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ABSTRACT

High-yield inertial fusion offers a transformative path to affordable, clean, firm power and advanced defense capabilities. Recent milestones
at large facilities, particularly the National Ignition Facility (NIF), have demonstrated the feasibility of ignition but highlight the need for
approaches that can deliver large amounts of energy to fusion targets at much higher efficiency and lower cost. We propose that pulser-
driven inertial fusion energy (IFE), which uses high-current pulsed-power technology to compress targets to thermonuclear conditions, can
achieve this goal. In this paper, we detail the physics basis for pulser IFE, focusing on magnetized liner inertial fusion, where cylindrical metal
liners compress DT fuel under strong magnetic fields and preheat. We discuss how the low implosion velocities, direct-drive efficiency, and
scalable pulser architecture can achieve ignition-level conditions at low capital cost. Our multi-dimensional simulations, benchmarked against
experiments at the Z facility, show that scaling from 20 to 50-60 MA of current enables net facility gain. We then introduce our
Demonstration System (DS), a pulsed-power driver designed to deliver more than 60 MA and store approximately 80 MJ of energy. The DS is
designed to achieve a 1000x increase in effective performance compared to the NIF, delivering approximately 100x greater facility-level
energy gain—and importantly, achieving net facility gain, or Qs > 1—at just 1/10 the capital cost. We also examine the engineering require-
ments for repetitive operation, target fabrication, and chamber maintenance, highlighting a practical roadmap to commercial power plants.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0273277

I. INTRODUCTION A fusion reaction combines two light nuclei into a heavier
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Growing global demand for energy, increasing urgency for clean
power sources, and recent scientific advances in fusion” * have cata-
lyzed a national conversation regarding the most promising path to
commercial fusion energy. It is widely understood that a practical
fusion system would be revolutionary for the energy supply, propelling
economic growth and improving the feasibility of meeting societal
decarbonization goals.

nucleus, releasing energy. Stars burn hydrogen into helium under grav-
itational confinement. Terrestrially, the most readily accessible fusion
reaction is to fuse two hydrogen isotopes, deuterium (D) and tritium
(T), into helium. DT fusion requires reaching temperatures of several
keV (1keV ~ 107 K). To extract energy from fusion, the total fusion
energy released by the fuel must exceed the energy invested in creating
and sustaining the plasma (Q, for the plasma energy gain factor). This
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leads to a criterion on the product of the plasma pressure (P) and
energy confinement time (7) by Lawson,” with Pt requirements of 10s
of atm-s.

Fusion has been an active area of basic research for several deca-
des, with investment overwhelmingly into two approaches: (1) mag-
netic fusion energy (MFE), in which a plasma’s charged particles are
confined by magnetic fields over long periods of time, and (2) inertial
fusion energy (IFE), in which a target (small container holding the
fuel) is rapidly imploded to high pressure and hydrodynamically con-
fined during the burn by its own inertia. The confinement times for
these two approaches differ by 8-12 orders of magnitude: seconds and
above for MFE vs below 10ns for IFE, with the pressures varying
inversely. The full parameter space for pressure (P) and confinement
time (t) is shown in Fig. 1. It also includes approaches with intermedi-
ate times and pressures between those for MFE and IFE.°® For MFE,
public funding has predominantly supported the tokamak approach
with historical investments into major facilities, including JET” and
TFTR' in the 1990s, and ongoing significant investment into the con-
struction of ITER."" For IFE, public funding has predominantly sup-
ported laser-driven inertial confinement fusion (ICF)—that is, using
lasers to implode a target. Major facilities with laser-based drivers have
been constructed, including the National Ignition Facility (NIF),"”
OMEGA, " Laser Megajoule,* and others.

The science basis for inertial fusion has advanced significantly in
the last few years with the demonstration of ignition and propagating
burn on the NIF, which was the first controlled experiment to exceed
Lawson’s criterion for ignition’ and subsequently demonstrate
Quarger > 1. While a groundbreaking scientific demonstration, the
NIF is still far from overall net facility energy gain (Qs > 1), defined as
fusion energy output exceeding the energy stored by the driver; the
record facility-level gain achieved on the NIF is Qs ~ 0.016, as dis-
cussed later. This is due in part to the laser system’s low efficiency
(~ 0.7%) in converting stored energy to laser light incident on the tar-
get and in part to the inefficiency of indirect drive in converting inci-
dent laser light to heating of the fuel (~ 1%), a total efficiency of
< 0.01%. A more efficient and scalable approach to inertial fusion is
needed for commercial power production.
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FIG. 1. Parameter space of pressure (P) and confinement time (z) for fusion
approaches, adapted from Science for America.® Pulser-driven fusion can operate
in the regimes shown in purple, including inertial fusion (the focus of this paper) and
intermediate confinement times.
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Any realistic fusion energy system will need to be affordable,
manageable, practical, and scalable (AMPS). By these terms we mean:

* Affordable. The overnight capital cost (OCC) and operating
costs of a fusion energy system must be economically competitive
with other power sources.

* Manageable. The reliability, availability, maintainability, and
inspectability (RAMI) of key components must be sufficiently
manageable to achieve high system uptime.

* Practical. The system has a credible scientific and technological
basis while being compatible with energy market needs.

* Scalable. The system is based upon mass-manufacturable compo-
nents, with no major supply chain bottlenecks, so that power
plants can be deployed rapidly.

This paper focuses on an alternative to laser IFE: pulser IFE,
which has also seen major progress in recent years. In pulser IFE, a fast
pulsed-power driver (rise time ~ 100ns) or pulser, magnetically
implodes a fusion target to reach fusion conditions (with 7 <1 ns). The
range of parameters for pulser IFE is overlapping and adjacent to those
for which ignition was demonstrated on the NIF with lasers (Fig. 1).
(As shown in Fig. 1, there are other (non-inertial) pulser-driven
approaches to fusion that involve much longer confinement times;
these approaches will not be discussed here.)

As discussed in a recent community white paper'’ and elabo-
rated here, pulser IFE is uniquely suited to address the AMPS require-
ments above. The driver technology for pulser IFE is more efficient
than for laser IFE: as discussed below, Pacific Fusion’s pulser IFE
Demonstration System (DS) is approximately 200X as efficient at
coupling stored energy to fuel internal energy compared to laser indi-
rect drive (LID) on the NIF. This efficiency advantage is due in part to
recent developments in pulsed-power architectures that enable sys-
tems that are highly modular and scalable and that can be designed
for maintainability and practicality.

The technical basis of pulser IFE stems from experiments demon-
strating values of Pt on par with those obtained by laser ICF and toka-
maks. Recent works by Wurzel and Hsu'®'" have documented the
Lawson product Pt achieved by various fusion approaches over time.
For pulser ICF, the leading experimental precedent was established on
the Z facility at Sandia National Laboratories,'® at which the magnetized
liner inertial fusion (MagLIF) target concept' "’ is the most explored in
published literature. In Fig. 2, we highlight a relevant subset of the data
from Ref. 17 showing the performance of MagLIF from peer-reviewed
publications; subsequent experiments have exceeded these values.”*

Laser-driven ICF on the NIF has demonstrated the highest Pt
experimentally achieved to date with any fusion concept. MagLIF has
demonstrated the second-highest P, second only to laser-driven ICF
and exceeding even the highest tokamak Pt to date. Notably, pulser
ICF achieved these results with a small fraction of the investment dedi-
cated to tokamaks and laser ICF: according to the 2018 JASON report
on Prospects for Low Cost Fusion Development, the total funding for
pulser ICF has been approximately 1% of the total funding for laser
ICF and MFE.”

A. Pacific Fusion’s roadmap

Pacific Fusion is a privately funded company founded in 2023 to
develop and realize the commercial potential of pulser-driven inertial
fusion energy. At a high level, our immediate objectives are to:
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FIG. 2. Fusion triple product (nT<, equivalently Pz) for various fusion approaches
vs year. Figure derived from Refs. 16 and 17 using the associated generator at
https://github.com/swurzel/lawson-criterion-paper). For a description of this dataset
and associated definitions, see Refs. 16 and 17. In our presentation here, we have
combined laser indirect drive and laser direct drive into a single laser ICF category.
Note that recent laser-direct-drive experiments on OMEGA have slightly exceeded
the triple products obtained on the MagLIF experiments shown here but are not pre-
sent in this figure by virtue of only showing new record values and NIF exceeding
those obtained on OMEGA; the newer OMEGA data are present in Ref. 17.

1. demonstrate facility gain (Qf > 1), ie., generate more fusion
energy output than was stored in the capacitors;
2. resolve significant hurdles to building fusion power plants.

Together, in collaboration with our key partners at U.S. National
Laboratories and academic institutions, our goal is to achieve these
objectives by the end of the decade. The first goal will represent a
major milestone in fusion engineering: while inertial fusion has
exceeded target gain greater than 1 (NIF, Qe ~ 2.4) and magnetic
confinement fusion plasma gain has approached this threshold (JET,
Qp ~ 0.67), the total per-shot energy input of these facilities is signifi-
cantly greater than the energy coupled to the plasma, so that the NIF’s
Qs ~0.016 and JET’s Q; ~ 0.03.”

We will accomplish this objective by constructing an inertial
fusion driver that is orders of magnitude more efficient than the NIF
at delivering energy to a target and to the fusion fuel itself (see Sec.
IIC) and is also consistent with the AMPS goals for delivering eco-
nomically competitive fusion power (Sec. I'V). Our DS facility (Sec. I1I)
will demonstrate Q; > 1 and will enable innovation in target physics
and design over the current state of the art. DS will deliver > 60 MA of
current to a target in ~ 100 ns, consistent with the established theoreti-
cal and computational basis for achieving high gain (Sec. II). An
enabling technology for the DS to efficiently deliver large amounts of
current at low cost is the impedance-matched Marx generator (IMG)
architecture,” which uses commodity components and eliminates
energy-inefficient pulse-shaping stages from the prior generation of
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pulsed-power architectures. In parallel to our fusion gain objective, we
will advance the technological readiness of key technologies needed for
a commercial power generation system. After these goals are achieved,
a commercial power generation system will be produced. We will dis-
cuss the physical design and engineering basis for such commercial
systems, as appropriate, in this paper, and we will provide more spe-
cific engineering details, as well as supporting technoeconomic analy-
ses, in subsequent publications.

Il. PHYSICS BASIS FOR HIGH-GAIN PULSER-DRIVEN
INERTIAL FUSION

A. Physics of pulser-driven inertial fusion

Pulser-driven inertial fusion (pulser ICF) provides an opportunity
to achieve facility gain Qf > 1 by leveraging the lessons learned from
the NIF to access ignition and gain while using a driver that is more
efficient than a laser. DT fusion schemes must generate a plasma that
is hot enough to have high fusion reactivity (typically T = 10keV) and
is confined long enough that self-heating by the 3.5MeV alpha par-
ticles released in the fusion reactions surpasses all energy loss mecha-
nisms. In the inertial fusion regime, the hot fuel “ignites,” initiating a
propagating wave of fusion reactions in which the fuel’s pressure sig-
nificantly increases while the fusion plasma expands into a surround-
ing reservoir of cooler, denser fuel.”* We note that while pulsed-power
equipment is used in other fusion schemes, pulser ICF refers to
approaches where the electrical pulser delivers the energy directly to a
cm-scale target. Other terms such as magneto-inertial fusion, magne-
tized target fusion, and pulsed magnetic fusion have been used to
describe systems with similar physics to pulser ICF, but these terms are
also applied to approaches that are not in the inertial confinement
regime.””” For example, the term “pulsed magnetic fusion” used in a
community white paper refers to the broad portion of P — 7 space
accessible to pulsed-power drivers, including the inertial fusion
regime.”” We use the term “pulser ICF” (and pulser IFE, which is pulser
ICF applied to energy production) to precisely define our approach.
This is completely analogous to the commonly used term “laser ICF,”
which combines the driver (laser) with the physical regime (ICF).

Pulser ICF relies on the direct magnetic acceleration and compres-
sion of targets, typically electrically conducting cylindrical shells or “lin-
ers” filled with DT fusion fuel. Liners are accelerated to lower
implosion velocities (~100km/s) than laser-driven inertial fusion
schemes (= 350km/s) to accommodate the typically longer pulsed-
power timescales (= 100 ns) compared to high-power lasers (~10 ns)
while managing hydrodynamic instabilities. Externally supplied energy
(preheat) and thermally insulating magnetic fields are injected into the
fuel cavity prior to implosion or as the implosion proceeds, condition-
ing the hotspot to reach high temperatures and ignite at lower stagna-
tion (peak) pressures (~10Gbar) than laser-driven implosions
(~100 Gbar). The ability for pulser ICF to reach ignition conditions
and net target gain at substantially lower pressures and correspondingly
higher target masses represents a key advantage relative to laser ICF.

One example of this approach is the MagLIF (Magnetized Liner
Inertial Fusion) concept developed at Sandia National Laboratories."’
The MagLIF concept provides an excellent baseline for scaling pulser-
driven ICF to ignition and high gain for five reasons:

* Sound theoretical basis. There is a sound theoretical basis for
inertial fusion of magnetized fuel.”

Phys. Plasmas 32, 092703 (2025); doi: 10.1063/5.0273277
© Author(s) 2025

32, 092703-3

8T 16€ € 920 AN vT


https://github.com/swurzel/lawson-criterion-paper
pubs.aip.org/aip/php

Physics of Plasmas

¢ Efficient energy delivery. Energy can be delivered to MagLIF tar-
gets with high efficiency.

* High-fidelity simulations. MagLIF-type experiments can be
studied with high-fidelity simulations.

¢ Paths to ignition and high gain. There are documented scaling
paths to ignition and high gain.”**" >’

* Experimental demonstration. High fusion performance has
been experimentally demonstrated, and there is a demonstrated
method to determine proximity to ignition.

These points are discussed in turn in the following five sections.

B. Theoretical basis for pulser-driven inertial fusion

As with all inertial fusion concepts, the core objective is to assem-
ble a hot DT mass and confine it long enough for fusion reactions to
self-heat and ignite the DT fuel. Assuming a cylindrical DT fuel
arrangement, the evolution of the DT internal energy, E pr> i governed
by an equation like

dE . . S . .
d]t)T =W, - WPdV -W, - ch - Wci - Wendu (1)

with net heating of the DT fuel occurring when dEpy/dt > 0. The
energies and powers in the above equation are expressed per unit

length of the cylindrical fuel assembly, denoted by the hat notation.
Alpha-particle heating of the fuel scales as

W, oc n,(pR)*s(T), )

where 15, <1 is alpha-particle coupling efficiency to the fuel
plasma, described in Ref. 31. The characteristic DT fuel mass den-
sity and radius at peak compression are given by p and R, respec-
tively. The term s(T) captures the temperature dependence of the
Maxwell-averaged DT reactivity (ov), which can be approximated
s(T) oc T? in the 4-12keV range.”® The remaining terms on the
right-hand side of Eq. (1) represent the different mechanisms
channeling energy between the hot DT fuel and its surrounding
environment, which include the isentropic work associated with
the fuel displacing the liner (W pav), radiation losses (W), electron
and ion heat conduction losses (W, and W), and bulk flows of
hot fuel out the open end(s) of the liner ( Wend). For quantitative
descriptions of these terms with respect to the underlying plasma
conditions, see Appendix A.

Self-heating of DT fuel by fusion reactions occurs when W, over-
comes all the energy transport mechanisms represented in Eq. (1). In
MagLlIF, insulating magnetic fields are introduced in the fuel to inhibit
thermal conduction from the hot DT plasma to the cold liner walls,
providing the inertial confinement."” This magnetic insulation is
essential to sustaining the internal energy of the hot plasma during the
~100 ns liner implosions typical of pulser ICF.

The fuel energy balance conditions represented by Eq. (1) can be
integrated into an ignition proximity metric by additionally consider-
ing the timescale during which DT fusion occurs relative to the time-
scale the fuel is hydrodynamically confined by the compressed liner.
Following a canonical formulation of a “generalized Lawson criterion”
(GLC) widely used by the ICF community,”” we write a generalized
expression suitable for analyses of inertially confined, magnetized
fusion plasmas as
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f 3)

GLC/: (Woz - Wci - ch - Wr)TTN
Epr

The numerical parameter f ~ 1.2 has been calibrated to repro-
duce ignition threshold features observed in simulations of NIF-like
ICF implosions.”” We make a common simplifying assumption that
the Wpgy and Weyq terms become small as the liner “bounces” on the
high-pressure DT fuel and expands after peak compression.
Simulations provide a more detailed, self-consistent picture that con-
tinues to account for these energy transport mechanisms. The parame-
ter try represents the characteristic fusion burn duration, which is
generally proportional to the liner areal density according to
TN X (péR)l1 *, where p; and 0R represent the mean liner mass den-
sity and thickness at peak compression. A deeper discussion of these
concepts is provided in Appendix A. In physical terms, the ignition
threshold condition GLC' & 1 can be interpreted as the scenario
where the net heating of the DT fuel by fusion reactions is energetically
comparable to the energy of the compressed fuel just prior to the onset
of fusion burn.

The novel formulation of GLC' serves as an approximate neces-
sary and sufficient condition for ignition that is better suited for mag-
netized pulser-driven ICF than other formulations of the GLC
appearing in the ICF literature. For example, the GLC variations used
by the laser ICF community often leverage the concept of “energy recy-
cling,” whereby energy lost from the hotspot by radiation and heat
conduction is absorbed in the innermost DT ice layer and returned via
mass ablation to the isobaric hotspot.””*” This is a reasonable assump-
tion for most radiation-driven implosions and has the additional bene-
fits of simplifying the mathematics and maintaining the
interpretability of the resulting expressions; however, magnetized
pulser-driven implosions are typically more sensitive to radiation and
conduction losses at stagnation, and they do not always have a dense
ice layer separating the hotspot from the liner. Our GLC' extends the
traditional conceptual formulations of the GLC by accounting for the
net energy accumulation in the magnetized hotspot during burn,
including both the fusion gains and the radiation and conduction
losses, improving its suitability for our application space while main-
taining mathematical tractability and interpretability.

Figure 3 shows the benefits of magnetizing fusion fuel by plotting
the ignition threshold contours of GLC' = 1 as a function of the DT
fuel areal density, (pR)py (the DT subscript is added for clarity), and
the magnetic-field-radius product, BR, at fusion-relevant plasma tem-
peratures between 5 and 8keV. These curves assume the DT fuel is
confined by a long (high aspect ratio when compressed) cylindrical
liner with total areal density (pdR), = 3 g/cm?, implying the liner pro-
vides the majority of the inertial confinement. This is representative of
the liner compression achievable by the DS, cf. Sec. 11 E, and represents
a roughly 3x increase in the inertial tamping characteristic of pulser
ICF relative to ignition-scale NIF experiments, where the total confin-
ing areal densities are closer to 1 g/cm?.”* While laser-driven schemes
typically require heating and ablating = 90% of the initial capsule mass
to drive high-velocity implosions, leaving ~ 10% to confine the hotspot
at ignition time,”* the current drive employed in pulser ICF accelerates
the majority of the liner material inward to form the final compressed
fuel-liner assembly, leaving very little trailing mass behind.

In inertial fusion schemes, areal density is synonymous with com-
pression and pressure. For cylindrical systems, fuel mass conservation
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FIG. 3. Contours of a generalized Lawson ignition threshold criterion GLC' = 1
[Eq. (3)] calculated for plasma temperatures ranging from 5 to 8 keV. We assume
the DT is tamped by a liner with areal density (0JdR), = 3g/cm?, a value accessi-
ble to the DS. Plasma conditions above and to the right of each curve are capable
of robust self-heating and ignition. Colored rectangles represent the approximate
parameter regimes distinguishing ignition-scale NIF implosions, contemporary
MagLIF experiments on Z, and anticipated fuel conditions attainable on DS.
Magnetization with DS-like targets can considerably reduce fuel areal density
required for ignition, easing driver requirements compared to what is required for
NIF-like targets.

implies pR? ~ const, so (pR) = (pR)y(Ro/R)=(pR),CR, where CR
is the fuel convergence ratio. Increasing fuel compression requires
increasing the CR, which requires more drive pressure and can
increase the risk of hydrodynamic instabilities. Robust self-heating in
unmagnetized DT, represented on the left side of Fig. 3, generally
occurs for (pR)pp =0.2g/cm?. This is consistent with the high-
pressure, high-compression design space of NIF ignition platforms,
involving stagnation pressures >300 Gbar.”*

When the DT fuel is magnetized, self-heating can occur at sub-
stantially lower values of (pR)pp. Figure 3 shows that at sufficiently
high temperatures, magnetization reduces the fuel compression and
associated pressures needed by more than 10x. For BR values
= 1.0MG cm, the benefits of magnetization saturate as 3.5 MeV alpha
particles are largely confined within the magnetized cylindrical fuel
assembly. MagLIF experiments on Z have already demonstrated
BR =~ 0.4-0.5MGcm,” " depicted schematically by the box at the
bottom of Fig. 3; scaling from the 20 MA Z facility to 60 MA on the DS
could lead to an additional 2.6x increase in BR,”’ such that the bene-
fits of magnetization are fully realized. The typical hotspot areal density
and magnetic-field-radius products occurring in simulations of
MagLIF-like implosions on the DS are also illustrated in Fig. 3, with
examples shown in Sec. IT E.

C. Efficient energy delivery to target

Pulser ICF provides a path to high wall-plug efficiency due to the
simplicity of the pulser technology and the high efficiency of (1) stored
energy delivered to the target and (2) target absorbed energy coupled
to the fuel internal energy. Due to the high combined efficiency of
both of these factors, pulser ICF offers a 200x increase in overall
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efficiency (stored energy coupled to fuel internal energy) relative to
laser indirect drive on the NIF.

For laser-driven systems, the conversion of electrical energy into
coherent laser photons tends to be an inefficient process. For example,
NIF stores 330 MJ of electrical energy in capacitor banks to deliver
22M]J of UV photons to a target, a driver efficiency of 1, = 0.007.
Modern laser architectures using solid-state pumps instead of flash
lamps promise efficiencies as high as #p = 0.1. Pacific Fusion’s DS
stores 80 MJ in the capacitors and transfers ~ 90% of that energy to an
electrical pulse with a 100 ns rise time, of which ~44 M] is delivered to
the insulator stack (a function of machine design choices only, inde-
pendent of the load) and ~ 8 MJ is ultimately delivered to the fusion
target area, a driver efficiency of p = 0.1. The inherent efficiency of
the IMG driver technology, which eliminates inefficient pulse-shaping
stages used in legacy architectures, provides clear advantages for
energy delivery and facility size. Overall, the energy efficiency of the
IMG architecture is about twice that of the Z machine."”

The efficiency of energy coupled to the target is an additional
advantage of pulser-driven ICF. Pulser ICF is a “direct-drive” scheme,
meaning the pulser directly magnetically accelerates the metal liner
that contains the fusion fuel to compress and heat the fuel. The direct-
drive nature of MagLIF and similar pulser-driven ICF schemes
increases efficiency compared to indirect (x-ray) drive schemes.”® One
metric of interest for defining the efficiency of coupling to a target is
the work done to compress and accelerate the fusion fuel liner relative
to the total electrical energy supplied by the driver, often referred to as
the hydrodynamic or implosion efficiency. The target, or load, is elec-
trically connected to the driver, so the amount of energy the driver can
deliver to the target depends on its electrical characteristics. Therefore,
we approach our efficiency calculation from a circuit perspective. In
the absence of dissipation, the target/load and transmission lines can
be modeled as an inductor.”” The work done on the liner is character-
ized by the response of the circuit to the changing inductance of the
target. The power through the inductor can be written as P = Vi I
where the voltage across the inductor is the time derivative of the mag-
netic flux through the inductor,

. d ..
V,=® :E(H) =LI+1I,
P, = ViI=LII+LI.

The first term of each line above is associated with increasing the
current through a fixed L, ie., through a cavity of fixed volume. The
second term describes the voltage change due to the changing induc-
tance of the imploding liner, where the inductance is defined using the
expression for a coaxial system of conductors,

L=ty <Q> . (4)
2n 1

Here, r, is the return current radius, assumed constant, and r,
is the radius of the fusion target liner, which decreases with time.
The electrical energy delivered to the initial liner volume as the liner
implodes is partitioned into two channels: about half of the energy
goes into a new magnetic field generated outside the liner, which
increases in magnitude and in volume as the energy is delivered.
The other half of the energy is mechanical work on the liner.
Therefore, the power associated with the mechanical work done on the

liner is Pech = %Iﬁmdiload,” where
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L= (5)
is the time derivative of the load inductance. The mechanical work
done to the target is then

tmax tmax ;
Emech = %L B iLigaadt = —%L Ifoad‘;L::—jdt. ©)

Here, tyay is the time that maximizes the integral. This allows
us to define the hydrodynamic or implosion efficiency of the system
as the work done to compress and accelerate the fusion fuel liner
divided by the total electrical energy supplied by the driver,
Nimp = Emech /Ediver- Power is delivered to the liner during the rising
edge of the driver power pulse, and the implosion time is matched to
the driver rise time. After the implosion, the driver continues to deliver
power to the remnants of the load. This means that much of the “inef-
ficiency” in a pulsed-power driver is wrapped up in magnetic energy
stored in the volume of the transmission lines after the implosion stag-
nates. In principle, this energy can be partially recaptured or used to
enhance confinement late in time with a properly engineered implo-
sion scheme.

A more accurate calculation of the energetics of a liner implosion
requires a model that couples the liner implosion to a circuit that rep-
resents the DS and includes physical processes such as compression of
the liner material, ionization, and Ohmic heating. One option is the
Semi-Analytic MagLIF Model (SAMM),"” which captures the physics
of a liner implosion in a series of ordinary differential equations.
Another option is a radiation hydrodynamics code that uses a resistive
magnetohydrodynamics model, such as the FLASH simulations
described in Sec. IID. FLASH is used for this calculation in the
remainder of the section.

We define the energy delivered to the target Ejyer as the energy
delivered to the initial volume of the fusion target. While this number
is not used for calculating facility gain Qy, which only requires the
thermonuclear output of the target and the energy stored in the driver,
it is useful for calculating the target gain and other metrics that help to
elucidate the relevant target physics. Following previous work,"" we
calculate the target absorbed energy as the integral over the implosion
time of the electrical power delivered to the initial target volume
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Here, Vinq is the voltage across the liner. The FLASH circuit
model calculates the current delivered to the simulation volume I}y.q.
The voltage across the liner Viq,q is the voltage applied to the simula-
tion boundary Vi, (also calculated by the FLASH circuit model)
minus the voltage drop from the edge of the simulation volume to the
initial liner radius,

Vicad = Viim — Lvoidjload7 (8)

where I}o,q is the time derivative of the current and Lyyq is the induc-
tance of the initial vacuum (void) region between the edge of the liner
and the edge of the simulation domain. By subtracting the Luoidl1oad
term in Eq. (7), we are including the entire LI term in the calculation
of Ejiner- Thus, Ejer accounts for mechanical work done on the liner
(both compression and acceleration), the conversion of electrical
energy into a new magnetic field to fill the additional vacuum volume
as the liner implodes, and dissipative processes such as Ohmic heating.
As mentioned above, for 1D FLASH simulations of 6 mm tall liners
matched to the DS, Ejiner =~ 8 MJ. These designs, including cryogenic
DT ice liners, are described in more detail in Sec. 11 D.

To approximate the mechanical work done on the liner, we
extract the total internal + kinetic energy in the target material from
FLASH. This quantity, which is slightly larger than mechanical work
due to dissipative effects, is ~ 4.5M]J, so the coupling efficiency of
driver stored energy to implosion energy is 7p/;y, ~ 5%. At stagna-
tion, some of the mechanical energy of the imploding shell is converted
to internal energy of the fusion fuel shell and hotspot, with efficiency
Nstag- In 1D FLASH simulations, the internal energy of the fusion fuel
at stagnation is 1 M] (of which about half is in the hotspot), corre-
sponding to 17y,, & 22%. Therefore, the conversion efficiency of target
energy to fusion fuel internal energy is 12% (1 M]J fuel internal energy
compared to 8 MJ delivered to the target), and the net efficiency of
converting driver stored energy to fusion fuel internal energy is 1.25%
(1 MJ fuel internal energy compared to 80 MJ initially stored). These
efficiencies are depicted graphically on the right side of Fig. 4.

For laser-indirect-drive (LID) and laser-direct-drive (LDD) ICF
schemes, there are several efficiency terms that must be considered to
arrive at a reasonable comparison: the fraction of energy absorbed by
the fuel-containing capsule, the efficiency of converting absorbed
energy to kinetic energy of the imploding shell, and the stagnation effi-
ciency. In LID, most of the laser energy delivered to the target goes
into heating the hohlraum wall that emits and contains the soft x rays

max
Eliner = J Vicadlload dt. (7)
0
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FIG. 4. Energy flow from driver energy storage to fusion fuel internal energy for laser indirect (hohlraum) drive (LID) ICF on the NIF and pulser-driven ICF on the DS. NIF num-
bers are from published simulations.”= DS numbers are from simulations described in Sec. || D. Labels refer to the various efficiencies # described in the text.
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that drive the implosion. A small fraction of the energy delivered to
the hohlraum target is coupled to the fusion-containing capsule: for
the recent NIF ignition experiments, this was 7,0, ~ 12%."” For LDD,
we are concerned with the coupling efficiency of the UV light to the
capsule itself, which is typically npp ~ 80%."

Both the LID and LDD schemes accelerate the capsule to high
implosion velocity via ablation, and most of the coupled energy is used
to heat up and accelerate the ablated mass, which is ~ 90% of the ini-
tial mass of the system. This means that the mass of the remaining
liner and fuel shell at peak kinetic energy is quite small compared to
the initial mass, and the kinetic energy is similarly small compared to
the total energy absorbed by the capsule. The efficiency of the “rocket”
effect is generally in the range of 7%—15%. Due to the deeper penetra-
tion of x rays into the ablator material compared to laser light, LID has
higher rocket efficiency than LDD, which partially compensates for the
low efficiency of coupling energy from the hohlraum to the capsule.
Ultimately, the implosion efficiency is #;,, ~ 2% for LID (LDD is
higher, 1;,, & 6%). The total efficiency of converting target absorbed
energy to fuel energy is 1% (> 5x lower than for pulser-driven ICF on
the DS), and the net efficiency of converting stored energy to fuel
€energy 1pMhohiMimplstag = 6 X 10>, or about 200 lower than antici-
pated for DS. A little less than half of the work done on the fuel is con-
verted to hotspot internal energy, which leads to the onset of ignition
and propagating fusion burn.

In summary, pulser-driven ICF offers a total efficiency of convert-
ing stored energy to fuel energy of 1p Hippllsag = 1.25 X 1072, roughly
200% higher than LID on the NIF. As a result, we anticipate that DS,
despite storing about 4x less energy than the NIF, will deliver 50x
more energy to the fusion fuel; the impact of this on yield and gain is
discussed in Sec. IT E. These efficiencies are compared graphically in
Fig. 4. Finally, we note that even if modern solid-state lasers can
achieve promised high efficiencies, pulser-driven ICF also remains
more efficient than LDD.

D. Simulation capability for ignition and high gain

Radiation hydrodynamics simulations have enabled ICF target
design on today’s leading ICF facilities, including HYDRA’s key contri-
butions to obtaining ignition on the NIF**** and the use of HYDRA,””
ALEGRA,"” and LASNEX " for designing fusion targets at Z. Here, we
describe Pacific Fusion’s target design code, present a benchmark
against a published scaling study to high-current MagLIF, and show
simulations of high-gain fusion targets driven by a representative cir-
cuit model for our DS.

For its target design simulation capabilities, Pacific Fusion is co-
developing the FLASH radiation magneto-hydrodynamics (MHD)
code with the host institution for the code, the Flash Center at the
University of Rochester. FLASH" is a publicly available, massively
parallel, multi-physics, adaptive mesh refinement (AMR), finite-
volume Eulerian hydrodynamics and magneto-hydrodynamics
(MHD) code. FLASH has a worldwide user base of more than 4600
scientists, and more than 1300 papers have been published using the
code to model problems in a wide range of disciplines, including
plasma astrophysics,”**’ combustion, fluid dynamics, high-energy
density physics (HEDP),”””" and fusion energy. Over the past decade
and under the auspices of the U.S. DOE NNSA, the Flash Center has
added extensive high-energy density physics (HEDP) and extended-
MHD capabilities to FLASH,”* providing an excellent foundation for
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Pacific Fusion’s target simulation needs. Recent FLASH improvements
include multiple state-of-the-art hydrodynamic and MHD shock-
capturing solvers,”” three-temperature extensions’~ with anisotropic
thermal conduction and high-fidelity magnetized heat transport coeffi-
cients,” electron—ion thermal equilibration, multi-group radiation dif-
fusion, tabulated multi-species EOS and opacities, laser energy
deposition, circuit models, and numerous synthetic diagnostics.”

To establish confidence in FLASH’s target design capabilities,
Pacific Fusion has verified and validated the code against analytic test
problems and data from integrated experiments. Details of this effort
are presented in a separate article.”® The experimental benchmarks
include platforms for measuring hydrodynamic instability growth rates
such as the magneto-Rayleigh-Taylor**”” and Richtmyer—Meshkov™*
instabilities. We also benchmarked against a platform for measuring
the inertial confinement time of a compressed liquid deuterium fuel*’
and precursor MagLIF experiments that radiographed imploding
beryllium liners. Finally, we benchmarked FLASH against fully inte-
grated MagLIF experiments, such as Z shot 2977,” and against the
similarity scaling study for scaling MagLIF to high currents.”” Results
of these benchmarks can be found in the companion article.”® In all
cases, FLASH simulations have been shown to agree well with the
experimental data and with the published simulation results from the
codes used to design the targets, including LASNEX, HYDRA, and
ALEGRA.

Figure 5 shows an example of a validation benchmark that also
illustrates the exciting fusion regime accessible at high currents. The
figure compares FLASH simulations to published HYDRA simulations
of an MagLIF target scaled from 15 to 60 MA peak current.”” This scal-
ing study was conservative, meaning it attempted to maintain the
dynamics of the implosion designs on Z by conserving the values of
several dimensionless parameters that describe the system, i.e., similar-
ity scaling. The FLASH simulations were initialized with MagLIF target
geometries described in Ref. 29 and coupled to a lumped-element
external circuit model representing a pulsed-power driver. Native
FLASH does not possess models for fusion reactions of hydrogenic iso-
topes, so we have extended our internal version of FLASH to include

102+ ”
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101 %* FLASH-witha X w
- %~ HYDRA- no a ¥ xX
= 0] X HYDRA-witha K
> 10714 T
@ H
2 10724 %
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FIG. 5. Fusion yield from 2D FLASH simulations of the MagLIF current-scaling
study, compared with 2D HYDRA simulations reported in Ref. 29. Calculations
including alpha heating (with ) are shown alongside those without alpha heating
(no a).
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relevant fusion reactions and to couple the resulting energy to the
material via either a local-deposition model or an alpha-energy diffu-
sion model. Figure 5 shows that FLASH is able to accurately model the
fusion yield of these MagLIF targets, representing the culmination of
many physical processes. The scaling trend is captured extremely well,
validating that FLASH is solving the relevant physical processes to
match the theory established in Ref. 29 and the HYDRA simulations
from the same reference. Moreover, the fusion gain factors and alpha
amplification factors are similar to the HYDRA simulations, indicating
that ignition occurs at similar values of current drive in the two codes.
We note that these simulations were in no way “calibrated” to the
HYDRA simulations but were merely run with the same problem defi-
nition and the inclusion of the relevant physical processes. At high cur-
rents with alpha deposition on, HYDRA simulations indicate slightly
higher yield than FLASH; this difference is an ongoing area of develop-
ment and may be due to the HYDRA simulations using a higher-
fidelity model for the alpha particles than the single-group diffusive
model employed in these FLASH benchmarks.

Figure 5 clearly shows the onset of self-heating and ignition
described in Sec. II B: the simulated fusion yield from calculations that
include alpha heating (with o) diverge from calculations without alpha
heating (no a) at I, > 40MA, with yield Ypr > 60MJ at
Inax = 60 MA. The main result of the similarity scaling study is that
MagLIF performance on Z today scales conservatively to ignition (as
quantified by the generalized Lawson criterion) at peak driver current
Imax > 50 MA.”’ The similarity-scaled designs are conservative in both
senses of the word: the scaling conserves the key dimensionless param-
eters that describe the system, and it is baselined by performance on
the Z facility today, with no major innovations in target design and
technology assumed.

Target designs can be improved beyond similarity-scaled versions
of MagLIF on Z, which can further increase gain and reduce driver
cost. One promising approach involves adding a cryogenic DT fuel
liner to the inner surface of the imploding cylinder,””” as is done in
spherical NIF capsules. The DT ice liner serves multiple purposes: in
addition to shielding the fuel hotspot from the metallic liner, which
could mix into the fuel and increase radiation losses, the fuel serves as

102
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a reservoir of mass for the hotspot, some of which is squeezed out the
top and bottom of the cylindrical implosion. The igniting hotspot can
drive a fusion burn wave into the dense fuel liner, dramatically increas-
ing the fusion yield compared to gas-fuel-only MagLIF targets.

We present FLASH simulations of such a prototype cryogenic
target concept driven by a circuit model of the DS pulser. Simulation-
based target design will be a major ongoing effort at Pacific Fusion;
here we seek to show a proof-of-concept illustration that the drive
energy is sufficient for achieving ignition and facility gain with a target
appropriately impedance matched to the driver. In the FLASH simula-
tions of the DS-driven targets, the circuit model represents the voltage
drive provided by the DS pulser and includes impedances and losses of
the key components of the system, including losses in the vacuum
transmission lines. The circuit loss models are calibrated against parti-
cle-in-cell kinetic simulations (described in Sec. 11T D).

Figure 6 shows streak plots of density for two MagLIF targets
designed to match the DS pulser. The beryllium liner design [Fig. 6(a)]
uses a thinner liner than the scaled designs from Fig. 5, and is based on
recent high-performing MagLIF experiments using thinner liners.””
The aluminum liner design [Fig. 6(b)] is appropriately scaled from the
beryllium design. Both designs are 6 mm tall and are driven to
Inax = 56 MA. Both example designs are part of an extensive compu-
tational study of MagLIF performance achievable on the DS. The
examples shown here have 300 yum thick DT ice liners, B, = 15T, and
18 kJ preheat energy, and both achieve facility gain. The beryllium liner
generates 109 MJ of fusion yield for a facility gain of Qf = 1.36 and
the aluminum liner generates 380 M]J for a facility gain of Qf = 4.75.
Noting that these are 1D simulations, which ignore end-losses and
multi-dimensional hydrodynamic effects, we would expect 2D simula-
tions to generate lower fusion yields; however, we believe the alumi-
num design that generates 380 MJ has sufficient margin to achieve
facility gain even when 2D and 3D effects are taken into account.

In summary, Pacific Fusion has a high-fidelity radiation hydrody-
namics simulation capability that has been validated against a range of
integrated experiments at Z. This code has reproduced the key results
of the MagLIF current-scaling study of Ref. 29, which indicates that
conservatively scaled MagLIF targets are well into the ignition regime
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FIG. 6. 1D FLASH simulations of 6 mm tall MagLIF targets designed to match the DS pulser. The pulser delivers /.., = 56 MA and E;;,., ~ 8.3 MJ of electrical energy to
each design. Both targets have 300 um thick DT ice liners, B, = 15T, and 18 kJ preheat energy: (a) beryllium liner design generates 109 MJ yield and (b) aluminum liner
design generates 380 MJ yield. Both simulations have maximum convergence ratios CR < 25 for the liner/fuel interface.
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FIG. 7. Characteristic plasma conditions of the designs shown in Fig. 6: (a) liner areal density [(poR),] vs time and (b) ion temperature (dash) and mass density (solid) vs
radius at the time of peak (pdR),. The higher (pJR), of the aluminum liner design results in higher temperature, density, and total yield.

at the 60 MA scale. Pacific Fusion is currently using FLASH to design
novel MagLIF target configurations tailored to the DS pulser that can
achieve Q> 1.1In the Sec. I1 E, we use FLASH simulations to discuss
scaling of MagLIF to facility gain and how this scaling compares to
laser-driven ICF.

E. Scaling to facility gain

In the inertial regime, the requirements to heat and compress
fusion fuel to ignition conditions are independent of the compression
scheme.” Ignition and target gain were achieved on the NIF laser by
accelerating a DT fusion fuel shell to high velocity (v > 400 km/s)
while tailoring the compressibility of the implosion and increasing the
size of the implosion system to provide sufficient confinement.
Magnetically driven inertial fusion systems are typically scaled differ-
ently from laser-driven systems. It is instructive to compare how these
two different systems scale to understand the technical basis for pursu-
ing pulser-driven ICF.

1. Scaling laser-driven ICF

Hydro-equivalent or hydrodynamic scaling is often used to assess
how laser-driven fusion systems scale to larger facility drivers.”' In

As an implosion design is hydrodynamically scaled to larger driv-
ers, it passes through three performance regimes: the pre-ignition
regime at low capsule absorbed energy E,, where the yield scales
weakly with energy; the bootstrap regime, where the yield rapidly
increases due to the onset of self-heating; and the robustly burning
regime, where the yield depends only on the DT fuel mass and the
inertial burn-up fraction ¢, defined as

Ypr = d)mfueleDT- %)

Here, epr = 3.4 x 10! J/g is the Q-value of the DT reaction
(17.59 MeV) per unit mass. The burn-up fraction for spherical inertial
fusion systems can be derived as a function of the DT fuel areal density
PR,

PR

¢= R+6

where pR has units of g/cm®.’* Since hydro-equivalent scaling main-
tains a constant density p, the areal density scales only as r, pR o< Eé/ ’
and for pR < 6, ¢ Ei/ *. This means that when hydrodynamically
scaling a robustly burning design, the DT yield and target gain Qg
scale as

hydro-equivalent scaling, the fundamental characteristics of the implo- Ypr o Ei/ ’,
sion remain constant as the system is enlarged. The implosion velocity Ypr 13
and ablation pressure are held constant, leading to constant values of Qrarger = E; BT

the stagnation pressure, density, and temperature in the absence of
alpha heating. Hydro-equivalence is achieved by scaling geometric
quantities (lengths) and temporal quantities (timescales) together

r = sty,
t = sty,

where 7y and t; are the characteristic length and time scales of the ref-
erence implosion. Thus, geometric areas scale as $%, and intensity on
the capsule surface is kept constant by scaling the laser power P, by
the same factor s?. The laser energy Ej, proportional to Py X t, scales
as Ejger o< 8°. Alternatively, the scaling can be written as r o Ella/sir.
Density is constant, so the scaled system mass also increases by s°.
Ignoring the relationship between Ej,, and hohlraum efficiency,
which is relatively weak for NIF size and larger hohlraums, this scaling
applies to both laser-direct-drive and laser-indirect-drive schemes.

Thus, after an implosion transitions from bootstrapping to robust
ignition, the scaling of gain with laser energy becomes unfavorable. For
example, Fig. 2 in Ref. 62 hydrodynamically scales the NIF experi-
ments N221204 and N230729 to higher laser energy. This Y (E) curve
shows that NIF ignition capsules with Qs = 2.4 at E; = 2.05 M]
are still in the bootstrapping regime; however, the curve begins to
roll over at E; ~3M]J and reaches the robustly burning regime
Ypr Ei/ > at EL =~ 4M], Ypr~29MJ. Extrapolating further,
Qtarger = 10 is reached at E; ~ 10 MJ, Ypr ~ 100 MJ.

2. Scaling pulser-driven ICF

In pulser ICF, magnetically driven liners are continuously driven
throughout the power pulse by the Lorentz force. For certain target
designs, preheat energy and magnetic field are injected into the fuel
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cavity before the implosion stagnates, preconditioning the hotspot to
reach ignition temperatures. In the MagLIF concept, for example, the
preheat energy is injected using a laser, and the fuel is magnetized by
external Helmholtz coils. This approach has been studied extensively
but is limited by the capabilities of the Z Facility at Sandia National
Laboratories, notably that Z cannot drive more than ~ 20 MA through
an MagLIF target.

To simplify the engineering of and achieve low costs in future
pulser IFE power plants, we are developing target designs that elimi-
nate the need for a preheat laser and external Helmholtz coils. For
example, one can preheat and magnetize the fuel by using a current
pre-pulse that uses a small fraction of the energy used to compress the
target. Examples of methods to magnetize the fuel without external
coils include “AutoMag™’ and “Dynamic Screw Pinch.”**
Alternatively, higher-pressure implosion concepts can reduce or
entirely eliminate the need for preheating and/or magnetization.””

Previous studies have investigated similarity scaling of MagLIF to
larger (higher current) drivers than Z.”**”"' When the amount of cur-
rent delivered to the target is increased while maintaining the ~ 100 ns
rise time of the current pulse, the drive pressure and stagnation pressure
also increase. As a result, the fusion yield scales as Ypr o< I ;ux,zg even
before accounting for plasma self-heating from alpha particles. When
the target height is held constant with I, the energy delivered to the
liner scales as Ejer o I [see Eq. (6)]. Thus, yield and gain scale as

3
Ypr o Eliner7
Ypr
_ 2
Qtarget - E & Eliner7
liner

even before self-heating is taken into account. This gain scaling is
much more favorable—growing faster with energy delivered to liner/
target—than the hydro-equivalent scaling that applies to laser ICF.
Combined with the low cost and high efficiency of pulser technology,
this scaling is a major reason Pacific Fusion is developing pulser IFE
on its DS.

3. Comparing scaling on the NIF to Pacific Fusion’s DS

Combining our understanding of inertial fusion theory, driver
efficiency, and scaling laws enables us to compare our goal of Qf > 1
on Pacific Fusion’s DS to the recent achievement of ignition on the
NIF. Ignition and target gain Qgrger > 1 on the NIF demonstrate that
fusion gain is possible in inertial systems. Building a system that can
reach Q > 1 requires efficiently driving larger fuel masses than those
used in NIF targets. Pulser-driven ICF is ideally suited to meet this
challenge due to its high efficiency and because it can achieve Qf > 1
by generating fusion fuel conditions that have already been demon-
strated on the NIF, as discussed below.

The basics of fusion ignition and gain were understood decades
before they were demonstrated on the NIF. Hydro-equivalent scaling
was used to generate a set of “gain curves” for laser-indirect-drive ICF
by Mead et al. in 1990.°° Figure 8 shows the gain curves (dashed gray)
reproduced from the original report, with the x axis converted from
laser energy Ejur to capsule absorbed energy E.,p. These curves were
generated by running the ICF design code LASNEX"” with various lev-
els of degradation to the implosion. The curves are expressed as confi-
dence bands, with higher probabilities corresponding to more
degraded implosions and lower probabilities corresponding to more
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FIG. 8. Ignition and gain scaling plot for laser-indirect-drive ICF, based on the 1990
study.”® The gain curves (dashed gray) were generated from LASNEX simulations
with more (high confidence) or fewer (low confidence) sources of degradation. The
bars in the lower left represent unpublished deuterium implosions from the NOVA
laser and the same data scaled up for DT fuel. Circles are NIF DT implosion data
from various capsule designs. The dark cyan star is the target gain Queer ~ 2
(Y ~ 5MJ) result from February 2024.

optimal implosions. For example, the 5% confidence curve corre-
sponds to near-optimal, highly compressed, perfectly symmetrical
implosions with no mix. The authors concluded there was a 5% proba-
bility of achieving this performance level given the state of ICF knowl-
edge in 1990. The curves clearly show the three performance regimes
described in Sec. IT E 1 (pre-ignition, bootstrapping, and robust burn).

Note that the x axis of Fig. 8 has units of MJ, whereas the y axis is
dimensionless. Yield = gain x energy, so lines of constant fusion
energy output appear as straight lines (with negative slope) on the plot.
The subset of NIF implosion data shown in Fig. 8 reveals the pre-
science of the 1990 report: Early plastic (CH) shell implosions from
the National Ignition Campaign (NIC, green) fall below the 95% confi-
dence band. This makes sense, as calculating the poor performance of
these implosions required 3D simulations that incorporated degrada-
tion sources that were unanticipated in 1990.°° Improving the hydro-
dynamic stability of these implosions led to a ~ 10x improvement in
gain (magenta).”” Switching to diamond capsules led to higher perfor-
mance than plastic at approximately the same scale (blue).”’ Larger
diamond capsule designs (cyan), scaled up in size from the smaller dia-
mond designs,”" achieved the largest improvement in performance
and gain, reaching ignition and target gain Qygrger > 2.%*? The increase
in target performance at nearly constant Ey resulted from improving
target design and fabrication to reduce degradation of the implosion
by the ablator mix.

The highest performing NIF shot published to date (dark cyan
star in Fig. 8) lies on the 50% confidence gain curve. Higher-
performing, lower-confidence curves correspond to implosions with
more compression and larger pR. It remains to be seen if further
advances in target design can lead to additional performance gains or
whether future NIF experiments will “roll over” and follow the 50%
gain curve into the robustly burning regime. Numerous design
improvements are needed for existing ignition designs on the NIF to
scale favorably to Q > 1 on a future laser facility.””
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In Fig. 9, we visualize pulser-driven systems in the same space as
NIF implosions. For this purpose, we transform the x axis from
absorbed energy E to areal density pR. Specifically, we use the geo-

metric mean pR described in Eq. (A9), \/pRps (pOoR),. This expres-
sion shows that an inertial fusion assembly can ignite when the
product of fuel areal density and liner areal density is sufficiently large.
Since the requirements for ignition and propagating burn are indepen-
dent of the driver, MagLIF-like ICF designs can be plotted in this same
space alongside NIF data. Comparing pulser ICF and laser ICF on a
common basis is both novel and highly significant for the fusion com-
munity. For NIF points, we use published values of pRys and
(POR); = pReotar — pRys.”””>”" For experiments without published
data, the pR was scaled as pR E%S), per hydro-equivalent scaling.
The range of pR spanned by the NIF experiments is quite small, so the
uncertainty in the estimated pR does not change the overall conclu-
sions of the plot.

The red and black lines are from FLASH simulations of a
current-scaling study of MagLIF targets with DT ice layers. These sim-
ulations are based on the two ignition designs described in Sec. 11D
and Figs. 6 and 7. The two designs, with I,,,,, = 56 MA, were similarity
scaled to span a range of drive current I, = 20-65 MA using the
scaling prescriptions presented by D. E. Ruiz.”””* The 20 MA Z-scale
points generate +/pRps (pOR), & 0.15g/cm’, far below what is
needed for ignition. As the drive current increases, the MagLIF designs
increase in areal density and gain slowly. From 1,4, &~ 50-65 MA, the
curves increase rapidly in areal density and target gain. The 56 MA Be-
liner design point is just to the right of the NIF ignition star, whereas
the 56 MA Al-liner point reaches higher areal density and gain at the
same current.
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FIG. 9. Ignition and gain scaling plot for laser- and pulser-driven ICF, plotted against
the geometric mean areal density = /pRus (poR),, an important term in the gen-
eralized Lawson criterion [Eq. (A9)]. The red and black lines are target gain esti-
mates from a current-scaling study of the two DT ice layer MagLIF designs
described in Fig. 6 and Table |. Only the 20 MA points are accessible on Z today;
larger currents will be accessed on the DS. Both designs start to ignite at
lmax = 50MA (the last four points of each line), where the MagLIF liners achieve
similar areal density to igniting NIF capsules. At /,,,,, > 60 MA, the MagLIF designs
reach larger target gain Qu,,g.: and higher overall yield than the NIF ignition shot.
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We can compare the efficiency of the DS driver/fuel-lined
MagLIF combination to a recent NIF ignition experiment. There are
several useful metrics for fusion system efficiency. The target gain
Quarger and the facility gain Q; quantify the overall driver—target system
efficiency, whereas the fuel gain Qg and burn-up fraction are useful
for assessing the efficiency of the burn required to generate large fusion
yields.

For a recent igniting implosion on the NIF using 2.05M]J of laser
energy, the total work done on the DT fuel was approximately 20 kJ, or
1% of the laser energy delivered to the hohlraum. Due to incomplete
conversion of kinetic to internal energy and other losses, 8.2Kk]J of the
20k] were converted to fuel internal energy.”” We extrapolate this to
9-10Kk]J fuel internal energy in the absence of alpha heating for a
2.2 MJ NIF shot. Recall from Eq. (9) that the burn-up fraction ¢ is the
ratio of the total nuclear energy output to the output that would be
generated by reacting 100% of the fuel. Recent NIF ignition shots
driven by 2.05 MJ with fuel mass 0.22 mg DT released 3.2 and 3.9 MJ,
corresponding to ¢ = 4.3% and ¢ = 5.3%, respectively.”” Assuming
the same fuel mass, the highest performing NIF ignition shot published
to date, which yielded 52M] at 22MJ laser energy, burned up
¢ ~ 7% of its DT fuel.

We compare this to the 56 MA MagLIF-like target designs for the
DS described in Sec. I1 D and Figs. 6 and 7. The electrical energy deliv-
ered to the load (target), given by Eq. (6), depends on both the pulser
rise time and the target height 4, so we wish to minimize both to maxi-
mize Qy; this is why the designs in Fig. 6 are 6 mm tall. Table I com-
pares simulated performance metrics for these two DS targets to the
highest performing NIF ignition experiment to date. Table I shows
that reaching Q; > 1 with MagLIF on the DS requires fuel gain and
burn-up fraction levels that are already demonstrated on NIF. Facility
gain Qs > 1 is achievable on the DS due to the high efficiency of
energy delivery to the targets, which enables compression and heating
of fuel masses nearly 50 x larger than NIF ignition targets.

In summary, the MagLIF ICF concept provides a conservative
scaling path to Qugr > 1. With the addition of a cryogenic DT fuel
layer, MagLIF scales to Qs > 1 on Pacific Fusion’s DS with fuel gain
Qpuer and burn-up fraction ¢ comparable to those already achieved on
the NIF. Facility gain can be increased further by driving to a larger
peak current. For example, A 65MA aluminum liner target scaled
from the design shown in Table I and Fig. 9 generates 816 M]J of yield,
corresponding to facility gain Qy =7, sufficient for a fusion power

TABLE 1. Comparison of performance metrics for NIF ignition and simulated DS
targets. The Be and Al DS targets, driven with a peak current of 56 MA, achieve
Q¢ > 1in 1D simulations.

Metric NIF ignition Be DS target Al DS target
Energy stored in capacitors 330 MJ 80 MJ 80 MJ
Energy delivered to target 22MJ 8.3MJ 8.4MJ
DT fuel mass 0.22mg ~10.6mg  ~10.2mg
Nuclear energy yield 52M]J 109 MJ 380 MJ
erget = YTN/Edriver ~2.4 ~13 ~45
Qpuet = YrN/Einepr ~2260 ~100 ~350
DT burn-up fraction, ¢ 7% 3% 10%
Facility gain, Qf 0.016 1.36 4.75
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plant. We reiterate that these are 1D simulation results and that 2D
and 3D projections will likely have decreased gain. In addition to driv-
ing to higher peak currents, additional improvements to target design
will be needed to further increase gain.

F. Demonstrated performance with thermal fusion
reactions

The history of magnetically driven pulsed fusion systems contains
examples where the predominant mechanism of fusion production
was non-thermal beam-driven (i.e., highly energetic fuel ion beams,
resulting from instabilities, that drove fusion by collisions with other
fuel) rather than generated by a thermal distribution of ions. This can
be seen in the early days of quasi-static Z-pinches, where sausage- and
kink-mode instabilities tended to break apart the plasma column, pro-
ducing large transient voltages across the column,”” accelerating ions
to high energy (~ 1 MeV), resulting in non-thermal neutron produc-
tion. Similar behavior has been observed in a variety of dynamic
Z-pinch configurations, e.g., the dense plasma focus (DPF)® " and
gas puff Z-pinch.””** Neutrons produced by non-thermal means tend
to not scale favorably to ignition and gain. A common factor in all of
these systems is that the driver current is present within the fuel itself.
This means that fuel ions will directly experience the transient electric
fields resulting from MHD and kinetic instabilities.

Fortunately, pulser ICF concepts such as MagLIF do not suffer
from this problem. In MagLIF implosions, a thick metal liner implo-
sion is used to compress the fusion fuel, preventing the penetration of
the driver current into the fuel and the creation of energetic ion beams.
All observations of density, temperature, and neutron spectra in
MagLIF experiments are consistent with fully thermal nuclear burn
processes, exhibiting none of the signatures of non-thermal ion popu-
lations, e.g., high-energy neutrons and anisotropic neutron emission.*”
Gomez et al. showed that the neutron spectra observed along the axial
and radial directions were roughly equivalent.”” * When fitting the
core of the spectrum with a thermal model over a wide range of experi-
ments, no excess of neutrons in the high-energy tail was observed. An
excess of neutrons is observed in the low-energy portion of the spec-
trum, but this is consistent with neutron scattering. Furthermore, the
yields measured along different directions all agree within the mea-
surement uncertainty.g(’ In short, the neutron emission indicates no
need to invoke a non-thermal explanation for any of the observable
features. A Maxwellian ion distribution is perfectly adequate to explain
the observed neutron signatures.

Other evidence from the wide range of experiments conducted at
Sandia National Laboratories supports this claim. Knapp et al. demon-
strated a Bayesian data assimilation approach utilizing a thermal
plasma model that is able to match all observables (neutron and x ray)
simultaneously over a wide range of experiments.”’ The spectral char-
acteristics of both neutrons and x rays are used to fit multiple diagnos-
tic signatures simultaneously, assuming the ions and electrons are in
thermal equilibrium. Gomez et al. showed that the target yield scaled
as expected with inferred ion temperature over a range of
~ 1-3keV.” Furthermore, Knapp et al”’ and Harvey-Thompson
et al”' demonstrated that mixing of non-fuel material into the stagna-
tion column degrades performance as one would expect for a thermal
plasma. In a beam-target configuration, a mix at the few percent level
will only degrade performance in proportion to the dilution of the tar-
get ions. However, the trends in MagLIF data are consistent with the
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reduction in performance expected due to the enhanced radiation
losses and resultant cooling of the fusion plasma. The evidence over-
whelmingly points to the thermal nature of fusion production in the
MagLIF configuration, lending strong support to the scaling of these
concepts to ignition and gain.

I1l. PULSER DESIGN
A. Demonstration System (DS) overview

Pacific Fusion’s DS is designed with the goal of demonstrating
fusion performance required for a commercially viable fusion energy
system. The DS stores approximately 80 megajoules of electrical energy
and will deliver >60 MA over ~100ns timescales to a fusion target.
Figure 10 shows the layout of the DS pulser, which is broken up into
three sections: the pulser modules, the water transmission lines, and
the target area. The DS consists of three discrete levels of pulser mod-
ules with an impedance-matched-Marx-generator (IMG) architecture.
Power is delivered from the modules to the target area via water-
insulated coaxial transmission lines and tri-plate impedance trans-
formers. The water chamber surrounding the target chamber and the
tri-plates will be filled with de-ionized water providing the necessary
neutron shielding—at least 5m—to ensure capture of all generated
radiation. The target area consists of a water-vacuum insulator stack,
the target diagnostic suite, and a vacuum area containing a set of mag-
netically insulated transmission lines (MITLs), detailed in Sec. III E, a
triple post-hole convolute to combine the levels, and a final inner
MITL that delivers the power to a cassette containing the fusion target.
The target itself consists of the fusion fuel surrounded by the liner, and
the electrical current delivered through the target generates the
Lorentz force that rapidly compresses the fuel.

B. Pulser modules: IMGs

The DS pulser uses an IMG architecture.””* Figure 11 shows
an IMG module and its components. The building block of an
IMG is called a brick, which contains two capacitors charged at a
given voltage differential in series with a low impedance spark gap
switch. When the switch is closed, the energy from the capacitors is
discharged into the stage, which consists of multiple bricks dis-
charged simultaneously in parallel. The voltage of a given stage is
that of the brick charging voltage, and the energy discharged is the
sum of the stored energy in all capacitors. Stages are added in series
to create a pulser module, with the output voltage of the module
being the sum of the stage voltages. Pacific Fusion’s baseline IMG
architecture consists of 10 bricks per stage and 32 stages per mod-
ule. The IMG has a bipolar configuration, with each brick charged
to =100kV in series with a triggered spark gap switch. With a
capacitance of 160 nF, the total energy stored per capacitor is 8007,
resulting in a total energy storage of 512kJ per module. The IMG
concept was experimentally demonstrated in a prototype 4 stage
module with 2 bricks per stage.”” The full DS pulser shown in
Fig. 10 contains 156 modules in parallel, stored in canisters filled
with dielectric oil. The modules collectively store up to ~80MJ of
energy, and the pulser can deliver >350 TW to the water section.

C. Water transmission lines

Current is delivered to the target chamber through the
coaxial pulse tube and tri-plate transmission lines using de-
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FIG. 10. Conceptual schematic cross section showing half of Pacific Fusion’s DS. The total dimensions of the full system are ~73 x 80 m2

ionized water as the dielectric, as seen in Fig. 10. The vacuum
target chamber at the center of the pulser contains the magneti-
cally insulated transmission lines that deliver the current to the
ICF target. Due to the low capacitance and low inductance of
the system, pulse compression is not needed for pulses as short
as 100 ns. Longer pulses can be created by varying the triggering
times of the modules.

Cathode
Anodes

D. Target area

Pacific Fusion breaks down the Target Area into five subsystems:
vacuum power flow system, inner-MITL/cassette, chamber support
systems, target diagnostics, and hardware used for blast management.
The vacuum power flow system consists of the insulator stack, the
outer MITLs, a triple post-hole-convolute, and the inner MITL
(iMITL), detailed more in Sec. IIIE. It is responsible for delivering

FIG. 11. IMG module and components.
The module diameter is approximately
1.9m.
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energy from the water tri-plates through the vacuum MITL levels into
a single iMITL. The iMITL transfers the current to the target. The cas-
sette is a small portable chamber that houses the final portion of
iMITL, the target and support utilities, including the interfaces to the
cryogenic system. The target chamber, which is made up of the insula-
tor stack and the diagnostic spool, maintains vacuum during opera-
tion. The support systems are responsible for maintaining the target
chamber vacuum, proving the structural load path and dynamic
response, and installing and aligning components into the system dur-
ing the build. The target diagnostics include nuclear, x ray, and optical
diagnostics used to inform and iterate on our experiments. Each diag-
nostic is mounted to a port on the diagnostic spool, giving the diagnos-
tic its own line of sight to the target. Diagnostic ports include 200 mm
diameter equatorial line-of-sight ports and 400 mm diameter 15° line-
of-sight ports (Fig. 12).

The cassette concept is designed for flexibility, with the cassette
replaced after every shot. This allows Pacific Fusion to iterate and opti-
mize the target design over time. The cassette is assembled offline from
the main system. During the build process, the target and iMITLs are
meticulously measured to ensure precision alignment. Once the target
is ready, the cassette is brought down to vacuum, and the cryo-
layering process can begin, if desired. Several cassettes can be built at a
time to be ready for shots. This allows for high-tempo shot operations,
including high-yield shots. The cassette design, along with other strate-
gic design decisions, allows the DS to achieve at least 1 shot per
day while maintaining the flexibility to use solid fuel and multiple tar-

get types.

Dia i oWy
gnostic ) =
Spool S §

Cassette
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Stack
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Another advantage of the DS design is the water tank. The target
chamber and tri-plates are contained by a water tank with 5 m of water
sitting over the vacuum target chamber. This provides sufficient neu-
tron shielding to ensure that the desired background radiation levels
are achieved outside the system.

E. Full DS modeling

The entire DS has been modeled using the circuit code CASTLE
(Circuit  Analysis and Simulation with Transmission-Line
Emphasis),”” and the model includes all components down to the
module level. Every subsystem (Fig. 13) has subsequently been mod-
eled using 2D/3D full electromagnetic-only (EM) or electromagnetic-
with-plasma  simulations using the Particle-In-Cell code
CHICAGO®™” to validate the circuit representations and to determine
the transport efficiency of the vacuum section. These CHICAGO®
simulations include the full circuit, with individual components
removed from the circuit. The input/outputs of removed components
are coupled as boundary conditions to the circuit simulation. The cir-
cuit model is incorporated in a proprietary optimizer that balances
multiple constraints, including the specific component designs and
spatial constraints such as the layout of the facility.

1. Power delivery in vacuum section

The vacuum section of the DS is subject to the highest electric
and magnetic fields originating in the pulser, so it is the most likely
region for current to be diverted en route to the fusion target. Efficient

pl | Diagnostic LOS

S,

FIG. 12. Target area cross section of the DS target area: The design of the outer MITL (oMITL) is similar to that used on the Z machine but with six conical transmission lines
consisting of four split anodes and three solid cathodes leading to the convolute. For scale, the insulator stack has a radius of 3.2 m.
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FIG. 13. Block diagram of the full DS: This shows major subsystems required for circuit modeling and electromagnetic simulations.

transport of current in this regime requires the use of magnetically
insulated transmission lines (MITLs)”” """ to carry the current from
the water-vacuum interface to the load. In the DS, this is accomplished
through six outer MITLs, which are connected together through a triple-
post-hole-convolute. The convolute combines the currents and sends
them to the inner MITL, which delivers power to the fusion target.

The water-vacuum interface is an insulator stack of discrete
dielectric rings similar to the Z design'’* (but scaled to a radius of
3.2m) and has been simulated in full-scale dynamic CHICAGO® EM
simulations. The vacuum stack modeling includes detailed electrode
shaping on the water side and the vacuum side to control the electric
field profile across the stack, keeping the average electric field (V/d)
across an individual insulator ring below 160 kV/cm. The full spatio-
temporal dynamics of the applied electric field from CHICAGO® sim-
ulations have been used in a statistical flashover model,'”” predicting a
full stack flashover of any vacuum level at <0.2% when using a conser-
vative 7. "> With a full charge voltage on the modules, the pulser
will deliver ~ 310 TW of peak power to the insulator stack.

Full EM and 2D/3D kinetic PIC simulations using CHICAGO®
were used to model the entire system, starting at the water-vacuum
interface and extending to the liner surface. The vacuum section is spa-
tially too large to efficiently model in a single simulation, so the vac-
uum section was broken into three main components: the inner MITL,
the triple post-hole convolute,'”* and the outer MITL/insulator stack.
The simulations spatially overlap so that the convolute simulation
includes the last ~ 25% of the outer MITLs and the first ~ 10% of the
inner MITL, ensuring continuity of conditions between simulations.
The simulations of the outer MITLs and convolute are resolved to
250 um spatially with timesteps that resolve the electron cyclotron fre-
quency. The convolute has a larger radius than simply scaling up from
the current Z design,'’>'” to minimize heating of the convolute and
to increase its survivability. The increased survivability comes at a cost
of early-time inefficiency relative to a scaled Z, as the magnetic insula-
tion takes some time to be established in the convolute. The convolute
is intended to remain in place between shots, so it should be a low
source of surface contaminants, as it is not regularly exposed to ambi-
ent air.

The convolute simulations use similar models and algorithmic
approaches to prior state-of-the-art MITL simulations”*'*>'*"""'" and
include space-charge-limited emission''* of electrons for electric field
stresses exceeding 240 kV/cm, ion emission’ > for surfaces heated
above 600 K, and 1D transport models for particle heating and thermal
and magnetic diffusion attached to each electrode surface element.

The outer MITL design is similar to the Z design''” but with six
conical transmission lines (Fig. 12) consisting of four split (hollow)
anodes and three solid cathodes leading to the convolute. Since the
convolute will be at a relatively large radius, these transmission lines
can maintain constant impedance up to the post-hole region in the
convolute and still have sufficiently large A-K (anode to cathode) gaps
to minimize losses. In the current design, the outer MITLs have an
average impedance of ~ 2.3 Q.

2. Driver coupling efficiency

The convolute simulations are attached to a low-inductance, low-
mass inner MITL simulation. This simulation has a variable resolution
from 25 to 125 pum spatially with an adaptive time step set to w%, where
@, is the electron cyclotron frequency, and uses an implicit field
solver’* to handle high magnetic fields and plasma densities. The target
and inner MITL are contained and replaced with a new cassette every
shot. The target cassette allows most of the MITL system to remain
under vacuum and free of contaminants. These simulations include
the physics present in prior convolute simulations and additional elec-
trode plasma sources from the presence of surface contaminants.'’”
These plasmas have previously been shown to be able to cross the A-K
gap via a Hall-like mechanism,'”>'%*'' leading to the generation of
additional current pathways that can divert current from reaching the
liner surface. The inner MITL simulations also include electrons and
ions flowing from the convolute into the inner MITL region.

Figure 14 shows the net current delivery to the load region.
Simulated current pulses are shown for the ideal circuit, with plasmas
only in the outer MITLs; plasma sources in both the outer MITLs and
the convolute; and plasmas in the entire vacuum section. In these sim-
ulations, the load has a fixed impedance of 27 m Q. At early times, less
than 60 ns in Fig. 14, some current is diverted from reaching the load
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FIG. 14. Current delivered to the liner surface for calculations with increasing vac-
uum components. Zero time is taken to be when the first kA arrives for the ideal cir-
cuit case.

until magnetic insulation is established in each level. Pulses on the top,
middle, and bottom levels arrive at the outer MITL at different times
to take into account the differences in the length of their respective
outer MITLs. The different levels magnetically insulate at different
points along the current pulse. At peak current, the DS delivers about
62.8 MA, 115TW, and 10 MJ to the load region, coupling 96% of the
current delivered to the insulator stack to the final load. Further
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optimization of the vacuum region is under way to further increase
current delivery through a combination of reducing the system induc-
tance and improving current delivery through the final components.

Detailed interactions between the inner MITL region and the tar-
get are also important considerations and an active area of research.
Physics considerations and modeling methodologies for assessing this
interaction are outlined in Appendix B.

F. Pulse shaping

The modular design of the DS, along with water-insulated trans-
mission lines, allows for two levels of pulse shaping. The individual
modules can be independently triggered and are transit-time isolated
by the pulse tubes at an individual level for ~ 715ns from the outer-
most to innermost set of modules. The top, middle, and bottom levels
are further isolated by an additional ~ 750 ns. Longer pulses outside
this range could be generated in a manner similar to how long pulses
are generated on the Z-Machine,'® through the insertion of water
switches in-between the module outputs and the water impedance
transformer for further isolation when needed. Panel (a) of Fig. 15
shows a comparison between the pulse shapes from Ref. 18 and equiva-
lent pulse shapes achievable on the DS (in a full circuit model of the
pulser) by only varying the initial charge voltage and switch times while
utilizing less than ~30% of the total stored energy available. Panel (b)
of Fig. 15 shows these same profiles with many of the modules charged
to full voltage, leading to a 2.75X increase in peak current.

G. Diagnostic suite

The primary goal of the DS is to achieve net facility gain. We
expect that achieving this goal will require rapidly evolving the target
design based upon understanding built from experiments. This process

40
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FIG. 15. (a) Comparison of pulse shapes presented in Ref. 18 for the Z machine (dashed lines) and those achievable on the DS with only changing module timing and charge
voltage (solid lines). (b) Same DS pulse shapes when utilizing as much of the stored energy as possible.
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will require that each DS experiment be appropriately diagnosed to
understand its performance and to characterize the degree to which
the experiments agree with, or differ from, computational models.
Additional diagnostics will be required for targeted physics measure-
ments on dedicated experiments, for example, to study driver—target
coupling or hydrodynamic instabilities. As on the NIF, this required
the development of a full suite of diagnostics''” to measure key
observables.

Our initial baseline diagnostic plan is shown schematically in
Fig. 16. The water chamber is on the order of 13 m in radius. Six long
collimated lines of sight are planned for six neutron time of flight
(NTOF) and two Energetic Neutron Detectors Observing with
Resolution (ENDOR) for neutron imaging; four of the NTOFs are
arranged in the equatorial plane and shown in Fig. 16. These are posi-
tioned so that the NTOFs are arranged in opposing pairs that are
mutually orthogonal to best diagnose spectral moments (e.g., as in Ref.
118) The two ENDOR are orthogonal to optimize for 3D reconstruc-
tion."'” Positioning of these instruments far from the Target Chamber
Center (TCC), and therefore outside of the water chamber, is necessary
to achieve the desired spectral resolution on NTOF through the time
of flight dispersion and the desired spatial resolution for ENDOR. All
other diagnostics are either within the water chamber or have optical
relays to a side laboratory space. This approach maximizes the inher-
ent shielding of the water chamber.

Completing the nuclear diagnostic suite are a DT y-ray reaction
history measured by a Compton Electron cherenKOV (CEKOV)
detector,"”” two DD nuclear burn history measurements based on a
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Recoil Ton DEtector'”’ (RIDE) and on (n, y) Cherenkov detection
(NGC), a MAgnetic Recoil Spectrometer (MARS) 122 for neutron yield
and spectrometry, and Activation Samples for Thermonuclear
Reaction Analysis (ASTRA) 2% in the equatorial NTOF lines of sight.

The DS x-ray diagnostic suite will include an emitted power mea-
surement using a Calibrated Radiometry and Bolometry (CRAB) diag-
nostic composed of a filtered streak camera (e.g., similar to the
SPIDER system on NIF'**) which provides the highest temporal reso-
lution, complemented by filtered diodes;'** two equatorial orthogonal
x-ray cameras for self-emission imaging, Gated Active Long Aspect x-
ray Imager (GALAXI), and radiography, Versatile Imaging for
RadioGraphic Observations (VIRGO); and an x-ray SPectroscopic
Instrument for Collisional Excitation (SPICE), potentially with several
crystals for key energy ranges. A line of sight is reserved opposite
VIRGO for a source, the Dynamic Irradiation with Photons for
Producing Energetic Radiographs (DIPPER). For optical diagnostics,
we plan on an optical transmission probe to enable FAraday
Rotatation and Deflectometry (FARAD) in low-density near-target
plasmas, a line VISAR'*® for drive characterization and materials stud-
ies, and fiber-coupled photon Doppler velocimetry (PDV).

We continue to improve upon this conceptual diagnostic plan for
DS, and we are actively developing detailed designs for individual sys-
tems, to be detailed in future publications. The diagnostic ports not
shown in Fig. 16 are either used for chamber infrastructure or are
available as spares. Approximately 10 ports are potentially available for
additional diagnostics; Pacific Fusion is actively evaluating additional
measurements beyond our baseline suite.

Los
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FARAD Injection
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FIG. 16. Conceptual plan for the DS diagnostic suite and layout. Diagnostics are noted by their distance from TCC and angle in facility coordinates (0, ¢) where 0 is the polar

angle and ¢ is the azimuthal.
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The bulk of the diagnostic suite is focused on the core mission of
demonstrating facility gain. This requires that we are able to track the
performance of a variety of ICF targets by inferring the generalized
Lawson criterion (GLC) y for each implosion experiment as well as
obtaining enough information to ascertain the root cause of observed
failure modes and performance-limiting effects. The potential perfor-
mance limiters are numerous, including symmetry, end losses, mix,
and inefficient flux compression. Each has different observable conse-
quences. We are developing a model-driven Bayesian approach to infer
performance from the ensemble of diagnostic observables. This meth-
odology has been demonstrated on MagLIF implosions on the Z
machine using a static quasi-2D model to infer burn-averaged quanti-
ties and i across a wide range of experiments.”’ Additional examples
and extensions to this approach are discussed in Ref. 127. This
approach allows for the reconstruction of the target performance and
extraction of unobserved dynamics, with uncertainties, from the
underlying model. This formalism will be used in the near term to aid
in the design of the diagnostic suite by optimizing parameters of the
individual instruments to obtain maximally informative observa-
tions.'** This quantitative optimization enables us to weigh the conse-
quences of different design choices for the diagnostics in the context of
the entire suite of observations, enabling tradeoffs to be considered
that can have dramatic impacts on cost, schedule, and performance.

H. Facility cost comparison

In Secs. III A-III G, we have described the design and parameters
of Pacific Fusion’s DS. Here, we briefly describe its cost relative to the
NIF.

Our present detailed estimate puts the cost to build the 80 MJ DS
at slightly over $6/J, or approximately $500 M. This estimate is compa-
rable to the inflation-adjusted per-Joule cost of the ZR project—which
completely overhauled and rebuilt the Z facility into its present state—
of $4/] in 2006 dollars or $6.3/] in 2025 dollars."”’ The capital cost to
build the NIF was roughly $3.5B in 2012, inflation adjusted to about
$4.9B in 2025. In short, the DS costs ~ 10X less to build than the NIF.

IV. PATH TO COMMERCIAL POWER

Many aspects of the DS will translate directly to the pulser
required for subsequent commercial power plants, which will have a
similar system size and layout, near-identical module architecture, sim-
ilar scale chambers, and the same sort of targets. The DS may achieve
facility gains well beyond its design goal of Q; > 1. However, commer-
cial pulser IFE systems differ in several respects; they must last for dec-
ades of cycling, be cycled rapidly, and efficiently capture fusion output
and breed tritium. Specifically, they require three additional technical
developments:

* Component lifetime. Development of pulser components that
allow for repetitive operation with a long cycle life and infre-
quent, inexpensive maintenance.

* Fusion chamber. Development of a fusion chamber that allows
for high-gain shots, survives repetitive stresses arising from shots,
and can be rapidly cleared and prepared for subsequent shots.

* Tritium breeding. Development of blankets and first solid walls
that are compatible with a durable, rep-ratable fusion chamber
and that permit a practical tritium breeding ratio and efficient
fusion energy capture.

ARTICLE
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We will discuss these topics in more depth in subsequent publica-
tions but give an overview of the main issues here.

A. Component lifetime

Operating a pulser IFE power plant will require shooting targets
at repetition rates between 0.1 and 10 Hz, compared to the approxi-
mately single shot per day for current leading scientific facilities (NIF,
Sandia Z machine). The pulser, therefore, must operate at repetition
rates 10*- to 10°-fold higher than present large-scale facilities at an
affordable capital cost, with component lifetimes averaging 1 x 10°
shots. Currently, the two components within the IMG pulser modules
that do not typically meet this lifetime requirement at operating
parameters are the high-voltage capacitors and spark gap switches.
Improving the lifetime of these key components can be achieved by
two approaches: (1) reducing operating conditions (e.g., lower voltage
and stored energy per component) by using more components in par-
allel and (2) innovative component design.

An example of the first approach would be to reduce operating
voltages for capacitors by threefold, from 100 to 35kV, which would
be expected to increase capacitor lifetime from = 10° to & 10° shots,
at the expense of 9 less energy stored per capacitor.””’ This results in
the need for ninefold more capacitors to be able to store and discharge
the same amount of total energy. Lower voltages and capacitance also
reduce the charge transferred by the switches, which could result in a
substantial increase in switch lifetime.

The second approach would involve developing innovative
designs to increase the lifetime of capacitors and high-voltage switches.
For capacitors, for example, this includes developing dielectric poly-
mers with improved dielectric constants and breakdown strengths and
capacitor designs that reduce electric field stresses to decelerate capaci-
tor aging. For switches, improved spark gap switch designs can reduce
the charge transferred per unit area through increased multi-
channeling, reducing ablation and therefore increasing switch lifetime;
alternate switch technologies (e.g., solid state) as well as in situ refur-
bishment for traditional spark gap switches are other avenues for
increasing switch lifetimes.

Pacific Fusion is pursuing both of the above approaches to com-
ponent improvement—using modern nondestructive evaluation meth-
ods, accelerated testing, and parallelization—to develop optimized
components that meet commercial requirements and enable afford-
able, firm fusion power.

B. Fusion chamber

To achieve high-power output in a pulser IFE power plant, one
needs to rapidly cycle the fusion chamber, i.., drive fusion targets in
rapid succession, preparing the chamber after each shot. To do so, one
must ensure that replaceable electrodes can be ejected without damag-
ing the walls, that the post-shot impulse does not damage the wall, and
that high vacuum can be rapidly restored. We discuss these issues
below.

1. Replaceable electrode disassembly

In past MagLIF and other pulsed-power experiments, the
destructible target mass has included large replaceable electrodes
(inner MITLs, or iMITLs) that fracture from the shot blast and the
magnetic pressures temporarily constrained by them. This generates a
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FIG. 17. Low-mass inner MITLs are advantageous for low-cost, high-repetition systems. A 100 um MITL with a 200 um, 1.25 mm radius washer placed on the transmission
lines is one promising such configuration. This has a 2.49nH inductance using a 100 ns linear ramp to 60 MA, 13.7% greater than large-mass, theoretically immovable

MITLs.*

considerable amount of debris and requires a large amount of mass to
be inserted and evacuated. One option we are pursuing is low-mass
iMITLs that minimize the amount of material consumed and recycled.
The criteria for a successful iMITL are that it must carry the surface
current supplied by the pulsed-power system and must not deform sig-
nificantly during the shot as to not impose too large of an impedance
penalty on the system.'”" The skin depth of copper is just under 50 um
during these timescales, setting a small minimum thickness necessary
for carrying the current. One promising iMITL option is shown in
Fig. 17.

2. Post-shot vacuum chamber impulse response

Pulser ICF systems require extreme temperatures and pressures
over a very short period of time. The magnetic energy driving the
fusion target system is released as the imploding target “bounces” and
expands. The alpha-particle energy from an igniting high-gain target,
which can be many times the driving energy, is absorbed by the target
and near-target material over a few nanoseconds. The resulting rapid
energy release and material expansion impart loads on target-facing
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structures. These loads are broadly the same as other inertial confine-
ment fusion facilities and can be categorized as the hydrodynamic
blast, the radiative x-ray emissions and resulting ablative shocks, neu-
tron damage, and any debris or shrapnel.””'** We are using a combi-
nation of large-scale, late-time radiation magnetohydrodynamic
simulations and high strain rate, shock EOS, and structural dynamics
simulations to predict the loads on the structure and analyze the short-
term effects. We are extending this out to implicit dynamics and
fatigue simulations to determine the long-term effects on the structure.
The flexibility of our approach allows us to selectively steer any debris
and/or locally protect any solid materials that could face damage.

For example, magnetic pressure pushes our target liner inward
but also pushes the iMITLs axially during the implosion. The residual
magnetic field resists the radial expansion of the rebounding liner, and
the result is that the radial momentum is minimized and the target pri-
marily expands axially, orthogonal to the driving hardware. The mass,
momentum, and kinetic energy distribution for the hydrodynamic
blast can be seen in (Fig. 18). For the few pieces of hardware that are
exposed to damaging shocks, we are developing consumable shielding
strategies to mitigate the effects.
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FIG. 18. Late-time radiation magnetohydrodynamic simulations with the resulting distribution of mass, momentum, and energy ejected from the explosion. The simulations
shown ran to 2.4 ps past the fusion ignition time and tracked material leaving the simulation boundaries. Zero degrees is at the north pole and 180° at the south pole showing
93% of the mass, 85% of the momentum, and 55% of the kinetic energy traveling within 25° of the poles.
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3. Chamber pumping and reloading

While many challenges for a commercial fusion system are
shared among pulsed fusion concepts, considerations that are unique
to pulser-driven ICF systems include ~ 1 Hz repetitive injection of
inner MITL sections in a manner that is compatible with MITL surface
condition and vacuum requirements for current delivery, blanket neu-
tronics and tritium breeding characteristics, energy recovery and heat
exchange, and radiation shielding of critical system components and
the overall facility shielding envelope. For each cycle, the chamber
must be prepared for the next shot. This includes inserting a new tar-
get, inserting new iMITLs, and reestablishing the vacuum state in
between the MITLs. The iMITLs are split between (i) low-mass con-
sumable transmission line (CTL)"*' or recyclable transmission line
(RTL)"""* sections and (ii) permanent MITLs that are shielded by
the tritium breeding material and are meant to last for a large number
of shots. The target and consumable iMITL insertion can be performed
mechanically via target exchange hardware. This can be done in a flexi-
ble way given the fact that the energy is transmitted along the gap
between the MITLs and does not have any significant line-of-sight
requirements. The volume between the MITLs must be rapidly
pumped down to a high vacuum in preparation for the next shot.
Several strategies are being pursued to do so, such as sweeping the
chamber with a getter after each shot; more details will be shared in
subsequent publications.

C. Tritium breeding

Achievement of a tritium breeding ratio appreciably exceeding
unity within a stable target chamber first wall is a necessary condition
for a feasible fusion power plant. A pulsed-power-MITL-driven system
is compatible with lithium-containing blanket and shielding technolo-
gies that meet this requirement via neutron reactions with lithium-6,
using configurations similar to those shown in the HYLIFE"""'** and
Z-TFE""'™ reactor design studies (cf. Fig. 19 and Ref 141).
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Neutronics analysis in MCNP for notional 1D target chamber and
blanket configurations confirms that a sufficient tritium breeding ratio
can be achieved with appropriate radial thickness of a FLiBe molten
salt blanket, cf. Fig. 20. Other blanket materials (e.g., PbLi) and config-
urations are compatible with our approach as well.

In contrast to laser-based IFE concepts—which require line of
sight between the final optics and target—the pulsed-power MITL-
based energy coupling is less constraining for blanket configurations.
For example, power may be delivered via a stepped conical feed to
injected targets in such a way that the radiation line of sight from the
target is fully occluded. Thus, the target can be effectively fully sur-
rounded by blanket material, moderating water, and structural/shield-
ing materials at the time of the repetitive fusion energy release. The
surface-conformal energy delivery of the MITLs is also advantageous
for approaches to the mitigation of many first-wall issues, allowing for
the protection of the target chamber first wall from dynamic blast load-
ing'** and prompt x-ray and gamma ray emissions via thick injected
liquid blanket material and/or aerosol/gas cushions, and shielding of
chamber structural steels to within material DPA limits for the lifetime
of the system.

More details of a pulser IFE power plant, building upon the sche-
matic in Fig. 19, will be discussed in future publications.

V. UTILITY TO THE BROADER FUSION COMMUNITY

In aggregate, the high scientific maturity, high efficiency, and rel-
atively low cost of pulser ICF make Pacific Fusion’s DS a valuable com-
plement to the other flagship fusion facilities in the US’s strategic path
to commercializing fusion energy. The National Academy of Sciences
report Bringing Fusion to the U.S. Grid recommended (i) pursuing a
Fusion Pilot Plant in the 2035-2040 time frame and (ii) investing in
concept-agnostic fusion technology developments.'”” The DS contrib-
utes significantly to both of these objectives. The schedule for deliver-
ing the DS and achieving facility gain would allow pilot-plant-scale
facilities to be developed well before this targeted time frame.

2%

FIG. 19. Pulser-driven IFE system schematic, illustrating incorporation of injected targets, recyclable transmission lines, and liquid or solid first wall/breeder blanket.
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FIG. 20. Radiation Monte Carlo calculation of pulser-IFE-relevant chamber neutronics, blanket thickness, and fritium breeding ratio.

As discussed in this paper, we believe pulser IFE has substantial
prospects for innovations and cost reductions in delivering fusion
power. In terms of technology developments, there are many
community-wide benefits to pursuing these objectives, including
improved pulsed-power technology, the development of high flux neu-
tron sources, improved plasma diagnostics, improved simulation capa-
bilities, and improved understanding of burning plasma dynamics in
MHD regimes.

The DS also advances the feasibility of high-yield fusion for
national defense. High-yield (>100M)J) inertial fusion is a critical
national defense tool because it is the only way to create the extreme
conditions essential for ensuring the effectiveness and survivability of
key defense capabilities. Although the National Ignition Facility’s
recent achievement of ~ 5 MJ was a major milestone, it falls well short
of the yields needed to replicate threat-level environments and obtain
the data required for comprehensive validation of these systems.
Meanwhile, adversaries are racing to achieve 100+ MJ fusion by 2030,
potentially two decades before the current U.S. goal of 2050."° Pulser-
driven inertial fusion offers the United States a timely opportunity to
maintain its leadership in advanced defense technologies.

The DS delivers a low-cost capability that can couple ~ 10 MJ to
the fusion target to generate many tens or hundreds of MJ of fusion
energy in adjacent parameter regimes to those accessed by laser-driven
ICF. High-gain fusion platforms fielded at the DS can therefore
advance the NNSA’s mission, and collaborations on plasma diagnos-
tics, target design, simulations, and fundamental plasma physics can
benefit all participants.

One effective way to advance such efforts is through the public-
private partnership model. Public—private partnerships are becoming
increasingly important to the US’s fusion strategy and were highlighted
as a key recommendation in the National Academy of Sciences
report.” The US DOE has launched several funding programs
focused on private companies, including the INFUSE network and the
Milestone-Based Fusion Development Program. It has also published

formal Requests for Information on Cost-Sharing Partnerships with the
Private Sector in Fusion Energy and, recently, on Pulsed Power Public/
Private Partnerships. Pacific Fusion has already procured significant
private funding for building its DS, creating an opportunity for the US
DOE to leverage these investments by partnering to further advance
the broader fusion community’s objectives.

VI. CONCLUSION

Pulser-driven inertial fusion can enable affordable, abundant
commercial fusion power and also close the gap to high-yield
(>100M]J) capabilities. By directly delivering tens of MJ of electrical
energy to magnetized fusion targets at high efficiency, pulser ICF offers
a near-term path to achieving Qf > 1—an achievement that would
mark the decisive turning point in fusion energy development. Pacific
Fusion’s DS, capable of exceeding 60 MA, shows how new pulsed-
power technologies can be scaled and optimized for affordable, man-
ageable, practical, and scalable (AMPS) fusion. Critically, it represents
a 1000 x increase in fusion capabilities by producing 100 the facility-
level gain at about 1/10 the cost of the National Ignition Facility, accel-
erating progress toward both commercial power and high-yield fusion
readiness.
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APPENDIX A: AN IGNITION METRIC FOR PULSER ICF

In this section, we illustrate the core concepts behind our gen-
eralized Lawson criterion (GLC') suitable for assessing the proxim-
ity of pulser-driven ICF concepts to ignition, cf. Eq. (3). Beginning

pubs.aip.org/aip/pop

with the hotspot energy balance expression given by Eq. (1), the
power terms on the right-hand side scale with the compressed
fusion fuel conditions as”*

(alpha deposition) — W, o< i, (pR)*s(T), (A1)
(compression/expansion) — Wpav o (PR) TUniper, (A2)
(bremsstrahlung radiation) — W, o (pR)*T"/2, (A3)
(electron conduction) — W, oc T/ 2g,(%e), (A4)

(ion conduction) — W o T7/ 2gi(x;), (A5)

(endlosses) — Wena ox T2/2pR?/h o< T**(pR)(R/h). (A6)

The energies and powers in the above equations are expressed
per unit length of the cylindrical fuel assembly, denoted by the hat
notation. The hotspot mass density is p, the liner velocity is Uliner
(where negative values correspond to fuel compression), and the
radius and length of the DT cylinder are R and h, respectively. We
assume electrons and ions are in thermal equilibrium (T, = T;=T).

The degree of magnetic inhibition of thermal conduction from the
hot fuel to the cooler liner wall is captured by the functions g ;(x.),
where the electron and ion magnetization are represented by the Hall
parameters x,; oc T>>B/p. In the strongly magnetized limit,
g(x) o< 1/x*. When B — 0, g — 1. In the intermediate regime where a
species is marginally magnetized, i.e., x ~ O(1), the transport regime is
“Bohm-like” and g ox 1/x. In MagLIF, where the magnetic field
entrained in the fuel is sufficient to strongly suppress electron heat con-
duction but weak enough that the plasma thermal pressure exceeds the
local magnetic pressure, the ions are often in this Bohm-like regime.

Figure 21 illustrates the expanded space of self-heating conditions
afforded by pulser ICF when the DT fuel is magnetized. Here, we plot
contours of neutral power balance within the DT fuel, Wa =
We+ Wa+ W, at peak compression (stagnation), where we make
the common simplifying assumptions that Wpay and Wy are
momentarily ignorable. We assume a fuel radius of 100 um, the
approximate scale at peak compression of simulated MagLIF-like
implosions matched to the DS. Each dashed contour corresponds to a
different amount of axial magnetic flux entrained in the fuel, expressed
in terms of the magnetic-field-radius product, BR, which is propor-
tional to the ratio of the fuel radius to the 3.5 MeV alpha-particle gyro-
radius and thus quantifies the degree of confinement of the alpha
particles. The value BR ~ 0.5 MG cm corresponds to the case where
the alpha gyroradius equals the fuel radius and alphas are marginally
confined within the DT column.”® Combinations of T and (pR)p;
above and to the right of the dashed contours are capable of self-
heating. The dashed lines in Fig. 21 demonstrate that increasing BR
enables self-heating at decreasingly small fuel areal densities, with the
impact saturating for BR > 1 MG cm.

In addition to achieving net fusion-driven self-heating, an igniting
target must also remain confined long enough for the cumulative effect
of self-heating to significantly increase the internal energy of the DT
fuel. This ignition requirement is captured in the generalized Lawson
criterion, or GLC. We adopt the version used in Ref. 32, Eq. (9)

L EByuw  (E.\, (Yor/5\, [ Yor m
oLe= Epr/te (EDT>f a ( Epr >f B <MDT) (6kB;DT)f.

(A7)
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FIG. 21. Self-heating threshold contours (dashed lines) for magnetized DT plasma
spanning magnetic-field-radius products BR from 0 (darkest) to 1.0 MG cm (lightest)
in 0.2 MG cm increments. All plasma configurations with (pR)p; and Tpr residing
above and to the right of the respective dashed contour undergo instantaneous pos-
itive DT heating in the absence of plasma compression or expansion, i.e., at stagna-
tion. Solid lines are contours of a generalized Lawson ignition threshold criterion
GLC' =1 [Eq. (3)] spanning the same range of BR values, assuming the DT is
tamped by a liner with areal density (pdR), = 3 g/cm? conditions accessible to
the DS. Note that while the Lawson threshold to ignite is more stringent than the
threshold for instantaneous self-heating, alpha heating can help the assembly
crossover the ignition threshold.

Here, E, is the alpha-particle energy generated by fusion, which
is 1/5 the total DT yield, ¥ pr. (This expression assumes 100% of the
alpha-particle energy is deposited in the hotspot, though we revise
this assumption in our modified GLC below.) The characteristic burn
duration and energy confinement times are given by t7y and tg,
respectively. Using the value f = 1.2 for the ratio of the two confine-
ment times reproduces the ignition threshold behavior seen in simu-
lations of NIF-like ICF implosions when GLC = 1.0.™

We find from the GLC given by Eq. (A7) that ignition in the
lower-(pR)y pulser ICF design space requires a large areal density of
the confining liner, (poR),. Following Ref. 33, we represent the liner as
a thin cylindrical shell of linear mass density M, whose interaction
with the hot DT fuel can be approximated by the equation of motion,

MZRZ = ZﬂRlPDT. (A8)

In Eq. (A8), the external drive pressure is ignored relative to
the much larger fuel pressure Ppr near stagnation. By dimensional
analysis, the hydrodynamic confinement time tg is well approxi-
mated by 15 ~ (M;/2nPpr)"/? ~ [(pRéR),/PDT}l/Z, where the liner
density p;, radius R; (assumed equal to the fuel outer radius
Rpr = R), and thickness 0R; are evaluated at stagnation. From Egs.
(2) and (A7), we find Ypr &~ W,tpny = W, ,Te/f> while the DT lin-
ear mass density Mpr = mR?ppy;. Inserting these relationships into
Eq. (A7) leads to an important scaling relation applicable to all iner-
tial fusion approaches

GLC o {%} [(pR)pr(pR),] 2. (A9)
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In Eq. (A9), the GLC is proportional to the harmonic mean of
the fuel (hotspot) and liner areal densities; thus, to ignite at low
(pPR)py» the liner areal density (poR), must be increased accord-
ingly. Fortunately, pulser ICF is ideally suited to compressing liners
to large values of (pJR),. MagLIF experiments on the Z facility have
already demonstrated (pdR); ~ 1 g/cm?.”’ The liner areal density
increases approximately linearly with peak current,”” so scaling up
present-day MagLIF experiments from I, ~20MA to
Inax = 60 MA should triple (poR);, putting such designs in a favor-
able ignition space.

In Figs. 3 and 21, we plot a variation of the GLC representing
the net heating of the DT fuel by accounting for many of the sources
and sinks described by Eq. (1). Spec1ﬁcally, we replace E, =Wt
with Epee = (W, — W4 — W, — W,) gy, such that

GLC/ N <(Wac - Wci _A ch - Wr)TTN>f. (AIO)

Epr

This expression combines the self-heating and confinement
requirements for ignition and can only be positive in regions where
instantaneous net self-heating occurs at stagnation. We plot con-
tours representing the ignition threshold criterion GLC' = 1 as solid
lines in Figs. 3 and 21 for the specific case (pdR), = 3 g/cm?, dem-
onstrating the large design space opened up by fuel magnetization.
Note that for boundary cases above the dashed curves but below the
solid GLC' &~ 1 curves in Fig. 21, self-heating can push the fuel
above the ignition boundary.

APPENDIX B: PULSER-TARGET COUPLING PHYSICS

Accurate modeling of the evolution of plasma within the inner
MITL and load region requires inclusion of physics beyond that
usually included in radiation MHD models (PIC or Hall physics as
discussed in Sec. IIT E 2); however, some simple MHD concepts are
often useful in understanding how the evolved plasma influences
current delivery to or within the target. The MHD-like picture can
capture gross features of the plasma flow when the particle dynam-
ics are dominated by E x B drift. This applies when both ions and
electrons are strongly magnetized, i.e., gyro-radii for both species
are small compared to the A-K gap and the E x B drift dominates
over polarization drift (when the gyro-period is short compared to
the rate of change of the flow) as well as gradient B and curvature
drifts (again in the limit of small gyro-orbits). These conditions typ-
ically apply within the inner MITL and target region during the
main current rise but are violated early in time.

If the conductivity of the plasma is sufficient (above a few eV
in electron temperature), then the MHD concept of “frozen flux” is
useful: the concept that magnetic field and plasma are approxi-
mately “tied” together. In a system with a purely azimuthal field,
ignoring the comparatively weak axial field that might be used to
magnetize an MagLIF target, the magnetic field and plasma can be
treated as a collection of magnetic flux loops of infinitesimal area
0A, with magnetic field strength B, and magnetic flux B6A. The
plasma mass entrained within the loop is 27RpJA, where R is the
cylindrical radius. If the magnetic flux and mass are tied together,
then the flux/mass of the loop is proportional to B/(pR), which is a
constant of the motion for the MHD-like flow. Since the magnetic
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field, ignoring small current losses, varies as R, this indicates that
the inward (target-directed) plasma flow will tend to concentrate
the density as R~2. The simple flux loop picture offers another
insight: If the plasma in the inner MITL is accelerated toward the
target due to its increasing inductance and associated electric field
increase, then the flux loops must increase their kinetic energy. It
might be expected that the change in kinetic energy of the loops
would be limited by the available magnetic energy in the loops, i.e.,
Mv?/2 < B?/2u, - V, where v is the E x B velocity and V is the vol-
ume of the loop=2nRJOA. This condition is equivalent to

v < Valfven, Where Valgen = \/%u_p is the classic Alfvén velocity for

wave propagation in magnetized plasmas. Since B varies as R~ and
p varies as R~2 there is a tendency for the power flow region to have
a characteristic (time-dependent) Alfvén velocity. In practice, the
presence of plasma where the increase in flow velocity is more than
a few percent of the Alfvén velocity leads to noticeable magnetic
energy loss, which manifests as current loss to the load.

An idealized picture of load and plasma evolution helps to
understand this effect. If we imagine an initial state with a static
cylindrical liner and a plasma-filled MITL with density varying as
R™? and magnetic field varying as R, i.e., a constant Alfvén veloc-
ity, then once the liner begins to move, a rarefaction wave is
launched outward into the MITL plasma. In a low beta
(beta = plasma pressure/magnetic pressure) magnetized plasma, the
speed of the magneto-acoustic rarefaction is vairen. The magnetic
field and magnetic pressure at the surface of the liner are less than
the vacuum values due to the rarefaction, implying less than 100%
current delivery to the load. On the Z accelerator, the magnitude of
these effects depends on the nature of the load and the condition of
electrode surfaces that contribute plasma into the MITL. Low-
velocity loads such as MagLIF may have less sensitivity than
high-velocity loads like gas puffs or wire arrays, although high-
inductance loads can have a high MITL electric field and E x B
velocity since dL/dt is proportional to both the liner velocity and
target height. In any case, attention to vacuum conditioning and
electrode contaminants that contribute to MITL plasma are impor-
tant considerations, although these effects can be captured in the
PIC models of the MITL. The effect of plasma on the target itself is
usually included in radiation MHD target simulations as a boundary
condition or density floor. The plasma can cause current redistribu-
tion within the target volume as well as the MITL. At the target
scale, the MHD model is usually a better approximation than in the
MITL. The density floors in MHD simulations of Z experiments
have typically been chosen empirically, although they are often in
the range predicted by PIC. Self-consistent linking of PIC modeling
of plasma evolution to radiation MHD models is a goal for
improved fidelity modeling.
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