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Background: What is a ‘De
agration’?
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� MHD analogy to 1-D combustion waves

� current conduction zone vs. combustion zone

� key features: cooler, less dense products with higher directed kinetic energy

� electromagnetically-accelerated \plasma rocket"

Image 1 from [?].
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Motivation

Our goal is to generate hypervelocity neutral plasma jets with known characteristics and to
expose materials to these hydromagnetic conditions to produce extreme levels of thermal,

physical, chemical, and electrostatic stress.

Desired characteristics:

� > 10 keV ion energy

� > 10 MJ/m2 energy density

� > 1012 W/m2 peak energy 
ux

Practical signi�cance:

� match/exceed conditions in edge localized mode disruptions in fusion plasmas

� 1-10 GPa thermo-mechanical stress generated relevant to nuclear stockpile stewardship

� fundamental data on plasma-material interactions under extreme conditions

To advance the goals of the project, we must know:

� plasma density in the jet as a function of position and time

� strength of the local magnetic �eld convected with the jet

� local velocity of the jet as a function of time
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Facility: The Stanford Plasma Gun

Key facility parameters:

� one capacitor bank, 56 �F
(expandable to 224 �F)

� pulse energy varied from 60 J -
1.8 kJ (max possible 11.2 kJ)

� charging voltages from 1.5 - 8.0
kV (up to 10 kV possible)

� interelectrode volume 0.001 m3

(1 L)

� rod/cage anode con�guration

� �500 �g mass bit (Nitrogen)

 5 

velocity in excess of 2 x 105 m/s.  On hydrogen, 
at a discharge potential of 4 kV and energy of 
approximately 1 kJ, we have detected particles 
in the tail of the distribution with energies in 
excess of 10 keV, corresponding to velocities in 
excess of 106 m/s. A better understanding of the 
magnetohydrodynamics of this plasma 
deflagration mode may enable scaled plasma 
guns that could provide a high fluence of 
particles with kinetic energies that are an order 
of magnitude higher than those that we 
currently generate. We have recently operated 
our deflagration gun successfully on hydrogen 
at energies of 10kJ but have not recorded 
plasma velocities. We would like to make 
modifications that will allow us to increase the 
operating voltage even further (to 17 kV), 
double the size of the capacitor bank (with existing capacitors in storage) and carry out 
experiments at a total energy of 64 kJ for the proposed research effort. This increased total 

energy will also require modifications needed to 
increase the injected gas-puff mass, presently from 
approximately 2 µg of hydrogen and 200 µg of argon, 
to over 10 and 1000 µg respectively. 

The experimental facility supporting our high 
energy density plasma deflagration studies as it is 
currently operated is shown in the photograph of Fig. 
1. The co-axial deflagration gun is shown in the 
figure inset. Not shown in this photograph is the 
attached vacuum chamber supported by two, 48Ó 
cryogenic pumps. In this figure, there are two 
capacitor banks (consisting of eight 14 µF low 
inductance capacitors), capable of each storing 16 kJ 
of energy at 17 kV discharge potential. At its full 
potential, our current configuration can discharge 32 
kJ into a gas-puff of about 2 µg of hydrogen. With a 
gross co-axial gun volume of about 0.001 m3, this 
results in an energy density of 32MJ/m3. We have 
access to an additional 32 capacitors in storage, 16 of 
which we intend to bring on-line to double this gross 
energy density. We expect that the local energy 
density in the plasma, particularly in the core jet, will 
be orders of magnitude higher.   Each capacitor bank 
controls the timing of the energy flow to the gun 
relative to the gas puff using spark-gap triggers. 

High speed intensified camera images (see for 
example, Fig. 2) have recorded the time-history of 
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to over 10 and 1000 µg respectively. 

The experimental facility supporting our high 
energy density plasma deflagration studies as it is 
currently operated is shown in the photograph of Fig. 
1. The co-axial deflagration gun is shown in the 
figure inset. Not shown in this photograph is the 
attached vacuum chamber supported by two, 48Ó 
cryogenic pumps. In this figure, there are two 
capacitor banks (consisting of eight 14 µF low 
inductance capacitors), capable of each storing 16 kJ 
of energy at 17 kV discharge potential. At its full 
potential, our current configuration can discharge 32 
kJ into a gas-puff of about 2 µg of hydrogen. With a 
gross co-axial gun volume of about 0.001 m3, this 
results in an energy density of 32MJ/m3. We have 
access to an additional 32 capacitors in storage, 16 of 
which we intend to bring on-line to double this gross 
energy density. We expect that the local energy 
density in the plasma, particularly in the core jet, will 
be orders of magnitude higher.   Each capacitor bank 
controls the timing of the energy flow to the gun 
relative to the gas puff using spark-gap triggers. 

High speed intensified camera images (see for 
example, Fig. 2) have recorded the time-history of 
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Facility: The Stanford Plasma Gun

Key facility parameters:

� one capacitor bank, 56 �F
(expandable to 224 �F)

� pulse energy varied from 60 J -
1.8 kJ (max possible 11.2 kJ)

� charging voltages from 1.5 - 8.0
kV (up to 10 kV possible)

� interelectrode volume 0.001 m3

(1 L)

� rod/cage anode con�guration

� �500 �g mass bit (Nitrogen)

 5 

velocity in excess of 2 x 105 m/s.  On hydrogen, 
at a discharge potential of 4 kV and energy of 
approximately 1 kJ, we have detected particles 
in the tail of the distribution with energies in 
excess of 10 keV, corresponding to velocities in 
excess of 106 m/s. A better understanding of the 
magnetohydrodynamics of this plasma 
deflagration mode may enable scaled plasma 
guns that could provide a high fluence of 
particles with kinetic energies that are an order 
of magnitude higher than those that we 
currently generate. We have recently operated 
our deflagration gun successfully on hydrogen 
at energies of 10kJ but have not recorded 
plasma velocities. We would like to make 
modifications that will allow us to increase the 
operating voltage even further (to 17 kV), 
double the size of the capacitor bank (with existing capacitors in storage) and carry out 
experiments at a total energy of 64 kJ for the proposed research effort. This increased total 

energy will also require modifications needed to 
increase the injected gas-puff mass, presently from 
approximately 2 µg of hydrogen and 200 µg of argon, 
to over 10 and 1000 µg respectively. 

The experimental facility supporting our high 
energy density plasma deflagration studies as it is 
currently operated is shown in the photograph of Fig. 
1. The co-axial deflagration gun is shown in the 
figure inset. Not shown in this photograph is the 
attached vacuum chamber supported by two, 48Ó 
cryogenic pumps. In this figure, there are two 
capacitor banks (consisting of eight 14 µF low 
inductance capacitors), capable of each storing 16 kJ 
of energy at 17 kV discharge potential. At its full 
potential, our current configuration can discharge 32 
kJ into a gas-puff of about 2 µg of hydrogen. With a 
gross co-axial gun volume of about 0.001 m3, this 
results in an energy density of 32MJ/m3. We have 
access to an additional 32 capacitors in storage, 16 of 
which we intend to bring on-line to double this gross 
energy density. We expect that the local energy 
density in the plasma, particularly in the core jet, will 
be orders of magnitude higher.   Each capacitor bank 
controls the timing of the energy flow to the gun 
relative to the gas puff using spark-gap triggers. 

High speed intensified camera images (see for 
example, Fig. 2) have recorded the time-history of 
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Diagnostics

1. Fast frame rate ICCD camera (Cordin 220)

2. Thomson parabolic energy analyzer (past work)

3. Distributed di�erentiating Rogowski coils (past work), Pearson current transformer + HV
probe

4. Optical frequency interferometer
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velocity in excess of 2 x 105 m/s.  On hydrogen, 
at a discharge potential of 4 kV and energy of 
approximately 1 kJ, we have detected particles 
in the tail of the distribution with energies in 
excess of 10 keV, corresponding to velocities in 
excess of 106 m/s. A better understanding of the 
magnetohydrodynamics of this plasma 
deflagration mode may enable scaled plasma 
guns that could provide a high fluence of 
particles with kinetic energies that are an order 
of magnitude higher than those that we 
currently generate. We have recently operated 
our deflagration gun successfully on hydrogen 
at energies of 10kJ but have not recorded 
plasma velocities. We would like to make 
modifications that will allow us to increase the 
operating voltage even further (to 17 kV), 
double the size of the capacitor bank (with existing capacitors in storage) and carry out 
experiments at a total energy of 64 kJ for the proposed research effort. This increased total 

energy will also require modifications needed to 
increase the injected gas-puff mass, presently from 
approximately 2 µg of hydrogen and 200 µg of argon, 
to over 10 and 1000 µg respectively. 

The experimental facility supporting our high 
energy density plasma deflagration studies as it is 
currently operated is shown in the photograph of Fig. 
1. The co-axial deflagration gun is shown in the 
figure inset. Not shown in this photograph is the 
attached vacuum chamber supported by two, 48Ó 
cryogenic pumps. In this figure, there are two 
capacitor banks (consisting of eight 14 µF low 
inductance capacitors), capable of each storing 16 kJ 
of energy at 17 kV discharge potential. At its full 
potential, our current configuration can discharge 32 
kJ into a gas-puff of about 2 µg of hydrogen. With a 
gross co-axial gun volume of about 0.001 m3, this 
results in an energy density of 32MJ/m3. We have 
access to an additional 32 capacitors in storage, 16 of 
which we intend to bring on-line to double this gross 
energy density. We expect that the local energy 
density in the plasma, particularly in the core jet, will 
be orders of magnitude higher.   Each capacitor bank 
controls the timing of the energy flow to the gun 
relative to the gas puff using spark-gap triggers. 

High speed intensified camera images (see for 
example, Fig. 2) have recorded the time-history of 
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Diagnostics

1. Fast frame rate ICCD camera (Cordin 220)

2. Thomson parabolic energy analyzer (past work)

3. Distributed di�erentiating Rogowski coils (past work), Pearson current transformer + HV
probe

4. Optical frequency interferometer

CHAPTER 4. DESCRIPTION OF FACILITY AND EXPERIMENTS 78

4.2.4 Magnet Energy Spectrometer

This section describes the design and construction of a magnet energy spectrometer

that was used to measure the arrival time of energetic ions at a location 2m down-

stream from the gun axis. Figure 4.22 shows a schematic of the setup. The plasma

beam emitted from the plasma gun travels down the glass tube and enters the large

vacuum tank where the magnet energy spectrometer is located. At the entrance of

the energy spectrometer, a collimator and grid assembly selects a narrow diameter

subset of the beam while also rejecting the electrons. The ion beam then enters the

magnetic Þeld where the Lorentz force deßects the ions depending on their speed,

thereby dispersing the beam into di! erent energy classes. By tuning the magnetic

Þeld, ions with a particular kinetic energy can be deßected into the ion detector that

is located at a 90 degree angle from the beam axis.

Figure 4.22: Schematic of Magnet Energy Spectrometer Setup.

If the accelerated beam consisted only of hydrogen ions (protons), a complete

time-resolved energy spectrum could be constructed by repeating the measurements

at varying magnetic Þeld strengths. Unfortunately, the expected presence of carbon

and copper contaminants made this virtually impossible as the deßection angle also
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of plasma jet energy within the surface are poorly understood, one can appreciate the magnitude 
and complexity of the multi-scale physics by examining some simple physical scenarios. We 
consider what would happen if the plasma jet kinetic energy were to be converted all into 
electrostatic energy alone within the material. Conditions in which 1018 ions (corresponding to 
about 1 µg of processed hydrogen) are deposited 
into an area 1 cm2 with an equal number of 
electrons remaining at the surface would generate 
a polarization field of > 1013 V/m and an 
electrostatic stress of 104 GPa. Materials cannot 
support such levels of electrostatic stress and the 
material would fail well before the ions are 
implanted so deeply, resulting in breakdown, 
electron migration into the material to neutralize 
the space charge, and with kinetic energy 
deposited into other modes including micro-
fracture, chemistry, phase-change, and ablation. 
Another simple calculation that can be carried out 
is to assume that the kinetic energy of the plasma 
beam is converted entirely into useful work used 
to compress the solid.  A total of 1018 argon ions 
subplanted into 1 cm2 of nickel through a depth of 
0.1 µm will displace about 10% of the volume 
occupied by the nickel nuclei. With a 
compressibility of about 10-5, this would generate 
nearly 1 GPa of mechanical stress, which would 
surely result in microfracture, amongst other 
mechanical deformations. Finally, we consider the 
case where 10 kJ of energy of a plasma jet is 
subplanted to a depth of 1 µm onto a 1 cm2 region 
of a solid. The energy density that results is about 

'
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Image 2 from [?].
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Diagnostics

1. Fast frame rate ICCD camera (Cordin 220)

2. Thomson parabolic energy analyzer (past work)

3. Distributed di�erentiating Rogowski coils (past work), Pearson current transformer + HV
probe

4. Optical frequency interferometer
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Task 2(b) Simulation of Plasma Gun at High Input Energies (U.T. Austin ÐRaja/Year 2) 

An important objective of the proposed work is the scale-up of input plasma energies by 
almost an order of magnitude to 64 kJ, compared to the current energies of a few kJ.  This will be 
achieved experimentally by increasing the total energy storage capacitance and the charge 
voltages.  These changes have a direct impact on the pulse duration and it is anticipated that the 
gun geometry, mass delivery, and other variables will have to be optimized to maintain the 
plasma deflagration mode.  For example, the length of the gun (inner and outer electrode lengths) 
will have to be modified to accommodate the pulse duration and the J x B driven gas dynamic 
residence time within the gun.  At higher energies, the plasma temperatures can increase 
resulting in sufficiently high conductivities that the plasma can switch to a snowplow mode of 
operation where current flow between the electrodes is limited to an axially propagating 
localized current sheet.  The high kinetic energy of the exhausting plasma jet can be 
compromised in this situation.  The MHD model will be used to systematically explore the gun 
design parameter space to define boundaries of snowplow model and deflagration mode 
operation.  These studies will in turn facilitate informed design decisions for the scale up of gun 
energies.      

 
Task 2(c) Simulation of Plasma Jet Interactions with Target Material Surfaces (U.T. Austin Ð
Raja/Year 2 and 3) 

Finally, the MHD model will be used to support the principal objective of the research, i.e. 
the study of high energy plasma jet interactions with target material surfaces.  The plasma 
computational domain will be extended to include the entire plasma external jet as it interacts 
with the target material surface.  The plasma jet interaction with the target is a transient event 
that involves the initial impact of plasma with the target surface which results in a reflected 
normal shock (for normal jet impact at the target) and the corresponding shock heated stagnation 
layer at the target surface.  Following this initial event, a stagnation point boundary layer flow 
develops at the surface which dictates the flux of energy and particles to the surface.  High 
resolution meshing in the vicinity of the plasma-target surface will provide the necessary 
computational fidelity to the near-surface interaction phenomena.   

The proposed atomistic (molecular dynamics) materials model takes as input all of the 
plasma conditions that the target surface sees during the interaction transient.  These include the 
composition of plasma at the surface, flux of particles to the surface, and the incident kinetic 
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Figs. from [?].
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Diagnostics

1. Fast frame rate ICCD camera (Cordin 220)

2. Thomson parabolic energy analyzer (past work)

3. Distributed di�erentiating Rogowski coils (past work), Pearson current transformer + HV
probe

4. Optical frequency interferometer
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Methodology

Use interferometry information (line density)
combined with fast framing ICCD images
(velocity, beam diameter, discharge character)
to determine parameters of interest.

0 1 2 3 4 5 6 7

Peak Line Density Observed 
 During Discharge (cm ¡ 2 )

£1014

0.2

0.4

0.6

0.8

1.0

I 
/ 
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Experimental Campaign

� 11 shots over a range of voltages to
obtain TOF velocity

� 15 shots with I and V probes to determine
lumped circuit parameters

Reprinted from [?].
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Jet Parameter Data
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� clear positive correlation with charging voltage
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Jet Parameter Data
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� increasing beam diameter w/ charging voltage, �1.5-2.0 cm
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Jet Parameter Data
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� energy balance indicates somewhat low (�5%) e�ciency
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Jet Parameter Data
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� consistent with the lower energies relative to previous literature



ENGINEERING

ENGINEERING
Mechanical Engineering
Product Realization Lab

ENGINEERING

ENGINEERING

Mechanical
Engineering
Product Realization Lab

ENGINEERINGMechanical Engineering

Mechanical 
Engineering

Mechanical Engineering

Mechanical
Engineering

Product Realization Lab
Mechanical Engineering

Mechanical Engineering

Product
Realization LabProduct Realization Lab

Mechanical Engineering

Mechanical Engineering
Product Realization Lab

Mechanical
EngineeringENGINEERING

Mechanical Engineering
ENGINEERING

Mechanical 
Engineering

Product Realization Lab

9/13

Introduction Facility + Diagnostics Preliminary Data Conclusions + Future Work

Current and Voltage Traces
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� non-sinusoidal feature during jet expulsion

� waveform scales linearly with charging
voltage

� repeatable waveform at similar charging
voltage

� 50 kA peak observed at V0 = 5.6 kV

� some likely noise and/or compensation
issues

� phase shift vs. current indicates inductive
load characteristics

� measurement taken at breach, so voltage
drop is both inductive and resistive
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Observed Discharge Features

� luminous diameter of beam broadens signi�cantly at exit

� jet continues to expand even as brightest region remains in
vicinity of cathode tip

� multiple acceleration events have been observed

� signi�cant jet structure repeatedly captured by ICCD
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Qualitative Simulation Benchmarking

Numerical data from [?].
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Conclusions

� important preliminary scalings have been established

� de
agration mode of operation in over-fed condition con�rmed with
ICCD

� external circuit parameters are consistent with the literature

� However: large uncertainties present in underlying data

� homodyne interferometry, based on smaller mass bit

� emission time-of-
ight velocity measurement ! many possible sources of
error

� no quanti�cation of other energy loss mechanisms (thermal, radiative, etc.)
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Ongoing and Future Work

� implement sensitive, multi-chord + multi-position heterodyne
interferometer to obtain ne(r ; t) and V (r ; t) in near-�eld jet

� adjust I-V probe scheme to mitigate noise/compensation issues

� develop coupled circuit model for comparison with lumped parameters

� implement time-resolved ion temperature diagnostic to capture
additional energy dissipation mechanisms

� improve quanti�cation of simulation vs. experiment
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Thank You!

Questions?
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