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DESIGN AND PERFORMANCE OF THE 10-kV, 5-MA PULSED-POWER
SYSTEM FOR THE FRX-C COMPRESSION EXPERIMENT

D. J. Rej, G. A. Barnes, R. J. Gribble, J. E. Hinckley,
T. W. Kreider, and W. J. Waganaar

ABSTRACT

The design and performance of the pulsed-power system for the FRX-C compact toroid
compression heating experiment are reviewed. Two inductively-isolated, 10-kV capacitor
banks (total energy =1.5 MJ) are discharged through a common, low-inductance load.
The S-MA currents are switched and crowbarred with parallel arrays of size-D ignitrons.
Power supplies are constructed in simple 25 and 50 kj modules, each capable of
supplying 100 kA at 10 kV. Non-negligible source inductance and the addition of high-
power resistors maintain module isolation and protect the system during fault modes.

I. INTRODUCTION

The magnetic fusion facility FRX-C/LSM1 at
Los Alamos is being modified to enable high-
power magnetic compression heating studies on
field-reversed configuration (FRC) compact
toroid plasmas. As illustrated in Figure 1, FRCs
formed in a field-reversed theta-pinch will be
translated into an adjacent coil where they will be
compressed by a rapid increase in the external
magnetic field from 0.4 to 2.0 T. After
compression, the FRC will be translated and
trapped in a third stage, formerly used on the
FRX-C/T device, where detailed confinement
measurements are planned. A principal scientific
objective of the experiment is to study energy,
particle, and magnetic flux transport of FRCs in a
higher-pressure regime with a density and
temperature product n(Tc + Tj) < 1022 kev-m'3.
The experiment will also serve as a proof-of-
principle test of the translation-compression
scenario envisioned in FRC fusion reactor
studies. The major radius of the compressed
plasma will be approximately 0.06 m while a
thermal energy of up to 40 kJ is expected. This

energy is of comparable magnitude to that
obtained in a typical ohmic discharge on a large
tokamak experiment such as the Princeton Large
Torus.4

In this report we review the design details
and performance characteristics of the high-
voltage, pulsed-power system for the FRX-C
compressor. Two large capacitor banks arc
discharged in parallel through the 3-m long, 0.46-
m-i.d., single-turn compression coil. First, the 0.5-
MJ guide-field bank is switched. This bank
generates a pulsed output current of up to 1 MA
with risetime 110 fxs. Immediately after peak
current, the guide-field bank is crowbarrcd.
During the crowbar phase, the second capacitor
bank is discharged. This is the 1-MJ compression
bank, which delivers up to 4 MA to the load with
a risetime of 52 |xs. The compression bank is also
crowbarred at a time just after the maximum
current. A high-power isolation inductor is placed
in series with the guide-field bank to reduce the
compression bank current in the guide-field
crowbar loop.

The electrical circuit for the compressor is
reviewed in Section II. The scientific and
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Fig. 1. Artist's conception of the FRX-C facility, modified to enable high-power compression heating of FRC plasmas.

technological requirements are discussed. The
hardware design for the pulsed-power system is
specified in Section III. The system is composed
of fifty 10-kV, 100-kA modules, connected in
parallel. The 5-MA current is transmitted through
high-voltage cables and parallel plate transmission
lines (collector plates) developed for the Scyllac
program. The high-power isolation inductor is
described in Section IV. Circuit analyses are
performed in Section V for both standard
operation and fault modes. Non-negligible source
impedances prevent excessive fault mode currents
at the expense of reduced transfer efficiency to the
load during normal operation. Extensive testing of
prototype modules is reported in Section VI. Up
to 2000 discharges at the full design rating have
been obtained during these tests. Design details
and prototype test results of the trigger system is
considered in Section VII. The system cost of
$0.20/Joule is itemized in Appendix A.

II. CIRCUIT REQUIREMENTS

On FRX-C/LSM, a plasma thermal energy of
approximately 10 kJ is confined over the time
T — 100 (As; consequently, large auxiliary
compression power to the plasma is required to
offset the 100-MW losses and heat the FRC. It is
desirable that the compression take place over a
time scale shorter than T . It is also desirable to
perform heating over a period that is greater than
the longest equilibrium time-scale (the axial
Alfven transit time), which for FRX-C is about
10 [xs. The external compression B-field has been
designed within these scientific constraints,
increasing from 0.4 T to 2.0 T sinusoidally with a
quarter-cycle riselimc T = 52 (As.

The compression magnet consists of a single-
turn coil, 3.08-m long, 0.60-m o.d., 0.46-m nominal
i.d., machined from type 6061/T6 aluminum plate.
A 2-T vacuum B-field corresponds to 0.8 MJ of



magnetic energy in the coil. The vacuum flux
swing of 0.27 Wb during the 52-JAS compression
requires an initial loop voltage of 8.2 kV.

The magnetic energy and loop voltage can be
comfortably supplied by an ignitron-switched
capacitor bank connected to the coil through a
single feed. The basic circuit for the FRX-C
compressor is shown in Figure 2. The 20-mF, 10-
kV, 4-MA compressor bank supplies the
compression field. A crowbar is used to help
sustain the peak coil current and to protect the
capacitors against excessive vo'tage reversal. An
additional 10-mF, 10-kV, 1-MA capacitor bank is
required to provide the iiatial 0.4-T guide
magnetic field into which the FRC plasma is
translated. A 536-nH series inductance isolates the
guide-field bank from the compression bank. The
vacuum inductance of the compression coil is
63 nH. The source inductance and resistance
values in Fig. 2 are those associated with the
modular component design discussed in the next
section.

The pulsed power is fed to the coil through
low-inductance parallel-plate transmission lines or
collector plates. In addition to the electrical
constraints of high-voltage operation and low
inductance, the collector plates must be designed
to withstand large repulsive magnetic forces. For
the FRX-C compressor, the force associated with
a 5-MA collector-plate current is 875 tons.
Mechanically-strong, mylar-insulated collector
plates developed for the Los Alamos Scyllac
program satisfy these design constraints and have
been recycled for use on FRX-C.

The capacitor banks are connected to the
collector plates by several hundred parallel cables.
Cable specifications and performance are re-
viewed in Sections III and VI, respectively.

The guide-field and compression capacitor
banks are discharged sequentially. The guide-field
bank is discharged early so that FRC formation
and translation occur at the time of the peak
guide-field current. The quarter-cycle risetime of
the guide-field current is 110 |xs. The guide-field
bank is crowbarred shortly after the peak. The
compression bank is discharged immediately after
the FRC enters the compression coil while the
crowbarred guide-field current is still near its peak
value. The anticipated current and voltage
waveforms illustrated in Figure 3 have been
computed for 10-kV bank voltages using the
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Fig. 2. Simplified circuit diagram of the FRX-C compression
experiment.

circuit solver SCAT.6 Added series resistances
reduce the capacitor bank voltage reversals to
acceptable levels (20%). Just before the
compression bank is fired (t — 150 jxs), most of
the 0.5-MJ guide-field bank energy is stored in the
isolation inductor. When discharged, the
compression bank current superimposes with the
guide-field current. Currents add at the load and
nearly cancel in the guide-field bank crowbar loop.
Consequently, most of the energy stored in the
isolation inductor is transferred to the load coil
(see Figure 4). As with the guide-field, the
compression bank is crowbarred just after the
current maximum when the voltage reverses
across the crowbar switch. The current decay time
during the crowbar phase, L/R — 500 JJLS, is
determined mainly from the coil inductance and
the cable resistance.

The FRC plasma will influence the electrical
circuit. When translated into the compression coil
the FRC excludes guide-field flux. During
translation, however, the guide-field current in the
coil remains approximately constant. Conse-
quently, the FRC can expel up to one-half of the
initial guide-field {lux out of the coil.7 Another
way to understand this effect is from a circuit
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Fig. 3. Computed voltages and currents for a vacuum Fig. 4. Magnetic energies stored in the compression coil and
discharge with both guide-field and compression capacitor in the guide-field isolation inductance,
banks charged at 10-kv.

model. The arrival of the flux-excluding FRC will
reduce the effective load inductance. The change
in L results in an induced voltage of I(dL/dt) ^
1.5 kV across the coil. This voltage enhances the
potential across the compression bank start
switches.

The plasma can also influence the
compression bank discharge parameters. The
precompression plasma that arrives in the coil will
reduce the initial load inductance by about 50%.
One, therefore, might expect larger peak coil
currents I and faster risetimes TV with a
plasma. However, there is also the important
I(dL/dt) term which is associated with the work
done by the bank in healing the plasma and
compressing the internal magnetic flux. The
I(dL/dt) term acts like a damping term which
tends to decrease Imax and increase T^. The
effects of the lower L and the dL/dt, therefore,
tend to compensate one another.

Circuit computations have been performed
to study plasma effects. The FRC is modeled as a
flux-excluding cylinder with initial radius rs =

0.16 m and length z& = 2.2 m. The magnetic field
Be outside the FRC separatrix is computed given
the coil current, the FRC dimensions, and using
the constraint that flux is constant along the coil
inner surface. The guide-field bank circuit is
assumed crowbarred at t = 0 with a current self-
consistent with a field Be = 0.35 T. Further
details about the circuit model may be found in
Appendix B. The evolution of the plasma
dimensions during compression is computed from
adiabatic theory applied to the low and high-flux
FRC equilibria models. The circuit and plasma
equations are then solved self-consistently. Results
are shown in Figure 5. When comparing plasma
and vacuum simulations, one finds that the
magnetic fields vary up to 20%, but that the
compression-bank current and risetime remain
essentially unchanged, because of the
aforementioned compensating effects.

The simulations with plasma reveal the
relative efficiencies of the FRX-C compression
experiment. Just over one-half of the total stored
capacitor bank energy is transferred to the load
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Fig. 5. Circuit simulations with high-flux (solid lines) and low-flux (dotted lines) FRC plasmas and initial conditions: r = 0.16 m,
z = 2.2 m. Where applicable, vacuum calculations are also presented (dot-dashed lines). Consult Appendix B for further details.

coil. Approximately 35 kJ of that energy heats the
plasma, while less than 1 kJ goes into the internal
magnetic field. While an overall heating efficiency
of 2.3% does not appear intuitively impressive, it
does represent a cost-effective optimum. It is
difficult for other technologies (e.g., 500-MW, 50-

(JLs rf or neutral beam injection) to attractively
compete with magnetic compression. Plasma
translation coupled with compression increases
the efficiency. Since most of the capacitor bank
energy ultimately goes into providing the external
magnetic field outside the plasma, one wants the



initial pre-compression plasma to occupy as much
of the coil volume as possible. FRC translation
into a smaller-diameter coil helps establish this
initial condition. If comparable compression
heating experiments were to be performed in situ
in the FRX-C/LSM source, more energy would be
needed in the larger-volume 6-pinch coii.
Furthermore, there exists the additional problem
with in situ experiments in that one must isolate
the low-impedance, 6O-W0-pinch capacitor bank
from the compression bank. The large impedance
associated with this isolation dramatically reduces
6-pinch transfer efficiencies during field-reversal
and FRC formation.

The compression coil diameter and length
are optimized. An annular vacuum region is
needed to insulate the hot FRC plasma from the
cold quartz vacuum chamber wall. In experiments
to date, it has been desirable to keep the FRC
separatrix radius less than 75% of the vacuum wall
radius. The 0.41-m-i.d. vacuum chamber and 0.46-
m-i.d. compression coil are designed to meet this
physics constraint. These dimensions also
represent a technological optimum. In general,
less magnetic energy is required in a smaller-
diameter coil; however, a decreased diameter
results in a diminished return. The translated
plasma fills a larger portion of coil area, but the
coil must be lengthened to accept the longer
plasma that results from increased wall
compression and flux decompression. From
adiabatic theory8 one finds that in the limit of an
isothermal translation, the compression coil
volume scales as r a / (3 b , where rw is the coil
radius, (3 = 1 - %(rs/rw)2, and the profile-
dependent coefficients 1 S a ̂  4/3 and 1/3 < b
^ 1. The required capacitor bank energy does not
decrease linearly with coil volume because a
decreased diameter and increased length cause
the coil inductance to drop. Source impedances
become increasingly important and the transfer
efficiency decreases. As an example, we consider a
0.32-m-i.d. compression coil. For this situation the
coil parameters would be as follows: length —
4.7 m, inductance = 21 nH, magnetic energy
(for 2-T vacuum field) = 0.60 MJ. The required
compression capacitor bank energy would be
approximately 1.0 MJ, the same value needed for
the 0.46-m-i.d. coil.

There are alternate heating methods that
could result in better coupling to the plasma. For

example, the translation feature could be further
exploited in a staged compressor. Staging is a
variation on the compression-heating theme
through which the external magnetic field energy
is minimized. The FRC would be translated and
partially compressed in successively smaller coils,
thereby reducing the volume outside the FRC
which contains the largest magnetic field. This
concept was appreciated during the early days of
fusion research by a Livermore group who
compressed mirror plasmas in a three-stage
experiment.10 The staged compressor, while clever
in principle, is not necessarily straightforward to
implement in practice. Each stage requires a
separate coil, guide-field and compressor pulsed-
power supplies, and transmission line circuitry. A
related concept is the "travelling mirror
compressor"11 in which a mirror pulse propagates
along a conical coil. A pulse-forming network is
employed to strengthen and steepen the mirror as
it propagates. It is unclear whether or not this
scheme easily extrapolates to the 1-GW healing
levels required on FRX-C.

Another alternate, and possibly more
efficient, heating technique is magnetoacoustic
heating. Oscillation of the external field over a
time-scale comparable or shorter than an Alfven
transit time usually results in efficient plasma
heating.12 For FRX-C/LSM, the oscillation
frequency can be as low as 20 kHz.
Magnetoacoustic heating becomes an intriguing
option, especially since the FRX-C compressor can
be easily modified to allow exploratory studies.
The modification would consist of a 97.5%
reduction in compression bank capacitance and
the removal of the crowbar trigger. The guide-
field system would remain unchanged. As
illustrated in Figure 6, the vacuum current (or B-
field) would be modulated up to 50% at 22 kHz,
with a damping factor Q = 22.

The overall heating efficiency also could be
increased with wall (i.e., imploding-lincr)
compression rather than flux compression. Liner
compression of FRCs has been studied on the
TOR-LINER facility at the Kurchatov Institute in
the Soviet Union.13 Successful heating was
inferred from a large neutron flux. While more
efficient, liner compression is messy since a
sizable fraction of the experiment is destroyed
during a discharge and the repetition rate is low.
The flux compression is desirable on FRX-C in



0 200 400 600 800 1000

time (fxs)
Fig. 6. Vacuum circuit simulations of a possible magnelo-
acoustic heating experiment on FRX-C. Currents in the
compression coil (solid line) and isolation inductor (dotted
line) are plotted against time.

view of the higher repetition rate (typically 6 shots
per hour) and its compatibility with routine
plasma diagnostics used in magnetic fusion
research.

HI. MODULE DESIGN

The 10-kV compressor and guide-field
pulsed-power supplies are constructed from
modules. Each module consists of one or two
capacitors, a pair of ignitrons for start and
crowbar switching, cables, and busbars.

The "size-D" ignitrons have been chosen over
the larger "size-E" model for three reasons. First,
there exists a more extensive performance data
base for the D-tube. In particular, the following
conservative operational parameters have been
established after approximately one thousand 58-
MJ discharges through 234 tubes on the NOVA
laser at Livermore: hold-off voltage = 11 kV,
peak current = 140 kA, and charge transfer =
70 C. [Note: These values are significantly lower
than those specified by the manufacturer: 25 kV,
300 kA, 200 C] Second, preliminary laboratory
tests at Livermore indicate that the more-
expensive E-tubes do not perform any better than
the size-D. The third reason for the selection of
the D-tube is the tube inductance. The source
impedance is kept low by using a larger number of
the lower-inductance D-tubes.

The principal parameter that influenced the
design of the FRX-C modules is the output
current. In particular we have designed a system
in which ignitron currents are kept at or below the
NOVA operational value of 140 kA. Because of

ringing through the start ignitron loop, the peak
current in a crowbar tube can be 40% larger than
the output current. Therefore, each module has
been designed to supply and crowbar 100-kA
output at a 10-kV charge. Accordingly, the FRX-C
compressor and guide-field banks consist of 40
and 10 modules, respectively.

Type NL488A ignitrons have been selected
for the FRX-C modules. The basic tube was
designed by the General Electric Company and is
currently available either as the NL488A from
National Electronics, Geneva Illinois, or as the
BK488A from English Electric Valve Ltd., Lincoln
UK. The 488A was chosen because of its busbar
anode construction. Braided "pigtail" anodes
found on other size-D tubes {e.g., the NL-2888A,
NL-37207A, or the NL-5553B) have occasionally
failed during previous high-current applications.
As discussed in Section VI, a temperature
differential between the anode and cathode is
absolutely necessary to prevent tube prefire. The
cathode jacket is maintained between 10° and
15° C by a circulating deionized water system. The
relatively low mercury vapor pressure (0.6 mtorr)
has not caused significant jitter in our prototype
tests. There is no active anode temperature
control; however, as explained below, the start
tube anodes are passively heated by a series
resistor connected to the anode bus.

Given load and source impedance
characteristics, and the desired bank risetimes,
one determines the required capacitance: 0.5 mF
for a compressor module (25-kJ stored energy at
10-kV charge) and 1.0 mF for a guide-field
module (50 kJ at 10 kV). Industry can readily
provide a single 10-kV, 25-kJ capacitor, capable of
10,000 discharges at 100 kA and 20% reversal. 50-
kJ units are also available, albeit at substantially
reduced discharge and reversal ratings. Because of
these ratings, 25-kJ, 10-kV capacitors (General
Electric Co., Catalogue # 30F1695) have been
chosen for both the 25 and 50-kJ modules. With
connecting hardware, the equivalent series
resistance (ESR) and inductance (ESL) of a
capacitor are 11 mft and O.lQjxH, respectively.

The engineering design of the 25-kJ module
for the FRX-C compressor is detailed in Los
Alamos National Laboratory (LANL) Drawings
45Y-232196 (9 sheets). The assembly drawing
(sheet J l) is included in Appendix C of this report.
The start and crowbar ignitrons and the 25-kJ



capacitor form the nucleus of a module. The
remaining components have been designed with a
number of objectives: (1) efficient and reliable
energy transfer with adequate inductive isolation
and fault-current protection; (2) low-cost;
(3) light weight; and (4) simple assembly,
inspection, and maintenance. Some objectives are
mutually exclusive. For example, relatively large
component inductance allows easy access, adds
high-voltage insulation, and provides component
isolation at the expense of reduced energy transfer
efficiency. The 0.4-jxH total inductance of a

module represents an optimization between
efficiency and isolation.

A photograph of a prototype 25-kJ module is
shown in Figure 7. Power flow is along a parallel-
plate "strip-lines" made from 6061/T6 aluminum
busbars. The busbars are held together by clamps
and spacers made from NEMA-Grade G-10
laminate, connected by stainless steel bolts
(Figure 8). The busbars are spaced 32 mm apart
and are insulated only by ambient air and the G-
10 strips. Each ignitron is mounted and housed
inside a welded-aluminum cage (Figure 9). The

Fig. 8. Busbar assembly for the 25-kJ module.



Fig. 9. Ignitron assembly shown with inconel damping
resistor.

cathode bar is affixed rigidly to the cage bottom
with annealed copper brackets. The cage top
connects to the lower busbar through copper
gaskets. The fragile glass-metal seal around the
anode bar is isolated from mechanical shock
through a pair of high-current flexible braided
connectors (Model # CF 771-7.25-D6667 and #
CF 771-U-D6667, available from the Dossert
Corp., Waterbury Connecticut). Brass hex stock is
used to extend the capacitor high-voltage termina'
97-mm above the low-profile header. The hex
stock and the low-voltage capacitor connections
are connected to the busbars with copper sheet
metal. The busbar-ignitron assembly and the
capacitor are held in position by a space frame
made from square aluminum tubing (Figure 10).
The busbar assembly and frame are designed so
that modules may be stacked on top of one
another as illustrated in Figure 11.

An important module component is a 7-mQ
damping resistor that is installed in series with
every start ignitron. The purpose of the resistors is
to protect equipment during standard operating
and fault modes. During a standard discharge, the
resistors reduce the capacitor voltage reversal;
furthermore, they help damp the ringing start
ignitron current during the crowbar phase. The

Fig. 10. Wide-angle photograph of a prototype 25-kJ module frame and capacitor assembly.



Fig. 11. Photograph of two stacked 25-kJ modules for the FRX-C compression bank.

resistors limit the current during fault modes such
as a start or crowbar ignitron pre-fire. A crowbar
"no-fire" constitutes another potentially dangerous
fault. In this mode, the resistors help damp ringing
voltages and currents. These effects are discussed
in more detail in Sections V and VI.

A resistor consists of two parallel strips (230-
mm long X 25-mm wide) of 0.8-mm-thick, type-
625 inconel sheet metal. Metal tabs (50-mm long
X 25-mm wide) are bonded to the ends of each
strip to insure good electrical connection for the
50-kA current. Two different tab materials have
been tested, type-200 nickel and OFHC copper.
The nickel is bonded to the inconel through a
vacuum e-beam weld, the copper through a
vacuum furnace braze. The resistor assemblies are
connected with bolts directly to start ignitron
anode and to the flexible braided connector (cf.
Figure 9).

The 100-kA output current is transmitted
from a module by twelve parallel coaxial cables.

The low-inductance cable, Belden type YK-198,
has been selected for the 25-kJ module. The
manufacturer's specifications1 for the cable are as
follows: outer diameter = 14.4 mm, breakdown
voltage = 50 kV, inductance = 27 nH/ft, capaci-
tance = 103 pF/ft, inner conductor resistance =
1.038 mfl/ft, outer conductor resistance =
1.031 mfi/ft. Cables are connected to busbars at
one end of the module. The outer braids arc
connected by hoseclamps to copper couplings
swaged into the middle bus. The inner conductors
are crimped onto brass "banana-plug" connectors
which are slotted and plugged into the lower bus.
The opposite ends of the cables are connected to
the collector plates with similar connections made
through Scyllac cable cartridges.

The equivalent electrical circuit for a 25-kJ
module is given in Figure 12. The capacitor,
busbar, and ignitrons contribute about equally to
the 0.4- (i,H module inductance. The ignitron-cage
assembly inductance is about four-times larger

10
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Fig. 12. Simplified circuit diagram for a single 25-kJ module.

than the 40-nH value for the bare ignitron. Most
of this increase results from the extended cathode
and anode connections. The relatively large
inductance of the busbar is a result of the 32-mm
gap, and the relatively long module length of
1.6 m. For low-impedance loads, the ignitron cage
and busbar dimensions could be decreased, at the
expense of increased insulation and assembly
problems.

The 50-kJ guide-field module is a "stretch"
version of the 25-kJ module. Two 0.5-mF
capacitors are used. The frame and busbars are
elongated to accommodate the extra capacitor.
The other components from the 25-kJ module are
compatible with this design. The engineering
design of the 50-kJ module is detailed in LANL
drawing # 45Y-232200 (4 sheets). The higher-
inductance RG-217/U cable has been selected for
the guide field bank to better isolate modules
from one another. The cable specifications are as
follows: o.d. = 13.8 mm, voltage standoff =
12 kV, inductance = 95 nH/ft, capacitance = 30
pF/ft, inner conductor resistance = 0.9 mfl/ft,
outer conductor resistance = 1.1 mfl/ft. Cable
connections are similar to those used with the YK-
198, except for the brass banana plug which is
soldered to the RG217/U center conductor.

IV. ISOLATION INDUCTOR

A 536-nH inductance is placed in series with
the guide-field bank (see Fig. 2). The purpose of
this isolation inductance is to reduce the amount
of current from the compression bank that flows
through the guide-field crowbar ignitrons. Most
of this isolation is provided by a 462-nH inductor
that is placed in series between the ten 50-kJ
modules and the collector plate cartridges.
Approximately one-half of the 0.5-MJ energy in
the guide-field capacitor bank energy can be
stored in the inductor during the 1-ms, 1-MA
pulse.

The isolation inductor is a coaxial conductor
shorted at one end. On the open end, the
RG217/U cables from the 50-kJ modules connect
to the center and the YK-198 cable from the
cartridges connect to the outer conductor. Cable
connections are identical to those used on the
capacitor bank modules. The inductor is made
from type-6061/T6 aluminum with dimensions:
length = 1.00 m, outer conductor i.d. = 0.91 m,
center conductor o.d. = 0.10 m. Relatively thick
material and welds are used in the construction so
that the inductor will withstand the large pulsed
magnetic forces (up to 215 tons). Further

11



engineering details for the isolation inductor can
be found in LANL drawing 45Y-232203 (5 sheets),
from which the assembly drawing is included as
Appendix D in this report.

V. CIRCUIT SIMULATIONS

The circuit equation solver has been used to
simulate the anticipated module performance.
The calculated ignitron current and charge
transfer plotted in Figure 13 are for the same
simulation shown in Figure 3. The charge transfer
is always less than the 70-C design limit. The
capacitor ESR and the inconel series resistors
keep the start ignitron current reversals to under
40%. This ringing causes the peak crowbar
ignitron current to be 40% larger than the output
current. Without the inconel resistor, the peak
current reversal is 63%. Finite inductance is
responsible for the 45-jxs crowbar current
risetime. In these simulations the ignitron
resistance R; is assumed constant at 1.5 nil.
[Note: This assumption is incorrect just after
triggering when the ignitron current is less than

1720 kA. The empirical relation1' R. — 9.31,-0.55

(where R is in milliohms and I is kA) would have
been a more accurate choice in the low current
limit, I < 20 kA; however, the effect is small, in
view of other impedances, larger than R., in the
circuit.]

During a normal discharge, up to 15% of the
capacitor energy is dissipated in the inconcl
resistor (see Figure 14). A 10-kV discharge will
cause the inconel temperature to rise by HCfC
(25-kJ module) or 190° C (50-kJ module). Inconel
625 was chosen to be the resistor material because
of its large electrical resistivity (1.29 jift-m at
room temperature). Fortunately, this alloy also
has a small thermal expansion coefficient;
consequently, the resistors expand by only 0.17%
(i.e., by 0.4 mm) when heated 200° C above room
temperature. The inconel is effectively cooled by
convection of ambient room air during the ten
minutes between shots. A small fraction of this
heat is also conducted to the ignitron through the
anode-resistor current joint. This heat, combined
with the cathode cooling, "conditions" the tube.
The temperature differential prevents mercury
condensation near the anode, thereby maintaining
the ignitron high-voltage1! standoff capability.
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Fig. 14. Calculated energy deposited into each inconel series
resistor for a 10-kV discharge.

At the expense of decreased transfer
efficiency, the finite source inductance inhibits
ignitron deterioration in at least two ways. First, a
larger inductance distributes the crowbar current
uniformly through the forty parallel tubes. The
source impedance should be greater than the
nominal ignitron resistance (1.5 rufi at I >
25 kA). Second, the finite source inductance
maintains a potential across an unswitched tube

even when other ignitrons have fired. The latter
effect is evident from the simulations shown in
Figure 15, in which the closing of a start ignitron
from a single 25-kJ module is delayed 10 jxs from
the other 39. Because of finite impedance in the

-'modules and cables, there remains a voltage
across the unswitched start ignitron of
approximately 20% of the initial charge. Ignitrons
develop jitter and delay problems only at very low
voltages, below 0.1 kV.18 Therefore, for all
practical charge voltages on FRX-C, one can
expect that there will be a sufficient anode-
cathode potential to guarantee timely switching.

Potential fault modes are now considered.
The first case is a "pre-fire" of a single crowbar
ignitron in the compressor bank. This is a
potentially hazardous situation because the
resulting excessive current could rupture the faulty
tube, spilling hot mercury into the laboratory.
Circuit simulations of a crowbar prefire at 10-kV
charge are shown in Figure 16. A single tube is
assumed to break down at t = 150 JJLS, along with
the start tubes. The faulty crowbar tube will
conduct a reverse current of 0.5 MA for 60 jxs.
The capacitor in the bad module is responsible for

15

10

5

0

-5

200

100

0

-100

: START

'-

'•

IGNITRON

1

11 i
VOLTAGE (kV) :

'•

COMPRESSION COIL CURRENT (kA)

0 100 200 300

: IGNITRON CURRENT (kA)

' ~ \ - crowbar

400 0
10

100 200 300 400

1
5

0

. . ^faulty module
remaining bank-Y. '

J-BANK VOLTAGE (kV)

400100 200 300
time (jxs)

Fig. IS. Simulation in which a start ignitron in one compression module is switched 10 us after the other 39.

100 200 300
time (p,s)

13



10

5

0

-5

faulty module -

: BANK VOLTAGE (kV)

6000
. COMPRESSION COIL I (kA)

200 300 400 100 200 300 400

250

0

-250

-500

•750

\ •' - crowbar

| IGNITION CURRENT (kA| t

40 I r rTTrTTT'T T < T TT"V rTTT]"T T f T T T T T

IGNITRON CHARGE (C)
crou hat- ' ' "

start

0 I i ; i i i i i . i ' i i i i JO i • I • • • « • « • • « I

0 100 200 300 -i00 0 100 200 300 400
time(ixs) time (|xs)

Fig. 16. Circuit fault simulation in which a single crowbar ignitron in the compression bank prefirss with ihe start switches.

one third of the fault current, the difference
coming from the remaining portion of the bank.
Because of the relatively large module and cable
impedance, most of the current from the other 39
modules is directed to the load. Simulations of a
crowbar pre-fire in a guide-field bank module
indicate a fault current of 0.4 MA, most of which
comes from the 50-kJ capacitance of the faulty
module. Without the inconel series resistors, fault
currents would be approximately 20% larger for
both crowbar pre-fire situations.

It is relatively difficult to predict the fate of a
crowbar tube that prefires. There is a limited
amount of ignitron data at ultra-high current.
Preliminary tests at Livermore indicate that a
size-D tube will fail after six 475-kA, 168-C
discharges, but will survive up to 250 discharges at
300 kA and 102 C before failing.15 Tubes usually
failed because of ignitor wetting although in one
case the anode electrode was bent 10°. The glass
seals did not break. From the Livermore results,
we might speculate that the ignitron will probably
survive a crowbar prefire only at charge voltages

below 7 kV, and that a mercury spill is unlikely to
accompany any failure. However, these data must
be extrapolated with caution. The crowbar prefire
mode on FRX-C is different from the Livermorc
experiments in that the fault current is reversed
arid.the charge transfer is small, less than 50 C.
Only time and experiments with the FRX-C
system will reveal the ignitron survival rate during
a crowbar prefire. Fortunately, prototype testing
indicates that this mode will be highly unlikely,
provided the ignitrons are conditioned (sec
Section VI).

A second potential fault mode corresponds
to the case where there is no crowbar. A crowbar
master trigger failure can cause this fault. The
simulations illustrated in Figure 17 arc for a
discharge with no compression bank crowbar. The
capacitor voltage and the ignitron current bolh
reverse by about 60%. High-energy-dcnsily
capacitors, like those used on FRX-C, will usually
survive an occasional large voltage reversal.
Manufacturers quote an empirical scaling law19

for capacitor lifetime N = NRX(lnR/lnRR)8/5,
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where NR is the shot rating for a voltage reversal
of RR, while R is the actual reversal of the
experiment. Applying this equation to the FRX-C
system where NR = 10,000 at RR = 0.20, one
predicts that the capacitors should survive over
1500 discharges at 10-kV without crowbar.
Reverse current through a start ignitron is often
thought to deteriorate tube performance,
presumably due to graphite contamination of the
mercury pool. Unfortunately there are no data
available to help quantify this effect.

VI. PROTOTYPE EXPERIMENTS

Prototype modules were built and subjected
to extensive testing. Experiments were performed
in the Scyllac test-bay at Los Alamos. Three 25-kJ
modules were discharged up to 2000 times at full
rating: 10-kV charge voltage, 100-kA output
current. Similarly, a prototype 50-kJ module was
also discharged 150 times at its full rating.
Currents through each ignitron and through a test
load were measured with passively integrated

Rogowski coils. Capacitor voltages were measured
during a discharge with a resistor voltage divider.
Prototype ignitron trigger system tests, performed
in parallel with these studies, are reported in the
next section.

The 25-kJ module was tested against high-
voltage breakdown in a series of "hi-pot" tests. Up
to 30-kV dc was applied across various
components with a 100-kV, 2-mA dc power supply
connected with a current-limiting, 50-Mft series
resistor. The high-voltage conneclor (cf. Appendix
C, part # 17) between the capacitor and the top
busbar was removed for these tests. The bottom
two busbars successfully withstood 25 kV. {Higher
voltages were not applied so as to not exceed the
manufacturer's voltage rating for the NL48S.4
ignitron.] A breakdown, however, did occur with
28-kV applied across the top two busbars. The arc
tracked along a G-10 clamp (Appendix C, part
# 1 1 ) and always terminated at a corner of the
top busbar. [This problem was eliminated with a
single layer of 0.8-mm-thick, 0.15-m-wide
polyethylene wrapped around the busbars at the
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locations of the G-10 clamps. Voltages up to 40-
kV were successfully withstood.] High-voltage
breakdown was also observed between
components and the space frame supports. With
30-kV on the lower busbar, surface tracking
developed along the G-10 support (part # 10)
between a busbar corner and a vertical support of
the space frame. With 28 kV between the middle
busbar and the frame, an arc developed across the
phenolic insulator plate (part # 8) between the
capacitor case and the aluminum support plate
(part # 7). The top plate and space frame
successfully held off 30 kV. Finally the YK-198
cable successfully withstood 25 kV applied across
the two conductors.

From the hi-pot tests one concludes that the
safety factor against electrical breakdown is
approximately three. This factor, while acceptable
for the FRX-C system, could be further improved
by eiiher adding polyethylene insulation around
the busbars near the G-10 pieces, or by adding a
radius to the relatively sharp busbar corners. The
middle busbar voltage should always be low, less
than 2 kV; therefore, a safety factor of 14 exists
against breakdown between the capacitor case and
support plate.

The first 1500 discharges were with a single
25-kJ module fired into a 3-|J-H test load. The
module current was similar to that expected on
FRX-C: Imax = 10 kA per kilovolt charge, Ty4 =
60 jxs. Only six of the twelve output cables were

connected Jo the module, so that each cable
carried up to 17-kA, two times the design value.
Both YK-198 and RG-217/U cables were tested.
Banana plugs used on cable inner conductor
connections were also tested at 17 kA. Three
parallel RG17/14 cables were also installed in
series with the other components in order to test
six more banana plug connections at 35 kA.
Finally, Scyllac cable cartridges, which will be used
to connect output cables to the FRX-C compres-
sor collector plates, were placed in this circuit and
tested at 10-kV and 100-kA levels. Unlike
previous applications at 60-kV, there was no oil or
SFfi insulation in the cartridge assemblies.

Data from a typical 10-kV discharge are
shown in Figure 18. The measured 20% capacitor
voltage reversal and 55% current reversal are in
good agreement with the simulations shown in
Figures 3 and 13. In accordance with manufac-
turers' recommendations, the crowbar ignitron is
not triggered until there appears a forward voltage
across the tube, i.e., not until a modest capacitor
voltage reversal (0.1 kV). The 55-jxs crowbar
current risetime is principally a result of finite
inductance, also consistent with the predictions.

The inconel resistor was removed for a
limited number of discharges. Larger reversals in
the capacitor voltage (28%) and series ignitron
current (74%) were measured. At the time of
maximum current reversal, the crowbar ignitron
current dropped almost to zero. These low

15*
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Fig. 18. Typical data measured on a prototype 25-fcJ module.
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.rowbar currents are undesirable because the tube
resistance increases and the arc could extinguish.
The characteristic L/R decay time of the output
current was somewhat faster than the case with
the inconel, presumably due to the increased start
loop current and crowbar ignitron resistance.

The necessity for proper ignitron condi-
tioning became immediately obvious during
prototype testing. The first 50 discharges were
without ignitron cooling. Because of mercury
condensation near or on the anode electrode, both
the start and the crowbar tube pre-fired
frequently, even at voltages as low as 5 kV. As an
example, data from a 10-kV discharge with
crowbar pre-fire are shown in Figure 19. This
fault occurred twice during testing. Maximum
fault currents through the start and crowbar tubes
were 180 and -140 kA, respectively. Good
agreement with the predicted start current
waveform (c/. Figure 16) was obtained.
Fortunately, both ignitrons survived the crowbar
pre-fire fault with no sudden drop in ignitor-
cathode resistance.

The ignitron pre-fire problem was eliminated
by tube conditioning. The cathode temperature
was maintained between 10° and !5°C with
chilled, deionized water circulated through the
channel provided inside the tube jacket. After the
cathode cooling system was installed, the pre-fire
fault was never observed on up to 2000 discharges
at full rating on every prototype module.

A trigger system failure resulted in the
ringing, "no-crowbar" fault mode on at least two
occasions (Figure 20). The measured reversals in
voltage (60%) and current (70%) are in
agreement with the Figure 17 simulations. From
these ringing discharges, the capacitor ESR was
estimated to be 11 mil . This is the largest
resistance in the module circuit.

Three 25-kJ modules were discharged in
parallel into a common 0.7- jxH test load. There
were approximately 120 discharges at 10-kV
charge and another 300 at 8 kV. The data in
Figure 21 are from a typical 10-kV discharge. A
peak load current of over 300-kA was measured.
Inductive isolation promotes current sharing to
within ±25% in the three crowbar ignitrons. A
more equitable distribution of the crowbar current
is expected on FRX-C because of larger cable
impedance.

The NL488A ignitrons performed
satisfactorily during the prototype experiments.
The ignitor-cathode resistances decreased with the
number of shots at an acceptable rate. From the
resistance data plotted in Figure 22, we anticipate
a tube lifetime of at least 10,000 discharges at the
design rating. X-ray photographs (see Figure 23)
revealed no further deterioration of ignitron
components, such as anode erosion or bending.

Eighteen YK-198 cable-connector assemblies
were tested during the prototype experiments.
Each assembly was routinely operated at 17-kA,
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Fig. 20. Fault-mode data obtained during prototype testing. A
25-kJ module is discharged without a crowbar.

two-times the design value. The cable performed
satisfactorily throughout the tests. Provided they
were carefully prepared and installed, connectors
did not deteriorate. There was evidence of arcing
at the banana plug connections when the plug
diameters were undersized. Erosion was observed
in both the aluminum module busbar and in the
brass cable cartridge plate. When the plug
diameter was sufficiently large to ensure a tight fit,
there was no evidence of arcing, even for 1000
discharges at 33-kA per connector.

One 50-kJ prototype module was discharged
into a 6-jxH test load for over 140 discharges at
10 kV and 100 kA, and for 65 at 8 kV and 80 kA.
Typical data are plotted in Figure 24. The only
major difference from the 25-kJ waveform is the
longer pulse, T ^ =110 jxs, L/R = 1.50 ms.

The 50-kJ prototype system performed
satisfactorily during these tests with two
exceptions. First, minor arcing developed on ihe
series resistor at the soldered junction between
the inconei strips and the OFHC copper tabs. The

tbay shot 3049 n-May-88 15.48
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Fig. 21. Typical data for three 25-kJ modules, discharged in paraiiel into a common load.
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Fig. 22. Variation of ignitor-cathode resistance with the number of 10-kV, 100-kA
discharges for a prototype 25-U module. The arrow at shot number 880 corresponds to
the time when a high-voltage diode was removed from the ignitor trigger circuit.

Fig. 23. Radiographs of a (a) start and (b) crowbar ignitron after more than 2,000 discharges.
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Fig. 24. Typical data obtained with the 50-kJ prototype
module.

resistors with the welded nickel tabs, on the other
hand, performed flawlessly. Therefore, the
nickel/inconel resistors have been chosen for all
modules.

The second problem involved a rapid
deterioration of the crowbar ignitor. During these
tests, the ignitor-cathode resistance dropped
monotonically from 240 ft to 0. The pulse decay
time was substantially longer than that expected
on FRX-C; consequently, about 130 C of charge is
transferred through the crowbar tube, a value well
above the 70-C design limit. Fortunately, however,
less than 50 C is expected during normal

operation on FRX-C; therefore, tube deterioration
is not expected there. An interesting observation
related to this second failure is that the crowbar
ignitor could be resuscitated by "trigger
conditioning." Following a technique developed at
the Physics International Corporation, the
wetted ignitor was energized approximately 100
times by the 700-A, 4-fis trigger pulse. [The
trigger system is described in the next section.] No
voltage was applied between the anode and
cathode. The ignitor resistance increased to
approximately 10 ft after 30 pulses, reaching 30 ft
after 100 pulses.

VII. TRIGGER SYSTEM

A dependable trigger system is essential for
the proper operation of the 100 size-D ignitrons
in the FRX-C compressor system. As with the
modules, an extensive prototype evaluation
program was implemented before the design was
finalized.

According to manufacturer's specifications,
the open-circuit voltage for the ignitron trigger
should range between 1.5 and 3.0 kV, and must
never reverse more than 5 V. In addition, the
short-circuit ignitor current should range between
100 and 250 A and with a pulsewidth between 3
and 7JJLS FWHM. Over the years, however,
ignitron users have found improved tube
performance with trigger voltages and currents
greater than the specification. For example,
experiments with 4-kV, 500-A trigger pulses
indicate reliable firing, low jitter, and little ignitor
deterioration.21 The FRX-C trigger system was,
therefore, designed around the latter, more
energetic parameters.

On FRX-C there are four independent
trigger subsystems: guide-field start, guide-field
crowbar, compression-field start, and
compression-field crowbar. As illustrated in
Figure 25, a subsystem consists of modular units
connected in parallel to a single master switch.
The principal components of a trigger unit are a
0.5-fJiF, 5-kV capacitor (manufactured by Hi-
Voltage Components Inc., Largo, Florida), a 1:1
isolation transformer, and a 5-ft current-limiting
resistor. There is one trigger unit for every size-D
ignitron. The modular design promotes equal
distribution of ignitor current. A disadvantage of

20



0. 5M RG-213

CK V

1 : 1
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the design is the increased risk of a pre-fire caused
by a high-voltage breakdown in the dc-charged
cables and connectors. Careful installation and
maintenance is necessary to insure against this
fault. A size-A ignitron is used for the master
switch. A crowbar unit and a start unit are
mounted together (see Figure 26) and installed
inside a shielded trigger box. The trigger box is in
turn mounted onto a capacitor bank module
frame as shown in Figure 11.

Prototype trigger units were tested along
with the 25 and 50-kJ modules. Ignitor currents
were measured with self-integrating current
transformers, and voltages were measured with a
resistor divider. With the 0.5-JAF trigger capacitor
charged to 6.2 kV, the open-circuit trigger output
voltage and short-circuit current were measured
to be 6 kV and 0.7 kA, respectively. The typical
ignitor current waveform shown in Figure 27 was
measured during a 10-kV, 100-kA module
discharge. A peak current 0.65 kA is observed

with risetime and FWHM pulse-width of 1.8 and
4 jxs, respectively.

The relatively long trigger risetime is a
consequence of the large trigger capacitance and
source inductance. Fortunately, this risetime is
acceptable for the FRX-C application. Ignitrons
normally require an equally long time to establish
an arc; moreover, the system will properly
function even if there is several microseconds of
jitter between the firing of parallel tubes (cf.
Fig. 15 and accompanying discussion in Section
V). For other applications, the risetime could be
shortened with a smaller trigger capacitor at the
expense of a reduced ignitor current (see Fig. 28).

The 1:1 transformer isolates the trigger
components from the 10-kV applied to the ignitor
when the ignitron conducts. Fifteen turns of
coaxial, "detonator" cable (Belden YR-21431 or
equivalent, 4.9-mm o.d., Z = 31 SI) are wound
partially on a 34-mm-i.d., 70-mm-o.d., 51-mm-Iong
ferrite core (cf. Figure 26). The outer braid of the
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Fig. 26. Two ignition trigger units mounted for a shielded box.
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Fig. 27. Ignitor current measured during a 10-kV discharge.
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Fig. 28. Effect of trigger capacitance: crowbar ignitor current
pulses with 0.2-fi F anoTO.5-u, F capacitors charged at 6 kV.
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Fig. 29. Effect of isolation transformer design: measured ignitor current pulses for (a)
coax and (b) non-coax transformers.

coax is used for the primary, the center conductor
for the secondary. Alternate designs were
considered. For example a transformer made
from 10 turns of 20-kV, 18-awg wire on the same
ferrite core was found less efficient than the coax
(see Figure 29).

A 5-ft resistor is placed in series with each
isolation transformer (cf. Figure 25). The purpose
of this resistor is twofold. First, it limits the ignitor
current during the tube conduction phase. Second,
it damps the trigger pulse, eliminating ignitor
current reversal. Ignitors can be ruined by
reversed trigger currents; however, as discussed
below, this is only a potential problem when the
tube is nonconducting (e.g., when one applies a
trigger pulse to a tube with no anode-cathode
voltage).21 The effect of the resistor value on the
ignitor pulse is shown in Figure 30. The ignitor
current decreased by approximately a factor of
two when the limiting resistance was increased
from 0 to 10 ft. These tests were performed with
the 0.2 [XF trigger capacitor charged at 6 kV. The
ignitor pulse was critically damped with the 4.7 f i
resistance. This optimum value was chosen for the
FRX-C system since reversal was eliminated with
minimum reduction in the ignitor current.

Ignitor current reversal does not appear to
be detrimental to ignitrons during a discharge.
When a tube conducts, a small fraction (S 0.3%)
of the main current is often induced in the ignitor
circuit. As seen from the data in Figure 31, the
induced ignitor current can be as large as -280 A.

n = o

R = 4.7 Ohms

e.e

R = 10 Ohms

1 / \ l - I - T - | 1 •' T I I

I trig kAaps

«-e ! . 'I i i S . I _L__.L j J a " i

time (|xs)
Fig. 30. Effect of the current-limiting resistor in the trigger
circuit: measured ignitor current pulses arc plotted vs lime.
Each trace corresponds to a different limiting resistance.

s«
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Fig. 31. Ignitor current reversal measured during a discharge. Both the ignitor and start ignitron current
waveforms are plotted. A 25-kJ module was discharged at voltages between 2 and 10 kV.

The reversed ignitor current magnitude is
comparable to that of the trigger pulse but the
pulsewidth is ten-times longer. This current was
eliminated by a high-voltage diode piaced in series
with the isolation transformer secondary. The
diode, however, proved unnecessary during
prototype testing. This conclusion is supported by
the Figure 22 data in which the First 880 shots
were with the diode, the remainder without.
There was no discernible difference in the decay
of ignitor resistance with or without the diode.
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APPENDIX A: COST OF A 25-KJ MODULE

In 1987-88, the price for a single 25-kJ
module, excluding design and prototype
development, was approximately $5,000. Costs
are based on quantity purchases for 40 complete
25-kJ and ten complete 50-kJ assemblies plus
spare components. An itemized cost list follows:

ITEM:

CAPACITOR

IGNITRON

FLEXIBLE LEAD

CAGE

BUSBARS

G-10 SUPPORTS

FRAME

TRIGGER SYSTEM

HARDWARE

INCONEL RESISTOR

FABRICATION

COST:

$813.00

975.00

20.06

148.47

168.93

296.94

192.07

275.40

55.45

10.43

895.71

(2 each)

(4 each)

(2 each)

TOTAL $5035.11
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APPENDIX B: CIRCUIT MODEL

We now present the FRC-circuit model used
in the simulations of Section II. As illustrated in
Figure Bl, the FRC is assumed to be already
translated and trapped within a compression coil.
The plasma separatrix is modeled as a flux-
excluding cylinder of radius r and length zg,
located coaxially inside a cylindrical coil of radius
r£ and length z . The FRC and the compression
coil are elongated so that end effects can be
ignored. The magnetic flux d) (t) is constant along
the inner surface of the compression coil and it is
zero at the plasma separatrix. The relationship
between <J)e and the coil current I is obtained with
Ampere's law,

I = [1 + xzxs
2/(l-xs

2)] (Bl)

where x? = i_/rc, xz = zs/zc, and |XQ is the
permeability 01 free space. The inductance of this
system, L = d>e/I, can then be written as

L = Lv/[l+xzxs
2/(l-xs

2)] (B2)

where Ly = \LTti*/zc is the coil inductance
without plasma.

A simplified version of the Figure 2 circuit is
used in this model. The plasma and compression
coil are modeled as a single time-dependent
inductance L given by Eq. B2. The guide-field
bank is assumed crowbarred at time 1 = 0, and an
initial guide-field flux d>e(0)>0 is assumed
present. The initial currents in the compression
coil and isolation inductor are adjusted to meet
this condition. In the simulations, changes in xs

and xz are computed self-consistently with the
circuit equations using Eq. Bl and the adiabatic
scaling laws derived in Reference 8. Two extreme
FRC equilibria, corresponding to the high and
low-flux sharp boundary models, •—e considered.
Plasma losses are ignored.

The coupled circuit and plasma equations
are solved numerically for initial conditions that
simulate an FRC plasma translated into the FRX-
C compression coil:<be = 30 mWb, r = 0.16 m,
xs = 0.7, zs = 2.2 m, x = 0.7. The compression
bank start switch is closed at time t = 0, the
crowbar at t = 60 fJis. The solutions are plotted in
Fig. 5.

It is interesting to examine other aspects of
compression heating and FRC equilibria in terms
of the electric circuit. The magnitude of the coil
voltage is given by the relationship,

V .. = L(dl/dt) + I(dL/dt) (B3)

FLUX CONSERVING COIL

SEPARATRIX

PLASMA TUBE

f ( ^&

Bp

Fig. Bl. FRC geometry used in the circuit simulations.
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The last term in Eq. B3 corresponds to the Ew t = E^, + 5Ep/3 , (BIO)
change in load inductance that occurs when the
plasma is compressed. This term represents , _ . ., . ., ,
J,. . v .. , . . . . where E is the plasma thermal energy.
dissipation corresponding to the work done by the P
circuit in compressing the plasma. In other words,
the dL/dt term acts as an effective resistance.
Multiplying Eq. B3 by I and rearranging terms the
total power deposited to the load is

PcoU = %L(dI2/dt) + I2(dL/dt) . (B4)

After integrating Eq. B4 over time and
rearranging terms, the total energy is

EtQ( = %LI2 + &/l2(dL/dt) dt . (B5)

The first term in Eq. B5 corresponds to the B-
field energy E~ outside the plasma separatrix.
This fact is readily seen by combining Eq. Bl with
the following straightforward relationship for E^ j

)* (l + (xs
2xz)/(l-xs

2)] (B6)

or, alternately,

EBe = EBv* [l + *sV(l-* s
2)I . (B7)

where EBv is the field energy for vacuum
conditions, i.e., for the same <j>e but with no
plasma. Combining radial pressure balance and
the average beta condition, (J = 1 - &xs

2, the
energy E. t within the separatrix (both magnetic
and plasma thermal) can be expressed in terms of
EBv by the following relationship

Adding equations B7 and B8 one readily obtains
the following relationship for total energy inside
an FRC experiment

Eto, = EBJ1 + (5/2)Pxs
2xz/(l-xs

2)2] . (B9)

Equation B9 is an alternate form of the more-
familiar "Ohi equation,"
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APPENDIX C: 25-KJ MODULE ASSEMBLY DRAWING

ir 1 c. V A T I O N
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APPENDIX D: HIGH-POWER ISOLATION INDUCTOR ASSEMBLY DRAWING
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