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Basic Science with Pulsed Power & Some Off-The-Wall Ideas 
Johndale C. Solem 
Theoretical Division, Los Alamos National Laboratory - Los Alnmos, NM 87545, USA 

In this paper I am going to discuss many aspects of pulsed power for basic research, 
but my principal emphasis will be ATLAS, a planned 36-MJ pulsed-power machine with 
a circular architecture designed primarily for z-pinch implosion of cylindrical foils. It 
should be in operation in 1999. The scientific regime accessed by pulsed power is most 
succinctly described as the eztreme states of matter. These include: (1) high pressure, (2) 
high temperature, and (3) high magnetic fields. The opportunities for new and exciting 
basic research range through the disciplines o$ (1) astrophysics, (2) planetary physics, 
(3) geophysics, (4) materials science ( 5 )  plasma physics, (7) atomic physics (8), and (9) 
condensed-matter physics. Many other speakers will discuss these disciplines in some 
detail. My objective will be to give an overview of this wide vista of science, aad then touch 
on some subjects that test the limits of what we might do with this exciting technoloa. 
I want to push the envelope. Some of my conjectures may be utterly impractical, but 
perhaps they will get the creative juices flowing and be the impetus for some out-of-the- 
box thinking. 

The performance characteristics of ATLAS are not well known at this time. But here 
is a rough sketch of some of the limits. Shock wave pressures as high as 30 Mb seem 
feasible with composite cylindrical impactors and adiabatic compression using shockless 
acceleration from liner blow-off may be able to access off-Hugoniot points at pressures of a 
few Mb depending on the temperature constraints imposed. Temperatures as high as a keV 
may be possible in tenuous material. Maximum hohlraum temperatures are quite unclear, 
but may be similar. There are several different modes of high-magnetic-field generation, 
and fields in excess of 1000 T seem eminently feasible. 

At this point I would submit a certain personal philosophy, to be interpreted more as a 
guidance than an admonition. The extremes in pressure, temperature, and magnetic field 
usually involve less controlled conditions. The choice of the highest field, for example, may 
severely restrict the range of temperature or pressure over which the experiment cas be 
operated. Similarly, it will not be possible to obtain extreme pressure without attendant 
temperatures. Much good science can be done without going to extremes. Perhaps the 
principal advantage of ATLAS will be larger samples under more controlled conditions, 
conditions of modest temperature, pressure, or magnetic field. Care should be taken to 
pursue science for its quality and to abjure the mindless derbies that often cloud our gods. 
We aTe not out for the Guiness Book of World Records! 

At this point, I would like to briefly review how we have obtained high-pressure equation- 

m. In order to measure an absolute EOS point on a Hugoniot, we must measure both 
shock velocity and particle velocity. The first experiments used a disk of 235U to generate 
the shock wave as shown in fig. 1. Neutrons incident on the U disk cause fission, heating it to 

of-state (EOS) data. The pioneering work was by Diven, Ftagan, and Silbert 1 , 2 & 4 & P  
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about 50 eV. Expansion compresses the Lucite and drives shock into the Molybdenum at a 
pressure of 20 Mb. Light pipes at various depths detect shock arrival and thereby determine 
shock velocity. Moderated neutrons from the Lucite are detected at the end of a 20-m LOS 
tube, and the resonance dips impressed on the neutron flux by the molybdenum and by 
the gold and tungsten foils are resolved by time-of-flight techniques. The displacement or 
Doppler shift of a dip from its normal position indicates the molybdenum particle velocity. 

Having once established a standard, in this case molybdenum, EOS points for other ma- 
terial can be obtained by impedance matching, which was done in several nuclear t e s t ~ ~ 9 ~ .  

In the late 70s, we developed a technique for measuring EOS parameters using high in- 
tensity lasers and the impedance matching t e c h n i q ~ e ~ ~ ~ * ' ~ ~ .  Figure 2 shows how the laser 
was used to generate a high-pressure shock wave by heating the back surface of a standard 
material. Shock velocity could then be measured in both the standard and the test mate- 
rial by watching the luminosity as the shock emerged at the back side. Figure 3 shows a 
typical streak camera image of the emergent shock. In this case, aluminurn was the stan- 
dard and gold was the test material. The techniques became quite soph i s t i~a t ed~~ '~J~ ,  
but the data were never as good as those obtained from nuclear tests. Current plans call 
for even further refining these technique with the enormous increase in power and total 
energy available from the NIF. Perhaps they will surpass nuclear explosion experiments in 
resolution of the data. 

Figure 4 shows my version of an ATLAS-driven impedance-match experiment. The com- 
posite flyer plate consists of a standard material (like molybdenum) and a driver material. 
Of the readily available materials for the driver, aluminum has the best combined density, 
electrical, and boiling-point properties This quality factor12 is described 

where 7 is the resistivity, Cp is the specific heat, To is the ambient temperature, and Tb is 
the boiling point. Using the Pegasus experience" with a flyer liner at 4 cm and a target 
liner at 1 cm, and impact velocity of 1.7 cm - s-l This could produce a shock pressure of 
15 Mb. Scaled to ATLAS", this would be on the order of 30 Mb. Figure 4 shows fiber 
optics imbedded in the test material to measure the shock velocity. The velocity of the 
standard would be obtained from x-ray or laser snap shots. Given the shock velocities of 
the standard and test material, we can obtain a point on the Hugoniot for the test material 
as we did in the laser-driven experiments. The geometry is different in two ways. First, 
the shock is created by impact rather than passing through the standard and then through 
the test material - a difference of no consequence. Second, the ATLAS experiment is 
in a cylindrically converging geometry - introducing a minor correction to the planar 
geometry. 

A fundamental difficulty is the quality of the standard. The last nuclear tests to calibrate 
a standard were performed over 15 years ago. An important challenge would be to iind a 
way to measure the particle velocity as well as the shock velocity in the test material. One 
thinks of an experiment like the one shown in fig. 4 with a Doppler probe of some sort. 

2 



Almost all of our high-pressure EOS data is from shock waves. The information from 
release waves is spotty and not of superior quality. Furthermore, it is in the off-Hugoniot 
region that our greatest theoretical uncertainty lies. As an illustration, fig. 5 shows contour 
lines for the percent pressure difference in aluminum between a many-body perturbation 
theory and Thomas-Fermi theory13 Density p is in gm cm13 and temperature T is in eV. 
Thomas-Fermi theory is the basis of most of our theoretical data files and is held to be 
a very good approximation. The many-body perturbation theory is, in principle, better. 
The two agree rather well in the compressive region, where data points would be obtained 
on the Hugoniot. The strongest disagreement occurs in the lower density region around 
T = lo2 eV. 
Clearly we could use some off-Hugoniot data to clear up this uncertainty. ATLAS may 
offer several approaches to quasi-adiabatic compression: 

1. A heavy liner could be used. The sinusoidal current rise would drive a weak initial 
shock and the driver motion would subsonic thereafter. 

2. Shockless compression might be obtain ed from liner blow-off. In this case, a light 
liner can be used to vaporized as it converges. An inner liner would then be driven 
by pile-up of the vaporized material. 

3. A magnetic field might be used as a staging fluid. The axid field would serve as 
a cushion between the driver layer and the inner layer. This scheme is similar to 
the technique used in magnetocumulative generator (MCG) isentropic compression 
devices. 

An interesting possibility is that magnetostatic equilibrium may be obtained at driver- 
liner turn around, in which case measurements of the current and the diameter at turn- 
around may give a reasonable measure of the pressure. Current rate should be an excellent 
indicator of phase changes. 
There is a lot of interesting science to be done at high compression with moderate tempera- 
tures. For example, recent  calculation^'^ of the quantum molecular dynamics of high com- 
pression ( p  > 0.25 gm. ~ r n - ~ ) ,  moderate temperature (2' 5 3 x lo4 OK) hydrogen, suggest 
that the charge distribution around clusters cannot be described by a simple superposition 
of atomic wavefunctions, which can profoundly alter the gas radiative properties. The 
quantum-molecular dynamic treatment also suggests that the viscosity, thermal Conduc- 
tivity, and EOS of the highly-compressed relatively-cool gas may be quite a bit different 
from what we use. This may affect our understanding of the interiors of the gas-giant 
planets and brown dwarf stars, as well as the transition of hydrogen from the atomic to 
the metallic phase. 

Turning to high temperature experiments, I note that we are mostly interested in transport 
processes. As for many years, we continue to be interested in opacity, thermal conductivity 
and electrical conductivity. Probably the greatest .improvement offered by ATLAS will be 
larger and more controlled samples, rather than new extremes in temperature. Much 
good science is accessible at 100 to 300eV. Direct electrical conductivity measurements are 
possible and welI.as opacity measurements using x-ray backlighting. A pulsed 20-J laser 
heating a carbon fiber may provide adequate illumination. 

The production of high magnetic fields was not part of the justification for ATLAS, it 
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was an afterthought, and therefore the actual fields achievable are somewhat speculative. 
We visualize four different techniques for producing high magnetic fields. We have named 
them: (1) liner 8 field; (2) z-pinch flux compression; (3) single turn; and (4) @-pinch flux 
compression. The technique of choice will depend on the requirements of the scientific 
research project. 
The Ziner-8-field, shown in fig. 6a, uses a liner whose tendency to explode from ohmic 
heating is approximately balanced by its tendency to implode from the magnetic field. 
Because the magnetic field is inversely proportional to distance from the axis, the bighest 
fields will be obtained with smaller initial radii. Minimum initial radii will be set by; (1) 
the temperature at which the specimen is to be observed, (2) the conductivity of the liner, 
and (3) the inductance of the liner, which goes inversely as the logarithm of its radius. 
With larger radii, it may be possible to keep the liner cooler and even prevent melting for 
the duration of the experiment, but only at the sacrifice of obtaining the highest possible 
fields. 
The liner-Sfield technique will probably produce fields as high as 400 to 500 T at the 
liner outer surface, and it seems reasonable to mount specimens as thin coatings. Perhaps 
several specimens can be mounted simultaneously for comparison under similar conditions. 
If other experimental problems do not occur, 360” should be possible. 
The z-pinch-~s~x-cornp~ess~on technique, shown in fig. 6b, uses the imploding liner to com- 
press a magnetic field inside the liner. A seed field parallel to the liner axis seems most 
attractive since the compressed field will be relatively homogeneous, and the axial field 
will tend to mitigate “bead” instabilities. Unlike the liner 8 field, the flux-compressed 
field could be used with volume specimens rather than coatings. The specimen could also 
be retained in a vacuum and at low temperatures. To ameliorate problems with blow-off 
from the liner, the flux compressor may have a cushion layer. Like high-explosive-driven 
flux-compression generators, the liner-driven device might employee several “cascades” - 
cylindrical shells composed of insulator with imbedded wires p d e l  to the axis. The 
cascades become conductors in the 8 direction when compressed and thereby trap the ax- 
ial magnetic field. Being of progressively smaller mass, they also amplify the implosion 
velocity. Fields in the range of 1000 T seem eminently feasible with this technique. 
The singie-turn coil, shown in fig. 6c, could use the ATLAS capacitor bank to produce 
an axial field in the most straight forward manner. The field will blow the coil apart as 
contrasted with the implosion of the liner techniques. Prof. Muir and his colleagues at the 
Institute for Solid State Physics (University of Tokyo) have routinely obtained 200 T from 
a single turn with 6 MA from a 5 MJ bank and a rise time of - 25 ps. The ATLAS bank 
should achieve- a 4-ps rise time into a 30 nH load with peak current of 50 MA. Although 
the single turn will blow apart faster, it is not unreasonable to expect fields several times 
200 T. 
The B-p inch-~~-com~ress ion  scheme, shown in fig. 6d, uses a cylindrical foil and an axial 
seed field, much as the liner-flux-compression technique. but the foil is driven by the 
single-turn primary coil. By careful design, the Tokyo group has obtained 500-T fields 
with Bpinch flux compression. They have been mainly limited by rise time. An analogous 
apparatus driven by the ATLAS bank should achieve 1000 T or beyond. 
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The z-pinch-flux-compression technique offers a geometry suitable to experiments such as 
magnetoresistivity measurements, HTSC critical field measurements, and exploration of 
Fermi surface topology with de Haas-van Alphen effect, although some development will 
be necessary to make the size scale appropriate to the rapid rise-time of the field. We have 
already conducted such experiments with MCGs. 

The liner-kfield technique, and perhaps the other techniques, may provide a way of ex- 
ploring the chaotic behavior of electronic wavefunctions at low principal quantum number. 

Now I would like to turn to some very speculative research uses of ATLAS, more to stir 
the imagination than to be taken as serious proposals. 

A unique capability offered by an imploding -liner facility such as ATLAS is the sensitive 
diagnostic offered by monitoring the enormous current passing through the liner. It gives 
a precise measure of the response of the specimen to increasing pressure, its resistance 
being faithfully recorded in dI/dt .  A phase change will be particularly conspicuous in the 
current history, which has important implications for the study of planetary interiors. 

The most important planet is Earth and an interesting effect that has drawn much attention 
has been Deep Earthquakes.At its time, the magnitude 7.6 earthquake beneath Tonga on 
March 9, 1994 was the largest in 24 years. But it was shortly followed by a magnitude 
8.3 in Bolivia on June 9, 1994, which release 10 times the seismic moment ever before 
recorded. The frictiond shearing mechanisms that cause shallow earthquakes should be 
much suppressed at great depths. Crack opening seems unlikely at high pressure. Deep 
quakes differ from shallow ones in the relative absence of aftershocks, making it difficult 
to ascertain a fault plane, and in subtle features of the waveforms. These differences 
lead to an alternative mechanism proposed on the basis of diamond anvil experiments 
in which shear instability can be produced by propagating transformation of metastable 
olivine [(Mg,Fez)SiO(, orthorhombic, hardness on Mob scale 6.57, specific gravity 3.27- 
3.3'71 to spinel [MgAlzOa, oc t a . l~ed ra l ]~~ t~ '~~~ ,  with a consequent reduction in volume. The 
process is analogous to brittle failure, but involves interaction and coalescence of spinel 
filled unticrucks rather than dilational microcracks, and thus can operate under extreme 
pressure. The transformation is exothermic, so the olivine could persist in the middle 
of a subducting slab until it reached the critical temperature18 of about 600°C, and then 
propagate on a thermal front, probably sonically. The fault plane of the main shock should 
remain should remain within the cold core of a slab, within the critical isotherm and many 
aspects of deep quakes have been found consistent with such faulting. 

The deep earthquakes are about 600 km down (560 km for Tonga). The pressure is therefore 
about 200 kb. To attain 200 kb at 600" seems ideally suited to ATLAS with a heavy liner 
and perhaps shockless compression. 

There are a multitude of other geological effects attributable to phase changes. For exam- 
ple, there are instabilities in mantle convection owing to phase changeslg. 

The first hint of chaotic behavior in atoms2' was discovered from the spectra of barium 
at high magnetic field, specifically as high as 4.7 T. At high magnetic fields the usual 
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E = -1/2n2 energy ladder takes on a disordered appearance for states higher than about 
n = 32. In a classical description the occurs in the intend -0.1 > e > -1, where 

and 7 is magnetic field in atomic units. Fully chaotic motion is developed for E > -0.1. 
For 1000 T, we have 7 = 4.26 x which corresponds to an onset of chaos at n =z 4.36. 
Fully developed chaos is present at 0.17 = 4.26 x lo-*, which corresponds to n ,N 13.8. 

Chaos is an inherently classical phenomenon deriving from the nonlinear nature of dy- 
namics. The SchGdinger equation is linear with respect to the wavefunction, so quantum 
mechanics is inherently linear. If the world is truly quantum mechanical, as we believe, 
then cham cannot exist. Yet for Rydberg atoms with high enough principal quantum 
number and with a highly mixed state so the electronic wavefunction is well localized, the 
behavior is exceedingly well described by classical mechanics. The wavepacket whizzes 
around the nucleus on an elliptical race track as if it were a tiny planet. The behavior in 
a magnetic field of sufficient strength is just like the classical chaotic atom. Clearly this is 
where the quantum and classical worlds meet. But if n is made extremely small, and the 
criteria for chaos are met by the magnetic field, we have something that is a denizen of 
neither world. The electron looks like a wave, but must retain some vestige in the classical 
chaotic properties. Studying its behavior at high magnetic field may lead to dramatic 
increase in our understanding of the connection between the microscopic and macroscopic 
world. 

The axion” is a hypothetical pseudoscalar particle that prevents the appearance of strong- 
interaction CP-nonconserving effects in quantum chromodynamics. CP conservation as- 
serts that the laws of physics should be unchanged if we apply charge conjugation (replace 
each particle with its antiparticle) and, at the same time, invert all spatial coordinates. CP 
is conserved in the strong interaction to better than a part in IO9. The axion is postulated 
to provide a CP-odd field strength in the Lagrangianzz. The axion has also been used 
to explain the conspicuous lack of solar neutrinos. Axions could provide a mechanism by 
which energy could escape from the solar interior as their interaction with matter is nearly 
infinitesimal. Once an axion escapes, it could decay into two photons. Axions have also 
been used to explain the missing mass of the galaxy. 

Limits on the axion mass are mainly set by astrophysical considerationsz3 and with rare 
 exception^^^, the “axion window” has been slowly closing over the last two decades. At 
this writing there remains a window lO-’eV 5 ma 5 10-2eV, with large uncertainties on 
either side2’. 

If they exist, axions are certainly produced abundantly in nuclear explosions. The second 
most abundant production should be in a high temperature pinch driven by ATLAS. The 
dominant axion producing mechanism is the Primakoff process, in which a real photon 
reacts with the virtual photon of a charged particle. The Primakoff effect also dominates 
for main-sequence stars (- lo7 K). The radiated axion powerz6 is proportional to the Z2 
and - T4 In 2’. In an appropriately designed pinch, we should be able to approach the 
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temperature of a star and exceed it by two orders of magnitude in atomic number. If 
ATLAS could get a material with z - 94 to a temperature of 1 keV, it will emit about 
IO3 erg - gm-l - sec-’. A 10-mg pinch would them emit about a pW of axions, making 
it the world’s most powerful source. (Here we are in the Guiness Book of World Records 
again.) 

Detecting the axions is quite a challenge. The particle has an exceedingly feeble interadion 
with matter, but decays into two oppositely polarized photons, which should be a clear 
signature form coincidence detectors. Unfortunately, form the mass range above, those 
photons should be in the microwave band, ranging from GHz to THz. One thinks of 
constructing the detectors from superconducting cavities to reduce noise. The axion will 
penetrate anything. Placement of the detectors is an optimization problem, as the average 
axion range to decay will be quite long. Experience has shown that placement near the 
source with enhanced solid angle is almost always advantageous. Further noise reduction 
will be available by gating on the 10-ns pulse. 
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