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ABSTRACT

Advanced Tokamak (AT) research in DIII-D seeks to provide a scientific basis for steady-state high
performance operation in future devices. These regimes require high toroidal beta to maximize fusion
output and high poloidal beta to maximize the self-driven bootstrap current. Achieving these conditions
requires integrated, simultaneous control of the current and pressure profiles, and active
magnetohydrodynamic (MHD) stability control. The building blocks for AT operation are in hand.
Resistive wall mode stabilization via plasma rotation and active feedback with non-axisymmetric coils
allows routine operation above the no-wall beta limit. Neoclassical tearing modes are stabilized by active
feedback control of localized electron cyclotron current drive (ECCD). Plasma shaping and profile control
provide further improvements. Under these conditions, bootstrap supplies most of the current. Steady-state
operation requires replacing the remaining inductively driven current, mostly located near the half radius,
with noninductive external sources. In DIII-D this current is provided by ECCD, and nearly stationary AT
discharges have been sustained with little remaining inductive current. Fast wave current drive is being
developed to control the central magnetic shear. Density control, with divertor cryopumps, of AT
discharges with ELMing H-mode edges facilitates high current drive efficiency at reactor relevant
collisionalities. An advanced plasma control system allows integrated control of these elements. Close
coupling between modeling and experiment is key to understanding the separate elements, their complex
nonlinear interactions, and their integration into self-consistent high performance scenarios. This approach
has resulted in fully noninductively driven plasmas with B, < 3.5 and B < 3.6% sustained for up to 1
second, approximately one current relaxation time. Progress in this area, and its implications for next-step
devices, will beillustrated by results of these and other recent experiment and simulation efforts.
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l. INTRODUCTION

A major goal of next-step fusion devices such as ITER will be the demonstration of
sufficient fusion performance to point toward the use of fusion as an economical energy
source. At present, conventional H-mode scenarios appear capable of fulfilling this
requirement. However, the dependence of such scenarios on a transformer to drive most
of their current makes these scenarios inherently pulsed. Advanced Tokamak (AT)
efforts[1,2] in DIIN-D and elsewhere [3,4] focus on developing regimes that can operate
in steady state at levels of fusion performance comparabl e to the conventional H—mode.

It may be noted that another class of advanced scenarios, the “hybrid” mode of
operation, is under study in DIII-D [5] and elsewhere [6]. These discharges are
characterized by stationary operation with high performance, but still have considerable
inductive current and so do not aim at steady-state.

For steady-state operation, all of the plasma current must be supplied by noninductive
means. To minimize the dependence on external noninductive current drive systems, the
self-generated bootstrap current [7], |gs, must be relied upon to provide most of the
plasma current. Otherwise, the cost and power consumption of external systems could
become prohibitive. The fraction of bootstrap current, fys = 1g5/1, o< B, =< g, must be
large. Here B, = 2u0(p)/ BFZ, is the ratio of the plasma pressure to the poloidal magnetic
field pressure, By = aBrf1/1 isthe normalized beta (with minor radius a in m, toroidal
magnetic fieldBy in T, Bt in percent and plasma current lp in MA) and
B =2uo(p)/B? is the toroidal beta. The need for a well-aligned bootstrap further
constrains the plasma conditions: not only should Bp be large, but the kinetic profiles
must also be broad to produce a bootstrap current profile consistent with the desired
current profile shape. The remainder of the plasma current is provided by external,
noninductive means.

In the Advanced Tokamak we operate at the highest possible value of B+ in addition
to maximizing the bootstrap fraction. Since P8t = 25“1+ KZ) /2| (BN /100)2, where x is
plasma elongation, the requirements of steady-state operation and high fusion power
density taken together make it necessary to operate near the pressure limit, with high By,

(Fig. 1).

Experiment and theory both show that these B limits are maximized by strong
shaping (high triangularity and elongation) and broad pressure profiles [8-10]. 3 is often
limited in these experiments by an external kink mode in the presence of aresistive wall.
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Fig. 1. Conventional tokamaks operate near the current limit, but Advanced Tokamaks
operate near the pressure limit. The tradeoff between high bootstrap current and high
power density makesit essential that the AT operate at high By .

This resistive wall mode (RWM) is stabilized in present experiments with toroidal
rotation driven by tangential neutral beam injection (NBI), maintained with the aid of
dynamic error field control [11]. Nonaxisymmetric coils recently installed inside the
DIII-D vessel can be used to directly control the RWM, independently of rotation
[12,13]. With the aid of these techniques, AT research in DIII-D is uniquely
distinguished by operation above the no-wall beta limit. In transient experiments, the
neoclassical tearing mode (NTM) often limits the duration of a high performance phase
as a consequence of the evolution of the current profile. The NTM is expected to be
stable with a properly chosen steady-state current profile. Stabilization of an otherwise
unstable NTM has been demonstrated using localized ECCD injected into the magnetic
island in several different devices [14-18].

Fusion gain increases with the triple product nTtg o< BTTEBZ. Therefore,
maintaining high gain requires maximizing energy confinement, aswell as B, especially
at high Bp and lower |y. This, dong with the desire to gain some control over the kinetic
profile shapes, motivates an effort to understand and control transport in these discharges.
Although several tools have been identified that modify transport directly, the effect of
the current profile on transport is large and remains an important, and perhaps dominant,
transport control feature.

Finally, control of conditions at the boundary is critical for high performance
experiments. In the near term, controlling the particle inventory in an AT discharge is
important to maintain the density in a regime to obtain reactor relevant collisionality and
for effective current drive. Divertor geometry must be consistent with particle control and
shapes optimized for performance.

The basic requirements for the AT have been described in more detail previously
[1,19,20]. In this paper, we will describe our approach toward developing AT scenarios at
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DIII-D. In these plasmas, 15%-40% of the total current is provided by neutral beam
current drive (NBCD), and about 10% by electron cyclotron current drive (ECCD),
typically driven away from the magnetic axis at a point chosen by proper aiming of the
antenna and selection of the value of B;. Use of fast wave current drive (FWCD) is
planned for future experiments and will be useful for controlling the central current
density and electron temperature.

Our approach to AT development is described in Section Il and Section III. In
Section I, we report on focused studies in each of four scientific areas: MHD stability,
transport physics, heating and current drive, and particle control. These efforts allow usto
identify operational limits and to devel op the means to expand them.

Simultaneous integration of the elements into steady-state high performance scenarios
remains the greatest challenge. As we proceed through the discussion of the individual
scientific elements of AT research, it will become clear that there are many
interconnections between these elements. Developing the scientific understanding and
needed control tools for increasing beta, controlling the current and pressure profiles and
controlling the particle inventory poses challenges. Integration of these elements is
discussed in Section 111.

A comprehensive integrated modeling effort is being carried out in conjunction with
these experimental efforts. Using both empirical and physics-based models, AT
experiments are both planned and interpreted in light of these simulations. This effort
benefits both the experiments and the models, since the results guide the development of
both. This supports one of our major goals. To develop a predictive capability that can be
applied to the design of advanced scenarios in next-step burning plasma experiments.

When applied to previously reported results [19,20], these simulations predicted we
could produce fully noninductive discharges with higher B by increasing the heating
power, primarily provided by NBI. Experimental efforts based on these projections have
resulted in discharges which maintain a noninductive current fraction fy; =100% for
several confinement times, with B <3.5 and B <3.6%.

Many of the discharges with the highest noninductive current drive fraction tended
toward lower confinement than discharges at lower fy,. An understanding of this
phenomenon is emerging, with ongoing studies of the effect of differing rotation and g
profiles in different discharges. As our understanding of this issue improves, this may
provide some insight into a method to improve control of future AT experiments in
DIII-D.

Finally, these discussions will be summarized in Section IV.

GENERAL ATOMICS REPORT GA-A247623 3
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Il. THE PHYSICS ELEMENTS OF ADVANCED TOKAMAK RESEARCH

Our approach to developing self-consistent integrated scenarios is to develop physics
understanding and control capability of the individual scientific elements and then
combine the knowledge and the tools to produce a steady-state high-performance
scenario. We separate these elements into four general categories. Facilitating operation
at high B, modifying and maintaining the current profile without inductive current drive,
modifying and controlling transport, and modifying and controlling the particles and
energy exhausted through the boundary. These are considered individually here; their use
in integrated scenarios will be discussed in the following section.

The experiments described below all make use of variations on atypical DIII-D AT
discharge. Evolution of such a discharge is shown in Fig. 2. Early in the current ramp, a
momentary increase is programmed in the neutral beam power, triggering an early L-H
transition. This broadens the temperature and density profiles and, by virtue of the
addition of a pedestal, results in a high temperature core plasma, slowing the resistive
evolution of the current profile and allowing access to plasmas with high g, after the
plasma current has reached flattop. The high power phase is timed to coincide with the
desired value of Qin, typically 1.5-2.0 sfor gy =2.5 and 2.5-3.0 sfor g, 21.5. The
shape of these plasmas conforms with the pumped divertor, which is presently designed
to allow density control in moderately shaped (triangularity at the pumped end of the
plasma 6, =0.65, typical triangularity at the opposite end of these plasmas is &, =0.3)
single-null divertor plasmas.

A. High beta operation

Simultaneously optimizing both fusion power density (3;) and bootstrap fraction (f3y)
drives us to operate near the pressure limit (Fig. 1), with high By. Present AT
experiments in DI1I-D operate in the range B = 3—4, and we anticipate increased values
in the future. In order to reach these values, the plasmas must be optimized for high
magnetohydrodynamic (MHD) stability. We concentrate on several areas. the geometry
and the pressure profile shape, stabilization of the RWM and either avoidance or
stabilization of the NTM.

Strong shaping and a broad pressure profile are both favorable for increasing the
stability limit [Fig. 3(a)] [8]. Recent modeling using geometry and pressure profiles
(including the H—-mode pedestal) relevant to DIHI-D AT experiments [9,10] demonstrate
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Fig. 2. A typica AT discharge with fy, =100%, By = 3.1 and B = 3.2%. Current
profile evolution continues after the application of ECCD, but eventually ceases and the
plasma state remains stationary until the end of the ECCD pulse. (a) Plasma current |,
neutral beam power Rg;, EC power R, (b) normalized beta B, approximate no-wall
beta limit 4/;; (c) axial (gy) and minimum (q,,,) safety factors; (d) ion temperature
T, at the magnetic axis and electron temperature T, at the EC deposition location
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that increases in triangularity and elongation increase the ideal, low-n By limits that
often limit performance in AT discharges.

An experiment to test the dependence on geometry was carried out, in which the
shape was changed adiabatically from 1.5-2.5s (to maintain identical current ramp
phases for all discharges). The divertor cryopump was not used, since the stronger
shaping in some of these discharges was done at the expense of optimum positioning of
the strike point for particle control. This results in higher densities and broader profiles,
but this effect is uniform over the variation of shapes. After changing the shape, the
heating power was increased to Ryg; =15 MW, with By increasing to above 3.5. The
single-null (elongation k =1.76, up/down average triangularity é,, =0.45) discharge
disrupted with B = 3.6 due to afast growing n =1 mode. Two double-null discharges,
one with ¥ =1.86, J,, =0.50 and the other with x =1.94, §,, =0.64, continued to
higher By, after which their performance degraded somewhat due to edge localized
modes (ELMs), but with no disruptive instability (Fig. 3). These experiments, consistent
with the calculations, indicate an advantage not only to stronger shaping, but in adding a

second X-point and operating a double- rather than single-null configuration.

Another important factor in MHD stability is the shape of the pressure profile. Both
theoretical studies[8,9] and operating experience on DII1-D indicate that high 3 stability
to low-n instabilities is improved with a broader pressure profile. An experiment was
carried out to test this specifically for AT plasmas. The early evolution of these plasmas
was essentially the same as shown in Fig. 2, but the high power phase started at 1.5 sin
order to operate with high qn,j,> 2. Previous experiments and calculations [23] found
that B limits were lower in this regime, and there was some consideration given to the
possibility that these plasmas might be more sensitive to pressure profile peaking. In
some of these discharges, gas was puffed into the plasma simultaneous with the high
power phase, thereby broadening the density profile, and in turn, the pressure profile

(Fig. 4).

A discharge without this gas puff disrupted with By = 3.4, due to an n=1 RWM.
The pressure peaking factor p(O)/(p) was 2.8 in this case. A similar plasma with the gas
puff had p(O)/(p) =~ 2.2 at the same time as the disruption in the first discharge. At this
time, the plasma with a broader pressure profile had reached By = 3.8, and subsequently
increased to B = 4 without encountering an RWM or global kink mode. In this case 3
was limited by bursts of tearing modes.

Consistent with calculations, we found that low-n [ limits could be substantially
increased by stronger plasma shaping and broadening of the pressure profile. One key
motivation for increasing B, is the resultant increase in bootstrap fraction and reduced
current drive requirements. However, both of these experiments achieved these
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Fig. 4. An AT discharge (no ECCD) disrupts at By = 3.4 with a pressure peaking
factor p(0)/{p) = 2.8 (grey). In asimilar discharge (black), gas puffing is deployed to
broaden the density and pressure profiles so that p(0)/(p) = 2.2, resulting in By
reaching 4.

conditions using a technique that resulted in increased density, either by moving the
plasma away from the divertor cryopump or by puffing gas into the vessel. Thisisin
conflict with the requirement of density control to allow effective external current drive.
This requirement, and steps planned to address it consistent with these stability
considerations, are described in Section 11.D. These optimizations also alow increasing
B to levels where neoclassical tearing modes (NTM) and resistive wall modes (RWM)
[imit performance.

NTMs often appear in AT and other plasmas as the q profile evolves through low-
order rational values. These can severely limit performance. m/n=3/2 and 2/1 NTMs
have successfully been stabilized by driving current with electron cyclotron waves
(ECCD) in the magnetic island [1418], typically very far from the magnetic axis
(p = 0.7). This technique allows continued high B operation.

Steady-state high bootstrap fraction AT discharges are designed to operate with
stationary q profilesthat can avoid unstable low-order rational q surfaces and thus avoid
NTMs. An exampleisshown in Fig. 5: Two similar AT plasmas are compared, one with
and one without ECCD. In the discharge without ECCD, the current profile continues to
evolve with By = 3, until magnetic probes indicate the appearance of an instability at

8 GENERAL ATOMICS REPORT GA-A24762
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Fig. 5. A comparison of AT discharges with and without ECCD. Without ECCD (solid),
an NTM eventually appears as the q profile evolves, and degrades confinement. The
mode eventually disappears as the g profile continues to change. With off-axis ECCD

(dashed, R = 25 MW, pee = 0.4), the q profile evolution is slowed so that the mode
does not appear.

3.3 s. Coincident with this, By decreases, and neutral beam heating power demand
increases (the plasma control system is adjusting power in an attempt to keep the stored
energy fixed), indicating degraded confinement. This continues throughout the duration
of the elevated MHD signal, which later terminates as the q profile continues to evolve.
In the other discharge, approximately 2 MW of ECCD is injected at p = 0.4 starting at
3.0s. The ECCD maintains q,,,, > 2 so that the NTM never becomes unstable. The MHD
does not appear in this discharge, indicating that the current profile modification
stemming from the ECCD is preventing the mode from occurring.

AT plasmas in DIII-D routinely operate above the no-wall limit. This is made
possible by rotational stabilization of the RWM, which is in turn facilitated by active
control of error fields in the tokamak that might otherwise cause the toroidal rotation to
slow. Coils have recently been installed inside the DIII-D vessel which are designed to
provide direct stabilization of the RWM in the absence of toroidal rotation. Efforts to
exploit these coils in experiments have begun, with the detailed results being described in
other papers[12,13,24].

GENERAL ATOMICS REPORT GA-A24762 9
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B. Maintaining the current profile without inductivedrive

In conventional tokamak scenarios, most of the current is driven by inductive means,
with the plasma acting as the secondary of a transformer. This makes such scenarios
inherently pulsed, thereby decreasing the average power output from a power plant and
resulting in both thermal and mechanical stresses on many components of the device. At
the core of the AT concept is elimination of this pulsed requirement, allowing for steady
state operation of atokamak without sacrificing fusion performance.

For steady-state operation, the plasma current must be provided by means other than
transformer action. The cost and power consumption associated with providing a large
part of this current by external means could be prohibitive. The bootstrap current [7] can
be used to provide most of the current in high B steady-state plasmas. This current is
driven by radial gradients of the kinetic profiles by the plasmaitself.

In a global sense, the bootstrap fraction fyg o< B, =< qf. Optimizing fgg requires
operation at maximum [ at modest values of the safety factor q (Fig. 1). There have
been experimental observations indicating degraded MHD stability at higher values of g
[23], so there are tradeoffs that must be taken into account. Maximizing the total amount
of bootstrap current is not sufficient, though. Locally, the current depends directly on the
kinetic profiles, and can be written as jgg = C,(Vn/n) + C.(VT,/T,)+C;(VT,/T).
The desired broad bootstrap current density profile would then be associated with a broad
pressure profile (already identified as favorable for MHD stability). More specifically,
since the largest of these coefficients would be C,, in both a reactor and in DIII-D, a
broad density profile is desirable.

AT dischargesin DIII-D typically have fgg= 50%—-70%, and simulations indicate
that scenarios are feasible with fgg> 90%. The highest bootstrap fraction scenarios
would require reduction or elimination of the NBCD, which provides 15%—40% of the
total current in present experiments. In DIII-D AT target plasmas (prior to the
introduction of ECCD), the remaining inductive current in the plasma amounts to about
25% of the total current, and is centered around the mid radius (Fig. 6) [1]. It is this
portion of the total current that must be replaced by additional noninductive sources in
order to reach steady state.

Electron cyclotron current drive is being developed as an effective tool to provide this
off-axis current in DIII-D. The behavior of thistool is well understood and is accurately
predicted [25] by modeling. Figure 7 shows results of a recent experiment where 2 MW
of EC power was applied a p = 0.4 [21]. Simulation of a discharge with and one without
EC indicate a difference in current density at the location where the EC waves are

10 GENERAL ATOMICS REPORT GA-A24762
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Fig. 6. Resultsfroman AT discharge with fzg = 50% and fyg, = 25% and no ECCD.
Under these conditions, fqp,mic = 25%, all centered around the mid radius. Reaching
steady state is expected to be possible by applying ECCD in this region. Without doing
s0, this discharge would eventually evolve so that the inductive current penetrates to the

axis[1].
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Fig. 7. First demonstration of j(p) control using ECCD in a DIII-D AT plasma, with
Rec = 25 MW driving about 130 kA of current. Simulations and measurement are in
good agreement for two discharges, one with (ECCD) current drive and the other where
the EC waves are aimed to heat without current drive (ECH), and indicate that the
strength and location of this driven current are in keeping with expectations. The
horizontal barsin the figure indicate the spatial extent sampled by each M SE channel.

deposited. Measurements, made by motional Stark effect (MSE) [26], are in good
agreement with the simulation, and indicate that approximately 130 kA is driven by
ECCD near the absorption radius.

As will be shown in Section |11, fully noninductive discharges are attainable using
bootstrap, NBCD and ECCD. However, both experimental experience and simulations
indicate that the plasma response to off-axis ECCD often includes an increase in ¢, the
safety factor in the vicinity of the axis, due to the induced electromotive force opposing
the driven current (back-EMF).

The back-EMF has two important implications: First, the plasma can undergo a long
evolution before reaching steady state. Second, that steady state would have strong
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negative shear in the core, likely inducing an internal transport barrier (Section I1.C.) in
several or all transport channels [27]. Calculations and experiment indicate a transport
barrier at small minor radius leads to a reduced f limit as a consequence of pressure
profile peaking. Another source of current, near the magnetic axis, is desirable to control
this magnetic shear. Model calculations indicate that FWCD or additional ECCD would
be effective for supplying the needed axia current. FWCD would have the added benefit
of increasing both T, and Be, and consequently increasing the off-axis current driven by
ECCD. The fast wave system on DIII-D is currently being restarted after several years
without operation. Fast wave experiments have begun, with initial results indicating
behavior consistent with these long-term goals [28].

C. Transport considerations

Advanced Tokamaks are characterized by high fusion gain (high Bz, the product of
the plasma beta and confinement time) and duty factor approaching 100% (steady-state,
facilitated by high fgg). Based on the above discussions of MHD stability and current
profile control, both of these goals are facilitated by a broad pressure profile. It is
desirable, then, to gain some measure of control over the kinetic profiles.

The profiles are largely determined by sources and transport. In DIII-D, NBI,
electron cyclotron (ECH) and fast wave (FWH) heating are all sources of energy. NBI
and gas puffing (primarily early in the discharge) provide particle sources. Our ability to
control the deposition of these sources is limited and will become more difficult in a
future burning plasma, where the main heat source will be provided by fusion alpha
particles.

The present understanding of transport [29,30] is that it is mainly driven by
turbulence on severa different scale lengths. We have identified suppression mechanisms
that are believed to act on each of these. Ex B shear [31] can limit the longer
wavelength turbulence, especially the ion temperature gradient (ITG) mode, and is
believed responsible for much of the physics associated with internal transport barriers
appearing in the ion channel in DIII-D [32]. (l-stabilization, also referred to as
Shafranov shift stabilization, [33,34] is associated with transport reductions across a
wider range of scale lengths and in all transport channels. Negative magnetic shear, as
existsin the core of DIII-D AT plasmas, is also stabilizing, and works in concert with a
stabilization [33]. Transport barriers appearing in the electron channel under conditions
of intense electron heating are believed to be associated with o-stabilization [35].

We anticipate that the largest impact on transport in a burning plasma device will
come not from direct manipulation of transport, but through changes made to other
plasma parameters. This is especially true of the current profile, since we anticipate the
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largest external power source in such devices will be the current profile control tool. This
presents a challenge to the development of integrated AT scenarios. Without independent
control of the current profile and transport, we must search for self-consistent solutions
(see Section 111) possessing the desirable characteristics. Some measure of independent
control of these parameters would allow for greatly improved flexibility.

For example, as previously mentioned, application of off-axis ECCD to AT plasmas
can result in strongly negative magnetic shear. In the case shown in Fig. 8, this magnetic
shear was sufficient to trigger formation of an internal transport barrier (ITB). Thisin
turn results in decreased MHD stability at high beta and a narrowing of the bootstrap
current profile.

111203

tec (1.58)
o +0.55(2.05)

q
4\
] NCS
Region

Fig. 8. ECCD driven current at p = 0.4 results in changes to the entire current profile,
and sharp increases in ¢y. The resulting negative shear can trigger the formation of an
internal transport barrier, thus demonstrating the impact that current profile modification
has on transport and the kinetic profiles.

We do have the ability to control transport in a limited fashion. A humber of tools
have been identified on DIII-D as having impact here. Ex B shear can be driven or
modified by NBI. Pellet injection [36] and rf [37] have also both been used to modify this
shear. Studies of these and their effects on transport will continue, with more flexibility
becoming available with the planned future reversal of one beamline (two NBI sources,
out of atotal of eight). This will allow a large range of variation in the strength and
characteristics of this shear, the nature of which differs depending on the direction of the
beam injection [32].

Both NBI and pellets also affect o-stabilization, as do ECH/ECCD and
FWH/FWCD. Impurity injection and particle removal via divertor cryopumping also
have direct impact on transport.
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It is likely in a future device, however, that the dominant external influence on
transport will be provided through control of the current profile. This underscores the
importance of sufficient understanding of the physics involved so that these regimes can
be simultaneously optimized for MHD stability, current profile control and transport.

D. Boundary control

The fourth area to be considered is the plasma boundary, namely handling the
particles and energy that flow through the boundary. In a power plant, heat removal is a
key issue, especialy in AT scenarios at higher power densities. Boundary control plays
an additional important role in DI11-D. As we have shown, controlling the current profile
is a key element in achieving steady-state operation with high  and good confinement.
The divertor provides density control to maintain the effectiveness of the current drive
tool at reactor relevant collisionality.

ECCD driven current scales as To/ (neR)B]e/ 2 [38], so that driven current decreases
with increasing density. Furthermore, EC waves do not penetrate the plasma above a
cutoff density, about 6x10™° m3in typical DIlII-D AT plasmas. Present experiments
are carried out in a single-null geometry, with 6=0.65 at the pumped end of the plasma
(usually much lower at the opposite end). This geometry is chosen to match the divertor,
which has cryopumps coupled to both divertor legs of this configuration. Density is well
controlled in these plasmas, in the range (ng) = 3-4x10"° m3,

As previously discussed, further optimization of AT performance can be gained with
more strongly shaped plasmas, with higher elongation and triangularity, as well as a
double-null divertor configuration. An experiment was performed to evaluate pumping
requirements for plasmas moving away from the optimal (for density control) shape [39].
With the standard shape, conforming to the pumped divertor, steady discharges were
produced in several shapes, ranging from the standard upper single-null AT shape to a
similar, but inverted, lower single-null (Fig. 9). The fraction of particles removed,
Tout/Ting + Iin/Ting (TouT isthe particle flux into the pump at the outer strike point,
Il s the flux to the inner pump and Ty is the source particle flux, arising from NBI)
ranges from nearly 100% for an upper single-null to only about 50% for the inverted
plasma. About 65% of the particles are removed from the double-null plasma.

In a related experiment, AT discharges were produced in the double-null shape.
Although high performance was obtained in these discharges, the lowest sustainable
density achieved was near the EC cutoff, limiting the use of ECCD in these discharges.
The desire for the improved performance associated with stronger shaping, coupled with
the need for effective density control, motivates our plan to add a pumped divertor at the
bottom of the vessel.
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Fig. 9. Fractional pumping rates for the inner (Tjy/Ting) a@nd outer (Toyr/Ting)
divertor cryopumps. I}y is the rate at which the plasma is fueled by neutral beams (the
only significant fueling source in AT plasmas in DIII-D). To maintain a constant
density, the sum of the two curves should approach 100%, and this is the case for an
upper single-null divertor plasma with both strike points coupled to pumps. As the
magnetic balance, indicated by DRSEP, is shifted from upper, through double-null
(DRSEP = 0) to lower single-null, the pumping rates are decreased to about 50% for the
DRSEP = —1.5 cm case. This data indicates that density control in a double-null divertor
configuration will require pumps at both ends of the plasma.
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lll. INTEGRATED SELF-CONSISTENT SCENARIOS

In developing AT regimes, the key challenge is to combine the important elementsin
an integrated fashion. In this section, we will briefly discuss two efforts that aid in this
integration, and present some recent results in the development of high performance
integrated scenarios with fy; = 100%.

A. Plasma control system

The DIII-D Plasma Control System (PCS) [40] controls many of the tokamak’s
global parameters, including shape, plasma current and stored energy. The special
requirements of the AT demand additional control, in particular, of profiles rather than
only global parameters.

We have discussed a number of tools that can be employed to directly control or
indirectly influence profile quantities. We have begun efforts to use the PCS to control
some of these in real time. Single point control has been used, with an electron cyclotron
emission (ECE) measurement as the sensor and ECH (aimed at the same location in the
plasma) as the actuator to finely control the evolution of the electron temperature during
the current ramp at the beginning of an AT discharge [41]. This technique allowed
improved reliability and reproducibility in producing an AT target, since the current
profile during this part of the discharge is determined strongly by Tg through its impact
on resistivity.

This capability will be expanded to perform multi-point control of T,(p,t) and other
profiles. q(p,t) profiles are already being analyzed in real-time, using MSE data and the
MEFIT (real-time EFIT) [42] code. This sensor, combined with ECCD and FWCD as
actuators, will be used in the very near future to develop real-time current profile control.

B. Integrated modeling

Modeling and simulation have become essential tools for both experimental
interpretation and planning. Predictive modeling is used to plan AT experiments, based
both on empirical extensions from previous experiments and theoretical models[19]. The
experiments are also interpreted through the use of these models, with the results being
used not only to plan further experiments, but in continued development of the models
themselves. This approach not only contributes to progress in the experimental effort, but
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to the ultimate goal of developing afully predictive capability that can be applied beyond
DIl1-D, to design advanced regimes for next-step burning plasma devices.

Such predictive modeling was carried out based on previously reported discharges
[19] using transport coefficients determined from power balance analysis of experimental
discharges and scaled by the IPB98(y,2) H-mode confinement scaling relation [43]
(Fig. 10). IPB98(y,2) is pessimistic in its power dependence, so these calculations were
expected to be quite conservative in their predicted power requirements. The discharge
that formed the basis of this study has been reported on previously [19] and had
Umin>15, BN =31, fgg=55% and fy, = 90%. The simulations indicate that
increasing the neutral beam power, from 9 to 13 MW, would result in the plasma
reaching fy; = 100% at somewhat higher 3. The same calculations were repeated using
the theory-based GLF23 model [44], with the results being consistent with the empirical
prediction.

Shot 111221 ]
ECCD + NBCD
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Fig. 10. (a) Noninductive current fractions from ECCD+NBCD (green) and total
including bootstrap (red) for experimental (with fy, = 90%, thin lines) and simulated
(fn = 100%, thick) discharges. The waveform shown for the ECCD indicates that no
increase in EC power is required. (b) q profiles at several times during the simulation
indicating a slow continued evolution of g at the magnetic axis, but g, remains constant.
(c) Both B (red) and neutral beam power (green) are increased in the simulation. (d)
Total current profile (black) shown at the same times as in (b) and the components of this
current at the end of the simulation (color). The slow evolution previously noted in g, is
due to a small remaining inductive counter-current near the axis; this back-EMF
gradually relaxes given sufficient time.

More recently, the renormalized GLF23 model was used to perform steady-state
calculations of an AT discharge. The model now reproduces the measured profileswell in
discharges with Hgy = 2.3 (Fig. 11). In the region of the plasma surrounding the magnetic
axis (inside p = 0.2-0.3), the gradients fall below the critical level and transport is
predicted to be neoclassical. Here, a multiplier is applied to the neoclassical prediction.
Although this multiplier is determined empirically, the same multiplier appears to work
well in al high confinement (Hgy = 2.3) AT discharges. Note that in contrast to previous
GLF23 simulations, the density profile is now being evolved, with the results bearing a
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strong resemblance to the experimental data. In all profiles, however, a boundary
condition isimposed at p = 0.8, so that the pedestal is still not calculated.
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Fig. 11. Results from a steady-state simulation of an AT discharge with GLF23. Density,
temperature and toroidal rotation velocity are all evolved. Shot 118419: |,= 1.1 MA,
Br=1.7T,Hg =23, =33, Py =89 MW.

C. Recent progressin integrated scenario experimentsin DIlI-D

Experiments have now been carried out to test these predictions [45]. Target
discharges similar to the previous experiments, with gy, >1.5, are prepared in the same
way, with an early H—-mode transition being used to slow the current profile evolution.
Several discharges were run, with varying levels of NBI power, resulting in fy; = 100%
being maintained for up to 1 swith By up to 3.5 (Bt up to 3.6%). A time history of one
of these discharges, with 8 = 3.2 and Hgy = 1.9 is shown in Fig. 2. Note that for most of
these discharges, By ismaintained at alevel sightly above the no-wall stability limit. As
will be shown below, it should also be noted that although these discharges globally
reach fy; =100%, the locally calculated inductive current does not fully relax to zero.

The makeup of the current profile in these discharges was analyzed using three
different codes: ONETWO [46] and TRANSP [47] are both transport codes. In these
calculations, the bootstrap current is determined using models (NCLASS [48] or Sauter
[49]). Neutral beam driven current is calculated using models internal to the codes.
ECCD is calculated using TORAY-GA [50]. The inductive current density is then
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determined by subtracting these calculated noninductive currents from the total current
calculated from areconstruction of the plasma equilibrium using EFIT [51].

An aternate method of calculating the inductive current density profile uses the
NVLOOP code [52]. The poloidal flux, ¥(p,t) is given by a series of equilibrium
reconstructions with a fine time resolution based on the MSE diagnostic and magnetic
measurements incorporated with pressure profiles. The total current is given by spatial
derivatives of ¥, while the inductive current joy is given by Gpeq By, where 6y isthe
neoclassical conductivity and B is the parallel electric field determined by the time
derivative of ¥. The noninductive current can be calculated by subtracting the calculated
inductive current from the total current, and can be compared with the sum of ECCD,
NBCD and bootstrap currents as described above.

Figure 12 shows results of such calculations from TRANSP (using the Sauter
bootstrap formulation) and NVLOOP for the discharge shown in Fig. 2. The other
calculations described above give similar results. Figure 12(a) shows the noninductive
current fraction fy; = 1IN /liotg @nd indicates that this discharge is nearly 100%
noninductively sustained for over 0.5s. A snapshot of the different components of the
current near the end of the ECCD pulse is shown in Fig. 12(b), indicating that although
the net current (integrated over the cross section of the plasma) is nearly 100%
noninductive, locally, thisis not so.
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Fig. 12. A discharge reaches net noninductive conditions with off-axis ECCD, which can
be maintained for over 0.5 s. Near the axis of these plasmas, neutral beam current drive
actually overdrives the total current, resulting in inductive counter-current to balance the
noninductive sources. Decreasing the neutral beam power and increasing the duration is
anticipated to allow further relaxation of the inductive current to zero.

Although the inductive current is not fully relaxed to zero across the profile in these
discharges, the current profile does become nearly stationary for about one current
relaxation time (=1.1 s; Fig. 13). The target discharges in the present experiments have
monotonic q profiles, contrasting with previous experiments where the target q profile
had negative central shear (NCS). Since the final, stationary, configurations do have
some amount of NCS, the period of evolution required to reach thisfinal stateislonger in
these experiments. This is a consequence of irreproducibility in the startup phase, since
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the intent isto prepare atarget plasmathat already has close to the desired current profile,
so that ECCD only has to maintain rather than develop the final state. After 0.7 seconds,
little further evolution takes place for the duration of the ECCD pulse.

115689

Fig. 13. The profiles undergo significant evolution following introduction of ECCD,
taking about 0.7 s to reach equilibrium. The current profile becomes nearly stationary
after thistime.

In these experiments, the neutral beam power is feedback controlled to maintain S, at
a particular value, usually close to the stability limit. Thus, the required heating power is
determined by a combination of MHD stability and confinement, with a lower
confinement discharge requiring more power from NBI. In order to reach and maintain
fu = 100%, both globally and locally, a certain amount of NBCD is needed, which often
will be different than the amount determined as described above. The discharges with
fu = 100% had a higher power demand (lower confinement, Hg = 1.9 instead of
Hg = 2.3-2.4) than the previous discharges, and so j(p) in the region surrounding the
magnetic axisis overdriven by NBCD (Fig. 12). The inductive current density, counter to
the total current, is a consequence of this NBCD overdrive.

This points out the need for a mechanism that can independently control transport.
Since we have already demonstrated discharges with too high and too low an NBI power
demand, understanding of the mechanism behind these confinement differences may lead
to atool that could potentially allow us to select P, for the right amount of NBCD to
eliminate the inductive current. We would then seek to adjust transport accordingly.

Studies are underway to determine this mechanism. A comparison of profilesin two
discharges representing the high and low confinement conditions is shown in Fig. 14
(note that the lower confinement discharge has 60% higher neutral beam power and 9%
higher plasma current and toroidal field). Two candidates emerge as possible causes for
the change in confinement: differencesin the g profile and in the rotation profile.

Examination of a set of similar discharges including examples of both the “high” and
“low” confinement conditions indicates that reversal of the q profile is probably not the
controlling factor, as there is no clear variation of Hgy VS. g, — d,,i,- The presence of a
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Fig. 14. Profiles of two similar AT discharges with differing confinement. Significant
differences are seen in the toroidal rotation and g profile. 115689: I,=1.2 MA,
Br=1.85T, Hg=1.9, By =32, Pyg =145MW. 118419: I,=1.1MA, B;=1.7T,
Hgo = 2.3, By = 3.3, Pyg = 8.9 MW.

g = 2 surface was also considered, but there are examples of discharges with Hgy = 2.3
with g, < 2.

At present, we believe the important difference is that seen in the toroidal rotation.
The pedestal in the rotation profile is eliminated in the lower confinement discharges, and
the reduced rotation propagates all the way into the center of the discharge. Both the
shear in toroidal rotation and the value of rotation velocity are known to play important
roles in determining transport, so this is not surprising. Both the cause of the reduced
rotation and its effect on transport remain under investigation. A possible cause for this
change in rotation has been identified, and will be the subject of an upcoming
experiment. If we can verify that this is the cause, it may present an opportunity to
improve control over confinement in AT regimes in DIII-D, thereby allowing us to at
least in some measure decouple beta and NBCD.

Since DIII-D AT discharges typically operate in the regime where transport is
subcritical (reduced but not completely suppressed) to E x B shear, we can speculate that
transport can be continuously varied by varying the rotation and therefore the E x B
shearing rate. Although a burning plasma device may not exhibit significant toroidal
rotation, E x B shear should still be an important effect through the effect of the pressure
gradient term in the force balance equation determining E, [32,53,54]. Similar
opportunities for control may therefore present themselves in ITER AT discharges,
although the details of the control mechanism may be substantially different.
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IV. SUMMARY AND FUTURE WORK

Advanced Tokamak research in DIII-D seeks to provide a scientific basis for
operating steady state high performance regimes in next-step tokamaks. Our approach is
to develop understanding of the key elements as well as the tools, separately or in
concert, and then integrate these elements into self-consistent discharges exhibiting most
or al of the features desired in an AT . The experimental effort is guided by integrated
modeling, which benefits not only the immediate experimental goals, but also fosters
longer term development of a capability to predict performance in a next-step device with
burning plasma.

The control tools fall into four broad categories: tools to increase 3, tools to control
the current profile, tools to control the kinetic profiles through transport and tools to
control the particles and energy exhausted from the plasma. The B limit is maximized
through strong shaping and broad pressure profiles. Operation above the no-wall  limit
is made possible by stabilization of the resistive wall mode, either through rotation or
directly with nonaxisymmetric coils. Most of the current in these plasmas will be driven
by bootstrap, which is optimized with a broad pressure profile and high q. The remaining
current is provided by externally driven noninductive means. In DIII-D, these include
NBCD and FWCD (centered on the axis) and off-axis ECCD. The required broad
pressure profiles would be facilitated by some control of transport. The most powerful
actuator for transport, however, is through the current profile. Modification of rotation
and ExB shear may allow some additional transport control. Another important factor
determining the current profile is the density profile. Divertor cryopumps have
demonstrated their capability of maintaining constant and reasonably low density.
Optimization of the shape for MHD stability may, however, require some modification of
the divertor geometry. In DII1-D, adouble-null pumped divertor is being planned for this
purpose.

Integration of these distinct elements occurs through the use of a sophisticated plasma
control system and an extensive integrated modeling effort. The DIII-D plasma control
system is being continuously developed toward the ability to control profilesin real-time,
in addition to global parameters. Integrated modeling is used both to design experiments
and to interpret their results. The modeling uses both empirical and theory-based models,
and the comparisons with experimental results are particularly useful in the further
development of the models. Although this approach has been very successful in devising
experiments, its biggest value may lie in the ever improving predictive capability driven
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by this effort. The same tools being applied to experimental design and interpretation on
DIl-D are aready being applied to ssmulations of burning plasma devices.

Based on previous results, simulations predicted that fully noninductive discharges
could be produced in DIII-D with similar parameters, but with increased heating power.
Experiments following this prescription resulted in plasmas with fy; =100%,
Bn <3.5%-m-T/MA and Bt <3.6%. Although the net inductive current in these
discharges approaches zero, the local inductive current density remains finite. Near the
magnetic axis, the neutral beam drive actually overdrives the local current density. Both
NBCD over- and under-drive have both been demonstrated in AT plasmas differing in
confinement. This suggests the possibility of developing some measure of bipolar
transport control with the capability of either increasing or decreasing transport. With
dlight improvements to confinement to reduce the neutral beam power demand, and with
additional duration, the inductive current profile is expected to fully relax to zero.

Severa hardware improvements are planned to foster further advances in the science
of Advanced Tokamaks. A double-null pumped divertor will allow operation with an
optimized shape. Additional rf power is planned, with increases to 9 MW of EC and
5 MW of fast wave. Thiswill allow demonstration of steady state regimes for as long as
10 seconds, or several current relaxation times. Replacing some of the NBI with rf will
facilitate operation with Tg = T; . Finally, two (out of eight) NBI sources are planned to be
re-aimed in the counter direction. This will give added flexibility by alowing us to vary
the co/counter mix of NBI sources, thereby modifying both NBCD and rotation.
Scenarios approaching 100% bootstrap current may be possible when NBCD is removed
by balanced injection.
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