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Pre-toroidal Peaking 

bank: 30 mF, 10 kV

Formation bank:

2.5 mF, 25 kV

Pre-form bank:

0.2 mF, 25 kV

Buffer inductance:

1 mH, (6 x 6mH in ||)

Sustain bank: 48 mF, 11 kV

Parameter Value range

Vessel inner radius                D/2 1 m

Major radius                            R 0.6 – 0.7 m

Minor radius                            a 0.3 – 0.4 m

Elongation                               k 1.0 – 1.6

Poloidal  flux                          YCT 0.05  – 0.25 Wb

Plasma current                       Ip 0.1  –  0.6 MA

Shaft current                           Is 1.0  –  1.2 MA

Plasma density                       ne 1x1019 – 4x1019 m-3

Electron Temperature              Te 100 – 500 eV

Ion Temperature                      Ti 300 – 1000 eV

Thermal confinement time       tE 5 – 15 ms
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Cross section of Plasma Injector 3

There is a general trend that the total plasma current is 

dominantly a function of total volume of the plasma, implying 

that average J is similar in all cases, that more plasma current 

is generally due to a larger cross section. Run 9 at higher 

voltage was an exception to that, where plasma were smaller.

Internal inductance vs normalized toroidal flux shows 

a trend that increasing plasma flux generally causes a 

more hollow current profile with lower inductance. 

Efficient conversion of capacitor energy to 
magnetic energy of the CHI-formed ST 
plasma becomes important for reducing 
costs as capacitor banks are scaled up to 
reactor size.
Runs 1-3: Preliminary experiments varying 
cap bank size while other settings were held 
constant showed interesting trends, so they 
were repeated with improved controls and 
diagnostics. Peak Formation current stays 
nearly constant while pulse duration 
decreases as number of caps are decreased. 
Run 4:  VF = 20kV,  VP = 7kV, Vsus = 0, No PFCs
Gun Flux = 80 mWb, Prepuff ON, improved 
symmetry of applied power, and has TS data. 
Ncaps = 48 down to 8 (2.5 mF to 0.4 mF) and 
then back up to 48 caps.
Prepuff improved repeatability over the day. 
Run 5:  VF = 22kV,  VP = 7kV, Vsus = 0, PFC ON
Gun Flux = 97 mWb, Prepuff ON
Ncaps = 48 down to 8 (2.5 mF to 0.4 mF)
Run 6:  Similar to Run 5 but with VF = 15.6kV
and Ncaps = 48 to have 300 kJ case with 2.5 
mF bank size for full length formation pulse. 
Run 7:  Repeat of Run 5 but after fresh Li 
coating of Marshall gun. 
Run 8: Repeat of Run 6 but after fresh Li 
coating of Marshall gun. 
Run 9: Exploratory set of shots going to 
higher voltage (VF =23-25kV, VP = 8-9kV) with 
Ncaps = 48 and Gun Flux = 100-147 mWb. 
Decreased efficiency seems to be due to a 
combination of small air leaks in HV 
feedthroughs that began to emerge from 
mechanical stress and possibly other non-
linear control parameters not being 
optimized for higher voltage. 

Increasing the duration of the CHI current 
pulse induces more plasma current and 
increases formation efficiency as a nearly-
linear function of bank energy. The peak of 
formation current is similar for all cases, and 
enough for bubble-out threshold, however a 
larger capacitor bank drives the CHI for 
longer and the resulting increase in plasma 
current (5x) and total lifetime (2.5x) is 
dramatic. This scaling is highly favorable for 
larger machines.  Runs 6 and 8 with full 
capacitance but lower voltage show that the 
scaling is more strongly a function of cap 
energy than pulse duration. 

Trends are similar for both the cases of fresh 
Lithium coating in the gun as well as with 
older coating that no longer acts as effective 
getter material. 

High performance spherical tokamak plasma configurations generated by Plasma Injector 3 were studied to understand which factors were most 
important to optimize efficiency, temperature, plasma current, and MHD stability of the configuration. 

• Lithium coating: Minimizing wall interaction with a fresh lithium coat improves tE through a combination of decreased radiative losses (through 
impurity gettering and lower recycling coefficient) as well as possible reduced energy transport.  Maintaining high vacuum quality is also critical to 
achieving the best performance. More work is needed to fully understand the mechanism for enhanced performance with a lithium wall. 

• Controlling q-profile: Applying additional voltage via the Sustain circuit to compensate for resistive decay of the shaft current results in significantly 
reduced edge resistive evolution, with a q(y) profile that doesn’t decay rapidly with time, producing plasmas with similar total thermal energies, but 
using less Ohmic heating to do so, therefor having better 0-D thermal energy times. 

• Current profile determines plasma size: Induced currents in plasma edge strongly control the size of the plasma, with larger total volumes when 
shaft decay rates are fast, or the CHI formation current is high relative to the shaft current (Fpl/Fvac is high)

• Gas pre-loading: Plasma current and plasma density created during CHI is more reproducible and larger in value when the electrode walls are pre-
loaded with deuterium 1 minute before the discharge is initiated.  This is consistent with previous studies of improved performance when both the 
anode and cathode electrodes have a source of hydrogen to contribute to the plasma discharge. 

• Scaling capacitor bank energy is favorable to scaling up to higher power discharges, primarily with higher capacitance configurations maintaining 
moderate voltage (< 25 keV). This is necessary to scale  PI3 results up to higher density, higher flux configurations for demonstration experiments.

The inner surface of the vacuum vessel is 
coated with evaporatively deposited lithium 
up to 5 mm thick using 4 large retractable 
coating probes in the target chamber, and 6 
smaller probes in the Marshall gun region. 
Lithium coating probes hold liquid Li via 
surface tension within a mesh of stainless 
wire at the tip of the probe tube, which 
contains an internal cartridge heater that 
brings the Li to 550 C. Li evaporation occurs 
for 30 minutes per coating session. Li 
coating significantly improves plasma 
lifetime and temperature and can decrease 
ne unless compensated for with an increase 
of gas input.

• High performance shots typically have a magnetic configuration 
that begins as diverted and then transitions to wall limited  at 
roughly halfway through the shot on either the inboard cone 
section, or the outboard  equator if the PFCs are OFF. 

• Overall thermal confinement time tE >10 ms on high performing 
shots is sufficient to have  significant heating during a tC =3 ms 
compression for an MTF scenario.   

Poloidal Field Coil 2

Poloidal Field 
Coil 1

The results of PI3 show that high performance Ohmically heated ST plasmas can have 
sufficient energy confinement time and initial temperature to be suitable as the target 
plasma of an MTF compression experiment, designed to provide a cost-effective 
demonstration of the feasibility of compressional heating as the means to reach 
fusion-relevant temperatures.  LM26 is that next step MTF compression experiment.

The PI3 Marshall gun will be connected to a new target chamber that uses a high-
power theta-pinch compression coil to drive the rapid implosion of a solid lithium
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Te from Thomson Scattering (R=600mm) 
compared to Te from filtered AXUV ratio 
method.  Data shown at t = 5ms.

Normalized TS Te(y) profiles for different 
types of shot range from centrally flat to 
peaked. Data includes all TS times. 

High performance shots with both high core 
Te and Total neutron yield from scintillators.  

Core Te (R600) vs total plasma magnetic lifetime, 
categorized by Shaft Sustain and AXUV signal shape.  

Gun Li 
coat

X-RAY EVOLUTION AS INDICATOR 

Evolution of the x-ray emission from the plasma 
as measured by a filtered AXUV sensor show 
characteristic variation in the slope and 
curvature of the initial rise in brightness, as well 
as how long the plasma persists before 
undergoing a crash in brightness. We can 
categorize the evolution broadly into “dome” 
(red) and “non-dome” (blue) categories, and 
generally dome evolution is an indicator of a 
more stable core plasma with longer lifetime. 

Plasma configuration
with Sustain ON so 
that shaft current 
decays slowly, so q 
profile is kept nearly 
constant. 

Plasma configuration
with Sustain OFF so 
shaft current decays 
rapidly, and as a result 
induces extra poloidal 
current in the edge, 
and q-profile falls with 
time.

We have found that pre-loading the Marshall gun electrodes with gas (D2) approximately one minute 
before the plasma discharge results in better repeatability, significantly higher plasma current (20-50%) as 
well as higher plasma density (30-60%) in comparison to shots where we only intentionally add gas from 
the main gas puff promptly before applying formation voltage to initiate breakdown. The prepuff uses the 
same 25 piezo valves and settings as the main prompt gas puff. The total gas emitted by the puff valves is 
estimated to range of 2-6x1020 atoms of D per shot, while electrode-sourced gas approximately equals the 
prompt gas injection. Without prepuff the electrode-sourced gas is depleted over many plasma 
discharges. Preloading the walls with neutrals results in earlier breakdown with a formation voltage closer 
to its initial maximum. Higher voltage gives more kinetic energy per particle. More conductive plasma 
tends to capture more of the gun flux during CHI bubble-out resulting in higher plasma current. 

Fast CHI formation of a spherical tokamak plasma configuration. 
Poloidal flux surfaces (black contours) bubble out from Marshall 
gun. Color scale is plasma l = m0J||/B [units of m-1].
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See poster PP12.00068 by A. Froese for more about LM26 plasma physics

cylindrical liner, which in turn compresses the ST plasma, heating it 
and increasing the density to approach DD equivalent net gain 
fusion output.  Construction of the new compression chamber has 
begun, with commissioning of the new plasma device to begin in 
early 2025. 

Up to Air 
Add PFCs

7 MJ bank
3.5 MJ bank 4-pulse TS

Te > 300 eV Te > 400 eV
Te > 500 eV

Te = 1 keV T = 10 keV goal

DD equivalent
Efusion(DT) > Ecomp  goal

Upgrade power
Te > 200 eV
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Fresh lithium coat 8/9/2024

Old lithium coat 4/23/2024
2 months, 355 shots since last coating

tE >10 ms
YVR

Cross section of PI3 midplane
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