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EXPLOSIVELY PRODUCED MEGAGAUSS FLELDS AND APPLICATIONS™

C. M. Fowler, R. S. Caird, W. B. Garn and L. J. Erickson
Los Alamos Scientific Laboratory, University of California, Los Alamos, NM 87545

ABSTRACT

We describe various =xplosive magnetic flux com-
pression devices that produce pulsed megagauss fields,
and a rumber of applications in which they have been
used. Anong the systems described are r:zlatively sim-
ple ones that generate fields up to 250 T in large
fixed volumes, and cylindrical implosion systems that
produce fields in excess of 1000 T. Small fixed volume
systems are described that may be used in the labora-
tory. They require only small amounts of explosive and
can produce 100 T fields in coils 25 mm long and 10 mm
diameter. We discuss measurements made on various
materials in meqgagauss fields, often at cryogenic temp-
eratures, including magnretoresistance, magnetic suscep~
tability, optical absorption, Faraday rotation, and
Zeeman splittinags. We also discuss experiments in
which large magnetic pressures have be2n used to com-
press solid deuterium isentropically. In flux com-
pression devices part of the energy of the explosives
is converted to electromagnetic energy. This has led
to their use as compact single-shot high power energy
sources. At times, it is necessary to transformer
couple loads to the device outputs. We describe suc-
cessful operation of transformers in 165 T fields, and
suggest that they can operate in much higher fields.

INTRODUCTION

Explosive flux compression devices are generally
designed to produce very large magnetic fields or to
generats large pulses of electromagnetic energy. The
present discussion, as requested, surveys the high
field program at the Los Alamos Scientific Labnratory,
and therefore is limited largely to those de'ices that
generate large magnetic flelds in large viorking volumes
and to the experiments that utilize these fields. We
first describe several commonly used systems and pre-
sent characteristic magnetic field versus time plots,
Next described are high field diagnostics ani experi-
ments in which information is obtained electrically.
This is followed by a description of several magneto-
optical experiments., We then outline a series of ex-
periments in which the large pressures accompanying
high magnetic fields are used to compress solid
deuterium isentropically to state conditions otherwisc
difficult to obtain, We conclude this discussion by



describing experiments in which transformers have been
used successfully in pulsed high field envirocnments
greater than 100 T. This result is not entirely ex-
pected in view of the extreme effects of pressure and
eddy current heating on conductors,

HIGH FIELD GENERATORS

Explosive flux compression devices consist basi~-
cally of a cavity defined by surrounding metal con-
ductors, some or all of which may be overlaid with
explosives. After an initial magnetic flux is intro-
duced In the cavity, the explosives are detonated.

The subsequent motion of the conductors leads to com=
pression of the flux Into regions of smaller cross
section or of lowered inductance. In analogy with
engineering convention, such devices are called genera-
tors with their explosively driven components termed
armatures. In some of these devices, magnetic flux is
approximately conserved. Under this condition, both
erergy and currcnt increase as the system inductance

is forceably reduced by the moving conductors.

Schematic drawings of three flux compression gen-
erators are shown in Fig. 1. Other types of generators
arc described in references 1-4 and the references
cited therein., Fig. la shows a cross sectional view of
a strip generator. lInitial flux is developed in the
triangular generator cavity, bounded by copper sheet,
anu the cylindrical load coll, drilled out of a brass
block. The flux is obtained from capacitor dr.ven
current supplied through the opening at the top left,
Strips of sheet explosive, mounted Hn both plates of
the generator, are detonated near peak system flux,
Motion of the top strip first closes the current input
slot, thus trapping the flux In the generator volume
and load coil, As detonation proceeds along the strips
the generator volume is reduced and the curreant and
magnetic field increase in the system. The configura-
tion of the copper plates during compression is shown
by dashed lines at a time when the detonation fronts
have oroqressed tou the points labelled D, Peak fields
develuned depend on the load coil diameter and range
from 100 T at 19 mm diem to 150 T for smaller dia-
meters. Coll length vaiiations, from 70 to 100 mm,
have little effect on the peak fields developed., The
magnetic field generated in a 16 mm diam load coil is
shown In Fig. 2.

The amount of explosive used In this system varies
from 0.75 to 1.50 kq., We arc presently developling a
miniaturized version of this generator for use in the
laboratory. To date, fields of 1i0 T have been gene-
rated In load coils 25 mm long and 10 mm diam using
less than 90 g of explosive. The generator body and



load coil ar~ formed from a single sheet of copper 0.52
mm thick. A slotted piece of bhrass pipe is placed over
the load coil to limit coil expansion from magnetic
forces. The devices are not substantlal enough for
direct current feed. They are therefore placed within
simply fabricated capacitor drivsn external ccils that
induce the required Ilnitial flux.

Fig. 1b shows a two-stage system, The first stage
consists of a pair of strip generators. The second-
stage cavity is the triangular wedge cut out of a brass
block also containing the cylindrical load coil. The
top plates of the strip generators and the plate over
the second-stage cavity are formed from a single sheet
of copper. The first-stage generators are driven by
sheet explosive while the second-stage plate is driven
by a block f pressed explosive ini*tiated simultaneous-
ly over its curface. Initial flux is suppliey to the
complete system by capacitor driven current through the
input opening at the upper left. At peak inltial flux,
the first-stage strip generator explosives are inlitia-
ted. As detonation proceeds, flux is concentrated in
the second-stage cavity. The second-stage initlation
is timed to start compressing the flux in the triangu-
lar cavity at burnout of the strip generators. Peak
fields obtained in the cylindrical load coils again
depend upon the coll diameter. The higher field curve
in Fig. 2 shows a field vs time plct obtained in a 16
mm diam coil, Peak fields of 175 T are typica! for
19 mm diam ¢ ils, and about 250 T, for 10 mm diam
coils,

Fig. lc shows two axial views of a cylindrical im-
plosion system. Initially, a thin walled wetal cylin~
der or liner is centered within an arnular charge of
high expiosive. Initial maqnetic fleld Bg is iInduced
within the liner by energizing a pair of coils, one on
each side of the liner, or a single coil large enough
to house the entire assembly. A detonation system,
such as the row of detonators shown, cylindrically
Initiates the explosive to start radial liner com-
pression at peak initial flux. The right hand view in
the figure shows the liner at a later stage of com-
pression. Conservation of flux implies a magnetic
fleld buildup inversely proportional to the square of
the radius. However, field diffusior into the liner,
lack of perfect implosion symmetry, and the large mag-
netic pressures developed 1imit the peak fields ob-
tatnable. Still, peak fields in the range 1000-1500 T
were reported in the first flux compression experimen.s
described in the literature.>

ELECTRICAL MTASHREMENTS

Electrical measurements in these systems pose
special problems because of the rapid rates of magnetic



field rise. From Fig. 2, fields increase as fast as
107 T/s for the single-stage systems and still faster
for the two-stage systems. In cylindrical implosion
system,, rates larger than 109 T/s are normal during
some phases of the impiosion. Magnetic fields are
usually determined by integrating the voltage signals
obtalned from small pickup colls of known area that are
placed in the high field regions. It is especially
necessary to guard against high voltage breakdown for
implosion system measurements, Here probes with areas
of only 10 mm? will develop potentials in excess of 10
kV. Care must also be taken to minimize stray areas
that would contribute additional voltages to the probe
signal. With use of twisted leads up to the active
probe area, external shielding, and alignment of any
necessary untwisted signal wires parallel to the field
axis, our probes generally yield field measurements
accurate to within 2% for the slow systems and 4% for
the Implosion systems. These measurements have been
confirmed by measuring the Zeeman splittings of
selected transitlons and comparing the magnetic fields
n2eded to calculate the obsgrved splittings with fields
determined from the probes.

Great care in terms of technique is also necessary
when accurate sample voltages are required to determine
a physical quantity as a function of field. For exam-
ple, we show In Fig. 3 the transverse magnetoresistarce
measured for Bi. The high field data was obtained
using a single-stage strip generator. The sample was
LN polycrystalline Bi wire mounted transverse to the
magnetic field. To permit longer sample lengths, a
long rectangular load coil was machined into a brass
block body, with about the same cross sectional area as
a 19 mm diam cylindrical coil. The field pulse was
therefore similar to that shown in Fig. 2, with a peak
field of about 100 T. Current through the sample was
monitored outside the high field volume and its
measurement presented no difficulty. In contras., the
true voltage across the sample was obtained only after
the measured voltage was .orrected for pickup from the
lead configuration. From Fig. 3, the magnetoresistance
Increases linearly to about 25 T with saturation be-
ginning to appear at higher fields. !n order to mini-
mize Joule heating effects, current was passed through
the sample for only 450 pus, the last 50 us or so repre-
senting the time during which the shots were fired.
Calculations showed that no appreciable rise in sample
temperature took place uncer these conditions.

Another technique requiring special care is the
measurement of the differential magnetéc susceptibility
in a rapidly changing magnetic field7+8, The basic
technique employs two pickup loops of nearly equal
areas with their planes normal to the field. One is



wound around the sample and gives a signal proportional
to dH/dt + dM/dt. The second is located some distance
from the sample and gives a signal proportional to
dH/dt. Upon subtraction, the result is proportional to
dM/dt. Dividing this by the signal proportional to
dH/dt, one obtains the differential susceptibility
dM/dH. The usefulness of the technique depends upon
the accuracy in subtracting the two signals, The Indi-
vidual loop voltages are usually quite large and must
be divided before monitoring. By making small adjust-
ments in the division ratio for one of the loop signals
small differences in coil areas can be compensated to
yield an essentially null difference signal. These
compensation tests are performed nondestructively on
the assembly before the high field shot, using only
capacitor bank discharges to supply the magnetic
fields. Wi . this procedure we have achlieved a differ-
ence signal of less than 1% of the signal in either
loop in sample free implosion experiments. This pre-
cision is sufficient to observe a first or second order
magnetic transition in many materials. We plan to use
this method to complement optical ahsorption techniques
to determine the critical field for the spin flop to
paramagnetic transition in MnFy as a function of temp-
erature and orientation. We have previously presented
optical datad»'0 that confirm theoretical predictions
that this transition should occur at low tempcrature

at about IMG or twice the exchange field.

OPTICAL MEASUREMENTS

Our high field optical measurements have been
contined primarily to the detection of visible light
transmitted through various samples utilizing a high
speed, rotating mirror spectrograph. This spectro-
graphic camera covers, in a single shot, the ccaplete
visible spectrum over the high magnetic field range.
Fig. 4 shows a schematic drawiny of the system as
adapted for a low temperature experiment. Intense
light sources, which are reasonably white over most
of the visible spectrum, are produced by shocking
tubes of argon gas. The light is transmitted through
the sample under Investigation, passes through a
grating that provides spectral resolution, impinges
on a rotating mirror that provides time resolution,
and finally is recorded on film. Maanetlc fields are
measured simultaneously by a pickup probe mounted in
the annular space between the high field coil and the
sample housing assembly, A bridgewire, mounted in the
field of view of :he spectrograph, is electrically ex~
ploded late in time of the experiment to produce a
known spectrum on the film for wavelength calibration,
With a standardized helium Flow system, the samples



achieve temperatures of 6.5 * 0,5 K at the time the
exper.ments are initiated. Sample diameters are re-
stricted to 6~7 mm for 200 T devices when the cryo-
geric housing is required,

We discuss here several representative experiments
that are based on ogtical phenomena. Previous work is
described elsewhered=12, For example, Fig. 5 shows
the transmission spectrum for thin platelets of GaSe
obtained with the geometry shown in Fig., 4. The c axis
of the crystal was aligned parallel to the magnetic
field. The first several exciton absorption bands can
be readily distinguished from the diffraction fringes
visible at the longer wavelengths. From this record
and several others derived from 200 T systems together
with lower field data previously reported!0, we have
tentatively adopted the level scheme shown in Fig. 6
for this material. Data obtained up to 17.5 T, shown
in the rectan?le at the lower left, were ohtained by
Aoyagi et al. 3 and by Halpernl¥, In Fig. 6, we have
used the level notation of Aoyagi et al., vith the ex-
ception of the very weak line previously unreported,
labelled n = 1'., The other dashed lines indicate the
existence of more than one absorption level, although
owing to spectral resolution fimitations, the locations
are not very precise.

By mounting thin polaroid discs on both sides of
the sample in Fig. 4, Faraday rotation experinents have
been conducted. Fig. 7 shows a Faraday rotation record
for a 1.02 mm long crystal of cubic phase ZnSe. The
crystal was cut in such a way that the magnetic field
was perpendicular to the {110 planes. The unusual
character of the record can be understood by following
a particular wavelength along the magnetic field. As
the field increases, the pularization angle of the
light increases. The light and dark regions then
correspond to 90° rotation increments. The band rever-
sals occur at peak magnetic field. Photodensitometer
measurements across the record yleld accurate positions
of the pealis and valleys as functions of the field.
Plots of the total angle of rotation vs magnetic field
were straight lines for all wavelengths between 450 and
630 nm even though the cliearly seen absorption b-ond
edge is around 440 nm. In contrast, similar experi-
ments with CdS samples showed a marked curvature of the
angles vs fleld for wavelengths near the absorption
edge, particularly at the higher magnetic fields10.12
The resulting Verdet constants for ZnSe calculated from
Fig. 7 are shown in Fig. 8.

We have also made high field Faraday rotation
measurements with discrete wavelength lines, such as
the green and blue lincs of Hg Photomultiplier tubes
were used as the detectors, while pulsed mercury lamps
with appropriate filters served as the sources. Al-



though this approach was abandoned in favor of the
broadband method, we plan to initiate similar experi-
ments with long wavelength laser sources. Besides
Faraday rotation experiments, we intend to make infra-
red cyclotron resonance measurements similar to thgse
of Herlach et al.!5 and Muira, Kido and Chikazumi'®.

As a last example, we describe briefly a series
of Zeeman effect experiments., The spectra were dis-
played photographically as shown in Fig, 4. The light
sources, however, were electrically exploded bridge-
wires placed in the high field region. In some cases,
the bridgewires were coated llghtly with other
materials whose known spectra were desired. Although
high field splittings were observed for many spectral
lines, our primary motivation was to use the splittings
of well understood lines as a means to calculate magne-
tic fields, thus furnishing a means of checking field
values obtained from pickup probes as discussed above.
The largest field measured in this manner was 510 T
calculated from an observed 16.5 nm splitting of the
Na D 1inesb,

MAGNETIC FIELDS AS PRESSURE SOURCES

Fig. 9 is a schematic of an exgeriment used to ob-
tain high pressure equation of state data for solid
deuterium. The experiments are being done jointly with
members of our laboratory cryogenics group, who de-
signed the sample holders and furnish the deuterium
loaded samples at shot time. The outer vacuum wall of
the sample holder is nonconducting, while the inner
wall is copper. The entire sample assembly fits into
a 16 mm diam load coil. The high field system employed
is the two-stage system of Fig, lb., As the field
builds up in the annular space between the field coil
and the deuterium confining coppor slieeve, the magnetic
pressure compresses the sleeve, and consequentiy, the
deuterium sample. The primary diajnostics consist of a
field probe, which monitors the field during the entire
compression stage, and a 600 kv flash x-ray pulse,
aligned to radiograph the cross section of the deuter-
jum sample. Limited to a single x~ray exposure during
a shot, the pulse is timed to correspond to a particu-
lar magnetic field duringy the compres.ion stage.

Fig. 10 shows an x-ray exposure of the setup con-
figuration, and sn &xposuie taken during the implosion
phase when the ficld was 128 T. From the right ordi-
nate of Fig. 2, the drive pressure for this field is
6.5 GPa (65 <b). With vie of image guantizing equip-
ment, tice arza! compression cf the deuterium deter-
mined from ihe radiographs was 3.55 * 0.50, leading
to a tentative state (p,p) point of (6.5 GPa, 0.71 *
0.10 g/cm3).



The interpretation and validity of the data rest
heavily on calculstional results. A number of one
dimensional hydrodynamic calculations were made to in-
vestigate the uniformity of the deuterium sample over
the cross section, using hypotheticai de:terium
equations of ctate and copper sleeve drive pressures
corresponding to the field curve of Fig, 2. The cal-
culations showed that for the last several microseconds
of compression, the pressures and densities over the
deuterium cross section were quite uniform, and fur-
ther, that the deuterium pressure was the same as that
of the magnetic drive pressure to within a few percent.
A second result from these calculations was that the
compression was essentially isentropic. This contrasts
sharply with shock compression to the same pressure
where, for comnressible materials, significant in-
creases in entropy and far greater temperatures are ob-
tained with substantially less compression. A few two
dimensional hydrodynamic calculations were done, again
using hypothetical models for the deuterium equation of
state. Results from these calculations showed that
there was also negligible axial variation of density
and pressure in the central region of the sample. This
is the region of greatest compression and defines the
sample cross sectionc shown in the radiographs.

Two lower pressure data points have also been ob-
tained, the lowest of which agrees within our experi-
mental error with that of Stewart!7. All datu points
are assumed to belong to the isentrope passing through
the initial conditions of the experiment (po = 0.200
g/cm3, Tg = 10K).

So far, we have been limited in pressure to about
6.5 GPa, because of x-ray beam attenuation at the
higher deuterium densities. A more energetic 2 MeV
machine has recently become available, which should per-
mit an extension of the data to 15 GPa, probably with
better volume resolution, and therefore greater density
accuracy.

Although our present data are not very precise,
the method seems particularly suited for high pressure
equation of state investigations of soft materials at
low temperatures. As noted above, the use of fixed
volume load coils allows measurement of both pressure
and volume, along an isentropic thermodynamic path.
Much higher pressures can be obtained with implosion
systems, such 3s shown in Fig. lc. The pressures, how-
ever, cannot be monitored during the fipal stages of
compression, because the field measuring probes are
destroyed. For this reason, when implosion systems
have been used in compression experiments, the pres-
sures have had to be inferred, such as in our early
imploding liner plasma compression experiments‘s, or in
the more recent work by Hawke and coworkers!? in their
attempts to make metallic hydrogen. More accurate high



pressure data have been obtained by shock techniques,
but since the thermodynamic paths are such that the
data points are far removed from those obtained isen-
tropically, the two techniques are compiementary. Low
temperature isothermal data can also be obtained in
hydrostatic presses, but accurate (p,p) data for deu-
terium have been limited to only a few GPal7,20,

HIGH FIELD ENVIRONMENTS

The current densities required to produce large
fields lead to destructive effects upon metal conduc-
tors. Furth, Waniek and Levinez', in a classic paper,
have considered both pressure and temperature effects.
Using a simplified analysis, they concluded that the
surface temperature of several different metals placed
in @ magnetic field B rose approximately as AT(K) = 0.3
B2, They then characterized these metals by a critical
field above which melting would begin. The fields
generall, ranged from about 50 T for copper to about
100 T for tungsten. The analysis showed thai the co-
efficient 0.3 was pulse shape dependent, but not time
dependent. Later, more detailed work22 has shown that
the interaction of a large field with a metal is far
more complicated and is time dependent. Generally,
larger magnetic fields can be produced when pulse times
are shorter, such as the !GO0 T and greater fields pro-
duced in cylindrical implasion systems. Here, it is
almost certain that the inner surface of the liner has
melted and has perhaps even achieved a plasma state.

Knowing that the actively driven liners were able
to function under these extreme conditions, it was by
no means certain that a passive element, such as a
transformer, could survive in a high field environment.
To investigate this point, a number of experiments were
performed in which small, multiturn transformers were
placed in high field load coils. The first attempts
resulted in failure usually caused by turn-to-turn coil
breakdown before peak fields were reached. 1t 3hould
be notad that a shorting of 2 turn in these puised sys-
tems effertively excluies vurther flux from peretrating
the 1.irdings, thus terminating the transformer action,
The bireakdown problem vas eliminated by winding the
coils cn a soft substrate, such as polyethylene.
Apparently, softer materials are able to adipt as the
transformer windings distort such that turn~-to-turn in-
sulation is preserved. With primary coils driver by
single-stage flux cumpression systems \fig. la), trans-
foriers were shown to function properiy in peak fields
as large as 110 T. Fig. 2 shows that the field rise
time is abou: 7 us (from 0.5 max to ). With a two-
stage sy<tem (Fig. 1b), successful iraasformer opera-
tion was achieved in fields of 165 T with field rise



times of 4-5 mic-oscconds. Based upon these resul ¢s,
we now have some confidence that transformers should
function in implosion produced fields of 500-1000 T,
where the rise times are iess than one microsecond.

The importance of these transformer studies is
associated with the use of transformers :n flux com-
pression devices that are used as power sources. Such
devices are inherently low impedance sources, and are
best suited for driving low inductance loads. The
transformers serve as impedance matching transfer sys-
tems enabling us to power widely differing loads inclu-
ding resistive elements, large inducters, and capaci-
tors. Often the primary load coils can be made large
enough that the resulting fields arz sufficiently low
to prevent serious damage tc the ¢r2nsformers. How-
ever, there remain situvations where small coils may be
required for compactress or for very fast enercetic
pulses that can be oitained only by the ultra nigh
fields produced by implosion systems.
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Fig. 1. Cross-sectional views of three high field flux
compression devices, (a) single-stage strip system, ty-
pical peak field is 110 T in 16 mm diam load coil; (b)
two-stage system, typical peak field is 200 T in 16 mm
diam load coil; (c) cylindrical implosion system, peak
fields exceed 1000 T in diameter of a few mm.
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eraturc, high field, optical transmission experiments.
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Fig. 5. Light transmission record obtalred for GaSe
at about 7 K in a two-stage system load coil. Above
the diffraction fringes at the bottom of the record are
seen several of the exciton absorption bands. The
known spectrum of an exploding bridgewire appears at
the right of the record.
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Fig. 6. Tentative exciton leve) scheme for GaSe at 7 K.

The new level n= 1Y Is weak. The other dashed lines
indicate poorly resolved band structure.
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Fig. 7. Faraday rotation record obtained for ZnSe at
about 7 K in a single~stage strip system load coil.
The absorption edge at about 440 nm is clearly evident,
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Fig. 8. The Verdet coefficients for ZnSe obtained from
the record shown in Fig. 7.



High field coul Field
pro be

Solid deuterium

L

Copper

Micarta sleeve

sleeve

Fig. 9. Schematic drawing of o system used to compress
solid deuterium isentropically.



Fig. 10. Flash x-ray radiographs taken for a deuterium
compression experiment. The left exposure is a satup
shot, while the right exposure was taken during the
compression stage when the magnetic drive pressure was
6.5 GPa. The central exposed regions define the
effective deuterium sanple area. The dar< annular
rings define spaces between the copper and micarta
sleeves and between the micarta sleeve and field coil.



