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ABSTRACT

General Fusion is developing Magnetized Target Fusion
(MTF) as a practical means of producing deuterium-tritium fu-
sion power. Lawson Machine 26 (LM26) is an MTF demonstra-
tion that integrates General Fusion’s operational Plasma Injec-
tor 3 (PI3) with a solid lithium cylindrical shell compression sys-
tem. The lithium plasma liner is electromagnetically compressed
by a stack of coils via a “theta-pinch”.

Prototype Zero (P0), a testbed at 1:4 scale of LM26, was
designed and commissioned to de-risk the complex compression
process and validate modeling tools in the absence of plasma
to ensure accurate predictions for LM26 operations. Prototype
Zero comprises 48 coil turns that are arranged to compress a
lithium cylinder with an axial height up to 280 mm, outer radius
of 218 mm, and thickness ranging from 10 to 20 mm. Capac-
itors supply up to 1 MJ of energy to the coils, resulting in the
cylinders being compressed in 0.7 to 1 ms at radial velocities
exceeding 300 m/s. The center shaft of the machine is composed
of two cones which form an hourglass shape and serve to further
compress the cylinder in the axial direction.

A 2D axisymmetric numerical model was developed using
ANSYS LS-DYNA to predict the trajectory of the liner. A circuit
model was implemented to represent the RLC circuit connected to
the driving coils. LS-DYNA predictions of the liner position were
compared to experimental measurements obtained using diagnos-
tic equipment mounted within the center shaft cones. Diagnostics
included photon Doppler velocimetry (PDV) to measure radial
velocity at the mid-plane of the lithium cylinder, and structured
light reconstruction (SLR) to track the axial profile of the cylin-
der during compression. An alternate arrangement employed
a single center shaft cone, enabling direct visualization of the
compression with a high-speed camera through a window.

Simulations were conducted for a selection of Prototype Zero
compression shots and compared with experimental measure-
ments. Results confirm the accuracy of the modelling technique
in predicting the shape of a cylindrical lithium liner undergoing
electromagnetic compression. This study provides critical vali-
dation of the modeling tools that supported the design and build
of General Fusion’s large-scale LM26 fusion demonstration ma-
chine, which began operating in early 2025.
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1. INTRODUCTION

The Magnetized Target Fusion (MTF) technology being de-
veloped by General Fusion utilizes mechanical compression of
a deuterium-tritium (DT) plasma target formed through coaxial
helicity injection (CHI). This compression is achieved using a
rotating liquid metal flux conserver (liner) [1]. A key advantage
of this approach lies in its liquid metal first wall, which serves as
a breeding blanket for tritium, a neutron shield, and a heat carrier.
However, the primary challenge in this approach is achieving suf-
ficiently rapid and symmetric plasma compression to ensure that
heat losses to the surroundings—through radiation, contamina-
tion, and turbulence—remain significantly lower than the plasma
heating rate [2—4].

General Fusion’s Plasma Compression Science (PCS) exper-
imental campaign assessed this technology by employing chem-
ically driven implosions of spherical, 38 cm internal diameter
aluminum flux conservers [5]. The campaign’s most promis-
ing results were obtained during the PCS-16 compression which
used a spherical tokamak plasma configuration. A significant
increase in neutron generation was achieved demonstrating suc-
cessful plasma compression with a compression time on the order
of 160 us. These findings led to the development of new method-
ologies for predicting MHD resistive instabilities [6, 7]. Further
work was also carried out to study piston-driven liquid liner com-
pression [8].

In 2017, General Fusion introduced a new generation plasma
injector, PI3 [9]. This injector has demonstrated the ability
to produce plasma with electron and ion temperatures exceed-
ing 400 eV, densities up to 4e19 m~3, and thermal confinement
times of 10 ms [10, 11]. These pre-compression plasma perfor-
mance parameters are significantly superior to those achieved by
the plasma injectors used in the PCS campaign.

From 2023 to 2024, General Fusion designed and assem-
bled the Lawson Machine 26 (LM26) to demonstrate its MTF
technology at large scale. The machine began operating in early
2025 and has successfully compressed a large-scale magnetized
plasma with lithium. LM26 integrates the PI3 plasma injector
with a spherical tokamak cavity and an electromagnetic compres-



FIGURE 1: Partial cross-section of the LM26 machine showing
the plasma injector connected to the electromagnetic compressor.
1) Plasma injector, injection direction shown. Il) Plasma. Ill) Lithium
liner. IV) Compression coils. V) Center shaft with diagnostic equip-
ment.

sor, also known as a theta-pinch apparatus. The LM26 machine
features a solid lithium liner as the flux conserver, depicted in
Fig. 1. The lithium liner has an internal radius of approximately
800 mm, axial length of 1000 mm and compresses plasmas in
less than 5 ms. The compressor and fusion vessel designs were
guided by simulations and small-scale prototypes.

Initially, a lithium ring compression testbed was built to
evaluate the performance and symmetry of electromagnetic com-
pression. The ring compressor could compress rings with a
radius of approximately 250 mm in under one millisecond, us-
ing eight coil turns connected to a 245 kJ capacitor bank [12].
Eleven lithium rings were compressed during the experimental
campaign. Instances of symmetry loss, which resulted in visi-
ble toroidal buckling, were utilized to validate a linear dynamic
stability model for lithium rings [13]. The model successfully
predicted the dominant unstable modes of the rings that buckled
during compression.

A 2D axisymmetric modelling methodology using ANSYS
LS-DYNA was developed to compare with ring trajectories from
test [12]. The methodology utilized the electromagnetic solver
in LS-DYNA, which combines the finite element method (FEM)
solver for structural dynamics with the boundary element method
(BEM) solver for electromagnetics [14]. Simulation required
characterization of the plastic behaviour of lithium, which was
obtained via hammer drop tests, with results fit to a Johnson-
Cook material model [15]. The simulations aligned closely with
experimental radial trajectories and magnetic flux density probe
measurements. However, this methodology relied on measured
coil currents as inputs, limiting its predictive capability for pulsed
power system design (e.g., capacitance, voltage), coil configura-
tions (e.g., spacing, number of turns) and compression perfor-
mance.

Prototype Zero (P0) is the next testbed developed to de-risk
the compression of solid lithium liners in LM26 and is the focus of
this paper. Prototype Zero is built at 1:4 scale of LM26 and differs
from the previously tested ring compressor by its taller lithium
cylinders (250 mm in height vs. 54 mm). The machine includes a
central conical structure similar to the LM26 spherical tokamak
plasma cavity. Diagnostic equipment is mounted within the cones
to measure the liner shape and position during compression.

This paper details enhancements to the simulation methodol-
ogy, validated against results from Prototype Zero. A new circuit

FIGURE 2: Overview of components of experimental apparatus.
) Compression coils. Il) Test cartridge. lll) Lithium liner. 1V) Sup-
port structure.

model has been incorporated into LS-DYNA, enabling a fully
integrated approach for replicating experiment, from capacitor
bank activation to peak compression of the lithium liner. The
improved modelling methodology is validated across three shot
configurations.

The paper is divided into three sections. The first section
presents the experimental apparatus and its diagnostics. The
second section details the numerical methodology and the new
circuit model. The last section presents the numerical results and
how they compare to experiment.

2. EXPERIMENTAL APPARATUS

The experimental apparatus is comprised of a high voltage
power supply, a set of theta-pinch coils, and a “cartridge”: a
replaceable assembly containing the lithium liner, a center shaft
structure, and diagnostic equipment. The cartridge is installed
into the center of the coil stack and is replaced after every liner
compression (referred to as a shot). A simplified diagram of the
compression coils and cartridge is shown in Fig. 2.

Figure 3 shows a simplified axisymmetric cross section of the
key components of the compressor. The apparatus is composed
of 48 coil turns that are arranged to compress a lithium cylinder
with an axial height up to 280 mm, outer radius of 218 mm, and
thickness ranging from 10 to 20 mm.

Two cartridge configurations exist for the apparatus. The
first configuration, shown in Fig. 3a), includes a center shaft that
is composed of two cones which form an hourglass shape and
serve to further compress the cylinder in the axial direction. In
the second configuration, shown in Fig. 3b), the top center shaft
cone is removed and replaced with a straight shaft and window
to allow direct visualization from the top of the cartridge.

2.1 Coils and Power Supply

The coil assembly is composed of 48 single-turn, flat, 6.4 mm
thick aluminum plates with a nominal inner diameter of 468 mm,
stacked to a total height of 370 mm. Adjacent plates are separated
by a layer of laminated insulation (DMD). Three plates (turns)
comprise a coil, for a total of sixteen coils in the assembly. A
simplified representation of a single turn is shown in Fig. 4.

The layout of the compression coils is shown in Fig. 3a). The
sixteen coils are connected to eight isolated circuits, with each
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(a) Two-cone
configuration

(b) Single-cone and
window configuration

FIGURE 3: Simplified axisymmetric representation of the compo-
nents of the experimental apparatus for the two types of cartridges.
1) Cartridge. Il) Compression coils. Ill) Liner. IV) Center shaft /
cones. V) Window / viewport. VI) Coil (3 plate stack). VII) Pair coil
(same circuit).

FIGURE 4: Simplified single-turn compression coil with current
path shown. I) Positive electrode. Il) Negative electrode. Ill) Lithium
liner with induced current shown.

circuit composed of a pair of two coils connected in parallel. The
parallel pair coils are symmetric about the mid-plane of the coil
assembly, known as the equator.

Each isolated circuit is an RLC circuit with a diode, as de-
picted in Fig. 5. Estimated circuit parameters are shown in Ta-
ble 1. Each circuit is connected to twelve high voltage 104 uF
capacitors, which can operate at up to 16 kV. With all circuits
active at maximum capacity, the apparatus can supply up to 1 MJ
of energy to the coils. During operation, select circuits can be
activated to study compression trajectories, while the remainder
of the circuits are ‘open-circuited’, i.e. coils can be treated as
having zero current in the azimuthal direction.

2.2 Lithium Cylinders

The lithium cylinders are produced in-house using custom
casting and processing equipment. A casting is produced by
pumping liquid lithium from a reservoir into a mold. The outer
wall of the mold is a G7 fiberglass tube that remains with the
casting for the rest of the experiment to provide structural support
during handling. The inner diameter and two end faces of the
casting are turned on a custom lathe to remove surface impurities
and control the dimensions of the lithium cylinder. All casting,

Lcap Switch

Rcable Reape
Reap Diode
Veap — Leabie Leabie
c. L Raiode
cap ——
Laiode Riurn(s) Reurn(s)
Leurn(s) Liyrn(s)
A

Pair coils in parallel
3 turns in series per coil

FIGURE 5: Schematic of simplified circuit that connects power sup-
ply to the coils in test apparatus.

TABLE 1: Circuit parameters

Parameter Value
Veap Shot dependent
Ceap 1.248 mF
Reap 6.457 mQ
Leap 232.3 nH
Riiode 1.70 mQ
Liode 65 nH
Rcable 12.85 mQ
Lcable 910 nH
Niurns 3

FIGURE 6: Lithium cylinder after machining inside argon filled
glovebox.

processing, and installation operations are performed under an
argon atmosphere to prevent lithium reactions with air. A lithium
cylinder after turning is shown in Fig. 6.

2.3 Diagnostics and Data Collection

Three diagnostic subsystems are used to record the shape
of the compressing lithium liner: structured light reconstruction
(SLR), photon Doppler velocimetry (PDV), and direct imaging.
SLR is used in the double-cone configuration and direct imaging
is used in the single-cone/window configuration. PDV is used in
both configurations.



FIGURE 7: SLR diagnostic system in Prototype Zero: a) Model
view of cones and SLR laser semi-arcs, b) frame from video of
laser semi-arcs on lithium liner viewed through fisheye and imag-
ing fiber.

2.3.1 Structured Light Reconstruction (SLR). The SLR
subsystem consists of laser pattern projection and imaging ap-
paratus. Briefly, a 15 W, 637 nm, 400 pm diameter multimode
fiber-coupled laser source (CivilLaser) is collimated and passes
through an access port in the upper cone. It then impinges on
a custom diamond-turned reflective optic mounted in the lower
cone that creates five semi-arcs of laser light aimed at different
axial positions on the liner, which cover approximately 120 de-
grees of azimuthal range as shown in Fig. 7a). This projection
apparatus is replicated twice more to provide near-complete az-
imuthal coverage. Images of the laser semi-arcs on a calibration
grid at two different distances are taken to map their 3D shape
as-installed.

Commercial fisheye lenses (ChanCCTV CH3631DB) are
mounted on the upper cone surface in six different positions
allowing visualization of the entire liner surface until the lenses
are covered by the compressing lithium liner. Each lens image
is coupled into a 13k pixel imaging plastic optical fiber (Asahi-
Kasei MCL-2000-24), and these are subsequently relayed to a
single high-speed camera (Photron Nova S12). Optical intrinsic
(distortion) and extrinsic (rotation, position) parameters of the
imaging assemblies are obtained by imaging calibration patterns.

The laser semi-arcs’ diffuse reflections from the lithium liner
can be viewed through the imaging assemblies as seen in Fig. 7b).
As the lithium liner compresses, the semi-arcs are tracked by
high-speed video capture. Reconstruction of the 3D shape of
the inner surface of the liner during the implosion is carried out
using an algorithm similar to that described previously [8]. The
standard deviation of the scatter in the SLR measurements when
compared to the initial liner geometry is found to be +5 mm and
used as the uncertainty for all SLR measurements. Sources of
error include uncertainties in the optics hardware and mounting
in the shaft and relative to the calibration equipment contributing
to uncertainty in the optical calibration parameters. Additionally,
the low fiber optical resolution limits the precision of the laser
semi-arc position extraction from the images.

2.3.2 Photon Doppler Velocimetry (PDV). To measure the
liner velocity during collapse, a twelve channel Mach-Zehnder
PDV measurement system [16] is used. This consists of multiple
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FIGURE 8: PDV diagnostic system in Prototype Zero: a) Model view
of cones and PDV measurement chords, b) PDV spectrogram show-
ing multiple overlaid velocity traces.

1 W fiber coupled 1550 nm lasers (IPG, LR-1-1550-SF) and
13 GHz photodetectors (Miteq, DR-125G-A). Data is recorded
on oscilloscopes sampling at 1 GS/s.

To achieve a high density of channels at the liner’s equator
a linear array of 12 single-mode fibers (Meisu Optics) is placed
at the focal plane of a fisheye lens (ChanCCTV CH3741A) to
create a fan of 12 PDV chords spread out over 180 degrees, as
shown in Fig. 8a). This setup is mirrored to provide full azimuthal
coverage. An alternate configuration swaps the fisheye lens for
a ball lens to reduce optical power loss at the expense of less
azimuthal coverage. The position of each measurement chord
at two points is recorded and used to determine its vector in 3D
space.

Raw PDV signals are transformed to velocity-time spectro-
grams as shown in Fig. 8b) that provide the velocity of the inner
surface of the liner at various azimuthal positions. Velocity un-
certainty of each chord is taken as the FWHM of the trace width,
approximately +4 m/s. The trace width is dependent on the laser
linewidth and varies with the reflective properties of the lithium
surface as its texture and shape change during implosion. PDV
data is presented as the average over all the measurement chords
with the uncertainty spanning the minimum and maximum val-
ues.

2.3.3 Direct Imaging. In the single-cone/window config-
uration, a high-speed camera captures an on-axis view of the
cartridge via an overhead mirror (example frame is shown in
Fig. 9). Camera calibration and extraction methods are identical
to those previously reported in [12].

Briefly, a radial calibration grid is imaged on top of the win-
dow to allow for mirror and camera distortion correction. For all
frames of the liner collapse, the inner and outer radii of the top
liner surface are tracked and extracted as seen in Fig. 9. Correc-
tion of the extracted radii is done since the measurement plane is
at a different height than the calibration plane. A radial measure-
ment uncertainty of #3 mm was determined based on positional
uncertainties in the setup, calibration, height offsets, and extrac-
tion variability. The direct imaging radial data is presented as
the average over the azimuthal coordinate with the uncertainty
constituting the range of measurements.



TABLE 2: Shot parameters

FIGURE 9: Direct imaging of liner in the single-cone/window con-
figuration. Outer and inner extracted liner edges in red (royt) and
blue (rin) respectively.

2.4 Shot Conditions

A total of 40 lithium cylinders were cast and compressed
in the Prototype Zero experimental campaign. Additional tests
were conducted in the absence of a cartridge and lithium cylinder
to test components of the system in isolation, such as the power
supply.

Three tests were chosen for the current study to validate the
modelling methodology given the range of configurations. The
operating conditions and dimensional information for these select
shots are presented in Table 2.

Shot A is a test with no cartridge present, which was used
to test the power supply. Shots B and C involved compression
of a lithium cylinder, with operating conditions that best match
what is expected in the full-scale machine. Shot B is a test in
the two-cone configuration, enabling the use of PDV and SLR
measurements for model validation. Shot C is in the single-
cone/window configuration, allowing model validation through
PDV and direct imaging measurements. The liner thicknesses
for shots B and C were chosen such that the thickness-to-radius
ratio falls within the operating range expected in the full-scale
machine. The voltages used for each shot were selected to target
the same kinetic energy per unit mass of the liner as in the full-
scale machine.

3. NUMERICAL MODEL

ANSYS LS-DYNA (R16) was utilized to solve the coupled
multi-physics dynamics of the lithium cylinder compressor. The
simulation coupled the structural, thermal, and electromagnetic
domains to capture the complex interactions.

Liner Details Shot Details
Cartridge Thickness Out.er Height Mass Liner Circuits Cap Estimated
Shot Confieuration (mm) Radius mm)  (ke) Temperature Active Voltage Cap Energy
§ (mm) s °C) (kV) (k)

A None N/A 4,5,6,7 15.25 580.5

B Two-cone 14.7 217.5 250 2.57 86 3,4,5,6,7 11.75 430.7

C Single-cone/window 18.6 218.5 244 3.18 89 4,5,6,7 15.25 580.5
Coils
Liner

FIGURE 10: Mesh used in LS-DYNA for Shot B.

3.1 Model Setup

Simulations were conducted on a 3D geometry where the
lithium cylinder, coil turns, and structural components were mod-
eled as wedges with an angle span of 6 = 27r/64 and a thickness
of two cells. Figure 10 illustrates the meshed geometry for the
two-cone configuration. The setup represents an axisymmetric
geometry where the electromagnetics are solved in 2D using the
eddy current solver along the mid-plane of the domain. Structural
and thermal dynamics are solved using 3D elements.

Adaptive time stepping was used for the EM solver, with a
maximum time step of 2.5e-6 s and minimum of 1.0e-8 s. The
FEM matrix was recomputed every time step. The BEM matrix
was recomputed automatically based on the error calculation of
the conductors’ relative displacements, at intervals not exceed-
ing 5 time-steps. Adaptive time stepping was also applied to
the structural and thermal solvers, following the best practices
outlined in Ref. [12].

The cartridge and coil geometries, along with some key di-
mensions, are shown in Fig. 11. The specifications of the cylin-
ders are provided in Table 2. Each coil turn was simplified as a
rectangular cross-section with dimensions of 177 mm x 6.4 mm
(radial x axial). The axial spacing between each turn is 1.4 mm.

For both cartridge arrangements, a global maximum mesh
size of 2 mm was used on the cross section. A structured mesh
was generated for the conductive elements, which are highlighted
in Fig. 11. To accurately capture the skin depth of the liner and
coil turns, element size biasing was applied towards the outer
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FIGURE 11: Initial geometry, materials, and boundary conditions
used in LS-DYNA simulation for the two cartridge configurations.
Conductive elements are indicated by a border drawn around them.

edges of the lithium cylinder, and the inner radius of the coil
turns. Mesh settings for the liner and coil turns were based on
guidelines outlined in [12].

The top and the bottom of the cartridge were fixed in all six
degrees of freedom, as shown in Fig. 11. An out-of-plane con-
straint was applied to the faces normal to the azimuthal direction.
Coils were constrained axially and allowed to expand radially.
Structural bodies initially in contact were treated as bonded con-
tacts, while the contact of the lithium with the structural com-
ponents was prescribed a frictional contact with a coefficient of
restitution of 0.5.

3.2 Material Models and Parameters

The materials used for the two cartridge configurations are
shown in Fig. 12. The mechanical and thermal properties of
solid lithium used in the simulations are provided in Table 3. A
Johnson-Cook model (1) was used for lithium, which is com-
monly used to capture the flow stress dependence on strain hard-
ening, strain-rate hardening, and thermal softening. The flow
stress used in LS-DYNA is given by:

o= [A+Bs;’]

1+Cln(_£)] [1-T""] (1)
o

where A, B, n, C, &g, and m are material constants, &, is the equiv-
alent plastic strain, & is the strain rate, and 7* is the homologous
temperature

T* = (T = Trer) / (Tinelt — Tret)- (2)

It is noted that the parameters presented in Table 3 differ from
those presented in the previous study [15]. This discrepancy is

TABLE 3: Material properties for lithium

Parameter Value
Density, p (kg/m?) 530
Elastic Modulus, E (GPa) 7.8
Poisson Ratio, v 0.38
Initial Yield, A (MPa) 0.760
Hardening Constant, B (MPa) 1.38
Hardening Exponent, n 0.33
Reference Strain Rate, & 0.1
Strain Rate Constant, C 0.393
Thermal Softening Exponent, m 1.366
Melting Temperature, Tieye (°C) 180
Reference Temperature, T;.r (°C) 0
Thermal Conductivity, k

o1 84.8
(Wm™'°C™)
Specific Heat, ¢, (W m~'°C~1) 3582

due to re-fitting of the Johnson-Cook parameters using exper-
imental data from a new load cell which offered more precise
control over the strain rate and accounted for material thermal
softening at elevated temperatures during testing.

The remaining materials were assigned linear-elastic me-
chanical properties, as minimal plastic deformation is expected
in the coils and structure. Additionally, deformation behavior
falls outside the scope of this study.

Only specific components were modelled as electrically con-
ductive, as highlighted in Fig. 12. Conductive components were
defined with a relative magnetic permeability of unity using the
keyword *EM_MAT_001 and assigned temperature dependent
electrical conductivities. Components at the inner radius of the
cartridge were treated as non-conductive since they are suffi-
ciently far enough from the coils, resulting in a minimal impact
from the magnetic field. This approach minimizes the computa-
tional time and avoids issues that arise when conductive elements
come into contact.

3.3 Circuit Model

A simplified representation of the circuit and power supply
discussed in Sec. 2.1 is included in the LS-DYNA model to supply
the currents to the coils.

The *EM_CIRCUIT keyword is used to describe how the
current density in each individual turn is modelled. Each turn
must be modelled individually, and those connected in a coil are
defined using the *EM_CIRCUIT_CONNECT keyword, which
assures that the currents match within a single coil.

Multiple methods can be used to describe how the current is
calculated in the *EM_CIRCUIT keyword, which is dependent
on the value assigned to CIRCTYPE [17]. Two methods are used
in the current study:

o CIRCTYPE =1 : a time-dependent series for current is set
from an input load curve. This is how test measurements for coil
currents can be applied (as done previously in [12]) and to apply
a current of zero for the open-circuited coils.

o CIRCTYPE =30 : anewly developed circuit which represents
turns connected to an RLC circuit with a diode (shown in Fig. 12).
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FIGURE 12: Schematic of circuit representing CIRCTYPE=30 in the
*EM_CIRCUIT keyword in LS-DYNA.

TABLE 4: Relationship between circuit parameters used in simula-
tion and those in the experimental apparatus.

Parameter in Value from
CIRCTYPE=30 | Prototype Zero parameters
Vo Vcap/lvturns * V1 = Xioss
G Ccap * Nwrns /2
Rl Rcap/ Nturns
Ll (Lcap - Ldiode) / ]Vturns
R Riiode / Nuurns
R; Rcable/Nturns
Ls (stitch + Ldiode) / Nuwurns

The parameters used in CIRCTYPE = 30 to represent each
turn of the circuit and their relationship to the experimental circuit
are listed in Table 4.

The system’s energy input is derived from the total capacitor
energy, given by

1

Ecap = ECVZ. 3)

Previous studies have shown that the 2D axisymmetric formu-
lation may predict a more efficient energy transfer from the ca-
pacitors to the liner than observed in experiments [12]. This
discrepancy can arise from factors such as three-dimensional ef-
fects, additional resistive losses, or uncertainties in circuit and
material properties.

To account for these additional losses, which are not captured
in the simulation, a linear loss factor, Xj.s, 1S introduced. The
effective energy input is then adjusted as

Ei, = cap(1 - Xloss)- 4

This loss factor is included in the input voltage, as shown in
Table 4, and ranges from 0% and 20% in simulation.

4. RESULTS

The simulation methodology is validated using the three test
shots presented in Table 2.

4.1 Circuit Validation (Shot A)

Figure 13 shows the evolution of coil currents for Shot A,
comparing simulation without voltage scaling (dashed) to mea-
surements from test (solid) for the activated coils. Transparent
bands on test data represent an estimated measurement uncer-
tainty of +5%.

Current traces from experiment and simulation show peak
currents up to 70 kA and rise times of approximately 0.2 ms. In
the simulation, the pair coils have equal currents. However, ex-
perimental measurements show asymmetry, particularly between
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FIGURE 13: Evolution of coil currents measured in the experiment
and compared with simulation for Shot A with no additional losses
included.
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FIGURE 14: Average currents from activated pair coils, measured
from test and compared with simulation for different energy loss
factors.

coils 7 and 10, where the peak current in coil 7 is 56 kA, which
is 20% lower than the 70 kA observed in coil 10.

Simulations considering additional energy losses of 10%,
15%, and 20% were completed. The average current through each
coil pair was computed to compensate for asymmetries in the coil
currents seen in experiment. Figure 14 shows the average currents
for each circuit from experiment and each scaled simulation.



TABLE 5: Relative error in magnetic energy estimate between sim-
ulation and test.

((.[ Izdt)sim - (I Izdt)test) /(I Izdt)test
.. Xioss 0% 10% 15% 20%

Circuit
Circuit 4 0.055 -0.050 -0.104 -0.156
Circuit 5 0.146 0.031 -0.027 -0.084
Circuit 6 0.085 -0.024 -0.078 -0.132
Circuit 7 0.151 0.035 -0.022 -0.080
Average 0.109 0.002 -0.060 -0.101

The average current squared, which is proportional to the
magnetic energy in the coils, is integrated up to 0.6 ms to quan-
tify the differences between test and simulations. The relative
differences between test and simulations with different loss fac-
tors are shown Table 5. Results aligned closest between test and
simulation when including an additional 10% energy loss.

4.2 Liner Trajectory

Shots B and C from Table 2 were simulated to compare the
liner trajectories with simulation.

4.2.1 Two-Cone Configuration (Shot B). Figure 15 shows
an evolution of the liner predicted by simulation for Shot B with
a 10% loss factor. Conductive elements are coloured by the
magnitude of the magnetic field in the components. The liner
impacts the cones at approximately 0.45 ms and impacts the
center of the cone shortly after the final frame of 0.6 ms.

Figure 16 shows a comparison of the inner surface of the liner
from the simulation with SLR from test at different time instances,
for the case shown in Fig. 15. The final measurement from SLR
is at 0.47 ms. The transparent band represents measurement
uncertainty for the liner’s front edge.

Figure 17 shows the evolution of the radial velocity at the
equator extracted from simulations and compared with measure-
ments taken by PDV in the test. Experimental measurements
show the liner accelerates up to -300 m/s before signal is lost
at 0.52 ms. Simulation predictions with a 10% loss factor lie
within the deviations and uncertainty bands from test, with the
simulation yielding a similar radial velocity up to 0.5 ms.

4.2.2 Window Configuration (Shot C). Figure 18 shows
snapshots of the liner trajectory simulated for Shot C with a loss
factor of 20%.

Figure 19 shows the evolution of the radial velocity at the
equator extracted from simulations and compared with measure-
ments taken by PDV in Shot C. Experimental measurements show
the liner accelerate up to approximately -320 m/s before it begins
accelerating even further after 0.6 ms, with a peak measured ve-
locity of -500 m/s before signal is lost. Simulation predictions
with an energy loss factor of 20% most accurately match test,
lying within the deviations and uncertainty bands from test.

Figure 20 shows the positions of the liner’s edges (top inner,
top outer, and equator) extracted from this simulation and com-
pared against measurements from experiment via PDV and direct
imaging. The coloured translucent bands represent the measure-
ment uncertainty and the variation between the maximum and
minimum measurements for the specific edge.
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FIGURE 15: Evolution of liner shape and magnetic field intensity
(in EM components) for Shot B with 10% additional energy loss.
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FIGURE 17: Evolution of the radial velocity at the inner equator for
Shot B — comparing test and simulations with different levels of
energy losses.
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FIGURE 18: Evolution of liner shape and magnetic field intensity
(in EM components) for Shot C with 20% additional losses.
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FIGURE 19: Evolution of the radial velocity at the inner equator for
Shot C — comparing test and simulations with different levels of
energy losses.
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FIGURE 20: Comparison between test and simulation for the evo-
lution of outer (top) and inner (top and equator) cylinder radii over
time for Shot B with a 20% energy loss factor. Transparent bands
represent the uncertainty and range in radius measured along each
circumference.

5. DISCUSSION

The objective of this study is to evaluate the use of simu-
lation to predict the shape and trajectory of a solid lithium liner
undergoing electromagnetic compression. This is accomplished
by evaluating the capability of the LS-DYNA circuit model to
predict the coil current, and by comparing the resulting liner
trajectory with diagnostic measurements.

5.1 Circuit Model

Circuit model validation is achieved using measurements
from Shot A. This configuration involved connecting half of the
coils to the power supply (circuits 4, 5, 6 and 7), and discharging
into an empty cavity (no cartridge).

Figure 13 shows that the circuit model can replicate similar
current profiles to the ones measured in Shot A. However, the
model slightly overpredicts the amplitude of the coil currents
in most of the circuits. Table 5 shows that in the absence of
additional losses included in the model, the simulation computed
approximately 10% more magnetic energy than the experiment.
While an alignment within 10% is a significant achievement in the



model validation, further analyses were completed in this study
to achieve closer agreement with experimental data.

The higher efficiency calculated in the model can poten-
tially be explained by parasitic inductance losses, contact resis-
tances between the cables, coil azimuthal asymmetries, or electri-
cal specification variations across the pulse power components.
These effects are particularly noticeable when comparing the
measured coil currents connected in the same circuit. For in-
stance, circuit 7 showed a difference of close to 15 kA of peak
amplitude between the two coils. Modeling each source of re-
sistive and inductive losses in the circuit model would require
intensive calibration. Therefore, it was proposed to include these
additional losses by modifying the total initial electrical energy.

Results shown in Fig. 14 and Table 5 compared the circuit
currents between the test and simulations with the input electrical
energy reduced by 0%, 10%, 15%, and 20%. The results assum-
ing additional losses of 10% and 15% aligned the closest with
the experimental measurements, indicating that up to 15% of the
initial electrical energy is lost across mechanisms not captured
in the current model. This is reasonably acceptable for the 2D
axisymmetric model using a simplified RLC circuit with limited
resistance and inductance calibration.

From this validation exercise, it was noted that connecting
coil pairs in series as opposed to in parallel is preferable to avoid
undesired magnetic pressure gradients caused by different coil
currents during compression. More tests should be performed on
the LM26 compressor to better understand energy loss mecha-
nisms.

5.2 Liner Trajectory

Shots B and C are used to assess the capability of the LS-
DYNA simulation methodology to predict the compression tra-
jectory of a cylindrical lithium liner.

In Shot B, the liner velocity was tracked at the equator by
PDV (Fig. 17) and its axial profile was reconstructed by the
SLR measurements (Fig. 16). Following the conclusions from
Shot A, a simulation with additional losses of 10% was used,
which resulted in a liner trajectory that aligns closely with SLR
reconstruction. The liner velocity at the equator closely aligns
with available PDV measurements, within the range of velocities
measured by the channels.

The simulation’s ability to replicate the axial profile and
the liner velocity up to 0.47 ms is an important achievement.
This capability is required for LM26, where the reconstruction
of the plasma compression sequence will require close alignment
between the simulation and the experimental liner trajectory.

Shot C used a single-cone/window configuration. The liner
velocity was tracked at the equator by PDV (Fig. 19) while di-
rect imaging tracked the position of the top edges of the liner
(Fig. 20). The best alignment between simulation and experi-
mental data was with an additional energy loss of 20% included
in the model. Figure 19 shows that simulation accurately predicts
the liner velocity at the equator, including the rapid acceleration
at the end of compression due to the geometrical convergence of
the liner. This effect was also simulated for Shot B, but the PDV
signal was lost before it could be detected in test.

The different estimate on losses between Shot B and Shot C
may be explained by the differences in cartridges and operating
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conditions. Shot B used five circuits during compression, while
Shot C used four. Variations in mutual coupling between the
activated coils, open-circuited coils, the liner, and the cartridge
components could have led to different levels of additional losses
in each shot.

Another source of energy loss differences between Shot B
and Shot C may be attributed to the liner geometry. The liner
used in Shot C is thicker than that used in Shot B (18.6 mm
vs. 14.7 mm). As the liner thickness increases the hoop stress
resisting deformation also increases. As a result, the trajectories
are particularly sensitive to the material model parameters used
to describe the flow stress in lithium (Table 3). The parameters
used in this study were obtained from fitting the Johnson-Cook
model (Eq. (1)) to test data obtained in-house. The propagation
of the model residual error to the trajectory predictions has not
been evaluated but could significantly affect the velocity of the
liner, especially at high strain and high strain-rates. Therefore,
simulation prediction might deviate from measurements deep in
compression and for thicker liners.

6. CONCLUSION

Electromagnetic compression of hollow lithium cylinders
was achieved using theta-pinch coils on General Fusion’s Pro-
totype Zero testbed. A 2D axisymmetric model was developed
in LS-DYNA and validated against experimental results. The
modelling approach integrated the electromagnetic solver with a
newly developed circuit model, improving its predictive capabil-
ities compared to previous simulation work [12].

Three test shots (A, B, C) were selected for the validation of
the numerical model. Shot A did not include a liner and was used
to validate the circuit model. Shots B and C included a liner and
were used to validate the capability of LS-DYNA to capture the
liner’s dynamics during compression. For all test shots, the model
estimated greater efficiency in transferring energy to the coils and
liner than indicated by experimental measurements. When ad-
ditional energy losses ranging from 10% to 20% were included,
the simulations achieved close alignment with experimental data.
These loss estimates are realistic given the modelling and exper-
imental uncertainties. Since only three test shots were compared
between simulation and test, further comparisons are required to
improve confidence in the modelling tools and investigate energy
loss mechanisms. However, the alignment between the simula-
tion results and test data indicates a promising first step in model
validation.

The improved simulation methodology presented in this
study, which includes a method to account for additional sys-
tem losses, demonstrates reliable predictive capabilities to in-
form operation of similar machines. These advancements guided
the design of the full-scale LM26 plasma compression machine
and enabled the reconstruction of liner trajectories necessary for
computing plasma compression performance.
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