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Abstract — The electromagnetic particle injector (EPI) concept is advanced through the simulation of
ablatant deposition into ITER H-mode discharges with calculations showing penetration past the H-mode
pedestal for a range of injection velocities and granule sizes concurrent with the requirements of disruption
mitigation. As discharge stored energy increases in future fusion devices such as ITER, control and handling of
disruption events become critical issues. An unmitigated disruption could lead to failure of the plasma-facing
components resulting in financially and politically costly repairs. Methods to facilitate the quench of an
unstable high-current discharge are required. With the onset warning time for some ITER disruption events
estimated to be less than 10 ms, a disruption mitigation system needs to be considered that operates at injection
speeds greater than gaseous sound speeds. Such an actuator could then serve as a means to augment presently
planned pneumatic injection systems. The EPI uses a railgun concept whereby a radiative payload is delivered
into the discharge by means of the J×B forces generated by an external current pulse, allowing for injection
velocities in excess of 1 km/s. The present status of the EPI project is outlined, including the addition of boost
magnetic coils. These coils augment the self-generated railgun magnetic field and thus provide a more efficient
acceleration of the payload. The coils and the holder designed to constrain them have been modeled with the
ANSYS code to ensure structural integrity through the range of operational coil currents.

Keywords — Disruption mitigation, railgun, pellet, neutral gas shielding.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Mitigation of disruption events is a critical need for
ITER as well as any other future burning plasma device.
Disruptions can lead to reduced component lifetime and
possible first-wall failure due to damages incurred through
impact of relativistic electrons, extreme localized heating,
and large electromechanical forces.1 Present disruption miti-
gation strategies involve the rapid injection of large quantities
of impurities ensuring that the resultant thermal quench is
dominated by radiative rather than conductive heat losses. In
order to provide sufficient preemptive mitigation of the dis-
ruption event, the radiative payload must be delivered to the

discharge with a warning time that could be as small as 10ms
(Ref. 2). In addition, for the mitigation strategy to be maxi-
mally effective, the impurity source must rapidly penetrate
the H-mode transport barrier to concentrate deposition within
the core of the discharge. As discharge stored energy and
confinement increase, these timescale and penetration
requirements challenge the response of presently employed
disruption mitigation strategies.3–5

To address these issues, the electromagnetic injection
of a dense solid projectile containing a radiative payload
is proposed as a disruption mitigation system (DMS). The
electromagnetic particle injector6 (EPI) is based upon
a railgun concept whereby current driven through
a metallic spring connecting conducting rails in the pre-
sence of an eternally applied magnetic field generates*E-mail: rlunsfor@pppl.gov
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a J×B acceleration. The EPI has demonstrated the ability
to accelerate a projectile to 150 m/s with a 1.0-ms
response time, consistent with baseline calculations.7

While the EPI has yet to be used for injection into
a discharge, prior injection experiments8 have shown
that the radiative payload begins to ablate upon reaching
the steep gradient region of the plasma edge, generating
a field-aligned plume of ionized material as it transits the
discharge. This described scenario is based on prior injec-
tion experiments8 with smaller radiative granules. These
experiments have shown neutral gas shielding simula-
tions of ablation rates for boron nitride (BN) pellets
injected into ITER baseline discharges as described in
Sec. III, have provided particle deposition profiles, and
have shown that the depositional barycenter of the
injected pellet occurs within the core of the discharge
thus providing a localized impurity source that rapidly
stimulates a controlled radiative collapse.

II. EPI ASSEMBLY

The basic components of the railgun system are shown
in Fig. 1. A current is passed between the pair of conducting
rails by means of a curved metallic spring called a sabot. In
a standard railgun configuration, a rapidly triggered capa-
citor bank connected to the back of the rails drives a current
pulse through the rails and sabot. The loop current generates
a magnetic field BRG, which interacts with the current pas-
sing through the sabot to create a J×BRG force driving the
sabot forward and accelerating the payload along the rails.
At the end of the rails is a catch mechanism that arrests the
sabot and allows the radiative payload to continue into the
discharge unencumbered.

To accelerate the sabot to injection velocities over the
rail length (~1 m), the energy density deposited within it
must by necessity be large, which can result in a loss of
structural rigidity for the rail and sabot system. In addition,
at highly driven currents, the rail electrode erosion can be
substantial, thus limiting the lifetime between electrode

refurbishment. However, as the acceleration is the product
of the current and magnetic field, these issues can be over-
come by implementing supplemental high field magnetic
coils on either side of the delivery rail electrodes thus
augmenting the railgun-generated magnetic fields. These
additional coils improve system efficiency while reducing
the energy deposited into the sabot. In addition, these fields
serendipitouslymimic the fringingmagnetic fields that exist
adjacent to fusion research tokamaks.

To test the efficacy of the supplemental magnetic field
concept, a set of 40 turn Americanwire gauge 5 copper coils
has been built and positioned directly above and below the
EPI rails. The forces on the coils due to the firing currents
are borne by an external set of coil supports as shown in Fig.
2. In the present design, stainless steel bars [“B)”] with
a 2-in. cross section are connected at the end with G10
nonconducting transverse support [“C)”] end pieces to
minimize current loops. The cross straps are made of 0.125-
in.-thick titanium bars, press fit onto titanium pins to carry
the majority of the expansive load. Individual coil assem-
blies have been tested at up to 6.2-kA coil current resulting
in magnetic fields between the coils of nearly 2 T. This
prototype has been also tested in the full railgun assembly,
with both coils operated in series using a single 10-mF,
1.5-kV power supply. A coil current of 4.2 kA resulted in
1.3 T of boost field generated at the railgun location con-
current with the railgun firing. At present, the coils are
limited by the available power supplies, and operation of
the full assembly at 2-T fields between the rails is planned
after the power supplies are upgraded in the near future.

Achieving the desired design criterion of a 3-T boost
field requires a 10-kA coil current. To account for the
increased load, we have calculated the stresses resultant
on the coil holder and modified the design to utilize the
more robust Inconel 625 for the mainline supports with
transverse support straps and pins made of Inconel 718.
The thickness of the straps is also increased to 0.375 in.
The results of the simulated loads using the ANSYS
analysis code package are shown in Fig. 3. As is seen,
the forces on the support structures are within the mate-
rial stress limits with a stress concentration at the retain-
ing pin of 696 MPa, which is sufficiently below the 825-
MPa limit set by a 1.5× safety margin.

III. SIMULATED INJECTIONS INTO ITER BASELINE
DISCHARGES

In order to model the depositional profiles of the
injected pellets, we utilized an adaptation of a spherically
symmetric neutral gas shielding model for injection of

Fig. 1. Components of the EPI railgun system. Direction of
travel is indicated by the chevrons and the representative
plasma discharge on the figure's right side.
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light refractive elements as developed by Parks et al.9 This
model has been validated by comparing calculations to
sub-millimeter lithium granule injection experiments on
the Experimental Advanced Superconducting Tokamak8

(EAST) as well as lithium,10 carbon, and boron
carbide11,12 injections on DIII-D. In this model, as the
outer layers of the injected pellet are ablated, a dense
neutral cloud is formed around the pellet that then moder-
ates the incoming heat flux allowing the pellet to penetrate
more deeply into the discharge. Further descriptions of the
model can be found in Refs. 9, 13, 14, and 15. The extent
to which the intervening neutral cloud modulates the
income heat flux is contained within the shielding para-
meter η as seen in Eq. (1), where the change in granule
radius is proportional to the heat flux qs and the combined
electrostatic shielding and field-directed heating anisotropy
fH and is inversely proportional to the granule density ng,
sublimation energy ΔHg, and surface temperature Ts:

drg
dt

¼ qs " fH
η

ng ΔHg þ 10=3Ts
! " : ð1Þ

The experimentally determined shielding parameter var-
ies between zero and one, where zero is an indication of
complete shielding of the pellet and larger numbers repre-
sent a greater penetration of the incident heat flux, and
thus a lesser shielding fraction. The heat flux to the
granule qs is described by Eq. (2):

qs ¼ 1=2neTe
8Te
πme

# $1=2

; ð2Þ

where

me = electron mass

ne = plasma electron density

Te = electron temperature.

For the majority of these simulations, we model the
injection of a solid spherical BN pellet. Boron nitride
was chosen due to the well-understood radiative proper-
ties of the contained nitrogen and its compatibility as
a material of choice for present-day tokomaks.
Returning to Eq. (1), the density of cubic BN is
8.37 × 1028 atoms/m3, and the surface temperature is
assumed to be the vaporization temperature of the mate-
rial, namely, 3246 K (0.28 eV). The sublimation energy
was determined to be between 30 and 35 MJ/kg through
heat flux measurements to bulk material,16 and the aver-
age value has been converted to 8.36 eV/atom for use in
this simulation. The pellets were simulated as a single
spherical mass driven into the midplane low field side of
ITER baseline Q = 10 discharges as described in Ref 17
and shown in Fig. 4.

To determine the effect of parametric variations on
the depositional profile, we completed three computa-
tional scans over the η, rg, and vinj (pellet injection
velocity) parameters. The shielding provided by the neu-
tral cloud is species dependent and can be affected by the
heating scheme of the discharge. Specifically, granule
ablation can be accelerated by superthermal ions as
a result of intense neutral beam injection. As a result, it
is illustrative to examine the range of deposition profiles

Fig. 2. Supplemental boost coil and supporting coil holder assembly drawing and picture. For the initial prototype testing, the coil
supports “B)” are made of stainless steel while the transverse supports are insulating G-10. The cross straps are 3/8-in. titanium
bars held in place with press fit titanium pins (green circles). The lines across the center of the transverse supports and cross straps
are simply indicative of an axis of symmetry and do not represent a physical split in the material.
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expected for granule injection at a range of different
shielding parameters.

For this scan, shown in Fig. 5, we start the shielding
parameter scan at 0.4, the average η value determined for
vitreous carbon injections into DIII-D. Carbon granules
share a similar Mohs hardness with BN, as well as similar
sublimation temperature, although carbon does have
a slightly lower sublimation energy per atom. As lower
sublimation energies tend to lead to a more effective shield-
ing of the granule (cryogenic pellets have been found to
have shielding factors much closer to zero), we anticipate
that this granule shielding value found for carbon granule
injection represents the lowest possible value that could
a priori be expected for BN pellet injection. The scan was
then run up to η = 1, which is a condition whereby there is
no shielding of the incoming heat flux. As can be observed,

Fig. 3. ANSYS modeling of resultant stresses from 10-kA boost coil current. Since the coil is symmetric about two axes, only the
upper left quadrant of all sections is shown. (a) The largest displacement occurs in the center of the support beam with
a maximum deflection of 50 μm. (b) The largest stresses in the copper coil are 95-MPa Tresca stresses due to this coil deflection.
(c) and (d) The majority of the stress load is being taken by the cross straps, and it is concentrated at the inner hole with a peak
value of 696 MPa.

Fig. 4. Electron density and temperature for ITER
Q = 10 high-performance H-mode scenarios as described
in Ref. 17.
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the addition of the increased shielding moves the farthest
extent of the deposition profile inboard by 10 cm. We
anticipate the extent of the pellet self-shielding to lie some-
where between these two extremes and thus adopt
a shielding factor of 0.7 (dashed line in Fig. 5) for the
remaining simulations.

Variations in granule size will also affect the penetra-
tion of the granules as is evidenced in Fig. 6. As antici-
pated, larger granules deposit a greater amount of
material farther into the discharge. However, it is impor-
tant to note that in all cases the granules are fully ablated
prior to reaching the magnetic axis, and while these
simulations do not take into account immediate cooling

of the discharge due to ablatant deposition, this result or
early full ablation moderates concerns of a solid pellet
interacting with a material surface.

These simulations can be used to provide an initial
material deposition profile for magnetohydrodynamic
disruption simulation codes such as JOREK and
NIMROD to determine the material quantity required to
generate a radiative collapse in ITER. Using a nominal
shielding value of η = 0.7 and a midrange granule radius
of 2 cm, we calculate the mass injection profile for
a range of velocities from 100 to 2000 m/s. These results
are displayed in the intensity plot in Fig. 7. As can be
seen, the mass deposition profile shifts sharply inward as

Fig. 5. Pellet ablatant deposition dependence on shielding factor for a 2-mm granule injected at 1000 m/s. Varying the pellet
shielding factor from 0.4 (strong shielding) to 1.0 (no shielding) delimits the envelope for expected direct pellet deposition of
radiative material. Note that over the entire shielding range, the granule is able to penetrate the pedestal region and deposit
substantial mass into the discharge core. The temperature plot is included to indicate the location of the discharge profile.

Fig. 6. Ablatant deposition for a range of granule sizes injected at 1000 m/s with an assumed η = 0.7. We note two results from
this simulation scan. First, all but the smallest granule sizes are able deposit the majority of their mass into the discharge
core. Second, even for the largest-sized granules, there is full ablation well before the magnetic axis, thus reducing the likelihood
that an injected granule will impact a material surface. The temperature plot is included to indicate the location of the discharge
profile.
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the velocity is increased. Operationally, this value is
completely determinable from the settings on the EPI
and can be tuned for maximum effectiveness during the
course of the research program.

In addition, the EPI is capable of injecting either
a solid pellet or a shell pellet containing a collection of
smaller ablative spheres. A cluster of smaller pellets is
projected to ablate more rapidly than a single large
pellet due to its larger collective surface area. Figure 8
shows the results of a filled shell pellet injection. In this
simulation a pair of 5-cm BN pellets with walls of 1-cm
thickness and 0.5-cm thickness is injected at 500 m/s
into the discharge edge, with the lower velocity being
chosen to shift the depositional profile outboard. The
internal volume of the shell is filled with 500-
μm-diameter solid BN spheres. Assuming a loose pack-
ing fraction of 0.6, this is approximately 130 000 BN
granules for the thick shell and 330 000 for the thin
shell. The simulation assumes that the ablation of the
shell is spherically symmetric and that it leads to
a neutral shielding cloud that is still maintained allowing
uniform collisional heating of the microspheres after the
outer shell degradation.

As the simulation shows (Fig. 8), the ablations pro-
gress as before during the initial injection period right up
until the point where the outer shell is completely ablated.
This occurs at a minor radial location of 1.82 m for the
thick shell and 1.87 m for the thin shell. At this point the
ablation rate quickly increases due to the increased sur-
face area of the microspheres, and as shown, the full
internal volume of material is deposited within a few
millimeters. Note that the vertical axis of Fig. 8 has been
changed to a log scale to accommodate the fact that there

is an order of magnitude more material deposited in
a short radial distance. It is possible that this injected
pellet stream will cause a localized cooling wave that
could extend the deposition region. In addition this loca-
lized cooling location could also be used to rapidly reduce
the pedestal temperature possibly allowing greater pene-
tration for a high-Z cryogenic pellet or radiative gas injec-
tion. Further research with a more comprehensive code
suite, benchmarked by the simultaneous injection of abla-
tive micropellets to determine the localized pellet cooling
effect, should provide a better answer and will be the
focus of future research.

IV. ITER IMPLEMENTATION OF THE EPI CONCEPT

Extrapolation from the present status of the EPI
program to the requirements of an ITER-class DMS
begins with two initial considerations. First, does the
technology scale to a system whereby an appropriately
sized projectile can be injected into ITER within the
relevant time window? Second, is there a strategy that
allows for the implementation of such a system into an
already mature ITER design without resulting in major
redesigns or delays?

In answer to the first question, we note the railgun is
a mature mass acceleration concept with the first
instances of the utilization of electromagnetic forces to
propel matter being evidenced during the early 20th cen-
tury. In addition, the engineering demands of the
ITER-class DMS are not beyond present engineering
with the U.S. NAVSEA railgun developed in conjunction
with BAE Systems having demonstrated the ability to

Fig. 7. Injection deposition profile at extended range of injection velocities for a 2-cm pellet with an assumed η = 0.7. The ability
of the EPI to tune the deposition location of the injected mass through a variation in injection velocities by a simple scaling in
railgun current is a unique feature of this actuator type.
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deliver a 16-kg projectile at approximately 2000 m/s
(Ref. 18). As such, while scaling of the present iteration
of the EPI to an ITER-class system does present technical
challenges, there are no fundamental obstacles. Velocities
achievable with the EPI have been calculated by solving
the railgun equations for a linear geometry7 and show that
a 100-mF capacitor bank charged to 2 kV has the ability
to accelerate a 15-g mass (equivalent to a 2-cm BN
sphere) to 1.3 km/s in 2 ms.

Upon exiting the EPI, delivery of the payload is accom-
plished by having the projectile transverse a shallow bend
guide tube. This tube provides a directed injection away
from the ITER center stack assembly and toward a tungsten
strike plate on the opposite side of the vacuum vessel
ensuring that if the DMS is actuated during a period without
an active discharge, then the BN pellet will be safely
arrested without impact to any of the more fragile interior
components.

Incorporating the EPI system into the ITER DMS
systems can be handled in one of two ways. If possi-
ble, integrating the EPI into an ITER midplane port
plug allows reduced response times and greater utili-
zation of the fringing field. However, it carries with it
additional handling and maintenance challenges and
as such would need to be mounted on rails to allow
removal to a lower-radiation area. In addition, because
of the advanced state of the ITER design, it may not
be possible to redesign a port plug to accommodate
such a system. In such a case, the EPI would be
located exterior to the port plug with purpose-built

supplemental boost coils to compensate for the lower
fringing field. This location adds an additional 4 m to
the distance traveled, but this additional 4 ms is still
within the desired design envelope for a rapid DMS.

V. CONCLUSION

The EPI rapidly drives a solid pellet deep into the
core of the discharge where it ablates and radiatively
cools the discharge, effectively circumventing
a localized disruptive collapse that could damage the
plasma-facing components. The injector is fully electro-
magnetic, with the lack of mechanical moving parts
ensuring high reliability after long standby periods. This
satisfies the demanding needs of a prompt-acting reactor
DMS. In addition, close physical proximity to a next-step
fusion reactor design takes advantage of the external
fringing field, increasing the EPI efficiency. As shown,
the ability of the EPI to vary injection velocity by
a modification of railgun current and thus change the
depositional profile of the ablated material is unique
among DMSs and allows tuning of the actuator to best
fit the needs of the associated tokamak. Future research
will focus on the development and testing of the EPI with
boost coils in preparation for deployment of a prototype
in anticipation of preliminary experiments at an existing
tokamak facility to better quantify the effects of solid
pellet injection on discharge shutdown behavior and dis-
ruption mitigation.

Fig. 8. Injection of a filled shell pellet at 500 m/s. In these simulations, a hollow pellet is filled with 500-μm spherical BN
granules with a packing fraction of 0.6. This amounts to 130 000 granules for a shell thickness of 1 cm and 330 000
granules for a shell thickness of 0.5 cm. The simulation assumes that once the outer shell has been removed, the granules
disperse and immediately begin to ablate. These are compared to the ablatant deposition of a standard solid pellet. Note
that the vertical axis is now on a log scale to accommodate the range in depositional profiles.
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