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We present experimental results from the first systematic study of performance scaling with drive
parameters for a magnetoinertial fusion concept. In magnetized liner inertial fusion experiments, the burn-
averaged ion temperature doubles to 3.1 keVand the primary deuterium-deuterium neutron yield increases
by more than an order of magnitude to 1.1 × 1013 (2 kJ deuterium-tritium equivalent) through a
simultaneous increase in the applied magnetic field (from 10.4 to 15.9 T), laser preheat energy (from
0.46 to 1.2 kJ), and current coupling (from 16 to 20 MA). Individual parametric scans of the initial
magnetic field and laser preheat energy show the expected trends, demonstrating the importance of
magnetic insulation and the impact of the Nernst effect for this concept. A drive-current scan shows that
present experiments operate close to the point where implosion stability is a limiting factor in performance,
demonstrating the need to raise fuel pressure as drive current is increased. Simulations that capture these
experimental trends indicate that another order of magnitude increase in yield on the Z facility is possible
with additional increases of input parameters.
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Achieving controlled thermonuclear fusion in the labo-
ratory remains a scientific grand challenge with important
applications in stockpile stewardship and the potential for
future use in energy production. Despite this, it has proven
difficult to confine a plasma with high enough density and
sufficient temperature for the necessary duration to produce
an output energy that exceeds the input [1]. An interesting
path to ignition and high gain [2,3] is magnetoinertial
fusion (MIF) [4–6], which bridges the gap between the
long duration (>102 s), low density (1020 m−3) magnetic
confinement schemes [7,8] and the short duration
(<10−10 s), high density (1032 m−3) inertial confinement
schemes [9–11].
Magnetized liner inertial fusion (MagLIF) [12] is a MIF

concept that utilizes a kilojoule-class laser [13,14] to raise
the fuel adiabat and an applied axial magnetic field [15]
to limit conduction losses throughout the magnetically
driven implosion [16]. MagLIF has shown considerable
promise [17] on the Z facility [18,19] by demonstrating

thermonuclear neutron generation at fusion-relevant
temperatures and densities [17,20,21] with sufficient
fuel magnetization at stagnation to trap fusion alpha
particles [22–24]. MagLIF has also been demonstrated to
work at 1=1000 energy scale and 1=10 spatial scale
(relative to Z experiments) on the OMEGA laser
facility [25,26].
This Letter describes the first successful experimental

demonstration of performance scaling in a MIF concept;
significantly increased neutron production was observed
with greater applied magnetic field, laser preheat energy,
and drive current. The maximum performance in MagLIF
now exceeds 1013 primary deuterium-deuterium (DD)
neutrons (2 kJ deuterium-tritium equivalent), represent-
ing a factor of 3 increase over the highest previously
reported MagLIF experimental yield [27]. Trends
observed in parametric scans of individual input param-
eters, as well as the improved performance observed
when all inputs were simultaneously increased, are
consistent with expectations based on 2D magnetohy-
drodynamics calculations [28] performed in LASNEX. The
LASNEX model predicts that further increases in preheat
energy, magnetic field, and current could enable another
order of magnitude increase in yield on the Z facility
[28], as well as multimegajoule yields on a future pulsed
power driver [2,3].
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The recent significant increase in performance demon-
strated in MagLIF experiments leveraged three key
improvements to the platform. First, the target was re-
designed to eliminate nonberyllium fuel-facing com-
ponents, which were a significant source of enhanced
radiative loss in previous experiments [29], especially as
preheat energy was increased [30]. Second, an improved
preheat configuration was developed, which reduced laser
plasma instabilities as well as the injection of laser-
entrance-hole window material into the fuel [31]. This
configuration utilizes a distributed phase plate to create a
more uniform intensity laser spot and a laser pulse shape
with a low energy (0.02 kJ) prepulse, 0.3 kJ foot, and 2.2 kJ
main pulse to deposit up to 1.4 kJ in the fuel. Note that all
subsequent preheat energy values reported in this Letter
refer to the energy deposited in the fuel (determined using
the measured energy at the output of the laser and
deposition fractions based on off-line experiments using
similar target configurations and laser pulses [27,30]).
Finally, an advanced magnetic field coil [32] and more
efficient final transmission line were developed [Fig. 1(c)],
enabling simultaneous increases in the applied magnetic
field (up to 16 T average) and peak current (up to 20 MA).
The increase in peak current is primarily due to a reduction
of current losses in the convolute [33] and final trans-
mission line, which impact the shape of the load current as
well [Fig. 1(d)].
The highest-performing experiment was conducted with

15.9 T, 1.2 kJ preheat energy, and 20MA peak load current,
producing 1.1e13 DD yield (measured via indium activa-
tion) with a 3.1 keV burn-weighted average ion temperature
(inferred via forward fit to neutron time-of-flight
spectra [30,35,36]). The neutron yield was isotropic, and

the primary neutron spectrum was Gaussian, which is
consistent with previous observations that these sources
are thermonuclear [17,20]. Additionally, this experiment is
part of a larger dataset in which the neutron yield increases
as expected with ion temperature for a thermonuclear
source (Fig. 2). Also noted in Fig. 2 is an experiment with
similar initial fuel density, preheat energy, and applied
magnetic field to the earliest MagLIF experiments [17],
which shows the gains realized through the improvements
to the MagLIF platform. To better understand how the
increase in each input parameter contributed to the
improved performance in this experiment, a series of
individual parametric scans of preheat energy, magnetic
field, and peak load current were conducted.
Using the target and load hardware geometries shown in

Figs. 1(a) and 1(b), respectively, a parametric scan of
preheat energy was performed. The initial fuel density,
applied magnetic field, and peak current drive remained
fixed at 0.68 mg=cm3, 10 T, and 16 MA, respectively, and
the preheat energy was varied between 0 and 1.4 kJ. A
significant increase in the primary DD neutron yield with
preheat energy was observed up to about 0.8 kJ; then yield
remained flat up to 1.4 kJ [Fig. 3(a)]. The burn-averaged
ion temperature [Fig. 3(b)] follows a similar trend,
increasing up to a preheat energy of 0.8 kJ, then remaining
flat with increased preheat.
The observed trend is consistent with expecta-

tions [12,28] when accounting for the Nernst effect.
In MagLIF, the preheat laser interacts with a fraction of
the fuel volume, creating a higher-temperature region on
the axis surrounded by a cooler layer of fuel [37].
The Nernst effect enhances the transport of magnetic flux
away from hot regions surrounded by steep temperature

FIG. 1. (a) Cross section of the target configuration used in these experiments. The laser enters the target through the laser-entrance-
hole (LEH) window at z ¼ 12.6 mm. The imploding portion of the target spans from z ¼ 0 to 10 mm. The target aspect ratio is defined
as the outer radius divided by the wall thickness (AR ¼ rO=Δr). (b),(c) Cross sections of the load configurations used in the experiments
conducted at 16 and 20 MA, respectively. The target is shown in gray, fuel in yellow, anode in blue, cathode in red, coil windings in
orange, internal coil support in cyan, external coil support in dark gray, and laser in green. With a single coil above the target, the
amplitude of the axial field in (c) decreased from the top to the bottom of the target by 30%. The average field is reported for experiments
using this configuration. (d) Plot of the load current (determined with velocimetry [34]) for the two transmission line geometries. The
transition to dashed lines after peak current indicates reduced fidelity of the velocimetry measurement due to relaxation of the drive
pressure. The higher inductance and smaller anode-cathode gap geometry (b) has greater current loss, which impacts the shape and peak
of the current pulse.

PHYSICAL REVIEW LETTERS 125, 155002 (2020)

155002-2



gradients [38,39]. Assuming a fixed fuel density and
preheat volume, increasing the preheat energy produces
higher on-axis temperatures and larger radial temperature
gradients. This increases both the radial heat flux and
magnetic flux losses from the hottest region of the fuel.
Because the radial heat flux is inhibited by the axial
magnetic field, the loss of magnetic flux in these regions
further increases heat flux. The positive feedback between
radial heat flux from the hot fuel on axis and the enhanced
magnetic flux loss due to the Nernst effect prevents
continued increases in fuel temperature with increasing
preheat energy unless the applied magnetic field is also
increased [28].
High-energy (11–17 MeV) neutrons created through

fusion reactions between DD fusion tritons and the deu-
terium fuel can be used to assess the magnetization of the
fuel column at stagnation [22,23]. Using the ratio of the
primary neutron yield to secondary neutron yield (mea-
sured via copper activation) and the secondary neutron
spectra (obtained via neutron time of flight), the inferred
magnetic field-radius product was observed to decrease
with increasing preheat energy [Fig. 3(c)], while the
measured convergence ratio (CR) (based on x-ray self-
emission imaging) remained approximately constant. This
decrease in magnetization with increasing preheat energy
deposition is consistent with expectations when accounting
for the Nernst effect. In future experiments with deuterium-
tritium fuel, retention of magnetic flux in the fuel will be
critical to trap fusion alpha particles [12]. This provides
motivation for operating with a preheat energy at the low

end of the ion temperature-yield plateau, where magneti-
zation is maximized while maintaining peak stagnation
performance.
To test the impact of increasing initial magnetization on

target performance, a series of experiments were conducted
with the transmission line geometry in Fig. 1(b). For this
parametric scan of the applied magnetic field, the targets
had a wall thickness of 242 μm (reduced from 465 μm) and
a 75 μm dielectric coating was applied to the exterior of the

FIG. 2. Plot of the primary neutron yield as a function of ion
temperature for all 10 mm tall, 5.58 mm outer diameter, AR ¼ 6
MagLIF experiments (squares) with the reactivity parameter for
DD-3He fusion [37] scaled by 3.9 × 1038 overlaid (dashed line)
for comparison. Experiments that utilized protocols to reduce
radiative loss (magenta) tended to have higher ion temperatures
and consequently neutron yields than those that did not (teal).
Increasing from 0.68 to 1.0 mg=cm3, 10.4 to 15.9 T, 0.46 to
1.2 kJ, and 16 to 20 MA doubled the ion temperature and
increased the yield by an order of magnitude.

FIG. 3. (a),(b) Plots of primary neutron yield and burn-averaged
ion temperature as a function of laser preheat energy absorbed in
the fuel, respectively, showing increasing performance followed
by a plateau. (c) Plot of the magnetic field-radius product (BR) as
a function of preheat energy showing a decay in magnetization at
stagnation as preheat energy increases, which is consistent with
increasing magnetic flux loss due to the Nernst effect. Exper-
imental values (solid squares) and simulation results (dashed
lines) are shown. An experiment with zero preheat energy
produced 1010 primary neutrons (about 3 times the detection
threshold) but provided an insufficient signal to determine the ion
temperature or BR. The ion temperature for this experiment
(shown as an open square) was estimated using the reactivity
curve in Fig. 2 and the measured yield.
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target to stabilize the implosion [40]. The peak load current
was 15 MA, the fuel density was 0.68 mg=cm3, and the
preheat energy was approximately 1.0 kJ. The applied
magnetic field was increased from 9.7 to 15.8 T, which
resulted in an 80% increase in primary neutron yield
(Fig. 4) and a 30% increase in burn-averaged ion tempera-
ture, which is consistent with enhanced thermal insulation
provided by the higher magnetic field.
In contrast to the preheat energy and applied magnetic

field scans, holding the other input parameters fixed while
increasing the peak load current from 16 to 20 MA showed
no significant change in primary neutron yield or burn-
averaged ion temperature. In these experiments the initial
fuel density was 0.68 mg=cm3, the applied magnetic field
was approximately 10 T, and the preheat energy was
approximately 1.0 kJ. Note that different final transmission
line geometries were used for the low-current [Fig. 1(b)]
and high-current [Fig. 1(c)] cases, which resulted in
different current pulse shapes between the two cases
[Fig. 1(d)], and the higher-current case also had a less
axially uniform magnetic field (the impact of this difference
is expected to be minimal based on simulations).
Previous experience with other Z-pinch fusion

concepts [41,42] as well as analytic arguments [43]
suggests that the yield should scale roughly as peak current
to the fourth power, which initially appears to be incon-
sistent with these results. However, without any other
changes, increasing peak current should also produce a
higher CR, and the observed CR did not significantly
change between the high- and low-current cases (Fig. 5).
Interestingly, there are significantly larger variations in the
radial extent for the higher-current experiment, which is
consistent with increased liner instability development.
This suggests that instabilities can limit the potential gains
provided by greater drive current. Notably, the highest-
performing MagLIF experiment balanced the increase in

drive pressure supplied by the higher current with an
increase in internal fuel pressure due to the higher preheat
energy, applied magnetic field, and initial fuel density,
resulting in a similar measured CR ¼ 35. The observed
increase in yield in this experiment was greater than
expected when only accounting for the increase in preheat
energy and applied magnetic field, indicating that increased
current did have a positive impact when driving a target
with sufficient fuel pressure.
Two-dimensional magnetohydrodynamics simulations

conducted in LASNEX reproduce the relative trends
observed in the experimental parametric scans of preheat
energy and applied magnetic field. The model reproduces
the plateaus in primary neutron yield and ion temperature
as well as the decay in magnetization at stagnation with
increasing preheat energy when the Nernst effect is
included. The model also matches the experimentally
observed increase in ion temperature and neutron yield
with increasing magnetic field. However, the model
expected more than a factor of 3 increase in neutron yield
as the peak load current was increased from 16 to 20 MA,
and no change was observed experimentally. Note that

FIG. 4. Plot of primary neutron yield as a function of applied
magnetic field. Experiments with dielectric-coated targets that
have been mass matched to AR ¼ 9 targets (cAR9) [40] are
shown as solid triangles, and 2D LASNEX simulations with AR9
targets (scaled by 1=8) are plotted as inverted open triangles. The
CR in these simulations was between 46 and 49, resulting in a
simulation-to-experimental-yield ratio of approximately 8.

FIG. 5. (a),(b) X-ray self-emission images obtained with a
spherical crystal imager in experiments with 16 and 20 MA peak
load currents, respectively, while other parameters remained
fixed. The transverse spatial resolution was approximately 40
and 20 μm for (a) and (b), respectively, which accounts for some
of the increased structure in (b). (c) Plot of the inferred radius [30]
as a function of axial position (solid lines) and average radius
(dashed lines) for the two experiments.
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while there was no measurable change in the experimental
CR with the increase in current, the simulated CR increased
from less than 40 to nearly 50.
This discrepancy likely arises from the inability of 2D

simulations to account for the observed 3D instability
structures, allowing the simulated stagnation column to
reach CRs beyond those possible in experiments. This
enables the stagnation pressure, and consequently the
neutron yield, to exceed the values observed experimentally
by a significant amount. In cases where the experimental
and simulated convergence was similar (CR ≈ 35), the
simulated-to-experimental-yield ratio was about 2 or 3 to
1; however, when the simulated convergence (CR ≈ 45–50)
significantly exceeded the experimental convergence, the
yield ratio increased to around 8 to 1. This breakdown in
surrogacy as the simulated convergence gets large is
consistent with observations in other inertial fusion con-
cepts [44,45] and inspires efforts to reduce the CR in future
designs. Note that the consistency between LASNEX

simulations and the highest-performing MagLIF experi-
ment provides evidence that simulation surrogacy can be
maintained while scaling up drive current in MagLIF, as
long as the increased magnetic pressure is balanced by an
increased fuel pressure that limits convergence.
With continued platform development, applied magnetic

fields up to 30 T and 4–6 kJ preheat energies appear
feasible on the Z machine. With these constraints, a series
of LASNEX calculations were conducted at peak load
currents of approximately 16, 19, and 22 MA to determine
the configuration that maximizes neutron yield while
limiting CR to below 40 (Table I). Assuming that the
simulated-to-experimental-yield ratio remains approxi-
mately 2 or 3 to 1 due to this constraint on CR, these
calculations indicate that another order of magnitude
increase in neutron yield is plausible.

In summary, simultaneously increasing the applied
magnetic field, preheat energy, and peak load current
has significantly improved target performance in
MagLIF, producing a primary neutron yield approximately
a factor of 3 greater than the previous highest reported
yield. Parametric scans of individual input parameters
revealed the following: (1) the Nernst effect plays an
important role in MagLIF as the preheat energy increases,
limiting the fuel temperature for a fixed magnetic field,
(2) increasing the applied magnetic field enables higher
temperatures and neutron yields through reduced thermal
conduction losses, and (3) target performance improves
with increasing current only when there is also sufficiently
increased fuel pressure to maintain approximately constant
CR. Two-dimensional simulations generally match the
observed trends in target performance, though simulated-
to-experimental-yield ratios increase as simulated CRs
become too large, indicating more strongly perturbative
effects from implosion instabilities. Continued platform
development is expected to enable an additional factor of
10 increase in neutron yield.
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