
MEGAGAUSS FIELDS

Magnetic intensities thousands of times as
great as one usually achieves with magnets
are made by explosively compressing field
lines. The fields can be applied to super-
conductivity, thin-film research and attempts
at nuclear fusion

by Jiri G. Linhart

MEGAGAUSS MAGNETIC FIELDS are intimately connect-
ed with such entities as megaamperes, megajoules
and megabars. Density of stored magnetic energy
corresponding to megagauss fields is higher than
that of high explosives, and it follows, therefore,
that coils producing such fields will disintegrate
under the enormous pressures and energy dissipa-
tions required. These and other relations between
megagauss fields and explosives have caused the
subject to fall for many years under the shadow of
military classification.

But megagauss fields have recently come into the
open, particularly at a conference held last fall. It
was organized by the EURATOM-CNEN association at
the Laboratorio Gas Ionizzati at Frascati, near
Rome. The purposes of the conference were two:
first to describe experiments and theory related to
the various methods of generating megagauss fields

The author, who was born in Prague, Czechoslovakia, reached
London as an Olympic swimmer and remained there to
complete his education. By way of CERN, he reached the
Laboratorio Gas Ionizzati at Frascati. near Rome, where
he now works on fields and fusion. He is the author of a
book titled Plasma Physics and is a black belt of Judo.

and second to discuss applications of these very
intense fields.

GENERATION OF MEGAGAUSS FIELDS

If one takes 100 000 atmospheres as the limit for
pressures that can be generated in a static fashion,
it follows that only fields B<1.58 megagauss can
be produced and held by material structures. More
intense fields can be produced dynamically by either
rapid discharge of a capacitor battery into a coil
or compression of a tube of magnetic flux by con-
vergence of conducting material.

The magnetic energy density in a field of 5 MG
is equal to 100 kj/cm3 whereas the pressure is 106

atm. The energy density in conventional fast capa-
citors is of the order of 1/100-1/10 J/cm3, and it
is evident, therefore, that it will be extremely diffi-
cult to empty a reservior having such a low energy
density into a receptacle requiring a high energy
density. This difficulty is reflected in the impedance
matching of a large capacitor bank to a small
coil—usually a single-turn one. At the Frascati con-
ference R. W. Waniek and Harold P. Furth showed
that this difficulty can be somewhat alleviated by a
current transformer. With it magnetic fields up to
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INTENSE FIELDS BY IMPLOSION. With perfectly
conducting plane liner all kinetic energy could be con-
verted into magnetic energy, but because sound velocity
is finite, only that in L is converted. —FIG. 1

a megagauss can be obtained in a volume of a few
cubic centimeters. The fields last for the order of
several microseconds. It does not appear to be con-
venient to generate fields more intense than 2 MG
with the capacitor bank as an energy reservoir
even when current transformers can be used. This
limit is due to two facts: first the coil generating
the field will disintegrate in an explosive manner;
second the volume of the capacitor bank becomes
considerable. It is advisable, therefore, to use
energy sources that have higher energy densities
than capacitor banks and that nevertheless can be
emptied within a time of the order of microseconds.

One of the most convenient devices belonging to
this category is an electrically conducting liner pro-
pelled by a detonated high explosive. The explo-

COMPRESSION START

COMPRESSED MAGNETIC FIELD

0 . 5 3 M G / d i v — 5 LI s e c / d i v

INITIAL MAGNETIC FIELD

2U kG / d i v — 50 JJ sec / div

CAPACITOR BANK CURRENT

12 k A / d i v — 5 0 p s e c / d i v

REPRODUCIBLE IMPLOSIONS. Framing-camera pic-
tures at top taken at intervals slightly greater than 5
microsec show that magnetic field is gradually com-
pressed to a maximum and then after "turnaround"
expands again. Solid trace in graph records increase of

PROBE

DESTROYED

magnetic field from initial 0.05 MG to eventual 4.5
MG. Slightly after turnaround at maximum intensity
measuring probe is destroyed by implosion as indicated
by discontinuity in solid trace. These results were
achieved by author's group at Frascati. —FIG. 2

38 FEBRUARY 1966 PHYSICS TODAY



MAGNETIC BELLOWS produces a planar compres-
sion. At end of compression most of flux has been
squeezed into one-turn solenoid. Dimensions are in
millimeters. —FIG. 3

sive liner accelerates the conducting liner (usually
a sheet of metal) giving thus a kinetic energy den-
sity Pv2/Z The liner compresses a trapped magnetic
flux and in doing so converts a portion of the ki-
netic energy into the stored magnetic energy of the
compressed flux. Assuming a perfectly conducting,
incompressible liner in a plane geometry (figure 1)
it is clear that all the kinetic energy can be con-
verted into magnetic field energy. At the moment of
such a perfect conversion, one has

^m-Biuax2 /8TT = pt\,2rf0

where Xm is the minimum thickness of the squeezed
flux and d0 and v0 are thickness and initial speed of
the liner. In such a case the thicker the liner, the
higher will be the maximum field. Since the speed
of sound c is finite and in many cases of the same
order of magnitude as v0, only a layer of limited
thickness L can convert its energy into the energy
of the compressed field. If the characteristic time of
compression is tc = 2Xm/v0 one has

L<c 2Xm c/v0

Therefore using liners of thickness d > L will not
enable us to reach magnetic fields greater than

Auax— (STTV0CP) 1

More intense fields can be reached only by increas-
ing the initial kinetic energy of the liner.

Cylindrical and slab geometries

When flux compression is effected in a cylindrical
geometry, greater fields can be reached because of
convergence of the flow in the liner. Although the
liner cannot be unduly thick (otherwise most of its
kinetic energy is converted into the internal energy
of the liner and not into the magnetic energy of the
compressed flux), J. P. Somen demonstrated that
even in ideal sitviations magnetic fields greater than
20 MG are difficult to obtain with explosive propul-

COAXIAL BELLOWS. This simplified design is elec-
trically a short-circuited length of coaxial cable fed
from a capacitor bank. When the current in the sys-
tem reaches a maximum, the detonators (bottom of
figure) are fired. Detonation wave—propagates in the
explosive on outer surface of cable (the liner) pro-
pelling it radially inward. This motion is responsible
first for crow-barring of capacitor bank and later for
compression of magnetic flux into coaxial chamber
where amplified field is measured by magnetic probes.
Dimensions are in millimeters. —FIG. 4
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THIS UNIQUE, NEW
COMPUTER/COMPATIBLE ANALYZER

SYSTEM IS ONE OF THE MOST
IMPORTANT DEVELOPMENTS
IN MULTIPARAMETER ANALYSIS

and it's available now.
Research scientists are already using this system to collect,
without compromise or interruption, all of the data from com-
plex experiments; record them in a computer/compatible format
on magnetic tape; feed them through digital gates into a 4096-
channel Computer-Memory for analysis; and record the results
of this analysis on magnetic tape. • Information can be fed
simultaneously into and out of the system's magnetic tape
Buffer-Organizer, which has an 18-bit block header and is
capable of accepting 96-bit words in an n-parameter experi-
ment. • A unique, versatile digital gate establishes limits of
acceptance of a region or eight sub-regions within a 57-bit
field for 4096-channel Computer-Memory analysis, magnetic
tape insertion, or tape-to-Computer-Memory analysis. • To
learn more about this new analyzer system, write to Packard
Instrument Company, Inc., 2200 Warrenville Road, Downers
Grove, Illinois 60515.
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FARADAY SIGNAL
FIELD MEASUREMENTS are made with magnetic
probes (upper trace) or Faraday effect. Each minimum in
lower curve corresponds to 180-deg rotation. —FIG. 5

sion of liners. The maximum attainable field is
also limited by diffusion of the field into the liner,
that is, by the flux loss. However, G. Lehner has
shown that this limitation is not as serious as the
dynamic one.

Several well documented experiments on flux
compression in cylindrical geometry were described
at Frascati. Regular and reproducible implosions
have been achieved by the Frascati group, maxi-
mum fields obtained being around 4.5 MG (figure
2), the initial fields being about 50 kG. Simi-
lar results were described by M. Fowler (Los Ala-
mos) , the father of the flux-compression experi-
ments. The French group (A. Brin and colleagues)
reported measuring in one case 9.8 MG, several
other measurements being clustered around 6 MG.
These fields have been measured by small, shielded
magnetic probes on the axis of the compressed
flux tube.

One would expect that after the moment of max-
imum compression the liner is repulsed and the flux
tube will begin to expand. Such behavior is termed
a "turnaround." Although such behavior has been
qualitatively observed in some experiments (Her-
lach, Knoepfel, figure 2) the curve B (t) does not
agree with theoretical expectations near the turn-
around and better measurements are required be-
fore a satisfactory knowledge of processes near this
point can be reached.

Flux compression can be achieved in geometries
other than cylindrical. An essentially plane com-
pression has been achieved in devices known as
magnetic bellows or current generators (figure 3,
Los Alamos, Frascati). Coaxial current generators
have also been used (figure 4). In these the ex-
plosive can be situated inside the central conduc-
tor, and such placement makes the task of initial
detonation extremely easy. At present, final fields

in excess of 2 MG in a volume of the order of 10
cm3 can be generated. The fields can persist effec-
tively for 10 jusec. A variant of the coaxial current
generator is the helix (or spiral) bellows in which
the flux generated by many turns is gradually com-
pressed into the last turn of the helix (D. B. Cum-
ming, M. J. Morley) . These fields have been mea-
sured also by both the Faraday effect (Frascati, fi-
gure 5) and the Zeeman effect (Los Alamos) .

The reproclucibility of these devices was dem-
onstrated to conference participants during a visit
to the experimental facility of the Frascati group;
a compression device produced a well documented
2.3 MG, in nearly 10 cm3.

Apart from the theoretical criteria already men-
tioned, the maximal attainable (and usable) fields
are limited by jet formation on the inner surfaces
of the liner as well as instabilities. The question
of instabilities has not yet been studied exhaustively
though attempts have been made by E. Harris,
J. G. Linhart, J. E. Besancon and others to find
solutions in simple cases. It appears probable that
stability and jet formation will furnish more serious
criteria than field diffusion and liner dynamics.

No promising plans for the generation of fields
above 20 MG were presented at the Frascati con-
ference, and it seems that new ideas will be re-
quired to reach such fields.

APPLICATIONS OF MEGAGAUSS FIELDS

Some applications of megagauss fields to solid-state
physics were discussed during the meeting by J. L.
Olsen. It appears that it may be interesting to in-
vestigate the effect of very strong fields on conduc-
tivity of metals. When the Larmor radius of elec-
trons in a thin metal film becomes smaller than the
thickness 8 of the film, the electron reflection of the
metal boundary will be substantially modified. This
will occur for fields B > 10—78 MG. Thus for S =
0.1 micron and B > 1 MG the transparency and
electrical resistance will be affected. There is also
reason to believe that for megagauss fields super-
conductivity may reappear after having been de-
stroyed when the critical field for the material has
been exceeded.

An interesting subject of study is optical prop-
erties and radiation emission in strong fields. Al-
ready the Faraday effect and the Zeeman effect have
been mentioned as means of measuring such fields.
Observing the nonlinear processes of these effects
may lead to a confirmation of or a correction to
the theoretical models used according to D. Pa-
lumbo.

Another fascinating application of megagauss
fields is adiabatic production of pressures in the
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PLASMA-COMPRESSION DEVICE
might produce densities of 1O20 ions/
cm3 and temperatures of 10s °K. Con-
finement for only a few microseconds
may eliminate disastrous role of in-
stabilities. -FIG. 6

megaatmosphere range. Pressures in this range are
usually produced by impact of fast, dense liners
generating shock waves in the target material. The
medium behind the front of the shock wave is
heated by the wave, and consequently the large pres-
sures are not always connected with pronounced
compressions of the medium. A megagauss field can
serve as a pressure cushion that does not readily
transmit the sharp shock fronts and can, therefore,
eliminate shock heating. There may be some very
interesting applications to phase transitions in sol-
ids, transitions that may not be reversible and in
which new types of solids can be created. The other
advantage of magnetic cushions is the optical sepa-
ration between piston and the studied specimen.

Plasma physics

Among the applications of very intense fields to
plasma physics, the most interesting ones (discussed
at the Frascati conference by the author) are related
to controlled nuclear fusion. A deuterium-tritium
plasma compressed and confined by megagauss fields
can reach a density of 10-° ions/cm3 at a tempera-
ture of the order of 108oK. For such a plasma to
produce more fusion energy than the energy re-
quired to generate the plasma, confinement times
of only a few microseconds will be required. It is
likely that such short times will eliminate the dis-
astrous role that instabilities play in all other ap-
proaches to nuclear fusion. An example of the form
of devices that can be contemplated at present is
shown in figure 6. Preliminary calculations show
that this type of device, at a level corresponding
to economic generation of fusion energy, should
contain about one ton of explosive and produce
fusion energy equivalent to between 10 and 100
tons of high explosive per shot. These are explo-
sions that can be contained in an underground cav-
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ity, and pulsed boilers based on such principles are
technically conceivable.

Another connection between plasmas and mega-
gauss fields, discussed at Frascati by R. E. Kidder,
is exemplified by the state of the inner face of the
liner. The intense field diffuses into the metal,
heating it, and were it not for the high pressure to
which this layer is submitted, the layer would
certainly explode and peel off as do the surfaces of
exploding wires. Owing to the high pressure, the
medium cannot expand very much, and it remains
in the state of a degenerate plasma. The transport
coefficients, especially the electrical conductivity,
in such a medium have been studied by G. Lehner
and such studies can be continued in the future.

Other application can be expected in connection
with hypervelocity projectiles according to R. L.
Chapman. It is not impossible that sharp gradients
in megagauss fields can act as magnetic guns, driv-
ing projectiles that have suitable geometry and mass
to velocities well in excess of a million centimeters
per second.

FUTURE DEVELOPMENT

The Frascati conference clearly indicated the
growth of interest in megagauss fields. A couple
of facilities (bunkers, shooting ranges, etc.) exist
now outside the classified establishments and some
institutes consider having their own bunkers built.
For future reference the proceedings of the con-
ference should appear about when this article does.
They will be published by EURATOM and distributed
by Presses Academiques Europeennes, Bruxelles.

* # #
Figures 2, 3, 4 and 5 were kindly transmitted to

the author by F. Herlach and H. Knoepfel. Two
of these figures have appeared in the Review of
Scientific Instruments (36,1088,1965).



reports on:
better images from temperature differences .
how much we need you

answers to questions about noxious fluxes

t»

Shall we sharpen up the cool world?
At this particular juncture in technologi-
cal history something ought probably to
be done to sharpen up the infrared images
that lenses can form
from temperature dif-

ferences they see in the world, even the
pretty cool world. If you think this is de-

sirable and have
strong enough reasons to participate, we
suggest you arrange for the necessary
talent in geometrical
optical design, with or

without accompanying computer soft-
ware, and we'll furnish the refractive in-

dex data about the
KODAK IRTRAN Optical Materials that
now permit realistic planning along these
lines. These polycrystalline media all have
mechanical, thermal,

and solubility properties that allow them
to be worked with little or no modifica-
tion of the very familiar optical shop prac-
tices. By comparison with other infrared-
transmitting media, heat of their own dims them less.

On top of such considerable virtues we can now pile fuel for
the computations, thanks to refractive-index extrapolation
formulae on which one of the more learned men we ever em-
ployed put years of thought before his recent retirement to
the grove of Academe. Now it becomes possible to decide, for
example, that 8pi and 14/J will be brought to a common focus
and focal length and that a century of mathematizing about
spherical aberration, coma, astigmatism, field curvature, and
distortion will be put to work making a decent picture 30°
across.

If "decent" means diffraction-limited, the criterion is ob-
viously a little easier on the lens designer working at 11 \x than
at 0.6/u, where visual telescopes work and where one achroma-
tizes by bringing together the blue and the red, as in the new-
fangled lenses that London opticians began offering in the
time of Napoleon.

Our own lens designers are too busy at the moment to do any de-
signing for you, but their chief would doubtless enjoy dictating a letter
of broad, general counsel on what to read to get going. To make con-
tact, write Eastman Kodak Company, Special Products, Apparatus
and Optical Division, Rochester, N. Y. 14650. If all you need to get
going are the computed indices for the IRTRAN materials, congratula-
tions !

Sensitivity to protons
Will the weather affect it?

One gives the subject a thought when one keeps a too seldom
visited little weekend place up in the hills. A similar concern
is felt when one plans photographic operations outside that
very atmosphere which, even as it can rip at a tarpaper shack
with wind and rain, coddles us against the solar wind, solar
flares, and whatever other noxious fluxes rage out there.

The worriers soon enough find their way to us, as they
should. We can report back to them that:

No, proton exposures up to 1,000 rads and perhaps more
seem to have no effect on imbibed KODAK BIMAT Transfer
Film (which becomes a high-quality positive upon being rolled

up with exposed footage that thereupon turns itself into a
high-quality negative).

No, 10,000 roentgens of million-volt x-rays don't spoil the
imbibed transfer film either.

No, a base fog laid down on film by protons looks no
different in its effect on sensitometric response from that
produced by gamma rays.

Yes, for some film and some development conditions high-
energy protons (~ 130 Mev) put slightly more developable
density on film, rada;r for radair, than do Co60 gamma rays.
For other film and other conditions, the differences vanish.

The sensitivity of film per radair decreases as the proton
energy decreases.

As proton energy decreases, the sensitivity per unit of flux
increases through a maximum.

Any similar questions we might try answering should be addressed
to Eastman Kodak Company, Special Applications, Rochester,
N. Y. 14650.

Our needs
M.E.'s
Mechanisms design
Machine design
Structures design
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and actual
hardwaretures design J hard

Facilities (plant engineering)
J^orenfein&er'S—-
Thermal analysts

E.E.'s
Systems engineering
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digital, analog,
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MATHEMATICIANS
System analysis
Scientific programmi

ENGINEERING PHYSICISTS
to tie it all together

OPTICAL ENGINEERS
Systems design
Mechanical packaging

of optical

Are you one? You may have noticed this box score of our
needs if you have been peeking in the head-hunting pages of
the Sunday New York Times or the Los Angeles Times.

If you are an available one, you know how scarce you are.
So do we and are prepared to prove we know. Right now.
Benefits average around 47 cents per salary dollar. We need
graduates of the Classes of 1955 to 1963 who have had some
seasoning since leaving the campus but have not yet learned
how it feels to work for an eminently well established outfit
that thrives on work nobody else can handle. As seventh in
profitability among U.S. industrial firms and with our growth
rate from within what it is, we foresee no practical limit to our
means for continuing to prove year after year how much we
need you, providing you prove it first.

With those who prefer not to be talked to that way we still
want to remain the best of friends.

Send resume to Don Briggs, Business and Technical Personnel De-
partment, Eastman Kodak Company, Rochester, N. Y. 14650.

This is another advertisement where
Eastman Kodak Company probes at random

for mutual interests and occasionally
a little revenue from those whose work

has something to do with science
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