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1. INTRODUCTION

Time-dependent transport simulations of tokamak discharges have
been used extensively in recent years to gain an understanding of the
plasma behavior in ongoing tokamak experiments as well as for extrapo-
lating results to aid in design studies of proposed devices such as BPX
(Burning Plasma Experiment) (formerly CIT, or Compact Ignition Tokamak)
(PARKER et a/.,1989; SIGMAR et al., 1990; GOLDSTON, BATEMAN et al.,
1991; GOLDSTON, NEILSON et al., 1991). One of the most important tasks

• which can be undertaken with these codes is the projection of the plasma
.. operating conditions which can be achieved either in a new regime on an
, existing device or else in a new device which is being designed to meet a

particular set of goals. Another important issue which can be addressed
with these codes concerns the deduction and understanding of the trans-
port properties of an auxilliary-heated tokamak. The basic idea is that
the transport properties of the ions and electrons can be inferred from so-
lutions of the particle and energy balance equations, provided that ade-
quate models of the various source and sink terms in the equations can be
constructed. In particular, in the case of tokamak plasmas heated with
ICRF heating (Ion Cyclotron Resonance Frequency), an RF-heating module
must be included in the transport simulation codes which can provide
power deposition profiles to both the ions and the electrons as a function
of time. The confidence which can be assigned to the deduced transport
coefficients is directly dependent on the accuracy with which the source
and sink terms can be represented.b
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To this end, an integrated time-dependent predictive transport/heating
simulation package has been constructed which consists of the WHIST 2-D
MHD equilibrium/1-D flux-surface-averaged transport code, developed by
ORNL (HOULBERG, ATTENBERGER, and LAO, 1982), combined with the RAZE

. hybrid ray tracing/Fokker-Planck ICRF modeling code, developed by PPPL. •
The package is modeled after the BALDUR/ARF code package, developed
originally by Hwang and Karney (1983) for modeling ICRF heating experi-

" ments in tokamaks with circular cross sections. The WHIST/RAZE package
features the full capabilities of the WHIST code, including general 2-D ax-
isymmetric equilibria and routines which model internal, disruptions,
pellet injection, neutral beam injection, gas puffing, impurity transport,

m

radiation losses, fusion products, etc. The code can be used to study mag-
netic field and/or current ramp phases of a discharge, both of which may
be important in the modeling of a device such as BPX. The RAZE codecom-
bine_ a ray tracing analysis of the ICRF wave propagation with a quasilin-
ear analysis of the wave damping. A time-dependent isotropic Fokker-
Planck module is incorporated, so that the evolution of the RF-induced
fast ions can be followed. A ray tracing approach was chosen primarily
due to time constraints which preclude the use of currently available full
field methods. However, as a result, the simulation package is most suit-
ed to studying plasmas in which mode conversion is relatively weak and o
absorption is relatively strong.

W

In addition to the original BALDUR/ARF package, various alternate ap-
proaches to constructing a combined transport/heating package have been
adopted by others. Most of the other predictive packages input ICRF power
deposition profiles which are based on the results of stand-alone ICRF

heating codes. For example, RF power deposition profiles calculated with
the BRAYCO ray tracing cod,e are used in combination with a bounce-aver-

aged Fokker-Planck code BAFIC to determine RF power transfer profiles to
the background thermal electrons and ions, which are in turn used as

source functions in the JETTO 11/2- D transport code (BHATNAGAR et al.,

1990). Morishita, Fukuyama, and Furutani (1988) have constructed atime-
dependent simulation package in which the ICRF power deposition profiles
in 2-D equilibria are extrapolated from a 1-D kinetic model, based on geo-

O

metric considerations, _¢ith collisional thermalization effects included

with a modified moments solution to the Fokker-Planck equation A simi- 4
lar model, in which 2-D power deposition profiles are constructed by pro- '
jecting results from a 1-D kinetic analysis, has been incorporated by S.C.
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Chiu (1989) in the ONE-TWO code of General Atomic (PFEIFFER et al.,
1980). Complementary transport "analysis" packages have also been
developed recently. In particular, the TRANSP (HAWRYLUK, 1979) code

• uses SPRUCE (SMITHE et al., 1987), a reduced order full field RF field code,
coupled with FPP, a bounce-averaged Fokker-Planck solver (HAMMETT,

. 1986,1989).

In this report, a detailed description of the physics included in the
WHIST/RAZE package as well as a few illustrative examples of the capa-
bilities of the package will be presented. Some initial results from the
package have been presented elsewhere (SWANSON et al., 1987; HOULBERG
et a1.,1988). An in depth analysis of ICRF heating experiments using
WHIST/RAZE will be discussed in a forthcoming report. A general over-
view of philosophy behind the structure of the WHIST/RAZE package, a
summary of the features of the WHIST code, and a description of the in-
terface to the RAZE subroutines are presented in section 2 of this report.
Details of the physics contained in the RAZE code are examined in section
3. Sample results from the package follow in section 4, with concluding
remarks and a discussion of possible improvements to the package dis-
cussed in section 5.

Q

, 2. OVERVIEW OF THE WHIST/RAZE TRANSPORT SIMULATION PACKAGE

Integration of the WHIST transport simulation code with the RAZE ICRF
modeling code is based on the premise that an ICRF-heated discharge is

characterized by three distinct time scales' "_E,the transport time scale,

'_C, the collisional thermalization time scale, and '_W, the wave propaga-

tion and damping time scale. The plasma densities, temperatures, current
and magnetic field profiles evolve on the longest time scale, '_E. Typical

values for "_E range from 20 msec in mid-size tokamaks such as PLT

(MAZZUCATO et a1.,1985) toa couple of seconds in large devices such as
JET (TUBBING et al., 1989). The ICRFwave propagation and damping occur
on the shortest time scale,'_ w, which is proportional to the time required

for the waves to propagate from the antenna to the resonance layer, lt

scales as a/(e_/kperp ) ~ a/V A , where a is the plasma minor radius, co is

' the wave angular frequency, kperp is the perpendicular wave number, and

" VA is the Alfven speed. Typical values range from 5"10-8 to 10 -7 sec,



so processes which happen on the '_W time scale are treated as

instantaneous as far as the transport time scale is concerned. The ICRF-
driven fast ion tail is formed and collisionally thermalizes with the back-

ground plasma on a time scale, '_C, which is intermediate between '_W and °

'_E. lt is typically significantly longer than 1;w, but may range in value

from 50 msec to 300 msec or more, so it may be comparable to the trans-
port time scale.

Evolution of the bulk plasma on the transport time scale is simulated
by the WHIST transport code. The 1-D flux-surface-averaged time-depen-
dent fluid transport equations are solved for the particle and energy flow
as well as for the current diffusion in the tokamak. Time-dependent tor-
oidal magnetic field ramps as well as plasma current ramps may be treat-
ed, either independently or simultaneously by the code. At any given time
step, the 2-D MHD magnetic equilibrium is obtained from the Grad-Shafra-
nov equation using the variational moments method (LAO, HIRSHMAN and
WEILAND, 1981 ), assuming a fixed boundary condition.

The MHD equilibrium consists of simply nested flux surfaces, with no
t

explicit separatrices. Flux surfaces are described with the coordinates

(p,e), where p = p(_) is a flux surface label, e is a poloidal angle that in-
creases by 2_ the short way around the torus, and • is the toroidal mag-

netic flux enclosed between the flux surface p(_) and the axis of symme-
try. However, in order to avoid singularities at the magnetic axis that
occur in flux-based coordinate systems, Cartesian coordinates (R,Z) are
used in the ray tracing algorithm in RAZE, where R is measured radially
outwards from the major axis of symmetry of the tokamak, and Z is

measured perpendicularly from the midplane. The cylindrical (R,@,Z) com-
ponents of the magnetic field and its derivatives, as well as the plasma
densities and temperatures required by the ray tracing routines, are ob-
tained in the following manner from the MHD equilibrium solution. In an
axisymmetric system with up-down symmetry, the flux surfaces are rep-
resented by the expansion"

I
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M
m.v

R(p,O) : E p Rm(p) cos(mO)
m=0

,M m'-,"

Z(p,O) = E p Zm(p) sin(mO)

,. m:O (1)

with the amplitudes R.m(P)and Zm(,O)fitted by cubic splines to the solu-

tion at a discrete set of surfaces and the series truncated at M=2 in the

VMOMS code (LAO, HIRSHMAN, and WEILAND, 1981). The flux surface coor-

dinates (p,,e,) of a specified point in cylindrical coordinates (R,.,Z,) are

determined by inversion of the above representation (ATTENBERGER, HOUL-
BERG and. HIRSHMAN, 1987). Plasma densities and temperatures, assumed

constant on a flux surface, are interpolated from a cubic spline fit in p for

values at p,.

The cylindrical components of the magnetic field are obtained from the

covariant field components as '

e
BR = Ro B

BO= RB
0

Bz = Zo B (2)

where the subscripts on R and Z represent spatial derivatives of the cylin-

drical coordinates of a surface with respect to the flux surface variables.

The covariant field components are'

t

8 O(o)B =
2_R_q(p)
t

" 2_R1: (3)
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where I:=R. 0z -R. Ze,q(p) is the safety factor, (I:)(9)is the derivativeP P

of the toroidal flux with respect to the flux surface label,p, and _, is a
stream function. The dimensionless radial coordinate, p, is defined in

/,

terms of the toroidal flux as p ----_/(I)(p)/(I) a so that (I:)(p)= 2p_)a, where (I:)_
is the total toroidal flux enclosed by the plasma. The stream function is
represented as an expansion of the form (HIRSHMAN and WHITSON, 1983):

Mo
m ,,.,

Z(p,e): ,_._p X,m(p) cos(rnO)
m=l (4)

where the series is truncated at MO= 7 and gm(P) is fitted with a cubic

spline to the solution on a discrete s_,t of surfaces.

The derivatives of the cylindrical components of B are determined from
finite differences, e.g.,

3B _ BR (R + 3R/2) - BR (R- 8R/2)

3R - 3R (5)
vt

with 8R = 5 x 10-5 a. Use of the stream function representation for the

magnetic field has forced the use of very small steps for the rays in order
to maintain sufficient accuracy. This is most iikely due to the fact that
the field derivatives now Involve second derivatives of the stream func-

tion. Earlier versions of the interface didn't have this difficulty when the
covariant components were evaluated from'

o i.toI(p )B =

Ro+ Zo_
27tR_( 2 2--/e

B _ - l,,toF(p)__ la

2r_R2 (6)



where <A> e is the e-average of A, I(p) is the toroidal current enclosed

within the surface, p, and F(p)is the poloidal current external to the sur-

face, p.

Regarding the use of specific transport models, the code is very flexi-
ble in that any given model can be easily Incorporated by modifying the in-
ternal statements in one subroutine. Satellite modules are Included which

model phenomena which cause changes in the plasma on the shorter time
scale. These modules (HOULBERG, ATTENBERGER, and LAO, 1982) can simu-
late internal disruptions, pellet injection, neutral beam heating, gas puff-
ing, impurity transport, radiation processes, and, as discussed In this re-
port, ICRF heating.

The RAZE code models the ICRF power deposition in the plasma. At any
given time step in the transport simulation, it models the instantaneous
net power deposition profiles which are contained in the auxiliary heating
source terms in the transport equations. The power deposition profiles
are recomputed in time as the plasma evolves, using instantaneous mag-

• netic field geometry and plasma density and temperature profiles, which
are provided by the WHIST code. The resonant ion distribution function is
advanced in time with each call of the RAZE code. However, since the

• resonant ion distribution function can evolve on the intermediate time

scale, "_C, the distribution function is remembered from one transport

time step to the next, so that corresponding changes in the ICRF power
deposition that occur on the collisional time scale can be included. The
connection between the resonant ion distribution function and the power
deposition profiles is discussed in detail in the next section.

3. THE ICRF POWER DEPOSITIONMODEL

ICRF power deposition profiles are constructed in the RAZE code by
combining ray tracing to describe the ICRF wave propagation , quasilinear
theory to calculate the wave damping, and nn isotrop_c Fokker-Planck
module to determine the effect of the waves on the resonant ion distribu-

" tion function. The code isan extension of the Hwang and Karney ICRF mod-
eling code (1983), with the main difference being that RAZE has been gen-

• eralized to treat ICRF power deposition in a 2-D axlsymmetric tokamak
equilibrium with simply nested flux surfaces.



Wave propagation is described by ray tracing (BERNSTEIN, 1975) of thG
launched waves, using a warm, multi-fluid description of the plasma. Be-
cause the equilibrium is axisymmetrlc, only a 2-D ray tracing algorithm in
a poloidal cross section of the tokamak is needed to construct 1-D flux-

surface-averaged power deposition profiles. Plasma density, ns , and

temperature, Ts, profiles for each species, s, are assumed to be functions

only of the flux surface,p. In Cartesian coordinates (R,Z), the ray tracing
equations take the form'

a_/a_k R a_k zdR dZ

--a dt

dkR dkz

where D(kL,k//,ns(p),Ts(p) ) is the dispersion relation for a warm, multl-
9

fluid plasma, k R and kZ are the Cartesian components and k// and k.L are

the components of the wave vector parallel and perpendicular to the local

equilibrium magnetic field,B, and t denotes time along the ray path.

In the RAZE code, the evaluation of the derivatives in equation (7) have
been formulated for a general 2-D simply-nested flux surface equilibrium
by using local values of the magnetic field and its gradients. At any point
along the ray path, the components of the equilibrium magnetic field and
the Cartesian derivatives of these components, as well as the projections
r.,f the flux coordinate unit vectors onto the Cartesian coordinates and the
derivatives of these projections are supplied by the WHIST code. For ex-
ample, the term aD/aR is evaluated using the chain rule for derivatives:

aD aD ap aD ak.L aD ak//
_=__+ +__

aR ap aR _k_LaR ak// aR , t'8' ")



where Dp/DR = -Ze/_ , c3p/DZ = R0/_, with _, RO, and Z0 defined as in

equations (2) and (3). Derivatives of the dispersion relation, D, with re-

spect to p, k// and k.Lare easily evaluated since D is explicitly expressed

in terms of these quantities. The derivatives of k// and k.Lwith respect

to Rare constructed by applying the chain rule again. For example, Dk///DR

can be expressed in terms of quantities supplied by WHIST by noting that

k 2 2

keB T N tor

wherekT= BT = -_ (9)

i

and where Nto r is the toroidal mode number of the wave and BT is the tor-

oidal equilibrium magnetlc fteld, and that

k, B kTBT+ kpBp
k// = _ = B

,-% ,#_

• where kp = kRR,O +kzZ*O (10)

where 0 is the unit vector in the poloidal direction along a flux surface, Iq,iv

and Z are the unit vectors in the Cartesian directions, and Rp is the poloi-

dal component of the equilibrium magnetic field. By using equations (9)-

(10), the term Dk///DR can now be constructed in the form'

- +- kT + kp + Bp k -k

DR B DR B DR DR R z_ (1 I)

where c and s are defined as

Dp Dp

^ " DR ^ " DZ
Z*O -c= Iq.0 =-s=

9



Note that ak///aR Involves derivatives of the terms c and s so that second

derivatives of the flux func'tion are needed. In a plasma with concentric,
circular flux surfaces, the term s, for example, is readily evaluated as

7.

= 'V'tR-P.o)2+Z2 (13)

where RO is the major radius. However, in a general 3-D equilibrium (re-

quiring the use of a stream function), accurate and efficient numerical
evaluation of second order derivatives of the flux function is difficult to

achieve over the s_me spatial distance needed when flux functions are
used to expand the field components as discussed In Section 2 (ATTEN-
BERGER, HOULBERG, and HIRSHMAN, 1987). Numerical jitter in these terms
leads to an increase in the number of step-size halvings in the predictor-
corrector routines which are used to integrate the ray equations in phase
space. As a result, approximately 30-50% more steps are required in
tracing a ray over the same spatial distance in the general 2-D
numerically-specified equilibrium as (__pposedto an analytically specified
concentric, circular flux surface equilibrium. Similar considerations
apply to the remaining terms in equations (7).

In a typical simulation of the wave fields, the ray paths for 20 rays are
determined by numerical integration of equations (7). By increasing the
number of rays included in the simulation, smoother power deposition pro-
files can be derived. However, the computational time required also in-
creases. An arbitrary coupled wave spectrum can be handled by the code

by specifying initial values for the starting positions Pi, el , the toroidal

and poloidal mode numbers Ntor,i, Mi and the powers Pi for each of the i

rays included in the simulation. The spectral characteristics of the
launched waves a e assigned on the basis of stand-alone coupling codes. A
Newton's iteration is performed at each starting location for each ray to
self-consistently determine the initial values of k.j_ which satisfy the

dispersion relation. A particular ray is followed until its power drops
below a preset level, _ypically 10% of its starting power, or until it has
been integrated through a preset number of steps, typically 400-600,
which is generally sufficient to allow the ray to make at least three pass-

10



es between the launcher and the resonance layer. At the plasma edge, an
approaching ray is specularly reflected, with a user-specified power loss,
back into the plasma. This latter loss provides an option to heuristically
mock-up losses which are not included in the ICRF model, such as fast lop
losses or power losses to the plasma limiters, etc.

" Wave damping is calculated from the ICRF-induced quasilinear diffu-
sion of an isotropic distribution of resonant particles. As any given ray,i,
travels through each radial zone, the flux-surface-averaged power,

Pd,s,i(P) , that it deposits on each plasma species,s, is calculated using

the quasilinear tensor, DQL,s,i ,as defined by Kennel and Engelmann
(1966), attributed to ray i'

I -, = af_
Pd, s,i(P) = powcrabsorption/vol=- d3v ns m s ve DQL,s,ie---=.

bv

- (14)

where fs(r')is the isotropic distribution function for species s, ms is theJ

mass of a particle of species s, and the integration is over velocity,v.
Since the full quasilinear diffusion operator is evaluated from the wave

v

electric fields, ali resonant interactions between the wave fi_:,ds and the
particles, such as Landau and cyclotron harmonic absorption, are included
in the damping calculation. Because WHIST solves flux-surface-averaged
fluid transport equations, the powardeposition profiles are calculated in
RAZE assuming rapid equilibration of the wave damping along a flux sur-
face. Around a given flux surface with flux surface area, A(p), and differ-

ential volume, AV(p), a single ray with a local power equal to Pi(P) con-

tributes an amount AUi(p) to the local flux-surface-averaged wave energy

density, determined by

AU i(p) __..(p) Pi(P) Pi(P)= = = AUi(P)=

At AV Ivgp]At A(,o) [Vgp A(o) (15)

!
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where the P component of the wave's group velocity is denoted by Vgp. The
local energy density of the wave is related to the local wave electric

=
fields through the dispersion tensor, D , using the well-known relation
(Stix, 1962)

1 --* aD -. 1 E2,,* aD ,,
AUi(P) = 4"8°COE' _'Oco E =_-eoco ¢. _. eaco , (Ie)

where the local electric field vector, E, has been written in terms of its
A

local magnitude, E, and polarization vector, ¢, as

E = E e exp[i ( k. r -cot)] , (17)

and where the polarization vector satisfies the relations'

D. e =0 and e . e=l . (18)

The superscript * denotes the complex conjugate of the associated vari-
able. Using equations (14)-(17), the contribution from ray i to the
quasilinear diffusion tensor (KENNEL and ENGELMANN, 1966) can be eva!u-
ated locally in terms of the wave fields according to'

DQL,s,f = _- co- k/iv/- aNa N- Qs
ms IVgplA(P)

-. __k// co.v// va.+ V-LV/
aN=0N co

ON = erJN+t+elJNt_ + v/--'_/JNC//v± (19)

where N denotes the harmonic interaction number, _s is the cyclotron an-

gular frequency for species s, vi and v//are perpendicular and parallel unit

vectors in velocity space, JN is the Nth order Bessel function with Ii

12



k.uv.L
argument ,ande I ,e r,ande// are the left-hand, right-hand, and par-

CO

allel components of the polarization vector defined in equations (17) and

(18). In practice, only the J..Land the //// components of DQL,s,i are used
r

in the simulation code, since the minority distriDution function is approx-
" imated to be isotropic in velocity space. By inserting equation (19) into

equation (14), the local power absorption on species s can be written in

terms of the local power in the ith ray as

" f -* = °afs Pi(P)

Jl-,.,,s,i(P)= " d3v nsm sv, DQL,s,i' _ -= Cs

I  PIAC°) . (20)

Hence, as the ray propagates, it is damped according to

dP.r_lkh" ,_

dt ='Pcki(P)IvgplA(P)='Pi(P)C
so

Pi(P)= Piocxp(-Ct) (21)

• where Pio is the initial power in the ray, and C and Pd,i denotes a sum
over species of equation (20).

The wave damping, as determined from equation (21) by summing over
contributions from ali the rays, represents only direct damping of the
waves by resonant interactions with the plasma. In most regimes of
interest, the ICRF waves tend to damp preferentially on the resonant ion
species, thereby driving the distribution function of the resonant species
to be non-Maxwellian, characterized by a high energy tail (STIX, 1975).
The hot ions in the tail collisionally interact with the background species,
thereby redistributing the absorbed wave energy to the bulk plasma
species. However, the wave energy absorbed by the minority species will
be equal to the energy collisionally redistributed to the bulk species only
under steady-state conditions. Otherwise, the difference between the
wave energy input to the minority species and the collisional energy lost
from the minority to the background ions causes the minority distributionq

function to evolve in velocity space. In any case, the net power deposition

13



from the waves to the bulk plasma species is a combination of direct
wave damping plus indirect heating via collisional thermalization of the
ICRF-induced fast ions. Note that the net heating of the bulk minority ions
consists only of power which is collisionally transferred from the hot tall
minority ions.

,d

In order to model the collisional contributions to the net power deposi-
tion profiles, the distribution function, fm, of the resonant, or minority,

ion species is self-consistently evolved using a time-dependent, isotropic
Fokker-Planck solver in each radial annulus of the plasma cross section.
By choosing an isotropic model for the minority distribution function, ef-
fects which are directly related to the velocity-space anisotropies caused
by high-powerlCRFheating have been neglected. Bounce,averaged Fokker-
Planck models for the fast ion distribution function have been developed
recently (KERBEL and MCCOY, 1985; HAMMETT, 1986) which can address
some of the issues associated with velocity-space anisotropies. However,
the models tend to require significantly more computational time than the
isotropic model assumed here. Though the use of these more complex
models in a predictive transport simulation would undoubtably increase
the accuracy of the predicted power deposition profiles, the associated
increase in computational time would tend to render the simulation pack-
age impractical as far as day-to-day studies of experiments are
concerned.

, Both Coulomb collisions and ICRF-tnduced quasilinear diffusion are in-

cluded in the model Fokker-Planck equation for fm in each radial annulus'

_fm /Slm/ .1 a 2 E _fm
= [[_7 + --2 _ V ray DQL, m

at \ _t/con av avV crossings , (22)

where DQL,m is the vv component of the quasilinear diffusion tensor, aver-

aged over pitch angle and determined by summing over the contributions
from each of the rays that crossed the given annulus. The resonant ion
distribution function is initialized to be a local Maxwellian at the bulk ion

temperature in each radial annulus and is then evolved in time using equa-
tion (22). The time step used to advance equation (22) is equal to the
transport time that has elapsed since the rf subroutines were last called
by WHIST. In evaluating the collisional terms in equation (22), the back-
ground species are ali assumed to be Maxwellians at the bulk ion

14



temperature. This approximation is made so that the rf subroutines cal-

culate the collisional transfer of energy from the hot tall ions to the bulk
species while WHIST calculates temperature equilibration between the
bulk ions and electrons. Collisional redistribution of the power absorbed
by the minority species to the bulk species is determined from equation

. (22) and is added to the direct wave damping profiles, as determined using
equation (21), to arrive at the net power deposition profiles to the back-
ground species. Net power deposition profiles to the bulk ions and elec-
trons are then passed, through the interface routines, to WHIST for use in
the energy balance equations.

In a typical simulation of an ICRF-heated discharge, WHIST first
evolves the plasma through the pre-RF phase of the discharge. During the
ICRF heating phase, the RAZE routines are called whenever the input power
or the background plasma conditions have changed by a user-specified
relative amount, typically chosen as 10%, or else if a user-specified
transport time interval has passed. When sawteeth are present in the dis-
charge, additional calls to the RAZE routines are made in order to include
the effects of sawtooth mixing on the fast ion distribution function.
After each occurrence of a sawtooth, the RAZE package is called and the
fast i,on distribution function is averaged over the mixing radius to reflect
the effect of sawtooth mixing of the fast ions (PHILLIPS et a/.,1989). An

" estimate of the fast ion slowing down time is then obtained and compared
to an estimate of the sawtooth period, based on experimental observations
or else sawtooth period scaling laws such as the one proposed by Park and
Monticello (1990). If the slowing down time is less than the estimated
sawtooth period, then the RAZE code is called up an additional four times
over a time period equal to the estimated slowing clown time and then at
subsequent times as needed, as specified above. On the other hand, if the
slowing down time is longer than the estimated sawtooth period, then the
RAZE code is called an additional four times over a time interval equal to
the estimated sawtooth period. Depending on the particular plasma
conditions being simulated, which influence such factors as the strength
of the wave absorption and the length of the velocity grids required to ad-
equately represent the minority distribution function, one complete call
of the RAZE package can take from one to five minutes of cpu time on a
CRAY-XMP. lt is therefore desirable to minimize the number of times that

RAZE is called by WHIST, subject to the constraint that the time evolution
d

of the power deposition profiles be realistically determined, In the next
section, a few illustrative examples of the capabilities of the combined

15



WhilST/RAZE package wtll be discussed.

4, SAMPLE RESULTS

Predictive transport simulations of tokamak plasmas require the spec-
ification of a suitable model for the particle and energy transport. Though
a great deal of progress has been made in recent years towards developing
theory-based semi-empirical transport models which can be used to
successfully simulate the behavior of plasmas in current experiments, a
single model has yet to be found which can be used reliably under ali con-
ditions of interest (REDI and BATEMAN, 1991; REDI et al., 1987). In order
to illustrate the capabilities of the WHIST/RAZE package in simulating
ICRF heating experiments in tokar_aks, a simple transport model has been
formulated based on empirically derived global scaling relations and ex-
perimentally deduced radial profiles for the thermal conduction coeffi-
cients. Simulations of ICRF heating experiments on PLT and projections to
the operating regime which may be attained on the proposed ignition
device BPX (PARKER et a1.,1989; SIGMAR et al., 1990; GOLDSTON, BATEMAN
et al., 1991; GOLDSTON, NEILSON et al., 1991), will be discussed in this
section using this simplified model.

In tokamaks, the electron and ion thermal heat conduction coefficients,

Zeand X:i, respectively, are generally assumed to consist of an anomalous
neo

contribution, _anom, plus the neoclassical term, Z . The anomalous
contribution tends to dominate the behavior of the plasma, leading to en-
ergy confinement times which are substantially lower than would be pre-
dicted on the basis of the neoclassical theory alone. A simple model for

anom
Z can be constructed by assuming that the co._duction coefficients
can be written in the form'

ean°m(.p7,, ) = _,eof(P) (23)

where Xe0 is a normalization factor and f(p) describes the radial variation

of the heat conduction across the plasma minor radius. The radial varia-
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t

anom is specified based on the behavior deduced from analysis oftlon of Xe

experiments. A typical form that has been used in the simulations pre-
. sented in this paper is '

[1+ 2rm)l
f(p) = am for rm>0.25

2 am

f(p) 1 am ,, for rm= _ m< 0.25
2 2 am (24)

where rm and am denote the flux surface radius and the plasma minor ra-

dius evaluated on the midplane, respectively. The normalization factor,
can be derived from the global scaling relations for the energyXeO,

confinement time, as described below.
¢

Global scaling relations for the energy confinement time, _:exp ' are
generally derived from experimental data using the energy balance equa-
tion in the steady state limit"

Wtot
dWt°t - Pin - 0

dt l:;exp (25)

where Wto t is the total stored energy in the plasma and Pin denotes the

total input power, including ohmic and auxiliary sources. By rewriting the
energy balance equation in terms of conduction and other losses, the ener-
gy confinement time can be related to the electron and ion thermal diffu-
sivities as follows'

dWtot _ Pin- p " P rad" Pion" f. x(V'qe+ V'qi )dt cx , (26)
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where the integration is over the plasma volume, Losses due to charge ex-

change, radiation, and ionization are denoted by Pcx' Prad' and Pion ' re- b

spectlvely, while the conduction and convection losses are contained In qe i,

and q las'

a

^ .conv
_ _cond .conv _ P + qJ
qJ = qJ + qJ = "nj zj _)p (27)

forj=i,e. The anomalous portion of Xi is usually set to be proportional to

the anomalous electron thermal diffusivity:

anom neo
Xi(P) = a Xe (r) + Xi (r) . (28)

where o_ denotes the proportionality constant. This assumption is consis-

tent with both D-III-D and TFTR data, when (_ is set in the range of 0.5-5
(ZARNSTORFF et al., 1988).

Having specified the radial dependence of the thermal conduction coef-
ficients, equations (25)-(26) may now be equated to determine the overall

normalization of Xe, consistent with the chosen global scaling law for

Zexp. The result may be written in the form'

neoo3Ti(am) neo _Tc(am)
Wt°t Ploss + S ni(am) Zi + S ne(am) Ze

-1 q;cxp _P _P
Zeo -

f(am) [ chTi(am) c)Te(am)]S ani(am) chp + ne(am) ehp

(29)

where

conv _ conv

Ploss = Pe + Pi + Pcx + Pion + Prad (30)

and where S denotes the surface area of the outermost flux surface. To
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insure that the simulation reproduces the desired global scaling for '_exp'
equation (29) for the normalization constant for the anomalous thermal
diffusivity must be reevaluated at each time step, using the current val-

" ues for densities, temperatures, etc. Estimates for the neoclassical con-
tributions and for the loss terms can be saved from the previou_ ttmest _,

. If necessary, to complete the evaluation of _e0'

The WHIST/RAZE simulation package has been used to study the high
power ICRF heating experiments performed on the PLT tokamak which
were reported by Mazzucato et al. (1984) and Wilson et al. (1985). In
these experiments, up to 5 MW of ICRF power at 30 Mhz was applied to the
PLT plasma In the deuterium majority/helium-3 minority mode of heating.
The power was applied on the low field side of the torus with three half-
turn antennas, phased such that the launched spectrum was peaked around

-1
10 m . A striking feature observed for the first time In these experi-
ments was the occurrence of giant sawtooth oscillations durlng the RF
heating Interval in which ATe/Te(0), where ATe is the change In the cen-
tral electron temperature,Te(0), due to a sawtooth oscillation, was on the

. order of 33% (MAZZUCATO et al. 1984; WILSON et al. 1985; CAVALLO et al.
1985). The observed energy confinement time was consistent with the
Goldston Aachen L-Mode scaling relationship (GOLDSTONet al. 1984), ex-

" cept for some evidence that the decrease in confinement time with in-
creasing ICRF power level saturated for powers above 3 MW (WILSON et al.
1985). Results of a comparison between the measured temporal evolution
of the central electron and ion temperatures and simulations using the
WHIST/RAZE package are shown in Fig.1 for 2.6 MW coupled to the plasma.
The electron and ion density profiles in the simulation were adjusted to
match the experimental profiles, as reported by Mazzucato et al. (1984)0
The electron and ion energy transport was simulated with the model spec-
ified above in equations (23),(24),(28),(29), and (30) with 1: replaced by

exp
the Goldston Aachen L-mode scaling relation (GOLDSTON, 1984),

0,5 Rol.75
5.8e-8 K: lp (31)I:G = 0,5 0,37

Pin am
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where lp is the plasma current in amps, _: is the plasma elongation mea-

sured at the plasma edge, RO and am are the plasma major and midplane

minor radii measured In centimeters, and Pin Is the total Input power In

watts. In the simulation, 1;Ghas been multiplied by 0.9 (in order to repro-

duce the experimentally observed value of 21 msec at the peak of the RF
power pulse) and with _=0.4. Reasonable agreement Is found between the
experimental measurements and the simulation results, Including repro-
ducing the measured sawtooth amplitude on the central electron
temperature. Th9 sawtooth modulation of the ion temperature was not
measured with the diagnostics used for the data given in Flg.1. However,
measurements of the ion temperature with an x-ray crystal spectrometer
indicate that the amplitude modulation of the central ion temperature due
to sawtooth oscillations was comparable to that observed for the central
electron temperature (BITTER et al. 1981). In these experiments, the
sawtooth period was about 10 msec while the fast ton slowing down time
was on the order of 50-100 msec. Since the slowing down time is of the
same order as the time for the minority tall to be formed, an interesting
consequence of the relatively rapid sawtooth period is that the minority
tail temperature remained relatively low and the power deposition pro-
files were severely flattened over the q=l volume. In Fig. 2, the calculat-
ed power deposition profiles to the ions and the electrons at the bottom of
a sawtooth oscillation are displayed. The calculated central heating rate

of electrons of approximately 1,5 W/cm 3 is in excellent agreement with
the measured value, as reported by Mazzucato et al. (1984). To test the
predictive capability of this simple transport model, the input power in
the simulation was raised to 4.3 MW while ali other inputs were left
unchanged and the results were compared to the data taken in experiments
on PLT conducted at that input power. As shown in Fig. 3, the use of even
this simple transport model in the WHIST/RAZE package yields calculated
temperatures which scale reasonably with the experimental observations.

The simple transport model described in this section has also been
used to project the confinement performance and ICRF heating power
deposition profiles which may be obtainable In an ignition tokamak such

as the proposed BPX device. BPX is a high field (BT ~ 8-9 T), relatively
i,

compact (R0.-,2.59 m, a~0.8 m) tokamak with nonctrcular flux surfaces
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(K:95~2 , 895~0.35) designed to study self-heated plasmas with Q>5 which

produce significant fusion power ytelds using auxiliary heating based on
20 MW of ICRF or 50 MW of combined ICRF and ECRH (Electron Cyclotron

" Resonance Heating) (PARKER et a1.,1989; SIGMAR et al., 1990; GOLDSTON,
BATEMAN et al., 1991; GOLDSTON, NEILSON et al., 1991). The machine is

20 -3
" designed to run with central electron densities of about 3'10 m ,

with density profile shapes ranging from the very flat profiles seen In
current devices In H-mode operation to moderately peaked profiles which
can be obtained with pellet Injection (GOLDSTON, R.J., NEILSON, H. et al.,
1991). For the sample cases discussed In this report, the profile is as-
sumed to be moderately peaked, as depicted In Fig. 4. Durtngth_, time that
the ICRF heating is applied, the plasma current and toroidal magnetic field
undergo very weak ramp phases prior to the start of flattop operation, as
shown in Fig. 5. The confinement performance has been projected using
the simple transport model described in this section, with the empirical
scaling relation for the energy confinement time evaluated using either
the more pessimistic ITER89-P L-Mode scaling (YUSHMANOV et al., 1990),

ip0,aS Ro 1 0,20,5 _,5 ,2 0,3 0,1 BT3.81e-9 K: _eff
am no (32)' 1;ITER89P= 0,5

P In

where i_eff Is the average mass of the Ion species, BT Is given in tesla,

and ne Is given In m"3, or else the more optimistic ITER-H H-Mode scaling

(CHRISTIANSEN et al., 1990)'

-0,19 0,5 pi,02 R01,6 0,152.59e-8 _: _l.eff I BT
1;ITER'H = 0,47 , (33)

P In

Fig. 6 displays the projected temperature evolution of a BPX plasma using

these two scaling relations, lt was assumed that Xl,anom/Xe,anom=l in
these examples, though other runs with the ratio varied from 0.5 to 2.0
gave very similar results. Since ray tracing codes tend to predict power

. deposition profiles which are more strongly peaked than full wave codes
, (BRAMBILLA and KRUCKEN, 1988; KRUCKEN and BRAMBILLA, 1989; TIBONE

et ai., 1988; PHILLIPS et al., 1989), the ICRF resonance layer was placed
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somewhat off-axis on the high field In order to more realistically model
the power deposition density In the central region of the discharge, A Ka-
domstev model for sawtooth oscillations was utilized, with r the trigger
for a sawtooth event determined byq(0) dropping below 1 on axis. In both
cases, extreme modulation of the central electron and ion temperatures is
projected due to sawtooth events. Though this effect Is consistent with
the observations of giant sawteeth on PLT (MAZZUCATO et a,., i985), TFTR
(PHILLIPS et al., 1989; HOSEA et al., 1990), and JET (GILL et al., 1986), the
exact extent to which the temperature amplitude will be modulated is de-
pendent on a balance between the strong central peaking of the ICRF heat-

Ing deposition profile, the associated suppression of Xe and 7,,1in the core,

and on the size of theq=l volume. The simple transport model used here

Includes a reduction of Xe and Xi for the inner quarter of the minor radius,

as indicated in equation (24). This model is consistent with the PLT ob-
servations describad above as well as with simulations of ICRF-heated,
pellet-fueled discharges in JET (HOULBERG et al., 1989). The sawtooth pe-
riod is longer in the simulation using the more optimistic ITER-H scaling
since the calculated central electron heating rate is significantly higher
in that case. The ICRF heating power spli_ between ions and electrons for
the two cases is shown in Fig. 7. For both scenarios, ion heating is more
dominant than electron heating, though in the simulation using ITER-H
scaling, significantly more direct electron heating is predicted towards
the end of _he flattop phase due to the higher achieved electron tempera-
ture, so that the power split to ions and electrons becomes more even. Fi-
nally, based on the results of these simulations shown in Fig. 8, the pro-
jected fusion gain, Q, is >_.5 even if the best confinement achievable in BPX

is limited by L-mode type confinement, as embodied in the ITER89-P scal-
ing. Hence, it is likely that BPX has been adequately designed to study the
physics of self-heated fusion plasmas, including the production of sub-
stanttal amounts of fusion power (GOLDSTON, NEILSON et a/.,1991; GOLD-
STON, BATEMAN et al., 1991).

5. SUMMARYAND CONCLUSIONS

A predictive transport/heating simulation package has been developed
for studying ICRF-heated tokamak discharges by integrating the WHIST

11/2-D predictive transport code with the RAZE ICRF power deposition

code. The package is capable of self-consistently recomputing the ICRF
power deposition profiles and the resonant ion distribution function as a
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function of time as the equilibrium plasma evolves on the transport time
scales. Though the evolution of the tokamak discharge is affected most
significantly by the transport properties of the plasma and by global phe-
nomena such as sawtooth oscillations, significant changes In the split of
applied ICRF power to the electrons and the ions can occur throughout the
heating phase of the discharge, thereby Influencing the overall plasma
performance.

A number of approximations have been made which limit the applica-
bility of the package. Two main assumptions pertain directly to the
WHIST code. First of all, WHIST equilibria consist of simply-nested flux
surfaces, so that simulations of ICRF heating in diverted configurations
are valid only for reglonswithin the separatrlces. Secondly, the transport
of the bulk species in the WHIST code Is accomplished assuming that the
bulk species are Maxw_lllan. Transport effects related to the ICRF-ln-
duced hot tail ions are neglected on the basis that the relative population
of these particles is small and that Initial measurements of the transport
of these ions is small relative to the anomalous transport properties of
the bulk species (HAWRYLUK, R. 1991). However, in plasmas in which sec-
ond harmonic ICRF heating of a bulk ion species becomes significant, large

" fractions of the plasma can become very non-Maxwelllan in character
(HWANG et al., 1983). In this case, different models for the conduction

- and convection losses would need to be developed and incorporated into
the code.

The RAZE code uses ray tracing techniques to model the wave propaga-
tion and electrtc fields in a warm, multtfluid plasma, and hence is subject
to the usual weaknesses of WKB and "cold" plasma models. In particular,
the approximations break down In the absorption region, so that solutions
for the field polarizations are inaccurate and mode conversion and kinetic
effects on the wave absorption are neglected. Furthermore, coherence ef-
fects, such as diffraction and cavity mode formation, are also neglected in
ray tracing models. Despite these limitations, a ray tracing model was
chosen because it is possible to estimate the damping due to a general
launched spectrum of waves in a relatively minimal amount of time com-

. pared to full field methods which utilize klnotic models for the absorp-
tion. For example, one complete call of the RAZE code, as implemented in
WHIST, requires from one to five minutes of CRAY cpu time to calculate

' the combined direct and collisional power deposition profiles due to 20

rays, each of which may have a different k//, as well as evolve the minor-
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ity distribution function. By comparison, 2-D stand-alone full field kinet-
tc models (FUKUYAMA et a/.,1986; BRAMBILLA and KRUCKEN,1988; EDERY et
al., 1987) typically require five or more minutes of cpu time to determine

the direct damping profiles for a single value of k//. Full field codes

(SMITHE et a/.,1987; BATCHELOR et a1.,1989) which utilize reduced order
representations for the kinetic effects require less time, on the order of
one cpu minute perk//, These latter codes may be candidates for replace-

ment of the ray tracing modules in the predictive code packages, though
their use will entail an Increase in overall run time. Another _sslble

candidate is a hybrid ray tracing/mode conversion model (PHI ' " _
L I_ i '13',?:('_,,,{ 9 8 5 )

In which ray tracing is used to treat 2-D aspects of the wave pi'o#_,#!atlon
but a 1-D kinetic absorption code ts used to determine the local absorp-
tion profile within the resonance layer. Both of these two methods are
currently under consideration for future upgrades to the simulation pack-
age.

Exhaustive comparisons between power deposition profi!es obtained
with ray tracing versus those obtained from full field methods have not
been systematicaliy studied. However, some initial comparisons indicate
that in regimes in which mode conversion is not prevalent or in which ab-
sorption is strong, so that cavity modes do not dominate the wave fields,
that reasonable agreement exists between results from the two methods
(HWANG et al., 1985; BRAMBILLA and KRUCKEN, 1988; TIBONE et al., 1988;
PHILLIPS et.a.,. 1989). The main difference between solutions obtained
from the two approaches is that ray tracing tends to predict that the
power deposition profiles are more peaked than the full field methods
would indicate,though the net power transferred to background ions and
electrons tends to agree between the two methods, in the cases in which
absorption is weak, results from 2-D full field codes indicate that the

formation of global cavity modes can have a strong influence on the wave
fields and power deposition profiles (ITCH, ITCH and FUKUYAMA, 1984;
SMITHEetaI., 1987; BRAMBILLAand KRUCKEN, 1988). The actual structure

of the fields in these cases is dependent on the details of the launched k//

spectrum, on the actual shape of the vacuum vessel walls, and perhaps on
the boundary conditions chosen at the plasma edge and vessel walls. Since
these factors are not well-known, the extent to which even the full field

methods can accurately model a particular experiment in which absorption
is weak is uncertain.
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As mentioned previously, the Fokker-Planck model included in RAZE is
valid only for particle distribution functions which are isotropic in veloc-
ity space. Bounce-averaged Fokker-Planck models have been developed
wllich can treat velocity-space anisotropies but which require signifi-
cantly more cpu time than the isotropic models. The current WHIST/RAZE
package typically uses 20-50 minutes of CRAY-XMP time in simulating

" ICRF-heated plasmas in such devices as PLT, TFTR, JET, and BPX, where
the total elapsed transport time ranges from 0.5 to 10 seconds. The use
of bounce-averaged Fokker-Planck models in predictive codes would sig-
nificantly increase the amount of time required for a simulation, lt may
be possible, however, to include an enhanced model which addresses some
of the effects related to anisotropy by using a modified velocity moments
solution of the Fokker-Planck equation (ANDERSON, ERIKSSON, and LISAK,
1985; MORISHITA, FUKUYAMA and FURUTANI, 1988) Such models are cur-
rently under consideration.

In summary, the WHIST/RAZE predictive transport simulation package
is-a flexible and potentially powerful tool to aid in the understanding of
ICRF-heated tokamaks. Various transport models can be easily tested
with the code against the existing experimental database, with some hope

• that the heating terms are modeled adequately. Given a transport model
which the community feels represents the current experiments and which

- has a sufficiently sound theoretical basis to be scalable to the next gen-
eration of devices, the simulation package can then be used to project a
range of performance characteristics that might be expected from such
devices.
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FIGURE CAPTIONS

Fig.1 Good agreement is found between the experimental measurements of
the time evolution of the central electron and ion temperatures during

ICRF heating with 2.6 MW in the minority 3He mode on PLT, shown In (a),
and the corresponding numerical simulation obtained with the
WHIST/RAZE package, shown in (b). (Experimental measurements were ob-
tained from MAZZUCATO et al., 1985.)

Fig. 2 Calculated ICRF power deposition profiles to the bulk ions and elec-
trons are displayed for the simulation given irl Fig. lb. Accqrding to Maz-
zucato et al. (1985), the experimentally deduced central heating rate for

electrons was about 1.3-1.5 W/cm 3 for ICRF power levels of about 2.5
MW.

Fig. 3 Same as Fig. 1 but with an ICRF power of 4.3 MW. (Experimental
measurements were obtained from WILSON et al., 1985.)

Fig. 4 The electron density profile in the nominal BPX discharge studied

here is moderately peaked, with ne(0)/<ne>vo I equal to about 1.3 during

the flattop stage.

Fig. 5 The time evolution of the plasma current, toroidal magnetic field
and ICRF power for the nominal BPX discharge studied here shows that the
field and current ramps are negligible during the ICRF heating pulse.

Fig. 6 The time evolution of both the volume-averaged and central elec-
tron and ion temperatures in a nominal BPX discharge, as projected using
the WHIST/RAZE package are shown in (a) for an assumed ITER89-P con-
finement scaling and in (b) for ITER-H confinement scaling.

Fig. 7 The calculated ICRF power split to the ions and electrons Is shown
in (a) for an assumed ITER89-P scaling, and in (b) for an assumed ITER-H
scaling. With the higher temperatures achieved with the ITER-H scaling,
direct electron heating becomes more important, leading to a more equal
power split.
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Fig. 8 The projected fusion gain, Q, for the nominal BPX discharges depict-
ed In Fig. 4-6, is >5 in the flattop phase, even with the more pessimistic
ITER89-P scallng.
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Plasma Current, Toroidal Magnetic Field and iCRF Power vs. Time
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