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Chapter 1

Overview of the NSTX Research
Program Plan for 2009-2013

1.1 Introduction

The Spherical Torus (ST) concept is a low-aspect-ratio tokamak magnetic configuration
characterized by strong intrinsic plasma shaping and enhanced stabilizing magnetic field line
curvature. These characteristics are shown pictorially in Figure 1.1.1. These unique ST
characteristics enable the achievement of a high plasma pressure relative to the applied magnetic
field and provide access to an expanded range of plasma parameters and operating regimes
relative to the standard aspect ratio tokamak. NSTX has demonstrated that ST’s can access a
very wide range of dimensionless plasma parameter space with toroidal beta ; up to 40% (local

B~ 1), normalized beta By up to 7, plasma elongation k up to 3, normalized fast-ion speed
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\ Tokamak | | Spherical Torus

Magnetic Surface

Magnetic Field Line

Stable

Unstable—

R/a=2.5-4,«=1.5-2,9,=3-5 R/a=1.1-1.6, k=2-3, q,=6-15

Aspect Ratio A=R/a
(plasma average major radius / plasma half-width)

Elongationk=b/a
(plasma height / plasma width)

g. = magnetic safety factor at edge
(number of field-line toroidal transits / poloidal transits)

Figure 1.1.1: Comparison of magnetic field-line trajectories,
aspect ratio, elongation, and safety factor parameters for a

tokamak (left) and spherical torus (right).

NSTX —

Vis/Vairen Up to 5, Alfven Mach
number Ma = Viotation/Valfven Up t0 0.5,
and trapped-particle fraction up to 90%
at the plasma edge. All of these
parameters are well beyond that
accessible in conventional tokamaks,
and these parameters approach those
achievable in other high-B alternative
concepts. These  characteristics
therefore allow ST research to
complement and extend standard
aspect-ratio tokamak science while
providing  low-collisionality, long
pulse-duration, and well-diagnosed
plasmas to address fundamental

plasma science issues - including

burning plasma physics in ITER. The ST addresses fundamental issues in magnetic fusion

energy science in the areas of: macroscopic stability, turbulence and transport, wave-particle

interactions, boundary physics, and solenoid-free current formation and sustainment. For fusion

applications, the high B, compact geometry, accessibility, modularity, and simplified magnets of

the ST are potential advantages for plasma material interaction studies at high heat flux, nuclear

component testing, and for a fusion power reactor.

NSTX is the world’s highest performance ST research facility and is the centerpiece of the U.S.

ST national research program. As illustrated below in Figure 1.1.2, NSTX is an essential

element in the program to advance the understanding and development of the ST concept while

also complementing and accelerating the development of all DEMO concepts.
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Figure 1.1.2: (left) U.S. ST research facilities, (middle) next-step STs to complement tokamaks and ITER
burning plasma research by addressing key PMI and neutron fluence gaps between ITER and DEMO, and
(right) spherical torus (ST), advanced tokamak (AT), and compact stellarator (CS) DEMO/reactor
concepts developed by the ARIES reactor studies group (http://www-ferp.ucsd.edu/aries/).

The three overarching mission elements of the NSTX research program for 2009-2013 are:

1) Determine the physics properties of the ST - utilizing its low aspect-ratio (A ~ 1.5) and
very high ratio of plasma pressure to magnetic pressure (up to order-unity beta) - to

advance toroidal plasma science.

2 Provide unique ST data to the tokamak knowledge-base in support of ITER final design
activities and preparation for burning plasma research in ITER through participation in
the International Tokamak Physics Activity (ITPA) and U.S. Burning Plasma
Organization (USBPO), while also benefiting from tokamak and ITER R & D.

1.3
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(3) Develop the ST knowledge-base and attractive ST operating scenarios and configurations
to enable the ST to narrow key gaps between expected ITER performance and the fusion
environment expected in a demonstration fusion power plant (DEMO) - including an ST-

DEMO. In particular, NSTX research aims to enable the ST to be utilized to:

a) Integrate DEMO-relevant Plasma Material Interface (PMI) solutions with high plasma
performance (mission of the National High-power advanced-Torus eXperiment - NHTX).

b) Produce DEMO-relevant neutron flux and fluence at high duty-factor in an ST-based
Component Test Facility (ST-CTF).

Mission (3) above (“Develop the ST knowledge-base and attractive ST operating scenarios...”)
is the highest priority mission of the NSTX research program for 2009-2013, and mission (1)
provides the scientific underpinning for missions (2) and (3). Developing the knowledge-base
and performance for addressing missions 3a) and 3b) above would also greatly enhance the

prospects for developing an ST-based DEMO.

The remainder of this chapter first describes the unique parameter regimes accessed in NSTX
(Section 1.2) to provide context for understanding NSTX contributions to tokamak physics and
ITER (Section 1.3) and, most importantly, for motivating fusion energy science applications of
the ST (Section 1.4) and identifying scientific gaps (Section 1.5) and opportunities (Section 1.6).
Section 1.7 briefly summarizes the NSTX 10 year scientific research objectives, and Section 1.8
describes the scientific organizational structure of the NSTX national research team.

14
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1.2 Unique Parameter Regimes Accessed by NSTX

1.2.1 Macroscopic Stability

The fundamental fusion advantage and scientific opportunity enabled by low aspect ratio A = R/a

(see Figure 1.1.1) is stable access to high plasma beta. The most commonly used definition of

beta for tokamaks is the toroidal beta = Br = 2uo(p) / B+? where (p) is the volume-averaged

pressure and Bt is the vacuum toroidal field at the plasma geometric center. Since the fusion

power density of a tokamak scales as pr’Bt*, achieving high Br is clearly advantageous. The

reduced aspect ratio of NSTX increases the plasma current Ip accessible for a given plasma

minor radius a, toroidal field Br, and magnetic safety factor. As shown in Figure 1.2.1.1, the

maximum normalized current Iy = Ip/aB+ achievable in NSTX is a factor of 2 to 3 higher than in

50
| NSTX By = 6

40 AN

ST-CTF/NHTX

g I next-step STs
< 30| ( PeTe) 4
e .
S
2 3
(=]
= 20
|—
| 2
10
0.

Normalized Current I./aB, (MA/mT)

Figure 1.2.1.1: Troyon diagram showing toroidal beta
achieved/expected versus normalized current Ip/aBr for ITER,
present standard aspect ratio (A~3) tokamaks, NSTX, and next-step
STs NHTX and ST-CTF.

1.5

a standard aspect ratio tokamak.
Experimental ~ results  largely
confirm ideal MHD theoretical
predictions that the maximum
achievable B+ is proportional to the
normalized  current. The
proportionality coefficient relating
Bt to Iy is the normalized B = Bn=
Bt (%) / In (MA/MT). As shown in
Figure 1.2.1.1, the maximum Py
achieved in NSTX is also
significantly higher (up to a factor
of 1.7 at high I\) than is achievable
at higher A.
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Copper passive S8 Vacuum
conductor plates Vessel

B, sensor

Br sensor (n=1 locked mode)
6 ex-vessel midplane control coils

Figure 1.2.1.2: Vacuum vessel, passive conducting

structures, non-axisymmetric field sensors, and ex-vessel
mid-plane MHD mode control coils of NSTX.

Plasma Current (MA)

o 129125
109063

0.0 0.5 1.0 15
Normalized

Approximate :
(b)\

0.0 0.5 1.0 15
Toroidal f (%)

Toroidal fneeded by
ST-CTF for IMW/m?
neutron wall loading

0.0 0.5 1.0 1.5
Time (s)
Figure 1.2.1.2: Since 2002 NSTX has (a) doubled the flat-top
duration, (b) increased the duration of operation above the
n=1 no-wall limit by a factor of 2.5, and (c) increased the
duration of gr > 15% (needed for ST-CTF) by a factor of 4.
For reference, the energy confinement time z= ~ 30-50ms and
current redistribution time zcg ~0.3-0.4s in these plasmas.
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Rotational stabilization of the resistive
wall mode (RWM) made possible by
rapid rotation generated by strong
tangential NBI heating is an essential
element in achieving these high beta
values far above the n=1 no-wall kink
instability limit (Bn ~ 4 in NSTX).
Access to very high B values made
possible by low aspect ratio and wall
stabilization from rapid toroidal rotation
is a unique capability in the world
program that impacts all science areas in
NSTX research and improves
understanding of tokamak MHD
equilibrium and stability physics.

NSTX has progressed far beyond
passive stabilization of the resistive wall
mode and presently has the most
advanced mode control system of any
ST in the world program. As shown in
Figure 1.2.1.2 and discussed in Chapter
2, NSTX has an extensive array of non-
axisymmetric field sensors and 6
external mid-plane active control coils.
These sensors and active control coils
have been utilized to correct intrinsic

error fields and maintain high plasma
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rotation to passively stabilize the resistive wall mode, to actively stabilize resistive wall modes
when the plasma rotation is insufficient to passively stabilize the RWM, and to controllably
modify the toroidal rotation profile by damping toroidal flow with 3D fields. As shown in
Figure 1.2.1.3, the duration of sustained high-p has increased significantly during the last 5
years. This has been achieved through a combination of increased plasma shaping, control of
error fields, resistive wall mode control, and conditioning the plasma facing components with
lithium. The equilibrium and stability control tools of NSTX (described in Chapter 2) have
played a major role making NSTX the highest performance ST in the world program, and the
planned major upgrades of NSTX will further advance the understanding and achievement of

sustained high B operation for STs and tokamaks.

1.2.2 Transport and Turbulence
B1=0.55T, g = 5.7-6.3x 1019 m™3

207 T @) Just as the enhanced toroidicity (low aspect
1.5 l=1.1MA ratio) and increased natural shaping of
’i.:m__ _ NSTX plasmas can suppress macroscopic
= instabilities, these ST characteristics are also
057_ expected to reduce microturbulence levels,
0 and thus reduce the transport associated with
. | I(bl)é the microturbulence. Enhanced toroidicity
a |lp=0.9MA 1 =11 M ()r(/gech.%Eg) also results in higher trapped particle
‘éwo— 1p=0.7 MA ' fractions, which can influence Trapped
= ;% Electron Mode (TEM) turbulence.
(GTC-NEO neoclassical Furthermore, the low toroidal field and near

L o5 1l banana width ertects

sonic toroidal flow yield large values of the
r/a

. _ ) ExB shearing rates expected to be important
Figure 1.2.2.1: (a) Ilustration of nearly linear

dependence of ion temperature on lp, and (b) for the suppression of long wavelength
consistency between measured ion thermal diffusivities

and neoclassical predictions of the GTC-Neo code. micro-turbulence and its  associated

transport. Consistent with such suppression,

1.7
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Figure 1.2.2.1 shows examples of H-mode plasmas with high flow velocities (and ExB shearing

rates) which exhibit neoclassical thermal transport over most of the outer plasma minor radius

for a range of scanned plasma current values at fixed toroidal field and density. As described in

Chapter 3, this unique regime of apparently suppressed ion turbulence enables studies of electron

transport with reduced influence of long-wavelength turbulence, thereby potentially enabling

isolation and determination of the modes responsible for anomalous electron transport.

15

10 4

Bth (total)
5 -

&ST-CTF NSTX
A
NHTX

ITER

oo
=]
(=]
-

0.1

P. 0.01-

(b)
Conventional R/a
/ NSTX
A NHTX
[ ]
ST-CTF

o |TER

0.001

0.01 0.1 1.0
Bth (total)

Figure 1.2.2.2: (a) Range of thermal g

accessible in

collisionality

NSTX versus electron
with comparison to ITER,

NHTX, and ST-CTF, and (b) o* vs. .

actively being investigated as described in Chapter 3.

Further, as shown in Figure 1.2.2.2, NSTX can
operate in regimes with plasma collisionality similar
to that of conventional aspect ratio tokamaks
including ITER, but in which both the thermal plasma
beta By, and normalized ion gyro-radius p* = p;/ a
respectively, can be up to a factor of 10 greater than
those at higher toroidal field and aspect ratio. The
high B (up to 40%) enables NSTX to explore
electromagnetic and stochastic magnetic effects that
may influence transport, and the large electron gyro-
radius (0.1 mm) has already enabled direct and unique
measurements of spatially-resolved electron-scale
turbulence using the tangential microwave scattering
1.2.2.3. High-k

fluctuations consistent with Electron Temperature

diagnostic shown in Figure
Gradient (ETG) turbulence have been measured with
this diagnostic, and the possible link between ETG
turbulence and anomalous electron transport is

Such research is important for

understanding magnetic confinement generally, since the underlying cause(s) of electron

transport remain elusive, and electron confinement could determine the burning plasma

performance of ITER and the performance of future STs.

1.8
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k = 10 em™ k=-10cm”

k =0cm” \,_Wk,:,zocm..

11/4

// L f s
/
/ /

|

* k=2 (upper ITG/TEM) to ~24 (ETG) cm™" (p,~0.01 cm)
s Ar~6cm, Ak ~1cm™
» Can vary scattering volume location (axis to near edge)

Figure 1.2.2.3: High-k microwave scattering diagnostic beam trajectories and measurement capabilities.

1.2.3 Waves and Energetic Particles

Spherical torus (ST) plasmas, such as those in NSTX, provide a unique opportunity for studying
wave-particle interactions in plasma at high  and high dielectric constant € = wpe2 I Qe ~ 10-
100. The over-dense plasma conditions of the ST make plasmas inaccessible to lower hybrid
(LH) and electron cyclotron (EC) waves. As a result, waves that can propagate in over-dense
plasma conditions are required for the ST, and the two leading candidates are the high harmonic
fast wave (HHFW) with /Qp=8-16 and electron Bernstein wave (EBW) with o/Q, = 1-3. These
waves are being developed and explored in NSTX to assist non-inductive plasma startup, plasma
current ramp-up, and sustained plasma operation at high . The most challenging aspect of
exploiting these waves for fusion applications is efficient coupling of these waves from the edge

to the hot plasma core.

1.9
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Figure 1.2.3.1: The highest electron temperature T,
~ bkeV produced in an ST has been achieved with
3MW of HHFW heating in NSTX in a target plasma
with lp = 600kA, B(0) = 5.1kG, ne(0)=1.3x10"m?,
and S.(0) ~ 10%.
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Figure 1.2.3.2: EBW radiation temperature (middle)
and transmission efficiency (bottom) as a function of
lithium evaporation rate which influences T, at the
mode conversion layer in the scrape-off-layer.

NSTX —

For the HHFW, research in NSTX has shown
that edge effects including the excitation of
parametric decay instabilities and surface waves
can significantly damp wave power at the
plasma edge reducing coupling efficiency to the
plasma core. As described in Chapter 4,
increased TF, reduced plasma density near the
RF antenna, and lower wave phase velocities all
reduce HHFW edge losses. Up to 90% HHFW
coupling efficiency has now been demonstrated,
and as shown in Figure 1.2.3.1, the highest
electron temperatures attained in NSTX have
been achieved with HHFW. With this improved
understanding of coupling and heating, the
HHFW has become a powerful tool for probing
core electron transport physics and is poised to
become a reliable auxiliary heating and current
drive tool for the ST. Further, as described in
Chapter 4, the coupling issues encountered for
HHFW on NSTX are also relevant to ICRF
heating schemes planned for ITER.

While the HHFW is launched as a radially
evanescent wave that must tunnel through a
cutoff determined by the plasma density profile

in front of the antenna, the EBW is typically

launched as a radially propagating electromagnetic wave in vacuum that must undergo multiple

mode conversion process (O-mode to X-mode to Bernstein - O-X-B) to transition into an

electrostatic wave that can propagate freely in an over-dense plasma and be absorbed at an

1.10
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electron cyclotron resonance. Thus, the EBW is especially sensitive to plasma conditions at the
mode-conversion layer(s). For present ST experimental conditions the EBW mode conversion
layer commonly resides near or in the edge scrape-off-layer (SOL). A key finding from NSTX
experiments is that collisional damping of the EBW at the mode conversion layer strongly

influences the EBW coupling efficiency.

EBW emission (B-X-O) measurements in NSTX indicate that the electron temperature at the
mode conversion layer is a critical parameter, and strong damping is observed for T, < 20eV. As
discussed in Chapter 4 and shown in Figure 1.2.3.2, evaporated lithium has been shown to
increase Te from 10 to 30eV at the mode conversion layer and increase the transmission
efficiency from 10% to 65% at 18 GHz (f.) and from 10% to 50% at 28 GHz (2f..). These are
the highest EBW transmission efficiencies observed to-date in ST H-mode plasmas, and further
optimization is possible to increase the EBW coupling efficiency for wave heating and current-

drive applications in NSTX, future STs, and alternative concepts with over-dense plasmas.

Beyond waves that are excited by external means, fast ions produced during neutral beam

injection in NSTX have velocities that

6T ' ' \ ' )
: %AWES-ST ] exceed the Alfvén speed and can
5_' CTF . consequently resonate strongly with a wide
S4F Avalanche variety of Alfven waves and destabilize
£ Avalanche t ] . .
2‘13 L T,:; 2:2;3:56\A 1 them. Further, the fraction of fast ion beta
= | 1 ] . .
:53 t ITER e o8 e 1 relative to the total beta accessible in NSTX
2F P -
L A Alivén 7 ! can be large and is also important in
1L NHTX Cascades 3 .. . - .
Conventional Tokamaks determining the instability drive. As shown
%0 02 04 o6 o8 in Figure 1.2.3.3 the ratio of NBI fast-ion

Brast(0) / Bioi(0) speed normalized to the Alfvén speed can
Figure 1.2.3.3: Normalized fast-ion velocity and g approach 5 in NSTX, and the fast-ion to

accessible in NSTX with NBI heating compared to ITER  totg] central beta ratio can reach up to 80%.
(with only «’s included) and future ST devices: NHTX

(NBI), ST-CTF (NBI+«’s), and ARIES-ST reactor (a’s). As seen in the figure, NSTX can access the

1.11
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fast-ion instability drive regime expected in ITER (shown for a-particles only - not including
NBI fast-ions) and NHTX (NBI fast-ions only), has significant overlap with the fast ion regime
expected in an ST-CTF (NBl+a-particles), and can approach the parameter regime of an ST
reactor (ARIES-ST).

NSTX 124781
il

Eon:

Frequency (k

=l = <A_ :

« As power is raised, first see TAE A oo, S
— then chirping TAE ¢ Neutron Rat .
— then avalanches, multi-mode transport i Ve et T A
» Avalanches are strong bursts of T om 028
1 Time (s)

multiple TAE modes (2 = n = 6), with
weak or no n=1 fishbone modes, and
correlated with neutron drops

Figure 1.2.3.4: Time evolution of mode activity (top) and neutron rate (lower) for TAE avalanche events.

Importantly, as described in Chapter 4, the high normalized fast ion velocity and pressure
accessible in NSTX can excite Toroidal Alfvén Eigenmode (TAE) avalanches in which multiple
interacting TAE modes are excited simultaneously potentially leading to significant fast-ion
transport and/or loss. ITER with a-particles and NBI is expected to be unstable to such TAE
instabilities and may exhibit avalanches, and ST-CTF is likely strongly in the avalanche regime.
The time evolution of mode activity associated with an avalanche event is shown in Figure
1.2.3.4 which shows how multiple modes interact and lead a significant (up to 15%) decrease in
the neutron rate indicating significant fast ion transport and/or loss from the plasma core. As

1.12



The NSTX Research Program Plan for 2009-2013 NSTX =

described in Chapter 4, NSTX has unique access to and diagnosis of this TAE avalanche regime
including MSE q profile measurements at very low Bt = 0.35-0.55T and fast ion distribution
function and fast-ion loss diagnostics. NSTX research has yielded additional research results
including the discovery of CAE/GAE (Compressional/Global AE), Alfvén-acoustic modes, and a
new understanding of chirping modes. These experimental results have helped advance

theoretical modeling and have significant implications for future burning plasma devices.

1.2.4 Boundary Physics:

The plasma boundary is especially influenced by the unique magnetic geometry and compactness

of the ST. As described in Chapter 5, the high global magnetic shear, large fraction of trapped

1 o particles, and reduced connection length
ol 6 MW LSN (6, ~0.40y  jmpact edge transport and stability in both
o - the closed-field-line edge confinement
§8_‘ region and on the open magnetic field
=6 \ ] lines in the scrape-off layer (SOL). For
X0 i il 6 MW DN (5 ~0.40)] L
c, [ 6 MW DN (3 ~0.75) N ] example, as shown in Figure 1.2.4.1, the
§ I(Omeﬂ strike region) :' '. compactness of the ST can result in very
21 A i high heat fluxes up to 10MW/m? at the
ol It TS divertor in lower-single-null diverted
03 04 05 06 07 08 09 1 1.1

Radius [m]

Figure 1.2.4.1: Divertor heat flux profiles for low
triangularity lower-single null (LSN) (red), double-null
(DN) (green), and high triangularity DN plasmas at fixed
NBI heating power = 6MW.

plasmas at reduced triangularity. Such
heat fluxes are comparable to those
expected in ITER and enable research on

heat-flux mitigation strategies such as

enhanced divertor radiation and poloidal flux expansion. As seen in the figure, operating in a
double-null configuration can reduce the peak heat flux by nearly %, and increasing the
triangularity and exhausting at smaller major radius actually reduces the peak heat flux through a
combination of flux expansion and increased radiation. Access to, diagnosis of, and mitigation

1.13
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of these very high heat fluxes is a unique capability of NSTX and opens the possibility of using

the ST as a test-bed for developing heat flux solutions not only for the ST but for all DEMO

configurations.

NSTX is also unique in the world program for investigating the impact of lithium plasma facing

components (PFCs) on diverted H-mode plasmas. As discussed in Chapter 5, lithium has been

shown to offer several potential benefits in NSTX plasmas including particle pumping, enhanced

thermal confinement, and the suppression of edge localized modes (ELMs). ELM reduction

and/or suppression is a vital research area in the world program, since large ELMs must be

avoided in next-step devices such as ITER to avoid ablating and/or melting divertor PFCs. As

shown in Figure 1.2.4.2, unlike some tokamak experiments which have demonstrated ELM
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Figure 1.2.4.2: (a) Plasma current and NBI power,
(b) plasma stored energy, (c) RMP coil current, (d)
divertor D,, light, and (e) radiated power in an ELM-
free discharge (black) and with Type-l ELMs
triggered by RMP fields (red).

suppression (DIII-D) and/or reduction (JET)
using resonant magnetic perturbations (RMPSs)
at the plasma edge, NSTX experiments have
thus far exhibited ELM destabilization and/or
ELM enlargement/enhancement  with  the
application of RMP fields. Understanding of
the causes of these differences is required to
confidently extrapolate RMP effects to ITER.
ELM destabilization by RMP is presently being
exploited in NSTX to reduce impurity
accumulation in otherwise ELM-free plasmas
(made ELM-free using lithium wall coatings) by
controllably applying RMP pulses to induce
ELMs and expel impurities. As shown in
Figure 1.2.4.2, preliminary tests have already
demonstrated a factor of two reduction in

radiated power with this pulsed-RMP technique,
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and further optimization of ELM size and frequency is possible. The unique plasma boundary
regimes accessible by NSTX are enabling improved understanding of the complex interplay
between wall conditions and materials, pedestal stability and transport, 3D edge magnetic fields,

and power and particle exhaust to the divertor.

1.2.5 Plasma Formation and Sustainment:

In present ST devices, the compact geometry of the ST leaves little room for the central solenoid
normally used for inductive current drive in a tokamak. In future nuclear-capable ST devices, in
order to maintain low aspect ratio, the shielding of the central column must be minimized.
However, with this level of shielding, the insulation of multi-turn coils is likely damaged by
fusion neutrons, and future ST-based nuclear facilities are therefore envisioned to operate with
little or no central solenoid. As a result, techniques for plasma current start-up, ramp-up, and
sustainment must be developed for next-step STs and would also greatly benefit tokamak
reactors. Because these techniques are ultimately essential to the ST concept, ST research takes
the leading role in the development of non-inductive startup and ramp-up techniques for STs and

tokamaks.

On NSTX, the Coaxial Helicity Injection (CHI) plasma start-up technique has generated up to
20% of the nominal high-performance operating current, and CHI has recently been coupled to
inductive operation in NSTX. As shown in Figure 1.2.5.1, up to 160kA of closed-flux current
has been produced in NSTX using CHI, and as discussed in Chapter 6, a record high current
multiplication factor of 60 was achieved in these plasmas. NSTX is presently the only device in
the world program studying CHI, and these experiments clearly indicate that high closed-flux
plasma currents can be produced. However, additional effort is needed to further heat these
plasmas to achieve impurity burn-through and to raise the electron temperature so that the

HHFW can be absorbed to enable plasma current ramp-up using current over-drive.
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With regard to sustained high-performance scenarios,
NSTX has sustained up to 70% of the plasma current
at high plasma performance with a combination of

pressure-gradient-driven  “bootstrap” current and

Z{m)

neutral beam injection current drive (NBI-CD). As
discussed in Chapter 6, this high fraction of non-

inductive current drive is achieved at high beta (Bt =

15-20% and By = 5.5-6) and simultaneously has high

Plasma ,~
current/

pressure-gradient-driven current fraction (fv, = 55%)

comparable to that assumed for ST-CTF. Thus, based

100 /' Injector
/ current

— . on NSTX results, fully non-inductive current drive

Time (ms) 12
Figure 1.25.1: (Top) Equilibrium

reconstructions show the shape evolution of  achjeving completely solenoid-free ST operation is
the CHI-produced plasma in response to

decaying current. (Bottom) Up to 160kA of  arguably the plasma-current ramp-up phase between
closed-flux plasma current has been )
produced by CHI. plasma start-up and plasma sustainment. As

appears within reach for the ST. The largest gap in

discussed in Chapter 6, HHFW heating has driven up to 85% of the plasma current at low plasma
current with bootstrap (BS) current in high-confinement-mode (H-mode) plasmas in NSTX — the
highest bootstrap fraction achieved in any ST to-date. However, additional current-drive from
either BS or other means (such as HHFW-CD or NBI-CD) is needed to achieve plasma current

ramp-up to high plasma current.
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Contributions to tokamak physics and ITER

1.3.1 - ITPA: The unique parameter regimes accessible by NSTX described in Section 1.2
provide new insight into the underlying plasma physics relevant to tokamaks of all aspect ratios
and for future burning plasma experiments. As a result, NSTX data is increasingly being sought
out to clarify aspect ratio, beta, fast-ion, and other dependences in tokamak physics. Since 2005,
NSTX has become increasingly engaged in the International Tokamak Physics Activity (ITPA)
and has participated in many joint experiments involving participation by NSTX researchers
and/or contributions of experimental data to international databases — for example databases for
H-mode confinement (Chapter 3) and disruption current quench-rate (Chapter 2). For the H-
mode confinement scaling example, NSTX confinement exhibits a relatively weak confinement
degradation with B relative to the ITER 98(y,2) scaling, but is consistent with dedicated JET and
DIII-D scans. NSTX experiments have shown that variability in the confinement dependence on
B is likely related to differences in plasma shaping and/or ELM type. For the disruption current
quench-rate example, the lower aspect ratio of the ST decreases the normalized external
inductance and increases the current quench rate. However, when the aspect ratio dependence of
the inductance is accounted for, the normalized quench rates of NSTX are comparable to those
observed in tokamaks. This indicates that the plasma temperature during the quench is weakly
dependent on aspect ratio and is consistent with processes in which impurity radiation dominates

the dissipation of plasma inductive energy during the current-quench.

Participation in ITPA activities also benefits the ST by aiding in the understanding of the impact
of higher beta and reduced aspect ratio on a variety of physics issues for next-step ST design.
As of June 2008, NSTX was actively involved in 17 joint ITPA experiments and is contributing
to a total of 24. As shown in Table 1.3.1, the contributions of NSTX to ITPA research extend
across all topical science areas described in Section 1.2, and selected ITPA-related results are

also discussed in Chapters 2-6.
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Boundary Physics
® PEP-6 Pedestal structure and ELM stability in DN
® PEP-9 NSTX/MAST/DIII-D pedestal similarity
® PEP-16 C-MOD/NSTX/MAST small ELM regime comparison
® DSOL-15 Inter-machine comparison of blob characteristics
® DSOL-17 Cross-machine comparison of pulse-by-pulse deposition

Macroscopic stability
® MDC-2 Joint experiments on resistive wall mode physics
® MDC-3 Joint experiments on neoclassical tearing modes including error field effects
¢ MDC-12 Non-resonant magnetic braking
® MDC-13: NTM stability at low rotation

Transport and Turbulence
¢ CDB-2 Confinement scaling in ELMy H-modes: B degradation
¢ CDB-6 Improving the condition of global ELMy H-mode and pedestal databases: Low A
® CDB-9 Density profiles at low collisionality
¢  TP-6.3 NBI-driven momentum transport study
® TP-9 H-mode aspect ratio comparison

Wave Particle Interactions
® MDC-11 Fast ion losses and redistribution from localized Alfvén Eigenmodes

Advanced Scenarios and Control
® SSO0-2.2 MHD in hybrid scenarios and effects on g-profile
® MDC-14: Vertical Stability Physics and Performance Limits in Tokamaks with Highly Elongated Plasmas

Table 1.4.1 - International Tokamak Physics Activity (ITPA) joint experiments involving participation
by NSTX researchers and/or contributions of NSTX experimental data as of June 2008.

1.3.2 - ITER Design: During 2007, several ITER design issues were identified to be of critical
importance because they potentially impact the ability of ITER to achieve its stated missions of
achieving Q=10 at 500MW sustained for 400s and fully non-inductive operation at Q=5. As
described in Section 1.2.4, a critical issue for all ITER scenarios is the mitigation of ELMs.
Several dedicated RMP ELM control experiments were conducted in NSTX for ITER in
FY2008, and a subset of these results are described in Chapter 5. A key issue in understanding
RMP ELM mitigation is the plasma response to the applied field. As described in Chapter 2, the
Ideal Perturbed Equilibrium Code (IPEC) has been developed to better model tokamak plasma
response to 3D fields. This code was initially developed to better understand locked-mode
threshold scalings and error-field effects on NSTX, and has since been applied to DIII-D and

ITER as well. Of particular importance to ELM mitigation using RMP is the avoidance of the
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excitation) and the minimization of

both resonant and non-resonant
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rotation damping. By linking IPEC to

Neoclassical Toroidal Viscosity (NTV)
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scenario
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Figure 1.3.2.1: (Top) Non-axisymmetric control coils under ~NTV flow damping. As shown in
consideration for ITER shown in green, (bottom left) Chirikov . .
parameter vs. minor radius for the optimum coil current Figure 1.3.2.1, the ELM control coils

dlstrl_butlon c_ompgted by IPEC, and (bottom right) NTV under consideration for ITER are
rotation damping time computed by IPEC.

computed to be capable of ergodizing
the plasma edge while providing Chirikov << 1 in the plasma core. This figure also shows that
the combination of midplane and off-midplane coils is up to 2 orders magnitudes more effective
at minimizing rotation damping relative to mid-plane or off-mid-plane coils alone. The
combination of the mid-plane and off-midplane coils approaches the theoretical optimum (shown
in blue) for coil placement (i.e. normal field distribution on the plasma boundary) unconstrained

by engineering considerations.

The coils shown in Figure 1.3.2.1 also appear attractive for fast vertical control and resistive wall
mode control applications. A key issue for ITER is the maximum tolerable displacement of the
plasma vertical position (typically caused by an MHD-induced perturbation to I; and/or Bp) that is
allowable before the vertical position control system fails to recover and a vertical displacement

event (VDE) occurs leading a plasma current disruption. Dedicated experiments on NSTX with
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Figure 1.3.2.2: Recovered (black) and non-
recovered (red) shots vs. vertical position
displacement AZ from vertical control experiments
in NSTX for ITER.
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plasma elongation and internal inductance
similar to ITER values have been performed and
observed a maximum recoverable displacement
AZuaxla < 10%. This value is consistent with
results at higher aspect ratio A ~ 3 and further
confirms the potential inadequacy of the original
ITER wvertical control system for providing
robust control of large vertical excursions. This
finding further motivates the usage of the coils
shown in Figure 1.3.2.1 for more robust vertical
control. A further potentially important finding
of NSTX is shown in Figure 1.3.2.2 which
indicates that the maximum recoverable
displacement depends on the direction of

displacement and is likely the result of up/down

w
= S
- 107 1 asymmetries in the vessel conducting structure
o
2 e _ all of NSTX (up/down asymmetries in vessel
= ¢ midplane coils _ _
5 coils conducting structure are also present in ITER).
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Figure 1.3.2.3: VALEN calculations of n=1 RWM
control capabilities for different coil combinations
for the proposed ITER 3D coils shown in Figure
1.3.2.1.

vertical control, ITER will also require n=1
RWM control to operate stably in the proposed
fully non-inductive scenario with Q=5 (ITER
As shown in Figure 1.3.2.3, VALEN calculations (validated with NSTX RWM

control data as discussed in Chapter 2) indicate that the internal 3D coils proposed for ITER are

scenario 4).

sufficient to stabilize the n=1 RWM up to By = 3.7. The operating Bn ~ 3 is therefore less than
50% of the separation between the no-wall and RWM control limits and should provide

sufficient margin for robust RWM control in ITER advanced scenarios.
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1.4 Fusion Energy Science Applications of the ST

1.4.1 Overview

Beyond the contributions of the NSTX to tokamak physics and ITER development, the ST is also
attractive for a range of fusion energy science applications as shown previously in Figure 1.1.2.
The ST offers high normalized pressure (i.e. high ), a very compact geometry resulting from
low-A, and simplified normally conducting magnets with significantly reduced coil stress on the
outboard low-field side. As shown in ARIES and CTF design studies, the ST also offers the
possibility of a single-turn demountable central conducting rod for the toroidal field coil and ease

of maintenance, accessibility, and change-out of components.

ST characteristics: Implications: Plasma-Material
: : « High heat flux at Interface R&D +
 High normalized pressure siell @b el Advanced Physics
+ Compact geometry reduced cost il Ay
» Simplified magnets
» Simplified
construction,
access, and

maintenance

* High neutron flux

at small size and
reduced cost,
reduced tritium

consumption

182 o

Nuclear Component
Testing

Longer term: ST Power Plant offers simplest magnets, easiest maintenance
Figure 1.4.1.1: The characteristics of the ST relevant to fusion energy, their implications, and resulting
near-term and long-term applications of the ST.
As shown graphically in Figure 1.4.1.1, the intrinsic ST characteristics described above have
several implications. First, the compactness of the ST results in very high heat fluxes to the
Plasma Material Interfaces (PMI) — namely the divertor. High plasma exhaust heat flux is
common to all fusion DEMO concepts based on the ST, tokamak, or compact stellarator, but the
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issue is most severe for the ST. Empirically, the measured power scrape-off width (projected
from the divertor back to the outboard midplane) does not vary strongly with machine size, the
divertor heat-flux challenge can be approximately parameterized by the ratio Ppes/R Where R is

the average plasma major radius. The ratio Ppes/S (Where S is the wall surface area) is also

Device R a Pheat Pheat/R Pheat/S Pulse Ip Species Comments

(m) (m) ™mMwW)  (MW/m) (MW/m~N2) (sec) (MA)
Planned Long-Pulse Experiments
EAST 1.70 0.40 24 14 0.55 1000 1.0 H (D Upgrade capability
JT-60SA 3.01 1.14 a1 14 0.21 100 3.0 IilJA—EU Collaboration
KSTAR 1.80 0.50 29 16 0.52 300 2.0 H (D) Upgrade Capability
LHD 3.90 0.60 10 3 0.11 10,000 - H Upgrade capability
SST-1 1.10 0.20 3 3 0.23 1000 0.2 H (D) Initial heating
W7-X 5.50 0.53 10 2 0.09 1800 — H 30MW for 10sec
[NHTX 1.00 0.55 50 | 50 1.13 | 1000 3.5 D (DT) Initial heating |
ITER 6.20 2.00 150 24 0.21 400-3000 15.0 DT Not for divertor testing
Component Test Facility Designs
[cTF (A=1.5) 1.20 0.80 58 | 48 0.64 | Weeks 12.3 DT 2 MW/m~”2 neutron flux
FDF (A=3.5) 2.49 0.71 108 43 1.61 Weeks 7.0 DT 2 MW/m~2 neutron flux
Demonstration Power Plant Designs
ARIES-RS 5.52 1.38 514 93 1.23 Months 11.3 DT US Advanced Tokamak
ARIES-AT 5.20 1.30 387 74 0.85 Months 12.8 DT US Advanced Technology
[ARIES-ST 3.20 2.00 624 | 195 0.99 | Months 29.0 DT US Spherical Torus |
ARIES-CS 7.75 1.70 471 61 0.91 Months 3.2 DT US Compact Stellarator
ITER-like 6.20 2.00 600 97 0.84 Months 15.0 DT ITER @ higher power, Q
EU A 9.55 3.18 1246 130 0.74 Months 30.0 DT EU "modest extrapolation™
EU B 8.60 2.87 990 115 0.73 Months 28.0 DT EU
EUC 7.50 2.50 794 106 0.71 Months 20.1 DT EU
EU D 6.10 2.03 577 95 0.78 Months 14.1 DT EU Advanced
SlimCs 5.50 2.12 650 118 0.90 Months 16.7 DT JA

Table 1.4.1.1: Comparison of the accessible normalized heat-flux (highlighted in yellow) and other parameters of
planned long-pulse experiments, Component Test Facility (CTF) design points, and demonstration power plant
(DEMO) designs. ST concepts: NHTX, ST-CTF, and ARIES-ST are highlighted in green.

important for parameterizing the expected wall heat loading challenge. As shown in Table
1.4.1.1, NHTX could access normalized heat fluxes twice those of ITER with values comparable
to those of CTF designs and with a P/S value similar to all DEMO design concepts. With
magnetic flux compression, NHTX should also be able to access heat flux values of tokamak-
based reactor designs, but accessing and mitigating ST reactor-level heat fluxes would be more
challenging. The heat flux challenge must be resolved to achieve a successful ST-DEMO, and
PMI solutions developed in ST research benefit not only the ST path but also all other DEMO

concepts shown in Table 1.4.1.1.
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The compactness of the ST can also potentially create very high neutron wall loading (1-
2MW/m?) in a device not much larger (20-50% in major radius) than present mega-ampere-class
STs. Using the ST as a volume neutron source (VNS) to test nuclear components in a high
fusion neutron irradiation environment with neutron fluences 10x those of ITER and
approaching DEMO-level fluences could reduce the usage of tritium and also the risks of
proceeding directly from ITER to DEMO. For both PMI and VNS uses of the ST, the simplified
construction, access, and maintenance are significant potential advantages for rapidly testing new
materials, components, and techniques, in an environment of high heat, particle, and neutron flux

sustained for long durations.

The 2007 FESAC panel report entitled “Priorities, Gaps and Opportunities: Towards a Long
Range Strategic Plan for Magnetic Fusion Energy” identified plasma facing components and
materials (i.e. the PMI) as the most challenging gaps to close between ITER and DEMO. The
ST appears particularly well suited to address the related highest priority FESAC panel “theme”
of “Taming the Plasma Material Interface” (Theme B) which encompasses: plasma-wall
interactions, plasma facing components, RF antennae, launching structures and other internal
components. The ST also appears particularly well suited to address the FESAC panel theme of
“Harnessing Fusion Power” (Theme C) which encompasses: fusion fuel cycle, power extraction,
materials science in the fusion environment, safety, reliability, availability, maintainability, and
inspectability. As described in section 1.4.2 below, the proposed NHTX device could address
Theme B in a non-nuclear environment (operating with D-D and very limited D-T capability)
including prototyping of PMI solutions for ST-CTF and testing the PMI applicability of neutron-
irradiated materials from the International Fusion Materials Irradiation Facility (IFMIF). ST-
CTF could strongly address the neutron irradiation implications of Theme B issues on a much

larger scale while also strongly addressing Theme C.

A third theme of “Creating predictable high-performance steady-state plasmas” (Theme A) was

identified by FESAC encompassing: measurement, performance integration, validated theory
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and predictive modeling, control, disruptions, control auxiliary systems, and magnets.
Significant research and development is expected to be performed in ITER steady-state scenarios
and in the long-pulse superconducting tokamak program utilizing the EAST, KSTAR, and JT-
60SA devices. Since the normalized plasma stability requirements of an ST-DEMO are similar
to those of an AT-DEMO, the ST can leverage expected future progress in advanced tokamak
physics research. However, the confinement (and other) properties of the ST may be sufficiently
different from the tokamak that high-performance steady-state plasmas must also be
demonstrated in the ST prior to proceeding to an ST-DEMO. Normally conducting magnets in a
nuclear environment are the most important and unique technology aspect of the ST with respect

to Theme A, and the ST community has identified critical issues for the ST-CTF center post:

1) Materials interface and design to ensure uniform current distribution over large area high
current possibly sliding joints and feeders

2) Replaceable vacuum seal located near the TF sliding joints

3) Requirements for remote handled assembly and replacement of such center posts

4) Manufacturability of the TF center post using radiation tolerant normal conductors

5) Center post water cooling capability and management of activated corrosion products

These design issues are also directly relevant to an ST-DEMO, and ST-CTF would therefore
contribute strongly to developing the magnet technology for ST-DEMO. More detailed
information on the goals and operating parameters for NHTX, ST-CTF, and an ST reactor are

provided below for reference.

1.4.2. Mission, design concept, and operating parameters for NHTX

As described in Section 1.4.1, the 2007 FESAC panel identified “Taming the Plasma Material
Interface” as the highest priority gap that must be addressed to progress from ITER burning
plasmas to an electricity producing DEMO. PMI solutions must also be compatible with
sustained high plasma performance to be relevant to DEMO, and this challenge motivates the

proposed scientific mission of the National High-power advanced Torus eXperiment (NHTX).
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NHTX mission: “Integration of a fusion-relevant plasma-material
interface with stable, sustained, high-performance plasma operation”

The NHTX mission aims to integrate the following PMI and plasma performance goals:

1.

N

o a &~ W

Access and diagnose DEMO-relevant heat-fluxes

Perform rapid testing of new PMI concepts, including comparing solid vs. liquid PFCs
and testing novel divertor concepts (X, Super-X, snow-flake divertor, etc.)

Perform PMI research at DEMO-relevant T, ~ 600°C
Access pulse durations sufficient to achieve plasma-wall equilibration: tpyse ~ 200-1000s
Develop methods to avoid tritium retention

Demonstrate the compatibility of PMI solutions with high plasma performance:
a. High confinement will tolerable or no ELMs
b. High beta without disruptions
c. Steady-state with full non-inductive current drive

Test advanced performance regimes (high By and fgs) for ST-DEMO and ST-CTF, test Ip
start-up/ramp-up techniques for ST-CTF at similar size, toroidal field, and Payx.

The NHTX device geometry, parameters, and possible plasma and divertor configurations to be

studied are shown in Figure 1.4.2.1, and NSTX and future ST divertor and plasma exhaust issues

are discussed in much more detail in Chapter 5.

National High-power advanced

DND with LSN
JET-like ITER-like

& Pheat 50MW divertor divertor .
= Ro 1m TE [
[EB,'?}‘-._-_ - ‘A A 182 1
- : K <3 !
H o Br 2T ]
' lo 3-3.5MA ]
Bn 4.5 ]
Br 14%
Ng/Now 0.4-0.5
fas ~ 70%

Super-X divertor
(Corsica Equilibrium)

Al faico 100%

V\H@:}?’ﬁ r Hosv 2 <13
S : Ens 110keV

PR | 50MWim N
Torus eXperiment (NHTX) Solenoid | % swing to full Ip BN ]

L

Figure 1.4.2.1: (Left) 3D cut-away of NHTX coils and plasma, (middle) device parameters for the
base-line operating scenario, and (right) examples of plasma shapes and divertor configurations that
could be accessed in NHTX including a JET-like, ITER-like, and *““Super-X"" divertor.
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1.4.3. Mission, design concept, and operating parameters for ST-CTF

As described in Section 1.4.1, the ST is potentially very well suited to address FESAC panel
Theme C, “Harnessing Fusion Power” — a critical gap that must be addressed to progress from
ITER burning plasmas to an electricity producing DEMO. The goal of performing component
testing with nuclear conditions relevant to DEMO with potentially significantly reduced risk,
cost, and tritium consumption as compared to performing the same R&D in DEMO itself

motivates the mission of the (ST-based) CTF program, namely:

“Create a lowered-risk, reduced-cost approach to a fusion environment
beyond the ITER level, and utilize it to test, discover, innovate, and
develop the remaining needed engineering science and technology
knowledge base for Demo.”

(From ““Bridging Engineering Science and Technology Gaps From ITER
to DEMO” — M. Peng et al., APS-DPP meeting Nov. 12-16, 2007)

This mission aims to exploit the following potential advantages of the ST for component testing:
1. Compact device and high-f3 operation
Reduced device cost

Reduced operating cost (Pelectric)

. Simplified vessel and magnets

2

3

4. Reduced T consumption

5

6. Fully modularized core components
5

Fully remote assembly and disassembly

The ST-CTF design concept geometry, parameters, and an example of how device modularity

could facilitate assembly/disassembly and maintainability are shown in Figure 1.4.3.1.
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N W, [MW/m2] 04 [ 10 | 20
ST-based Component Test Facility (ST-CTF) RO [m] 1.20
A 1.50
. kappa 3.07
Performance metrics ITER | Required Conditions | Demo Goals acyl 46 | 37 | 30
. - Bt [T] 113 218
Continuous operation ~hour weeks ~months = TVMA 34 52 T 101
14-MeV neutron flux on module (MW/m?) | ~0.8 1.0-2.0 ~3 p[MA] - . .
Total neutron fluence goal (MW-yrim?) ~0.3 6 ~6-15 Beta_N 38 3.9
Duty factor goal 1% 30% ~80% Be‘a—jn 0.14 | 018 | 028
Tritium self-sufficiency goal (%) -0 -100 100 ne [10%/m’] 0.43]1.05 | 128
Diverter/SOL fag 0.58 | 0.49 | 0.50
N Shaping Cell
}:Iz:l::snﬁ \ e — Inlet Piping Tmng| [keV] 54 (103 | 133
Outet Joint Tavge [kEV] 31 6.8 8.1
Piping /gt HH98 1.5
! Q 050 | 25 [ 35
- Dli'ﬂ::r pam:—f:n [MW] 15 31 43
Inboard
FW (8 cm) ™ _ Upper Breeding Eyp [keV] 100 | 239 | 294
. SIApkat Pl’usinn [MW] 7.5 75 150
Paloldal ; f -
i Y T M height [m] 1.64
Colls B T M area [m?] 14
Blanket A [m?] 66
=~ Test Blanket Fn«‘apmra 0.76
v P/R [MW/m] 14 | 38 | 61
\ Small iron core or mineral
Lower Breeding Solenoid insulated transformer

Neutral /
Beam Duct

\ Blanket for startup

Shielding

\ \

! TFC Return Leg/
L Support g
Diver::r v;:::;m Platiorm Vacuum Vessel

Centerstack
Assembly
;—s’.:-—“"- ‘ \ Upper Blanket
'ﬁﬁ..---"}? .;11 :‘_:: +*w Upper PF coil >‘:“" R
I o - " ower Blanke
". Upper Piping Upper Diverter G Shield /
I

+——_ FElectrical Joint F“\‘—--l.t;wver Diverter A Assembly
Top Hatch

NBI
Liner

&+ 4«— LowerPF coil

Test
Modules

Disconnect upper piping Remove upper PF coil Extract NBI liner Remove Remove
Remove sliding electrical joint  Remove upper diverter Extract test modules centerstack assembly shield assembly
Remove top hatch Remove lower diverter Remove upper blanket assembly

Remove lower PF coil Remove lower blanket assembly

Figure 1.4.3.1: (Top left) Required performance and nuclear conditions for a CTF mission and for
DEMO goals, (middle left) ST-CTF design concept, (right top) table of parameters for ST-CTF, and
(bottom) example of how an ST CTF device with modular design could facilitate
assembly/disassembly and maintenance.
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1.4.4. Design concept and operating parameters for an ST reactor
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Figure 1.4.4.1: (Left) ARIES-ST design concept and (right) table ARIES-ST parameters.

The design requirements to optimize a tokamak, ST, or stellarator-based power reactor have been
studied extensively by the ARIES reactor studies group (http://www-ferp.ucsd.edu/aries/). The
design concept and plasma and fusion parameters for an ST-based reactor (ARIES-ST) are
shown in Figure 1.4.4.1. As for ST-CTF, there is a single-turn central TF bundle and the vacuum
vessel provides the current return for the TF current.  Similar to advanced tokamak reactor
concepts, ARIES-ST relies heavily on operation far above the no-wall stability limit (i.e. By =
7.5 = 90% of ideal-wall By limit = 8.3), nearly all the plasma current is provided by the bootstrap
current, and the elongation is maximized (xx up to 3.7 in ARIES-ST) to maximize the toroidal
beta at high bootstrap fraction. One issue for the ST-based reactor is the relatively high resistive
power dissipation (~ 300MW) in the TF coil which reduces the overall plant efficiency.
However, the cost of electricity (COE) is driven primarily by the plant capital cost. The COE of
ARIES-ST (78 mill per kW, h in 1992 dollars) is very close to that computed for
superconducting tokamaks such as ARIES-RS (76 mill/kW.h) using design assumptions from the

mid-to-late 1990’s. For the more recent ARIES-AT studies, improvements in technology
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including higher thermal conversion efficiency blankets (59% thermal conversion efficiency vs.
45% assumed for ARIES-ST) and other cost reductions account for a significant reduction of
COE to 50 mill/kWgh. The low COE of ARIES-AT is attractive because it is competitive with
present electricity costs adjusted for inflation. Preliminary estimates indicate that if ARIES-ST
could utilize higher efficiency blankets and operate near ~1.5GW,, COE values much closer to
those of ARIES-AT values are achievable. However, more detailed design studies are needed to

assess if such design modifications and COE reductions are possible for ST-based reactors.

1.5 Gaps Between Present and Future STs

All of the future ST concepts described in Section 1.4 require advances in plasma performance
and understanding to achieve their stated missions. Present MA-class ST experiments (NSTX
and MAST) have progressed significantly in the last decade — particularly in sustaining high
normalized performance as described in Chapter 6. However, as shown quantitatively in Table

1.5.1, several gaps between present and future ST performance remain.

For the NHTX and ST-CTF device concepts, NSTX already achieves bootstrap fraction and
elongation values comparable those assumed, and achieves By values above those assumed.
However, significant increases in NBI current drive are needed to achieve fully non-inductive
current drive. Much of this increased current drive can be achieved via reduced electron
collisionality as a result of increased electron temperature and/or reduced normalized density. In
order to maximize NBI current drive, ST-CTF is projected to operate at Ne/NGreenwaid = 0.25-0.3
which is approximately 1/3 of the normalized density presently achieved in H-mode (without
active pumping). ST-CTF is also projected to require up to 50% higher H-factor Hos.ipg(y,2) than
presently achieved in order to minimize device size and power requirements. While NHTX is
designed to include a solenoid for ramp-up to Ip flat-top, ST-CTF is designed to have minimal
(or no) central solenoid, so plasma current start-up and ramp-up to high plasma current (up to
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Present high By & fyicp NSTX NSTX-U NHTX ST-CTF
A 1.53 1.65 1.8 1.5
K 2.6-2.7 2.6-2.8 2.8 3.1
By [%] 14 10-16 12-16 18-28
Bn [%-mT/MA] 5.7 5.1-6.2 4.5-5 4-6
faico 0.65 1.0 1.0 1.0
fasspsiDiam 0.54 0.6-0.8 0.65-0.75  0.45-0.5
fuBicD 0.11 0.2-0.4 0.25-0.35  0.5-0.55
foroonwald 0.8-1.0 0.6-0.8 0.4-0.5 0.25-0.3
g 1.1 1.15-1.25 1.3 1.5

Dimensional/Device Parameters:

Solenoid Capability Ramp+flat-top Ramp-+flat-top Ramp to full I, No/partial
o [MA] 0.72 1.0 3-35 8-10
B [T] 0.52 0.75-1.0 2.0 2.5
R, [M] 0.86 0.92 1.0 1.2
a[m] 0.56 0.56 0.55 0.8
o/ aB1o [MA/MT] 2.5 1.8-2.4 ONEGED 45

Table 1.5.1: Comparison of key dimensionless and dimensional parameters of present high non-inductive
current fraction scenarios in NSTX, and those proposed for NSTX-Upgrade, NHTX, ST-CTF, ARIES-ST.

8MA) are required. Thus, high priority NSTX research goals for 2009-13 include access to
reduced density and collisionality, improved thermal confinement and improved understanding
of thermal confinement to reliably project to future ST devices, and a demonstration of non-

inductive plasma current ramp-up from low (~200kA) to intermediate (~400kA) current values.

For the ST-DEMO device concept, a significant increase in bootstrap current (from fy, ~ 55% >
100%) is required relative to presently achieved values at high Br. As described in Chapter 6,
HHFW-heated plasmas at low current have achieved up to 85% bootstrap fraction at By ~ 4, but
with Bt < 4%. Increased k and By are required to access higher Br at high fgs. As described in
Chapter 2, NSTX has stably achieved k=3 and has sustained k =2.7-2.8. At present, for Qmin
=1.2-1.5, the predicted and experimentally measured ideal-wall limit for the n=1 external kink is
Bn ~ 6. Elevated gmin > 2.2-2.4 is projected to increase the n=1 ideal-wall limit to By ~ 7-8.
Thus, a major NSTX performance goal for 2009-13 is to access high By > 6 plasmas at high « up

to 3 with elevated qmin > 2 to increase the bootstrap fraction toward ST reactor values.
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Figure 1.5.1: Progression of (a) plasma current, (b) stored energy, (c) normalized electron
collisionality, and (d) H-mode confinement enhancement vs. normalized density for proposed NSTX,
NSTX-Upgrade and possible future ST devices. Note that NSTX and NSTX-U operate with a range of
non-inductive fractions, whereas NHTX and ST-CTF curves assume fully non-inductive operation.

An ITER-era (20 year) goal under consideration by the U.S. ST community is to develop the ST
knowledge-base to enable design and begin construction of an ST-CTF device. As shown in
Figure 1.5.1, achieving ST-CTF conditions requires an extrapolation of 1 order of magnitude in
current and 2 orders of magnitude in stored energy in a device only 40% larger in major radius
than NSTX. In terms of dimensionless parameters, this entails a 2 order of magnitude decrease
in collisionality and a seemingly modest H-mode confinement enhancement of 1.5. However,
the strong power degradation of H-mode confinement implies that a roughly 3-fold increase in

heating power would be required to compensate for an inability to increase Hgg from 1.0 to 1.5.
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1.6 Research Goals and Opportunities in NSTX

1.6.1 Overview

As discussed in Section 1.5, the dimensionless parameter most significantly altered along the ST-
path from NSTX to ST-CTF is the normalized electron (and ion) collisionality. As shown in
Figure 1.5.1, the first factor of 4 decrease in collisionality along this path can be accessed and
diagnosed with upgrades to NSTX (i.e. NSTX-Upgrade = NSTX-U) — in particular a new center-
stack to double the magnetic field and plasma current, a liquid lithium divertor (LLD) for density
control, a range of advanced profile and turbulence diagnostics, and a 2" more tangential NBI
system for increased heating power, non-inductive current drive efficiency, and current drive
flexibility. More detailed timelines for facility and diagnostic upgrades for the next 5 years are
provided in Chapter 7. As described in Chapter 3, reductions in collisionality can be achieved by
operating at lower density and reduced g, and NSTX-U can in principle achieve the electron
collisionality of NHTX to within a factor of 2. As described in Chapters 2-6, reduced
collisionality has the potential to impact a wide range of physics issues in ST plasmas including:

* Macroscopic Stability
— RWAM critical rotation and neoclassical viscous torques may increase at lower v;
* Transport & Turbulence
— Underlying instabilities (micro-tearing, TEM, and ETG) scale differently versus v*.
Micro-tearing modes are expected to be stabilized at reduced collisionality, and
reduced collisionality can be stabilizing for dissipative-TEM or de-stabilizing for
collisionless-TEM.
— If Te(r) is set by a critical VTe, H-mode confinement may be reduced at reduced ne
* Boundary Physics
— ELM AW, increases at lower ve* - could impact confinement, plasma purity, divertor

— ELM stability may improve at lower ve* due to second-stability access
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— Detachment for heat flux reduction will be more challenging at reduced SOL density
* Wave-Particle Interaction

— AE avalanches may be more easily triggered at reduced n. due to increased fast-ion

pressure fraction resulting in possible fast-ion redistribution and/or loss

* Current Start-up and Ramp-up

— NBI-CD and RF-CD efficiency for ramp-up are increased at reduced ne, increased T,
» Current Sustainment

— Steady-state scenarios rely on reduced n. and increased T, to increase NBI current

drive efficiency to achieve 100% non-inductive current fraction.

While understanding the role of decreased collisionality is clearly important in future ST
research, additional research questions and opportunities exist for all NSTX topical science
areas. These questions and opportunities are described in much greater detail in Chapters 2-6, but
highlights are provided below. In the descriptions below, key scientific questions for the ST
(and tokamaks) are described and motivate the proposed major upgrades to NSTX.

1.6.2 Opportunities in Macroscopic Stability Research

As described in Chapter 2, advanced operating scenarios of the ST and tokamak require high
normalized plasma pressures, and are therefore susceptible to dangerous large-scale instabilities.
Such instabilities can lead to complete loss of confinement of the plasma and damage to the
plasma facing components in next-step devices. Stabilizing these modes requires a nearby
conducting wall and a combination of plasma rotation and/or active control coils. Experiments
on NSTX have already provided data on stabilization physics in a conductor and coil geometry
similar to that of ITER, but in a unique regime of rotation, collisionality, and toroidicity

parameter space as described in Section 1.2.

NSTX has demonstrated passive stabilization of large-scale modes, and has also demonstrated

active feedback control at ITER-relevant low plasma rotation. However, many questions remain
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regarding the physics of stabilization by plasma rotation and/or active control. In particular, the
reduction of plasma collisionality by up to an order of magnitude will provide access to a new
collsionality regime (v-regime vs. present 1/v regime) in NSTX to fully test the theory of
Neoclassical Toroidal Viscosity (NTV) rotation damping in conditions closer to those of next-
step STs and ITER while also clarifying the important effects of tokamak plasma response to 3D
fields. Access to reduced collisionality will enable the determination of the relative importance
of collisional versus collisionless/kinetic dissipation in resistive wall mode (RWM) stabilization
for STs and for ITER. Further, the ability to vary the magnetic field and current over a large
factor will clarify the relative roles of Alfven and ion thermal effects in RWM rotational
stabilization. By enabling up to a factor of three variation in magnetic field and current and
factor of ten variation in collisionality, the major upgrades of NSTX will provide unique and
definitive data on large-scale mode instability thresholds and the physics of rotation drag by 3D
fields. This unique NSTX data coupled with advanced linear and non-linear stability and
feedback control codes will greatly aid the development of a predictive capability for sustaining

very high plasma pressures.

Further, there is the opportunity to assess the stability of advanced ST operating regimes in
NSTX. As described in Chapter 6, NSTX-U (higher TF and 2" NBI) is predicted to be capable
of sustaining fully non-inductively-driven plasmas with gmin > 2. Such scenarios are predicted to
have ideal-wall By limits of 7-8, and these high By states are particularly relevant to ST-DEMO.
In such plasmas, multiple RWMs of different toroidal mode number may be unstable, and the
proposed Non-axisymmetric Control Coils (NCC) may be required to stabilize very high Bn
plasmas in NSTX in addition to their potential use for controlling ELMs. Demonstrating fully-
non-inductive and sustained operation at high-By in NSTX-U and NHTX would also improve the
prospects for increased neutron flux (W, = IMW/m? = 2MW/m?) and fluence in ST-CTF.
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1.6.3 Opportunities in Transport and Turbulence Research

As described in Chapter 3, in present spherical torus experiments, ion transport in neutral-beam
heated H-modes is commonly measured to be near neoclassical levels — consistent with ion
turbulence being suppressed by large shear in the plasma flow. In contrast, electron energy
transport is observed to be anomalous, and commonly dominates the overall energy loss. In the
ST, electron and ion transport scale differently with magnetic field and plasma current than they
do in a conventional tokamak. This difference provides a unique opportunity to understand the
underlying physics of electron transport. NSTX data exhibits a strong (nearly linear) scaling of
electron confinement with magnetic field at larger minor radius in regions where VT, is largest.
This is also the region in which the measured high-k fluctuations have turbulence characteristics

consistent with ETG and correlate most strongly with the measured electron thermal diffusivity.

In NSTX, at least four instabilities are potentially responsible for anomalous electron transport:
micro-tearing modes (electromagnetic), collisionless trapped electron modes - CTEM
(electrostatic), electron temperature gradient modes — ETG (electrostatic), and Global Alfven
Eigenmodes — GAE (Alfvenic). Micro-tearing, ETG, and GAE modes have been correlated in a
preliminary way with anomalous electron transport in NSTX. Multiple instabilities may be
present simultaneously, and isolating the effects of individual instabilities can be difficult.
Higher magnetic field and current will provide access to much lower collisionality allowing
suppression of micro-tearing modes. Higher magnetic field will also provide access to reduced
fast-ion instability drive and enable the reduction (possibly suppression) of GAE modes. Thus,
access to higher magnetic field will enable the ability to control the onset of electromagnetic and

Alfvenic modes and to separate the impact of these modes from electrostatic modes.

As described in Chapter 3, higher field and current will also reduce neoclassical ion transport by
at least a factor of 3 (due to smaller orbit sizes and reduced collisionality) thereby enabling
investigations of the extent to which shear-stabilization will suppress anomalous ion transport in

future ST devices. This capability will also provide new insight into the underlying causes of
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anomalous momentum transport (most likely ITG and/or CTEM) and the flow-shear suppression
of ion turbulence in the ST. Reduced/suppressed ion turbulence is especially important for

achieving a “hot-ion” H-mode regime for high fusion gain in ST-CTF.

Overall, the planned major upgrades of NSTX will greatly enhance the ability to isolate the roles
of different micro-instabilities in anomalous electron and ion transport by doubling the
achievable toroidal magnetic field and thereby increasing the range of magnetic field variation
from a factor of 1.5 to a factor of 3. Importantly, the minimum collisionality made accessible by
the major upgrades will approach (to within a factor of two) the collisionality values expected of
NHTX at comparable Greenwald density fraction. Existing high-k diagnostics and planned low-
k diagnostics (BES) will provide the ability to distinguish between the electrostatic CTEM and
ETG modes, and BES and high-k may also be capable of measuring GAE fluctuations.
Understanding the physics of electron and ion thermal transport is key to reliably predicting the

performance of an ST-CTF.

1.6.4 Opportunities in Energetic Particle Research

As described in Chapter 4, an area of major importance to STs and ITER is the confinement of
both injected energetic particles and fusion-produced a-particles. At present, while the modes
responsible for fast-ion transport have largely been identified, ther