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Abstract
We present an overview of the magneto-inertial fusion (MIF) concept Magnetized Liner
Inertial Fusion (MagLIF) pursued at Sandia National Laboratories and review some of the
most prominent results since the initial experiments in 2013. In MagLIF, a centimeter-scale
beryllium tube or ‘liner’ is filled with a fusion fuel, axially pre-magnetized, laser pre-heated,
and finally imploded using up to 20 MA from the Z machine. All of these elements are
necessary to generate a thermonuclear plasma: laser preheating raises the initial temperature of
the fuel, the electrical current implodes the liner and quasi-adiabatically compresses the fuel
via the Lorentz force, and the axial magnetic field limits thermal conduction from the hot
plasma to the cold liner walls during the implosion. MagLIF is the first MIF concept to
demonstrate fusion relevant temperatures, significant fusion production (>10'? primary DD
neutron yield), and magnetic trapping of charged fusion particles. On a 60 MA
next-generation pulsed-power machine, two-dimensional simulations suggest that MagLIF has
the potential to generate multi-MJ yields with significant self-heating, a long-term goal of the
US Stockpile Stewardship Program. At currents exceeding 65 MA, the high gains required for
fusion energy could be achievable.

Keywords: magneto inertial fusion, inertial confinement fusion, Z-machine, magnetized target
fusion, Z-pinch, MagLIF, magnetized liner inertial fusion
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1. Introduction

Inertial confinement fusion (ICF) aims to assemble and con-
fine a dense, high pressure fusion fuel over a relatively short
timescale (<1 ps) compared to magnetic confinement fusion
(>1 s). This is typically accomplished by imploding a spher-
ical capsule containing fusion fuel at high implosion veloci-
ties (>350 km s~ ') to obtain the fuel temperatures (>4 keV)
and areal densities (pR > 0.3 g cm2) required for ignition
[1-4]. Magneto-inertial fusion (MIF) [5—10] utilizes mag-
netic fields that relax these requirements by limiting thermal
conduction losses and introducing magnetic confinement of
charged fusion products. On the Z machine at Sandia National
Laboratories [11-13], we are pursuing a specific pulsed-power
[14] driven MIF concept called Magnetized Liner Inertial
Fusion (MagLIF) [15—17]. MagLIF is the first MIF concept to
demonstrate fusion-relevant temperatures, significant neutron
production and magnetic trapping of charged fusion products
[18-22]. Furthermore, numerical simulations show MagLIF
has the potential to scale to multi-MJ yields and generate sig-
nificant fuel self-heating on a next-generation pulsed power
machine [23, 24].

In MagLIF, a centimeter-scale cylindrical tube, or ‘liner’,
is filled with fusion fuel (deuterium gas on Z experiments)
and axially pre-magnetized to 10—20 T using Helmholtz-like
coils. The fuel is then pre-heated to an average temperature of
100s of eV via inverse Bremsstrahlung absorption of 527 nm
photons from a kilojoule-class laser. Finally, the liner is radi-
ally imploded over ~100 ns via the Lorentz force to veloc-
ities of ~70 km s~! using up to 20 MA of current from
the Z machine. This process is schematically demonstrated in
figure 1. The laser preheat increases the initial adiabat of the
fuel, which is then compressed in a quasi-adiabatic implosion
to reach fusion-relevant conditions. The axial magnetic field,
which flux-compresses to >1000 T near peak convergence,
limits thermal conduction losses from the hot fusion fuel to
the comparatively cold liner walls during the implosion and
furthermore increases trapping of charged fusion particles in
the radial direction at stagnation.

The first MagLIF experiments were conducted in 2013 and
demonstrated that the axial magnetic field, the laser preheat,
and the implosion are all required to generate thermonuclear
fusion yields [18]. Without any one of these inputs, no signif-
icant yield could be generated. Utilizing pure deuterium fuel,
these experiments produced fuel temperatures of 2.5 keV, neu-
tron energy spectra consistent with a thermonuclear plasma,
and produced yields up to 2 x 10'? neutrons. This yield and
temperature correspond to a ‘DT-equivalent’ energy of 0.3 kJ,
which is the energy that would have been produced if the fuel
were initially an equimolar mixture of DT gas. This energy is
calculated by (1) determining the number of DT fusion reac-
tions that would have occurred based on the measured DD neu-
tron yield and ratio of DT-to-DD fusion reactivities (assuming
an ion temperature equal to the measured value) and (2) multi-
plying this number by the DT-fusion energy released per reac-
tion, 17.6 MeV. Analysis of the secondary neutron spectra and
yield (i.e. neutrons generated from DD-produced tritons fusing
with deuterium) demonstrated that the fuel column was highly

magnetized, with the fuel radius exceeding the average Larmor
radius of fast tritons, a promising and necessary requirement
for trapping of alpha particles [20, 21]. The input conditions of
these MagLIF experiments included an axial magnetic field of
B. =10T, peak current of /,,,, = 18 MA, and a preheat energy
coupled to the fuel of Eprehear = 0.5 kJ. Over the last decade,
experiments have increased the performance of the MagLIF
platform by simultaneously increasing the axial magnetic field
to 16 T, the laser preheat to 1.2 kJ and the current coupling to
20 MA. Presently, the highest performing MagLIF exper-
iments have achieved burn-averaged ion temperatures of
3.1keV and primary DD yields of 1.1 x 10'3 (a DT-equivalent
energy of 2 kJ) [25].

The MagLIF concept is not limited to magnetically driven
liners. Fully integrated, laser-driven MagLIF is being explored
at the OMEGA facility at the Laboratory for Laser Energetics.
These experiments are conducted with scaled-down targets rel-
ative to Z experiments and provide the first insight into how
MagLIF performance scales as a function of energy delivered
to the liner [26-31].

This manuscript presents an overview of MagLIF research
at Sandia National Laboratories. In section 2, we discuss the
key physics governing a MagLIF system. In section 3, we
review the experimental implementation and generation of
thermonuclear conditions in MagLIF. In section 4, we discuss
major ongoing research areas in MagLIF including implosion
stability, material mixing, laser preheat energy coupling, cur-
rent delivery, and axial magnetic field generation. In section 5,
we discuss the scaling of MagLIF to high yields and high gains.
Finally, in section 6 we comment on the suitability of MagLIF
as an energy producing system.

2. A simple model for MagLIF

In the following sections, we present a simple model that
describes the major physical processes that occur in a MagL.IF
experiment, including the liner implosion and fuel energetics.

2.1. Liner dynamics

A MagLIF implosion can be modeled as a thin, cylindrical
metal shell which is magnetically-driven to compress fusion
fuel in its interior. The acceleration of such a ‘thin-shell’ is
determined by

__d’R
moa = —27R (Pout — Pin) - (D

Here R(¢) is the radius of the shell, p,,, and p;, are the pressures
on the outer and inner liner surfaces (defined below), and m is
the liner mass per-unit-length defined as

m= T Pliner,0 (Rgut,() - Rizn,o) ) 2)

where py;..o is the initial mass density of the actual finite-
thickness liner, Ry 0 = Ry is the initial liner outer radius, and
Rjn 0 1s the initial liner inner radius. For thin shells, it is custom-
ary to introduce the liner aspect ratio AR = Roy0/0Ro > 1,
where dRy = Routo — Rino is the initial liner width. In terms
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Figure 1. Three-dimensional simulation demonstrating the

three stages of MagLIF. Reprinted figure with permission

from Gomez et al 2014 Phys. Rev. Lett. 113 155004.

Copyright 2014 by the American Physical Society https://doi.org/10.
1103/PhysRevLett.113.155003.

of AR, the liner mass per-unit-length is approximately
fi\’l ~ Zﬂpliner,OR%/AR-

The trajectory of the liner radius in equation (1) is dictated
by the outer and inner pressure sources. In MagLIF, p,,(?)
is given by the magnetic pressure exerted on the liner outer
surface, calculated using Ampere’s law:

B% - ,U()I2

210 8mRY

Pout = 3)
where By(?) is the azimuthal magnetic field, I(#) is the electrical
current flowing along the liner’s outer surface, and i, is the
magnetic permeability.

In equation (1), p;,(#) denotes the internal pressure exerted
by the compressed fusion fuel (the internal magnetic pressure
due to the axial magnetic field is neglected in this model). We
treat the fuel as an ideal gas so that the fuel pressure can be
written in the following equivalent manner:

2pksT 2 U
Pin = . = 3R 4)

Here p is the fuel mass density, T is the fuel temperature and
U is the internal energy of the fuel per-unit-length (from here
forward, all ‘hat’ quantities denote per-unit-length). Also, kg
is the Boltzmann constant, m; = Am,, is the ion mass where
A is the average atomic number for the fusion fuel (A = 2.5
for equimolar DT plasma) and m,, is the proton mass. In
equation (4), the factor 2 takes into account the electron con-
tribution to the total fuel pressure, where we assumed that the
plasma is completely ionized (Z = 1) and that the electrons
and ions have the same temperature.

2.2. Fuel energetics

The fuel energetics may be described by a simple model cap-
turing the fuel internal energy. The equation for U is given by

v - - S
$:Ppreheat+PPdV+Pa_ rad — Pe — Peng. (5)

Here Tmeheat is the preheating rate, IADpdV is the adiabatic heating
rate, P,, is the heating rate due to DT fusion a-particle energy
deposition, Pra is the radiative cooling rate, P, is the cooling
rate due to conduction losses, and Pend is the cooling rate due
to mass outflows through the ends of the open cylindrical liner.

In the case of MagLIF prior to preheat, the internal gas pres-
sure is negligible compared to the compressive pressure of the
pulsed-power driver [O(bar)] vs [O(Mbar) ]. Therefore, before
the time of preheat, it is a good approximation to entirely
neglect the fuel internal energy. For this simple model, we may
assume that the preheat energy is instantaneously deposited
uniformly into the fuel (in reality, preheat energy is delivered
in a ~5 ns window compared to the ~100 ns duration of the
implosion). Thus, in this approximation, the fuel preheating
rate is

o~

Ppreheat - Epreheat(s(t - Z‘prehcal), (6)

where #yrehear 1S the time at which preheat occurs and Epreheat is
the preheat energy deposited into the fuel.

After preheat, the imploding liner performs work on the fuel
in its interior. The PdV heating rate is given by

_ 4pksT 4R
RR= 0%
Uz D

~ d
Ppgy = —Pin(f)gﬂ'R2

i
where we have substituted equation (4).

We assume that the dominant mechanism for radiation
losses is electron Bremsstrahlung emission. We also assume
that the fuel plasma is optically thin and that any radiation
energy deposited into the liner does not alter the implosion
dynamics. Therefore, the approximate energy loss rate from
a hot, uniform, cylindrical hydrogen plasma is [32]

. 64 [ 2\ 1 kT Z3p*
Pra = R*, (8
N (471'60) mec?h \ mec® m? T ®)

where e is the elementary charge, €, is the permittivity of
free space, m, is the electron mass, i = h/(27) is the reduced
Planck constant, and c is the speed of light. The last factor 7R?
corresponds to the cross-sectional area of the plasma cylin-
der. Note that there are other sources of radiation losses, for
example, from mix of the liner material into the fuel, which
we do not consider here.

Thermal conduction is another mechanism from which the
plasma can lose energy. Due to the radial compression of
MagLIF, thermal conduction losses are dominated by thermal
flux in the radial direction. Therefore, the energy loss rate due
to electron and ion conduction is approximately given by

Pe = 27R(Kee + Fiei)Or (ks T) = 27(Fice + ke)kT,  (9)

where 0,T ~ T/R. Here k. and k. correspond to the electron
and ion thermal conductivities, respectively. Due to the rela-
tively slow compression rate of MagLIF compared to its laser
ICF counterparts, the cylindrical plasma must be axially mag-
netized in order to prevent excessive heat conduction losses.
For Z = 1, the electron and ion thermal conductivities for a
magnetized plasma are respectively given by [33]

T
Te&e(Xe), (10)

i e

Kee =
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kgT
i B rgi(x),

11
m; Amy, an

Rei =

where 7. and 7; are the electron—ion and ion—ion collision
times:

3(4meg)2miy/me (kg T)3/? (12)
Te = R
¢ 42772 pe* In A
 3(dmeo)’m] (ks ) 13
e 4\/mZ%pe* In A

In equations (10)—(13), In A is the Coulomb logarithm and the
functions g, and g; describe the dependence of the thermal
conductivities on the axial magnetic field. The latter are given
by

11.92 + 4.664x>

3.7703 4+ 14.79x2 + x*’

2.645 + 2x?
0.677 + 2.7x2 + x*~

ge(x) = (14)

gi(x) = 15)
Finally, x. = Q.7 and x; = {;7; are the electron and ion Hall
parameters and €2, = eB/m, and €); = ZeB/m, are the electron
and ion gyrofrequencies.

In MagLIF, there are openings at the top and bottom of
the target to inject fuel and preheat energy. Once the implo-
sion is underway, hot fuel can leave the liner interior through
these openings and take energy along with it. These end losses
limit the efficacy of adiabatic heating and reduce the total num-
ber of deuterons and tritons in the fuel. A semi-analytic treat-
ment of end losses can be found in reference [34]. Numerical
simulations indicate that, depending on the preheat energy,
up to 50% of the initial mass can escape axially during the
implosion [15, 17].

Summarizing this system, we see that the current delivered
to the liner determines the magnetic pressure driving the liner,
which quasi-adiabatically compresses the fuel. The initial tem-
perature of the fuel is increased via laser preheating and is
required to allow the system to reach thermonuclear condi-
tions. Compression is not perfectly adiabatic due to a combi-
nation of radiation losses, thermal conduction losses, and end
losses. The axial magnetic field, which can be compressed to
>1000 T at stagnation, limits thermal conduction losses from
the fuel to the cold liner wall during the ~50 ns implosion time
between preheat and stagnation.

With sufficient preheat and current drive, f’ﬂ can become a
dominant energy source in a DT fuel, bootstrapping the fuel
to even higher energies and making large gains possible. This
process is enhanced by the axial magnetic field, which impedes
charged fusion particles propagating in the radial direction,
allowing them to deposit a larger fraction of their energy before
escaping. To quantify alpha trapping, a parameter often used
is the magnetic field-radius product, BR, which characterizes
the ratio of the radius of the stagnated fuel column to the
Larmor radius of the thermonuclear alpha particles. Figure 2
demonstrates the effect of increasing BR using a Lindl diagram
[1], where contours with d7'/ds = 0 are plotted as a function
of fuel temperature and areal density [21]. In this diagram,

40 +
=
2,
@ 30 k 0.36 MG - ¢m
z
g 2}
=
= 0.45 MG - cm
= 10 F 0.6 MG - cm
dT :
— <0
dt
0 L ...‘...I‘ e el e gl e gl "
101 1073 1072 1071 10°
PR [g/cm®]

Figure 2. Lindl diagram [1] demonstrating self-heating
requirements as a function of fuel temperature and areal density. The
magnetization BR relaxes the areal density requirements and opens a
wide area of parameter space for self-heating. Reproduced from
Knapp et al 2015 Phys. Plasmas 22 056312 with the permission of
AIP Publishing https://doi.org/10.1063/1.4920948.

3 20
251
15
'€ 2 | —Liner <
£ —Current =,
2 15[ —Preheat [a.u.] -110 g
= —X-ray [a.u.] 2
T =]
o 1 O
5
0.5
0 0
0 50 100 150

Time [ns]

Figure 3. Semi-analytic calculation capturing the evolution of a
MagLIF target. The current delivered to the target in the calculation
(black), liner trajectory (blue), experimental laser preheat monitor
signal (green) and experimental x-ray signal (red) are plotted. Laser
preheat begins to heat the target just as the inner surface of the liner
begins to implode.

regions with d7'/ds > 0 (generally toward the upper right of
the contours) will self-heat. As BR increases, areal density
becomes significantly less important and opens the parame-
ter space for achieving self-heating. For reference, present-
day MagLIF experiments have already demonstrated relevant
magnetization levels at ~0.2—-0.45 MG cm [35].

It is worth noting that the model described above is a sim-
plified model incorporating the dominant mechanisms in a
MagLIF system. A semi-analytic model was developed to bet-
ter account for the physics of MagLIF by including (1) fuel
preheat via laser absorption; (2) coupling of the electrical
current via an electrical circuit; (3) liner dynamics via finite
thickness and compressibility; and (4) magnetic field dynam-
ics including Nernst effects [34, 36]. In figure 3, we show a
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Figure 4. Cross sections of a typical (a) load hardware configuration and (b) MagLIF target, including the ZBL preheat path.

calculation using this semi-analytic model of a MagLIF sys-
tem driven with 18 MA from the Z machine. The calculation
shows that the inner boundary of the liner begins to implode
at roughly 14 MA, at which point the laser preheat process
is initiated. The liner continues to implode for approximately
55 ns, during which the fuel is quasi-adiabatically compressed
to fusion conditions, culminating in a ns-scale burst of x-rays
and neutrons.

A more complete description of MagLIF must additionally
account for the development of Rayleigh—Taylor-like instabil-
ities in the liner which can degrade fuel compression, reduce
the inertial confinement, increase the residual kinetic energy
of the stagnated fuel, and introduce liner-fuel mixing. The
physics of laser preheat energy deposition into the fuel prior
to compression is also essential. This includes laser absorp-
tion and backscatter due to a thin polyimide window contain-
ing the fuel, laser self-focusing and filamentation, and laser
absorption of the fuel itself. Finally, the power flow coupling
of electrical energy to magnetic energy delivered to the liner
is important. The physics of these systems are active areas of
research in the field and will be reviewed in section 4. A com-
prehensive understanding of them, along with their scaling to
larger machines, will be critical for determining the viability
of MagLIF as a high yield and energy producing system.

3. Demonstration of thermonuclear fusion in
MagLIF

The first MagLIF experiments were conducted in 2013 and
established MagLIF as the first MIF concept to demonstrate
fusion-relevant temperatures, significant neutron production
(>10"> DD-produced neutrons), and magnetic trapping of
charged fusion products [18, 20—22]. These experiments also
demonstrated that a simultaneous application of current, laser
preheat, and axial magnetic field to the target was essential to
produce significant fusion yields. Experiments with no axial
magnetic field and no laser preheating produced a factor of
~1000 fewer neutrons compared to fully integrated exper-
iments (where integrated experiments incorporate the pre-
imposed axial magnetic field, laser preheat, and magnetically

Return can

LEH Foll

Cushions

J_3>\<___ 7 B

[

driven implosion). Subsequent experiments with no laser pre-
heat (but with an axial magnetic field) and with no axial mag-
netic field (but with laser preheat) produced ~200 and ~50
fewer neutrons, respectively. The importance of including the
axial magnetic field and fuel preheat is discussed in reference
[15].

Cross sections of typical MagLIF load hardware and targets
are shown in figure 4. The target consists of a beryllium liner
characterized by its outer radius and aspect ratio, the latter of
which is an indicator of the robustness of the target to insta-
bility feedthrough from the outer to inner radius, with lower
AR targets generally exhibiting improved stability. MagLIF
targets have been fielded with AR 4.6, 6 and 9, with AR6
being the most common option. 2D simulations show perfor-
mance degrades compared to 1D calculations due to instability
development for aspect ratios above AR 2 6 and indicate an
optimum in performance near this value [15]. AR9 targets are
often coated with 70 pm of dielectric to improve stability (see
section 4.1). Most targets fielded to date utilize an inner radius
of Rin0 = 2.325 mm. The imploding height is typically 10 mm
and determined by the distance between a pair of beryllium
cushions inside of the liner. The cushions prevent the growth
of a wall instability that would otherwise cause these regions of
the target to prematurely implode and possibly inject contam-
inants into the fuel [37, 38]. The liner is filled from the bottom
with DD fuel at 0.7—1.4 mg cm > and sealed using a thin poly-
imide foil 0.47 to 3.5 pum thick on the top of the target. This thin
foil is referred to as the laser entrance hole (LEH) window. The
target is magnetized to 10-20 T using Helmholtz-like coils
driven by an external capacitor bank several ms prior to the
Z discharge to allow the field to uniformly diffuse through the
conductive hardware and target while preventing a buckling
instability in the target itself [39]. Note the coil configuration
shown in figure 4(a) utilizes a single coil above the target,
introducing a 30% variation in the axial magnetic field along
the axis of the target. Resistive magnetohydrodynamics sim-
ulations suggest this non-uniformity does not affect the target
dynamics or performance.

The initial experiments coupled 18 MA with a 100 ns
risetime to 7.5 mm tall liners via an extended transmission
line. Subsequent improvements to the transmission line have
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Figure 5. (a) X-ray self-emission image of a thermonuclear
stagnation column. (b)—(e) Experimental axial and radial primary
DD and secondary DT neutron spectra (black). The leading ends of
the primary DD spectra are fit from 2.4 to 2.7 MeV using a
temperature of 2.4 keV (red). The DT spectra are similarly fit from
14.1 to 18 MeV using a magnetization BR = 0.34 MG cm. Note the
leading ends are fit as they are less impacted by neutron scattering.
Reproduced from Gomez et al 2015 Phys. Plasmas. 22 056306 with
the permission of AIP Publishing https://doi.org/10.1063/1.
4919394.

enabled peak currents of 20 MA with taller (10 mm), more
inductive targets. As soon as the inner surface of the liner
begins to implode, a 1-4 kJ, 527 nm pulse from the Z-beamlet
laser (ZBL) is incident upon the polyimide foil containing the
fuel. ZBL is a TW-class, frequency doubled Nd:glass laser
[40]. A laser pre-pulse is used to ionize and expand the window
and is required to allow sufficient coupling of laser energy to
the fuel [41]. Some energy is lost to ablation and backscat-
ter from the foil, ultimately allowing 0.5-1.4 kJ of energy
to be coupled to the fuel [42]. The inner surface of the liner
subsequently implodes over ~55 ns, quasi-adiabatically com-
pressing the fuel to generate a highly converged stagnation
column at thermonuclear conditions. MagLIF target designs
are typically limited to convergence ratios of CR < 40, where
CR = Rino/Rinstag and Ring and Ringae are the initial inner
and stagnation radii, respectively. Larger convergence ratios
increase the risk of disruption in the liner due to instabili-
ties. Experimentally measured values for the convergenceratio
based on x-ray self-emission imaging range from a CR of
30 to 40.

An x-ray self-emission image of the fuel column at stagna-
tion is shown in figure 5. The column shows a highly converged
region emitting with a weakly helical instability structure,
likely arising from helical instabilities that form in the liner
during the implosion [38, 43]. Detailed analysis of these struc-
tures has recently been performed using the Mallat scattering
transformation in order to quantify various morphological fea-
tures [44]. Neutron spectra obtained using a neutron time-of-
flight (NToF) diagnostic [45] are shown in figures 5(b)—(e).
The DD spectra were fit using the high-energy regions, which
are less affected by scattering, and show a temperature of

2.4 keV. The NToF spectra also show a 14 MeV DT peak,
which is anisotropic in the axial and radial directions [20, 21].
The shape of the spectrum contains information on the mag-
netization and has been used to infer fuel BR values of
0.2-0.45 MG cm [20, 21]. The magnetization of tritons is
a reasonable surrogate for alpha particle magnetization due
to nearly equal initial gyroradii; therefore, the experimentally
inferred BR values indicate MagLIF has already demonstrated
significant fuel magnetizations (see figure 2). Indium and cop-
per activation samples show a yield of 2 x 10'> DD (primary)
and 5 x 10'° DT (secondary) neutrons. The primary neutron
yield and ion temperature indicate a DT-equivalent yield of 0.3
kJ. Time integrated x-ray spectra show an electron temperature
of 2.4 keV, consistent with NToF ion temperatures. Electron
temperatures are obtained by fitting the high-energy contin-
uum slope, generally from ~9-12 keV, with uncertainties in
the 10%—20% range due to variations in the slope. Based on
x-ray diodes, the x-ray pulse at stagnation has a 2 ns FWHM,
indicating a similar integration time for the spectrometers
[18, 22]. Additional x-ray and neutron diagnostics imple-
mented for MagLIF can be found in references [22, 46-51].

Some of the early Z pinch experiments in the 1950s
showed neutron production that was attributed to beam—target
interactions (and not thermonuclear production), driven by
voltages produced by MHD sausage instabilities [52]. With
this historical viewpoint in mind, significant effort has gone
toward demonstrating that neutrons produced in MagLIF are of
thermonuclear origin—a critical requirement for any ICF con-
cept that hopes to scale to ignition. Evidence supporting the
thermonuclear nature of the neutrons include a number of
observations. First, significant yield is only measured when
the fusion fuel is preheated and magnetized, indicating that
the fuel requires an initial, sufficiently hot temperature that
is not cooled by thermal conduction to the cold liner walls.
Beam-—target produced neutrons from deuterons accelerated
by high voltages should largely be ambivalent to the tempera-
ture but rather scale as a function of density of the deuterium
fuel. Similarly, fusion yields are significantly reduced when
radiation losses are intentionally enhanced via the introduction
of high Z dopants to the fusion fuel. Second, the primary (DD)
neutron yields and spectra are found to be isotropic, whereas
beam—target interactions are expected to preferentially pro-
duce neutrons along strong electric field lines. Third, the mea-
sured and inferred fuel parameters at stagnation are consistent
with simulated values assuming thermonuclear fusion produc-
tion. Finally, close examination of an ensemble of MagLIF
experiments shows the expected scaling of primary DD neu-
tron yield with ion temperature consistent with the DD fusion
reactivity. This plot is shown in figure 6 and also captures
improvements to the MagLIF platform since the early experi-
ments. Additional studies assessing stagnation conditions and
identifying trends may be found in reference [53].

4. Major research areas in MagLIF

4.1. Instability development

Traditional ICF targets are susceptible to the Rayleigh—Taylor
(RT) instability [54, 55], which arises when a light fluid
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Figure 6. Primary DD neutron yield as a function of ion
temperature. The yield is separated into higher (teal) and lower
(magenta) mix targets. The fusion reactivity for DD-*He fusion [34],
scaled by 3.9 x 10, is plotted (dashed line) showing performance
is consistent with thermonuclear fusion production. Reprinted figure
with permission from Gomez et al 2020 Phys. Rev. Lett. 125
155002. Copyright 2020 by the American Physical Society https://
doi.org/10.1103/PhysRevLett.125.155002.

accelerates a heavy fluid. This occurs in the outer boundary of
an imploding spherical capsule and in the inner boundary dur-
ing the deceleration of the capsule onto a high-pressure fuel. In
experiments leading up to integrated MagLIF, a major concern
was whether the magneto Rayleigh—Taylor (MRT) [56-61]
instability would preclude a sufficiently stable liner to assem-
ble and inertially confine a thermonuclear fusion fuel. MRT
arises when the magnetic field (which acts as the light fluid)
accelerates the beryllium liner (heavy fluid) and, similar to tra-
ditional ICF, when the ‘heavy’ liner decelerates onto the ‘light’
magnetized fusion fuel.

To ensure our modeling tools could capture the physics of
MRT, we first conducted controlled radiographic experiments
with imploding liners that were pre-seeded with machined
sinusoidal perturbations [62, 63]. With a known seed, we could
track the perturbation growth as it evolved to factors of ~50 of
its original amplitude. Encouragingly, the pre-shot simulations
reproduced the experimental data, including key features such
as the formation of ablated jets in the bubble region between
the larger radii ‘spikes’. A comparison of the experimental data
to simulations is shown in figure 7.

Subsequent efforts were directed at understanding instabil-
ity growth in smooth beryllium liners with a root-mean-square
surface roughness of 100-250 nm [37, 64]. These experi-
ments demonstrated a higher than expected level of azimuthal
correlation, well beyond what 3D MHD models predicted.
The models could only reproduce the experimental data when
the randomly generated initial surface perturbation was mod-
ified to increase the azimuthal correlation of the perturba-
tions at randomly chosen axial locations, as shown in figure 8.
More surprisingly, experiments with liners that had been post-
processed to remove the azimuthal tooling finish and had been
axially polished (leaving axial, rather than azimuthal grooves)
demonstrated high levels of azimuthal symmetry, despite a
complete lack of azimuthal seed.

Recent work has suggested that the higher-than-expected
azimuthal correlation could be related to key missing physics
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Figure 7. (a) Experimental and (b) simulated radiographs capturing
the evolution of the MRT instability in a magnetically driven
aluminum liner. The initial seed for the instability is shown in red.
Reprinted figure with permission from Sinars et al 2010 Phys. Rev.
Lett. 105 185001. Copyright 2010 by the American Physical Society
https://doi.org/10.1103/PhysRevLett.105.185001.

in the seeding of the MRT instability. Presently, it is proposed
that the early time electrothermal instability (ETI) [65-75]
could explain the azimuthal correlation, even with axially-
finished targets. This instability arises due to localized current
enhancement in materials where the resistivity increases with
temperature and/or decreases with density. A positive pertur-
bation in current (e.g. due to current flowing around resistive
inclusions or pits on the surface of the target) increases the
Joule heating to this region and therefore its resistivity. As
a result, current is concentrated in nearby azimuthal regions,
further increasing the resistivity and subsequent ohmic heat-
ing. This feedback loop continues to drive localized heating
along predominantly azimuthally-oriented bands, which even-
tually explode and produce density perturbations. This fur-
ther increases the resistivity, which for ablated metals like
Be and Al increases with decreasing density, and provides
an azimuthal seed for MRT. The evolution of this instability
typically ceases when the resistivity of the material enters a
Spitzer-like regime; however, at this point, the MRT instabil-
ity has been seeded and will continue to dominate perturbation
growth in the liner. High resolution simulations were con-
ducted in 2D [66—68] and 3D [76] that demonstrate this pro-
cess. Experiments were conducted by radiographing electri-
cally pulsed rods on the Z machine and demonstrated excellent
agreement with 2D simulations including ETI physics when
initialized with the as-machined surface contours [66, 67].
The agreement with experimental data encouraged a solu-
tion to mitigate MRT by controlling the ETI seed. Dielectric
materials where the resistivity, 7, and temperature, 7, satisfy
dn/dT < 0 are inherently stable to azimuthally correlated ETI
growth. Simulations showed that applying a relatively thick
dielectric tamper (~50 pm) to the outer surface of a magneti-
cally driven liner significantly reduces the overall MRT growth
by limiting the ETI growth in the underlying material via two
mechanisms [68]. First, the dielectric acts as a hydrodynamic
tamper to limit the ETI-driven explosions of the underlying
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data (a) is compared to 3D Gorgon simulations with (b) random and (c) azimuthally biased initial seeds. The excellent agreement between
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instability. Reprinted figure with permission from McBride ef al 2012 Phys. Rev. Lett. 109 135004. Copyright 2012 by the American

Physical Society https://doi.org/10.1103/PhysRevLett.109.135004.

material. Second, by tamping these explosions, the underly-
ing material is kept dense so that the ETI growth rate, which
decreases with increasing density, is reduced [65].
Experiments with dielectric coatings applied to rods and
liners (in both implosion-only and fully integrated MagLIF
experiments) validated these simulations by demonstrat-
ing significant improvements to the stability of the targets
[68, 77, 78]. Figure 9 compares the instability development of
imploding aluminum liners and MagLIF stagnation columns
with and without a dielectric coating. Confoundingly, the more
stable targets at lower aspect ratios (e.g. AR6) have produced
lower yields than their uncoated counterparts. While no satis-
factory explanation has been given, a possible scenario is the
dielectric does not fully implode with the target and provides
a parallel current path that reduces the magnetic pressure on
the liner, which in turn could impact assembly and confine-
ment of the fuel. Unfortunately, correctly modeling the dielec-
tric breakdown process with MHD tools is challenging and
assumptions, such as the dielectric breakdown threshold, can
fundamentally change the dynamics of the dielectric material.
A new instability puzzle arose when adding a pre-seeded
axial magnetic field to magnetically imploded liners [38, 43].
In MagLIF, the azimuthal magnetic field generated from the
current carried by the liner was expected to greatly exceed
the relatively small pre-seeded axial magnetic field. In this
situation (By > B;), the growth rate of the MRT instability
is maximized for m = 0 ‘sausage’ instability modes (m is
the azimuthal mode number), as the stabilizing magnetic ten-
sion is negligible for perturbations with purely axial modes
(e.g. azimuthally symmetric modes) [59-61, 79, 80]. Indeed,
implosion-only radiography experiments with no axial mag-
netic field demonstrate azimuthally correlated instability struc-
tures as previously discussed; however, introducing the axial
magnetic field modified this instability structure and produced
helical instability modes (modes with m > 0, see figure 10)
that persisted throughout the implosion, increasing in pitch
angle despite the rapidly decreasing ratio of initially applied

axial to time-dependent azimuthal magnetic field. This was
contrary to expectation, as the pitch angle of the instabil-
ity was expected to roughly follow the global magnetic field
orientation external to the liner and the axial magnetic field
was not expected to dramatically increase (note the ratio of
B.(1)/By(?) is a challenging measurement that has not been
obtained). Interestingly, simulations with artificially seeded
helical grooves continued to evolve with predominantly helical
instabilities similar to the experiment [43]. This suggests that,
once appropriately seeded, helical modes persist and therefore
that the missing physics lies in the origin of the helical mode.

A variety of hypotheses have been posed addressing the
origin of the helical instability, including: (1) magnetic flux
compression by low-density plasmas produced in the trans-
mission line leading up to the target enhances the axial mag-
netic field and yields a dominantly helical MRT growth rate
throughout the implosion [81, 82]; (2) the ETI instability is
itself helically modified by the axial magnetic field, provid-
ing a helical seed for the subsequent MRT [83]; and (3) low
density plasma generated in the transmission line undergoes
an upper hybrid oscillation that bombards the surface of the
liner with charged particles oriented in a helical fashion early
in time, when B, is comparable to By, seeding helically resis-
tive perturbations that are enhanced by ETI and subsequently
MRT [84]. Experiments testing these hypotheses are under-
way. Interestingly, thin foil-liner implosion experiments [85] at
1 MA pulsed power drivers recreated helical modes with pre-
imposed axial magnetic fields [79, 80, 86, 87], demonstrating
these modes are ubiquitous across a variety of scales. Whether
the same dominant physics applies at both 1 MA and 20 MA
scales is yet to be determined.

Self-consistently modeling the helical instability will be
important for assessing the stability of MagLIF liners at larger
currents. For present-day MagLlIF, several outstanding ques-
tions remain, including how helical modes affect fuel assembly
and inertial confinement compared to azimuthal modes, how
helical modes affect the morphology of the stagnation column,
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Figure 9. Radiography experiments of (@) uncoated and (b) coated aluminum liners show the in-flight MRT instability is reduced via the
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Figure 10. Radiographs of (@) unmagnetized (B, = 0) and (b)
magnetized (B, = 7 T) imploding liners, showing sausage

(m = 0) and helical (m > 0) instability development. Reprinted
figure with permission from Awe et al 2013 Phys. Rev. Lett. 111
235005. Copyright 2013 by the American Physical Society https://
doi.org/10.1103/PhysRevLett.111.235005.

and how helical modes scale in amplitude and pitch angle with
axial magnetic field and applied current.

The above work has focused on the formation and devel-
opment of MRT. Another related fundamental question con-
cerns the effect of MRT on fuel assembly and confinement.
Radiographic experiments enabling direct measurements of
the inertial confinement time, 7, and pressure-time product,
P, demonstrated that areal density variations due to MRT
can decrease both the inertial confinement time and attain-
able fuel pressures [88]. Furthermore, MRT weakens confine-
ment in the bubble regions via mass transport to the spikes,
creating regions susceptible to ‘aneurysms’ that can lead to

rapid pressure loss of the fuel [88, 89]. Figure 11 shows radio-
graphic images capturing the development of an aneurysm
in a beryllium liner confining a high-pressure deuterium
fuel.

We conclude this section with a discussion on our recent
efforts to mitigate instabilities, which are categorized into three
approaches: (1) mitigating the seed to MRT (e.g. by mitigating
ETI); (2) mitigating the MRT instability development on the
outside of the liner; and (3) mitigating the MRT feedthrough
to the inside of the liner. Addressing the first, experiments on 1
MA pulsed power machines have demonstrated a reduction in
ETI-associated emission hotspots on the surface of ultrapure
Al rods (99.999% pure) compared to less pure Al 6061 [74],
consistent with the notion that ETI originates from localized
resistive inclusions in the material. In subsequent experiments
with machined pits on the surface of rods, we have observed
via self-emission imaging how these perturbations evolve and
have benchmarked key features in high resolution 3D MHD
simulations [90]. These observations suggest ultrapure target
materials and/or coatings that fill in surface pits on Be liners
could improve stability by mitigating ETI itself.

To mitigate the MRT instability, a novel dynamic screw
pinch (DSP) [91, 92] concept was designed [93] and recently
implemented on Z experiments. In a DSP system, a dynami-
cally rotating helical magnetic drive field is generated by modi-
fying the return current structure into discrete, helical posts. As
the liner implodes, the self-generated azimuthal magnetic field
component increases with respect to the axial field component
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generated by the quasi-solenoidal helical return posts, caus-
ing the drive field and associated stabilizing magnetic tension
on the surface of the liner to rotate in-flight. When the linear
theory is applied to Z relevant targets [91], the total number of
instability e-foldings is reduced for a wide variety of azimuthal
and axial modes. In particular, the smaller wavelength modes
(e.g. modes with wavelength A < 1 mm) experience a larger
reduction in growth. The experimental results on Z are highly
encouraging and will be discussed in a future publication.

Finally, mitigating MRT feedthrough is also being explored
by fielding thicker (lower AR) targets. To compensate for the
increased mass and to not delay the implosion time, the target’s
initial inner and outer radii are also reduced in order to increase
the drive magnetic pressure [94]. Recent experiments have
implemented this type of target scaling and have demonstrated
improved stagnation column stability along with a shift in the
instability spectrum to larger wavelength modes. This is con-
sistent with theoretical analysis of the MRT feedthrough factor
[58]. Results from these experiments will be presented in a
future publication.

4.2. Mixing of contaminants into the fuel

There are a variety of possible sources of mix in a MagLIF
system that can contaminate the fuel and exacerbate radiation
losses. The dominant sources include interactions of the pre-
heat laser with the polyimide LEH window (discussed in the
next section) and the beryllium cushions, interactions of the
blast-wave resulting from the preheat laser with the beryllium
liner and cushions, radiation ablation of the inner liner wall
after preheat, and deceleration-induced mix from the beryl-
lium liner itself. The ultimate effect of mix on performance
is a combination of the atomic number and total quantity of
the contaminants, and when and where the contaminants are
introduced into the fuel. Contaminants introduced during the
laser-preheat stage have a significantly longer time to radiate
(albeit at initially lower temperatures) than those introduced
at stagnation (e.g. deceleration mix), and those that migrate
toward the hotter regions of the fuel have a larger impact on
the energetics of the fuel than mixing in the cooler fuel regions

near the liner. A detailed sensitivity study of MagLIF to mix
may be found in reference [95].

Some of the early MagLIF targets utilized aluminum cush-
ions to mitigate the so-called wall instability that forms at the
top and bottom of the target [37, 38]. Subsequent experiments
with beryllium cushions demonstrated a 10x increase in neu-
tron yield, 60% increase in ion temperature, and an overall
~50% increase in the fuel energy at stagnation [96]. Further-
more, the ratio of x-ray to neutron yield, an indicator for mix
due to enhanced Bremsstrahlung radiation and decreased neu-
tron yield, was 3—5x larger for targets with Al cushions. Mix
from the upper cushion was also observed at stagnation by
axially-resolved K-shell spectroscopy of a Co coating applied
to the surface of that cushion [42]. The source of this mix is
attributed to the interaction of the laser preheat with the cush-
ions, which can ablate material into the fuel [53]. While some
of this material is likely expelled through the ends of the tar-
get during the implosion, these studies clearly demonstrated
a significant impact to performance and have resulted in the
replacement of aluminum cushions with beryllium.

Deceleration mix arises when the inner interface of the
imploding liner begins to stagnate on the high pressure fuel.
At this point, the less dense fuel decelerates the heavy liner,
making this interface RT unstable. The initial surface rough-
ness of the inside of the target, along with perturbations that
have fed-through [58] from MRT in the outside of the target
during the implosion can significantly grow during this stage,
injecting beryllium mix into the fuel as the liner begins to
stagnate. A detailed analysis [96] concluded a typical mix frac-
tion attributed to deceleration mix is 2.4%, which corresponds
to roughly 15 nm of beryllium material from the inner liner
surface injected into the fuel. For comparison, cushion and
window mix (assuming beryllium cushions and a polyimide
window) are estimated to be ~1.7% and 0.5%, respectively,
in experiments without a distributed phase plate (DPP) optic
(see section 4.3). While the window and cushion mix fractions
are comparatively low, the duration over which these mixed
contaminants radiate is significantly longer than deceleration-
mix, and their impact on performance is greater. A detailed
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Figure 12. ZBL spatial profiles used in the initial () and
subsequent (b) MagLIF experiments, the latter which incorporated
DPP smoothing. (¢) X-ray emission spectra of stagnation columns
with Co and Mn coatings applied to the LEH foil as indicated in the
diagram. Reproduced from Harvey-Thompson et al 2018 Phys.
Plasmas 25 112705 with the permission of AIP Publishing https://
doi.org/10.1063/1.5050931.

analysis of the origin and effects of mix on MagLIF can be
found in reference [96].

4.3. Laser preheat

The laser preheat protocol has been continuously upgraded
since the original MagLIF experiments to better reduce LEH
window mix, increase the specific energy (energy per mass)
coupled to the fuel, and optimize the propagation length of
the laser. Additional experiments and simulations have focused
on optimizing the LEH foil thickness and preheat laser power
profiles. These experiments are frequently executed using the
ZBL and Z-Petawatt (ZPW) [97] lasers in a surrogate chamber
[98], at Omega-EP [99, 100], and at ~10x energy scales on
the NIF, sufficient for studying ignition-relevant target designs
proposed for future facilities [101].

Examination of the spatial profile of the laser in the first
MagLIF experiments, shown in figure 12(a), shows a highly
non-uniform intensity distribution (note this is acceptable for
x-ray backlighting, one of the primary purposes for ZBL).
Intense regions in the beam profile can filament the beam and
generate laser plasma instabilities (LPI) including stimulated
Brillouin scattering in both the window and fuel [41, 102].
Furthermore, modeling this spatial profile using MHD tools
is extremely challenging and motivated beam smoothing via
a DPP optic. This significantly improved the smoothness of

1

the beam profile and enabled higher fidelity modeling of laser
preheat [41, 42, 103].

As previously discussed, the laser preheat stage can induce
mix from the LEH foil. Experiments applying mid-atomic
number surface coatings (Mn and Co) to the LEH foil show
that this material can be transported into the fuel over a signif-
icant fraction of the stagnating plasma column [42]. HYDRA
[104] simulations were used to design an 80 J pre-pulse
injected 3.5 ns prior to the main pulse to minimize the kinetic
energy of LEH foil particles transported into the fuel region
(note the unsmoothed preheat protocol also utilized a pre-pulse
to disassemble the LEH foil and improve transmission to the
fuel). Despite this, experiments still demonstrated increased
LEH foil mix propagation and motivated a new preheat proto-
col referred to as ‘co-injection’, which incorporates a 20-30 J,
2 ns long pre-pulse from the ZPW laser 20 ns before the main
preheat from ZBL and allows improved disassembly of the
LEH foil (note ZBL is limited to a ~7 ns total pulse width).
Experimental x-ray emission spectra of stagnation columns
shown in figure 12(c) demonstrated that the combination of
higher fuel densities with the co-injection protocol signifi-
cantly reduced emission of spectroscopic Co coatings applied
to the LEH foil compared to DPP and no-DPP laser pre-
heats, indicating that window mix can be significantly reduced
in MagLIF experiments [42]. Furthermore, co-injection has
allowed 1.4 kJ to be coupled to the fuel by using a 20 J co-
injected pulse from ZPW with a 0.3 kJ foot (3 ns) and 2.2 kJ
main pulse (3 ns) from ZBL. When combined with improve-
ments to the transmission line enabling an increase in current
delivered from 16 to 20 MA and magnetic field from 10 to
16 T, the increase in preheat energy coupled from 0.5 to 1.2 kJ
resulted in a record primary neutron yield of 1.1 x 10'3, nearly
an order of magnitude improvement in performance [25].

Designing a suitable preheat pulse is challenging and
requires (1) balancing physical limitations (e.g. foil thickness
required to contain the initial fuel pressure), (2) ensuring the
laser energy is coupled to the imploding region and does not
over-propagate, (3) ensuring sufficient penetration of energy
through the LEH foil while balancing LPI and window absorp-
tion (the latter can reduce the total energy coupled to the fuel by
~50% or more), and (4) correctly modeling the effects of the
pre-imposed axial magnetic field. The magnetic field can redis-
tribute the laser energy in the fuel, increasing filamentation
and thus laser intensity and backscatter instabilities. Figure 13
shows a series of 3D HYDRA simulations at B, = 0, 10 and
30 T that couple 2 kJ from a 2.6 kJ laser pulse. As the axial
magnetic field is increased, thermal filamentation and associ-
ated radial beam expansion are enhanced. These effects tend
to increase the deposited energy within the imploding region
of the target by shortening the propagation depth. However,
they also increase the randomness of the beam propagation
that tends to direct the laser filaments toward the liner walls,
potentially increasing the chances of liner-fuel mixing [103].

Simulations also suggest that ~72% coupling efficiency
(2.7 KJ) to the imploding region is possible [103] when using
cryogenically cooled [105] MagLlIF targets. Cooling the target
to ~70 K significantly reduces the initial fuel pressure (4—8 bar
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at room temperature) on the LEH foil required to achieve typi-
cal target densities to < 1.7 bar, enabling much thinner (500 nm
thick) LEH windows and improved energy coupling to the fuel.

An alternate preheat protocol is being explored where the
LEH foil is removed altogether microseconds prior to the main
preheat pulse to simultaneously eliminate LEH window mix
and increase laser-fuel energy coupling [95]. Two approaches
to removing the LEH window have been investigated. In the
first approach, a dedicated laser with a spatially tailored beam
profile is directed toward the LEH window to perforate cer-
tain regions in an asterisk-type pattern (i.e. three intersecting
lines) [106]. The fuel pressure opens the resulting flaps out-
ward and away from the main preheat pulse beam path. Recent
offline testing using a special optic that converts the ZPW beam
profile into the desired asterisk shape has successfully opened
LEH windows and enabled ZBL to subsequently preheat the
fuel. In the second approach, a small capacitor is used to drive
150—170 A of current through a metallic wire that is partially
wrapped around the LEH circumference [107]. The joule heat-
ing of the wire melts and weakens the LEH foil, allowing the
fuel pressure to preferentially burst the window along the wire.
The unmelted region serves as a hinge for the window to open
away from the main preheat path to prevent laser-foil interac-
tions during the preheat stage. Experimental results from both
approaches are highly encouraging.

4.4. Current delivery and applied magnetic field capability

The current delivered to a MagLIF target and the initial axial
magnetic field strength are related by the transmission line
requirements to maintain a modest inductance while accom-
modating Helmholtz-like coils that generate the pre-imposed
axial magnetic field [39]. Early MagLIF experiments utilized
a high inductance transmission line that allowed coils above
and below the target, enabling axial magnetic field uniformity
in the target to within 1% for magnetic fields up to 15 T. The
static inductance of the transmission line and 10 mm tall target,
L, was 7.2 nH within a radius of 55 mm. This high inductance
permitted ~16 MA to reach the target. Using this transmis-
sion line, higher field strengths of 20 T could also be obtained
by increasing the number of turns and improving the internal
reinforcements in the upper coil, although with a 10% variation
in the field strength across the length of the target. Note that

based on LASNEX [108], HYDRA and Gorgon simulations,
this variation is not expected to affect performance.

Recently, a new transmission line, shown in figure 14, was
designed that enabled ~20 MA of current to be applied to
10 mm tall, 4.65 mm ID, AR6 MagLlIF targets [25]. Increases
to the delivered current were possible due to a reduction of
losses in the convolute region [109] and transmission line
leading up to the target. The total initial inductance was
L = 5.3 nH within 55 mm, despite the increase of minimum
gap spacing from 3 mm to 5 mm. In some of the first exper-
iments using this transmission line, a single coil was fielded
above the target that enabled a 16 T average magnetic field,
with a ~30% axial variation in the field due to the lack of a
coil situated below the target. Future planned experiments will
implement coils above and below the target to enable higher
fields (20-30 T) along with improved axial uniformity. Note
that the shape of the current pulse, shown in figure 14, was also
modified due to the reduced current loss. As mentioned above,
recent experiments that implemented simultaneous improve-
ments to the current pulse (16 to 20 MA), axial magnetic field
(10 to 16 T) and laser preheat (0.5 to 1.2 kJ) enabled a factor
of 10 increase in performance [25].

A novel technique to magnetize MagLIF without exter-
nal Helmholtz-like coils was designed [110, 111] and imple-
mented [112] on implosion-only Z experiments. This concept,
called AutoMag (for auto-magnetizing liners), modifies
the liner to include discrete helical conducting paths
encapsulated in an insulating material. On Z experiments, the
current pulse is modified to include a 1-2 MA, 100-200 ns
pre-pulse that flows helically through the liner, generating a
pre-compressed axial magnetic field on the interior of the liner
that exceeds 100 T, suitable for pre-magnetizing the fuel in
integrated MagLIF experiments.

After the pre-pulse, the driver current rises quickly
(>50 kA ns™'), inducing strong electric fields in the target
and causing flashover of the outer surface of the insulating
material. Flashover causes the current in the liner to reorient
from helical to primarily axial when the internal field is in the
60—80 T range. Miniature magnetic field probe measurements
on Z indicate that a small fraction of the current continues
to flow helically, allowing the internal field to continue rising
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Figure 14. Comparison of MagLIF load hardware of the (a) original
and (b) upgraded final transmission line. (¢) The peak load current
was increased from 16—20 MA by reducing current losses via a
simultaneous decrease in the inductance and increase in AK gap
distances. Reprinted figure with permission from Gomez et al 2020
Phys. Rev. Lett. 125 155002. Copyright 2020 by the American
Physical Society https://doi.org/10.1103/PhysRevLett.125.155002.

to >150 T after breakdown (albeit with weaker dependence
on drive current). Based on non-imploding surrogate experi-
ments on the | MA Mykonos accelerator, the internal magnetic
field is thought to be supported by eddy currents with resis-
tive decay times much longer than the ~100 ns liner implosion
time on Z experiments (this work will be presented in a future
publication). After flashover, the remainder of the Z electri-
cal energy is delivered to the target via a standard, ~100 ns
risetime current pulse. This axial current flow magnetically
drives aradial implosion of the target, thereby compressing the
trapped axial magnetic field inside of the liner internal volume
to ~1-10 kT. While these initial experiments produced pre-
compressed fields of >100 T, future experiments could modify
the pre-magnetization by controlling the flashover time.

Remarkably, the composite beryllium-dielectric liner
showed a high level of cylindrical uniformity as indicated
by the radiograph with the highest CR imaged, CR = 5
[112]. This suggests the concept may be a viable technique to
produce higher initial axial magnetic fields than realistically
attainable with Helmbholtz-like coils while reducing the
inductance of the transmission line to possibly enable higher
electrical currents.

5. High yield and gain in MagLIF

Numerical simulations show that MagLIF has the potential to
scale to high yield (7 GJ) and high gain (~70x) with mod-
est convergence ratios (CR = 20-30) [17, 23, 24]. Using a
circuit model of a conceptual design for a next generation
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Figure 15. (a) Plot of yield as a function of peak current. At 56 MA,
the fusion yield exceeds the stored energy in the capacitor bank.
Reproduced from Slutz et al 2016 Phys. Plasmas 23 022702 with the
permission of AIP Publishing https://doi.org/10.1063/1.4941100.

pulsed power machine [113] that couples 65 MA to the tar-
get, ‘ice-burner’ models achieve high yields by propagating
a burn wave through a thin annulus of DT ice inside of the
liner. Even without the layer of DT ice, the energy produced
in ‘gas-burner’ simulations surpasses the energy stored in the
capacitor bank when the current exceeds 56 MA. Figure 15
shows optimized yields from 2D LASNEX simulations [24]
for both ‘gas burner’ and ‘ice burner’ approaches, along with
the energy delivered to the fuel and liner and total stored energy
in the pulsed power machine’s capacitor bank versus peak cur-
rent. The scaling curves in figure 15 were obtained by follow-
ing an optimization approach, in which the input parameters
defining a MagLIF target were varied to maximize the neutron
yield at a given peak current (note the axial magnetic field was
limited to <30 T, constrained by physical limitations of the
external Helmholtz-like coils). Interestingly, the optimal axial
magnetic field for gas burners decreases from 30 T for currents
above 53 MA, with an optimal value of 10 T at 60 MA. In these
simulations, the blast wave resulting from laser preheat com-
presses some of the DT fuel against the liner. Sufficiently low
axial fields allow the burn wave from the hotter regions of the
fuel to radially propagate into this colder region, offsetting the
benefits of decreased thermal conduction losses. These results
represent an optimistic scenario on how a MagLIF target could
perform at higher electrical currents. Additional simulations
investigating the scaling of performance with the current pulse
risetime may be found in reference [114].

Recently, an alternative approach was proposed to
‘conservatively’ scale present-day MagLIF experiments
to higher peak currents [33]. Instead of maximizing the
yield as in the optimization approach described above,
scaling strategies are identified that preserve much of the
physics regimes already known or being studied on the Z
machine today. In essence, this is done by identifying a
simple model that captures most of the physics relevant to
MagLIF (similar to that in section 2) and then identifying the
key dimensionless parameters that characterize the model.
These parameters describe the physics concerning the target-
implosion dynamics, hydrodynamic instabilities and mix,
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energy-loss mechanisms, transport physics, laser—plasma
interactions, and others. When the peak current is varied, the
experimental input parameters for a MagLIF target are scaled
in such a way that the maximum number of dimensionless
parameters are conserved. By doing so, this ‘conservative’
scaling paradigm seeks to reduce the risk in the performance
of a potential scaled-up MagLIF platform by minimizing
extrapolation away from the most robustly studied parameter
space accessible to present-day experiments. It is important
to note that, presently, this analytic-based scaling treatment
does not account for alpha-particle heating, indicating that
these yield scalings represent a lower-bound prediction of
performance. Having said this, numerical simulations of
self-similarly scaled targets do indicate a robust alpha-heating
regime is attainable so that the resulting predictions in yield
are higher than analytically indicated. These simulations will
be presented in future publications.

Designs for a next-generation 60 MA pulsed-power facil-
ity [113] consider current rise-times of ~ 100 ns (similar
to the present-day Z facility) and ~300 ns. To account for
these possibilities, two broad families of scaling approaches
were considered in reference [33]: the pressure—velocity con-
serving (PVC) and implosion-time conserving (ITC) scaling
approaches. The PVC approach attempts to preserve the abso-
lute values and time histories of all intrinsic hydrodynamic
variables, including the fuel pressure, magnetic drive pres-
sure, and the liner velocity. This scaling approach is similar
to the ‘hydro-equivalent scaling’ paradigm that is presently
championed by the laser ICF community [115]. Analytical
estimates using this scaling approach show that the neutron
yield scales with current as Y ~ [I% ., I3 ], where the brack-
eted values bound the possible scaling exponents for the
broader PVC family of scaling paths without accounting for
alpha-heating (see reference [33] for more details). The ITC
approach attempts to preserve the implosion time for MagLIF
athigher peak currents. Similarly to the PVC scaling strategies,
the ITC approach preserves self-similar implosions and con-
serves a large number of dimensionless parameters that charac-
terize the salient MagLIF-related physics. Analytical estimates
show that the no-alpha neutron yield scales with current as
Y ~ [I32,1+57], where again the bracketed values bound the
possible scaling paths for the ITC approach.

It is worth noting that the PVC scaling strategies show a
stronger overall scaling in yield. This result is primarily driven
by the larger target heights needed to maintain end losses with
the longer implosion times of PVC targets. However, due to the
increased target volume, significantly more preheat energy is
required. In terms of the yield per-unit-length (ratio of yield to
target length), the ITC scaling strategies show more favorable
scaling because they achieve higher stagnation pressures when
scaling up in current. Due to their smaller fuel volumes, ITC
targets require less preheat energies when compared to PVC
targets driven at the same peak current.

In figure 16, the yield vs peak current is plotted for the
various scaling approaches. The ‘optimized’ scaling curves,
represented by the green and red curves, suggest that MagLIF
can reach MJ-yields when driven to around 40 MA even with-
out considering the boost in yield due to alpha-heating. The
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Figure 16. Comparison of the various scaling approaches to higher
peak currents for the MagLIF platform. The green and red curves
indicate the ‘optimized’ scaling curves driven similarly to those
described in reference [24]. The blue curves correspond to the
conservative scaling paths discussed in reference [33]. Note only the
‘radiation-conserving’ scaling strategies are shown. The black ‘X’
marker shows where current MagLIF experiments sit in terms of
DT-equivalent neutron yield [25], while the black ‘star’

marker indicates an aspirational MagLIF target that will require
higher preheat energies and stronger external magnetic fields to
achieve almost an order of magnitude increase in neutron yield.

difference between the green and red curves at higher currents
indicates that a robust alpha-heating regime can be achieved.
It is worth noting that these curves were obtained by limit-
ing the external magnetic field to 30 T and by assuming a
constant aspect ratio of 6 for all scaled-up targets. Similar ver-
sions of these curves where the aspect ratio is decreased to
mitigate the effects of MRT have been obtained [116]. Over-
all, the ‘optimized’ scaling curves represent an optimistic sce-
nario for the MagLIF platform. For reference, the best per-
forming experiments are within a factor of 2—-3x of clean 2D
simulations.

Figure 16 also illustrates the potential yields that can be
achieved when ‘conservatively’ scaling MagLIF. Since such
scaling enforces that the same physics regimes are maintained
in scaled-up targets as in present-day experiments, the scaling
exponents of these curves tend to be slightly reduced com-
pared to their ‘optimized’ counterparts. It is important to note
that these theoretical curves do not take into account the yield
enhancement from alpha-particle heating and should be con-
sidered as a lower bound prediction of performance. However,
analytic calculations suggest that a robust self-heating regime
can be achieved based on the favorable scaling of the Lawson
ignition parameter [33].

When conservatively scaling MagLIF, the baseline target
(i.e. the target from which the scaling is done) determines
the target requirements and estimated performance at higher
currents. Figure 16 shows two baseline targets. The first is a
present-day MagLIF target (20 MA, 1.2 kJ preheat, 16 T) and
the second is an aspirational, higher performing MagLIF con-
figuration (16 MA, 3 kJ preheat, 30 T) that is calculated to be
scalable to multi-MJ yields. A near-term objective is to exper-
imentally test configurations predicted to scale to these high
yields.
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Experiments on Z are underway to test the underlying prin-
ciples of scaling MagLIF. Due to energy limitations of the Z-
beamlet laser, it is presently difficult to experimentally assess
the ‘optimization’ scaling approach; however, the ITC conser-
vative scaling approach can be tested by self-similarly scaling
from 14 MA to 20 MA following the prescriptions outlined in
reference [33]. These experiments will test predictions for the
scaling of neutron yield, ion temperature, morphology of the
stagnation column and x-ray bang-time.

6. Fusion energy

Experiments in 2013 established the MagLIF concept as the
first demonstration of MIF in the laboratory [18]. This proof-
of-concept has played an important role in motivating the
ARPA-E ALPHA fusion program focused on advancing MIF-
relevant, intermediate-density fusion approaches (i.e. between
ICF and MCF) with a direct emphasis on lower-cost path-
ways to commercially viable fusion energy [117-120]. While
MagLIF research at Sandia National Laboratories is primarily
funded by the United States Inertial Confinement Fusion pro-
gram and mainly interested in generating single shot, multi-MJ
fusion yields for the Stockpile Stewardship Program [121], the
possibility of high gain is encouraging from a fusion energy
perspective [16]. To quantify this, we follow reference [23] and
define the gain, G, as the ratio of fusion yield to the energy
delivered to the imploding liner, so that the minimum gain
required for inertial fusion energy is given by

Gnefrenp = 1, (16)

where ng ~ 0.4 is the efficiency of the power plant at convert-
ing fusion to electrical energy, frp =~ 0.25 is the fraction of
generated power available after re-directing energy to operate
the power plant, and 7, is the efficiency of the driver at con-
verting wall-plug energy to the liner. Magnetic direct drive is
relatively efficient, with as high as 20% conversion efficiency,
thus setting the required gain to be at least G = 50. Interest-
ingly, optimized 2D simulations of ice-burner targets show
gains exceeding 70 may be possible at 65 MA peak currents,
suggesting MagLIF at currents attainable on a next generation
machine may already be feasible for demonstrating its suit-
ability as an energy producing source. Furthermore, success
at these higher currents would likely motivate investigation of
larger gains on subsequent facilities with even higher currents.
Note the existing Z machine delivers ~5% of the stored energy
in the capacitor bank to the liner; however, it was not designed
to optimize energy coupling to MagLIF targets. Future fusion
producing plants would therefore require more efficient drivers
(or higher gains) to compensate.

Practical implementation of MagLIF as an energy source
will be challenging [121]. First, Z experiments generate a
destructive post-shot explosion (even in the absence of fusion
yields) that destroys the metallic transmission line that deliv-
ers current to the target, limiting present-day operations to
a single shot per day. Clever engineering solutions, such as

recyclable transmission lines [122], must be implemented
to achieve high repetition rates. Gigajoule producing targets
would additionally unleash a tremendous number of neutrons
that could adversely affect pulsed power components and acti-
vate materials to potentially hazardous levels. This could be
mitigated by neutron-absorbing blankets or by placing the tar-
get and destructible section of the transmission line sufficiently
far from pulsed power components. Finally, extraction of the
fusion energy itself must be addressed. This could be accom-
plished in a manner similar to that described in references
[123, 124], where 14 MeV neutrons are stopped in a neutron-
absorbing blanket surrounding the target, converting this mate-
rial into a plasma suitable for electricity extraction viaan MHD
generator (e.g. a Compact Fusion Advanced Rankine-II reactor
[123]).

The most important step to establish MagLIF as a fusion
energy source is to first demonstrate its capability to produce
high gains. While subsequent efforts could address the engi-
neering challenges, our present efforts in MagLIF are directed
toward demonstrating the fundamental physics and possibility
of attaining significant fusion gains on larger-scale facilities
via current scaling studies.

7. Conclusions

The magneto inertial fusion concept MagLIF offers a promis-
ing path to high fusion yield. Experiments have demonstrated
its potential viability by producing fusion-relevant temper-
atures, significant neutron production (>10'3 DD-produced
neutrons), and magnetic trapping of charged fusion products.
Numerical simulations demonstrate scaling to gigajoule yields
may be possible at currents of 65 MA by propagating the burn
wave into a layer of DT ice inside the liner. With gains of order
70, MagLIF has the potential to be a viable source of fusion
energy.

MagLIF research over the past decade has focused on
demonstrating sufficient stability in the imploding liner, miti-
gating mix arising from the laser preheat interaction with the
LEH foil and cushions, optimizing the laser preheat stage and
improving the transmission line to simultaneously improve
current coupling and enable increased pre-applied axial mag-
netic fields. Improvements in these areas have allowed us to
increase the neutron yield by a factor of 10 by increasing the
applied axial magnetic field from 10 to 16 T, the laser pre-
heat energy coupled from 0.5 to 1.2 kJ, and current delivered
to the target from 16 to 20 MA. With further improvements in
applied axial magnetic field, laser preheat and current delivery,
simulations show DT-equivalent yields of ~100kJ are possible
onZ.

Future research in MagLIF will focus on both improving
the input parameters and demonstrating the physics of scal-
ing across currents presently attainable on the Z machine to
improve confidence in generating significant fusion gains on
larger scale facilities. Surmounting this scientific difficulty
remains the first obstacle toward harnessing a MIF-energy
producing system.
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