
Physics at low temperatures

Superconducting magnets
Stable, reliable and homogeneous fields in the 50-100 kilogauss
range are now readily available, thanks to a decade
of development on superconducting materials and methods.

John K. Hulm, Don J. Kasun and Edward Mullan

In the last ten years we have seen the
development of high-field supercon-
ducting magnet technology from the
announcement, in 1961, of the first sole-
noids to the present day, when around
a thousand magnet systems are in use in
scientific laboratories throughout the
world. A scientist interested in magne-
tic-field effects can now obtain a reliable
magnet to generate a homogeneous and
steady field in the 50-100 kilogauss
range for a capital investment of about
25 cents per gauss.

That 1961 announcement (during a
conference on high magnetic fields held
at Massachusetts Institute of Tech-
nology) was seen by many observers
as the dawn of a new era of electrical
technology. Those superconducting
solenoids, developed by Bell Telephone
Laboratories, Atomics International
and Westinghouse Research Laborator-
ies, had fields of about 60 kG. They
were seen as the vanguards of a revolu-
tion that was to sweep aside the "Fara-
day" copper-iron technology and re-
place it with a superconducting tech-
nology in which electrical apparatus
would use operating magnetic fields of
50 kG or more. It didn't happen quite
as quickly as some expected, but pro-
gress has been very encouraging. The
erratic 1961 solenoids have now been
retired as museum pieces. In their
place are reliable, small-bore, high-field
coils for scientific research and safe,
predictable-performance, large magnets
for industrial applications—thanks to
major advances in understanding the
behavior of superconducting magnets
and the materials from which they are
constructed.

The larger magnets, with working
volumes of many cubic feet, are now

John Hulm, Don Kasun and Edward
Mullan are all with the Westinghouse
Electric Corporation in Pittsburgh, Pa.

beginning to find their way into indus-
trial applications. Quite large motors
and generators with superconducting
magnets have been, or are being, con-
structed in several laboratories in the
US and abroad. It is possible that this
technology will be extended to large
central power-station generators in the
gigawatt range before the end of the
present century.

Meanwhile, smaller research magnets
have been greatly improved too. New
materials have considerably diminished
the stability problems arising from
"flux jumping," the materials are used
more efficiently, and we now know how
to make very homogeneous fields.

Let us see who uses these research
magnets, the type of magnets they use,
how much the equipment costs to run
and what operating problems can arise.

Who uses superconducting magnets?

Our experience relates primarily to
small-bore (less than about 15 cm)
magnets in the field range below 100
kG. We estimate that this type of mag-
net has been used principally in physics
research (approximately 84% of all
users) and predominantly in solid-state
physics. Chemistry applications come
next (about 9%), biological experi-
ments (about 3%), metallurgy (about
2%). The remaining 4% of these re-
search magnets were constructed for
electrotechnological purposes, mainly in
connection with satellite and space com-
munication studies using masers.

Some idea of the range of experiments
in which superconducting magnets have
been employed can be gained from
Table 1. In many of these experiments
some special feature such as field homo-
geneity is important, and for this reason
a magnet designed for one purpose may
be completely unsuitable for another.
However, where the requirement is
simply a very high magnetic field, the

magnet is a general-purpose tool that
can be used for a variety of experiments.
The larger research laboratories com-
monly use their magnets for several
purposes, so that Table I should be
regarded as only a rough guide to
present-day use of magnets. Remem-
ber also that many large bubble-cham-
ber magnets, beam-bending magnets
and plasma research magnets construct-
ed in-house by the Atomic Energy Com-
mission are not considered in the above
list.

Total sales of small research magnets
probably do not exceed $2 million per
year, worldwide. However, the magnet
market has remained remarkably
steady over the years; some applications
have declined, but others have filled
the gap. For example, although
adiabatic demagnetization has declined
because of the invention of the helium
dilution refrigerator, interest in
magnetic susceptibility measurements
has grown steadily. Increased use of
magnets by analytical chemists (in
nuclear magnetic resonance and optical
spectrometry) appears inevitable.

There is virtually no standardiza-
tion—magnets are custom-designed for
each application. This will probably
continue to be the case for the foresee-
able future, although a few standard
magnets have been developed for mag-
netometers, NMR spectrometers, and
optical spectrometers. The sheer vari-
ety of applications has necessitated
close cooperation between the magnet
manufacturers and the users with re-
sulting benefits to both parties. We
can not discuss here all of the special
features that different experiments
have required, but a few typical ones
will be mentioned.

The superconducting magnet has
two important features, aside from the
main one of providing a high magnetic
field with relatively low power input.
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First, it can be "corrected" with various
auxiliary windings to give a field of very
high spatial homogeneity (better than 1
in 108), and second, by operating in a
short-circuited or "persistent" mode,
quite remarkable time stability of the
field can be achieved. Of course, high
spatial field homogeneity is possible in
ordinary copper-iron magnets, but for
these magnets time stability requires
quite elaborate current-controlling
equipment, which becomes bigger and
more complex as the degree of stability
increases. All this is avoided in a
persistent-mode superconducting mag-
net, and for some applications this
feature is even more important than the
high field itself.

In some applications high field, high
homogeneity and time stability have
been combined to produce a hitherto
unobtainable level of performance.
Perhaps the best example of this is
nuclear magnetic resonance, where line
resolutions of 1 X 10~9 have recently
been achieved at 60 kG. Spatial field
homogeneity is important in several
other research areas; an example is the
study of Fermi surfaces in metals by the
de Haas-van Alphen effect, using the
oscillatory part of the high-field mag-
netic susceptibility. The time stability
of persistent-mode operation has proved
to be beneficial for frequency stabiliza-
tion in maser amplifiers used for
satellite communications systems.

Electron-microscope designers have
obtained increased resolution by using
superconducting magnet lenses in the
persistent mode (see figure 1). An
additional benefit is the larger exposure
time at lower beam intensities which
can then be employed. Further im-
provement in resolution results from
operating the magnet below the lambda
Point, to reduce vibration from the
helium bath. An important feature of
this type of system is that extremely

Electron microscope with a superconducting lens.
Use of a superconducting magnet in the "persistent"
mode—as here—gives increased resolution, with
larger exposure time at lower beam intensities.
(H. Fernandez-Moran, University of Chicago.)
Figure 1
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fine field-strength adjustments (a few
parts in 107) can be made without leav-
ing the persistent mode.

Special mechanical features are
necessary for some applications. For
example, neutron-diffraction work re-
quires access to the magnetic field in
both radial and axial directions, as in
the magnet shown in figure 2. The de-
sign also requires that liquid helium be
excluded from the beam path and that
only thin-wall, low neutron cross-section
materials are used there. Special
shielding is also provided to reduce the
solenoid's negative external magnetic
field in the beam path.

Selecting the superconductor
Superconducting materials represent

a high proportion of the basic costs of
a magnet and must be carefully select-
ed. Broadly speaking, the magnet
designer has two classes of material to
draw upon—superconducting alloys,
such as Nb-Zr and Nb-Ti, and super-
conducting compounds such as NbaSn,
V3Ga and so on. Some basic design
criteria are summarized in figure 3,
which shows the typical shape of the
critical current density, Jc, versus field,
H, curve for high-Jc type-II supercon-
ductors. It is necessary to operate be-
low this curve, along an operating line
characteristic of a given magnet. Thus
Jc at P should be as high as possible,
and HC2 provides an absolute upper
limit of magnet field strength. At the
same time, for thermal stability, t,,p
(the ratio of actual operating tempera-
ture T,,p to the material critical tem-
perature Tc) should be as low as possi-
ble.

Typical parameters for the two super-
conducting material classes are shown
in Table 2.

Although the compounds have better
electrical and thermal performance
than the alloys, the reverse is true for
their mechanical properties. Whereas
the alloys are ductile materials of great
mechanical strength, the compounds
are brittle and glass-like. This brittle-
ness has definitely inhibited the use of
compounds in magnet construction—
in fact, most of the magnets in service
now were built from alloy windings.
Compound materials have found their
major use in very high-field magnets
operating above 100 kG, where alloys
cannot be employed because of their

comparatively low values of Hc2.
The critical current densities achieved

in actual magnet windings lie consider-
ably below the raw superconductor
values quoted in Table 2. This is partly
because of the inter-turn and inter-layer
insulation materials (usually epoxy var-
nish and Mylar) and partly because the
windings are never made of raw super-
conductors, but consist of super-
conductor-normal - metal composites.
Generally the superconductor is bonded
intimately with a good normal conduc-
tor such as copper, silver or aluminum.
For alloy superconductors this is usually
done by wire drawing of a single strand
or multiple strands of superconductor
embedded in a sheath or matrix of cop-

Split coil for neutron diffraction
studies, which require access to
the magnetic field in both radial
and axial directions. (South
African Atomic Energy Authority.)
Figure 2

per (figure 4). Compounds have been
mainly available as thin films deposited
upon supporting substrates of stainless
steel or niobium •(figure 4). The cross-
sectional area of normal metal relative
to that of superconductor can be as low
as 0.1 or as high as 100, depending upon
the magnet-design compromise.

Normal-metal-superconductor com-
posites are used for two separate and
distinct purposes; first, to protect the
magnet from the consequences of nor-
malization and, second, to ameliorate
a long-standing problem of magnet
operation, that is, premature entry to
the normal state at some point in the
superconducting region because of a
"flux jump" in the winding. Let us

Table 1. Research Fields of Superconducting-Magnet Users

Transport phenomena (thermal conductivity,
electrical conductivity, Hall effect, thermoelec-
tric effect, etc.)

Magnetic moment, magnetic susceptibility and
magnetostriction studies

Nuclear magnetic resonance, electron spin reso-
nance, and masers

Magneto-optical, infrared and ultraviolet phe-
nomena

Adiabatic demagnetization
Fermiology, de Haas-van Alphen effect, magneto-

ultrasonic absorption
Mossbauer effect and neutron-diffraction studies
Plasma research (solid state and gases)
Electron microscopes, biological research, heat-

capacity studies and miscellaneous

17

16

13

9

8

6

4

50 PHYSICS TODAY / AUGUST 1971



Superconducting phase space. Color
shows a critical current density, J,,
versus field, H, curve for a high J,,
type-ll superconductor. P' is a
magnet operating point.
Figure 3

consider these problems in more detail.
We note first that for a magnet of

known physical dimensions, the field
per unit current H/I, or a, can be esti-
mated from purely geometrical con-
siderations. For example, in a long
solenoid a is 4ir/10 times the number
of turns per centimeter. The slope of
the operating line (figure 3) is propor-
tional to I/a, with a proportionality
factor dependent upon the fractional
area of superconductor in the winding.
Magnet users often want to drive their
research magnets to the maximum pos-
sible field, which means up to and be-
yond the point P. When part of the
winding becomes normal, joule heating
tends to cause a rapid expansion of the
normal zone. The stored magnetic
energy is then dissipated quickly as
joule heat.

When the superconductor is shunted
with normal material, the latter pro-
vides a relatively low resistance path
that the exciting current can switch into
when normalization commences. This
reduces the rate of local joule heating,
which in turn slows down the speed of
growth of the normal zone and the rate
of dumping of the stored energy. The
general effect is to distribute the total
heat of normalization more uniformly
throughout the winding. This prevents
damage from local temperature rise or
from excessive inductive voltage
generated in the winding during the

i normalization process. Thus the mag-
net can be normalized as often as de-
sired with no ill effects other than ex-

j penditureof refrigeration energy.
If one uses sufficient normal material

! (r> the ratio of normal conductor to

superconductor, greater than about 30)
and provides good internal cooling of the
windings, loss of the magnet-stored
energy may be entirely prevented by
stopping propagation of the normal
zone. This so-called "stabilized"
design is popular for very large-volume,
low-field magnets that store many
megajoules of energy. The loss of this
enormous quantity of stored energy is
highly inconvenient, and in very large
coils the increased winding thickness
needed because of the lower effective
Jc of the diluted superconductor can be
tolerated. The opposite is true for most
high-field research magnets; a higher
effective Jc is essential to avoid exces-
sive winding thickness, whereas dump-
ing of the stored energy is merely a petty
annoyance. Hence r values of 4 or less
are typical in research magnets.

The second important function of the
composite conductor, as mentioned
earlier, is to inhibit premature normali-
zation due to "flux jumping." When
a magnet is excited, the field induces
local circulating supercurrents within
the type-II superconductor; in accord
with Lenz's law these currents oppose
the penetration of the field. Because
of the high intrinsic Jc value, the cir-
culating currents represent a stored
energy density within the superconduc-
tor that approaches in magnitude the
heat content of the superconducting
state. Worse still, these circulating
currents tend to be unstable. As the
exciting field is raised, zones of circulat-
ing current collapse from time to time,
releasing their stored energy and per-
mitting flux to enter the superconduc-
ting wire in a flux jump. For a magnet

operating at an exciting current close to
Jc maximum, say at point P' in figure 3,
the energy released in the flux jump
may be sufficient to nucleate a propagat-
ing normal zone. In this case premature
normalization occurs at P' for a magnet-
ic field below the maximum design field.

If the normal conductor to supercon-
ductor ratio, r, is deliberately increased,
flux jumping is to some extent inhibited
because of electrical shunting effects
and the additional heat capacity of the
normal material. However, as we have
already seen, very high r values are
not acceptable in research magnets.
The best solution to the problem lies in
breaking up the superconductor into
many fine filaments separated from
each other by normal metal. This is be-
cause the stored energy density of the
circulating current is size dependent—
in a superconducting wire of radius R
the energy per unit volume is approxi-
mately Jc- R2/8TT. Alloy composites
have been produced in the past three
years with hundreds of micron-sized fila-
ments of Nb-Ti embedded in copper.
In addition, the filaments are twisted or
spiralled to minimize the lengths of the
flux-jump zones. Magnets wound from
these multifilament composites oper-
ate reliably up to the limit point P set
by the basic Jc-H curve of the material.

Because of the extra metallurgical
processing required, multifilament
composites presently cost more than
single-strand composites. However, the
extra performance achieved (P' to P in
figure 3) justifies the use of multifila-
ment material in the high-field region.
The only drawback is that at present it
is more difficult to make lossless joints
with multifilament wire than it is with
single-strand wire.

Field uniformity
The demand for research magnets of

improved field uniformity has grown
quite rapidly in recent years, particular-
ly for de Haas-van Alphen and NMR
experiments. At 60 kG, field unifor-
mities of 2.5 parts in 10H have been
achieved (figure 5) and will soon be
commonplace.

The first cut at field design is usually
made with a computer program that
minimizes the superconductor weight
for magnetic field, exciting current,
bore and uniformity requirements. The
program also yields the exact winding
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dimensions, shape and number of turns;
it gives the field profile along the cen-
tral axis of the magnet and over the
surface of a specified uniformity
region. This idealized calculation pro-
vides winding specifications for coil
construction. After the base coil is
wound, the calculation of the end-cor-
rection coils is refined to reflect the
actual dimensions and number of turns
in each layer of the base coil.

On a "parts-per-million" scale the
field distribution in the center of an
actual superconducting solenoid differs
from this calculated distribution. For
example, the ideal calculation ignores
the magnetic influence of the super-
conductor winding, except for its role
as carrier of the exciting current that
generates the field. In reality the wind-
ing exhibits superconducting diamag-
netism, modified by the presence of
local circulating current, as we dis-
cussed earlier. These currents are sub-
ject to a complex magnetic hysteresis
cycle, and their magnetic influence
generally predominates over the basic
material diamagnetism. The effects
upon the resulting magnet field tend to
be uniform with respect to the center of
the magnet. One observes a "peaking"
of the axial field profile, as the magnet
is energized from zero up to about half
the maximum field. At greater fields
this peak effect declines steadily and is
quite small at the maximum field level.
Finally, when the system is de-ener-
gized, a dip in the axial-field profile
appears as the field drops from maxi-
mum to about half of maximum and
is present down to zero excitation cur-
rent. At zero current there is also a
residual field in the coil.

A second factor responsible for field
distortion is the displacement of con-

Sections of typical superconductors. On
the left is a diffused Nb3Sn tape, at a
magnification of x 500. On the right
are drawn Nb—Ti filaments in a copper
matrix, at a magnification of x 50.
Figure 4

ductors from their correct positions in
the winding. These displacements arise
for a variety of reasons, including varia-
tions in wire diameter, winding nonuni-
formities, and so on. One result is the
production of a first-order axial gradi-
ent, ciHz/dz, at the center, typically
of about 10 gauss/cm. The gradient
may be approximately corrected by
adding a pair of coils in series with the
main solenoid on its outside diameter.
Occasionally second-order axial gradi-
ents, if-H^ilz1, appear also; they can be
corrected by adding four exterior coils,
also in series with the main solenoid.
First-order radial gradients of around
5 gauss/cm are also present in most
solenoids. Correction of these is more
difficult, requiring a group of four
separately excited "race-track" coils
for the x and v axes.

In addition to the built-in errors men-
tioned above, J X B forces in the wind-
ing cause small movements of the con-
ductors when the solenoid is energized.
The resulting field effects are dependent
upon the magnetic and thermal
history of the system; so that separately
excited shim coils must be used to cor-
rect these transient effects during a
given excitation of the magnet.

In summary, a complete magnet for
high uniformity consists of a base coil
producing the high magnetic field, two

large end-correcting coils that destroy
the second derivative of the axial field
at the center (due to the finite length of
the winding), a series first-order trim
coil, a series second-order trim coil and
separately excited coils for the first-
and second-order axial corrections and
for first-order radial corrections.
Generally this type of system will yield
a resolution of about 1 X 10~7. Small
copper coils in the room-temperature
bore of the Dewar may be provided for
further trimming.

Persistent-mode operation
Superconducting magnet fields are

capable of exceptional time stability
when the winding operates as a closed
superconducting loop, that is, in the
"persistent" mode. This is usually
achieved with a thermal switch, con-
sisting of a short section of supercon-
ducting wire close to a heater wind-
ing, connected across the magnet leads.
During magnet energization the heater
maintains the switch in its normal resis-
tive condition. The usual research
magnet has an inductance in the range
5-50 henries, and a switch resistance
of a few ohms provides an adequate
time constant. Because the division
of input current between the magnet
and the switch, under steady-current
conditions, is inversely proportional
to the resistance of the two circuits,
no current flows in the switch. Of
course, an L di/dt voltage appears
across the switch and produces a tem-
porary current flow in the resistive link.

When a steady field has been reached
(L di/dt = 0) the switch heater may be
turned off, and the switch becomes
superconducting. The external current
supply may then be reduced to zero,
being replaced by an equivalent current
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Nuclear magnetic resonance line of
boron II isotope at 80.2 MHz in a 58.6
kG field. This line was obtained with a
standard 5-mm-diameter NMR sample,
spinning in the superconducting magnet
with no external shims. The linewidth is
approximately 2.5 / 10", which implies
a constancy in the magnetic field of the
same order as fluctuations in the local
value of the earth's magnetic field.
Figure 5

through the switch. This is the per-
sistent mode.

Long-term drift tests show that it is
possible to construct magnets that have
no measurable resistance. For exam-
ple, the test data in Table 3 were ob-
tained on a Nb-Ti magnet by J. Dadok
of Carnegie-Mellon University, who
used proton resonance in a 250-MHz
time-sharing spectrometer at 58.7 kG
(see figure 6).

Here the initial drift in the field Ht) is
attributed to a redistribution of flux in
the windings (flux creep). The polarity
and magnitude of the drift is a function
of the polarity and magnitude of the
previous change made in the magnet
field, and the direction of the drift is
fundamentally opposite to that of the
field change. By "overshooting" and
returning to a given field value, the
drift could conceivably be reduced or
eliminated.

The time-invariant nature of the field
in superconducting magnets in the per-
sistent mode is extremely important for
NMR and electron-microscope uses.
This mode is also good for most appli-
cations because of the low rate of loss of
helium.

Magnet systems

Most research magnets are cooled by
direct immersion in liquid helium at its
normal boiling point, 4.2 K. The basic
magnet system thus consists of a Dewar
vessel with a suitable insert that sup-
ports the superconducting magnet and
carries power and control leads to it,
plus an external power supply. Essential
auxiliary apparatus includes a supply
of liquid helium in a separate storage
vessel and vacuum transfer tube. The
magnetic field may be monitored ap-
proximately from the exciting current,

but an auxiliary field probe is frequently
used as well. Much of this auxiliary
equipment is more or less standard,
but a few special features and problems
relating to magnet operation are worth
mentioning.

In principle, any controllable dc
source can be used for energizing the
magnet. Alloy magnets generally draw
current up to about 50 amps, whereas
NbuSn tape magnets need about two or

Table 2. Typical Parameters for
Alloy and Compound Superconductors

Alloys Compounds

Jc 2 X 105 a m p / c m 2 3 X 105 a m p / c m 2

Hcs 100 kG >200 kG

U 0.4 0.2

J,. values are at the middle ( inf lection) of
the Jc-H curve in f igure 3.

Table 3. Long-term Drift Test on a
Nb-Ti Magnet

Date

20 June 1970
30 June
10 July
20 July
15 October
7 January 1971

24 April
15 June

Field Shift
(relative to

initial value)

0
+ 9.8 ppm
+ 10.9
+ 11.7
+ 16.75
+ 16.9
+ 15.8
+ 14.6

three times more current. An exciting
voltage of 10 or 20 volts is adequate to
give a run-up time of less than a minute
for a typical small .magnet. The de-
tailed design of the power supply de-
pends on what the magnet is to be used
for. A few of the more common special
features are as follows:
• A current regulator that maintains
constant field (to about 1 part in 104)
when the persistent mode (PM) switch
is open or not part of the system.
* Capability of precise current setting
(prior to PM operation).
• Special smoothing (on ac-powered
units) to reduce the ac component of
the field.
*. Automatic current programming, to
generate linear or special-function field
sweeps at various predetermined rates.
• Automatic shut-down, which reduces
the output current to zero in case of
magnet normalization, to protect the
PM switch.
• Automatic PM operation, which
transfers the magnet in and out of PM
and reduces operator errors.

Some degree of current regulation and
filtering are necessary for proper op-
eration of the persistent-mode switch.
The ac component of the input current
does flow in the switch and tends to
keep the switch wire resistive after the
heater has been turned off. Similarly,
current drift in an unregulated supply
will produce an L di/dt voltage across
the switch. The resulting joule heating
may prevent the switch wire from be-
coming superconducting.

Precision measurement of solenoid-
type high magnetic fields is still a diffi-
cult problem. Hall effect and mag-
netoresistive probes are useful for rela-
tive measurements of the axial field
component but have little or no value
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intro-
ducing
Tropel's
new
IR
family.
What we did for the visible field,
now we do for IR.

You can get the same high Tropel
quality and versatility in our new
IR spectrum analyzers, in beam
expanders, in interferometers,
in everything you see here.

And you can get off-the-shelf
delivery, except for our IRI10.
(It takes us 90 days to put one
together. But it's worth
waiting for.)

These new products have
features you won't find anywhere
else. And do things no other
IR instruments can.

For instance:

A

IThe 3Mhz spectrum analyzer.
Our exclusive Long John
(Model 216) lets you forget

your Mhz frustrations and get
specific. For use at 10.6/xm, its high
finesse and 10" confocal cavity
length resolves 3Mhz or more.
Perfect for studying stability of
single-frequency C02 lasers. Or
separating side-band from the carrier
in communications work. Also
useable for scanning C02 spectra
and as a tuneable filter. Data sheet
available.

2 The 90-day wonder. Our
exclusive new IRI 10 gives you
a new way to tackle testing.

Using a CO2 laser you can now do in
IR what you always did in visible.
You can measure homogeneity and
defects in transmitting materials,
optically rough surfaces and optical
systems quality. Enclosed unit has its
own single-frequency C02 laser.
Inherent wavefront error is A/80.
Standard image converter. Optical
point scanning detector. Send for
data sheet.

54 PHYSICS TODAY / AUGUST 1971

3 The miracle workers. New IR
Collimators (Model 290). Ideal
for communications work,

interferometryand other
experimental work at 10.6/j.m.
Galilean design works with high or
low power lasers. Instrumental
transmission >96%.25or50mm
exit apertures, 4 or 8mm entrance
apertures. A/20 or better quality.
Write for our data sheet.

Some other new IR family members

to make life easier:

4 Focusing Lenses
(Model 714) **

5 Optical Spectrum Analyzer

(Model 210)

6. Variable attenuators.

7. Polarizers.

8. Retroreflectors.

9. Detectors.

10. IR Optical Transfer Function

measuring instrument.

11. Beam Director.

Write for data sheets on any of these
new IR products from Tropel.
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Fairport, N. Y. 14450

Circle No. 22, 23, 24, 25, 26 on Reader Service Card



High-uniformity superconducting magnet
with which the NMR spectrum of figure 5
was produced. Table 3 shows its long-
term drift characteristics. (Carnegie-
Mellon University.)
Figure 6

for absolute measurements. Rotating-
coil gaussmeters need isolation Dewars,
have rather large sensing elements and
are somewhat suspect unless calibrated
periodically at or near the operating
field. Nuclear magnetic resonance is
the most accurate method available,
but requires a uniform field over the
sample, room-temperature access, ex-
pensive equipment and skilled op-
erating personnel. Precision measure-
ment of the magnet current combined
with a precise calculation of the coil
constant produces a result that is accu-
rate both in magnitude and distribution
to better than 1% for all except low
values (less than 10 kG) of magnetic
field.

The cryogenic aspects of magnet
operation still leave much to be desired,
although quite dramatic improvements
have occurred in the types and varieties
of Dewar vessels available during the
past decade. A few examples of the
new designs include the short (10-inch)
Dewar for electron-microscope coils
(figure 7), Dewars with variable-temp-
erature sample chambers (1.5 K to room
temperature is common), vertical and
horizontal room-temperature access
Dewars, and Dewars with windows of
quartz, beryllium, sapphire and Mylar.
With improved stainless steels, good
design practices, all-welded construc-
tion and adequate testing, units require
little maintenance and provide years of
trouble-free service.

Costs and reliability

In these days of research-funding
shortages, some operating-cost data
may be of interest. The following analy-
sis applies to a Nb-Ti, 70-kG magnet

system. The various contributions to
helium evaporation are shown (as esti-
mates) in Table 4.

From this list, we see that the overall
system loss rates are expected to be 0.3
liters per hour in the persistent mode,
0.7 liters per hour in the regulated mode
at 50 amperes, and 1.2 liters per hour

Table 4. Contributions to Helium Evaporation in a Nb-Ti Magnet System

Dewar conduction and radiation with plug in neck
Heat conduction down electrical leads
Joule heating in magnet power leads (50 amps)
Joule heating in PM switch heater (22 mA)
Joule heating in superconducting switch for 1 volt energization
Energy loss in windings for 10 000-joule coil (per cycle)
Insert Dewar (conduction and radiation)

.1 liters/hr

.2 liters/hr

.3 liters/hr
.1 liters/hr
.5 liters/hr
.1 liters
1 liters/hr

if the field is swept at one volt excitation
near peak field. Of course, if removable
power leads are employed, the loss rate
can be reduced to as little as 0.1 liters
per hour for long-term persistent-mode
operation.

These figures, combined with the av-
erage cost of cryogenic fluids and tech-
nician labor rates in the US, suggest that
overall operating costs for an Nb-Ti,
70-kG magnet will range from about
$150 up to about $500 per week. The
lower figure applies to three-month-long
persistent-mode operation with power
leads removed, the higher figure to
weekly cool-down and limited daily field
sweep operation.

The nuisance of handling cryogenic
liquids, especially helium, is often of
more concern than the cost. Unless
the operator is experienced, small pro-
cedural errors cause large problems re-
sulting in equipment down time, delays
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Liquid helium

Radiation shield

in schedule, lost time and frustration.
There is a real need for a relatively
inexpensive "push-button" closed-cycle
helium refrigerator. Desirable param-
eters would be: 0.5 watts cooling power
at 4.2 K, 10 000 hours between overhaul
and less than $10 000 cost. Such a re-
frigerator would enable superconducting
magnets to compete with lower-range
conventional magnets, and would extend
their use to areas where present cryo-
genic methods are inconvenient; for
example, in electron microscopy, or in
parts of the world where liquid helium
is in tenuous supply.

Very few classes of scientific equip-
ment possess the reliability and longev-
ity of present-day superconducting
magnets. The introduction of heavily
shunted superconducting wire per-
mitted the manufacture of coils that are
consistent in performance and virtually
incapable of being damaged by operator
error or failure of related equipment.
The superconducting switch is an ex-
ception; it can be damaged by excess
voltage. However, the switch cost is
usually only about 1% of the total sys-
tem cost. There is no evidence that
magnet performance changes with time,
and no reason to suspect that any
change would occur.

What next?
Looking to the future, one highly de-

sirable goal is the development of a
ductile superconducting alloy with
usable current density in the 100- to
125-kG region. No obvious alloy
candidate appears on the horizon for
this job. The present compound

I tapes satisfy the field requirements
but have many disadvantages. They
are fragile, not easily joined in lossless
joints, more expensive in terms of usable

Short Dewar system for electron
microscope lens, shown here in a
simplified schematic view. The entire
assembly is only ten inches high.
Figure 7

Jc, difficult to use in high-uniformity
applications, and they require incon-
veniently high exciting currents. Some
of these difficulties are gradually being
overcome, and there is also hope for bet-
ter properties in a new type of composite
containing compound multifilaments
that is now under development. For
example, in Japan, vanadium filaments
were embedded in a copper-gallium al-
loy and then converted into V,Ga by
solid-state diffusion. This material
looks promising for magnet application.
However, the research-magnet market
is so small that there is little economic
incentive for the development of new
materials; any advances in this field
will probably have to depend mainly
upon spin-off from larger development,
such as the possibility of power applica-
tions.
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