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Abstract— The objectives of this tutorial are as follows: 1) to
help students and researchers develop a basic understanding
of how pulsed-power systems are used to create high-energy-
density (HED) matter; 2) to develop a basic understanding of
a new, compact, and efficient pulsed-power technology called
linear transformer drivers (LTDs); 3) to understand why LTDs
are an attractive technology for driving HED physics (HEDP)
experiments; 4) to contrast LTDs with the more traditional
Marx-generator/pulse-forming-line approach to driving HEDP
experiments; and 5) to briefly review the history of LTD
technology as well as some of the LTD-driven HEDP research
presently underway at universities and research laboratories
across the globe. This invited tutorial is part of the Mini-Course
on Charged Particle Beams and High-Powered Pulsed Sources,
held in conjunction with the 44th International Conference on
Plasma Science in May of 2017.
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I. INTRODUCTION

IGH-ENERGY-DENSITY PHY SICS (HEDP) is defined

as the study of matter and radiation at extreme condi-
tions, where the energy density is about 101t Jm? or higher.
Noting that the units of pressure are the units of energy density
(e, 1 Pa= 1 N/m? = 1kg/(m %) = 1 Jm®), HEDP
material pressures are often at or above 1 Mbar &1 million
atmospheres). To drive matter to such an extraordinary state
requires a high-power, high-energy, high-pressure driver sys-
tem. These systems often come in the form of large pulsed-
power facilities or large laser facilities. Present state-of-the-art
HEDP facilities include the Z Pulsed-Power Facility at Sandia
National Laboratories [1], [2], the OMEGA and OMEGA-EP
laser facilities at the University of Rochester’s Laboratory for
Laser Energetics [3], [4], and the National Ignition Facil-
ity (NIF) at Lawrence Livermore National Laboratory [5], [6].
These facilities support a variety of programs in stockpile
stewardship and basic science. For example, the pulsed-power
facilities at Sandia presently support stockpile stewardship
experiments in inertial confinement fusion (ICF) [7]-{10],
material properties [11], [12], radiation physics [13], [14],
radiation effects testing [15], [16], and advanced radiography
development [17], [18], as well as basic science programs
in material properties [19], radiation physics [20], planetary
science [21], and laboratory astrophysics [22].
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Fig. 1. Schematic illustration of a basic pulsed-power system discharging into a cylindricaly symmetric, vacuum-filled metal cavity. As the switches close,
a surface current ramps up at arate dl/dt = V/L, where L is the inductance of the cavity (dependent on the volume and geometry of the cavity) and V is
the discharge voltage. The cylindrically symmetric, radially converging current flow along the cavity’s metal surfaces generates an azimuthal magnetic field
Bg(r) = Mol /(2rtr). The Bg(r) field permeates the vacuum region and is excluded from the metal regions because of the fast rise time of the current pulse,
whichis 100 nsin modern pulsed-power-driven HEDP experiments. The resulting magnetic pressure (i.e., the magnetic energy density) in the vacuum region

iS pmag = 892/(2},10)

12/r2. This pressure can be used to drive a cylindrical implosion if the central metal stalk in (a) is hollowed out into the metal

tube shown in (b) and (c) and the walls of the tube are thin enough (have a low enough mass) to be accelerated/imploded on the time scale of the current

pulse | (t).

In this tutorial, we will focus solely on pulsed-power
technology for driving HEDP experiments. We will first
establish a basic, general picture of a pulsed-power-driven
HEDP experiment. We will then use this picture to under-
stand a relatively new pulsed-power technology for HEDP
called linear transformer drivers (LTDs) [23]-{38]. To provide
a basis for comparison, we will also briefly describe the
more traditional Marx-generator/pulse-forming-line approach
to driving HEDP experiments. As we will see, LTDs offer
compact, efficient, and fully enclosed packaging of the pulsed-
power components (e.g., capacitors and switches) as well as
a highly modular design to enable the construction of large
LTD-based systems. Finally, we will briefly review the LTD’s
history and provide some examples of recent LTD-driven
HEDP research from across the globe. It is our hope that
the picture of pulsed-power-driven HEDP presented in this
tutorial will complement the pictures presented previously in
other similar review articles [39].

Il. SIMPLE PICTURE OF A PULSED-POWER-DRIVEN
HEDP EXPERIMENT

In its simplest form, a basic pulsed-power-driven HEDP
experiment begins with a cylindrically symmetric, vacuum-
filled, metal cavity [see Fig. 1(a)]. Around the perimeter of

this cavity, we want to apply a large voltage V in order to
drive a very fast rising, high-amplitude current pulse I (t).
For simplicity, we will assume that the meta is perfectly
conducting (which is a reasonable approximation in modern
pul sed-power-driven HEDP experiments). We will also assume
that al initial currents and magnetic fields are zero. Because
the meta is perfectly conducting, the only thing that limits
the electrical current (or more specifically the rise rate of the
electrical current) is the inductance of the metal cavity, L.
Later, we will show some simple techniques for evaluating L,
but for now, it suffices to say that L depends on the volume
and geometry of the cavity (generally L increases as the cavity
volume increases and as the inner cylindrical radius of the
cavity decreases). Now, since we are essentially applying a
voltage to an inductor, we know from basic physics/circuits
that V = L (d1/dt), and thus the current will rise at a rate
given by
S | Y/
| = i Q)
In modern pulsed-power-driven HEDP experiments, the cur-
rent rise times are often 100 ns, and the electrodes are often
made from materials such as stainless steel, aluminum, brass,
copper, and gold. On 100-ns time scales, these materials have
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Fig. 2. Illustration of how perfectly conducting boundary conditions and
a radialy convergent surface current density Js(r) in cylindrical geometry
lead to the expression in (3). The red arrows indicate the surface current
density along the surface of the perfectly conducting metal, and the blue
circles with crosses indicate the tangential magnetic field going into the page
in the vacuum region immediately adjacent to the perfectly conducting metal
surface. The magnetic field and current density inside the bulk of the perfect
conductor is zero.

skin depths
4
Ssin= =T 100 um @
Ho
wherepe 100n -misthe electrical resistivity of the metal
electrodes, T 100 ns is the rise time of the driving current

pulse, and o = 4m x 1077 H/m is the permeability of free
space. In contrast with dsjn 100 pm, the anode-cathode
(A-K) gaps and imploding cylindrical targets in pulsed-power-
driven HEDP experiments typically have spatia dimensions

1 cm. Thus, the current pulse I(t) is indeed a surface
current, and the perfectly conducting electrode assumption is
reasonable.

Because of the cylindrical symmetry assumption, the zero
initial field assumption, and the perfect conductor assumption,
the magnetic field generated by the rising current pulse is
purely an azimuthal field that exists only in the vacuum regions
of the cavity (i.e., thisfield is excluded from the metal regions).
This field can be represented in the vacuum region as

Mol 4
—0. 3
2mr (3)

This expression can be understood with the help of Fig. 2.
Because of the perfect conductor boundary condition, we know
from fundamental electricity and magnetism that the surface
current density Js (a linear current density in units of A/m
running along the metal surface) is essentially equivalent to the
value of the tangential magnetic field B at the metal surface
(the equivalence is given through the proportionality constant
Mo, which is the magnetic permeability of free space—see
Fig. 2). Additionally, we must keep in mind that for perfect
conductors, the direction of the surface current density is
perpendicular to the direction of the magnetic field at the metal
surface (Js  B) and that both Js and B have only tangential
components (their components normal to the metal surfaces
are zero everywhere). Putting this all together, we have

Be = HO‘JSZ (4)

B=By(r)f =
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where Js = JszZ, and
Be = U.OJsr (5)

where Js = Jgf. Now, since we are supplying a total
current |, the magnitude of the surface current density must
be given by

()= — 6
5() = 5 (6)
so that integrating Js(r) over acircumference of 2mr correctly
returns the known total current | = Js(r) - 2nir (remember

that Js is a linear current density in units of A/m; it is not
the standard areal current density in A/m2). Plugging (6) into
either (4) or (5) gives (3).

It is important to note that (3) does not require an infi-
nitely thin, infinitely long, current carrying wire to be valid.
Equation 3 only requires that the system be cylindrically
symmetric and that the current | be the total current enclosed
by a circle of radiusr [i.e, | = lenclosed(r)]. Pulsed-power
drivers for HEDP applications are usually very cylindrically
symmetric systems, so (3) is important to remember. For a
more formal derivation of (3), see Appendix A.

One may recall from fundamental electrodynamics that
there existsaforce density F = JxB (aforce per unit volume),
which is often referred to simply as the “J cross B force.” This
force density comes from the magnetic part of the Lorentz
force equation (F = qv x B, where q is the electrical charge
of a particle and v is the velocity of the charged particle)
and summing over the motions of al the charged particles
in the conductors (J = ; njqgivi). Here, J is the standard
(areal) current density in units of (C/s)/m? = A/m?. Because
we have assumed perfect conductors and zero initia fields,
we know that we will adways have J — Js and Js B, and
thus, from simple units analysis with J — Js, the J < B force
density becomes a force per unit area, which is a pressure
p. Using the right-hand rule, we find that this pressure is
applied normal to the metal cavity surfaces in the direction
from the vacuum region to the metal regions. This means
that in Figs. 1 and 2, the top electrodes will be pushed
upwards, the bottom electrodes will be pushed downwards,
and the central cylindrical metal stalks will be compressed
(or imploded) radially inwards. In other words, the vacuum
region is pushing outward on al of the metal surfaces as if
the vacuum region were pressurized. In fact, this phenomenon
can be described in terms of a magnetic pressure. From funda-
mental electricity and magnetism, we know that the magnetic
field has an associated energy density of Eg = B2/(2). And
since energy density is equivalent to pressure (i.e., the units
of pressure are Pa= Jmq), we can write

BZ

—. 7
210 ()
For two alternative approaches to deriving (7), see Appen-
dix B. Also note that, like the magnetic field, the electric field
E has an associated energy density Eg = (E2/2, where ¢
is the electric permittivity of free space. However, the central

metal stalk in the cavity is essentialy a short-circuit load,
and thus the electrical resistance/impedanceis practically zero

Pmag =
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at the stalk. This means that, near the stalk, the system is
high current (high B) and low voltage (low E), and thus
the magnetic field dominates the system dynamics.

If we now substitute (3) into (7), we find that

HOI 2 | 2

Pmag = an’r2  r2 (8)
Thus, if we want to apply the highest pressures to objects of
interest, then we need to get as much current as possible to
as small of a radius as possible. This is especialy important
because (1/r) is squared in (8), and therefore the magnetic
pressure diverges rapidly asr — 0. Moreover, if the central
cylindrical metal stalk is hollowed out and made into a tube
with thin enough walls (walls with low enough mass), then this
tube can be made to implode [see Fig. 1(b) and (c)]. Thisis
referred to as afast Z-pinch implosion [40], and the imploding
metal tube is often referred to as an imploding liner. Further-
more, if one fills the tube with fusion fuel (i.e., either pure
deuterium or deuterium-tritium mixtures), then this fuel can
be compressed and heated by the imploding/converging metal
liner. The fast (100-ns) imploding liner-fuel system can then be
considered an ICF “target.” Imploding a metal liner containing
fuel is the technique employed by the magnetized liner inertia
fusion (MagLIF) concept [7], [8] presently being investigated
numericaly [7], [8], [41]-{44] and experimentaly [9], [10],
[45]-52] using the Z facility at Sandia.

As described by (8), when a liner implodes, r(t) — O,
and the magnetic drive pressure at the liner's outer surface
can grow very rapidly to extreme values. In MagLIF, drive
pressures can well exceed 100's of Mbar (100’'s of millions
of atmospheres). For example, on Z, when | =20 MA and
r = 0.5 mm, the magnetic drive pressure is pmag = 250 Mbar.
To put this number into perspective, 140 Mbar is the radiation
drive pressure produced on the NIF. Thisis one very important
reason why imploding liner loads are attractive options for ICF
targets.

The very large magnetic pressures that can be obtained
by channeling very large current pulses to very small radii,
particularly when employing implosion techniques, are useful
not only to ICF concepts like MagLIF, but also to radiation
source development and material properties experiments. For
example, rather than imploding a metal liner, the cylindrical
metal tube can be approximated by a cylindrical array of
fine metal wires very closely spaced together (called a wire-
array Z-pinch [15]) or an annular puff of gas (called a gas-
puff Z-pinch [16], [53]). Due to the intense heating from the
electrical current pulse, these approximately cylindrical loads
quickly vaporize and ionize into conducting plasma channels
(at least near the radially outermost regions). Like metals,
these plasma tubes can conduct large currents and significantly
exclude the driving magnetic field from penetrating the tube’s
interior. Wire-array Z-pinches and gas-puff Z-pinches are
primarily used for generating X-rays (and sometimes neutrons,
in the case of deuterium gas-puff Z-pinches). The radiation
is produced when the imploding plasma tube stagnates on
itself near the cylindrical axis of symmetry (near r = 0).
At this point, the plasma kinetic energy is converted into
thermal energy, while the magnetic pressure continues to
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drive plasma compression (further heating the plasma), to the
point where X-ray generation is excited (and/or fusion neutron
events become probable). This X-ray (and sometimes neutron)
radiation is then used in HEDP experiments that are designed
to study fundamental radiation transport processes (e.g., mea-
suring the X-ray transmission and opacity of materials at
extreme temperatures and densities) and to test the radiation
“hardness’ of various electronics equipment (i.e., radiation
effects testing). This self-pinching effect can also be used to
generate radiation for advanced radiographic capabilities [17];
these capabilities are then used to image HEDP experiments.

In material properties experiments, cylindrically converging/
imploding liners have been used to obtain measurements
at some of the highest material pressures to date. In these
imploding experiments, the material sample is the metallic
liner (or is at least part of a composite multimaterial liner). For
example, cylindrically imploding liner techniques have been
used to probe the equation of state in Be out to 5.5 Mbar [11]
and in Ta, Cu, and Al out to 10 Mbar [12].

As mentioned above, the magnetic pressure pushes outward
on al of the metal cavity surfaces. The fact that this pressure
wants to compress or implode the central metal stalk is
merely a consequence of the cylindrically convergent and/or
coaxial geometry of the cavity. In fact, to meet various exper-
imental objectives, pulsed-power-driven HEDP experiments
can be executed where the objects of interest are placed
in either the imploding or exploding portions of the cavity.
Above, we discussed examples of imploding objects of interest
(or “targets’), and, to be sure, implosions are the way to access
the highest drive pressures. However, there are times when one
desires: 1) more spatially uniform magnetic field pressures;
2) diverging plasma flows; and/or 3) better diagnostic access.
In these cases, exploding experimental geometries can be
(and are) used (see Fig. 3) [19], [21].

The pulsed-power-driven techniques discussed above can
aso be used to drive HEDP experiments to study labo-
ratory astrophysics [20], [22] and other fundamental sci-
ence [19], [21]. For example, to drive laboratory astrophysics
experiments, the wires in a cylindrical wire-array Z-pinch can
be angled to form a conical wire array [54]. The conical angle
is obtained, for example, by having the wires connect to a
larger radius on the top electrode than on the bottom electrode.
With this configuration, the magnetic pressure accelerates the
plasma radially inwards as well as axially upwards. As the
plasma collects on axis, the residual axial momentum leads to
the formation of axial plasma jets (upwards in our example).
The plasma jets produced can be used to emulate astrophysical
jets. Similarly, if the uppermost horizontal portion of the
electrode structure shown in Fig. 3 (where the magnetic
pressure pushes upwards on the electrode structure) is replaced
with thin wires, then aradial wire array is formed [55]. If the
wires of aradial wire array are replaced with a thin foil, then
aradial foil is formed [56]-[59]. Any of these configurations
(conical wire arrays, radial wire arrays, or radial foils) can be
used to accelerate plasmas axially and to create plasma jets that
can be used to study astrophysical jets. One final configuration
that should be mentioned is the inverse (or exploding) wire
array [60]. If the material sample in the exploding portion
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For axial plasma jet experiments, replace these uppermost electrode sections with radial
(spoke-like) wires for a “radial” wire array load or with a thin foil for a “radial foil” load

|

Velocimetry/Doppler Fibers

Material Sample for a Material

= _a— Properties Experiment

Receive Fiber
(Replace material sample with
many thin vertical wires for an
“inverse” wire-array load for a

- lab astrophysics experiment)

Send Fiber <«

Pmag (rt) Pmag (r,t)

¢
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Fig. 3. lllustration of a pulsed-power-driven experiment in an exploding
configuration. This setup is similar to that used in planar dynamic material
properties experiments, where the material sample under test is placed in the
coaxial “return-current” path. The material samplé€’s response to the pressure
pulse (e.g., its motion) is tracked using fiber-based Doppler velocimetry
techniques. The elevated coaxial pedestal alows for diagnostic access and
for a uniform magnetic pressure to be applied to the sample (since pmag =
Pmag(r) = Bez(r)/(ZUO) and r = constant along the sample height). This
figure also illustrates how the electrode hardware can be modified to drive a
radial wire-array load, a radial foil load, or an inverse wire-array load, which
are load configurations often used for laboratory astrophysics experiments.

(in the “return-current” portion) of Fig. 3 is replaced with thin
wires, then an inverse wire array is formed. If the wires are
thick enough so that they don’t move on the time scale of the
experiment, then they can be used to supply steady streams of
outward flowing ablated plasma. Two such inverse wire-arrays,
with their ablation streams directed towards one another, have
been used recently to drive magnetic reconnection experiments
on the MAGPIE generator at Imperial College London [61].

All of the applications discussed above, including both
programatic/defense-related missions and fundamental sci-
ence, depend on pulsed-power technology. By pulsed-power
technology, we mean the arrangement of switches and capaci-
tors used to drive the voltage and current pulses into the induc-
tive cavities shown in Figs. 1-3. We will discuss two different
arrangements of switches and capacitorsin Sections 1V and V,
but before doing this, we first review a simple LC model of
a generic pulsed-power system.

I1l. SIMPLE LC MODEL OF A GENERIC
PULSED-POWER SYSTEM

Related to our discussion on driving an inductive cavity in
Section 11, we will want to keep the following in mind to
achieve the highest pressures.

1) To pump energy E into the cavity as fast as possible
(to obtain a high energy density), we need to generate
a large electrical power Peectric. This means that we
need to generate both high voltage V and high current |
because
dE

a:Pdectric:VxL

2) We need lots of stored charge Q, because | = dQ/dt.
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3) We need lots of charge storage capacity (capacitance) C,
because Q = CV.

4) Since capacitance addsin parallel, we need many storage
capacitors n, each with a capacitance C;, arranged in
parallel to get C = nC;. To visualize this arrangement,
think of two huge parallel metal plates, each with a
surface area A, separated by a small A—K gap spacing d
that is filled with a dielectric material with a permittivity
of . These huge metal plates could be broken up into
smaller sections, each with a surface area A; and a gap
spacing of d, to get

9

5) From (1) (dI/dt = V/L), we need a small induc-
tance L.

The question now becomes. how do we evaluate and min-
imize L? We can actualy evaluate L two different ways.
Referring to Fig. 1, the first way isto integrate the flux density,
By, over the cross-sectional area A of the vacuum region of
the cavity to get the total azimuthal flux

lout h

= B.dA= Mol e
A fin 0 2nr
_ |J~0| h fout 1
T S
Holh lout
= In — 10
2n lin (10)
Then, by definition, the inductance is given by
Hoh lNout
L=—=—In — 11
| 21 lin (11)

The second way to calculate L is to integrate the magnetic
energy density, Be2/(2uO), over the entire volume V of the
cavity’s vacuum region to get the total magnetic energy stored
in the cavity

BZ
Eg = — - dV
v 2Ho
fout 21 h 1 I 2
= — Bl dedrdz
fn 0 0 2Ho 2mr
1 pl? Fout ]
=~ Moo o ~dr
2o 4m? T
hi2 r
= Ho™, Fou (12)
41 lin

Then, by equating this expression to the defining expression
for the magnetic energy stored in an inductor, we have

1 pohl? F out
ZLI?=Eg= In =22 13
2 B 41 lin (13)
Hoh lout
L="-In — . 14
21 lin (14)

Thus, these two methods for calculating L return the same
result, which is always the case if the current is a surface
current. If the current is distributed in the metal, then care
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Power Feed
on Z Machine

Be Return-
Current Can

Fig. 4. lllustration of the final power feed and a cylindrica liner load on
the Z machine. The overlaid red lines illustrate how, in regions with large
slopes or curvatures (i.e., large dr/dz and/or large d2r/d22), we can break
up the power feed into slices with very short dz so that we can calculate dL
and L using (15). (Source: [47] and [48].)

must be taken to interpret these two methods correctly, as they
will not generally give the same result [42].

Note that this inductance L is ssmply the inductance of a
coaxia transmission line [62], assuming that: 1) 41 = HMo;
2) the metal is perfectly conducting; and 3) the length of the
line is the height h of our vacuum cavity. Also note that this
result depends somewhat arbitrarily on where we set rin, rout,
and h. In fact, by manipulating these limits, we can break up an
inductance calculation into pieces and then sum the pieces to
get the total. Of course, to calculate/simulate an actual circuit
response, we are going to need the total inductance, meaning,
we are going to need to account for every bit of flux generated
in the current loop that includes everything from the source
capacitors to the load. Nevertheless, the point here is that we
can break up the total inductance calculation into pieces [63].

As an example of why this is useful, particularly for
azimuthally symmetric systems, consider the image presented
in Fig. 4. In (11) and (14), we can let h become arbitrarily
smal, so that h — dh - dz, and thus we can rewrite
(11) and (14) as

L= H_Oh In Tout dL = Ho Tout dh
21 lin 2n lin
2 Z2 r
L= =Ko Py @ (15)
7 2n 4 rin(2)

Thus, as long as the anode and cathode curves, rou(2)
and rin(2), are known, and as long as the feed is azimuthally
symmetric, we can easily evaluate L using a simple computer
algorithm. Note the arbitrary reference point labeled as royt
in Fig. 4. A circuit simulation would of course require the
total inductance for everything upstream and downstream of
rout iN Fig. 4. The upstream inductance (i.e., the “machine
inductance”) could be quite involved; however, this value
likely doesn't change from one experiment to the next, and
thus this inductance only needs to be evaluated once (perhaps
using experimental measurements or a sophisticated 3-D
simulation code). The downstream inductance (i.e., the “load
inductance”) could change quite significantly from one
experiment to the next, with different custom hardware
and/or targets being installed to meet various experimental
objectives. Thus, the utility of this calculation technique is
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Fig. 5. A simple LC circuit model that can be used to describe the process of
pulsing the inductive cavity shown in Fig. 1. For t < 0, the switch is open and
the capacitor is charged to Vg. For t > 0, the switch is closed and the system
dischargesinto L. Because there are no dissipative elements, the energy simply
oscillates back and forth between the capacitor (voltage/electric field energy)
and the inductor (current/magnetic field energy). The system isan L C resonant
circuit, with a resonant frequency of w =1/ LC.

that the inductance budget for a new experimental load design
can be rapidly evaluated and an experiment can be simulated
with a full circuit model simply by summing the load and
machine inductances. Note, however, that care must be taken
to ensure that the proper handoff/reference point is being
used (i.e, rout in Fig. 4). This requires good communication
between machine engineers and load/target designers.

To minimize L, there are a few things to consider. The
first and easiest thing to keep in mind is that one aways
wants to minimize the overal axial translation z. Second,
if a z trandation must be done (e.g., to provide diagnostic
access to the load), then it is often best to locate the z
trandation at a large radius to reduce the associated increase
in inductance. To understand why this is the case, consider
(11) and (14) and evauate L(rin) for a constant A—K gap
spacing d = roy — rinp and a constant/given  z = h; the
inductance will be smaller at larger ri,. Third, if acombination
of axial z and radial r trandation must be done, then a
curved power feed that is optimized for minimal inductance
can be found using (15) [64], [65]. Optimized power feeds
are often evaluated while simultaneously considering several
other design constraints (e.g., avoiding other experimental
equipment and/or diagnostics). More often than not, though,
a simple conical power feed is not far from the optimum and
in fact works quite well in practice [66].

At this point, we have L, C, and V, but we still need to
calculate | (t). To do this, we use the ssmple LC circuit shown
in Fig. 5. For the simplicity of this tutorial, we will assume
that the circuit's electrical resistance is zero (R = 0) and that
L = constant = L(t). Aswe will seein Section V, thissimple
LC model is very useful for describing an LTD.

To solve this circuit for time t > 0, we begin by writing
the voltage across the inductor. From basic physics/circuits
[and/or (1)], we know this to be

V =LI. (16)
Next, the displacement current “through” the capacitor is

| = —CV. (17)
Differentiating the capacitor current with respect to time
gives

| =—CV. (18)
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Plugging this result for | back into (16) gives
V = (—LC)V. (19)

This is just the equation for a simple harmonic oscillator,

which has the solution
V =V - cos(wt). (20

This solution can be verified by differentiating with respect to
time once and twice to get

V = —wVp - sin(wt)
V = —0?Vp - cos(wt) = —0?V

(21)
(22)
which matches (19) above, with the circuit's resonant fre-
guency given by

1

LC
Now, to evaluate the current pulse I(t), we simply plug
(21) into (17) to get

(23)

| = —C: [~wVp - sin(wt)] (24)
Y SR
= a/F Vo - sin(wt) (25)
= %-Vo-sin(wt) (26)
= lpeak SIN(wt). (27)

Summarizing our solution, we have a simple harmonic
oscillator with the following relationships:

1 (t) = Ipeak Sin(wt) (28)
.. C_ Vo
lpesk = Vo = Z0 (29)
L
Zo= = (30)
c v__
W= 2n£/= 2n/t =1/ LC (31)
T=2n LC (32)
Toeok = T/4= % LC. (33)

Here, Zg is the system’s characteristic impedance, Ipea IS
the peak current obtained, T isthe full-cycle time period of the
resonant oscillation, and Tpeax is the current rise time (i.e., the
time to the first current peak in the resonant oscillation).
The results of this solution are plotted in Fig. 6.

Because we neglected R and made L = constant = L(t),
there is no energy dissipation or absorption, and thus this
solution will oscillate forever. In real HEDP experiments,
the resistance can indeed be small and the inductance can
indeed be approximately static in some cases (e.g., materia
property experiments where small material samples are only
dightly compressed/deformed). This situation can stress the
components of a pulsed-power system, because the oscillating
energy will keep revisiting particular components continually
until the energy eventually dissipates. One example is that the
storage capacitors and switches can be stressed by electric
fields in ways that they were not designed for; this can be
particularly problematic upon voltage reversal (V = —Vj,
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Fig. 6. The response of the circuit model in Fig. 5 for t > 0. The voltage
and current values are in units of Vo and Ipex, respectively, while the
time values are in units of Tpeak. Note that a pulsed-power-driven HEDP
experiment will typically only use the current’s first rising edge and first
peak; however, we plot a full period of oscillation simply to illustrate that
with negligible resistance and/or material motion to dissipate and/or absorb
the energy, the energy will simply oscillate back and forth between electric
and magnetic fields (voltage and current); i.e., the system is resonant, and
thus it will “ring” without energy dissipation and/or absorption.

at t = 2Tpea, in Fig. 6). Additionally, the components must
support large currents (and potentially large ohmic heating)
repeatedly as the current continuously flows back and forth.

If, on the other hand, our HEDP experiment involves a
resistance R or a time-dependent inductance L(t), then we
will have energy dissipation, absorption, and conversion mech-
anisms that will pull energy out of the resonant LC circuit and
damp the oscillations presented in Fig. 6. A dynamic L(t) will
arise in HEDP experiments because of material acceleration,
which changes the geometry of the current carrying cavity.
Note that because of L — L(t), we will also have L = 0.

In the case of a cylindrical thin-shell implosion, the cor-
respondence from material motion r (t) to inductance L(t) is
given by (11) and (14) withrjy — r(t). By differentiating (11)
and (14) with respect to time, we find asimilar correspondence
between L(t) and the radia implosion velocity v(t) = f(t),
namely,

: Hoh r(t)
L=—"+— —/—= . 34
2 r(t) (39
To evaluate r (t), we use the driving azimuthal magnetic field
(3) and the resulting magnetic pressure (7) and (8), operating
on a cylindrical surface area Ay = 2mr - h, to write an
expression for the radial implosion force F, and the radial

acceleration 1
Bf
2Ho

_ Hol 2
_L10h|2

= (39
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This equation is coupled to the circuit model above via | (t).
Additionally, because L — L(t), we must replace (16) in the
circuit model above with a more general expression. That is,
from the first of our two definitions of inductance (11), we
have

L=— =LI. (36)

Then, from Faraday’s law, we have

Ve = :%(L|):L|+L|’. (37)

Again, care must be taken when applying (11) and
(36) [and (13)]—the two methods/definitions used to derive
L in these equations will produce equivalent expressions for
L only when the current is a surface current, as in our present
example. When the current is distributed in a conductor,
the two methods are both still needed, but their interpretations
change. For example, the second method (the integral of
the magnetic energy density) will lead to a result where
VL = LI + LI; however, this method will still provide a
useful expression for evaluating the rate of change of magnetic
field energy in the system. The reason the two methods no
longer give equivalent results is because the first method
(the integral of the flux density) also includes ohmic heating
contributions (note that ohmic heating must occur whenever a
current is diffusing into aresistive material and is thus spatially
distributed). For an example of how to use these definitions
when the current is distributed in resistive metals/plasmas,
see [42].

This coupled system of ordinary differential equations
[(17), (35), and (37)] can then be solved numerically to find
the driving voltage and current waveforms, V(t) and I (t),
respectively, and the implosion trgjectory r(t) for a thin-
walled, hollow cylindrical shell. Note that since the implo-
sion’s mechanical (kinetic) energy is Emech = (1/2) mv2 =
(1/2)mr?, where m is the mass of the liner, and since r is
related to L through (34), this cylindrical thin-shell example
illustrates why L is important when considering the overall
energetics of the system. A great dea of insight can be
gleaned by working with and studying this model. This can be
accomplished by writing a short numerical code to solve (17),
(35), and (37). This exercise is strongly encouraged for inter-
ested students and researchers; it is especially recommended
for those actively pursuing research in the area of pulsed-
power-driven HEDP.

From (37), we see that, mathematically, L looks just like
aresstance R. That is, the first term on the far right-hand
side (RHS) of (37) (LI, referred to as the “L-dot” voltage)
is analogous to Ohm's law (V= IR), with L analogous
to R. In the case of L, energy is partially converted into
directed mechanical energy (e.g., the radia kinetic and/or
compressional energy of a cylindrical Z-pinch implosion) and
partially converted into the new magnetic field that must be
generated to fill the changing volume/geometry of the cavity
as the current-carrying cavity surfaces move (e.g., implode). In
the case of R, energy is scattered by charge carriers colliding
with other charge carriers and/or lattice atoms, which results
in randomized particle motion and thus thermalized ohmic
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heating. In both cases, the energy conversion rates from the
pulsed-power machine's total supplied electromagnetic energy
can be described similarly. For R, we have the familiar ohmic
heating rate given by

_dE

=— =V |=I2R 38
pm (38)
For the total inductive voltage, we have
E . .
Pded—thlezLI2+Lll. (39)

The second term on the far RHS of (39) is the power
associated with increasing the electrical current, assuming that
L(t) isheld fixed for that particular instant in time (i.e., thisis
the power required to increase the magnetic field energy within
the cavity assuming that the volume and geometry of the cavity
are held constant at that particular instant in time). By contrast,
the first term (i.e., the L power term) is the energy conversion
rate given a fixed current, and it is due solely to materia
motion (i.e., it is due to the rate of change of the vacuum
cavity’s volume and shape). This term gives an expression
similar to P , namely,

C_dE _ 2

el L2
Additionally, this energy conversion rate P; is further equipar-
titioned into two distinct channels: 1) into new magnetic field
and 2) into directed mechanical energy associated with the
meaterial acceleration and/or compression. This equipartition-
ing results in the following energy conversion rates.

(40)

dEg 1 1.
PRy = —2 = 2P = ZLI2 41
Bhew dt 2 L 2 ( )
dEmech 1 1. 2
Prech = =Zp =ZLI2 42
mech dt 2 L 2 ( )

Here, Pg,,, iStherate of energy conversion into new magnetic
field because of the material motion (i.e., the rate at which
magnetic field energy must be generated to fill the growing
volume of the vacuum cavity) while Pnech is the rate of
energy conversion into the directed mechanical energy of the
accelerating and/or compressing materia itself—e.g., for the
case of an accelerating thin shell (with no material com-
pression), we have Pyech = (d/dt)(mv2/2), where m is the
material mass and v is the material velocity (note that for
a radia Z-pinch implosion in cylindrical geometry, we have
v =dr/dt =7¥).

To understand where this equipartition comes from, consider
the following, which was inspired by a derivation found
in [67]. The total inductive power supplied to the cavity
is given by P_ in (39). Referring to (13), the total energy
contained in the magnetic field at any time is given by

_1 2
Eg = 2L| (43)
and thus, with L — L(t), the rate of change of the total energy
stored in the magnetic field is given by
__dEp d 1 2

PB— =— —L

ot a2 (44)



3936

Therefore, the inductive power going into just the mechanical
channel (i.e., the material acceleration and/or compression
channel) is given by

Pmech = PL — Ps (45)
. . d 1
=LI?+ LIl —— ZLI? 46
dt 2 (46)
. ) 1. .
=LI2+LII—§LI2—LII (47)
1.
=-L12 48
> (48)
1

Since one half of the available P; power goes into Prmech,
the remaining half of P; goesinto Pg,, (i.e., into generating
new magnetic field to fill the newly accessible cavity volume).
Therefore, in summary, we have

% P;. (50)

Note that, for a system like MagLIF, the imploding liner
is used to compress a substance contained within the liner
(e.g., the fusion fuel inside of a MagLIF liner). This requires
compressional “pdV” work to be done on the substance,
where p is the pressure of the substance, and dV is the change
in the volume of the substance. It is important to understand
that Pmech already accounts for the rate at which electromag-
netic energy is being converted into compressional work. For
exampl e, the backpressure of the compressing substance could
be large enough to stall the continuous radial acceleration of
the imploding liner, leading to a constant-velocity implosion
(f = constant, and i = 0). In this case, Pyech IS solely the rate
at which pdV work is being done to compress the substance.
This can be understood by considering the fact that the liner’'s
implosion kinetic energy ((1/2)mr 2) is constant, and therefore
the rate at which the supplied electromagnetic energy is being
converted into the kinetic energy of the imploding liner shell
is zero. This means that the supplied electromagnetic power
Pmech = (U/2)P; = (1/2)L12 > 0 must instead be going
into the compressional pdV work that is being done on the
enclosed substance.

In 1-D simulations of MagLIF (e.g., [7], [42], and [43)]),
the fuel pressure at stagnation can become large enough to
both stall and reverse the liner implosion against the driving
magnetic pressure (i.e.,, near r = 0, the liner can “bounce’
off of the fuel pressure and explode radially outward). Note
that during this explosion, the fuel pressure actually does work
on the driving magnetic field and circuit, which leads to an
increase in the driver current! That is, the exploding liner
performs magnetic flux compression (MFC) on the driving Bg
field, which increases By and thus increases the corresponding
drive current | via (3).

The phenomenon of explosively driven MFC is described
in detail in [68]. In short, consider a system where the
magnetic flux is held constant (i.e., = LI = congtant).
When the applied magnetic pressure dominates the system
dynamics, the cavity volume (see Figs. 1-3, for example) will
increase by pushing the liner radially inwards, the top and

Pmech = PBneW =
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bottom electrodes upwards and downwards, respectively, and
the return current conductors radially outwards. The increasing
cavity volume corresponds to an increasing cavity inductance,
L. This means that the current | will drop because | = /L
and = constant. However, if a competing pressure source
(e.g., the MagLIF fuel pressure at stagnation) dominates over
the applied magnetic pressure, then the conductors could move
in the opposite directions, thus decreasing the cavity volume,
reducing the system inductance, and increasing the current—
this is the principle of MFC for current amplification. This
principle is used by explosively driven MFC generators to
produce currents of up to 300 MA [68]! This principle is also
used in MagLIF, where a flux compressed axial magnetic field
is used to keep the hot fusion fuel thermally insulated from the
cold liner wall that surrounds the fuel—for more information
on MFC in MagLIF, see [7] and [69].

Returning to our discussion above on energy partitioning,
we note that, for a system like MagLIF, the liner is usualy
not athin-walled cylindrical shell. Instead, the imploding liner
is a thick-walled tube, where the walls of the tube undergo
material compression as the liner implodes. It is important to
understand that this material compression is also accounted for
by Pmech- In summary, Pmech accounts for the rate at which
the supplied electromagnetic energy is being converted into
the implosion kinetic energy of the liner shell and into the
compressional work that is being done on both the liner wall
and the substance/fuel contained within the liner. For all of
these cases, the equipartitioning represented by (50) is valid.
For more details on this, see [42].

From the discussion above, we see that if we have either a
resistance R or a dynamic inductance L(t), then we will have
energy dissipation, absorption, and conversion mechanisms
that will pull energy out of the resonant LC circuit and damp
the oscillations presented in Fig. 6. For example, in cylindrical
liner implosions, the initial liner radius and mass are usually
chosen such that the liner walls reach the axis of symmetry
(r =0) a t = Tpeak, S0 that the drive current is maximal
when the liner implosion stagnates (i.e, | = lpeak When
r = 0). However, the rapidly growing L(t) (and large L) due
to the rapidly decreasing r (t) (and large —F) can result in an
“inductive dip” in the current pulse, where, just prior t0 Tpeak,
the amplitude of the current waveform is rapidly reduced to a
value that is significantly lower than that of Ipex in the static
inductance case. Furthermore, as noted above, if the implosion
process reverses (i.e., if the liner bounces and/or explodes
radially outward), then work is done on the magnetic field,
which rapidly increases the drive current (i.e., the exploding
liner rapidly reverses the inductive dip). An extreme and ideal-
istic (but illustrative) example of an inductive dip followed by
current amplificationis provided in Fig. 7, which isfroma 1-D
simulation of MagLIF on a conceptual future accelerator with
anominal 50-MA peak current [43]. The pressure generated
by the powerful fusion reactions explodes the liner radially
outward, which compresses the magnetic flux of the driving
By field, thusincreasing By and amplifying the current via (3).

In general, solving a system with a dynamic L(t), R(t),
and/or material compression usually requires a numerical
treatment. For a detailed example of a thick-walled MagLIF
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Fig. 7. An extreme and idedlist (but illustrative) example of an “inductive
dip” followed by current recovery and current amplification in a nominaly
50-MA drive current. This example is from a 1-D SAMM simulation of
MagLIF [42], [43], where the driver is Z-300 [36], a conceptual design for
a future LTD-based pulsed-power facility (see Section V and Fig. 23). The
inductive dip occurs during the implosion, as the load inductance (impedance)
rapidly increases. The current recovery and amplification occur after stagna-
tion. The current amplification is driven by the powerful fusion reactions,
which cause the liner to explode radially outward, rapidly compressing the
magnetic flux of the driving By field. The compressing By flux amplifies By
and thus amplifies the current | via (3). Also note that, athough it is not
shown in this plot, the L-dot voltage (L 1) reverses (becomes negative) when
the liner begins to explode radially outwards.

liner implosion driven by an electrical current that is distrib-
uted radially throughout the liner wall and includes ohmic
dissipation [i.e., where L(t), R(t), and material compression
are included], see [42].

Referring to the oscillations presented in Fig. 6, we see
that there are times when V(t) and |(t) are both positive
(or both negative). During these times, the electrical power
P(t) = V() x I(t) is positive, which means that elec-
tromagnetic energy is being driven into the vacuum cavity
shown in Fig. 1(a). This is equivalent to saying that the
Poynting vector S = E < B/pg (which is the electromagnetic
energy flux) is directed radialy into the cavity when both
V(t) and I(t) are positive (or both negative). For static
inductive loads (L = constant, L = 0), and for the typical
experimental region shown in Fig. 6, power and energy are
driven into the cavity only when d1/dt > 0 (which is driven
by V(t) > 0). When V (t) > 0, the magnetic flux is driven
into the cavity, and B(t), 1 (t), and (t) al increase together
according to (3), (10), and (37) (this is the important rising
edge of the current pulse). Just after peak current, V(t) < 0,
dl/dt < 0, and the Poynting vector reverses, driving magnetic
flux out of the cavity [B(t), I(t), and (t) al decrease
together according to (3), (10), and (37)]. For the simple LC
discharge characteristics presented in Fig. 6, the maximum
power delivery into the cavity occurs at t = Tpeak/2, when
both V(t) and I (t) are large. Note that there is no power
delivery at peak current (t = Tpeak) because V (Tpeak) = O.

Assuming that L = constant (L = 0) in Fig. 1(a),
and assuming that Fig. 1(a) is drawn such that V(t) > 0,
dli/dt > 0, and I (t) > 0, we would have a driving electric
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field E that points downward in the vacuum region, from
the top (+) electrode to the bottom (—) electrode. From
fundamental electricity and magnetism, we know that the
E field must be zero inside the bulk of the perfect conductors,
while the primarily vacuum E field terminates abruptly at
the metal surfaces (within an infinitesimal skin depth from the
surface). The direction of the E field is perpendicular to the
upper and lower metal surfaces because a driving voltage is
applied across the upper and lower electrodes, and because
tangential electric field components are not supported in
perfect conductors. Additionally, because tangential electric
field components are not supported in perfect conductors,
we know that |E| must decrease to zero at the outer surface
of the central meta stalk. That is, the vector E is pointed
downward everywhere in the vacuum region of the cavity, but
its magnitude |E| is maximal at the largest cavity radius and
decreases to zero at the outer surface of the centra metal
stalk. Note that the zeroing of |E| at the central metal stalk is
consistent with the fact that the stalk is a short-circuit load.

To further understand how the driving electric field relates
to the magnetic field being pumped into (or out of) the cavity,
consider (37). This equation comes from the integral form of
Faraday’s law

- E-dl=
C

where C represents the curve that the path integral takes,
and dl is an infinitesimal path element vector along C. The
left-hand side (LHS) of this equation is just the inductive
loop voltage V| around the circuit C (only one time around).
Note that we can construct C however we like. Thus, for
convenience, we choose to make C into a rectangle that fully
encloses the vacuum region on the RHS of Fig. 1(a), out to
an arbitrary cavity radius rqyt. We aso set the direction of the
path integral around C to be in the counterclockwise direction
[to be consistent with the direction of increasing current flow
[ (t) > 0and | > 0dueto theapplied voltage V (t) > 0 shown
in Fig. 1(a)]. Next, we break up C into four line segments
C1, Cy, Cz, and C4, which represent the four sides of the
rectangular circuit C. We place the horizontal line segments
C1 and Cj3 just within the metal regions of the upper and
lower electrodes, respectively. Similarly, we place the vertical
line segment C, just within the metal region of the central
metal stalk. That is, these three line segments, C1, Co, and
Cs, are al placed immediately adjacent to the vacuum region
that C encloses, but they are al placed inside the metal. The
vertical line segment C4 then closes the circuit C by crossing
the vacuum region at the specified (but arbitrary) cavity radius
rout- Now, since tangential electric field components are not
supported in perfect conductors, and since dl is everywhere
tangential to the metal—vacuum interface for line segments Cq,
Co, and C3, we must have

(51)

E-di= E.dl= E-dl=0. (52)
C1 Co C3
Thus, we are left with
— E-dl=— E-dI=|E|-h=Vv =" (53)
C Cy












MCBRIDE et al. PRIMER ON PULSED POWER AND LTDS FOR HEDP APPLICATIONS 3951

(a) 4 4 a low inductance, when blled with vacuum, can be understood
by referring to (11) and (14) and again considering the case of
~[Veharge| L(rin) for a constant ADK gap spacidg= routS rin and for a
l l given/constant axial extefit=  z; we would again bnd that
the inductance is reduced gg is increased. However, we can
raise the inductance of this parasitic large-radius current path
simply by pblling the volume of this path with a ferromagnetic
(b) material that hagt  po. To see this, we can again refer to
(11) and (14); only this time, we lgtg 1 Ho.
In practice, the ferromagnetic cores are often premagnetized
prior to an LTD pulse. That is, prior to an LTD pulse,
a separate and independent premagnetization generator is used
to drive theB beld within the cores to run in a direction that
is antiparallel to the direction of thB Peld generated by the
LTD itself during the LTD discharge. This is done so that,
during the LTD pulse, the LTDOs driviy Peld must do
work to reverse the direction of the pelds in the ferromagnetic
- cores. Essentially, premagnetization maximizesand thus
Cathode stalk =" ¥~ maximizes the inductance of the parasitic current path prior to
the LTD pulse. To understand why this maximizesrecall
Fig. 18. (a) An axisymmetric cross s@m including two bricks (left and that ferromagnetic ,matenals eXh,IbIt hyStere_SIS n t@":
right), ferromagnetic cores, and other components housed inside an LB curves, whereB is the magnetic Bux density, artlis the
casing. (Source: [32].) (b) A 3-D mobef a brick, ferromagnetic cores, magnetizing magnetic Peld intensity [62]. Additionally, since

and other components housed within BFD cavity. (Source: [36].) These we are dealing with pulsed currents, there is a time-lag effect.
graphics illustrate the two possible surface current paths within an LT

cavity. They also illustrate how the high-ferromagnetic cores increase theln this caseji can be treated as a complex quantity, with a
inductance (impedance) of the undediprasitic surface current path (redreal part and an imaginary part (or, equivalently, the complex

arrows) and force the current to takiee desired lower inductance surface, ; ;
current path through the load (greemaavs). This arrangement with higl- H relates a compIeJB toa CompleXH throth its magthde

cores is necessary if one wants to comglieenclose all of the pulsed-power and phase information). During the LTD pulse, tBe Peld
Pelds within the LTDOs metal casing while minimizing the overall volumgenerated by the LTD begins to reverse the peld within the

of the casing. Note that in (a) (and in Fig. 17), before the switch is close ; it ;

the top of the switch is charged t8|Vchargd, the bottom of the switch ﬂremagne_tlzed Cor.e.s' As tliz Peld within the cores begins

is charged to+| Vehargd, and both of the brickGs output electrodes are &9 align with the drivingB Peld generated by the LTD pulse,

dc ground potential (grounded through the LTDOs metal casing for the Idhge value ofu in the cores begins to fall along the trajectory

timescales associated with charging). When the switch is closed, the poterg
t

+|Vcharge|

*

difference across the switch drops rapidly to zero, pushing the brickOs (%bcmed by the CP“? materialOs complex hyStereS,IS curve.
output electrode tor| Vehargd and the brickOs bottom output electrode ce theB Pelds within the cores have fully aligned with the
S| Vehargd- The resulting direction of the positive surface current Bow durin@@ Peld generated by the LTD pulse, the cores are said to have
the discharge is as indicated by the red and green arrows in (a) and (b). saturated At saturation,u is minimized, and thus saturation
should be avoided. In fact, ifi falls too rapidly relative to

the brickOs upper and lower output electrodes. For examghe, LTDOs pulse duration, then the isolation from the parasitic
current can Row out of the top capacitor onto the top surfaceafrrent path can be lost during the LTD pulse, and much of
the brickOs upper electrode. This surface current can then thkeLTDOs total current can then be diverted into the parasitic
the undesired/parasitic path that encircles the brick and retupath, rather than to the load. Thus, it is important to design
to the bottom capacitor by Bowing onto the bottom surface ah LTD with enough core material for the desired LTD pulse
the brickOs bottom electrode. This parasitic path is along teegth and amplitude, so that this Ocore saturationO condition
inner surface of the LTDOs metal casing, including the inrean be avoided. It is also important to note that associated with
surface of the LTDOs outer wall, which is at a machine radiine cores are resistive-like energy losses due to the hysteresis
that is larger than the radial location of the bricks. For theurve and Eddy currents [33]; these losses can be modeled
desired current path through the load, the current would Bawing a resistor elememeort) in the circuit modeling of an
out of the top capacitor onto the bottom surface of the brick(ID (see, for example, [32], [33], and [110]).
top electrode, and it would return to the bottom capacitor by The low L and highC of an LTD cavity means that a
Rowing onto the top surface of the brickOs bottom electrodmgle LTD cavity is a low-impedance driver, SiNCcavity =
For both paths, the circuit is completed through the clos€d cayity/ Cca\,ity)llz [see (30)]. However, another advantage
spark-gap switch. of the LTD packaging is that it enables sevecalvities to

If the high{1 cores were not used, and the volume encircldee stacked on top of one another to form an Lhiddule
by the parasitic current path was blled with vacuum, then wsee Fig. 19). Stacking multiple cavities together in series
would haveu = po. In this case, the parasitic current patlincreases the impedance andtput voltage of the overall
could have an inductance that is comparable to that of the loddver while leaving the current nominally unchanged. The
which would then divert much of the overall machine curremhodule output voltage increases linearly with the number of
away from the load. The fact that the parasitic path could hagavities used because the cavity output gaps are stacked on top
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Fig. 19. (@) lllustration of two LTD cavities stacked on top of one another
to form a two-cavity LTD module. (Source: [32].) This axisymmetric cross-
sectional representation illustrates how the desired load current channel (green
arrows) flows relative to the undesired, parasitic current channels (red arrows).
(b) A 10-cavity LTD module design by Sandia National Laboratories. Here
one can see the output gaps from each cavity stacked on top of one another,
forming the anode path, which surrounds the central cathode stalk. Stacking
the output gaps in series like this increases the voltage of the overall driver
(think of batteries being stacked on top of one another with the = polarities
dl digned). Additionally, and again because of the series configuration,
the inductances of the cavities add together, while the effective capacitance
of the module is reduced. Thus, the characteristic impedance of the module
is proportional to the number of cavities in the module. (Source: [36].)

of one another—think of batteries being stacked on top of one
another with the % polarities all aligned—this is essentialy
the same operating principle as that of an inductive voltage
adder (IVA) [113]°

(73)

Vimodule = Neavities * Veavity-

The module inductance also increases linearly with the number
of cavities used. To understand this, consider the increase in
overall cavity volume as more cavities are stacked on top of
one another. All of this volume must be filled with magnetic
flux, and this volume increases linearly with the number of
identical cavities used in the module. Thus, the overall module
inductance is

(74)

L module = Neavities * Lcavity-

SNote that one of the primary differences between an IVA and an LTD
is that the prime-power generation for an IVA is generated externa to the
IVA cavity, often requiring Marx generators and PFLs, whereas an LTD’s
prime-power is generated within the LTD cavity itself.
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Conversely, the series arrangement means that the equivalent
capacitance of the module is reduced in proportion to the
number of identical cavities used

(75)

Therefore, the characteristic impedance of the module is
proportional to the number of identical cavities used

Cmodule = Ccavity/ Neavities-

L module
= Ncavities -

Zmodule = Crrodul
module

(76)

Since both the voltage and the impedance increase together
with the number of cavities, the peak current remains
unchanged from that of a single LTD cavity

= Neavities * Zcavity-

Neavities * Vcavity _

Vimodule _ [
= lcavity-

(77)

moduie Zmodule Neavities * anvity
Interestingly, while the impedance increases with the number
of cavities, the rise time to peak current remains unchanged
from that of a single LTD cavity

Lcavityccavity

n ——m——— Tt
Tmodule = > L moduleCmodule = >

(78)

Since the nominal Imodule = cavity @d Tmodule = Tcavity, and
since for HEDP applications we are usually seeking large peak
currents with short rise times, one may wonder: what is the
advantage of stacking multiple cavities together? The answer
has to do with something called machine“ stiffness.” If a high-
impedance load is used on a low-impedance (or “soft”) driver
like a single-cavity LTD, then the resulting current pulse
could be significantly distorted from the nominal current
obtained when using a well-matched (low impedance) load.
That is, for a soft, low-impedance, single-cavity LTD driving
a high-impedance (high-inductance) load, we could have

= Tcavity-

Licad Lecavity @d Zjoad ~ Zcavity, SO that
Lsystem = Lcavity + Lioad = Lioad (79)
Zsystem = Zcavity + Zioad = Zload- (80)

Then, with Vsystem = Vca/ity and Cwstem = Cca\/ity, we would
end up with

Vsystem Vcavity
| = = | cavi 8l
system Zoysem Z1om cavity (81)
m —
Tsystem = > LicadCeavity  Tcavity- (82)

However, if we stack multiple LTD cavities together in series,
SO tha Lmodu|e L|O<':d and Zmodu|e Z|oaj, then we COU|d

instead have
Lsystem = Lmodule + Lioad = Lmodule (83)
Zsystem = Zmodule + Zload = Zmodule- (84)

NO\N, W|th sz[efn = Vmodu|e and ngern = Cmodu|e, we WOU|d
have

V. V

_ Vsystem __ Vmodule __ —

|wstem = = = Imodule = |cavity (85)
Zwstem Zmodule
T[ e —

Tsystem = > L moduleCmodule = Tmodule = Tcavity- (86)
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Therefore, when driving a high-impedance (high-inductance)
load, we can sustain the nominal current pulse of an LTD
module, which is equivalent to the nominal current pulse of a
single LTD cavity, by increasing the number of cavities stacked
together in the module.

By making the current pulse more robust and independent
of the load impedance, we are increasing the “stiffness’ of the
generator. The machine stiffness can be particularly impor-
tant in applications involving Z-pinch implosions, where the
impedance (inductance) of the Z-pinch load is often initialy
very low but then increases rapidly as the Z-pinch plasma
tube implodes to small radius. The impedance (inductance)
of the load increases rapidly because the current flows at the
radius of the imploding plasma tube r(t), and the resulting
load inductance is given by (11) and/or (14) with rin — r(t).
As mentioned in Section |11 (see Fig. 7), this rapid increase in
load impedance results in an “inductive dip” in the current
pulse. A dtiffer driver will have a smaler inductive dip
than a softer driver. A smaller inductive dip is generaly
considered “good,” since more current is usually desired for
driving the load harder. However, a stiffer driver comes at
the expense of more cavities. Thus, design tradeoffs must be
made between pinch performance and machine cost. In some
cases, the magnetic pressure at stagnation might not be very
important, thus fewer cavities per module could be used. One
of the nice things about LTD technology is the flexibility
in choosing (designing) a suitable driver impedance for the
particular application.*

Combining (70), (78), and (86), we find that

(87)

Thus, the rise time of the overall LTD system is largely
determined by the rise time of the individual bricks them-
selves. This is particularly true for small load impedances
(i.e, Zioad  Zcavity < Zmodule = Zsystem). This is an impor-
tant point to keep in mind when designing an LTD system. Itis
difficult to significantly alter the inductance of a single brick
(where Lyrick = Lswitcn), thus a machine designer’s ability to
control the rise time of a facility comes primarily from the
designer’'s choice of capacitor size. The selection of smaller
capacitorsresultsin shorter rise times. The selection of smaller
capacitors also means that a larger number of capacitors (and
thus bricks) must be used in paralel to maintain the large
overall Ceavity = NbricksCorick [0r C = nC;j in (9)] needed
for producing large amplitude current pulses [see aso the
discussion surrounding (72)]. Note once again, however, that
by using many small capacitors (bricks) in parallel, we are also
reducing the overall system inductance, since a single cavity
inductance scales as Leavity  Lbrick/ Noricks = Lswitch/ Nbricks-
This leads to the rise time scaling result shown in (87),

Tsystem = Tmodule = Tcavity  Tbrick-

“Note that if a generator is stiffer than necessary for a particular application,
then some of the excess inductively stored magnetic energy can be recovered
using an adapter device called a load-current multiplier (LCM) [114]. This
device acts as an impedance transformer to better match the driver impedance
to the load impedance. For example, an LCM was used to nearly double the
current (from 0.9 to 1.7 MA) into planar wire-array loads and planar foil
loads on the relatively stiff ZEBRA generator at the University of Nevada,
Reno [115]. See [114] for more details on the LCM device.
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Fig. 20. Illustrations of impedance matching within a module.
(a) and (b) Equivalent circuits for an 8-cavity module. (c) Schematic illus-
trating the current flow in a 3-cavity module. (d) A 60-cavity module with a
center conductor (red cathode stalk) that decreases in radius from left to right.
This increases the characteristic impedance of the coaxial transmission line
in away that matches the growing cumulative impedance of the module for a
forward propagating wave that travels from left to right through the module.
The result is a purely forward-going, amplified voltage pulse at the output
end of the module: Vimodule = Neavities - Veavity- (Source: [27] and [116].)

since Teavity = (71/2)(|—cavityccavity)ll2
discussion surrounding (69) and (70)].

The electromagnetic wave that propagates through an LTD
module has a finite speed of propagation. For this reason,
the triggering of the individua cavities should be controlled
such that each successive cavity is triggered 11 after the pre-
ceding cavity, where 11 is the one-way transit time of the wave
passing by a given cavity. In this way, the voltage is amplified
as the electromagnetic wave propagates through the module.
Also, in order to achieve very little back reflection, the char-
acteristic impedance of the module should be continuously
and smoothly increased to match the increasing impedance
of the module (as seen by the wave) as the wave propagates
down the module. This is illustrated by the equivalent circuit
models and module graphics presented in Fig. 20. Full elec-
tromagnetic simulations have shown that indeed a forward-
going wave propagates through an impedance-matched module
with very little back reflection and very high efficiency
(n = 70%; see Fig. 21) [116], [117]. For detailed explanations
on how impedance matching works in these systems, see
[113, Sec. B1] and [118, Appendix].

In an dternative arrangement, a post-hole convolute can
be used to connect the cavities together within a multicavity

Torick [See aso the
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Fig. 21. 2-D LSP simulation results illustrating an electromagnetic pulse
propagating down an impedance-matched LTD module with very little back
reflections. (Source: [116] and [117].)
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Fig. 22.  The HADES LTD design being developed at the University of

Rochester. This six-cavity LTD design combines both series voltage addition
and pardllel current addition to drive 1 MA in 150 ns into a 20-nH inductive
load in an ultracompact footprint. The cavities are grouped together into a
top module of three cavities and a bottom module of three cavities. The
three cavities within each module are connected together in series so that
Vimodule = 3Veavity = 6|Vehargel- The top and bottom three-cavity modules
are then combined in parallel through the use of a post-hole convolute near
the load region so that 11gag = 2Imodule- (Source: [119].)

LTD module. With a post-hole convolute, the cavities are
connected in paralel rather than in series, thus the cavity
currents are added together rather than the cavity voltages.
A post-hole convolute is implemented in the HADES LTD
design at the University of Rochester (see Fig. 22) [119].
Another way to connect LTDs together in parallel, and
thus amplify the driver current, is to connect the outputs of
multiple LTD modules together in paralel [26]. Thisis one of
the design principles behind the recently proposed Z-300 and
Z-800 drivers (see Fig. 23) [36]. Like the present Z machine,
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Z300:
=1 & =48 MA, 320 TW delivered
= 48 M stored
= 30-80 MJ simulated fusion yield
= 35 m in diameter (size of Z today)
= 2970 LTD cavities

LTD-based
architectures
(Linear Transformer Driver)
2800:
= 60 MA, 890 TW
delivered
= 130 MJ stored

= 0.2-1 GJ simulated
fusion yield

Conceptual High
Fusion Yield Machines

= 52 m in diameter
= 5400 LTD cavities

Fig. 23.  The conceptual Z-300 and Z-800 super accelerator designs from
[36]. Multiple cavities are stacked in series to achieve voltage amplification
within modules, and multiple modules are combined in parallel to achieve
current amplification within the overall super accelerator. (Source: [36].)

these designs still employ a multilevel MITL vacuum section,
where various levels are again connected via a post-hole
convolute. In Z-300 and Z-800, there are actually six MITL
levels connected via a triple post-hole convolute. Also note
that these super accelerator architectures employ thousands
of LTD cavities, thus LTD reproducibility and reliability are
key to the success of such designs. Fortunately, LTDs can
be designed to be reproducible and reliable, which has been
demonstrated experimentally, as shown in Fig. 24(a) [32].
Additionally, through various triggering sequences of the indi-
vidual bricks within a cavity, the individual cavities within a
module, or the individual modules within an accelerator, cus-
tom pulse shapes can be generated, as shown in Fig. 24(b) [30].
Also, by replacing some number of the main bricks in
a cavity with faster bricks, sguare-wave-like “flat-topped”
pulses can be generated from a single LTD cavity, as shown
in Fig. 24(c) and (d) [35]. The flat-topped pulses are obtained
by Setting Torick = 3 Tyyigx = (3M/2) (L pyick Corick) 2> Where
Torick 1S the rise time of the main bricks, and Ty, Lyic
and C,;4 are the rise time, inductance, and capacitance of
the faster bricks, respectively. The faster bricks provide the
third harmonic in a Fourier series representation of the desired
square wave. Note that the pul se-shaping techniques described
in [30] and [35] are in addition to the pulse-shaping technique
mentioned previously and described in [105], where bricks are
used directly to drive long, transit-time-isolated coaxial cables.

In closing this section, we contrast an LTD-based sys
tem with a Marx-based system. We begin by contrasting a
single LTD cavity with a single Marx generator. Essentially,
the difference is that a single LTD cavity is a low-impedance
driver, while a single Marx generator is a high-impedance
driver. This is due to the parallel capacitor (and switch)
configuration during an LTD discharge versus the series
capacitor (and switch) configuration during a Marx discharge.
For this discussion, we will consider an LTD “brick” as we
have throughout this tutorial (i.e.,, as two capacitors and a
switch). To be consistent with this brick (and bipolar charging)
arrangement, we will select the bipolar Marx configuration
(Fig. 12) for our comparison. From Fig. 12, we see that
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Fig. 24. Some qualities of LTD technology include (a) reproducibility and
reliability (Source: [32]) and (b)—(d) versatility in generating custom pulse
shapes [Source for (b): [30]. Source for (c) and (d): [35]].

each “stage” consists of two capacitors and a switch. Thus,
each individual power unit (or “brick”) in an LTD cavity is
equivalent to each individual power unit (or “stage”) in aMarx
generator (as long as the same capacitors and switches are
used for both architectures, which we will assume for our
discussion here). Now, asingle LTD cavity is many individual
power units arranged in paralel during a discharge. Thus,
asingle LTD cavity is a low-impedance driver with Zcaity =
(:I-/Nbricks)(|—brick/Cbrick)1/2 = (1/Nunits) Zunit.- By contrast,
a single Marx generator is many individual power units
arranged in series during a discharge. Thus, a single Marx
generator is a high-impedance (and stiff) driver with Zmax =
Nstages( L stage/ Cstage) /> = NunitsZunit- Note, however, that the
driver impedance (and voltage) of an LTD-based system can be
increased by stacking many LTD cavities together in series to
form an LTD module, while the driver impedance of a Marx-
based system can be decreased (and the current increased) by
connecting several Marx generator outputs together in parallel
(e.g., the 36 Marx generators in parallel on the Z facility).
Thus, the driver impedance of an LTD-based system can be
made equivalent to the driver impedance of a Marx-based
system. For example, if the number of LTD cavities stacked
in series (Ncavities) 1S et such that Ncavities = Npricks, Where
Nhricks 1S the number of bricks per cavity, and if the number
of Marx generators used in parallel (Nmarx, ) IS Set such that
Nmarx, = Nstages: Where Ngages is the number of stages per
Marx generator, then we will have Zmodue = Zmax, =
Zprick = Zstage = Zunit-

Note that, regardless of the configuration used (e.g., series
versus parallel and/or Marx versus LTD), the rise time of the
overdl facility is largely set by the rise time of the individual
power units for the sapne reasons that we discussed previously
(e, Tpek = (M/2) LC = (M/2)(LunitCuni)™? = Tuniv).
Thus, as in our discussions surrounding (69), (70), (72),
and (87), a machine designer’s ability to control the rise time
of a given facility (either an LTD-based facility or a Marx-
based facility) comes primarily from the designer’s choice of
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capacitor size. The selection of smaller capacitors results in
shorter rise times (and vice versa). Furthermore, the selection
of parallel (series) configurations sets the driver impedance
and voltage to lower (higher) values and the current to higher
(lower) values. The total energy stored is set by the charge
voltage and the total number of capacitors used in the facility.

Comparing Figs. 11 and 20, we see that, from an equivalent
circuit standpoint, an LTD module could appear as being very
similar to a Marx generator. Traditionally, though, the Marx
generators used for HEDP applications are comprised of
capacitors with very large individua capacitance values
(e.g., compare the 2.6-piF capacitors used in the Marx gen-
erators on the Z facility with the 40-nF capacitors used in
the MAIZE LTD cavity). The result is that traditional Marx
generators have longer rise times than modern (fast) LTDs,
and thus traditional Marx-driven systems usually require pulse
compression (PFLs). Additionally, the LTD’s prime power
is generated from within the LTD cavity itself, and because
modern LTDs use small capacitors and small switches, many
such capacitors and switches can be packaged very efficiently
within the LTD cavity itself. The result is that a modern LTD
module can be more compact and efficient than traditional
Marx-driven systems. For example, the cavity architecture of
a traditional IVA [113] is very similar to the cavity archi-
tecture of an LTD (both systems use ferromagnetic cores,
for example). However, an LTD module is generally more
compact and efficient than an IVA, because IVA cavities are
driven by Marx generators that are external to the cavity, thus
requiring large external oil tanks for the Marx generators and
large external water lines (PFLs) for pulse compression [18].
As another example of the compactness and efficiency of an
LTD-based system, consider the use of LTD modules in super
accelerators like the conceptual Z-300 and Z-800 designs (see
Fig. 23). These designs have no need for pulse compression,
since the current pulse rise time is 100 ns right from the
LTD bricks. By contrast, the current pulse rise time from the
Marx generators on today’s Z facility is 1 s, By comparing
Figs. 23 and 9, we see that the complexity associated with
pulse compression on today’s Z facility could be replaced by
amore efficient LTD-based module, with impedance matching
employed throughout the system. Notably, the diameter of
the Z-300 design is approximately equal to the diameter of
today’s Z facility, but Z-300 would be expected to deliver
nearly 50 MA of current to a MagLIF load (which is roughly
twice that of today’s Z facility). Further note, however, that
one of the big challenges in building and operating a large
LTD-based system such as Z-300 or Z-800 is that these super
accelerators will require thousands of LTD cavities working
together (see Fig. 23), where each cavity houses 20 bricks
(i.e., 20 switches and 40 capacitors).

Recently, the development of an LTD spinoff technology,
called an impedance-matched Marx generator (IMG), has
further blurred the lines between an LTD module and a
Marx generator [118] (see Fig. 25). Like an LTD module,
the IMG's prime power is generated within its own cavity.
Additionally, because small capacitors are used in both IMGs
and LTDs, the IMG is a fast generator like the modern LTD.
Unlike an LTD module, however, the IMG is not comprised
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