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Abstract. Disruption mitigation in ITER requires a reliable technique with real-time capability. Impurity
injection has been proposed to convert the plasma energy density (~1 GJ in 840 m3) into radiation power in
~1 ms and to increase the electron density by two orders of magnitude throughout the plasma cross section so as
to achieve suppression of runaway electrons avalanche. However, once the impurity atoms are ionized in the thin
outer layer of the tokamak plasma, they can no longer penetrate the confining magnetic field unless they have
high velocity. Based on experimental and modeling results with injection of gas, pellets, and liquids, it appears
very difficult to achieve simultaneously, deep penetration into the core plasma, efficient ablation, impurity
assimilation, and an increase of electron density on the required time scale. FAR-TECH proposed the innovative
idea of producing and using hyper-velocity (>30 km/s), high-density (>1017 cm-3) plasma jets of C60-fullerene.
The high ram pressure of the C60/C plasma jets allows them to penetrate the tokamak hot plasma, overcoming the
confining magnetic field pressure, and delivering the needed impurity mass required in less than 1 ms. For this
purpose a large mass of explosively sublimated C60 molecular gas, generated by a solid state pulsed power driven
source containing both TiH2 grains and C60 powder, is ionized and accelerated as a plasma slug in a coaxial
plasma accelerator. Our 3D simulations using the LSP PIC code show that a heavy C60 plasmoid penetrates
deeply, as a compact structure, through a transverse magnetic barrier, demonstrating self-polarization and
magnetic field expulsion effects. A prototype of a coaxial plasma gun with a TiH2/C60 source injector cartridge is
under development for a small scale, proof-of-principle experiment which could be demonstrated a tokamak such
as DIII-D. We report here on the experimental characterization of the prototype solid state, pulsed power driven
TiH2/C60 injector cartridge.

1. Introduction
A disruption mitigation scheme must convert ITER plasma energy density (~1 GJ/840 m3)
into radiation within 1 ms and suppress runaway electrons avalanche by an increase of the
electron density to the Rosenbluth density throughout the plasma cross section [1] (~100 times
increase due to free and bound electrons from partially ionized impurity atoms). The principle
solution is considered to be impurity injection into the confined plasma.
A number of alternate approaches to impurity injection have been investigated by others,
including massive (neutral) gas injection in the scrape-off layer region [2, 3, 4] and the
injection of much higher density pellets or liquids which can achieve penetration, but have to
rely on efficient ablation and impurity assimilation by stopping it in the cold plasma of the
current quench phase within the required time scale [5]. Experiments have demonstrated the
difficulty to project the results to ITER [6].
Fueling experiments on the small Globus-M tokamak [7, 8, 9, 10 ,11] demonstrated deep (to
half minor radius) and fast penetration into a tokamak plasma and its confining magnetic field,
of a high-velocity (~140 km/sec), dense (~2x1016 cm-3) plasma jet with a mass of 17 μg,
accelerated using a coaxial plasma gun. The electron density was shown to increase (double)
much faster (<0.5 ms) than for fast gas jet injection (~2.5 ms) and to be better distributed
throughout plasma cross section.
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FAR-TECH proposed and is pursuing the innovative idea of producing and using highvelocity (>30 km/s), high-density (>1017 cm-3) plasma jets of C60-fullerene [12]. The high
velocity leads to a sufficient ram pressure of the plasma jets to allow penetration into the
tokamak hot plasma, overcoming the confining magnetic field pressure, and delivering the
mass required in less than 1 ms. For disruption mitigation a large mass of explosively
sublimated C60 molecular gas, generated by a solid state, pulsed power driven source
containing both TiH2 grains and C60 micron size powder, is ionized and accelerated as a
plasma slug in a coaxial plasma accelerator as detailed in [13] and presented in FIG. 1.

FIG. 1. Disruption mitigation scheme with a C60 plasma jet from a coaxial plasma gun.

Modeling of a pulsed power heated cylindrical resistor composed of many packed small TiH2
spherical grains and micron sized C60 powder suggested that hot H2 gas generation, followed
by C60 powder sublimation by the hot hydrogen, can take place within ~10-20 s [13].
Simulations with an extended physics plasma slug model, benchmarked against Globus-M
coaxial gun data, shows that a 100 kJ capacitive driver should be capable of accelerating a
mass of 30 mg to a high velocity of 30-40 km/s within a coaxial gun length of about 50 cm,
realistic parameters for a small scale proof-of-principle demonstration.
LSP PIC code 3D [14] simulations of plasmoid (n=2x1016 cm-3, T=1 eV, v0=30 km/s),
penetration through a transverse vacuum magnetic barrier (B=0.1 T, in the range of the
Globus-M tokamak) (see FIG. 2) show that a heavy molecular C60+ plasmoid of 288 µg
penetrates deeply as a compact structure, exhibiting self-polarization and magnetic field
expulsion effects, while a C+ plasmoid of 4.8 µg is stopped. Further simulations with C60+ and
C+ plasmoids of the same mass showed that C60+ deep penetration takes place even if its
density is 60 times lower.
A prototype of coaxial plasma gun with a pulsed power based TiH2/C60 source injector
cartridge is under development for a small scale, proof-of-principle experiment
(m=30 mg C60/C, v~30 km/s, EDriver=100 kJ) which could be demonstrated on a tokamak such
as DIII-D. This paper presents the results from initial characterization of the pulsed power
based TiH2/C60 source injector cartridge.
2. Experimental Setup - TiH2/C60 Injector Cartridge
The pulsed power based TiH2/C60 injector cartridge is shown in FIG. 3, indicating its major
sub-components. The core of the injector is the reservoir of TiH2 grains and C60 powder, held
under mechanical compression up against the exhaust nozzles by a spring loaded electrode
plunger. Power is delivered to the injector via coaxial cables from a capacitive driver.
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FIG. 2. LSP code results of plasmoid penetration through transverse magnetic barrier: a) C+ shows
field expulsion and is stopped; b) C60+ penetrates by self-polarization deeper as a compact structure.

FIG. 3. Pulsed power based TiH2/C60 injector cartridge.

FIG. 4. a) Equivalent circuit for cartridge capacitive driver and injector cartridge, b) typical injector
cartridge drive current waveform and energy deposition time history.
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The equivalent circuit for the TiH2/C60 injector cartridge’s capacitive driver is shown in
FIG. 4a, utilizing two capacitors capable of storing up to 7.5 kJ when charged to 25 kV (initial
testing began with only one capacitor). FIG. 4b shows the injector cartridge drive current
waveform and the energy deposition time history for a typical 20 kV shot. During the current
pulse, the cartridge resistance rises rapidly from an initial resistance of ~5 m, in the case of
this shot to 18 m by the first current peak, and reaching 32 m at the second current peak,
reflecting a change in grain/powder temperature. The driver to cartridge energy coupling
efficiency is estimated at ~80%.
3. Injector Cartridge Source Results
Two experimental test series were performed. The first to test the capability of the injector
cartridge to provide the mass of H2 necessary to sublimate the C60, utilizing TiH2 grains only.
The second to characterize the C60 output of a combined TiH2 grains and C60 powder injector
cartridge fill.
The injector cartridge shown in FIG. 3 was mounted on a vacuum chamber at the HyperV
Technologies Corp. facility. The capacitive driver, shown in FIG. 5a, with an option of using
one or both capacitors, provided cartridge currents up to 264 kA, resulting in the deposition of
up to ~5 kJ in the injector cartridge, in a time scale of ~20-35 µs.
The diagnostics used to characterize the ejected molecular gas jet were the following: ballistic
pendulum for momentum [15], laser interferometer for density [15], piezoelectric pressure
probe for stagnation pressure (used only in second test series) [16], and vacuum gauge for the
post-shot pressure, allowing an estimate of the total H2 mass ejected.
3.1. TiH2 Grains only
The cartridge reservoir shown in FIG. 3, filled with 1 mm TiH2 grains, had a diameter of
31.8 mm and length of 80 mm. The total mass of TiH2 grains was ~120 g, with a packing
density of ~66%. The DC resistance was observed to decrease with grain compression from
~2 uncompressed, to ~120 m with a compression force of ~820 N, primarily because of an
increase in the number of grain contact points and their associated areas, caused by crushing.
The grains are transiently heated mainly at their contact areas where the current density
reaches very high values leading to melting and fusing of TiH2 at their contact points.
Moreover, because of the transient nature of the pulsed power drive, the effective current skin
depth, which is estimated to be <500 µm, results in an increase of the effective electrical
resistivity over that of a static resistance measurement, and as a consequence, a reduction of
the initially heated TiH2 mass. These two effects lead to more efficient heating, and hence
higher local temperatures at the TiH2 grain surfaces. Thermal heat conduction plays a minimal
role in the time scales associated with cartridge operation.
The transient evolution of the ejected H2 jet density was determined from chordal
line-integrated laser interferometry located ~10 mm downstream of the exhaust nozzles. The
data in FIG. 5a show that the jet average density increases with driver energy up to
~3×1018 cm-3 in ~50 µs, for the 7.2 kJ shot. The observed delay in density rise relative to the
cartridge current drive gives an estimated velocity for the initial H2 of ~1 km/s.
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The total momentum of the gas jet was determined from the motion of a ballistic pendulum.
The maximum amplitude (swing) was recorded using a time-integrated optical image of the
pendulum motion, as indicated by a light trace created by a LED light source mounted on the
pendulum disk. The amplitude of the pendulum motion, hence the delivered momentum
transfer from the ejected H2 gas, was observed to increase with driver energy. Using the
interferometry inferred initial H2 velocity of 1 km/s, the total exhausted H2 mass was
estimated as ~2 mg for the 7.2 kJ driver shot.
The post-shot pressure in the vacuum chamber provided an additional measure of the total
mass of ejected H2 gas. As shown in FIG. 5b, the driver energy dependence of the H2 mass
determined from post-shot pressure followed those of the pendulum inferred mass. The
differences between the two estimates are a measure of the uncertainties in the final gas
temperature, taken as room temperature, and the mass weighted mean H2 gas velocity,
expected to be less than 1 km/s.
We are currently performing 2D fully compressible gas dynamics simulations using
FAR-TECH’s computational fluid dynamics code GJET-2D [17], for the gas ejection through
the nozzles and plan to use the results to guide the optimization of the cartridge nozzle profile
design. FIG. 6 shows an example of the simulation results for H2 compared with the
interferometry, for a simple cartridge model where the equivalent area of the 264 small
nozzles is approximated with a single nozzle with circular cross section of 6.73 mm radius.
The initial parameters used in the example were as follows: density in the cartridge n=3×1019
cm-3, gas temperature Tg=700 K, gas atomic mass units A=2 (for H2), adiabatic coefficient
γ=1.35 (for hot H2). Simulation with this simple nozzle model can reproduce the
characteristic shape of the downstream chordal line-integrated downstream densities obtained
from experiment (the relative vertical scaling for the two data sets is arbitrary). Work is
currently underway to refine the cartridge model to have multiple gas nozzles (annular shells
in r-z model geometry), more realistically simulating the physical configuration. An absolute
comparison of magnitude will then be made with the improved cartridge model.

a)

b)

FIG. 5. a) H2 jet density time dependence for three values of driver energy, b) H2 mass as a function
of driver energy as determined from post-shot vacuum pressure and ballistic pendulum motion.
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FIG. 6. GJET-2D code results for simple cartridge model compared to interferometry data.

3.2. TiH2 Grains and C60 Powder
As our aim is to produce the large mass of C60 (at least 30 mg) for our proof-of-principle
experiment on a tokamak such as DIII-D, we coated and mixed the TiH2 grains [13] with a
fine C60 powder [18]. As C60 is a semiconductor, the resistivity of the cartridge was found to
increase, leading to an enhanced driver to cartridge energy coupling efficiency. We performed
all tests with the TiH2/C60 cartridge using 5 kJ of stored driver energy. The diagnostics used
were the same as for the cartridge with TiH2 grains only, with the addition of a pressure probe.
The pressure probe provided a measurement of the stagnation pressure, ρv2/2. The pressure
probe was located ~10 mm downstream of the exhaust nozzles. Because of the electrical noise
environment, the valid signal begins at the end of the current pulse as shown in FIG. 7. The
gas jet in this series is expected to be composed of H2 and C60, where the C60 density is
expected to be ~10 times lower than that of H2, because it is estimated that it takes about ten
H2 hot molecules to sublimate one C60 molecule. The first pressure peak has a characteristic
time profile similar of that observed in the interferometry with TiH2 only, and is expected to
be dominated by H2 (unfortunate there was no pressure probe data for the TiH2 series). The
second pressure peak is expected to be dominated by the 3-5 times lower velocity C60. The
observed first stagnation peak pressure of ~36 kPa leads to an evaluated H2 density of ~2×1019
cm-3 when using the velocity of ~1 km/s based on the TiH2 grains only test results. The
observed second stagnation peak pressure of ~20 kPa leads to an estimated C60 density of
~8×1017 cm-3, using one-fifth the H2 velocity, 0.2 km/s.

FIG. 7. Downstream pressure probe signal overlayed with the TiH2/C60 cartridge current.
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a)

b)

FIG. 8. a) Pendulum amplitude data: TiH2 only (top) and TiH2/C60 (bottom); b) ejected C60 mass as

a function of shot sequence number from the pendulum data based on a C60 jet component
velocity of 0.2 km/s.
FIG. 8a displays time-integrated optical images, showing the magnitude of the pendulum
amplitude for two shots taken with the same 5 kJ driver energy, however, with different
cartridge loadings. The upper image is for a shot with TiH2 only, while the lower image is for
a combined TiH2 and C60 loading. The pendulum swing amplitude for the combined TiH2 and
C60 is clearly much larger than for the TiH2 only, resulting into a momentum transfer ~32
times larger. The very large mass ratio of 360, between C60 and H2, cannot be compensated by
the C60:H2 velocity ratio of ~0.2 and density ratio of ~0.1, thus the momentum transfer is
dominated by the C60 jet component. The estimated C60 jet mass based on the pendulum
swing amplitude is presented for several shots in FIG. 8b, plotted as a function of the shot
sequence number for the same cartridge fill. The values assume C60 dominance and an
average velocity of 0.2 km/s.
4.0

Summary and Future Work

A pulsed power based, high density, fast C60 source has been demonstrated. C60 mass ejection
in excess of 30 mg, on a few hundred microsecond time scale has been achieved. This mass
level meets our requirements for the source component of a sub-millisecond disruption
mitigation system appropriate for a proof-of-principle demonstration.
Continuing work includes the design and fabrication of the coaxial accelerator component of
the disruption mitigation system. Coupled to the C60 source, this component will accelerate
the C60 mass to a velocity of ~30 km/s, thereby imparting an appropriate ram pressure relative
to magnetic field pressure for the penetration of the C60 mass into the tokamak plasma. Once
assembled, work will focus on the demonstration of the full prototype disruption mitigation
system, with the injection of the high velocity C60 mass through a magnetic field characteristic
of that found in DIII-D.
The authors would like to acknowledge F. D. Witherspoon, A. Case, S. Brockington, R.
Bomgardner, and S. Messer of HyperV Technologies Corp. for providing the test facility and
diagnostic support, as well as, for many fruitful discussions.
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