normalized):
0.0, 0,1, ..., 0.9
J 1, 4 Energy components of injected neutral
beam: E , E;/2, E;/3, and the sum of
all three
K s 2 Loss cone corrections: without, with
L , 2 Injection direction: co-, counter-
M 1, 2 Impurity type: low-, high-Z
N 1, 2 Power component: Ge’ Gi’ KE

%Data is stored in the arrays in BL@CK DATA as STX(I,J,L,M)
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SUBR@UTINE BEAM

Subroutine BEAM contains the primary logical control for the neutral
beam injection module. Figure 9 shows this primary logical control and
indicates where some of the computations described in Sect. 6.1 are done.
Switch variables are also listed with the options which may be chosen
according to the values assigned to these variables. The subscripts II,
J, and L used in the output arrays refer to the radial position, energy
component, and type of neutral beam injection, whether co-injection
'(L = 1) or counter-injection (L = 2).

In the alternate ENTRY BMSTRT section of the subroutine, many of the
variables used in the moments calculation of Ge’ Gi’ GéE, GiE, etc., are
initialized. Variables and arrays used to calculate the fast-ion deposi-
tion profile are initialized next, followed by adjustments (if necessary)
to the loss cone correction tables. Logic near the beginning of this
alterndte entry section routes control to the remaining subsections.

The labeled common blocks associated primarily with the moments cal-
culation are INPUT and @UTPUT. Commons FPPP and INTRP are used primarily
in the H(r) calculation. ‘

Alternate ENTRY INJECT contains the logic and the interpolation
and numerical procedures for calculating the heating qﬁd current per-
turbation profiles from the results of the moments and H(r) calculations
for each simulation time step.

Due to the relatively long time required to do the injection com-
putations, the complete heating and current perturbation profiles are
computed at time intervals much longer than the simulation code time step.
Subroutine BEAM interpolates between calculated values of the injection
profiles for spatial and time grids which are coarser than the grids
required by the rest of the simulation code.

In the call to alternate entry BMSTRT, the switch setting INJ(1) = 2
can be used to initialize the injection parameters quickly, but with only
approximate values.‘ The profiles for the electron and ion neutral beam

heat input are assumed to have a decreasing expomnential shape. This

feature is useful for debugging the program.
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ORNL-DWG 76-2314

BEAM
ENTRY BMSTRT

!

INITIALIZE HEATING NJCT = INJ(1)
AND CURRENT PER- LICT = INJ(2)
TURBATION ARRAYS

RETURN

INITIALIZE PARAMETERS
FOR QUICK AND DIRTY
CALCULATION

ASSIGN CONSTANTS RETURN
FOR GE, G1, AND KE
CALCULATION

!

INITIALIZE INTERNAL
AND.OUTPUT VARIABLES

YES PRINT ‘N-1 ISNOT A
MULTIPLE OF 10°
NO
SET UP LOSS CONE Storp
CORRECTION
MATRICES

Fig. 9a. Primary logic for subroutine
BEAM, ENTRY BMSTRT (initialization of arrays
for neutral beam injection simulation).



BEAM
ENTRY INJECT
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NJCT = INJ(1)$
LICT = INJ(2)
RETURN
YES
RETURN
NO

INCREMENT TCH : QUICK AND DIRTY
BY DTCH AND INJECTION PROFILES
CALL SUBH

YES

TIM 2> TCG

INTERPOLATE GE, G!
AND DJT IN TIME

YES

NO

MULTIPLY HEATING AND
CURRENT PERTURBATION
ARRAYS BY PNUM

RETURN

'

CALCULATE POWER
DENSITY TERMS AND
CURRENT PERTURBA-

TION

DO MOMENTS
CALCULATION
CALL FPM@ME

Fig. 9b. Primary logic for subroutine BEAM, ENTRY INJECT
(main part of the calculation of the neutral beam injection module).
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Called from: GETSET (BMSTRT), MAIN (INJECT)
Subroutines called: FPM@ME, XTERP, SUBH
Commons required: BEAMC, BEAMP, ELCTRN, FIELDS, FPPP,

FUDGE, GE@M, IMPURT, INDEX, INPUT, INTRP,
I¢NS, NEUTRL, QUTPUT, TEMP, TIME, TMINDX,
XP@RT

Variables and arrays required: See Table 14 and Appendix II

Variables and arrays changed: See Table 14 and Appendix II




Table 14. List of labeled commons and elements in them used by subroutine BEAM

Input @Gutput
CAMMPN BL@CK
Variables Arrays Variables Arrays
/BEAMC/ ENGY(1), DTCH, DTCGL, CURBM ENGY (2), ENGY(3) DJT
RC, TNJCT, NJCT, LJCT
/BEAMP/ TCGS (2) TCGS (1), PNUM, HTMP, GETMP, GITMP,
TCHS, MM DJTMP, QETMP, QITMP,
DJTTMP, SDT, ECRS,
DJSUM, HX
JELCTRN/ FQE
/FIELDS/ E
/FPPP/ NCGLM
/FUDGE/ STL, ST2, ST3
ST4, ST5, ST6 ST4, ST5, ST6
/GE@M/ AM, R@, V@L
/IMPURT/ ZBR
/INDEX/ N, NT INJ
/INPUT/ T, E#, TEE, TII,

DNE, DNO, AMF,
AMI, BRAZ, SQBRZ,
ZF, ETO, EPA3,
EPA4, EPA5, M3,
M4, M5, ICTX, INO

64%1



Tatle 14 (continued)

Input Putput
COMMPN BLECK
Variablzs Arrays Vaciab_es Arrays

/INTRP/ T@L XXX RTMP
/IONS/ DEN
/NEUTRL/ A A QEl, QI1
/OUTPUT/ ECP, TS@, TFQ,

TCXV@), VO@,

GII, GEE, BKE,

GIE, GEEE, BKEE
/TEMP/ TE, TI
/TIME/ HT, TIM, TMaX
/TMINDX/ DTNJCT, N1, N3
/XP@RT/ D1

0sT
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SUBR@UTINE BMPWR

Subroutine BMPWR uses information calculated in the neutral beam
injection module to generate profiles showing the power balance for
the injected neutral beam after it has interacted with the target
plasma. Table 15 shows the variables and arrays required as input and
generated as output.

In all cases, 1 < J < 3 refers to the energy component (Eo, EO/Z,
or E0/3) of the beam and L = 1, 2 to whether co- or counter-injection
is used. The subroutine calculates total power by summing beam com-
ponents and fractions of the total deposited power which go to elec-
trons, ions, and the wall. The component and total current perturba-
tions are also calculated. This information is printed by the subroutine

when the printout for the rest of the simulation code is requested.

Called from: MAIN

Subroutines called: QUADR

Commons required: BEAMC, BEAMP, FPPP, GE¢M, INDEX, INTRP, NEUTRL,
TIME, - XTRA

Arrays changed:

FNBA — fraction of injected neutral beam deposited in the
plasma (neutral beam absorption factor)

FPRT — fractions of total injected neutral beam power
deposited in the plasma electrons and ions, lost
to charge exchange, and deposited directly into

the liner

DIT — sum of contributions to current perturbation re-
sulting from co- and counter-injected neutral
beams

DITT — sum of current perturbation contributions resulting
from the three injected beam energy components

Variables representing amounts of power, W/cma, for each energy
component and injection configuration.

QTB — supplied by the neutral beam injector
- QTD — deposited in the plasma

QEB — deposited in the plasma electrons

QIB — deposited in the plasma ions

QCX — lost to charge exchange

QBL — deposited dircctly into the liner
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Variables representing total power, w[cma, for the sum of the three
injected beam energy components ‘

QTBT — supplied by the neutral beam injector

QTDT — deposited in the plasma

QEET — deposited in the plasma electrons

QILIT — deposited in the plasma ions

QCXT — lost to charge exchange

QBLT — deposited directly into the liner

QINT — a working array containing intermediate quantities
rclated to neutral beam power lnss or transfer
and currcnt perturbation

SS — value of integral of profile contained in QINT
array, computed by call to suhranrinas (IADR



Table 15. List of labeled commons and elements in them used by subroutine BMPWR

Input @Gutput
_COMM@N BL@CK
Variables Arrays Variables . Arrays
/BEAMC/ MJCT, LJCT CUREM, ENGY
/BEAMP / PNUM, TCHSa, e HTMP, GETMP, GITMP, FNBA, QEB, QIB, QCX,
DJTMP, DJTIMP,4 QTB, QID, QBL, QTBT,
TCGS,4 SDT,Z ECRS,% QTDT, QEET, QIIT,
DJSUM,4 XPRTZ QCXT, QBLT, DIT,
DITT, FPRT
/FPPP/ FPCX,2 FPI,2 FPE,% FP4
/GE@H / AM
/INDEX/ N
J/INTRP/ RTMP
/NEUTRL/ QE1,% qr1°
/TIME/ T1M? »
/XTRA/ TE12%

aVariables and arrays used only for printout.

€T
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SUBRGUTINE QUADR(Z,N,H,S,IER)

Subroutine QUADR integrates a function by numerical quadrature
using a basic five-point formula if there are at least five function
values. The routine assumes that the values of the independent variable
(function argument) are equally spaced. Since the five-point formula
uses successive groups of five function values, there will be function
values remaining at one end of the integration interval when N(mod 4) # O.
The integration is completed by a 2-, 3-, or 4-point formula according to

whether N (mod 4) is 1, 2, or 3.

Called from: BMPWR

Variables required:

Z(50) — array of values of function to be integrated

N — number of points for which function values exist
H — spacing between successive values of the independent
variable

Variables changed:

S — value of the integral
IER — diagnostic and error variable
= 0, normal return

= 1, only a single value ot no value of the function to be
integrated was passed from the calling program

= 2, the interval between successive values of the independent
variable vanishes
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SUBR@UTINE SUBH

Subroutine SUBH, when it is first called,. initializes the variables
and arrays:.required by the subroutines which generate the fast-ion
deposition profile H(r).2 The values of these variables and arrays
are stored in the common block areas CN and D. These initializations
are skipped on subsequent calls. h

For each neutral beam energy component this subroutine calculates
the mean free paths of the injected ions due to charge exchange and
ionization. It sets up the plasma density profile (normalized to the
central density) used in the calculation of H(r) and calls the subroutines

to compute

min dZB + _
H(r) = de [T +11,
r /222
where
Ro + X + sz-ZBZ
min
Yr 2-7 2
+ R, ¥ Vrpe-2y dNg ary
L= g™ 3x-
| A R=R_ +x_ = /p2-z2.27
c - Vr_2-2_2
B B
RO + X, - Vp2—ZB2
{ Yr_2-2 2
min Rc + rB ZB de
L = I3() 3R dr,
R - Vr 2-7_2 =R +x - V/p2-2_2
c - B B [o) s B
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p=Vr2 + x 2 - 2rx cosb <a - x_,
s s s

and

LA= 1, co-injection
VENGY (J)

x_ = 229.581 [1-2(L-1)] R F2I(D)

<« L = 2, counter-injection

J =1, 2, 3 for the three
energy components of the
L injected neutral beam.

Subroutine SUBH calculates the plasma density profile used in the
expression for H(r) at the N grid points used by the rest of the simu-
lation code. The subroutine then calls a routine XTERP to do a fourth
order interpolation to generate a table of values for 101 equally spaced
radial points. However, the spatial meshes of the integrations required
to generate the profile H(r) and used in the simulation code are indepen-
dent of each other.

The quantity %—- r—l-gzl-used here is different in form and kind from

Ao n(o)

that used by Colchin and Wooten .2

Some additional physics, the effect
of impurities, has been added by defining a cross section for impurities
o; = Z% op for each impurity species I. The cross section Cp is detined
in terms of the proton impact ionlzalluu reciprocal mecan free path

<gv> = opvo, where v, is the initial velocity of the injectad neuttal
beam.

Using the definition for Zeff’ the collision frequency,

= n <ov> + n,(<ov> + <0ov> + I n Z,<ov>
Vp T B0V, 1('\U p cx) 1 174 p

can be written as

ne(r) <ov> ni(r) ne(r) opzeff

v, = v n,(o)o + + .
T o'i cx ni(o) % xVo ni(o) ni(o) O x
Letting
v
1 1 o
A =—————— A, =———— , and A = V75—
- Tex ni(o)oCX i ni(o)op e ne(o)<cv>e
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then

1 1

>".I‘ Acx

A . ni (o) ACX) 1

~ cx
n, (r) + ne(r) ( % Zess ¥ ne(O) Ae ne(O)

1

and the absorption decrement can be written as

S S

ds 1 Aoy (0)
D(S) = - ‘q=">:—(‘g) Tds .
S cx s
o o
Thus XA  =1_ (o), n(o) = n, (0)
and
~ ( ch ni(o) >‘cx
n(r) = ni(r) + ne(r) X;_-Zfo + E;?gy-iz-) .

The stagnation distance X (assumed constant) is also calculated for
each neutral beam energy component. Subroutine SUBH then calls sub-
routine AVETH to get the H(r) profile, which is symmetric about the
stagnation point. Subroutine GAUSST averages H(p,0) on a flux surface
to give H(r). A separate H(r) profile is calculated for each of the
three beam energy components for co- and/or counter-injection, Thus,

as many as six H(r) profiles can be returned for each call to subroutine

SUBH; these profiles are stored in the array HTMP.

Called from: BEAM (alternate ENTRY INJECT)
Subroutines called: SIGMAX, XTERP, AVETH, GAUSST
Commons required: BEAMC, BEAMP, CN, D, E, FIELDS, FPPP, GE@M,

IMPURT, INDEX, INTRP, I@NS, TA, TEMP, XP@RT
Variables and arrays required: See Table 16 and Appendix II

Variables and arrays changed: See Table 16 and Appendix II




Table 16, 1List of labeled commorns and elements in them used by subroutine SUBH
Input
COMM@PN BL@CK
Variables Arrays Variables Arrays
/BEAMC/ R7, R8, HALF, LIJCT ENGY
/BEAMP / HTMP, XPRT
/CN/ S1, NP S
/D/ A, XS, 3B, R
RC, R0, ¢FP, NZ
/FIELDS/ zJ
/FPPP/ NCGLM FPCX, FPI, FPE,
FP, FPIMP
/GE@M/ AM, R¢
/IMPURT/ DENP
/INDEX/ N
/INTRP/ XXX T@L PIDEN
/IPNS/ DEN
/TA/ HTT RH@MAX, DELA HRH@, RV
DELN, NGLP1
/TEMP/ TE
/XP@RT/ D1

8s1
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SUBRGUTINE AVETH (R, HR)

Subroutine AVETH generates the profile H[p(8)] using a 12-point

Gauss-Chebyshev quadrature formula:

nA2
Hip(8)] = 9.86551 2 * ANSZ * BSHAPE

where
2 -1
Ty \’ (rB

BSHAPE =<§ALF) l -exp | - F)

and -
4
0, if p > a - |X5S |
dz
ANSZ =( /mmrB — B 1Y, if0<p<a-Ix88|
¢p2 - ZB2
T1*, ifp=0 .

The integrals I+ and I are computed in subroutine RPT3XY according to

the value of the switch NZ (=1 and =2, respectively):

+x * Vp2 -z 2
Ro X o] ) zg

min g
2 - 2
o Re T 71p° ~ 24 LG g ar,
B dR
- 2 - 2 = + 2= 2
Rc VrB zB R Ro+xs_Vp zg

An explanation of the modifications required to get the integral over zg

into the form required for applying the Gauss-Chebyshev quadrature formula

is given in the description of subroutine RPT3XY. The constraint

p 2 a - | XSS| - takes into account the excluded volume shown in Fig. 10.

"Called from: SUBH
Subroutine called: RPT3XY

Commous required: CN, D, E
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Variables required:

R

S1

NP

XSS

RB
¢FP

BSHAPE

~distance from the stagnation point to points in the

plasma defined by R < A - | XSS | , where A is the torus
minor radius '

array of zeros of the Chebyshev polynominals of degree NP

Christoffel numbers B:; for the Gauss-Chebyshev formula,
the coefficient n/n for the sum on the right-hand side
(see description of subroutine RPT3XY)

the number of points used by the quadrature formula
torus minor radius, cm

displacement between the magnetic axis and the
stagnation point (see Fig. 10), cm

radius Lo of the injected neutral beam, cm

reciprocal of the absorption mean free path of the
neutral beam, cm~!

injected neutral beam profile factor

Variables changed:

HR — the value of H[p(8)] for a given value of p(8) =R
RHP — the value of p(H)

Significant internal variables:

X

uP

RES1

the successive values of the integration variable
corresponding to the zeros of the Chebyshev polynominals
of degree NP

upper limit of integration

— lower limit of integration

+
values of the integrals I~
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SUBR@UTINE RPT3XY(ZB, XINT3)

Subroutine RPT3XYZ uses a 1l2-point Gauss-Chebyshev quadrature

formula to evaluate the integrals

R + + ¥p2 - 2
(o] xs o zB

min
Vr 2 - 2

Rc + rB zB i
+ ~ f d
I = XIN = —_—

T3 IB(r) iR _ RB
R=R_+x_ + ¥p2-2_2
o] s B
- JVr. 2 < 7 2
Rc rB zB
when NZ = 1 and
R +x - vVp2 - 2.2
[o] s B
min

R + vVr.2 - z_.2
) c B B ) de dRB
I = XINT3 = L@ x

R=R_ +x_ - Vp2 - 2.2
o) s B
- VT 2 = 2
R~ ’1g Zg
when NZ = 2. The variable r is the radial distance from the center of

the injected neutral beam to the pencil beam axis. If

min

then XINT3 = 0. This condition takes into account the cases when the
injected neutral beam does not cross a particular flux surface and hence
does not contribute any fast ions to that surface.

The integrals I+Aand 1~ are of the form @ f(x)dx and must be modi-
fied to obtain the form required for the Gauss-Chebyshev quadrature in the

following way:

b b
£ (x) - F(x)
IaW(X) w(x) ax -/ V1-x2 o
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where w(x) = L is the weight function. The Gauss-Chebyshev formula
V1-x2
is3
1 n
/ Fz) g, *% 3 F(z.)
-1 V/1-22 j-1
where

_ a+b b-a \ _
F(zj) = Vl—sz f (—5—-+ zj —7?—)~— Vl—zj2 f(Cj) .

The zj are the zeros of the Chebyshev polynominals of degree n.

Called from: AVETH
Subroutines called: W3XYZ

Commons required: CN, D, E

Variables required:

ZB — distance zpg from torus plane of bilateral symmetry
to axis of pencil beam, cm

S — array of zeros z5 of the Chebyshev polynominals of
degree NP

81 — Christoffel numbers B; for the Gauss-Chebyshev formula,
the coefficient n/n for the sum on the right-hand side

NP — the number of points used by the quadrature formula

XSS — displacement between the magnetic axis and the stagnation
point (see Fig. 10), cm

RB — radius rp of the injected neutral beam, cm

RHP — distance from the stagnation point to points in the
plasma defined by RH@ < AM - | XSS | , where AM is the
torus minor radius

RC — radius of center of injected neutral beam measured
from torus vertical axis, cm
RO — major radius of the torus, cm
+ -
NZ — switch used to determine which integral, I or I , is

to be evaluated

Variables changed:

XINT3 — the value of the integral I+ or I

XUP1 — variable containing values of upper limits of the
integrals, one of the values XUP1 = R+ X * sz—zBZ
according to the value of NZ (=1, 2).
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Significant internal variables:

X

FX

TXY
PXY

array
value

array
-IB(r)

value

value

of successive values of r.: used to compute the
. J
of the function £(Z;)

of values of the integrands

de

drR .
R=R 7 . 2

o*xsi/p zg

of upper limit of integration

of lower limit of integration
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SUBRGUTINE W3XYZ(ZRH@, ZB, ACRB, WXYZ)

Subroutine W3XYZ calculates the number of fast ions produced per
unit radius de/dR at the four points where the pencil beam passes
through a given flux surface. The geometry upon which the ordering of
the computations is based is shown in Fig, 11. The outer points p and
pu are treated separately from the inner points p and p . The sw1tch
variable NZ distinguishes between these two cases. Values of de/dR for
points p1 and pq are computed when NZ = 1 anu for peints p2 and p3 when
NZ = 2.

The general equation upon which this subroutine is based is?

. de . n(r) R
B az—z 2

. Ya2 - 2 ~
+ /RB _/Ro + va Zg n(r) R'dR'
R RB 4 n(o) /R'Z_RBZ

where r is the radial distance from the torus minor axis to the pencil
beam axis, r the radial distance from the center of the injected neutral
beam to the pencil beam axis and Xo = Acx(o) the charge-exchange mean

free path (the beam absorption mean free path).

Called from: RPT3XY
Subroutines called: GAUSS8, YTERP
Commons required: CN, D, E, HZ, INTRP
Variables required:
» ARH@p — distance from the stagnation point Xg to points in
the plasma, i.e., radius of a flux surface
ZB — vertical displacement zg of pencil beam from plane
of symmetry of the torus, cm
ACRB — an array of current values of Rg (there are nested
integrals)
NP — number of points used by the Gauss-Chebyshev

quadrature formula

A — torus minor radius, cm
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RO
NZ

XUurl

BEAM
DXX
XXX

PIDEN

Variables changed:
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radius of center of injected neutral beam measured
from torus vertical axis, cm

major radius of the torus, cm

switch used to determine at which pair of points to
compute dNg/dR
=1, P, and P,

a

2, P, and P,

variable containing one of the limits for the

integrals, with one of the values XUPl = R, + Xg

+

sz—zBZ according to the value of NZ (=1, 2)

square of the half width of the assumed Gaussian
profile shape of the injected neutral beam

spacing interval for the XXX array

independent variable array containing values of
radius for which the plasma density is known

array containing plasma density profile normalized
to the central density (see description of sub-
routine SUBH)

&

WXYZ

CRB

RH(
XZB

array of values of the quantity

f
ROR=r +x ¢ Vp2—zB2

(o] s

[a N

current value of Rg,
required by a nested integral

value of radius of a particular flux surface, cm

a

particular value of Zps used in a nested integral, cm

Significant internal variables:

Al

A2

A3

A4

A7

attenuation factor for beam from entrance point of
plasma to pl
attenuation factor for beam from entrance point of
plasma to pq

attenuation factor for beam from entrance point of
plasma to p
2

attenuation factor for beam from entrance point of
plasma to p

value of neutral beam current profile IB(E) at the
location of the pencil beam

XL, XLl — values of lower limits of integration

XU, XUP1l— values of upper limits of integration



168

SUBR@UTINE GAUSS8(A, B, ANS)

Subroutine GAUSS8 uses a 12-point Gauss-Chebyshev quadrature formula

to evaluate integrals of the form

1 (P amr'a

ANS = ——= "
X RT-RZ TR R
o} B

A

which appear in the general form of the absorption decrement?

S
. ds'
his) = _/ A.(Z')

for a pencil beam component of an injected neutral beam. Let RB = R'E;

then

R./B RB R

~ B, d
ANS = - PR - R
>‘o v1-g2
Re/A
b

This integral is of the form f(x)dx and must be modified as follows

to obtain the form required £0F the Gauss-Chebyshev quadrature:

b b
/ w(x) £ (x) dx = E() dx ,
a

w(x) a J/ixZ
where w(x) = L is the. weight function. The Gauss-Chebyshev formula
3 V1-x2

is

I
I =}
N

1
f Ez) dz = ¥(z.) ,
-1 V1-2z2 3 J

where for the integral to be evaluated,

z,
J

F(zj) = Vl—sz f 2%2-+ E%E = /1_zj2 f(gj)
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with

R 1
(o) =i (2-n) (- 2) =
. ] i/ VT2
The zj are the zeros of the Chebyshev polynominals of degree n.

Values for the density (normalized to the plasma central density)
n(r) at the radii corresponding to the zj are computed using a linear

interpolation of the normalized density profile array.

Called from: W3XYZ
Commons required: CN, D, E, HZ, INTIRP

Variables required:.

A — lower limit of the integral
B — upper limit of the integral
CRB  — current value of Rg (there are nested integrals), the

distance from the major axis of the torus to the
point of tangency of the pencil beam

NP — the number of points used by the quadrature formula

S — array of zeros z, of the Chebyshev polynominals of
degree NP

RO — torus major radius, cm

ZB — pencil beam vertical displacement zy from plane of
symmetry of the torus, cm

AB -~ torus minor radiug, cm

DXX — spacing interval for independent variable array

corresponding to the normalized density profile

PIDEN — plasma denéity profile array, normalized to the
central density (see description of subroutine SUBH)

XXX  — independent variable array corresponding to the
normalized density profile

sl — Christoffel numbers B; for the Gauss-Chebyshev
formula, the coefficient n/n for the sum on the right-
hand side.

@FP — reciprocal of the absorption mean free path of the
neutral beam at r = 0, cm™!

Variables changed:

ANS — the value of the integral

Significant internal variables:

X — the variable which takes on the successive values of
Cj used to compute the value of the function f(;j)
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SUBR@PUTINE GAUSST

Subroutine GAUSST does the integration over 6 for H(r,8) to get the

fast ion production profile <H(r,6)>e according to
1 /"
H(r) = <H(r,6)>e = ;-./. H{r(6)]de ,
[o]

using an eight point Gaussian quadrature; Figure 11 shows the geometry

and conventions used as the basis for the computational procedure.

Called from: EUBH
Function called: YTERP
Commons vequired: D, Ta

Variables required:

NGLP1 — number of computational grid elements plus one used
for the H[p(8)] profile
XSS — displacement between the magnetic axis and the stagnation

point (see Fig. 10), cm

RHPMAX — maximum value of RH$ permitted, as determined by the
position of the torus wall or diverter relative to
the stagnation point

DELN — AM/NCGLM, radial increment with respect to torus
minor radius AM, cm :

DELH  ~ RH@MAX/NCGLM, radial increment with respect to maximum
value of RH@, cm

RV — array of radial values at which the fast ion production

profile, H(r,0) before angle averaging, is determined,
i.e., 0 < RV(I) < RH@MAX '

HRHP — array of values of H(z,9)

Variablea changed:

RHP — distance from the stagnation point to points in the
plasma detined by RHO < AM - X5Y, where AM is the
torug minovr radius

HTT — value of the integral <H(r,8)>g at each of the points
in the interval [0,AM] with grid spacing DELN.
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FUNCTI@N XTERP (XVAL, X, F, N@PTS, T@L, NCALL)

Function XTERP returns a value interpolated from the F-array
corresponding to a value XVAL of the independent'variable when XVAL
lies in the range of the X-array values. The routine uses a Newton
backward difference-forward difference method to get the interpolated
value. The number of iterations is fixed at four since the F-array
values do not necessarily lie along a smooth curve. High order poly-
nomial interpolations to the F-array values generally cause numerical
problems.

Called from: BEAM (alternate ENTRY INJECT), SUBH

Variables required:

XVAL — value of independent variable for which an interpolated
value of the function (dependent variable) is desired

X — table of values of independent variable

F — table of values of dependent variable

N@PTS — number of points for which function values exist
in the F-array

TPL — tolerance factor for test of error size

NCALL — call number of the subroutine, used only for printing
out diagnostics

Variable changed:

XTERP — interpolated value of the dependent variable
Limitations:

The error test value is given by | TPL*F (1)
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FUNCTI@GN YTERP(RRR, XXX, PIDEN, DXX, NN)

Function YTERP returns the value of a tabulated function at some
specified point using a linear interpolation procedure. The routine
assumes the values in the independent variable array are equally spaced.

Let fi~= f(xi) and A = X - %5 then the interpolation formula is

1+1

| f(x) = fi + [fi+l._ fi](x—xi)/A .
1f a'value of x outside the range of the tables of values for fi and X,
is supplied, the value of the function returned is an extrapolation based
on the two end values of the tables appropriate for the cases whén x < X
and when x > N The tables are assumed to be ordefed according to

inereasing values of Al

Called from: BEAM (alternate ENTRY INJECT)

Variables required:

RRR — value of independent variable for which an interpolated
value of the function (dependent variable) is desired

XXX — table of equally spaced values of ‘independent variable, X,
PIDEN — table of values of dependent variable, fi '

DXX — independent variable"spacing, A x

= X " - )
R T 2 i
NN — the number of pairs of values (f,, xi) in the dependent
and independent varlable tables )
Variable changed: -

YTERP = f(x)
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SUBR@GUTINE FPM@ME

Subroutine FPM@ME is the main calling routine for evaluating the
moments of the Fokker-Planck equation, which is used to describe the
slowing down of the injected neutral beam in the toroidal plasma. The
moments are evaluated by a series of 30 function subprograms. Figure 12
shows the function routines and order of calls used to do the moments
calculation. The expressions for the moments were derived by J. D.
Callen.* The variables described below are used throughout the function
subprograms, so are defined here only to avoid unnecessary repetition.

The velocity of the neutral beam at the point of entrance into the

plasma is given by

VO = v 2E0¢ , cm/sec
o/ m
£
where
EOfp = E = the energy of the injected neutral beam component, eV
and me = the mass of a neutral beam particle, amu.

The energy Ec’ above which the injected neutfal beam slowing is due to
the plasma electrons and below which slowing is due to plasma ions, is

given by

EC$ = E_ = 14.8 T (mf/mH)1/3 (mf/mi)2/3 tz]2/3, eV

where

mass of the plasma ions, amu

mass of the proton, amu

electron temperature, eV and

"1
mH
T
e
[2] = /n){ 2 y/mOm 2, > nz p o

species, species, k

The velocity v, corresponding to Ec is given by

2E

VCh = v_ = ——S-, cm/sec .
c me
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Fig. 12. Diagram of function routines and
their order of call for the calculation of the
moments of the Fokker-Planck equation.



175

The neutral beam slowing down time T is given by

TSP =t = 0.1?(Te/103eV)3/2 (me/m)/[(n, /1013)2.2] sec

where n, is the plasma electron density, in units of 10-13cm=3,

The time interval Tes used as one of the criteria to determine when
the Fokker-Planck c:'odeL+ solution.has reached a steady state condition,
is given by

T

TFQ = T, = §§-fn[1+(vo/vc)3] .

At time t following entrance into the plasma, a fast ion generated from
the injected neutral beam has slowed to a velocity v(t) and corresponding

energy E(t) given by

ET® = E(t) = %-mfvz(t), ev - . -

The remaining variables are described in -detail under the headings
of the various function subprograms called by subroutine FPMPME.
Called from: BEAM (alternate ENTRY INJECT)

Furictions called: BKEEF, BKEF, BKIEF, BKIF, BMEF, BNEF, BNF, GEEF,
GEF, GIEF, GIF, PCX, TCX, VEL

Commons required: INPUT, @GUTPUT (see Appendix II)
Variables changed: EO@, EC#, ET¢$, TG, TS@, TF@, VO@, VC@, VT@

TCXV@ —-Tcx(v), the mean lifetime of a neutral beam particle before
undergoing a charge-exchange event with a plasma ion

GE(GI) — fraction of injected neutral beam power transferred
to the plasma electrons (ions)

BKE(BKI)'—-fraction of fast ion momentum transferred to the
plasma electrons (ions)

BN — number of stored fast ions resulting from the injected
neutral beam

PCXVT probability that a charge-exchange event will not occur

Qduring the time a neutral beam particle slows from the
injection velocity v, to the velocity v(t)

GEE(GIE) — correction to the injected neutral beam power transferred
to the plasma electrons (ions) due to the electric field

BKEE — correction to momentum transferred from injected neutral
(BKIE) beam to the plasma electrons (ions) due to the electric
field
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BME — an integral arising from one of the moments of the
Fokker-Planck equation and related to the electric
field correction

BNE — correction to the number of stored fast ions due to
the electric field
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FUNCTI@GN VEL (TIME)

Function VEL computes the velocity of the injected neutral beam at
a point along the beam path reached by the beam particles at a time
TIME following initial entrance into the plasma and taking into account

the slowing down process. The expression used is

3 {= -v 31 - - 1/3
[vo exp { 3t/TS} \A (1 - exp { 3t/TS})] , €< T
v(t) = <
2Eion , t>1T_,, Oor t > 10® if Tt_ > 106
M F F
L ion
where
Ts 3 3
Tp = 3—-£n [1 + v, /vc ]
v, = velocity of neutral beam at point of entrance into the plasma, and
v, = a critical velocity, above which the neutral beam slowing is due
to the plasma electrons and below which slowing is due to plasma
ions.
Called from: FPM¢ME

Commons required: INPUT, @UTPUT (see Appendix II)

Varjable required: TIME
Variables changed: VEL = v(t)
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FUNCTI@GN TCX (V)

Function TCX returns the value of the mean lifetime (in seconds)
of a neutral beam particle before undergoing a charge-exchange collision

with a plasma ion. The expression for this lifetime is

3[|/25(10)3 Clsea.s |/25(10)3 }
TCX = 1 (v) = 2600 E (1.1)(10)"15g3-3 + E

cx (no/108)[l - 0.155 log E]%

where

-1 2
E = 2 mHv .

Called from: FPMPME, BMEFUN
Common required: INPUT (see Appendix II)

Variable required: V = v

Variable changed: TCX

Significant internal variable:

DNO = no/lO8 where n is the plasma neutral density, cm—3
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FUNCTI@N PCX (V, ICTCX)

Function PCX gives the probability of a charge-exchange event not
occurring between an injected neutral beam particle and the plasma as

the neutral beam particle slows down. This probability is given by

v 12 3,1
_ o Vv'4dv 1
PCX = p v(t)=exp{—‘r/ 7 }
cx s v'3+v 3 v!
v(t) c Tcx( )
where

v(t) — velocity to which neutral beam has slowed after time t
following entrance into the plasma,

T — injected neutral beam slowing down time,

Tcx(v') — mean lifetime of a neutral beam particle before under-
going charge exchange with a plasma ion,

o — neutral beam injection velocity,

v, — critical velocity, above which the neutral beam slowing
is due to the plasma electrons and below which slowing
is due to plasma ions,

Called from: FPM¢ME, GIFUN, GEFUN, BKIFUN, BKEFUN, BNFUN, GIEFUN,
o GIEFUA, GEEFUl, GEEFU2, BKIEF1, BKIEF2, BKEEFl, BKEEF2,
BNEFU1l, BNEFU2

Subroutines called: ASIMP1l, PCFUN (through an EXTERNAL reference)
Commons required: INPUT, @QUTPUT (see Appendix II)

Variables required: V = v(t)

ICTCX — switch used to choose expression to be evaluated for
value of PCX. 1If 1., is constant (ICTCX # 0), then
the approximate relation used is

~Ts/ (3t )

pcx(v) = [(vo3 + vc3)/(v3 + Vé3)] X

Variable changed: PCX
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FUNCTIQN PCFUN (Y)

Function PCFUN returns the value of the integrand

Tq (v'/vo)2

TCX(V') (v'/vo)3 + (vc/vo)3

PCFUN = -~

used by the adaptive Simpson's rule quadrature subroutine called by
function PCX. The variables are defined in the description of function

PCX.

Called from: ASIMP1l, reterred to through EXTERNAL statement in
. function PCX

Commons required: INPUT, @QUTPUT (see Appendix IT)

Variable required: Y = v'/vo

Variable changed: PCFUN
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FUNCTI@GN GIF (VT)

Function GIF calculates the amount of injected neutral beam power

transferred to the plasma ions according to the equation

2 Yo vc3
GIF = Gi = —v—o—z f vdv m—;pcx(v) :
v(t)
where

v, — a critical velocity, above which the neutral beam slowing is
due to the plasma electrons and below which slowing is due
to plasma ions,

vy — velocity of the neutral beam at point of entrance into the
plasma,

v(t) — velocity of the injected neutral beam at a point along the
beam path reached at time t following initial entrance into
the plasma, . ‘

pcx(v) — probability of avoiding a charge-exchange event by the
neutral beam as it slows down,

v — velocity of the injected neutral beam.
Called from: ' FPM@ME
Subroutines called: ASIMP2, GIFUN (through an EXTERNAL reference)
Commons required: INPUT, @UTPUT (see Appendix II)
Variable required: VT = v(t)

Variable changed: GIF
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FUNCTI¢N GIFUN (Y)

Function GIFUN calculates the value of the integrand for the
integral calculated by function GIF. The expression for the integrand
is referred to by the two-point Simpson's rule quadrature subroutine

called by function GIF. The integrand expression whose value is com-

puted is
3
SIFUN - 2 p  WNGIvVI v )
= 3 2
[(V/v)3 + (v /v ) 7]
Called from: ASIMP2, referved to througli EXTERNAL statement in
GIF
Function called: - PCX
Commons required: INPUT, @QUTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: GIFUN
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FUNCTI@N GEF (VT)

Function GEF calculates the amount of neutral beam power transferred

to the plasma electrons according to the equation

2 Yo v3 .
GEF = Ge =372 vdv T v 73 PCX(V)
o , c
v(t)
where
v, — a critical velocity, above which the neutral beam slowing
is due to the plasma electrons and below which slowing is
due to plasma ions,
v, — velocity of the neutral beam at point of entrance into
the plasma,
v(t) — velocity of the injected neutral beam at time t following

initial entrance into the plasma,

pcx(v)-— probability that a charge-exchange event does not occur
' as the neutral beam slows down in the plasma, -

v — velocity of the neutral beam.
Called from: FPM@ME

Subroutines called: ASIMP2, GEFUN (through an EXTERNAL reference)
Commons required: INPUT, @QUTPUT (see Appendix II)

Variable required: VT = v(t)
Variable changed: GEF
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FUNCTI@GN GEFUN (Y)

Function GEFUN calculates the value of the integrand for the integral
calculated by function GEF. The expression for the integrand is referred
to by the two-point Simpson's rule quadrature subroutine called by the

function GEF. The integrand expression whose value is computed is

2 p_ () (v/v )"

CEFIN = T&/v s + G /v 3] -

Calied from: ASIMP2, refeirred to threough IXTERNAL statcment in GEF
Subroutine called: PUX
Commons required:  INPUT, @QUTPUT (see Appendix II)

Variables required: Y = v/vO

Variable changed: GEFUN
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FUNCTI@N BKIF (VT)

Function BKIF computes the amount of momentum transferred from the

injected neutral beam to the plasma ions according to the equation

\'4 v 3 m, <Z>
BKIF = K, = +- © v ———|1+2—|p WMbE)
. i v v3 + v 3 m.[Z] cx
o fo) £
v(t)
where
m,<Z>
X
3mf[Z]
<?°3 + v v
b(v) = v3 + vc3 v 3 ?

<Z> = I nkzkz] [z 02z 1 ,

and

m
ton
[z] = [z —RXotom 22]/[2 2,1 .

Y ek y ek
The remaining variables have been defined in the descriptions of FPM@ME

and of the first few functions called by FPM@ME.

Called from: FPM@ME
Subroutines called: ASIMP2, BKIFUN (through an EXTERNAL reference)
Comwovus requlred: INPUT, YUlPUL (see Appendix II)

Variable required: VT = v(t)
Variable changed: BKIF
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FUNCTI@N BKIFUN (Y)

Function BKIFUN returns the value of the integrand for the integral
calculated by function BKIF. The expression for the integrand is referred
to by the two-point Simpson's rule quadrature subroutine called by function

BKIF. The integrand expression whose value is computed is

mi<Z>

(v /v )? m<z> | | 3+ v A\v? | 3n.1Z]
BKIFUN = (V/v0)3 n (Vc/vo)3 pr(v) 1+ w, [Z] (vs T Vea >‘?
Called from: ASIMPZ, refertved to through EXTERNAL statement in

BKIF
Functions called: PCX, BFUN
Commons required: INPUT, QUTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: BKIFUN
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FUNCTI@N BFUN (V)

Function BFUN returns the value of the expression

m,<Z>
.
vo3 + vc3 v\ 3mf[Z]
BFUN = b(v) = - Rra— V_> .
C (o]
Called from: BKIF, BKEF, GIEFUA, GEEFUl, BKIEF1l, BKIEF2, BKEEFIl,

BKEEF2, BNEFU1l
Commons required:  INPUT, @UTPUT (see Appendix ITI)

Variable required:

V — the velocity v of the neutral beam at a specified time
following injection into the plasma

Variable changed: BFUN
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FUNCTI@N BKEF (VT)

Function BKEF computes the amount of momentum transferred from the

neutral beam to the plasma electrons according to the equation

v
_ _ 1 o] ' v3
BKEF = Ke = v dv " Vc3 pcx(v)b(v)
v(t)
where
m,<Z>
i 7
3
v 34y 3y 3m {2]
b(V)_=_ A eI Ny /) ’
A --"e- Mo,
<z>=|fn2?2 InZ .
[k kk]/[k kk]
and

m
roton
(2] T 0 Z, / i“kzk .

koom
The remaining variables have been defined in the descriptions of FPM@ME

and of the first few functions called by FPM@ME.

Called from: FPM@ME
Subroutines called: ASIMP2, BKEFUN (through an EXTERNAL reference)
Commons required: INPUT, @UTPUT (see Appendix II)

Variable requitred: VT = v(t)
Variable changed: BKEF
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FUNCTI@N BKEFUN (Y)

Function BKEFUN returns the value of the integrand for the integral
calculated by function BKEF. The expression for the integrand is
referred to by the two-point Simpson's rule quadrature subroutine called

by function BKEF, The integrand expression whose value is computed is

m,<Z>
i i
(v/vo)3 vo3 + VC3 v N3 3mf[Z]
BEKFUN = ) —————<—> .
3 3 P 3 3
(v/vo) + (VC/VO) cx v3 + v, A
Called from: ASIMP2, referred to through EXTERNAL statement in

BKEF
Functions called: PCX, RFIN }
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: BKEFUN
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FUNCTI@N BNF (VT, ICT)

Function BNF computes the number of stored fast ions according to

BNF = N = Vo V_zdl_ (V)
v3 + v 3 PexV
v(t) c

where all quantities have been defined in the descriptions of the first

few functions called by FPM¢UME.

Called from: FPM@ME
Subroutines called: ASIMP2, BNFUN (through an EXTERNAL reference)
Commons required: INPUT, QUTPUT (see Appendix II)

Variables required: VT = v(t)

ICT — switch used to choose expression to be evaluated for
value of BNF. If 1.4 is constant (ICT # 0), then the
approximate relation used is

Tex -t T
N = P 1l -e cx] with t =
s

£, t <,

Tp s > T
(This feature has not yet been implemented.)

Variable changed: BNF
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FUNCTI@N BNFUN (Y)

Function BNFUN returns the value of the integrand for the integral
calculated by function BNF. The expression for the integrand is
.referenced by the two-point Simpson's rule quadrature subroutine called

by function BNF. The integrand expression whose value is computed is

Py (V) VIV )2

BNFUN =
3 Y3
(v/v )3 + (v /v)
Called from: ASIMP2, referred to through EXTERNAL statement in

BNF
Function called: PCX
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: BNFUN
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FUNCTI@N GIEF (V)

Function GIEF calculates the correction to the amount of injected
neutral beam power transferred to the plasma ions due to the electric

field effects according to the equations

3 g V v2
GIEF = G = =7 / vdv —4/————= 33 + v e 4 (V) —-3——-— b(v) - M’E(v)
v(t)

where

v, v'tav' Ty
M [v(t)] = BMEF = ngO/( e ORI

v{L)
m,<Z>
X
vo3 + vc3 v o3 3mf[z]
b(v) = BFUN = T r T3 T s
c o

&0 = CcOoSs 60 the cosine of the neutral beam injection angle.

The remaining variables have been deflned in the descriptions of FPM@ME
and the first few functions called by FPM¢@ME. '

Called from: FPM@PME

Subroutines called: ASIMP2, GIEFUN (through an EXTERNAL reterence)
GIEFUA (through an EXTERNAL reference)

Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: vV = v(t)
Variable changed: GIEF
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FUNCTI@N GIEFUN (Y)

Function GIEFUN returns the value of the integrand for the second
of two integrals contributing to the expression evaluated by GIEF. The

expression for the integrand

(Vc/vo)3

0)3 + (vc/vo)3

=923
GIEFUN = 2 v Py (V) 1 (v) w7
is referred to by the two-point Simpson's rule quadrature subroutine

called by function GIEF,

Called from: ASIMP2, referred to through EXTERNAL statement in
GIEF
TFunctions called: ©PCX, BMLEF

Commons required: INPUT, @QUTPUT (see Appendix II)

Variable required: Y = v/vO

Variable changed: GIEFUN
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FUNCTI@N BMEF (X)

Function BMEF returns the value of the expression

v vthay! T
o

b') .

BMEF = ME[v(t)] = Eovo./-

[
3 32 O
v(t) (V + VC ) TCX(V )
Called from: GIEFUN, GEEFU2, BNEFU2
Subroutines called: ASIMP3, BMEFUN (through an EXTERNAL reference)

Commons required: INPUT, QUTPUT (see Appendix II)

Variable required: X = v(t)
Variable changed: BMEF
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FUNCTI¢N BMEFUN (Y)

Function BMEFUN returns the value of the integrand for the integral

calculated by function BMEF. The expression for the integrand

/v )" E T b (V)
[Cv/v )3 + (vc/vo)3]21CX(V)

BMEFUN =

is referred to by the three-point Simpson's rule quadrature subroutine

called by function BMEF.

Called from: ASIMP3, referred to through EXTERNAL statement in
BMEF .

Functions called: BFUN, TCX

Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo
Variable changed: BMEFUN
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FUNCTI@N GIEFUA (Y)

Function GIEFUA returns the value of the integrand for the first of
two- integrals contributing to the expression evaluated by GIEF. The

expression for the integrand

28 (v/v )3y [v )3 (v)b(V)
[(V/VO)3 + (vc/vo)3]2 ?

GIEFUA =

where Eo = COS 00, the cosine of the neutral beam injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function GIEF,

Called from: ASIMP2, referred to through EXTERNAL statement in GIEF
Functions called: PCX, BFUN
Commons required: INPUT, @QUTPUT (see Appendix II)

Variable required: Y = v/vO

Variable changed: GIEFUA
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FUNCTI@N GEEF (V)

Function GEEF calculates the correction to the amount of injected
neutral beam power transferred to the plasma electrons due to the electric

field effects according to the equations

2 4 3 2
0 v E v v ME
GEEF = ?— vdv V_3+'TC-3- PCX(V) VT+V_3- b(V). - (v)
v(t)
where
ME V 'qu' Ts
= X 3 !
MC[v(e)] = BUEF govof T DT TG0 b(v')
(t) x
m <Z>
v, 3+v 3m 3m_(2]

and Eo = cos 60, the cosine of the neutral beam injection angle.
The remaining variables have been defined in the description of FPM@ME

and of the first few functions called by FPM@ME.

Called from: FPM@ME

Subroutines called: ASIMP2, GEEFUl (through an EXTERNAL reference),
GEEFU2 (through an EXTERNAL reference)

Commwus reyuired: INPUT, @UTPUT (see Appendix II)

Variable required: vV = v(t)

Variable changed: GEEF
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FUNCTI@N GEEFUl (Y)

Function GEEFUl returns the value of the integrand for the first
of two integrals contributing to the expression evaluated by GEEF. The

expression for the integrand

(V/vo)3
(v/vo)3 + (v /v )3

GEEFUl = zéopcx(v)b(V)

where go = cos 90, the cosine of the neutral beam injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function GEEF.

Called from: ASIMP2, referred to through EXTERNAL statement in GEEF
Functions called: PCX, BFUN
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: GEEFUl
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FUNCTI@N GEEFU2 (Y)

Function GEEFU2 returns the value of the integrand for the second
of two integrals contributing to the expression evaluated by GEEF. The

expression for-.-the integrand

(/v )*

RN CNEWE

GEEFU2 = ZPCX(V)ME(V) T
(o]

is referred to by the two-point Simpson's rule quadrature subroutine
called by function GEEF.

Called from: ASIMP2, referred to through EXTERNAL statement in
' GEEF

Functions called: PCX, BMEF .

Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: GEEFU2
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FUNCTI@N BKIEF (V)

Function BKIEF computes the correction to the amount of momentum
transferred from the injected neutral beam to the plasma ions due to

electric field affects according to the equations .

\"A

1 o v 3 m, <Z>
BKIEF = K B dv < 1+ — p__(v) {g(v) + K E
i 3¢ v3 + vc3 » mf[Z] cx ie

° V()

where

2
B(v) = 1 [1+ Bg 2 - D3]
Cc
v

° ylav' b(v) 3 -(1
v'3+vc3 b(v")

v

KieE(v) = AKT (A)*BFUN (A)

TS V'3 mi<Z> VC3
3 o 2 _ 3 '
3 v V' 3y 3 + 5 [Z] v 3+v 3 <1 + (3%;0 b3 (v") ,
cX c f c

and .

m,.<Z>
1

3mf[Z]

vo3 + vc3 v3
b(v) = BFUN(A) = | 75 \53
c o

and Eo = cos eo, the cosine of the neutral beam injection angle.
The remaining variables have been defined in the descriptions of FPM@ME

and of the first few functions called by FPMYME..

Called from: FPM@ME

Subroutines called: ASIMP2, BKIEFl (through an EXTERNAL rcference),
BKIEF2 (through an EXTERNAL reference)

Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: V = v(t)

Variable changed: BKIEF
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FUNCTI@N BKIEF1 (Y)

Function BKIEFl returns the value of the integrand for the first
of two integrals contributing to the expression evaluated by BKIEF. The

expression for the integrand

v \3 v ¥
c
p._(v) <§> mi<Z> <?r;>

1+

\2 v \4 v
(o} e} o o _

BKIEF1 =

x [1+ (382 - Db3(W)]

where Eo = COSs 60, the cosine of the neutral beam injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function BKIEF.

Called from: ASIMP2, referred to through EXTERNAL statement in BKiEF
Functions called: BFUN, PCX
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: BKIEF1
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FUNCTI@N BKIEF2 (Y)

Function BKIEF2 returns the value of the integrand for the second
of two integrals contributing to the expression evaluated by BKIEF.

The expression for the integrand

m,<Z> (v /v )3
1 i ¢ o E
BKIEF2 —-——; [1 + ] [ P (V) K7 s

3¢ m (2] L (/v )3+ (v /v )3
where
K, E = AKI(A)*BFUN(A) = b(v) “/ﬁvu Vvl L
ie v +vc b(v')
' v
x {3 - [1 + (35 2 - l)b3(v')] *BAA
with )
T v'3 m,<Z> v 3
BAA = 1 + TCX?V') V'3+vc3 + m;[Z] v'3ivc3 ?
A=v,

and go = cos 60, the cosine of the neutral beaw injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function BKIEF.

Called from: ASIMP2, referred to through EXTERNAL statement in BKIEF
Functions called: PCX, AKI, BFUN
Commons required: INPUT, @$UTPUT (see Appendix II)

Variable required: Y = v/v0

Variable changed: BKIEF2
variable changed
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FUNCTI@N AKI (V)

Function AKI returns the value of the integral

v
_ E _ o v'dv' 1 2 3 RA
AKI Kie (v) = / V'3+Vc3 v 3-[1+ (3E—;o -1)b2(v) ]*BAA
v
. where
T v'3 mi<2> Vc3
BAA =1 + 0 3 g + T3 3 .
tcx(v ) v +vc mf[Z] v +vC
Called from: BKIEF2, BKEEF2
Subroutines called: GAUSS, AKIF (through an EXTERNAL reference)
Commons required: GA@RD, INPUT, QUTPUT (see Appendix II)
Variable required: V = v(t)

Variable changed: AKI
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FUNCTI@N AKIF (Y)

Function AKIF returns the value of the integrand

1 /v )
AKXIF = B(v) .(V/Vo)3 m (Vc/"o)S {3 - [1+ (3g02_1)b3(v)]*BAA} R
where
3
o 14 T (v/vo) mi<Z> (vc/vo)3

OIS e CAVEI LA P2 I C7 A KL VO Ll

used by the Gaussian quadrature subroutine called by function AKI,

Called from: GAUSS, referred to through.EXTERNAL statement in AKI
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: AKTF
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FUNCTI@N BKEEF (V)

Function BKEEF computes the correction to the amount of momentum
transferred from the injected neutral beam to the plasma electrons due

to electric field effects according to the equations

E_ 1 Vo v3 E
BKEEF = Ke =3 dv o pcx(v) {g(v) + Kie }
) c
v(t)

-where
v2 i 2 3
g(v) = o3 [L+ 38 7 - Db (W]
c

\

E _ [ °  v'av' b(w)
Kie (v) = AKI(A)*BFUN(A) -[ V'3+VC3 b(vh 3 - (l

T v'3 mi<Z> vc3 '

2_ 3 1

* T _(v') v'34v 3 *+ m_[Z] v'3+v 3) é‘ + (350 Db (v )> s
cxX c f c

m,<Z>
X
v3tvy3 v Bmf[Z]
b(v) = BFUN(A) = 3 T3 <v > s
c o
A=v,
and go = cos eo, the cosine of the neutral beam injection angle.

The remaining variables have been defined in the descriptions of FPM@ME

and of the first few functions called by FPM@ME.

Called from: FPM@ME

Subroutines called: ASIMP2, BKEEFl (through an EXTERNAL reference),
BKEEF 2 (through an EXTERNAL reference)

Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: V = v(t)

Variable changed: BKEEF
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Function BKEEF1l returns the value of the integrand for the first

of two integrals contributing to the expression evaluated by BKEEF.

The integrand

P (v) <%—>3 (%;Y

¢}

where £ = cos 6 ,

o o
referred to by the
by function BKEEF.

Called from:

Functions called:

Commons required:

Variable required:

Variable changed:

v 3 v 3| v e v 3|l (e A-DniW)]
@)@ 6
VO VO vO vO

the cosine of the neutral beam injection angle, 1s

two-point Simpson'e rule quadrature subroutine called

ASIMP2, referred to through EXTERNAL statement in BKEEF
BFUN, PCX

INPUT, @UTPUT (see Appendix II)

Y = v/vo

BKEEF1
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FUNCTI@N BKEEF2 (Y)

Function BKEEF2 returns the value of the integrand for the second
of two integrals contributing to the expression evaluated by BKEEF.

The integrand

1 [ /v ) ] E
BKEEF2 = (v) K
3 3 P * ’
3g0 (v/vo) + (vc/vo) cx ie
where
E * Vo v'dv' 1 2
K;o = AKI(A)*BFUN(A) = b(v) /V Vv 3 5@ 3 - [1+@3g -1
x b3(V')]*BAA]
with
. T, v'3 m,<z> v 3
BAA = 1 + 1 13 3+ 13 3
Tcx(v ) v +vC mf[Z] v +vc
A=v,

and go = cos 90, the cosine of the neutral beam injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function BKEEF.

Called from: ASIMP2, referred to through EXTERNAL statement in BKEEF
Functions called: PCX, BFUN, AKI ‘
Commons required: INPUT, QUTPUT (see Appendix II)

Variable required: Y = V/vo

Variable changed: BKEEF2
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FUNCTI(¢N BNEF (V)

Function BNEF computes the correction to the number of stored fast

ions due to electric field effects according to

2 2
v vedv Evyv
=N = ° ____ oo
v(t) c c
where
v 12 3.1
o v'é4dv 1
prx(v) = PCX = exp s J/ﬁ v'3tvy 3 ¢ (V') 7
) c ex
v
m.<Z>
<
vo3+vc3 v \3 3mf[Z]
b(v) = BFUN(v) = m?<i> ’
and

v
o v'Hav! T

ME(V) = BMEF(v) = Eovo J/ﬂ 3 bv') .

(V'3+VC3)2 TﬂX(V')
v(t) c

The variables have been defined in the descriptions of subroutine TPM@ME

and of the first few functions called by FPM@ME.

Called from: FPMOME

Subroutines called: ASIMP2, BNEFUl (through an EXTERNAL refetrence),
BNETFU2 (through an EXTERNAL reference)

Commons required: INPUT, QUTPUL (see Appendix II)

Variable required: V = v(t)

vVariable changed: BNEL
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FUNCTI@UN BNEFULl (Y)

Function BNEFUl returns the value of the integrand for the first
of two integrals contributing to the expression evaluated by BNEF. The

expression for the integrand

(v/vo)2
BNEFUL = 2¢ p__ (V)b (V) G )S+ (v V)3

where EO = cos 60, the cosine of the neutral beam injection angle, is
referred to by the two-point Simpson's rule quadrature subroutine called

by function BNEF.

Called from: ASTMP2, referred to through EXTERNAL statement in BNEF

Functions called: PCX, BFUN
Commons required: INPUT, @UTPUT (see Appendix II)

Variable required: Y = v/vo

Variable changed: BNEFU1
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FUNCTI@N BNEFU2 (Y)

Function BNEFU2 returns the value of the integrand for the second
of two integrals contributing to the expression evaluated by BNEF. The

expression for the integrand

(v/vo)
o)3 + (vc/vo)3

BNEFU2 = p__ (V) M (v) e

is referred to by the two-point Simpson's rule quadrature subroutine

called by function BNEF, .

Called from: ASIMP2, referred to through EXTERNAL statement in BNEF
Functions called: PCX, BMEF

Commons required: INPUT, @QUTPUT (see Appendix II)

Variable required: Y = v/v0

Variable changed: BNEFU2
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7. DESCRIPTION OF SURFACE MODULE

7.1 ©PURPOSE AND STRUCTURE OF MODULE

The surface module calculates the plasma/wall interaction. It
describes the neutral gas and impurity influx resulting from the inter-
action of the efflux of neutral atoms and charged particles with the
limiter and walls.,

We describe two different versions of this module in this section.
The ‘first version is essentially a dummy routine which returns only the
value of the edge neutral density to the main program. This quantity is
pre-programmed as a function of time, and uses the input data variables
FCDEN, FCF, and TP@Y. The second version is more complete., The processes
of charge-exchange desorption and sputtering, photon stimulated desorp-
tion, electron impact desorption, and thermodesorption of the limiter are
computed. However, these processes are not treated in as detailed a
fashion as possible, but are included here chiefly to illustrate the

function of the module.

1. Simple Model. The module consists of the single statement
FCDEX = FCDEN + (FCF-FCDEN) (1-EXP(-TIM/TP@))
where FCDEN, FCF, and TP@ are described in Sect. 1.4. FCDEX is the

value at the elapsed simulation time TIM of the edge neutral density
No(a).

Called from: . MAIN

Commons required: NEUTRL, TIME

Variables required:

From labeled common (see Appendix II for definitions) .
/NEUTRL/ — FCDEX, FCDEN, FCF
/TIME/ — TIM, TT@

Variables changed:

FCDEX — edge neutral density at time TIM
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2. Detailed Model. The plasma/wall interaction is computed in the more

detailed model. The routine includes DATA statements describing the
kinds of wall/limiter provided, so each different material will require

a different module. The physical processes calculated by the module

are:

a) Charge-exchange sputtering. In some versions of the code, the

neutral gas module is used to compute the spectrum of emergent
charge-exchange (hot) neutrals, fh(v,e,a). This spectrum is then
integrated with experimental values of the energy and angle de-

pendent sputtering yield to calculate the impurity flux which

results:

Fz <§§§E§£E> = Zwémdv.vzgﬂde sin 0.v cos 0 fh(v,O,a)Y(v,e)
The geometry v,6 is described in the introduction to Sect. 4. Tor this
version, however, we will use results from more detailed calculations to
note that the number of impurities produced per eV of charge-exchange

energy is nearly constant, so we will provide this quantity in DATA

statements. Thus, the impurity flux is
cx 21v
r, = 6,25(10)4'Y | PSCXl /AREA

where PSCX is the total charge-exchange loss (in kW) from PIIL (calcu-
lated in subroutine @RMPWR) and PBCX (calculated in subroutine BEAM).

Y — number of impurities per eV, given in a DATA statement

ARFA — torus surface area

b)Charge—-exchange desorption. For this quantity we add PHICX to

the data, representing the number of impurities desorbed/charge-

exchange neutral. The routine first finds an approximation to the
mean energy of charge-exchange loss by finding the radius with ’
maximum charge-exchange emission. Then the flux of charge-exchange

particles is:
o . = 6.25(10)21[| PHILI /TCX + PBCX/EBCX]

where
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PIIL is calculated in subroutine @$RMPWR,
TCX is the mean neutral energy, and

PBCX, EBCX are the charge-exchange loss from the beam (kW), and
mean energy of lost particle (eV), respectively.

The resulting impurity flux is:

C — .
rciD = 6.25(10)21 Y (I PIIL| /TCX + PBCX/EBCX)/AREA.

c) Photon-stimulated desorption. For this process we use the mech-

anism whereby photoelectrons, produced by photons in the 10-100 eV
energy range, bombard the walls. We consider two sources of photon
emission: photons from 0VI resonance line radiation (1032 K) and
from hydrogen Ly alpha emission. Thus we have the sources PLR,
computed in subroutine @PRMPWR from the oxygen emission, and PHY,
computed in subroutine SURFAC. The photon fluxes are

® = 6.25(10)?1 PLR/E@6

OVI

where

E@6 = 12 eV .

The photon flux for Lya must be computed. The rate coefficient is com-
puted in FUNCTI@N SLYAD. The photon flux emission is integrated over

the plasma volume to obtain
P T
] 2ﬂ£ dr.r Ne N0 SX[Te(r)] .

The impurity stimnlation rate is characterized by the basic quantum

efficiency QEFF defined in a DATA statement. Thus the impurity flux is

ri = QEFF*(PHI@ + PHILA),  (#/cm?/sec) .

d) Charged-particle desorption. The plasma ions and electrons which

leave also produce desorption characterized by the efficiencies
QPR(K) and QELE(?) [number of impurities produced per proton and
per electron, respectively (for wall and limiter)]. The emergent
fluxes of protons and electrons are assumed to be equal, and are
computed from the quantities PCVE, PCVI in subroutine @RMPWR.. The
relative fraction of this flux going to the wall (limiter) is de-
scribed by the constant in DATA PCTWAL (1-PCTWAL) . Thus, the par-

ticle desorption contribution to the impurity flux is:
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P
I, = (PCVE*((QELEWXPCTWAL + QELEL

*(1-PCTWAL))/TE (N) + PCVI
* (QPRW*PCTWAL + QPRL
* (L-PCTWAL)) /TI(N)) 6.25 (10)21,

e) Total. The total impurity production is thus

This flux is treated in two ways, depending whether or not a detailed
impurity model is being used [IMP(l) = 1 or 2]. With IMP(l) = 1, the
ZEFF value is incremented uniformly by addition of the new impurity
flux Tz. The rule is

. — . 2
Zeff sz /Ne

where Ne,z are the total numbers of electrons and impurities, Z (ZIMP)
is the average Z of the impurity species and Nz = Pz X AREA. With the
detailed model the impurities are added to the species being monitored.
Thus one can discuss heavy metals (from the wall or limiter), light
impurities (from desorption), or hydrogen. . For this discussion we will
treat only the case of light impurities produced by the sum of all the
processes discusscd above. In fact, we will assume the impurity to be
CARB{PN, and the impurity is to be added to the CARBYN array in the last

spatial zone. Thus, the increment of carbon atoms produced during time

At is

TDELC = At*r7*AREA

and the density in the outer spatial zone is

DELC = TDELC/ZHROZﬂa(HR) .

7.2 BASIC INPUT/OUTPUT

The routine requires some of the major energy and particle fluxes
from the plasma which are calculated in subroutine $RMPWR. It calculates
either an increment in ZEFF [if IMP(1) = 1], or an increment in the

CARB@N (N) density [if IMP(1l) = 2].
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7.3 SUMMARY OF FUNCTION OF EACH SUBROUTINE

SUBRGUTINE SURFAC

Subroutine SURFAC is currently the only subroutine in this module.
Called from: MAIN

Commons required: IMPURT, INDEX, NEUTRL, TIME, SURF, P@WER, @QUTPT,
RATI@S, GE@M, I@NS

Variables required:

From labeled common blocks (described in Appendix II):
/IMPURT/ — CARB@N, ZEFF, ZIMP, DENP

/INDEX/ — N

/TIME/ — TIME, TP@
/NEUTRL/ — FCF, FCDEX, FCDEN
/SURF/  — CARN

/POWER/ — PED, PID, PIIL
/@UTPT/ — PLR

/RATI@S/ — PCVE, PCVI
/CE@M/ — AREA

/IPNS/ - DEN

In a DATA statement:

YBAR — number of impurities per eV
YBARC — number of impurities of carbon per eV
QEFF — basic quantum efficiency

QELE(E) — electron desorption efficiencies for wall (W) and limiter (L)

QPR(?) — ion desorption efficiencies for wall (W) and limiter (L)

YBARD — number of impurities from charge-exchange desorption per eV

Variables changed:

ZEFF — effective charge Ze of plasma ions

£f
CARN — edge density of carbon atoms, cm—3
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8. DESCRIPTION OF DIAGNOSTIC MODULE

8.1 PURPOSE AND STRUCTURE OF MODULE

Development of this module has just begun. It will contain ‘all the
diagnostic procedures, checks on numerical accuracy, error messages, and
diagnostic printout of variables and arrays to help locate where problems
are occurring during a simulation run. Three levels of diagnostics will
be considered in order of increasing severity of problems encountered.

Level one diagnostics. This level includes checks on numerical

accuracy, some consistency checks and associated error messages. Errors
occurring at this level will not stop a simulation run unless the user
specifies that this be done By his choice of input data for setting
various switch variables. The following numerical accuracy checks are
automatically made:

a) The computed current

I= ZT}{hr r j(r)

is compared to the program current.

b) The quantity nfj ) is compared to the electric field E.

~ JgEaM
c) The quantity
BNe
—(NV)/(DSEfQ

should be unity.

Level two diagnostics. This level will contain diagnostic procedures

and associated error messages that can be used to attempt to recover if
the simulation is going badly. Probléms encountered at this level will
be more serious. An option will exist for stopping the program by the
choice of input data for various switch variables.

Level three diagnostics. This will be the level of diagnostics for

the most serious problems. This level will be used when extensive diag-
nostic information is required in order to locate the source of a problem.
It must be requested deliberately by the user since it will usually gen-

erate a large amount of output.
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8.2 SUMMARY OF FUNCTION OF EACH SUBROUTINE

The only subroutine at present is DIAGN@. It provides a few level

one and one level three diagnostic aids.

SUBR@GUTINE DIAGN@

Subroutine DIAGN@ contains the three level one diagnostics mentioned
above. A level three diagnostic was added when some problems occurred in
subroutine IBTM in the plasma module, and checks for vanishing matrix
elements in the coefficient matrix A of the set of finite-differenced
coupled partial dirterential éequations describing the plaswa evululiui.
If a vanishing matrix element is found, it is given the value 1.0 and the
location of that element is printed out using alternace ENTRY DPRT. This
allows the program to continue even though the simulation is in error, so
that further degeneration of the computation can occur and perhaps yield
more helpful diagnostic information., Alternate ENTRY DAPRT examines the

coefficient array for elements >1040 and prints any that are found.

Called from: MAIN, IBTM [alternate ENTRY DAPRT]

Commons required: BEAMC, CDCLBX, FIELDS, GE@¢M, INDEX, I@NS, LBMIBT,
SuMs, 'LEMP, THRMDF

Variables required:
For ENTRY DPRT (KDUM, IDUM, L@@P, VALUE)

KDUM — a variable used to isolate which group of statements was
being executed when trouble occurred. The value of this
variable is printed during program execution and is also a
useful aid when examining the contents of.a core dump when
execution fails,

IDUM — the product of the D@ loop indices I1*I2 in subroutine IBTM.
The valuc of IDUM is printed during program execution if the
value of certain elements of the coefficient matrix A are
<10-40,

LP@P — index value of the A-array element causing diff%nn1ty.
VALUE — value of the quantity 1./A(L@¢P).

From labeled ;ommon blocks (Sée Appendix II for definitions)
/BEAMC/ — DJT(101)
/CDCLBX/ — ETA(101)
/FIELDS/ — 2J(101)
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/GEPM/ — AM
/INDEX/ — N
/IPNS/  — DEN(101)
/LBMIBT/ — A(8008)
/SUMS/  — SUMC
/TEMP/  — VEL(101)

/THRMDF/ — TDE(101)

Variables changed:

RCUR — ratio of computed current to program current (should be unity).

SIGV — ratio of plasma ion flux computed from drift velocity to flux
computed with thermal diffusion coefficient (should be unity).
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Appendix I contains a listing of the input data set used by the
transport code. This listing contains two parameters, SCAIJ and SCAEP1,
which are not described in the User's Manual, They appear with the
parameters listed under the heading NEUTRAL GAS DATA and are included in
the NAMELIST list | NEGADA | in subroutine GETSET. They are not used in
the version of the transport code described in this manual. Except for
these two parameters, the rest of the listing should agree with the

description in the User's Manual text,



I.3

THIS 1S THE OPFICIAL INPUT DATA SET FOR THE VERSION OF THE OAK
RIDGE TOKAMAK TEANSPORT CODE AS DESCRIBED IN THE USER'S MANUAL.

I NFUOT L AT A AND S I TCH SETTI NG S

THE POLLOWING INPUT DATA SET IS CONPLETELY INTERNALLY DOCUMENTED SO
THAT THE CASUAL USER SHOULD BE ABLE TC EUN THE PLASMA SIMULATION CODE
WITHQUT HAVING TO CONSULT A SERIES OP MEMOS. CHANGES TO THE INFUT DATA
ARE MADE BY EDITING THIS PILE, I.B. THE NAMELIST LISTS.

THE VARIABLES APPEOPRIATE FOR EACH NABELIST LIST GROUPING ARE
DESCRIBED IMMEDIATELY PRECEEDING THE NAMELIST DATA SET. DEFPAULT VALUES
FOR THE INPUT DATA ARE GIVEN IN PARENTHESES POLLORING THE
DEFPINITIONS OF THE VARIABLES. THE DEFAULT VALUES GIVEN ARE THOSE
APPROPRIATE FOE THE OEMAK DEVICE.

M ACHTINE CONFIGURATTION

AN MINOR RADIUS OF TQORUS, CHM {23.0CH)
): 1] MAJOR RADIUS OF TORUS, CHM (79.8¢Cn)
BT TOROIDAL KAGNETIC FPIELD, GAUSS (18KG)
R9 INITIAL PLASMA RADIOS,CHN {23.0CHn)
R NOMBER OF SPATIAL GRID (BADIAL) POINTS (51)
&SHBACHIN
AN=23.0,B0=79.5,8BT=18.E3,89=23.0,8=51
SEND
C
TIBKIDNG INTERVY AL S
THAX MAXINUM DUBATION OF CURRENT FULSE, MSEC {(65. 0MS EC)
TC RISE TIHE OF THE CURRENT, MSEC (10. OMSEC) .
TPO FALLOFF TIME OF EXTERNAL NEUTRAL DEESITY, MSEC (4.0 MSEC)
ISTAR SINMULATICN PROBLEM STARTING TIBE, NSEC (0. OMSEC)
NT TOTAL NUMBER OF TIME INTEEVALS FOR CURRENT PULSE AND PLASHA
SINOLATION (1000)
STIMINT
THAX=65.0,TC=10.0,TP0O=4.0,TSTAR=0.0,NT=1000
SEND
[
PLASHNA DATA
TEO BOUNTARY TEMPERATURE FOR ELECTRONS (IONS), EV (10.EV)
TIO BCUNDARY AND INITIAL TEMPBRATURE OF IONS, EV (10.EV)
IEB INITIAL CENTBAL VALUE OF BRLECTECN TEMPERATURE, EV {20.0EV)
- TIB INITIAL CENTRAL VALUE OF ION TEMPERATURE, BV (20.EV)
VOLT TOROIDAL VOLTAGE, V (3.0v)
DENO INITIAL VALUE FOR DENSITY AT FLASMA CENTER, CN*#%*-3 (6.E12)
DENB EOUNCARY ELECTRON DENSITY, CHN#*¥%-3 {(S.E12CH**-3)
ZPC INITIAL VALUE OF THE TOTAL CURBRENT, ANMPS (15.0KA)
2FI ADDITIONAL AMOUNT OPFP TOTAL CURBRENT AFTER TIME TC, AMPS (85.0Ka)
AMD MASS OF PLASMA IONS (SEE TABLE FCLLOWING), AMU (1.0aM0)
*** N OT B AS OF 25 PEB 75, CONSTANT AM DOES NOT APPEAR
**% IN ALL EXPRESSIONS WHERE IT 1S REQUIRED. UNTIL
k¥ THIS DEFPICIBNCY IS BEMEDIED, AMOU=1.0 AL W A Y S
P e T T T E e T gy it Y T T T T Y TV B PSRy === = =
FILLING GAS AnO
100% HYDROGEN 1.0
75% HYDBOGEN, 25% DEUTERIUM 1. 25
50% HYDROGBN, 50X DEUTERIUM 1.50
EIC.
XI(1) EXPONENT FOR INITIAL PROFILE CF CUREENT DENSITY (2.0)
XI(2) ELECTRON TENP. (2.0)
XI(3) ION TENP. (2.0)
XI (4) ELECTEON DENSITY (2.0)

INIT(1) STBBTING MODE POR INITIAL PLASMA VARIABLE PROFILES (0)
=0, ANALYTIC PUNCTION GENERATED PROFPILES
=1, PBOFILES READ FBRCH LDaT2 CRARLS

INIT(2) NOT CURRENILY USED
THIT (3) SWITCH POR EXAMINING MHD STABILITY CHARACTERISTIICS OF THE (1)
PLASEA
=0, DETERMINES LOCATION OF SINGULAR SURPACE FOR 4=3,5
=1, CALCUOLATBS BADIAL EBIGENFUBCTICNS AND TREARING NODE GROWTH
RAT2 ACCORDING TO FORTH, ROTHEHFORD, AND SELBERG, FOR
#=3 ,5. CAN BE USBD TO BVALUATE TBAMSPORT COEFFICIENTS IN
SUBROUTINE CDC.



D11(1) ELECIRON THERMAL TRANSPORT CCEFFICIENT, FOR SCALING DIFFUSION

COEFFICIENT = D11(1) * PSEBDO-CLASSICAL (0.350)
D11{2) ION THERMAL TRANSPORT COEFFICIENT, FOR SCALING DIPFUSION
COEFFICIENT = D11{2) * BREO-CLASSICAL (0. 300)
p11(3) PARTICLE DIPFUSION COEPFICIENT = 1.00 * PSEUDO-CLASSICAL
D11(4) RESISTIVITY = D11(4) * NEO-CLASSICAL (1.00)
D11(5) THRESHOLD (NUE*) OF TRAPPED ELECTEON SCALING (0.0)
D11(6) THRESHOLD (NUI%*) OF TRAPPED IGN SCALING (0.0)

SELADAT
TEO0=10.0,%10=10.0,TEB=20.0,TIB=20.0,VY0L?=3.0,DENC=6. E12, DENB=5.E12,

'ZPC=1.5E4,2FI=8.5E4, AN0=1.0,X1=2.0,2.0,2.0,2.0,90.0,0.0,0.0,0.0,0.0,0.0,

c
N

1¥§17=0,0,1,0,0,0,0,0,0,0,
D11=0.350, 0.300, 1.0, 1.0, 0.0, 0.0
GEND

EUTRAI2AL G AaAs DATA
FCDEX {TIN)=(PCDEN-PCF) EXP{-TIB/TEQ) ¢FCP
FCDEX FRANCK—CONDON BOUNDARY DENSITY OF NEUTRALS AT TIME=TIM

FCDEN FEANCK—CONLON BOUNDARY DENSITY FCDEX(0) , CH**-3 (18 .0E0I CH*»-3)
ECF PINAL ROUNDARY DENSITY OF NEUTRALS FCDBX (INF), CHM**-3 (9,0E09CHN**-3)
NOZX NUNBER OF POINT3 IN [O0,1)] AT WHICH TO APPROXINATE
EOT NEUTRAL GAS DENSITY 21)
NOZ NUNBER OF URIPORMLY DISTRIBUTED POINTIS IN [{-1,1)] USED TO
APPROXIBATE HOT NEUTRAL GAS LCENSITY {101)
HSINP NUMBER OF SIMPSON-NODES USED TO APPROXINATE AN INTEGRAL MNEAR
A LOGABITHMIC SINGULARITY IN G (Q) 9)
BURIP SWITCH POR THE BODAL POINTS IN [0,1] - (0)

= 0, POINTS ARE DEFINED IN NEUTIO SUBROUTIEE T0 BE
(I~1)/ {NOX~1) :
> 0, POINTS SHOULD BE PLACED AT THE BEGIHNING OF THE
AERAY W1 IN COMBON /NUTBRLP/
QF, QC DETERMINE AN INTEGRATION INTEEVAL ON EACH SIDE OF THE LOGA-
RITHEIC SINGULARITY OF G{Q) AT BACH NODAL POINT IN [O0,1].
REQUIRE O < OR = QP < QC. WHENEVER QF > QC, HEUTIO

SETS QFP=0.1*(C. {0.001,0.11)
BPS NI CONVERGENCE CRITERION FOR HOT NEUTIRAL GAS DENSITY SOLUTION
T0 THE DISCRETE INTEGRAL ECUATICH {0.001)
INTEPS =1, 2, 3 SELECTS RESPECTIVELY LINEAR, QUADRATIC, DR CUBIC
INTERPOLATION POR APPROXIMATING NI, TI, AND EAZN (2)
NSNO =NUMBER OF DIVISIOR POINTS IN THE 2 PARTITION INTERVALS
THAT CONTAIN THE POINT OF THE LOGARITHMIC SINGUL ARITY (3)
IDBDUG =0 FOR NO INFORNATION {(n

=1, PRINTS A=P1, B=P2, C=AFC, LIPSHITZ CONSTANT, ESTINATED
NUMBER OF ITERATIONS
=2, PRINTS SAME AS =1 PLUS ARRAYS NI, TI (OB AI), AND EATS
EO ENEEGY OF NRUTRALS OFF THE WALL, BV. {10.)
EPSNO IF THE SAGNITUDE OF THE RELATIVE ERBOR EETWBEN CURRERT  (.95)
ASNI/AI AND ONE USED AT PREVINUS TINE TO GET LAST BASIC
NEUTRAL PBOFILE IS .GT. EEFSHO, THEN A NEW SLAB CALCULATION
RILL BE HADB
IEXNO AEPLICABLE OBLY IF NEW SLAB CALCUATIOR IS T0 BE HADE tn
=0 POR BO PRINT
=1, PRINTS RANGE OP RELATIVE BEROR CiiavE (CP. RPSND)
=2, PRINETS SAME AS =1 PLUS OLD AND NEW HI/AI AND NEUTERALS
NWD W1 HUMBER OF WORDS TN ARRAY W1 OF CGRNON /BUTRLP/

NEDWSC NUMBER OF WORDS IN ARRAYS IN COMMON /SPACE/
NUTE (1) SWITCH FPOB MODEL OF NEUTRAL GAS: CALCULA TION 2)
=1 POR ANALYTIC MODEL
=2 POR SLAB MODEL (JOAN HOGAN), HO REPLECZTIOS
BEDE 1 .GE. (SN¢450X+3H032)
NEDESC .GE. HOX (NGCZ¢10 NSBO45)+NSINP(8 NOX#® 1) +4 (HOZ+HSHO)
-2
=3 POR SLAB MODEL WITH A. EOBINSON'S WALL REFLECTION
(DIETER SIGNAR, NOT AVAILABLE YE?)
HUDN1 .GE. (SHeSHOX¢3H03)
NUDNSC .GE. (15BOX+8HCZ¢BOX*HQZ)
=4 POR XCDRN VEBSION OP ANISH PROGRAM (NOT ISCLUDED YET)
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SCAIJ SCALING FACTOR FOR THE I (AND J) PUNCTION APPEABRING IN THE (1.)
REFLECTION PART OF THE KEENEIL. APPLIES IP NUTE (1)=3.
SCAEPY SCALING FACTOR FOR THE FUNCTION EPSILON SUB 1 THAT APPEARS (1.)
IN TEE BREFLECTION PART OF THE KERNEL, APPLICABLE ONLY
IF NUTE (1)=3.
NUTE(2) EXEONENT IN POWER LAW FOR NEUTRAL GAS ANALYTIC MODEL {4
N.B.***IF NO SLAB CALCULATICN, THEN LREELLEL COMMONS /NUTRLP/, /S1AB/,
/INTRPS/, /PRNT/ ARE NOT USED AND THE AERAY W1 IN /NUTBLP/ SHOULD
HAVE EXACTLY 1 ELEMENT.
Ex MXIT, IPRIT, EGGT1, AND BNT SHCULD BE SPECIFYIED WHENEVER JOHN
HOGAN'*S SLAB MODEL IS REQUESTED. IPEIT, NC, EGGT1, AND BNT
APPLY CNLY 1P GAMMA - (=LIPSCHITZ CONSTANT) .GE. 1 OR IP THE
ESTIMATED NUMBER OF FUNCTICNAL ITEEATIONS EXCEEDS MXIT.
NEUTC SETS NC TO 1 (0) IF FAILURE (SUCCESS). IT=NOIT 1IS THE
NUMBER OF PUNCTIONAL XTERATIONS PERFORMED IN NEUTC.
PRINT ROW OF INFORMATION ON ITEBRATIONS=1+4(J-1)*IPRIT, J=1,...
UNTIL CONVEBGENCE OR PAILURE IS DECLARED. N1 DENOTES THE
HOT NEUTRAL DENSITY PUNCTION. CONVERGENCE IS DECLARED WHEN-
EVER SUM POR I=1,...,N0X OF ABS (N1CUE(I)-N1LST(I)) .LE. (SUn
OF N1COR({I))*EGGT1. IP MAX(N1CUR {I)) .GB. BNT, THEN PAILURE
IS DECLAEED.
SNEGADA
FCDEN=18. E9, FCF=9. E9,NOX=21,N0Z=101,NSINP=9,NUNIF=0,QP=0.001,
QC=0.11,EPSNI=0.001, ¥UTE=1,4,0,0,0,0,0,0,0,0,INTRPS=2,NSH0=3,I DEBUG=1,
NWDW1=642,NWDWESC=8008,E0=10. ,EPSN0=.5, EXIT=200,IPRIT=5, EGGT 1=.001,
BNT=10.,SCAIJ=1.,SCAEPI=1.,

SEND
c
INPURITY I 0N DATA
BCIMP  PERCENTAGE OF ELECTRON DENSITY DUE 10 A HIGH-Z IMPURITY. (0.1)
THIS PABRAMETER HAS TRO DIFPERENT MEANINGS ACCORDING TO THE
INPURITY DIFFUSION MODEL GPTICN DET EBMINED BY THE VALUE
OF IMP(2). FOR INP (2)=1OR 3, VALUE IS DUE TO SOME EVERAGE
EFPECTIVE HIGH-Z IMPURITY; FOR IMP(2)=2 OR 4, IT IS DUE TO
IRCN IMPURITIES. ) .
ZEFF EFFECTIVE CHARGE OF IONS (4.0)
ZIMP MAXINUHE CHARGE OF THE HIGH-Z IMEUBITY ION  (25.0)
XCAR PERCENTAGE OF ELECTRON DENSITY DUE TO CABBON IMPURITIES
(APEEOX. 2%)
X0X PERCENTAGE OF ELECTRON DENSITY DUE 10 OXYGEN IMPURITIES

{(APPEOX. 2%)
INP(1) SWITCH FOR INITIAL IMPURITY SIRIPPING CALCULATIGCHN (1)
=1 COBGNA EGUILIBRIUM TABLE FCR CAREON, OXYGEN
=2 DYNAMIC RATE CALCULATICN POR CAREON, OXYGEN (NOT
AN OPTION IN CURRENT VERSION OF THE PROGRAN)
IMP (2) SHITCH FOR DIFPUSION OF IMPURITIES (1
=1 A COBONA EQUILIBRIUM TABLE TOGETHRER WITH BADIAL
DISTRIBUTION PORMULAE 2BE USED POR CARBON AND OXYGEN.
HIGE-Z IMPURITIES ARE TREATED USING A CRUDE ESTI MATE
=2 COEONA ECUILBRIUN TABLES USED POR CARBON, OXYGEN, AND A
HIGH-2 INPURITY (FE) ATOM CHARGE STATES. BADIAL DISTRI-
BUTIONS ARE ASSIGNED ESING PORNULAE.
=3 A CORONA EQUILIBRIUM TABLE TCGETHER WITH RADIAL DISTRI-
BUTIONS GENERATED BY PPIRSCH-SCHLUTER DIFFUSION IS USED ,
FOB CARBCN AND OXYGEN. HIGH-Z INPURITIES ARE TREATED USING
A CRUDE ESTINATE.
=4 COBONA ECUILIBRIUM TAELES ARE USED FOR CARBON, OXYGEN,
AND A HIGH-Z IMPURITY (FE) ATOM CHARGE STATES. EADIAL
DISTRIBUTIONS ARE GEMEEATED EY A PFIRSCH-SCHLUTER DIFPPUSION
MODEL.
IMP(3) SWITCH FOR IMPURITY MODEL CALCULATION m
=1 USE FIXED VALUES i
=2 USE MODEL CALCULATION DETERNINED BY CHOICE OF SWITCH VALUE
FOR IMP(2).
IMP(4) SWITCH FOR DETAILED MODEL FOR IHON )
=0 INCLUDE IRON CORONAL BGUILIERIA
=1 QHIT DETAILED DESCBIETICN
&INPIDA .
PCIAP=0.10,4EFF=4.0,2I8P=25.0,XCAR=2.0,XCX=2.0,INP=1,1,1,
GEND
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C

NEUTR-AL BEAHN INJECTION D ATA
CURBM 3 X 2 ARRAY OF NEUTRAL BEAM CUKEENTS (SEE TABLE BELOW), ANMPS
ENGY (1) HIGEEST NEUTRAL BEAM ENERGY, EV (3. 0E4 EV)

" TABLB OF NEUTEAL EEAN CURBRENT ARRAY, CUBEN(COLUMN,BOW), DEFAULT VALUES

ERGY {1)=EO ENGY (2)=EC/2 ENGY (3)=EO0/3
CO-INJECTION 1.2 1.2 1.2
COUNTER-INJECTION 1.2 1.2 1.2

DTCH TINE INCREMENT FOR CALCULATICE OF H(R), MSEC (1 0. OM SEC)

DTCGL TIME INCREMENT FOR CALCULATICN OF GE, GI, AND KB, MSEC (2.0MSEC)

RC MAJOR RADIUS OF BEAMLINE POINT OF TANGENCY, CH (75.0CH)

RB NEUTRAL BEAM BRADIUS, CHM (15.0CH)

BHLP HALF~-WIDTH (ASSUMIXG GAUSSIAN PROFPILE) ,CM (7.5cn)

TN3JCT STARTING TIME POR INJECTION, MSEC (20MSEC)

DTNJCT NEUTRAL BEAM INJECTION CUBEENT EISE TIME, MSEC (6 .0 NSEC)

N1 NUMBER OF POINTS IN CURRENT EISE INTERYAL {500)

B3 NUMEER OF POINTS IN INJECTED NEUIRAL BEAM RISE TIME IRTERVAL (200)

FQE PRACTION OF INJECTED NEUTEAL EEAM PONER TRANSFERRED (0.95)

70 ELECTRCNS (USED FOR QUICK 25D DIKTY INJECTION CALCULATIONS)
TNT(1) NENTRAL REAM TNJRCTTON CALCOLATTON SETTCH @)

= 0, NO INJECTION

= 1, MCMENTS CALCULATICN

= 2, DEFUG CALCULATION
INJ(2) SWITCH FOR NUMBER AND TYPE OF NEUTRAL BEAM INJECTORS USED 3)
1, CO-INJECTION ONLY
2, COONTBR-INJECTION ONLY
3, THO INJECTOBS GNLY, CNE CO~ AND ONE COUNTER-
4, POUR INJECTORS, THO CO- AND TWO COUNTER~

FOR THE FPOLLOWING SWITCHAES, ' = ON AND O = OFP

INJ(3) SWITCH FOR CURRENT PERTUREATICE FEON FAST IONS (1)
INJ (4) ELECTRIC FIELD EFFECTS O FAST IONS (0)
INJ(5) LOSS CONE CORBRECTION TO PAST IONS THERMALIZATION (0)
INJ (6) SWIICH FOR TYPE OF INJECTED GAS {(0)

=0 HYDROGEN

=1 DEUTERIUN

$NBAIDA

ENGY(1)=30000.0,DTCH=10.0,DTC6L=2.0,EC=75.0,B8B=15.0,
BHLF=7.5,THJCT=20.0, BTNJCT=6.0,N 1=50¢, 83=200,1%J=1,3,1,0,0,0,
CURBN (1,1)=1.2,CORBN (1, 2) = 1.2, CUBBN (2, 1) =1.2,
CURBM(2,2)=1.2,CURBM {3,1)=1.2,CURBN {3,2)=1.2,

FQE=0.95

SEND
C

I /0 DATA AKD CONTRGOGL SH1ITCHRES i

KB NUMBER OF PRINT OUT SBETS DURING SIMULAZION OF PLASMA DISCHARGE
(5) '

BIODATA

BEB=S

SEND
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B. Identification of Variables and Arrays in Labeled Common Blocks
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A. Names and Primary Functions of Labeled Common Blocks
/BDYCPN/ - parameters associated with boundary conditions in initial

values for the plasma.

/BEAMC/ - parameters associated with injected neutral beams, neutral
beam current.

/BEAMP/ - quantities associated with neutral beam injection and slowing
down in the plasma.

/CDCLBM/ - profiles of diffusion coefficients.

/CDCLBX/ - arrays generated by subroutine CDC for primary use in sub-
routine LBM.

/CN/ - items used for Gauss—-Chebyshev integration.

/CURENT/ - parameters associated with the plasma current.

/D/ _ ~ neutral beam injection geometry for pencil beam calculations.
/E/ - injected neutral beam profile geometry data.

/ELCTRN/ - parameters and profiles associated with the plasma electrons.
J/ERGBAL/ - profiles due to various processes contributing to the plasma

energy balance.

/FIELDS/ - parameters and profiles associated with the electric and
magnetic fields present in the plasma.

/FPPP/ - various mean free paths associated with neutral beam injection.

/FUDGE/ - neutral beam injection loss cone correction arrays.

/GAQRD/ -~ arguments used in list of calling parameters for Gauss-
Legendre integration in neutral beam injection module.

/GE@M/ ~ parameters associated with the tokamak geometry.

/JHIST/ - time histories of contributions to plasma power balance.

JHIST1/ - time integrals of components of plasma power for some selected
processes and energy fluxes through the plasma surface for
electrons and ions arising from thermal conduction and convec-
tion. '

/HZ/ - intermediate values used in pencil beam geometry calculations.



/IBTMN/

/IMPURT/

/ INDEX/

/INPUT/

/INTRP/
/INTRPS/
/IGNLPS/
/1PNS/
/ITH/

/LBMIBT/

/MEASUR/
/NEUTPT/
/NEUTRL/
/NEWS/
/NUTRLP/
/PUTPT/

/BULPUT/

II.3

the solution vector for the set of differenced equations
describing the model of the basic plasma.

parameters and profiles associated with the impurities module.

switch arrays, number of spatial, time, and printout intervals
in a simulation run.

input variables for Fokker-Planck moments calculations.

set of variables and arrays used for linear interpolation in
the neutral beam injection module.

parameters and switch governing type of interpolation used and
switch for level of diagnostic printout for the neutral gas
detailed slab model calculation.

profiles associated with ionization loss mechanisms.

parameters and profiles of quantities associated with dominant
ions in the plasma (protons).

total neutral gas attenuation coefficient profile array,
EATN(101).

coefficient matrix storage array which is loaded in LBM and
used by IBTM to generate the solution vectors for the set of
finite differenced, coupled partial differential equations
describing the basic plasma.

quantities calculated specifically for making comparisons with
measurements using microwave interferometer and any other
device for which a special calculation must be made.

pointers used to partition the array WSC.

parameters and profiles associated with the neutral gas model
module.

summary of selected information about the evolution of the
plasma throughout the simulation. -

parameters, profiles, and switches used in the neutral gas slab
model calculations.

variables and profiles used primarily for purposes of providing
output. )

output variables for Fokker-Planck moments calculations.
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/PINT/ - profiles of power contributions due to the dominant modes
involved in the power balance. These profiles are integrals
from the plasma center out to the successive radial points in
the spatial mesh,

/P@OWER/ - profiles due to various processes contrjibuting to the plasma
power balance.

/PRNT/ - print control switches associated with the neutral gas module.

/QT/ - source term arrays for basic two-fluid model of the plasma.

/RADLPS/ - profiles of power loss through electromagnetic radiation.

/RATI®S/ - ratios of the various plasma power contributions to the ohmic
hearing power or total (ohmlic + neutral beaw injection) input
power to the plasma and other assorted quantities.

/RATIP1/ - ratios of the dominant plasma power contributions to the total
(ohmic + neutral beam injection) input power to the plasma.

/SLAB/ ~ some variables used in the slab model treatment of neutral gas
effects.

/SuMS/ - values of integrals obtained in the process of determining the
plasma power balance.

/SURF/ - densities of various chemical elements at the plasma boundary.

/TA/ - injected neutral beam profiles and integration mesh size values.

/TEMP/ — ion, electron, and neutral gas tempetrature profiles, plasma
ion velocity.

/THRMDF/ - profiles of thermal diffusion coefficients.

/TIME/ - time information for the simulation run exclusive of timing
information required by the neutral beam injection module and
the impurities module.

/IMINDX/ - timing information required by neutral beam injection module.

/TSTPR/ - dion and electron temperature profiles stored from the previous
time step. '

/XPPRT/ - parameters and profiles related to diffusion and thermal trans-
port properties of the plasma.

/XTRA/ - some miscellaneous profiles needed in several subroutines.

/ZDFPS/ - diffusion coefficients for impurity diffusion calculations for

the Pfirsch-Schliter regime.
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/ZRAD/ - high- and low-Z.profiles of radiation loss due to iﬁlpurities.



B.

COMMPN /BDYCPN/

DENB
DEN@

DN

TEB
TTR
TED
TIP

XI(10)

electron density at the plasma boundary, cm °.

initial value of electron density at the plasma center, cm

I1.6

Identification of Variables and Arrays in Labeled Common B8locks

3

3

at_one time, density of particles added by the neutral beam,
cm 3. No longer used.

initial value of electron temperature at plasma cenler, eV.
initial value of ion temperature at plasma center, eV.
temperature for electrons at the plasma boundary, eV.
boundary and initial temperature of ionms.

array of exponents for initial plasma profiles.

XI(1),
XI(2),
XI(3),
XI(4),

of
of
of
of

current density
electron temperature
ion temperature
electron density



COMMPN /BEAMC/

CURBM(3,2)

ENGY (3) -

DTCH -
DTCGL -

RC [R7] -

RB [R8]

BHLF [HALF]

DJT(101)

TNJCT -

INJ(10)

I1.7

array of values of injected neutral beam-currents for the
three energy components for co- and counter-injection, A.

array of energy values for the three beam components, eV.
The value for the highest energy component is an input
value. The half and third energies are calculated by
alternate ENTRY BMSTRT. '

time increment for calculation of H(r) profile, msec.

time increment for calculation of BE, GI, and KE, msec.

radial distance from torus major axis to point at which
injected neutral beam axis is tangent to torus, cm.

injected neutral beam cut-off radius rg, cm.

neutral beam current half-width, assuming Gaussian profile,
cm.

current perturbation profile.
starting time for neutral beam injection, msec.

neutral beam injection switch array.

INJ(1) [NJCT] neutral beam injection calculation switch:
=0, no injection
=], moments calculation

=2, debug (quick and dirty) calculation

INJ(2) [LJCT] switch for number and type of neutral beam
: injectors used:
=1, co-injection only
=2, counter-injection only
=3, two injectors only, one co-~ and one
counter-

=4, four injectors, two co- and two counter-

INJ(3) - switch for current perturbation from fast
ions

INJ(4) - switch for electric field effects on fast
ions

INJ(5) - switch for loss cone correction to fast ions
thermalization

"INJ(6) ‘= switch for type of injected gas:

=0, hydrogen
=1, deuterium



COMMPN /BEAMP/

II.8

Used primarily with the neutral beam injection module. The following four
arrays contain profiles for the three energy components of the neutral
beam and the two injection directions, co- and counter-.

HTMP(11,3,2)

GETMP(11,3,2)

GITMP(11,3,2)

DJTMP(11,3,2)

The following
QETMP (11)
QITMP(11)

DJTTMP (11)

PATH(3)

TCGS(2)

SDT(3,4)

SDT(J,1)
SDT(J,2)
SDT(J,3)
SDT(J,4)

ECRS (3)

H(r) profiles.

profiles of the fraction of beam power transferred to
plasma electrons.

profiles of the fraction of beam power transferred to
plasma ions.

current perturbation profiles.

three arrays contain temporary profiles.

injected neutral beam heat input to electrons.

injected neutral beam heat Input to ions.

current perturbation profile.

no longer used. Originally had mean free path values for
use in moments calculation.

pair of time values defining time interval over which H(r)
profiles and results of moments calculation arc intcr-
polated., Array element TCGS(1) contains the larger time

valuc.

array of slowing-down times computed from the moments cal-
culation for each beam energy component.

TAVE, average lifetime for slowing down of fast ion
TCXV@P, average charge-exchange lifetime

TSPPP, initial sloﬁing-down time of fast ions

TFPPP, time for complete thermalization of fast ions

Ec., the critical energy, above which power is transferred

from neutral beam to electrons and below which power is
transferred predominantly to the ions.
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CPMMPN /BEAMP/ (continued)

The following seven arrays contain values of quantities for the three
energy components of the neutral beam and the two injection directions,
co- and counter-.

FNBA(3,2) - fraction of injected neutral beam deposited in the plasma
(neutral beam absorption factor).

QEB(3,2) - power deposited in the electrons.

QIB(3,2) - power deposited in the protomns.

QCX(3,2) - power lost Lo charge exchange.

QTB(3,2) - power out of injector.

QTD(3,2) - power deposited in plasma.

QBL(3,2) - power deposited directly into the liner.

DIT(3,2) - injected current.

The following seven arrays contain values of quantities for the three
energy components of the neutral beam for the sum of the two injection
directions.

QTBT(3) - power out of the injector.

QTIDT(3) - power deposited in the plasma.

QEET(3) ~ power deposited in the electrons.

QIIT(3) — power deposited in the protons.

QCXT(3) - power lost to charge exchange.

QBLT(3) - power deposited directly into the liner.

DITT(3) - injected current.

FPRT (5,3) - fractions of total injected neutral beam power deposited,

for each energy component, into the following:

FPRT(1,J) - plasma
FPRT(2,J) - electrons
FPRT(3,J) - ioms
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C@MM@PN /BEAMP/ (continued)

FPRT (4,J)

FPRT(5,J)

DJSUM(11,2)

PNUM

TCHS

XPRT(3)

lost to charge exchange

deposited directly into the liner

current density profiles, the sums of the profiles of the
three energy components, for the co- and counter-injected
beams.

factor for doubling the number of injectors when computing
the various contributlons Lo Lhe puower balance.

time at which H(r) profile is calculated; used for print-
vul.

stagnation distances xg used in the H(r) calculation for
the three beam energy components.

subscript variable used with loss cone matrices to dis-
tinguish high- and low-Z impurity cases.

= 1 for low-Z

2 for high-Z, D1(1) > 10.0
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C¢MM@N /CDCLBM/

EE(101)

EI(101)

DIV(101)

(B/xe) (3xe/3B), where X, is the electron thermal condue-
tivity.

(B/x4) (9x4/3B), where x; is the ion thermal conductivity.

1]

no longer used.

The following seven arrays are reciprocals of the values of the profiles

listed.
RB(101)
RJ(101)
RTE(101)
RTI(101)
RTE12(101)
RTE32(101)
RTE52(101)
TDP (101)
WE (101)

WI(101)

B~!, B is the poloidal magnetic field.
= j~1, j 1s the current density.

= 7171

e s> Te is the plasma electron temperature.

= Til, Ti is the plasma jon temperature.

ey

153/2,

35/2,

= D, the particle diffusion coefficient.
= (Te/Xe) (aXe/aTe) .

= (T3/xi) (8x4i/9Ty).



CMM@N /CDCLBX

WPT(101)

WPB(101) =
WPN(101) =
ETA(101) =

WGE (101) =

WGI(101) =

II.12

(To/D) (3D/3Tg), where D is the particle diffusion co-
efficient.

(B/D) (3D/3B), where B is the poloidal magnetic field.
(N/D) (3D/9N), where N is the particle density.
n, the plasma resistivity.

(N./xe) (3xe/3Ng), where Nn is the electron density and
Xe the electron thermal conductivity.

(Np/xi) (3xi/dNp), where Ny, is the proton density and xj
the ion thermal conductivity.
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COMM@N /CN/

S(15) - array of zeros of the Chebyshev polynomials of degree NP.

S1 - Christoffel numbers B; for the Gauss-Chebyshev formula,
the coefficient n/n for the sum on the right-hand side
(see description of subroutine RPT3XY in the neutral beam
fnjection module).

NP - the number of points used by the quadrature formula.
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COMMON /CURENT/

ZF1 - additional amount of total current (A) which is added
with a characteristic rise time of TC msec.

ZPC - initial amount of total current (A). This component
remains constant throughout the simulated plasma discharge.
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CPMMPN /CXLPS/

QCX(101) - profile of energy loss to ions due to charge exchange.

PCX(101) .= profile of power loss to ions due to charge exchange.
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[D/

CEMMPN

XS -

RHY -

RC -

¢FP -

NZ -

minor radius of torus, cm.
displacement of stagnation point from the torus minor axis, cm.
injected neutral beam radius ry, cm.

radial distance to a point in the plasma measured from the stag-
nation point xg, cm.

major radius of the torus Ry, rm.

radial distance from torus major axis to point at which injected
neutral beam axis is tangent to the torus, cm.

reciprocal of the charge-exchange mean free path, em 1,
does not appear to be used anywhere.

switch to determine which integral in the expression for H(p,0) is
to be evaluated.



CoMMPN /E/

CRB -

A5 (A6)

XUP1 -

BSHAPE -

II1.17

current value of Rg, required by a nested integral, cm.

not currently used.

a variable containing one of the limits for the integrals in
the pencil beam calculations for neutral beam injection. It

has one of the values R, + xg + /p? - z% according to whether
NZ =1, 2.

square of the half width of the assumed Gaussian profile shape
of the injected neutral beam.

profile factor for injected neutral beam.

spacing interval for the XXX array.
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CPMM@PN /ELCTRN/

FQE - fraction of injected neutral beam power transferred to
electrons. Used only for debug (quick and dirty) cal-
culation in subroutine BEAM.
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CPMMPN /ERGBAL/

EB(101) - power density profile due to electron convection.

EE@ (101) - power density profile of electrons due to neutral beam
injection.

EIf(101) - power density profile of ions due to electron-ion transfer.

ETE(101) - power density profile due to electron thermal conduction.

ETI(101) - power density profile due to ion thermal conduction,
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COMMPN /FIELDS/

B(101) - poloidal magnetic field profile.
E(101) - toroidal electric field profile.

BZ (101) - electron density profile from the previous time step, em™3.
EZ(101) - does not appear to be used anywhere.
Qs (101) - q, safety factor profile.

zJ(101) - current density profile, A/cm?.
ZJE(101) - does not appear to be used anywhere,
BT - toroidal magnetic field, G.

BTHE - Bp, poloidal beta.

ELI - toroidal plasma inductance, H.

VAX - axial emf at the surface of the torus.

ZJ9 - initial value of current density at plasma center, A/cmZ.
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CHMPN /FPPP/

FPCX

FPI

FPE

FP

FPIMP

NCGLM

mean free path for charge exchange for each neutral beam
energy component, em~l.

mean free path for impact ionization for protons for each
beam energy component, cm 1.

mean free path for impact ionization for electrons for each

beam energy component, cm™l.

this array is generated in subroutine SUBH, but appears to
serve no purpose.

this array also appears to serve no useful purpose.

number of computational (spatial) grid elements.
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COMMPN /FUDGE/

Neutral beam injection loss cone correction arrays.

ST1(10,4,2,2) - for power transferred to plasma electrons, no correction.
$ST2(10,4,2,2) - for power transferred to plasma ions, no correction.
ST3(10,4,2,2) - for KE, no corrections.

ST4(10,4,2,2) - for power transferred to plasma electrons, with correc-
tions.

$T5(10,4,2,2) for power transferred to plasma ions, with courrections.

ST6(10,4,2,2)

for KE, with corrections.



II.23

CPMMPN /GAGRD/

NN

- the number of equal subintervals that [XL,XU] is to be

divided into. The lower limit of integration is XL, the
upper limit XU.

the number of points (order) at which the integrand is to

be evaluated in each subinterval, i.e. total number of evalua-
tions = NN * MM. Permissible values of MM are 2, 3, 4, 5, 6,
7, 8, 9, 10, 12, 16, 20, 24, 32, 40, 48, 64, 80, and 96. If
MM < 2, 2 points are used. Within the range of 2-96, if MM

is not one of the permissible values, the next higher per-
missible value is used.
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COMMPN /GE@M/

AM - torus minor rédius, cm.

AREA — total surface area of torus, cm?.
HR - radial element of léngth, cﬁ.

R¢ - torus major radius, cm.

RQ - plasma minor radiﬁs, cﬁ.

V@L - plasma (torus) volume, cm3.

ZB - no longer used.
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CPMMPN /HIST/

B1(101)

B2(101)

B3(101)

B4(101)
B5(101)
B6(101)
B7(101)

B8(101)

B9(101)

time history of energy

time history of energy
(particle plus heat).

time history of energy
(particle plus heat).

time history of energy
time history of energy
time history of energy
time history of energy

time history of energy
injection.

time history of energy
injection.

added to plasma through ohmic heating.

loss from plasma by electron diffusion

loss from plasma by ion diffusion

loss from plasma by line radiatiom.
loss from plasma by charge exchange.
stored in the electrons.

stored in the iomns.

added to electrons from neutral beam

added to ions from neutral beam
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COMM@N /HISTl/‘

PPX ~ total amount of energy added to plasma by ohmic heating.

PEX - energy loss from plasma due to electron thermal conduction
and convection.

PIX - energy loss from plasma due to ion thermal conduction and
convection.

PLRX - energy loss from plasma due to line radiation.

PCXX - energy loss from plasma due to charge exchange.

SUMEX - plasma energy stored in the electrons.

SUMIX - plasma energy stored in the ions.

ICM — index variable that is incremented for each new value of time

for which a record of the plasma energy balance is desired,
used to generate the time history arrays B1-B9.

PHE - energy added to plasma electrons from neutral beam injection.

PHI - energy added to plasma ions from neutral beam injection.
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COMMPN /HZ/

XZB, (ZB) - a particular value of Zgs used in a nested integration, cm.
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CAMM@N /IBTMN/

X(360) - the solution vector of the plasma profiles, determined by
the system of differenced partial differential equations
appearing in the plasma module.



IT1.29

CPMM@PN /IMPURT/

CARB@N(101)
$XYGEN(101)

cc(7,101)
C@$(9,101)

PCIMP

XPX

XCAR
ZEFF
ZIMP

RM1

RM2
DENP(101)

ZBR(101)

EIMP(101)

total density profile of carbon Impurity species.

total density profile of oxygen impurity species.

CC(K,I) is the density of the (K-1)th charge state of
carbon at the Ith grid point.

CH(K,I) is the density of the (K-1)th charge state of
oxygen at the Ith grid point.

— percentage of electron density due to a high-Z impurity.

For IMP(2) = 1 or 3, PCIMP is due to some average effective

high-Z impurity; for IMP(2) = 2 or 4, it is due to iron
impurities.

— percentage of electron density due to oxygen impurities.
- percentage of electron density due to carbon impurities.
- effective charge of ioms.

- maximum charge of the high-Z impurity ion.

—kno longer used.

- no longer used.

- plasma proton (ion) density profile, cm 3.

profilc of the quantity [Z] defined to be
2
m
z _ﬁkpr oton  nyZp

species,k .

[z] =
Q%ecies, kK "k

- power loss profile due to presence of carbon and oxygen
impurities.



COHMMPN /INDEX/

TIC

-NT

NR

NM1

NUTE (10)

IMP(10)

]

I1.30

basic time interval used for generating history arrays in
COMM@N /HIST/.

number of spatial grid points used for radial direction
throughout the simulatfon code.

total number of time intervals for current pulse and plasma
simulation.

number of times sets of simulated quantitiles obtaiued
during execution of thc program are printed.

N - 1, the number of spatial grid intervals in the radial
direction.

switches used to select a simulation path for the neutral
gas effects modeling.

NUTE(1l), switch for type of computation to be used for the
neutral gas simulation:
= 1, analytic model
= 2, slab model (Hogan's model, without reflection)
3, for slab model with wall reflections (not yet
included)
= 4, Monte Carlo transport (NUTRLSN, not yet
included)

NUTE(2), exponent in power law for anmalytic model

switches used to select a simulation path for modeling
impurity atom effects.

IMP(1l), switch for initial impurity stripping calctlation:
= 1, corona equilibrium table for carhon, oxygen
= 2, dynamic rate calculation for carbon, oxygen

(not an option in current version of the

program)

IMP(2), switch for diffusion of impurities:

1, a corona equilibrium table and radial dis-
tribution formulae are used for carbon and
oxygen. High-Z impurities are treated using
a crude estimate

= 2, corona equilibrium tables are used for carbon,

oxygen, and high-Z fmpurity (Fe) atom charge

states. Radial distributions are assigned
using formulae
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CAMM@N /INDEX/ (continued)

INIT(10)

= 3, a corona equilibrium table together with
radial distributions generated by Pfirsch-
Schluter diffusion is used for carbon and
oxygen. High-Z impurities are treated using
a crude estimate

= 4, corona equilibrium tables are used for
carhon, oxygen, and high-Z impurity (Fe)
atom charge states. Radfal distributions are
generated by a Pfirsch-Schluter diffusion
model

IMP(3), switch for impurity model:
= 1, use fixed values

2, use model calculation determined by choice
of switch value for IMP(2)

IMP(4), switch for detailed model for iron:

= 0, include iron coronal equilibria
1, omit detailed description

switches for initiating various options available in the
program.

INIT(1l), switch for starting mode for initial plasma
variable profiles:

= 0, for profiles generated by analytic functions
1, for profiles read from data cards

INIT(2), not currently used

INIT(3), switch for examining MHD stability characteristics
of the plasma:

= 0, determines the location of the singular
surface for m = 3,5

= 1, calculates the radial eigenfunctions and
tearing mode growth rate according to Furth,
Rutherford, and Selberg, for m = 3,5. Can
be used to evaluate transport coefficients
in subroutine CDC
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CPMM@N /INPUT/

/INPUT/ is used for the moments calculation.

T - elapsed time measured from the time of neutral beam turn-on to
the times when the quantities G,, G;, and AJ are computed.

EO - variable used for temporary storage of one of the three neutral
beam energy components. Used in the moments calculation.

AMF - atomic mass of injected fast ions.
AML - atomic mass of plasma lons.
The following six variables are used for temporary storage of quantities

at each of the 11 points of the calculational grid elements of the moments
calculation.

TEE - electron temperature, eV.

TII - ion temperature, eV.

DNE - electron density, normalized to 1013 cm™3.

DNO - total neutral density, normalized to 108 cm™3.

BRAZ = <Z> or Zeff'

SQBRZ = [Z].

ZF - fést ion charge.

ETO = cos 0, the cosine of the neutral beam injection angle.

The following three variables contain values of the upper bounds on error
tolerance required by the Simpson's rule integration subroutines used in
the moments calculation.

EPA3 - upper bound for ASIMPl.

EPA4 - upper bound for ASIMP2.

EPAS - upper bound for ASIMP3.
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COMM@N /INPUT/ (continued)

The following three variables contain values of the convergence test
selector requlred By the Simpson's rule integration subroutines.

M3 - convergence test selector for ASIMPIL.
M4 — convergence test selector for ASIMP2,
M5 - convergence test selector for ASIMP3.
ICTX - switch variable, used to choose between analytic expression or

numerical evaluation of an integral; # 0, if Tex 18 constant.

INO - switch variable, used to skip electric field perturbation
corrections (= 1).
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COMM@N /INTRP/

XXX (101)

PIDEN (101)

T@L

RTMP (15)

independent variable array corresponding to the normalized
density profile.

plasma density profile array, normalized to the central
density (see description of subroutine SUBH).

tolerance factor for test of error size for interpolation
procedure.

array of normalized (to the maximum radial value associated

with the cowputatlonal grid elements of the H(r) calculation

in the neutral beam injection module) radial coordinate
values.
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CPMMPN /INTRPS/

INTRPS switch for selecting type of interpolation for approximating NI,

TI, and EATN.

=1, for linear
2, for quadratic
3, for cubic

NSMO

number of division points in the two partition intervals which
contain the point of the logarithmic singularity.

NSMO21 2 * NSMO-1.

IDEBUG

diagnostic print switch.

= 0, for no information

1, prints A = P1, B = P2, C = AFC, Lipschitz constant,
estimate of the number of iterations

2, prints everything listed above plus the profiles NI, TI
(or AI), and EATN
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COMM@N /IPNLOS/

QEE (101) - electron power loss due to ionization of neutral hydrogen by
electron impact.

QII(101) - proton power loss due to ionization of neutral hydrogen by
electron impact.

FF(101) - rate for ionization of neutral hydrogen by electron impact.

SI9(101)

ionization cross section profile.
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COMMPN /IPNS/

DEN(101) - plasma electron density profile, cm” 3.
DSP(101) - profile is no longer used.
TES(101) - electron density profile from the previous simulation time

step.

AMU - mass of plasma ions, amu.



CPMM@N /JTH/

EATN(101)

. I1.38

— total neutral gas attenuation coefficient profile.
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C/MMPN /LBMIBT/

A(8008) - matrix of coefficients of set of coupled, differenced partial
differential equations describing the plasma evolution in the
plasma module.



COMMPN /MEASUR/

FRING -
RVD -
XFRI -

I1.40

number of microwave fringe shifts with respect to the °
vacuum due to the presence of plasma electrons.

ratio of plasma drift velocity to sound velocity. This
variable 1s not currently used.

value of the integral of the electron density profile.
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CPMM@N /NEUTPT/

INIDSQ

I¢DSQT

IQA

INILST

IF
IN1T
INOT
INL
INH
ISTPLO
ISTPRO
INISTG

INOZA

IT1D2
IQLNQ
1Z0
INOPN1
IINTGM
IZL
IZH
THLF

IGLN

reference location of the scratch array used in the neutral
gas slab model calculations.

INIDSQ + N@Z, where N@Z is the number of z nodes (101)
distributed uniformly in the interval (-1,1)..

I@DSQT + N@X, where N@X is the number of x nodes (21) in
the interval (0,1) at which to approximate the neutral
density.

IQA + N@Z * NgX.

INILST + NgX.

IF + Ngz.

INI1T + N@Z.

INOT + N@Z.

INL + N@X.

INH + N@X.

ISTPLO + N@X.

ISTPRO + N@X.

INISTG + NCPN, where NCHN = (2 * NSMO-1) * N@X and NSMO is
the number of integration nodes in the interval (P1,X) or
(X,P2). [See Sect. 4.1 for detailed explanation of the
meaning of these integration intervals.]

INOZA + NCON.

IT1D2 + NCON.

TQLNQ + NCON.

120 + NC¢N.

INOPN1 + 2 * NSMO-1.

IINTGM + 2 * NSMO-2.

IZL + N¢X.

IZH + N¢X.

IHLF + N@X.
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COMMPN /NEUTPT/ (continued)

INOL
IHRF
IGRN
INOR
IFZ

IRATZL

IRATZH
IIZXL

IIZXH

IGLN + NSPN@X, where NSPN@X = NSIMP * N¢X.

INOL + NSPN@X.

IHRF + N¢X.

IGRN + NSPN@X.

INOR + NSPN@X.

IFZ + NSIMP, where NSIMP is the number of integration nodes
in the interval (R1, P1) or in (F2, R2). [See Sect. 4.1
for a detailed explanation of the meaning of these integration
intervals.]

IRATZL + NSPN@X.

IRATZH + NSPN@X.

ITIZXL + NSPN@X.
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COMMPN /NEUTRL/

QE1(101) - injected neutral beam heat input to electrons.
QI1(101) - injected neutral beam heat input to ifonms.
SIGV(10l) - ratio of particle fluxes in radial direction computed two

different ways to test consistency of the simulation. If
computations are consistent, the profile values should be

gnity. :

ZN$(101) —.cold neutral density profile. This array is not currently
used.

ZN1(101) - total neutral density profile, cm™3,

ATT - input parameter ﬁsed in analytic model for neutral gas density

(currently calculated explicitly).

DNI - no longer used.

FCDEN - initial Franck-Condon boundary density, em™3.

FCDEX - Franck—Condon boundary density at time TIM, cm 3.

FCF - final boundary density of neutrals, em™3,

FQI - fraction of injected neutral beam power transferred to ions

(no longer used).
PINJ - no longer used.

PINJQ - no longer used.



COMMPN /NEWS/
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RNEWS (20,10) - array of values of plasma central electron and ion temper-

NEWS

ature, electron and proton densities, fast neutral density,
effective charge, conduction energy and gross energy con-
finement times, and safety factor. The safety factor at
the plasma edge is also included. The number 1.E 11 or the
minimum values of ve* and vi*, whichever is smaller, are
also stored. All these quantities, together with the value
of the elapsed simulation time, are stored at each of 10
times during the simulation when plasma profiles and power
balances are printed. This summary array is then printed
at the end of the siwulation, :

a counter variable for the number of times summary inform-

ation is stored iu Lhe array RNFEWS,



COMMPN /NUTRLP/

Nz -

II.45

number of uniformly distributed points in the interval

‘[-1,1] used to approximate hot neutral gas density.

N@gX -

NSIMP -

NUNIF -

QF ’QC -

DZ =
DZD2 =
DZD3 =

EPSN1 -

SIMPM1 =

BDGQTX - -
or INO

{ TCINT -

or TIO =
N@xM1 =
N@XP1 =
N@zP1 =

NSC -

number of points in the interval [0,1] at which to approxi-
mate hot neutral gas density fn transport calculation.

number of Simpson nodes used to approximate an integral
near a logarithmic singularity in G(q).

switch for the nodal points in the interval [0,1].

=0, points are defined in subroutine NEUTIO to be (I-1)/
(N@X-1)

>0, points should be placed at the beginning of the array
Wl in CAMM@N /NUTRLP/

determine an integration interval on each side of the

logarithmic singularity of G(q) at each nodal point in the

interval [0,1]. Require 0 < QF < QC. Whenever QF = QC,

NEUTIO sets QF = 0.1%*QC.

2/(N@zZ-1) .

1/(Ngz-1) .

2/ (3% (Ngz-1)).

convergence criterion for hot neutral gas demnsity solution
to the discrete integral equation.

NSIMP-1.

not currently used.

C * (integral from -1 to 1 of EATIN), where
C = (1.13a/T;(0))/ (0., (0) VED)
T{(0), the ion temperature at the plasma center.
N@X-1.
NOX + 1.
NpzZ + 1.

used as a switch in subroutine NEUTC to bypass some
already tabulated values of the convergence function.



II.46

COMMPN/NUTRLP/ (continued)

ININ = 0, pointer for the normalized ion density profile.

ITIN = ININ+N, pointer for the normalized ion temperature profile.
IN1 = ITIN+N, pointer for the hot neutral density profile.

IEATN = INI+N@X, pointer for the estimate of the total neutral gas

attenuation coefficient profile.

IINIOX = IINIX1+N, pointer for array of values of the integral

1
}{0 dzZ EATN(Z)

for I = l; veuy N and VI = (Il)/(Nl)n
IINIX1 = LEATN+N, pointer for array of values of the integral

1
/ dZ EATN(Z)
Y1
for I =1, ..., N and ¥ = (I-1)/ (N-1).

IX = IINIOX+N, pointer for array of nodes in [0,1] at which to
approximate the neutral density.

1z = IX#N@X, pointer for array of nodes uniformly distributed in
[-1,1]. )

TJL = 1Z+N@Z, pointer for the JL array.

IJH = ILJL+N¢X, pointet for the JH array.

11J = [JH+N@X, pointer for the IJ array used in the linear inter-
polation of the total neutral density at the nades 7(.T).

IRAT = IIJ+N@Z, pointer for the RAT array used in the linear inter-
polation of the total neutral density Nj at the nodes Z(J).

NWDW1 - number of words in the array W1 of the common block /NUTRLP/.

MWDSC - number of words in array A in common block /LBMIBT/.

N - the number of nodal points din the pilasma spatial net (sec
also common block /INDEX/). :

ANM1 = FLYAT (N-1). -

DSP = 1./ANM1.

= * *

A 1.13 * AM ocx(o) Ni(o).

B = A,

C ¢o= A% VTi(O)/E¢.

w1l(1300) - a partitioned array containing the following elements:

W1(ININ+K) = NI(K), K =1, ..., N: normalized ion density

W1 (ITIN+K) = TI(K), K=1, ..., N: normalized ion
temperature

WL1(IN1+I) = N1(I) = N1(X(I)), I =1, ..., N@X

W1 (IEATN+K) = EATN profile approximated at the K-th nodal
point, K=1, ..., N
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CAMMPN /NUTRLP/ (continued)

W1(IINIX1+K) = integral from (K-1)/(N-1) to 1 of EATN,
K=1, ..., N

W1(IINIOX+K) = integral from 0 to (K-1)/(N-1) of EATN,
K=1, ..., N »

WL(IX+I) = X(I), I =1, ..., N@X
Wl(1z+J) = z2(J), J =1, ..., N@z
W1(IJL+I) = JL(I), I =1, ..., N@X
W1(IJH+I) = JH(I), I =1, ..., N@gX
WL(ILJH)) = 1J(J), J =1, ..., N@z
W1 (IRAT+J) = RAT(J), J =1, ..., N@z

RAT(J) and 1J(J) are used in the linear interpolation of
N1l at 2(J):
N1 (z(J)) N1(L) + RAT(J) * (N1(L+1) - N1(L))
where L = I1J(J)
X(L) <123 | < X@+D)
and RAT(J) = (12(J) | - X(L))/(X(1+1) - X(L))



COMM@PN /GUTPT/

|

CTE(101)
TAUE(101) -
GAMIN -
GAMPUT
PLR -
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stored energy, mJ/cm3.

conduction energy confinement time profile, msec.
incoming neutral flux.

outgoing flux of charged particles (= NpV).

component of plasma power associated with line radiation.
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COMM@N /@UTPUT/

EO¢

EC@

ET@

TGP

TS@

TF@

TCXV@

Vog@

. vCg

VT§@

GIT
GEE

BKI
BKE

BN

PCXVT

PCXO

1

E,, same as EO in common /INPUT/, a variable used for tempo-
rary storage of one of the three neutral beam energy com-
ponents.

Ec, the energy above which injected neutral beam slowing is
due to the plasma electrons and below which slowing is due
to plasma ions, eV. : '

energy to which neutral beam particles have slowed after time
T following neutral beam turn-on, eV,

same as T in common /INPUT/, elapsed time measured from the
time of neutral beam turn-on to the times when the quantities
Ge, Gi, and AJ are computed, sec.

Tgs neutral beam initial slowing down time, sec.

Tr, time interval criterion used to determine when the Fokker-
Planck code solution has reached a steady state; also, time
for complete thermalization of the fast ions.

Tcx(vo), mean lifetime of a neutral beam particle before
undergoing charge exchange with a plasma ion.

V2*EO@/AMF, entrance velocity of neutral beam particles into
plasma for each of the three beam energy components.

V., the critical veiocity of the neutral beam particles with
energy Ec'

velocity to which neutral beam particles have slowed after
time T following neutral beam turn-on.

fraction of injected beam power transferred to the plasma ions.

fraction of injected beam power transferred to the plasma
electrons.

momentum transferred from the injected beam to the plasma ions.

momentum transferred from the injected beam to the plasma
electrons.

number of stored fast ions resulting from the injected neutral
beam.

probability that a charge-exchange event will not occur during
the time a neutral beam particle slows from the injection
velocity VO@ to the velocity VT@.

variable is not currently being used,
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COMM@N /@UTPUT/

The following seven variables are corrections due to

GIE

GEEE

BKIE
BKEE

BME

BNE

to fraction of injected neutral beam power
plasma ions.

to fraction of injected neutral beam power
plasma electrons.

to momentum transferred from injected beam

to momentum transferred from injected beam
electrons.

the electric field:

transferred to the

transferred to the

to the plasma ions,

to the plasma

to the value of an integral occurring in the moments treatment

of the Fokker-Planck equation.

to the number of stored fast ions.
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CPMM@N /PINT/

This common block contains the following time histories generated by
subroutine @RMPWR.

c1(101) - ohmic heating power flow throughout the plasma.

C2(101) - electron thermal conduction flux.

C3(101) - electron convection flux.

C4(101) - electron radiation loss (line, recombination, and syn-
chrotron) power flow throughout the plasma.

C5(101) - power flow due to electron-ion transfer for electrons.

C6(101) - ion thermal conduction flux.

C7(101) - jon convection flux.

c8(101) - power flow associated with energy loss due to charge
exchange.

C9(101) - power flow associated with electron energy due to neutral

beam injection.

C10(101) power flow associated with ion energy due to neutral beam

injection.
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COMM@N /PPWER /

PB(101) - power density profile due to ion convection.

PE@(101) - power density profile for ionization loss due to electrons.

PIN(101) - power density profile due to ohmic heating.

PIG(101) - power density profile for ionization loss due to charge
exchange.

ED@T — time derivative of electron energy, power in plasma electrons.

PED - electron thermal conduction flux.

PEI -~ component of plasma power due to electron-ion transfer.

PEIL - component of plasma power arising from ionization loss due
to elcctrono. ’

PID - ion thermal conduction flux.

PIE - component of plasma power due to ion-electron transfer.

PIIL - component of plasma power arising from ionization loss due

to charge exchange.

P@H - component of plasma power due to ohmic heating.
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C@MM@N /PRNT/
IPA - not currently used.
IPNO - applicable only if a new slab calculation is to be made

= 0, for no print

1, prints range of relative error curve (see EPSNO)

2, prints same as = 1 plus old and new NI/AI and neutral
density
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COMMPN/QT/

QE(101) - power gain to the plasma electrons (source term).

QI(101) - power gain to the plasma ions (source term).
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COMMPN /RADL@S/

Al1(101) - no longer used.

A2(101) - no longer used.

A3(101) - rate of change of plasma electron density profile,
em3 - sec-l,

SHR(101) - power density profile for synchrotron-bremsstrahlung
‘radiation, kW/cm3.

BREM - not currently used.

SYN - not currently used.



CPMM@PN /RATI@S

II.56

PCVE -

PCVI -

RCUR -

RCVE -

RCVI -

TAXZ -
TAXI -

power flux from electron convection.
power flux from ion convection.

ratio of the plasma current computed by integrating the
current density to the program current computed by function
PC.

ratio of power transported by electron convection to the
total power input.

same as RCVE, except for ioms.
gross electron confinement time, msec.
gross ion confinement time, msec.

confinement time characteristic of plasma transport and
radiation, msec.
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COMMPN /RATI@1/

This common block contains ratios of power transported by various pro-
cesses to the total power input (from ohmic heating plus neutral beam
injection).

REI — electron-ion transfer.

RTH - total thermal conduction.
RPLR - line radiation.

RD@GT - electron heating or cooling.
RTHE - electron thermal conduction.

RTHI -~ ion (proton) convection.
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COMMYN /SLAB/

E@ - energy of neutrals coming from the wall, eV.

EPSNO - an error upper bound for the magnitude of the relative error
between the current value of (A*NI)/AI and the value used
previously to get the last basic neutral profile. If this
bound is exceeded, then a new slab calculation will be made.

NWDWSC - the number of words in the A array in common block /LBMIBT/.



COMMPN /SUMS/

SUMBT -
SutMC -

SUMET -
SUMLR -
SUM@ -
SUMP -
SUMQE -
SUMQI -
ZE -
zZSI -
SNJE -
SNJT -

energy-density

plasma current
profile.

energy density
energy density
energy density

energy density
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associated with the poloidal magnetic field.

obtained by integrating the current density

associated with electron-ion collisions.
due to line radiation.
associated with ohmic heating.

associated with electromns.

ionization loss due to electrons.

ionization loss due to charge exchange.

internal energy of plasma electrons.

internal energy of plasma ions.

energy in electrons due to neutral beam injection.

energy in ions

due to neutral beam injection.
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C@MM@N /SURF/

CARN - density of carbon atoms at the edge of the plasma, cm™3.
FENS - density of iron atoms at the edge of the plasma, cm™3.

ISRON - logic control variable, not currently used.



COMMON /TA/

HRH® (11)

RV(11)

HTT(11)

RH@MAX

DELH

DELN

NGLP1
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array of values of H(r,6), the fast ion production profile.

array of radial values at which the fast ion production
profile, H(xr,0) before angle averaging, is determined, i.e.,
0 < RV(I) < RH@MAX,

value of the integral <H(r,0)>, at each of the points in
the interval [0,AM] with grid spacing DELN.

maximum value of RH@ permitted, as determined by the posi-
tion of the torus wall or diverter relative to the stagna-
tion point.

RHPMAX/NCGLM, radial increment with respect to maximum value
of RH@#, cm.

AM/NCGLM, radial increment with respect to torus minor
radius AM, cm.

number of computational grid elements plus one, used for
the H(p(8)) profile.
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CYMM@PN /TEMP/

TE (101)
TI(101)
T@¢ (101)
VEL(101)

- plasma electron temperature profile, eV.

- plasma ion temperature profile, eV.

neutral gas temperature profile, eV,

plasma ion drift velocity, cm/sec.
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C@MM@N /THRMDF/

TDE(101) - the (pseudoclassical) electron thermal diffusion coef-
ficient. ]
TDI(101) - the (neoclassical) ion thermal diffusion coefficient.
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C@MM@N /TIME/

HT

TC
TSTAR
TIM

TP@
TPR

current increment for simulation time step, msec.
rise time of the plasma current, msec.
simulation starting time, msec.’

current value of elapsed simulation time, msec.
maximum duration of plasma current pulse, msec.
not currently used.

falloff time of external neutral density, msec.

time interval between successive detailed printouts of plasma
variahle prnfiles and power balances, msec.
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COMM@N /TMINDX/

DINJCT - neutral beam injection current rise time,'msec.

N1 - number of computational time steps in plasma current rise
time interval. :

N3 - number of computational time steps in injected neutral beam
current rise time interval. :
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CAMMPN /TSTPR/

TEL(101) - profile of electron temperature stored from previous time
interval.
TIL(101) -~ profile of ion temperature stored from previous time in-

terval.



COMM@N /XP@GRT/
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D1 (101)
D6(101)

D11(10)

J

n

Zeff’ profile of plasma effective charge.
vi, ratio of the ion collision frequency to the ion bounce

frequency.

array of factors for scaling plasma transport characteristics.

D11(1), electron thermal transport

D11(2), ion thermal transport

D11(3), particle diffusion

D11(4), resistivity

D11(5), threshold of trapped electron scaling (NUE*)
D11(6), threshold of trapped ion scaling (NUI¥*)



COMMPN /XTRA/

ALF(101)

F(101)
TE12(101)
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= vz, ratio of the electron collision frequency to the

electron bounce frequency.
Tps particle confinement time profile, msec.

VT , square root of values of the electron temperature
profile.
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COMMPN /ZDFPS/

TDZZ (101) - impurity species diffusion coefficient.

ZGRAD(101) - a collection of ion temperature and density gradient terms.



COMM@PN /ZRAD/

QRD(101)
HIZ (101)
DHI(101) -
ZHI(101) -

I11.70

low-Z impurity radiation contribution to power loss, W/em3.
high-Z impurity radiation contribution to power loss, W/cm3,
not currently used.

not currently used.
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III.1



III.2

Appendix III presents some examples to show how the matrix elements
in subroutine LBM are obtained. The Te and E equations (numbers 1 and
5) will be used in the examples.

Consider the electron thermal conduction term in the Te equation

evaluated at the time step N + 13

2
1 3 AT, N% a%e m% 1 9 T N%
rNe ——-(rN eXe ar = Xgar2 + rNe ?r Xe or *
Now let
N AU S PP S
orZz © (AryZz |1 T 1T t1-1 T (apy? Cir
and
1 E_(rN )aTe _ 1 [y1+1 - yI—l] [TI+1 3 TI—l]
rNe or eXe or rNe 2Ar 2Ar

where y = rNexe and

L |
8y1 = RN [y1+1 - yI—l] [T1+1 - TI—l] y

The difference representation above can be put in the form of a

+ +

linear combination of BN+l and TN+l if the expressions STTL nd éN .
are linearized in time:

N+1 N 86?1 2

611 = 511 +E At + B[ (AL) 4]

N
8IT . pp 0
Atgy™™ = Oty [XI(TI+1 —2T Ty 1)]

? (aXI 9B,
At [XISE(TI+1 2T 4Ty g) *+ Ty =2T+T; ) 3B, ot

3B oT
CE

BTI J t
- A gB® 3X _ O X _w
Now x = A B° T® so that 5B = B and - EX .

+1 . N .
Finally, using %%—= %z-[hN l—h ] gives
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N
9611
N+1 N+1 | N+l N N, N 0
—_— = —_ T T
Myr "X \T % v Tt (*1+1 ZTI+TI—1,> (e BN>
I S
. I
T N+1 N
+ n <?1 TI> -1
1
Similarly,
86 w
PP S S O <?N+l _ Y ) e 201 (TN+1 _ N >
B3t br N TN X141 B, \I+l ” °I+l T, \ I+~ T4

®1o1 (1 N “I-1 (N4l N
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1 8rINI(Ar)

and let I+l, I, I-1 be denoted by 1,0,-1,

then
; oT N+l
1 3 __g) 2 _ _ N _ _ N
rNe v N X 3% il = ZaGT + 2yl(’l‘l T=l) 2y_l(Tl T—l)
N
.6
+ N
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III.4

The plasma variables at the new time (N+1) and their coefficients can be

tabulated:
Component Coefficient (quantities evaluated at time N)
N+1 “1
T a+ Yl(Tl'T—l)TI'+ Y1 - Y2
w
N+1 , . 0
TO 20 + uéT T
0
w
N+1 -
T =Yy (T17T_p) T, 17
8
Ntl 1 .
'R — -
1 18, CTy)
1
9
N+1 0
B al,., —
0 T BO
3]
N+1 -1
B 15, Ty
1 ayT(lawo-Oo) + (Tl—T_l) [Yl(l—wl—el) - Y_l(l—w_l—e_l)]

The remainder of the terms in the TP equation can be evaluated in a
straightforward fashion,

For the E equationn,

-3/2
n = n(Te,...) CT,

N+1/2_ At aF. At An. .. . At 3j
& SE+ 0 = (n+ 06 + 597 - dp)
and
_?m_ﬂ?_T_e;_én_a_T_e
3t 9T oL 27T 3t )
e e
Let
3E 1l N . . N . ; .
—E-= E{E -E) where in this case E° is the value at the new time. Then to

order (At)?
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EV4E = 2n'(j—jB) + [(j-jB)-g%— (TI:—Te) + n(jN-j)]
e

and

N .N,3n ,. N 3oy
E -nj +7i(J-JB)Te—§‘ﬂ (J JB) nig
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