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Abstract. Progress in the development of integrated advanced ST plasma scenarios in NSTX [M.
Ono, et al., Nuclear Fusion 40, 557 (2000)] is reported. Recent high-performance plasmas in
NSTX following lithium coating of the plasma facing surfaces have achieved higher elongation
and lower internal inductance than previously. Analysis of the thermal confinement in these
lithiumized discharges shows a stronger plasma current and weaker toroidal field dependence
than in previous ST confinement scaling studies; the ITER-98(y,2) scaling expression describes
these scenarios reasonable well. Analysis during periods free of MHD activity has shown that the
reconstructed current profile can be understood as the sum of pressure driven, inductive, and
neutral beam driven currents, without requiring any anomalous fast ion transport. Non-inductive
fractions of 65-70%, and >2, have been achieved at lower plasma current. Some of these low-
inductance discharges have a significantly reduced no-wall By limit, and often have S at or near
the with-wall limit. Coupled m/n =1/1 + 2/1 kink/tearing modes can limit the sustained £ values
when rapidly growing ideal modes are avoided. A Sy controller has been commissioned and
utilized in sustaining high-performance plasmas. “Snowflake” divertors compatible with high-
performance plasmas have been developed. Scenarios with significantly larger aspect ratios have
also been developed, in support of next-step ST devices. Overall, these NSTX plasmas have
many characteristics required for next-step ST devices.
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1. Introduction

The spherical torus (ST) [1] has several potential benefits compared to a
conventional aspect ratio tokamak. One is the natural elongation (k) of the plasma cross-
section [2], especially when the internal inductance is low [3]. Furthermore, the
magnetohydrodynamic (MHD) stability limit on the normalized-g, By = pr/(I,/aBr) (in
units %-m-T/MA, with fr defined in terms of the volume average pressure < p> and the
toroidal magnetic field on axis) is higher at low aspect ratio [3-5]. The combination of the
low aspect ratio 4 = Ry/a, the natural elongation and the higher Sy facilitates operation at
very high toroidal B, since Troyon scaling [6,7] implies 8, = B, x (I, /aB,)x B, k/Aq.

In addition, the compact configuration of the ST facilitates remote maintenance [8-11].

For these reasons, the ST has been suggested as the fusion core configuration for
both fusion reactors and fusion technology development [9,12,13]. As a reactor
[14,15,16], the current drive power must be minimized; this mandates that
Br =2 uo< p> / B]f must be very high, since the bootstrap fraction scales with 3, [3,4]. The

toroidal B must be high, since the fusion power scales as 3’ and the dissipation in the
(typically normally conducting [15]) toroidal field coil must be minimized. The device
would thus need to operate at simultaneously high x and By, since the product f,f, is

proportional to (1 + Kz) Br [3.4]. Typical values of these parameters in reactor studies are

Kk =3.0-3.2 and By~ 8. As a device to study plasma material interactions [17] or nuclear
technology [8-11,13,18,19] a substantial fraction (30 —50%) of the current can be
provided by circulating unthermalized ions from injected neutral beams. This relaxes the
equilibrium requirements somewhat, though reasonably high elongation (2.5 — 3) and By
(3.5 —4.5) are still required.

The excellent progress in ST research over the past 15-20 years provides evidence
that devices with these parameters are within reach. The physics merits of the ST
configuration, as described in papers such as Peng and Strickler [1], were first observed
in the START (Small Tight Aspect Ratio Torus) device [20]. The low aspect ratio and
strong shaping achieved in this device allowed operation at high normalized current Iy
= Ip/aBr, with a then world record B, =30% [21,22]. Computational studies from the
same period further demonstrated the potential of the spherical torus configuration [3,4].
For instance, the study by Menard, et al. [3] found k = 3, r = 45% configurations stable
to n=1, 2 & 3 kink and n = ballooning instabilities in the presence of a nearby
conducting wall. Greater than 99% of the toroidal current in this equilibria was self-
driven by the bootstrap effect.

The results described above motivated and guided the physics and engineering
design of two 1 MA class STs: the National Spherical Torus Experiment (NSTX) [23]
and the Mega-Ampere Spherical Torus (MAST) [24]. These devices have confirmed
many of the attractive characteristics of the ST on a larger scale, including the
achievements of H-modes [25,26] with good confinement [27-29], transient toroidal £ of
~35% [30,31] (transient in this context implies a configuration that is sustained for less
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than an energy confinement time) and Sy in the range 5-6 [5,30-42]. These
achievements are important steps toward the devices described above.

This paper describes progress in developing plasmas in NSTX [23] designed to
study the characteristics of high-elongation, high—f scenarios sustained for durations
longer than a current redistribution time, guided by the needs of next-step ST designs.
Section 2 contains a description of the NSTX device and the analysis techniques used in
this paper. Section 3 presents the time evolution of a few example discharges, including
comparison to high-performance discharges reported in previous papers. Section 4
presents database analysis of NSTX parameters; both global stability and transport are
discussed. Section 5 presents analysis of the current profile and non-inductive fraction,
and a discussion regarding magnetohydrodynamic (MHD) stability and control is given
in section 6. Section 7 contains a discussion of the extrapolability of these scenarios to
steady state. Section 8 briefly describes research into advanced divertors in high-
performance plasmas, while section 9 describes the performance of plasmas with higher
aspect ratio produced in NSTX. A discussion and summary of these results is given in
section 10. This paper is an update on the discussion presented in two previous papers
[43,44], and on previous NSTX scenario development described by Gates [45,46] and
Menard [35].

2. The NSTX Device and Relevant Analysis Techniques.

NSTX is a medium sized spherical tokamak with typical plasma major radius
Rp=0.85m and minor radius a= 0.6 m (here, we defineR, = (Rmidw +Rmid,m) /2 and

a= (R - le.d’m)/Z, where R & R

inboard and outboard plasma boundary). A plasma cross-section with an elongation
K~ 2.5 optimally fills the vessel, although higher values are possible. Plasma currents
range from 0.6 to 1.3 MA and toroidal fields from 0.35 to 0.55 T; operation at smaller
values of these parameters is possible but uncommon. Auxiliary plasma heating is
provided by up to 7.5 MW of co-injected neutral beams (NBs) and up to 6 MW of 30
MHz high-harmonic fast wave (HHFW) heating; the discharges in this paper use NB
heating only. A flexible digital control system [47,48] provides a means to control the
plasma shape [49], non-axisymmetric field perturbations, and heating sources. Upgrades
to the plasma control computer in 2008 reduced the system latency by a factor of 5, from
~3 msec to 0.6 msec) [48]. This increased “responsiveness’ of the system is important for
facilitating the high-elongation operation described in this paper.

are the midplane intersection radii of the

mid ,out mid ,in mid ,in

Lithium conditioning of the plasma facing components (PFCs) has been used for
virtually all high-performance discharge development in NSTX in the 2008-2010
campaigns. The lithium is introduced into the machine prior to each discharge via a dual
evaporator system [50]. The evaporators are directed toward the graphite tiles of the
lower divertor, where the evaporated lithium forms a solid coating; some lithium is also
deposited on the center column, lower passive plates, and vessel inner walls (see
references [50] and [51] for additional information on the distribution toroidal and
poloidal distribution of the evaporated lithium). The use of lithium in this way has been
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shown to lower the H-mode threshold [52,53], reduce or eliminate ELMs [54], reduce
deuterium recycling [55], improve confinement [51,56], and reduce the internal
inductance [51]. However, the elimination of ELMs also results in good particle
confinement, so that impurity accumulation can pose an issue in these ELM-free

discharges. Typical lithium deposition amounts for scenario development experiments are
200 — 300 mg before each discharge.

A third important improvement (along with PCS latency reduction and lithium
PFC conditioning) has been, starting mid-way through the 2008 run-campaign [41], the
routine use of active error field correction and n =1 resistive wall mode (RWM) [57]
feedback. NSTX is equipped with a set of midplane radial field coils [58], which are
typically configured so as to apply n = 1 radial fields of arbitrary phase and n = 3 fields in
one of two phases. It has been found that one of the two available n =3 phases is
favorable for maintaining the plasma rotation [39], and that this phase is the one which
approximately cancels a known n =3 error field due to a non-circularity in the main
vertical field coil [40]. We use a feedback system with internal poloidal and radial field
sensors and the midplane radial field coils for » =1 control. The » =1 component of the
intrinsic NSTX error field is corrected via the slowly varying fields applied by the
feedback system [39]. Fast growing resistive wall modes are suppressed by the higher-
frequency response of the system [36]. This system has proven to improve the reliability
of high performance NSTX scenarios [41], and the most recent progress in this area is
summarized by Sabbagh [42]. Note also that NSTX has four rows of copper stabilizing
plates, two above and two below the midplane, which, when combined with plasma
rotation, can passively stabilize the RWM [34,37,38].

We note that these improvements interact in important ways. For instance, section
4.1 will illustrate the importance of strong shaping in sustaining high Py; this strong
shaping is facilitated by the reduced PCS latency (enabling a faster vertical control
response) and lithium conditioning by reducing the internal inductance. Similarly, the
improved confinement provided by lithium conditioning can be better exploited when the
n=1 feedback systems and strong shaping provide stable access to higher P.

Equilibrium reconstruction, i.e. finding the solution to the Grad-Shafranov
equation [58] that is most consistent with the available diagnostic data, is an important
part of this analysis. Many results presented in this paper come from “partial kinetic”
reconstructions performed with the EFIT code [37,59], which are automatically generated
for each discharge and are constrained by external magnetics, the measured plasma
diamagnetism, and a loose constraint on the pressure profile (the measured electron
pressure profile, and approximate thermal and fast ion pressure profiles with large error
bars, are used to approximately constrain the MHD pressure profile while allowing
sufficient freedom to fit a range of profiles, see Ref. [37]). When more detailed
equilibrium analysis is required, the LRDFIT code [35] has been used. These
reconstructions are constrained by external magnetics, the plasma diamagnetism, the
pitch angle measurements from up to 16 channels of motional Stark effect polarimetry
[60], and the requirement that the temperature on the inboard and outboard midplane of a
given magnetic surface be the same (the NSTX 30 channel Thomson scattering system
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[61] is located at the midplane and measures both inboard and outboard sides of the
profiles).

We typically use the TRANSP code [62] to compute quantities such as the
confinement parameters and non-inductive fractions, using the measured electron and ion
temperatures, electron and carbon density profiles, and carbon toroidal rotation. The
deuterium density profile is inferred from quasi-neutrality. We typically use the Sauter
formulation [63] in TRANSP to compute the bootstrap current profile and total pressure
driven current level. The neutral beam heating and current drive is computed with the
NUBEAM module [64] within TRANSP. The analysis of experimental data is typically
done by imposing the magnetic geometry and g-profile from the reconstruction codes;
however, some modeling in Sect. 7 does solve the poloidal field diffusion equation for
the g-profile.

We also utilize calculations of the no-wall and with-wall ideal MHD stability
limits in Sections 6 & 9. The calculations are based on the LRDFIT reconstructions. The
CHEASE fixed-boundary equilibrium code [65] is used to generate a range of equilibria
with scaled pressure profiles. The equilibria are then assessed with the DCON ideal
stability code [66], in order to determine the Sy at which the » =1 modes become
unstable; this calculation is repeated both with and without the nearby wall.
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Fig. 1) Comparison of discharges designed to maximize the pulse length or non-inductive
fraction. Shown are a) Ip, b) the n=1 MHD trace, c) fp, d) I, ) K, f) q*, g) the solenoid
current, and h) the pressure and neutral beam driven current fractions.
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3. Recent Example Discharges at the NSTX Performance Boundary and
Comparison to Previous Discharges

We have made substantial progress in the development of high-f sustained
plasma scenarios since previous NSTX scenario papers [35,46]. This section compares
example recent discharges to previously discussed examples, in order to illustrate where
progress has and has not been made.

Fig. 1 shows time traces from discharges designed to operate either with
maximum pulse length or minimum non-inductive currents. These are slightly different
optimization targets because the large toroidal field (TF) that maximizes Sp (and thus the
bootstrap current fraction) limits the pulse length due to TF coil heating. Here, Sp is
defined as fB, =2u,(P),,, / B, withB, = u,l, /1., With L,, the poloidal circumference of
the separatrix. Shown in the figure are the plasma current Ip, the odd-n rotating MHD
signature (which is generally dominated by n=1 perturbations), [p, the internal
inductance /;, the elongation k, the cylindrical safety factor ¢*, the solenoid current, and
the pressure- and neutral beam driven current fractions fpp and fygcp. The pressure driven
fraction includes contributions from the bootstrap, Pfirsch-Schliiter, and diamagnetic

currents, the internal inductance /; is defined as (1) = l; f f f BidV / V(,LLOI » )2, and g* is
emaB, (1 + Kz)
Ul p

ratio independent indicator of the low-q boundary, with ¢*<1.8 leading to a rapid
degradation in stability [5].

defined as ¢* = . This parameter was previously identified as an aspect-

Discharge 116313 (red in Fig. 1), from 2005 and before the advent of error field
correction or lithium PFC conditioning, had an NSTX-best pulse length and sustained
non-inductive fraction at the time, but succumbed to an m/n = 1/1 rotating MHD mode
midway through the discharge [35]. This instability led to substantial rotation braking and
confinement loss, ending the high-f phase of the discharge. The lower single null shape
of this plasma is illustrated in frame a) of Fig. 2, showing that it has high triangularity,
but only moderately high elongation (k= 2.2 —2.3).

Discharge 129125 (black in Fig. 1), from 2008, is the longest pulse to date in
NSTX, lasting ~300 ms beyond the end of the TF flat-top [39]. This discharge maintains
a high-p state through the pulse, with no core-MHD, though the elongation of 2.3 is not
significantly larger than the 2005 discharge discussed above. The use of error-field
control (for stable operation at higher By) and lithium conditioning (for improved
confinement and reduced internal inductance) was critical for the development of this and
subsequent scenarios.
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Fig. 2: Plasma boundary shapes for four of the discharges discussed in Figs. 1 & 3. The
shape factor S (= qosl,/aB7) for each case is indicated in red.

The final two discharges in this figure are from the 2009 campaign, and have
slightly lower current than those discussed above (0.7 vs. 0.75 MA). Discharge 133964
(green) is also operated at increased toroidal field (Br=0.48 T instead of 0.38 for the
others); see Ref. [67] for the first discussion of discharges in this class, and Fig. 2b) for
the plasma boundary shape. These recent discharges differ from earlier examples by their
higher elongation (2.6 compared to 2.3) and lower internal inductance /. Discharge
133964 in particular has a flat-top average surface-voltage of 130 mV, the lowest ever
achieved in a beam-heated H-modes in NSTX. Considering the non-inductive fractions in
the lowest frame of Fig. 1, we see that 133964 has a neutral beam current drive fraction
of ~18% in the early lower-density phase, significantly exceeding that from previous
discharges. The pressure-driven current fraction reliably achieves 50% in these scenarios,
which is nearly adequate for many next-step device designs [8,9]. The confinement (not
shown) is comparable to or better than that expected from ITER98,, H-mode scaling
[68].

The second style of discharge optimization, illustrated in Fig. 3, is to increase the
toroidal beta and/or the stored energy. An extreme version of this optimization is shown
in the I, = 1.3 MA, By = 0.49 T discharge 132913 (green), which set the present NSTX
plasma stored energy record of 460 kJ. This value is confirmed both by the partial-kinetic
EFIT analysis and TRANSP calculations based on the measured thermal profiles and
modeled fast ion stored energy. This discharge, whose shape is shown in Fig. 2b), was
taken soon after lithium conditioning began in 2009, and clearly benefited from the
improved confinement that lithium PFC conditioning provides.
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Fig. 3: Comparison of discharges designed to maximize the stored energy or toroidal f5.
Shown are a) the plasma current, b) the odd-n MHD trace, c) Pr, d) the stored energy, e)
the H-mode confinement factor, f) the elongation, g) q*, and h) 1.

A single 1.1 MA discharge from 2009 (135129 in blue, shape in Fig. 2d), and a
series of 1 MA discharges (117707 from 2005 in red, 121123 from 2006 in black, and
140035 from 2010 in magenta) are also shown; these discharges are optimized to
maximize the sustainable [r. Inspection of the figure shows that the most recent
discharges maintain comparable or higher fr values, with significantly higher-elongation
(2.5-2.6 compared to 2.2-2.3) and lower /; (0.4—0.45 compared to 0.55-0.6) compared to
previous discharges. Sustained fr of 22-25% is now common in this class of higher-
current discharges. The best 1.0 and 1.1 MA discharges of this type achieve [y/[; of 12—
14. Also, the most recent 1 MA pulses (like 140035) are able to avoid the onset of any
n =1 rotating modes for the duration of the pulse. Again, the confinement is comparable
to that predicted by the ITER-98 H-mode scaling expression. We also note that the g*
values for these discharges are at or below 3. In general this class of high-fB7 discharge is
susceptible to both high-f n=1 instabilities such as the RWM, and rotating n=1 modes
that occur as ¢, evolves towards 1. These instabilities will be discussed in detail in Sect.
6.

The example discharges above show that it has been difficult to achieve large
increases in sustained Br or non-inductive fraction (fy;), compared to previous best
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discharges from the 2005-2007 campaigns. Significant progress has been made, however,
in developing the high-elongation scenarios and operating stably at reduced internal
inductance. Furthermore, as will be shown in the next section, the reliability of these
scenarios, as assessed by the duration of sustained high-f and the shot-to-shot
reproducibility, has improved dramatically.

4. Analysis of global performance.
4.1: Role of shaping in determining the global performance.

In this section, the progress that has been achieved in the development of
sustained high-performance plasmas relevant to next-step devices is substantiated by
database analysis. The data in these figures are derived from the partial kinetic EFIT runs
that are available for the vast majority of discharges. Each point is the average of a given
quantity over the plasma current flat-top, and is thus indicative of the sustainable level; in
many cases, this measure underestimates the performance of the discharge, since the
stored energy usually reaches its flat-top after the start of the plasma current flat-top. The

1
points are sorted in color by shape factor § = q%TP [69], a parameter previously shown in
aby
DIII-D [69], NSTX [46,70], and START [21] to help facilitate high-£ operation (note that
Fig. 2 has the shape factor for the various shapes indicated in each frame). The symbols
in Fig. 4 specify the year of the discharge, as indicated in the legends.

The importance of strong shaping in achieving sustained high performance is
clearly evident in all cases. For instance, with a single exception, no discharge with a
shape factor less than 30 has even maintained a surface voltage less that 0.2 V for any
reasonable duration (see frame b). Similarly, 0.5, pr, a commonly used approximation
for the bootstrap current fraction, has only exceeded 0.5 for S>30 (frame d). Although
the very highest shaping factor (S>35) has not yet led to very highest fr and Sy, we have
found that increased shaping helps with these two metrics as well.

The figures also show that the 2009 & 2010 NSTX run campaigns produced
important expansions in the performance of the device. In particular, virtually all high-
performance discharges with S > 35 were produced during this period. The discharge
regime with 0.5, B > 0.55, though first achieved in the 2008 campaign [67], was only
fully exploited during this most recent period (here,e = a/R, =1/A is the inverse aspect
ratio). Similarly, the ability to sustain By > 5 for > 1 second was only recently achieved.
Note that, as described in Sect. 2, the reduced PCS system latency and reduced /; with
lithium conditioning played a key role in achieving the strong shaping. Furthermore the
shaping and n=1 control facilitated sustainment of the high-f# states provided by the
improved confinement with lithium conditioning.
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Fig. 4: Flat-top average of global performance parameters plotted against the Ip flat-top
duration. The colors represent different values of the shape parameter. The symbols are
indicative of the year when the discharge was taken, as indicated in the legend. The

quantities shown are a) fr, b) the surface voltage, c) Py and d) 0.5ve Bp-
4.2 Confinement Scaling in High-Performance Lithiumized Plasmas.

In addition to the large database of equilibrium parameters, we have run the
TRANSP code [62] for a large number of high-performance H-mode plasmas, focusing
on time windows where there is no low-frequency MHD activity. All discharges in this
database benefited from at least some lithium conditioning of the plasma facing
components. The database has a wide range of plasma currents (0.5 MA </p < 1.3 MA),
toroidal fields (0.32 < Bt < 0.54T), line average densities (3.8 x 10"
<n.<9.5 x 10" cm™), power (2 < P,y < 6 MW), and elongation (2.0 < x <2.8). The
chosen time windows have 3.5 < fy< 6.5, and 0.7 < 7,/T; < 1.1. The range of p*= p/a is
given by 0.01<p*<0.02, where p; is defined in terms of the line average ion temperature
and vacuum toroidal field. Carbon is typically assumed to be the only impurity, though a
few cases use a flat Z,; profile whose time dependence matches that from a single-chord
visible bremsstrahlung measurement. Good matches between the measured and simulated
stored energy and DD neutron emission have been obtained without the need to invoke
anomalous fast-ion diffusion. The time windows for averaging are 60—100 ms long, and
are typically at least a current redistribution time past the start of the /, flat-top. Error bars
in this database come from the standard deviation of the quantities within the averaging
window. Note that the discharges in this dataset were chosen for their sustained high-f
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nature. Many discharges with better confinement were not included, either because the
confinement increase led to a S-limit disruption, or because the good confinement was
achieved without the strong shaping and sustained high-p that is the focus of this study.
This database will be used extensively for studies in this section, as well as Sects. 5, 6, &
9.
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Fig. 5: Thermal confinement times in recent NSTX high performance lithiumized
discharges, compared to a) a previously developed NSTX scaling expression, and b) the
ITER-98, , scaling expression.

It is common to compare the achieved confinement time to expectations from
Themar & 1" By 0l P, [68]. Here, the loss power Py is
defined as the total heating power (from induction and neutral beams) minus dWy/dt and
fast-ion losses due to shine-through, bad-orbit losses, and charge-exchange loss. Fig. 5a)
shows the thermal confinement times computed in TRANSP compared to the prediction
derived from previous NSTX discharges using an ordinary least squares regression
(OLSR) technique: 7, 7., & If,'57B'T'08n°'44PL_O'73 [28]; the discharges used to generate this
scaling expression did not have any lithium conditioning of the plasma facing

scaling expressions of the form 7,

e

O,

T

2
1 T ermal Tsca in : :
components. The value of ¥*, defined as y* = NE( £ Thermal g ) , 1s also shown in

the figure, as an indicator of the systematic deviation between the measurements and the

Scenario Development in NSTX (S.P. Gerhardt, et al.), NF/379022/PAP 11



scaled prediction. This expression tends to underestimate the confinement by a factor of
1.25; correcting by this factor reduces )’ considerably. Ref. [28] includes a second
scaling expression, based on a principal component error-in-variable (PCEIV) method,
which results in a scaling 7, ,.,.0 152B 0P We find that this expression

results in a larger deviation from the measured confinement, with a multiplier of 1.4
required.
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Fig. 6. Results from experiments studying thermal confinement scaling. Shown are a)-c), the
dependence of the thermal confinement time on Ip, Br, and Py, and d)-e), the thermal stored
energy scaling with those same variables. Data from the large TRANSP database is shown in
black, and controlled scans in red. Parameters for the controlled scans are shown in red, and
simple power law fits to the red points are shown in blue.

Fig. 5b), shows the calculated confinement time for these recent lithium
conditioned discharges plotted against the expectation from the ITER98,, H-mode

1 1 E .1 41 p-0. . .
scaling expression: T, ., « Iy By’ n’*P*® The agreement is quite good over a
large range of confinement times, with no systematic offsets.

Dedicated scans of /,, Br and injected power have been performed in x=2.3
high-performance discharges, each following 300 mg of lithium evaporation. The results
of this exercise are shown in Fig. 6), where data from the entire high performance
database of TRANSP runs is shown in black, and data from the dedicated scans are
shown in red; the parameters of the scans are indicated in red text. Considering the
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dedicated single-parameter scans first, we observe in frame a) that the scaling of the
thermal confinement time with plasma current is found to be y, =~0.85. This is

somewhat stronger than in previous NSTX studies in both NSTX and MAST [29]. More
striking was the observation in frame b), showing that there is effectively no dependence
of the confinement time on toroidal field, a result common at higher aspect ratio but
atypical of previous spherical torus results. The power degradation in frame c) is also
found to be strong, with an exponent of y, =-0.7.

These results are corroborated by the plots of thermal stored energy vs. these
same variables, shown in frames d-f. We see an essentially linear scaling of the thermal
energy with plasma current, and virtually no dependence on toroidal field. The thermal
energy has a weak dependence on absorbed power.

We also note that the trends observed in the dedicated scans (in red) are largely
duplicated across the entire database (in black). The trends are clearer in the plots of
thermal energy in the lower row. We observe a strong increase in stored energy with
plasma current, but little systematic dependence on toroidal field. The stored energy
increases weakly with absorbed power. Note again that a large range of lithium
evaporation rates was used in the larger database, whereas the evaporation rate was
maintained at 300 mg/discharge in the dedicated scans.

We have also made regression fits to the larger database of TRANSP runs. This
regression analysis has produced an 7, scaling similar to the dedicated scans, with
0.75 <y, <0.9 being a good fit. This is somewhat stronger than the 2006 scaling OLSR

scaling, and much stronger than the PCEIV scaling. The toroidal field scaling from the
large database is 0.25 <y, <0.35, again comparable to the dedicated experiment, but

much weaker than that in the previous low-A scaling relationships. Note that because the
Br range in NSTX is small (0.35-0.55 T), the difference in By scaling does not appear
strongly in the analysis shown in Fig. 5, but is quite clear in Figs. 6 b) and e). The
density dependence is generally 0.4 <y, <0.5, which is again somewhat stronger than

the 2006 scaling. The power degradation is quite strong (-0.8 <y, <-0.7), consistent

with the 2006 OLSR scaling, but stronger than the PCEIV result. These values are in
general similar to the exponents in the ITER98, , expression. Inclusion of one or both of
K and the inverse aspect ratio € in the fit did not change the other exponents significantly
or reduce the y* value. However, excluding the density as a regression variable does
increase x* and modify the other exponents. Note that these scaling exponents will be
used below when discussing the scaling of the bootstrap and neutral beam driven current
fraction with engineering variables.

It is interesting to consider why the present results differ from previous ST scaling
expressions. A likely reason is the lithium conditioning of the plasma facing components,
which is present in all discharges here, but not in the previous NSTX data [27,28]. This
lithium conditioning has the effect of modifying the edge pedestal shape [54] and
impurity content [51] (which can in turn modify the plasma collisionality). The impact of
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these changes on the confinement scaling is a subject under active investigation, and will
be reported in a future publication.

5. Current profile analysis and the non-inductive fraction in NSTX.
5.1 Detailed analysis of the current profile.

Part of scenario design for next-step devices includes the optimization the various
current drive sources. These include the toroidal part of the Pfirsch-Schliiter and
diamagnetic currents [71], the bootstrap current [71-75], currents carried by circulating
fast ions injected by the neutral beams [76-78], and inductive currents [79]. It is
necessary to have confidence in the models and tools that predict the various current
sources. We have made a substantial effort to compare calculations of the current profile
constituents to the measured current profile. Those studies are presented in detail in Ref.
[80] and are briefly summarized here.

Figure 7 shows a detailed analysis of the current profile for high-performance
plasmas at low and high current: a) an /, = 0.5 MA plasma designed to maximize Sp,
b)an I,=0.7 MA high-Bp plasma designed to maximize the non-inductive current
fraction, and b) an [, =1.3 MA plasma designed to maximize the stored energy. The
bootstrap current is computed in TRANSP [62] using the Sauter model [63], and the
neutral beam current is computed with the NUBEAM code [64]. The inductive current is
determined by computing the loop voltage profile from a time-sequence of MSE
constrained equilibria [79] and multiplying it by the neoclassical resistivity as computed
in the Sauter model [63]. There is no low-frequency MHD activity during the chosen
time windows, and no anomalous fast-ion diffusion was used in any of these calculations;
there is a good match between the measured and simulated neutron emission rates.

The 0.5 MA example in frame a), which achieved Sp = 2, illustrates the common
features of this analysis in NSTX. The profile shows a characteristic two-hump shape,
with the edge feature coming from the edge bootstrap “bump” and inductive currents, and
the core feature from the inductive and centrally located beam driven currents. Good
agreement is found between the current profile inferred from MSE constrained LRDFIT
reconstructions (black) and from summing the individual current constituents (green).
This discharge will be discussed again in Sect. 5.4.

For the 0.7 MA case in frame b) (and also described in Figs. 1 & 2c¢) which had
the lowest surface voltage of any NB-heated discharge in NSTX, we see that the loop
voltage profile is flat, indicating that the current profile has stopped evolving. Good
agreement is again found between the two means of reconstructing the current profile.
Finally, for the 1.3 MA case in frame c), we again see agreement in the current profile
reconstruction. Note, however, that the loop voltage profile in this case is hollow,
indicating that the current has not fully penetrated. Much more detailed analysis and
discussion of the non-inductive current profile in NSTX high-performance plasmas can
be found in Ref. [80], including a discussion of cases where MHD modes cause fast-ion
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redistribution, and an estimate is made of the upper bound on the fast-ion diffusivity in
MHD-quiescent regimes.
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Fig. 7: Analysis of the current profile for a) a low-current discharge designed to
maximize Pp (141633), b) a moderate current discharge which has the lowest flat-top
average surface voltage of any in NSTX (133964), and c) a high-current discharge
designed to maximize the store energy (132911).

5.2: Scaling of the bootstrap fraction with global parameters

Having developed confidence of the applicability of the TRANSP calculations to
the analysis of MHD-free periods, we have analyzed the large database of TRANSP runs
to look for trends in the bootstrap current fraction. Fig 8a) shows the bootstrap fraction
plotted against /,. For 0.5 MA and above, the bootstrap fraction decreases as I, is raised,
and the general trend is fpg « 1/1,. The points at 0.3 MA fall below this trend; these
discharges are not typical H-modes, and exhibit weaker edge pedestals (relative to the
overall profiles), and less associated bootstrap current, than in the other cases.
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Using the standard expression for the bootstrap fraction f,, =C BS\/E/J’PJ,,, it is
found thatC,; =0.44 is a good value for this database using the thermal fp calculated by

TRANSP and the Sauter bootstrap model. This expression does not, however, allow a
prediction of the bootstrap fraction, as the achievable f3, , is determined by transport.
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Fig. 8: The bootstrap current fraction plotted against a) the plasma current,
b) a regression fit described in the text.

Sauter (TRANSP)

f

In order to remedy this deficiency, we have applied a regression fit of the form
fas =CIL" By n" P™ to the TRANSP calculated bootstrap fraction based on the Sauter
model. The coefficient C and exponents o were determined using standard multivariate
linear regression techniques. We have found that for discharges of the type described in
this report, the exponents are generally approximately -105<a, <-09,

02<a, =03, 035<a, <045, and 0.15<a, <025. We can compare these

exponents to those expected from transport scaling expressions by noting that

Pt o . , L
Sos € Bp & If " The I, scaling is consistent, in that ¥;, —2=-1.1Is quite similar to

P
the value of o - The fitted Br and n, exponents are virtually identical to those from the

scaling, and the power scaling of confinement implies y, +1=0.25, also a good match to
the bootstrap scaling finding for «, . Hence, we find that the bootstrap scaling is

consistent with the observed transport scaling in these lithiumized plasmas.
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5.3: Scaling of the beam current drive with global parameters

The second component of the non-inductive current drive is the neutral beam
driven current. The neutral beam current fraction is plotted against the plasma current for
the large TRANSP database in Fig 9a). There appears to be a strong 1/, dependence,
though, as will be shown below, this trend is actually a result of the generally higher
density at higher plasma current.

We have analyzed this data by fitting it to an expression of the form
T3/2

Tysep = Cupep %_(Pinj,A +0.85P,

inj,B

+07P,, ). [1]
The ratio 7.'* /n, is a surrogate for the fast-ion slowing-down time and the multipliers on
the source B and C powers come from TRANSP runs with individual sources toggled on
and off (the bars over 7, and n, imply that these are line-average quantities). The sources
B and C are less efficient in driving current than A because they inject at smaller
tangency radius; a larger fraction of their injected ions are born on trapped particles
orbits. The powers in the expression are the injected powers, and no accounting is made
for the 7, dependent fast-ion loss.

The electron temperature is determined by transport, and we have determined the
73/2

scaling of the quantity T’? / n, by doing regression; the result is o« [,'B)*n>"° for

n

e

the NSTX data. Inclusion of P; in the scaling does not improve the fit in a meaningful
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way. This expression is approximately consistent with confinement scaling, using

T o P,

. We have used this regression analysis for T’?/n, in Eqn. [1], with
n

Cyscp =0.198. The result is shown in Fig. 9b, where it is clear the fit captures much of
the necessary physics. Taking the strongest dependencies, we see that the neutral beam
driven current fraction can be expressed approximately as

fNBCD = CNBCDIglﬁe_mB;)'ZS(P +0.85P, , +0.7P,

inj,A inj,B inj,C
scaling in NSTX, is largely independent of the plasma current. Hence, the apparent 1/,
dependence in Fig. 9a) is due to the larger density in NSTX when the plasma current is
increased.

), which, due to the confinement
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Fig. 10: Time traces for high-fp discharges. Shown are a) the plasma current, b) the elongation, c) the
thermal and total Bp, d) the bootstrap and neutral beam current drive fractions, e) the central electron and
ion temperatures, and f) the solenoid current (solid) and injected power (dashed).

5.4 Development of scenarios with very high Pp.

In the process of collecting the lower-current part of this dataset, we developed
for the first time in NSTX scenarios with sustained fp=2. An example set of these
discharges in shown in Fig. 10, where we consider the 0.7 MA case discussed in Figs. 1,
2c, and 7b), a 0.6 MA case, and the 0.5 MA case shown in Fig. 7a). The injected power
(in frame f)) is reduced as I, is reduced, in order to reduce the loss power at lower
current. Indeed, TRANSP shows that the fast ion power lost from charge exchange and
bad orbit loss is roughly constant across the scan, as both the power and current are
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reduced. The three discharges are also run with different elongations, as shown in frame
b). We see that the thermal Bp scales as approximately as 1//,, consistent with the scaling
noted above. The low current discharge sustains p = 2, which is the highest in the NSTX
database. The bootstrap fraction current for the 0.6 and 0.7 MA cases follow the
0.44~/¢ By ., rule noted above; the 0.5 MA case, however, falls below this formula, due to
changes in the collisionality at reduced 7, and 7;. The neutral beam driven fraction is
largest in the high current case, due to the higher beam power and higher temperature
which increase the slowing down time. The bottom frame shows the flux consumption,
which is on average higher for the lower current cases. TRANSP calculates that the
Ohmic current fraction is essentially constant across the scan, such that /oy « I,; the
increased flux consumption at low /, is due to the lower electron temperature and higher
neoclassical resistivity.

6. Global Stability of High Performance Discharges

The achievable non-inductive fraction is limited by stability as well as
confinement. This is fairly obvious in the case of the bootstrap current, whose fraction of
the total plasma current scales like 81/2/371, o« gfy. It is also true for the neutral beam driven
current, since this increases with 7, for fixed power; a low f limit may also limit the
allowable current drive power. In this section, we discuss the two important performance
limiting instability mechanisms during the flat-top if high-f H-mode discharges: global
n = 1 kink/ballooning stability, and n = 1 core kink/tearing. We also discuss the recently
implemented Sy control system.

6.1) By Control

An important new tool for scenario development in NSTX is the realtime
adjustment of the injected power to control the plasma normalized-g, By. The normalized
[ is calculated in realtime with rtEFIT code [70,81]. A PID operator is then applied to the
difference between the requested and achieved fy, to calculate a new input power request
which is then translated to pulse-width modulation of the individual beam sources. The
technical details of this system are described in Ref. [82].

An example use of this capability is shown in Fig. 11, where the target plasma is a
Kk =2.5 high performance scenario at 0.8 MA. The two black discharges are run with
6 MW of pre-programmed neutral beam power, and are seen to develop RWMs and
disrupt at t = 0.8 s. The green and red discharges were run with the Sy control algorithm
turned on at t = 0.2 s. The By value when the controller is turned on is somewhat greater
than the request, and the controller responds by reducing the power (note also that the
better-constrained off-line EFIT, shown in frame c), generally produces a higher value of
Py than the realtime value from rtEFIT.) The Sy value is consequently somewhat lower
in the red and green cases, and the discharges are sustained for significantly longer. The
red case develops a core n =1 mode that eventually locks to the vessel and disrupts,
while the green case eventually suffers from an H—L back-transition; neither of these
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disruptions appears to result from exceeding the By limit. The blue discharge also utilizes
Pn control, but with a slightly higher Sy request. There is consequently more power
provided to the discharge and a higher Sy value, and the discharge disrupts at nearly the
same time as the 6 MW references. This example shows that the Sy controller can indeed
improve higher-performance discharges, though a judicious Sy request is required. For
instance, the ramp in the request was found to be necessary in this scenario, as having the
higher request early invariably lead to disruption. Note that this issue could be eliminated
by feeding back on a more accurate estimate of proximity to a stability boundary, for
instance, the plasma amplification of an applied n = 1 field [83].
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Fig. 11: Demonstration of the newly developed By control in NSTX. Shown are a) the plasma current, b)
the By request, c) the achieved [y, d) the injected power, and e) the odd-n rotating MHD activity. The time
window when By control is on is indicated in the gray shading in frame b).

This new capability for By control has also been used in support of other
experiments. For instance, it was utilized to maintain constant By during /, and B7 scans
associated with a tearing mode onset experiment; use of the algorithm to adjust the
injected power minimized the number of discharges by eliminating the need to manually
adjust the injected power waveform for each /, and B7 combination [82].

6.2) n=1 Kink/Ballooning Stability

The data presented in Fig. 4 indicate that the plasma shape plays a profound role
in determining the high-f performance of the discharge [49]. The profile shapes also play
an important role in determining the global stability. Broader pressure profiles improve
the plasma global stability [7,84-87]. Reducing the internal inductance tends to be
destabilizing (as current accumulates at the edge of the plasma), with instability predicted
at very low Sy for sufficiently low /;[7,84]. We assess these predictions with the database
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analysis in Fig. 12. The blue points are from the standard post-shot EFIT62 at the time of
maximum stored energy, while red points are from the database of TRANSP runs
described in Sect. 4. These figures update the analysis presented in papers such as
[5,31,32,37,41,88] with the most recent data, and with TRANSP data in addition to that
from Grad-Shafranov reconstructions.

In Fig. 12, frame a), it is seen that (y/[; values of up to 13.5 have been sustained
for more than two energy confinement times. In fact, no hard limit on this parameter has
yet been observed, with improvements to RWM control system improving the reliability
of operation in the low-/; state [89]. It is interesting to note, however, that /; values below
0.4 have not been achieved for fy>~1. This may be an equilibrium limitation given the
NSTX current drive sources, though evidence is presented below that NSTX may, at least
transiently, be approaching the low-/; limit. The physics of this regime remains under
active investigation [89].
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Fig. 12) Plots of the achievable By vs a) the internal inductance, and b) the pressure

peaking factor. The blue points are from EFIT at the time of maximum stored energy,
while the red points are from the database of TRANSP calculations.

A more firm stability boundary has been observed in the space of B vs. pressure
peaking factor (Fp), defined as the central pressure normalized to the volume average
pressure. This is shown in frame b), and we note that TRANSP tends to compute a higher
peaking factor that EFIT, due to the explicit inclusion of the peaked fast ion pressure
profile; the TRANSP points that sit to the right of the main data mass generally
correspond to EFIT points on the left. We find that experimentally, there is an extremely
strong dependence of the achievable B on the pressure peaking. This reinforces the
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importance of achieving H-mode, with broad pressure profiles, for sustained high-f
operation [31].

In order to explore the ideal stability physics of these scenarios in more detail,
the no-wall and with-wall By limits have been calculated as a function of time for a
number of high-performance discharges, using techniques described in Sec. 2. A
summary of this analysis is shown in Fig. 13, where four discharges are analyzed in
detail. The internal inductance and ¢y come from the equilibrium reconstructions that
drive the stability calculations, while the By and pressure peaking are derived fro