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Research Goals and Plans for Plasma
Sustainment: Advanced Scenarios and Control

9.1 Overview
9.1.1 Introduction

As described in Chapter #1, the ST has been suggested for use as the fusion core of Fusion
Nuclear Science Facilities (FNSFs) [1-3] and Component Test Facilities (CTFs) [4], pilot power
plants [5], and even full-scale power reactors [6,7]. While there is a range of operating points
suggested for these next step spherical torus devices, they have many features in common.

As shown in Fig. 9.1a), these next-step STs generally operate with px>4, exceeding the no-wall
n=1 kink stability limit and requiring optimization of the passive and active stability. The values
of boundary elongation, illustrated in Fig. 9.1b), are typically quite high, generally exceeding
2.5. These high values of fx and elongation contribute to a large fraction of the required current
being driven by the bootstrap effect. These devices generally rely on neutral beam current drive
(NBCD) to supplement the bootstrap current, in order to maintain 100% non-inductive current
drive. They all have potentially very high power loading of the divertor, and so heat flux
mitigation strategies are required. Finally, they all must have a much lower rate of unmitigated
disruptions than achieved in current low and high aspect ratio tokamaks, in order to avoid plant
damage and the loss of valuable discharge time.

93




NSTX Upgrade Research Plan for 2014-2018

Scenario development research in NSTX made considerable progress toward achieving these
goals [8], as evidenced by the TRANSP analysis of NSTX data in Fig. 9.1. The data points are
averages of durations longer than tg during stationary periods of high-performance discharges.
Fig. 9.1a) demonstrates that values of n in excess of 6 have been achieved for substantial
durations, with values above 4 quite common. Elongations up to 2.9 were similarly achieved.
However, the evolution of the current, rotation, and density profiles during the discharge
typically resulted in deviations from the optimal conditions, often leading to disruption.
Furthermore, the maximum non-inductive fraction ever achieved in NSTX was 65-70% [8-10].

8 _ $§$g‘§m ' ' ' "1 35] b ' ' OAREES-ST
= 2) ARIES-ST : ST Pilot
E 4 L oCulham ¢ORNL CTF (2005)  (PPPL)
43 E - STPP @ORNLFNSF ;™" GAGTy ~ ™4
L J _ 3.0 (2008) 1 00010 ]
6F &0 0% ] == S - - : MRNL FNSFI)
E %0 1 1 " '
z 8,7 B o 1 LGA CTF Y oA (2010) 1
< 5E oo‘f & b QTF (2008) 03 2010) 4 e LG :
o§% 55003 ° 990% R : 2 oCutham :_NS_T)_(-LJ_ . _F_
4t 9 %" |b° H Operating
E NSTX-U ! Space
é ® LT b X CRERED
3F 3e ° PR pace E ]
2 g 2 q il | Py | PSSP Ay | - 1 1
1.3 14 15 1.6 1.7 1.8 1.3 1.4 1.5 1.6 1.7 1.8
A:Rn/a A=R0/a

Fig. 9.1) Comparison of the NSTX operating space to the proposed steady state solutions for fusion nuclear
science facilities, component test facilities, and power generating facilities. NSTX data from a dedicated
higher aspect ratio experiment is shown in red, while the remainder of an NSTX high-performance database is
shown in blue.

Based on the NSTX experience and R&D needs for next step devices, the following overarching
questions guide the scenario and control research plans in NSTX-U [11]:

* What are the optimal current and rotation profiles for achieving a 100% non-inductive
state?

* What are the optimal control strategies for maintaining those profiles?

* Under what conditions can neutral beam current drive be understood using neoclassical
theory alone?

* Can the divertor heat flux be controlled in a fashion consistent with a high-performance
plasma core?

* How can impending disruptions be detected, and what are the optimal discharge
termination responses?

* How can NSTX-U results be used to project to next-step STs?
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In order to make progress on these important problems, research in the Advanced Scenarios and
Control (ASC) topical science group will be divided into four thrusts. The first thrust will focus
on scenario development and optimization using the NSTX-U actuators; this thrust will
demonstrate 100% non-inductive operating points as well as develop high-current partial-
inductive scenarios for the use by other topical science groups. The second thrust will focus on
axisymmetric control development, including profile and divertor control. The third thrust will
focus on the controlled termination of high-fx ST discharges, including disruption detection and
intervention. The fourth thrust will examine critical issues related to scenario development for
next-step STs, including regimes of classical beam current drive and transport modeling. As
described in Section 9.1.2, these thrusts are entirely supportive of the five high-level goals for the
NSTX-U research program defined in Section 1.2.2.

Finally, note that while these research goals are framed in terms of next-step ST needs, the
physics and technology issues are very relevant to the problems facing ITER. An incomplete list
overlapping research tasks includes:

* ITER will rely on off-axis neutral beam current drive in its advanced scenarios, and so
improving the understanding of NBCD, including the range of validity of neoclassical
treatments and its use as a control actuator, is critical.

* ITER will rely on profile control to maintain a stable operating scenario. The development
of robust algorithms for that control is thus critical.

* ITER modeling has and will continue to rely on reduced transport models for predicting
scenario characteristics. Benchmarking these models on the widest possible range of
scenarios, including STs, increases the confidence in those predictions.

* ITER will need to radiate a large fraction of the power that crosses into the SOL, in order
to avoid damage to the divertor places. Closed loop radiative divertor control research in
NSTX-U can aid in developing the appropriate control for ITER.

* ITER will need to trigger its disruption mitigation systems based on realtime diagnostics,
and this research can aid in developing the appropriate trigger algorithms.

9.1.2 Overview of Research Thrusts
9.1.2.1 Thrust ASC-1: Scenario Development

This thrust will focus on developing the highest-performance scenarios possible in NSTX-U.
Broadly speaking, there are two types of optimization to be considered in this research thrust:

100 % non-inductive current drive and high current partial inductive.

The first optimization aims at 100% non-inductive current drive scenarios at the largest possible
currents. Key questions to be examined are the impact of plasma transport and the resulting
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profile shapes on the non-inductive current level, the global stability of these scenarios with large
neutral beam current drive and central fast ion pressures, the optimal density for non-inductive
sustainment, and consistency of the non-inductive operating state with divertor integration. The
research of this first optimization activity provides the basis for achieving the highest priority
research goal #1 of the 5 year plan in Chapter 1: Demonstrate stationary 100% non-inductive
operation at performance that extrapolates to > 1IMW/m2 neutron wall loading in FNSF.

The second optimization task will develop high-current, partial inductive operation, pushing
toward the facility goal of 5 second pulses at [p=2.0 MA and Br=1.0T. These scenarios are the
key means of accessing low collisionality in NSTX-U, and the development of lower-density
operations is thus critical. Additionally, it is likely that these scenarios will result in severe
divertor thermal loading, and so the development of integrated heat flux management solutions is
a requirement.

Overall, this thrust supports all five of the high-level NSTX-U goals described in Section 1.2.2,
and will be described in detail in section 9.2.1.

9.1.2.2 Thrust ASC-2: Axisymmetric Control Development

This thrust will focus on developing the control strategies for achieving and maintaining optimal
ST scenarios. Maintaining the plasma boundary shape and vertical position may be the most
basic tokamak control requirement, and NSTX-U research will optimize multi-input multi-output
boundary shape controllers and improved vertical stability algorithms. This is a critical issue for
the ST, where inboard coils for maintaining the inner gap may not be available and very high
elongations are desired.

In addition to the boundary shape, control of the divertor heat flux is critical. The snowflake
divertor [12,13], which uses two or three divertor coils to pull nearly overlapping X-points, has
been shown to lead to a significant reduction in the divertor heat flux in NSTX [14,15] and DIII-
D [16]. NSTX-U researchers will work to develop realtime tracking of multiple X-points. This
information will be used to develop closed-loop control of the 1 and 2™ X-point locations, and
this control will be incorporated into advanced scenarios. Furthermore, direct control of the
divertor radiation using feedback control of impurity gas injection will be developed, based on
earlier success with open-loop detached divertor experiments [17,18].

The safety factor and rotation profile shapes play a key role in determining the global transport
and stability levels. TRANSP calculations show that by varying the neutral beam source mix
and/or plasma density, the minimum safety factor (qmin) can be controlled; experiments will be
conducted to verify this prediction. These results will be used to develop simultaneous Py and
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gmin controllers in NSTX. Similarly, the variation of neutral beam torques from the different
sources and n=2 & 3 magnetic braking from the RWM coils will be used to control fx and the
values of toroidal rotation at selected points across the profile. Finally, experiments will attempt
to examine the feasibility of combined control, for instance, simultaneous P, qmin, & Fr, control
(here, Fr represents the central rotation frequency).

Finally, it will be important to develop means to control the particle inventory. Realtime density
measurements will be brought to the plasma control system (PCS), and improved fueling
actuators will be developed. When added to the pumping produced by lithium coatings or a cryo-
pump, these tools will provide a means of generating a controlled density evolution in NSTX-U.

This thrust also supports all five of the high-level NSTX-U goals described in Section 1.2.2, and
will be described in detail in section 9.2.2.

9.1.2.3 Thrust ASC-3: Disruption Avoidance By Controlled Discharge
Shutdown

All tokamak discharges must end, either in controlled rampdown or in disruption. The purpose of
this thrust is to optimize disruption detection with sufficient time to make a meaningful
intervention. Realtime inspection of quantities like the coil heating and the solenoid flux
evolution will be used to determine when slow rampdowns will be required. Multiple realtime
diagnostic signals will be synthesized to form efficient disruption detectors, requiring more rapid
rampdowns.

This information will be used to trigger automated rapid rampdown sequences. It is envisioned
that multiple types of rampdown sequences will be developed, pending the different sources of
alarms. A massive gas injection (MGI) sequence will also be included, to take advantage of the
MGI system being developed in the MS TSG as described in Chapter 2.

This thrust supports the first two high-level NSTX-U goals described in Section 1.2.2, and will
be described in detail in section 9.2.3.

9.1.2.4 Thrust ASC-4: Scenario Optimization for Next Step Devices

As noted above, Thrusts 1-3 aim to optimize the discharges given the facility constraints of
NSTX-U. Thrust 4 will study aspects of scenario optimization physics relevant to next-step
devices, in ways that may not produce optimized scenarios for NSTX-U. For instance, the
simultaneous current and rotation profiles providing optimal performance will be examined. The
conditions for classical beam current drive will be explored. Finally, integrated modeling of the
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thermal energy, toroidal rotation, and current will be pursued, first for validation against NSTX-
U results, and then for projection to next-step ST scenarios.

This thrust supports the first two high-level NSTX-U goals described in Section 1.2.2, and will
be described in detail in section 9.2.4.

9.1.2.5 Thrust Connections to Research Described in Other Chapters

The thrusts in this chapter are not only related to each other, but also both build on and support
the research described in other chapters. A non-exhaustive list of examples include:

e This research is directly coupled to macrostability thrust MS-3 on disruption dynamics,
detection, mitigation and avoidance. In particular, the massive gas injection research
described there will utilize the disruption detector research described in thrust ASC-3,
while techniques developed in that ASC thrust will provide the trigger for MGI.

* Research in Transport and Turbulence thrusts TT-1 on global confinement scaling and
TT-3 on reduced transport models will contribute directly to understanding the optimal
profiles for advanced scenario plasmas, as described in thrust ASC-4

* Progress in understanding the physics underlying the scaling and control of the divertor
heat flux in Boundary Physics thrust BP-2 will be critical in executing thrusts ASC-1 and
ASC-2.

* The understanding of neutral beam current drive required to execute thrusts ASC-1, -2
and -4 will build on knowledge developed in thrust EP-1, dedicated to understanding
*AE induced fast ion transport.

* The H-mode scenarios and control algorithms described in thrusts ASC-1 and ASC-2
may benefit from the use of HHFW heating, as described in Section 7.2.1.

e The knowledge of neutral beam current drive derived from the studies described in
thrusts ASC-2 and ASC-4 will assist in the non-inductive ramp-up research described in
the Solenoid-Free Start-Up thrusts.

9.2 Research Plans
9.2.1 Thrust 1: Scenario Development of NSTX-U

As implied by the name of the chapter, the development of high-performance operating scenarios
for NSTX-U is a key goal of this research effort. These scenarios are important in their own
right, but also as “laboratories” for physics studies in other topical science areas. This section
describes plans for developing these scenarios, focusing on 100% non-inductive scenarios first,
followed by high-current partial inductive scenarios.
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Fig. 9.2: Profiles of a) the electron temperature, b) the electron density, c) the neutral beam driven current, d)
the bootstrap current, e) the loop voltage, and f) the safety factor. The colors correspond to different thermal
profile shapes, while the line-style indicates the confinement level (dashed for Hos=1, and solid for Hsr=1).

9.2.1.1: 100 % Non-Inductive Scenarios

9.2.1.1.1: Research Description

Before addressing the development path for 100% non-inductive scenarios, it is useful to
consider some of the key variables impacting these scenarios [19]. To begin with, the impact of
the confinement level and profile shapes is shown with the simulations in Fig. 9.2. Fig. 9.2a)
shows four electron temperature profiles, while Fig. 9.2b) shows four electron density profiles;
the parameters defining these profiles will be defined below. The toroidal field is Bt=1.0 T for
all these calculations, with an injected power of 12.6 MW from all six sources operating at 90
kV. The elongation is k=2.8 in these cases, with high boundary triangularity, a condition known
to maximize the core performance in NSTX [20,21]. The Greenwald fraction is 0.7 in all cases,
with Z.s=2. The plasma current has been chosen to yield a fully non-inductive operating point in

all cases, and has been allowed to fully relax.
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The two red curves correspond to broad density and temperature profiles, while the two blue
curves come from discharges with more peaked profiles; these two profile sets bound the range
of thermal pressure profile peaking observed in NSTX. The solid lines correspond to the
assumption of an ST specific scaling expression for the thermal energy confinement [22]
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inductive level of plasma current, the central electron temperature for the Hgr=1 case is in the
vicinity of 2.0-2.2 keV, while it does not exceed 1.5 keV for the case with ITER-98,, scaling.
Finally, the central safety factors are above 2 and have some reversed shear for the cases with ST
thermal confinement scaling, while the ITER confinement scaling leads to the result of
gmin=qo~1.5. Hence, the difference between these two confinement scaling expressions, a critical
question for projecting next-step ST operating points, should be quite visible when the non-
inductive operating point is determined in NSTX-U.

A second variable key to determining the non-inductive operating point is the plasma density.
Fig 9.3 shows how key parameters vary as a function of density and confinement level for a
scenario with P;,=12.6 MW, Ip=1.0 MA, B1=1.0 T, and Z.s=2. Consider the left column for
now, where the calculations assume that the fast ion slowing down is classical.
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Fig. 9.4: Plots of a) the stored energy, b) the non-inductive current
fraction, c) the mid-radius collisionality, and d) the neutron emission,

as a function of the plasma current, for NSTX data and projected  The central safety factor, however,

NSTX-U scenarios. is a strong function of density in
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this configuration. Beneath fgw~0.6, the central safety factor tends to fall beneath unity, a
situation guaranteed to result in disruptive core n=1 kink/tearing modes [9,23-27]. This is due to
the strong neutral beam current drive at lower density, which tends to be peaked on the magnetic
axis, as indicated in Fig. 9.2c). At higher densities, the NBCD is reduced, while the off-axis
peaked bootstrap current contributes to an elevated central safety factor. Furthermore (not
shown), the strong central peaking of the fast ion pressure at lower density results in the
configuration becoming n=1 MHD unstable. Hence, it will likely be critical to avoid too-low a
density in these scenarios; the caveat to this statement is shown in the right-hand column of Fig.
9.3, where a small level of fast ion diffusivity has been added to the simulation. These
simulations with fast ion density included will be discussed in greater detail in Section 9.2.4.2.

Additional information about fully non-inductive scenarios in NSTX-U is given in Fig. 9.4. This
figure shows the basic NSTX database in black points, and data from the dedicated high-A
experiments in NSTX as orange points. Each of the colored shapes corresponds to a family of
scenario simulations with the same toroidal field strength, boundary shape, and heating power;
the four corners of each shape corresponding to the two confinement assumptions and the narrow
and broad thermal profiles, as discussed in the context of Fig. 9.2. This figure will guide the
description of the research plan given below.

Bt [T] Pinj [MW] Heating Pulse Ip Range [kA] Tcr [$]
Duration [s]
0.75 6.8 5.0 600<Ip<800 0.3<7tcr <0.4
0.75 8.4 3.0 675<Ip<850 0.3<7tcr <0.45
1.0 10.2 5.0 750<Ip<1200 0.35<Tcr <0.75
1.0 12.6 3.0 875<Ip<1300 0.4<7Tcr <0.8
1.0 15.6 1.5 1000<Ip<1450 0.4<7cgr <0.85

Table 9.1: Selected parameters for 100% non-inductive scenarios at fy=0.7 in NSTX-U. See Table 2 and Appendix
1 of Ref. [19] for additional information.

As described in Section 10.7, the toroidal field for the first year of NSTX-U operations will be <
0.8 T. The associated operating points for different heating powers are shown in Fig. 9.4 in
magenta and purple, and in the first two rows of Table 9.1. The TRANSP simulations project the
non-inductive currents to be in the range of 600 < Ip [kA] < 800. The goal for the first year
operations (2™ year of the plan) will be to demonstrate these operating points for short periods,
for instance, a few tg. In the second year of operations, research will attempt to extend these
scenarios at 0.75 T to a few Tcr.

In the second year of operation, shorter pulses at By=1.0 T will be available, and it is envisioned
that from the third year on, full-field (Br=1.0 T) operation will be allowed with full 5 second
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flat-top durations. The details of these scenarios are illustrated in the red, blue, and green curves
of Fig. 9.4, and the lower three rows of Table 9.1. It can be seen that these scenarios project to
higher stored energy and larger neutron emission than any scenarios achieved in NSTX; the
collisionality of these scenarios, which are not designed to reduce this parameter, is comparable
to the lowest achieved in NSTX. Some run-time will be dedicated to develop short-duration
100% non-inductive scenarios at Br=1.0 T in the 2™ operations year, using 90-100 kV beams to
increase the current level. These 100 % non-inductive scenarios at 1.0T will be extended to the
full 5-second flat-top in the later years, using 80 kV beams.

Lack of particle control is a potential barrier to completing these plans for long-pulse fully non-
inductive operations; this will be addressed in the following way. The divertor cryo-pump does
not come online until the third year of NSTX-U operations. During the period before the pump is
installed, both boronization and lithium technologies will be explored to facilitate density and
impurity control. For instance, it is possible that ELMs triggered by the lithium granule injector
can be used to reduce the impurity accumulation. Alternatively, ELM pacing by 3-D fields can
be explored. Additional discussion of these particle control techniques will be given in section
9.2.1.2 and 9.2.2.4, as well as in the boundary physics chapter.

During the final two years of the research program, additional attention will be given to
integrating the 100% non-inductive operating point with other discharge goals. One goal will be
to maximize the non-inductive current level at 1.0 T and high Pn. These studies will benefit from
stability and profile optimization studies to be conducted in collaboration with the Macro
Stability (MS) group. Another such integration step will be to add advanced-geometry or
radiating divertors to the configurations; these scenarios may not require active heat flux
mitigation, but testing their compatibility with those mitigation techniques will have value.
Experiments will also begin to integrate the high-performance non-inductive flat-top scenarios
with non-inductive current ramp-up research. This integration will be described in section
9.2.14.

9.2.1.1.2: Research Plans by Year

The plans and goals for this research topic can be summarized as:

Year 1 of operations (2015):
* Develop very high non-inductive fraction discharges at 600< Ip [kA]<800 at B1=0.75, for
a few tg.
Year 2 of operations (2016):
e Extend the duration of the very high non-inductive fraction at Br=0.75 T to a tcr or
longer.
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e Utilize higher toroidal fields up to Br=1.0 T to achieve 100% non-inductive at higher Ip

levels for short pulse.
Year 3-4 of operations (2017-2018):

¢ Extend the duration of fully non-inductive currents to the full five second beam heating
pulse, including optimization of particle control with the cryo-pump.

* Integrate 100% non-inductive scenarios with advanced divertor solutions.

* Integrate 100% non-inductive scenarios with non-inductive ramp-ups.

9.2.1.2: Long-Pulse Partial Inductive Operations

9.2.1.2.1: Research Description

In addition to the 100% non-inductive goal described in the previous section, the NSTX-U
program has a goal of achieving long pulse with controlled density and higher current, up to
[p=2.0 MA. Scientific motivations for this scenario goal include:

¢ Testing the Ip scaling of core transport and the SOL width.
* Accessing low collisionality for core transport and global stability studies.
¢ Testing long-pulse disruption avoidance for many current redistribution times.
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Fig. 9.5: Example dynamics of a discharge with
incorrect early fueling. Shown are a) a spectrogram
decomposed by toroidal mode number, b) the plasma
current and heating power, and c) the core, q=3
surface, and mode rotation frequencies.
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Accessing low collisionality is most easily
done at lower density, since the normalized
3
collisionality scales as v* « fsz
TIFN
Pn and toroidal field (it is assumed here that

at fixed

sufficient heating power is available to heat
to the B-limit at any Greenwald fraction).
Py 1s limited by transport and/or global
stability, and Br is limited to 1.0 T in
NSTX-U. Thus, reducing fgw is the best
means to reduce the collisionality. However,
achieving sustained low density in NSTX
has proven to be quite difficult, for two
reasons:

* the requirement to provide strong
fueling during the early phase of the
discharge,

* the continued rise of the electron
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density during the H-mode phase.
These two issues will be discussed below.

When insufficient fueling is provided at the beginning of the discharge, a wide variety of
disruptive MHD activity has been observed to occur. A single example of this activity is shown
in Fig. 9.5, where the MHD activity associated with an incorrectly fuelled discharge is illustrated
[27]. In this case, a large n=1 mode strikes at t~0.24, and rapidly spins down to zero frequency.
The disruption follows rapidly after the mode locks to the wall. Disruptions of this type are
typically eliminated by increasing the fueling, often from the high-field side gas injector. This
fueling modification does not prevent the early MHD modes from developing, but rather
prevents them from spinning down to zero frequency; their frequency tends to saturate at 5-15
kHz in these non-disruptive cases, while their amplitude decays over a period of ~100-200 ms
[27].

Experiments will explore a number of options for eliminating these and other disruptive MHD
modes from discharges with reduced fueling during the first two years of NSTX-U operations.
One hypothesis is that the extra gas fueling cools the plasma edge, resulting in more rapid
current penetration and avoidance of the most unstable current profiles. The present fast ramps in
NSTX were designed to provide the longest possible Ip flat-top for the rather modest flux
capabilities of that solenoid. Given the larger flux of the NSTX-U solenoid, most scenarios are
projected to tolerate greater flux consumption during the Ip ramp. Hence, the impact of ramping
the plasma current more slowly will be examined. The gas fueling and Ip ramp rate will be
scanned, to determine the optimal combination for achieving stable flat-top configurations at
reduced density. The feedback-control of the line-average density described in section 9.2.2.4,
when available, will be very beneficial for this study.

Beyond the Ip ramp rate, other means of achieving reduced density at the end of the ramp-up
phase will be explored. Given that modes locking to the vessel wall precede many of these
disruptions, experiments will investigate whether new error-field correction strategies in the
early part of the discharge can improve the discharges. The dominant source of n=1 error-field in
NSTX was from the tilting of the toroidal field coil due to interaction with stray field from the
OH solenoid connections [28]. These OH connections have been 1) moved from the top of the
coil in NSTX to the bottom of the coil in NSTX-U, and ii) replaced with a coaxial design with
smaller stray fields [11]. It is anticipated that these two changes will dramatically reduce error
fields during the startup phase, but a new error field assessment must be performed as described
in Chapter 2. Experiments will also examine whether use of more tangential neutral beam
sources can result in greater rotation of the plasma, potentially preventing modes from locking to
the wall.
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Regardless of whether the density at the start of flat-top was fgw=0.2 or fGw=0.6, NSTX
discharges tended to have a ramping electron density evolution. In ELMy H-mode with boron
coatings of the plasma facing components, this increasing density was due to the accumulation of
deuterium in the plasma. In ELM-free conditions with lithium-coated PFCs, the ramping electron
density was typically due to the accumulation of carbon; as described in section 9.2.2.4, the
deuterium inventory was often well controlled in those discharges. Research in the first years of
NSTX-U will, in conjunction with the boundary physics and M&P research plans described in
Chapters 4 and 5, attempt to stop the density rise by the following means:

* In cases with boronized PFCs, natural ELMs will be used to provide impurity control.
The deuterium supplied to the plasma will be minimized via careful optimization of the
plasma startup phase.

* In ELM-free lithium-conditioned discharges, the lithium granule injector will be used to
attempt both lithium replenishment and ELM pacing. It is anticipated that this
combination will provide both the good confinement of lithium-conditioned H-modes and
the impurity transport of an ELMy regime.

e If this method fails, then experiments will be conducted to optimize magnetic ELM
pacing