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An overview of the research capabilities and the future plans on the MA-class National Spherical Torus Experiment (NSTX) at 

Princeton is presented. NSTX research is exploring the scientific benefits of modifying the field line structure from that in more 
conventional aspect ratio devices, such as the tokamak.  The relevant scientific issues pursued on NSTX include energy 
confinement, MHD stability at high β, non-inductive sustainment, solenoid-free start-up, and power and particle handling.  In 
support of the NSTX research goal, research tools are being developed by the NSTX team.  In the context of the fusion energy 
development path being formulated in the US, an ST-based Component Test Facility (CTF) and, ultimately a high β Demo device 
based on the ST, are being considered.  For these, it is essential to develop high performance (high β and high confinement), 
steady-state (non-inductively driven) ST operational scenarios and an efficient solenoid-free start-up concept.  We will also 
briefly describe the Next-Step-ST (NSST) device being designed to address these issues in fusion-relevant plasma conditions. 
 
* This research was supported by DoE contract DE-AC02-76CH03073 
Keywords : Magnetic Fusion, NSTX, Spherical Torus 

 

1. INTRODUCTION 
 The spherical-torus (ST)(1) research conducted worldwide has 

made remarkable progress in recent years.  The National 
Spherical Torus Experiment (NSTX)(2,3) at the Princeton Plasma 
Physics Laboratory (PPPL) is a proof-of-principle facility built to 
carry out research on this plasma configuration.  The NSTX team 
is presently focusing on two broad scientific goals relevant to 
fusion research in general and the ST in particular.  First as a 
major fusion research facility for the US Fusion Energy Science, 
an important near term goal for NSTX is to utilize the rich and 
diverse ST plasma properties in NSTX to develop a deeper 
understanding of critical high-temperature toroidal plasma physics 
issues for fusion; this research will contribute to the 
space-astrophysical plasma sciences as well.(4)  Secondly, an 
important longer term goal of NSTX is to assess the attractiveness 
of the ST as a fusion energy concept such as an ST-based 

Component Test Facility (CTF) and a "Demo" plant.  
Accordingly, the NSTX research plan aims to develop high 
performance (i.e. high-β  and high confinement), steady-state 
(non-inductively-driven) ST operational scenarios and efficient 
solenoid-free start-up concepts.(5, 6)  The research results obtained 
should also be applicable to other concepts and configurations, 
including existing tokamaks and future burning plasma 
experiments, such as ITER and NSST(Next-Step ST).  In support 
of these physics goals, an upgrade plan for the implementation of 
the necessary research tools has been developed.  The research 
tools available and planned will be discussed in the following 
sections for key science areas. 

 

2. NSTX FACILITY 

  

 

Fig. 2. NSTX Device Cross Section Schematic. 
 

 

 
Fig. 1. An aerial view of the NSTX Test Cell.  The NSTX 

device is in the center.  The NBI beam box is located in the far 
side and the HHFW transmission lines to the right.. 
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2.1 DEVICE OVERVIEW  
NSTX is a major component of the restructured U.S. Fusion 
Energy Sciences Program, which encompasses both the 
investigation of innovative confinement concepts and the 
advancement of the underlying physics to strengthen the scientific 
basis for attractive fusion power.  To accomplish this mission, 
the NSTX facility, shown in Figs. 1 and 2, presently has the 
following capabilities:  

• Low aspect ratio, R/a ≥ 1.26, and strongly shaped plasma 
cross-section with nominal elongation κ ≤ 2.7 and 
triangularity δ ≤ 0.8; 

• Plasma current Ip up to 1.4 MA which exceeds the total 
toroidal magnet current; 

• Coaxial Helicity Injection (CHI) for Solenoid-free startup 
to 0.4 MA; 

• High Harmonic Fast Wave system (6 MW), Neutral Beam 
Injection (7 MW) and CHI for heating, current drive, and 
current profile control; 

• Close-fitting conducting plates to access high plasma β; 
• Error Field and Resistive Wall Mode Feed-back coils to 

stabilize MHD modes occurring at high plasma beta; and 
• Toroidal field pulse length (at 0.3 T) up to 3 s which 

exceeds the plasma skin time (~ 0.3 s) to test the physics of 
steady-state operation. 

 
The NSTX facility has already achieved or exceeded many of its 
original design capabilities.(7-8)  In particular, the plasma current, 
a key parameter for plasma performance, reached 1.4 MA, 40 % 
over the original design value of 1 MA.  The highest elongation 
of 2.7 is also significantly higher than the original target value of 
~ 2.  The achieved plasma toroidal beta of ~ 40% has reached the 
original target.  In the following section, we will describe the 
status and plans for the basic NSTX device magnets, vacuum, and 
plasma control systems.  We will describe the diagnostic systems 
in Sec. 3, the research tools in Sec. 4, and the advanced research 
tools in Sec. 5.    
 
2. 2. DEVICE SUBSYSTEMS 
Magnet Systems – The NSTX magnet systems are composed of 
the coils contained in the center-stack assembly (inner TF, OH 
solenoid, top and bottom PF 1A coils and a bottom PF 1B coil, 
thermally insulated from and encased in an Inconel vacuum casing 
to which are attached the graphite tiles which form the inner 
plasma-facing surface), outer TF, and top and bottom outer PF 
coils 2, 3, 4, & 5 as shown in the device cross section in Fig. 2.  
The magnets are powered by phase-controlled rectifier supplies; a 
motor generator provides the peak feed power (27 kA, 6 kV) 
needed for operation.  The PF 1A and PF 3 coils have bi-polar 
power supplies and other PF coils are powered by uni-polar 
supplies.  The entire center-stack assembly is fully demountable 
by removing the TF, OH, and PF 1A connections.  The inner TF 
bundle can be also removed and reinstalled independently from 
the OH and upper PF 1A assembly.  The demountable design 
therefore provides maintenance, repair, and upgrade opportunities.  
The TF magnet is designed for and has operated up to 0.6 T at the 
nominal vessel center R = 0.86 m.  In 2003, one of the TF coil 
inner joints failed, which revealed deficiencies of the original 
design.  The failed TF inner conductor bundle was replaced with 
an improved design in time for the 2004 run.(9)  If a longer pulse 
or higher field TF magnet is desired in the future, it would be 

possible to build an appropriate center-stack and swap the 
center-stack relatively rapidly (~ 2 months), well within a regular 
annual outage period. 
Vacuum Systems – The NSTX vacuum vessel is roughly a 
spherical shape, 3 m tall and 3.5 m in diameter, with volume of 
about 30 m3.  The plasma volume is ≤ 15 m3.  The vacuum 
chamber is designed to provide very good plasma access with 12 
major ports at the mid-plane between 12 outer TF coil sets.  
There are two NBI compatible 0.84 m (height) x 0.74 m (width) 
rectangular ports; one is currently used for NBI and the other for 
diagnostics.  Three port sections are occupied by the 12 element 
HHFW antenna systems and one port is dedicated for the vacuum 
pump duct which presently has two 1600 l/sec turbo-molecular 
pumps and assorted diagnostics.  The remaining six sections each 
with a 60 cm diameter circular port are mainly utilized for 
diagnostics.  In addition, there are eleven medium size 
vertical-viewing ports and six smaller ports (horizontal-viewing 
toward the divertor regions)  located on each of the upper and 
lower dome sections.  There are gas feeds installed at three 
outboard mid-plane locations, one in-board at the mid-plane, one 
in-board at the “shoulder” near the tip of PF 1A coil, and one in 
the CHI injector chamber. 

Plasma Control System – The real time plasma control system 
(PCS) on NSTX utilizes a high-speed multi-computer system 
(SkyBolt II) which processes data from sensors and diagnostic 
systems in real time to generate commands to the actuators 
including power supplies and the gas injection system.  In 2004, 

 

 
Fig. 3. (a) Achieved parameters in βT and approximate 
bootstrap current fraction for an equivalent thermal plasma. (b) 
Dependence of the product of estimated bootstrap current 
fraction and toroidal beta βT on the elongation κ. On both axes 
of this panel, quantities are averaged over the flattop of the 
pulse. 
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the PCS response time (or the control latency) was shortened 
significantly by a factor of 4.  This improvement has enabled 
PCS to control higher elongation plasmas, greatly expanding the 
operational space as shown in Fig. 3(a).  As can be seen from the 
figure, the higher elongation achieved in 2004 nearly doubled the 
reactor attractiveness figure of merit given by the product of 
toroidal beta βT  = 2 µ0< p > / BT0

2 and the nominal bootstrap 
current fraction, 0.5 √ε βp where βp is the poloidal beta.(10)  In Fig. 
3(b), the achieved parameters are plotted in βT and nominal 
bootstrap current fraction space.  As can be seen in the figure, 
2004 operation made significant progress toward the eventual goal 
of reaching the upper right hand corner withf simultaneously high 
βT ~ 40 %, and high bootstrap current fraction ~ 60%.(11)  As the 
number of actuators for PCS grows, the reliance on the PCS 
system increases accordingly.  In 2004, the rtEFIT (a real time 
plasma equilibrium reconstruction code)(12) was incorporated into 
PCS and successfully used in experiments requiring a finer level 
of plasma shape control and reproducibility.  The 2005 PCS 
development is focusing on optimizing plasma shape with the 
newly installed new PF 1A coils and controlling the SPA 
(switching power amplifier) source for the error field and resistive 
wall mode (EF/RWM) coils (See Sec. 5 for more detail.)  The 
PCS system will continue to evolve with advances in 
microprocessor technology and also with the availability of new 
actuators and diagnostic systems.   

 

3. DIAGNOSTIC STATUS AND PLANS 
To achieve desired high performance plasmas, it is also crucial to 
have appropriate plasma diagnostics.  Understanding of the 
physical processes governing the plasma requires detailed 
information from diagnostics together with the corresponding 
theory and modeling.  For this reason, NSTX has been 
continuously implementing modern plasma diagnostic systems in 
key research areas.  In this section, we will describe briefly some 
of the recent diagnostic additions and planned upgrades.  A 
complete list of major diagnostics currently installed and 
operating on NSTX is shown in Table 1 at the end of this paper.  
The implementation of diagnostics on NSTX has benefited greatly 
from collaborations with many national and international 
institutions.  

MPTS, Toroidal CHERS, and other profile diagnostics -In the 
confinement area, the main effort has been on plasma profile 
diagnostics.  The multi-pulse Thomson scattering (MPTS) 
system(13) has 20 spatial channels and two lasers for 60 Hz 
operation.  An upgrade to 30 spatial channels is being 
implemented in 2005 to give more detailed density and electron 
temperature spatial information on the H-mode pedestal and 
internal transport barrier regions.  The MPTS system will 
eventually be upgraded to 45 spatial channels and 3 lasers for 90 
Hz operation.  The NSTX density profiles are also measured by 
the microwave reflectometer(14) and the far-infrared laser 
interferometer and polarimeter(15) (FIReTIP) systems.  The 
toroidal Charge Exchange Recombination Spectroscopy (CHERS) 
system(16) has been upgraded recently to 51 spatial channels to 
give detailed ion temperature and plasma toroidal rotation 
information.  With the tangential NBI injection, the NSTX 

plasmas can spin toroidally up to ~ 300 km/sec and the Alfvén 
Mach number (Vtoroidal/VAlfvén) can reach as high as 0.5.  Typical 
kinetic profiles for a high-β discharge are shown in Fig. 4.  Due 
to the rapid toroidal rotation, the plasma density tends to peak at 
further out than the magnetic axis which typically coincides with 
the peak of the electron temperature.  To complement the 
toroidal CHERS system, an Edge Rotation Diagnostic (ERD) was 
implemented on NSTX(17) to measure the intrinsic impurity lines 
from the plasma edge region where the intrinsic line emission is 
sufficiently strong.  ERD can measure both poloidal and toroidal 
rotation velocities and temperatures.  Using ERD, an strong 
wave-particle interaction was observed which produces significant 
(~ 400 eV) edge perpendicular ion heating and edge rotation 
during application of high harmonic fast wave (HHFW) power.(18)  
The ERD was also used to measure the highly important plasma 
spin up behavior in the H-mode pedestal region prior to the L-H 
transition.   

Magnetics and Between-shots EFIT reconstruction - In order 
to accurately measure the plasma properties at high-β, the NSTX 
team has implemented a large array of magnetic sensors (poloidal 
flux loops and pickup coils).  Utilizing the magnetic information 
together with the plasma kinetic profile information (using MPTS 
and CHERS for the thermal profiles and the energetic population 
estimated from TRANSP code), a sophisticated plasma 
reconstruction code “EFIT” has been implemented on NSTX 
which provides detailed information on the basic plasma 
properties with time resolution of up to 1 ms.(19)  Also a novel 
plasma diamagnetic measurement has been successfully 
implemented using the NSTX toroidal field coils which provided 
valuable inputs into the EFIT reconstruction.(20)  The EFIT 
analysis is usually completed in a few minutes after the plasma 
shot and available before the next plasma shot.  In Fig. 5, the 
EFIT reconstruction incorporating the plasma rotation information 
for the first time is shown.(21)  Due to the rapid plasma rotation, 

 

 
Fig. 4. Measured kinetic profiles of a high beta discharge (shot 

112600, 0.55s).  (a) Ti profile by 51 spatial channel 
charge-exchange spectroscopy (CHERS) and Te profile by 20 
channel Thomson scattering (MPTS).   (b) Toroidal rotation 

velocity vi profile by CHERS and ne profile by MPTS. 
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the plasma pressure profile is shifted outward from the magnetic 
axis.  The EFIT code has also been linked to the plasma MHD 
stability analysis code DCON(22) for rapid evaluation of plasma 
stability. 

MSE-CIF System – The MSF-CIF (Motional Stark Effect using 
Collisionally-Induced Florescence) system(23) was successfully 
introduced in 2004 to measure the plasma current profile which is 
crucial for advanced ST operation.  The initial four channel data 
from MSE, which measured the field line pitch in the plasma core, 
are shown in Fig. 6(a).(24)  The sensitivity of the pitch angle is 
excellent even in the relatively low field NSTX plasmas.  Indeed, 
the NSTX MSE-CIF system has achieved a factor of 12 
improvement in optical throughput with development of an 
innovative spectroscopic filter and geometric optimization over 
earlier high field systems.  In addition, higher quantum 
efficiency detectors provide a further factor of 3.3 improvement in 
sensitivity.  The MSE data has been incorporated into the EFIT 
analysis and the resulting q profile, shown in Fig 6(b) with 4 
channels, has confirmed the existence of a reversed-shear profile 
in agreement with the earlier inference based on the ultra-soft 
x-ray data.  The MSE also observed periodic variations of the 
central q and the magnetic axis due to sawtoothing.  The MSE 
system will begin the 2005 run with 8 spatial channels (additional 
4 channels) and upgraded toward the full 19 channel system in the 
near future.  

P-CHERS and diagnostics under development - The next step 
for the plasma profile diagnostic upgrade is the P-CHERS 
(poloidal-charge-exchange-recombination-spectroscopy) system, 
which will measure the poloidal rotation information.  Together 
with the toroidal CHERS, a full picture of the plasma flow will 
then be available.  The full plasma flow information combined 
with other kinetic data will give the radial electric field which will 

eliminate the ambiguity in the MSE-CIF measurement associated 
with the radial electric field.  Eventually, a direct measurement 
of the radial electric field would be highly desirable and to 
accomplish this an MSE system based on a 
laser-induced-fluorescence is under development.(25) A technique 
utilizing hypervelocity dust injection  (HDI) to measure internal 
magnetic field vectors at multiple locations simultaneously and to 
map 2-D and 3-D internal field configurations of NSTX plasmas 
is also being developed.(26)  Hypervelocity dust of at least a few 
micron in radius and a few km/s velocity can reach high 
temperature regions of the NSTX plasmas according to modeling. 

Soft X-Ray Diagnostics - In addition to the high frequency 
magnetic sensors, ultra-soft x-ray arrays provide information on 
the MHD activity in the plasma.(27)  The double-tearing MHD 
modes observed by the ultra-soft x-ray array suggested the 

 

 
Fig. 5.  EFIT plasma equilibrium reconstruction.  (a) Plasma 

pressure (white) and poloidal flux (black) contours.  (b) 
Reconstructed plasma pressure radial profile.  (c) 

Reconstructed dynamic pressure or toroidal rotational kinetic 
energy density profile. 

 

 

 
Fig. 7. Fast Tangential Soft X-ray Camera with 64 x 64 pixel 

image with up 500 kHz, 300 frames based on Princeton 
Scientific Instruments PSI-5 camera.  (a) Schematic view of 

the fast tangential soft x-ray camera.  (b) Initial tangential 2-D 
images of the n=1 tearing mode rotating poloidally around the 

magnetic axis. 
 

 

 
Fig. 6. Initial MSE measurements and EFIT analysis.  

(a) Measured pitch angle of the local magnetic field vs radius;  
(b) EFIT reconstruction of the q-profile using the MSE data 

showing a reversed shear configuration. 
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possibility of the electron transport barriers in the reversed shear 
plasmas in NSTX.  In 2004, a fast tangential soft x-ray camera 
for 2-D view of core MHD activity with a time resolution down to 
2 µs was installed (Fig. 7.)(28)  In Fig. 7(a), a schematic of the 
camera is shown.  The core soft-x-ray (1 – 5 keV) signal is 
converted into visible light by a fast phosphor deposited on 
fiber-optic faceplate.  The resulting image is captured by a CCD 
camera with 64 x 64 pixels with frame rates up to 500 kHz for 300 
frames.  Such a camera is a powerful tool to investigate the 2-D 
MHD mode dynamics including the sawtooth crash.  An 
example of an n=1 tearing mode rotating poloidally around the 
magnetic axis (indicated by the white crosses) is shown in Fig. 
7(b). 

Fluctuation Diagnostics - To investigate the sources of 
anomalous transport, a set of core flucturation diagnostics is being 
developed.  The first element is a microwave reflectometer 
which can measure longer wavelength fluctuations in the plasma 
core.  Preliminary data have been taken in 2004.(29)  
Far-infrared interferometery is also being used to measure the 
edge density fluctuations in NSTX.(30)  A major diagnostic being 
installed for 2005 is a tangential microwave high-k scattering 
system to measure the electron-transport-relevant 
short-wavelength modes including, possibly, 
Electron-Temperature-Gradient Modes ETGs (Fig. 8).(31)  A 
schematic drawing of the high-k system is shown in Fig. 8(a).  It 
is designed to measure with a good spatial resolution the spectrum 

of fluctuations with radial wave number 5 – 30 cm-1 
corresponding to modes with k⊥ρe ≤ 1.  The accessible 
normalized wave number range as a function of the major radius 
is shown in Fig 8(b).  This high-k system could be upgraded to 
gain information on the poloidal component of the wavenumber 
spectrum.  Another system being considered for implementation 
in the future is a low-k microwave imaging system to reconstruct 
2D images of the low-k fluctuations, which may be responsible 
for the ion energy transport.(32-33) 

Energetic Ion Loss Detectors - Fast-ion confinement in STs is an 
important issue, due to the large ratio of their gyro-radius to 
plasma minor radius.  Fast-ion diagnostics on NSTX include a 
set of neutron detectors, an energetic neutral-particle analyzer 
(NPA)(34), a multi-sightline solid state detector NPA (SSNPA), 
and a scintillator-based fast lost-ion probe (sFLIP).(35)  Since the 
DD fusion neutron rate in NSTX is dominated by beam-target 

reactions, the neutron measurements provide a global measure of 
beam ion confinement. The detectors include two 
absolutely-calibrated fission chambers and four scintillator 
detectors capable of resolving fluctuations in the neutron rate up 
to 100 kHz. The neutron response produced by short neutral beam 
pulses has shown classically-expected beam ion confinement in 
quiescent plasmas.(36)  The NPA can measure fast neutrals with 
energies up to 120 keV with an energy resolution of ~1 keV, and 
can be scanned horizontally and vertically on a shot-to-shot basis.  
The NPA measures the fast ion population at the point of charge 
exchange.  The ability to look at the fast ion population in the 
core of the plasma is greatly enhanced by the NBI providing the 
source of neutrals.  The SSNPA has four fixed sightlines in the 
mid-plane with ~10 keV energy resolution and is designed to 
measure radial redistribution of neutral beam ions arising from 
MHD activity.  The sFLIP measures the energy and pitch angle 
of the escaping fast ions entering the detector, allowing 
determination of the orbits that are lost. Initial sFLIP 
measurements also appear consistent with classically-expected 
confinement in quiescent plasmas.  However, MHD activity has 
been seen by the NPA to deplete the confined beam ion 
population and result in loss to the vessel wall of orbits with high 
pitch angle.(37)  A neutron collimator system is being designed to 
quantify the fast ion population in the plasma core region.   

Energetic-Particle-Driven Instabilities - Because of the high β  
of NSTX plasmas, the Alfvén wave velocity approaches the bulk 
ion velocity.  With energetic NBI heating, it is possible to access 
the plasma regimes where the fast ion velocity exceeds the local 
Alfvén velocity.  This condition is expected in burning plasmas 
due to the presence of 3.5 MeV fusion alpha (helium) particles.  
The alpha driven high frequency MHD instabilities could cause 
anomalous alpha particle diffusion and loss from the burning 
plasmas.  In Fig. 9(a), the NSTX experimental regimes as well as 
the expected operating regimes of ITER and an ST-reactor are 
indicated in the Alfvén Mach-number and the normalized fast-ion 
pressure parameter space.  As can be seen in Fig. 9(a), with the 
high Mach number of the high power NBI beam ions, NSTX can 
explore a wide range of Alfvén Mach number and the beam ion 
pressure fraction.  For the high frequency MHD studies, the high 
frequency magnetic sensors with up to 2 MHz response are 
operational on NSTX.  Typically observed high frequency MHD 
instabilities including TAEs (Toroidal Alfvén Eigenmodes) and 
CAEs (Compressional Alfvén Eigenmodes) are shown in Fig. 

 

 

Fig. 8. Microwave tangential high-k scattering system.  (a) A 
schematic view of the high-k scattering system.   (b) The 
normalized accessible wave number range as a function of 

major radius. 
 

 

 
Fig. 9. Energetic-ion-induced instabilities.  (a) Normalized 

energetic ion velocity and beta parameter space for NSTX and 
projected ITER and ARIES-ST regimes.   (b) 

Energetic-ion-induced MHD instabilities observed in NSTX. 
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9(b).(38-39)  These observed modes were reproduced by the kinetic 
high frequency MHD codes HYM, Nova-K and M3D-k.  The 
microwave reflectometer and FIReTIP are also used to detect the 
high frequency MHD modes in the core.  

Boundary Physics Diagnostics - For edge/divertor research, a 
fast reciprocating Langmuir probe is operational which can 
measure a variety of plasma parameters including density, 
temperature, fluctuations, and flow information at the mid-plane 
through the scrape-off layer and to about 5 cm inside the last 
closed flux surface.(40  A powerful tool for the edge fluctuations 
is the gas-puff imaging (GPI) system, shown in Fig. 10(a) which 
can capture images of edge fluctuations with time resolution down 

to 2 µs.(41)   The GPI system has revealed images of “blobs” 
coming out of the plasma.  These represent a highly non-linear 
but apparently ubiquitous form of the edge fluctuations and 
energy transport [Fig. 10(b)].  Another fast visible camera 
viewing tangentially in the divertor region(42) has revealed a 
variety of interesting ELM behavior including new Type-V 
ELMs, which cause minimal plasma energy losses.(43)  In the 
area of the edge power flow to plasma facing components (PFCs), 
three infrared (IR) cameras are monitoring the power flow to the 
divertor and wall surfaces.  A faster IR camera will be installed 
to capture the transient energy flow during fast MHD events such 
as ELMs.  Surface monitoring tools such as wall coupons have 
been employed on NSTX since the start of the operation. Recently 
in-situ wall condition measuring diagnostics have been introduced 
including surface deposition monitors and a novel dust detector 
with a sensitivity better than 1 µg/cm2.(44)  The surface deposition 
of dust and other material is of particular interest to future long 
pulse devices such as ITER and CTF.  
 
4. NSTX FACILITY TOOLS AND UPGRADE PLAN 
In order to improve the quality of the plasma toward what is 
needed for our long range research goals, NSTX has been 
implementing and improving a number of research tools as the 
areas of fueling, wall conditioning, power and particle handling, 
heating and current drive, and solenoid-free start-up.  

Advanced Fueling Tools - The gas injection at the outboard side 
of the spherical torus tends to have rather poor fueling efficiency 
of ≤ 10% in diverted discharges due to the very short connection 
length from the mid-plane to the divertor region.  This 
inefficiency necessitates strong gas injection which increases the 
gas loading of the walls as the NSTX graphite PFCs absorb the 
deuterium working gas.  As the plasma transitions into an 
H-mode, a rapid density build up takes place in the particle 
transport barrier region resulting in a hollow density profile.  
Following the rapid build up of the edge density, there is a gradual 
density build up in the core and the average density often 
approaches the Greenwald density limit during a long-pulse high 
performance discharge.  For advanced long-pulse 
non-inductively sustained plasmas, which need efficient 
non-inductive current drive, it is desirable to keep the plasma 
density lower since the non-inductive current drive efficiency goes 
up with increased electron temperature and reduced plasma 
density.  In tokamak experiments, reduced particle recycling has 
also led to improved confinement and plasma performance in 
some cases.  So, as the NSTX research is focusing toward the 
long-pulse non-inductive regime, improving the fueling efficiency 
is of strong interest.  Gas injection at the inboard side of the 
plasma has been tested,(45)and while no significant fueling 
efficiency improvement was observed, the inboard gas injection 
appears to improve access to the H-mode.(46)  Recently, a 
supersonic gas injector with up to Mach 7 capability has been 
developed and tested on NSTX.(47)  This injector is located at the 
outer mid-plane, as shown in Fig. 11(a).   A fast visible camera 
picture during the injection, Fig. 11(b), shows a relatively narrow 
gas plume, consistent with a simulation.  The initial test indicated 
significantly higher fueling efficiency.  The supersonic gas 
injector will be further tested in 2005.  An injector for solid 
deuterium pellets is being considered for core fueling in the future.  
A Compact Torus (CT) injector is also viewed as a promising 
fueling method with application to a future reactor, particularly for 
STs since the strong toroidal field gradient will produce a radially 
localized deposition of particles from the injected CTs.(48)   

Impurity Control and Wall Conditioning Tools – The plasma 

 

 
Fig. 10. Gas Puff Imaging Diagnostic.  (a) Viewing area of ~ 

25 cm x 25 cm with spatial resolution of ~ 1 - 2 cm.  The 
camera is Princeton Scientific Instruments PSI-5 camera with 

250,000frames .sec with 64 x 64 pixels/frame.  (b) A captured 
image of a “blob” moving radially out across the plasma edge 

region. 
 

 

 
Fig. 11. Supersonic Gas Injector.  (a) A schematic of the 

supersonic gas injector placed in the outer mid-plane.   (b) A 
fast camera image of the supersonic gas injector showing 

localized gas injection. 
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contacting wall surfaces in the NSTX vacuum chamber are lined 
with graphite tiles to eliminate metallic impurities.  To minimize 
the water trapped in them after a vacuum opening, the carbon tiles 
are baked up to 350°C for a period of several days.  The 
elimination of absorbed water is very important to reduce both the 
oxygen and hydrogen levels.  To reduce these oxygen levels 
further, wall boronization is performed using deuterated 
trimethylboron (TMB) gas mixed into helium glow discharges.(49)  
The boronization also reduces the hydrogen level which is 
desirable to reduce the hydrogen minority absorption during 
HHFW heating.  With boronizations, the hydrogen to deuterium 
ratio during a plasma discharge can be reduced to a few % level 
and often even below 1% as shown in Fig. 12.  The boronization 
on NSTX can be performed during the high temperature bake after 
a vacuum opening and during plasma operation, weekly, daily or 
even between plasma shots, if desired.  To minimize the 
deuterium inventory in the carbon tiles, a helium glow discharge is 
created by applying a bias voltage between a glow probe and the 
vaccum vessel for 10 – 15 minutes between plasma shots.  Such 
a glow removes the hydrogenic gases trapped in the graphite 
surfaces, reducing the uncontrolled density rise and making more 
reproducible discharges.  The glow discharge system is now 
being upgraded to make the glow probe which was fixed in the 
shadow of the limiter to a movable one so that the glow can fill the 
entire vessel to improve the wall coverage for 2005.  

Tools for Power and Particle Control – In addition to 
developing efficient particle fueling, developing an efficient 
particle pumping (removal) tool is an important research topic for 
reaching long-pulse, non-inductively sustained, high-β plasmas.  
The helium glow is effective in removing the hydrogen particles 
from the surface of the graphite wall which provides a limited 
pumping capacity.  However, we will eventually need a larger 
capacity pumping system for longer pulse discharges.  A 
cryo-pump placed in the closed divertor region is being considered 
for NSTX.  This approach is already pursued on many tokamak 
devices and can be applied to NSTX in a relatively straightforward 
manner.  Presently, the NSTX team is also testing particle control 
based on lithium which is unique to NSTX among the presently 
operating large facilities.  The lithium approach has been 
successfully used on TFTR and is also being tested on smaller 
facilities, such as CDX-U.(50)  Lithium coatings have been used 
previously for wall-limited (Supershots) plasmas in TFTR to 
improve the plasma performance.  An important question being 
pursued on NSTX is whether the lithium approach would be 

equally effective in diverted H-mode discharges.  The first 
approach being introduced on NSTX is a lithium pellet injector 
which is designed to inject up to eight 1 – 5 mg solid lithium 
pellets into a given discharge with speed of up to 200 m/s.  In the 
2004 run, a preliminary test was performed with total of 17 pellets 
of about 2 mg each injected into sixteen plasma discharges.(51)  
During a double-null divertor NBI heated discharge, the injected 
lithium was transported relatively uniformly to both top and 
bottom divertor regions as indicated by the picture taken in neutral 
lithium light shown in Fig. 13(a).  In Fig 13(b) the oxygen level 
(monitored in the early phase of OH discharge when the discharge 
conditions are similar) is plotted against the integrated amount of 
injected lithium and shows a monotonic decrease.  The lithium 

pellet injection experiments will continue in 2005.  As a next 
step, a lithium evaporator is planned in 2006 in collaboration with 
CDX-U.  The evaporator is designed to coat the existing divertor 
graphite tile surfaces.  The material of the coated surface may be 
changed to improve the lithium pumping efficiency.  For a longer 
term development, a liquid metal module which will be placed at 
the bottom of the vessel in the outer divertor strike point region is 
being considered in collaboration with VLT (the Virtual 
Laboratory of Technology).  The initial liquid lithium experiment 
on CDX-U has been quite encouraging in terms of drastically 
reducing the oxygen level and the particle recycling.  Such a 
liquid metal module has the potential of being able to manage the 
intense heat flux as well as controlling particle recycling in the 
steady-state condition expected in future high-heat-flux fusion 
devices such as CTF and Demo. 

 

 

 
Fig. 12. Evolution of H/D ratio as a function of the plasma 
discharges showing a general reduction after bakeout and 

boronization. 
 

 

 
Fig. 13. (a) A fast camera image in neutral lithium emission 

following injection of a lithium pellet into a double null 
divertor discharge.   (b) Impurity emission measured during 
the discharge startup as a function of the cumulative lithium 
injection showing downward trend for the oxygen impurity.  

The different plasma conditions are indicated as follows - LSN: 
lower single null divertor, DND:double null divertor. 
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Heating and Current Drive Systems – The two main heating 
and current drive systems on NSTX are Neutral Beam Injection 
(NBI) and High Harmonic Fast Wave (HHFW) RF power.  The 
NSTX NBI system utilizes the well developed TFTR NBI system. 
(52)  The NSTX NBI system has delivered up to 7 MW at an 
acceleration voltage up to 100 kV and it is the workhorse of the 
NSTX high-β high-performance plasma research.  There are 
three ion sources with tangency radii 70 cm, 60 cm, and 50 cm.  
The beam system is a reliable means of plasma heating but it also 
serves other important functions: to impart toroidal momentum to 
induce strong toroidal plasma rotation of up to ~ 300 km/s; to 
drive plasma current (in addition to the bootstrap current) of up to 
~ 200 kA; to provide an energetic ion population for simulating 
alpha-particles (Sec. 3); and to support plasma profile diagnostics 
such as CHERS and MSE (Sec. 3.)   

The HHFW system utilizes 6 high-power transmitters connected 
to a twelve-element antenna system for a total delivered power of 
6 MW at 30 MHz.  The NSTX HHFW system was originally 
used for the ICRF experiments on TFTR.  The main purpose of 
the HHFW system is to heat electrons and drive plasma currents 
for non-inductive current sustainment. (53)  The HHFW system is 
also planned to be used to start-up and ramp-up the plasma current.  
It has also been used for pre-ionization during the PF-only start-up 
experiments.  The system is designed to be able to vary the 
relative phases of the six transmitters in real time, to change the 
phase velocity or, equivalently, the toroidal wavenumber k of the 
launcher wave.  This capability is required to track the plasma 
evolution from a few 100eV in OH plasmas at the start-up to a few 
keV in the heated phase.  When the antenna elements are phased 
to launch a traveling wave, they are capable of driving plasma 
current of a few hundred kA.  The HHFW has heated the core 
electrons from the few hundred eV typical in the ohmic phase to 
typically ~ 2 keV (up to 3.8 keV achieved.) and initial 

experiments on current drive have been performed.(54)  However, 
the efficiency of HHFW heating appears to be rather variable.  
Modulation experiments [Fig. 14(a)] show a relatively good 
heating efficiency of ~ 80% with a slow heating phase of k ~ 
14 m-1, (180° strap to strap phase difference) but the heating 
efficiency is significantly reduced to ~ 40 % for k ~ 7 m-1 (-90°) 

[Fig. 14(b)] and little heating was observed for the fastest phase 
with k ~ 2.5 m-1 (-30°).(55)  Interestingly, relatively higher heating 
efficiency ~ 70% was observed for for k ~ - 7 m-1 (90°).  At the 
same time, strong ion heating was observed in the edge which 
appears to be correlated with a parametric decay of the launched 
wave into ion Bernstein waves and an ion quasi-mode.  
Investigation of this and efficiency optimization will be important 
topics of the near term HHFW research.  While the present 
HHFW antenna system has reached the design value of 6 MW, it 
has suffered from transient RF breakdown at powers above 4 MW.  
The observed break down voltage across the insulators in the RF 
feed-thrus is considerably lower in NSTX than TFTR, probably 
caused by increased cross-field particle diffusion into the feed-thru 
region as a result of the lower toroidal field of NSTX.  A 
possible solution is to upgrade the antenna to a symmetric-feed 
configuration which will increase the coupled power level by a 
factor of two for a given feed-thru voltage.  The symmetric 
antenna also moves the current maximum point, which 
corresponds to the point of maximum radiation, to the mid-plane 
from the end of the antenna; this would be beneficial from the 
wave physics and operational points of view.  

Solenoid-Free Start-Up Systems – The solenoid-free start-up is 
an important component of NSTX research since ST reactors such 
as CTF and ARIES-ST assume no ohmic solenoid.  Advanced 
tokamak reactors such as ARIES-AT are also designed without 
ohmic solenoid.  On NSTX, the Coaxial Helicity Injection 
(CHI), which was developed on the HIT devices, is being pursued 
as a means for solenoid-free start-up.(55)  In NSX using a rectifier 
supply, CHI has generated up to 400 kA of toroidal current and a 

current multiplication of up to 14 has been obtained.  However, it 
was difficult to assess how much of the toroidal current was 
actually flowing in the closed flux surfaces.  Recently on HIT-II, 
a new technique called a “transient” CHI was developed which 
successfully produced high-quality “closed flux” discharges.  By 
utilizing relatively short injection pulses, it was found to be 
possible to “detach” the plasma current ring from the injector to 
create flux closure.  By initiating the plasma with the transient 
CHI technique, the performance of the plasma during the 

 

 
Fig. 14. HHFW modulation experiments for heating efficiency.  

(a) Temporal evolution of measured plasma stored energy 
(EFIT).  The square wave HHFW power on-off times are 

indicated.  (b) Measured heating efficiency for slow heating 
phasing (inter-strap phase difference 180°, k ≈ 14m-1), and the 
faster current drive phasing (phase difference 90°, k ≈ 7m-1). 

. 
 

 

150

100

50

0
0 5 10 15 20
Injector current (kA) at peak toroidal current

P
e
a
k
 t
o
ro

id
a
l 
p
la

s
m

a
 c

u
rr

e
n
t 
(k

A
)

x40 x20 x10
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subsequent inductive phase was significantly improved, resulting 
in volt-second savings and significantly higher plasma current.  
On NSTX, in 2004, a capacitor bank was commissioned to test 
this concept.  Initial experimental results at 1 kV bias voltage 
were encouraging, producing about 150 kA with a few kA of 
injected current, yielding current multiplication factors of as high 
as 40, as shown in Fig. 15.  In preparation for the 2005 run, the 
transient CHI injector was improved to allow direct gas-feed to 
allow breakdown with reduced gas input to the main chamber.  
In addition, the ECH pre-ionization will be introduced directly 
into the injector to create a “seed” plasma to “bubble-up” into the 
main chamber, trapping the injector poloidal flux.   

In parallel to CHI, the NSTX team is pursuing another 
solenoid-free approach utilizing the outer PF coils.  There are 
several variations of the outer-PF-only plasma start-up approach.  
On the JT-60U and TST-2 devices, significant plasma currents of 
up to 150 kA were generated by the simple vertical field swing in 
the presence of strong ECH heating.(57)  In addition to the 
TST-2/JT-60U technique, a merging plasma ring approach 
developed on TS3/4(58) has been successfully demonstrated on the 
MAST device recently.(59)  A poloidal flux / field-null optimized 
scenario is also being developed for NSST.(60)  On NSTX, the 
outer-PF-only plasma start-up was tested in 2004 without the 
strong ECH applied.  Using HHFW as a pre-ionization source, a 
successful start-up was demonstrated producing ~ 20 kA of 
toroidal current, but only when a very good field-null condition 
was satisfied.  Without ECH, the start-up condition appeared to 
be rather stringent.  The plasma images from the fast visible 
camera are shown in Fig. 16(a).  The pressure profiles measured 
by MPTS peaked at the locations consistent with the plasma 
images.  A plasma simulation of the corresponding discharge is 
shown in Fig. 16(b) where pertinent discharge features are 
reproduced.  In order to allow less stringent field null conditions, 
a high power ECH source would be required as demonstrated in 

TST-2 and JT-60U.  Other alternatives such as plasma gun and 
CT injection are being considered to provide a suitable target 
plasma for the start-up. 

5. NEW TOOLS FOR ADVANCED ST 

OPERATIONS 
Because of the favorable MHD stability at low aspect ratio A=R/a 
< 2, the NSTX has already accessed high average toroidal beta of 
35-40% and central beta of order unity at high plasma current of ~ 
1.3 MA at keV range temperatures.  The Troyon normalized 
beta, βN ≡

 βT a BT / Ip has exceeded 6 %·m·T/MA in the NSTX 
discharges.  This high toroidal beta permits fusion power 
production at a relative moderate confining toroidal field thereby 
reducing the power plant cost.  The unity beta condition is also 
relevant for the physics of space plasmas.  The high βN 
discharges have high bootstrap-current fraction which is desirable 
for non-inductively sustained reactor operation.  However, to be 
truly reactor relevant, it is necessary to have high-β and high 
bootstrap current fraction simultaneously as indicated in Fig. 3(b).  

Two major new tools are introduced in 2005 for MHD control. 
The first is a new pair of PF 1A coils to give greater plasma 
shaping capability to access high-β, high-bootstrap-current 
regimes. The second is a set of Error Field/Resistive Wall Mode 
coils powered by Switching Power Supplies (SPA) to enable 
operation near the ideal MHD stability limits.  Another 
possibility for the future is current profile control provided by 
Electron Bernstein Wave (EBW) current drive.  A finer current 
profile control is expected to become increasingly critical as the 
plasma approaches the ideal MHD stability limits.  An EBW 
system is planned as a high priority upgrade for NSTX.  

 

 
Fig. 16.  Outer PF-Only Solenoid-Free Start-up.  (a) Fast 

camera images of the toroidal current ring.  (b) Corresponding 
reconstructed plasma current ring evolution.  

. 
 

 

 
Fig. 17.  PF 1A upgrade.  The left panel is the old 

configuration and the right panel is the new configuration (κ = 
2.5, δ = 0.8) implemented in 2005.  By shortening the PF 1A 
coils, it will be possible to provide finer plasma shape control 
at high elongation and to sustain the higher bootstrap current 

fraction needed for advanced operation. 
. 
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However its implementation is contingent upon the availability of 
the funding. 

New PF 1A Coils - The NSTX experimental results and recent 
modeling of advanced ST discharge scenarios predict that strong 
plasma shaping (higher elongation and high triangularity) is 
important to achieve simultaneous high-β, high-bootstrap-current 
discharges.  The original PF 1A coils were designed for plasma 
elongations κ ~ 2.  Despite this, these coils have been used 
successfully to achieve high elongation plasmas as discussed in 
Sec. 2.2 and shown in the left panel of Fig. 17.  However, the 
solenoid-like PF 1A coils made precise shape control at high 
elongation difficult.  A study showed that shorter PF 1A coils 
(shown as a circle) can produce high triangularity at high 
elongation as shown by the right panel in Fig. 17.  The new 
plasma shape also conforms more closely to the passive stabilizer 
plates which is more favorable for wall stabilization.  The 
resulting plasmas are predicted to have βT ~ 40%, with high 
bootstrap current fraction of ~ 60% under optimized pressure 
profiles.  Thus, new PF 1 A coils were fabricated and installed on 
NSTX for the 2005 plasma operations.   

Error Field/Resistive Wall Mode Coils – As the plasma β 
increases above the non-wall-stabilized MHD β limit, it is 
important to have methods to control the MHD mode growth.  
There are two fundamental approaches being tested on NSTX.  
Sufficient plasma rotation together with a nearby conducting wall 
is predicted to stabilize the ideal MHD kink/ballooning mode.(61)    
However, below a critical rotation frequency, the resistive wall 
mode (RWM), a kink mode modified by the presence of a 
conducting wall, can become unstable and grow, leading to rapid 
rotation damping and beta collapse on the timescale of the decay 
of wall eddy currents.(62)  Such unstable modes appear to 
preferentially grow from perturbations caused by the intrinsic 
error fields which act as the “seeds”.  In 2002, the plasma beta 
values were improved significantly by reducing the intrinsic error 
fields by realigning the PF-5 coils.(63)  With sufficient plasma 
rotation, the β limit of NSTX plasmas have significantly exceeded 

the no-wall limits for many resistive wall times demonstrating the 
effectiveness of wall stabilization.   Further progress is expected 
by actively canceling the error field growth using externally 
installed EF/RWM coils as demonstrated on DIII-D.(64)  This 
approach will be investigated in 2005.   

The second approach is a direct feed-back stabilization of the 
growing RWM using the external coils connected to the SPA 
supply under the control of the real-time plasma control system.  
While the wall stabilization with plasma rotaion is a simpler 
approach, this feed-back control method maybe needed if a 
sufficient plasma rotation for the wall stabilization is not practical 
in a reactor.  The calculated RWM growth rates are plotted in Fig. 
18(a) for various gains in a feedback loop showing that stable 
operation well above the zero gain case (no-wall beta limit) should 
be achievable.  This approach would enable operation near the 
ideal MHD limit without requiring the plasma rotation, which is 
more desirable from the reactor point of view.  On NSTX, both 
approaches will be investigated.  The error field control is 
technically easier to implement so it will be tested first.  As the 
feedback control capability is improved through testing, the direct 
feedback stabilization of RWMs will be attempted.   

The NSTX EF/RWM Coil System consists of six “picture frame” 
coils mounted outside but close to the vacuum vessel near the 
outboard mid-plane as shown in Fig. 18(b).  The coils are 
configured as three opposing pairs to generate a radial field and 
each coil pair is powered independently by a fast switching power 
amplifier (SPA).  In order to investigate the behavior of resistive 
wall modes, a resistive wall-mode sensor system has been 
implemented which can detect n= 1, 2, & 3 modes with high 
sensitivity.  The RWM coil sensors are embedded in the passive 
plates and shown in blue in Fig. 18(b).(65)  Two of the coils were 
installed during the 2004 experimental campaign and powered by 
a slower rectifier supply to modify the intrinsic error fields.  The 
initial operation of the partial EF/RWM coils showed that the 
locked-mode density threshold could be reduced significantly by 
reducing the intrinsic error fields.  The RWM physics and the 
effect of error fields on the plasma toroidal rotation were also 
investigated.  In 2005, the experimental campaign with a full set 
of EF/RWM coils powered by SPA will begin.  With the 
EF/RWM coil system, NSTX will investigate operation at high β 
well beyond the “no-wall” MHD β limit and approaching the ideal 
wall stabilized MHD β limit.   

Electron Bernstein Waves for Current-Profile Control – 
Control of current profile is a crucial capability to optimize the β  
limit of advanced ST (and tokamak) discharges.  Calculations 
predict that the required current drive location is for r/a > 0.6, to 
achieve rather broad current profiles needed for MHD stability.  
For NSTX, the advanced scenarios suggest about 100 kA of 
off-axis current is needed to be driven at r/a ~ 0.7.(66)  Because of 
the large trapped particle fraction in this region, the conventional 
current drive efficiency is expected to go down rapidly with minor 
radius.  In addition, due to the relatively low magnetic field, the 
ST plasma core is over-dense (inaccessible) for conventional 
electron cyclotron current drive (ECCD.)  NSTX is therefore 
examining a new type of current drive using Electron Bernstein 
Waves (EBW.)  The electrostatic EBW has essentially no density 
limit so it can freely access the high density, high dielectric 
plasma core of NSTX.(67)  At the electron cyclotron harmonic 

 

 
Fig. 18.  Error Field / Resistive Wall Mode Control Coils 

powered by fast Switching Power Amplifiers.  (a) The 
estimated RWM growth rate for various feedback gains 

enabling the stable operations well above the no-wall beta limit 
(Gain =0).  (b) A schematic of the RWM coils on NSTX in 
red.  The RWM magnetic sensors embedded in the passive 

plates are shown in blue.  
. 
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resonance, EBW can be absorbed strongly.  What makes EBW 
particularly attractive is the high current drive efficiency predicted 
at larger values of r/a due to the “Ohkawa” current.  Because of 
strong perpendicular heating, the EBW can accelerate passing 
electrons into trapped orbits as depicted in Fig. 19(a).  By 
preferentially heating the passing particles moving in one direction 
into trapped orbits, EBW can effectively remove the plasma 
current thus it can induce a net current change.  The effectiveness 
of the Ohkawa current tends to increase with larger trapping 
fraction or larger r/a.  It is estimated that in NSTX about 3 MW 
of EBW power is needed to drive the required 100 kA of off-axis 
current in the advanced high-β ST regime.  NSTX is currently 
investigating the EBW coupling physics through the EBW 
emission measurements.  A promising EBW scenario is 
identified at 28 GHz with the O-X-B coupling scenario where the 
EBW emission measurements suggests an efficient coupling of 
EBW for this scenario.(68)  O-X-B coupling appears to be more 
suitable for high power EBW experiments since it is only mildly 
sensitive to variation in the edge density gradient and the coupling 
resiliency can be further improved by polarization adjustments.  
NSTX plans to develop a 1 MW 28 GHz EBW system as at high 
priority in the near future.  Meanwhile, EBW emission 
measurements are being conducted on NSTX to assess the EBW 
power coupling efficiency.  A schematic of the 1 MW EBW 
launcher is shown in Fig. 19(b). 

 

6.  NEXT-STEP SPHERICAL TORUS  
 
6.1. ST Development Path – An effective and accelerated 
development of fusion energy using key contributions from the ST 
is envisioned in Fig. 20.(4)  In the ST development path, 
considering the limited world-wide availability of tritium in the 
foreseeable future, an ST-based compact Component Test Facility 
(CTF) with fusion power level of < 200 MW is envisioned to 
complement ITER to develop reliable core components for Demo.  
The ST-based compact CTF, even with a relatively modest fusion 
power, can provide sufficient neutron flux and fluence to meet the 

blanket R&D needs.  As illustrated in Fig. 20, the ST 
development path starts with the on-going Ip ~ 1 MA level ST 
experiments (e.g., NSTX, MAST) to establish the physics 
principles of the ST concept.  The Next-Step ST (NSST) with Ip 
= 5- 10 MA is needed to provide the ST physics database at fusion 
plasma parameters, including physics of alpha-particles at high-β 
with significant fusion gain of Q ≥ 2.  Early in its operation, 
NSST will develop physics basis needed to design and construct a 
compact CTF device without an ohmic solenoid.  This includes a 
demonstration of multi-MA solenoid-free start-up and 
non-inductive sustainment.  Once the CTF physics feasibility 
demonstration is achieved on NSST, the CTF engineering design 
and construction can proceed at a separate nuclear site.  The 

NSST facility can then continue to explore more advanced ST 
regimes to optimize the plasma performance for CTF and help 
design an attractive Demo.  The ST development path via CTF 
would therefore complements the tokamak burning plasma 
experiments such as ITER. 
 
6.2. NSST Mission –NSST is envisioned ST with Ip × A ≈ 8 – 16 
MA, which is similar in performance as to tokamaks such as JET, 
JT-60, and TFTR.(4)  The primary mission elements of NSST are 
to conduct spherical torus research at fusion plasma parameters to 

• Explore advanced physics and operating scenarios with 
high bootstrap current fraction / high performance 
sustained advanced ST regimes, which can be utilized on 
CTF and DEMO,  

• Provide sufficient physics basis for the design of a compact 
CTF, and 

• Contribute to the general plasma / fusion science of high β 
toroidal plasmas including astrophysics.  

The NSST is envisioned to complement ITER as it will provide a 
database on important issues for burning plasmas such as alpha 
physics in higher beta regimes not covered by ITER to design an 
attractive DEMO. 

 

 
Fig. 19. Current profile control with electron Bernstein waves 

(EBW).  (a) Efficient off-axis current drive using 
unidirectionally launched EBW to move the passing particles 
into the trapped region.   (b) A schematic of a conceptual 

EBW launcher on NSTX 
 

 

 

Fig. 20. ST contribution to the fusion energy development path 
complementing ITER-BP/IFMIF.  The present experimental 
devices including NSTX/MAST provide physics data base for 
the design of NSST.  The NSST operating at 5 – 10 MA at 
fusion parameters provides necessary physics basis for CTF 
and high beta physics data for Demo.  The CTF facility is 

dedicated to develop high performance reliable core 
components for Demo. 

 



 
 

 13 

 
6.3 Base Physics Design Parameters of NSST - To guide in the 
selection of a design point, which can meet the requirements of the 
NSST mission, a systems code was developed and a parametric 
study has been performed.  Many promising design points have 
emerged.  The Tokamak Simulation (TSC) Code was also used 
to validate the systems-code findings.  The current sustainment 
regime at BT = 1.7 T (τ-pulse = 20 sec ~ 3 τ-skin) is ideal for 
investigating the CTF-like regimes at moderate Q.  Here, a 
half-swing of the ohmic heating (OH) coil (from initial pre-charge 
current ramped down to zero) can start up the plasma.  Another 
important research aim of NSST is to demonstrate multi-MA 
non-inductive start-up which is essential to establish a design base 
for a toroidal CTF without an ohmic heating solenoid.  To allow 
sufficient pulse time to investigate such non-inductive scenarios, 
NSST can operate for 50 s at 6 MA with BT = 1.1 T.  Finally, to 
explore a wider ST plasma-parameter space, the NSST device can 
operate in a purely inductive mode up to 10 MA with BT = 2.7 T 
with a 5 s flat-top using the full OH swing, where Q = 2 
performance can be expected with an enhencement of confinement 
over the ITER H-mode conffinement scaling [ref.], HH97 = 1.4.  
This operating mode will enable an exploration of α-particle 
related physics in high β plasmas for τ-pulse ~ 5 τE.  A TSC 
simulation for the 10 MA inductive case has yielded Q ~ 2 with 
somewhat relaxed HH = 1.3.  The plasma energy confinement is 
being investigated on NSTX.(11)  The confinement behavior in 
NSTX appears to be more strongly dependent on the toroidal 
magnetic field than the conventional scaling where higher 
confinement enhancement factor of up to ~ 1.3 have been seen at 
BT = 4.5 kG while the confinement enhancement is significantly 

lower at lower toroidal field of ~ 3.5 kG.  This may be due to the 
generally improving electron confinement with the increasing 
toroidal field.  Clearly, the confinement behavior must be well 
understood in NSTX to gain sufficient confidence for the required 

confinement for Q~ 2 performance in NSST. 
 
6.4. NSST Device Design Overview - A flexible NSST device 
design is being developed.  An isometric view is shown in Fig. 
21.  The magnets are liquid-nitrogen cooled to allow long pulse 
as well as high performance operation.  To facilitate rapid 
progress for the NSST research program, an innovative ohmic 
solenoid can deliver sufficient flux (~15 Wb) for 10 MA operation 
with full swing and 6 MA operation with half swing (~8.5 Wb).  
With inboard PF-1 coils, a strong plasma-shaping capability 
(elongation κ = 2.7, triangularity δ = 0.6) is incorporated in the 
design.  The outboard PF coils are placed sufficiently far from 
the plasma to reduce local shape distortions.  The device is 
designed with a removable center stack to facilitate remote 
maintenance and to allow for upgrades.  The present NSST 
design utilizes a TFTR-like site with the peak electrical power of 
800 MW and energy per pulse of 4.5 GJ and long pulse auxiliary 
heating and current drive systems (30 MW of NBI and 10 MW of 
RF).  The toroidal cryogenic coil system is estimated to require 
about 300 MW of electrical power.  To explore alpha-physics in 
high-β plasmas, the existing tritium handling capability can be 
utilized.  The double-walled vacuum vessel is an effective 
radiation shield such that work restrictions around the machine 
should be similar to those of TFTR though the total neutron flux 
would be an order of magnitude larger.  About 1000 DT shots are 
assumed in the estimate.  Remote maintenance is however 
required for the internal components after the initiation of the D-T 
campaign for NSST.  The ST geometry provides a unique 
opportunity for relatively simple remote maintenance.  It is 
envisioned that the remote maintenance will be performed with 
the center-stack removed from the device.  Once the center-stack 
is removed, it is relatively straightforward to perform maintenance 
and repair of the internal vacuum vessel component as well as the 
center stack.  The NSST facility can be built cost effectively by 
utilizing the existing fusion infrastructure such as power supplies 
and heating systems.   
 
6.5. NSST TF Design Improvement –The TF joint design in 
NSST is very challenging due to the high toroidal field and OH 
solenoid fringing field at the joint region.  The previous design 
called for joints similar to NSTX to make the center-stack 
completely demountable.(4)  However, the recent studies on 
NSTX revealed the complex nature of such high current, highly 
stressed joints in the presence of non-uniform conductor 
temperature rise due to the non-uniform current distribution.  
Clearly, if the joints can be eliminated, it is advantageous from 
fabrication, operational, and maintenance point of view.  One 
possible solution is to use the e-beam welding technique.  This 
weld would move the electrical joint to larger major radius which 
would greatly reduce the stress at the joint by reducing the toroidal 
magnetic field value due to the 1/R field dependence and lower 
OH solenoid fringing field values.  The larger major radius also 
offers more space for the joints as well as for the support 
structures.  The OH solenoid and PF 1 coils are then wound 
around the TF bundle.  While this design captures the OH 
solenoid, since the fabrication cost of the OH solenoid and the PF 
1 is only a small fraction of the TF coil joint fabrication cost, this 
configuration should be cost effective.  The new e-beam welded 
design would also make the one-layer joint design (compared to 
the previous two-layer design) possible. This would make all the 

 

 

Fig. 21. Isometric Schematic of NSST Device.  The NSST at 
5 – 10 MA is a performance-extension step to demonstrate the 

physics viability of ST at fusion parameters.   
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joints identical which would greatly simplify the design, 
manufacturing and maintenance.  
 

7. SUMMARIES AND DISCUSSIONS 
The NSTX team with its large number of national and 
international collaborating institutions has steadily enhanced the 
facility and diagnostic capabilities since the first plasma in 1999.  
The initial period focused on the basic plasma operating 
capabilities including the development of real-time plasma control, 
impurity and surface conditioning techniques, fueling systems, 
NBI and HHFW heating and current drive systems, and the 
solenoid-free plasma start-up systems.  An extensive set of 
plasma diagnostics has also been introduced for the magnetic, 
kinetic profiles, x-rays, energetic particle, boundary physics, and 
fluctuation measurements.  A between-shots EFIT plasma 
equilibrium reconstruction has successfully incorporated the 
plasma rotation and recently the MSE data.  A recent diagnostic 
development is the high-k microwave scattering system now being 
installed to explore electron transport relevant fluctuations 
including ETGs.  Lithium based particle control is being 
introduced.   

Thus far, NSTX has achieved its initial goal of attaining the 
plasma toroidal beta of ~ 40 % and long pulse high performance 
discharges with bootstrap current fraction of ~ 50% with relatively 
good global plasma confinement time.  Ion transport comparable 
to neo-classical is observed over much of the plasma profiles.  
Many of the achieved dimensionless plasma parameters are 
approaching those required for the Component Test Facility.  The 
research focus is now shifting toward accessing the ST power 
plant relevant advanced regimes of ~ 40% βT and ~ 100% 
non-inductive current drive through strong plasma shaping (δ ~ 
0.8, κ~ 2.6) and profile control.  New PF 1A coils have been 
installed to achieve this shaping at high elongation, and EF/RWM 
coils powered by SPA have been installed to enable the plasmas 
operation at well above the no-wall β limit.   

As a next step, the NSST facility is envisioned to provide the necessary 
physics basis for the design and construction of a compact ST-based CTF, 
while developing advanced physics scenarios for CTF and attractive 
DEMO.  To support its mission, the NSST facility, with up to 10 MA of 
plasma current, is designed with advanced physics features.  Tritium 
operation in NSST will enable the alpha-particle and isotope scaling 
research at high-β for the first time, providing a valuable database for an 
attractive Demo.  The removable center-stack design can facilitate the 
remote maintenance of the NSST internal hardware.  A significant 
improvement in the center-stack design for NSST has been also described.  

Table 1 .  Major Diagnostic Systems Installed on 
NSTX 

Confinement Studies 
Magnetics for equilibrium reconstruction 
Diamagnetic flux measurement 
Multi-pulse Thomson scattering (30 ch, 60 Hz) 
CHERS: Ti(R) and Vφ(r) (51 ch) 
Neutal particle analyzer (2D scanning) 
FIReTIP interferometer (119µm, 6 ch) 
Density Interferometer (1 mm, 1ch) 
Visible bremsstrahlung radiometer (1 ch) 
Midplane tangential bolometer array 
X-ray crystal spectrometer: Ti(0), Te(0) 

MSE-CIF (8ch) 
 

MHD/Fluctuation/Waves 
High-n and high-frequency Mirnov arrays 
Ultra-soft x-ray arrays – tomography (4) 
Fast X-ray tangential camera (2µs) 
Microwave reflectometers 
FIReTIP polarimeter (119µm, 6 ch, 600 kHz) 
Tangential microwave scattering 
Electron Bernstein wave radiometer 
Fast lost-ion probe (energy/pitch angle resolving) 
Fast neutron measurement 
Locked-mode detectors 
RWM sensors (n = 1, 2, and 3) 
 

Edge/divertor studies 
Reciprocating Langmuir probe 
Gas-puff Imaging (2µsec) 
Fixed Langmuire probes (24) 
Edge Rotation Diagnostics (Ti, Vφ, Vpol) 
1-D CCD Hα cameras (divertor, midplane) 
2-D divertor fast visible camera 
Divertor bolometer (4 ch) 
IR cameras (30Hz) (3) 
Tile temperature thermocouple array 
Scarpe-off layer reflectometer 
Edge neutral pressure gauges 
 

Plasma Monitoring 
Fast visible camera 
Visible survey spectrometer 
UV survey spectrometer 
VUV transmission grating spectrometer 
Fussion chamber neutron measurement 
Visible filterscopes 
Wall coupon analysis 
X-ray crystal spectrometer (astrophysics) 
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