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MULTI-MEGAGAUSS FIELD-GENERATION USING CAPACITOR BANKS 
M. G. Sheppatd, R. R. Batisch, D. W. Scuiider, J. C. solem, and L. R. Veeser 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, U.S.A. 

Abstract 
Design of a high-field (6 MG) production experiment on the Pegasus capacitor bank is presented. 

One and two dimensional MHD simulations are benchmarked against Alikhanov's previous experiments1 
and used to support the design for the Pegasus experiment. Possible extensions to the Atlas facility, 
where production of 20 MG fields may be possible, are also discussed. 

1. Motivation and Introduction 
Generation of high magnetic fields in the multi-megagauss regime facilitates high-energy-density 

investigations which are inaccessible by normal laboratory means. Because of the current densities and 
magnetic pressures involved, fields above about one megagauss are only available in a pulsed mode 
within the core of a self-destructive source. The raw energy required to produce these fields typically 
comes from chemical high-explosives (HE) or capacitively stored electric energy. 

In this paper we propose a high-field source to be powered by the Pegasus capacitor bank at Los 
Afamos National Laboratory. The proposed 6 MG source is an extension of Alikhanov's 3 MG, 
capcitordriven design.1 to a higher-energy, higher-power bank. We've specifically chosen to extend the 
Alikhanov design because we believe that it has the best chance of scaling to fields in excess of 10 MG 
without the use of HE flux compression. 

To be useful, a high-field source should produce a uniform peak field within a finite and 
experimentally accessible volume. A reasonable definition of such a volume is a 6 rnm diameter by 
several centimeter high cylinder. Given techniques developed over the last few years, this volume is 
sufficient to accommodate a wide variety of experiments and diagnostics.2 

In the next section, we briefly review a representative sampling of pulsed, megagauss field 
sources and production techniques which have enjoyed wide application over the last 30 years. In 
section Ill, we present a more detailed discussion of Alikhanov's source. We also present benchmark 
calculations of Alikhanov's experiments using our onedimensional (1 0) magnetohydrodynamics (MHO) 
code, RAVEN. Section IV contains details of our proposed experiment on Pegasus with supporting 1D 
and 2D MHD simulations. Section IV extends the concept to the proposed Atlas facility at 10s Alamos. 
Given successful experimental validation of our predictions for Pegasus, fields well over 10 MG in a 
usable volume should be possible on Atlas. 

11. History 

A. 1-3 MG Systems 
The simplest concept for producing fiekis in the few MG range is to dump a large current through 

a small, sturdy, single turn coil. Ignoring end effects and non-uniform current densities, the field inside a 
single-turn coil is given by, B, = po /e/ I where /e is the total current carried by a coil of height, 1. To 
maximize the field for a given amount of stored energy, the coil should have the smallest useful radius 
consistent with the required experimental volume and the smallest height consistent with the requirement 
for field uniformity. This combination maximizes the linear current density, /e/ I, within the constraints 
imposed by a specific experiment. Two notable techniques for dumping large currents through single-turn 
coils are exemplified by Miuras and Fowler.4 Miura discharges a capacitor into coils ranging in diameter 
from 6 mm to 10 mm lo produce fields of 1.5 to 2 MG. Fowler uses two parallel plate flux compression 
generators (FCG) in series to make -1.5 MG in a 12 mm diameter coil. He calls this his 'butterfly' system 
because of its shape. In a unique variation of his butterfly, Fowler adds a second stage of flux 
compression to boost the field to 2.5 MG. , 
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Figure 1 : Magnetic fields above 3 MG are 
generally achieved by compressing a B, field 
trapped inside a conducting liner. 

Figure 2: Alikhanov’s experimental configuration - 1, spark gap; 2, capacitor bank; 3, insulation; 
4, steel cylinder; 5, liner; 6, initial field coil. 

B. 3-6 MG Systems 
To generate fields above 3 MG typically requires direct flux compression of the field-containing 

experimental volume. In the flux compression technique, a primary source of energy, either HE or 
magnetic, is converted to kinetic energy of a conducting liner which surrounds and traps a seed- 
magnetic-flux (see Fig. 1). As the conducting liner implodes, the seed-flux is compressed and the kinetic 
energy of the liner is converted to magnetic field energy. In the work of Alikhanov,’ the implosion energy 
is generated by an axial current driven through the liner in a z-pinch configuration (see Fig. 2). Alikhanov 
imploded a 6 cm diameter by 15 ern high copper liner, having a wall thickness of 2 mm, to a final diameter 
of about 6 mm. With a seed-field of 35 kG, he reports a peak fieM of 3.1 MG. 

Miura3 uses a larger diameter (15 cm) copper liner which he implodes in a &pinch geometry. 
Miura’s liner is 4.5-7.0 cm high with 1.5 mm thick walls. The driving field is produced by a large, single- 
turn steel coil. Miura reaches 5.5 MG in a final diameter of about 9 mm. 

Multiple considerations and tradeoffs must be addressed to maximize the peak field. A complete 
discussion of these issues is beyond the Scope of this paper. 

C. 6 MG and Beyond 
In the quest for 6 MG and beyond, the energy density and pressure associated with the high 

magnetic fields quickly turns conductors into plasmas and defies easy HE flux compression. In the ea 
~ O ’ S ,  Fowler fielded cylindrical, HEdriven liner implosions with reported peak fields of up to 15 MG.5- 
Unfortunately, these systems were not particularly reliable or reproducible. Fowler had difficulties with 
coupling efficiency for producing the initial seed-field as well as liner instabilities. When Fowler placed his 
external seed-field coil outside of the HE, the efficiency of coupling the initial field into the liner was too 
poor to get enough initial flux for the compression. When he put the coil between the HE and the liner, 
the interaction between the HE and the coil impressed hydrodynamic perturbations onto the imploding 
liner. These perturbations were enhanced by magnetic-fielddriven instabilities. Lack of liner integrity 
limited the peak field which he could obtain reproducibly. 

The break-through which achieved reliable and reproducible peak fields of -1 0 MG came about 
within the Russian group led by Pavlovskii.* Pavlovskii’s group constructed liners out of a composite 
material made of tiny, insulated copper wires cemented together by an epoxy resin. In its initial state, this 
material conducts current in the direction parallel to the wires, but after being subjected to an HE shock, it 
conducts in all directions. A discussion of modeling techniques for this ctass of composite materials is 
given by Sheppard and Lund.9 The liner of Fig. 1 for the Russian technique then, is made of this 
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composite material and has its tiny copper wires parallel-wound into a solenoid. By discharging a 
capacitor through the solenoid-liner, a seed-field of 100-200 kG can be generated inside the liner with no 
coupling inefficiencies. The HE shock, which implodes the liner, also turns it into a quasi-uniform 
conductor and isolates the trapped flux from the seed-field capacitor. Unfortunately, this conceptually 
simple system employing a single liner suffered from the same shell instabilities which plagued Fowler. 
The Russian solution to these instabilities was to add 2 additional shells, or cascades, made of the same 
material, except that the copper wires in the inner cascades were laid parallel to the axis. Before collision 
with the outer shell, the inner cascades allow the B, field to pass through unimpeded. After the collision 
and resultant shock puts adjacent wires in electrical contact, the cascades trap the field by supporting 
eddy currents in the 9 direction. These inner cascades serve to rescue the outer shell before it 
disintegrates, and then take over as a fresh armature. The concept is analogous to the handoff between 
relay racers in the Olympics. In this manner, Pavhskii and hii group reliably produce -1 0 MG in a 6 mm 
diameter volume inside of their MC-1 generator. 

111. Benchmark of 1 D MHD Simulations Against Alikhanov's Experiments 
Alikhanov's original experiment is shown in Fig. 2. The imploding (copper or aluminum) liner 

dimensions were 15 cm length, 6 cm inside diameter, and 2 mm wall thickness. The return conductor 
electrodes were made of an unspecified high-strength steel. The reported bank parameters were 
C = 50 mF, R = 0.3 mC2, and L = 13 nH. initial seed-fields ranged from 30-50-kG. 

Simulations of the device were conducted with the 1 D Lagrangian MHO code, RAVEN. RAVEN 
has the capability to conduct mufti-material, resistive MHO simulations employing tabular (SESAME) 
equations-of-state and electrical resistivities. RAVEN also employs the Steinberg-Guinan elastic-plastic 
strength model and its parameters.lO'll The 1D radial MHD equations are coupled to an external circuit 
model which is solved self-consistently with the back voltage (EMF) across the mesh. The RAVEN 
simulation of Alikhanov's shots #26 and #30 is shown in Fig. 3. The RAVEN prediction for peak current is 
5 MA; the peak field is 2.9 MG; and the implosion time is 61 p. Alikhanov's measurements for these 
values were 4.9-5.2 MA, 2.8-3.1 MG, and 56-62.5 p, respectively. Table 1 summarizes the RAVEN 
simulations, Alikhanov's results, and Alikhanov's predictions based on what we believe were circuit- 
model-driien, zerodimensional slug calculations. 

Except for shot #23, we match all of Alikhanov's experiments within 5% of peak field and peak 
current Sometimes our predictions are higher than experiment and sometimes lower. The measured 
implosion times are consistently later than our predicted time; but without additional information from the 
experiments, it is not possible to quantify or justify the cause for this disagreement. The overall 
agreement is encouraging and validates the use of RAVEN for the Alikhanov concept. 

IV. Extension to Pegasus 
Designing an Alikhanov-like bad for Pegasus poses new challenges since Pegasus stores an 

order of magnitude more energy and delivers it an order of magnitude faster, i.e., Pegasus delivers -1 00 
times the power of Alikhanov's bank, The trick is to design a liner which is (1) robust 
enough to carry the larger current, (2) large enough diameter to contain enough initial flux at a reasonable 
seed-field value, and (3) light enough to implode on the faster Pegasus time scale - all without 
vaporizing, going unstable, or disintegrating. The stability problem should be somewhat ameliorated 
relative to Miura's 9-pinch for compressing a z-field, or the Russian MC-1 which uses HE to compress a 
z-field, because the B, and So fields should have a stabilizing effect on each other. 

The goal of our first design is to reach -6 MG in a 6 mm diameter vacuum cylinder which is 
10 cm high. A 1100-series aluminum liner with a 6 crn inside diameter and a 1 mm thick wall should 
achieve this goal. This liner fits onto the standard Pegasus powerflow channel with only slight 
modifications to accommodate its 10 cm height and the smaller than standard radius of the return current 
bars. Aluminum was chosen over copper for the load because of its higher action-to-burst property.'* A 
schematic view of the proposed experiment is given in Fig. 4. The driving circuit for the RAVEN 
simulations uses C = 864 mF, L = 2 nH, R = 0.5 mQ, charged to 80 kV. A 13.3 nH ppowerflow channel is 
included in series with the bank. Parallel bars were chosen for the return conductor to facilitate seeding 
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Table 1. Benchmark of RAVEN Simulations (I?) Against Alikhanov's 
Experiments (E) and Alikhanov's Slug Model Predictions (S). 

Shot# 11 17 18 21 23 26 30 

c u  
51 0 
420 
4.099 
40 

2.0 
1.9 
2.2 

4.5 
4.6 
4.5 

68 
74 
66.5 

c u  
51 0 
420 
4.099 
35 

2.2 
2.12 
2.44 

4.5 
4.3 
4.5 

68 
74 
66.5 

Initial Condidions 
AI c u  c u  c u  c u  
160 510 51 0 51 0 51 0 
420 520 520 570 570 
4.099 4.561 4.561 4.775 4.775 
35 40 52 35 35 

1 .% 2.4 1.9 2.9 2.9 
1.7 2.5 1.4 2.8 3.1 
2.31 2.8 2.1 3.2 3.2 

3.9 4.9 4.9 5.1 5.1 
3.4 --- -- 4.9 5 2  
3.9 4.9 4.9 

47 63 63 61 61 
45 65 65 62.5 56 
43.5 61 61 

Peak Magnetic Field 

Peak Driving Current 

--- --- 
Implosion Time 

--- --- 
R = WVEN, E = Alikhanov's Experiment, S = Alikhanov's Slug Model 

Figure 3: RAVEN 1 D MHD simulation of 
Alikhanov's shots #26 and #30 - 1, inner 
radius (cm) of liner;2, outer radius (cm) of liner; 
3, driving current (MA); 4, & field (MG) on axis. 

Figure 4: Schematic of Pegasus high-field 
experiment - 1, Pegasus; 2, external coils; 
3, return conductor bars; 4, AI liner; 5, glide 
plane; 6, seed field. 
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0.00 z.00 

Figure 5: RAVEN 1 D MHD simulation of proposed 
high-field experiment on Pegasus - 1, inner 
radius (cm) of liner; 2, outer radius (cm) of liner; 
3, inner radius (cm) of retum conductor bars; 
4, outer radius (cm) of retum conductor bars; 
field (MG) on axis, 6 Pegasus driving current (MA). 

Figure 6: Cross section through imploding liner 
from RAVEN 1D MHD simulation of proposed 
high-field experiment on Pegasus - 1, liner 
density (s/cm3); 2 trapped Bz field (MG); 
5, Bz3, driiing Be field (MG); 4, liner 
temperature (eV); 5, yield stress (kbar Y 10). 

of the initial B, field as well as for diagnostic access. Note that the external coil is segmented to allow 
visible and x-ray access to the central portion of the liner. 

RAVEN simulations (1D MHD) with initial fields from 80 to 110 kG were conducted with liner 
diameters varying from 5 to 8 cm and wall thicknesses of 0.8 to 2 mm. Conservative values of 80 kG for 
the initial field, 6 cm for the bad diameter, and 1 mm for the wall thickness were chosen for this first 
proof-of-principle experiment. Simulations with these values are shown in Figs. 5 and 6. Figure 5 shows 
radius vs. time of the liner overlaid on the driiing current and the time profile of the central &field 
magnitude. Note that the peak B, field is predicted to reach 10 MG at the very small tum-around radius 
of 0.8 mm. Figure 6 shows cross section profiles of field, density, yield strength, and temperature through 
the liner as its inner radius implodes through 3 mm. At this time, the central B, field has reached -6 MG, 
corresponding to 75% conservation of the initial flux within the central volume. The liner has begun to 
meR on its outer diameter because the of 12 MA driving current. It has also begun to melt on its inner 
diameter because of the eddy currents which resist flux diffusion out of the central volume. The ma netic 
pressure driving the implosion on the outside (B&'Zpo) and resisting the implosion on the inside (B 9 /2p0) 
actually compress the liner in the 1D calculation. If this trend can be maintained in the 3D experiment, 
this compression will inhibit melting and loss of material strength thus enhancing liner stability. Only an 
experiment will tell whether this stabilizing mechanism can be pushed to the high-energydensity regimes 
required to extend this concept to fields above 10 MG. 

Two-dimensional resistive MHD simulations of the liner and glide plane at 0,3,5, and 6 ps are shown 
in Figs. 7a-7d. The 2D Eulerian simulation uses the source current from the 1D RAVEN simulation 
but does not include contributions from the B, field. The pettubations which are growing on the 
back side of the liner, possibly seeded by interactions with the qlide plane wall, are not unexpected. 
Simulations and experimental radographs of the Pegasus "megabar liner' experiments (also a 6 crn 
diameter aluminum liner but with a 13 pm layer of platinum on its inner diameter) show similar 
trendst3 The presence of a &field should stabilize the liner, therefore, we believe that the 2D 
simulation shown in Fig. 7d represents a worst case scenario. 
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Figure 7: 2D Eulerian resistive MHD simulation of liner implosion and interaction with glide plane - 
(a) 0 C L S S  (b) 3 CLS, (c) 5 CLS, ( 4  6 P a  
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Figure 8: RAVEN 1 D MHD simulation of a 
possible extension of the Alikhanov concept to 
Atlas - 1, inner radius (cm) of liner; 2, outer 
radius (cm) of liner; 3, inner radius (cm) of return 
conductor bars; 4, outer radius (cm) of return 
conductor bars; 5, B, field (MG) on axis. 
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Figure 9: Cross section through imploding liner 
of Fig. 8 from RAVEN 1D MHD simulation of 
possible high-field ex riment on Atlas - 
3, driving So field (MG); 4, liner 
temperature (eV); 5, yield stress (kbar Y 10). 

1, liner density (g/cm r }; 2 trapped B, field (MG); 

V. Possible Extension to Atlas 
One of the motivations for developing a high-field source on Pegasus is to gain experience 

which is directly applicable for possible extensions to the, as yet unbuitt, Atlas facifity. Developing a 6 MG 
source for Pegasus will give Los Alarms a world class capability; but, extending this capability to a 20 MG 
source on Atlas represents an order of magnitude jump in field-energy-density over what is currently 
accessible anywhere else in the world. The only other comparable source of which we are aware is an 
extension of the Russian MC-1 technology which is currently under development. l4 Preliminary 
experiments with a larger version of the MC-1 generator claim a one-time peak field measurement of 

The latest projection for one of the possible configurations of Atlas suggests the following 
parameters: C = 1.25 mF, V- = 240 kV, L = 1.44 nH, and R = 1.7 mzZ. The powerflow channel to the 
load is expected to have an inductance of -25 nH, and a damping resistor of 34 mS2 connected in parallel 
with the load to prevent damaging voltage reversals.16 

Using the projected Atlas parameters, we have simulated twg possible configurations which 
show promise. Figure 8 displays a 1D RAVEN simulation for a 10 cm high, 8 cm diameter load with 
2 mm thick aluminum walls. Atlas should be able to deliver 28 MA to such a load and drive a 10 p 
implosion which will compress an initial field of 100 kG up to a peak field of 18 MG. A profile plot through 
the liner at tum-around time is given in Fig. 9. The inner radius at tum-around is 2.7 mm. Note that the 
inside and outside diameters of the liner are melted, but the central portion is still solid, retains its 
strength, and is about 3 times compressed. A simulation for a second possible configuration is shown in 
Fig. 10. The aluminum liner in Fig. 10 is also 10 cm high, but has a larger 12 cm diameter, and only a 
1.3 mm thick wall. Profiles through the liner at approximately turn-around time are shown in Fig. 11. 
Achieving a peak of 18 MG at the 6 mm diameter tum-around point without melting the liner requires a 
60 kG seed-field in the simulation. Many other combinations of parameters should also predict similar 
fields in 1D simulations. Choosing the right combination must be the result of further 10 and 20 MHD 
simulations, a more detailed stability analysis, and future experiments which will be conducted on 
Pegasus and Atlas. 

16-17 MG." 
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Figure 10: RAVEN 1 D MHD simulation of another 
possible extension of the Alikhanov concept to 
Atlas - 1, inner radius (cm) of liner; 2, outer 
radius (cm) of liner; 3, inner radius (cm) of return 
conductor bars; 4, outer radius (cm) of return 
conductor bars; 5, B, field (MG) on axis. 

Figure 11 : Cross section through imploding liner 
of Fig. 12 from RAVEN I D  MHD simulation of 
possible high-field e riment on Atlas - 
field (MG);3, driving B6 field (MG); 4, liner 
temperature (ev); 5, yield stress (kbar Y 10). 

1, liner density (gkm T ); 2, trapped B, 
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