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Original Experiment Sequence 

2) The current loops expand due to the “hoop” 
force, merging along the central axis because 
their parallel currents attract one another. 

1) External coils create an arched poloidal 
magnetic field between a central conducting 
disk (cathode) and surrounding annulus 
(anode).  Neutral gas is puffed into the 
chamber, then a radial electric field is created 
by applying a high voltage across the 
electrodes, breaking down the gas to form 
current-carrying plasma loops that follow the 
poloidal field. 



4) The jet goes kink unstable, evolving toward a 
force-free equilibrium determined by the 
amount of helicity injected at the electrodes.  

3) Driven by the 𝑱 × 𝑩 force [toroidal magnetic 
field pressure gradient], the jet expands away 
from the electrodes and is collimated.  A 
diffuse envelope completes the current path 
from the anode to the cathode. 



Applications to Fusion Plasmas 
Tokamak Divertors Spheromak Formation 

- MHD plasmas with open magnetic field 
lines can be out of equilibrium 
(𝑱 × 𝑩 = 𝛻𝛻 isn’t necessarily satisfied) 
and therefore have flows and jets 
 

- The jet formation process in our 
experiments is similar to the coaxial 
helicity injection (CHI) scheme being 
investigated for spherical tokamak 
startup. 

Sketch of ITER divertor 
Courtesy of www.iter.org 

- Spheromaks have field-aligned internal 
currents such that the force-free 
equation 𝛻 × 𝑩 = λ𝑩 is satisfied 
 

- Our jet experiment can yield insight into 
the dynamics through which an MHD 
plasma evolves toward a spheromak 
equilibrium 

1) Hsu, S. C. and P. M. Bellan, Phys. Rev. Lett., 90: 215002, 2003. 

- The kink instability 
acts as a dynamo 
mechanism that 
converts toroidal 
magnetic flux to 
poloidal flux, enabling 
spheromak formation1 



Applications to Astrophysical Jets 
- Collimated plasma jets are ubiquitous in 

astrophysics, existing in diverse locations 
and on widely different scales 

Composite Image of the 
active galaxy Centaurus A 
Courtesy of: http://apod.nasa.gov/ 

1022 m long  plasma 
jet with v ~ 0.5 c 

Supermassive 
black hole? 

- MHD forces are thought to drive accretion disk jets through a 
process similar to our laboratory experiment sequence: An 
electric field drives a current along a pre-existing poloidal 
magnetic field, inflating the poloidal field lines and driving a jet 
perpendicular to the disk 

Hubble Space Telescope (HST) image of the 
young stellar object HH 30 
Courtesy of: http://www.spacetelescope.org/ 

2 x 1014 m long plasma jet 
with v = hundreds of km/s 

Accretion 
disk 

Central 
star 



Old jet experiment is limited 
by the criterion for neutral 
gas high voltage breakdown 
(Paschen curve) 

New experiment design uses a compact RF source to pre-ionize 
plasma behind the electrodes, then forms a jet with this plasma 

* 
Original 
operating 
regime 

New Experiment: RF Pre-Ionization 
Replaces Neutral Gas Puffing 

Goal is to make lower density jets to study new physics 



- Decreasing the jet density while keeping the energy input the 
same should lead to faster, hotter jets 

With a higher Lundquist 
number (S) and lower 
collisionality, the new jets will 
have increased relevance to 
fusion plasmas and astrophysics 

Parameter Original Experiment Goal for New Experiment 
𝑛𝑒 ~ 1022 m-3 1018 - 1021 m-3 
𝑇𝑒 1 – 5 eV ? (> 5 eV) 
𝑣𝑗𝑒𝑗 10 – 50 km/s 100 – 1000 km/s 

𝑆 = µ0𝐿𝑣𝐴/η 10 – 100 > 1000 
𝑙𝑚𝑚𝑚 = 𝑣𝑇𝑒/ν𝑒𝑒  ~ 10-5 m 10-4 – 1 m 

Courtesy of: http://en.wikipedia.org/wiki/Herbig%E2%80%93Haro_object 



Vacuum chamber for the new MHD-driven jet 
experiment.  The chamber is approximately 1.1 m 
long and 0.9 m in diameter. 

Cutaway of chamber showing jet (old chamber 
shown--new chamber is slightly smaller). 

Experiment Setup 

Holes for neutral gas injection 

Anode 
(r = 25.4 cm) 

Cathode 
(r = 9.5 cm) 

Electrodes for the experiment. 

Pre-ionized plasma flows in here 



RF source 

RF plasma is created in a glass tube behind 
the electrodes and flows into the chamber 
along the background magnetic field. 

Photo of RF source and gas feed system, in position 
behind the chamber. 

Side-on schematic of experiment setup1. 

Solenoid 
Cathode 

Anode 

1) Field line calculation routine written by Bao Ha 

The new experiment sequence is similar to the 
original sequence, except that the jet is formed 
from pre-ionized plasma rather than by high 
voltage breakdown of a neutral gas cloud. Hole in center 

of cathode 

Photo of RF plasma entering the chamber (false color). 

Glass tube surrounded by antenna 
and solenoid is located here Fast gas valve 



Fast Ignitron Trigger Circuit Using IGBTs 
- The MHD-driven jet experiment’s main discharge circuit uses a size A 

ignitron to switch up to 100 kA of current on a timescale of a few μs. 
 

- Triggering an ignitron into conduction requires the application of a 
high voltage (1.5-3 kV), high current (100-250 A) pulse to the ignitor 
pin.   Fast triggering with minimal jitter is critical for the Caltech 
experiments. 

- Our new ignitron trigger circuit 
uses compact insulated gate 
bipolar transistors (IGBTs) as 
switches to deliver ~230 A peak 
current to the ignitor with a rise 
time of ~0.6 μs. 



Circuit board dimensions 
are 4 inches x 5 inches 

- 0.1 μF capacitor charged to 3 kV 
is discharged through two 
paralleled IXEL40N400 IGBTs 
and a 1:2 pulse transformer 
connected to the ignitron 
ignitor. 

- IGBT gate drive circuit uses a 1 
μF capacitor discharged 
through a MOSFET 



- The rise time of the current pulse delivered to the ignitor is 
limited primary by the load impedance, which is dominated by 
the leakage inductance of the pulse transformer. 

𝐿𝑙𝑒𝑙𝑙𝑙𝑙𝑒 ∝ 1 −
𝑀2

𝐿𝑚𝑝𝑝𝑚.𝐿𝑠𝑒𝑠.
 

- Leakage inductance is caused by imperfect coupling of magnetic 
flux between the primary and secondary windings: 

- An ideal transformer would have 
κ ≡ 𝑀

𝐿𝑝𝑝𝑝𝑝.𝐿𝑠𝑠𝑠.
= 1.  The pulse 

transformer used in this work 
has κ ≈ 0.994, which has an 
effect on the pulse rise time 
equivalent to a 1.5 μH 
inductance in series with the 
primary. 

Primary and secondary voltage waveforms for the  
1:2 pulse transformer.  An ideal transformer would 
have 1

2
∗ 𝑉𝑠𝑒𝑠.= 𝑉𝑚𝑝𝑝𝑚. , but the actual secondary 

voltage is lower than this due to the 𝐿𝑙𝑒𝑙𝑙𝑙𝑙𝑒
𝑑𝑑
𝑑𝑗

 
voltage drop . 



RF Plasma Source Design1 

27.12 MHz 
Oscillator 

Antenna 

Capacitive 
matching 
network 

Transformer Logic 
modules 

DRF1301 
MOSFET 
Push-Pull 
Module 

Gating Pulse 300 V in 
RF Amplifier 

13.56 MHz output 

1) RF amplifier design based on: Choi, G, “Application Note: 13.56 MHz, Class D Push-
Pull, 2 kW RF Generator with Microsemi DRF1300 Power MOSFET Hybrid”, 2008. 

UV Lamp 
(facilitates initial 
gas breakdown) 

Fast Gas Valve 

Glass Tube 

Solenoid 

Antenna and tube containing plasma are 
inside solenoid 



RF Amplifier Properties 

DRF 1301 Power MOSFET Hybrid (dimensions = 1” x 2”) 

- 13.56 MHz 

- Powered by AA batteries (allows 
amplifier to float with the jet 
experiment’s cathode at 4-6 kV ) 

- Pulsed for ≤ 1 ms 

- Output power > 3 kW (total 
energy per pulse ≈ 2 J) 

- Constructed on a 3” x 7.5” 
printed circuit board 

- Class D (switching-mode 
operation) 



Transformer-Coupled Class D RF Amplifier: 
Theory of Operation 

Load (antenna and 
matching network) 

- Square wave trigger pulses alternately 
turn power MOSFETs Q1 and Q2 on 
and off 

- When Q1 is on and Q2 is off, the 
power supply current Ip flows through 
the lower half of the transformer’s 
primary winding to ground 

- When Q2 is on, the currents and 
voltages reverse polarity. 

- Tunable matching network allows the 
impedance of the load to be adjusted 

Transformer with center-
tapped primary winding 

50 μF Capacitor acts as a high voltage 
power supply for pulsed operation 

Power MOSFET switch 

Power MOSFET switch 

- Class D amplifiers can operate with high efficiency because the product IV is near 0 in the 
MOSFET switches at all times.  Finite switching times, non-zero MOSFET on-state 
resistance, and transformer losses can lead to less-than-ideal performance. 



Impedance Matching 

Antenna inductance and 
resistance.  R includes 
radiation resistance from 
antenna-plasma coupling. 

Cs 

Cp 

R 

L 
RF Output ~ 

Z0 

Variable capacitors are 
implemented using 
binary arrays of fixed-
value capacitors 

RF Source 

- Maximum power transfer theorem: 
- Given source impedance  𝑍𝑆 = 𝑅𝑆 + 𝑖𝑋𝑆, power transfer is 

maximized with load impedance 𝑍𝐿 = 𝑍𝑆∗ = 𝑅𝑆 − 𝑖𝑋𝑆 
 

- 𝑍𝑆 is unknown, so we maximize PL empirically by measuring I and V 
at the RF output while adjusting the load impedance 

Transformer turns ratio can 
be modified to adjust the 
effective load impedance  

… 
1 pF 2 pF 4 pF 



RF Amplifier Output (Plasma Load Present) 

Output power is maximized 
when Isource leads Vsource by 0.6 
radians (capacitive load) 

Cs 

Cp 

R 

L 

Measuring I 
and V here 

~ 

Z0 

Cs 

Cp 

R 

L 

Measuring 
V here ~ 

Z0 

Antenna voltage is nearly sinusoidal 
(as is the current through the antenna) 



Red plasma  mostly Ar I emission 

Bluer plasma  more Ar II emission 

Optical emission spectroscopy was used as a diagnostic to optimize 
the system tuning for maximum ionization: 

Measurements of RF Plasma Properties 

[Ar II] / [Ar I] line ratio shows increasing ionization as RF 
power input is increased.  Separate measurements of 
the temperature-dependent ratio of two Ar I lines (not 
shown) showed that Te remained roughly constant as 
the power input was varied. 

Langmuir probe measurements of the afterglow plasma have shown 
that ne > 1013 cm-3 can be achieved with a ~500 Gauss axial magnetic 
field used for confinement. 



Preliminary Results 

- Pre-ionization allows 
for the creation of 
faster jets than was 
previously possible 
 

- Substantial neutral gas 
puffing through the 
outer electrode is 
necessary for the 
formation of a jet-like 
plasma 

Argon Jet Velocities with Pre-Ionization + Gas Puffing 

- Velocities measured from fast camera images 
- Outer fast gas valve voltage was 709 V for all shots 



With pre-ionization alone (no neutral gas input 
through small holes in electrodes) plasma 
breakdown is achieved but no jet forms 

Images of Pre-Ionized Jets 

Argon jet formed with a combination of 
pre-ionization and neutral gas input 
(Vgas,inner = 460 V  ;   Vgas,outer = 709 V) 



Future Work 
- Install additional diagnostics for the new experiment 

- Rogowski coil to measure total gun current 
- Bdot probes to measure magnetic fields in the plasma 
- Langmuir probe to measure jet velocity from time of flight 

and estimate Te and ne 
 

- Continue exploring the new experiment’s parameter space, with 
the goal of producing a low density, hot, high speed jet 
 

- Modify the RF source to achieve reliable plasma formation with 
hydrogen (which is more difficult to break down than argon or 
helium) 


