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•  Scenario development 

 
 

•  Axisymmetric Control 
–  Snowflake and X-divertor control 
–  Integration of tile protection into active control 

•  Disruption avoidance via controlled shutdown 

•  Scenario optimization for next step devices 

Response organized by research  
thrusts identified in 5 year plan 

Type BT (T) Ip (MA) Pinj (MW) Tpulse (s) 
Full performance 1 2 10 5 
High power 1 2 > 10 < 5 
Non-inductive 1 < 2 ≥ 10 ≤ 5 
Long pulse < 1 < 2 < 10 > 5 
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•  Most comprehensive study of scenarios completed by 
S. Gerhardt 
–  Nuclear Fusion 52 (2012) 083020 

•  All calculations use high-κ, high-δ shape with matched 
inner boundary 
–  Attractive for increased stability, non-inductive current drive 
–  Outer gap is scanned to alter NBI deposition and κ 

•  Two shapes of n,T profiles: flat and peaked 
–  Scale n for target fGW 
–  Flat Zeff profile 
–  Te scaled for confinement assumption 
–  Ti neoclassical 

Scenario targets guided by TRANSP  
modeling of NSTX-U scenarios 

Nucl. Fusion 52 (2012) 083020 S.P. Gerhardt et al

Table 1. Scenarios utilized in the sensitivity studies of sections 5.2–5.6. All cases in section 5 have H98y,2 = 1.0 unless otherwise stated.

IP BT Symbol/linestyle in
Label Goal (MA) (T) Pinj (MW) fGW A figures 11, 14 and 15.

S1 Very high non-inductive fraction 1 1 12.6 (six 90 kV beams) 0.72 1.73 (except for 5.6, Diamond/solid
when A = 1.75)

S2 High-current long-pulse 1.6 1 10.2 (six 80 kV beams) 0.72 1.75 Triangle/dashed
S3 Sustained high-βT with qmin > 1.1 1.2 0.55 8.4 (four 90 kV beams 0.86 1.8 Squares/dotted

the sensitivity of these results to the thermal profile shapes is
discussed.

Note that for these and all further NSTX-U simulations,
the inputs to the simulations are the boundary shape and plasma
current, electron temperature and density profiles, neutral
beam parameters and magnitude of Zeff with a flat profile. The
poloidal-field diffusion equation is solved to develop the fully
relaxed equilibrium. See section 3 for additional information
regarding the simulation techniques.

5.1. Role of the outer gap

The plasma shape is a key parameter in determining the ability
of a tokamak to achieve large bootstrap currents and sustain
high-β [37, 39, 44, 111–114]; NSTX-Upgrade is no exception
to this rule. In general, it is desirable to keep the inner plasma-
wall gap as small as reasonably possible in order to maintain
low aspect ratio; this results in the best utilization of the TF. The
elongation is optimized by making the plasma tall, consistent
with maintaining gaps at the top and bottom. The plasma
triangularity is maintained at a high level, also to improve
utilization of the TF [113].

This leaves the outer-midplane plasma-wall gap, referred
to from here on as the ‘outer gap’, as the remaining low-
order parameter for optimization (we note that the plasma
‘squareness’ can also be optimized to improve performance
[115], provided sufficient shaping flexibility exists). A smaller
value of outer-gap results in a plasma that fully fills the vessel.
It also brings the plasma close to the passive stabilizing plates.
A large value of outer gap increases the elongation and causes
the Rtan = 120 and 130 cm sources to drive current farther off
the magnetic axis.

A series of target plasma boundary shapes were created
in order to understand this optimization. These double-null
shapes, shown in figure 5, have identical X-point and inner-
midplane radii, and identical X-point height. The outer gap
was scanned from 5 to 20 cm, in 5 cm increments. The increase
in the outer gap from 5 to 20 cm increase the elongation from
2.55 to 2.95, and the aspect ratio from 1.71 to 1.81.

An example of configurations utilizing these boundary
shapes, shown in figure 6, has IP = 1 MA and BT = 1 T, with
each of the six NB sources injecting 2.1 MW of power for a total
of 12.6 MW injected. These scenarios have H98y,2 = 1 and
Greenwald fractions fGW = 0.72, and are optimized to have
a very high non-inductive fraction. The colours in the figure
are a match to the requested boundary shapes in figure 5. The
electron temperature is largely the same for these discharges,
but the density increases for large outer gap (small minor
radius) since fGW ∝ n̄ea

2 for fixed IP. Also note that the
10 cm outer gap case is the S1 scenario of table 1.

Considering the current profile constituents, we see that
the neutral-beam-driven current becomes progressively less
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Figure 5. High-triangularity, double-null, target shapes used in the
outer gap scan, as well as the NSTX-U vacuum vessel, HHFW
antenna and coils. Also note the projections of the neutral beam
footprints. The black outer contour represents the limiter boundary
defined by the PFCs and HHFW antenna limiter.

peaked as the outer gap becomes larger. This is due to both
the more tangential aiming of the outermost beams with the
larger gap and the increased central density in this fixed fGW

example. The bootstrap current increases significantly for the
larger outer gap, as the elongation is increased. The net result
of these trends with increasing outer gap is to significantly
reduce the residual ohmic current and significantly increase
the central safety factor.

A similar set of trends is visible in figure 7, which
studies a configuration optimized for high toroidal β. This is
accomplished by operating at IP = 1200 kA and BT = 0.55 T.
Four neutral beam sources with acceleration voltage of 90 kV
are utilized, with Rtan = [50, 60, 120, 130] cm. The 20 cm
outer gap point is the scenario S3 from table 1. The omission
of the centrally directed beams with Rtan = 70 and 110 cm is
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•  Achieve Ip = 2MA at tpulse = 5s with qmin > 1 
– Max Ip increases with confinement and broad profiles 
– Optimizes to high fGW 

•  ASC TSG should address these questions to inform on-going 
calculations of the heat flux (next slides): 
–  Is 10 MW of NBI heating achievable and sufficient for this scenario? 
– What is the minimum elongation that is feasible for these scenarios? 

Modifications to the polar region aim 
to enable full performance scenario 

Nucl. Fusion 52 (2012) 083020 S.P. Gerhardt et al

Table 3. Parameters of selected high-current partial-inductive scenarios for NSTX-Upgrade. The BT = 1.0 T scenarios have six neutral
beam sources, while the BT = 0.75 T scenarios have four sources.

Voltage

(kV) Profiles Scaling BT (T) Ip (kA)

Pinj

(MW) fGW fBS q95 τCR (s) βN

Wtot 

(kJ) Wfast/Wtot

80 Broad H98y,2=1 1 1600 10.2 0.74 0.39 8.4 0.08 0.55 3.8 796 0.09

80 Broad HST=1 1 1800 10.2 0.73 0.47 7.8 0.06 0.79 4.8 1118 0.07

80 Narrow 1 1250 10.2 0.73 0.40 8.9 0.06 0.44 3.8 598 0.17
80 Narrow HST=1 1 1700 10.2 0.74 0.49 7.9 0.03 0.80 4.9 1092 0.08

90 Broad H98y,2=1 1 1700 12.6 0.74 0.40 7.9 0.07 0.62 4.3 937 0.10

90 Broad HST=1 1 1900 12.6 0.73 0.47 7.4 0.05 0.85 5.1 1267 0.08

90 Narrow H98y,2=1 1 1350 12.6 0.73 0.42 8.5 0.05 0.50 4.3 723 0.17
90 Narrow HST=1 1 1750 12.6 0.74 0.50 7.7 0.03 0.83 5.2 1190 0.10

100 Broad H98y,2=1 1 1750 15.6 0.74 0.42 7.9 0.06 0.66 4.6 1044 0.12

100 Broad HST=1 1 1975 15.6 0.73 0.48 7.2 0.05 0.90 5.5 1406 0.09

100 Narrow H98y,2=1 1 1450 15.6 0.73 0.43 8.1 0.04 0.56 4.7 865 0.18
100 Narrow HST=1 1 1800 15.6 0.74 0.50 7.5 0.03 0.86 5.6 1304 0.12

80 Broad H98y,2=1 0.75 1250 6.8 0.74 0.39 8.0 0.09 0.39 4.1 498 0.11

80 Broad HST=1 0.75 1300 6.8 0.74 0.40 7.8 0.08 0.43 4.3 547 0.10

80 Narrow H98y,2=1 0.75 1025 6.8 0.73 0.39 8.2 0.06 0.34 4.2 406 0.19
80 Narrow HST=1 0.75 1125 6.8 0.73 0.44 8.1 0.05 0.43 4.7 505 0.15

90 Broad H98y,2=1 0.75 1300 8.4 0.74 0.40 8.0 0.08 0.43 4.5 566 0.12

90 Broad HST=1 0.75 1350 8.4 0.74 0.42 7.7 0.07 0.47 4.7 619 0.11

90 Narrow H98y,2=1 0.75 1125 8.4 0.75 0.42 9.0 0.05 0.38 4.5 500 0.18
90 Narrow HST=1 0.75 1250 8.4 0.75 0.44 8.1 0.04 0.46 4.9 600 0.15

80 Broad H98y,2=1 1 1850 10.2 1.05 0.41 7.3 0.16 0.46 4.5 1079 0.03

80 Broad HST=1 1 2000 10.2 1.03 0.49 7.1 0.12 0.61 5.4 1417 0.03

80 Narrow H98y,2=1 1 1450 10.2 1.03 0.42 7.6 0.10 0.39 4.2 757 0.07
80 Narrow HST=1 1 1850 10.2 1.04 0.50 6.9 0.06 0.63 5.5 1307 0.04

80 Broad H98y,2=1 0.75 1425 6.8 1.05 0.41 7.2 0.20 0.32 4.7 650 0.04

80 Broad HST=1 0.75 1425 6.8 1.05 0.43 7.3 0.19 0.33 4.8 675 0.04

80 Narrow H98y,2=1 0.75 1150 6.8 1.04 0.43 7.7 0.11 0.29 4.6 504 0.09
80 Narrow HST=1 0.75 1250 6.8 1.04 0.46 7.4 0.09 0.34 5.0 602 0.07

νe,ρ =0.5
*

H98y,2=1

Some additional parameters of these and related scenarios
are given in table 3. As with the fully non-inductive scenarios,
the pulse durations for the 1.0 T, 100 kV cases are between
1.5 and 3 τCR in duration. This may be advantageous, as
it will facilitate even higher current operation if the current
profile cannot fully relax before the end of the beam heating
pulse. The 80 kV cases have pulse durations of 6–12 τCR

for BT = 1.0 T, and 11–14 τCR for BT = 0.75 T, and the
requirement for scenarios with fully evolved qmin > 1 is likely
more strict.

The bottom of table 3 also shows the results with 80 kV
beams but a Greenwald fraction just above 1.0. This increases
the central safety factor for fixed IP, or allows operation at
higher current for fixed qmin. These cases allow 5 s operation
at IP = 2 MA and BT = 1.0 T for favourable confinement
and profiles. The fast-ion pressure is at most 10% of the total
pressure in these cases, compared with values of Wfast/Wtot

of ∼20% in the fGW = 0.74 cases. Note that these very
high-density scenarios may be favourable for divertor power
handling, though it remains unclear if there will be any
degradation of confinement at the higher densities.

6.3. Partially inductive sustained long pulse at BT = 0.75 T
and reduced current

Many studies will be interested in testing the behaviour of the
longest possible discharges, even if this requires a reduction
in the plasma current. These include, for instance, particle
retention studies or the study of RWM control and high-β

disruption avoidance for the longest possible duration. In this
section, we present scenarios that may allow a single discharge
to be sustained for 8–10 s. The TF strength for these cases is
BT = 0.75 T, such that the heating limit of the TF coil is not
exceeded for pulses of the target duration.

We will study two different beam configurations to
facilitate this very long-pulse goal. The first utilizes 80 kV for
each source, modulated so that only three sources are on at any
given time. With a five second duration for any single source
and a duty cycle of 50%, we can sustain the configuration
for a full 10 s. A second configuration uses all six sources
configured for 65 kV operation, allowing an 8 s heating pulse.

The current and heating limit of the ohmic solenoid coil
play a key role in determining this optimization. In order to
assess this, we have estimated the solenoid current evolution
as follows. The solenoid pre-charge waveform is determined
from the OH circuit and power supply characteristics. The
plasma current ramp-up times, ramp-up flux and ramp-down
times, all as a function of flat-top plasma current, are given
in table 1 of [47]. The flat-top surface voltage, and hence
rate of solenoid current change, is taken from the TRANSP
simulations. A voltage of −0.5 V is assumed for the ramp-
down. These parameters are sufficient to form a simple
solenoid current waveform. The resulting solenoid current
evolution can be compared with the maximum allowed current,
and the

∫
I 2

OH dt can be compared with the limit on that quantity
set by coil heating.

As noted above, one long-pulse scenario uses 80 kV
acceleration voltages with a 50% duty cycle, for a total duration
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beam sources, while the BT = 0.75 T scenarios have four sources.

Voltage

(kV) Profiles Scaling BT (T) Ip (kA)

Pinj

(MW) fGW fBS q95 τCR (s) βN

Wtot 

(kJ) Wfast/Wtot

80 Broad H98y,2=1 1 1600 10.2 0.74 0.39 8.4 0.08 0.55 3.8 796 0.09

80 Broad HST=1 1 1800 10.2 0.73 0.47 7.8 0.06 0.79 4.8 1118 0.07

80 Narrow 1 1250 10.2 0.73 0.40 8.9 0.06 0.44 3.8 598 0.17
80 Narrow HST=1 1 1700 10.2 0.74 0.49 7.9 0.03 0.80 4.9 1092 0.08

90 Broad H98y,2=1 1 1700 12.6 0.74 0.40 7.9 0.07 0.62 4.3 937 0.10

90 Broad HST=1 1 1900 12.6 0.73 0.47 7.4 0.05 0.85 5.1 1267 0.08

90 Narrow H98y,2=1 1 1350 12.6 0.73 0.42 8.5 0.05 0.50 4.3 723 0.17
90 Narrow HST=1 1 1750 12.6 0.74 0.50 7.7 0.03 0.83 5.2 1190 0.10

100 Broad H98y,2=1 1 1750 15.6 0.74 0.42 7.9 0.06 0.66 4.6 1044 0.12

100 Broad HST=1 1 1975 15.6 0.73 0.48 7.2 0.05 0.90 5.5 1406 0.09

100 Narrow H98y,2=1 1 1450 15.6 0.73 0.43 8.1 0.04 0.56 4.7 865 0.18
100 Narrow HST=1 1 1800 15.6 0.74 0.50 7.5 0.03 0.86 5.6 1304 0.12

80 Broad H98y,2=1 0.75 1250 6.8 0.74 0.39 8.0 0.09 0.39 4.1 498 0.11

80 Broad HST=1 0.75 1300 6.8 0.74 0.40 7.8 0.08 0.43 4.3 547 0.10

80 Narrow H98y,2=1 0.75 1025 6.8 0.73 0.39 8.2 0.06 0.34 4.2 406 0.19
80 Narrow HST=1 0.75 1125 6.8 0.73 0.44 8.1 0.05 0.43 4.7 505 0.15

90 Broad H98y,2=1 0.75 1300 8.4 0.74 0.40 8.0 0.08 0.43 4.5 566 0.12

90 Broad HST=1 0.75 1350 8.4 0.74 0.42 7.7 0.07 0.47 4.7 619 0.11

90 Narrow H98y,2=1 0.75 1125 8.4 0.75 0.42 9.0 0.05 0.38 4.5 500 0.18
90 Narrow HST=1 0.75 1250 8.4 0.75 0.44 8.1 0.04 0.46 4.9 600 0.15

80 Broad H98y,2=1 1 1850 10.2 1.05 0.41 7.3 0.16 0.46 4.5 1079 0.03

80 Broad HST=1 1 2000 10.2 1.03 0.49 7.1 0.12 0.61 5.4 1417 0.03

80 Narrow H98y,2=1 1 1450 10.2 1.03 0.42 7.6 0.10 0.39 4.2 757 0.07
80 Narrow HST=1 1 1850 10.2 1.04 0.50 6.9 0.06 0.63 5.5 1307 0.04

80 Broad H98y,2=1 0.75 1425 6.8 1.05 0.41 7.2 0.20 0.32 4.7 650 0.04

80 Broad HST=1 0.75 1425 6.8 1.05 0.43 7.3 0.19 0.33 4.8 675 0.04

80 Narrow H98y,2=1 0.75 1150 6.8 1.04 0.43 7.7 0.11 0.29 4.6 504 0.09
80 Narrow HST=1 0.75 1250 6.8 1.04 0.46 7.4 0.09 0.34 5.0 602 0.07

νe,ρ =0.5
*

H98y,2=1

Some additional parameters of these and related scenarios
are given in table 3. As with the fully non-inductive scenarios,
the pulse durations for the 1.0 T, 100 kV cases are between
1.5 and 3 τCR in duration. This may be advantageous, as
it will facilitate even higher current operation if the current
profile cannot fully relax before the end of the beam heating
pulse. The 80 kV cases have pulse durations of 6–12 τCR

for BT = 1.0 T, and 11–14 τCR for BT = 0.75 T, and the
requirement for scenarios with fully evolved qmin > 1 is likely
more strict.

The bottom of table 3 also shows the results with 80 kV
beams but a Greenwald fraction just above 1.0. This increases
the central safety factor for fixed IP, or allows operation at
higher current for fixed qmin. These cases allow 5 s operation
at IP = 2 MA and BT = 1.0 T for favourable confinement
and profiles. The fast-ion pressure is at most 10% of the total
pressure in these cases, compared with values of Wfast/Wtot

of ∼20% in the fGW = 0.74 cases. Note that these very
high-density scenarios may be favourable for divertor power
handling, though it remains unclear if there will be any
degradation of confinement at the higher densities.

6.3. Partially inductive sustained long pulse at BT = 0.75 T
and reduced current

Many studies will be interested in testing the behaviour of the
longest possible discharges, even if this requires a reduction
in the plasma current. These include, for instance, particle
retention studies or the study of RWM control and high-β

disruption avoidance for the longest possible duration. In this
section, we present scenarios that may allow a single discharge
to be sustained for 8–10 s. The TF strength for these cases is
BT = 0.75 T, such that the heating limit of the TF coil is not
exceeded for pulses of the target duration.

We will study two different beam configurations to
facilitate this very long-pulse goal. The first utilizes 80 kV for
each source, modulated so that only three sources are on at any
given time. With a five second duration for any single source
and a duty cycle of 50%, we can sustain the configuration
for a full 10 s. A second configuration uses all six sources
configured for 65 kV operation, allowing an 8 s heating pulse.

The current and heating limit of the ohmic solenoid coil
play a key role in determining this optimization. In order to
assess this, we have estimated the solenoid current evolution
as follows. The solenoid pre-charge waveform is determined
from the OH circuit and power supply characteristics. The
plasma current ramp-up times, ramp-up flux and ramp-down
times, all as a function of flat-top plasma current, are given
in table 1 of [47]. The flat-top surface voltage, and hence
rate of solenoid current change, is taken from the TRANSP
simulations. A voltage of −0.5 V is assumed for the ramp-
down. These parameters are sufficient to form a simple
solenoid current waveform. The resulting solenoid current
evolution can be compared with the maximum allowed current,
and the

∫
I 2

OH dt can be compared with the limit on that quantity
set by coil heating.

As noted above, one long-pulse scenario uses 80 kV
acceleration voltages with a 50% duty cycle, for a total duration
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• How much power is needed for 
this scenario? 
– Can we achieve this goal at lower 

NBI power? 
– How much NBI power needs to be 

reserved for ramp-up and ramp-
down? 

• Can we develop a scenario with 
beam modulations in order to 
get CHERs data? 

Is 10 MW NBI heating achievable and sufficient for 
the full performance scenario? 

However, we know that 10MW for 
5s is a reasonable limiting case 

Nucl. Fusion 52 (2012) 083020 S.P. Gerhardt et al
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Figure 2. Power and allowable pulse duration for the NSTX neutral
beam systems, as a function of the acceleration voltage.

the new and old beamlines inject horizontally at the vessel
midplane. The original NSTX beamline has sources with
tangency radii of Rtan = 50, 60 and 70 cm; the new beamline
has sources with tangency radii of 110, 120 and 130 cm. As
described in [47], the outermost beam, with Rtan = 130 cm,
provides substantial off-axis NBCD. Note that off-axis NBCD
has been observed [52–54] and utilized [55, 56] in conventional
aspect-ratio tokamaks as well as STs [57].

An important determinant of the scenario parameters are
the power and pulse duration achievable for a given neutral
beam acceleration voltage. These parameters for the NSTX-
U neutral beam systems are given in figure 2. A higher
beam voltage will clearly provide more power and better beam
penetration to the plasma core. However, the allowable pulse
duration, limited by heating of the primary energy ion dump,
decreases rapidly as the voltage is increased. The scenarios in
this paper will most commonly utilize 90 kV sources, which
produce 2.1 MW for up to 3 s; this duration typically allows
the current profile to fully equilibrate. Lower beam voltages
(80 and 65 kV) will be used for scenarios where longer pulse
is desired, and higher beam voltages will be used for scenarios
that desire additional power and current drive, at the expense
of pulse length.

3. Computation techniques

3.1. Free-boundary TRANSP simulations

The primary computation tool utilized in this study is the
recently available free-boundary equilibrium capability in the
TRANSP code [58]. For the NSTX-Upgrade simulations
described in sections 5–7 of this manuscript, the inputs to
these simulations are the time histories of the requested
plasma boundary shapes and plasma current level, electron
temperature and density profiles mapped to the minor radius
(defined as the square-root of toroidal flux), and the power,
voltage and geometry of the neutral beam injection. For the
demonstration simulations of existing NSTX data in section 4,
the ion temperature, ion density and safety factor profiles
are also used as inputs to the code. The measured shaping
and divertor coil currents are never used to constrain the
calculations in the code.

These inputs are used to compute the bootstrap current
[59–62] using the Sauter model [63]. The NBCD [64–67] is
computed by the NUBEAM code [67]; 8000–16 000 particles
were typically used in these simulations, weighted towards the
plasma core to reduce the Monte Carlo noise on the central
beam current drive (wghta = 10 [67]). The beam-current
shielding factor derived by Lin-Liu and Hinton [66] is used.

These plasma parameter and current profile data are then
used to compute the fully relaxed current profile for the NSTX-
U simulations in sections 5–8. The poloidal-field diffusion
equation [68] is solved to relax the current profile; we allow
this calculation to run for at least four seconds with no other
changes to the input parameters, so that the fully relaxed state
can be studied. It is possible that the total of the non-inductive
currents are greater than the total requested current, and these
cases will be indicated as non-inductive fractions greater than
100%. These cases will have negative inductive currents and
negative surface voltages, so that the total current level is
matched to the request. Note that there is no effort to model the
ramp-up in these simulations, and the equilibria presented here
represent ‘snap-shots’ of the fully relaxed state. Overall, more
than 11 500 separate fully relaxed equilibria were generated
over the course of these studies. Note that the analysis of the
NSTX experimental data in section 4 uses the q-profile derived
from experimental equilibrium reconstruction, and does not
solve poloidal-field diffusion.

The free-boundary capability utilized in this study comes
from the recent inclusion of the ISOLVER equilibrium code
within TRANSP. The desired plasma boundaries in this
study were generated with the stand-alone free-boundary
equilibrium ISOLVER code, utilizing the coil set of NSTX-
Upgrade. These plasma boundaries were then given to
TRANSP as the ‘target’ boundaries for the free-boundary
simulations. Using these target boundaries and the pressure
and current profiles described above, ISOLVER then computes
a free-boundary solution to the Grad–Shafranov whose
boundary and X-point locations are closest to the target
boundary and X-points. This new equilibrium is used as the
starting point for the next iteration, where new profiles of
the current and pressure are computed on that equilibrium,
followed by recalculation of the free-boundary equilibrium.
This iteration is then repeated through the calculation. There
are no vessel eddy currents in the calculation.

In the context of heating and current-drive systems, we
note that NSTX has a 30 MHz high-harmonic fast wave
(HHFW) heating and current-drive system [69–71]. This
system has demonstrated the ability to heat L-mode plasmas
to very high temperatures when an internal transport barrier
forms [72, 73]. However, the system has historically been less
successful at heating deuterium H-mode plasmas that are also
heated by neutral beams; only recently have a few examples of
HHFW heating in NB H-modes been observed [71]. Specific
issues include (i) the propagation of waves in the scrape-off
layer (SOL) [70], which reduces the power available for core
heating, and (ii) the tendency of the waves to damp on the
fast ions rather than the electrons [69, 74]. However, neither
of these processes is treated properly in the HHFW modules
available in TRANSP. We also note that the current driven
by direct HHFW current drive tends to be small and centrally
peaked, due to the large electron trapping at low aspect ratio

3
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• As the X-points move closer to 
midplane, κ is reduced for fixed 
inner and outer gaps 
– This motion of the X-points makes 

the field lines steeper at the divertor 
surfaces, can result in higher heat 
fluxes 

• What Ip is achievable in these 
lower κ scenarios? 

What is the minimum feasible elongation  
for full performance scenario? 3.2.1: Stationary Heat Flux with Standard Target Helicity 

The horizontal target tiles shall accept the ​stationary heat fluxes​ from the scenarios noted in 
Table 3.2.1. Here, stationary refers to an unchanging magnetic equilibrium. ​The range of angles 
of incidence to these tiles are from 0.9 to 1.6 degrees for these cases. 
 
Table 3.2.1 ​: Heat flux characteristics  for stationary cases on the inner horizontal divertor.  

Case 
Name 

Geqdsk file Peak 
Heat Flux 

E-folding 
width 

q ​peak 
Radius 

Strike 
Point 

Radius 

|Inclination 
Angle at 
Strike 
Point| 

Priority 

 --- MW/m​2 cm m m degrees --- 

1.1 NfHz0+_0 6.41 14.5 0.566 0.549 0.90 1 

1.3 NfHz0+_2 10.6 4.38 0.568 0.559 1.6 2 

1.8 NfHz0+_7 8.51 5.70 0.526 0.514 1.2 1 

 

 
Fig. 3.2.1 ​: Stationary high flux expansion divertor geometry placing heat on the inner target. 

 

11 

3.2.1: Stationary Heat Flux with Standard Target Helicity 
The horizontal target tiles shall accept the ​stationary heat fluxes​ from the scenarios noted in 
Table 3.2.1. Here, stationary refers to an unchanging magnetic equilibrium. ​The range of angles 
of incidence to these tiles are from 0.9 to 1.6 degrees for these cases. 
 
Table 3.2.1 ​: Heat flux characteristics  for stationary cases on the inner horizontal divertor.  

Case 
Name 

Geqdsk file Peak 
Heat Flux 

E-folding 
width 

q ​peak 
Radius 

Strike 
Point 

Radius 

|Inclination 
Angle at 
Strike 
Point| 

Priority 

 --- MW/m​2 cm m m degrees --- 

1.1 NfHz0+_0 6.41 14.5 0.566 0.549 0.90 1 

1.3 NfHz0+_2 10.6 4.38 0.568 0.559 1.6 2 

1.8 NfHz0+_7 8.51 5.70 0.526 0.514 1.2 1 

 

 
Fig. 3.2.1 ​: Stationary high flux expansion divertor geometry placing heat on the inner target. 
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•  Lower ne (fGW < 1) will 
probably require higher 
Pinj to keep qmin > 1 
–  Increase off-axis current 

drive, increase τcur 

•  Examine confinement, 
stability, etc. at larger βN 
and lower νe* 

High power scenarios aim to expand the accessible 
regimes in shorter pulses 

Nucl. Fusion 52 (2012) 083020 S.P. Gerhardt et al

Table 2. Parameters of selected fully non-inductive scenarios for NSTX-Upgrade. The BT = 1.0 T scenarios have six neutral beam sources,
while the BT = 0.75 T scenarios have four sources.

Voltage
(kV) Profiles Scaling BT (T) Ip (kA)

Pinj

(MW) fBS qmin q95 τCR (s) βN βP

Wtot 

(kJ) Wfast/Wtot

80 Broad H98y,2=1 1 870 10.2 0.67 1.60 18.7 0.41 4.0 2.4  457 0.26
80 Broad HST=1 1 1225 10.2 0.74 2.37 13.4 0.72 4.9 2.1  792 0.14
80 Narrow H98y,2=1 1 750 10.2 0.63 1.41 20.9 0.33 4.3 2.9  415 0.34
80 Narrow HST=1 1 1200 10.2 0.74 2.48 12.8 0.72 5.3 2.2  828 0.16
90 Broad H98y,2=1 1 975 12.6 0.62 1.50 16.2 0.45 4.3 2.3  550 0.26
90 Broad HST=1 1 1325 12.6 0.72 2.03 12.3 0.78 5.3 2.1  925 0.15
90 Narrow H98y,2=1 1 875 12.6 0.60 1.39 17.1 0.38 4.6 2.6  520 0.32
90 Narrow HST=1 1 1300 12.6 0.70 2.10 11.6 0.75 5.6 2.2  948 0.17
100 Broad H98y,2=1 1 1100 15.6 0.64 1.52 14.4 0.49 4.8 2.2  689 0.23
100 Broad HST=1 1 1450 15.6 0.68 1.76 11.1 0.83 5.7 2.0 1089 0.16
100 Narrow H98y,2=1 1 1000 15.6 0.55 1.31 14.5 0.42 4.9 2.5  632 0.31
100 Narrow HST=1 1 1400 15.6 0.67 1.82 10.7 0.79 6.0 2.2 1093 0.18
80 Broad H98y,2=1 0.75 635  6.8 0.71 0.98 19.8 0.29 4.3 2.6  266 0.32
80 Broad HST=1 0.75 800  6.8 0.73 1.53 15.5 0.41 4.8 2.3  374 0.23
80 Narrow H98y,2=1 0.75 600  6.8 0.70 0.81 21.0 0.26 4.9 3.1  286 0.40
80 Narrow HST=1 0.75 770  6.8 0.71 1.72 15.6 0.39 5.3 2.6  396 0.27
90 Broad H98y,2=1 0.75 725  8.4 0.65 1.10 16.7 0.32 4.7 2.5  328 0.31
90 Broad HST=1 0.75 865  8.4 0.69 1.36 14.2 0.43 5.2 2.3  435 0.24
90 Narrow H98y,2=1 0.75 675  8.4 0.64 0.90 17.6 0.29 5.2 2.9  342 0.37
90 Narrow HST=1 0.75 850  8.4 0.68 1.54 13.7 0.42 5.6 2.5  469 0.27

a consequence, the values of βN and βP are comparatively
high. However, as will be shown in section 7, these βN values
are not larger than presently achieved in NSTX. Furthermore,
scenarios with βP = 2 have recently be sustained for long
periods in NSTX [44].

Note also that additional 100% non-inductive scenarios
will be illustrated in section 6.5, in the context of modifying the
current profile with various different combinations of neutral
beams, and in section 6.6, in the context of very high bootstrap
fraction scenarios.

6.2. High-current partial-inductive scenarios at BT = 1.0 T
and 0.75 T

While a steady-state plasma must be fully non-inductive, there
are many physics studies facilitated by increasing the plasma
current beyond the non-inductive level. These could include,
for instance, studies of the collisionality dependence of core
transport, or the current scaling of the divertor heat flux width.
The centrally peaked relaxed inductive current tends to reduce
qmin. Hence, it is instructive to consider what are the maximum
current levels that can be sustained with qmin > 1, as a function
of beam voltage, TF and density. This is the purpose of the
present section.

A solution to this optimization, for BT = 1.0 T, six neutral
beam sources, a 15 cm outer gap, and Greenwald fraction
0.7 < fGW < 0.75, is shown in figure 20 and table 3. For
80 kV acceleration voltage, the maximum sustainable current
is between 1250 and 1800 kA; the larger number corresponds
to the broader profiles and HST = 1 thermal scaling, while
the smaller number corresponds to the peaked profiles and
H98y,2 = 1 thermal scaling. Central electron temperatures are
between 1.7 and 2.3 keV. As indicted in figure 2, the neutral
beams can provide heating for up to 5 s in this configuration.

The parameters of these scenarios are significantly
increased when the acceleration voltage is increased to 100 kV
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All: BT=1.0 T, Six NB sources, fGW=0.72
80 kV, Broad Profiles, IP=1600 kA for H98=1, IP=1800 kA for HST=1
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100 kV, Broad Profiles, IP=1750 kA for H98=1, IP=1975 kA for HST=1
100 kV, Narrow Profiles, IP=1450 kA for H98=1, IP=1800 kA for HST=1

Figure 20. Examples of the maximum sustainable current for
various profile and confinement assumptions, at BT = 1.0 T.
Optimizations are shown for 80 kV and 100 kV acceleration
voltages, with six neutral beam sources in each case.

(black and green traces in figure 20). The projected currents
increase to 1450–1975 kA, with peak electron temperatures of
>2.5 keV for the ST confinement scaling and more peaked
profiles.
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•  Target shapes comparable to high-current scenarios 
– Lower Ip should result in larger λq 

• We see no reason that 100% non-inductive scenarios will 
be incompatible with flux expansion, strike-point sweeps 
and/or snowflake divertor configurations 

100% non-inductive current discharges  
will probably run at Ip < 2 MA 
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•  Long pulse (tpulse > 5s) discharges would either: 
– Run with lower voltage beams (< 80 keV) 
– Or modulate the beams 

•  Ip limited by I2t heating of OH coil 

•  Examples of 10s discharges at BT = 0.75 T: 
–  6 x 65 keV beams for 8 seconds 
–  6 x 80 keV beams modulated 50/50 for 10 seconds 

Long-pulse discharges run at lower fields 
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•  Experiments do not place strict requirements on the 
heating or pulse length 
– Most control work is performed in fiducial-like discharges 
– Exception may be current profile control development, which favors 

low density, low temperature conditions 

• Divertor control and protection development requires 
some margin for error while commissioning  
– Snowflake, X-divertor, flux-expansion, sweeps… 
– Either perform commissioning with tiles that can tolerate control 

errors or have adequate protection 

Experiments within Control Thrust may require 
proper staging of tile modification/ protection 
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•  ASC focuses on experiments that commission the control algorithms 

•  Number / location of magnetic sensors in polar regions should be 
maintained (or increased!) 

•  Experiments would benefit from trying full range of snowflake shapes 
–  Improves confidence in control and the optimization of algorithm 

Commissioning of the snowflake controller will be 
challenging if reverse helicity is not allowed 

•  Reverse helicity may occur while testing 
–  Either calculate that this is not an issue, perform 

experiments without fish-scaled tiles or implement 
active heat-flux protection 

•  Similar arguments can be made for X-divertor 
& flux expansion control 
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•  Development of control aimed at active avoidance of heat flux limits must be 
considered 
–  These algorithms would attempt to mitigate heat flux to avoid reaching a threshold that 

ends the discharge 

•  Soft-shutdown development should consider where the power is going to 
land (research thrust 3) 
–  Fast loss of stored energy, particularly after an H-L transition 
–  Elongation reduction will put strike points on new locations 
–  Timing of transition to inboard limiter 

•  Research thrust 4 encompasses experiments that aim to optimize high-
performance scenarios for next step devices 
–  Tile heating limits will constrain the experiments rather than the other way around 

Other considerations raised in the ASC memo 


