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CURRENT PROBLEMS IN RESEARCH 

High Magnetic Field 

Research 

Magnetic pressure can move mountains of metal or 
plasma for the engineer, and atoms for the physicist. 

Harold P. Furth 

The opposition encountered in bring
ing together two like magnetic poles is 
somewhat like the opposition of a gas 
to compression between two pistons. 
This item of common experience has 
its exact formulation in terms of Max
well's electromagnetic field theory. 
Magnetic field is said to possess an 
energy density which is analogous to 
the thermal energy density of a gas. 
When a region of magnetic field is com
pressed or distorted, its energy content 
is raised. Accordingly, the action that 
generates the compression or distortion 
must be associated with the perform
ance of work against a magnetic pres
sure, analogous to the thermal pressure 
of a gas. 

To be more specific, the energy den
sity associated with a magnetic field B, 
measured in gauss, is £78*-, measured 
in ergs. A magnetic field of 1 megagauss 
has an energy density of 40 X 109 ergs, 
or 1000 calories, per cubic centimeter, 
which is comparable to the chemical 
energy density of high explosives. The 
pressure that is exerted at the bounda
ries of a region of magnetic field B is 
also given by 5 7 SV, measured in dynes. 
At 1 megagauss, the magnetic pressure 
is 40 X 109 dynes, or 560,000 pounds 
per square inch, which is comparable 
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to the yield points of the toughest 
metals. For many purposes, what mat
ters is not the maximum pressure that 
a given magnetic field is capable of 
exerting but the pressure differential as
sociated with a small local increment or 
decrement AB. Simple algebra shows 
that the corresponding differential in 
pressure (and energy density) is given 
by BAB/4w. 

Applications of High 

Magnetic Fields 

The achievement of very high mag
netic fields has its obvious uses in pure 
and applied research. For instance, the 
confinement of a hot plasma in a "mag
netic bottle" (the major problem in the 
development of fusion power) evidently 
requires a magnetic pressure at least 
equal to the pressure of the plasma con
fined. For reasons of stability, the main 
trend of fusion research is currently to
wards magnetic bottles where the plas
ma creates only a small perturbation 
AB in the magnetic field structure. To 
confine typically interesting plasma tem
peratures and densities of 109 degrees 
and 1014 particles per cubic centimeter, 
a magnetic field of 50 kilogauss or so 
will be needed, and the scaling laws are 
such that operation at still higher fields 
becomes increasingly attractive. If there 

were no problems and expenses in
volved in bottling the magnetic bottle 
itself in a system of conductors, the 
problem of bottling a thermonuclear 
plasma would be very greatly simplified. 

It is instructive to contrast plasma 
containment in a magnetic bottle with 
particle containment in a high-energy 
accelerator. A stream of particles in 
orbit may be thought of as a loop of 
current producing a mean magnetic 
field perturbation AB. In a typical ac
celerator, with guide field B, the inter
action energy density BAB/Aw is in
finitesimal compared with BVSV, and 
therefore the loss of the particle stream 
by plasma-type instabilities is out of the 
question. The main limitation is to be 
found precisely in the weakness of the 
magnetic interaction force. When con
ventional iron-core electromagnets are 
used, as has been the practice, the 
strength of the guide field is limited to 
20 kilogauss, and the centrifugal tend
ency of the particles can be moderated 
only by resorting to physically large 
orbits. The 25-Bev proton accelerators 
being put into operation at CERN and 
at Brookhaven National Laboratory 
have diameters of about 100 meters. 
The attainment of substantially higher 
energies along the same technological 
route is thus limited by obvious finan
cial and geological considerations. An 
alternative is to employ air-core mag
nets and begin to operate in the 100-
to 500-kilogauss range, thereby reduc
ing the physical scale by a factor of 5 
to 25. 

High magnetic field research can be 
divided more or less neatly into two 
categories. Some branches of research 
are concerned with high magnetic ener
gy densities as such. An important ex
ample is the controlled-fusion project. 
There are technologically similar proj
ects that concern themselves with the 
use of magnetic pressure for the pro
pulsion of plasma streams or test pro
jectiles to extreme velocities. The basic 
line of research in this category is, of 
course, the technology of high field 
generation itself, which is discussed in 
some detail below. 

To the second category belong re-
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search applications based on the inter- 
action energy density of a high mag- 
netic field interacting not with itself but 
with infinitesimal perturbation fields. 
The example of the particle accelerator 
has been given. A much more general 
example is the use of high applied fields 
to interact with microscopic field re- 
gions inside matter. The high-field 
Zeeman effect, and the various galvano- 
magnetic, paramagnetic, diamagnetic, 
ferromagnetic, antiferromagnetic, and 
associated resonant effects, to mention 
a few, are all dependent on the tran- 
scendence of a magnetic interaction 
energy beyond the reach of some dis- 
turbing influence. The magnetic pertur- 
bation fields AB associated with atomic 
electron orbits, while confined to ex- 
tremely small volumes, of lo-= cubic 
centimeter or so, have large local ampli- 
tudes, easily falling into the 1 0 9 0  lo7 
gauss range. The various electron orbits 
within an atom interact magnetically 
with each other. The application of an 
external B sufficiently strong to dwarf 
the individual AB's (and make the 
energy density BAB/4r locally tran- 
scend the energy densities ABV 81.) evi- 
dently calls for at least 1 megagauss. 
Since atomic volumes are so small, how- 
ever, the total energy involved in the 
interaction of an atomic electron with 
a megagauss field corresponds to some- 
thing rather less than mean thermal 
energy at room temperature. Moreover, 
the magnetic perturbations produced by 
different atoms tend to be random, and 
so the n~acroscopic reaction on the ap- 
plied magnetic field is usually quite 
negligible. A familiar exception occurs 
in the case of ferromagnetic materials, 
where large conglomerates of atoms 
may act cooperatively to produce maC- 
roscopic fields of some tens of kilo- 
gauss. Even then the energy density in- 
volved amounts only to a fraction of a 
calorie per cubic centimeter. 

Many magnetic properties of matter 
depend on the frequency of free elec- 
tron gyration in an applied magnetic 
field relative to the frequency of elec- 
tron collisions with various atomic ob- 
stacles. The gyration frequency is pro- 
portional to the strength of the applied 
magnetic field, while the rate of colli- 
sion depends on the thermal velocity. 
The ratio of these two numbers de- 
termines whether electrons will gyrate 
in the magnetic field or follow random- 
ly broken paths. For solid-state experi- 
ments that depend on the resonant ac- 
celeration of electrons in magnetic 
orbits, the collisional effect is about as 

disturbing as the presence of air inside 
a particle accelerator. When conven- 
tional field strengths of 20 kilogauss or 
less are used, such experiments must be 
conducted at very low temperatures, 
and a great many cannot be done at all. 
With megagauss fields, a new range of 
experimentation becomes accessible, 
some of it even at room temperature. 
Evidently, however, there are solid- 
state experiments that still cannot be 
done at all, and that await the further 
development of high-field technology. 

The relative feebleness of available 
magnetic field strengths becomes espe- 
cially noticeable in relation to the fields 
produced by the motion of charged 
particles in the nucleus. Over typical 
nuclear volumes of cubic centi- 
meter, there are magnetic fields in the 
10'"auss range. It appears unlikely 
that individual nucleons could be de- 
coupled from each other and coupled 
to an external field. On the other hand, 
the total energy of interaction between 
a nucleus and an applied field of 1 
megagauss corresponds to a thermal 
energy of only a few hundredths of a 
degree. Accordingly, experiments de- 
signed to align nuclei magnetically, in 
the face of disruptive thermal agitation, 
must be conducted either at extremely 
low temperature or in an extremely 
high applied field. These simple con- 
siderations illustrate how the strength 
of n~icroscopic fields and their minus- 
cule spatial extent provide separate in- 
centives for the development of high- 
field techniques. 

In high-energy physics, the most 
common use of magnetic fields is that 
already mentioned of guiding energetic 
particles along paths that are more or 
less strongly curved, depending on the 
field strength and the particle momen- 
tum. In many special cases, the use of 
conventionally weak fields has disad- 
vantages that go beyond the practical 
inconvenience inherent in very large- 
scale installations. For example, if the 
magnetic analysis of secondary beams 
involving short-lived particles is not 
performed in as short a distance as pos- 
sible, the desired beam component may 
disappear in the process of analysis. 

Many high-energy experiments are 
carried out in media sensitive to the 
passage of particles, such as photo- 
graphic emulsions, bubble chambers, or 
cloud chambers. The medium acts both 
as a target material and a detector of 
particle paths. A magnetic field is im- 
posed whenever possible, for the pur- 
pose of nlomentum analysis; but if the 

mediurn is very dense and the applied 
field is conventionally weak, the ran- 
dom scattering of particle paths by col- 
lisions will mask their curvature in the 
magnetic field. Magnetic analysis has 
been used consistently in cloud cham- 
bers and low-density bubble chambers 
at 20 kilogauss or so but is only now 
coming into use with emulsion stacks 
and high-density bubble chambers, at 
applied fields of a few hundred kilo- 
gauss. 

Magnetic Field as a 
"Two-Dimensional Gas" 

In order to gain insight into the basic 
problems of high-field technology, it is 
often convenient to abandon familiar 
pictures of magnetic fields and forces 
produced by currents in wires and to 
think instead of the magnetic field as a 
sort of two-dimensional gas, with the 
flux lines taking the place of gas mole- 
cules. This analogy becomes exact for 
systems that are infinite and uniform 
along the direction of the field. 

Consider, for example, an infinite 
tube of conductive material, containing 
an axial magnetic field. If the material 
has zero electrical resistivity, the field 
may be confined entirely to the tube 
bore (Fig. l a ) ,  and there will exist an 
azimuthal surface current "generating" 
or "generated by" the magnetic field. 
The radial pressure exerted on the tube 
surface will be the same as the energy 
density of the magnetic field-namely, 
B2/ST. By executing an imaginary ra- 
dial displacement of the tube wall, it 
is easy to show that the algebraic 
identity of pressure and energy density 
is typical of a two-dimensional ideal 
gas. 

If we now assign a finite resistivity 
to the tube material, the magnetic field 
will begin to "leak" radially outward, 
just like a gas confined in a porous 
vessel (Fig. 1 b) . The current associated 
with the magnetic field boundary will 
also spread to the volume of the tube, 
and like the magnetic field, it can do so 
only gradually. This is the basis of the 
"skin effect" familiar in high-frequency 
electrical engineering. As the magnetic 
field expands into the tube wall, it does 
work, and this corresponds to the ap- 
pearance of Joule heat. The density of 
the work performed is, roughly speak- 
ing, equal to B2/Sz. Hence, we can cal- 
culate the temperature rise at the sur- 
face of the tube quite independently of 
the assumed resistivity, depending only 
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on the heat capacity per unit volun~e, 
which for most solids is unity, at room 
temperature. When a megagauss field 
has leaked out, the tube surface tem- 
perature will have risen by some thou- 
sands of degrees. 

We can now state a basic (approxi- 
mate) scaling law relating to the gen- 
eration of high fields in solid metal sys- 
tems: The confinement of a magnetic 
energy density corresponding to 1 
megagauss creates a surface tempera- 
ture comparable to the melting points 
of metals, as well as a pressure com- 
parable to their mechanical yield points. 
The theoretical expectations for soft 
metals with low melting points, like 
copper or aluminum, are of course 
much lower than those for hard metals 
with high melting points, like tungsten 
or certain copper alloys. It is only with 
the latter than one can hope to support 
megagauss fields without incurring 
damage. 

Magnetic field leakage into a con- 
ductor is a diffusion process of the 
standard sort, with a diffusion constant 
which is just equal to the resistivity of 
the conductor. Thus we arrive at a sec- 
ond basic scaling law of high-field tech- 
nology: The confinement time of a 
magnetic flux in a system of conduc- 
tors is proportional to the conductivity 
and the cross-sectional area of the sys- 
tem. For copper systems of 10-centi- 
meter diameter, the confinement time 
is roughly 0.1 second. 

The diffusion of heat in metals fol- 
lows the same scaling law as the dif- 
fusion of magnetic field, but with a 
different and usually much smaller dif- 
fusion constant. Thus, heat conduc- 
tion ordinarily has little moderating 
effect on the high temperatures reached 
transiently during the leakage of a con- 
fined magnetic field out of a solid metal 
tube. 

If we make a radial slit in our field- 
confining tube (Fig. l c ) ,  a voltage can 
be applied, and additional magnetic 
flux can be introduced through the slit 
at a rate equal to the applied voltage. 
The voltage source may be thought of 
as the pump which supplies the mag- 
netic "gas" to its tubular reservoir, 
from which it is continuously leaking. 
In steady-state operation, the rate of 
work done by the pump will be equal 
to the magnetic energy stored in the 
tube, divided by the leakage time. The 
power requirement on the pump does 
not depend on the area of the tube, 
since the area and the leakage time 
have the sanle dimensional dependence. 

The power required to maintain a 100- 
kilogauss field in copper at room tem- 
perature can thus be expressed simply 
as about 100 kilowatts per centimeter of 
length. The steady-state confinement of 
a 1-megagauss field (which no high- 
field experimenter thinks seriously of 
attempting at present) would impose 
the alarming requirement of 10 mega- 
watts per centimeter. 

Transient high-field generation has 
the great advantage that electrical 
energy can be accumulated at low mean 
power in a capacitor bank or a motor 
generator and then suddenly converted 
into magnetic energy, producing 
enormous instantaneous power. If the 
introduction of the desired magnetic 

Fig. 1. Cross-section of an infinite flux- 
confining tube. Arrows represent the cur- 
rent, and dots represent the magnetic field. 
The magnetic return flux is not shown. 
(a) Initial state; ( b )  outward diffusion of 
magnetic field; ( c )  steady state. 

flux into the tube is accomplished in 
a time that is short compared with the 
magnetic leakage time, the situation 
shown in Fig. l a  will be approximated. 
In that case, the energy per centimeter 
of tube length needed to produce a 
magnetic field B, is just Bz/& times 
the inside tube area. If the process of 
flux introduction consumes several leak- 
age times, much more electrical energy 
is needed to reach the same peak mag- 
netic field. Thus, it is easy to calculate 
that, for the sake of efficiency, copper 
systems of centin~eter size must operate 
in the millisecond range, while sys- 
tems that are smaller or made of less 
conductive metals, such as the harder 
alloys of copper, will do best with still 
shorter pulse times. 

The cost of producing rapidly de- 
liverable energy is substantial and rep- 
resents one of the prime limitations on 
the size and strength of pulsed high- 
field equipment. At 1 megagauss, the 
quantity Bz/gT corresponds to 4000 
joules per cubic centimeter, or at 
least $500 per cubic centimeter, if the 
energy comes from a capacitor instal- 
lation. When the field volume is suf- 
ficiently great so that the flux-leakage 
time can be made to exceed 0.1 sec- 
ond, rotating electrical equipment be- 
comes readily applicable, and the cost 
per cubic centimeter may drop by an 
order of magnitude. 

In electrically efficient systems, 
where the situation of Fig. l a  is ap- 
proximated, the rise in surface tempera- 
ture is held to the theoretical minimum. 
Slower and less efficient systems imply 
higher temperatures in the conductor, 
and steady-state systems tend toward 
infinitely high temperature. The salva- 
tion of direct-current high-field mag- 
nets lies in honeycombing the conduc- 
tor with coolant ducts. The low ratio 
of thermal to electrical conductivity 
is then offset by the shortness of the 
distance through which Joule heat must 
travel in order to be removed, relative 
to the distance through which the mag- 
netic flux must leak in order to escape. 
The technical problems involved in this 
operation are such that the 100-kilo- 
gauss magnet built by Francis Bitter 
(I) in the 1930's still represents a rec- 
ord achievement. A 25,O-kilogauss di- 
rect-current installation ( 2 ) ,  which was 
recently designed on the basis of im- 
proved rates of transfer of heat to cool- 
ant, may go into operation in the next 
few years. 

With the honeycomb cooling tech- 
nique and the moderate field strengths 
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that are typical of direct-current high- 
field magnets, extreme low-temperature 
operation becomes somewhat attrac- 
tive. At liquid helium temperature, the 
conductivity of certain pure metals 
improves by three orders of magni- 
tude. The flux-leakage time is corre- 
spondingly greater, and the direct- 
power requirement and Joule-heating 
rate are correspondingly less. At such 
a low temperature, some materials have 
ratios of thermal to electrical diffusion 
constant greater than unity, and the 
heat-removal problem is thus further 
eased. On the basis of these ideas, vari- 
ous direct-current magnets with field 
strengths between 50 and 100 kilogauss 
have been operated with low-tempera- 
ture coolants, including liquid hydro- 
gen (3) and liquid air. The main draw- 
backs of this type of operation are the 
complexity and expense of the equip- 
ment and the magnitude of the indi- 
rect power requirement for producing 
the low-temperature coolant. Recent 
calculations by Post and Taylor (4) 
have shown that very large low-temp- 
erature systems are highly profitable, 
and so we may perhaps look forward 
to an era of refrigerated high-energy 
accelerators and fusion reactors. 

Some Approaches to 
High-Field Technology 

The design of actual high-field equip- 
ment is governed by basic considera- 
tions very similar to those developed 
for the infinite tube of Fig. 1. In sys- 
tems of increased complexity, certain 
limitations can be removed. On the 
other hand, there arise vexatious prac- 
tical requirements, such as the genera- 
tion of the circulating current associated 
with the confined magnetic field. Rough- 
ly speaking, 1 gauss is associated with 1 
ampere per centimeter of tube length. 
How to generate currents of some meg- 
amperes, as required for a megagauss 
field volume some centimeters in length, 
is by no means a trivial problem. 

Five main technological avenues 
have been followed to produce high 
magnetic fields: (i) reduction of the 
input current requirement by means of 
a tubular coil wound of insulated wire; 
(ii) direct adoption of the solid tube 
design, with a straight or helical slit; 
(iii) use of nlotional effects in solid 
but nonrigid tubes; (iv) use of conduc- 
tive fluid; (v) reduction of magnetic 
forces by means of force-free geometric 
designs. These techniques are briefly 

Fig. 2. Slightly modified form of the Bit- 
ter coil construction, as employed in a 
300-kilogauss pulsed magnet (2.25-inch in- 
side diameter) recently built by Birdsall 
and Furth at the Lawrence Radiation Lab- 
oratory. 

discussed in the following paragraphs. 
Wire-wound coils. The foundations 

of high-field research were laid in the 
1920's by the Russian scientist P. Ka- 
pitza ( 5 ) ,  who was then working at 
Cambridge, England. His coils were 
wound of several layers of thick bronze 
wire, surrounding an experimental vol- 
ume of several cubic centimeters. By 
short-circuiting a specially built motor 
generator, he was able to produce 320- 
kilogauss pulses in the millisecond 
range. To judge from Kapitza's large- 
scale conduct of solid-state experiments 
( 6 ) ,  this installation must have per- 
formed very satisfactorily. 

For some 20 years after Kapitza's 
work there were no major innovations 
in technique. Capacitor banks or low- 
temperature cooling, or both, were used 
by some experimenters, but the size and 
strength of their magnets were modest 
as compared with Kapitza's. 

High-field experimentation on the 
heroic scale was resumed only in 1954- 
55, behind the formerly closed doors of 
the controlled-fusion project "Sher- 
wood." F. H. Coensgen (7) developed 
high-field coils made of copper wind- 
ings embedded in a Fiberglas-base plas- 
tic and was able to reach 450 kilogauss 
over a a 100 cubic centimeter volume 
during millisecond times, by discharging 
a high-voltage capacitor bank. Coils of 
the same type, of 200-kilogauss strength 
with 10' cubic centimeter volunles, are 
still in daily use in "mirror machine" 
work ( S ) ,  and a 70-kilogauss coil of 
10' cubic centimeter volume is being 
put into operation. 

On comparing the wire-wound coil 
with the solid tube of Fig. 1, one notes 
a number of important differences, 
aside from the obvious reduction in the 
input current requirement. When there 

are several concentric layers of wind- 
ings, the same current must flow through 
all, and so even a very rapidly pulsed 
field will appear sin~ultaneously through- 
out the body of the coil instead of ap- 
pearing first inside the coil bore and 
gradually diffusing into the body. A 
multilayer coil in short-pulse operation 
is therefore more wasteful of stray mag- 
netic energy than a solid tube. On the 
other hand, one can show that the en- 
forced distribution of the coil current 
over the whole coil body makes it possi- 
ble to reduce the rise in temperature to 
an arbitrary low if there is a sufficiently 
short pulse. The danger of melting can 
thus be removed in a wire-wound coil, 
but the danger of bursting is always 
very much aggravated, because of the 
relative fragility of the conlposite wire- 
insulator structure. 

Solid nzetal coils. A practical coil re- 
sembling the flux-confining tube of Fig. 
1 was first devised by Bitter ( I )  for his 
direct-current magnets. Bitter's coil is 
made of alternate copper and mica 
washers, each having a radial slit. 
These washers are stacked up artfully 
to form a solid tube with a helically 
winding slit (see Fig. 2 ) .  The Bitter coil 
is thus in effect a monolayer nlultiturn 
coil. 

In 1954, R. W. Waniek and I began 
a high-field project at the Harvard Cy- 
clotron Laboratory, aimed at providing 
accessory magnets for accelerator ex- 
periments (9) .  In view of the second- 
rate mechanical properties of wire- 
wound coil structures, our thinking 
turned to coils made of more or less 
solid metal. We began with an effort 
to exploit the high-field potentialities of 
Bitter's coil design in combination with 
Kapitza's pulse technique and the use 
of hard metals. To obtain the large cur- 
rents recluired for coils with a small 
number of turns, we discharged low- 
voltage capacitors during 100-micro- 
second times directly into our coils, or 
during millisecond times, through a 
pulse transformer. With a rather modest 
technological investment, we were able 
to reach 600-kilogauss fields over 0.1 
cubic centimeter volunles by the sum- 
mer of 1955. Concurrently, we began 
to put our magnets to use in some sim- 
ple semiconductor experiments (10). 

Collaboration was established with 
the nearby Lincoln Laboratory, where 
B. Lax and his associates had become 
interested in applying our high-current, 
solid-metal technique in their own solid- 
state research. Various useful innova- 
tions were made at Lincoln, notably the 
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machining of the helical slit directly in- 
to a solid tube instead of generation of 
the slit by an assembly process of the 
Bitter type. Fields as high as 750 kilo- 
gauss over 0.1 cubic centimeter vol- 
umes, during 100-microsecond pulse 
times, were soon reported by S. Foner 
and H. H. Kolm ( I  I ) . A series of mag- 
netic resonance experiments (12) was 
performed at the 100- to 300-kilogauss 
level. 

In the fall of 1955 we began a 
fruitful collaboration with M. A. Le- 
vine of the Cambridge Air Force Re- 
search Center. By means of high-cur- 
rent techniques developed by Levine, 
we were able to draw multimegampere 
current pulses of 15-microsecond dura- 
tion from a capacitor bank. The ex- 
tremely high input current requirement 
of the solid, single-turn coil (Fig. 1) 
could thus be met for the first time. We 
proceeded to study the field-limiting 
phenomena peculiar to various metals 
and to evolve a systematic theory of 
high-field limitations in the flux-confin- 
ing tube (13 ) ,  somewhat as outlined in 
a previous section of this article. 

Some of our single-turn coils of 0.1 
cubic centimeter volume could be 
pulsed repeatedly at fields up to 900 
kilogauss, with only minor surface 
damage. At still higher fields we began 
to find ourselves in a new domain, 
where inertia rather than tensile strength 
provided the main opposition to the 
magnetic pressure (see Fig. 3). 

The maximum distance over which a 

Fig. 4. Steel single-turn coil of 3-centimeter inside diameter, used for plasma com- 
pression at the Naval Research Laboratory. Inside the "magnetic mirror" end piece, 
field strength of 600 kilogauss has been reached. 

flux-confining tube can expand in a given 
time can be estimated by equating the 
kinetic energy density reached by the 
tube material to the work done by the 
magnetic pressure in the process of 
expansion. A megagauss field in a solid 
copper system of centimeter dimensions 
can thus be estimated to last for times 
in the 10-microsecond range, even when 
the mechanical strength of the copper 
is neglected. (Since the tensile strength 
of copper is one-tenth the value of BV8w 
at 1 megagauss, it may indeed be neg- 
lected.) In our experiments with 15- 
microsecond pulses, we found that peak 
fields as high as 1.6 megagauss could 
readily be reached. At the end of a 
typical pulse, the inside coil diameter 
would be distended to some five times 
its original value of about 0.3 centi- 
meter. 

During recent years, our rather prim- 
itive experiments with the solid flux- 
confining tube have been surpassed in 
many ways, both in technique and di- 
mension. Figure 4 shows a single-turn 
coil used in "magnetic mirror" plasma 
experiments by A. Kolb (14) at the 
Naval Research Laboratory. In the mir- 
ror regions at each end, 600-kilogauss 
fields have been achieved nondestruc- 
tively over a volume of many cubic 
centimeters, during 15-microsecond 
pulse times. Hardened steel is used as 
the coil material, and many megam- 
peres of current are supplied from a 
low-inductance capacitor bank. 

The highest fields to be obtained 
nondestructively thus far have been 
achieved at the Zenith Radio Research 

gle-turn coil principle, with the added 
feature that the input current is sup- 
plied by a wire winding, tightly sur- 
rounding the single turn. This trans- 
former-like arrangement, which is some- 
times called a "flux concentrator," has 
the merit of reducing the input current 
requirement, though usually at the ex- 
pense of some electrical efficiency. 
Starting in 1956, on a program in- 
volving considerable metallurgical re- 
search, Salisbury and Foster found that, 
with certain high-conductivity bronzes 
and proper shaping of the inside coil 
surface, they were able to reach fields 
as high as 1.6 megagauss repeatedly in 
the same coil. 

During the past year, some very 
sophisticated flux-concentrator designs 
that combine the virtue of high elec- 
trical efficiency with that of low input 
current requirement, have been devel- 
oped at the Lincoln Laboratory. 

On the basis of these various tech- 
nological contributions, it appears that 
the use of reliable and convenient 
pulsed megagauss magnets may well 
become commonplace in physics and 
engineering during the next decade. 

Coils with mobile walls. The highest 
magnetic fields ever generated in the 
laboratory were recently reported by 
C. M. Fowler, W. B. Garn, and R. S. 
Caird (16), at Los Alamos. A thin 
copper flux-confining tube was im- 
ploded by means of high explosives, 
and a large volume of initially weak 
magnetic field was compressed up to a 
strength of 14 megagauss in a volume 
of about 2 cubic centimeters. The at- 

Fig. 3. End view of a single-turn coil Corporation by W. W. Salisbury and tainment of such a prodigious magnetic 
made copper, after pulsing at L. C. Foster (15), and have not yet field, and its duration near peak for 
1.2 megagauss. The coil expanded from 
'/4 to 3/s inch in inside diameter and suf- been reported in the literature. The about 2 microseconds, is ascribable to 
fered surface melting. method is based on the solid-metal sin- the inertia of the imploded system. 
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This technique of imploding tube 
walls that are designed to be mobile 
(Fig. 5a) is superior to the simple de- 
layed-expansion technique (13) in a 
number of ways: first, the interval of 
maximum field is extended. because the 

Fig. 5. ( a )  Implosion assembly. Initial 
magnetic field B, is set up inside a copper 
tube by an auxiliary coil. The tube is then 
compressed by a high explosive. (b) "Sta- 
bilized pinch." The initial magnetic field is 
set up in gas by an auxiliary coil. Gas is 
then ionized to form plasma and wm- 
pressed by pinch field Bo. The copper shell 
is the &urn conductor for pinch current. 
(c) A force-free coil, made of helical wire 
windings separates regions of B, and Bs. 
The outer shell is the return conductor 
for coil current. 

inward motion must be arrested before 
expansion begins; second, the energy 
stored in the magnetic field is supplied 
principally from the chemical energy 
of the high explosive, rather than from 
expensive sources of fast electrical en- 
ergy; and third, the input current re- 
quirement is small, since the current is 
amplified during the compression to the 
same extent as the magnetic field itself. 
These points are of considerable prac- 
tical importance, since the energies and 
currents associated with the Los Alamos 
experiment are measured in megajoules 
and hundreds of megamperes, respec- 
tively. 

There exist quite a few "mobile- 
wall" experiments that are similar to 
the outstanding example that has been 
given. A common idea is, for instance, 
to generate large electrical energies and 
currents for outside use in an imploded 
tube with a slit and attached leads. The 
firing of a cannon ball through a high- 
field coil has been suggested for the 
same purpose, and conversely, the firing 
of a cannon ball by a high-field coil is 
a concept that dates back half a 
century. 

Use of conductive fluid. From mo- 
bile "solid" conductors it is but a short 
step to the use of conductive fluid, such 
as plasma or liquid metal. The compres- 
sion and heating of plasma by means 
of a fast-rising magnetic, field is a com- 
mon practice in controlled-fusion re- 
search. When a significant fusion power 
release has been achieved, the con- 
verse process-that of hot plasma ex- 
pansion compressing the initial field- 
will increase magnetic energy in a man- 
ner analogous to the generation of 
magnetic from chemical energy in the 
Los Alamos implosion experiment. This 
is the basis of the statement that elec- 
trical energy can be generated directly 
by a fusion reactor. 

In the "stabilized pinch" (17), illus- 
trated in Fig. Sb, an axial magnetic 
field inside a plasma is compressed by 
the azimuthal pinch magnetic field. By 
this technique, fields in the 100-kilo- 
gauss range have been achieved for 
fractions of a microsecond. Construc- 
tion of practical high-field magnets 
based on plasma does not seem very 
likely at present, because of the low 
electrical conductivities (0.001 that of 
standard copper) which have been 
achieved thus far. To obtain a con- 
ductivity comparable to that of copper 
(theoretically possible at 10 million 
degrees) appears to be about as difficult 
a problem as the control of fusion pow- 

Fig. 6. A force-free mil built at Liver- 
more Radiation Labomtory. The current 
flows along helical wires and returns 
through rigid outer rods (which are not 
force-free). Copper end plates (sand- 
wiched between plastic) bear the main 
pressure caused by the pulsed field. 

er itself. The main obstacle in both 
cases is that of instability phenomena. 

The use of a "flux-confining tube" 
consisting of radially inward-moving 
liquid metal has recently been sug- 
gested by H. H. Kolm as a means of 
generating strong, steady magnetic 
fields. With this ingenious technique 
(as indeed also with the Los Alamos 
implosion technique) one would again 
expect the ultimate limitations to come 
from instability phenomena. 

Force-free coils. In order to avoid al- 
together the vicissitudes expehenced in 
seeking to contain extreme magnetic 
field pressures, a fifth possible approach 
may be adopted (14). By winding coils 
three-dimensionally, instead of merely 
azimuthally, a three-dimensional mag- 
netic field, instead of a purely poloidal 
one, can be produced. As has been 
found in plasma physics, a three-dimen- 
sional magnetic field and current struc- 
ture can be made force-free, provided 
that exterior boundary conditions are 
met. These boundary conditions imply 
that a region of finite magnetic energy 
density corresponds to a finite total out- 
ward force at the boundary of the 
force-free system. The outward pres- 
sure can, however, be made arbitrarily 
small by placing the boundary at a 
s ec i en t  distance. This is illustrated by 
the example of the "stabilized pinch," 
where the "pressures" of the axial and 
azimuthal fields are balanced against 
each other. If the plasma is kept cold 
by loss mechanisms, the magnetic field 
exerts no net pressure at all, except 
against the current-return-conductor en- 
casing the pinch tube. As is well known, 
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the strength of the azimuthal magnetic 
fieid set up by passage of a current 
along a cylinder drops off in proportion 
to the radial distance from the cylinder 
axis. By making the ratio of tube radius 
to pinch radius sufficiently large, the 
magnetic field strength at the wall can 
be made lower than that at the center 
of the pinch to the extent desired. 

In seeking to produce force-free 
laboratory coils, it is natural to begin 
with structures approxin~ating the "sta- 
bilized pinch" (Fig. 5c) .  A principal 
problem is how to terminate such struc- 
tures in the axial direction. One possi- 
ble approach is to imitate the toroidal 
"stabilized pinch," where there are no 
end effects. A number of equally sim- 
ple solutions exist, resembling conven- 
tional coils nlore closely, and some of 
these have been built and tested at the 
Cambridge Air Force Research Center 
and at Liverlnore (Fig. 6). 

Fragile elements have been used in- 
tentionally in coil construction, and 

structures readily deformable by hand 
have been found to withstand pulsed 
fields in the range of 100 to 200 kilo- 
gauss. The main mode of deterioration 
at present is again the same as in plas- 
ma high-field experiments-namely, the 
loss of the equilibrium configuration by 
an unstably growing geometric pertur- 
bation. The obvious remedy is to 
improve the accuracy with which 
laboratory models are made to meet 
theoretical designs, or to reinforce ap- 
proximately force-free coils mechani- 
cally, thus preventing the initial growth 
of instabilities. 

Properly made force-free coils will 
be wound in a great many layers, and, 
as in the case of ordinary multilayer 
coils, it will be possible to reduce the 
rise in temperature to an arbitrary low 
if the pulse is sufficiently rapid. Force- 
free coils are in principle exenlpt from 
both of the main high-field limitations 
-that due to melting and that due to 
nlechanical deformation. 

Exobiology: Approaches to 
Life beyond the Earth 

Jost~ua Lederberg 

It is a privilege to discuss some basic 
problems in biology with an audience 
whose special concern is for the recent 
striking advances in the physics of the 
earth in the solar system. However, 
many of us are looking forward to the 
close investigation of the planets, and 
few inquisitive minds can fail to be 
intrigued by what these studies will tell 
of the cosmic distribution of life. To 
conform to the best of our contempo- 
rary science, much thoughtful insight, 

The author is professor of genetics at Stanford 
Univelsity Medical Center, Palo Alto, Calif. This 
alticle is adapted from a paper presented 13 Janu- 
ary 1960 at the 1st International Space Science 
Symposiam, Nice, France-a symposium spon- 
sored by the Committee for Space Research of the 
International Council of Scientific Unions. The 
article will appear as chapter IX of the Space 
Science Board's copyrighted report-in-progress on 
"Science in Space," and is published here by 
permission of the National Academy of Sciences. 
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meticulous planning, and laboratory 
testing must still be invested in the 
experimental approaches to this prob- 
lem. This may require international 
cooperation and also-perhaps more 
difficult-mutual understanding among 
scientific disciplines as isolated as bio- 
cheniical genetics and planetary as- 
tronomy. 

Many discussions of space explora- 
tion have assumed that exobiological 
studies might await the full develop- 
ment of the technology for manned 
space flight and for the return of plane- 
tary samples to the terrestrial labora- 
tory. To be sure, these might be 
preceded by some casual experiments 
on some instrumented landings. One 
advantage of such a program is that 
time would allow exobiological experi- 
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ments to be planned with composure 
and deliberation. Undoubtedly, this 
planning would be more rigorous inso- 
far as it was based on improved knowl- 
edge, frotn closer approaches, of the 
chemistry and physics of planetary 
habitats. Unfortunately, this orderly 
and otherwise desirable program takes 
insufficient account of the capacity of 
living organisms to grow and spread 
throughout a new environment. This 
unique capacity of life which engages 
our deepest interest also generates our 
gravest concerns in the scientific man- 
agement of missions beyond the earth. 
On account of these, as well as of the 
inlmense costs of interplanetary com- 
munication, we are obliged to weigh 
the most productive experiments that 
we can do by remote instrumentation 
in early flights, whether or not manned 
space flight eventually plays a role in 
scientific exploration. 

Motivations for Exobiological Research 

The demons which lurk beyond the 
Pillars of Hercules have colored the 
folklore and literature of ages past and 
present, not always to the benefit of 
fruitful exploration and dispassionate 
scientific analysis. Apart from such 
adventuresome amusements and the 
amateur delights of a cosmically en- 
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