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ABSTRACT 

A new code, named SUPERCODE, has been developed to 
fill the gap between currently available zero dimensional 
systems codes and highly sophisticated, multidimensional 
plasma performance codes. The former are comprehensive 
in content, fast 10 execute, but rather simple in terms of the 
accuracy of their physics and engineering models. The 
Utter contact state-of-the-art plasma physics modeling but 
are limited in engineering content and are rime consuming 
to tun. The SlJPERCODE upgrades the. reliability and 
accuracy of systems codes by calculating the self consistent 
11/2-D plasma evolution in a realistic engineering 
environment. By > combination of variational techniques 
and careful formulation there is only a modest increase in 
CPU time over 0-D runs, thereby making the STJFERCODE 
suitable for use as a systems studies toot In addition, we 
have expended considerable effort to make the code user-
and pragrammer-friendly, as well as operationally flexible, 
with the hope of encouraging wide usage throughout the 
fusion community. 

L INTRODUCTION 

Systems codes are, by now, important, well-established 
tools used by plasma experimentalists and reactor 
designers. They vary in form from simple spreadsheets to 
sophisticated computer programs and are used extensively 
to optimize designs, understand parametric sensitivities, 
and predict performance. There is every reason *> expect 
that such codes will play a central role in toe-design of 
future projects such as the U.S. Tokamak Physics 

Experiment (TPX) and the International Thermonuclear 
Experimental Reactor (ITER). On the basis of this 
expectation, we have developed a new systems code, 
named the SUPERCODE, that has recently become 
î ierarional. 

Why develop another systems code? Our primary 
motivation is based on-the recognition that there exists a 
startling gap between the capabilities of currently available 
systems codes and plasma performance codes. Systems 
codes (e.g., TETRA) are comprehensive in content, 
computationally fast to execute, but treat the engineering 
and particularly the plasma physics in a rather 
oversimplified manner. Plasma performance codes (eg., 
TSC, WHIST} do a much better job modeling plasma 
physics but do not include all of the engineering required 
for design purposes. Also, because of their physics 
sophistication, they are computationally slow to execute, 
thereby making them inappropriate for parametric systems 
studies. The gap in modeling accuracy between these two 
classes of codes is sufficiently great that often there is little 
or no iteration between them. One of the two major goals of 
the SOTERCODE is to substantially upgrade the physics and 
engineering models of existing systems codes by means of 
advanced mathematical and computational techniques and 
thereby fill the gap. In setting about this goal, it became 
apparent that to achieve widespread use of the SUPERCODE 
in the fusion community, we would have to create a 
uniquely user- and programmer-friendly environment This 
then is the second goal of the SUPERCODE and has required 
considerable use of state-of-the-art computer science 
techniques. 
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In the discussion that follows, we describe in somewhat 
greater detail the issues involved in designing the 
SUPERCODE. TO speed up their calculations, most systems 
codes employ idealized models for magnetohydrodynamic 
(MHD) equilibrium and transport. Usually, the plasma 
shape is taken to be a straight ellipse with flux surfaces of 
constant elongation. In addition, the shapes of the density, 
temperature, and current profiles are prescribed and the 
magnitudes are evolved according to volume-averaged 
transport equations. This zero-dimensional (0-D) 
equilibrium-transport model, while computationally 
expedient, dramatically reduces the reliability of plasma 
performance predictions and increases the likelihood of 
obtaining physically unrealizable operating points. For 
example, there is nothing in these models to prevent the 
situation where peaked current profiles are assumed for 
stability in a plasma where virtually all of the current 
density is supplied by the bootstrap current or by off-axis 
current-drive. 

To more correctly model plasma performance, a 11/2-D 
transport calculation, consisting of the solution of the 1-D 
Grad-ShaCtanov equation and the I-D flux surface averaged 
transport equations, is required. Using variational 
techniques, we have incorporated 1 1/2-D capability into 
SUFEROODE at little cost in execution time over 
conventional 0-D methods. In addition to improving the 
code's plasma performance prediction ability, this 
enhancement allows us to do a better job in areas such as 
neutral beam/current drive modeling, poloidal field (PF) 
system design, and vertical stability calculations. Unlike 
other systems codes, the SUPERCODE will also have time-
dependent capability. This will enable the SUPERCODE to 
simulate n<*mal operational activities such as start-up and 
shut-down along with off-normal events such as thermal 
instabilities and emergency shut-down. The SUPERCODE 
physics and engineering models are summarized in 
Sections I{ and IU. Benchmarking and preliminary 
parametric jeans are presented in Section IV. 

It appears that the major national and international 
fusion experimental design projects of the future will 
involve tnoiti-Uborttory coiitboruioas. In ibis 
etrvironment, it is essential that a single tool for performing 
scoping studies and assessments of design performance and 
cost be adopted. Otherwise, as the ITER Conceptual Design 
Activity (CDA) and the Burning Plasma Experiment (BPX) 
project demonstrated, significant efforts must be expended 
to understand the differences between results developed by 
codes from individual institutions rather than exploring the 
implications of the results. 

To gain acceptance as a national or international systems 
studies tool,« code should possess several features. First, it 
should be potable so that researchers can run the code at 
their home institutions. Second, it should be well 
documented so that researchers can easily see what models 
are being employed in the code. Thud, it should be modular 
so that researchers can easily add their own models to the 

code. Fourth, it should be flexible enough to allow 
researchers to ran specialized studies using only a subset of 
the full code. Finally, it should possess a user-interface that 
helps researchers deal with the inherent complexity of a 
sophisticated systems code. We have paid Special attention 
to each of these issues during the development of 
SUPERCODE. This has led to a unique modular code 
architecture that is described in Section V. 

II. PHYSICS MODULES 

In this section, we summarize the models implemented 
in the default SUPERCODE physics modules. These should 
be viewed as "default" modules because the structural 
design of the code is such that researchers can easily 
replace any or all of these modules with their own custom 
versions. Nevertheless, we believe that these models, which 
are quite sophisticated for systems code applications, serve 
as a good basic set. 

».A. HMD-Transport 

The SUPERCODE MHD-transport module follows the 
time-evolution of density, temperature, and magnetic flux 
in a multi-species plasma. We focus on a transport 
timescale hierarchy that obeys the inequalities 

T„«rc,<Tz<T.<T,~rx~T,. (1) 

Here, T, is the Alfven time, r^ is the unlike particle tem
perature equilibration time, r £ is the global energy con
finement time, T„ is tlie particle diffusion time, t, is the 
current" evolution time, xx is the cross-section evolution 
time, and T, is the resistive diffusion time. These ordering 
assumptions are reasonably well satisfied in roost cases of 
practical interest and yield a greatly simplified set of 11/2-
D transport equations appropriate for use in a systems code. 

ILA.1. Equations. Since the transport time scales are 
much slower than the Alfven time, it is a good 
approximation to neglect inertia and assume thai the plasma 
evolves through a series of quasi-static equilibria governed 
by the Grad-Shafranov equation1 

At every instant of time, the plasma is characterized by the 
pressure and toroidal field functions p{y,t) and f(y. ' ) -
The self-consistent choices of p and F follow from the 
analysis of the remaining transport equations. 

As a consequence of Eq. (1), time variations in the 
densities ( t . scale) and the Dux surface Shanes (T {, T x, T, 
scale) can be neglected ompared to variations in the 
temperature (T c scale). In addition, under the assumption 
that we are interested in time scales slower than tj , , it 



follows that all species can be considered to possess a 
single temperature. Accordingly, we employ a single 
energy equation in the fust version of the SUPERCODE: 

Here, n is the total density, zfaT-Y) is the net thermal 
diffusivity (normalized to yield a specified global energy 
confinement time r £ \ J is the metric function, (•) 
represents the flux surface average, and SE is the net energy 
source to electrons and all ion species. The source term 
contains the familiar contributions: ohmic heating, alpha 
particle heating, radiation, and auxiliary heating. 

The next slowest timescate corresponds (o mass 
diffusion. In the SUPERCODE, the density is explicitly 
evolved for, at most, three species: deuterons, tritons, and 
alpha particles. Impurities are included as an externally 
specified density distribution of particles. The electron 
density is obtained from quasineutrality. By analogy with 
the temperature equation, time variations in flux surface 
shape are neglected relative to variations in the densities ny 

to yield the transport equation 

where Dt is the diffusion coefficient and S is the net 
particle source for species / . Because of the great 
uncertainties with regard to particle diffusion coefficients 
and sources, it is often desirable to prescribe the deuterium, 
tritium, and alpha panicle densities. This is a simple user 
option. 

Tbe SUPERCODE equation describing the toroidal flux 
evolution is 

Here, }„ is the bootstrap current, J c is the driven current 
and Q is related to the toroidal flux by * = yQ. We model 
the non-inductive current sources as described in 
Sections H.B and H C Note also that we could have 
equivalently chosen to evolve the safety, factor q as the 
dependent variable. However, the choice of Q. is 
convenient because of convergence issues in the vicinity of 

the separatrix and the origin. Also this choice allows all the 
transport equations to be written in the same generic form 

a^L = A.(bEL\+c 0 ) 
dt dyry dyr) 

where V represents any of the dependent variables. 

II.A.2. Variational solution procedure. The MHD-
transport model is represented by a series of coupled 
nonlinear partial differential equations. If standard 
numerical techniques were employed to solve them, the 
SUPERCODE would be far too slow to be of interest in 
systems studies applications. Variational techniques2 offer 
an alternative to the standard methods. A detailed 
discussion of the application of variational techniques to 
the MHD equilibrium and transport problems is contained 
in Refs. 3 and 4. Here, we simply summarize the major 
points. 

Variational techniques are concerned with (he search for 
functions that cause an integral relation called a Lagrangian 
to become stationary. There is a strong connection between 
Lagrangians and differential equations. Namely, a 
Lagrangian is said Co correspond to a differential equation if 
the function that causes the Lagrangian to become 
stationary is tbe solution to the differential equation. 
Therefore, solving a differential equation and making its 
corresponding Lagrangian stationary are formally 
equivalent. 

For finding exact solutions to differential equations, 
variational techniques offer no obvious advantages over 
conventional .methods: The power of the method lies 
instead in the ability to use the Lagrangian to construct 
approximate, but highly accurate, solutions. This is 
accomplished by substituting a family of functions 
characterized by free constants known as variational 
parameters into the Lagrangian. These functions usually do 
not satisfy me original differential equation and they need 
not even satisfy the boundary conditions. They merely 
represent a family of possible "guesses" for the solution. If 
we now vary the Lagrangian with respect to all of the 
variational parameters and find the values that cause the 
Lagrangian to become stationary, this set yields the best 
approximation to the solution for the trial function family 
considered. 

By substituting trial functions, we therefore transform 
the original partial differential equation into a search for the 
values of the variational parameters that cause the 
Lagrangian to become stationary. For the steady state 
equations, this search consists of trying to zero a set of 
nonlinear algebraic equations with respect to the variational 
parameters. For the time-dependent equations, a somewhat 
non-standard variational analysis yields a set of nonlinear 
ordinary differential equations in time for the variational 
parameters. If sufficient accuracycan be obtained using a 



small number of variational parameters, this procedure can 
result in extremely large savings in computational lime. 

In the case of the Grad-Shafranov equation, we could 
attempt to provide a trial function for \p(R,Z). However, it 
is much more convenient to transform to a flux coordinate 
system consisting of p, a flux surface label; <p, the usual 
ignorable toroidal angle coordinate; and ji, a poloidal 
angle coordinate. This transformation requires us to provide 
trial functions for y(p) and the flux surface shapes 
R(p,li) and Z(p,/i). There is no unique procedure for 
constructing such trial functions. We make our choices for 
the SUPERCODE based on geometrical constraints derived 
from well-known analyuc solutions of the Grad-Shafranov 
equation. These choices are: 

VO>)=V.[vp2 + (l-v)p 4]. (8) 

fi(p,/t)=«,+ao-(l-p')+ 

apcos[/l+<:.p ,(!J+(I-Jl)pJ)sin/i]+aX,(p,/t). 

Z (p , A <)=Z 0 + a f ( l -p I )+ 

apfie, + ip J+(if. - x-„ - i)p*]sin/i+aXz(p,n). 

Here, R,, Z,, a, K„ and d, specify the plasma surface 
shape; Xt and Xz are purely geometric functions that 
account for possible X-points; and v, c , rj, f, ifg.and i 
are variational parameters. The parameter y, is a 
normalization determined by invoking conservation of 
magnetostatic energy. 

An even simpler set of trial functions is employed for 
the transport equations. For tht case of density and 
temperature we use 

U(p,t)=U,{l-ltfil)cxt(Uj>*+Uj>') (ID 

where V represents T or n y. The Ihree variational parame
ters U„ Ut, and Ut are either constants (steady state) or 
functions of time (time dependent evolution). The 
parameter X„ is used to satisfy boundary conditions at the 
plasma edge. For the case of the toroidal flux, the form 
above is used for Q for limiter plasmas. When an X-point 
is present, Eq. (11) must be modified to insure that the 
safety factor approaches infinity in the proper manner on 
theseparatrix: 

c(P.0=a[i+^+^4(i-p l) toir7-] ( 1 2 ) 

. e x p ^ + C j p ' ) . 

As above, Q>. £>,, and C 2 are variational parameters and 
Ag, and XQ2 arc uniquely determined from the boundary 
conditions on the separatrix. 

To gain an appreciation of the reduction in computa
tional work offered by the variational methods, consider the 
solution of the Grad-Shafranov equation along with the 
time-independent versions of the energy equation, a particle 
transport equation, and the flux transport equation. In this 
case, the variations in the Lagrangians generate approxi
mately IS nonlinear algebraic equations. Solving this set 
can be accomplished in well under a second of Cray 2 CPU 
time. 

II.B. Bootstrap Current 

We employ the Hitshmann formalism5 to calculate the 
bootstrap current This is valid for arbitrary aspect ratio and 
is dependent on local plasma parameters. A double 
numerical integration is performed to compute the trapped 
particle fraction from which the local bootstrap current 
density is obtained using flux-surface-averaged plasma 
quantities from the equilibrium and transport modules. In 
this way, we are able to evolve the bootstrap current profile 
self-consistently with the pressure and total current profiles. 
Hirshmann's formulation of the bootstrap current assumes a 
single ion species and, at present in the SUPERCODE. we 
generalize this to many species by replacing Z1 by Z^. In 
addition, we assume that fast ion populations (e.g., 
energetic alphas or beam ions) contribute to the total 
bootstrap current in an analogous manner to thermal ion 
populations with the same pressure. Both of these 
assumptions will be reexamined as our understanding of the 
bootstrap phenomenon is refined. 

II.C. Neutral Beam Heating and Current Drive 

The SUPERCODE neutral beam heating and current drive 
module calculates profiles of the neutral beam deposition, 
fast ion pressure, beam heating power, and neutral beam-
driven current density. It also computes global parameters 
such as current drive efficiency, fast k» beta, beam shine-
through, and the fusion power due to beam-plasma 
interactions. The module is computationally fast without 
compromising physical accuracy. 

The neutral beam module gives the SUPERCODE the 
ability to perform self-consistent calculations involving 
neutral beam heating and current drive. This is very 
important for studying sub-ignited, hybrid, or steady-state 
ITER operating scenarios. It is also the first time that a 
systems code has had such capabilities, usually found only 
in 11/2-D plasma simulation codes. 

The neutral beam deposition routines are based on a 
diffuse-beam modet*' The calculation is exact for a plasma 
with small triangularity and for a beam whose centerline 
lies on the midplane. Off-midplane injection can be 
modeled with appropriate selection of the power 
distribution profile. The beam cross section can be circular 



or rectangular. Beam stopping cross sections are calculated 
using the recent formalism by Janev et al.* which lakes inlo 
account multistep ionization effects. Extensive benchmarks 
with more accurate Monte Carlo deposition and current 
drive codes have verified the validity of the module. A 
comparison with an ACCOME calculation for the ITER 
CDA reference current drive scenario' also results in very 
good agreement. 

II.D. Edge Plasma and Divertor Physics 

The SUPERCODE edge plasma model10 is derived from 
three power balance conditions. Perpendicular flow of 
power across the separatiix surface and into the scrape-off 
layer (SOL) gives one condition. Power flow along the 
magnetic field toward the divertor gives another. Power 
flow across the sheath at the divertor surface gives the third 
condition. Since the total power is known from the alpha, 
current-drive, and radiated power sources, the resulting 
three equations can be solved for three SOL parameters. 
We solve fon Tt, the plasma temperature at the separatrix; 
Tj, the plasma temperature at the divertor; and Hd, the 
peak heat load on the outer divertor. The model assumes 
that radial temperature and power profiles in the SOL map 
magnetically from midplane to divertor and, therefore, uses 
the magnetic field that is found in solving for the plasma 
equilibrium. Results from this model compare rather well 
with results from the B2" code for a variety of cases 
ranging from current experiments to possible ITER 
configurations. 

1I.E. Pololdal Field System 

One of the most important and computationally 
challenging problems is the calculation of the poloidal field 
coil currents needed for shaping the plasma, providing tie 
flux swing for ohmic heating, and maintaining plasma 
equilibria through the discharge period. The SUPERCODE 
addresses this problem by assigning unknown arbitrary 
currents lt to each of the PF coils and treating the plasma 
as a rigid perfect conductor. Using Green's theorem, we cm 
calculate the poloidal field on the plasma surface in lie 
vacuum region as a function of these / , . The currents are 
then determined by minimizing the RMS field difference 
between the vacuum poloidal field and the poloidal field 
calculated fiom die fast Grad-Shafranov solver. Due to the 
fact that the problem is transformed into an equivalent 
linear algebraic system by means of Fourier analysis, the 
solution procedure is very fast, efficient, and robust No 
iteration procedure is required. Once the PF currents are 
determined, the poloidal field in the vacuum region is 
easily obtained allowing us to calculate the minimum 
magnetic field difference across the plasma boundary. For a 
sufficiently small field difference, the calculated PF 
currents can produce desired plasma equilibrium. However, 
for large field differences, there is no choice of PF currents 
that can produce tie desired plasma shape. 

II.F. Vertical Stability 

The SUPERCODE will include a sophisticated non-rigid 
vertical stability module developed by Haney, Bulmer, 
Freidberg, and Pearlstein.12 This module exploits a modi
fied version of the Extended Energy Principle to compute 
linear growth rates of axisymmetric (n = 0) modes that are 
destabilized by the finite resistivity of conductors surround
ing the plasma. The module is capable of including the ef
fects of an arbitrary set of resistive stabilizers including 
twin-loops and saddle coils. It is also possible to include the 
effect of proportional, derivative, and integral feedback. A 
version of the vertical stability module residing in the TEQ 
equilibrium code has been extensively benchmarked 
agaimst MHD simulation codes. The SUPERCODE module 
must be rc-benchmarked because it will be using informa
tion from the approximate variational equilibrium module. 

III. ENGINEERING MODULES 

The approach used in the TETRA system code 1 1 is 
currently being followed for the default engineering 
modules. These are primarily coil models (toroidal field 
coils and poloidal field coils), reactor component models 
(divertor, shield, blanket), balance of plant (heat transport, 
buildings, etc.), and costing. These models are simple 
compared to those used in the 1 1/2-D plasma equilibrium 
and transport modules. Most of the engineering algorithms 
are global approximations with no multi-dimensional 
analysis (eg., no finite-element stress calculations). 

IILA. Coils 

Toroidal field (TF) coils are a strong driver of the device 
size and performance. The TF coil module models a group 
of cable-in conduit, forced flow superconducting cables 
surrounded by an external case (like that of ITER). The coil 
is sized to fit around the plasma and all other internal 
components and the outer leg location is detennined by a 
ripple constraint. Stresses are calculated at the midplane 
inboard leg for the external case and for the cable conduit 
Superconductor properties such as critical current, dump 
voltage, dump temperature rise, and temperature margin are 
calculated. The PF coils are placed outside the TF coils and 
their sizes are calculated based on the currents and 
locations. This information is then used to evaluate mutual 
inductances used in volt-second calculations. Power supply 
needs are also calculated for the PF and TF coils. 

III.B. Reactor Components 

The internal reactor component sizes and weights are 
calculated based on simple geometric scalings with the 
plasma size and are adjusted to match those of the ITER 
CDA design. These components include the first wajl, 
divertor, shield, and blanket This bformation is used 
primarily in the costing. 



TABLE I 

Comparison of equilibrium parameters computed by TEQ 
and the SUPERCODE for an ITER-Iike plasma 

Fig. 1. Comparison of ITER flux surfaces computed 
by TEQ (solid lines) and the SUPERCODE 
(dashed lines). 

III.C. Balance-of-Pfant and Costing -

After all the reactor components are calculated, the total 
plant needs for heat transport, building sizes, vacuum 
systems, and AC power are estimated. The heat transport 
system deals with fusion power, injection power, con 
power supplies, cryogenic plants, and other plant 
auxiliaries. The reactor building size is scaled with the 
reactor radius and height, among other things. Information 
from all the above modules is fed into die costing module, 
which is benchmarked to the ITER CDA design. 

IV. INITIAL RESULTS 

The SUPERCODE has just recently become operational so 
benchmarking the code is an important goat Accordingly, 
we will present benchmarks of the MHTMranspoct module 
in this section. In addition to this module, the engineering 
portions of the code have been benchmarked to the TETRA 
systems code. Finally, we will present a parametric scan 
emphasiang the impact of the 11/2-D transport modcL 

Parameter TEQ SUPERCODE 

MHD Safety Factor, q(0) - 1.05 1.01 

Toroidal beta, /?, 0.042 0.041 

Poloidal beta, ji. 0.63 0.61 
Nona. Int. inductance, li 0.66 0.64 

Axis elongation, K„ 1.67 1.7 
93% elongation, K„ 1.99 2.05 

95% triangularity, SK 0.37 0.44 

Flux (axis-edge) , V. lWb) 15.04 15.04 

IV.A. Equilibrium Benchmark 

We have compared the results from variational 
equilibrium solver in the SUPERCODE to exact equilibria 
produced by the TEQ free-boundary equilibrium code. For 
example, consider Fig. 1 which shows the flux surface 
contours for variational (dashed lines) and exact (solid 
lines) ITER equilibria. The variational equilibrium was 
produced to match the plasma shape calculated by TEQ and 
the same p and F functions were used in both calculations. 
The agreement between these flux contours is quite good. 
This is also the case for the plasma parameters shown in 
Table L Other comparisons show equally good agreement5 

IV.B. Transport Benchmark 

Benchmarking the SUPERCODE MHD-transport solver is 
more difficult than that for the equilibrium solver because 
the models in exact transport codes are much more 
elaborate than those in die SUPERCODE. For instance, they 
typically include separate electron and ion temperatures 
along with sophisticated calculations of fusion power, 
radiation power, impurity transport, and neutral transport. 
Nevertheless, we have performed a rough comparison with 
the WHIST code." This comparison was based on the 
following constraints: (1) all density profiles were 
prescribed, (2) ignited operation was assumed, (3) the edge 
temperature used in the SUPERCODE was fixed at the 
average of the WHIST electron and ion edge temperatures, 
and (4) a thermal diffiisivity of the form 

X=X,(i+czPt) (13) 

was used in both calculations. In Eq. (13), cx was set to 3 
(roughly consistent with JET measurements15) and X* was 
adjusted to yield tE = 2r n B I _ , where 

*irot»j» *s the energy 
confinement time predicted by ITER power law scaling.1* 
This benchmark, which tests the accuracy of the 
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Fig. 2. Comparison of temperature profiles computed by 
WHIST (solid line) and the SUPEROODE (dashed 
line) for a high-power ITER-like plasma. The 
WHIST curve is the average of the ion and 
electron temperatures. 

SUFEROODE power balance, is shown in Fig. 2 and 
Table n. Again, the agreement is relatively good despite the 
fact that the WHIST equilibrium could not be matched 
exactly. Note that the temperatures quoted for WHIST are 
the average of those for ions and electrons. Additional 
benchmarks with WHIST (including neutral beams, 
bootstrap current, time-dependence, etc) are in progress. 

In addition to mis example, the techniques used in the 
SUPERCODE MHD-transport solver, particularly the time-
dependent capability, have been extensively validated in 
other studies.* These tests make us quite confident that the 
accuracy of the SUPEROODE MHD-transport solver win be 
acceptable for systems studies applications. 

IV.C. M Parametric Scans for ITER 

To illustrate the parametric analysis capabilities of the 
SUPERCODE, we now present scans showing plasma 
performance for ITER-Iike machines as a function of 
plasma current and aspect ratio. Consider Fig. 3 . Each 
point in these plots represents a possible machine 
configuration constrained to have (1) a fixed elongation and 
triangularity ( r, =2.22,5,=0.6), (2) a fixed (square-root 
parabolic) density profile shape, (3) a density-weighted 
volume-averaged temperature {T)„"=10keV. (4) a total 
heating power ^ = 0 , (S) a neutron wall-loading 
W. «lMW/tn*, and (6) a fixed maximum magnetic field 
at the TF coils B — « 1 U T . Contours of the major radii of 
these machine configurations ate displayed in the plots. In 
addition, contours of machines requiring L-mode 
enhancement factors of 1.5 and 2 over ITER power-law 
scaling are displayed. A contour of machines operating at 
the Troyon beta limit is shown as well. 

Figure 3a was produced using the SUPERCODE'S 0-D 
mode. Therefore, the shape of the temperature profile was 
assumed to be parabolic. Fig. 3b, on the other hand, was 
produced using the SUFERCOOE'S I 1/2-D mode. The 

TABLE ll 

Comparison of transport parameters computed by WHIST 
and the SUPERCODE for a high-power, ignited ITER-like 

plasma 

Parameter WHIST SOPERCODE 

Density-weighted Average 
Temp., (7llkeVJ 

15.9 15.9 

Peak Temp.. r(0)[k*VJ 31.6 33.2 
Avg. Density, {n)[10"/mJJ 0.995 0.995 
Fusion Power, /^[MW] 1487 1467 
Rad. Power, P^(MW] 46 54 
Axis elongation, r, 1.65 1.55 
MHD Safety Factor, 4(0) 0.5 0.85 

thermal diffusivity of Eq. (13) was employed with cx=4. 
We see that the machines obtained are quite different. For 
example, Fig. 3a implies that the smallest R=6m machine 
that could be constructed if we limit t £ < 2 r n c I . r has an 
aspect ratio near 3 (giving a minor radius a>-2m)anda 
plasma current slightly higher than 20 MA. This is 
essentially the ITER CDA design. In contrast. Fig. 3b 
suggests that the smallest machine has an aspect ratio of 3.8 
(a-1.6m) and a plasma current less than 14 MA. The 
difference is a consequence of the fact that the temperature 
profile computed by the 11/2-D analysis consistent with 
the sources and thermal diffusivity profile is more peaked 
than parabolic. 

It is important to recognize that experimental measure-
ments of the x profile are not nearly as reliable as those for 
the total energy confinement time. As a result, we intend to 
use the 11/2-D capabilities of the SUFERCODE rather 
conservatively. Currently, we use these capabilities to 
exairine the sensitivity of candidate designs to a range of 
"reasonable" x profiles. The goal of these analyses is to 
ensure thai designs are robust with respect to variations in 
the physics inputs. 

V. CODE ARCHITECTURE 

Figure 4 displays a schematic representation of the 
SUPERCODE architecture. We see that the SUPERCODE is a 
distributed application consisting of a computational kernel 
and a front-end. The kernel consists of the physics and 
engineering modules just discussed coupled with a 
powerful, programmable shell. The front-end consists of a 
graphical user interface coupled to graphics post processing 
facilities. If the kernel and die front-end do not reside on 
the same computer, they communicate via a high-speed 
network link. The SUPERCODE architecture was conceived 
with flexioility in mind. The kernel is designed to be 
portable to systems ranging from .workstations to 
supercomputers while the front-end is designed to take 
advantage of the graphics facilities of a particular computer 
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Fig. 4. SUPERCODE architecture: modules, shell, graphical 
interface, and post-processor. 

system and is generally non-portable." This allows 
researchers with widely disparate computer resources to 
make use of the SUPERCODE. The remainder of this section 
describes the elements of the SUPEROODE architecture in 
more detail. 

V A Modules 

The computational pan of the SUPERCODE is divided 
into a number of modules' that contain data and functions 
related by a single unifying abstraction. For example, we 
have seen that modules exist for calculating variational 
equilibria, computing toroidal field system characteristics, 
and performing costing. A SUPERCODE module is a well-
defined entity that consists of two pans: an interface and an 
implementation. The interface of a module describes how 
die module appears to an outside observer or, put another 
way, now it behaves. The implementation specifies the 
algorithms used to achieve that behavior. 

To be more concrete, the interface consists of statements 
regarding the data needed to perform a module's 
computational tasks, the. functions one needs to call to 
perform those tasks, and the locations where one can access 
the results of the computations. In the SUPERCODE, this 
interface is formally specified by means of a special module 
description fite'itM must be provided with each and every 

* Although a portable comiunUine from end is available for all 
compulersysieais. 



module. There are two reasons for instituting this 
requirement: 

1. Documentation. Other developers cannot use a 
module without knowing the names, types, units, and 
characteristics of data or the calling sequences and 
purposes of functions. The module description file 
represents a formal procedure for making this 
information available to both developers and users. 

2. Reliability. Module description files have a specified 
format that is, read by a computer program named 
MGEN. MCEN generates interface code and common 
block declarations that allow modules to interface 
with each other and with the programmable shell. 
This automatic generation of interface code makes 
inter-module communication, changes to the 
interface, and porting between computer systems 
more reliable. 

We believe that these features outweigh the need to learn 
how to correctly format a module description file. A 
SUPERCODE implementation consists of source statements 
in the FORTRAN and/or C++" programming languages. 
FORTRAN source must be specially pre-processed in order 
to include the common block declarations created by 
MGEN. However, we have found that porting to the 
SUPERCODE from stand-alone FORTRAN programs is 
extremely easy. 

We created tins special module structure with two goals 
in mind. First, it helps reduce the complexity inherent in a 
program the size of SUPERCODE by allowing researchers to 
work with small, understandable parts. Second, the module 
structure allows pans of the code to be designed and 
revised independently of each other. We believe that these 
two features make it particularly easy for researchers to use 
the SUPERCODE as a testbcd for new algorithms and 
models. 

V.B. Shell 

A unique feature of the SUPERCODE is its programmable 
shell. This shell is used to control all aspects of 
SUPERCODE operation. It can be used to set input 
parameters, to execute calculations, and to output results in 
either textual or graphical form. Basically, the shell is an 
interpreter that understands a subset of the C++ 
programming language. Accordingly, input files to the 
SUPERCODE are actually computer programs themselves. 
These input files can be hundreds of lines long, thus 
allowing extremely complicated parametric scans or 
optimization tuns to be accomplished. Also, the shell 
operates man interactive mode whereby results are sent to 
the terminal in direct response to user inputs. 

The SUPERCODE shell is able to perform arithmetic 
operations on integer, real, complex, and matrix data. 
Moreover, it can execute common programming constructs 
such as if-statements and loops. It is possible to define 

variables, subroutines, and functions. Finally, the shell can 
access and manipulate subroutines, functions, and data 
from compiled modules. These features are illustrated by 
the following shell input file: 

/ / Set ITER CCA parameters: 

tmaSor - 6 . 0 ; xminor - 2 . 1 5 ; 
kappup « 2 . 2 3 ; Jcappdn • 2 . 2 3 ; 
d e l t u p « 0 . 6 ; de l tup - 0 . 6 ; 
b t • 4 . 8 S ; p lascur - 2 2 . 0 ; 

/ / Add i i e t a - t o r o i d a l - 5% cons tra in t : 

Real b t t a D i t f ; 
Void be taDi f fCa lcO 
( 

b e t a n i f f - b e t a t / 0 .05 - 1; 

addConstraint<b«taDif£, 1 .0 , Equality, On),-
addvar iable <*lpha_ti, 1 . 0 , mounded, bounded, 

0 . 0 , 0 . 0 , On); 
addca lcu latorCbetaDi f fea le . On); 

/ / Cccqpute v a r i a t i o n a l equi l ibr ium 

d o E q u l l O ; 

This file sets a number of variables, which reside in 
compiled modules, to their ITER CDA values. Then, it 
defines an interpreted subroutine that returns the amount 
the current value of toroidal beta (another compiled 
variable) differs from 5%. This subroutine is then added as 
a constraint to the equilibrium calculation. Finally, the 
variational equilibrium solver is executed. 

The shell dramatically reduces the work associated with 
adding new modules to the SUPERCODE. For instance, if 
one wished to replace the default variational equilibrium 
solver, one would simply create a module with an interface 
compatible with the variational equilibrium solver. Then, 
the input file above could be modified to call the new 
solver. This method is superior to the usual solution of 
adding flags and tests directly to the compiled code. 

V.C. Graphical interface 

The programmable shell represents a powerful method 
for controlling execution of the SUPERCODE. However, 
some users may not wish to learn the shell language syntax 
or they may not wish to learn the calling sequence for 
complicated runs involving many tokamak systems. To 
remedy; these problems, we plan to provide a graphical user 
interface for the SUPERCODE. 

This interface, which is currently under development, 
will run on Macintosh personal computers. A common 
problem with system codes is the inherently large number 



of variables, functions, and modules. This makes it 
extremely difficult for new users learning the operation and 
structure of the code. Therefore, the SUPERCODE graphical 
user interface will provide two services for managing this 
complexity: simplified data entry and module browsing. 
The data entry capability will present new users with dialog 
boxes containing pre-defined input forms for common 
systems code calculations. The graphical interface will use 
the values filled in by the user to generate shell language 
code that will be executed by the shell. Results will be 
returned in a pre-defined output format. The module 
browser will allow the users to graphically see names, 
types, and usage/modeling information for the data and 
functions making up modules. This browser will 
supplement written documentation for the code. 

Another major service provided by the graphical 
interface is visualization of results. This visualization will 
be accomplished through the use of line, contour, and 
surface plotting utilities. Facilities for producing animations 
of time-dependent data will also be provided as well. Color 
along with hardcopy output will be supported. 

V.D. Post-processing Facilities 

The visualization facilities built into the graphical 
interface will be limited compared to those available in 
professional programs. The SUPERCODE graphical interface 
will possess (he capability for creating input to one or more 
Macintosh visualization products. These products will 
support the generation of presentation-quality graphics. 

VL CONCLUSIONS 

The SUPERCODE i s a newly developed code that at
tempts (o fill the gap between existing, comprehensive but 
simplified 0-D systems codes and highly sophisticated, 
multidimensional, specialized plasma performance codes, 
la spirit, the SUPERCODE is a systems code with greatly 
enhanced engineering and physics modules. Specifically, 
the code calculates the 11/2-D MHD-transport rime evolu
tion of a plasma in a realistic engineering environment 

A critical feature of (he code is its fast execution time, a 
mandatory requirement if it is to be successfully used as a 
systems studies tool. The high speed is obtained by (1) the 
extensive use of variational techniques, (2) a formulation 
that carefully chooses the input quantities so as to minimize 
the number of global iterations required, and (3) a set of 
semi-analytic approximations, particularly in the transport 
equations, whenever computationally expensive procedures 
would dominate the execution time. 

The result is a code that is a significant upgrade in reli
ability and accuracy over existing 0-D systems codes with 
only a modest increase in computing time. Equally impor
tant, considerable attention has been devoted to the archi
tecture of the code, resulting in a high level of user- and 
progranuDer-fiiendliness as well as operational flexibility. 
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