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U.S. Spherical Tokamak Program Initiatives for the Next Decade 
  

By J. Menard, R. Fonck, R. Majeski for the NSTX-U, Pegasus, and LTX research teams 
 
Overview of U.S. ST Missions 
 

During the next decade, the U.S. Spherical Torus/Tokamak (ST) research program aims 
to make major contributions to narrowing or closing key gaps in the development of 
fusion energy.  The U.S. ST program missions are to: (1) establish the physics basis for 
the spherical tokamak (ST) as a candidate for a Fusion Nuclear Science Facility (FNSF), 
(2) understand and develop novel solutions to the plasma-material interface (PMI) 
challenge, and (3) advance the understanding of toroidal confinement physics for ITER 
and beyond.  In support of ST mission 1, NSTX-U and Pegasus will establish non-
solenoidal start-up and ramp-up for FNSF, and NSTX-U will establish the physics, 
scenario, and control basis for ST-FNSF and DEMO.  In support of ST mission 2, NSTX-
U will establish the physics basis for integrating high-flux-expansion snowflake/X 
divertors with partial detachment and/or vapor shielding from liquid metals, and LTX and 
NSTX-U will explore liquid lithium as a means of achieving very high confinement to 
reduce the size and/or auxiliary power of an ST-based FNSF. For ST mission 3, NSTX-U 
and Pegasus will explore high- regimes at low aspect ratio to validate models for 
transport and MHD stability including edge localized mode (ELM) stability, and NSTX-
U will provide world-leading studies of non-linear Alfvénic instabilities and 
electromagnetic turbulence for ITER burning plasmas and high- configurations.   
 
Overview of U.S. ST Initiatives 
 

The proposed NSTX-U initiatives for the coming decade are split roughly into two 5 year 
periods (see Figure 2).  The first 5 year period is largely dedicated to establishing the ST 
physics and operational scenarios for ST-FNSF to inform the choice of FNSF aspect ratio 
and divertor configuration.  The second 5 year period is largely dedicated to converting 
from graphite to all high-Z PFCs/substrates, testing flowing liquid lithium in the divertor, 
pulse-length extension, and a comparative assessment of high-Z and high-Z plus liquid 
lithium PFCs to inform the choice of FNSF/DEMO plasma facing materials.  On 
Pegasus, an initiative is planned to exploit the unique aspects of operating at near-unity 
aspect ratio (A ~ 1.1 – 1.3) in a spherical tokamak to: 1) advance the predictive 
understanding of non-solendoidal startup of ST plasmas using localized helicity injection 
(LHI); and 2) tests theories of plasma edge stability in the H-mode regime, particularly 
nonlinear ELM dynamics. Development of LHI physics and technology will support 
deployment of a MA-class non-solendoidal startup capability on NSTX-U and eventually 
FNSF.  For the Lithium Tokamak Experiment (LTX), an initiative is planned to develop 
low recycling, very high confinement regimes in the ST, with liquid lithium walls. The 
near-term effort would require neutral beam fueling and heating as an upgrade to LTX 
(LTX-U). Pending successful results from LTX, a next-step in NSTX-U could be to 
implement liquid lithium PFCs and a flowing liquid lithium divertor. The overall goal of 
the LTX initiative would be to support development of very high confinement for a very 
compact ST-FNSF. More detailed descriptions of the ST initiatives are provided below, 
and a brief summary of ST contributions to ReNeW Themes is also provided. 
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injection drive is comparable to the poloidal and geometric induction drives (see Figure 
11). The resulting plasma confinement data will provide a model for a Tokamak 
Simulation Code (TSC) 1-D model of plasma startup to ~ 1 MA in NSTX-U.  
 
In addition, longer pulse and high BTF are required to test LHI injector technology 
appropriate for NSTX-U and FNSF. In contrast to present designs, this technology will 
need to evolve to cooled, multiple small-aperture arrays as the BTF increases. 
 
Longer pulse and controlled separatrix operation will facilitate detailed nonlinear ELM 
studies in H-mode plasmas that reach transport equilibrium. Measurements with high 
time and space resolution during repetitive ELM cycles will allow comparisons to model 
calculations from relevant codes such as NIMROD, JOREK, BOUT++, and EPED. These 
measurements will be integrated with existing experimental investigations of pedestal 
ne(r,t) measurements using BES on DIII-D and NSTX-U, and will help the interpretation 
of that necessarily more limited data set. 
 
Finally, new non-solenoidal startup techniques (e.g. iron core, partial stellarator 
windings, etc.) and tests of ELM mitigation (e.g. direct tests of ELM pacing via C pellet 
injection, etc.) will be enabled under this initiative and are under consideration for the 
latter part of the next decade. Access to high Ip will test the limits of the tokamak 
configuration at high toroidicity and high field utilization, where Ip >> ITF.  
 
World leading: The Pegasus experiment addresses ST and tokamak physics at the lowest 
available aspect ratio in the world. It has a unique, high-current localized helicity 
injection system capable of routinely producing plasmas with Ip ~ 0.15 MA and Pegasus–
U will expand that capability to the scientifically significant 0.2–0.3 MA regime. These 
powerful edge current injectors can also support experiments in Jedge(R,t) and vedge(R,t) 
modifications. The capability for detailed measurements of plasma edge equilibrium and 
stability are unique in the world fusion program and can directly support the development 
of ELM understanding for ITER and beyond. 
 
LTX: Exploring the advantages of liquid lithium walls 
 
An initiative is planned to develop low recycling, very high confinement regimes in the 
ST, with liquid lithium walls. The near-term effort would require neutral beam fueling 
and heating as an upgrade to LTX (LTX-U). Pending successful results on LTX, this 
initiative supports a next-step in NSTX-U to implement liquid lithium coated high-Z 
PFCs and a flowing liquid lithium divertor. The overall goal of the initiative would be to 
support development of a high confinement and very compact ST-FNSF for fusion 
nuclear material and component development.  
 
Framework: The Lithium Tokamak eXperiment (LTX) is an ST with R=0.4 m, a=0.26 
m, and =1.5. Operational limits are Btoroidal < 3.4 kG, IP < 200 kA, and a discharge 
duration < 100 msec, although LTX operates at reduced parameters at present. LTX 
features a conformal 1 cm thick copper shell. The plasma-facing surface of the shell is 
clad with stainless steel, and can be coated with up to 100 nm of lithium. The shell covers 
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85% of the plasma surface area, and is heated by electrical cable heaters, up to 350 C 
(lithium melts at 180.5 C). LTX was designed to investigate the modifications to 
tokamak equilibrium with low recycling walls, and to test the feasibility of liquid metal 
plasma-facing components (PFCs) for near-term tokamak and longer-term reactor 
applications. At present, LTX is the only tokamak in the world program which operates 
with a hot metallic wall, with or without lithium coatings. 
 
Clean lithium surfaces provide a low recycling plasma-facing surface because low-Z 
lithium has a low reflection coefficient for H, D, or T plasmas. For a high-Z wall such as 
tungsten, 90% of the incident plasma ions are promptly reflected into the edge plasma, 
for typical edge plasma parameters. For lithium, only 10% of the incident plasma ions are 
neutralized and reflected; the remaining 90% remain in the lithium. Hydrogen is also 
highly soluble in lithium, so that it is retained in solution, in the liquid lithium PFC. 
Liquid lithium also permits rapid diffusion of hydrogen in solution, so that the surface 
does not become saturated with hydrogen.  
 
A low recycling wall, with core fueling and heating of a tokamak discharge, results in a 
high plasma edge temperature (analogous to a high pedestal temperature in divertor H-
mode). With very low recycling, the edge temperature can approach the core temperature, 
reducing the free energy associated with the electron temperature gradient, and therefore 
reducing the growth rate for instabilities driving turbulent thermal diffusion. 
Experimentally, reduced recycling has almost universally been associated with improved 
performance in tokamaks. However, no tokamak has ever demonstrated more than a 10 – 
20% reduction in recycling. The research goal for the LTX project is to reduce global 
recycling for the discharge to < 50% with liquid lithium wall coatings.  
 
LTX recently tested a new lithium coating system utilizing a 1.5 kW electron beam 
evaporation system. The electron beam system stirs and heats a lithium inventory of up to 
150 g in toroidal pools, in the bottom of the shells. A few minutes of beam operation 
heats the lithium to 450 C, and coats the shells with liquid lithium. With this system, 
high performance discharges have recently been obtained in LTX with molten lithium 
PFCs. Molten lithium PFCs cover 2 m2 of the wall in LTX, or half the total shell area. 
The molten lithium area is determined by the areal coverage of the e-beam evaporation 
system. For comparison, the total plasma surface area at the last closed flux surface is < 5 
m2. This was the first successful operation of a tokamak plasma with a large-area molten 
liquid metal wall, and demonstrates the feasibility of liquid metal PFCs. This will 
increase the liquid lithium plasma-facing surface area to 4 m2. All plasma-contacting 
surfaces will be coated with liquid lithium. 
 
The energy confinement times for discharges in LTX with partial liquid lithium walls 
exceed ITER98P(y,2) ELMy H-mode scaling law by up to a factor of 4-5. Energy 
confinement times in LTX with both liquid and solid e-beam generated lithium wall 
coatings are shown in Figure 12, and are compared with older results from the CDX-U 
device, and with earlier results from LTX using a less robust and much slower lithium 
coating approach (helium dispersed evaporation from a resistively heated crucible).   



	

Comp
system

LTX
 
Altho
50%,
comp
recyc
propo
neutr
cost 
mode
reduc
regim
powe
less t
 
A neu
in LT
solid 
to als
mom
meas
previ
 
Unles
kW o
fitting
walls
close
 
 

plete coatin
m, which is 

X Initiative:  

ough operati
, the gas jet 
pares favorab
cling, but in
osed here w
ral beam whi
to the LTX 
est (0.8 m3),
ce or possib
me where the
er input in L
than 0.5V. A

utral beam w
TX, using the

lithium-coa
so measure 

mentum input
urements an

iously perfor

ss confinem
of injected p
g lithium-co
s, e.g. broad
 fitting lithiu

ng of the sh
presently be

ion with a fu
fueling syste
bly to the 5-
ntroduces sig
would substit
ich operates 
group by T

, the fueling
ly eliminate
e ions are st

LTX is <100 
A 700 kW be

will also enab
e system inst

ated walls res
core lithium
t as well as t
nd momentu
rmed in the a

ment degrade
power will a
oated wall, an
dened curren
um coated w

hells with li
eing installed

ull 4 m2 liqu
ems develop
-10% fueling
gnificant co
tute low en
at 18 – 23 k

Tri-Alpha En
g provided b
e the need fo
trongly heate

kW, since t
am provides

ble active CH
talled and op
sulted in ver

m concentrati
the opportun
um transpor
absence of e

es strongly w
also allow a
nd the modif

nt profiles. V
walls have ind

13	

  

iquid lithium
d on LTX.  

uid lithium w
ped for LTX
g efficiency 
ooling neutra
ergy neutral
keV, at up to
nergy. Since

by this neutr
or gas jet fu
ed relative t
the loop vol
s strong auxi

HERs measu
perated on L
ry low core l
ion with liq
nity to emplo
rt estimates; 
dge neutral d

with neutral-
an investigat
fications to e
Very prelimi
dicated that 

F
co
sy
C
li
sy
h
(c
so
4 
co
li
w
fo
w

m requires 

wall can redu
X are at most

available w
al gas into 
l beam fuel
o 35A curren
e the volum
ral beam so
ueling. NBI 
to the electro
ltage during 
iliary heating

urements of 
LTX by ORN
lithium conc

quid walls. A
oy active CH
 such meas
drag. 

-beam inject
tion of beta 
equilibrium 
inary studie
the βNormal li

Figure 12 – M
ompared to IT
ymbols denote

CDX-U (Majesk
ithium and 10
ymbols, comp
elium dispers
coated area =
olid coatings o

4 m2), and e-be
oatings on a h
ithium coating

with helium-dis
found to agree
within ~20%.

a second el

uce overall r
t 30 – 40% e

with simple g
the edge. T

ling. A suita
nt, has been 

me of the LT
urce should
also extend

ons. Note th
lithium wal

g.  

the core Li 
NL. NSTX o
centrations; i
A beam prov
HERs for pla
surements ha

tion, the ad
limits with 

induced by l
es of low-n 
imit may be 

Measured con
TER98P(y,1) s
e data from e
ki 2006), with 
000 cm2 solid 
pared to LTX
sed solid lith
= 4 m2), e-be
on a cold wall 
eam generated
hot, 300 C wa
gs). The conf
spersed solid 

e with kinetic 

lectron beam

recycling to 
efficient. Th
gas puffing o
The initiativ
able compac
offered at n

TX plasma 
d significantl
ds results to 
hat the Ohmi
ll operation 

concentratio
operation wit
it is importan
vides toroida
asma rotatio
ave not bee

dition of 70
a very clos

low recyclin
stability wit
increased.  

nfinement time
scaling.  Open
experiments in
600 cm2 liquid

d lithium, open
X data using
hium coatings
eam generated
(coated area =

d liquid lithium
all (2 m2 liquid
nfinement data

coatings was
measurements

m 

< 
is 
or 
ve 
ct 

no 
is 
ly 
a 

ic 
is 

on 
th 
nt 
al 

on 
en 

00 
se 
ng 
th 

e 
n 
n 
d 
n 
g 
s 
d 
= 
m 
d 
a 
s 
s 



14	
	

The incremental funding requirement for neutral beam operation of LTX is 1 – 1.2 M$ 
per year, in addition to the present FY14 budget of 1.3 M$. There is no cost for the 
neutral beam (except shipping), and LTX has in place an adequate diagnostic set, so the 
funding increment provides added manpower to fully staff the diagnostic set, operate the 
beam, implement modest plasma feedback systems, and perform deferred maintenance on 
the device. LTX is the only device in the world fusion program which operates, or can 
operate, with hot metallic walls, and thus is the only available venue for investigations 
into very low recycling liquid lithium walls. 

 
Importance: The scale size of a Fusion Nuclear Science Facility (FNSF) is set by 
confinement requirements and beta limits. An ST-based very compact FNSF can likely 
be designed to operate at substantial beta, provided plasma confinement can be 
substantially increased. These recent results represent the largest relative increase in 
tokamak energy confinement ever observed, in any scale device, and present an 
opportunity to substantially rescale fusion power systems. 
 
World leading: At present, LTX, although a modest scale experiment, is the only 
operating tokamak in the world with a high temperature metallic wall, suitable for 
experiments with liquid lithium PFCs. The addition of NBI will increase these unique 
capabilities and enable confinement assessments at higher ion temperature and plasma 
beta much closer to NSTX-U and FNSF operating regimes.  Thus, the proposed LTX 
upgrades would strongly inform the value of implementing hot, high-Z, liquid lithium 
PFCs in NSTX-U and future devices.   
 
ST contributions to ReNeW Themes: 
 
In addition to assessing the ST for the FNSF application, and for developing solutions to 
the PMI challenge, NSTX-U, Pegasus-U, and LTX-U 10 year initiatives will contribute 
strongly to all ReNeW Themes as described below: 
 
Theme 1:  Burning Plasmas in ITER 
 
The fundamental scientific goal of ITER is to generate plasmas dominated by alpha 
particle heating and to understand the dynamics of the thermal and energetic plasma 
particles under such conditions. The dynamics is potentially non-linear, since a relatively 
large population of energetic ions originates from fusion reactions (alpha particles), 
Neutral Beam (NB) injection and injected RF waves. The resulting fast ion pressure can 
destabilize Alfvén Eigenmodes (AEs) that, in turn, affect the fast ion distribution through 
enhanced transport in space and energy. The challenge for present tokamaks is to provide 
the required physics basis to enable the development, verification and validation of 
predictive theoretical and numerical tools.  To address this challenge, NSTX-U will 
provide access to the widest range of fast-ion parameters spanning vfast / vAlfven from 1-2 
(ITER range) to 3-5 (ST-FNSF range) with controllable neutral beam deposition to vary 
the spatial distribution of fast ions and explore the resulting AE stability response.  
Control of AE modes and associated transport will also pursued using varied NBI 
tangency radius of injection, fast-wave heating, and 3D magnetic fields.  Further, a novel 
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Motional Stark Effect (MSE) – Laser Induced Florescence (LIF) diagnostic will be 
deployed for the first time as a means of measuring |B| and pitch angle (and thus the total 
pressure profile and q profile) without a heating beam and with optics/mirrors that could 
potentially better survive the ITER nuclear environment than conventional MSE.  Finally, 
we note that a) understanding the physics underlying the L-H power threshold is critical 
for ITER to enable access to the H-mode and high fusion gain, b) understanding H-mode 
pedestal stability and edge localized mode (ELM) dynamics is also critically important 
for optimizing ITER and FNSF performance. ST data from Pegasus/Pegasus-U and 
NSTX-U will extend and improve leading models of this physics and inform ITER 
operating regimes.  
 
Theme 2:  Predictable, High-Performance, Steady-State Plasmas 
 
A major goal of the NSTX-U program is the achievement of full non-inductive current 
drive at a high toroidal beta (~15-20%) sufficient to provide high neutron flux (≥ 1 
MW/m2) and fluence in an ST-based fusion nuclear science facility.   The 2nd more 
tangential NBI incorporated in NSTX-U was motivated in large part by the need for 
increased off-axis and higher efficiency NBI current drive to support non-inductive 
sustainment and ramp-up.  NSTX-U will pursue a high-beta and high-bootstrap-fraction 
approach to ST-FNSF scenarios which will complement approaches planned for MAST-
U which will rely more heavily on NBI current drive for non-inductive sustainment. All 
of this research in support of developing high-performance steady-state scenarios is 
directly relevant to an ST DEMO and aids AT-FNSF/DEMO development as well. 
 
ST research will greatly extend predictive capability by exploiting the strong intrinsic 
plasma shaping and enhanced stabilizing magnetic field line curvature accessible at low-
aspect-ratio.  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%, normalized beta up to 7, plasma elongation 
up to 3, normalized fast-ion speed vfast / vAlfvén up to 5, Alfvén Mach number MA = vrotation 

/ vAlfvén up to 0.5, and trapped-particle fraction up to 90% at the plasma edge.  All of these 
parameters are well beyond what is accessible in conventional tokamaks, and these 
parameters approach those achievable in other high-beta alternative concepts.  Further, it 
is also possible and common to overlap with conventional aspect ratio tokamak physics 
parameters. 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.	
	
Theme 3:  Taming the Plasma-Material Interface (PMI) 
	
The increased heating power and compact geometry of NSTX-U will produce very high 
exhaust power flux prototypical of fusion reactors, requiring the development of solutions 
to handle these power levels at the Plasma-Material Interface (PMI).  NSTX-U will 
explore novel solutions to the power exhaust challenge for FNSF and DEMO by testing 
extreme expansion of the magnetic field lines and by testing liquid metal plasma facing 
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components (PFCs) to mitigate the erosion and melting problems associated with solid 
materials. Radiative detachment of the divertor will also be pursued, as will combinations 
of high flux expansion, detachment, and liquid metals – including the effects of liquid 
metal vapor shielding as a means of dissipating power. The ability to explore very high 
exhaust power density, high magnetic expansion, and the liquid metals in the same device 
is unique in the world fusion program. In the longer term, NSTX-U plans to convert from 
carbon to high-Z PFC substrates, and will test the viability of integrating a high-
performance fusion core with both high-Z PFCs and liquid lithium on high-Z substrate 
materials to assess the advantages and disadvantages of high-Z solid versus liquid lithium 
PFCs.  LTX/LTX-U will extend exploration of a novel liquid lithium wall regime with 
new ion heating and core fueling capabilities to access very low wall recycling and 
explore the upper limits of tokamak confinement. Pending success on LTX/LTX-U, such 
very low recycling regimes would also be tested on NSTX-U.  Lastly, in support of 
improved boundary physics predictive capability, the low-A and high beta accessible in 
the pedestal and scrape-off layer of the ST can change the stability and collisional and 
turbulent transport mechanisms in the edge plasma (as described in Theme 1 above).  
 
Theme 4:  Harnessing Fusion Power 
	
As described in ST/AT-FNSF Initiative 5 above, the NSTX-U and the U.S. ST research 
community will play a key role in determining the physics basis and the integrated design 
of low aspect ratio fusion power systems including an ST-FNSF, Pilot Plant, or DEMO.   
	
Theme 5:  Optimizing the Magnetic Configuration 
	
The ST-specific thrust for Theme 5 is Thrust 16: “Develop the spherical torus to advance 
fusion nuclear science”.  The overarching goal of this Thrust is to extend ST performance 
to regimes of lower collision frequency, approaching values needed for fusion nuclear 
science applications.  The initiatives described above are directly aligned with the 
objectives of Thrust 16 to narrow or close gaps in plasma startup, exhaust power 
handling, controlled stability, and plasma sustainment for and ST-based FNSF. 
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