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Abstract

The Princeton Field-Reversed Configuration (PFRC) nuclear fusion reactor concept is an innovative approach to fusion
power generation prioritizing low neutron production and small size. A combination of analytical modeling and numerical
simulation shows that the novel heating approach generates an FRC with closed field lines. Simulation data from a single-
particle Hamiltonian code predicts ms-scale plasma heating in reactor-scale conditions while PIC codes predict formation
of warm FRC plasmas from initial mirror fields. The PFRC-1 and PFRC-2 experiments have heated electrons to energies
well in excess of 100 eV and plasma durations to 300 ms, more than 10* times longer than the predicted tilt instability
growth time. From these data, we have created a development plan and anticipated performance metrics for a fusion reactor
based on the PFRC concept. The resulting 1-10 MW PFRC reactors would be suitable for diverse applications, from
submarines to urban environments to space propulsion. PFRC is a steady-state, driven magnetic confinement device.
Plasma, inside a cylindrical array of coils, is confined and heated by external RF antennae. PFRC would be ultra-low
radiation due to both its fuel and small size. The choice of advanced fuels, deuterium and helium-3 (D—3He), may be
enabled by the high-f FRC configuration. The small size of the reactor would enable rapid exhaust of the dangerous tritium
ash. Low radiation would make the reactor safer to operate and, in combination with simple geometry and small size,
dramatically lowers development and maintenance costs. This review paper gives an introduction to the physics of the
PFRC and a summary of the PFRC-2 experiment results to date. It then discusses the future program plan and how PFRC
reactors would be commercialized.
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Introduction

Nuclear fusion is a potential source of power for a wide
variety of applications, ranging from power for the grid to
deep space propulsion. Numerous fusion projects are
underway, supported by both private firms and government
entities. Tokamaks are the major type of machine under
development, notably by ITER, Tokamak Energy, and
Commonwealth Fusion Systems. Other magnetic confine-
ment schemes include mirrors, operating at the University
of Maryland and University of Wisconsin, Stellarators at
the Max-Planck Institute, and FRCs at the Princeton
Plasma Physics Laboratory (PPPL), TAE Technologies,
and Helion Energy. TAE is pursuing p-!'B fusion while
Helion is pursuing D—He and D-D fusion.

The Princeton Field-Reversed Configuration (PFRC) is a
novel reactor class. As described later, it would use only
one RF system, odd-parity Rotating Magnetic Field
(RMF,), to drive plasma current, heat the plasma, improve
confinement, and provide stability. PFRCs would burn
deuterium and helium-3, (D—SHe), a fuel mixture that
generates little radioactivity. The relatively small machine
would promote rapid exhaust of the tritium (T) produced
by D-D side reactions, [1, 2] further reducing the neutron
wall load. Electricity would be produced using a Brayton
cycle with a helium/xenon working fluid and thermaliza-
tion of X-ray and synchrotron radiation emitted from the
plasma. The machine is intended for compact, mobile, and
modular applications, including space propulsion. [3-6]
For military forward power, a 1-MW PFRC could be
mounted on an HEMTT truck, as shown in Fig. 1.

Prior work for forming FRC plasmas with RMF have
typically used a picture-frame antenna that resulted in a
near-FRC plasma but with open magnetic field lines. We
call this even-parity heating, RMF,, due to the symmetry of
the induced magnetic field. [7-9] RMF, was proposed to
drive current in the plasma, not to heat it to fusion tem-
peratures. However, RMF, produces open field lines that
allow the plasma to escape, hence reducing energy

Fig. 1 Truck mounted 1 MWe PFRC.
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confinement time. RMF,, first theorized in 2000, was
predicted to maintain an FRC’s closed field-line structure
and heat ions to fusion-relevant temperatures. [10, 11] The
original prediction of closed field lines used a graphical
method and has been recently reproduced by an analytical
model. [12] FRC formation by RMF, has been modeled
using particle-in-cell (PIC) simulations. [13] In the case of
RMF,, each of the four RF antenna sections are two joined
rectangles, not a single picture-frame. In this antenna
configuration the magnetic field on one side of the plasma’s
axial midplane is in the opposite direction as the other side,
producing a first-order current drive because of an O-point
magnetic null line near the FRC’s midplane. The azimuthal
RMF,-generated electric field near that null directly
accelerates charged particles into betatron orbits, ions in
one direction and electrons in the opposite.

Electron energization results from the same azimuthal
acceleration created by the RMF,-induced electric field.
Axial electron acceleration is also caused by RMF,-in-
duced electric fields. The necessary loss-of-phase for net
electron heating to be generated by the RMF is caused by
both Speiser collisions with the magnetic field’s changing
curvature and passage near the field nulls. The ion heating
mechanism may be viewed differently, by the ions moving
in near synchronization with the RMF,. Explosive ion
heating to D—"He-fusion temperatures has been predicted
by the RMF code, [11, 14-16] see Fig. 2. Initial bench-
marking of the RMF code has been conducted in the first
iteration of PFRC, the PFRC-1 device, where the measured
average electron energies agreed well with code predic-
tions. [17] Stabilization against interchange modes has
been seen in several RMF-FRC experiments. The expla-
nations vary: the ponderomotive force; dynamic stabiliza-
tion; and other RF effects. [18]

The PFRC-2 is an experiment currently operating at the
Princeton Plasma Physics Laboratory. [19-21] The growth
rate of the tilt mode, ~ 1/1,, is estimated, in a fluid model,
to be the ion sound speed divided by the machine length. t;
is near 1 us in the PFRC-2. Contradicting the fluid-based
theory, PFRC-2 discharges of 300-ms duration have been
sustained. The near-term PFRC-2 research plan is to raise
the axial magnetic field to over 1 kG, lower the RMF
frequency to 2 MHz, and increase the RMF field strength to
15 G. At these levels, theory predicts entry into the ion
heating regime.

In the next-step PFRC device, PFRC-3, studies will be
made of RMF, antenna configurations, reduction of heat
loss across the separatrix, and operation at higher plasma
pressure, all in hydrogen plasmas. A reactor prototype
PFRC, PFRC-4, would then be built with a goal of pro-
ducing more than 100 kW of quasi-steady-state fusion
power. The reactor prototype, using D->He, would be used
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Fig. 2 Ion heating as predicted
by the RMF code. [11, 14-16]
The reference FRC parameters
are radius of 10 cm, elongation
of 5, and center-plane axial field
(central field) of 20 kG. By is
the strength of the RMF field
and wg/w,; is the ratio of the
RMF frequency to the ion
cyclotron frequency at the
central field.
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to study the T-ash extraction method envisioned to be
possible only in PFRC-type reactors.

Overview of the PFRC Reactor Concept

The PFRC employs a unique radio frequency (RF) plasma
heating method, RMF,. When scaled up to achieve fusion
parameters, PFRC-type power-producing reactors would be
4-8 m long and 1.5 m diameter and produce 1 to 10 MW of
fusion power. By methods to be soon described, PFRC
reactors would be uniquely small and clean among all
fusion reactor concepts, producing very low levels of
damaging neutrons. This greatly reduces the need for
materials development, reactor maintenance, and siting
restrictions.

PFRC Concept of Operations

A diagram of the fusion reactor is shown in Fig. 4. Fusion
fuel is injected into the reactor core with relatively low
power neutral beams operating at 10’s of kV. [22] Note the
active trim coils for plasma shape control.

Additional power plant subsystems are shown in Fig. 3.
The startup system, for energizing the coils and starting the
fusion reaction, is shown as a diesel generator. [23] Other
startup methods are under consideration. The fusion vac-
uum vessel is shown in orange. The RMF generator system
is depicted above the vacuum vessel. Coil refrigeration is
on the right. The heat recycling system — i.e., a Brayton
cycle thermal conversion system, [24] — is on the bottom.

As in D-T tokamak reactors, where 85% of the fusion
power is not deposited in the plasma but leaves with the
neutrons, little fusion power is deposited in the PFRC core
by its fusion products. Because of the PFRC’s relatively
small size, the charged fusion-product orbits extend outside
the separatrix and pass through cold plasma there, termed
the energy and ash removal shell. The shell rapidly extracts
the energy from the fusion products, ca. 10 ms, and also
removes the ash, avoiding the harmful ash build-up of such
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concern in tokamaks. This unique ash removal feature,
enabled by the small size of the FRC, is a key improvement
from previous D—"He FRC reactor concepts. [25-28] The
cold shell plasma is sourced by deuterium gas injected in
the source chamber, see Fig. 4. The heat engine collects the
energy from radiation losses to the reactor walls and from
the exhaust box end wall. X rays would be thermalized
with tungsten films or foil. A high-efficiency recuperated
Brayton cycle would generate electricity, a fraction of
which is used to drive the RMF,. Excess heat is released to
the environment. The deuterium in the cool shell plasma
and fusion products are separated from each other, first in
the exhaust chamber and with further processing down
stream.

PFRC has a high Carnot efficiency because the working
fluid cooling the reactor can reach up to 1500 K with
ceramic heat-exchanger materials. High-temperature gas-
cooled fission reactors can also reach high efficiencies, but
water-cooled cannot. As noted earlier, D-T machines
release most of their energy as neutrons whose energy is
absorbed by a lithium blanket. The peak temperature is
limited by the blanket properties.

RMF, Heating Method

The RMF, plasma heating method uses a unique configu-
ration of the radio frequency antenna. In the present
experiment, each of the four PFRC antenna sections are
two joined rectangles. Two pairs operate 90° out-of-phase
on adjacent sides of the plasma. An antenna (wrapped in
orange Kapton tape) is visible on the side of PFRC-2 in

Fig. 5.
This antenna configuration produces an odd-parity
magnetic field — the magnetic field on one side of the

plasma’s axial midplane is in the opposite direction as the
other side. The phase of the current oscillations in the RF
antenna results in a rotating magnetic field, RMF, of
strength 0.1-5% of that of the axial magnetic field. As
noted before, odd-parity RMF maintains an FRC’s closed
field lines. [10, 12] Closed field lines keep the plasma and
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Fig. 3 Schematic of the PFRC reactor concept. The antenna and shielding geometry are notional.
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Fig. 4 PFRC block diagram with additional power plant subsystems.

its energy trapped as the plasma is heated. Fig. 6 shows a
Grad-Shafranov solution of the closed field lines in the
PFRC.

Ideally, for simplest design and operation, the RMF
antennae would be located outside the vacuum vessel and
shielding, as they are on PFRC-2. However, this requires
all inboard components to be non-conductive and the
additional distance may impact RF penetration. Therefore,
the antenna may need to be embedded somewhere within
the shielding structure. This may introduce paths for
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neutron scattering up the power flow channel. One
prospective antenna shielding material is Boron-10, which
has a high neutron absorption cross-section and low con-
ductivity, although the conductivity rises significantly at
higher temperatures. This presents a trade-off between
neutron shielding and RMF penetration dependent on the
antenna distance from the plasma and the location of the
heat exchangers. The optimal design and placement of the
RMEF, antennas will be investigated under an ongoing DOE
INFUSE grant.
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Fig. 5 A plasma shot in the
PFRC-2 experiment at PPPL.

Fig. 6 Closed field lines as
predicted in the PFRC core by a
Grad-Shafranov code. The cool
shell plasma will flow along the
open field-lines to extract the
fusion energy and ash. [29]

0.4 T T

Power Flow and Neutron Loads

We have studied the power flow throughout the PFRC-
reactor system using a 1D FRC model that assumes a Hill’s
vortex density scaling and uniform temperature. Fig. 7

Fig. 7 Power flow model using
1-D PFRC reactor scaling. The
“gas box” is the source
chamber. This assumes a plasma
radius of 25 cm and elongation
of 3, fuel ratio of 1:1, ion
temperature of 100 keV, central
field of 5.5 T, and 98% wall
reflection of synchrotron with
classical confinement. [34] The
resulting equilibrium electron
density and temperature is
5.7x10%° m~3 and 66 keV.
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shows the power flow model for a 2 MWt reactor with 0.79
MW of RMF power and assuming a 50% efficient Brayton
cycle. The RMF power is produced with efficiency greater
than 90% using class D or E amplifiers. The net electric
power generated is 0.57 MW. Compared to the figure in
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[29], this diagram includes transport losses. Particle-in-cell
models are allowing studies, now in progress, of methods
to maintain or improve the energy confinement. Scaling to
a reactor requires an energy confinement near classical.
TAE FRCs have achieved that quality at the keV ion-
temperature level. [30-33]

The PFRC is specifically designed to have low neutron
level, about 1000 times lower wall loading, i.e., neutron
power flux (W/m?) on the inner wall, than D-T tokamaks.
Being high-f machines, where f is the ratio of the plasma
pressure to the magnetic-field energy density, FRCs should
achieve the high temperatures necessary to burn the
advanced fuel mixture, *He and D, at a relatively low
magnetic field. D->He fusion requires achieving ~ 100
keV ion temperatures. The D-3He fusion reaction results in
no damaging neutrons. Low-energy neutrons would be
created by the low level of D-D fusion reactions; high
energy neutrons would be created if the T fusion product
was not extracted quickly. The rapid extraction of T is one
reason for the shell plasma. The reaction equations are:

D + *He —*He (3.6 MeV) +p (14.7 MeV) (1)
D +D —T (1.01 MeV) +p (3.02 MeV) (2)
D 4+ D —’He (0.82 MeV) + n (2.45 MeV) (3)
D+ T —*He (3.5 MeV) +n (14.1 MeV) (4)

Burning D—"He at high temperatures in a tokamak or large
FRC reactor could result in an increase in neutrons due to
the above reactions, a five times higher heat load on the
divertor plates than the currently predicted heat loads in
tokamaks, and consumption of the world’s *He supply in a
few weeks.

A PFRC-type reactor has three design features to greatly
reduce the number and impact of the neutrons from this
baseline: 1) the small size of the reactor (~ 25 cm plasma
radius) results in a favorable ratio of surface area to plasma
volume, reducing the wall load compared to larger
machines; 2) the fuel-mix ratio of 3He:D can be adjusted
upwards to as much as 3:1, sacrificing some power density
for lower neutron production; and 3) via the shell, PFRCs
are designed to rapidly eliminate the T produced by the D-
D side reactions, preventing any D-T reactions from
occurring. The only neutrons produced would have an
energy of 2.45 MeV. An an example, for 1:1 fuel ratio at
100 keV and electron density of 6x10?° per m?, the rate of
D-D neutrons produced is 4.8x10'7 per m? per second. At
30 cm radius, the approximate location of the first wall, the
flux is 9x10'7 n/m? (13 kW/m?).

The T would be eliminated rapidly due to its interaction
with the shell surrounding the fusion region. The size of the
reactor is characterized by the so-called FRC s-parameter,

@ Springer

[35] which scales with the ratio of the ion gyro-radius (at
the FRC’s central field) to the separatrix radius at the
midplane. For T fusion products s is low - about 2.5. At
such a value, the T fusion products pass through the shell
repeatedly. When the T pass through the cool shell plasma,
electron drag causes energy to be transferred from the T to
the shell electrons. The T is quickly captured by the shell
field lines and flows out the open end of the reactor. The
burn-up time for energetic T to fuse is about 20 seconds,
while classical slowing down theory and particle-in-cell
simulations have both shown that the time in which the T
will cool and be trapped in the shell is less than 0.01
seconds. [1, 2] Based on this, less than 1% of the T would
fuse with the D before it was extracted. The same energy
extraction occurs for the other fusion ash products, though
at somewhat different rates. By this process all ash is
effectively exhausted.

Losses in a Small FRC Reactor

Preliminary loss estimates indicate that a closed reactor
design is possible, as indicated in Fig. 7.

A rudimentary estimate of heat conduction loss can be
performed based on classical thermal conductivity. We
approximate the radial heat flux as
Oloss = k%A ~ kAT /Ar, where k is the classical trans-
verse thermal conductivity, [36] T is the ion temperature of
100 keV, A is the surface area of the plasma through which
the heat flux crosses, and Ar is approximately 1/3 of the
plasma radius, since in an FRC the gradient length scale is
the difference from the O point field null to the separatrix.
Taking the plasma to be a prolate ellipsoid with 25 cm
semi-minor axis (plasma radius) and 75 cm semi-major
axis (elongation of 3), we estimate Qs ~ 0.5 MW, which
is a modest amount compared to the 2 MWt of the reactor.
This estimate ultimately has questionable validity as the
assumption of small Larmor radius behind Spitzer’s for-
mula breaks down near the field null line of an FRC.

For several reasons, PFRCs are expected to have better
energy confinement than mainline magnetic confinement
fusion devices, hence could be smaller. One, neoclassical
transport increases with (14 ¢?), where ¢ is the safety
factor. In tokamaks stable operation away from the major
instability boundaries requires ¢ > 3. In FRCs where there
is zero toroidal magnetic field and hence only a poloidal
magnetic field, ¢ = 0. Applying the results of neoclassical
theory, FRCs having the same magnetic field and plasma
temperature would have 10 times better energy confine-
ment than tokamaks. Results from TAE experiments (as
mentioned in the previous subsection) support this. [30-33]

Two, transport in tokamaks is predicted to be enhanced
by turbulence because its scale is somewhat larger than the
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ion gyro-radius, less than 0.1% of the plasma radius. In a
PFRC-type reactor, the orbits of the thermal ions are a
considerably larger percentage of the machine size,
exceeding 30%. At such a large scale, ion orbits should be
far less perturbed by turbulence than in a tokamak.
Three, the plasma in a PFRC will be 10 times hotter than
in a D-T tokamak. The effect on confinement of the
increased ion gyro-radius will be more than compensated
by the decreased collisionality. The net effect will be a 3-
fold reduction in the thermal diffusivity. In passing we note
that the 10 times higher f§ in FRCs, compared to tokamaks,
balances the higher temperature needed. Hence both
operate at the same magnetic field strength, ~6 T.

Status of development: The PFRC-2
Experiment

RMEF, current drive was first demonstrated in the 4-cm
plasma radius PFRC-1 experiment in 2006. [17] Experi-
ments are ongoing with the second-generation machine,
PFRC-2, which has a flux conserver inner radius of 8 cm
(Fig. 5). Results from experimental studies of electron
heating in PFRC-2 have surpassed theoretical predictions,
with minority electron populations reaching temperatures
of 500 eV, maximum energies exceeding 1.5 keV, and
pulse lengths up to 300 ms, though typically 10 ms. PFRC-
2 has operated with RF frequencies from 4.3 to 12 MHz,
forward power up to 100 kW, (central) vacuum magnetic
fields of 350 G, and mirror ratios to 30. The coupling
efficiency of RF power to the plasma has reached 60%.

PFRC-2 is being upgraded to operate with an RMF
frequency of 2 MHz, a compressed magnetic field of up to
0.1 T, and a total RMF forward power of 200 kW. This
results in an RMF field strength of up to 15 G. At these
parameters, single-particle simulations predict explosive
ion heating to energies above 1 keV. [19] Table 1 gives the
latest results and the targets for both PFRC-2 and future
machine generations. PFRC-4 is envisioned as a prototype
reactor power plant with a complete conversion system.

Figure 8 shows examples of the 100- and 250-ms pulses.
The line-averaged electron density time traces were mea-
sured with a 170-GHz interferometer located ~ 10 cm
from the FRC’s midplane. A gas puff of 2 ms duration is
shown in the top pulse (green spike).

Figure 9 shows X-ray data measured from a silicon drift
detector (SDD). The analysis of X-ray data from PFRC-2 is
described in [37]. For this plasma, the SDD X-ray detec-
tors, sensitive to X rays produced by energetic electrons,
show bulk electron temperatures of 75 eV. Electron tem-
peratures up to 500 eV have been measured for a minority
population of electrons, which, by conservative estimates,
comprise about 1% of the bulk density. Recent DEGAS-

code Monte-Carlo simulations indicate that the molecular
hydrogen density profile in the PFRC-2 core plasma is at
least an order of magnitude lower than that at the edges,
[38] which would imply higher electron densities from our
X-ray analyses, reaching 10% of the bulk density. The
X-ray measurements performed were line integrals near the
FRC midplane, obtained by viewing the plasma along
chords having different tangent radii. The radial profiles
measured indicated that the electron energy distribution
was relatively constant with respect to radial position.

The next step for PFRC-2 will be the attachment of the
Stripping Cell Ion Energy Analyzer [40] that will measure
ion temperatures. These experiments are planned for early
2023. Presently we are testing the RMF, system at the
upgraded frequency and preparing to install additional coils
that will increase the magnetic field, in order to test the
predicted ion heating regime. We have recently been
awarded three INFUSE grants which will support compu-
tational analyses of different RF antenna configurations
and FRC stability, and measurements of electron temper-
ature profiles in the PFRC-2.

The development plan to transition from PFRC-2 to a
pilot power plant includes an intermediate PFRC-3 device
with a ten times stronger field, about 1 T, [19] to be
achieved with a low-temperature superconducting magnet
array. PFRC-3 goals include an FRC plasma radius greater
than 15 cm, a bulk ion temperature of 10 keV, plasma
density of 1x10*° m™3 and 10 mVs excluded flux, as
shown in Table 1.

Commercialization

PFRC reactors would be manufactured in a factory (see
Figure 10) and shipped pre-fueled to customers. Current
Overnight Capital Cost (OCC) estimates are $8.9M for a 1
MWe reactor and $24.5M for a 10 MWe reactor. This is
based on current costs for superconducting magnets and
similarly sized gas turbines, specific staff and facility size
assumptions, and a production of 20 engines per year. A
higher power output is achieved by building a longer
PFRC. The magnet costs have a favorable scaling with
higher power as the strong mirror magnets are needed
regardless of reactor length. The turbine costs scale nearly
linearly with the engine power.

PFRC has potential for space, undersea, and surface
applications. Uses in space include:

e Robotic spacecraft in the inner and outer solar system
including interstellar precursors.

e Power for research and communications.

e Mars base power.

e Lunar base power.

@ Springer
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Table 1 PFRC-2 experimental

results and PFRC-3 and PFRC-4 Parameter PFRC-2 Value PFRC-3 Goal PFRC-4 Goal
targets. [19] Pulse length 300 ms 1s 100 s
Magnetic field strength to 350 G (vacuum ) 15T 6T
RMF Frequency 2-14 MHz 1 MHz 0.5 MHz
RMF Power to 200 kW 300 kW 500 kW
RMF Coupling 60% 75% 90%
Plasma temperature 10 keV ions 100 keV ions
Observed 100 eV e~ at 4.3 MHz
Goal 500 eV ions at 2 MHz
Plasma radius 8 cm 16 cm 25 cm
Electron density 1x10%/cc 1x10%/cc 6x10"/cc
Fuel H, H, D-He
Excluded flux 0.6 mVs 10 mVs 400 mVs
1 (s) 5x107° 0.004 0.4
. j data can be transmitted. The high available power would
£ ! enable whole new classes of deep-space scientific
= N 1 N instruments.
§ ' [Fiiv] ' i Vo The U.S. Department of Defense is the largest potential
e I\ s 2 e S customer for the first production units. The Army wants to
Time (10 ms/division) move to an all-electric battlefield. [43] The Army has a
—- i - requirement that its brigades be able to fight for an entire
g : 1 week without resupply. [44] ARPA-E [45] has recognized
> : J} the need for improved battlefield power supplies and dis-
g , tribution. Defense applications include:
e * i P

Time (50 ms/division)

Fig. 8 Density vs time for PFRC-2 pulses of 100 ms (top) and 250 ms
(bottom) in duration. The top pulse, performed with superconducting
internal flux conservers, shows a gas puff (green spike) of 2 ms
duration at 15 ms which causes the longer duration of higher plasma
density. The time of the gas puff in the bottom pulse is also around 15
ms, which is the trigger for the second and third density spikes.

Space station power.

Lunar cargo transporter.

Human Mars missions.

Transporting a telescope to the 550 AU point.

A PFRC-powered transfer vehicle could become a standard
platform for deep-space and interstellar missions. This was
a role NASA envisioned for the Jupiter Icy Moon Orbiter
(JIMO) project. [41] JIMO would have carried a nuclear
fission reactor that powered electric thrusters and provided
electric power to the spacecraft. [42] A PFRC-powered
vehicle would dramatically reduce the cost per watt for
robotic missions from $14M/watt for NASA’s Dragonfly to
$2/watt. It can be argued that the scientific return for a
robotic mission is proportional to the power as power
determines what experiments can operate and how much

@ Springer

e Forward power for Army brigade combat teams.

e Forward power for Marine expeditionary units.

e Power for small surface combatants and drone sub-
marines [46].

e Power for attack submarines.

e Power to support high-power devices such as rail guns
on navel vessels.

e Distributed power for large surface combatants includ-

ing aircraft carriers.

Distributed power for ballistic missile submarines.

Power for laser-armed drones.

Base power.

High power satellites (laser, radar, high power

communications).

Civilian applications are emergency power, remote power,
and power for remote industries. Hurricanes Sandy and
Maria showed the need for portable emergency power. In
Hurricane Sandy, fossil-fueled vehicles were stranded
because fuel pumps were without electric power. Genera-
tors were idle due to damage to natural gas lines. Puerto
Rico is still suffering the after-effects of Hurricane Maria.
Specific civilian application examples are:
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Fig. 9 SDD X-ray data and =
corresponding Maxwellian fit of 105k =, {  Measured
75 eV at an RMF, frequency of F z —— T =75.2eV
wryr = 4.3 MHz and power of @ z
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Fig. 10 An assembly plant
capable of building twenty 1
MWe PFRCs per year. 1-MWe
machines would be the first
products.

Storage

Restrooms

Cafeteria/
Break

Shipping and
Receiving

—

Truck Integration

Work Area

Control
Room

Restrooms

Assembly

Foyer

Machine Shop

e Remote towns in Alaska and other regions with poor e

connection to the power grid. Power can cost up to
$1.60/kWh when diesel is delivered by light aircraft.
[47]

e Mobile emergency power.

e Power for mines. [48]

e Power for offshore drilling rigs.
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Power for tar sands oil recovery.

Desalinization power.

Modular power plants (would require an expanded
supply of helium-3).

Power plants in 3rd-world nations.
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In the long term, after demonstrating the reliability, safety,
and robustness of the PFRC in space or military units, we
would develop a commercial reactor design. We have used
established methods to estimate the future levelized cost of
electricity (LCOE) of a commercial plant. This requires
addressing the cost and availability of helium-3. Currently,
helium-3 is obtained from the decay of tritium from nuclear
weapons maintenance and CANDU fission reactors.
Helium-3 may in the future be commercially produced via
the extraction of helium from natural gas, or sourced from
breeder fusion reactors [49, 50] or lunar or planetary
mining. [51] Costs can be estimated from today’s market or
an assumed cost of the breeder reactor or planetary mining
system.

The LCOE metric encompasses capital costs, operations
and maintenance costs, performances, and fuel costs. A
simple model for LCOE described by the National
Renewable Energy Laboratory [52] is:

OCC * CRF + O&Mjiveq
8760  CF (5)
+ Cfm)[ * Q + O&Mvariable

LCOE =

where CRF is capital recovery factor, CF is capacity factor,
O&M is operations and maintenance, 8760 is the hours in a
year, Cpy, is the fuel cost, and Q is the heat rate. The
capacity factor ranges from O to 1 and is the portion of a
year that the power plant is generating power; for fusion,
this should be around 90%. Fixed O&M costs include the
staff, which can be substantial for nuclear systems and are
driven by regulations. The heating rate captures the total
conversion efficiency from thermal output to new
electricity.

We assume a terrestrial spot price of *He of $2000 per
liter, or $15M per kg, while deuterium is about $14,000 per
kg. A D-D breeder reactor system would consume 5 deu-
terium for every helium-3, which reduces the fuel cost by a
factor of over 300 compared to the terrestrial helium-3, but
has higher investment costs (OCC and fixed O&M for the
additional reactors). Planetary mining may reduce the fuel
cost by 1/15 compared to the spot price, where all the
mining investment is assumed to be absorbed in the price.

With appropriate regulatory changes to reduce staff
compared to fission plants, and therefore operations and
maintenance costs, we estimate modular plants using 10
MW PFRC units might achieve a LCOE of $0.15/kWh
with planetary helium-3, half the current cost of electricity
in California, and $0.22/kWh with bred helium-3.

@ Springer

Summary and Next Steps

PFRC has the potential to produce a new class of modular
fusion power reactors for a wide variety of applications.
Results with PFRC-1 and PFRC-2 show great promise. The
next machine, PFRC-3, will be needed to deepen under-
standing of the plasma physics of the device at fusion-
relevant plasma temperatures, magnetic fields, and plasma
pressures, and to test technical methods. Such considera-
tions include efficient RMF coupling to the plasma, particle
and energy transport, and energy extraction. Widespread
use of PFRC will require new sources of helium-3 which
may be from natural gas extraction, CANDU fission reac-
tors, helium-3 breeding, or lunar mining.

We continue to support the PFRC-2 experiment, which
is being upgraded to operate in a predicted ion heating
regime at 2 MHz RMF frequency and up to 200 kW input
RF power. Our team recently completed an ARPA-E
OPEN award and was selected for three INFUSE awards in
the first 2022 cycle. These will support computational
analyses of different RF antenna configurations and FRC
stability, and measurements of electron temperature
profiles.
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