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ABSTRACT

Steady-state operation with fusion gain Q =5 is a high level goal for ITER. In order to
achieve this goal, operation with gg95 = 5, By = 2.8, bootstrap fraction >50% and a well-
aligned plasma current would be required. Advanced Tokamak (AT) research on DIII-D
focuses on development of the scientific basis for scenarios that meet this objective. Recent
progress in this area includes demonstration of 100% noninductive conditions with high
normalized fusion performance, G = Sy Hg9 / qgs = (0.3, meeting performance requirement for
the ITER steady state Q =5 scenario. Integrated modeling has been a crucial tool in the
DIII-D AT research program. The theory-based (GLF23) model with self-consistent sources
and sinks in the ONETWO transport code has been used to design experiments and interpret
their results on DIII-D. The same tools were used to extrapolate from DIII-D to ITER,
predicting an existence proof of the steady state Q =5 scenario with ITER’s “Day-1" heating
and current drive capabilities (without LHCD). Recent simulations with the same input power
and kinetic profiles, but starting from a broad current profile with gmin =2 form a strong, but
broad, internal transport barrier (ITB) early, making a significant increase in 7;(0) (factor
~2 with T;/T, =1.5), and Q increased by 50%, and Py reaching 3.4. Although it still
appears transient, the behavior is reminiscent of the DIII-D experiment where By = 4 was
maintained for 2 s by starting from a broader current profile using a toroidal field ramp. Work
continues to examine if the I'TB can be sustained by the off-axis ECCD.
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1. INTRODUCTION

Steady-state operation with fusion gain, Q =5, is a high level goal for ITER [1]. The goal
of the Advanced Tokamak (AT) program on DIII-D [2,3] is to optimize the tokamak concept
for attractive fusion energy production. The key elements for the AT operation are: steady
state, low recirculating power, compactness, and high power density. These requirements can
be represented by the achievement of three parameters simultaneously: high noninductive
current fraction, fy; =100%; high bootstrap current fraction, fps; and normalized fusion
performance, G = SyHgg / q%s =0.3 [3]. AT experiments on DIII-D aim to integrate these key
elements that are required for sustained AT operation [4,5]. Recent efforts focus on two
scenarios [6]. One reaches fully noninductive conditions ( fa; =100%) at G =0.3 [7],
consistent with the performance of the ITER Q =5 steady-state scenario. The other scenario
exhibits very high fusion performance, G <0.7 with internal transport barrier (ITB), but is
not stationary [8].

Efforts in the first scenario emphasize optimiza- .
Transient performance

tion of fully noninductive operation by operating at demonstrated:

1.5 < ¢gmin < 2.0 with modest reversed shear 0.5 (typ = 100% witthOJ.7_,_
(g0 —9gmin =0.5) and maintaining the current by [ Normalized fusion performance |
bootstrap, neutral beam (NB) and electron cyclotron 04 LG = ]3NH89/q§5 :
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that a growing number of DIII-D discharges have scenarios o d

demonstrated fy; ~100% and exceeded G=~0.3, 0.3
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indicating that the performance required for the [
ITER steady-state scenario has been demonstrated. 0.2 %@) ©
Figures 2 and 3 show characteristics of a typical i o OD% ITER Q~5
discharge in which a 100% noninductive condition i steady state
. 0.1~ [A2002- 2003 SEeTiariGe

has been achieved both globally and locally across [ 102004 - 2005 :
the plasma [7]. These conditions are achieved at 00: Cas |

| |
Pn =3.5: fyr =100% lasted for up to one half of 0.0 0.5 1.0
current relaxation time [9]. Similar plasmas have Average Noninductive Current Fraction (fy)

been obtained fy; =95% limited only by the 2's _ ) .
. . Fig. 1. Normalized fusion performance versus
(= tg) duration of ECCD hardware. The typical average noninductive current fraction in the
current components are: fgg= 50-65%, DIII-D global database. Growing numbers of
fyg = 20-35%, and fgc ~ 5-10%. The perform- shots approach the ITER steady state scenario
. . target. Another scenario has demonstrated high
ance in these AT experiments meets or exceeds performance close to full noninductive operation,

requirements for [ITER Q =35 steady-state scenario. although transient.

The highlight of the efforts for the second scenario is access to Sy =4(=6/;), well above
the no-wall stability limit, sustained for 2 s with internal transport barriers [8]. The current
profile is broadened by a combination of ECCD and a toroidal magnetic field ramp that drives
some off-axis current [6], which helps improve coupling with the wall and the active control
coils. Although this method of driving current does not extrapolate to steady state, these results
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demonstrate the value of far off-axis current drive, which in future experiments may be provided

by other means. We will come back to this later.

The steady state AT existence proof was obtained through strong coupling between
integrated modeling and experiment. The theory-based, gyro-Landau fluid (GLF23) model
[10,11] with self-consistent sources and sinks within the ONETWO transport code [12] is
routinely used both for designing experiments and for interpreting their results in DIII-D [13].
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Fig. 2. Evolution of plasma characteristics of a DIII-D

discharge with noninductive current fraction
fni =100% and G = 0.3 with improved CD alignment:
NBI and ECCD power;

(b) normalized beta and four times internal inductance

(a) plasma current,

(approximately no-wall limit); (c) central and minimum
safety factor; (d) line-average electron density and
normalized fusion performance, G =fyHgy /qgs; (e)
surface and axial loop voltage; and (f) noninductive
current fractions from the internal loop voltage and
transport analysis.

Repeated cycles of modeling and data
interpretation help develop the modeling tools
that are validated against experiments. The
same model is applied to ITER simulations.
Benefits of the coupling with experiment are
not just validation of the model but also
development of optimized approaches to the
ITER steady state scenario [7].
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Fig. 3. Current profiles of the fp; =100% discharge
shown in Fig. 2 showing that the inductive (Ohmic)
current is globally and locally small: (a) Inductive
current derived from the loop voltage analysis based on
equilibrium reconstruction; (b) Analysis and simulation
of noninductive current using a transport code showing
that noninductive current components add up to almost
100%, in agreement with the measurement.
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In this paper, we discuss in Section 2 the modeling tools and their validation against
experiments that aim at steady state AT operation in DIII-D. Section 3 will discuss
simulations of the ITER steady state Q=5 scenario using the ITER Day-1 heating and
current drive capabilities. The simulations indicate existence of fy; =100% with Q=5.
Some uncertainties and future studies are pointed out. Section 4 discusses similar simulations
but with internal transport barrier, which improves performance but still falls short of
achieving the steady state goal. Section 5 concludes the paper.
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2. MODELING TOOLS AND VALIDATION AGAINST EXPERIMENTS

The ONETWO transport code [12] solves the flux surface averaged transport equations
for energy (7, and T;), particle density, toroidal rotation, current density (or more precisely
poloidal magnetic field) and equilibrium evolution using the GLF23 transport model with
self-consistent source and sink calculations. The GLF23 model (specifically, the
“renormalized” version [11]) uses drift-wave eigenmodes in computing the quasi-linear
energy and toroidal momentum fluxes due to ion/electron temperature gradient (ITG/ETG)
modes and trapped electron modes (TEM). The model includes E xB shear and alpha-
stabilization using the predicted profiles. The electron and ion turbulent diffusivities from
GLF23 are added to the neoclassical diffusivities, while the turbulent driven toroidal
momentum transport is added to an ad hoc value, twice the neoclassical ion thermal
diffusivity, as in Ref. [11]. Although the density equation can be solved with the GLF23
model, most of the simulations discussed here use the density profile from experiments.
Solving the highly nonlinear, stiff transport model is facilitated by a novel numerical
algorithm: globally convergent Newton method (GCNM) [14], based on modified Newton,
thrust region, and steepest descent methods. Taking advantage of the GCNM, a steady state
scenario with fully penetrated current profile is obtained by interleaving time-stepping
calculation of all the transport equations with a one-step solution of current evolution. The
source models used for ITER simulations with ONETWO are the ray tracing codes,
TORAY-GA [15] for electron cyclotron (EC) and CURRAY [16] for fast wave (FW), and the
Monte-Carlo code NUBEAM [17] for neutral beam heating and current drive. A
computational efficiency has been improved by a recent parallelization of ONETWO [18].

The ONETWO/GLF23 model is validated against DIII-D experiments that aim at fully
non-inductive operation at high beta. The experimental data in Fig. 4 were chosen to be at the
same phase (70+10%) of the ELM cycle in a stationary part of the discharge using the tools
developed for pedestal studies [19]. The boundary conditions were taken at p =0.9 based on
ELM-averaged experimental profiles (with Speq =~1%). The predicted T, and T; profiles
reproduce reasonably well the experimental profiles, while the toroidal rotation (€2,,,) profile
somewhat overestimates the measured rotation near the axis despite an additional ad hoc
factor (twice the ion thermal neoclassical value) in the momentum diffusivity [7].

The modeling has been also validated against parametric dependences in a series of steady
state AT experiment on DIII-D. As seen in Fig. 5, the ONETWO/GLF23 model also
reproduces reasonably well the trend of the noninductive current components in DIII-D
density scan data. These exercises help plan optimization experiments as well as simulation
optimization.
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Fig. 4. Theory-based (GLF23) model predictions agree with experimental measurements of
profiles of: (a) ion temperature; (b) electron temperature; (c) toroidal angular rotation velocity. The
transport simulation uses the prescribed density profile (d) and boundary conditions based on
experimental pedestal values at normalized radius of 0.9.
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Fig. 5. Predictions of transport simulation on electron
density dependence of noninductive current fraction and
its components (shown by the solid curves) compared with
analysis of experimental data (shown by points):
noninductive current (circle), bootstrap current (triangle),
neutral beam current drive (square); electron cyclotron
current drive (diamond).
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3. ITER STEADY STATE SCENARIO MODELING

The modeling tools successfully employed to devise experiments in DIII-D are applied to
the steady state Q =5 scenario for ITER with Day-1 hardware capabilities. The goal of the
steady state operation is a demonstration of fully noninductive current drive with fusion gain
Q >S5 over the duration of at least 3000 s [1]. In order to achieve this goal, operation with
Ip =9 MA, g95 =5, By = 2.8, Hog = 1.6 with burn time of 3000 s would be required. In
addition, both plasma and bootstrap currents need to be well aligned with fps to be at least
~50%. The Day-1 heating and current drive capabilities assumed are: negative-ion based NBI
(1 MeV, 33 MV, fully steered 0.40 m downwards from the machine elevation at the tangency
radius of 5.3 m), FW heating and current drive (20 MW, 56 MHz, second T harmonic) and
EC heating and current drive (170 GHz, 20 MW, top launch steered for off-axis CD). This list
does not include lower hybrid current drive (LHCD).

Each ITER scenario modeling effort needs some exploratory parameter scans to set
important simulation parameters, such as boundary conditions or optimal density values.
Previously, we showed an “existence proof” of full noninductive operation at Q =5 at high
density (Greenwald number Ngw =1.25) using the GLF23 model with the ITER Day-1
hardware capabilities [20,21]. A similar scan indicates that pedestal temperature at p = 0.9,
Tpeda (p=0.9)= 8 keV is needed. We also evaluate how the noninductive operation would
change when the plasma density is varied as in DIII-D. Fractions of the noninductive current
components and fusion gain, G, are plotted as a function of Greenwald number (Fig. 6). The
trend of the noninductive current fraction is reminiscent of those for the DIII-D density scan
(Fig. 5). Increased noninductive fraction above 100% is attained at Greenwald number
(Ngw) below 1 with only a modest reduction of fusion gain, Q.
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Fig. 6. Density dependence of the noninductive current
fraction and its component, and fusion gain predicted by
the GLF23 modeling using the ITER Day-1 hardware
capabilities.

Taking the optimal density case in the exploratory density scan, we focus on the Ngw =1
case, with fiy; =100% and Q =5. The details of the simulation specifications are similar to
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those described in Ref. [22]. The electron density profile is specified as n(p=0.8)=n(0) =
0.85x1020 m~3, and to 0.35xn(0) at the separatrix. This gives a very broad profile with a
peak-to-volume average of about 1.2. The DT fuel ion ratio is assumed to be 50-50. The
impurities are Be and Ar, with assumed fractions of 2% and 0.12%, respectively, with the
same impurity density profile shape as the electron density. The fuel ion density profiles are
determined from quasi-neutrality. These give the effective charge, Zg, of 1.73 on axis and
1.60 at the edge. The T, and T; at the boundary are set to 7 (p =0.9) =8 keV, and are forced
to be 200 eV at the separatrix. The ratio of the effective particle to energy confinement time
(’57;j /tg) 1s =9. The ONETWO transport code solves T, T;, 2, and J equations using the
GLF23 core transport model with all boundary conditions at p =0.8.

The long current relaxation time and small time steps required for the stiff transport
model require a two-step simulation process: step #1: Time stepping for >100-s (~1 7g for
ITER) for T, T;, 2, and J evolution, and step #2: Time stepping for >1000 s time of J -
evolution alone by solving Faraday’s law using the previously determined 7,, 7;, and Q as
initial conditions. This Step #2 can be (and is) replaced with “one-step steady-state”
calculation, thanks to the above-mentioned GCNM algorithm. If necessary steps #1 and #2
can be iterated. Shown in Fig. 7 are the time evolutions of 7,0, Tj0, gy and gmin and the
evolutions of noninductive current fractions and fusion gain for step #1 (for 250 s) and #2 for
J -evolution toward steady state. Over the initial 250 s (=2 tg), relatively small changes
happen in these parameters, except an initial excursion of ¢gq. During the J relaxation phase,
the g profile recovers a modest central magnetic shear toward the steady state. Figure 8
shows profiles of T,, T;, densities €2, noninductive current components, and safety factor at
250 s and at steady state. This simulation (Case A) projects to an ITER steady state scenario
that achieves fy;=109% and Q=5.5 with fps=80% and T,(0)=T;(0)=22 keV at
Ip =9 MA and By =5.3 T, as listed in Table 1. The excess 9% in noninductive fraction can
provide a margin for control of the operation point.

Integrated modeling suggests hardware for desirable performance improvements. Both
off-axis and axial current drive are needed to control high bootstrap fraction AT plasmas.
Large negative magnetic shear reduces the beta limit due to peaked pressure profile, while
elevated g would help to increase the bootstrap fraction. Figure 9(a) shows the electron and
ion heating power density profiles, while Fig. 9(b) shows the current drive profiles for EC,
FW and NB for the steady state portion of Case A. Note that for Case A, only 50% of full
FWCD is used since full FWCD capability would have pushed gy down below g =1.

FWCD can furnish a fine control of the central magnetic shear (Ag =gy —gmin) to
compensate the time-varying axial ohmic current. Co current drive is needed to minimize the
initial transient excursion of Ag as Jop penetrates at an early stage. Toward steady state,
depending on over-drive or under-drive by the other CD sources, co- or counter-current drive
is needed for an optimal g profile. It is possible to control the amount of CD by changing the
duration of the co- and counter-phasing of antenna spectra (“dwell control”). A feedback
control algorithm similar to that in the DIII-D Plasma Control System (PCS) [23] has been
implemented for this purpose [24]. With this feedback control, it is possible in the simulation
to maintain gmin >1.5 and Aq = gy — gmin = 0.5 for the entire discharge duration.
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Fig. 7. Two step simulation process used for ITE steady-state performance prediction: Time stepping
calculations of T,, 7T; and rotation, plasma current using the GLF23 model for initial 250-s period; and then
calculations of current evolution alone while keeping fixed the profiles of the final solutions at the first step.
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Fig. 8. Predictive modeling of ITER steady state scenario using the GLF23 transport model: (a) predicted
electron and ion temperature profiles, (b) assumed electron, deuterium and tritium density profiles, and predicted
toroidal angular rotation velocity, (c) current components, and (d) safety factor profiles.
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Table 1
Parameters Used and Obtained from Simulations with ONETWO/GLF23 Model for
Two Cases: Case A [Without Internal Transport Barrier (ITB)], and Case B (with ITB)

Case A CaseB Case A Case B
I, (MA) 9.0 9.0 fBs 0.8 0.58
Br (T) 53 5.3 fnB 0.21 0.24
R (m) 6.2 6.2 fEC 0.04 0.04
a (m) 1.86 1.8 frw 0.03 0.03
Elongation 1.98 1.75 i 1.08 0.89
Volume 795.0  693.0 ne (0) (1020 m=3) 0.875 0.801
Py (MW) 33.0 33.0 i (1020 m=3) 0.741  0.676
Pgc (MW) 20.0 20.0 T, (0) (keV) 22.4 23.6
Pry (MW) 20 20.0 T; (0) (keV) 22.1 32.0
q95 5.54 5.5 (Zefr) 1.65 1.7
q0 3.46 7.4 TE 2.25 2.61
gmin 2.09 1.96 Hgop 2.89 3.18
Bn 2.9 341 Hogy» 1.64 1.65
Pr (%) 2.64 3.1 O fusion 5.45 7.15

0.3 T T ] 50 T T T T ]
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] 40 | 3
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Fig. 9. Profiles of heating and current drive self-consistently calculated for the ITER Day-1 hardware, negative-
ion based neutral beam (NB), electron cyclotron (EC) and fast wave (FW) systems: (a) electron and ion heating
power deposition profiles, (b) current drive profiles.

Larger off-axis CD in the outer part of the plasma (such as higher-power ECCD or the
more efficient LHCD) is highly desirable for a steady state scenario. Due to the limited off-
axis ECCD, the above scenario modeling requires a high pedestal temperature, which yields a
high bootstrap current at the edge, making control of plasma boundary difficult. A related
issue is the density profile. The density profile used in the present modeling originates from
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the one used in an earlier ITER simulation study [24] as an ion density profile similar to that
of a DIII-D AT discharge. Also the density selected is relatively low, to improve the CD
effectiveness. Compatibility between edge and divertor under these conditions remains to be
addressed. The large pedestal width assumed in the simulation gives a larger stability margin
for peeling-ballooning modes [25]. Although the temperature at the peak of the bootstrap
current is high (Tpeq =7 keV), the broader density pedestal width makes the pedestal S
(0.9%) only slightly above the DIII-D highest Bpeq (1.35%) for AT plasmas. Nevertheless,
these arguments underscore the importance of understanding the edge pedestal in AT
plasmas.

MHD stability, in particular to the resistive wall mode (RWM), is yet to be addressed.
The target By of 2.9 is above the beta limit for the n=1 mode without conducting wall
(ﬁl’(,‘"w“” ~2.4-25) [26,27]. Although the predicted central plasma rotation frequency is
about 2.5% of the Alfvén frequency, uncertainties in the simulation (e.g., empirical addition
of the neoclassical ion thermal diffusivity in the momentum diffusivity) make it unclear
whether it is sufficient to provide RWM stabilization without an active feedback system.
DIII-D experiments with the external and internal control coils and the capability to produce
nonrotating high beta plasmas using co- and counter-NBI are under way to study the
effectiveness of feedback stabilization under more ITER-relevant conditions.
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4. SCENARIO MODELING WITH INTERNAL TRANSPORT BARRIER

An alternative to off-axis CD is to find a way to maintain high temperature in the core
through an internal transport barrier (ITB). Negative central shear and sheared ExB flow can
lead to improved core confinement. Recent simulations have found an ITB in ITER steady-
state simulations using a free-boundary ITER equilibrium with a smaller plasma volume
(693 m3 rather than the standard 795 m3). Although we now have found ITB cases with a
standard volume, they tend to be more transient than those with a smaller volume. With
small-volume ITER equilibrium, a simulation with the same input power and kinetic profiles,
but starting from a broad current profile [as indicated by p (gmin) = 0.6 and gmin = 2] form a
strong but broad ITB early, making 7; (0) increase by factor = 1.8 (with 7;/T,= 1.3), O
increase by 50%, and fy reaching 3.3, as shown in Fig. 10. ITB formation in an ITER steady-
state scenario has been observed in other transport simulations using LHCD [28]. The ion
temperature ITB originally grows at the location where the magnetic shear is at minimum,
1.e., P (gmin) = 0.6, and then it propagates inward, making the ITB region wider. To date,
however, we have not succeeded in finding an ITB period for longer than 600 s, and the non-
inductive fraction in the smaller plasma has been < 85% due to limited off-axis CD power.
Although it still appears transient, the behavior is very much reminiscent of the DIII-D
experiment where By =4 (=6 ¢;) was maintained for 2 s [8]. Work continues to examine if
the ITB can be sustained by the off-axis ECCD. Table I also tabulates the simulation results
with ITB (“Case B”).

40 " t(s)6 8 50 100 300 6001000
=
= [=T]
- =
-
0 . . . _ @ 3 0
00 02 04 06 08 10°¢T .
Radius (p) & . Radius (p)
=
t(s) ITB 5 p
8 pre /\ A 5 B Qpr (1)

3 46 during \} _S 6 1
% 600 post g L-J“k...\_,,q
a =
£ 2 j 18 4 .
e Xe(P) g

% qo(t
1 X; (p) ﬁ; ) "o,?"() ]
“g 2
o2 Aa @] % Jf am® T @
0.0 0.2 0.4 0.6 0.8 1.0 0 200 400 600 800 1000
Radius (p) Time (s)

Fig. 10. Evolution of internal transport barrier (ITB) formed in transport simulation and its effects on
performance in pre-ITB (green), during ITB (red) and post-ITB (blue) phases: (a) ion and electron temperature
profiles, (b) toroidal angular rotation velocity profiles, (c) electron and ion thermal diffusivity, and (d) time
histories of fusion gain and minimum safety factor.
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S. CONCLUSIONS

Integrated modeling contributed strongly to successful demonstration of 100%
noninductive, high 8 DIII-D experiments. Theory-based GLF23 modeling with self-consistent
sources and sinks had been continuously used to plan experiments and interpret their results
and continuously improved. The same tools were used to extrapolate from DIII-D to ITER,
resulting in an existence proof for the ITER steady-state Q = 5 scenario with ITER Day-1
capabilities. Recent simulations produced ITB by starting a broad current profile with smaller
plasma volume. However, maintaining ITB for a longer period will likely require stronger
off-axis CD. Through coupling between experiment and modeling, good progress has been
made in developing a scientific basis to establish steady-state scenarios for ITER and beyond.
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