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A 0-D Electric Gun Model for the Optimization of
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Abstract—The electric gun is a pulsed power projectile
launcher that utilizes the rapid expansion of an ohmically heated
exploding foil and electromagnetic (EM) forces to accelerate
thin flyers up to 20 km/s. Though the launcher has high
energetic efficiencies when compared to alternative techniques,
the process of launching flyers above 0.5 mm thickness in this
manner often results in uncontrolled launch characteristics and
premature failure of the flyer. This behavior is challenging to
model numerically, limiting optimization work to sophisticated
and computationally intensive magneto-hydrodynamics (MHD)
codes. This work presents a 0-D model designed to expedite
the parametric optimization process of electric gun loads to
launch thick flyers to hypervelocities. The model is capable of
predicting not only the foil state and flyer dynamics, but uses
a novel approximation to predict the maximum pressure state
in the flyer. The model is verified against 3-D MHD Eulerian
hydrocode ‘“Code B” and the validity of the approximations
made in simplifying the model are discussed. With this model,
the electric gun could be optimized to launch thicker flyers
and achieve higher pressures and shock durations, enabling it
to become a complimentary tool to existing projectile launch
platforms.

Index Terms— Electromagnetic (EM) accelerators, electrother-
mal launch, EM launch, pulsed power.

I. INTRODUCTION

HE conditions experienced by spacecraft, lunar habitats,

and fusion reactors, to name a few examples, are unlike
any found naturally on the Earth’s surface, reaching extreme
pressures and temperatures during operation. Access to these
conditions in a controlled setting enables the selection and
design of resilient materials for these applications, which,
in turn, relies on advancement of techniques to generate
ever more extreme material states. The electric gun is one
such technique; a pulsed power launcher which utilizes rapid
discharge of a capacitor bank to accelerate a flyer to velocities
up to 20 km/s. It is generally used in high pressure equation of
state (EoS) research and hypervelocity ballistic testing. Much
of the early activity on electric guns took place at Lawrence
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Livermore National Laboratory (LLNL), from 1976 to around
1990 [1], [2], [3]. More recently, the technique experienced a
revival in laboratories in China [4], [5], [6].

The electric gun can be thought of as a hybrid between
the exploding foil initiator (EFI), also known as a “slapper,”
and the electromagnetic (EM) plate flyer launcher [7], [8].
Its projectile is driven by both a thermal explosion, as in
an EFI, and the magnetic acceleration of the plate flyer. The
process begins with the discharge of a high-speed capacitor
bank across a thin metallic foil, resulting in a large amount
of energy deposited in the foil through ohmic heating. This
energy deposition drives a change in the foil state from solid
to a rapidly expanding plasma. The foil plasma acts as a
driver gas, accelerating an adjacent thin plate, referred to as
the “flyer”” The flyer plate is laid atop the foil in a bonded
stiff assembly, such that the foil plasma “punches out” a
section of the flyer material, accelerating it typically for a few
millimeters to impact a target. The plasma pressure component
of the acceleration is known as the thermal drive. When
large currents are discharged to vaporize the foil, considerable
magnetic forces exist in the system that also act to accelerate
the foil plasma. This effect is referred to as the magnetic drive.

The electric gun has demonstrated conversion from elec-
trical capacitor bank discharge to projectile kinetic energy
of up to around 15% [9]. The approach’s high efficiencies
emerge from its ability to convert energy from both the thermal
explosion and the magnetic fields, inherent in the system,
into kinetic energy in the flyer. The magnetic contribution to
the acceleration allows far higher flyer velocities and impact
pressures than can be achieved using an EFI, meanwhile,
the addition of Joule heating to the work done accelerat-
ing the flyer gives the electric gun an energetic advantage
over the EM plate flyer. Despite its higher efficiencies, the
electric gun is not currently a viable alternative to the EM
plate flyer due to constraints in the thickness of flyers it can
successfully launch. Electric gun flyers thicker than 0.5 mm
exhibit a violent change in state during launch and flight,
often experiencing complete disintegration when using high
energy capacitor banks [6]. The thin nature of the flyers
launched induce strong but short duration shocks in targets,
preventing the electric gun from investigating longer timescale
phenomena and limiting its applications.

Adapting the design of the electric gun to launch thicker
flyers relies on better understanding of the mechanisms
responsible for flyer breakup at larger thicknesses. In situ
collection of data regarding the operation of the electric gun
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during launch and flight prior to impact is challenging, time
consuming, and resource-intensive. Instead, accurate modeling
of the electric gun operating mechanism is a more efficient
route to better understanding the interaction between the
exploding foil plasma and flyer. Researchers initially struggled
to numerically model the interplay between the thermal and
magnetic components of acceleration in the electric gun, using
simple empirical circuit models for the foil explosion [10] and
the Gurney model to predict the final flyer velocity [1]. Though
successful for smaller capacitor banks, these models failed
to capture the behavior of flyers launched above 10 km/s,
where magnetic forces become significant. To account for this
effect, Osher et al. [3] and Lindemuth et al. [11] adapted Lin-
demuth’s computational model for exploding metallic switches
to create a version of the 1-D magnetohydrodynamics (MHD)
code specific to the electric gun capable of modeling the
dynamics and state of the exploding foil. However, the model
does not consider the flyer state when calculating the flyer
dynamics, making it only accurate when modeling launch
of flyers under 0.5 mm thickness. Lack of consideration of
the flyer state in Osher’s model extends into other electric
gun models, preventing simple models from being used to
investigate the launch thicker of flyers [5], [12].

As simplified models for the electric gun have no means
of calculating flyer state, parametric studies for numerical
optimization of the electric gun load rely upon sophisticated
hydrocodes, able to model both MHD and material EoS in the
foil and flyer. Not only is access to these codes limited, but the
complexity of the electric gun and corresponding multiphysics
requires expensive computational resource. When compared
to well understood launch platforms such as gas guns, or EM
launchers which can rely on established simplified modeling
techniques for optimization, [13] it is understandable why the
electric gun is not used more broadly. However, if a more
accessible code capable of modeling the electric gun flyer
state was made available, the projectile launcher could be more
readily optimized to launch thick flyers on a range of pulsed
power devices, enabling existing launch platforms to access
the full potential of this research tool.

In this work, a model was developed for the purpose of
understanding the pressure state in the flyer during launch
and flight. Unlike previous 0-D models used to investigate
EM and thermal launch of projectiles, this model is capable
of predicting states in both the foil and the flyer as well
as the flyer dynamics, using a novel technique to approxi-
mate the pressure at the foil-flyer interface. This capability
allows the user to perform large scale parameter scans which
can consider maximum flyer pressure in minutes, as opposed
to days in an MHD hydrocode with access to high performance
computing. This both expedites the optimization process of
an electric gun set-up, and allows those without access to an
advanced multiphysics hydrocode to design an electric gun
for a specific pulsed power machine. Using the 0-D model in
parallel with a 3-D MHD hydrocode to perform verification,
this work investigates the following questions.

1) Can modeling of the flyer state during electric gun

operation be achieved based on prior understanding of
phenomena in EM launchers?
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Fig. 1. 0-D model allows the user to input detailed parameters regarding the
foil, flyer and capacitor bank. These include the foil and flyer material and
dimensions, and the capacitor bank parameters necessary for calculating the
system current at each timestep.

2) How does the interplay between EM, thermal and hydro-
dynamic behavior influence the pressure states in the foil
and flyer?

3) Which effects in electric gun operation contribute most
significantly to the flyer state?

4) Over what range is the presented model valid, and why
is this the case?

II. 0-D MODEL: ALGORITHM AND PHYSICS

The electric gun model presented in this work represents
the electric gun load as an RLC circuit to determine the
current through the metal foil in the electric gun in 0-D.
0-D simulation refers to a model where physical behavior is
treated without spatial dependency but with time dependency,
with the effect of reducing the computational complexity of
the problem. Fig. 1 presents the range of parameters for input
geometries of the foil and flyer and machine parameters, which
allow the model to calculate results for specific load designs.

The model algorithm can be broken into four sections. First,
the current is calculated in each timestep (Section II-A). This
is then used to find the change in the state in the foil, and
update three positions in the electric gun system; the rear
of the foil, the interface between the foil and flyer, and the
front of the flyer (Section II-B). Next, using both the foil state
and positions, a pressure gradient from the maximum pressure
in the foil to the front of the flyer is established (Section II-C).
Finally, by using the position of the magnetic field along the
z-axis to find the location of the maximum pressure in the foil,
the pressure at the foil-flyer interface, assumed to be the
maximum pressure in the flyer, is calculated (Section II-D).
This section will explore the details of the steps in the order
of the algorithm, which is visualized in Fig. 2.

A. Electric Gun RLC Circuit Model

The electric gun load operates by discharging a large current
produced by a pulsed power generator to a metallic foil. This
circuit can be represented by the RLC circuit equations, which
may be represented as

d—I = LI:V(t) —I1(1) (R(t) + d—L)] (1a)
dt L(1) dt
L =L+ Lo (1b)
R = R; 4+ R (Ic)

where I is the current, V(¢) is the voltage, L and R are
the total system inductance and resistance, comprised of

Authorized licensed use limited to: Bodleian Libraries of the University of Oxford. Downloaded on August 19,2023 at 11:16:02 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

FITZGERALD et al.: 0-D ELECTRIC GUN MODEL

position

max
pressure

|
|
: Calculate : |
! foil total Update foil & :
I Calculate pressure flyer |
: ohmic thicknesses :
: heating [ |
L . - |
: SOIYE’ R_LC Calculate iill:‘élii;c |
[ circuit foil state foil rear Update Calculate :
: Calculate s pressure at | |
: magnetic RES AL interface :
field strength Calculate I
: CEgEeE Update foil ve]cjlc;:ty i;'lyer ! I
: thickness interface and deale load :
| p inductance |
| ront I
[ | Calculate |
| I
: |
I |
l |
: |

Fig. 2. Flowchart demonstrates the model algorithm characterized as four stages Section II-A calculation of the current in the RLC circuit, Section II-B cal-
culation of the foil state, Section II-C updates positions and pressure gradient, and Section II-D gives the calculation of the pressure in the flyer. The flowchart
also illustrates the dependencies of the calculated values on those upstream; clearly if the pressure in the flyer is to be calculated accurately, the foil state and

projectile dynamics must be also.

L, and Ry, the fixed machine inductance and resistance,
and Ly and Ryp, the time dependent load inductance and
resistance, respectively.

The discharging circuit can be expressed as

o0
C()

where V. is the charge voltage and Q(¢) are the machine
charge and C() is the capacitance as the machine discharges.
The circuit equation can be solved using the explicit Euler
method by assuming a constant capacitance Cy, such that

av. 1)
dt Gy’
The foil’s inductance, and thus the current, are dependent on
the conductor’s flight position (z). The axes and origin for this
problem is shown in Fig. 3. The model utilizes an inductance

equation developed by Novac et al. [13] specific to plate flyers,
which states

V) =-V. = 2

3)

La(z)
loit (8% + w;
Moloil ln( X~ + wfo,,)’ for z > 2wroil
i waoillZ
= Hotfoil ¢, otherwise
Bl 4121 = 0.11 5 + (1 - zuffou)

“4)

where o is the vacuum permeability, /s is the foil length,
Wioil 18 the foil width, and z is the flight direction. The foil
inductance in time is then found using the velocity, v.(?),
at each timestep

oL 09z 0L oL

[ [ - 5
ar ~ dt oz v:(0) 9z ©®)

allowing the circuit to take both the position and velocity of
the foil into account as time progresses.
The foil resistance may be approximated as

l
Rioit (1) = En(t) (6)

where the resistivity n(¢) is calculated using the Burgess
model [14], which is both temperature and state dependent.
To calculate the change in temperature in the foil, the heating
power Q) can be calculated using

O =/ 1(t)* Reir dt @)
0

with the subsequent temperature change in the foil approxi-
mated from solid state through to vapor using the change in
energy in the foil

El - AEheat solid = CSM(Tm - TO) (821)
E» = E, + AE, = E; + H,M (8b)
E; = E> + AEneattiquid = E> + e M(T, — T,) (8¢)
E, = Ey+ AE, = Es + H, M. (8d)

Here, ¢, refers to the solid heat capacity, M refers to the
foil mass, T, is the melting temperature of the foil, 7 is the
initial temperature of the foil, H,, is the heat of fusion, ¢, is
the liquid heat capacity, T, is the boiling temperature, and H,
is the heat of vaporization.

Rioi1 is updated each timestep so the model can account for
the complex change in resistivity as the foil transitions from
solid to plasma.

B. EM and Thermal Acceleration

The flyer in the electric gun is subject to forces due to both
the EM field and the expanding foil plasma. The following
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Fig. 3. Positions of the four locations used determine the pressure at the

foil-flyer interface, alongside the velocities used to approximate the foil-flyer
dynamics. An example of a realistic plot of pressure in the foil and flyer is
included. The model assumes the foil and flyer form a continuous interface,
the pressure at the front of the flyer is zero and the pressure gradient between
Zpmax and zy is linear.

approach to finding the accelerating force (F,) was derived
by Novac et al. [13]. To calculate the EM force applied to
the flyer during circuit discharge, the foil is modeled as an
infinitely thin plate, made from a group of straight elementary
conductors all carrying the same current density J = I/w
across their width. The coordinate system and orientation of
the foil and flyer are shown in Fig. 3. The magnetic field
(By) generated at point (x,, z,) by an elementary conductor
situated a distance x from the origin is

de _ d /,L()J
dx — dx \27r(x)

r(x) =,/(xp —x)z—i—z%,. 9)

By integrating the magnetic fields produced by all elemen-
tary conductors, the components of the total magnetic flux
density produced in the foil are given by

1 Xp — Wroj X
B, (xp, Zp) =1 tan™' (22— ) —tan~' (=2} |.
27 Wroil Zp Zp

(10)

where

In this model, the magnetic field is approximated as being
directly above the origin at all times, thus x, = 0. The result-
ing perpendicular magnetic force F, to B, is then simplified
to

5o 2B
210

In a typical electric gun model, the system dynamics
are then calculated by adding the foil and flyer mass and
determining the system momentum change. The resultant
velocity of the foil and flyer are then used to update the
foil’s position. However, this does not account for the time
for pressure information to be passed from the foil to the
flyer. This approximation is valid for thin foils and flyers,
as the timescales over which information propagation occurs
can be assumed to be small when compared to the total flight
time. However, the time necessary to communicate a change
in velocity in the foil becomes significant where the foil or

(1)

Ltoil Weoil -
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flyer is thick. This is particularly critical during launch, as the
flyer is unable to move off until the first pressure wave has
reached its leading surface.

To approximate the 1-D delays in communication of pres-
sure information in 0-D, the foil and flyer are simplified in
space to key locations along the z-axis. The model tracks three
positions; the rear of the foil, interface between the foil and
flyer, and the front of the flyer, visualized in Fig. 3. Prior to
launch, the velocity at the rear (v,.) can be found using the
total force driving the foil. This velocity state is then assumed
to sweep through the foil in the z-direction at the relevant
speed of sound, leading to an interface velocity (v, ) found
through

(12)

vi(0) = vy ( _ u)

Cs, foil

where ¢ soii is the ambient speed of sound in the foil and
hioit (¢) is the updated foil thickness. As it lacks an EoS in the
flyer material, the model assumes the speed of sound in all
materials to be constant, preventing the model from realizing
the effects of supersonic shock waves transiting through the
flyer. This is an issue, as the foil typically accelerates to
velocities higher than the flyer sound speed within hundreds
of nanoseconds, causing the interface position to overrun the
flyer front in the model. To avoid this, the model updates the
front velocity using either the speed of sound in the flyer or
the interface velocity to approximate shock behavior that may
occur in the flyer using

sz(t)
hioin (¢ h t
Uz ([ - (L() + ﬂyL()))’ Uzi(t) = Cs, flyer
Cs. foil Cs flyer (13)
hioit(t)  hayer(?)
V|t — + — , o vg(t) > Cs flyer
Cs foil Ui (1)

where c; fyer is the speed of sound in the flyer, and Agyer(f)
is the updated flyer thickness. The foil and flyer thicknesses
are recalculated at the beginning of each timestep using the
positions derived from the three location velocities at each
timestep. This allows the model to capture the effect of
compression and expansion in the foil and flyer on their
dynamics.

C. Pressure Calculation in the Exploding Foil

The maximum pressure and temperature (7) in the foil can
be calculated directly using (7) and (11) to find the ohmic
heating and the EM force when current / passes through the
foil. The two most significant components of pressure in the
foil will be those due to the EM force (F,) and the thermal
pressure (Pr). The EM pressure (Pg max) is found using the
maximum magnetic field strength (B, max)

ol

Bmax = ﬁ (143)
Br%xax

PB,max = ﬂ (14b)
0
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In this model, the temperature change (ATp) in the foil due
to Pp max 1 approximated using the ideal gas EoS

_ PB,maxV(t)
Nkp

where V(¢) is the updated foil volume at that timestep based
on A (t), N is the number of molecules and kg is the Boltz-
mann’s constant. Previous electric gun models have found this
simple EoS to give good approximations of the foil behavior,
as the foil vaporizes so early in operation [3]. The rise in
temperature due to ohmic heating O, is then added to Ty to
find the total T'(#). The change in total temperature AT in
each time step is then used to find the change in the volume
in the foil, with the thermal pressure Py found using
Pr = M. (16)
40
The model presented allows Py to contribute to the system
dynamics such that

ATg (15)

a P
_p__—T_|_FZ

= 17
ot wﬂyerlﬂyer ( )

where p is the combined foil and flyer momentum. Thus,
when Pr is expansive it will lead to an increase in the system
momentum.

Prior to launch, the foil is confined below the flyer and
builds in thermal pressure, unable to expand freely whilst
confined between the flyer and the insulation below, which
the model assumes to act as a rigid surface. However, after
the foil and flyer move away from the origin, the expansion
behavior becomes complex as compressive magnetic pressures
and expansive thermal pressures influence different regions of
the foil. To simplify this behavior in the 0-D model, the volume
of the foil is assumed to expand until the front of the flyer
moves. After this point, the foil will only expand further if the
thermal pressure becomes higher than the magnetic pressure.

D. Pressure Approximation at the Flyer Interface

Unlike the foil, the model has no direct method for calcu-
lating the pressure in the insulating flyer as it lacks an EoS.
To get around this, the model utilizes three assumptions to
estimate the pressure at the foil-flyer interface based on the
maximum pressure (Pp,) in the foil and the position of this
maximum (zp,, ). First, at early times in flight it is assumed
there is a single pressure maximum in the foil, which decreases
linearly to the pressure at the front of the flyer (P,,). Second,
the pressure is assumed to be continuous across the foil-flyer
interface. As a result, the gradient of the pressure can be found
using

dP Py — Py

Loy Tmx (18)
dz Zi —Zp, +hﬂyer

max

Finally, when launch occurs in a vacuum, the model assumes
P¢ to be zero. Hence the pressure at the interface P, is simply
calculated using

dPpP

P, = Ppax + d_Z(Zi - ZPmax)~ (19)

0D Model Tracking Position Foil-Flyer

2
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—— Maximum pressure foil position (Zpmax)
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Fig. 4. Four positions tracked by the model, alongside an example of their
temporal evolution for the launch of a 0.1 mm thick foil and 1.0 mm thick
flyer. The 0-D model approximates the complex dynamic movement of the
foil, flyer, and position of maximum pressure in the foil by simplifying the
system to four positions along the z-axis, allowing the model to calculate
a more accurate interface pressure P; using 20 without the need for 1-D
simulation.

The gradient of the pressure is illustrated in Fig. 3. It can
be understood qualitatively using this diagram that for the
same P, and relative zpp.x in the foil, reducing the foil
thickness or increasing the flyer thickness will increase the
pressure at the flyer interface. These positions are recalculated
for each timestep such that the pressure gradient in the model
takes into account the changing foil and flyer thickness with
regards to the moving position of maximum pressure in the
foil, as illustrated in Fig. 4.

The question remains of how to predict the position of the
maximum pressure zp, . At early times, the model assumes
this will be the same as the position of the magnetic field
maximum in the foil. This position can be deduced by under-
standing the thermodynamic phenomena driving state change
in the foil. Initially, the current flows through the foil at
the skin depth, generating a magnetic field within the metal.
If the magnetic field is strong enough, the EM pressure causes
the metal influenced by the field to melt. On melting, the
resistivity in the metal increases, allowing the magnetic field
to diffuse through the foil, melting the metal it encounters.
Lemke et al. [15] referred to these two fronts as the magnetic
diffusion front and the melt front and found the speed which
this melt front will move through the metal is proportional to
the magnetic field strength in the metal plate. Using an MHD
hydrocode to simulate a number of experiments with input
conditions from the Z accelerator, Lemke found the velocity
of the melt line (v,,) in aluminum to be

vy, = 0.00127B 4+ 0.596 (20)
where B refers in this model to the maximum magnetic field
strength in tesla and v,, mm/us [15]. The model therefore
assumes zp_ can initially be calculated using the melt line
position, illustrated in Fig. 4, completing the equation for the
pressure gradient allowing P; to be derived.

As the foil and flyer begin to move off, heated metal at the
rear of the foil will expand to occupy the space left behind it.
This forms a low density region of metallic plasma at the foil
rear which is highly conductive, heating the material at the rear
of the foil again and further increasing its resistance. When
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Fig. 5. Position of the magnetic field through the foil starts at the rear of the
foil when the current is first discharged (#1). Ohmic heating and high magnetic
field strengths cause the foil to melt, thus the current density accumulates in
the lower resistivity region ahead of the “melt line” (¢;). Finally, as the foil
and flyer move away from the insulation, low resistivity foil plasma fills the
expanding volume, and the current path returns to the rear of the foil. The high
current density heats the adjacent foil material and increases its resistivity in
this region, thus the magnetic field moves back to the foil rear and begin the
process again (#3).

this occurs, the magnetic field will recede back to this region
of higher resistance and cease to follow the material at the melt
line. To capture this behavior, the model uses foil temperature
and foil positions to identify when the foil temperature exceeds
melt and the foil has expanded above its original thickness
and moved away from the origin. When this occurs, zp,,, is
switched from following the melt line to the rear of the foil.
The location of the magnetic field maximum with regards to
these hydrodynamic effects is illustrated in Fig. 5. Once at the
rear again, if the magnetic field continues to be strong enough
to heat the foil, it will push forward into the metal once more.

In reality, if the foil is thin zp, will quickly reach the
front of the foil, strongly heating all the metal across the total
thickness and causing a drop in density. If this is the case,
the magnetic field is able to penetrate the entire foil thickness
again as the heating at the rear progresses through the metal.
However, in thick foils typically the melt line is still traveling
through the foil when the flyer launches and the magnetic field
returns to the foil rear. The material that has not interacted
with the magnetic field will maintain higher density, and be
more difficult for the magnetic field to penetrate on its second
oscillation through the foil. To account for this, after moving
Zp,,, to the rear, the model releases it to travel once more at vy,
through the foil, but fixes the maximum position the magnetic
field can reach on the second excursion to be the same as it
reached on the first.

Thermal pressures will also act on the insulating flyer
alongside the magnetic pressures. As this model represents the
foil as a 0-D object with a maximum temperature assigned
to it, it has no knowledge of the temperature distribution
throughout the foil. However, the maximum temperature will
be the result of both P, and Qj, so it is assumed the thermal
pressure position to be similar to Pgp,.. Hence, the model
assumes Pnax = Ppmax + Pr when calculating P, when the
foil is expanding. Otherwise, the maximum pressure is set as
P, max — P Bmax -

III. 0-D MODEL: VERIFICATION TESTING AGAINST
MHD HYDROCODE

The 0-D model presented in the previous section utilizes
both EM effects and hydrodynamic behavior in the foil to

IEEE TRANSACTIONS ON PLASMA SCIENCE

TABLE I
MACHINE PARAMETERS FOR PULSED POWER CAPACITOR BANK M3
Machine Parameters Value [units]
Charge voltage 140 [kV]
Capacitance 124.8 [uF]
Fixed resistance 0.1 [u€2]
Fixed inductance 12.5 [1H]

calculate the flyer dynamics and state. This novel approach of
calculating the pressure at the flyer interface using the position
of the maximum pressure in the foil and varying foil and flyer
thickness requires verification. If the model presented is to be
used for design optimization in lieu of a more complex MHD
hydrocode, it must produce similar trends and results as the
hydrocode in a parameter space of interest.

The hydrocode selected for this task was Code B, referred
to simply as B [16]. B is an in-house 3-D Eulerian MHD
hydrocode developed by First Light Fusion, with volume of
fluid interface tracking, utilizing a Lagrangian-remap hydrody-
namics scheme, generic plasma EoS and transport coefficients.
B uses the Frankfurt EoS (FEOS), a semi-analytical tabulated
EoS based on the well-known QEOS model [17]. The FEOS
was created for high energy density matter regimes. Its ability
to better capture liquid—vapor two-phase region using an
iterative Maxwell construction scheme makes it suitable for
modeling the complex state change in the foil during electric
gun launch and flight. B has been validated for EM launch on a
number of pulsed power loading platforms, and has undergone
verification against similar codes such as Gorgon, the Eulerian
resistive MHD code developed by Chittenden et al. [18] at
Imperial College London.

A. Method: Simulation Configuration and Capacitor Bank

BB has been used extensively to model EM projectile launch
on pulsed power platform M3, a 2.5-MJ, 200-kV pulsed power
machine at First Light Fusion’s onsite facilities [19]. M3 offers
a significant research opportunity in the electric gun field, as it
would be the highest energy capacitor bank used to power an
electric gun in open literature, with a long rise time of around
2 us. However, previous attempts to experimentally optimize
an electric gun for M3 led to flyer failure prior to impact.
The flyer failure occurred largely in the early stages of launch,
prior to flyer movement. The failure was characterized by high
velocity foil plasma breaking through the flyer, indicating a
loss of flyer integrity. The load design for these experiments
is shown in Fig. 6. This disassembly of the flyer on launch
is reflected throughout literature on electric guns [20]. The
verification of the model presented focuses on electric gun
loads on M3, as the machine is known to induce destructive
conditions in flyers. If the model is able to accurately capture
these states, it can therefore be used to design a set-up which
avoids them. The details of M3 machine parameters used in
this work are listed in Table I.

The verification tests presented include a detailed com-
parison of an individual electric gun case in the model and
B. The detailed comparison was used to evaluate how the
accuracy of different variables impacted the final the flyer
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Barrel

R

Top electrode/

Bottom electrode

Fig. 6. Simplified diagram showing the electric gun load set-up on M3. The
close up shows the flyer atop the foil over the pier, with the barrel hidden
from view. The current passes from the pier on the bottom electrode through
the foil to the top electrode.

TABLE 11
MATERIAL SPECIFIC VALUES FOR ALUMINUM AND
PMMA USED IN 0-D MODEL RESULTS [12]

Constant PMMA Aluminium [Units]
Density 1170 2700 kgm™
Sound speed 2757 6320 ms~!
Atomic weight (u) - 26.98
Melt temperature - 933.3 K
Boiling temperature - 2740 K
Specific heat - 0.9 kIkg™!
Specific heat vapor - 0.459446 kIkg™!
Enthalpy of fusion - 396 kIkg™!
Enthalpy of vaporisation - 11370 kI kg™!
TABLE III
MATERIAL SPECIFIC VALUES FOR ALUMINIUM CONDUCTIVITY
MODEL [12]
Constant Value [Units]
Cl -535x107° [mQ cm]
C2 0.233
C3 1.21
C4 0.638
C5 1.5
C6 0.012
C7 3.8 x 1073
C8 18.5
C9 5.96
C10 0.44
C11 3.58 x 1072
C12 3.05
k 0.878
Ly 0.107 [Mbar cm?3/mol]
Tmo 0.0804 [eV]
Gruneisen coefficent 2.13

pressure calculation. In addition, a wide-scale parameter scan
was performed in both the model and BB to understand the
extent of the model’s reliability and probe the validity of
the assumptions made in the algorithm. The values used
in the model in these cases are included in Tables II and III.

B. Results: Detailed Testcase

The detailed testcase presented was selected to demonstrate
the typical launch behavior in an electric gun that the model

Maximum magnetic field strength
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Fig. 7. Plots showing the results from the 0-D model and the 1-D

simulation in IB. Despite the differences in the magnetic field strength, the
foil temperature and interface velocity predicted by the model are similar to
those calculated by B.

simulates. It is a 24 x 24 x 0.2 mm aluminum foil driving a
24 x 24 x 1.0 mm PMMA flyer using M3 as the pulsed power
driver. The results from the model are presented alongside
those from B to provide a direct comparison. The pressure in
the flyer is a function of the foil state and dynamics. Therefore,
the model must correctly estimate the magnitude and temporal
features of key variables upstream in the algorithm.

The magnetic field strength and foil temperature drive
a number of key calculations and ultimately determine the
change in momentum in the system. Fig. 7 demonstrates the
magnetic field strength and maximum foil temperature are
comparable to results from the 1-D simulation in B, giving
rise to a close match in the velocity profile of the interface
position v;.

The three variables presented in Fig. 7 are then used to
calculate the position of the maximum pressure in the foil
relative to the flyer interface. The model finds good agreement
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Fig. 8. Comparison of the positions of the rear position (z,), the interface
position (z;) and the position of maximum pressure (Zpmax) in the 0-D model
and IB over time. At each time step, the position of the foil is plotted, with
the 1-D foil material in B colored by pressure to highlight the maximum
pressure and rear position. zpmax reaches the interface at 0.35 ws and falls
back to the rear surface at 0.6 s in both the model and the B simulation,
however, the second excursion arrives at the interface 0.2 us later in the 0-D
model (marked by the orange arrow in the 0-D model and the blue arrow
in B).

with B on the position of maximum pressure within the foil
during the first excursion though tends to be slightly delayed
during the second. For the case shown in Fig. 8, the position
of maximum pressure arrived at the foil-flyer interface around
0.2 us later than in the 1-D B simulation. Otherwise, the
position of the interface and rear of the foil are in the model
match B well, showing that it is able to capture compression
and expansion behavior in the foil at similar times to B despite
being 0-D.

The impact of the delay within the foil shown in Fig. 8 on
the temporal evolution of the pressure generated in the flyer is
apparent in Fig. 9, as the second pressure peak is delayed again
by 0.2 us, whereas the magnitude and temporal evolution of
the first pressure peak produced by the model matched B very
closely. These results suggest the model becomes less accurate
at predicting the maximum pressure in the flyer at later times
in flight. The error in the calculation of magnetic field strength
qualitatively observed in Fig. 7 can be seen in the estimated
pressure at the flyer interface in Fig. 9.

These results indicate the pressure in the flyer is most
strongly dependent on the position and magnitude of the
maximum pressure in the foil with regards to the foil-flyer
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Fig. 9. Comparison between the maximum flyer pressure in the 0-D model

and IB. The pressures predicted by the model matches B more closely at
earlier times in flight, though remain within a factor of 1.5 of the pressures
in B.

interface. In the next section, the 0-D model is exercised over
a wide range of initial conditions to further demonstrate its
ability to capture salient behaviors in the electric gun launch
mechanism.

C. Results: Extended Parameter Scan

To be able to use the 0-D model for wide scale investigation
of the electric gun parameter space, the limits of its accuracy
must be understood. To achieve this, a large sample of simu-
lations were run in 1-D in B and in the 0-D model, across a
range of aluminum foil thicknesses, PMMA flyer thicknesses
and current densities. The maximum pressure was extracted for
each geometry on flyer launch, which was chosen to be the
moment the front of the flyer moved in either code. This was
a rigorous test of the 0-D model as the value of the pressure
on launch relies on both the pressure profile and launch time.
The results of this parameter scan therefore assess how well
the 0-D model approximates EoS and spatial effects in 1-D
MHD simulations.

The 0-D model captured overall trends in how the maximum
flyer pressure on launch changed across all three parameters
tested. Fig. 10 shows the highest flyer pressure on launch
occurred in the electric gun load with the smallest surface
area, thinnest foil, and thickest flyer. The pressures in the
flyers on launch reduce by roughly the same factor of increase
in the surface area in both the model and B. Second, both
codes predicted increasing the flyer thickness led to a greater
increase in the flyer pressure than decreasing the foil thickness.
Third, both models found the flyer pressure rapidly increased
in thick flyers when the foil thickness dropped below around
0.5 mm thickness. This suggests the spike in pressure in
electric gun loads with thin foils and thick flyers in this region
is due to building thermal pressures in the foil before the flyer
moves off. Launch is delayed using thicker flyers, as the initial
pressure wave must travel further to reach the front of the
flyer, causing the thermal pressure to increase in the trapped
vaporized foil until its volume is able to expand as the flyer
moves off. It is the 0-D model’s ability to track the flyer
interface and front as separate points with different velocities
that enables it to capture this effect.

Authorized licensed use limited to: Bodleian Libraries of the University of Oxford. Downloaded on August 19,2023 at 11:16:02 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

FITZGERALD et al.: 0-D ELECTRIC GUN MODEL

Maximum Flyer Pressure on Launch (10x10mm)

0D Model 1D MHD
5 T T T

Pressure [GPa]

Flyer Thickness (hfiyer mm)

1 2

Maximum Flyer Pressure on Launch (20x20mm)

Flyer Thickness (hfyer mm)
Pressure [GPa]

Maximum Flyer Pressure on Launch (30x30mm)
0D Model 1D MHD
T T

T T 48
)
36
30
24
12
6
1 2 1 2 0

Foil Thickness (hfj mm)

5

4

3

Pressure [GPa]

2

Flyer Thickness (hfiyer mm)
=

1

Fig. 10. Heatmap of maximum flyer pressure on launch across a range of
foil and flyer thicknesses, with varying surface area.

The difference in the maximum flyer pressure on launch
predicted by the 0-D model and B2 is compared in Fig. 11. The
model closely replicates B where the pressure contours over-
lap. Over all three current densities, the pressure estimation of
the 0-D model is best when the foil is thin. Across all three
surface areas, flyers driven by thin foils show good agreement
with B across the range of flyer thicknesses. By analyzing
the pressure contours across the parameter space investigated,
it can be deduced the maximum discrepancy between the codes
is roughly a factor of 2.5.

Results from the parameter scan demonstrate the model
correctly identifies nonlinear trends in the maximum pressure
on launch across a range of current densities. It is able to
predict the spike in the flyer pressures prior to launch in
electric gun loads with thin foil and flyers above around
3.0 mm. The model is able to replicate these more complex
trends due to the novel features implemented which allow it
to track the flyer positions and pressure gradient. The 0-D
model replicates the 1-D MHD simulations best for setups
with thin foils. Discrepancy with B increases to a maximum
in geometries with the highest surface area and thickest foil.

D. Results: Validation Testcases

Modeling the electric gun in 0-D space.

E. Discussion: Assessment of Assumptions in the
0-D Model Across Parameter Space

The results shown in the previous section present data
from both 1-D MHD simulations in hydrocode B alongside
those from the 0-D model. The detailed testcase illustrated
the accuracy of key variables in the model algorithm, whilst
the parameter scan provided a broader picture of the model’s
ability to match the 1-D MHD simulations across a range of
electric gun geometries. The results also highlighted the time
periods across which the 0-D model most closely matched IB.
These are due to some of the approximations made in the
algorithm to simplify the problem.

First, the analysis of the detailed test case demonstrated the
model is capable of capturing the temporal variations in the
maximum pressure in the flyer throughout flight. Fig. 9 demon-
strated the flyer experiences two distinct pressure maxima,
which align with the movement of the position of maximum
pressure within the foil shown in Fig. 8. This supports the
0-D model’s assumptions that the maximum pressure in the
foil will be located in the region of lowest resistivity, which
in turn moves according to the melt front and position of the
foil. Additionally, the accuracy in the flyer pressure predictions
suggest the treatment of the foil-flyer interface as a continuous
interface, across which the pressure gradient varies linearly,
is also valid. The detailed testcase illustrated both these
elements of the model match IB more closely earlier in the
current rise time. This is to be expected, as the equation for the
melt line velocity developed by Lemke et al. [15] was derived
for the first current density excursion through the foil, not the
second. Complex phenomena such as secondary shocks in the
exploding foil plasma, which the 0-D model cannot capture,
also contribute to late time variation in the pressure in the flyer.
However, even at these late times the 0-D model continues to
match B’s maximum pressure within a factor of around 1.5,
suggesting the most important elements of the physics are still
being captured.

The parameter scan results indicated the model is able to
replicate trends in flyer pressure on launch across the param-
eter space investigated. The model most closely predicted the
magnitudes of the pressure for geometries with thin foils,
across the range of flyer thicknesses tested. This supports the
conclusions drawn from the detailed testcase that the model is
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Fig. 11. Contour plots comparing the maximum flyer pressure on launch for varying foil and flyer thicknesses for different foil surface areas in 1-D MHD

B simulations (dotted line) and the 0-D model (solid line). The contours across all foil surface areas show the model underestimates the pressure in thicker
flyers, with the error increasing to a factor of around 2.5 in the loads with surface area of 30 x 30 mm and thick foils.

more accurate at earlier times, as launch occurs more rapidly
in cases with thin foils. The scan showed the flyer pressure
is highest in cases with thin foils and thick flyers, therefore,
these load geometries are likely to be most at risk of flyer
failure. This indicates the model matches IB best in the most
critical regions of the parameter space, making it a powerful
design tool for electric gun set-ups accelerating thick flyers.

Overall, the results from the verification study suggest the
0-D model is reliable over a wide region of the geometric
parameter space, but importantly, is most accurate for critical
time periods and load parameters. Experimental results have
implied thick flyers are most likely to fail at early flight times,
which is when the approximations made by the model are most
valid [20]. This implies the physics chosen to be included
in the algorithm is appropriate for the task of optimizing
an electric gun set-up for a range of flyer thicknesses and
geometries.

IV. CONCLUSION

In this work, the model presented is capable of predicting
not only the dynamics of a flyer launched by an electric gun,
but also the maximum pressure states in the flyer throughout
flight. The results from the model were verified against 1-D
MHD simulations in the in-house hydrocode Code IB. Compar-
ison between the codes using both a detailed testcase and wide
ranging parameter scan revealed the physics and assumptions
governing the model were most accurate at early current rise
times, in flyers launched by thin foils. It was concluded as
follows.

1) The flyer pressure can be calculated in the model without
need for an EoS, based on previous understanding of the
movement of the melt line in the foil. By approximating
the position of maximum current density in the foil,
thereby locating the position of the maximum pressure
for calculation of a pressure gradient across the foil-
flyer interface, the model is able to reduce the required
computational resource.

2) Both the magnetic field strength and the position of
the foil were found to determine the position of the

maximum pressure in the foil. The thermal pressure in
the foil was only found to act on the flyer when the foil
was expanding, whereas the magnetic pressure in the
foil contributed to the pressure gradient at all times.

3) The verification parameter scan showed the pressure in
the flyer on launch was most sensitive to flyer thickness
in loads with thin foils. Before launch the foil volume is
constrained, driving higher thermal pressures in the foil
until it is able to move off as the current continues to
rise. As thicker flyers delay launch, the building pres-
sures in the foil vapor drive a rapid spike in maximum
pressure at the foil-flyer interface.

4) The model presented is most accurate at earlier times
in flight, as this is when the approximations made
in the algorithm such as constant sound speed and
pressure location based on the melt line velocity are
most accurate.

Validation performed comparing the model against experimen-
tal results collected from a range of electric gun loads will be
presented in a forthcoming paper [3], [6], [21]. This dataset
will include pulsed power devices with differing rise times
and energetic capacities to understand the effect of the current
profile on the model behavior. In future work, the model
will be used to redesign an electric gun load for the 2.5 MJ
capacitor bank M3, based on the maximum flyer pressure
states calculated for a successful electric gun shot on another
smaller pulsed power machine, CEPAGE [22]. Using the states
in the flyer on CEPAGE as a guide, the geometries of the foil
and flyer which generate this pressure in a flyer on M3 will
be determined. The design will then be experimentally tested
on M3 in order to investigate the effect of long rise times on
flyer state late in flight.
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