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Abstract

Electromagnetic implosions of hollow lithium cylinders can be utilized to compress magne-
tized plasma targets in the context of Magnetized Target Fusion (MTF). Two small-scale
experiments were conducted at General Fusion as a stepping stone toward compressing
magnetized plasmas on a larger scale. The first experiment is an electromagnetic implosion
of a lithium ring, and the second is a compression of toroidal magnetic flux by imploding a
hollow lithium cylinder onto an hourglass-shaped central structure. Here we present the
methodology and results of modelling these experiments with OpenFOAM. Our in-house
axisymmetric compressible MHD multi-phase solver was further extended to incorporate:
(i) external RLC circuit model for electromagnetic compression coils and (ii) diffusion of the
magnetic field into multiple solid materials. The implementation of the external RLC circuit
model for electromagnetic coils was verified by comparison with results obtained with
FEMM software and with the analytical solution. The solver was then applied to model
both experiments and the main conclusions are as follows: (i) modelling solid lithium as a
high-viscosity liquid is an adequate approach for the problems considered; (ii) the magnetic
diffusivity of lithium is an important parameter for the accurate prediction of implosion
trajectories (for the implosion of the lithium ring, higher values of magnetic diffusivity
in the range 0.2 ≤ ηring[m2/s] ≤ 0.5 resulted in a better fit to the experimental data with
a relative deviation in the trajectory of ≲ 20%); (iii) simulation results agree well with
experimental data, and in particular, the toroidal field amplification of 2.25 observed in the
experiment is reproduced in simulations within a relative error margin of 20%. The solver
is proven to be robust and has the potential to be employed in a variety of applications.

Keywords: electromagnetic compression; MHD; multi-phase; RLC circuit; OpenFOAM;
liner implosion; magnetic flux trapping; lithium

1. Introduction
The motivation behind this work is the ongoing development of Magnetized Target

Fusion (MTF) at General Fusion which takes its origin from the LINUS concept [1,2].
The basic concept of MTF is to form a magnetized plasma target inside a conductive
liner (flux conserver), which is then rapidly imploded to compress the plasma to fusion
conditions [3–5]. Magnetized plasma targets, the geometry and physical state of the flux
conserver (solid, liquid), and the liner implosion method may vary, with some being more
suitable for concept demonstration, and others for power plant design [5–12]. A recent
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paper by Turchi [13] provides an overview of the progress and issues with MTF, while a
summary of the general progress in fusion energy can be found in [14].

Lawson Machine 26 (LM26) for MTF demonstration was recently commissioned at
General Fusion. LM26 aims to demonstrate the heating of magnetized plasmas as they
are compressed by the electromagnetically imploded, initially cylindrical, solid lithium
liner [15]. A schematic (rz cross-section) of LM26 is shown in Figure 1. Here, a magnetized
plasma target is injected into a vacuum cavity by the plasma injector (also known as
a Marshall gun) as shown by the black arrow. The volume occupied by the plasma is
constrained on the inside by the solid hourglass-shaped central structure (often referred
to as the “centre shaft” in the manuscript) and by the lithium liner (shown by the cyan
rectangle) on the outside. The vacuum boundary behind the liner is established by a
cylindrical fibreglass vessel shown by the green rectangle. To shape the initial plasma and
to prevent it from touching components of the machine on the liner side, a background
poloidal magnetic field is generated inside the apparatus prior to the injection of the plasma.
An example of such a field is shown by the blue contours on the right-hand side of the figure.
The electromagnetic compression coil assembly (shown by the yellow rectangles) powered
by a high-voltage capacitor bank causes the liner to implode, compressing the magnetized
plasma. A typical trajectory of the inner surface of the liner during the implosion, along
with the final shape of the compressed plasma, is shown on the left side of the figure.

(a)
compression coil assembly

hourglass-shaped central structure

fibreglass vessel

(centre shaft)

initial magnetized plasma target

cylindrical lithium liner

implosion trajectory

(inner surface of liner)

compressed plasma target
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Figure 1. Schematic of LM26. The magnetized plasma target is injected into a vacuum cavity
bounded on the inside by the hourglass-shaped central structure (centre shaft) and by the lithium
liner on the outside. The injection path, indicated by the black arrow, and the magnetized plasma
target are shown on the right side of the figure. An example of the background poloidal magnetic
field prior to plasma injection is illustrated by the blue contours. The implosion trajectory and the
compressed magnetized plasma target are shown on the left side of the figure.

To assist the LM26 experimental campaign, and the small-scale test beds used in its
development, we would like to have simulation capability to model the entire system
starting from the point plasma is injected into the vacuum cavity. To achieve this, the
following are required: (i) the implementation of electromagnetic coils driven by an external
RLC circuit, (ii) the incorporation of a multi-material solid structure to account for magnetic
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field diffusion into solid parts, (iii) a plasma model and a means of differentiating between
vacuum and plasma regions, and (iv) an adequate material model for the liner.

Given our extensive experience using the open-source OpenFOAM [16] software to
model various compression schemes for MTF machines with liquid metal liners [11,17–20],
including the development of an MHD axisymmetric solver [20], it is appealing to adapt
our existing infrastructure to simulate the electromagnetic implosion of highly deformable
solid lithium liners in the LM26 machine. A long term objective is to have a single open-
source solver capable of simulating different ways to implode liquid or solid metal liners
(pneumatic pistons, electromagnetic) to compress magnetized plasmas. Once the infrastruc-
ture is in place, more sophisticated plasma and material models can be incorporated. In the
larger OpenFOAM community, the successful development of MHD implementations in
other forms [21–26] suggests this is a fruitful path for further development of whole-device
multiphysics simulations of MTF machines.

We now build upon our previous work [20] with focus on the implementation, verifica-
tion, and validation of a model of electromagnetic compression coils driven by an external
power supply. We also present a detailed description of a novel numerical algorithm for the
self-consistent time evolution of an external RLC circuit coupled with axisymmetric com-
pression coils. Two experimental test beds are then modelled and the results are compared
with available experimental data. It is important to emphasize that the implementation
of electromagnetic coils and the external RLC circuit model, as well as the incorporation
of multiple rigid solids to simulate magnetic diffusion, are general and can be used with
other solvers depending on the application of interest. The material model for the lithium
liner is greatly simplified and the implementation of more sophisticated models is left to
future work. Modelling of the entire LM26 machine including evolution of the magnetized
plasma during compression is ongoing and results will be reported elsewhere.

The rest of the paper is organized as follows. The methodology, implementation, and
verification of the electromagnetic coils and the external RLC circuit model are presented in
Section 2. The results are presented in Section 3, which is divided into two parts: Section 3.1,
in which an experiment of the electromagnetic implosion of a lithium ring in air is simulated
and results are compared to experimental data, and Section 3.2, in which an experiment
of the electromagnetic implosion of a hollow lithium cylinder onto an hourglass-shaped
central structure compressing toroidal magnetic flux under vacuum is simulated and results
are compared to experimental data. Lastly, a summary and conclusions are provided in
Section 4.

2. Methodology
2.1. Governing Equations

This work is an extension of Suponitsky et al. [20], in which an axisymmetric two-
phase compressible MHD solver (“mhdCompressibleInterFoam”) was developed based
on the standard compressible two-phase OpenFOAM solver “compressibleInterFoam”.
The MHD solver was developed with the OpenFOAM 10 version provided by “The Open-
FOAM Foundation” [16] which we continue to use here. The MHD equations that were
added to the standard “compressibleInterFoam” solver are shown below for convenient
reference (Equations (3)–(5)). The complete set of governing equations for the “mhdCom-
pressibleInterFoam” solver is provided in Appendix A along with some implementation
details. A detailed description of the “mhdCompressibleInterFoam” solver can be found
in [20].
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In the axisymmetric case, the poloidal–toroidal decomposition of the magnetic field
B [27–29] can be used (Equation (1)):

B = ∇ψ ×∇ϕ + F∇ϕ. (1)

This reduces the induction equation given by Equation (2),

∂B
∂t

= η∇2B +∇× (v × B), (2)

to two scalar equations for the toroidal function F (Equation (3)) and the poloidal flux per
radian ψ (Equation (4)):

1
r2

∂F
∂t

+
[
∇ ·

( v
r2 F

)
−∇ ·

( η

r2 ∇F
)]

−∇ ·
(

ωBpol

)
= 0, (3)

∂ψ

∂t
+ v · ∇ψ − η

[
r2∇ ·

(
1
r2 ∇ψ

)]
= 0, (4)

where η[m2/s] is the magnetic diffusivity, v is the velocity, ω = vϕ/r is the angular
velocity, Bpol = ∇ψ ×∇ϕ is a poloidal component of the magnetic field, and the cylindrical
coordinate system (r, ϕ, z) is used. Note that magnetic diffusivity η is related to the electrical
resistivity η

′
as η = η

′
/µo, where µo is the vacuum permeability.

Lorentz force is added as a source term to the momentum equation and is expressed
through toroidal function F and poloidal flux per radian ψ as in Equation (5):

Lorentz force
[

N
m3

]
=−

∇
(

F2)
2µor2 − 1

µor2 ∆∗ψ∇ψ +
1
µo

(
Bpol · ∇F

)
∇ϕ,

where ∆∗ψ = r2∇ ·
(

1
r2 ∇ψ

)
.

(5)

2.2. Modelling Electromagnetic Coils in OpenFOAM
2.2.1. Implementation of the Electromagnetic Coils Model

Conceptually, the idea is to use the equation for the poloidal flux function ψ

(Equation (4)), which is already implemented in the “mhdCompressibleInterFoam” solver,
to describe the evolution of magnetic fields in vacuum. With this approach, the vacuum
is modelled as a resistive medium by setting a large, but finite, value for the magnetic
diffusivity ηvac and it is set as a gas phase in the solver. The specific value of ηvac, which is
required to adequately simulate the dynamics of magnetic fields in vacuum, may vary from
one problem to another, as it depends on the size of the computational domain and the time
scale of interest. The time and length scales of diffusion are related as L ∝

√
ηvac∆tvac and,

therefore, the required value of ηvac increases with increasing size of the computational
domain and shorter time scales.

In the current implementation, the electromagnetic compression coil has the shape
of an axisymmetric toroid with a rectangular cross-section and is assumed to be a perfect
conductor, i.e., there is no diffusion of magnetic field into the coil. As such, the poloidal
flux remains spatially uniform over the cross-section of the coil, so the grid cells comprising
the coil have the same value of ψcoil(t). This assumption is valid for high-frequency
alternating current (AC), as penetration of the magnetic field (skin depth) is small (skin
depth δ ∝

√
η′/( f µ), where η′ is electrical resistivity, f is current frequency and µ is

magnetic permeability). The accuracy of this approximation for DC current depends on
the problem in question. The poloidal flux is assumed to be zero at all boundaries of the
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computational domain ψ|Γ = 0, and the size of the domain is sufficient to minimize the
effect of the boundary condition on the solution.

The computational mesh is conformed to the coil geometry, i.e., each grid cell lies
either entirely inside or entirely outside the coil. As such, each coil is represented by a
dedicated set of mesh cells within the computational domain. With the assumption of a
perfect conductor, the poloidal flux remains spatially uniform across the surface of the coil.
To apply time-varying voltage Vcoil(t) to the coil, the poloidal flux ψcoil(t) can be prescribed
over the set of cells comprising the coil such that dψcoil(t)/dt ∝ Vcoil(t).

It is worth mentioning that in our MHD description, at each moment in time there is a
general relation between the poloidal flux of any coil ψcoil(t) and its total electric current
Icoil(t), derived from Ampère’s circuital law, Equation (6) (the exact procedure is detailed
later in this section):

µ0 N Icoil(t) =
∮
C

Bpol(t) · dl, (6)

where integration contour C is a closed curve around the coil oriented clockwise, and N is
the number of turns in the coil. In the simple case of the single-turn stationary perfectly
conducting coil considered here, this relation can be expressed as Equation (7) (assuming
the vacuum diffusion time scale ∆tvac is negligible compared to the dynamic time scales
of interest):

Ψcoil(t) ≡ 2πψcoil(t) = Lcoil Icoil(t), (7)

where Lcoil is the time-constant coil inductance determined solely by the geometry of the
coil and the computational domain. In this case, clockwise orientation of the integration
contour C in Equation (6) ensures that Icoil is positive (flowing into the page) when ψcoil is
positive, and therefore Lcoil is also positive.

2.2.2. Verification of the Electromagnetic Coils Model

To demonstrate and verify this implementation, the test problem of a single coil placed
inside a hollow cylindrical vacuum void with perfect conductor walls is modelled with
both OpenFOAM and FEMM (Finite Element Method Magnetic, version 4.2 ) software [30].
The size of the computational domain and the boundary conditions are identical in both
codes. The radial and axial extents of the computational domain are 0.1 ≤ r[m] ≤ 0.4 and
−0.2 ≤ z[m] ≤ 0.2, respectively. The geometry of the coils and the parameters are given in
Table 1. In OpenFOAM, the computational domain is a one-cell-thick wedge (5°), which is a
standard way to simulate two-dimensional axisymmetric problems in OpenFOAM [16,31].
A uniform structured orthogonal mesh is used with 1 mm resolution in both the radial and
axial directions. The vacuum grid cells are initialized with ψ = 0, and for the grid cells
comprising the coil, a constant value of ψcoil(t) = ψ0 coil is prescribed. The system is then
evolved until a steady state is reached.

In FEMM simulations, an automatically generated triangular mesh is used as shown
in Figure A1. The amplitude of the electric current in the coil (required input in FEMM) is
set to the value obtained in the OpenFOAM simulation, calculated using Equation (6), as in
Table 1. In FEMM, magnetic diffusion into the coil is taken into account. This allows us to
see how the magnetic field outside the coil differs from that when the coil is assumed to be
a perfect conductor, as in OpenFOAM. The coil material is set to copper and simulations are
performed for three frequencies of AC current to vary the skin depth. Note that although
the OpenFOAM results correspond to steady state (DC) cases, their comparison with the
FEMM AC cases is still mathematically valid in terms of the amplitudes of the obtained
fields. The comparison between OpenFOAM and FEMM is given in Figure 2. Part (a) shows
the steady-state solution obtained with OpenFOAM for a perfect conductor coil. Parts
(b), (c), and (d) correspond to FEMM results obtained with different frequencies of electric
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current f = 1 × 106 Hz, f = 1 × 103 Hz, and f = 0 (DC), respectively. In Figure 2, the
magnitude of the magnetic field B is shown by the colour map and the contours correspond
to the poloidal flux Ψ; the colour map and contours are shown for the same range of values
for both codes. Values of Ψcoil, Icoil, and Lcoil are given in Table 1. The inductance Lcoil is
calculated by Equation (7).

Table 1. Parameters for DC coil verification case.

Test Coil Geometry Parameters 1

One coil 0.2 ≤ r[m] ≤ 0.3 ; 0.01 ≤ z[m] ≤ 0.05 Ψcoil = 0.125 Wb, Icoil = 290, 310 A,
Lcoil = 430 nH

1 Simulations were run for several values of vacuum magnetic diffusivity ηvac. Nominal ηvac = 105 m2/s.

One can see that the results obtained with OpenFOAM are very similar to those
obtained with FEMM for high-frequency current, when there is very little penetration of the
magnetic field into the coil (compare Figure 2a and 2b). When comparing FEMM solutions
for f = 106 Hz and f = 103 Hz, the magnetic fields outside the coils are very similar, even
though there is some penetration of the field into the coil for f = 103 Hz. In the DC current
scenario, the magnetic field is fully diffused through the coil and some changes to the
magnetic field structure around the coil can be observed.

(a)

0 21

coil1

f = 106 Hz

(b)
f = 103 Hz

(c)

f = 0 (DC)

(d)

Figure 2. Comparison between OpenFOAM and FEMM results for a single magnetic coil in a vacuum
void. The geometry of the coil and the simulation parameters are given in Table 1. (a) OpenFOAM
results. Steady state solution obtained by prescribing constant values of the poloidal flux Ψ = Ψcoil

for sets of mesh cells that comprise coils (ideal conductor). FEMM results for three frequencies of
electric current: (b) f = 106 Hz; (c) f = 103 Hz; and (d) f = 0 (DC). The coil material was set to
copper, and diffusion of the magnetic field was accounted for. The colour map shows the magnitude
of the magnetic field B (0 ≤ |B| ≤ 2 T). Also shown are the contours of the poloidal flux Ψ within the
range 0 ≤ Ψ ≤ 0.125 Wb, ∆Ψ = 0.007 Wb (19 contours). Range and contour values are identical for
OpenFOAM and FEMM.
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The radial profiles of the poloidal flux Ψ at the axial position aligned with the middle
of the coil (as shown by the red line in Figure 2a) for the four simulations in Figure 2 are
shown in Figure 3. OpenFOAM results are plotted with a black line. FEMM results are
shown using red lines, with solid, dash-dot and dashed lines corresponding to AC current
with frequencies f = 106 Hz, f = 103 Hz, and f = 0 (DC), respectively. One can see that
for high-frequency AC current, the distribution of the poloidal flux Ψ outside the coil is
almost identical in OpenFOAM and FEMM. For DC current, the distribution of Ψ outside
the coil is also not greatly dissimilar from that obtained with high-frequency AC current,
despite the magnetic field being fully diffused into the coil. Resolution and domain size
checks were performed for both codes to ensure convergence of the results.

0.1 0.15 0.2 0.25 0.3 0.35 0.4

r,m

0

0.05

0.1

0.15

0.2

, 
W

b

FEMM f = 106 Hz

FEMM f = 103 Hz

OpenFOAM

FEMM f = 0 (DC)

Figure 3. Comparison between OpenFOAM and FEMM. Radial Ψ profile at the mid-plane of the
coil (along the red line in Figure 2a): OpenFOAM results are shown using the solid black line,
ηvac = 105 m2/s. FEMM results are shown with red lines for three cases: (i) solid line—AC current
with f = 106 Hz; (ii) dash-dot line—AC current with f = 103 Hz; and (iii) dashed line—DC current
f = 0.

2.3. Modelling the External RLC Circuit in OpenFOAM
2.3.1. Implementation of the External RLC Circuit Model

A schematic of the electromagnetic coil connected to the external circuit as imple-
mented in OpenFOAM is shown in Figure 4. It is assumed that an experimental circuit
comprising high-voltage capacitors, inductors, and cables can be reduced to the theoretical
equivalent RLC circuit using effective parameters Reff, Leff, and Ceff as shown in Figure 4a.
The experimental circuit also features a diode, so the RLC circuit model is extended to
include a diode (ideal), as shown in Figure 4b. All the external inductive and resistive
components are combined into two sets Lcap, Rcap and Lcable, Rcable. The diode is turned on
or off depending on the voltage across it. Initially, the diode is turned off with Vdiode > 0
and the voltage applied to the coil, Vcoil, is governed by the green loop (Figure 4b). When
the voltage across the diode becomes negative (Vdiode < 0), the diode is turned on, and the
voltage applied to the coil is dictated by the cyan loop. Also shown in Figure 4 is the set of
cells encircling the coil (dark grey colour). This set of cells is used to evaluate the current in
the coil (using Equation (6), with the integration path shown by the yellow line). For the
problems considered, the initial condition of the external circuit is a capacitor bank charged
to a target voltage which begins to discharge at t = 0 to power the compression coil.

To apply a time-dependent voltage to the coil, the poloidal flux as a function of time
should be specified for the cells comprising the coil. Poloidal flux ψcoil(t) is calculated
using the parameters of the external circuit and the procedure is detailed below. For the coil
connected to an equivalent RLC circuit, Kirchhoff’s second law (loop rule) can be written
as follows (Equation (8)):

Vcoil = VC + VL + VR, (8)
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where Vcoil, Vc, VL, and VR are the voltage drops across the coil, capacitor, inductive, and
resistive components, respectively. The voltage drops across different components in
Equation (8) are calculated using Equation (9):

Vcoil = −2πN
dψcoil

dt
, Vc =

Q
Ceff

, VL = Leff
dIcoil

dt
, VR = Reff Icoil, (9)

where N is the number of turns in the coil, Q is the electric charge of the capacitor, and
Icoil is the electric current in the coil. After substituting Equation (9) into Equation (8) and
rearranging terms, the equation for the total flux Φ is obtained (Equation (10)):

dΦ
dt

= −
[

Q
Ceff

+ Reff Icoil

]
︸ ︷︷ ︸

rhs

, where Φ = 2πNψcoil + Leff Icoil and
dQ
dt

= Icoil. (10)

This system of circuit equations should be supplemented with the relation between
the electric current Icoil passing through the coil and the value of the poloidal flux at the coil
ψcoil, which is obtained from Ampére’s law, given by Equation (6) (we rewrite it below for
convenience). In the present implementation, the line integral in Equation (11) is calculated
along the closed curve shown by the yellow line in Figure 4.

µo N Icoil =
∮
C

Bpol · dl, Ampére’s law. (11)

In the calculation of the line integral in Equation (11), only the poloidal component of the
magnetic field is used. The poloidal magnetic field is related to the poloidal flux ψ as:

Bpol = ∇ψ ×∇ϕ, (12)

where ϕ is azimuthal angle.

V

Leff

Ceff

Reff

coil

integration path

(a)

V

Lcable Lcap

Ccap

RcapRcable

+

−
Vdiodecoil

integration path

Vdiode < 0

Vdiode > 0

(b)

Figure 4. A schematic of the electromagnetic compression coil connected to the external circuit.
The coil is represented by a set of grid cells. The poloidal flux ψcoil for this set of cells is calculated
from the voltage applied to the coil by the external RLC circuit. (a) External circuit reduced to the
theoretical equivalent RLC circuit. Leff, Reff, and Ceff are the effective values of the equivalent circuit.
(b) Variation of the basic circuit which includes an ideal diode. The diode turns on or off depending
on the sign of the voltage across it. Initially (t = 0) the coil is connected to the green loop (positive
voltage across the diode) and switches to the blue loop when the diode turns on (voltage across the
diode becomes negative). Effective values are then calculated using the appropriate current loop
determined by the voltage across the diode. Grid cells encompassing the coil (marked by the dark
grey colour) are used to calculate the contour integrals required for the circuit model.
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A scalar poloidal flux field ψ is then decomposed into two fields ψ1 and ψcoilψ̂0, as in
Equation (13):

Bpol = ∇ψ ×∇ϕ = ∇
[
ψ1 + ψcoilψ̂0

]
×∇ϕ = ∇ψ1 ×∇ϕ︸ ︷︷ ︸

B1

+ψcoil ∇ψ̂0 ×∇ϕ︸ ︷︷ ︸
B̂0

, (13)

where corresponding fields ψ1 and ψcoilψ̂0 are shown in Figure 5. This results in splitting the
line integral in Equation (6) into two parts, using fields B1 and B̂0 as written in Equation (14):

µ0NIcoil(t) =
∮
C

Bpol · dl = C1(t) + ψcoil(t)C0; C1(t) =
∮
C

B1(t) · dl and C0 =
∮
C

B̂0 · dl, (14)

which directly relates the current Icoil to the poloidal flux ψcoil. It should be noted that in
Equation (14), C0 is a constant defined by the geometry of the coil and is calculated once at
the beginning of the simulation, while C1 needs to be recalculated at each time step based
on the distribution of ψ1. Equations (4), (10), and (14) constitute a circuit model for the
electromagnetic compression coil connected to the basic equivalent RLC circuit.

As a result, we implement a novel numerical algorithm for the self-consistent coupled
time evolution of the electromagnetic compression coil and the external RLC circuit. This
algorithm is summarized below.

1. At the beginning of the simulation, calculate the value C0 in Equation (14) using
the vector field B̂0 (Equation (13), Figure 5). At t = 0, set the initial poloidal flux
distribution in the domain to ψ0 = 0 (including ψ0

coil = 0 at the coil), current I0
coil = 0,

full flux Φ0 = 0, and the capacitor charge Q0 = CeffV0 based on the initial capacitor
voltage V0.

At each time step t = tn, the scalar field ψn and the values of Φn and Qn are known.
Then, do the following:

2. Calculate the value Cn
1 in Equation (14) using the vector field Bn

1 with mesh values of
ψn

1 (Equation (13), Figure 5).
3. Calculate values for ψn

coil and In
coil from the total flux Φn (Equation (10)) and Ampère’s

circuital law (Equation (14)) as:ψn
coil =

[
Φn − Leff Cn

1
µ0 N

]
/
[
2πN + LeffC0

µ0 N

]
In
coil = 1

µ0 N
[
Cn

1 + ψn
coil C0

] (15)

4. Assign the updated value of ψn
coil to the mesh cells comprising the coil.

5. Advance in time the poloidal flux scalar field ψ in vacuum using Equation (4), with
vacuum resistivity η:

ψn+1 = ψn + dt[−v · ∇ψn + η ∆∗ψn] (16)

6. Advance in time the total flux Φ using Equation (10) as:

Φn+1 = Φn − dt
[

Qn

Ceff
+ Reff In

coil

]
(17)

7. Advance in time the electric charge of the capacitor bank using Equation (18):

Qn+1 = Qn + dt In
coil. (18)

8. Go to 1 at the next time step.
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The equations and the implementation are also valid for a modified circuit which
includes the diode, which switches between the green and blue loops in Figure 4b de-
pending on the voltage across it. For the circuit with the diode, there is an additional
step of calculating the voltage across the diode. This is required to identify the electric
loop connected to the electromagnetic coil (Figure 4b). The corresponding effective values
of inductance Leff and resistance Reff are then calculated. These values are subsequently
utilized in the circuit model equations. Lastly, it is worth noting that the second part in
Equation (15) can be rearranged to directly calculate the value of ψcoil, if the value of Icoil

is known. This can be useful in certain scenarios. For example, if there are experimental
measurements of the current, these can be applied directly to calculate ψcoil to drive the
electromagnetic coil. This trick can also be used to model a coil that is physically present
in the setup but is not connected to the circuit, as this scenario can be approximated by
enforcing zero toroidal current in the coil during the simulation.

= +ψ = ψcoil

ψ = ψ(r, z)

ψ = 0

ψ = ψ(r, z)

ψcoil ψ = 1

ψ = 0

ψ ψ1 ψ̂0

Figure 5. Decomposition of the poloidal flux field ψ for the implementation of the circuit model. Dark
grey cells constitute the integration path for the line integral in Equation (6). At each time step, the
poloidal flux field ψ = ψ(r, z) is reset to ψ = ψcoil for cells comprising the coil. For the line integral
calculation, the poloidal flux is decomposed into two parts: (1) field ψ1: ψ1 = 0 is set for the coil
cells and ψ1 = ψ(r, z) outside, and (2) field ψcoilψ̂0: ψ̂0 = 1 for the coil cells and ψ̂0 = 0 outside. As
the value of ψcoil is the same for all cells comprising the coil, it can be taken outside as a constant
multiplier in front of ψ̂0.

2.3.2. Verification Tests of the RLC Circuit Model

The implementation of the circuit model is verified using a test case of a single coil
in a vacuum cavity (enclosed by a perfect conductor) connected to the external circuit as
shown in Figure 4. The simulation setup is the same as for the single-coil implementation
test shown in Figure 2a. Verification is carried out by comparing the electric current
Icoil calculated in the OpenFOAM simulation to that obtained analytically for the same
set of parameters, i.e., the same effective resistance, inductance, capacitance, and initial
capacitor voltage. In calculating the parameters of the analytical circuit, one should note
that the resistance and capacitance of the circuit are explicitly specified parameters of the
OpenFOAM external circuit model, whereas the effective inductance is an implicit result
of the domain and geometry of the simulation. Here, since we are using the same setup
as in the coil test discussed above, the inductance of the coil has already been calculated
and is equal to Lcoil = 430 nH (as listed in Table 1). This value is used to calculate the
effective inductance used in the analytical solution for comparison with OpenFOAM. For
the initial conditions given by Equation (19), the electric current in the RLC circuit is given
by Equation (20). More details about the analytical solution can be found in Appendix B.

I(t = 0) = 0 and Q(t = 0) = Vo Ceff. (19)

I(t) = −
β2 + ω2

d
ωd

Vo Ceff e−βt sin(ωd t), where

ωd =
√

ω2
0 − β2, β =

Reff
2Leff

, ω0 =
1√

LeffCeff
.

(20)
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For a circuit that includes a diode, when the diode is on, the RLC circuit switches to an RL
circuit, with the corresponding electric current given by Equation (21).

I(t > td) = Ide−Reff(t−td)/Leff , (21)

where td is the time when the diode is activated, Id is the value of the electric current when
the diode is activated, and Reff and Leff are the effective resistance and inductance of the
corresponding RL circuit (Figure 4b).

The comparison between OpenFOAM and the analytical solution is presented in
Figure 6. Circuit parameters used in OpenFOAM simulations (see Figure 4b for circuit
diagram) and corresponding effective parameters used in the analytical solution are listed in
Table 2. OpenFOAM results obtained with nominal values for vacuum magnetic diffusivity
and simulation time step (ηvac = 105 m2/s and dt = 10−8 s) are shown by red lines for two
cases: (i) solid red line—the diode is disconnected, and (ii) dash-dot red line—the diode
is connected and turns on when the voltage across it becomes negative. The analytical
solution given by Equation (20) with the parameters listed in Table 2 is shown by the solid
black line. The analytical solution for the current decay in the RL circuit (Equation (21))
that describes the behaviour once the diode is turned on is shown by the dashed black line;
values for the current Id and time td are taken from the OpenFOAM simulation.
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Figure 6. Comparison between the electric current calculated in OpenFOAM simulations of a single
electromagnetic coil in a vacuum chamber connected to an external circuit and the analytical solution
obtained for the same values of effective resistance, inductance, and capacitance. OpenFOAM results
for the basic RLC circuit (without diode) are shown by the solid red (ηvac = 105 m2/s, dt = 10−8 s),
solid magenta (ηvac = 103 m2/s, dt = 10−8 s), and dash-dot magenta (ηvac = 103 m2/s, dt = 10−7 s)
lines. The corresponding analytical solution (Equation (20)) is shown by the solid black line. Electric
current calculated for the circuit including a diode is shown by the red dash-dot line, with the
analytical solution given by Equation (21) (valid from the moment the diode is activated) plotted
with the dashed black line.

Two additional OpenFOAM simulations were carried out to study the sensitivity
of the solution to the vacuum magnetic diffusivity and the time step. These are shown
with magenta lines: (i) solid magenta line—the vacuum magnetic diffusivity value is
reduced to ηvac = 103 m2/s while keeping the nominal time step of dt = 10−8 s, and
(ii) dash-dot magenta line for a larger time step dt = 10−7 s and the nominal value of the
vacuum magnetic diffusivity ηvac = 105 m2/s. One can see that for the nominal values
of the vacuum magnetic diffusivity and time step, solutions obtained in OpenFOAM are
in excellent agreement with the corresponding analytical solutions obtained for the same
effective circuit parameters. It can also be seen that for the frequency considered in this
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test, reducing the vacuum magnetic diffusivity by a factor of 100 or increasing the time step
by a factor of 10 results in a noticeable difference between OpenFOAM and the analytical
solution. This emphasizes the need to tune those parameters for the specific problem
of interest, and the test problems provide an effective and reasonably rigorous way of
guiding what values of those parameters are required for a given physical regime. The
length and time scales used in the verification tests are similar to those in the problems
we want to simulate. Therefore, in the simulations described in the “Results”, Section 3,
ηvac = 105 m2/s and dt = 10−8 s were chosen as the nominal values.

Table 2. Circuit parameters used in circuit implementation verification test (results are shown in
Figure 6).

Test Circuit Parameters

OpenFOAM 1 Rcap = 0, Lcap = 0, C = 1200µF, Vo = −10.5 kV,
Rcable = 0.01 Ω, Lcable = 170 nH, Lcoil = 430 nH (not an input, calculated
in simulation)

Analytical Equation (20) Diode off:
Reff = Rcap + Rcable = 0.01 Ω,
Leff = Lcap + Lcable + Lcoil = 600 nH, Ceff = 1200µF, Vo = −10.5 kV
β = 8333.3 rad/s, ωo = 37268 rad/s, ωd = 36324 rad/s

Analytical Equation (21) 2 Diode on:
Reff = Rcable = 0.01 Ω,
Leff = Lcable + Lcoil = 600 nH, Id = 307378 A, td = 4.957 × 10−5 s

1 Sketch of the circuit implemented in OpenFOAM with required parameters is shown in Figure 4b. 2 Values of Id
and td at time diode is turned on are taken from the OpenFOAM simulation.

3. Results
The “mhdCompressibleInterFoam” solver supplemented with the external RLC circuit

model was used to simulate two experimental test beds. The first is an electromagnetic im-
plosion of a solid lithium ring (Section 3.1), and the second is an electromagnetic implosion
of a hollow lithium cylinder onto an hourglass-shaped central structure (Section 3.2).

3.1. Implosion of a Solid Lithium Ring

The primary objective is to assess how accurately the solver can predict the shape and
trajectory of the imploding ring. In particular, we aim to determine whether modelling
solid lithium as a high-viscosity liquid is adequate for the range of parameters used in the
experiment.

3.1.1. Experimental Apparatus

The experimental electromagnetic compression system for the implosion of a solid
lithium ring is shown in Figure 7. The compression coil assembly is constructed from
individual 6.4 mm thick aluminum plates (turns) that are stacked on top of each other
with insulating material between them (DMD100.3753, Electrowind). This design allows
flexibility in tuning the magnetic field produced by the compression coil assembly by
varying the number of plates, the electrical connection between plates, or the spacing
between the plates. For this experiment, the compression coil assembly is composed of
eight identical plates (turns), combined into two coils of four turns each. Within each coil,
individual turns are electrically connected in series. Each of the two coils is connected to
a bank of twenty four high-voltage capacitors (General Electric, 52 µF arranged in pairs)
that can be charged up to 16 kV. A solid lithium ring is placed inside the compression coil
assembly and concentrically aligned with it. The compression system is located inside a
shipping container to minimize the hazards of working with lithium and flying debris.
More details on the experimental apparatus and data collection can be found in [32].
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During the discharge of the capacitors, electric current flows through the coil gen-
erating a magnetic field around it (like in a solenoid). This poloidal magnetic field then
induces a toroidal electric current in a thin layer of material at the outer surface of the
lithium ring. This results in a Lorentz force acting upon the lithium ring in an inward
radial direction and causing the ring to implode. Images of the imploding lithium ring
captured by a high-speed camera are shown in Figure 8. It can be seen that the lithium ring
remains symmetric during the implosion and its inner surface remains smooth without
obvious buckles. The parameters and data for this implosion of the lithium ring were used
to compare with the numerical results.
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Figure 7. Experimental apparatus for electromagnetic implosion of a solid lithium ring built at
General Fusion.
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Figure 8. Snapshots of the lithium ring during the implosion captured by high-speed camera.
The initial temperature of the lithium ring is 100 ◦C. (a) t = 0 (before implosion); (b) t = 0.48 ms;
(c) t = 0.75 ms.

3.1.2. Numerical Setup and Implosion Dynamics

The numerical setup to simulate the implosion of a solid lithium ring is shown in
Figure 9 (rz cross-section). To simulate two-dimensional axisymmetric problems in Open-
FOAM, the geometry is specified as a wedge of small angle (5°) which is one cell thick and
runs along the plane of symmetry. The front and back planes of the wedge are specified
as separate patches and for each patch, the boundary condition is set to wedge type (see
OpenFOAM documentation [16] and reference [31] for more details). The extent of the
computational domain in the radial and axial (vertical) directions is 0.01 ≤ r[m] ≤ 1.2 and
−0.7 ≤ z[m] ≤ 0.7, respectively. The computational domain does not extend all the way
to r = 0 to avoid singularity. The resolution of the initially uniform background mesh is
∆r = ∆z = 2 mm. The mesh has three levels of refinement and the resolution in the region
of primary interest is 0.25 mm. Refined regions are shaded with different colours in Figure 9.
(Refinement regions: 0.1 ≤ r[m] ≤ 0.7, |z[m]| ≤ 0.1; 0.7 ≤ r[m] ≤ 0.8, 0.1 ≤ |z[m]| ≤ 0.2;
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0.8 ≤ r[m] ≤ 1, 0.2 ≤ |z[m]| ≤ 0.5.) This size of computational domain and mesh resolution
were found to be sufficient to produce converged results for the problem in question.
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Figure 9. Computational setup (rz cross-section) used to simulate the experiment of an electromag-
netically imploding lithium ring.

Following the experimental setup, the compression coil assembly comprises two sep-
arate coils (denoted coil1 and coil2), with four turns each. Each of the coils is connected
to its own RLC circuit using effective parameters derived from the experimental circuit.
The inner and outer radii of the coils are Rcoilinner = 0.2695 m and Rcoilouter = 0.437 m,
respectively. The height of the entire coil is hcoil = 0.057 m with a vacuum (gas phase)
gap of 1 mm between the coils. The axial position is 0.0005 ≤ zcoil1 [m] ≤ 0.0285 for coil1
and −0.0285 ≤ zcoil2 [m] ≤ −0.0005 for coil2. The effective circuit parameters used in the
simulations presented in this section are as follows: Rcable = 0.01 Ω, Rcap = 0.42 × 10−3 Ω,
Lcable = 800 nH, Lcap = 33.3 nH, Ccap = 1248 µF, and Vcap = 12 kV (unless stated other-
wise). The actual capacitor voltage in the experiment was 14 kV; the value used in the
simulation was adjusted to match the value of the maximum electric current measured
in the experiment. This is discussed later in this section. The same set of effective circuit
parameters is used to drive each of the coils. The dimensions of the lithium ring correspond
to those used in the experiment shown in Figure 8 with the inner and outer radii equal to
Rringinner

= 0.239 m and Rringouter
= 0.264 m and the height of the ring (rectangular cross-

section) hring = 0.054 m (−0.027 ≤ zring[m] ≤ 0.027). With this setup, the initial spacing
between the outer surface of the lithium ring and the inner surface of the coil is 5.5 mm,
which is resolved with 22 grid cells.

The volume fraction field is initially set to α = 1 for the region occupied by the lithium
ring, and to α = 0 elsewhere in the domain. The initial velocity and poloidal flux fields
are set to zero, and the pressure field is set to p = po = 105 Pa. At all boundaries of the
computational domain, the poloidal flux is set to zero (ψ = 0), with a zero normal gradient
boundary condition applied to the velocity, pressure, and volume fraction fields. The
vacuum (air) region was modelled as an ideal gas. The magnetic diffusivity of the vacuum
was set to ηvac = 105 m2/s. Simulations were run with an adjustable time step, with an
upper bound of dtmax = 10−8 s.

In all simulations presented in this paper, solid lithium was modelled as a compress-
ible fluid, and a barotropic equation of state given by Equation (22) (variation of Tait
equation [33]) was used to account for compressibility.
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ρ = ρo

(
p + B
po + B

)1/γ

, with γ = 7, B = 1.67 × 109. (22)

In Equation (22), the reference density and pressure were set to ρo = 534 kg/m3 (density
of solid lithium) and po = 105 Pa. Another important simplifying assumption for approx-
imating solid lithium was the use of an isotropic Newtonian viscous stress tensor with
a high constant value of dynamic viscosity µLi = 1000 Pa · s (see Appendix A). For the
experiments and parameter space considered here, using this simple model produced good
results, as discussed later in this section. Magnetic diffusivity was set as a constant with a
nominal value of ηLi = 0.1 m2/s, which corresponds to that of solid lithium at 100 ◦C. We
note that in reality, the magnetic diffusivity (electric resistivity) of lithium depends on its
local temperature and pressure, and such dependencies can be taken into account in the
OpenFOAM model. However, for simplicity, we ignore these effects and analyze only the
sensitivity of the results to different constant values of ηLi.

Snapshots (rz cross-section) of the lithium ring, along with contours of the poloidal
flux per radian ψ are shown in Figure 10 for several time instances during the implo-
sion. Poloidal flux contours are shown for the range of −0.3 Wb/rad ≤ ψ ≤ 0 with
∆ψ = 0.03 Wb/rad, and this range is the same for all instances. The poloidal flux contours
are coloured by the magnitude of the magnetic field in the range of 0 ≤ |B| ≤ 8 T. These
results are obtained with the nominal set of parameters listed above.

One can see that at early times, a strong magnetic field is generated in the gap between
the outer surface of the lithium ring and the electromagnetic coil assembly. This magnetic
field is generated by the electric current flowing through the coils during the discharge
of the capacitor bank. The Lorentz force resulting from the induced electric current at the
outer surface of the lithium ring acts upon the ring in the radial direction, initiating the
implosion. At later times, the strength of the magnetic field in the gap decreases due to
three different effects which are interconnected: (i) the movement of the ring (change in
inductance of the system), (ii) the diffusion of the magnetic field into the ring, and (iii) the
decay of the electric current flowing through the coil. It can also be seen that the magnetic
field curves around the top and bottom of the ring. As such, some magnetic field is also
present inside the ring, and this too diffuses into the ring through the inner surface.

In Figure 11, radial profiles of the magnetic field at the equator (along the dashed
line in Figure 10a) are plotted with solid red lines for the same instances as in Figure 10.
For comparison, the profiles obtained without the lithium ring in the computational setup
are plotted with the black dashed lines. The radial positions of the lithium ring and
compression coil are shown by the grey and pink shaded regions, respectively. First, one
can see that as expected, the magnetic field inside the coil is zero. It may further be noted
that the presence of the ring has a minor effect on the profiles of the magnetic field outside
the coil (to the right of the pink-shaded area). Looking at the evolution of the magnetic
field profile inside the ring (region shaded grey), the following can be observed: (i) At early
times, a strong magnetic field generated in the gap starts to diffuse into the ring. At the
same time, because of the magnetic field bending around the ring, a weaker magnetic field
of the opposite sign diffuses into the ring from the inside as well. (ii) Once the ring moves
inward, the magnetic field in the gap quickly drops, mainly due to the change in inductance.
As such, the magnetic field present in the gap at the outer surface of the ring becomes
weaker than that diffused into the ring. As a result, the direction of the Lorentz force acting
upon the ring in this region is reversed, consequently putting the material under tension. It
should be noted that, in the case of liquid liners, this may result in delamination and the
formation of a cavitated liquid region [34]. Since a highly deformable solid is modelled
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here as a high-viscosity liquid, delamination and cavitation are observed in our simulations
when the viscosity of the ring is set below a certain threshold.

In our experiments of the electromagnetic implosion of solid lithium rings, no bulk
delamination was observed on the outer surface of the ring. Hence, the lower bound of the
viscosity values used in this work was selected just above the threshold at which cavitation
occurs. For the parameters of the current experiments, this value is approximately 200 Pa · s.
Additional simulations were also performed in which viscosity was varied by an order
of magnitude (in the range of 200 Pa·s ≤ µring ≤ 2000 Pa·s). It is worth mentioning that
this viscosity range is similar to that of other highly-viscous liquids, such as peanut butter
or silicone sealant (100–1000 Pa·s). The effect of viscosity on the shape of the ring and the
implosion trajectory was found to be insignificant (within the tested range), and all the
results reported in this work were obtained using a nominal value of µring = 1000 Pa·s.
Lastly, profiles of the magnetic field obtained in simulation without a ring (dashed black
lines in Figure 11) exhibit very similar behaviour at all times, as expected. These profiles
correspond to the magnetic field inside a solenoid of finite length with the field strength
directly proportional to the electric current in the coil.

t = 0.1 ms

(a) r
z

0 8

t = 0.2 ms

(b)
0 8

t = 0.5 ms

(c)
0 8

t = 0.6 ms

(d)
0 8

Figure 10. Snapshots of the lithium ring and magnetic field at several time instances during the implosion,
as obtained in simulation with the nominal set of parameters (ηring = 0.1 m2/s, ηvac = 105 m2/s). For
all plots, contours of poloidal flux are shown for the same range of −0.3 Wb/rad ≤ ψ ≤ 0, with
∆ψ = 0.03 Wb/rad. The contours are coloured by the magnitude of the poloidal magnetic field in the
range of 0 ≤ |B| ≤ 8 T.
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Figure 11. Radial profiles of the magnetic field at the equator z = 0. The solid red lines correspond
to the lithium ring with ηring = 0.1 m2/s, ρring = 534 kg/m3, and µring = 1000 Pa · s. Shown by
the black dashed lines are the profiles obtained for the case without a lithium ring present in the
computational setup.

To illustrate the evolution of the shape of the lithium ring during the implosion, the
rz cross-sections of the ring, as seen at different times, are plotted in Figure 12. The de-
formation and axial elongation of the ring can be observed from the early stages of the
implosion. As the ring moves inward, it becomes thicker due to geometric convergence,
and also continues to extend axially. Fine details with regard to its shape depend on the
material model, but the overall dynamics remain consistent. To compare the trajectory
from the simulation with experimental data, the position of the ring was extracted at three
locations on the surface of the ring, as marked by the red, orange, and blue dots in Figure 12.
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Figure 12. The shape and position of the lithium ring during the implosion (rz cross-section). Results
are shown for the same set of parameters used in Figures 10 and 11. In simulation, trajectories were
extracted for three parts of the ring as marked by the coloured dots. In the experiment, the trajectories
of the inner and outer surfaces of the ring (red and orange dots) were obtained by analysis of the
high-speed video, with partial data also available for the inner surface of the ring at the equator
(blue dot).

3.1.3. Comparison with Experimental Data

We first validate our numerical model of the external circuit connected to the elec-
tromagnetic coil by evaluating how well it reproduces the experimental electric currents
obtained in the compression coil assembly without a lithium ring. Results are shown in
Figure 13. The experimental current for an initial capacitor voltage of Vo = 14 kV is shown
by the solid black line. The current obtained in the simulations is shown by the red lines.
The solid red line corresponds to a case with Vo = 14 kV as in the experiment, and the
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dashed red line corresponds to the scaled voltage of Vo = 14/1.167 = 12 kV, in which the
initial voltage is scaled by the ratio of the peak currents obtained in the experiment and in
simulation. The reason behind the difference in peak currents is unknown, but can probably
be attributed to parasitic losses that are not accounted for in the model. The experiment
was also carried out at a different voltage, and the scaling factor for the peak currents was
found to be identical. As such, the experimental capacitor voltage was scaled by the same
factor in all simulations of the imploding ring. With the scaled voltage, the experimental
and simulated currents are in excellent agreement until about 0.25 ms (compare the solid
black and dashed red lines). The discrepancy at later times is due to two reasons. The first
is that when the real circuit is simplified to a set of effective circuit parameters for use in
simulations, this is done by finding the best fit (the experimental circuit is too complex to
be reduced to a theoretical RLC circuit analytically). Finding parameters that give a good
fit at all times proved to be difficult, so achieving a good fit at earlier times was prioritised,
as the initial current ramp has a dominant effect on the ring’s trajectory. The second is that
the time at which the diode turns on in the simulation and in the experiment is likely to
be slightly different because the diode in the experimental circuit is not ideal. Therefore,
the decay of the current at later times may be a bit different. It is worth pointing out that
the trajectory of the ring is primarily determined by what happens at the very beginning,
because once the implosion commences, the magnetic push rapidly diminishes and the
ring mainly coasts due to its inertia.
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Figure 13. Electric current in the coil obtained in the experiment with no lithium ring present.
This experiment was used to calibrate the capacitor bank voltage used in the simulations. The
experimentally measured current and the current obtained from the simulation for Vo = 14 kV are
shown by the solid black and solid red lines, respectively. The additional simulation for the voltage
Vo = 12 kV (original voltage Vo = 14 kV scaled by the ratio of the peak currents in the experiment
and the simulation, Imaxsim /Imaxexp = 1.167) is shown by the dashed red line. Based on these results,
the voltage of the capacitor was reduced by a factor of 1.167 in all simulations.

The comparison between the electric current obtained in the experiment and the
simulations for the case of an imploding lithium ring is shown in Figure 14. Experimen-
tal results are shown as solid and dashed black lines, corresponding to the currents in
the top and bottom coils, respectively. As expected, the experimental currents in both
coils are nearly identical. Simulation results are shown by several red and magenta lines,
which correspond to different resistivity values of the ring, with all other parameters
kept unchanged (ρring = 534 kg/m3, µring = 1000 Pa · s, ηvac = 105 m2/s, Vo = 12 kV).
The red dotted, solid, and dashed lines correspond to ring magnetic diffusivities of
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ηring = 0.05, 0.1, and 0.2 m2/s, respectively. The current obtained for ηring = 0.5 m2/s
is shown by the magenta line.

First, one can see that the shape of the current curve in the experiment of the im-
ploding ring is different from that obtained without the ring in the setup (compare
Figures 13 and 14). This difference stems from the fact that the presence of the ring al-
ters the inductance of the system. Moreover, the inductance of the system continues to
change as the ring moves inward. Thus, the electric current in the coil depends on the
implosion trajectory, as well as the applied voltage and circuit parameters. Second, varying
the magnetic diffusivity of the ring in the range 0.05 m2/s ≤ ηring ≤ 0.5 m2/s results in a
noticeable change in the current, with simulation results approaching experimental data
for higher values of magnetic diffusivity. For a magnetic diffusivity of ηring = 0.5 m2/s, the
numerical and experimental results are in very good agreement (compare the magenta and
black lines).
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Figure 14. Comparison between the electric current in the coil measured in the experiment and
calculated in the simulations. Experimental data for the top and bottom coils are shown by the black
solid and dashed lines, respectively. Simulations were carried out for several values of magnetic
diffusivity of the lithium ring in the range of 0.05 m2/s ≤ ηring ≤ 0.5 m2/s, with all other parameters
kept unchanged. The solid red line corresponds to ηring = 0.1 m2/s, which is the nominal magnetic
diffusivity for solid lithium at a temperature of 100 ◦C (temperature at which the experiment was
performed). The red dash-dot line corresponds to ηring = 0.2 m2/s, which is the nominal magnetic
diffusivity of liquid lithium just above the melting temperature. The solid magenta line corresponds
to ηring = 0.5 m2/s (capacitor voltage is Vo = 12 kV in simulations and Vo = 14 kV in the experiment,
ρring = 534 kg/m3, µring = 1000 Pa · s, ηvac = 105 m2/s).

The comparison between the experimental and numerical trajectories of the lithium
ring is shown in Figure 15 for the same set of simulations as those shown in Figure 14.
Parts (a) and (b) of the figure correspond to the trajectories of the inner and outer surfaces
of the lithium ring at the locations marked by the orange and red dots in Figure 12,
respectively. The experimental trajectory is shown by the black line. The trajectories
obtained in simulations for different values of magnetic diffusivity of the ring are shown
by the red lines and marked with different symbols as specified in the legend. Part (c) of
the figure shows the relative deviations of the simulated trajectories from the experimental
ones. It is evident that the magnetic diffusivity of the ring significantly influences its
trajectory. At early times, all trajectories align well with the experimental data for both
the inner and outer surfaces of the ring, whereas at later times the implosion proceeds
faster for lower values of magnetic diffusivity. This is because the lower the magnetic
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diffusivity, the less the magnetic field diffuses into the ring, resulting in a stronger initial
push. It is also worth noting that, after the initial acceleration phase, the position of the ring
changes nearly linearly with time for all simulations. The ring accelerates rapidly due to
the electromagnetic push, and then continues to coast inward at an approximately constant
velocity for the remainder of the implosion. This velocity is determined by the short period
of time when the current in the coil is ramping up and the ring has only just begun to move
from its initial position. When comparing numerical and experimental trajectories, it can be
seen that the trajectories are in better agreement for higher values of magnetic diffusivity, in
particular, for ηring = 0.2 m2/s and ηring = 0.5 m2/s, the relative deviation is ≲20%. This
aligns with the results for the electric current in the coil (see Figure 14).
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Figure 15. Effect of the magnetic diffusivity of the lithium ring on the implosion trajectory. (a) Inner
surface at the location marked by the red dot in Figure 12; (b) outer surface at the location marked
by the orange dot in Figure 12; (c) relative deviation ((Rsim − Rexp)/Rexp) of simulated trajectories
from experimental ones for both surfaces; results for the outer surface are shown with black markers.
Experimental trajectories in (a,b) are shown by the solid black lines. OpenFOAM results are shown
by the solid red lines with the corresponding markers: ◀—ηring = 0.05 m2/s; ■—ηring = 0.1 m2/s;
•—ηring = 0.2 m2/s; ▲—ηring = 0.5 m2/s. Capacitor voltage is Vo = 12 kV in simulations and
Vo = 14 kV in the experiment, ρring = 534 kg/m3, µring = 1000 Pa · s, and ηvac = 105 m2/s.
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Figure 16 shows the trajectories of the inner surface measured at the top and at
the equator of the ring (marked by the orange and blue dots in Figure 12). Experimental
trajectories are plotted with the black lines, and the solid and dashed lines correspond to the
top and the equator, respectively. The trajectories obtained from the simulations are shown
with magenta and red lines, corresponding to magnetic diffusivity values ηring = 0.05 m2/s
and ηring = 0.5 m2/s, respectively. As mentioned earlier, the experimental trajectory of the
equator can only be measured once the equator bulges forward, as shown in Figure 12 at
t = 0.76 ms, since until then, it is not visible to the high-speed camera. In the experiment,
the equatorial bulge appears at some time between 0.3 ms < t < 0.4 ms, as indicated by
the appearance of the dashed line. From the simulation results, one can see that the time
at which the equatorial bulge appears depends on the magnetic diffusivity of the ring; an
increase in magnetic diffusivity leads to an earlier formation of the equatorial bulge (as
the dashed lines deviate from the solid lines). Simulations at other values of magnetic
diffusivity also support the above. By comparing experimental and numerical data, it can
be seen that, as in the previous plots, results for the higher value of magnetic diffusivity are
in better agreement with the experiment.

Based on these simulation results, the magnetic diffusivity of the lithium ring in the
experiment may be higher than expected from the nominal magnetic diffusivity of solid
lithium at 100 ◦C, which is ηring = 0.1 m2/s. One possible reason for this is the temperature
dependence of lithium’s magnetic diffusivity [35], which is not taken into account in our
simplified model. However, the increase in lithium temperature due to ohmic heating is
estimated to be approximately 10◦–20 ◦C (so the lithium temperature is still well below the
melting point Tmelt = 180.5 ◦C under normal conditions), and this should have little effect
on its magnetic diffusivity. Another factor which may affect the magnetic diffusivity is a
phase transition of lithium, such as a change in the solid state structure or melting due to
high pressures [36,37]. However, in our experiment, the pressures are below those which
cause these phase transitions (the maximum magnetic pressure in the experiment is about
25 MPa). The most plausible explanation for the higher magnetic diffusivity of the ring in
the experiment is the presence of a corrosion layer on the outer surface of the ring. Even if
the corrosion layer is thin, it may affect the diffusion of the magnetic field into the ring at
early times, which in turn would affect the trajectory and the current profile.

This experiment was also simulated with the commercial multiphysics code ANSYS
LS-Dyna using a Johnson–Cook material model [38] for the lithium with some of the results
reported in [32]. The Johnson–Cook model captures stress dependence on strain harden-
ing, strain-rate hardening, and thermal softening and was calibrated using experimental
data [39]. The trajectory and shape of the ring obtained in LS-Dyna and OpenFOAM are
found to be in good agreement. Therefore, for the scope of this work, the use of a simple
model of constant high viscosity is adequate, and studying the effect of the material model
is left for future work.

To conclude, the numerical results obtained with our extended solver, where solid
lithium is modelled as a highly viscous fluid with constant magnetic diffusivity, overall
compare well with experimental data for the electromagnetic implosion of a solid lithium
ring. Numerical simulations can be used to study the effects of various parameters, and
magnetic diffusivity in particular was shown to be an important parameter to accurately
predict implosion trajectories and the shape of the ring during the implosion.

3.2. Compressing Toroidal Flux by the Electromagnetic Implosion of a Hollow Lithium Cylinder
onto a Centre Shaft

The primary focus of this section is on predictive modelling of the compression of
toroidal magnetic flux confined between an imploding lithium liner and a centre shaft, in
particular after the liner impacts the centre shaft.
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Figure 16. Effect of magnetic diffusivity on the evolution of the lithium ring’s shape during the
implosion (with all other parameters kept unchanged). Experimental data for the inner surface at the
top and equator are shown by the black solid and dashed lines, respectively. Data from OpenFOAM
simulations with two magnetic diffusivity values, ηring = 0.05 m2/s and ηring = 0.5 m2/s, are shown
by the red and magenta lines, respectively. The solid and dashed lines correspond to the top and
equator of the inner surface (marked by the red and blue dots in Figure 12), respectively.

3.2.1. Experimental Setup

Figure 17 shows a schematic of the experimental apparatus, known as Prototype 0,
used for the implosion of a cylindrical lithium liner onto an hourglass-shaped central
structure (centre shaft). The apparatus consists of three main components: (i) a compression
coil assembly connected to a high-voltage power supply, (ii) a solid, hollow, cylindrical
lithium liner, and (iii) a replaceable centre shaft that houses diagnostics and also, after the
liner lands on it, defines the shape of the vacuum cavity. Two variations of the centre shaft
are shown in Figure 17b,c. The main difference between these designs is the angle at which
the liner impacts the centre shaft. For the configuration shown in (b), the liner impacts the
centre shaft at a slant (lands on the conical surface), whereas in (c), the impact is on the
vertical cylindrical section (which lies beyond the edge of the conical surface). These types
of impacts are referred to as “oblique” and “flat” landings, respectively. Prototype 0 is a
scaled-down model of LM26, designed to test the electromagnetic compression system and
collapse a vacuum cavity without the inclusion of magnetized plasmas.

To achieve stable compression of a magnetized plasma, the safety factor (q) must be
maintained within a certain range [40,41]. The necessary condition for that is to increase the
toroidal field during compression. In Prototype 0, the toroidal magnetic field is generated
by running electric current through the centre shaft, referred to as the “shaft current” (Ishaft)
later in this section. This is accomplished by connecting the centre shaft to a dedicated
high-voltage capacitor bank. Prior to the liner making electrical contact with the centre
shaft, the toroidal magnetic field is generated by discharging the capacitor bank through
the external circuit. Once the liner and the centre shaft establish electrical contact, poloidal
current starts to flow through the liner, forming a closed loop that encircles the vacuum
cavity bounded by the centre shaft and the liner. When this happens, the toroidal flux
inside the cavity becomes trapped. As the liner continues its inward motion, the volume
of the vacuum cavity decreases and the trapped toroidal flux is compressed. In the ideal
case where both the centre shaft and the liner are perfect conductors, the amplification
of the toroidal field is inversely proportional to the inductance of the vacuum cavity. In
practice, flux diffusion into the liner and centre shaft reduces the amplification. The amount
of diffused flux depends on the materials of the centre shaft and the liner, as well as on
the implosion speed. The main goal of modelling this experiment with OpenFOAM is to
compare numerical predictions of toroidal magnetic field amplification with experimental
data and to explore the sensitivity of the results to various parameters.
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The compression coil assembly shown in Figure 17 is an extended version of the one
used to implode a lithium ring, as described in Section 3.1. In Prototype 0, the compres-
sion coil assembly consists of 48 single-turn aluminum plates, each 6.4 mm thick. The
nominal inner and outer radii of each plate are Rcoilinner = 0.234 m and Rcoilouter = 0.411 m,
respectively. The height of the compression coil assembly is Hcoil = 0.367 m. Adjacent
aluminum plates are separated by a thin layer of laminated insulation. Sets of three se-
quential aluminum plates are connected in series to form individual coils, yielding a stack
of 16 coils in total, each comprising three turns. In the experimental apparatus, there are
eight independent RLC circuits, each connected to a pair of coils located symmetrically
about the equator. Each circuit is powered by twenty-four high-voltage 52µF capacitors
which can be charged up to 16 kV. Depending on the purpose of the experiment, some coil
pairs may be disconnected and treated as “open-circuited”. For additional details about the
experimental apparatus, liner production, and available diagnostics, see [42].

(a)

(b) (c)

compression coil assembly
fibreglass vacuum vessel

hourglass-shaped central structure
(centre shaft) cylindrical lithium liner

magnetic probe0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

Figure 17. Schematic of the Prototype 0 experimental apparatus for the implosion of a cylindrical
lithium liner onto an hourglass-shaped central structure (part (a)). The centre shaft is replaceable
and can be reconfigured between experiments. Two examples of the centre shaft are shown: (b) for
oblique and (c) for flat liner landings.

3.2.2. Numerical Setup

For a solid lithium cylinder imploded onto an hourglass-shaped central structure,
predictive modelling is more challenging because of the interaction between the liner and
the solid multi-material structure, as well as the diffusion of the magnetic field into that
structure. The rigid multi-material structure is represented by sets of dedicated grid cells
with the magnetic diffusivity of a specific material assigned to each set. The computational
mesh is fitted to the geometry of the rigid structure, so each grid cell is strictly inside or
outside the structure. For grid cells representing rigid structure, the momentum equation is
not solved to enforce zero velocity. With this approach, in the solid regions, only magnetic
diffusion is solved. In addition, the evolution of the toroidal field generated by the current
flowing through the centre shaft also needs to be modelled.

The cross-section of the computational setup is shown in Figure 18. The entire compu-
tational domain and a zoomed view of the centre shaft, the liner, and the compression coil
assembly are shown in parts (a) and (b) of the figure, respectively. Conceptually, the numer-
ical setup is similar to that used in simulations of the electromagnetic implosion of a lithium
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ring (see Section 3.1). The centre shaft is composed of three materials, marked by different
colours and denoted as “sol1”, “sol2”, and “sol3” in Figure 18b. In Figure 18, the solid part
“sol1” (blue) corresponds to the “oblique” landing configuration, while modifications to this
part for a “flat” landing are shown by the black lines (parts denoted as “removable”). The
initial position of the lithium cylinder is shown in dark red. The compression coil assembly
is modelled as a stack of 16 separate coils, each with three turns, and a 1 mm vacuum gap
between each pair of adjacent coils. For simplicity, in the simulation setup, each of the 16
coils is connected to its own RLC circuit, unlike in the experimental setup, where 2 coils
(symmetrically located about the equator) are connected to a single high-voltage capacitor
bank. A subset of coils was deactivated (i.e., “open circuited”) as shown in Figure 18, where
active coils are marked with ✓ and deactivated with ✗. In the simulations, deactivated coils
were modelled by enforcing zero toroidal current through them.

The extent of the computational domain in the radial and axial directions is 0.01 ≤
r[m] ≤ 1.2 and −0.6 ≤ z[m] ≤ 0.6, respectively. The background mesh has ∆r = ∆z =

2 mm resolution, with three levels of refinement such that the resolution in the area of
interest is ∆r = ∆z = 0.25 mm. The nominal inner and outer radii of each coil, as well as
the axial extent of the compression coil assembly, are identical to those in the experimental
apparatus. The height of each individual coil is hcoil = 0.022 m.

For all the results presented in this section, the initial dimensions of the lithium cylinder
are as follows: inner radius Rcylinderinner

= 0.206 m, outer radius Rcylinderouter
= 0.2175 m,

and height Hcylinder = 0.257 m. The initial gap between the inner radius of the coil and the
outer radius of the lithium cylinder is 16.5 mm. Effective circuit parameters are identical
for all coils and are set as follows: Rcap = 0.0165 Ω, Lcap = 166.67 nH, Ccap = 624µF,
Rcable = 0.0085 Ω, Lcable = 300 nH, and Vo = 11500 V. The nominal magnetic diffusivity,
density, and viscosity of the lithium cylinder are ηcylinder = 0.1 m2/s, ρcylinder = 534 kg/m3,
and µcylinder = 1000 Pa·s. The magnetic diffusivity for vacuum is set to ηvac = 105 m2/s and
the maximum time step is dtmax = 10−8 s. Nominal magnetic properties of the rigid solid
materials are set as follows: “sol1”—aluminum with ηsol1 = 0.02 m2/s, “sol2”—stainless
steel with ηsol2 = 0.55 m2/s, and “sol3”—ideal conductor ηsol3 = 0.

The initial and boundary conditions are identical to those for the implosion of the
lithium ring for all variables, except for the toroidal field function F. For a known value
of centre shaft current Ishaft, the value of the toroidal field function in the vacuum can be
calculated as:

Fvac =
µo

2π
· Ishaft. (23)

Equation (23) is used to prescribe values of the toroidal function F in the vacuum region
of the computational domain. One way to do this is to assume that the toroidal magnetic
field corresponding to the specific value of Ishaft = Io is generated instantaneously, after
which the external circuit is disconnected. In this scenario, the value F = Fo is imposed
in the vacuum region of the computational domain as the initial condition, and then the
toroidal function F evolves according to Equation (3). The boundaries of the computational
domain are treated as perfect conductors (∂F/∂n = 0), thereby the total toroidal flux in the
domain is conserved during the simulations. An alternative method to impose a toroidal
field is to use experimental data for the shaft current Ishaft(t) to overwrite the value of
the toroidal function in the vacuum at each time step (via Equation (23)), up to the point
when the liner and centre shaft make electrical contact. Beyond this point, F evolves in
accordance with Equation (3). Both methods were tested, and the amplification of the
toroidal field was confirmed to be identical; therefore, the first (simpler) approach was used
in the simulations.
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Figure 18. Simulation setup for the imploding cylinder simulations. (a) Full computational domain;
(b) detailed view of the centre shaft and compression coil assembly. Green tick marks and red crosses
indicate which coils are in use and which are deactivated, respectively. The initially cylindrical
liner is depicted in dark red. The magnetic probe, used to measure both the poloidal and toroidal
components of the magnetic field, is located at the position marked by the red dot.

3.2.3. Liner Trajectory

Figure 19 demonstrates the code’s ability to simulate the electromagnetic implosion of
a solid lithium cylinder onto a rigid structure, highlighting the sensitivity of the results to
minor changes in the geometry of the electromagnetic coils and configuration of the centre
shaft (“oblique” or “flat” landing). In simulations, we explore the effect of increasing the
inner radius of the deactivated coils, ∆Rinner, specifically for coils 1, 2, 3, 8, 9, 14, 15, and
16 as shown in Figure 18b. The shape and trajectory of the liner are shown for the five
simulations. The first row in Figure 19 corresponds to a “flat” landing with ∆Rinner = 0;
the second row shows an “oblique” landing with ∆Rinner = 0; the third, fourth, and fifth
rows show “oblique” landings with ∆Rinner = 1 mm, 3 mm, and 6 mm, respectively. All
other parameters remain unchanged between the simulations. The poloidal magnetic field
generated by the compression coil is shown by the contours of the poloidal flux function ψ,
using the same range of values in all plots.

Before delving into the details, one can observe several common features across all
cases: (i) the top and bottom of the lithium cylinder are deformed by the poloidal magnetic
field generated by the compression coils, as the field lines bend around the liner; (ii) when
the lithium liner comes in contact with the centre shaft, an enclosed vacuum cavity is
formed; (iii) the lithium liner slides along the centre shaft collapsing the vacuum cavity;
(iv) the poloidal field diffuses into both the liner and centre shaft; and (v) a portion of the
poloidal field may penetrate through the liner and subsequently be compressed by it in the
late stages of the implosion.

Comparing simulation results for the “flat” and “oblique” landings (first and second
rows of the figure), one can see that by modifying the geometry of the centre shaft, we can
tune the impact and initial interaction between the liner and the structure (compare regions
inside yellow circles) without significantly altering the shape of the vacuum cavity. For
a “flat” landing, the contact between the lithium liner and the centre shaft occurs over a
larger surface area, which may influence how the toroidal flux is trapped. One can also
see that in the late stages of the implosion, near the back surface at the top and bottom
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of the liner, the colour changes from dark red to pink; see snapshots at t = 0.7 ms in the
first and second rows. This indicates that those regions are under tension, which could be
because of pressure waves resulting from the impact between the liner and centre shaft, or
stretching of the liner by magnetic field lines diffused into it.
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Figure 19. Effect of the centre shaft configuration and variation in the inner radius of deactivated
coils on the shape of the liner and its implosion trajectory. Rows 1–5 correspond to “flat” landing
with ∆Rinner = 0 (nominal), and “oblique” landings with ∆Rinner = 0 (nominal), 1 mm, 3 mm, and
6 mm. The contours of the poloidal flux ψ in all plots are shown over an identical range of values:
−0.02 Wb/rad ≤ ψ ≤ −0.002 Wb/rad: 10 contours with ∆ψ = 0.002 Wb/rad. ηcylinder = 0.1 m2/s,
ηsol1 = 0.02 m2/s, ηsol2 = 0.55 m2/s, ηsol3 = 0, Vo = 11500 V, and coils 1, 2, 3, 8, 9, 14, 15, and 16 are
deactivated (zero toroidal current is enforced in those coils).

The effect of a small increase in the inner radius of the deactivated coils on the shape of
the lithium liner during implosion is demonstrated in rows 3–5 of Figure 19. These results
illustrate that small geometric modifications to subsets of the coils can alter the liner shape,
highlighting the flexibility of the design offered by a multi-coil compression assembly. The
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rationale for exploring the effect of increasing the inner radius of the deactivated coils
lies in the fact that magnetic diffusion into those coils is not accounted for in the current
implementation. The impact of neglecting magnetic diffusion is generally minor when all
coils are active; however, it can become more significant when some coils are deactivated.
When the shapes of the liners are visually compared to those in the experiments, increasing
the inner radius of deactivated coils in the range of 2 mm ≤ ∆Rinner ≤ 4 mm appears to
lead to better agreement. In the experiments, the lithium liner exhibits some degree of
buckling, so comparing the exact shape is not really possible. Lastly, it is also worth noting
that the time at which the liner comes in contact with the centre shaft is approximately the
same in all cases. The ANSYS LS-DYNA commercial software (version R16) was also used
to simulate the liner trajectory in this experiment, with results reported in [42]. Overall, the
shapes and trajectories of the liner obtained with different codes are in good agreement;
therefore, they are only briefly summarized in this work, while the focus is placed on
magnetic flux compression.

The time evolution of the poloidal field is shown in Figure 20. Experimental results
are given for the magnetic probe located at rprobeexp

= 16.4 mm, zprobeexp
= 20 mm (which

is inside the centre shaft as shown in Figure 17c), and simulation results are shown for
the first grid cell outside the centre shaft for z = 20 mm, corresponding to r = 21.7 mm
(marked by the red dot in Figure 18b). Simulation results are shown for “flat” and “oblique”
landings for the ∆Rinner = 0 and ∆Rinner = 3 mm cases. Dimensional data obtained in the
simulations are plotted in part (a) of the figure, and the same data normalized by the value
at t = 0.4 ms are plotted in part (b), together with normalized experimental data shown by
the red line. One can see that, for the cases considered, modification of the geometry of the
centre shaft has very little effect on the evolution of the poloidal field. However, increasing
the inner radius of the deactivated coils does affect the poloidal field evolution, and for
the nominal geometry (∆Rinner = 0), the poloidal field increases faster. One can also see
that there is good agreement between the numerical and experimental results, and that
alignment is better for simulations with the increased inner radius of the deactivated coils.
This supports observations that the shape of the liner in simulations better matches that in
the experiment when the inner radius of the deactivated coils is slightly increased.

3.2.4. Toroidal Flux Compression

Compression of the toroidal flux enclosed by the centre shaft and the liner was ob-
served in the Prototype 0 experiment, and here we examine to what extent it can be
reproduced in simulations. The experimental measurements are shown in Figure 21. For
plasma stability in LM26, the goal is to time the shaft current ramp with the implosion of the
liner. However, in Prototype 0 tests, it was activated earlier and shaft current was already
decaying when the implosion commenced. The shaft current generated by the external
circuit is plotted by the dashed line. The electric current measured by the toroidal magnetic
probe (rprobeexp

= 17.5 mm, zprobeexp
= 20 mm, Figure 18c, Ishaft = 2πrprobeBϕ/µo) is shown

by the solid line. In this experiment, the compression coil was activated at t = 0 and the
lithium liner impacted the centre shaft at about t = 0.49 ms. One can see that until the
lithium liner impacts the centre shaft, the electric current measured by the toroidal magnetic
probe follows the one provided by the external circuit closely. Shortly after impact, the
curves begin to deviate from each other; the electric current measured by the toroidal
magnetic probe increases, whereas the current supplied by the external circuit continues
to decay. The increase in current measured by the magnetic probe indicates that the liner
and the centre shaft are in electrical contact and that the enclosed toroidal flux is being
compressed, resulting in amplification of the toroidal field inside the vacuum cavity.
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Figure 20. Evolution of the poloidal field; experimental data from a magnetic probe
(rprobeexp

= 16.4 mm, zprobeexp
= 20 mm, shown in Figure 17c). Simulation results are shown by

the black lines for the four cases: solid line—“oblique” landing, ∆Rinner = 0 (nominal case); dashed
line—“oblique” landing, ∆Rinner = 3 mm; dash-dot line—“flat” landing, ∆Rinner = 0; and dotted
line—“flat” landing, ∆Rinner = 3 mm. In the simulations, the data are extracted in the first grid cell
outside the centre shaft for z = 20 mm (r = 21.7 mm). (a) Dimensional poloidal field obtained in sim-
ulations; (b) the same simulation data as in (a) but normalized by its value at t = 0.4 ms together with
experimental data which are also normalized at t = 0.4 ms to compare with the simulation. Magnetic
diffusivity is ηcylinder = 0.1 m2/s, ρcylinder = 534 kg/m3, µcylinder = 1000 Pa·s, ηsol1 = 0.02 m2/s,
ηsol2 = 0.55 m2/s, ηsol3 = 0, Vo = 11500 V, and coils 1, 2, 3, 8, 9, 14, 15, and 16 are deactivated.
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Figure 21. Experimentally measured shaft current as provided by the external circuit (dashed line). Shaft
current calculated from toroidal magnetic probe measurement (solid line): Ishaft = 2πrprobeBϕ/µo, where
µo = 4π × 10−7 T · m/A. Time t = 0—compression coil is activated; t = 0.5 ms—liner impacts the
centre shaft and traps toroidal flux; t = 0.7 ms—approximately maximum compression.
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Trapping of the toroidal flux in the simulations is demonstrated in Figure 22. The
results are shown for the “oblique” landing, nominal set of parameters, nominal geometry
of the compression coil assembly (row two in Figure 19), and for toroidal flux introduced
instantaneously at t = 0. Two contours of the toroidal function F are shown by black lines
for several instances during the implosion. The contour values are the same for all plots.
The black arrows indicate the direction of the poloidal current. One can see that when the
liner and the centre shaft are not in contact, there are separate current loops in the centre
shaft and in the liner (Figure 22a). Once the liner impacts the centre shaft and electrical
contact is established, current flows through the centre shaft and the liner in a closed loop,
and the toroidal magnetic flux enclosed by this loop becomes trapped (parts (b) and (c)).
One can also see that a portion of the enclosed flux diffuses into the liner and the centre
shaft during the implosion.

t = 0.46 ms
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Figure 22. Demonstration of toroidal flux trapping in the simulations. The contours of the toroidal
function F are shown by the black lines for two values of F. Arrows indicate the direction of the
poloidal current. (a) Before liner and centre shaft are in electrical contact—no flux trapping; (b) liner
and centre shaft are in electrical contact—the toroidal flux enclosed between the structure and the
liner is trapped; (c) later in the implosion, the liner stays in electrical contact with the centre shaft,
and the enclosed flux continues to be trapped.

The effect of the liner’s shape on the compression of the toroidal flux is shown in
Figure 23. The results are shown for the “oblique” landing and for progressively increasing
radii of the deactivated coils (rows 2–5 in Figure 19). In all simulations, the toroidal field
was instantly introduced at t = 0 and then let to evolve. The figure shows the toroidal
function F at the location of the magnetic probe (shown by the red dot in Figure 18b,
r = 21.7 mm, z = 20 mm) which is normalized by its initial value at t = 0. It can be seen
that the change in the liner shape and, consequently, the change in the shape of the enclosed
vacuum cavity does not have a significant effect on the amplification of the toroidal field
until very late in the implosion. This can be explained by the fact that the change in the
volume of the vacuum cavity, which directly correlates with the change in its inductance,
is similar for all cases until very late in the implosion, despite the shape of the liner being
different upon impact. After about t = 0.7 ms, the results are affected by the change in the
shape of the liner.

The comparison between the amplification of the toroidal field obtained in the sim-
ulations with that measured in the experiment is shown in Figure 24. Simulation results
are shown for both “oblique” and “flat” landings and for nominal and increased radii of
the deactivated coils. All simulations are performed with a nominal set of parameters.
Toroidal flux is introduced instantaneously at t = 0. Both experimental and numerical data
are normalized by their values at the time toroidal flux becomes trapped. A small time
shift was applied to some numerical curves (∆tmaxshift < 0.02 ms) to align the flux trapping
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time. Overall, the comparison between the simulations and the experiment is good, and the
relative error is within a 20% margin as shown in Figure 24b. The experimental data show
a maximum toroidal field amplification of 2.25, while for the four simulations presented in
Figure 24a, the maximum amplification ranges between 2.4 and 2.6. The amplification of
the toroidal field obtained in the simulations is higher than that in the experiment. How-
ever, the difference is mainly in the early stage of flux trapping. In later stages, indicated
by the light grey shaded region in Figure 24, the rate of increase in the simulations and
experiment is similar. The slower initial increase observed in the experiment is likely
caused by non-instantaneous attainment of good electrical contact between the liner and
the centre shaft.
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Figure 23. Effect of the liner’s shape on the amplification of the toroidal field. Toroidal field function
F normalized by its initial value (amplification of the toroidal field) is plotted for r = 21.7 mm,
z = 20 mm (marked by the red dot in Figure 18b). The shape of the liner during implosion was
modified by increasing the inner radius of the deactivated coils (coils 1, 2, 3, 8, 9, 14, 15, and
16) by ∆Rinner. Black solid line—∆Rinner = 0 (nominal case), red solid line—∆Rinner = 1 mm,
red dashed line—∆Rinner = 3 mm, magenta dash-dot line—∆Rinner = 6 mm, blue dotted line—
∆Rinner = 16 mm. Time at which the liner comes into contact with the centre shaft is similar for all
cases (0.475 ms ≤ tcontact ≤ 0.480 ms).

3.2.5. Effect of Magnetic Diffusivity of the Liner

The simulation results for the implosion of a lithium ring (see Section 3.1) indicated
that the trajectory and shape of the ring are sensitive to the magnetic diffusivity. As such,
the effect of magnetic diffusivity is examined in this experiment as well. The results are
shown in Figure 25, where parts (a) and (b) correspond to the poloidal and toroidal fields,
respectively. The results are shown for the “oblique” landing, nominal set of parameters
and nominal geometry of the magnetic coil assembly. Magnetic diffusivity is varied within
the range of 0.1 ≤ ηcylinder [m2/s] ≤ 0.5. The plots are shown for r = 21.7 mm, z = 20 mm
(marked by the red circle in Figure 18b). One can see that the strength of the poloidal
magnetic field increases as the magnetic diffusivity of the liner is increased. This is due
to the combined effect of faster diffusion of the magnetic field throughout the liner and a
slower implosion. One should note that once the pushing poloidal field diffuses throughout
the liner, it starts to act in the opposite direction, i.e., to decelerate the liner. The stronger
this field is, the more it affects the shape and trajectory of the liner. Following the evolution
of the toroidal field, it can be seen that there is less amplification of the toroidal flux
as the liner’s magnetic diffusivity is increased. Note that for higher values of magnetic
diffusivity, contact between the liner and centre shaft occurs later, so differences between
the curves should be interpreted with caution. However, one can see that no toroidal field
amplification is observed for ηcylinder = 0.5 m2/s.
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Figure 24. Comparison between the amplification of the toroidal field obtained in the simula-
tion with that obtained in the experiment: (a) absolute amplification values Asim, Aexp; (b) rel-
ative error ε = (Asim − Aexp)/Aexp from the moment toroidal flux is trapped. Simulation re-
sults are shown for both “oblique” and “flat” landings and for nominal and increased radii of
the deactivated coils. All simulations were performed with the nominal set of parameters. Both
experimental and numerical data are normalized by their value at the time when the toroidal
flux becomes trapped. Numerical curves are shifted in time (∆tmaxshift < 0.02 ms for all curves)
to align the time when the flux becomes trapped.

This can be explained by looking at the evolution of the poloidal magnetic field during
the implosion in conjunction with the shape and trajectory of the liner. This is shown in
Figure 26 for the nominal ηcylinder = 0.1 m2/s (first row) and higher ηcylinder = 0.5 m2/s
(second row) magnetic diffusivity of the liner. The magnitude of the poloidal field is shown
by a colour-map of the same scale in all plots. Contours of the poloidal flux ψ are also
shown for the same values in all plots and are coloured by the magnitude of the poloidal
field. When comparing the results obtained at two values of magnetic diffusivity, the
following can be observed: (i) a noticeably weaker pushing field for the higher value of
magnetic diffusivity, even at early times (t = 0.05 s); (ii) the shape of the liner is significantly
different by the time it approaches the centre shaft (t = 0.48 s); (iii) when the top and bottom
of the liner get close to the centre shaft, the soaked through poloidal field is compressed,
and this compressed field is stronger for higher magnetic diffusivity of the liner; (iv) for
magnetic diffusivity of ηcylinder = 0.5 m2/s, the magnetic pressure from the compressed
soaked-through magnetic field is sufficient to alter the shape of the liner and to prevent
it from impacting the centre shaft; and (v) at later times the liner is noticeably slowed
down by the push-back from the soaked poloidal field for the case with higher magnetic
diffusivity. As such, for the liner with a magnetic diffusivity of ηcylinder = 0.5 m2/s, no
electrical contact is established between the liner and the centre shaft (at least for the times
being considered), which explains why no compression of the toroidal flux is observed in
this case (see Figure 25b).
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Figure 25. Effect of the liner’s magnetic diffusivity. (a) Evolution of the poloidal field; (b)
evolution of the toroidal function F normalized by its initial value (toroidal field amplification).
Results are shown for r = 21.7 mm, z = 20 mm (shown by the red dot in Figure 18b). Solid
line—ηcylinder = 0.1 m2/s, dashed line—ηcylinder = 0.2 m2/s, dash-dot line—ηcylinder = 0.3 m2/s,
dotted line—ηcylinder = 0.5 m2/s.
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Figure 26. Effect of the liner’s magnetic diffusivity on its trajectory and shape during the implosion.
First row: nominal magnetic diffusivity ηcylinder = 0.1 m2/s; second row: higher magnetic diffusivity
of ηcylinder = 0.5 m2/s. Magnitude of the magnetic field within the range of 0 ≤ |B| ≤ 6 T is shown
by the colour map. Poloidal flux contours coloured by the magnitude of the magnetic field are
shown for the same range of values in all plots: −0.03 Wb/rad ≤ ψ ≤ 0.0001 Wb/rad, 21 contours
logarithmically spaced.

4. Summary and Conclusions
In this work, electromagnetic coils driven by an external circuit were implemented into

our in-house solver, “mhdCompressibleInterFoam” [20], developed within the OpenFOAM
framework. Additional infrastructure was developed to incorporate magnetic diffusion
across multiple solid materials. This work was motivated by the construction of LM26 at
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General Fusion, which utilizes electromagnetic coils powered by high-voltage capacitor
banks to compress magnetized plasma targets.

The solver was applied to simulate two small-scale experiments conducted at General
Fusion, which aimed to de-risk components of LM26. The first experiment is the electro-
magnetic implosion of a lithium ring, aimed at validating the design of the electromagnetic
coils and achieving symmetric implosion. The second experiment is the electromagnetic
implosion of a hollow lithium cylinder onto an hourglass-shaped central structure (Pro-
totype 0 campaign). In this experiment, the electromagnetic compression coil assembly
comprises 16 individual coils connected to high-voltage pulsed power supplies. This
enables the manipulation of the shape of the liner during the implosion by deactivating
subsets of the coils. A vital part of this experimental campaign was to study the evolution
of the toroidal field generated by the poloidal electric current flowing through the centre
shaft. The key objective was to demonstrate trapping and compression of the toroidal flux
enclosed by the liner and centre shaft once they are in electrical contact. This is a necessary
requirement to maintain the stability of a magnetized plasma during compression.

The main conclusions from this work are as follows:

• Two experimental test beds for the electromagnetic implosion of solid lithium rings
and hollow cylinders were successfully simulated using the in-house “mhdCom-
pressibleInterFoam” solver developed in OpenFOAM, with the highly deformable
solid lithium modelled as a high-viscosity liquid. The simulated trajectories and liner
shapes showed good agreement with the experimental results.

• The trapping and compression of the toroidal magnetic flux enclosed between the
liner and the centre shaft, achieved in the Prototype 0 experiment, were successfully
replicated in simulations. Simulation results provide an upper bound for the com-
pression of toroidal flux by assuming instantaneous electrical contact between the
liner and the centre shaft, whereas experimental results indicate that it takes time to
establish good electrical contact, which leads to a slower rate of flux compression at
early stages. The Prototype 0 experiment demonstrated toroidal field amplification by
a factor of 2.25, and simulations reproduced this within a relative error margin of 20%.

• When metal liners are imploded by electromagnetic means, the implosion trajectory
is sensitive to the magnetic diffusivity of the liner. Therefore, careful choice of liner
magnetic diffusivity is essential for accurate prediction of implosion trajectories.

• When metal liners are imploded by electromagnetic means, a portion of the driving
magnetic field soaks through the liner; the amount depends on the implosion speed
and the magnetic diffusivity of the liner. As the liner approaches the centre shaft,
it compresses the soaked-through magnetic field. This compressed field can be suf-
ficiently strong to alter the shape of the liner, slow its motion, and, under certain
conditions, delay or prevent contact between the liner and the centre shaft.
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Appendix A. Governing Equations for “mhdCompressibleInterFoam”
Solver

The “mhdCompressibleInterFoam” solver is an extension of “compressibleInterFoam”,
which is a standard solver within the OpenFOAM software. “compressibleInterFoam” is a
multi-phase (liquid–gas) hydro solver to model two compressible, immiscible fluids. The
interface between the two phases is tracked using a Volume of Fluid (VoF) phase-fraction-
based interface-capturing approach [31,43].

Hydro Part (“compressibleInterFoam”):
The mass continuity equation:

∂ρ

∂t
+∇ · (ρv) = 0. (A1)

The momentum equation:

∂(ρv)
∂t

+∇ · (ρvv) =−∇
(

p +
2
3

µ∇ · v
)
+∇ ·

[
µ
(
∇v + (∇v)T

)]
+ Lorentz force︸ ︷︷ ︸

(Equation (A9))

+ gravity + surface tension,

(A2)

where Lorentz force is a source term coming from MHD equations which can be activated
separately for each phase. Gravity and surface tension are neglected in this work.

The phase fraction continuity equation:

(ραi)

∂t
+∇ · (ραiv) = 0, (A3)

where subscript i denotes the phase and α is the phase fraction.
The energy equation (optional and can be turned off):

∂
(
ρCpT

)
∂t

+∇ ·
(
ρvCpT

)
= ∇ · (k∇T) + ST︸︷︷︸

source terms

+ Pohm,︸ ︷︷ ︸
Ohmic heating (Equation (A10))

(A4)

where Ohmic heating is a source term coming from MHD equations which can be activated
separately for each phase. The equation of state:

ρi = ρi(p, T), (A5)

where for each phase “i” there are several available equations of state. In this work, the
ideal gas equation of state is used for the gas (vacuum) phase and the barotropic Tait
equation [33] is used for the liquid (lithium) phase.

In Equations (A1)–(A5), ρ, µ, Cp, and k are density, viscosity, heat capacity, and thermal
conductivity, respectively. Both fluids (gas and liquid) are treated as a single fluid “mixture”
with properties varying in space according to the volume fraction of each phase as given
in Equation (A6). With this approach, the interface is not treated as a boundary, and no
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boundary conditions are prescribed at it; instead, it is treated as a discontinuity in fluid
properties [43].

ρ = α1ρ1 + α2ρ2, µ = α1µ1 + α2µ2, k = α1k1 + α2k2, (A6)

where subscripts 1 and 2 denote the two fluids (e.g., liquid and gas) and α1 + α2 = 1.
MHD Part (extension to the “compressibleInterFoam”):
Evolution of the toroidal function F (Equation (A7)) and the poloidal flux per radian ψ

(Equation (A8)):

1
r2

∂F
∂t

+
[
∇ ·

( v
r2 F

)
−∇ ·

( η

r2 ∇F
)]

−∇ ·
(

ωBpol

)
= 0, (A7)

∂ψ

∂t
+ v · ∇ψ − η

[
r2∇ ·

(
1
r2 ∇ψ

)]
= 0, (A8)

where η[m2/s] is the magnetic diffusivity, v is the velocity, ω = vϕ/r is the angular velocity,
Bpol = ∇ψ×∇ϕ is the poloidal component of magnetic field, and the cylindrical coordinate
system (r, ϕ, z) is used.

Lorentz force
[

N
m3

]
=−

∇
(

F2)
2µor2 − 1

µor2 ∆∗ψ∇ψ +
1
µo

(
Bpol · ∇F

)
∇ϕ,

where ∆∗ψ = r2∇ ·
(

1
r2 ∇ψ

)
.

(A9)

Ohmic power
[

kg
s3m

]
= Pohm =

η

µo

(
|∇F|2

r2 +
(∆∗ψ)2

r2

)
. (A10)

Similar to other properties, the magnetic diffusivity η varies in space according to the
volume fraction of each phase as:

η = α1η1 + α2η2, (A11)

where subscripts 1 and 2 denote the two fluids (gas (vacuum) and liquid (lithium liner))
and α1 + α2 = 1. To extend this approach to also model magnetic diffusion into the rigid
multi-material structure, the mesh is fitted to the geometry of the structure, so each grid
cell is either strictly inside or outside the structure. Different materials are represented by
the corresponding dedicated cell set, and the magnetic diffusivity of a specific material
is assigned to each set at every time step. The momentum equation is not solved for
the cells representing the rigid structure, enforcing zero velocity. As such, in the grid
cells representing the rigid structure, only the equations for magnetic field evolution
(Equations (A7) and (A8)) are solved.

Appendix B. Analytical Solution for RLC Circuit
The governing equation and the corresponding analytical solution for the electric

current in a theoretical RLC circuit are detailed below. For the case of a series RLC cir-
cuit, the electric current is governed by the following second order differential equation
(Equation (A12)):

d2

dt2 I(t) +
Reff
Leff

d
dt

I(t) +
1

LeffCeff
I(t) = 0, where (A12)
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Reff, Leff, and Ceff are the effective resistance, inductance, and capacitance of the equivalent
circuit. Equation (A12) can be rewritten as Equation (A13):

d2

dt2 I(t) + 2β
d
dt

I(t) + ω2
0 I(t) = 0, where β =

Reff
2Leff

, ω0 =
1√

LeffCeff
. (A13)

The nature of the solution depends on the parameter ζ ≡ β/ω0, where for ζ < 1 (under-
damped response), the general solution for Equation (A13) is given by Equation (A14):

I(t) = A1e−βt cos(ωdt) + A2e−βt sin(ωdt), ωd =
√

ω2
0 − β2, where (A14)

A1 and A2 are constants defined by the initial conditions. In the test case, the initial
conditions are zero current and the capacitor charged to voltage Vo (Equation (A15)):

I(t = 0) = 0 and Q(t = 0) = Vo Ceff. (A15)

With initial conditions given by Equation (A15), the solution of Equation (A14) is
(Equation (A16)):

I(t) = −
β2 + ω2

d
ωd

Vo Ceff e−βt sin(ωd t). (A16)

For a circuit that includes a diode, when the diode is on, the RLC circuit switches to an RL
circuit, as shown by the blue loop in Figure 4b. Electric current then decays according to
the corresponding effective resistance and inductance as per (Equation (A17)):

I(t > td) = Ide−Reff(t−td)/Leff , (A17)

where td is the time when the diode is activated, Id is the value of the electric current when
the diode is activated, and Reff and Leff are the effective resistance and inductance of the
corresponding RL circuit (Figure 4b).

Appendix C. Supplementary Plots

(a) (b)
Figure A1. Computational mesh used in FEMM simulations for the coil implementation verification
case. (a) Entire domain; (b) zoomed in view of the coil region.
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