
Pegasus-III 
Experiment

• Mechanism consistent with experimentally observed 
𝑛=1 bursts that correlate with 𝐼𝑝 increases on Pegasus3

• 𝑛=1 mode associated with singly line-tied kink of 
injected current streams
• 𝑓~ 20—50 kHz

• Identified in LHI magnetic spectrum
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Local Helicity Injection (LHI) Provides 
Solenoid-Free Startup

For more information:

Injected Current Streams in LHI Create Large 3D Magnetic Perturbation Plasma Response Calculations in Progress
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Simple Helix Model of Injected Current 

Expected through Rogowski #2:
first windup = 1 kA  

Expected through 
Rogowski #1: 
first windup + 
possible full or 
partial second 

windup = 2-4 kA

Injected current stream 
follows vacuum field line 

traced from injector 

• Injected current streams in LHI create large 

3D perturbation: 
෨𝑏𝑍

𝐵𝑇
 ~ 10−3  −  10−2

• Higher 𝐼𝑖𝑛𝑗 creates larger perturbation with 
higher toroidal variation

• Higher 𝐼𝑖𝑛𝑗 plasma has higher peak 
෨𝑏𝑍

𝐵𝑇
 by 

factor of ~6 for similar 𝐼𝑝 and programming

• 3D perturbations as small as 𝛿𝐵

𝐵0
 ~ 10−4 

shown to drive transport and modify 
confinement on other tokamaks 

• Expected to deform magnetic surfaces 
and induce stochastic edge region

Low 𝑰𝒊𝒏𝒋

High 𝑰𝒊𝒏𝒋

Toroidal Dependence of 
Magnetic Activity in LHI

• Insertable Hall sensor probe measures 𝐵(𝑅, 𝑡) in 
plasma edge and stream region

• 𝐼𝑖𝑛𝑗 level impacts local stream field structure, 
observed in measured 𝐵𝑅(𝑅), 𝐵𝑍(𝑅) 

𝑰𝒊𝒏𝒋 = 2.6 kA

𝑰𝒊𝒏𝒋 = 
6.0 kA

Plasma Current in High and 
Low 𝑰𝒊𝒏𝒋 Discharges

Similar 𝐼𝑝 and programming 
in time window 

Measured 𝑩𝑹, 𝑩𝒁 profiles 

Low 𝑰𝒊𝒏𝒋

High 𝑰𝒊𝒏𝒋

Low 𝑰𝒊𝒏𝒋

High 𝑰𝒊𝒏𝒋

𝑩𝑹

𝑩𝒁

• Perturbation modeling suggests injected 
current stream impacts magnetic topology
• FLARE1 calculates magnetic topology of 

equilibrium with edge-localized stream

• Streams ergodize magnetic structure, 
potentially induce island structures

•  𝐼𝑖𝑛𝑗 level impacts ergodizationInjected 
current 
stream 

Probe
Equilibrium + 

Stream
Vacuum Field Superposition:

𝑰𝒊𝒏𝒋 ~ 1.5 kA 𝑰𝒊𝒏𝒋 ~ 3 kA

𝑩𝑡𝑜𝑡𝑎𝑙 =  𝑩𝑒𝑞𝑢𝑖𝑙 + 𝑩𝑝𝑒𝑟𝑡, 𝑣𝑎𝑐𝑢𝑢𝑚 + 𝑩𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

• Plasma response not included yet, motivates 
M3D-C1 calculations

• In unrelaxed discharge, injected current stream follows vacuum 𝐵 
• Intended path: co-𝐼𝑝, upwards to upper divertor

• New observation: co-𝐼𝑝 helical field line following current path model 
insufficient to explain toroidally separated Rogowski coil measurements 

• Helical field line following current path model plausibly sufficient if 
counter-𝐼𝑝 path downwards to lower divertor is accounted for in field 
line following calculations Rogowski Coil 

Currents and 𝑰𝒊𝒏𝒋

𝒏=1 mode 
(line-tied kinking 

of streams)

𝒏=1 Confirmed with Phase-Slope Mode 
Identification on LFS ሶ𝑩 Coil Toroidal Array 

• Dynamics of Hall probe profile features 
correlated with 𝑛=1 stream motion
• Probe 𝐵𝑍(𝑅, 𝑡) shows in-out radial motion

• Radial motion correlated with 𝑛=1 activity 
on LFS ሶ𝐵𝑍 coil

𝑹 location of 
peak in 𝑩𝒁(𝑹)

LFS ሶ𝑩𝒁 coil
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Simulation and Measurements Suggest Complex, Dynamic Stream Structure

• NIMROD simulations of LHI show current drive from 
macroscopic reconnection of adjacent stream passes2

Passes attract, 
merge, reconnect to 
form current rings

Rings diffuse 
inward, building 

poloidal flux

Hall Probe 𝑩𝒁 Profiles 
at Highlighted Times

Consistent with stream pass 
undergoing transverse 
oscillations near probe 

𝒏=1 Oscillation Cycle

Injected 
current 
stream 

Probe

• Variation in spatial localization of 𝑛=1 magnetic activity 
observed between field directions and with respect to time

Integrated Magnetic Fluctuation Power in 
𝒏=1 Mode from 3D Hall Probe

𝐵𝑅 power 
strong, peaked 

at 𝑅~78 cm

𝐵𝑍 power 
peaked farther 
radially inward 

and at 𝑅~84 cm

𝐵𝜙 power 
weaker, peaked 

at 𝑅~84 cm

• Possible coupling of stream 
motion in different directions 
to different internal modes

Time-Evolving Power in 𝒏=1 
Mode from ሶ𝑩𝒁(𝑹) Probe 

Relative to LCFS

During 𝑰𝒑 
growth phase 
(𝑡 =20.6ms)

During 𝑰𝒑 
flattop phase 

(𝑡 =25ms)

LCFS

• 𝑛=1 power peaks at LCFS 
initially, ~10 cm inward of 
LCFS later in time

• Possible low-𝑓 internal 
MHD activity rather than 
stream motion later in time

f = 5-40 

kHz

• Studies on other tokamaks suggest importance of including MHD 
plasma response to applied 3D fields4,5

• Plasma can generate currents that screen out applied field
• Perturbation modeling of LHI plasmas on Pegasus-III is being extended 

to include plasma response 
• Injected current stream perturbation generates 3D plasma response
• Calculations with M3D-C16 underway
• Code inputs generated from Pegasus-III measurements and simple helix 

model of inject current 
• Initial studies will include sensitivity analyses to assess impact of injected 

current stream geometry, kinetic profiles, etc. on plasma response 

Initial Inputs to M3D-C1 

Equilibrium Reconstructed 
from Magnetic Measurements

𝑻𝒆 and 𝒏𝒆 Profiles via 
Thomson Scattering 

Measurements

3D Field Generated from 
Simple Helix Model for 

Injected Current 

Injected current streams 
follow equilibrium 
magnetic field lines 

PEGASUS-III 
Experiment

- Tokamaks presently rely on inductive current drive via a central solenoid
- ITER solenoid is largest & most powerful pulsed superconducting 

electromagnet ever built – with associated costs and power supply
- Uses volume more desirable for blankets/shielding

- PEGASUS-III is dedicated to solenoid-free startup/operation

- Increase BT to >0.4T 
- Overlap with larger experiments

- Upgraded centerstack has no solenoid
- Determine critical physics scalings with BT

- Multiple techniques tested on same device

- Higher power LHI system than PEGASUS

- CHI & RF added in planned upgrades

- Will compare/contrast & combine
- See Bongard et al., CP11.00040
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PEGASUS-III Studies Non-Solenoidal Startup
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Local Helicity Injection can Initiate and Drive
Tokamak Plasmas with Localized Electrodes

• Current drive increases poloidal flux ! linked with toroidal flux Ψ from 
external coils (magnetic helicity # )

Helicity 
Dissipation

DC 
Helicity 
Injection

AC 
Helicity 
Injection

• Taylor relaxation limits $ to lowest energy state that conserves #

%≡ ! %̅ ≤ %̅ → $ ≤ $ "

#$%

• DC helicity injection can be represented by an effective loop voltage:

• LHI: Plasma current scales with injector voltage, area, and location
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LHI Predictive Models Need Data at
Higher BT for Scaling

- Predictive LHI model based on:
- 0D power balance

- Helicity injection limits
- Plasma geometry evolution

- Requires tuning to match experiment

- Adjust resistivity to match Ip

- Adjust confinement to match Te

- See Weberski et al., CP11.00049

- Global limits:
- Taylor relaxation

- Helicity conservation

- Predictive power balance: 

! " # " $ %&'

Fig. 2-10. Cross-sectional comparison of 16 cm2 Kama (left) and 

present 4 cm2 divertor LHI (right) injector systems .

Fig. 2-11. New 32 TB data storage 

server system under test for URANIA.

Fig. 2-12. Block diagram of planned FPGA 

digital control and safety systems for URANIA.
Fig. 2-13. Conceptual in-vessel 

components of URANIA EBW RF system.

Fig. 2-14. Klystron farm (left), high-power RF circulator 

(right) from FTU 8 GHz, 0.5 MW source.

Fig. 2-15. Preconceptual CHI vacuum 

flux calculation linking 65 mWb flux 

to electrodes in URANIA cone region.

Fig. 2-7 (left). 215 MVA of 

present PEGASUS IGBT, IGCT 

bridges slated for conversion to 

drive URANIA toroidal, poloidal 

field power systems.

Fig. 2-8 (right). Waveform from 

successful prototype Eagle Harbor 

Technologies Ćuk power module test. 

Fig. 2-9. Mockup of advanced, large-area “Kama” 

shaped helicity injector on port-plug assembly.

9  

Advanced Non-circular Injector in 
PEGASUS-III

Port mounted injector assembly 
completed

Two Arrays of 2× 4 cm2

Circular Injectors (Twice 
Area on PEGASUS)

LHI Studies at Higher BT will Guide Hardware Scaling

• Studies at higher field with upgraded LHI injectors 
will allow access to new operational regimes

• Hardware physics / materials issues to be studied: 
• Bias voltage control via double layer physics
• Arc density, uniformity and impurity generation 
• Main-chamber fueling, charge exchange neutrals
• Injector conditioning requirements
• Cathode spot detection/mitigation

• Non-circular injector to optimize LHI configuration
• Simultaneously addresses two LHI limits

• Taylor limit wants minimum width
• Helicity limit wants maximum area

• To be installed after initial LHI run campaign

LHI Current Drive Mechanism
Under Investigation

LHI Current Streams Affect Magnetic Field Structure
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• Each stream has up to 4 kA of current

• LHI
!" !

#"
~10$ %

• Strong implications for core 
confinement and transport

• LHI streams modeled as helical current 
structure on open field lines

• Equilibrium Ip and helical stream 
qualitatively reproduce spatial B-field 
probe data

• GPEC calculations being performed to 
get first estimate of impact on field 
structure

• See Schaefer et al., CP11.00047

O’Bryan and Sovinec, Plasma Phys. Control. Fusion 56 64005 (2014). 

Isosurfaces of ! = #∥/%from NIMROD Simulations  
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- Significant upgrades underway (see Goetz et al., CP11.00041):
- Solenoid removed from system

- Upgraded/expanded TF power supply and new stored energy
- Upgraded TF magnet assembly capable of >4× higher field

- Upgraded LHI power supplies and new stored energy

- New vacuum wall, upgraded magnetics, new PFCs

PEGASUS-III Upgrades Nearly Complete

Parameter PEGASUS PEGASUS-III

0.288 MA 1.15 MA

12 24

(mWb) 40 0

[cm] 5.5 7.0
TF Conductor

Area [cm2] 13.2 72

[T] 

at m
0.15 0.58

Flattop [ms] 25 50-100

1.15 1.18

Power
Supplies

Internal
HardwareTF Magnet Assembly

See Richner, et al., PRL 128 105001 (2022).

1

LHI Injector 
Schematic

PEGASUS LHI
Plasma

Day 1 Circular LHI Injectors Installed Non-Circular Injector Will Be Tested 

- Taylor relaxation requires 
redistribution of parallel current (λ)

- No specific mechanism given
- Need to determine if mechanism 

scales to higher BT

- NIMROD modeling suggests merging 
flux rope rings provide toroidal 
current

- Co-helicity streams 
merge/reconnect

- Repeated process builds Ip

- Associated with low-f MHD
- Consistent with initial relaxation 

observations

- CD efficiency improvement with 
reduction of low-f MHD suggests 
high-f oscillations also related to 
current drive

- LHI stream instabilities drive 
turbulent Alfven cascade

- Determining relationship to current 
drive/redistribution

- See Sassella et al., CP11.00048

- Impurity content affects Zeff

- Model uses resistive dissipation

- Impurity radiation may cause high core Prad at low BT

- Initial work shows Zeff ~ 1 (see Bodner et al., PoP 2021)

- Should be reduced at higher BT

- Initial studies indicate high impurity transport during LHI
- See Rodriguez Sanchez et al., CP11.00050

LHI Driven Current Increases 
with Drop in Low-f Edge MHD

LHI Drives High Frequency 
Oscillation Compared to Ohmic

NIMROD Simulation of LHI

• Pegasus-III: a dedicated facility to study 
solenoid-free tokamak startup
• Complete removal of Ohmic solenoid
• Initial operation focused on LHI studies 

• LHI uses direct current injection to supply 
magnetic helicity and drive plasma current
• Current extracted from small, modular 

injectors at plasma edge
• Relaxation to tokamak-like state via 

helicity-conserving instabilities

LHI Array

LHI

Fast Camera Images of LHI Stages

1. Injected current 
follows helical 

background field lines

2. Current streams 
go unstable, 
reconnect

3. Plasma relaxes 
to a “tokamak-like” 

state

4. Tokamak plasma after 
injector shutoff: stream 
perturbation goes away

𝐼𝑖𝑛𝑗 = 3-4 kA per injector, 
4 injectors total on Pegasus-III

Majority of magnetic energy 
is in axisymmetric mode 

• LHI initiates a tokamak-like system
• In relaxed state, magnetic structure looks like a 

tokamak in a toroidally averaged sense 
• Plasmas have 𝐼𝑝 ≫ 𝐼𝑖𝑛𝑗

• Even in relaxed state, there exists ≤16 kA of   
open field line current that perturbs plasma edge
• Important to characterize current structure and 

understand its impact

𝑰𝒊𝒏𝒋

𝑰𝒑

Pegasus-III LHI 
Plasma with 𝑰𝒑 ≫ 𝑰𝒊𝒏𝒋 

• Injected current streams in LHI plasmas create 
large 3D magnetic perturbation
• Expected to ergodize plasma edge
• Increasing 𝐼𝑖𝑛𝑗 level → larger perturbation, 

impacts local field structure
• Simple helix model of injected current stream 

structure plausible in unrelaxed discharges, 
serves as initial stream geometry for 
perturbation modeling input

• Simulation and measurements of LHI show a 
complex, time-evolving stream structure
• 𝑛=1 mode associated with line-tied kinking 

motion of streams observed on LFS magnetics
• Spatial localization of 𝑛=1 mode varies in time 

and between different directions
• Perturbation modeling is being extended to 

include plasma response to stream 
perturbation via M3D-C1 calculations

From equil. 
reconstruction (4898)

𝑰𝒊𝒏𝒋 = 2 kA

Expected through Rogowski #2:
first windup = 2 kA

Expected through Rogowski #1: 
first windup + possible full or 

partial second windup = 1-2 kA

𝑰𝒊𝒏𝒋 splits

1 kA each dir.

Discrepancy could be explained 
by downward flowing current

Inefficient 
line-of-sight 

break permits 
parallel paths, 

divides 𝐼𝑖𝑛𝑗
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