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ABSTRACT

Simultaneous achievement of high energy confinement and high plasma
beta could lead to an economically attractive compact tokamak fusion power
plant [1]. High plasma performance regimes have been obtained in DIII-D with
H = 1g/TI7ER-80P = 4, terminated by MHD stability limits at high beta [2].
In DIII-D hollow current profiles, or second stable core (SSC) discharges, have
been obtained with central beta values up to 44%. Improved confinement in
JET-PEP mode discharges has been obtained with hollow current profiles [3].
In the present work we present simulations which show that the hollow cur-
rent profile can be maintained in quasi-steady state through a self-consistently
determined combination of bootstrap current and neutral beam and rf current
drive. Controllability of the g profile is demonstrated by eliminating low m/n
mode number instabilities from these discharges by maintaining ¢ > 1.5 at all
times,starting from appropriate initial conditions. At moderately high 3, the
bootstrap current can be a substantial fraction of the total current and the
ability to maintain the proper total current density profile depends on the boot-
strap current profile and the availability of suitable localized heating and cur-
rent drive. In these simulations,we use electron cyclotron heating (ECH), ion
cyclotron heating (ICH), and electron cyclotron and fast wave current drive
(ECCD, FWCD). The ability to maintain the profiles is demonstrated using
several energy transport models. Self-consistent transport simulations are used
to model the SSC discharges using the ONETWO [4] transport code coupled
to rf heating and current drive packages FASTWAVE [5] and TORAY [6]. To
accurately model inductive and driven current profile evolution, the additional
source terms that arise in Faraday’s law due to internal flux surface motion are
included by coupling the transport calculations to a fixed boundary equilibrium
code. To test the sensitivity of our results to the transport model used, we
model DIII-D discharges using thermal conductivities consistent with improved
confinement DIII-D discharges, and with the Rebut-Lallia-Watkins [7] model of
energy transport. The density profiles in our simulations are chosen based on
measured VH-mode profiles. The modeling results indicate that simultaneous
achievement of high confinement, H > 3.5, high normalized beta, Sy > 5.0 and
high bootstrap fraction, is possible in DITI-D with these transport models. We
have extended our simulations to demonstrate the applicability of these results
to a compact fusion power plant. Using the RLW model of energy confinement
it is shown that modest FWCD power applied near the hot (~50 keV) center of
such a power plant provides the necessary current drive control near the mag-
netic axis. Fast wave heating of the electrons and ions in the region of the high
bootstrap current caused by the sharp turn on of the RLW model, allows some
moderate control over the g profile using a single, economically competitive fast
wave heating system.

1. INTRODUCTION

In the results presented below the electron density and Z.g profile are held
constant at prescribed initital values. The electron and ion temperature profiles
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together with Ampere’s and Faraday’s laws are evolved self consistently includ-
ing the effects of flux surface motion. The electron and ion energy equations
can both be written in the form
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where e, i means electron or (total) ion quantitites are to be taken. The source
term S.,; includes the standard sources and sinks including neutral beam and
radio frequency heating contributions. Faraday’s law takes the flux surface
average form
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where the terms in the gradient of n;, Te, T3, and D3, D} are related to the boot-
strap current, Bpg is the poloidal magnetic field given by Bpo = (1/Ro)(9v/0p)
and the flux surface average geometry dependant factors are

F=RoBu/fl(p) , G=((Vp) R}/R?) , I=F/(R}/R") . (3)

The coefficients F, G, and I are explicit functions of the radial flux coor-
dinate rho (taken here as proportional to the square root of the toroidal flux)
and implicit functions of time. In our calculations the time dependencies of
F, G, and H are assumed to be linear in between MHD equilibrium calcula-
tions. This time dependance, together with the apperance of the parameter d,
which represents the speed of flux surfaces relative to the magnetic axis, give
rise to the additional source terms in Egs. (1) and (2). In the present work
the equilibrium calculations are taken to be fixed plasma boundary up/down
symmetric cases only (failure to assume up/down symmetry from the start was
found to often cause vertical oscillations in the equilibrium calculations for the



inverted q profile cases presented below). The function ff’ which appears in
the Grad-Shafranov (GS) equation is given by
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where the pressure gradient P’ and flux surface average toroidal current density

(LR&) are determined from solution of Egs. (1) and (2). Closure of the system

of equations is achieved by taking Ohm’s law in the form
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7 is the parallel neoclassical resistivity, Ro, B are reference major radius and
magnetic field values, and Ey is the ohmic electric field (in steady state Ep is
related to the loop voltage by Vieop = 2w RoEp). The parallel ohmic current is
given in terms of the total, bootstrap and auxiliary driven currents by
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Where the total parallel current is determined from Ampere’s law, the auxiliary
driven current is determined from beam and rf current drive models, and the
bootstrap is taken as the small inverse aspect ratio, collisional model of Hir-

shman [11]. In the flux surface average formulation presented here the total
toroidal current inside a flux surface and the safety factor are

B [GI"Q] . (7a,b)
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2. DIII-D SIMULATIONS

The up/down symmetric, fixed boundary, (x =2.1, 6§ = 0.8, R, =1.9 m)
DIII-D type discharge shape used in the analysis is shown in Fig. 1 with the
initial and final (near steady state) flux surfaces generated using the Hsieh [10]
model of confinement. The initial MHD equilibrium configuration is given by
the solid contours in the figure and was the same for all three confinement
models presented below. The final configuration, indicated by dashed lines in
the figure, in addition to being an MHD equilibrium state, is also a transport
equilibrium state where the temperatures are constant in time and the electric
field, Ey, is constant in rho. The rearrangement of the flux surfaces is typical
of the cases presented here and is indicative of the effects of including transport
calculations in our simulations. We have observed that failure to evolve the
equilibrium with the transport leads to final states which do not satisfy the GS
equation and hence are states that could not be achieved experimentally. The
geometric factors F, G, I, appearing in Egs. (1) and (2) can vary substantially
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Fig. 1. Motion of flux surfaces during the simulation. Solid contours repre-
sent starting configuration, dashed contours represent the final MHD /transport
equilibrium configuration for the Hsieh confinement model.

during the evolution. For the case illustrated in Fig. 1 a maximum relative
change of 30 percent occured in the G function, near the magnetic axis, during
the 12 second simulation of the evolving plasma. The changes in F are more
benign, amounting to about 4 percent near the axis, while the factor I changed a
maximum of 8 percent, also near the axis. The additional sources in Egs. (1) and
(2) amounted to a maximum of 4 and 9 percent of the RHS of these equations
respectively,due to the dominance of auxiliary heating and current drive. Much
larger variations than these can be expected during the active shaping of the
hollow current profile (which could be achieved by elongating the plasma and/or
using FW current to decrease the beam driven current near the axis). The
present paper does not address these startup issues.

A VH-mode type electron density profile, with a line average density of
5.80 x 10'°/m® was used to satisfy the Greenwald [8] limit. Three different
energy confinement models, representative of Bohm, gyro-Bohm, and nonlinear
grad T, dependent diffusion were used in the calculations. The simplest (Bohm)
model, consistent with observed transport in DIII-D, has an electron thermal
diffusivity given by INTOR scaling
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The ion conductivity was taken as x; = 2.6Xi,neo Where the factor of 2.6 was
choosen to yield temperature profiles that are representative of VH-mode and
high confinement H-mode discharges [8]. A representative gyro-Bohm case is
the RLW model of confinement [7] which features a large and rapid increase in
the diffusivity when the magnetic shear becomes positive. This leads to very
steep temperature gradients for SSC discharges as is shown below. Finally, a
recently developed model based on analysis of L-mode data by Hsieh [10], is
of the nonlinear grad T, variety investigated by Dnestrovskij [13] and indicates
that the electron and ion diffusivities are well fit by the formulae

Xe = XHsieh T+ Xe,neo Xi = CiXHsieh + Xi,neo

where
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C. and C; are adjustable constants. The value used for C, is approximately 0.1
times the value determined by fitting to experimental data in L-mode discharges
and was chosen to give the representative VH-mode temperature profiles.

The results of the combined equilibrium and transport simulations is sum-
marized in Table I. The three confinement models for DIII-D each relied on

Table 1
Results for the DIII-D and Plower Plant Simulations

Power
INTOR RLW Hsieh Plant

B 5.7 5.2 5.4 6.2
Bp 2.52 250  2.45 3.3

H 3.6 3.5 3.8 4.1

Ip (kA) 1,600 1,600 1,600 11,500
Tvoot 1,070 975 1,170 11,200
IrF 309 349 286 337
Team 172 266 181 0
Lohm 49 9 -39 87
Prw(MW) 6.5 6.5 6.5 27
Prcr 7.0 8.0 8.0 0
Pnpr 6.5 6.5 45 0

y* 0.04 004 003 0.45

I; 0.57 084  0.64 0.86
W (MJ) 3.8 3.6 3.6 912
Gmin 2.57 186 254 2.06

*vy = Tie IrpRo/Prr, A/W/M?[10%.




6.5 MW of FW heating deposited near the magnetic axis, using two oppositely
directed FW channels so as to drive no current. The necessary current near
the magnetic axis is supplied by the neutral beam. By changing the FW power
balance in the two channels it is possible to modulate the current density near
the magnetic axis, providing the necessary control of ¢(0). Seven or eight MW
of ECH power, deposited near p = 0.5 was used to to maintain the inverted q
profile for these cases.

The hollow g profiles for the three confinement models are shown in Fig. 2,
and the corresponding steady state total toroidal current profiles are given in
Fig. 3. The electron and ion diffusivities are shown in Fig. 4 for the three
confinement models. Each of the models yields a rapid rise in the diffusivity
near the magnetic axis due to the relatively small current density and hence
poloidal magnetic field. The diffusivity of the RLW model suddenly increases
by more than an order of magnitude due to the step function Vq dependance
of that model. As indicated in Fig. 4 we have taken the neoclassical back-
ground for the electron diffusivity in the RLW and Hsieh model to be equal to
the ion neoclassical diffusivity. We find that such an adjustment is necessary in
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Fig. 2. The safety factor profile for the three energy confinement models dis-
cussed in the text.
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Fig. 3. The current profiles associated with the g profiles of Fig. 2.
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Fig. 4. The electron and ion thermal conductivities for the INTOR, Hsieh,
and RLW confinement models.

order to avoid hollow electron temperature profiles during simulation of off axis
ECH heated discharges. Evolution of the electron and ion energy using Eq. (1),
magnetic and electric fields using Eqgs. (2) to (6) and the GS equation, and
the assumed fixed particle densitites yields the electron and ion temperatures
shown in Fig. 5 for the three models. The RLW model is seen to produce a very
sharp temperature gradient due to the rapid rise in the electron and ion thermal
conductivities as we pass from the region of negative to positive magnetic shear,
see Fig. 2. Such steep temperature gradients have been observed experimentally,
see for example the reversed magnetic shear PEP mode results of Hugon [3].

A characteristic feature of the RLW model is that it produces lower values
of minimum q than the other confinement models examined here. Due to the
large and rapid rise of the bootstrap current as the region of reversed magnetic
shear is crossed,there is an initial rapid rise of the total enclosed current. This
leads to a sharp decrease in g by way of Eq. (7b). One could move the value of
rho at which the minimum q occurs closer to the magnetic axis, thereby moving
the temperature gradient and associated peak in the bootstrap current into re-
gions of smaller volume. This decreases the total enclosed current and raises the
minimum value of g. However the total bootstrap current is thereby also lowered
so that larger amounts of ohmic and/or rf current will be required for a given
total plasma current. The ochmic bootstrap, beam, and ECCD contributions to
the total plasma current profile for the RLW case is shown in Fig. 6. Note the
ECCD current required near the peak of the bootstrap current to bring the total
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Fig. 5. Final steady-state electron and ion temperatures for the confinement
models of Fig. 4.
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Fig. 6. The total, bootstrap, ECCD, beam, and ohmic current profiles for
the DIII-D RLW simulation.

ohmic current down to near zero. The secondary peak in the RLW bootstrap
and total current profile, centered near p= 0.9 in Fig. 6, is due to the boundary
condition used for Eq. (1) at the plasma edge. This boundary condition, which
specifies the value of T, (and T;) was set to the typical DIII-D value of 0.1 keV.
Raising this value to 0.3 keV would eliminate the secondary current peak.

The INTOR, RLW and Hsieh models were each evolved from the same
initital state with a fixed plasma current. As a consequence we find that the
near steady state RLW model has a minimum ¢ value that drops below 2 and
thus a region of instability not present in the INTOR and Hsieh models is
introduced. If the constraint on the total plasma current is relaxed it is possible
to find solutions with a minimum ¢ value above 2. An example relevant for
power plant conditions is given in the next section. With the exception of the
RLW model these discharges are stable to n= 1,2. A detailed account of the
stability properties of such discharges is given by Turnbull [12].

As summarized in Table I we have identified attractive second stable core
scenarios applicable to DIII-D operation, with high confinement, high beta, and
with a large, properly aligned, bootstrap current fraction. The simultaneous
achievement of these properties experimentally is part of the DITI-D Advanced
Tokamak program. According to our simulations the planned availability of
8 MW FW and 10 MW ECCH will be sufficient to achieve these goals.

3. COMPACT POWER PLANT SCENARIO

The high core temperatures that will be present in fusion power plants can
be advantageously used in FWCD scenarios. Included in Table 1 are the param-
eters of a compact scaled up DIII-D power plant (with the same elongation and
triangularity as DIII-D and a major radius of 5.9 m). Using a fixed electron
density profile scaled up from DIII-D VH-mode density profiles (at about 1.1
times the Greenwald limit) and modeling energy confinement with the RLW
model we have generated a reactor scenario which is close to 100% bootstrap
current driven. Using 6.75 MW of FW power at 20 MHz it is possible with




off-axis ECH to drive 20 A/cm? of FW current at the magnetic axis in such
a reactor, see Fig. 7 where the current profile and its constituent bootstrap,
FW and ohmic contributions are shown. The bootstrap current is of sufficient
magnitude to supply essentially all of the plasma current (Table 1) . Electron
and ion temperature profiles due to FW heating at four power levels are show
in Fig. 8. The FW heating at 140 MHz (about 1/3 the power absorbed by
electrons and 2/3 absorbed by ions) is used to shape the temperature profile
as indicated in the figure. The resulting modulation of the bootstrap current
gives rise to the safety factor and current profiles shown in Figs. 9 and 10. By
sweeping the off axis FW power from zero to 50 MW the minimum q value rises
from 1.68 to 2.13 . However for more than about 20 MW of FW heating the
current profile becomes quite narrow near ¢,;, and a shallow second minimum
in q develops, see the 50 MW cases in Figs. 9 and 10. Hence we may expect that
an approximate 20 percent variation in gn:, can be achieved using this profile
method.

4. CONCLUSION

Improved confinement discharges have properties such as relatively low in-
ternal inductance, high edge pressure gradients and high edge bootstrap currents
that are unfavorable for high beta. However using negative central shear with
the minimum ¢ value slightly above rational values leads to stable operating
regimes. The model discharges presented here can be stabilized at high beta by
having a wall sufficiently close to the plasma. Attractive DIII-D second stable
core scenarios have been identified which should be confirmable experimentally
in the near furture. Although the details of the results depend on the energy
confinement model used, the INTOR, Hsieh, and RLW models all confirm that
it should be possible to maintain a second stable core with high confinement, H
greater than 3.5, and high normalized beta, By > 5. The results do not require
unresonable amounts of fast wave and ECH power in order to be achieved. Af-
ter initial establishment of a hollow current profile it is still necessary to evolve
the equilibrium and transport equations simultaneously in order to ensure that
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Fig. 7. The total, bootstrap, FWCD, and Ohmic current profiles for the
compact power plant.




60.0

Electron Temperature

50.0

..........
—_—
=t
-

40.0
30.0

keV

20.0
10.0

0.0 I

RFPOW 6.75, 0.0
RFPOW 6.75, 8.75
= RFPOW 6.75, 20.25
—— RFPOW 6.75, 54

0.0

60.0

1.0

50.0

40.0
30.0

keV

20.0
10.0

0.0

0.0

Fig. 8. The electron and ion

power levels.

0.8 1.0

R/A
temperatures at four different FW heating

Q Profiles
15.0
n|. RFPOW 6.75, 0.0
‘. ----- RFPOW 6.75, 8.75
H e RFPOW 6.75, 20.25
100 RFPOW

—— RFPOW 6.75, 54

1.0

Fig. 9. The safety factor profile at the four power levels corresponding to

Fig. 8.

10



Current Profiles

—— RFPOW 6.75, 0.0
----- RFPOW 6.75, 8.75
= RFPOW 6.75, 20.25
— RFPOW 6.75, 54

0.6 0.8 1.0

Fig. 10. The total current profile at the four power levels of Fig. 8.

the slowly evolving equilibrium state satisfies the GS equation. Even for fixed
boundary equilibria the rearrangement of the internal flux surfaces is sufficient
to change the equilibrium and hence stability properties of the discharge.

Scaled up DIII-D compact power plant scenarios are still under investiga-
tion. At present we have found a reversed shear, high performance scenario with
essentially 100% bootstrap current. It appears that the necessary control over
the g profile in such reactors can be achieved using only fast wave heating and
small amounts of current drive, given that such a configuration was established
initially.
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