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Abstract. The spherical tokamak (ST) is a leading candidate for a fusion nuclear
science facility (FNSF) due to its compact size and modular configuration. The
National Spherical Torus eXperiment (NSTX) is a MA-class ST facility in the U.S.
actively developing the physics basis for an ST-based FNSF. In plasma transport
research, ST experiments exhibit a strong (nearly inverse) scaling of normalized
confinement with collisionality, and if this trend holds at low collisionality, high fusion
neutron fluences could be achievable in very compact ST devices. A major motivation
for the NSTX Upgrade (NSTX-U) is to span the next factor of 3-6 reduction in
collisionality. To achieve this collisionality reduction with equilibrated profiles, NSTX-
U will double the toroidal field, plasma current, and NBI heating power and increase
the pulse length from 1-1.5s to 5s. In the area of stability and advanced scenarios,
plasmas with higher aspect ratio and elongation, high 85, and broad current profiles
approaching those of an ST-based FNSF have been produced in NSTX using active
control of the plasma g and advanced resistive wall mode control. High non-inductive
current fractions of 70% have been sustained for many current diffusion times, and the
more tangential injection of the 2nd NBI of the Upgrade is projected to increase the
NBI current drive by up to a factor of 2 and support 100% non-inductive operation.
More tangential NBI injection is also projected to provide non-solenoidal current ramp-
up as needed for an ST-based FNSF. In boundary physics, NSTX measures an inverse
relationship between the scrape-off layer heat-flux width and plasma current that could
unfavorably impact next-step devices. Recently, NSTX has successfully demonstrated
substantial heat-flux reduction using a snowflake divertor configuration, and this type
of divertor is incorporated in the NSTX-U design. The physics and engineering design
supporting NSTX Upgrade is described.

PACS numbers: 28.52.Av, 52.25.Fi, 52.55.Fa, 52.55.Rk, 52.55.Wq
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1. Introduction

The spherical tokamak (ST) [1, 2] is a leading candidate for a Fusion Nuclear Science
Facility (FNSF) due to its compact size and modular configuration [3, 4]. The
National Spherical Torus eXperiment (NSTX) [5, 6] is a MA-class ST facility in
the U.S. actively developing the physics basis for an ST-based FNSF. Access to low
collisionality »* plasmas in the ST configuration is particularly important to more
fully understand transport, stability, and non-inductive start-up and sustainment in the
spherical torus/tokamak (ST). In particular, NSTX [7] and MAST [8, 9] observe a strong
inverse scaling of normalized confinement with v*. An example of this scaling is show
in Figure 1 for NSTX experiments in which the plasma ¢, 5, and p, were approximately
fixed as the electron collisionality v} was varied by a factor of 3. If the strong favorable
scaling of increased dimensionless confinement ;75 & Br7r with reduced collisionality
holds at low collisionality, high fusion neutron fluxes and fluences could be achievable in
very compact ST devices only 30-50% larger in major radius than existing ST devices,
thereby enabling a reduced size and cost ST-based Fusion Nuclear Science Facility (ST-
FNSF).

For ST high-power H-mode plasmas, the electron and ion thermal diffusivities are
found to have different scaling dependencies [10]. In particular, the ion confinement
is typically near neoclassical values in the outer half of the plasma minor radius and
has a nearly linear plasma current dependence. In contrast, the electron confinement
is anomalous and has a nearly linear toroidal field dependence. Several instabilities
potentially responsible for anomalous electron thermal transport have been studied in
NSTX including Electron Temperature Gradient (ETG) modes [11, 12, 13, 14, 15],
Global Alfven Eigenmodes (GAE) [16, 17], and micro-tearing modes [18, 19, 20, 21].

Unraveling the simultaneous effects of these instabilities is a major research goal
of NSTX Upgrade by extending the achievable collisionality, toroidal field, and plasma
current. For example, ETG-driven anomalous diffusivity is expected to depend on
magnetic field strength through the electron larmor radius scaling [22] (and possibly
on ), the GAE instability drive [17] is expected to depend on the fast ion velocity
normalized to the Alfvén speed, the fast-ion  fraction, and the fast-ion distribution
function anisotropy, and micro-tearing-induced anomalous transport is expected to
depend on collisionality and also on magnetic field strength through electron larmor
radius scaling [19].

As shown in Figure 2, recent nonlinear gyrokinetic simulations of micro-tearing-
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induced electron transport [21] (which do not yet account for the equilibrium ExB
shear) have shown reasonable agreement with experimentally inferred electron thermal
diffusivities for the limited range of shots and minor radii tested. These simulations
indicate that micro-tearing-induced electron transport should continue to scale nearly
linearly with collisionality over approximately one order of magnitude in collisionality as
the collisionality is reduced below present NSTX values. Thus, collisionality variation
could impact which type(s) of instabilities dominate anomalous electron transport in
NSTX Upgrade plasmas. Beyond impacting turbulent transport, reduced collisionality
could also impact toroidal rotation damping [23, 24, 25|, RWM stability [25, 26], error-
field correction [27, 28], pedestal stability [29], and many other physics areas.

To improve the understanding of ST confinement, stability, and other physics,
a major upgrade to NSTX is planned to span the next factor of 3-6 reduction in
collisionality while also extending ST physics regimes and capabilities including fully
non-inductive current ramp-up and sustainment. The physics and engineering design of

NSTX Upgrade is described in detail in Section 2 and is summarized in Section 3.

2. Physics Requirements and Engineering Design

2.1. Centerstack, PF coils, Structural Enhancements

2.1.1. Physics Requirements Overview Scoping studies of NSTX-U operating scenarios
are important for identifying the Upgrade performance requirements to achieve the
physics research goals. Using 0-D scaling analysis benchmarked against NSTX
experimental data, Table 1 contains parameters of interest for an NSTX reference
discharge and for several representative NSTX-U scenarios assuming two confinement
scalings: ITER IPB98(y,2) H-mode scaling [30, 31] and an ST-specific confinement
scaling based on combined NSTX and MAST scalings: 75 oc I%6B1:?n%2P~07R2¢06,
Further, parameters are shown for two assumed plasma densities: 0.5 and 1.0 times
the Greenwald density limit [32, 33]. The representative NSTX-U operating scenarios
include: 100% non-inductive current drive, partially-inductively-driven long-pulse,
high/maximum plasma current, and high current plus high heating power. These
scenarios address critical issues for the ST, namely: non-inductive sustainment, the
establishment of equilibrated integrated scenarios, ST confinement and stability scaling
and understanding, and high-power and particle exhaust understanding and mitigation,
respectively.

With respect to collisionality reduction relative to the NSTX reference scenario, a
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factor of 5-6 decrease in collisionality is projected to be achievable at fixed Greenwald
fraction by operating at 1T, 1.25MA, and 6MW assuming ST confinement scaling (right-
most green columns). This strong decrease in collisionality at current and power values
similar to the present NSTX is the result of the strong toroidal field dependence of the
ST confinement scaling. In contrast, if ITER H-mode confinement scaling is assumed,
only a factor of 2-3 reduction in collisionality would be achieved even with 2 times
higher current and/or power (red and left-most green columns) due to the weak toroidal
field dependence of the ITER confinement scaling. Thus, the ability to double the
toroidal field, plasma current, and heating power is needed to reduce the uncertainty in
the scaling of ST energy confinement as plasma temperatures are increased toward the
values of next-step STs.

The required coil and plasma current pulse duration is another important
consideration, and here the current redistribution time is generally the longest profile
relaxation time-scale. On NSTX, 3-4 current redistribution times are typically required
to achieve an equilibrated q profile, and if confinement continues to scale nearly inversely
with collisionality at low collisionality, the current redistribution time could increase as
much as a factor of 5 (compare right-most green columns to NSTX reference). Thus,
to ensure similar profile relaxation in the Upgrade, the plasma current and TF flat-top

durations must increase by a factor of 5 to 5s and 6.6s respectively.

2.1.2. Ohmic heating solenoid flux requirements To assess ST physics at 2 times higher
TF and similar safety factor g, the plasma current must double from 1MA to 2MA.
Sufficient loop voltage must also be provided for any needed inductive current drive.
The operating scenario analysis indicates that 2MA plasmas at intermediate power
levels (10MW) assuming ITER confinement scaling and Greenwald fraction of 1 require
the highest surface voltage (0.2-0.25V) for sustainment, and these scenarios determine
the required OH flux to sustain a 5s plasma current flat-top.

In addition to the flat-top flux, plasma initiation and current ramp-up are
also important considerations for specifying the OH flux requirement. For plasma
initiation/breakdown, the magnetic null quality and/or toroidal electric field must be
sufficiently high for the plasma electron avalanche to occur to form a closed flux surface
tokamak configuration. A key metric for plasma breakdown is the electron energy gained
before loss to the surrounding walls via parallel transport along the total (toroidal +
poloidal) background magnetic field, and this gain is proportional to the Lloyd parameter
E,B,/B, [34]. The NSTX Lloyd parameter is typically 4.2kV/m at the major radius of
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the centerstack where plasma breakdown is initiated (Rpp=0.185m) for a stray poloidal
field B, of 10 Gauss in the field-null region and a nominal toroidal field By = 0.36T (60%
of maximum toroidal field) at the plasma geometric center (Ry = 0.86m). This value of
the Lloyd parameter provides reliable plasma break-down in NSTX for all toroidal field
values commonly used in the experiment, and the same specification is used for NSTX
Upgrade (Rpp=0.315m) for a nominal toroidal field By = 0.6T (again 60% of maximum
toroidal field) at the Upgrade plasma geometric center (Ry = 0.93m). To achieve this in
the Upgrade, the available breakdown loop voltage is increased from 2.9 to 4.7V which
requires an increase in the OH power supply voltage from 2.7kV to 4.1kV.

The ohmic flux required for plasma current ramp-up is a function of the plasma
resistance which is a function of plasma temperature and Z.s¢, and is therefore a function
of auxiliary heating and current drive and confinement scenario (L-mode vs. H-mode).
An early H-mode transition [35, 36] and NBI heating during the current ramp-up is
commonly used on NSTX to minimize OH flux consumption to maximize the current
flat-top duration.

Given the difficulty of accurately modeling the flux consumption required for break-
down and ramp-up, Figure 3 shows the flux used to achieve a given flat-top plasma
current for usage in extrapolating to NSTX Upgrade. As shown in Figure 3a, the total
break-down plus ramp-up flux consumption extrapolates to 0.73Wb for NSTX shapes,
which corresponds to 0.8Wb for NSTX Upgrade plasmas with larger major radius.
As shown in Figure 3b, the major-radius-normalized total poloidal flux consumption
(Ejima-Wesley coefficient [37, 38]) extrapolates to 0.3-0.35 which is approximately 60%
of the ohmic plasma value in NSTX [39] for current ramp-rates near 5MA/s. Thus,
including the breakdown+ramp-up flux required (0.8Wb) in addition to the current
flat-top flux (1.3Wb), the total OH flux required increases by nearly a factor of 3 to
2.1Wh.

Finally, the ability to access normalized and toroidal beta values in NSTX-U
comparable to those achieved in NSTX is also important for assessing the stability and
transport as a function of beta and v* at reduced v*. For the ST confinement scaling,
access to high temperature and beta is achievable with heating power comparable to
that in NSTX, but for ITER H-mode scaling, substantially more power (factor of 2-3
times higher) is required to achieve similar beta values at similar safety factor ¢* (see

middle yellow and red columns in Table 1).
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2.1.3.  Center-stack Requirements and Design To summarize the combination of
requirements above, the Upgraded NSTX device should: double By at R=0.93m from
0.5T to 1T and increase the TF flat-top duration to 6-7s, double Ip from 1MA to
2MA and provide a 5s flat-top at full current, double the neutral beam injection (NBI)
heating power from Pypr = 5MW to 10MW and sustain it for 5s, and nearly triple the
OH flux from 0.75Wb to 2.1Wb. Representative waveforms for the NSTX and NSTX
Upgrade currents are shown in Figure 4 and illustrate the substantial increase in device
performance to be achieved with the Upgrade.

An important feature of the NSTX device design is the ability to remove the
center-stack (CS) independent of the vacuum vessel and the external PF and TF
magnets. Thus, Upgrade performance requirements can potentially be met by replacing
the present CS with a new larger CS thereby providing more cross-sectional area and
conductor to carry the TF current and also providing increased OH flux. The increased
size of the new CS is shown graphically in Figure 5a by the red outline overdrawn on
the present CS. Figure 5b shows the doubling of the TF conductor diameter which
enables the doubling of TF current with 5 times longer pulses. The OH coil diameter
also nearly doubles in the new CS, but the number of OH turns is decreased by 20% to
increase the conductor cross-section and cooling hole diameter to enable inter-shot cool-
down times of 15 minutes or less. As shown in Figure 5c, this larger CS incorporates
the larger TF and OH while also including three upper and lower divertor PF coils
PF1A B,C (compared to two/one PF coils in the lower/upper divertor of NSTX) and
also providing an insulating break for biasing the CS casing relative to the vessel for
Coaxial Helicity Injection (CHI) current start-up. This larger outer diameter (OD)
CS increases the minimum aspect ratio of fully limited plasmas from A = 1.3 to 1.5.
As a result, diverted plasmas will typically have A > 1.6. While this aspect ratio is
larger than the present NSTX, it is comparable to the optimal aspect ratio identified in
ST-FNSF [3, 4], ST Pilot Plant [40], and ARIES-ST reactor studies [41].

2.1.4. Poloidal Field Requirements To enable engineering design of the upgrade,
systematic free-boundary equilibrium calculations have been performed to determine
the Upgrade poloidal field requirements. The design range spans aspect ratio A = 1.6
to 1.9, internal inductance [; = 0.4 to 1.1, elongation x = 2.1 to 2.9, triangularity 6 = 0.2
to 0.7, squareness ¢ = -0.15 to 0.12, magnetic balance dgse, = -1.5 to Ocm, normalized
pressure By = 1, 5, and 8, and OH solenoid current = 0 and +24kA (i.e. the power
supply limits) to determine the divertor poloidal field (PF) needed for cancellation of
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OH leakage flux. Figure 6 shows the 32 plasma boundaries of free-boundary equilibria
used for assessing the PF coil current requirements for 2MA NSTX Upgrade plasmas.
Each boundary shown is actually a plot of three plasma boundaries for each state of
the OH coil current described above, and this set of 96 equilibria provides the set of
configurations used for the detailed engineering design of the Upgrade. The PF coil
currents for each configuration are shown in Figure 7 for 2MA plasmas with Sy =
5, and the PF coil locations and sizes and the minimum and maximum currents as a
function of Sy are shown in Figure 8. As is evident from Figure 8, the most substantial
changes in coil current for varied Sy are for the primary vertical field coil (PF5) and

the inner-most divertor coil (PF1A).

2.1.5. Structural Enhancements In addition to accounting for variation in the plasma
shape, the PF coil current requirements have also been assessed as a function of plasma
current profile (internal inductance) and normalized beta for 2MA, 1T plasmas. The
plasma inductance and beta primarily influence the required vertical field (PF5) coil
current, and as shown in Figure 9, increased inductance and beta both increase the
required vertical field. The Upgrade power supply system [42] is designed to increase
the maximum PF5 current by 50% from 20kA to 30kA nominal maximum operating
current. This enhancement will enable 2MA equilibria with Sy up to 5 at [; =1 and By
up to 8 at [;=0.6, and this increased vertical field capability supports all scenarios used
for the Upgrade design.

Doubling the TF and plasma current increases the forces on the coil supports
and vacuum vessel up to a factor of 4, and substantial analysis and design has been
performed to provide structural reinforcement against the increased loads. The NSTX
Upgrade OH and PF coil turns-count and minimum and maximum currents used for
the electromagnetic forces and structural analysis are summarized in Table 2. It should
be noted that the PF2 and PF4 power supplies are nominally unipolar in the present
NSTX and in the NSTX Upgrade design but can be upgraded to bipolar operation. As
shown in Figure 10, the structural modifications include a new flexible umbrella upper
lid to allow OH/TF vertical thermal expansion while transferring torsional loads of the
CS to the outer vessel, new TF support rings and clevises to transfer torsional loads
on the TF coils to the vacuum vessel, new and upgraded vertical field coil (PF4 and 5)
separator struts to take increased inter-coil forces, and a new pedestal on which the CS
is supported.

Another important design enhancement is the relocation of the OH coil current
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leads from the top to the bottom of the centerstack to eliminate the stress on the leads
arising from the vertical thermal expansion of the OH coil. Further, the OH coil lead area
has been redesigned to utilize a coaxial current feed (shown in Figure 11) to minimize
the non-axisymmetric fields from, and forces on, the OH coil which play a significant

role in generating the n=1 error field in the present NSTX [27].

2.2. 2nd Neutral Beam Injector

2.2.1. Design  Considerations Beyond the new CS and ex-vessel structural
enhancements, a 2nd neutral beam from TFTR has been chosen to provide the factor
of 2 increase in auxiliary heating and current drive power for NSTX Upgrade, as this is
presently the most mature and capable technology applicable to ST plasma parameters.
The performance parameters of the NSTX neutral beams [43] are provided in Figure 12
for reference. Of particular relevance is the decrease in achievable NBI pulse duration
(set primarily by the thermal limits of the ion dumps) from 5s to 1.6s as the beamline
power is increased 50% from 5MW to 7.5MW. This decrease highlights the importance
of the 2nd NBI for providing sufficient heating power for the pulse-lengths expected in
the Upgrade. If plasma scenarios with pulse-lengths substantially longer than 5s become
accessible in NSTX Upgrade, additional NBI pulse-length enhancements may be possible
by using ”high-hat” ion dumps with two stacked plates (still inertially cooled) to spread
the dumped beam ion footprint as originally proposed for the TPX NBI upgrade [44].

The 2nd NBI of NSTX Upgrade not only serves to increase the auxiliary heating
power to access reduced v*, but also has increased tangency radius of injection Ry,,. As
shown in Figure 13a, increased Ry, substantially increases the current drive efficiency
for non-inductive current ramp-up and sustainment. Achieving this increased tangency
radius of injection requires a significant modification to the NSTX vacuum vessel with
the cutting of a large opening in the vessel wall for the installation of a new NBI port
cap as shown in Figure 13b. The injection radius of the present NSTX NBI has been
left unchanged due to space constraints in the NSTX test cell.

The installation of the 2nd NBI also requires substantial floor space in the NSTX
test cell, and a major task of the NSTX upgrade outage involves removing and relocating
several diagnostics and associated racks to make room for the 2nd NBI. As shown in
Figure 14, once the 2nd NBI is installed next to the present NBI, most of the available
floor space within the test cell will be occupied by NSTX Upgrade and NBI systems. It
should also be noted that the 2nd NBI to be used on NSTX Upgrade was used during the

D-T experiments on TFTR and was contaminated with tritium. The decontamination
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of this beam line was successfully completed in 2010 in preparation for usage on NSTX

Upgrade, and reassembly of the 2nd NBI was initiated in 2011.

2.2.2. Non-inductive Current Sustainment A critical element of ST research in support
of steady-state operation is to increase the 65-70% non-inductive fraction sustained in
NSTX [45, 36, 46] to full non-inductive sustainment. Future ST-FNSF facilities are
projected to rely heavily on NBI current drive (NBICD) to drive as much as 50%
of the plasma current with the remainder provided by bootstrap current. Reduced
collisionality in NSTX Upgrade will help increase the NBI current drive efficiency to
increase the non-inductive fraction, but additional current drive is still required.

TRANSP [47] simulations indicate that more tangential NBI can increase NBICD
efficiency by up to a factor of two - from Iyprcp/Prns = 30-40kA /MW for the inner-
most Ry, =50cm to up 70-80kA /MW for Ry,,=1.1-1.3m, i.e. outboard of the magnetic
axis (see Figure 15a). Further, for current profile control, variation of the NBICD
deposition profile is needed. As shown in Figure 15a, the NBICD deposition profile
depends only weakly on Ry, for the present NBI (R, = 50, 60, 70cm). In contrast, for
the more tangential injection of the 2nd NBI in the Upgrade, Ry, = 110, 120, 130cm
can vary the injected NBICD parallel current density from centrally peaked to peaked
off-axis. As shown in Figure 15b, using only the existing NBI with the CS upgrade, full-
power NBI (7.5MW) + 4MW HHFW heating is needed to support 100% non-inductive
operation, and the only means of ¢ control is ¢,,;, variation through the plasma density
(i.e. CD efficiency). Further, such scenarios require Hog=1.2-1.4 and would be limited
to 1.6s duration by NBI ion dump operating limits as described above.

Hyg=1.3-1.4 has been obtained transiently in NSTX, but sustaining Hgg=1.15-1.2
is only now beginning to be achieved with Li conditioning [48] in ELM-free conditions
in NSTX with a goal of extending this enhanced confinement to small-ELM regimes.
With the addition of the 2nd NBI of the Upgrade, Figure 15¢ shows that higher NBI
power (10MW vs. 7.5MW) can reduce the required confinement to Hogg=1.2 for 100%
non-inductive scenarios and also enables control of ¢,,;, with Ag,ni, = 0.6 by varying the
NBI source mix at fixed density. Further, scenarios with n./ngreenwaia = 0.7-1 exist with
Gmin varying from 1 to above 2 with important implications for stability and transport
research. All of the above scenarios operate above the n=1 no-wall stability limit and
require stabilization of the resistive wall mode as is common for advanced scenarios on
NSTX [25].

TRANSP calculations have also been carried out for 100% non-inductive current
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drive using all 6 NBI sources at IMA and 1T and by optimizing the outer gap to optimize
the current drive profile. As shown in Figure 16a, 100% non-inductive current drive
(indicated by the white line) is possible for a wide range of normalized density values
with confinement multiplier Hgg = 1-1.05. As shown in Figure 16b, ¢,,;, can be varied
from values near 1 (indicated by the white line) to above 3 by varying the normalized
density. Further, the ¢,.;, values can be increased well above 2 by operating at high
normalized density with important implications for RWM stability and for avoiding
m/n = 2/1 neoclassical tearing modes.

As shown in Figures 15 and 16, the electron density is a strong determinant of
the expected NBI current drive efficiency, the non-inductive current fraction, and the
expected value of minimum q. Thus, density control will be important for optimizing
and controlling high non-inductive current-drive fraction scenarios (and other scenarios)
in NSTX. Lithium coatings of the internal PFCs have been shown to pump hydrogenic
species, improve confinement, and suppress ELMs in NSTX plasmas [49, 50]. Recently,
control of the deuterium ion inventory to equivalent Greenwald fraction (ignoring
impurities) as low as 0.3 has been achieved and sustained for up to 1.4s (limited by
magnet heating) using Li coatings in NSTX. However, with strong lithiumization and
in the absence of ELMs, carbon impurity accumulation can occur which increases the
total (D™ and C%") Z,.;; < 4 corresponding to a Greenwald fraction of up to 0.8.

The combination of lithium coatings with ELMs triggered by externally applied n=3
non-axisymmetric field pulses [51] has successfully reduced the carbon accumulation and
lowered the Z.¢; to 3 or below corresponding to a minimum Greenwald fraction of 0.5-
0.7. This range of achievable minimum Greenwald fraction is acceptable for optimizing
the NBI current drive of NSTX Upgrade scenarios for pulse durations of perhaps 2-
3s, but it is unclear if lithiumization combined with triggered ELMs will extrapolate
to 5s pulses and higher heating powers of NSTX Upgrade. A liquid lithium divertor
(LLD) [52, 53, 54, 55] is being tested in NSTX with a goal of assessing the ability of
thicker layers of liquid lithium to extend the deuterium pumping duration relative to
thin layers of solid lithium, and conceptual designs for divertor cryo-pumping systems
will also be pursued for NSTX Upgrade. Such divertor particle pumping systems are
not presently included in the scope of the NSTX Upgrade Project and would therefore
likely be implemented following completion and initial usage of the new centerstack and

second NBI.
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2.2.3. Non-inductive Current Formation and Ramp-up To achieve low aspect ratio
and small device size, future ST-FNSF facilities are anticipated to operate without
a central solenoid, making non-inductive ramp-up (with reliance on NBI heating and
CD) a critical element of ST research. Present NSTX research is pursuing non-inductive
formation of plasma current using Coaxial Helicity Injection (CHI) [56] to form a closed-
flux plasma of 0.2-0.3MA to be heated and sustained by high-harmonic fast-waves in
a high bootstrap-current-fraction H-mode plasma. A major research goal of NSTX
Upgrade is to assess whether plasmas formed with helicity injection and heated with
ICRF and/or ECH/EBW can form a suitable target for current ramp-up using NBI
heating and current drive.

CHI on NSTX is implemented by injecting current from an external circuit through
a plasma arc formed along a combined poloidal and toroidal magnetic field that connects
the lower inner and outer divertor plates. NSTX uses the lower divertor plates as
the injector electrodes with the upper divertor plates acting (and referred to) as the
absorber. At sufficiently high poloidal CHI injector current, the plasma current self-
force accelerates the plasma away from the injector region into the vacuum chamber
and toward the absorber region.

Figure 17a shows the rapid growth of the CHI plasma emerging from the lower
divertor and filling the NSTX vacuum chamber in less than 3ms. As shown in
Figure 17b, CHI has been successfully coupled to high-confinement inductively-driven
plasmas [57, 58] with an early current savings of 150-200kA relative to OH-only start-up.
As shown in Figure 17c, this corresponds to plasma poloidal flux formation by CHI of
50mWhb. The plasmas compared in Figure 17 are chosen to have a similar shape and [;
value and evolution to illustrate the current and flux savings from CHI.

The initial poloidal field connecting the inner and outer divertor plates in the
injector region is produced using the lower divertor coils as shown in Figure 18a. The
”bubble burst” current threshold to inject a given amount of injector flux (poloidal flux)

is given by the relation [56]:

Ling = 207/ (ued*Irp) (1)
Here 1;,; is the poloidal flux at the injector insulating gap, Irr is the total current in
the toroidal field coil, and d is the width of injector flux footprint on the electrodes. It
can also be shown that the toroidal current generated for a given amount of injector

flux is given by the ratio of the toroidal flux enclosed by the ST limiter boundary ® .y
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to the injector poloidal flux:

Ip < Lini®uair/Vinj (2)
Recent simulations with the TSC code [59] have shown reasonable agreement with these
relations and the potential for substantial current generation in NSTX-U [60]. The
reason for this can be seen in Figure 18a, which shows the location of the injector
coil in relation to the CHI injector gap across which the voltage is applied. This
improved current generation potential in NSTX-U is due to the improved location of
the CHI injector flux coil (lower PF1C coil), which is positioned much closer to the
CHI insulating gap. As shown in Figure 18a, the injector coil in NSTX is farther away
from the insulating gap, resulting in a 2.5 times smaller flux generated by this coil that
connects the inner and outer divertor plates. Quantitatively, the available injector flux
in NSTX-U is projected to be approximately 200 mWb compared to less than 80 mWh
in NSTX.

In addition to the improved positioning of the lower divertor PF coils in NSTX-U for
CHI, Figure 18b shows that the location of the absorber coil (upper PF1C coil) is better
positioned in NSTX-U. This coil is used to generate a buffer flux to keep the expanding
CHI discharge from contacting the upper absorber gap, as such a condition (known as
an absorber arc) can short-circuit the insulating gap and cause the injected current to
flow through this gap instead of through the main plasma. The closer positioning of
the PF1C coil to the absorber gap enables the flux generated by this coil to be more
efficiently utilized to suppress absorber arcs. Importantly, the kA-turn capability of the
absorber coil in NSTX-U is three times that in NSTX (318 kA-turn versus 100 kA-
turn in NSTX) and the current slew rate is also substantially higher (40 kA-turn/ms in
NSTX-U versus 5 kA-turns/ms in NSTX). The faster slew rates are needed to rapidly
turn off the lower divertor PF coils after the CHI plasma formation process is complete
and to track the rapid upward motion of the higher-current CHI plasma expected in
NSTX-U. Overall, CHI current formation scales favorably with the available injector
flux and the enclosed toroidal flux, and CHI is projected to be capable of generating
300-600kA of closed-flux current in NSTX Upgrade by operating at 1T based on scaling
the results of Figure 17 and TSC simulations [60].

Moving to the consideration of non-inductive current ramp-up, a very important
benefit of more tangential NBI is the ability to heat and drive current in low current
target plasmas. As shown in Figure 19a for low [,=0.4MA target plasmas, the NBI
power losses (presently dominated by bad-orbit losses) are predicted to be reduced by

up to a factor of 3 with the increased Ry, of the 2nd NBI of the Upgrade. As shown in
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Figure 19b, this translates into a factor of 3 increase in CD efficiency of up to 60kA /MW
for the 2nd NBI. As is evident from Figure 19b, the tangency radii of the 2nd NBI
are close to the optimal values (by design) for maximizing the NBICD at low plasma
current. As shown in Figure 19c¢-d, T'SC simulations indicate this 400-450kA of NBICD
is sufficient to non-inductively over-drive a 0.4MA target plasma to a 0.8-0.9MA flat-top
current. Thus, by operating at 1T and combining CHI current formation of 300-600k A
to NBI current ramp-up with the 2nd NBI, NSTX Upgrade is very well equipped to

study non-inductive current formation and ramp-up as needed for an ST-FNSF.

2.3. Disruption Forces

Just as the equilibrium electromagnetic forces on the structure will increase by up to
a factor of 4 in NSTX Upgrade, the forces during plasma disruptions are expected
to increase by a similar factor. The projections for NSTX Upgrade rely heavily
on the previous characterization of vertical displacement events (VDEs) and plasma
current quenches (CQs) from NSTX [61]. Based on NSTX data and scalings, 3D
electromagnetic models of the vacuum vessel and passive conducting structures of NSTX
have been utilized to predict the induced currents, fields, and forces for 2MA, 1T plasma
disruptions in NSTX Upgrade [62]. One concern is the stress applied to the passive
plates, and the possibility of radial plate displacements and deformation caused by
Lorentz forces resulting from toroidal currents circulating in the plate crossed with the
(coil plus plasma) poloidal magnetic field. Since the passive plates play an important role
in vertical stability and resistive wall mode stabilization in NSTX and NSTX Upgrade,
using higher strength but more resistive plate material (such as stainless steel) is likely
not an acceptable option.

Using the simplified plasma vertical displacement model for NSTX Upgrade [62],
Figure 20a shows the lower passive plate current density induced by the downward
vertical drift of a 2MA plasma with a drift duration of 10ms. Simulations using Opera
and ANSYS analysis software find that VDE drift durations in this range maximize the
induced circulating currents and radial forces on the passive plates. Figure 20b shows
that the peak plate deflection is approximately 1mm as indicated by the orange and red
contours near the top and bottom of the passive plate at the plate toroidal mid-point
between the plate supports. The corresponding peak membrane plus bending stress
is 60MPa which is a factor of 3 below the yield stress. This stress level found at the
mid-point between the plate supports is acceptable for NSTX Upgrade. However, the

stresses near the bolt heads attaching the plates to the supports are above allowable
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limits, and at a minimum, enhancements such as higher-strength bolts and/or larger
bolt-head slots and washers will be required to withstand the increased disruption loads
of NSTX Upgrade.

If plate attachment enhancements are found to be insufficient or infeasible, or if
it is desired in the future to increase the maximum plasma current to above 2MA in
NSTX Upgrade, one possible means of reducing the peak stress and radial displacement
during disruptions is to use thicker passive plates. For fixed applied load, the plate
displacement scales as the inverse of the thickness cubed, so doubling the CuCrZr plate
thickness from 0.5 inches to 1 inch could substantially reduce the plate deflection under
disruption loads. However, the increased conductance of the thicker plate could increase
the induced current, which could reduce the effectiveness of thicker plates, and would
also increase the penetration time of fields normal to the passive plates.

In addition to the 3D modeling, the LRDFIT [63] axisymmetric-equivalent circuit
model of the coils and passive conducting regions has been developed, benchmarked,
and extensively used for NSTX and is used here to assess the impact of thicker plates.
Figure 21 shows the LRDFIT-reconstructed plasma and plate current evolution for a
representative VDE disruption in NSTX. As seen in Figure 21a for a downward VDE;,
the chosen plasma drifts from nearly vertically centered to being limited on the lower
divertor plate in 5-10ms which is comparable to the drift duration of the simulated case
of Figure 20. As shown in Figure 21b, during this drift phase, the plasma cross-section
is reduced while the plasma current is maintained. As is evident from Figures 21c and
d, the net toroidal plate current induced by the plasma motion is negative as the plate
currents act to oppose the downward vertical plasma motion. Then, as the current
quench occurs over the subsequent 2-3ms, the net toroidal plate current induced by
the quench is reversed and becomes positive in response to the loss of positive plasma
current and poloidal magnetic energy.

An important aspect of the NSTX passive structure design is that the stainless
steel supports connecting the plates to the vessel wall are several orders of magnitude
more resistive than the CuCrZr passive plates, and therefore the net toroidal current is
effectively unchanged by increasing the plate thickness. For this reason, Figures 21c and
d only plot the net toroidal current for the present 0.5in thick passive plates, since the
currents are nearly identical for the two plate thicknesses. In contrast, the circulating
current magnitudes do increase with plate thickness since the plate resistance is reduced.
The maximum circulating currents in Figure 21c and d are approximately 1.5 times

higher for the 1.0 inch thick plates versus the present 0.5 inch plates. Also, after the
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end of the CQ, the circulating currents in the thicker plates are approximately a factor
of 2 times higher and decay away more slowly due to the lower plate resistance and
longer L/R time. It is noted however that these increased currents occur after the CQ,
so there is little impact of these currents on the plasma current flat-top phase. Further,
modeling of the plasma current ramp-up finds that these currents are sufficiently small
that they would not significantly impact normal plasma operations.

In the analysis described above and shown in Figures 21 and 22, the circulating
current is defined as I, = %Ejll ; — Lawg| where I is the toroidal current in conducting
element 7 of a conducting region, each conducting element cross-sectional area is identical
in a given region, and I,,, is the average value of I;. Thus, if the current density in
a region is constant, I; will be constant, and /.. = 0. Correspondingly, if the net
toroidal current is zero, I,y = 0, and I, is equivalent to the total positive toroidal
current flowing in the region.

To further analyze the distribution of current in the passive plates, Figure 22 plots
the plate toroidal current density for the shot in Figure 21 at t=403ms at the time
of peak net toroidal current and Lorentz pressure which is just after the time of peak
circulating current magnitude. As shown in Figures 22a and b the maximum current
density occurs near the top end of each plate where the net toroidal and circulating
components are additive in the positive (co-plasma current) direction, while the negative
current density occurs on the bottom of each plate with a magnitude typically less than
the peak positive value. At this time during the disruption evolution, Figures 22a and
b show that some of the negative current density is carried on the back each plate, and
similar skin effects are observed in the Opera electromagnetic simulations of Figure 20a.
These results highlight the importance of using models that include finite conductor
thickness to accurately assess VDE induced currents in passive conducting structures.
Further, Figures 22b shows that the peak positive current density of the thicker plate is
15-22% lower than for the thinner plate. This reduction likely contributes to the peak
circulating current magnitude in the thicker plate being less than a factor of two higher
than in the thinner plate.

The peak plate toroidal current density during the disruption evolution of Figure 21
is &~ 33MA /m? which scaled (by a factor of 1.6) to the worst-case net toroidal current for
0.7MA NSTX plasmas [61] and then scaled (by a factor of 3) to 2MA plasmas projects
to 160MA/m? in NSTX Upgrade. This value is in good quantitative agreement with
3D predictions of the peak plate current density of 120-160MA /m? for the simulated

plasma vertical drift scenario shown in Figure 20a. Overall, this analysis indicates that
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a doubling of plate thickness would result in an increase in plate circulating current by
a factor of 1.5-2 and result in an estimated net 4-5 fold reduction in plate displacement,
i.e. plate displacement comparable to present NSTX values and therefore capable of
handling 2MA disruptions with an expectation of no plate damage over the lifetime of

the Upgrade.

2.4. Resistive Wall Mode Stability

The ability to withstand disruptions of the highest performance plasmas of the Upgrade
maintains a vital capability, namely the ability to access and study high beta plasmas
at the highest possible plasma temperature and lowest collisionality without risking
machine integrity. As described in Section 2.1, several structure enhancements are
included of the Upgrade design to support high 5 operation at full field and current. As
described in Section 2.2.1, the 2nd NBI will introduce another large vessel penetration
as shown in Figure 13b. Since this penetration will no longer have a metal port cover,
the area of the conducting wall will be reduced, and this could adversely impact resistive
wall mode (RWM) stability [25] during operation above the no-wall stability limit.
However, in NSTX, by design, the CuCrZr passive conducting plates provide much
of the stabilization of the RWM. To assess the impact of the 2nd NBI port, the VALEN
code [64] has been utilized to analyze n=1 RWM stability for NSTX Upgrade. Figure 23a
shows the VALEN model for the passive conducting structure of the Upgrade including
both the present and 2nd NBI ports. Figure 23b shows the calculated n=1 RWM growth
rates as a function of Sy and number of NBI ports for a representative 2MA equilibrium
(equilibrium "R” in Figure 6) with A=1.7, k=2.6, § = 0.6, [;=0.6, and ¢,,;,=1.9. As
is evident from Figure 23b, the addition of the 2nd NBI results in only a small Sy
decrement of Afy = -0.07 from 5.79 to 5.72 indicating that the 2nd NBI port will have
negligible impact on RWM stability limits in NSTX Upgrade.

The n=1 kink with-wall stability limit shown in Figure 23b is for an equilibrium
using scaled pressure and parallel current density profiles taken from an MHD-stable
NSTX experimental plasma (shot 1163136) operating at Sy = 5.5 above the no-wall limit
and near the with-wall limit [45]. In using these profiles from NSTX for NSTX Upgrade
free-boundary equilibrium calculations, the profiles have not been further optimized to
increase stability limits. It should be noted that the NSTX Upgrade with-wall limit
shown in Figure 23b extrapolates to Sy ~ 5.9 in the absence of NBI port penetrations.
This Sy value is approximately 15% lower than computed in the original NSTX RWM

control system design using VALEN [65] (also ignoring port penetrations) for lower
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aspect ratio NSTX plasmas. Previous numerical studies have shown that both no-wall
and with-wall stability limits are projected to decrease 10-20% as the aspect ratio is
increased from A=1.45 to 1.7 [66, 67]. Thus, the decrease in kink stability limits from
NSTX to NSTX Upgrade can be attributed in large part to increased aspect ratio.

2.5. Dwertor Power Handling

While the compactness of the ST is beneficial for achieving high neutron wall loading for
FNS, the ST divertor heat fluxes can also be high and challenge PFC power handling
capabilities. The width of the heat-flux profile in the SOL is a critical parameter in
projecting the peak divertor heat flux, since the peak heat flux varies inversely with
this width. Multi-machine databases and scalings exhibit a wide variation in predicted
outboard midplane SOL heat flux width A, and this variation represents a substantial
uncertainty in projecting to future devices including ITER, [68]. Recent dedicated multi-
machine studies in the U.S. [69, 70, 71] have explored the A, scaling further and find a
strong inverse dependence on plasma current but a weak dependence on magnetic field
and power into the SOL. Using this mid-plane heat-flux width parameter, the peak heat

flux to the divertor can be expressed as:

Qpeak o P}i2tL<1 B frad)fdiv Sin(eplat€> (3)

out
QWRstrike fexp>\q

where PJ9F is the heating power to the SOL in the absence of radiative losses, fraq
is the assumed fraction of radiation, fg;, is the fraction of SOL power to divertor leg
in question, 64 is the poloidal angle of inclination between the divertor plate and
divertor magnetic field lines, R4k is the major radius of the divertor strike-point, and
feap is the poloidal flux expansion = |Vt|midpianc/| V| strike-

Of particular importance for NSTX Upgrade are high current (2MA) plasmas
which are projected to have SOL heat-flux widths as narrow as 3mm. As shown in
Figure 24, the peak heat flux must be limited to 10MW /m? to enable 5s operation with
the inertially /radiatively cooled ATJ graphite PFCs planned for the Upgrade. Recent
assessments of the divertor heat flux scaling in NSTX project to peak divertor heat fluxes
over 20MW /m? in the Upgrade even assuming high poloidal flux expansions of 30 [71].
As indicated in Figure 24, utilizing upper/lower power-splitting but not accounting for
any radiation/detachment or strike-point sweeping, poloidal flux expansions of 60 are
required to achieve peak heat-flux near 1I0MW /m? for Pyeps = 12MW in 2MA plasmas.

Very high flux expansions of 40-60 have recently been demonstrated in NSTX

utilizing a ”"snowflake” [72] divertor as shown in Figure 25a. In order to support this
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and other future high-flux-expansion divertors such as the “Super-X” [73] (possible
with additional in-vessel PF coils not part of the present Upgrade), additional divertor
PF coils have been incorporated into the Upgrade CS design as shown in Figure 5c.
In particular, a third divertor PF coil (PF1C) will be added to the CS as shown in
Figure 25b to support the snowflake and to improve control of flux expansion and strike-
point location generally. Importantly, the snowflake divertor has recently demonstrated
large (factor of 3 or more) reductions in peak heat flux as shown in Figure 26, and also
up to a 50% reduction in carbon impurity production [74]. Increased divertor radiation
and partial detachment is another possible means to reduce the peak divertor heat load
while maintaining high core plasma performance as previously shown in NSTX [75].
Overall, the snowflake divertor projects favorably to mitigating high divertor heat fluxes
in NSTX Upgrade and for supporting flat-top durations up to 5s at a plasma current
of 2MA. Larger normalized strike-point radius (Rs.ixe/Ro) and the effects of very large
parallel connection length will also be extensively investigated in MAST Upgrade which
is designed specifically to incorporate a cryo-pumped ”Super-X” divertor [73]. NSTX
Upgrade (and MAST Upgrade) with increased current, field, and power will not only
substantially extend and improve the understanding of the scaling of SOL heat flux
width with plasma parameters, but will also contribute to the development of novel

means of mitigating high heat flux for FNSF and for Demo.

3. Summary

Scoping studies for a range of ST energy confinement assumptions have been performed
for NSTX Upgrade with a goal of determining the performance requirements to achieve
a factor of 3-6 reduction in collisionality, support tests of 100% non-inductive current
ramp-up and sustainment, and assess confinement, stability, and heat-flux scaling and
mitigation at increased magnetic field and plasma current while also providing sufficient
flat-top duration for profile equilibration. The scoping studies indicate that a factor
of two increase in plasma current, toroidal field, and NBI auxiliary heating power, a
factor of 3 increase in ohmic solenoid flux, and a quintupling of the flat-top duration are
sufficient to achieve the Upgrade goals. These performance objectives can be achieved
with the combination of a new center-stack and a 2nd more tangentially injecting NBI.

Systematic free-boundary equilibrium calculations have been performed to assess
the poloidal field coil current requirements to support the higher plasma current and

access to high beta, and substantial engineering analysis and design has been performed
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for the structural reinforcements needed to handle the increased electromagnetic loads.
In addition to the ex-vessel structural enhancements, the new CS incorporates numerous
design improvements, including more robust flexible TF connections from the inner to
outer TF legs, and a bottom-fed coaxial lead for the OH coil designed to substantially
reduce the present NSTX n=1 error field induced by an OH-TF electromagnetic
interaction.

The 2nd neutral beam injector included in the Upgrade is designed to inject much
more tangentially than the present NBI, and this injection geometry is predicted to
increase the NBI CD efficiency by up to a factor of 2 enabling 100% non-inductive
current drive at the 1MA level and control of the core safety factor profile. Importantly,
the 2nd NBI is also computed to have 2 times higher fast-ion confinement (due to reduced
bad orbit loss) at low plasma current as needed for non-inductive ramp-up studies. Also
in support of non-inductive current ramp-up studies, the new CS incorporates additional
poloidal field coils in the divertor to increase Coaxial Helicity Injection (CHI) injector
flux by a factor of 2.5, increase the absorber coil current a factor or 3, and increase the
absorber coil slew rate by a factor of 8. The higher TF and enhanced CS PF coil and
CHI capability combined with the 2nd NBI are projected to be capable of non-inductive
start-up of at least 300kA and ramp-up to the 0.8-1MA-level. The more tangential NBI
requires a significant modification to the NSTX vacuum vessel through the addition of a
radially offset port cap. Further, the 2nd NBI requires considerable test-cell floor space
and relocation of numerous diagnostics and associated racks and equipment.

Just as the equilibrium electromagnetic forces are expected to increase by up to
a factor of four, disruption loads are anticipated to increase by a similar factor. The
disruption forces from induced currents in the passive conducting plates are sufficiently
high that additional plate re-enforcements (particularly at the plate attachment points)
or thicker plates may be required. If thicker plates are utilized, the plate circulating
current (but not the net toroidal current) is predicted to increase due to decreased
plate resistance. However, despite the increased plate circulating current, it is expected
that the plate displacement /deformation could be significantly reduced by the increased
passive plate thickness. With respect to the achievable beta in the Upgrade, the
structural enhancements support operation at high Sy up to 8 at full current and field
at low [;. The addition of a 2nd NBI port and associated reduction in conducting wall
area is computed to produce only a small reduction on the ideal-wall limit.

Finally, the divertor heat flux width is observed to scale inversely with plasma

current in NSTX and could lead to very high heat fluxes in the NSTX Upgrade divertor
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at maximum current and heating power. The high-flux-expansion ”snowflake” divertor
has demonstrated considerable heat flux reduction in NSTX, and the incorporation of
additional PF coils in the new CS enables operation with upper and lower snowflake
divertors. Up/down power splitting using upper and lower snowflake divertors is
projected to reduce the peak divertor heat flux to 10MW/m? and inertially maintain
divertor tile temperature below sublimation damage limits for 5s pulses at full current
and high heating power.

In summary, the new capabilities of the NSTX Upgrade are anticipated to greatly
enhance ST research in support of assessing the ST as a potential Fusion Nuclear Science
Facility (FNSF). The NSTX Upgrade project is presently scheduled to be completed in
2014.
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Figure 1. Product of toroidal field (Br) and energy confinement time (7g) versus
v} for NSTX and projections for NSTX Upgrade and ST-FNSF for ITER H-mode and

ST confinement scalings.
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Nonlinear gyrokinetic simulations of the normalized inverse anomalous

electron thermal diffusivity x. versus normalized collisionality for microtearing

instabilities in NSTX.
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NSTX Upgrade Scenarios
A

r N\

Scenario NSTX 100% NICD| Long-pulse] Max I, |Max Ip, Ppea 100% NICD|  Max I

Reference

Confinement scaling H98y2| H98y2 H98y2| H98y2) HO8y2| HO8y2| H98y2| H98y2} ST | ST | ST | ST
Ip [MA] 1.0 | 1.0 | 0.75{0.75] 0.90{ 0.90{ 2.00| 2.00{ 2.00| 2.00] 1.25| 1.25] 2.00 | 2.00
B [Tesla] 0.45|0.45]1.00/1.00] 0.75] 0.75] 1.00| 1.00] 1.00| 1.00} 1.00 | 1.00} 1.00 | 1.00
Aspect ratio 1501517 (1717 {1717 {1717 (1717|1717 |17
Ro [m] 0.86/0.86]0.93] 0.93]0.93]0.93]0.93|0.93] 0.93|0.93] 0.93| 0.93] 0.93|0.93
Elongation 28| 2.8]2.80|280|2.80|280|2.80|2.80|2.80|2.80|2.80|2.80] 2.80 2.80
Greenwald fraction 05| 1.0 0.50/ 1.00} 0.50| 1.00} 0.50| 1.00} 0.50| 1.00} 0.50| 1.00] 0.50 | 1.00
ne-bar [10%m?] 0.52(1.03]0.37)0.73] 0.44| 0.88] 0.98| 1.96| 0.98| 1.96] 0.61| 1.22] 0.98 | 1.96
Prgi [MW] 6.0 | 6.0 |10.0/10.0] 5.0 | 5.0 | 10.0] 10.0| 15.0]| 15.0] 6.0 | 6.0 | 6.0 | 6.0

Pre IMW] 00/00f00]00|00]00}00]|00]|60]|60]00]00]0.0]00

Preat IMW] 6.0 | 6.0 ]10.0/10.0] 5.0 | 5.0 | 10.0/ 10.0{21.0{ 21.0] 6.0 | 6.0 | 6.0 | 6.0

I flat-top time [s] 1.0 10]50[50]10.0[{100]50(50]10[10]50(50]50] 5.0
Teurentredistibution [S] 0.25/0.19/0.44) 0.34] 0.33| 0.25} 0.69/ 0.53] 0.96| 0.74 1.31| 0.82] 1.14| 0.71
# redistribution times | 4.0 | 5.2 | 11.3|14.7| 30.4| 39.6| 7.3 | 9.5| 1.0 | 14| 3.8 | 6.1 ]| 44| 7.0
Stored energy [MJ] 0.29]0.29]0.51]0.39] 0.30] 0.29 0.84| 0.97] 1.14 | 1.25| 0.88 | 0.84] 1.09 | 1.15
By [%mT/MA] 54|55]|59|45]|38)|38]37|42]50|54]|61|58]47]50
B [%] 215(219] 78| 59| 8.1 | 8.0 |12.8]14.8|17.4]|19.1] 13.3| 12.8] 165|175

q 36|36]103|103] 64 |6439|39]39|39]|62(62]39]39
Fast-ion B fraction 0.33]0.14]0.62|0.35] 0.37] 0.15] 0.19] 0.07] 0.25| 0.10 0.25 | 0.10} 0.12 | 0.04
Ve [ x107] (for g=2) 58 |16.3]2.38|6.75| 4.23| 12.0] 3.52| 10.0| 2.26 | 6.40| 0.93| 3.48] 1.80| 6.73
Bootstrap fraction 0.360.47]0.66) 0.87| 0.45] 0.59] 0.33| 0.44] 0.41] 0.55| 0.81] 0.93] 0.46 | 0.53
NBI CD fraction 0.06]0.02]0.34] 0.14] 0.10] 0.04] 0.07| 0.03] 0.12| 0.05| 0.20| 0.07] 0.07 | 0.03
Non-inductive fraction | 0.41]0.49]1.00| 1.01] 0.55] 0.64| 0.40 | 0.46] 0.54 0.60| 1.01| 1.01] 0.53 | 0.56
I» ramp-up time [s] 0.2 0.20.38]0.38] 0.45]| 0.45| 1.00| 1.00| 1.00| 1.00| 0.63| 0.63] 1.00{ 1.00
I» ramp-down time [s] 0.1 0.1 §0.19]0.19] 0.23 0.23] 0.50| 0.50| 0.50| 0.50 0.31] 0.31] 0.50| 0.50
Total I duration [s] 13[13]56|56]10.7{107]65|65]25(25]|59|59|65]|65
TF flat-top time [s] 13(13]66|66]|11.7(117] 66 |66]66|66]|66|66|66]|66
Fraction TF flat-top used | 0.97|0.97]0.84|0.84] 0.91]0.91 0.98] 0.98 0.38| 0.38| 0.90| 0.90] 0.98 | 0.98
Total OH flux [Wh] 0.750.75]2.10| 2.10] 2.10| 2.10} 2.10| 2.10} 2.10| 2.10] 2.10| 2.10] 2.10{ 2.10
I» ramp-up flux [Wb] 0.37/0.37]0.30/ 0.30} 0.36 0.36| 0.80| 0.80} 0.80| 0.80] 0.50| 0.50] 0.80 | 0.80
Surface voltage [V] 0.24]0.26]0.00/0.00] 0.13] 0.14] 0.19] 0.22] 0.10 | 0.12] 0.00 | 0.00} 0.09 | 0.13
Total flat-top flux [Wb] | 0.38]0.38 1.80( 1.80] 1.74| 1.74| 1.30{ 1.30] 1.30 | 1.30{ 1.60| 1.60] 1.30 | 1.30
Flat-top flux used [Wb] | 0.24{0.26]0.00 0.0 | 1.33| 1.40] 0.95( 1.09] 0.10] 0.12] 0.0 | 0.0 | 0.44 | 0.67
Fraction OH flux used | 0.81]0.84]0.14| 0.14] 0.81 | 0.84] 0.83  0.90 0.43 [ 0.44] 0.24| 0.24] 0.59| 0.70
Power fraction to divertor 0.5 05050 0.5040.50]0.5040.50|0.50}0.50| 0.504 0.50] 0.50] 0.50 | 0.50
Rstike-point [M] 0.40|0.40§0.50] 0.50} 0.50| 0.50} 0.50| 0.50} 0.50| 0.50 0.50| 0.50] 0.50 | 0.50
SOL heat-flux width [cm] ] 0.90{0.90| 1.43| 1.43] 1.07 [ 1.07] 0.30{ 0.30| 0.30| 0.30] 0.63 | 0.63] 0.30{ 0.30
Poloidal flux expansion 22.0122.0120.0]20.0§20.0(20.0)62.0|62.0]58.0(58.0]20.0|20.0§ 37.0| 37.0
Peak heat flux MW/m] | 6.0 | 6.0 | 56| 56|37 |37]|86]|86]|139(139|76|76] 87|87
Time to Tpre = 1200°C [s] | 13.8]13.8]16.1]| 16.1]35.8|35.8] 6.7 | 6.7 | 26| 2.6 | 8.7 | 8.7| 6.6 | 6.6
Fraction of Tpec limit  10.09(0.09 0.35 [ 0.35| 0.30 | 0.30{ 0.97| 0.97| 0.96| 0.96] 0.68| 0.68] 0.98| 0.98

Table 1. Parameters of representative NSTX-U scenarios.
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Figure 3. (a) Solenoid flux consumed for break-down and ramp-up vs. plasma

current flat-top value, and (b) normalized flux consumed (Ejima-Wesley coefficient)

vs. current flat-top value.
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Figure 4. Comparison of toroidal field (TF), ohmic heating (OH), and plasma current

waveforms for plasmas operated at the maximum toroidal field capabilities of NSTX

(0.55T) and NSTX Upgrade (1T).
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PFC boundaries.
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Plasma boundaries of free-boundary equilibria used for assessing PF

coil current requirements in NSTX Upgrade. Each plot is a superposition of three

boundary plots, i.e. one for each OH power supply current state assessed: OkA and

+24kA.
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Figure 7. Total coil current (top) and power supply current (bottom) required for

each of the 96 reference 2MA Upgrade equilibria.
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(Left) PF and OH coil current locations, sizes, and limiter boundary and

(right) minimum and maximum PF coil current vs Sy.
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Figure 9. PF5 vertical field coil current required to support 2MA plasmas as a

function of internal inductance and normalized beta.
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. & '_% % pg/lvivr:ar pl\élv?/)(;r Ic\:/lolﬂ I\élsi)l(

Coil NR | NZ E E—% sulf:Iy Sulf,sly tllj/rl'r?s tllj/rl'r?s
OH 4012211884 | 1.0 | -240 | 240 |-21.2| 21.2
PF1AUL | 40| 16 | 64 | 11 -7.2 18.3 |-0.46 | 1.17
PF1BUL | 20| 16 | 32 | 11 -6.0 13.0 |-0.19]| 042
PF1CULL ] 20| 10 | 20 | 1.1 -5.0 15.9 |-0.10] 0.32
PF2U,L | 7.0 | 4 28 1 1.1 1 -11.0 | 15.0 |-0.31] 0.42
PF3UL | 75| 4 30 | 11| -16.0 | 12.0 |-0.48| 0.36
PF4 85| 4 34 |1 11 1] -16.0 6.0 |-0.54( 0.20
PF5 6.0 8 48 | 11| -34.0| 0.0 |-1.63| 0.00

Table 2. NSTX Upgrade OH and PF coil number of radial layers (NR), vertical layers

(NZ), total turns-count, power supply current multiplier with respect to the required

equilibrium current, and minimum and maximum power supply and total coil currents.
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Figure 10. Vessel reinforcements and other modifications required for handling the

increased forces associated with higher field and current of NSTX Upgrade.
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Figure 11. Design drawing of the lower OH coil winding area including the coaxial

bus lead connection and lower inner TF leads.
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Figure 12. NSTX NBI power per source, power per beamline, and nominal maximum

pulse-length versus NBI acceleration voltage.
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(a) New 2"9NB| Present NBI
(Rian=110, 120, 130cm)  (Ryay = 50, 60, 70cm)

(b)

Figure 13. (a) Injection geometry of present and new 2nd NBI, and (b) modification

of the present NBI port to a new NBI port cap to enable the more tangential injection.
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Figure 14. Drawing of top-down view of layout of NSTX test cell after installation
of new 2nd NBIL
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Figure 15. (a) Comparison of parallel current density profiles for existing (dashed)
and 2nd (solid) NBI sources, and q profile controllability vs. density for (b) existing
and (c) additional NBI sources.
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Figure 16. Contours of (a) non-inductive current fraction and (b) minimum safety
factor ¢min versus fareenwaia and ITER H-mode confinement multiplier Hgg for IMA
plasmas with 12MW of NBI heating.
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Figure 17. (a) Evolution of CHI plasma boundary light shortly after plasma
formation, (b) plasma current savings and (c) poloidal flux savings from CHI coupled

to induction in NSTX start-up plasmas.
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Figure 18. (a) Poloidal flux contours in the injector region of NSTX (top) and
NSTX-U (bottom), and (b) field-nulling and divertor coils in the absorber region for

CHI experiments.
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Figure 19. Predicted (TRANSP) (a) power loss fraction and (b) current drive
efficiency vs. tangency radius, and simulated (TSC) (c) non-inductive currents and

(d) heating power for non-inductive ramp-up.
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Figure 20. (a) Passive plate current density [A/m?] and (b) primary passive plate

deflection [m] during a simulated downward VDE.
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Figure 21. (a) Plasma position and shape evolution, (b) plasma current and

magnetic axis position, (¢) primary passive plate currents and (d) secondary passive
plate currents during a vertical displacement event (VDE) and current quench in
NSTX.
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Figure 22. Toroidal current density in the primary and secondary passive plates at
the time of peak net toroidal current and near the time of peak circulating current for
(a) the present NSTX passive plates and (b) thicker passive plates being assessed for
NSTX Upgrade for the shot shown in Figure 21.
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Figure 23. (a) VALEN model of the NSTX Upgrade passive conductive structure
including the vessel cut-outs for the present and 2nd NBI ports and (b) predicted n=1

Growth rate y [1/s]

RWM growth rate vs. Sy for one and two vessel penetrations for NBI ports.
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Figure 24. Projected NSTX Upgrade pulse-length limits versus peak divertor heat

flux for two divertor carbon PFC temperature values.
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Figure 25. (a) Snowflake divertor in NSTX and (b) NSTX Upgrade.
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Figure 26. (a) Peak heat flux in a standard divertor configuration in NSTX

(red) compared to the snowflake divertor configuration (blue), and (b) comparison

of peak heat fluxes in same discharge with high-triangularity lower-single-null divertor

configuration before snowflake (red) and during snowflake (blue).



