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Abstract—The spherical tokamak (ST) is a leading candidate
for a fusion nuclear science facility (FNSF) due to its compact
size and modular configuration. The National Spherical Torus
eXperiment (NSTX) is a MA-class ST facility in the U.S. actively
developing the physics basis for an ST-based FNSF. In plasma
transport research, ST experiments exhibit a strong (nearly
inverse) scaling of normalized confinement with collisionality,
and if this trend holds at low collisionality, high fusion neutron
fluences could be achievable in very compact ST devices. A
major motivation for the NSTX Upgrade (NSTX-U) is to span
the next factor of 3-6 reduction in collisionality. To achieve this
collisionality reduction with equilibrated profiles, NSTX-U will
double the toroidal field, plasma current, and NBI heating power
and increase the pulse length from 1-1.5s to 5s. In the area of
stability and advanced scenarios, plasmas with higher aspect ratio
and elongation, high βN , and broad current profiles approaching
those of an ST-based FNSF have been produced in NSTX using
active control of the plasma β and advanced resistive wall
mode control. High non-inductive current fractions of 70% have
been sustained for many current diffusion times, and the more
tangential injection of the 2nd NBI of the Upgrade is projected to
increase the NBI current drive by up to a factor of 2 and support
100% non-inductive operation. More tangential NBI injection is
also projected to provide non-solenoidal current ramp-up (from
IP = 0.4MA up to 0.8-1MA) as needed for an ST-based FNSF.
In boundary physics, NSTX and higher-A tokamaks measure
an inverse relationship between the scrape-off layer heat-flux
width and plasma current that could unfavorably impact next-
step devices. Recently, NSTX has successfully demonstrated very
high flux expansion and substantial heat-flux reduction using
a snowflake divertor configuration, and this type of divertor is
incorporated in the NSTX-U design. The physics and engineering
design supporting NSTX Upgrade are described.

I. INTRODUCTION

The spherical tokamak (ST) is a leading candidate for a

fusion nuclear science facility (FNSF) due to its compact

size and modular configuration [1], [2]. The National Spher-

ical Torus eXperiment (NSTX) is a MA-class ST facility

in the U.S. actively developing the physics basis for an

ST-based FNSF. Access to low collisionality ν∗ plasmas in

the ST configuration is particularly important to more fully

understand transport, stability, and non-inductive start-up and
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Fig. 1. Product of toroidal field (BT ) and energy confinement time (τE )
versus ν∗e for NSTX and projections for NSTX Upgrade and ST-FNSF for
ITER H-mode and ST confinement scalings.

sustainment in the spherical torus/tokamak (ST). In particular,

NSTX [3] and MAST [4] observe a strong (nearly inverse)

scaling of normalized confinement with ν∗. An example of

this scaling is show in Figure 1 for NSTX experiments in

which the plasma q, β, and ρ∗ were approximately fixed as

the electron collisionality ν∗e was varied by a factor of 3.

If the strong favorable scaling of increased dimensionless

confinement ΩiτE ∝ BT τE with reduced collisionality holds

at low collisionality, high fusion neutron fluxes and fluences

could be achievable in very compact ST devices perhaps

only 30-50% larger in major radius than existing ST devices,

thereby potentially enabling a reduced size and cost ST-based

Fusion Nuclear Science Facility (ST-FNSF). To improve the

understanding of ST plasma properties at reduced collisional-

ity, a major Upgrade to the NSTX is underway to span the next
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TABLE I
PARAMETERS OF REPRESENTATIVE NSTX-U SCENARIOS.

factor of 3-6 reduction in collisionality while also extending

other NSTX physics regimes and capabilities such as non-

inductive current ramp-up and sustainment.

II. PHYSICS REQUIREMENTS AND ENGINEERING DESIGN

A. Centerstack, PF coils, Structural Enhancements

Scoping studies of NSTX-U operating scenarios are im-

portant for identifying the Upgrade performance requirements

to achieve the physics research goals. Using 0-D scaling

analysis benchmarked against NSTX experimental data, Ta-

ble I contains parameters of interest for an NSTX reference

discharge and for several representative NSTX-U scenarios

assuming two confinement scalings: ITER IPB98(y,2) H-mode

scaling and an ST-specific confinement scaling based on NSTX

and MAST scalings. Further, parameters are shown for two
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Fig. 2. Comparison of toroidal field (TF), ohmic heating (OH), and
plasma current waveforms for plasmas operated at the maximum toroidal field
capabilities of NSTX (0.55T) and NSTX Upgrade (1T).

assumed plasma densities: 0.5 and 1.0× the Greenwald density

limit. The representative NSTX-U operating scenarios include:

100% non-inductive current drive, partially-inductively-driven

long-pulse, high/maximum plasma current, and high current

plus high heating power. These scenarios address critical issues

for the ST, namely: non-inductive sustainment, the estab-

lishment of equilibrated integrated scenarios, ST confinement

and stability scaling and understanding, and high-power and

particle exhaust understanding and mitigation, respectively.

With respect to collisionality reduction relative to the NSTX

reference scenario, a factor of 5-6 decrease in collisionality

is projected to be achievable at fixed Greenwald fraction by

operating at 1T, 1.25MA, and 6MW assuming ST confinement

scaling (right-most green columns). This strong decrease in

collisionality at current and power values similar to the present

NSTX is the result of the strong toroidal field dependence

of the ST confinement scaling. In contrast, if ITER H-mode

confinement scaling is assumed, only a factor of 2-3 reduction

in collisionality would be achieved even with 2× higher

current and/or power (red and left-most green columns) due to

the weak toroidal field dependence of the ITER confinement

scaling. Thus, the ability to double the toroidal field, plasma

current, and heating power is needed to reduce the uncertainty

in the scaling of ST energy confinement as plasma tempera-

tures are increased further toward the values of next-step STs.

The required coil and plasma current pulse duration is

another important consideration, and here the current redis-

tribution time is generally the longest profile relaxation time-

scale. On NSTX, 3-4 current redistribution times are typically

required to achieve an equilibrated q profile, and if confine-

ment continues to scale nearly inversely with collisionality at

low collisionality, the current redistribution time could increase

as much as a factor of 5 (compare right-most green columns

to NSTX reference). Thus, to ensure similar profile relaxation

in the Upgrade, the current and TF flat-top durations must

increase by a factor of 5 to 5s and 6.6s respectively.



To assess ST physics at 2× higher TF and similar safety

factor q, the plasma current must double from 1MA to

2MA. Sufficient loop voltage must also be provided for any

needed inductive current drive. The operating scenario analysis

indicates that 2MA plasmas at intermediate power levels

(10MW) assuming ITER confinement scaling and Greenwald

fraction of 1 require the highest surface voltage (0.2-0.25V)

for sustainment, and these scenarios set the required OH flux

to sustain a 5s IP flat-top. Including the breakdown+ramp-

up flux required in addition to the current flat-top flux, the

total OH flux required increases by approximately a factor

of 3 to 2.1Wb. Finally, the ability to access normalized and

toroidal beta values in NSTX-U comparable to those achieved

in NSTX is also important for assessing the stability and

transport physics dependence on beta and ν∗ at reduced ν∗.

For the ST confinement scaling, access to high temperature

and beta is achievable with heating power comparable to that

in NSTX, but for ITER H-mode scaling, substantially more

power (factor of 2-3× higher) is required to achieve similar β
values at similar safety factor q∗ (see middle yellow and red

columns in Table I).

To summarize the combination of requirements above, the

Upgraded NSTX device should: double BT at R=0.93m from

0.5T to 1T and increase the TF flat-top to 6-7s, double IP from

1MA to 2MA and provide a 5s flat-top at full current, double

the neutral beam injection (NBI) heating power from PNBI =

5MW to 10MW and sustain it for 5s, and nearly triple the OH

flux from 0.75Wb to 2.1Wb. Representative waveforms for the

NSTX and NSTX Upgrade currents are shown in Figure 2 and

illustrate the substantial increase in device performance.

An important feature of the NSTX device design is the

ability to remove the center-stack (CS) independent of the

vacuum vessel and the external PF and TF magnets. Thus,

Upgrade performance requirements can potentially be met

by replacing the present CS with a new larger CS thereby

providing more cross-sectional area and conductor to carry

the TF current and also providing increased OH flux. The

increased size of the new CS is shown graphically in Figure 3a

by the red outline overdrawn on the present CS. Figure 3b

shows the doubling of the TF conductor diameter which

enables the doubling of TF current with 5× longer pulses.

The OH coil diameter also nearly doubles in the new CS, but

the number of OH turns is decreased by 20% to increase the

conductor cross-section and cooling hole diameter to enable

inter-shot cool-down times under 15 minutes. As shown in

Figure 3c, this larger CS incorporates the larger TF and OH

while also including three upper and lower divertor PF coils

PF1A,B,C (compared to two/one PF coils in the lower/upper

divertor of NSTX) and also providing an insulating break for

biasing the CS casing relative to the vessel for Coaxial Helicity

Injection (CHI) current start-up. This larger outer diameter

(OD) CS increases the minimum aspect ratio of fully limited

plasmas from A = 1.3 to 1.5. As a result, diverted plasmas

will typically have A ≥ 1.6. While this aspect ratio is larger

than the present NSTX, it is comparable to the optimal aspect

ratio identified in ST-FNSF and ARIES-ST reactor studies.

T F OD  = 20cm TF  OD = 40cm

Pres ent C S New C S

 Outline of new

center-stack (CS) 
(a) (b)

Inner TF Bundle

Ohmic Heating Coil

Inner PF1C

Inner PF1B

Inner PF1A

Plasma Facing Components

CS Casing

Ceramic break assembly

(c)

Fig. 3. (a) Outlines and (b) cross-sections of the present and new center-
stack for comparing the TF conductor diameters, and (c) detailed cross-section
of the Upgrade center-stack showing the TF, OH, and divertor PF coils, and
the CHI insulator and PFC boundaries.
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Fig. 4. Plasma boundaries of free-boundary equilibria used for assessing PF
coil current requirements in NSTX Upgrade. Each plot is a superposition of
three boundary plots, i.e. one for each OH power supply current state assessed:
0kA and ±24kA.
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To enable engineering design of the upgrade, systematic

free-boundary equilibrium calculations have been performed to

determine the Upgrade poloidal field requirements. The design

range spans aspect ratio A = 1.6 to 1.9, internal inductance li =

0.4 to 1.1, elongation κ = 2.1 to 2.9, triangularity δ = 0.2 to 0.7,

squareness ζ = -0.15 to 0.12, magnetic balance δRsep = -1.5 to

0cm, normalized pressure βN = 1, 5, and 8, and OH solenoid

current = 0 and ±24kA (power supply limits) to determine

the divertor poloidal field (PF) needed for cancellation of

OH leakage flux. Figure 4 shows the 32 plasma boundaries

of free-boundary equilibria used for assessing the PF coil

current requirements for 2MA NSTX Upgrade plasmas. Each

boundary shown is actually a plot of three plasma boundaries

for each state of the OH coil current described above, and this

set of 96 equilibria provides the set of configurations used

for the detailed engineering design of the Upgrade. The PF

coil currents for each configuration are shown in Figure 5 for

2MA plasmas with βN = 5, and the PF coil locations and

sizes and the minimum and maximum currents as a function

of βN are shown in Figure 6. As is evident from Figure 6, the

most substantial change in coil current for varied βN is for

the vertical field coil PF5.
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Fig. 8. Vessel reinforcements and other modifications required for handling
increased forces associated with higher field and current of the Upgrade.

In addition to accounting for variation in the plasma shape,

the PF coil current requirements have also been assessed as

a function of plasma current profile (internal inductance) and

normalized beta for 2MA, 1T plasmas. The plasma inductance

and beta primarily influence the required vertical field (PF5)

coil current, and as shown in Figure 7, increased inductance

and beta both increase the required vertical field. The Upgrade

design will increase the maximum PF5 current by 50% from

20kA to 30kA nominal maximum operating current. This

enhancement will enable 2MA equilibria with βN up to 5 at li
=1 and βN up to 8 at li=0.6, and this increased vertical field

capability supports all scenarios used for the Upgrade design.
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more tangential injection.

Doubling the TF and plasma current increases the forces

on the coil supports and vacuum vessel up to a factor of 4,

and substantial analysis and design has been performed to

provide structural reinforcement against the increased loads.

As shown in Figure 8, these modifications include a new

flexible umbrella upper lid to allow OH/TF vertical thermal

expansion while transferring torsional loads of the CS to the

outer vessel, new TF support rings and clevises to transfer

torsional loads on the TF coils to the vacuum vessel, new and

upgraded vertical field coil (PF4 and PF5) separator struts to

take increased inter-coil forces, and a new pedestal on which

the CS is supported.

B. 2nd Neutral Beam Injector

Beyond the new CS and ex-vessel structural enhancements,

a 2nd neutral beam from TFTR has been chosen to provide

the factor of 2 increase in auxiliary heating and current drive

power for NSTX Upgrade, as this is presently the most mature

and capable technology applicable to ST plasma parameters.

The addition of a 2nd NBI not only serves to increase the

auxiliary heating power to access reduced ν∗, but also has

increased tangency radius of injection Rtan as shown in

Figure 9a to substantially increase current drive efficiency for

non-inductive current ramp-up and sustainment. Achieving this

increased tangency radius of injection requires a significant

BT=1T, PNB=10MW, ENB=110keV

0.0 0.2 0.4 0.6 0.8 1.0ρ
pol

1

2

3

4

q(ρ)

R TAN [cm]

50,   60,  70,  130

60,   70,120,130
70,110,120,130

BT=1T, PNB=7.5MW, ENB=100keV

0

2

4

6

1.1

1.0

0.77

0.59

ne /nGreenwald

q(ρ)

IP = 0.8-1.2MA, H98y2 = 1.2-1.4, βN = 4.5-5, βT = 10-12%, 4MW RF

IP = 0.95MA,  H98y2 = 1.2, βN = 5, βT = 10%, 4MW RF

= ne / nGreenwald0.95

0.72

ENBI=90keV, IP=0.82MA, fGW=0.58

ne = 4.4x1019m-3, Te = 1.2keV

0.0

0.2

0.4

0.6

0.8

1.0

J
B

/
R

0
B
φ
/R

 [
M

A
/m

2
] __ __

0.45

0.29

(b)

(a)

(c)

50
60
70

110
120
130

RTAN
[cm]

R TAN [cm]

50,   60,  70

Fig. 10. (a) Comparison of parallel current density profiles for existing
(dashed) and 2nd (solid) NBI sources, and q profile controllability vs. density
for (b) existing and (c) additional NBI sources.

modification to the NSTX vacuum vessel with the cutting of

a large opening in the vessel wall for the installation of a new

NBI port cap as shown in Figure 9b.

A critical element of ST research in support of steady-

state operation is to increase the 70% non-inductive fraction

sustained in NSTX [5] to fully-non-inductively sustained plas-

mas. Future ST-FNSF facilities are projected to rely heavily

on NBI current drive (NBICD) to drive as much as 50%

of the plasma current with the remainder provided by neo-

classical bootstrap current. Reduced collisionality in NSTX

Upgrade will help increase the NBI current drive efficiency

to increase the non-inductive fraction, but additional current

drive is still required. TRANSP simulations indicate that more

tangential NBI can increase NBICD efficiency by up to a

factor of two - from INBICD/PINJ = 30-40kA/MW for the

inner-most Rtan=50cm to up 70-80kA/MW for Rtan=1.1-



1.3m, i.e. outboard of the magnetic axis (see Figure 10a).

Further, for current profile control, variation of the NBICD

deposition profile is needed. As shown in Figure 10a, the

NBICD deposition profile depends only weakly on Rtan for

the present NBI (Rtan = 50, 60, 70cm). In contrast, for the

more tangential injection of the 2nd NBI in the Upgrade, Rtan

= 110, 120, 130cm can vary the injected NBICD parallel

current density from centrally peaked to peaked off-axis.

As shown in Figure 10b, using only the existing NBI with

the CS upgrade, full-power NBI (7.5MW) + 4MW HHFW

heating is needed to support 100% non-inductive operation,

and the only means of q control is qmin variation through the

plasma density (i.e. CD efficiency). Further, such scenarios

require H98=1.2-1.4 and would be limited to 1.5s duration

by NBI ion dump operating limits. H98=1.3-1.4 has been

obtained transiently in NSTX, but sustaining H98=1.15-1.2 is

only now beginning to be achieved with Li conditioning [6]

in ELM-free conditions in NSTX with a goal of extending

this enhanced confinement to small-ELM regimes. With the

addition of the 2nd NBI of the Upgrade, Figure 10c shows that

higher NBI power (10MW vs. 7.5MW) can reduce the required

confinement to H98=1.2 for 100% non-inductive scenarios and

also enables control of qmin with ∆qmin = 0.6 by varying

the NBI source mix at fixed density. Further, scenarios with

ne/nGreenwald = 0.7-1 exist with qmin varying from 1 to

above 2 with important implications for stability and transport

research. All of the above scenarios operate above the n=1

no-wall stability limit and require stabilization of the resistive

wall mode as is common for advanced scenarios on NSTX [7].

TRANSP calculations have also been carried out for 100%

non-inductive current drive using all 6 NBI sources at 1MA

and 1T and by optimizing the outer gap to optimize the current

drive profile. As shown in Figure 11a, 100% non-inductive

current drive is possible for a wide range of normalized density

values with ITER H-mode confinement multiplier H98 = 1-

1.05. As shown in Figure 11b, qmin can be varied by a factor

of 3 by varying the normalized density. As shown in the figure,

the qmin values can be increased well above 2 by operating

at high normalized density with important implications for

kink/RWM stability and for the avoidance of m/n = 2/1
neoclassical tearing modes.

Future ST-FNSF facilities are also projected to operate

without a central solenoid, making non-inductive ramp-up

(with reliance on NBI heating and CD) a critical element

of ST research. Present NSTX research is pursuing non-

inductive formation of plasma current using Coaxial Helicity

Injection (CHI) [8] to form a closed-flux plasma of 0.2-

0.3MA to be heated and sustained by high-harmonic fast-

waves in a high bootstrap-current-fraction H-mode plasma.

As shown in Figure 12a, CHI has been successfully coupled

to high-confinement inductively-driven plasmas with an early

current savings of 150-200kA relative to OH-only start-up.

As shown in Figure 12b, this corresponds to plasma poloidal

flux formation by CHI of 50mWb. The plasmas compared in

Figure 12 are chosen to have a similar shape and li value and

evolution to illustrate the current and flux savings from CHI.
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CHI current formation projects favorably to the Upgrade with

a scaling linear in toroidal field. Thus, one can expect CHI to

be able to generate 300-400kA of closed-flux current in NSTX

Upgrade by operating at 1T.

A very important benefit of more tangential NBI is the

ability to heat and drive current in lower plasma current targets.

As shown in Figure 13a for low Ip=0.4MA target plasmas, the

NBI power losses (presently dominated by bad-orbit losses)

are predicted to be reduced by up to a factor of 3 with the

increased Rtan of the 2nd NBI of the Upgrade. As shown

in Figure 13b, this translates into a factor of 3 increase in

CD efficiency of up to 60kA/MW for the 2nd NBI. As is

evident from the Figure, the tangency radii of the 2nd NBI
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Fig. 14. Projected NSTX Upgrade pulse-length limits versus peak divertor
heat flux for two divertor carbon PFC temperature values.

are close to the optimal values (by design) for maximizing

the NBICD at low plasma current. As shown in Figure 13c-

d, TSC simulations indicate this 400-450kA of NBICD is

sufficient to non-inductively over-drive a 0.4MA target plasma

to a 0.8-0.9MA flat-top current. Thus, by operating at 1T and

combining CHI projected current formation of 300-400kA to

NBI current ramp-up with the 2nd NBI, NSTX Upgrade is

very well equipped to study non-inductive current formation

and ramp-up as needed for an ST-FNSF.

III. DIVERTOR POWER HANDLING

While the compactness of the ST is beneficial for achieving

high neutron wall loading for FNS, the ST divertor heat fluxes

can also be high and challenge PFC power handling capabili-

ties. Of particular concern is the strong inverse scaling of the

heat-flux width with plasma current, and recent assessments of

the divertor heat flux scaling in NSTX project to peak divertor

heat fluxes over 20MW/m2 in the Upgrade even assuming

high poloidal flux expansions of 30 [9]. As shown in Figure 14,

the peak heat flux must be limited to 10MW/m2 to enable 5s

operation with the inertially/radiatively cooled ATJ graphite

PFCs planned for the Upgrade. As indicated in Figure 14,

2MA plasmas are projected to have 3mm mid-plane scrape-

off-layer (SOL) heat-flux widths. Utilizing upper/lower power-

splitting but not accounting for any radiation/detachment or

strike-point sweeping, poloidal flux expansions of 60 are

required to achieve peak heat-flux near 10MW/m2 for Pheat

= 12MW in 2MA plasmas.

Very high flux expansions of 40-60 have recently been

demonstrated in NSTX utilizing a ”snowflake” [10] divertor as

shown in Figure 15a. In order to support this and other future

high-flux-expansion divertors such as the “Super-X” [11] (pos-

sible with additional in-vessel PF coils not part of the present

Upgrade), additional divertor PF coils have been incorporated

into the Upgrade CS design as shown in Figure 3c. In

particular, a third divertor PF coil (PF1C) will be added to
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the CS as shown in Figure 15b to support the snowflake and

to improve flux expansion and strike-point control generally.

Recently, the snowflake divertor has demonstrated large (factor

of 3) reductions in peak heat flux as shown in Figure 16, and

also up to a 50% reduction in carbon impurity production [12].

Thus, the snowflake divertor projects favorably to mitigating

high divertor heat fluxes projected for NSTX Upgrade and in

particular for enabling flat-top durations up to 5s at 2MA.

IV. CONCLUSION

The combination of a new CS and 2nd more tangentially

injecting NBI will provide substantial new capabilities to

advance ST research in support of FNSF in the areas of:

transport, stability, non-inductive plasma start-up, sustainment,

current profile control, and plasma-material interactions. The

engineering design is now complete for the new CS, ex-

vessel structural enhancements, and 2nd NBI modifications.

The NSTX Upgrade outage is presently scheduled to begin in

April 2012 and to be completed at the end of 2014.
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