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Non-Solenoidal Startup Remains a Critical Need for 
Spherical Tokamak, and May Benefit AT

• PEGASUS research program has focused on LHI
– Local DC helicity injection + poloidal field induction

– Demonstrated Ip > 200kA with Iinj < 8kA*

• Need for dedicated facility for NS startup studies
– LHI/CHI/RFCD/PF induction and others

• Enhancements to PEGASUS will provide a dedicated 
development station for non-solenoidal startup
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systems. The low 𝐵𝐵" and high 𝑖𝑖- which are 
characteristic of the ST configuration lead to 
a large volume of the plasma that is 
overdense; i.e., regions where the electron 
plasma frequency 𝜔𝜔$- exceeds Ωô-, the 
electron cyclotron frequency. This condition 
precludes EC and LH wave accessibility to 
the absorption resonance layer when 
launched from the low-field-side of the 
tokamak. Electron Bernstein waves can 
propagate in overdense plasmas, and are 
readily absorbed (and emitted) at EC 
harmonics [19]. However, as they are 
fundamentally electrostatic, hot plasma 
waves they do not propagate in vacuum. As 
such, EBWs must be either launched directly 
in the plasma with an antenna placed within 
the upper hybrid resonance (UHR) layer [20,21], which is incompatible with high-performance tokamak 
plasmas, or by mode conversion by coupling to the electromagnetic ordinary mode (O-mode, 𝐸𝐸 ∥ 𝐵𝐵, 𝑘𝑘 ⊥
𝐵𝐵, with 𝑘𝑘 the wave vector) or extraordinary mode (X-mode, 𝐸𝐸 ⊥ 𝐵𝐵, 𝑘𝑘 ⊥ 𝐵𝐵) waves.  

Two EBW mode conversion schemes have been utilized in high-power experiments [19]. The first 
method is X-B conversion, depicted schematically in Fig. 2-10(a), in which an externally-launched fast X-
mode travels inward and tunnels through its cutoff to couple to the slow X-mode. The slow X wave 
propagates outward, and mode converts to an inward-propagating EBW near the UHR [21]. This approach 
requires a perpendicular launch of the fast X-mode and low density gradient scale lengths 𝐿𝐿9 = −𝑖𝑖-/𝛻𝛻𝑖𝑖-	in 
the vicinity of the antenna, and is best-suited for lower 𝐵𝐵" < 0.5 T for frequencies of interest [19]. However, 
this method is highly sensitive to density fluctuations near the mode conversion layer; careful antenna 
design employing local limiters is needed for high conversion efficiency. The latter requirement 
complicates the applicability of X-B mode conversion in the context of a burning plasma environment.  

O-X-B mode conversion [Fig. 2-10(b)] is an alternative EBW launching method [30]. An O-mode wave 
is externally launched at a critical oblique angle of incidence to the equilibrium magnetic field. For 
particular launch angles, the O-mode cutoff (𝜔𝜔 = 𝜔𝜔$-) is coincident with the left-hand cutoff of the slow 
X-mode branch, facilitating nearly 100% conversion between the two branches. The slow X-mode 
propagates outward to the UHR layer. At this location, the 𝑘𝑘û of the slow X-mode branch and the EBW are 
equal, yielding full mode conversion to the inwardly-propagating EBW of interest. The mode-converted 
EBW is then absorbed near EC resonance layers in the plasma. This approach requires O-mode injection at 
a precise angle with respect to the equilibrium field, as well as polarization control. The O-X transmission 
window is described by Mjølhus as 

 𝑇𝑇 𝑖𝑖||, 𝑖𝑖û = exp −𝜋𝜋𝑘𝑘&𝐿𝐿9 £
E 2 1 + 𝑌𝑌 𝑖𝑖||,c$• − 𝑖𝑖||

E + 𝑖𝑖ûE , (2-3) 

 𝑖𝑖||,c$•E = 𝑌𝑌/(1 + 𝑌𝑌), (2-4) 

 𝑌𝑌 = 𝛺𝛺ô-/𝜔𝜔, (2-5) 

where 𝑖𝑖∥ and 𝑖𝑖û are the parallel and perpendicular indices of refraction, 𝑘𝑘& is the vacuum wavenumber, 𝜔𝜔 
is the wave angular frequency, and 𝐿𝐿9 and 𝛺𝛺ô- are to be evaluated at the UHR mode conversion layer. 
Steeper density gradients (reduced 𝐿𝐿9) at the mode conversion layer increase the angular width of the 

RF 
Method Device 𝑰𝑰𝒑𝒑 [kA] 𝚫𝚫𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 

[ms] 
Reference 

ECH + PF 
induction 

DIII-D 166 50 [15] 
JT60-U 100 500 [22] 

ECH 
QUEST 70 1,500 [17] 
DIII-D 33 50 [23] 

KSTAR 15 1,800 [24] 
ECH + 
LHCD T-7 20 175 [25] 

EBW MAST 73 450 [16] 
LATE 15 80 [17,26] 

LH 
PLT 100 2,500 [27] 

TST-2 25 70 [17,28] 
GLOBUS-M 21 140 [29] 

Table 2-1: Experimentally-demonstrated non-solenoidal 
𝐼𝐼$ and pulse duration in standard, spherical, and 
advanced tokamaks produced using RF, 1984–present. 

J. A. Reusch, APS-DPP 2018 *see G.M. Bodner contributed talk (up next)



URANIA Experiment: Converted PEGASUS Facility for
US Non-Solenoidal Startup Development Station

• Mission: compare / contrast / combine reactor-
relevant startup techniques

– Goal: guidance for ~1 MA startup on NSTX-U, beyond

• PEGASUS to URANIA:
– New centerstack and divertor assembly
– Next generation LHI injectors

– Transient, Sustained CHI (w/ Univ. Washington, PPPL)

– EBW RF Heating & CD (w/ ORNL, PPPL)

– Improved diagnostics including diagnostic neutral beam

URANIA Experiment

J. A. Reusch, APS-DPP 2018

Collaborative Enterprise:



Heart of the Facility Enhancement is New TF Assembly

Parameter PEGASUS URANIA

!"# 0.288 MA 1.15 MA

$"# 12 24

%&'( (mWb) 40 0

)*++,- [cm] 5.5 12

TF Conductor
Area [cm2] 13.2 151

.",012 [T] 
at )3~0.4 m 0.15 0.60

." Flattop [ms] 25 100

Δ9:;+<(, < 10℃ < 40℃

)3 [cm] 45 48

@ 1.15-1.3 1.33-1.4

PEGASUS URANIA

Solenoid-free
24-turn TF 

Bundle

High-Stress OH 
Solenoid

12-turn TF Bundle

URANIA Concept Drawing

J. A. Reusch, APS-DPP 2018



0-D Power-Balance Projections
for URANIA

Local Helicity Injection on URANIA Will Test Critical Scalings
for Extrapolation to Larger Scale

• LHI physics basis at increasing BT

– MHD, Ip scaling and CD mechanism
– Electron heating and confinement
– PMI
– Compatibility with subsequent sustainment

• Injector technology
– Large-area
– Low Vinj

– High BT

– Longer pulse

J. A. Reusch, APS-DPP 2018
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High-!" of URANIA Facilitates Coaxial HI Studies

• CHI utilizes coaxial passive electrodes 
– RF heating compatibility
– Target plasma characteristics

– Flux conversion efficiency (T-CHI) 

• Next-Gen CHI systems
– Transient and sustained CHI capability

– No vacuum vessel break

– Flexible, segmented floating electrodes
• Refractory metallic electrodes initially 

– Consider active (LHI-like) electrodes

Pre-Conceptual Segmented CHI Electrode Design on URANIA

Support Ring Vacuum Vessel Tab

Divertor Plate

J. A. Reusch, APS-DPP 2018

Vacuum Field for 300kA Transient CHI on URANIA



GENRAY, CQL3D Modeling Indicates 
Core Absorption for EBW Heating, CD

RF/EBW for Startup and Sustainment

• ~ 400 kW EBW, 8 GHz
• Synergy of heating with LHI/CHI
• Explore EBW CD as handoff tool
• Direct RF current drive for startup
• High !" for non-inductive sustainment (e.g. NBCD)
• Pre-ionization for PF induction experiments
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Figure 5. Contours of transmission efficiency for the O-X-B mode conversion process are shown as a 
function of injection angles perpendicular and parallel to the magnetic field for the plasma shown in Figure 
4. These calculations assume a density scale length of 2 cm.  

 
Initial modeling work will focus on determining optimal target plasma characteristics for coupling, 
heating, and mode conversion considering the available frequency of 9.36 GHz (other frequencies 
will be explored due to source availability). Preliminary modeling results using GENRAY and 
CQL3D for 9.36 GHz are shown below in Figures 6-11 using the model plasma in Figure 4. For 
these calculations, the launched mode was an O-mode and the EBW was initiated at ρ=0.95 (inside 
the UHR that is located at the LCFS). The calculations launched a bundle of 24 rays that extend 5 cm 
in poloidal height. This launch location was at a poloidal angle of 20 degrees above the mid-plane 
and 100 kW of power was injected. With a central temperature of 300 eV, the power is absorbed near 
the plasma core (Figure 6) driving 40 kA of current (Figure 7). If the temperature is increased to 1 
keV, simulations show 140 kA of current will be driven near the core. Simulations show that with an 
increase in the poloidal angle of the EBW antenna, the location of absorption/current drive can be 
modified. With an increase in 10 degrees in poloidal launch angle, a 30 degree poloidal injection 
angle (Figure 8) resulted in 37 kA of current driven at a ρ of 0.15 (Figure 9) for an overdense plasma 
with a central Te of 300 eV.   
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Favorable wide range of injection angles for O-X-B 

J. A. Reusch, APS-DPP 2018



Improved Diagnostic Suite of URANIA Facilitates Physics 
Understanding for Extrapolation to Larger Scale

J. A. Reusch, APS-DPP 2018

Diagnostic Layout for URANIA
• DNB spectroscopy

– !(#, %), '(#, %), ()(#, %), *+(#, %), 
v(#, %), *,(#, %)

• Impurity diagnostics
– SPRED

– Bolometry

• Insertable probe arrays
– 3D magnetics (Hall, !̇)
– Langmuir, Mach, Rogowski



Broadening Studies of Non-Solenoidal Startup
on PEGASUS with Transition to URANIA

• Evaluate leading concepts for non-solenoidal 
startup in single dedicated facility

– Local Helicity Injection 
– Coaxial Helicity Injection (Transient, Sustained)
– EBW startup and assist
– Poloidal Field Induction
– Future: NBI heating and current drive

• Develop common understanding & validation 
of all approaches

• Goal: develop validated concept, equipment 
for ~ 1 MA startup on NSTX-U and beyond

J. A. Reusch, APS-DPP 2018

LHI

CHI

BT ≤ 0.6T; Multi-coil Divertor
No OH solenoid

Collaborative Enterprise:

EBW 
launcher
& mirror


