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ADVANCED MAGNETIC FLUX COMPRESSION GENERATOR DEVELOPMENT
ISSUES: A COMPARISON OF COAXIAL AND DISK GENERATORS

by

Maurice G. Sheppard and Bruce L. Freeman

ABSTRACT

Three magnetic flux compression generator (FCG) geometries are reviewed and
compared for their suitability as high-current, high-power drivers for z-pinch im-
plosion programs at Los Alamos. They are the inside-out coaxial FCG, the disk
FCG, and the outside-in coaxial FCG. A wide range of issues is discussed for
each type FCG including current-carrying capability, current densities, robust-
ness, explosive mass and shape, initiation schemes, efficiency, operating times,
complexity, and expense associated with development and fabrication. Equa-
tions are derived and used in simple scaling studies. The results of these studies
are supported by MHD calculations and references to relevant experiments both
here and in Russia. The inside-out coaxial FCG is shown to be suitable, both
for the very high.current applications and for anticipated future Trailinaster
concepts. Based upon this analysis and results reported in the Russian liter-
ature, the inside-out coaxial FCG is more suitable than the disk FCG for the
high-current applications considered, and the two are roughly equivalent when
applied to lower-current Trailmaster concepts. The outside-in coaxial FCG is
unsuitable for either application because of its limited current-carrying capabil-
ity and the large investment required for initial development.

I. INTRODUCTION

This report is an attempt to review objectively the salient features of three different
geometries for explosive flux compression generators (FCG). In particular, these FCGs are
compared as possible final stage pulsed power drivers for z-pinch liner implosions. Figures 1,
2, and 3 show schematic drawings of an inside-out coaxial FCG, a disk FCG, and an outside-
in coaxial FCG, respectively. An attached imploding liner is also shown with its required
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transmission line. The discussions are not exhaustive, and many of the qualitative predictions
(particularly for the disk and outside-in coaxial FCGs) have not beern verified by experiments

i this country. The discussions of the inside-out coaxial FCG require the use of existing
hardware, such as the HE system, so hypothetical performance is balanced by LANL capabil-
ity. For the disk FCGs, data from Russian reports are used, where available. In the absence
of such information, optimistic assumptions are used. Enough detail has been provided se
that the interested reader may - eproduce the analysis with different parameters and further
investigate the sensitivity of the results to the assumptions cencerning FCG performance.

The primary pulsed power requirements for the purposes of this discussion are currents
of 150 MA delivered with a final risetime of ~10 us into a low-inductance, closely coupled im-
ploding load. Some consideration will also be given to lower currents (~50 MA) delivered in
shorter times into higher inductance loads, specifically relevant for the Trailmaster progra.
Some of the issues to be discussed include (1) linear current density on the armature, both
for the initial loading current and the final peak current, (2) magnetic field energy density or
pressure, B2/(2u,), (3) armature travel distance, (4) transmission-line inductance and stand-
off distance for load protection, (5) cost, flexibility, and availability of high-explosive (HE)
initiation systems for each geometry, (6} HE mass, shape, and efficiency of use, (7) opera-
tion time of the FCG, (8) ideal current amplification and expected efficiencies for flux loss,
(9) seed-field energy requirements, (10) fabrication and assembly difficulties and complexities,
and (11) environmental considerations.

The next section discusses general considerations associated with generating fast, high-
current pulses. Each generator type is discussed in more detail in the following three sections.
Supporting calculations and references are given where available. For purposes of comparison,
a 5-cm-radius, 1-cm-wide cylindrical shell is chosen as the active load. To make the analysis
sirnpler and more transparent, it is assumed that the current risetime is fast enough and that
the imploding load is massive enough so that significant displacement of the load does not
occur before peak current and generator burnout. Resistive losses in the load are also assu ned
to be small compared to losses in the FCG. None of these assumptions is crucial or difficult
to remove; therefore, the qualitative conclusions are not compromised by the simplification.
These assuinptions are equivalent to specifying a purely static inductive load. Following the
specific discussions of each generator type, a comparison of disk and coaxial FCG drivers is
presented for powering larger inductive loads that require lower currents. The final section
sup~marizes the findings and attempts to draw conclusions that point the way towards future

advanced generator development.



II. GENERALITIES
A. High Currents

The generation of high currents (>50 MA) requires large area conductors in order to
keep linear current densities to a reasonable value. A well-known rule of thumb among
FCG designers is that the armature should not carry more than J; & 1 MA/cm during
its entire operation.! In coaxial geometry with axial currents and only azimuthal magnetic
fields, a total current of 150 MA requires a conductor radius of ai least 24 cm in order to
keep J. < 1 MA/cm. Given By = uoI/(2nr) = poJ., the magnetic field associated with
J: = 1 MA/oa is Bg = 1.26 MG, and the magnetic field energy density and associated
pressure, B2/(2u,), are 6.3 GJ/m® and 63 kbar, respectively. To put these numbers in
perspective, the energies required to melt Al and Cu are approximately 0.15 and 0.32 GJ/m?,
respectively, and their yield strengths are only about 2-3 kbar. Using the HE, PBX-9501,
to push the armature will initially drive a ~300-kbar shock through the armature. However,
the sustained pushing pressure drops quickly to less than 50 kbar as the armature begins to
move and the HE thermalizes into a hot expanding gas. In other words, as the magnetic field
reaches ~1 MG during flux compression, the armature kinetic energy, driven by the HE gases,
is overpowered by the opposing magnetic back pressure, and/or the current-carrying side of
the armature is vaporized by resistive heating, limiting its ability to continue to compress
magnetic Jux.

The use of helical generators, such as the Mark IX,? to generate greater than 50 MA is
limited by the 1-MA /cm limit because the number of bifurcations in the stator windings that
would be required to get enough parallel wires to carry the current rapidly becomes prohibitive
at high current. Magnetic pressures present at the stator can also cause undesired motion of
the windings.

The 1-MA /cm limit has been more or less confirmed in Russian experiments with large
disk FCGs. Both Pavloskii'® and Chernyshev®~" have fielded disk FCGs, which push but
do not exceed this limit, and they indicate that higher currents can be achieved only by
accepting larger radius generators. At Los Alamos, the CN-III high-current coaxial FCG
also challenged and confirmed this limi¢ in its last experiment.® The first experiment was
an armature case motion study without magnetic fields. The second was a low current shot
with a 1-MA seed current and a final current of 68 MA. The third experiment started with a
3-MA seed current and produced a peak current of 105 MA. This measurement corresponds
to a linear current density of ~0.7 MA/cm on the armature at peak current. For the last
CN-III experiment, the initial radius of the armature was increased, and the propagation
section of HE was replaced with a simultaneous section. This allowed more HE inside the

armature, reduced the armature travel distance, and reduced generator operating time. The



stator radius at the entrance to the load ring for the CN-III is 27.5 cm. The final current
for the fourth CN-III experiment was above 150 MA and produced almost 1 MA/cm on the

armaturc. All CN-III experiments were extensively modeled with the RAVEN code. RAVEN
is a sophisticated one-dimensional Lagrangian MHD code written by Tom Oliphant and used
extensively in the Los Alamos National Laboratory’s group X-5.° In RAVEN’s quasi-2D mode,
multiple 1D-MHD calculations are run simultaneously and coupled through a sophisticated
circuit package. Each 1D calculation, referred to as a module, represents a different axial
section of the FCG. The sum of all modules, running simultaneously and coupled, reflects the
most important 2D characteristics of the FCG. Similar modules can be run in a vectorized
mode.

A relaxation of the 1-MA /cm rule-of-thumb limit would permit additic..al dexibility in
FCG design. Both the magnetic back pressure and the resistive Joule heating of the cou.uuc-
tors require tir..e before their effect is significant. Therefore, significantly faster - -nerators
may be capwble of exceeding the 1-MA /cm limit. There are several ways to decrease the run
time of an FCG. Increasing the armature velocity and/or using explosive to push both the
armature and the stator as in the 1 x 4 plate generator, are two options. Higher velocities can
be achieved by using lower density and/or thinner armatures. However, fundamental limita-
tions are imposed by HE energy dcasity, armature integrity, and armature current carrying
capability. Reasonable armature velocities (var ) for copper and aluminum, driven by PBX-
9501, range from 0.1 to 0.4 cm/us. Another option for speeding up the FCG is to reduce the
armature/stator separation. Unfortunately, a penalty in FCG inductance is incurred when
exercising this option.

Convergence effects have been used in imploding liner experiments to produce greater
than 6 MG in very small volumes.!® The 1-MA/cm criterion is obviously exceeded in these
experiments but not in a geometry or on a timescale, which is useful for a FCG that must

power an external load.

B. Fast Risetimes

The fast operating times required by the specific applications considered here add an-

other level of complexity. For the inside-out and the outside-in coaxial FCGs, the most
effective way to shorten the operation time is to simultaneously initiate the explosive along
the entire length of the armature. Given an HE detonation velocity (vge;) of 0.88 cm/ys,
the operation time of an 88-cm-long coaxial FCG can be reduced by 100 us if the HE is
initiated simultaneously rather than detonated at one end in the traditional fashion. Two
systems exist for this purpose and have been used for simultaneous inside-out FCGs. The
first is a line initiation system consisting of evenly-spaced slapper detonators on axis. This
system has been successfully used in the CN-I, CN-II,!! and the Mark 101!2:13 FCGs as well
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as in the explosively formed fuse (cutter switch) used in the Trailmaster experiments. The
other possibility is the Falcon tile system, which has been used successfully in the CN-III

experiments.’

Operating times for coaxial FCGs are also affected by armature travel distance and
armature velocity. Reducing the armature/stator separation speeds up operation at the
expense of FCG inductance. Additional inductance may be obtained by lengthening the FCG.
However, a reasonable limit of ~3 m may be imposed by material handling and availability
as well as HE volumes and mechanical assembly. Armature velocities are affected by the
amount and type of explosive used and by the armature thickness and density.

Operation tire for 2 disk FCG is basically controlled by the burn time of the explosive,
which is detonated on axis and burns radially. The armature travel distance is quite small
at larger radii (~1 cm in Russian designs)'3~7 and does not contribute significantly to the
operating time. The disk FCG makes use of opposing armatures in the same way as the 1 x 4
plate FCG. Therefore, a 30-cm radius disk FCG, loaded with PBX-9501 has a total operating
time of ~35 us, not counting the initial seed field loading time.

C. Low Inductance Loads

There are two related reasons for desiring low inductance loads when very high currents
need to be produced. First, the current amplification factor for an FCG is proportional
to the ratio of initial FCG pilus load inductance to final load inductance. For purposes of
calculating current amnlification, the inductance of the transmission line, which connects
individual modules of a disk FCG, must be included as part of the load inductance. A larger
load inductance requires either a larger generator inductance or a higher initial seed current
to reach the same final current. Both of these options add to the expense. The related factor
is that every nanohenry of load inductance must be filled with magnetic field energy. At a
load current of 150 MA, extra load inductance costs energy at the rate of 11.2 MJ/nH.

Load inductance is controlled by several variables including: (1) required standoff dis-
tance from the HE charge, (2) radius of the power-flow channel where it connects to the
FCG, and (3) inductance left in the FCG at burnout. For the inside-out coaxial FCG and
the disk FCGs, the standoff distance and the radius of the power flow channel are fixec¢ by the
generator operating time and the maximum current, respectively. For a 1-cm-wide¢ channel
with an outer radius of 30 cm, each 15 cm of standoff adds an extra 1.02 nH to the load
inductance. An inside-out coaxial FCG requires a larger standoff distance than a disk FCG
of the same radius because the required armature/stator separation distance at the output
end of the coaxial FCG results in a longer run time. However, a disk FCG of 30-cm radius
with a 1-cm-wide transmission line connecting the modules would leave 1.02-nH worth of

inaccessible inductance for every 15 cm of generator length. This waste inductance estimate
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is based upon high-current Russian designs, which all appear to have a 1-cm-wide, dielectric-
filled channel connecting each disk module.!*~® Lower current disks have narrower channdls

and smaller radii.®’

' The outside-in coaxial FCG appears to have a significant advantage with respect to
load inductance. No standoff distance is required and, at first glance, no waste inductance
1s left in the generator at burnout. However, if the inuer stator has a radius of r; = 5 cm,
the armature would have to be imploded all the way to 5 cm in order to compietely wipe out
all of the generator inductance. At 150 MA, this diameter implies 2 linear current density
of 4.8 MA/cm on the armature, significantly violating the accepted rule of thumb discussed
earlier. As shown in a later section, RAVEN calculations predict that the outside-in coaxial
FCG with a stator at 5-cm radius would fail before reaching the requirecd 150 MA.

III. INSIDE-OUT SIMULTANEOUS COAXIAL FCG

The inductance of the load and transrmission line assembly shown in Fig. 1 ic given by

Li(nH) = pol24o - In(ra/(r2 = A)) + w - In(ra/mi)] /(27) (1)

where 24, is the required standoff distance, r3 is the outside radius of the transmission line
(and the inside radius of the stator), r; is the load radius, w is the width or separation between
the vertical load walls, which is taken to be 1 cm throughout, and A is the transmission line
thickness. The generic FCG is also shown in Fig. 1 where r,, ri, and r; define the armature
and stator radii, W, is the generator length and @ is the tilt angle of the stator required for
phased flux compression.

Using experience gained from the CN-III high-current FCG experiments and
calculations,® the following assumptions are used in this scaling study. First, to conser-
vatively generate 150 MA reliably and reproducibly, requires a stator radius of r, = 30 cm,
giving J"** = 0.8 MA/cm at FCG burnout. Experience with CN-II,'® CN-II1,®2 and other
FCG’s,'2% imposes a conservative limit on armature expansion. To be safe, an armature
tube should be expanded no more than a factor of two times its initial radius. The smallest
stator radius allowed by this constraint is r, = 72/2 = 15 cm. A stator tilt angle of 2.5°
and a maximum reasonable length of W, = 300 cm fixes ry = r, — W, - tan © = 16.9 cm.

Generator inductance (L,) is given by

Ly = pW, [ln(r,/ro) +r2-In(re/ry)/(r2 - r,) - 1]/(21r) , (2)

which gives L, = 260 nH for this specific example. Operation time of the FCG is estimated
by assuming that the armature tube is filled with PBX-9501, which has a detonation velocity



of vgey = 0.88 cm/us and pushes a 1-cm-thick aluminum armature with a velocity of varm =
0.23 cm/pus. Operation time from first armature motion through burnout is obtained from

top = (7‘2 - ro)./varm ) (3)

which gives a value of 65.22 us for this example. Adding the time required for the HE

detenation wave to propagate fromn the axis and begin moving the armature gives a standoff
time,
tyo = ro/vdet + top (4)

of 8% us. Given a sound speed of 0.2 cm/us in lead and in polyethylene, it is reasonable
to assume that layers of lead, polyethylene, and air could be designed that would mitigate
shocks at a standoff distance of

Z30 = Ugolyc (5)

for a time of t,,, where v,, = 0.2 cm/ys. In this example the standoff must be 16.5 cm, which
implies a load inductance of Ly = 4.7nH if A =1 cm.
Ideal current amplification of an Ly inductance FCG driving an L; inductance load is

(I5/10) 4o = (Lg + L)/ Lt (6)

Based upon CN-III experience, one can expect an actual current amplification that is
70% of ideal. Using this assumption, Eq. (6) gives a realistic current amplification factor of
39.4. An initial current of I, = 3.8 MA would then be sufficient to produce a final current of
Iy =150 MA. This initial current corresponds to an initial seed field energy of

E,=(Ly+L)I?/2=19MJ , (7)
and a final field energy in the load of
Ey=LlI;[2=529M] . (8)
The mass of HE contained in the FCG is
Myg = paWy(r, —t)* =34 x10°g (9)

which is equivalent to 750 Ibs. Here we have assumed a 1-cm-thick armature (t = 1 cm) and
that the HE fills the entire central volume. At an energy density of 5.5 kJ/g for PBX-9501,
this HE mass corresponds to 1870 MJ of chemical energy, of which 2.7% is converted to
magnetic field energy. Demonstrated efficiencies for FCGs range from 1 to 10%.!4:!5
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The foregoing analysis is summarized in Table I along with similar analyses for a 150-
cm-long FCG and one that has a 200-cm-long, 20-cm-radius armature. The latter FCG

would operate on a shorter timescale because cf the reduced armature travel distance, but
have less inductance per unit length. The last column in the table shows an FCG design,

which should be capable of generating 2 250-MA pulse, albeit with a longer risetime caused

by the increased armature/stator separation. Unfortunately, the operating time for any of
these FCGs is longer than 10 us. A detailed analysis will be required to quantify the risetime

requirement.

Table I. Sample inside-out coaxial FCGs.
Property 1 2 3 4

W, (cm) 300 150 200 300
To (cm) 15 15 20 25
1 (cm) 1690 2345 26.51  36.90
72 (cm) 30 30 30 50
] 2.5°  2.5° 1.0° 2.5°
top (ps)® 65.22 6522 43.48 108.70
tso (us)®P 8226 8226 66.21 137.10
240 (€m)© 1645 1645 13.24  27.42
A (cm) 1.0 1.0 0.5 1.0
L, (nH) 260.1 1725 1380 3294
L; (nH) 470 470 403 571
0.70 - (I5/IL,)ideat 3945 2640 24.67  41.06
I, (MA) 380 568 6.08  6.09
E, (MJ) 191 28 262  6.21
I; (MA) 150 150 150 250
E; (MJ) 52.86 52.86 4532 1785
Myg (kg) 340 170 417 1000
Wyg (Ibs)d 748 374 918 2200
Egg (MJ)d 1870 935 2300 5500
J2 (MA/cm) 004 006 005 0.04

(Ef — B,)/Eue 2.73% 535% 1.86% 3.14%
s

2 Assumes vy = 0.23 cm/ps.

bAssumes vge; = 0.88 cm/ps.

Assumes v,, = 0.20 cm/pus.

4 Assumes a 1-cm-thick Al armature and PBX-9501.

One complication that arises when going to larger diameter charges of HE is the pressing
and machining limits imposed by hardware and safety considerations at WX-3. The largest
radius charge of PBX-9501 that can be pressed and machined at Los Alamos is ~23 cm. In
addition, the number of HE glue joints required during assembly (because standard operating

procedures dictate an HE single-piece, machining weight limit of 70 lbs) becomes oppressive
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as the length of the armature approaches 300 cm. The obvious solution to these problems is
the development of a high-energy-density castable explosive. Not only would this capability
dramatically increase the design flexibility for inside-out coaxial FCGs, but it is an absolute
necessity for affordable outside-in designs and disk generators. A castable explosive should

also be cheaper in the long run since costs associated with precision gluing and machining of

HE parts would be eliminated.

IV. DISK FCG

Figure 2 illustrates a generic disk FCG with its attached load, where the only difference
between the load for a disk and an :nside-out coaxial FCG is the required standoff distance.
Like the coaxial ¥CG, only the azimuthal component of the magnetic field, By, is non-zero
for the disk FCG. Fro:n an electromagnetic point of view, the disk armature is isomorphically
a coaxial armatur= that has been fluted or folded, like an accordion.

The inductance calcuvlation for the disk is divided into the four r 'gions shown in Fig. 2,
and the results are tabulated below. The inductance per module is given by

Ly=2(Li+Liy+Lis+Liv) , (10)
where
Ly = poa(1+a-In(a/8)/(b - ))/(27) (11)
L1 = poz - In(c/b)/(27) (12)
L1zt = po(z — y)(d-In(d/c)/(d - c) - 1)/(27) , (13)
and
Liv = poy - In(e/c)/(27) . (14)

It is assumed that the HE wipes out 100% of Ly but lecves the connecting transmission line
between radii e and f uncompressed. In high-current Russian generators, this transmission
line is dielectric-filled and appears toc be 1-cm wide. The inductance associated with the

transmission line is given by

L = poW -In(f/e)/(2m) , (15)

where W is the width of a single module. There is one constraint associated with the choice
of parameters c and z, which is related to the detonation velocity and the armature velocity.
The angle g, shown in Fig. 2, must be less than

Ymax = sin™! (varm /vdet) (16)
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to insure proper phasing of the fux compression. A larger angle than 4y, Would cause the
output to close off before all flux is transferred from the generator to the transmission line
and load. In this study, v is clLosen to be ¥y — 1° for the 30-cm-radius disk FCG. This
choice gives a 2° closure angle during flux compression. For very high current operation with
minimum explosive mass, the magnetic back pressure during flux compression can affect the
choice of 4. This concern should be investigated with two-dimensional MHD calculations for
actual FCG designs.

As in the description of the coaxial FCG in the previous section, a specific example for
a disk FCG is worked out in detail below. A conservatively designed disk FCG capable of
producing 150 MA into the given load might have the dimensions 5, 10, 10.15, 28, 29, and
30 cm for the radii a, b, ¢, d, e, and f, respectively (see Fig. 2). As in the design for the
coaxial FCG of the previous section, the maximum linear current density at 30 cm would
only be 0.8 MA/cm. Setting z, y, and z to 5, 0.5, and 3 cm gives a width per module,
W = 2z + z, of 15 cm. Using Eqs. (10)-(14) gives an inductance, Zg, of 19.19 nH per module
with a transmission line inductance, L, given by Eq. (15), of 1.02 nH per module.

Operating time for the disk is given approximately by

tOP = (d - a)/vdet +Y/Varm (17)
whereas the standoff time for load protection is computed from
t_,o = a/vdet + top . (18)

Using parameters for PBX-9501 again, and assuming that a 0.5-cm-thick copper armature
could be pushed at v, = 0.23 cm/pus, gives t,, = 28.31 us and t,, = 33.99 cm/us. Equa-
tion (9) gives 6.80 cm for z,, and results in a load inductance L; of 4.04 nH.

The mass of explosive per module is calculated from
Myg = n(z — 2t)d® + 27(z — y — t)(2d* — dc — c?)/3 , (19)

where ¢ is the thickness of the armature. Reductions in HE mass are possible by including
inert wedges near the outer radius. For the case being studied, there are 36.33 kg (or 79.92 lbs)
of HE per module. This explosive mass amounts to 200 MJ of chemical energy per module.
A disk of Ny modules would have a total inductance Lg = N4L, and an effective load
inductance Ly = NqL; + L;. The ideal current amplification for such a generator is given by

(Ir/1o)gem = (L + L)/ Ly (20)

From the Russian literature, it is not unreasonable to expect an actual amplification that
is 75% of ideal.®*~7 As an example, a 300-cm disk assembly of N; = 20 modules, would

(Al
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have an inductance of 384 nH, a load inductance of 24.4 nH, and an actual current amplifi-
cation o' 12.6. To achieve 150-MA output would require 12.0-MA input seed current, which
corresponds to 29.3 MJ of input seed field energy and an output field energy of 274 MJ.
The HE mass in a 20-module disk would be 727 kg (1600 lbs), which means 6.1% of the
total 4000 MJ of chemical energy must be converted to electromagnetic energy. The lin-
ear current density at radius a = 5 cm during the loading of a disk generator to 12.0 MA
is 0.38 MA/cm. At 0.38 MA/cm there will be some motion of the armature during load-
ing. Decreasing the preliminary loading time through clever switching would ameliorate the
undesired armature motion. Table II summarizes these estimates and includes scaling for a
10-module disk. It also gives parameters for a more optimistic 30-cm-radius disk, which has a
0.5-cm-thick transmission line. The most critical design parameter affecting disk performance
in an energy-constrained regime is the 1.02 nH per module of waste inductance. By cutting
the transmission line gap in half, L; becomes 0.50 nH. However, this small gap reduces the
overall robustness of the design. Cutting the insulation gap even further to 0.25 cm (100 mil),
would only reduce the transmission line inductance to 0.25 nH per module, or 5 nH for a
20-module, 30-cm-radius disk. Holding off internal FCG voltages — which may easily exceed
100 kV at these current and power levels — in the presence of HC-driven shocks, would be a
challenge. Nevertheless, enough detail has been provided for the ambitious reader to explore
extrapolated FCG performance in these regimes. Finally, Table II gives parameters for a disk
FCG that should be capable of producing 250 MA. The parameters come almost directly
from a paper by Chernyshev in which he reports 256 MA into a 3.3-nH load, including the
connecting transmission line, vsing a 3-module disk FCG.®

Disk FCGs have both favorable and unfavorable characteristics as drivers for the load
being considered. In favor of the disk is the fact that operating times are somewhat shorter
and armature travel distance is shorter than for the equivalent coaxial FCG. For these reasons,
a disk FCG will more likely be able to exceed the 1-MA /cm limit than a coaxial device. Un-
fortunately, neither type is likely to exceed the limit by much, given HE performance figures.
The clisk also has the advantage that the initiation system is simpler and requires only Ny
simvlianeous detonators on axis, where as the coaxial system needs either a line or area initia-
tor. Finally, the fact that the Russians have reported a 256-MA peak current from a 3-module,
50-cm-radius disk is noteworthy. On the negative side, disk FCGs have multiple complicated
HE shapes. Pressing and machining 30-cm-radius disks of HE is not cost-effective, given the
complex shapes required. Castable and liquid explosives exist, but not at the energy den-
sity of PBX-9501. Assembly for the disk is also likely to be a challenge. It has many pieces
and many potentially troublesome and lossy conductor joints perpendicular to the direction of
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current flow. Because the HE charge extends to large radius, disk FCGs will have relatively
large amounts of explosive. However, this extra explosive is strategically concentrated near

the output feed slots where the magnetic field will be the highest.

Table II. Sample disk FCGs.
Property 1 2 3 4

a (cm) 5 5 5 6

b (cm) 10 10 10 12
¢ (cm) 1015 10.15 10.65 24
d (cm) 28 28 2850 48
e (cm) 29 29 29.50 49
£ (cm) 30 30 30 50
A= f—e(cm) 1.0 1.0 0.5 1.0
z (cm) 5 5 5 5

y (cm) 0.5 0.5 0.5 0.5
z (cm) 5 5 5 5
W =2z + z (cm) 15 15 15 15
L, (nH) 19.19 1919 1972 28.38
L; (nH) 1.02 1.02 0.50 0.61
L; (nH) 4.04 4.04 3.82 5.06
top (us)® 2831 2831 28.88 49.90
too (us)? 33.99 3399 3456 56.72
Z4o (cm)P 680 680 691 11.34
Ny 20 10 13 20
W = Ng- W (cm) 300 150 195 300
Lg = Ny-L, (nH) 383.7 1919 2564  567.6
Ly =Ng-Li+ L (nH) 24.39 14.21 10.37 17.19
0.75- (I5/I, )ideal 12.55 10.87 1929  25.52
I, (MA) 1195 1380 17.77 9.80
E, (MJ) 29.14 19.61 8.06  28.06
I; (MA) 150 150 150 250
E; (MJ) 2743 1599 116.7 537
Ng - Myg (kg)© 727 363 486 2000
Ny - Wyg (lbs)e 1600 799 1070 4300
Ny - Eyg (MJ)* 4000 2000 2670 10700
J? (MA/cm) 0.38 0.44 0.25 0.26
(Ef — E,)/Exg 6.14% 7.02% 4.06% 4.74%

—_—
*Assumes varm = 0.23 cm/ps and vge, = 0.88 cm/ps.

b Assumes v,, = 0.20 cm/us.
€Assumes a 0.5-cm-thick Cu armature and PBX-9501.
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V. DIRECT COMPARISON BETWEEN DISK FCG’S AND
INSIDE-OUT COAXIAL FCG’S

Figures 4-30 provide a direct comparison hetween inside out coaxial FCGs and disk
FCGs. The basis for the comparisons are the examples used in the previous two sections.
The first set of graphs compares, as a function of length, a (araily of 30-cm-radius disk FCGs,
capable of producing 150 MA into the generic i...d and transinission line, against a continuum
of coaxial FCGs of the same radius and peak currenc. The conservative parameters from
column 1 of Tables I and II are used to define the geometries for ti.e coaxial and disk FCGs,
respectively. Figure 4 gives the FCG inductance, which is linear with W, fcr the disk and only
defined at integral multiples of the unit module length, W = L5 cm. The inductance for the
coaxial FCG falls below linear because of the required tiit ::ngic of the stator. The effective
load inductance for the two FCG families is shown in Fig. 5. T - linear rise for the disk
is a direct result of the unusable transmission line indv tance asso: 1ted vath each module.
Figure 7 shows the expected current gain for the two FCGs v.ing 70% of ideai for the coaxial
and 75% for the disk. Using the results of Figs. 4 and 6, Figs 7 a* . 8 give the required initial
current and magnetic field energy, which must be loaded into : : FCGs to insure 150 MA
of output current. The larger induct ‘nce p: unit lengtl: coupled with the lower current
gain of the disks relative .o the coaxi.. FCGs, resul*- i. . sstantially larger initial loading
energies. The final magnetic fielc gy, which is stored into Jhe effective load inductance at
150 MA, 1s giver in Fig. 9. High- .., iosive  eight is shown .. Fig. 10, and Fig. 11 gives the
required «fficiency of conversion from -heuucal to magnetic field energy. For reference, the
total HE capacity at Firing Point 88 in Anchio Canyon is 2000 lbs. Interpretation of Fig. 11 is
tricky because a higher required efficienc; is more difficult to achieve. Anything above ~10%
efficiency is speculative. Wi-iin each ype, 1 -obustness of the _ -erator is inversely related
to its requi -d efficiency. Inserting inert w -iges - ‘. .Y disk charges, while decreasing the
overall HF weight, increase- the required “riency of the FCG, and introduces additional
complexity in the assembly and charge confi -ation. The final graph for this first set of
comparisons, Fig. 12, is the maximum linear ent density, which must be sustained during
the initial loading. Current densities required i : the disk arc high enough to cause concern
about magnetically induced motion of the arma'-ire durir. *he loading proces: prior to HE-
supported motion. In choosing an optimal length for eith .f the FCGs, the information in
Figs. 4-12 needs to b~ considered as a whole in conjunctiui. 'th expense, the availability of
initial current sources, and reasonable firing point facility capacity.

Using parameters from Table II for the more optimi- ¢ disk * CG, with a 0.5-cm trans-
mission line gap, and comnparing it to an optimistic coaxial G with ‘aster operation time,

gives the comparison presented in Figs. 13-21. For the coaxi. FCUC the armature tilt angle,
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0, 1s reduced to 1°; A is reduced to 0.5 cm to match the transmission line in the disk; and r,,
the armature radius, is increased to 20 cm. The increase in 7, decreases the operating time
from 65.22 s for the coaxial in the first comparison, to 43.48 us. The operating time of the

disk increases by only 0.57 us to 28.88 us.
The final set of graphical comparisons is given in Figs. 22-30 for the 250-MA rases

presented in Tables I and 1I. In all cases considered, an inside-out FCG is expected to exceed
the perforinance of the equivalent disk FCG for tl s high-current application. As mentioned
earlier, the biggest drawback of the disk FCG is wasted inductance in the required transmis-
sion line, a by-product of its modularity. This inductance hurts current amplification, which
in turn requires larger seed currents. Larger seed currents are expensive and poteniially cause
vroblems associated with conductor deformation prior to HE-supported motion. The extra
inductance must be filled with the same inagnetic field energy per nanohenry as the load.
The larger output cnergy requires higher efliciencies from the disk, probably making it less
robust. The extent to which thi. inductance can be minimized is a topic for rescarch and
will depend upon such variables as required voltages, breakdown fields in shocked dielectrics

shock mitigation in the dielectric channel, and magnctic insulation.
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VI. OUTSIDE-IN COAXIAL FCG’S

The generic outside-in coaxial FCG chosen for this study is shown in Fig. 3. Generator

inductance is given by
Ly = pWy[ln(ro/r1) — 12 - In(r1/r2)/(ry —12) + 1]/(27) (21)
and load inductance has the form
Li = pow-In(rz/r) /(27) (22)

where the load width, w, 1s assumed to be 1 cm as before. Notice that no standoff distance
1s required for load protection, and there is no obvious wasted inductance. Setting r; = r;
gives zero load inductance and implies that an infinite current gain would be possible if
the load were static and the simple assumptions used in the two previous sections could
be applied. The flaw in the argument is associated with linear current densities approaching
5 MA/cm for 150 MA at a 5-cm radius. Overlooking this problem temporarily, two additional
obstacles associated with the outside-in design are the large mass of HE and the very large area
initiation system needed to set up the simultaneous detonation wave. These two problems
are technologically tractable, given sufficient capital and time. Furthermore, if the linear
current density show-stopper could be conquered, the required development costs would be

a bargain.
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To investigate the severity of the current density limit, RAVEN calculations of an
outside-in coaxial FCG of 200 nH driving a 0-nH load were run in a quasi-2D mode. The
calculations involved ten 1D-MHD modules coupled through the sophisticated circuit pack-
age in RAVEN. Analogous calculations were run for the CN-III inside-out experiments and
agreed very well with the data.?

Generator parameters for this calculation were chosen to be as close as possible to an
inside-out CN-III turned outside-in. The parameters, illustrated in Fig. 3, were chosen as
follows: W, = 144.12 cm, r; =5 cm, r; = § ¢cm, ry = 11.29, = 2.5°, and r, = 15.88 cm.
The initial current was 3.2 MA loaded from a circuit that represents all four modules of the
Firing Point 88 capacitor bank charged to 18 kV. Figure 31 gives the calculated current profile
produced in the zero-inductance short circuit load. The peak current was 105 MA, which
represents a whopping 3.3 MA/cm at a radius of 5 cm. Material interface positions for the
MHD module closest to the load are shown in Fig. 32 as a function of time. The armature and
stator surfaces do make contact, wiping out the vacuum field region. However, as the current
exceeded 55 MA at 82 ps in this calculation (1.7 MA/cm or 2.2 MG at 5 cin), magnetic
flux began penetrating into the armature and stator very rapidly. Both the armature and
stator surfaces were vaporized by the associated resistive heating. A careful look at the
armature density and field profiles indicates that the vaporized surface layer allowed field to
stream through while the remaining higher density portion of the armature, and hence more
conductive portion, was stopped by the magnetic back pressure. This process, which traps
magnetic flux in a stagnated armature, prevents further current amplification. Significant
magnetic flux is also lost into the vaporized surface layer of the stator. Velocity profiles of
the armature and stator interfaces are shown in Fig. 33. The vaporization of the surfaces is
evident at 82 us.

Sensitivity studies for the outside-in coaxial were also run on RAVEN. Zoning of the
armature and stator interfaces, equations of state, and electrical resistivity models were var-
ied. The actual onset of vaporization was mildly sensitive to these changes. Nevertheless,
the limiting current of ~100 MA was not sensitive to any of these variations. If a particular
equation of state, zoning, and resistivity model delayed vaporization in a calculation, the
magnetic back pressure effectively slowed the armature surface rather than slowing the arma-
ture interior. The end result in all of the calculations was that magnetic field energy prevents
complete flux compression and/or is dissipated by resistive heating to limit the final current
of an outside-in coaxial FCG, with a stator radius of 5 cm, to ~100 MA.. Since this current
is well below that required for this study, and the developmental costs associated with large
HE charges and outside-in initiation systems are quite large, the outside-in coaxial FCG is

not suitable for this application.
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VII. LOWER CURRENTS AND HIGHER INDUCTANCES

For z-pinch applications with very small mass loads, lower currents are requirnrl. How-
ever, they must be delivered on a much faster timescale. For example, one :dvanced |, ui-
master concept calls for ~50 MA to be delivered to a ~20-nH load, whick ncn:les an opening
switch. This switch serves the purpose of pulse compression from “.ze gencratoi timescalg,
including the initial loading time, to the microsecond implosion timescale.

For purposes of comparison, it is assumed that a 20-cm-radius FCG is sufficient o
generate 50 MA into 20 nH. A family of inside-out coaxial FCGs with r, = 10 cm, 7_ = 20 ¢m.
and 6§ = 1° (see Fig. 1) is compared, in Figs. 34-38, to a family of disk FCGs with a. b, c,
d, e, f, z,y, 2z, and t equal to 4, 8, 8, 19, 19.75, 20, 3.27, 0.5, 5, and 0.5 cm, respeciively
(see Fig. 2). A 0.25-cm transmission line was chosen to minimize wasted inductance. Since
internal voltages should be less in this application, this narrow transmission line may be
possible if HE shocks and magretically induced motion in the generator can be controlled.
Each disk module has a width W = 11.65 cm and an inductance L; = 11.31 nH. Waste
transmission line inductance, L¢, is held to 0.29 nH per module. Operating times for the
coaxial and the disk are 43.48 and 19.22 us, respectively. Therefore, either type must employ
an opening switch to protect the load. Figure 34 shows FFCG inductance versus length fcr
the two families of generators. Notice that the disk lies below the coaxial out to 300 cm
and beyond. Making the armature radius, r,, larger for the coaxial FCG would lower both
the generator inductance and the operating time. On the other hand, much could be gained
by decreasing the values of a and b for the disk, which would increase module inductance
significantly while only increasing operating times slightly. Unfortunately, as a and b are
decreased, magnetically induced motion during the loading phase becomes more of a problem
because of higher linear current densities. Load inductances for the disk and the coaxial
FCGs are shown in Fig. 35, where the wasted transmission line inductance is included in the
load inductance for the disk as before. Expected current gain is shown in Fig. 36. Notice
the lower gains for both types of generators because of the higher load inductances. Gains of
iess than five represent unacceptable performance, which implies that cither type of FCG will
have to be at least 150-cm long. Required initial curreunts are shown in Fig. 37. By combining
the data in Figs. 36 and 37, one can verify that the peak output current will be 50 MA, i.e.,
working backwards in the model reproduces the input parameters. Figure 38 shows initial
loading energies for both FCGs, and indicates that the disk requires both a larger energy and
input current to produce the same peak output current.
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radius inside-out coaxial (solid) and disk cm-radius inside-out coax (solid) and disk

(dotted) FCGs with 20-nH external load (dotted) FCGs with 20-nH external load

and 50-MA peak current.
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and 50-MA peak current. Wasted trans-
mission line inductance is added to the
load inductance for the disk. There is no
wasted inductance for the coax.
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Fig. 36. Expected current gain vs length
for 20-cm-radius inside-out coaxial (solid)
and disk (dotted) FCGs with 20-nH exter-
nal load and 50-MA peak current. A value
of 70% flux conservation is used for the
coax and 75% for the disk.
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Fig. 37. Initial load current vs length for
20-cm-radius inside-out coax (solid) and
disk (dotted) FCGs with 20-nH external
load and 50-MA peak current.
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Fig. 38. Initial load energy vs length for 20-cm-
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VL ©T"MMARY

For the high-current applic.tion, - wsid--out coaxial design is quite attractive. It is
capable of doing the job wit" a simple » -ometry design and existing components that have
been proven. The CN-III experiment: huv. quantified the conclusions drawn in this report
concerning the inside-out coaxial FCG.

Disk FCGs are also capable of generating the required currents as reported in the
Russian papers.!'2-7 Howeve:  hey are more complicated, require larger input currents and
energies, require more HE, and waste . significant fraction of their energy in transu.ssion
line inductance. Disk FCGs are faster thau coaxial systems but by less than a factor of two.
Simultaneous coaxial FCGs make up for some of this lack of speed by having a faster rising
pulse near burnout than the disks have, relative to their respective operating times. For
<+ ~*ems that use switching to protent - he load from the initial phase of flux compression, the
fina! e-folding time of the FCG current waveform becomes more important than the total
operating time.

In regard to the outside-in coaxial FCGs, even if total HE mass and large area initia-
tion were not a problem, outside-in designs are not capable of generating the peak currents
reqiured. It is suggested that these FCGs not be pursued in this context.

In the Trailmaster application, the choice of generator is not definitive. Other com-
parisons between disks and coaxial FCGs are possiblc, and since the performance difference
is smaller for this application, either type of generator could probably be employed. The
primary supporting issue for the disk is its faster operating time, which lessens the strain on
opening switch design. However, the negative aspects should be weighed thoughtfully before
incorporating these generators into the design of an experimental program. They include lack
of experience with disk FCGs in this country, difficult and tricky transmission line design,
complicated HE and conductor shapes, assembly difficulties, and larger HE charges. The
coaxial FCG design, on the other hand, is much closer to being “oft the shelf” and has a
high probability of success. It is simpler to build and therefore probably more robust and
repeatable. Nevertheless, if adequate resources were available, it would be desirable to test

some of the disk generators.
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