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• NSTX-U will access 100%    
non-inductive operation 
– Sustain Ip > 1 MA for many current 

redistribution times 

• Access lower ν* over a large 
range in β 
– Unique regime to study transport 

and stability physics 

•  Informs aspect ratio optimization 
of next-step devices 

NSTX-U will access new physics regimes in 
the low-aspect-ratio geometry 
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Figure 32. Comparison between 100% non-inductive scenarios for
NSTX-Upgrade and achieved NSTX scenarios, as a function of
plasma current. The (a) stored energy, (b) non-inductive current
fraction, (c) midradius collisionality and (d) neutron emission rate,
as a function of the plasma current. The black points are NSTX data
at lower aspect ratio, while the cyan points with orange boundaries
represent NSTX high aspect-ratio discharges designed to prototype
NSTX-U.

for BT = 0.75 T with four sources at 80 kV. The highest non-
inductive fractions achieved in NSTX were 65–70%, in 700–
750 kA discharges. NSTX-Upgrade is projected to achieve full
non-inductive current sustainment in the range of IP = 1000–
1400 kA for BT = 1.0 T and six 100 kV neutral beam sources,
down to IP = 675–865 kA for BT = 0.75 T and six 80 kV
neutral beam sources.

The midradius collisionality and total neutron emission
are shown in figures 32(c) and (d). We see that the
collisionality of these fully non-inductive upgrade scenarios is
comparable to the lowest ever achieved in NSTX. The neutron
emission rate is up to a factor of 10 larger than the maximum
value in this database of high-performance NSTX discharges.

Some stability-related metrics for these 100% non-
inductive scenarios are shown in figure 33. The most
significant change related to global stability for NSTX-
Upgrade is the increase in aspect ratio. As shown in
figure 33(a), the values of βN anticipated for these scenarios
are not larger than has been achieved in many discharges in
NSTX at lower aspect ratio. The larger aspect-ratio points
in cyan with orange boundaries show βN ∼ 4–4.5 has been
achieved without passing disruptive β limits [44], and no
effort was made in that experiment to determine the maximum
experimentally achievable βN at this higher aspect ratio. The
toroidal β values for these scenarios are less than the largest
values achieved in NSTX, due to the comparatively large values
of q95.
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Figure 33. Comparison of stability-related parameters between
100% non-inductive scenarios for NSTX-Upgrade and achieved
NSTX scenarios. Shown are the (a) the normalized β (βN) versus
aspect ratio, the (b) the toroidal β (βT) versus aspect ratio, (c) the
elongation versus aspect ratio and (d) the volume-averaged
normalized β (⟨βN⟩) versus cylindrical safety factor. The black
points are NSTX data at lower aspect ratio, while the cyan points
with orange boundaries represent NSTX high aspect-ratio
discharges designed to prototype NSTX-U scenarios.

The increased aspect ratio of the Upgrade also results
in a reduction of the ‘natural elongation’ [1, 16, 18] of the
configuration. Natural elongation refers to the elongation that
the plasma cross-section would achieve in a perfectly straight
vertical field, and as the natural elongation is reduced, the
n = 0 passive stability margin is likely reduced as well.
This issue was a primary motivation for the high-A NSTX-U
prototype experiments described in [44]. Figure 33(c) shows
that the 100% non-inductive scenarios presented here are at
lower elongation, and only somewhat higher aspect ratio, than
was already achieved in the NSTX-U prototype experiments.
While this would seem to imply that these scenarios would
not have trouble with vertical stability, that conclusion does
not include the effects of varying profiles. In particular, the
high aspect-ratio experiments in NSTX [44] determined that
vertical stability is often lost for li ! 0.65 when A > 1.7.
The value of li is determined by the current drive sources and
thermal profiles, and the calculations in figure 18 indicate that
peaked thermal profiles may result in li too high for stable
vertical position control with the present control system [163].

A number of steps have been taken to remedy this
potential vertical stability problem. An improved observer
of the vertical position has been implemented in the plasma
control system, utilizing additional magnetic sensors to better
resolve the motion of these high-κ shapes. An algorithm
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Figure 32. Comparison between 100% non-inductive scenarios for
NSTX-Upgrade and achieved NSTX scenarios, as a function of
plasma current. The (a) stored energy, (b) non-inductive current
fraction, (c) midradius collisionality and (d) neutron emission rate,
as a function of the plasma current. The black points are NSTX data
at lower aspect ratio, while the cyan points with orange boundaries
represent NSTX high aspect-ratio discharges designed to prototype
NSTX-U.

for BT = 0.75 T with four sources at 80 kV. The highest non-
inductive fractions achieved in NSTX were 65–70%, in 700–
750 kA discharges. NSTX-Upgrade is projected to achieve full
non-inductive current sustainment in the range of IP = 1000–
1400 kA for BT = 1.0 T and six 100 kV neutral beam sources,
down to IP = 675–865 kA for BT = 0.75 T and six 80 kV
neutral beam sources.

The midradius collisionality and total neutron emission
are shown in figures 32(c) and (d). We see that the
collisionality of these fully non-inductive upgrade scenarios is
comparable to the lowest ever achieved in NSTX. The neutron
emission rate is up to a factor of 10 larger than the maximum
value in this database of high-performance NSTX discharges.

Some stability-related metrics for these 100% non-
inductive scenarios are shown in figure 33. The most
significant change related to global stability for NSTX-
Upgrade is the increase in aspect ratio. As shown in
figure 33(a), the values of βN anticipated for these scenarios
are not larger than has been achieved in many discharges in
NSTX at lower aspect ratio. The larger aspect-ratio points
in cyan with orange boundaries show βN ∼ 4–4.5 has been
achieved without passing disruptive β limits [44], and no
effort was made in that experiment to determine the maximum
experimentally achievable βN at this higher aspect ratio. The
toroidal β values for these scenarios are less than the largest
values achieved in NSTX, due to the comparatively large values
of q95.
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Figure 33. Comparison of stability-related parameters between
100% non-inductive scenarios for NSTX-Upgrade and achieved
NSTX scenarios. Shown are the (a) the normalized β (βN) versus
aspect ratio, the (b) the toroidal β (βT) versus aspect ratio, (c) the
elongation versus aspect ratio and (d) the volume-averaged
normalized β (⟨βN⟩) versus cylindrical safety factor. The black
points are NSTX data at lower aspect ratio, while the cyan points
with orange boundaries represent NSTX high aspect-ratio
discharges designed to prototype NSTX-U scenarios.

The increased aspect ratio of the Upgrade also results
in a reduction of the ‘natural elongation’ [1, 16, 18] of the
configuration. Natural elongation refers to the elongation that
the plasma cross-section would achieve in a perfectly straight
vertical field, and as the natural elongation is reduced, the
n = 0 passive stability margin is likely reduced as well.
This issue was a primary motivation for the high-A NSTX-U
prototype experiments described in [44]. Figure 33(c) shows
that the 100% non-inductive scenarios presented here are at
lower elongation, and only somewhat higher aspect ratio, than
was already achieved in the NSTX-U prototype experiments.
While this would seem to imply that these scenarios would
not have trouble with vertical stability, that conclusion does
not include the effects of varying profiles. In particular, the
high aspect-ratio experiments in NSTX [44] determined that
vertical stability is often lost for li ! 0.65 when A > 1.7.
The value of li is determined by the current drive sources and
thermal profiles, and the calculations in figure 18 indicate that
peaked thermal profiles may result in li too high for stable
vertical position control with the present control system [163].

A number of steps have been taken to remedy this
potential vertical stability problem. An improved observer
of the vertical position has been implemented in the plasma
control system, utilizing additional magnetic sensors to better
resolve the motion of these high-κ shapes. An algorithm
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Figure 32. Comparison between 100% non-inductive scenarios for
NSTX-Upgrade and achieved NSTX scenarios, as a function of
plasma current. The (a) stored energy, (b) non-inductive current
fraction, (c) midradius collisionality and (d) neutron emission rate,
as a function of the plasma current. The black points are NSTX data
at lower aspect ratio, while the cyan points with orange boundaries
represent NSTX high aspect-ratio discharges designed to prototype
NSTX-U.

for BT = 0.75 T with four sources at 80 kV. The highest non-
inductive fractions achieved in NSTX were 65–70%, in 700–
750 kA discharges. NSTX-Upgrade is projected to achieve full
non-inductive current sustainment in the range of IP = 1000–
1400 kA for BT = 1.0 T and six 100 kV neutral beam sources,
down to IP = 675–865 kA for BT = 0.75 T and six 80 kV
neutral beam sources.

The midradius collisionality and total neutron emission
are shown in figures 32(c) and (d). We see that the
collisionality of these fully non-inductive upgrade scenarios is
comparable to the lowest ever achieved in NSTX. The neutron
emission rate is up to a factor of 10 larger than the maximum
value in this database of high-performance NSTX discharges.

Some stability-related metrics for these 100% non-
inductive scenarios are shown in figure 33. The most
significant change related to global stability for NSTX-
Upgrade is the increase in aspect ratio. As shown in
figure 33(a), the values of βN anticipated for these scenarios
are not larger than has been achieved in many discharges in
NSTX at lower aspect ratio. The larger aspect-ratio points
in cyan with orange boundaries show βN ∼ 4–4.5 has been
achieved without passing disruptive β limits [44], and no
effort was made in that experiment to determine the maximum
experimentally achievable βN at this higher aspect ratio. The
toroidal β values for these scenarios are less than the largest
values achieved in NSTX, due to the comparatively large values
of q95.

1.2 1.4 1.6 1.8 2.0
A

0

2

4

6

8

β N

(a)

1.2 1.4 1.6 1.8 2.0
A

0
5

10

15

20

25
30

β T

(b)

1.2 1.4 1.6 1.8 2.0
A

2.0

2.2

2.4

2.6

2.8

3.0

κ

(c)

2 4 6 8 10
q*

0

2

4

6

8

<β
N
>

(d)

All: fGW=0.7, fNI=100%, 15 cm outer gap
6x80 kV, BT=1 T
6x90 kV, BT=1 T
6x100 kV, BT=1 T
4x80 kV, BT=0.75 T
4x90 kV, BT=0.75 T

Figure 33. Comparison of stability-related parameters between
100% non-inductive scenarios for NSTX-Upgrade and achieved
NSTX scenarios. Shown are the (a) the normalized β (βN) versus
aspect ratio, the (b) the toroidal β (βT) versus aspect ratio, (c) the
elongation versus aspect ratio and (d) the volume-averaged
normalized β (⟨βN⟩) versus cylindrical safety factor. The black
points are NSTX data at lower aspect ratio, while the cyan points
with orange boundaries represent NSTX high aspect-ratio
discharges designed to prototype NSTX-U scenarios.

The increased aspect ratio of the Upgrade also results
in a reduction of the ‘natural elongation’ [1, 16, 18] of the
configuration. Natural elongation refers to the elongation that
the plasma cross-section would achieve in a perfectly straight
vertical field, and as the natural elongation is reduced, the
n = 0 passive stability margin is likely reduced as well.
This issue was a primary motivation for the high-A NSTX-U
prototype experiments described in [44]. Figure 33(c) shows
that the 100% non-inductive scenarios presented here are at
lower elongation, and only somewhat higher aspect ratio, than
was already achieved in the NSTX-U prototype experiments.
While this would seem to imply that these scenarios would
not have trouble with vertical stability, that conclusion does
not include the effects of varying profiles. In particular, the
high aspect-ratio experiments in NSTX [44] determined that
vertical stability is often lost for li ! 0.65 when A > 1.7.
The value of li is determined by the current drive sources and
thermal profiles, and the calculations in figure 18 indicate that
peaked thermal profiles may result in li too high for stable
vertical position control with the present control system [163].

A number of steps have been taken to remedy this
potential vertical stability problem. An improved observer
of the vertical position has been implemented in the plasma
control system, utilizing additional magnetic sensors to better
resolve the motion of these high-κ shapes. An algorithm

29

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

0.0 0.5 1.0 1.5 2.0
IP [MA]

0.0

0.5

1.0

1.5

W
to

t [
M

J]

(a)

0.0 0.5 1.0 1.5 2.0
IP [MA]

0.0
0.2

0.4

0.6

0.8

1.0
1.2

f N
IC

D

(b)

0.0 0.5 1.0 1.5 2.0
IP [MA]

0.01

0.10

1.00

ν*
e,

r/
a=

0.
5

(c)

0.0 0.5 1.0 1.5 2.0
IP [MA]

0.1

1.0

10.0

ne
ut

ro
ns

 [1
015

/s
] (d)

All: fGW=0.7, 1.1<qmin<1.2
6x80 kV, BT=1 T, 15 cm outer gap
6x100 kV, BT=1 T, 15 cm outer gap
4x80 kV, BT=0.75 T, 15 cm outer gap
4x90 kV, BT=0.75 T, 15 cm outer gap
4x90 kV, BT=0.55 T, 20 cm outer gap
4x100 kV, BT=0.55, 20 cm outer gap

Figure 34. Comparison between qmin > 1.1, partial-inductive
scenarios at fGW = 0.7 for NSTX-Upgrade and achieved NSTX
scenarios, as a function of plasma current. The quantities plotted are
the same as in figure 32.

has been implemented to apply radial field with the midplane
RWM coils, to supplement that from the larger PF-3 coils.
These midplane coils have a significantly faster response.
Additionally, steps are being taken to reduce the latency in
the control response of the large radial field coils. Finally,
we are considering the inclusion of additional PF coils in the
vertical stabilization loop.

Finally, the so-called volume-average βN for NSTX data
and NSTX-U scenarios is plotted against the cylindrical safety
factor q∗ in figure 31(d). As described in section 6.4, q∗ has
been previously identified as a good aspect-ratio independent
measure of the current limit [135], with the no-wall βN limit
dropping precipitously for q∗ < 1.8. Further, the volume
average βN, denoted ⟨βN⟩, is defined as ⟨βN⟩ = ⟨βT⟩IPa/BT0,
with ⟨βT⟩ = ⟨p⟩2µ0/⟨B2⟩. Reference [135] shows that ⟨βN⟩
is a good aspect-ratio independent indicator of the no-wall
stability limit. The data in figure 33(d) show that these
100% non-inductive scenarios optimize to rather high q∗,
significantly above most of the NSTX data in the database
and well away from the low-q limit. The values of ⟨βN⟩ are
comparable to, or, in the case with six 100 kV beams injecting
15.6 MW, only slightly higher than has been achieved in many
occasions in NSTX.

We next consider the high-current partial-inductive
scenarios at fGW = 0.7, and BT = 1.0, 0.75, and 0.55. As
described in sections 6.2 and 6.4, these scenarios were designed
to find the highest current for each TF, heating scheme,
Greenwald fraction, and confinement and profile assumption,
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Figure 35. Global stability metrics for the fGW = 0.7
partial-inductive scenarios in figure 34. The quantities plotted are
the same as in figure 33.

consistent with a relaxed qmin > 1.1. The 0.55 T cases in
section 6.4 were also run with a large outer gap of 20 cm, in
order to maximize the elongation and off-axis current drive.

Figure 34 shows the parameters of these partial-inductive
cases as a function of plasma current. The stored energy
of these scenarios is vastly higher than the present NSTX
cases, exceeding 1.4 MJ for the most favourable cases with
six 100 kV beams (Pinj = 15.6 MW) at IP = 1.975 MA
and BT = 1 T. Interestingly, these Upgrade scenarios have
substantially higher non-inductive fractions than the NSTX
cases at the same plasma current, due to the increase in both
the beam current drive and the TF. The collisionality is shown
on a log scale in figure 34(c), and generally decreases along
the trend of the existing NSTX data. Note that the higher
Greenwald fractions in these scenarios, desired for keeping
qmin elevated, tend to increase the collisionality, and a scenario
with lower collisionality will be discussed below. Finally, the
neutron emission is 10–15 times larger than in the present
NSTX scenarios.

The global stability metrics of these fGW = 0.7 partial-
inductive scenarios are shown in figure 35. Figure 35(a)
shows that the BT = 1 and 0.75 T scenarios generally have
βN values comparable to those already achieved, while the
0.55 T case pushes to higher values. This contrast is made
more clear in figure 35(d) where the values of ⟨βN⟩ for the
BT = 0.55 T, 100 kV cases are significantly in excess of
previous achievements. The value of βT in figure 35(b) are
comparable to that achieved in NSTX. However, all the highest
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Figure 34. Comparison between qmin > 1.1, partial-inductive
scenarios at fGW = 0.7 for NSTX-Upgrade and achieved NSTX
scenarios, as a function of plasma current. The quantities plotted are
the same as in figure 32.

has been implemented to apply radial field with the midplane
RWM coils, to supplement that from the larger PF-3 coils.
These midplane coils have a significantly faster response.
Additionally, steps are being taken to reduce the latency in
the control response of the large radial field coils. Finally,
we are considering the inclusion of additional PF coils in the
vertical stabilization loop.

Finally, the so-called volume-average βN for NSTX data
and NSTX-U scenarios is plotted against the cylindrical safety
factor q∗ in figure 31(d). As described in section 6.4, q∗ has
been previously identified as a good aspect-ratio independent
measure of the current limit [135], with the no-wall βN limit
dropping precipitously for q∗ < 1.8. Further, the volume
average βN, denoted ⟨βN⟩, is defined as ⟨βN⟩ = ⟨βT⟩IPa/BT0,
with ⟨βT⟩ = ⟨p⟩2µ0/⟨B2⟩. Reference [135] shows that ⟨βN⟩
is a good aspect-ratio independent indicator of the no-wall
stability limit. The data in figure 33(d) show that these
100% non-inductive scenarios optimize to rather high q∗,
significantly above most of the NSTX data in the database
and well away from the low-q limit. The values of ⟨βN⟩ are
comparable to, or, in the case with six 100 kV beams injecting
15.6 MW, only slightly higher than has been achieved in many
occasions in NSTX.

We next consider the high-current partial-inductive
scenarios at fGW = 0.7, and BT = 1.0, 0.75, and 0.55. As
described in sections 6.2 and 6.4, these scenarios were designed
to find the highest current for each TF, heating scheme,
Greenwald fraction, and confinement and profile assumption,

1.2 1.4 1.6 1.8 2.0
A

0

2

4

6

8

β N

(a)

1.2 1.4 1.6 1.8 2.0
A

0
5

10

15

20

25
30

β T

(b)

1.2 1.4 1.6 1.8 2.0
A

2.0

2.2

2.4

2.6

2.8

3.0

κ

(c)

2 4 6 8 10
q*

0

2

4

6

8

<β
N
>

(d)

All: fGW=0.7, 1.1<qmin<1.2
6x80 kV, BT=1 T, 15 cm outer gap
6x100 kV, BT=1 T, 15 cm outer gap
4x80 kV, BT=0.75 T, 15 cm outer gap
4x90 kV, BT=0.75 T, 15 cm outer gap
4x90 kV, BT=0.55 T, 20 cm outer gap
4x100 kV, BT=0.55, 20 cm outer gap

Figure 35. Global stability metrics for the fGW = 0.7
partial-inductive scenarios in figure 34. The quantities plotted are
the same as in figure 33.

consistent with a relaxed qmin > 1.1. The 0.55 T cases in
section 6.4 were also run with a large outer gap of 20 cm, in
order to maximize the elongation and off-axis current drive.

Figure 34 shows the parameters of these partial-inductive
cases as a function of plasma current. The stored energy
of these scenarios is vastly higher than the present NSTX
cases, exceeding 1.4 MJ for the most favourable cases with
six 100 kV beams (Pinj = 15.6 MW) at IP = 1.975 MA
and BT = 1 T. Interestingly, these Upgrade scenarios have
substantially higher non-inductive fractions than the NSTX
cases at the same plasma current, due to the increase in both
the beam current drive and the TF. The collisionality is shown
on a log scale in figure 34(c), and generally decreases along
the trend of the existing NSTX data. Note that the higher
Greenwald fractions in these scenarios, desired for keeping
qmin elevated, tend to increase the collisionality, and a scenario
with lower collisionality will be discussed below. Finally, the
neutron emission is 10–15 times larger than in the present
NSTX scenarios.

The global stability metrics of these fGW = 0.7 partial-
inductive scenarios are shown in figure 35. Figure 35(a)
shows that the BT = 1 and 0.75 T scenarios generally have
βN values comparable to those already achieved, while the
0.55 T case pushes to higher values. This contrast is made
more clear in figure 35(d) where the values of ⟨βN⟩ for the
BT = 0.55 T, 100 kV cases are significantly in excess of
previous achievements. The value of βT in figure 35(b) are
comparable to that achieved in NSTX. However, all the highest
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Figure 34. Comparison between qmin > 1.1, partial-inductive
scenarios at fGW = 0.7 for NSTX-Upgrade and achieved NSTX
scenarios, as a function of plasma current. The quantities plotted are
the same as in figure 32.

has been implemented to apply radial field with the midplane
RWM coils, to supplement that from the larger PF-3 coils.
These midplane coils have a significantly faster response.
Additionally, steps are being taken to reduce the latency in
the control response of the large radial field coils. Finally,
we are considering the inclusion of additional PF coils in the
vertical stabilization loop.

Finally, the so-called volume-average βN for NSTX data
and NSTX-U scenarios is plotted against the cylindrical safety
factor q∗ in figure 31(d). As described in section 6.4, q∗ has
been previously identified as a good aspect-ratio independent
measure of the current limit [135], with the no-wall βN limit
dropping precipitously for q∗ < 1.8. Further, the volume
average βN, denoted ⟨βN⟩, is defined as ⟨βN⟩ = ⟨βT⟩IPa/BT0,
with ⟨βT⟩ = ⟨p⟩2µ0/⟨B2⟩. Reference [135] shows that ⟨βN⟩
is a good aspect-ratio independent indicator of the no-wall
stability limit. The data in figure 33(d) show that these
100% non-inductive scenarios optimize to rather high q∗,
significantly above most of the NSTX data in the database
and well away from the low-q limit. The values of ⟨βN⟩ are
comparable to, or, in the case with six 100 kV beams injecting
15.6 MW, only slightly higher than has been achieved in many
occasions in NSTX.

We next consider the high-current partial-inductive
scenarios at fGW = 0.7, and BT = 1.0, 0.75, and 0.55. As
described in sections 6.2 and 6.4, these scenarios were designed
to find the highest current for each TF, heating scheme,
Greenwald fraction, and confinement and profile assumption,
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Figure 35. Global stability metrics for the fGW = 0.7
partial-inductive scenarios in figure 34. The quantities plotted are
the same as in figure 33.

consistent with a relaxed qmin > 1.1. The 0.55 T cases in
section 6.4 were also run with a large outer gap of 20 cm, in
order to maximize the elongation and off-axis current drive.

Figure 34 shows the parameters of these partial-inductive
cases as a function of plasma current. The stored energy
of these scenarios is vastly higher than the present NSTX
cases, exceeding 1.4 MJ for the most favourable cases with
six 100 kV beams (Pinj = 15.6 MW) at IP = 1.975 MA
and BT = 1 T. Interestingly, these Upgrade scenarios have
substantially higher non-inductive fractions than the NSTX
cases at the same plasma current, due to the increase in both
the beam current drive and the TF. The collisionality is shown
on a log scale in figure 34(c), and generally decreases along
the trend of the existing NSTX data. Note that the higher
Greenwald fractions in these scenarios, desired for keeping
qmin elevated, tend to increase the collisionality, and a scenario
with lower collisionality will be discussed below. Finally, the
neutron emission is 10–15 times larger than in the present
NSTX scenarios.

The global stability metrics of these fGW = 0.7 partial-
inductive scenarios are shown in figure 35. Figure 35(a)
shows that the BT = 1 and 0.75 T scenarios generally have
βN values comparable to those already achieved, while the
0.55 T case pushes to higher values. This contrast is made
more clear in figure 35(d) where the values of ⟨βN⟩ for the
BT = 0.55 T, 100 kV cases are significantly in excess of
previous achievements. The value of βT in figure 35(b) are
comparable to that achieved in NSTX. However, all the highest
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inductive 

NSTX data 

NSTX-U predictions 

S.P. Gerhardt et al., Nucl. Fusion 52 (2012) 
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Upgrade elements include a new central 
magnet and a second neutral beam 

New center column 

BT (T) Ip (MA) tpulse (s) Pheat (MW) 
NSTX 0.55 1.2 1 5 

NSTX-U 1.0 2.0 5 10 

Full-field H-mode operation 
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•  First operation with new systems 
– Example: Updated plasma control 

and digital coil protection 

•  90% of commissioning activities 
completed 
– Developed stationary L-mode 

discharges 
– Matched NSTX H-mode performance 

for Ip ≤ 1 MA 
– Many magnetic and kinetic profile 

diagnostics commissioned 
§  Real-time CHERS for rotation control à 

• Run ended prematurely due to 
PF coil failure 

NSTX-U completed ten productive weeks of 
operations in 2016 

Comparison of real-time CHERS 
system to off-line CHERs 

M. Podesta and R. Bell, PPCF 58 (2016) 
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LONG-PULSE L-MODE 
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• Enabled by 3 × more ohmic solenoid flux 

L-mode discharges exceeded pulse length 
and BT strength on NSTX 

Compare similar NSTX and NSTX-U L-modes with PNBI = 1MW 

NSTX-U L-mode duration  
exceeds longest NSTX H-mode 

4x longer 

NSTX-U BT > highest NSTX BT  

J. Menard, NF, accepted (2017) 
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• Stationary L-mode discharges 
demonstrated up to Ip = 1MA 
– q95 > 3.5 with BT = 0.63 T 
– Pulse length limited by OH flux 

Stationary L-mode discharges with regular 
sawteeth achieved over a range of Ip and PNBI 

•  PNBI = 2.5 MW LSN 
L-mode possible at 
higher density 

• Divertor PF coils 
operate near limits, 
restricting flexibility 
in triangularity 
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•  ST extends range of β, R/a and ρ* for 
turbulence theory and simulation 
–  Initial local, non-linear GYRO calculations: ETG 

may account for Qe at mid-radius 
– Bi-modal ion-scale turbulence measured by BES 
– W. Guttenfelder, submitted 

•  ST geometry supports complete imaging  
of divertor with fast cameras 
– Divertor localized filaments propagate toward X-

point on both divertor legs, uncorrelated with 
upstream blobs 

– F. Scotti, in preparation 

Stationary L-mode discharges supported 
initial transport experiments 
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RT CONTROL & EFC 
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•  PCS detects loss of control (LOS), 
initiates controlled ramp down 
–  LOS mechanisms employed on NSTX-U: 

§  Loss of vertical stability 
§  OH solenoid approaching current limit 
§  OH solenoid approaching I2t limit 
§  Large Ip error 
§  BT pulse length limit  

– Control algorithms change with each state 
– M.D. Boyer, in preparation 

NSTX-U plasma control system (PCS) 
organized using “state machine” logic  

 

7 

 

 
This shutdown code is based on the “state 
machine” formalism as shown in Figure 6. 
In this system, the plasma is initiated in the 
SS=0 state for ramp-up and flat-top control. 
There are two terminal states: SS=3 occurs 
when the ohmic heating (OH) solenoid 
current has exceeded a final threshold, 
which implies an imminent loss of OH 
current control and therefore plasma current 
control, while SS=4 corresponds to the case 
where the plasma current has vanished 
(either due to being ramped down or a 
disruption). In either of these terminal 
states, all gas injection is stopped, the 
neutral beams are turned off, and all coil 
currents are returned to zero.  In between 
the two terminal states and the initial SS=0 state reside the two plasma ramp-down sequences. 
SS=1 contains a slow ramp-down, which is intended to be entered when the plasma is in a 
normal state. Only i) an operator waveform, ii) the OH current dropping beneath an initial 
threshold, or iii) the OH coil approaching an I2t limit could drive this transition. The SS=2 fast 
ramp-down state, on the other hand, is intended to cover cases where the plasma has entered 
an unhealthy state, and needs to be quickly ramped down. The code allows transitions to the 
fast ramp-down state when any of the following occur: large n=1 modes are detected, 
excessive vertical motion was detected, the fractional plasma current error exceeded a 
threshold, or the plasma current dropped beneath a threshold.   
 
The shutdown handling mechanism 
has also been used for the controlled 
shutdown of healthy discharges, as 
shown in Figure 7. These plasmas are 
600 kA diverted L-modes heated with 
1 MW of neutral beam power. At 
t=1.5 seconds, the shutdown is 
initiated by a pre-programmed switch 
to the slow ramp-down state, and a 
long ramp-down of the plasma current 
is initiated. The NBI power transitions 
from steady to pre-programmed 
modulation. The stored energy 
(WMHD) decreases at the same time 
due to beam power and plasma current 
reduction. The plasma is limited on 
the center column during the early 
phase of the ramp-down, as evidenced 
by the drop in elongation, and the 
shape is held approximately constant. 
The density drops throughout the 
ramp-down, driven again by the loss of beam fueling, lack of gas fueling, and reduction in 

 
FIG. 6: Present NSTX-U PCS state machine  

 
FIG. 7: Comparison of 3 fiducial discharges from 
consecutive run-days showing controlled ramp-down of 
(a) plasma current, (b) NBI power, (c) stored energy, 
(d) elongation, and (e) line-average electron density. 

•  Disruption Characterization and Forecasting (DECAF) 
framework in development 
– Classify event chains and test warning thresholds 

§  Example: Reduced kinetic RWM model developed for real-time warning of RWM 
instability onset 

–  J. Berkery, PoP 24 056103 (2017) and EPS P1.138 
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Routine controlled shutdown  
demonstrated in L-mode discharges 

SS = 0 1 4 SS = 0 1 4 
SS = 0 1 4 

Ip feedback 

GAP RT EFIT 

RT EFIT GAP 
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•  Locking threshold and EF phase and amplitude are 
independent of density and IOH in L-mode flattop  
– EFC applied n=1 field using 6 windowpane coils 

• Metrology and modeling implicate static tilt of inboard TF 
legs as the primary error field source 
– Alignment of inner TF legs will be improved for the next campaign 

Error fields were identified and corrected   
via experiments and modeling 

4 Myers, Park, and Ferraro – R(17-3) EFC Milestone Status – March 31, 2017 

Optimum L-mode flattop correction: Compass scans 

•  Higher density 
•  Same optimum EFC 
•  Rotation dominates the 

density scaling? 

•  Different OH flux state 
•  Same optimum EFC 
•  Eliminates the OH as a 

major error field source 

•  Original compass scan 
•  Optimum amplitude: 550 A 
•  Optimum phase: 80° 
 

All three compass scans give the same optimum correction 

L-mode flattop:        Low density         High density               Different IOH 

C. Myers,  
in preparation 
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H-MODE SCENARIO 
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Progress in EFC, real-time control and NBI 
heating improved H-mode performance 

NSTX BT = 0.44 T 
 
NSTX-U BT = 0.62 T 
Week 3  No EFC 
Week 5  Unoptimized EFC phase (v1) 
Week 7  Optimized EFC phase (v2) 

Maximum βN/li increased 
with improved EFC 

EFC v1  EFC v2 
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•  Improved Z control enabled 
stable operation at κ similar to 
NSTX despite higher A 
– New multi-sensor Z detection and 

noise rejection 

• L-H transition early in ramp-up 
slows current penetration 
– Maintains low li, enabling vertical 

stability at high κ 
– Maintains higher qmin, enabling 

MHD-free operation 

H-mode scenario targets early L-H transition 
to enable low-li, high-κ operation 
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Recovered 1 MA H-mode with weak/no core MHD 
with H98y,2 and βN/βno-wall ≥ 1 
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ADDITIONAL HIGHLIGHTS 
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• Off-axis tangential injection 
increases flexibility in active 
control of rotation and current 
profiles 

•  Tangential injection observed 
to suppress Global Alfven 
Eigenmodes (GAE) 
– Consistent with HYM code 

prediction of mode suppression 
via reduction of gradients in fast 
ion distribution 

More tangential neutral beam increases 
flexibility in probing NBI physics 

E. Fredrickson et al., PRL, accepted 
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Novel surface analysis tools quantify  
day-to-day evolution of first wall chemistry 

Materials Analysis Particle Probe 
(MAPP) performs surface analysis 
of exposed samples in chamber 

attached to NSTX-U 

2 F. Bedoya et al. / Nuclear Materials and Energy 0 0 0 (2017) 1–5 
ARTICLE IN PRESS 

JID: NME [m5G; April 5, 2017;20:33 ] 

Fig. 1. a). Schematic representation of MAPP’s sample holder in position flush with the tiles of the lower divertor (LD) of the tokamak, low and high δ discharges are 
overlapped for illustration purposes, b).O1s, C1s and B1s XPS region scans of the ATJ graphite sample; virgin ( −2), boronized (0) and boronized following twelve days of 
plasma operations (12). 
Tokamak Experiment (LTX) for proof-of-concept testing [10] and 
was later installed in NSTX-U for the 2015–2016 experimental 
run. NSTX-U used boronization for conditioning of its graphite 
PFCs during the campaign and MAPP was used to analyze an ATJ 
graphite sample exposed with the PFC surfaces in the tokamak. 

A conditioning procedure frequently applied to vacuum vessels 
is to coat their inner surface with thin layers of different materi- 
als [1] . One material commonly used as a conditioning coating in 
tokamak machines is boron [11] . Boronizations are usually applied 
via Plasma Vapor Deposition (PVD) with a mixture of a buffer gas 
and boron carrying molecules [11] . This kind of conditioning im- 
proved machine performance reducing the amount of impurities 
in the plasma that in turn gave operational advantages such as the 
reduction of the H-mode power threshold. These improvements 
are generally attributed to the formation of oxides from reactions 
with residual gasses in the vacuum that reduce the sputtering yield 
of boronized graphite [12] . Multiple studies have been focused on 
the chemistry of boronized surfaces and in particular on boronized 
graphite. However, those studies have been performed in samples 
exposed to plasmas over a whole campaign with a variety of con- 
ditions, thus hindering the task of correlating plasma performance 
with the surface chemistry [13–17] . This work reports for the first 
time the chemical evolution of boronized graphite exposed to D + 
tokamak plasma discharges on a day-to-day basis. In particular, 
this includes; firstly, the characterization of the composition of the 
coatings resulting after boronization. Secondly, a characterization 
of the oxide compounds formed with plasma exposure and their 
comparison with those formed during exposure to residual gases. 
And thirdly, for the first time, a detailed documentation of the 
chemical changes occurring in the time scale of tens of plasma dis- 
charges (compared with hundreds to thousands) [17–22] . 
2. Materials and methods 

NSTX-U is a spherical tokamak designed to operate with a 
maximum value of I P ≤2MA and B T ≤ 1T [2,23] . The machine can 
operate in single and double null diverted configurations. Both di- 

vertors, as well as the surfaces of the first wall are made of ATJ and 
POCO graphite. In the 2015–2016 experimental run, NSTX-U used 
boronization to condition its PFC surfaces. Boron was deposited via 
plasma chemical vapor deposition (PCVD) with a DC discharge that 
used a gas mixture of 95% He and 5% deuterated Trimethyl Boron 
(d-TMB). The thickness of the resulting coatings was measured to 
be 7 nm in the lower divertor for boronization with 9.1 g d-TMB. 
Details on the boronization procedures in NSTX-U can be found in 
ref. [24] . Although boronization allowed plasma operations with 
low impurity levels and as a consequence better plasma perfor- 
mance, those effects were in general temporary and faded away 
in the course of a week [25] . 

MAPP’s samples are inserted about 4 mm above the lower di- 
vertor tiles at a radius of 107.5 cm from the axis of the toka- 
mak [26] ( Fig. 1 a). The MAPP probe has an innovative design that 
can hold up to four samples. One ATJ sample and one Au sam- 
ple were used in this analysis. Baseline XPS spectra were col- 
lected before boronization and plasma exposure. Subsequent mea- 
surements consisted of withdrawing the MAPP probe head just 
after boronization for XPS characterization (usually 30 min after 
boronization was finished) to obtain the post-boronization data 
sets. After this, the MAPP probe head was again inserted about 
4 mm above with the divertor tiles for plasma operations. Addi- 
tional data sets were collected after a day of plasma operations. 
This procedure was repeated for additional boronization. Each XPS 
data set included regional scans for the B1s, C1s and O1s peaks 
and a survey scan. Binding energy calibration was performed us- 
ing the 4f 5/2 peak (88 eV) of the Au sample. The raw XPS data was 
fitted using CASAXPS software (v 2.3). 
3. Results 

Fig. 1 b shows a comparison of three XPS region scans between 
an untreated ATJ graphite sample (labeled “−2”), the same sample 
immediately after boronization (“0”) and after 12 days of plasma 
exposures (“12”). In the untreated sample, one peak is fitted in the 
O1s region at 532.7 eV and it is assigned to C –O bonds. In the C1s 
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•  Exceeded NSTX pulse length and BT in L-mode 
discharges 
–  Initial error field correction, transport and fast-ion physics studies 

enabled by stationary discharges 
– New fast-ion physics with 2nd NBI, such as GAE stabilization 

• Matched best NSTX H-mode performance at Ip ≤ 1.0 MA 
– Steady progress supported by excellent diagnostic availability and 

advances in plasma control, NBI and EFC 

• Many new systems commissioned and are ready to 
support the scientific program 
– New diagnostics enable future science and real-time control 

 

NSTX-U had a productive year, now poised to address 
key scientific issues by leveraging the low-A regime 


