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HIGH-FIELD DIPOLES FOR FUTURE ACCELERATORS
by
S. L. Wipr
ABSTRACT

This report presents the concept for building super-
conducting accelerator dipoles with record high fields.
Economic considerations favor the highest possible current
density in the windings. Further discussion indicates that
there is an optimal range of pinning strength for a super-
conducting material and that it is not Tikely for multi-
filamentary conductors to ever equal the potential perform-
ance of tape conductors. A dipole design with a tape-wound,
inner high-field winding is suggested. Methods are detailed
to avoid degradation caused by flux jumps and to overcome
probiems with the dipole ends. Concerns for force support
structure and field precision are also addressed. An R&D
program leading to a prototype 11-T dipole is outlined.

Past and future importance of superconductivity to high-
energy physics is evident from a short historical survey.
Successful dipoles in the 10- to 20-T range will allow
interesting options for upgrading present largest
accelerators.




I. INTRODUCTION

High-energy (8 = v/c =~ 1) particle accelerators consist of a channel in
which a particle beam is contained and accelerated. Containment and accelera-
tion is by magnetic and electric fields, respectively. For a circular accel-
erator, the available magnetic dipole bending field B is important; for a
linear accelerator, it is the available electric accelerating field . We can
get a rough equivalence between bending field and accelerating field by compar-
ing the circumference of a circular accelerator, L > 2mp = 2nE/(e ¢ B) with the
length of a linear accelerator, L > E/(e €), both for a particle energy E.
Similar L is obtained for € = B ¢/2n. Accordingly, a bending field of 1 T cor-
responds to an accelerating field of 50 MeV/m. ’

Present state of the art allows accelerating fields of approximately
5 MV/m. With superconducting cavities, still under development, some 10 MV/m
may be obtainable. There are new and mostly (as yet) untested concepts being
discussed that (in the distant future) may reach accelerating fields in excess
of 100 MV/m,?

On the other hand, technology for dipole fields of 5 T is well establish-
ed. 1In view of the discussion just given, we can say that available bending
fields are one to two orders o magnitude stronger than available accelerating
fields; therefore, new high-energy accelerators will be circular for some time
to come. This state of affairs is reflected by the energies obtained in the
largest existing circular and linear accelerators: 1000-GeV at Fermi National
Accelerator Laboratory (FNAL) versus 24-GeV at Stanford Linear Accelerator
Center (SLAC).

It can be assumed that in the quest for high-energy accelerators, the
availability of the highest possible dipele fields will remain important.

In the present report* the question of how to reach dipole fields beyond
10 T is discussed. Three general aspects are dealt with: (1) economic con-
siderations, (2) outlook for the future, (3) scientific problems and sug-
gested solutions. To the reader who might think that the order of the three
aspects should be different, I must point out that research with specific ap-
plications as a goal, of which this is an example, can only be justified if

tThis report is based on an R&D proposal submitted to DOE in March 1984,



the promise of economic advantage can be established and if, after the several
years necessary for the development of the concepts, there is still a likely
market for its applications. Without positive answerc to these two aspects,
unfortunately, the most elegant scientific solution counts for little.

At this stage the basic ideas and the technical solutions to the stated
problems are conceptual; that is, their viability has to be established by
research. Nothing is proposed that does not look reasonable, no insuperable
problems are anticipated, no breakthroughs will be needed. Nevertheless,
research is the way to "look into the seeds of time and say which grain will
grow ond which will not."-r

The report is organized as follows: Economic considerations are discus-
sed in Secs. IIT and IV. The outlook for the future is discussed in Secs. V
and VIII. The technical solution is described in Secs. II, VI, and VII.

Section II gives an overview emphasizing the proposed technical innova-
tions. Section II1 addresses the problem of cost optimization as a function
of bending magnet strength for a high-energy accelerator, using as an example
the Superconducting Super Collider (SSC). At present there is no clear evi-
dence in favor of a particular level of field strength, but higher fields than
the available 5 T are desirabie.

Section IV discusses the outlook for high-field magnets (>8 T) and the
special problems blocking immediate progress: the influence of the critical
current density and the relative cost of superconductors are crucial. For
fields of 10 T and higher, the multifilamentary high-field conductors have
insufficient critical current density. Tapes can give current densities more
than twice as high; at the same time, their cost may be only half.

In Sec. VI a short account is given of past efforts as an orientation
for needed progress. Future dipole requirements will be in the 10- to 20-T
range. In the past, high-energy physics has promoted one of the most signifi-
cant developments in superconductor technoiagy, namely, the multifilament con-
ductor. Because of the success of multifilament conductor, tape conductor
became redundant for most practical purposes. However, R&D for superconducting
transmission lines generated highly developed tape conductors.

tWilliam Shakespeare, "Macbeth."”



In Sec. VI the problems to be salved are listed and methods for solving
them are suggested. Problems that are specific to using tape conductors are
flux jumps (which should be avoided), the current distribution within the tape,
and the construction of dipole ends. It will be necessary to place the tape
with its face parallel to the field. In the two-dimensional section of the
dipole, this condition can be satisfied. In the end regions, in addition to
choosing a suitable winding geometry, careful shaping of the fields by means
of interleafed superconducting tapes and also by means of the iron yokes will
be required. It will be easier to build dc dipoles, that is, dipoles that
only have to perform at their maximum field level; developing ac dipoles will
be a more difficult task.

The necessary work to be done is discussed in Sec. VII. A conceptual
high-field dipole is proposed. It has an outer winding based on existing tech-
nology of multifilamentary NbTi, good for about 5 T, and an inner winding of
Nb3Sn tape for the additional 6 T. The concept is to be researched by making
detailed field and force calculations and by testing small models of end-
winding geometries employing superconducting tape. The results will serve for
subsequent design, manufacturing, and testing of a 2-m-long dipole. A tenta-
tive R&D timetable is also set out. The chief goal, a model prototype dc 11-T
dipole, could be reached in 3 years., The first year would be used in testing
the suggested concepts before freezing a design.

Section VIII gives an outlook on the possibilities that become available
if sucessful tape dipoles can be built. High-field dc dipoles can be used in
storage rings, or in accelerators if combined with ac dipoles of lower field.
A conmpact SSC for collision of 14.5 TeV on 20-TeV beams could be accommodated
in an 18-km-diam ring. Further development can lead toward full ac capabil-
ities and/or yet higher fields, up to 18 T. Future expansion of a 20-TeV SSC
up to 100 TeV becomes possible. In Sec, VIII a brief summation of the concept

is given, which concludes the report.
II. OVERVIEW
High-field accelerator dipole magnets using superconducting tape have

the potential advantages of lower cost and higher fields than those expected
with the alternative of using multifilamentary conductors.



A. Why Use Tepes?

To reach dipole fields of 10 7, and beyond, with superconductors is an
unsolved problem., The dipoles must be suitable for accelerators; that is,
they must satisfy stringent requirements for field quality, but they also must
be economical both in material and manufacturing cost. Because the needed
apertures are relatively small, economy dictates the highest possible current
density in the windings. Tape can give the highest current density.

The two traditional approaches towards creating high dipole fields—so
far unsuccessful in reaching 10 T—are incapable of sufficiently high current
densities. In one approach, NbTi is to be used at 1.9 K, but the upper criti-
cal field of this material is low enough to cause sharply reduced critical cur-
rents for fields >9 T. In the other approach, Nb3Sn multifilament is the cho-
sen conductor; unfortunately, the process of manufacturing multifilament re-
quires bronze and diffusion barriers in the finished product, and both compo-
nents, being nonsuperconducting, reduce the highest critical current densities
attainable. The Nb3Sn, processed as a tape, does not have this limitation.

The two traditional approaches suffer from nasty engineering problems.
The Nb3Sn multifilament conductor is quite brittle and demands either large
bending radii or else the final wire-manufacturing step: a reaction of several
hours at >600°C, after winding of the coil (wind-and-react method). The use of
NbTi at 1.9 K requires a less simple, more expensive cryogenic system and leads
to very small stability margins—in fact, too small to reach reliably B > 10 T.
The tape approach, too, has some peculiar engineering problems, but we have

conceptual solutions to them.

B. How to Overcome Problems Posed by the Use of Tapes?

Experience with large tape-wound coils (before the availability of
multifilament conductors) taught us the importance of having the tape face and
magnetic field parallel, sufficiently so that the perpendicular component does
not exceed a few kilogauss. Such an alignment is necessary to avoid flux
jumps, which cannot be tolerated; at 10 T, the alignment needs to be better
than +£1°30' to achieve this parallel arrangement. An even better alignment
is desirable because it can reduce induced currents that cause multipole errors
and ac losses. Indeed, given a sufficiently good alignment, tape can behave
guite Tike multifilament wire with filament diameter comparable to the thick-

ness of the active layer in the tape.



An accelerator dipole has two distinct regimes concerning field and wind-
ing geometry: In the useful part of the dipole, the field is two-dimensional;
it is relatively straightforward, especially in the high-field layers, to place
the tape windings parallel to the field. The two ends pose more of a chal-
lenge. In the end regions, the fields are three-dimensional, making detailed
computations more difficult. However, these three-dimensional end regions are
comparatively small when considering the 5- to 10-m length of the dipole.
Consequently, the field quality of the end sections in the beam tube is less
important; also, highest current density is not necessary. In the end regions,
therefore, one can focus on the conditions that are of great importance when
using tape: The winding geometry is constrained by the necessity of the con-
ductors having to cross over the beam pipe; furthermore, the fields must still
be parallel to the tape locally, and they must not be so high that they cause
guenches by exceeding the critical values for the conductors. In fact, the
fields in the end regions must be considerably lower to allow placement of the
bends of the outer layer low-field windings. A geometry that can fulfill these
conditions is illustrated and discussed in Sec. VII.

To achieve parallelity in the end regions, the local field direction can
be influenced by two methods: (a) additional pieces of superconducting tapes
interleaved with the tape windings and (b) iron piaced above and below the
tape stacks. Both superconductors and iron influence the field shape by in-
duced currents that tend to form mirror images of the original field-producing
currents. The induced currents cause the field lines to be parallel to the
superconducting surfaces and perpendicular to the iron surfaces.

C. What Work Is Necessary, and Why Do it Now?

It is clear that some research is needed to establish whether or not the
proposed concepts are sound and workable. And, a hallmark of real research, a
positive answer cannot be guaranteed,

Detailed field and force calculations, in combination with small-scale
experimental tests on end geometries with superconducting tapes, will be made
first. The results of such tests will constitute progress in superconducting
technology. If the results are positive, the design, manufacturing, and test-
ing of a 2-m-1ong-model prototype dipoie for 11 T will foilow.




A successful outcome wil) open very promising prospecis:

®* Further development of high-field dipoles up to 18 T

® A compact high-energy ring design

Future upgrade of existing high-energy accelerators, for instance up
to quintupling the beam energy of a 20-TeV SSC

IT1. PROBLEM OF COST-OPTIMIZATION

From a plot of cost versus energy of existing accelerators (Fig. 1) we
read that reasonable expectations for a 20-TeV machine are in the range of
1-2 M$/GeV. The total (capital) cost would thus be between 2 and 4 G$. Quite
likely the data in Fig. 1 do not include such costs as R&D, which could be
high because almost each machine was a prototype, or costs for the laboratory
facilities, including real estate, necessary to accommodate the accelerator.

0f great importance, but difficult to gauge, are the operational costs
over the lifetime of the accelerator. Power costs, for instance, have neces-
sitated prolonged shutdowns in large accelerators, hence the trend to use
superconducting magnets. Some kind of economic balance between capital and
operational costs sheuld not be overlooked either. At 10%, the cost of 3 G§
over 30 years is 318 M3/yr or 36 K$/h. This then is, roughly, the cost of
idling the machine because of equipment failure. More expensive components of
higher quality can thus be justified.

A simple example may illustrate this point. Consider the quality of
dipoles. Assume "high quality" to imply that one-third of the units have to
be replaced {or repaired) during the lifetime of 30 years; twice as many if
"medium quality"; and three times as many, or all, if "low quality." If the
units are 10 m long, we have to expect (on average) one, two, or three break-
downs/kilometer per year for high-, medium-, or low-quality magnets, respec-
tively. We may further assume that the replacement of a unit involves trans-
port through the tunnel at 10 km/h (average distance nR/2) and 10-h installa-
tion time. Using high-quality magnets in a ring of 2aR = 200 km length (bend-
ing dipoles B = 2.2 T) will still cause an average of 200 failures/yr and a
downtime of 3000 h or 34% of the total available time. In a ring 50 km long
(B =10 T), the downtime is only 565 h or 6.5% of the time. With medium-
quality magnets, the downtimes are twice as long; with low-quality magnets,
the large low-field ring is out practically always, whereas, the high-field
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Fig. 1. SPECIFIC ACCELERATOR COST DECREASES WITH INCREASING SIZE AND LEARNING.

Costs of large accelerators versus beam energy.

Costs reported for accelerators built, from Ref. 2, adjusted to 1980%:
@ : specific cost, left scale (shaded area: guide for the eye)
Q : total cost, right scale

Estimates of some projected accelerators:
é'@ : specific cost } a: Desertron, Ref, 3; b: SSC Ref. 4; Pentevac, Ref. 5t

{7} : total cost Tevatron tt; HERA, Ref. 6.

t+ Wilson, in Ref. 5, estimates the 1980%§ cost of Pentevac at 500 M} and quotes the 1970
cost for FNAL main ring as 125 M$ corresponding to 225 M$ (1980}, which is only half the
cost figure (TOTAL COST OF FACILITY) given in Ref. 2. We therefore assumed that the
estimate for the complete Pentevac should be twice as iarge, namely 1000 M$.

t+ M. G. White in the article *Synchrotrons“ from the Encyclopedia of Physics, R. M.
Besangon , Ed., Reinhold, New York, 1966 (703-706) quotes “serious proposals before the
government agencies® for a 1-TeV¥ machine at a cost of 700 M}. A factor 2.3 for
inflation would bring this figure to 1.6 G} (19808). The actual cost of the
saver/doubler upgrade s given in Ref. 3 as 100 M$ [without cost of errors (!) and RAD]
which, added to the FNAL cost of Ref, 2, would bring the total cost to just below the

IOBH RILIMRNE,




ring is only down for 20% of the time. This example shows, independently of
the detailed assumptions, the importance of magnet quality and reliability
with increasing ring size.

Another general feature seems to emerge when surveying the major capital-
cost items of an accelerator such as magnets, refrigeration, tunnel, real
estate, injector, beam control and accelerating structure, and experimental
areas. Together, magnets, refrigeration, and tunnel account for approximately
three-fourths of the total capital cost. The bending-magnet strength B is a
major design variable for the accelerator. The length of the ring circumfer-
ence and (therefore; the tunnel cost is proportional to 1,B; the cost of mag-
nets per unit length is, very roughly, proportional to Bz. Realistic unit
costs for both tunnel and magnets are such that in the range 2 T<B < 10 T,
the sum (adding up to about three-fourths of the accelerator cost) is not
greatly affected.*

Individual cost estimates can vary widely as the examples in Figs. 2 and
3 indicate. Three projections, each for tunnel cost and for magnet cost, can
be combined in pairs to indicate cost optima between 2.2 < B < 9.4 T and
0.42 < cost < 2.25 G§ for tunnel and magnets for a 20-TeV machine. Proper cost
optimization will need a specific design.

In general, we can state that the bending field level has no obviously
strong influence on overall accelerator cost. Indications are that optimal
field levels may be found in a range around 6 T.

This discussion is also applicable for the case of an existing ring tun-
nel to be upgraded to higher energies. The obtainable energy will simply be
proportional to the bending field strength. However, *here will be a cost
crossover point where the high-field bending magnet cost will be equal to the
cost of a new tunnel plus magnets at Tower fields. As an example, if magnet
cost Curve b in Fig. 2 and tunnel cost Curve C in Fig. 3 are applicable, the
crossover will be at B = 11 T where the magnet cost (see Fig. 2) will be
3 k§/T*m, same as the cost minimum for tunnel + magnet at B = 6 T.

IV.  PROSPECTS FOR HIGH-FIELD MAGNETS

A. Present Possibilities
There are at present two established, technically developed, supercon-
ductors on the market that are considered suitable for accelerator dipoles and

9



Fig. 2.  COST PROJECTION FOR SUPERCONDUCTING MAGNETS ENCOMPASSES LARGE BRACKETS.

Estimated specific cost of superconducting dipole
bending magnets versus dipole field strength.
a : Ref.7t (ry=5cm; unit length €m )
b : my own guess
c :Reﬂ8*(ri=6cm:lmmth4m)
FNAL: R. Lundy pers. comm. Jan. 1982
(38 k$ per unit of 27 Tm, ri=3.8cm)
O : Ref.a

+ Hassenzahl's magnet-cost projections from 19818
and 19827 differ by a factor >4. Perhaps it is
fair to consider his high estimate as too
yessimistic and his low one as too optimistic.

Fig. 3. COST PROJECTION FOR THE MAJOR COMPONENTS OF THE SSC VARIES WILDLY.

Specific cost for tunne! and for bending magnets
versus dipole field strength.

Solid curves: Tunnel cost: A: 1 M$/km, Ref.4
B: 4 M$/km, Ref.97TT
C: 8 M$/km, Ref.9tt
Magnet cost: a, b, c, after Fig.2

20~TeV single ring.

== : Cost minimum

++ 4 M$/km and 8 M$/km are low and high estimates
for underground excavation.
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quadrupoles: NbTi and NbSSn, both in multifilamentary form. By far the
most widely used and best-tested conductor is NbTi. The present state of the
art of superconducting accelerator dipoles offers approximately 5 T in 5- to
10-cm-diam bore, using NbTi at 4.2 K. This technology is, or will be, used by
FNAL Tevatron, HERA, TRISTAN, UNK.!°s!! It may be that 6 T can be reached by
lowering the operating temperature scmewhat (to 3-3.5 K).

Two methods are favored for reaching high fields {8-10 T):

(a) wusing NbTi with superfluid helium cooling at 1.9 K operating tem-

perature;12-1%

(b) using NbsSn muTtifilament conductor at 4.2 K,15216
Both methods have drawbacks and limitations. Method (a) needs slightly more
expensive refrigeration; 10 T should be considered as the absolute 1imit‘for
this method; no progress beyond 10 T can be expected because of the small sta-
bility margin caused by the proximity of the upper critical field., Method (b)
has problems associated with the peculiarities of Nb3Sn: The processed
multifilamentary conductor is extremely brittle and does not allow bending
around a radius (r < 20 cm) small enough to be useful at the ends of dipoles
and quadrupoles.!® The standard answer to this problem is the wind-and-react
technique where the final processing of the superconductor, involving a heat
treatment at A700°C for several hours, is effected after the coil is wound.!®
The wind-and-react technique puts extraordinary constraints on the choice of
materials and designs in the engineering of the coil. The practical field
limit for Nb3Sn multifilament may be about 11 T and is set by the limita-
tions in critical current density jc' Two effects depress jc. One is due to
the method of forming the multifilament, which leaves some bronze behind (non-
superconducting and not useful as stabilizer 1ike pure copper) that is inert
and only dilutes the otherwise very high current density in the reacted
NbsSn.'7 The other effect is an innate disadvantage of NbySn: Its flux
pinning force Fp = J. * B has a maximum at B = 5 T and becomes smaller with in
creasing field, being almost an order of magnitude smaller at 15 T.!® For
most superconductors, Fp is approximately constant over a large field range;
for example, V3Ga has Fp roughly constant up to B~ 19 T.!® As will be shown
below, current density is a limiting factor in the design of efficient dipoles.

11



B. Cost of Superconductors in Dipoles

The cost of superconductors is a substantial portion of the cost of the
accelerator magnets and, therefore, of the cost of the whole accelerator.”
Although present cost estimates of complete magnets cannot be considered very
reliable (see Fig. 2), one can nevertheless gain an understanding of relative
merits of different superconductors by discussing relative cost advantages.

In a first approximation to estimating the superconductor cost, a dipole
cross section as in Fig. 4 is considered. A winding space of thickness d,
between radius r; and Fo with a current density j = jo cos ¢ produces a

field?%»2!

B = Yo .

0o=7 Jp d (1)
The current density is related to the critical current density in the super-
coinductor at the field BO:

Bo =2 e il(B) (2)

The factor A accounts for the space in the winding that is not filled with
superconductor, such as insulation, necessary force structure, and (mainly)

the copper (or aluminum) used for stabilizing purposes. The range
0.2 < A < 0.4 is available in modern designs.

The thickness d = Yo = T of the winding
necessary to produce B with a given super-
conductor is
2
B Bo

d=2 -2 =2 ,
uOAFp

(3)

where Fp = jc x B is the flux pinning
strength, a basic critical propert f the

superconductor.
The volume of the winding is
Fig. 4.
DIPOLE WINDING GEOMETRY FOR v, = 2“(ri + %Jd i , (4)

SINGLE-LAYER APPROXIMATION.

12



but the volume of the superconducting material itself is smaller by A and a
facter 2/m because of the cos ¢ distribution; thus,

. B2 B2
= Gy = 8 9 -9
w © 4(ri + 2)dA 8 qup rs ¥ T . (5)

The superconductor volume consists therefore of two terms: the first
that .s due to the aperture rs and the second that is due to the current
density (or +lux pinning strength) determining the thickness of the winding.

To illustrate this equation and relate it to present superconductor
performance, we plot in Fig. 5 as F_ versus B the locus of coils containing
Vi, = 1072 w’/m and also those with 10 and 100 times larger V «- The solid
line is for A = 0.2, the dashed 1ine for A = 0.4—both for ry = 0. The three
thin dashed Tines are for X = 0.2 and r; = 1, 2.5, and 5 cm., The winding
thickness d c¢qrresponding to the given VSc is entered for each curve, In ad-
dition, we also enter the available ranges of F_ versus B for various

P
superconductors, 22

From this plot we can estimate the practicability of reaching high fields
in superconducting dipoles. The conil costs and the design complications in-
crease with VSc and with d; in fact, one would like not to exceed Vsc = ]0’3
by more than a factor 2 or 3. The importance of high-current density (high Fp)

is evident.

The bands for F_ for Nb,.Sn multifilament indicate material that is now
available; it may be that in Ehe future the upper 1imit can be raised somewhat.
According to newest research, an increase of 50% for jc of Nb3Sn is possible;
at B < 7 T, NbTi with different niobium content can produce increases up to 70%
in jc for 5 T and 4.2 K. Such improvements will be subject to questions of
economy (see below).

The cost of the superconductor is

Bg P 32
C=V__p =8=2Sfr +-0_1, (6)
sc s o F;' i quFp

where Ps is the price per volume of superconductor (price includes fabrica-
tion and stabilizing copper, etc.). At present, the approximate (large

13
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Fig. 5. HIGH DIPOLE FIELDS CAN ONLY BE REACHED WITH HIGH CURRENT DENSITY—

ELSE THE WINDING VOLUME WILL BE PROHIBITIVE.

Superconductor flux pinning strength Fp = jc x 8 wversus dipole field strength of
single-layer winding. The figure indicates, for three different winding sizes, the required
F. to reach a given field (F'J is averaged over the nonstabilizer part of the
superconductor). The winding sizes are characterized by the amount of superconductor needed
per unit length of dipole, \'sc' A desirable winding volume corresponds to
Ve = 1073 m3/m; an order of magnitude larger, V.. * 107° m°/m might be taken as
the upper tolerable 1imit; another order of magnitude larger, Vsc =107 m'/m is too
large and too costly. The solid curves are for zero aperture and A = 0.2, according to
Eq. (5). The thin dashed curves are for A = 0.2 and different apertures: r; = 1, 2.5,
znd 5 ¢m; the thick dashed curve 1s for A = 0.4 and zero aperture. The term A is the
fraction of active superconductor (including substrate and other nonstabilizer components
required by the canductor design) in the winding cross section; the rest of the cross
section is taken up by stabilizer (usually high-purity copper or aluminum), jinsulation, and
structural elements required by the coil design. The thickness, d, of the winding is given
for sach curve. The range of available multifilament conductors: NbTi2® at 4.2 and
1.9 K, Nbssna”’“ and Vasa’“ at 4.2K are given by shaded areas. The two

dot-dashed curves are examples of Nb3Sn" and Vssa"”‘ tapes.



quantity) values™ of p_ are for NbTi, 3 M§/m’; for NbySn multifilament, 5 M§/m;
for Nb3Sn tape, 3 M§/m". For easier reference: the prices of superconductor
are 200, 280, and 170 $/1b for NbTi, Nb3Sn multifilament, and Nb3Sn tape, re-
spectively. The quoted prices are 3-5 times the cost of the raw material.

It could well be that with the development of large superconductor markets, not
only for the SSC but also for medical instruments using magnets for Nuclear
Magnetic Resonance (NMR) imaging, the prices will drop to perhaps half those
quoted above, but probably not much more than half. Even with this caveat, the
given prices may still serve to illustrate, in the following, some arguments

touching on economic considerations.

C. Optimal Flux Pinning

It is seen from Eq. (6) that the cost is lower for a higher value of Fp,
provided the ratio ps/Fp does not increase too much, For example: WNbTiTa has
higher F_ values than NbTi but, tantalum being very expensive, its price is
too high to be competitive. There is an optimal value for Fp.

The price Pg of a conductor generally is dictated by the relatively high
cost of raw materials (especially niobium) and depends only weakly on specific
properties of the finished product. However, Pe will depend on Fp to the
extent that special manufacturing processes are involved for achieving a higher
F . The price of Ps is expected to increase monotonically with Fp, starting
from the lower 1imit set by materials and basic processing costs. Gains in Fp
by increasingly sophisticated processing will be reflected in a higher Pg+
There must be a limit to Fp, an ideal flux pinning, denoted by Fp*. As Fp ap-
proaches Fp*, pg may increase very steeply while the gain in Fp becomes mar-
ginal. The optimal Fp can be obtained from Eq. (6) by determining the cost
minimum given by dC/dFp = 0. One calculates

dC 8 Bz dp Bz Ps Bg -
31.-; Tr(r1+w)-p(ri+2m) . (7)

tIntermagnetics General Corporation, private communication, 1983--also,

see Ref. 8.
tTThe price of niobium at present is 50-90 $/1b, depending somewhat on the

s1ze3of original stock. Density of Nb-50 at %Ti = 6.7 g/cm3, of Nb3Sn= 8.0
g/cm°.
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The bracket vanishes for

2

dp p B
aF_S.=.|.:_S ]+______.9___2_ . (8)

p p uoripr + B0

One can write

Ap AF

S _ P
it T , (9)
g Fp

with o being the bracket term in £q. (8). The value of c. can be calculated,

but it is obvious that 1 < a < 2.
Thus, one obtains the simple rule that the dipole cost can be reduced if

a flux-pinning improvement by a certain percentage can be obtained without
raising the conductor cost by more than the same percentzge. 1f, on the other
hand, the cost increase is twice that percentage or more, then Fp is already
above the optimum. The price versus flux-pinning relationship is summarized
schematically in Fig. 6.

Considering this rule, it is questionable whether the state-of-the-art
conductors indicated by the bands in Fig. 5 are not already much above their
F_ optimums. Undoubtediy, Fp* lies well above the bands, but can it be ap-
proached any closer subject to the allowable price increases given by the above
rule? For tape, the situation 1is different. The F_* is much higher because
neither bronze nor diffusion barriers are necessary.* Tape needs a certain

tThe best sample reported in Ref. 27 consists of A170 layers of 420 A of

Nb3Sn separated from each other by 90 A of Y, w1§h a cr1t1cal current density
averaged over the N3Sn cross section of 4.3 x 1010 A/m at 6 Kand 1 T. From
this we estimate a maximum Fp (in Nb3Sn) of 8 x 1010 N/m3 at 4.2 K and 6 T
(keeping in mind that some of the low-field pinning comes from surface barriers
that are not effective at higher fields). It is conceivable that a conductor
fabricated in this manner, with 400 layers on either side of a 15-um niobium
substrate for a total th1$5ness of 55 um (of which 34 um is Nb3Sn), would have
an Fp max_close to 5 x 10 m3; in other words, considerably higher than

the example given in Fig. 5. It is almost certain that such a conductor would
be quite expensive and thus probably above the optimum Fp discussed. Such
high pinning values may be close to Fp*, There are no theoretical predictions
for Fp*. We can estimate an upper limit by saying that the critical current
density that is due to pinning should be smal]er than the Surrent dens1ty in
the London penetration depth j = 1/u = 5 x 1010 A/m2 [B¢1 18 mT;
AL = 0.29 pm, see RCA Review 25, #3 ?196 ﬁ w1th this current density, at 6 T

there would be an Fp pax = 3 X X 1011 N/m3.
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Fig. 6. FOR A SUPERCONDUCTOR, TO BE USED IN AN ACCELERATOR DIPOLE MAGNET,
THERE IS AN OPTIMAL FLUX PINNING STRENGTH.

For a conductor, manufactured from a given superconducting material, there is an optimal
{most economical) value for flux pinning, given by Eq. (8). The illustration represents a
schematic plot of superconductor price versus flux pinning. The optimal range for Fp is
between Fp] given by bps/pr = ps/Fp and Fpu given by bps/pr =2 ps/Fp. Correspondirgly,
there is a Towest sensible price pS] and a highest sensible price psu’ This means that
below the optimal range, the cost of dipoles (for whatever Bo) can be lowered if Fp (and
Pg correspondingly) is raised; whereas, above the optimal range the dipole cost is lowered
if Py is lowered. The optimal range lies somewhere between Fp int and F *; Fp* is
an ideal, highest flux pinning value pcssible in a given material, and F_ int is a lower,
intrinsic 1imit, obtained without trying. Neither F * nor Fp int is well defined or
established either theoretically or experimentally. (Strictly speaking, to produce material
with Fp < Fp int would require a special effort, increasing P again. F ig
therefore defined by a minimum in ps.)

Note: P versus Fp plots are not usually available and, with the general volatility of
superconductor prices, cannot be constructed from manufacturers price lists; but a
manufacturer, pushed to increase the pinning strength of his product, may well be able to
supply the necessary information.

P int
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amount of (unreacted) substrate, mainly for mechanical qualities such as suf-
ficient strength to survive the winding process. It is possible that the given
F_ values in Fig. 5 are still below optimal.

D. Comparison of Different (Single-Layer) 10-T Dipoles
The difference in P between Nb3Sn multifilament and tape is entirely

due to the difference in processing; the distinction is further enhanced in
the values for ps/Fp.

Among available conductors the approximate (large-quantity) values for
pS/Fp are listed below.

4
4

NbTi 4.2K, 5T : 3x 10 §$/N
NbTi 1.9K, 8T : 2x 107" $/N
Nb.Sn m.f. 10T : 5x 10°% §/N

3
NbySn tape 10T : 1.5 x 107* §/N

{The cost unit $/N indicates that the job of the magnet windings is to restrain
the Maxwell tensor of the produced field.)

Manufacturers often give the conductor price Pe in $/kAsm at a given
field B. Multiplying Pe by jc (critica; current density in the3noncopper
cross section of the conductor, in kA/m~) one obtains Ps in §/m”; dividing by
B [T] gives pS/Fp in $/kN.

Table I shows what can be expected for single-layer dipoles with A = 0.2
and ry = 2.5 cm. (For x» = 0.4, the superconductor cost for 10 T will be

approximately 30% lower.)
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TABLE I. SINGLE-LAYER DIPOLES WITH DIFFERENT SUPERCONDUCTORS

Material Field for Vsc for 10T Cost of
V$C=10"3 ot Superconductor
(from Fig. %) (from Eq. 5) for 10 T
[T] [m’] [k$/m]
Best NboSn m.f. 7 2.9 x 1073 15
Best NbTi, 4.2 K 5 2 x10°¢ 60
1.8 K 8.5 1.9 x 1073 6
Nb,ySn tape 10 1073 3

The examples show clearly that there is a great attraction to using Nb3Sn tape
if possible.

The following argument indicates that single-layer coils in the above
examples are overdesigned. The bursting force in a 10-T dipole of Zri = 5-cm
aperture is approximately 5 MN/m; for the containment, the superconductor has
to hold twice that amount, that is, 10 MN/m. From the prices, we see that we
pay for 20 MN/m or more. Because the whole winding is dimensioned for the
maximum field Bo’ although much of it is at a much lower field, more super-
conductor is used than necessary. The actual dipole design would have two or
more layers rather than a single one as in the above formula for a first
approximation.

E. Dipoles with Several Layers

The winding space is subdivided into n layers. Counting the layers,
starting from the outermost, Layer 1 is between s and ™ and Layer k is
between r, _; and ry with r = r.. Each layer creates a field increment 8By .
The maximum field (that is, Bo in the aperture) is.the sum of all the incre-
ments. The thickness of Layer k is
ABk . Bk

vy, = »
k uok b Bk

(10)
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where F_ is characteristic for the superconductor in Layer k. (In this exam-
ple, the field distribution is simplified and taken as independent of angle ¢.
In reality, the field is larger toward the poles and smaller at the equator.)
Taking the simple case where all increments ABk are equal and Fp the same in

all layers, one gets

B
Bk = kAB and AB =‘ﬁg ; therefore,

55 Z(AB)2 Bg n(n+1) Bg ) ]) (an
d = r -r, = —=173k = = 1+ . n
& k-1 k uole UOXFb n2 uole‘ n

In the 1imit of large n, the thickness is only one-half the single-layer
thickness in Eq. (3). In practice, one may reach a reduction of 0.6 or 0.7,

and n = 3 or even n = 2 is sufficient.
Several examples illustrate the advantages of two- or three-layer coils

as presented in the following tables (II-VII). A11 (except Table VII) are
taken with a conservative value of A = 0.2.

TABLE II

TWO-LAYER DIPOLE FOR 10-T, USING Nh3$n MULTIFILAMENT

Outer Layer Inner Layer Total
Material NbTi Nb,Sn multifil.
3 9 3 10
Fp (N/m”) 8x 10 1.25 x 10
AB (T) 5 5 B0 =107
Ar (cm) 2.5 3.2 ry = 2.5 cm
ra=5.7
3 -3 -3 !
Vsc (m”/m) 1.39 x 10 1.05 x 10 ro = 8.2
p. (M§/m> 3 5 Vo= 6.1x 1073 n?
S w
CSc (K$/m) 4,17 5.25 C = 9,42 K$/m
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If a 1-cm space is made between the layers, VNbTi is increased by 15%

and the total cost of superconductor increases to 10 K$/m.
The use of NbBSn tape favors a thinner, outer NbTi layer as shown in

Table III.

TABLE III

TWO-LAYER DIPOLE FOR 10 T, USING Nb3Sn TAPE

Outer Layer Inner Layer Total
Materia; NbTi ] Nb33n tagg
F_ (N/m™) 8 x 10 2.3 x 10
AB (T) 4 6 By = 107
ar (cm) 1.59 2.07 ry = 2.5cm

r = 4.6

Ve, (m3/gl) 6.9 x 107% 6.0 x 107° ro = 6.2 -
Ps (M$/m™) 3 3 Vw =1.0x 10 " m
C (K§/m) 2.1 1.8 bt 1 C=3,9K$/m

The cost is further reduced by increasing the field step of the inner
layer (Table 1V).

TABLE IV

TWO-LAYER DIPOLE FOR 10 T, USING THICKER INNER LAYER
(MATERIALS SAME AS IN TABLE III)

Outer Layer Inner Layer Total
AB (T) 3.5 6.5 B0 = 70T
Ar (cm) 1.22 2.25 ry = 2.5 cm
r s 4.75
ro = 6.0 3 2
W’ 9.35 x 10 " m
C (k$/m) 1.6 1.85 C = 3.55 K$/m
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A single-layer Nb3Sn tape coil is still cheaper (according to Tabie I)
with regard to superconductor cost because of the higher Fp, but complications
with the ends may prevernt the realization of such single-layer 10-T dipoles.

Two-layer NbTi dipoles at 1.8 K also look attractive (Table V).

TABLE V

TWO-LAYER DIPOLE FOR 10 T, USING NbTi AT 1.8 K

Outer Layer Inner Layer Total

Material NbTi NbT1 B,=10T
1 10 0
Fp (at 1.8 K) 2 x 10 1.65 x 10 r; = 2.5 cm
ar (cm) 1.0 2.4 ry = 4.9
r.=5.9
v, (n/m) 4.32 x 107 7.1 x 10'43 v =8.97 x 1073 n?
1.14 x 10

Py (M5 /) 3 C = 3.4 K$/m

Using tapes, one may get to much higher fields, as the example with a
three-layer 18-T dipole demonstrates. (Note a smaller aperture re = 2.0 cm,
Table VI.)
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TABLE VI

EXAMPLE OF & THREE-LAYER DIPOLE FOR 18 T (A = 0.2)

Outer Layer | Middle Layer Inner Layer Total
Material NbTi Nb.Sn tape V.G tape
3 0 37 10 3" o
Fp (N/cm”) 8 x 10 2 x 10 2 x 10
AB (T) 4 8 6 By =18T
Ar (cm) 1.6 3.8 4.3 ry = 2 cm
Spacing rg = 13.7
between layers 1 cm 1 cm
Average
radius 12.9 9.2 4,15
v, (n/m) 165 x 107 | 2.8 x 1070 [1.43 x 107 |u, = 5.8 x 107%n]
(incl. spacing)
b, (M§/n°) 3 3 10
C (k§/m) 5 8.4 14,3 ] JC = 27.7 K$/m

The same example with A = 1/3 shows substantial savings (Table VII).

TABLE VII

THREE-LAYER DIPOLE AS IN TABLE VI, BUT WITH A = 0.33

Quter Layer Middle Layer Inner Layer Total
Ar {cm) 1 2.3 2.6 ry = 2 cm
Spacing 1 1 ro = 9.9
Average
radius 9.4 6.75 3.3
Vo (m/m) | 125 x 1073 [ 2.07 x 1073 | 1218 x 1073 v, = 2.95 x 1072 of
C (k§/m) 3.8 6.2 11.4 C=21.4 K$/m
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In spite of the high price of V3Ga, the specific cost 1.2 K§/Tem is compara-
ble to the example shown in Table II (0.94 K§/Tem). The actual dipole cost
is expected to be higher because of structure cost that would scale with BZ;
a smaller aperture might compensate for this.

A discussion concerning the cost of aperture for an SSC is given

elsewhere,?28

F. Summary
At present, NbTi at 1.8 K or NbBSn multifilament at 4.2 K are the two

options available to be explored for obtaining high-field magnets. Both have
characteristic, aggravating engineering problems that will be difficult to
overcome. For NbTi, it is the small stability margin; for Nb3Sn, the brittle-
ness that necessitates either the wind-and-react technique or large bending
radii at the dipole ends. Both methods are limited to fields not much higher
than 10 T. Both have relatively high superconductor costs; the chances to
Tower coil costs by improving critical current density of the multifilamentary
materials are not good. Conductors with higher current density or flux pinning
force are only interesting from an economical point of view if pS/Fp is lower
than for NbTi or Nb3Sn; this is not the case for multifilamentary V3Ga or
ternary alloys and compounds, but is evident for tape conductors.
Superconductors in tape form have superior critical current densities
and lower price compared to the multifilamentary form. If they can be used in
the construction of serviceable accelerator dipoles, the advantages with
regard to upper field limits and economy are very attractive indeed. The
Nb3Sn tape and, for 12 T<B < 18 T, V3Ga tape are commercially available.
Perhaps other materials such as Nb3A1, NbBGe,zg or NbN3® could also be develop-
ed into promising options once the usefulness and need for tape is established.

V. PAST EFFORTS (Historical Summary)

Interest of the high-enerqgy community in superconducting R&D for appli-
cations to accelerators dates back to the early 60s. P. F. Smith at Rutherford
Lab suggested a superconducting upgrade to 50 GeV for NIMROD.3®! Brookhaven
National Laboratory (BNL), among the pioneers of superconductivity R&D, con-
vened the first Applied Superconductivity Conferenced? in 1967 and, in 1968,
the widely attended Summer Study on Superconducting Devices and Accelerators.®?
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From studies for SPS 1-TeV upgrade at CERN and for FNAL saver/doubler emerged
the very challenging goals for accelerator dipoles: 4-5 T in 3-4 s, very
small ac losses, toierable coil degradation and training, highly exacting
field quality.3* This stimulated the development of multifilamentary super-
conductors, researched at Rutherford Laboratory and first manufactured in col-
laboration with English industry.3® FNAL developed successful magnets for the
Tevatron, using "Rutherford”" cable. Although the superconducting upgrade of
SPS was cancelled, European activity continued. Rutherford Laboratory main-
tained a first-rate R&D effort through most of the 70s; the quality of that
research is well reflected in a recent book by M. N. Wilson.22 At Saclay
emerged the now leading group for superconducting applications in high-energy
physics. Meanwhile, BNL maintained its R&D and developed a braid conductor
for accelerator magnets, but the ISABELLE project later had to abandon the
braid conductor and also had to adopt a Rutherford cable with FNAL-inspired
engineering design.3¢

The FNAL Tevatron is the first superconducting accelerator.3®? Other
projects, also using technology closely similar to the one developed at FNAL,
are HERA in Germany,® UNK in Russia,®® and TRISTAN in Japan.®® There is
no doubt that established technology can provide 5-T magnets on the basis of
multifilamentary NbTi Rutherford cable.

The present situation, compared to the one at the start of the FNAL
Tevatron magnet development, has changed for the better in several respects.
There are new boundary conditions: the ramp rate is one to two orders of mag-
nitude lower, so that ac losses have become a minor problem; the apertures are
much smaller, and higher current densities in the windings have become more
attractive. There also are improved tools concerning field calculations, and
now there is a far better understanding of superconducting coil stability.

With regard to superconducting tape, the situation is different. Some
new materials, notably Nb3Ge, have been found with very attractive critical
properties but no prospect for being produced in multifilamentary form. How-
ever, for magnet applications multifilamentary conductor is so much superior
that, since its introduction, the older tape conductor has only been used in
very exceptional cases. The notable exceptions are inserts for highest field
solenoids, the record holder being a 17.5-T coil in Japan.*® Most other
tape coil projects ceased about 10 years ago and further development has been
stagnating since. Incidentally, R& on one of the last tape coil projects*?
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led to the introduction of the Minimum Propagating Zone (MPZ) and to early
advances in the understanding of coil stability.*? To the author's knowledye,
there has never been a serious effort to use tape for accelerator magnets.f

The only important application of superconducting tapes during the last
decade was the superconducting ac transmission line developed at BNL.“** In the
course of this work, Nb3Sn tape of superior critical current density was
developed?® and manufactured by IGC.T* Thus, we are fortunate that the basic
ingredient for the success of this concept, namely tape conductor of sufficient
quality, already exists. It is also gratifying to salvage one of the positive
results of the transmission-line project.

Looking into the future there is no doubt that progress lies in the
direction of higher fields. Figure 7 is a plot of the dipole field levels of
synchrotrons versus their construction date (similar to the Livingston plot

for energies). The trend is unmistakable,
VI. PROBLEMS TO BE ADDRESSED AND POSSIBLE SOLUTIONS

The goal of the concept presented in this report is to develop a high-
field dipole suitable for high-energy accelerators by making use of super-
conducting tape conductors. The chief attractive features of using tape were
explained in Sec. III. These features are high value of Fp and low value of
pS/Fp (1eading to a compact, relatively inexpensive dipole winding structure)
and promise to be able to reach very high fields with presently available

conductors.

tThere is a related development of some interest (see Ref. 43). Tubes are
formed of passive (that is, without external current feeds) coils wound from
Nb3Sn tape and having dipole geometry. They were originally conceived to
shield the particle path into the BEBC bubble chamber from the fringe fields
caused by the return flux of the main bubble chamber field. Recently, similar
structures were reported to have been used to trap 4- to 5-T dipole fields in
persistent mode. See CERN Courier, 20, 345-46 (Nov. 1980) and W. Witzeling,
Cryogenics 16, 29-32 (1976). -

TtIntermagnetics General Corp., P.0. Box 566, Guilderland, NY 12084.
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Fig. 7. THE FUTURE DEMANDS HIGH-FIELD DIPOLES.

The bending field strength of various existing and projected accelerators versus their

construction year.

For UNK see Ref. 38. The bending field for the next TRISTAN phase is still open (6 T would
allow a 400-GeV proton ring in the present tunnel) and will depend on the success of the
Japanese high-field R&D program presently pursuecd at KEK. See Ref. 10, 14, 39.

Milestones of high-field superconductivity indicate the time span reguired for R&D ieading
to a mature technology. The first multifilament conductor (NbTi) indicates the start of
accelerator dipole R&D. The first Nb3Sn multifilament conductor dates from 1971 — even
now, Nbasn multifilament conductors are not yet established in technical applications.
(For a review of superconductivity with historical emphasis, see Ref. 45.)
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The problems will be concerned with finding a suitable winding design.

The attributes necessary for use in accelerators are listed below.
[ ]

-

high field’

® good field quality

®* acceptable ramp rate (preferably with good field quality at all
fields")

® Jow ac loss

® no fatigue problemst (over lifetime of accelerator, that is,
30 years)

® high reliability (protection)

A. Stability and Degradation

High magnetic field implies the necessity of high current density
j-= Ajc in the winding. One defines X = j/jc = d; A /A where A_ is the cross
section of the actual superconductor (including bronze and other metallurgi-
cally necessary metals but without stabilizing copper), A is the total cross
section of the winding, and dS = js/jC gives the fraction of the short sample
critical current density jc that is reliably obtained in the wound conductor.
The value of A that can be reached (that is, the necessary stabilizer, and
ds) will be governed by stability considerations. In high-current-density
magnets, it is a question of balancing disturbances against the MPZ.“2 1In a
magnet design, one aims both for small disturbances and for large MPZ.

Disturbances are caused by motion of magnetic flux within the conductor
and by mechanical motion of the conductor. For tape conductor, the flux motion
as flux jump will be the most severe source of disturbances. It can be avoided
by arranging the face of the tapes parallel to the field. The alignment has
to be good enough that the field component perpendicular to the tape does not
exceed approximately 0.3 T. At B = 10 T, this implies that the angle between
tape and field should not exceed #1°30', Such an alignment is easy to achieve
in the long section of the dipole where the field geometry is two-dimensional
and the tape can be tilted for perfect orientation. It may be difficult at
the ends, where the geometry is three-dimensional and the tape alignment has

*The forces, increasing with B2 will have a serious influence on these
qualities.
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to conform to the geometry required by the curvature of the winding that is
necessary to cross over the accelerator tube, In a two-layer design with only
the inner layer wound with tape, the ends of the tape layer are formed beyond
the ends of the cuter layer, that is, in a region where the fields are Tower.
There are three methods to influence the relative alignments of tape face and

magnetic fields:

(1) the positioning of the curved windings (subject to the constraint
of forming a crossover),

(2) the positioning of ferromagnetic material (trying to form mirror
image ¢f the winding), and

(3) the positioning of superconducting material (extra tape interspersed
between the tapes of the winding to force the fields to be parallel by means
of induced currents).

The basic idea for Methods 2 and 3 is to shape the fields by currents
induced outside the original, field-producing conductor. Iron placed above
and below the windings, with iron surfaces perperdicular to the tape faces,
forms images of the winding (with the current flowing in the same direction)
and thus reduces the flux components at right angles to the tapes. Even above
saturation fields of the iron, this mechanism still works, though with reduced
efficacy. Passive superconducting tape between the windings will oppose any
perpendicular field component by means of induced currents, The tape forming
the current-carrying winding has the same tendency but, because of its trans-
port current load, is much closer to criticality and cannot sustain large ad-
ditional induced currents without suffering flux jumps as mentioned earlier.

The opportunity to employ these mechanisms in the end regions of the
dipoles is given by relaxing the demands for highest current density and for
highest quality of the dipole fields in the beam pipe. Such relaxing is possi-
ble because the end regions are only a small fraction of the total dipole
length. High current density and high field quality are overriding considera-
tions in the two-dimensionai regions of the dipoles.

Functioning end configurations are the greatest challenge in constructing
tape-wound dipoles.

Once the flux-jump danger is overcome, it is relatively simple to guard
against disturbances caused by motion. Because the fields are parallel to the
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tapes everywhere, the Lorentz forces will be perpendicular—thus eliminating
the danger of sliding friction between tapes. A tape stack has a higher
mechanical integrity than a winding of Rutherford cable or of braid. It is
expected, therefore, that dS > 90% can be reliably reached. There is a further
advantage: the winding may not need precompression, thus relieving the force-
retaining structure.

There is evidence to suggest that at the dS = 0.8 level, a Nb3Sn tape
coil can stand more than 10 times larger disturbances than a multifilament NbTi
coil.*! This ratio can be further improved by making the MPZ larger. The
MPZ is increased by reducing the thermal resistance between tapes; for this
purpose, a thin anodized aluminum tape may be the most suitable insulator be-
tween tapes.

In presently available tapes, the stabilizer is usually copper. In the
case of high field windings, an aluminum stabilizer would be preferable because
of the smaller magnetoresistance.*® Example: The residual resistivity of
copper, 10-25 nQ cm,increases to 60-75 nQ cm for 8 = 10 T and tc 80-100 nQ cm
for B = 15 T. For aluminum, the figures are 3-10 nQ cm, increasing to 12-30
n2 cm for B =10 T and to 13-35 n@ cm for B = 15 T. Resistivity is not the
only consideration, however; the higher the purity of aluminum, the lower not
only its resistivity but also its yield strength. Because the high-field re-
gions also need high mechanical strength generally, the optimal dipole design
will depend on a careful compromise between low resistivity and sufficient

yield strength.

B. Field Quality
The field quality depends on the current distribution within the winding,

that is, on both the location of the conductors and on the current distribution

within the conductors.
If it is a matter of achieving field qua’ity at the highest field only,

there are the following means of reaching the goal.

® (Correction windings and correction currents

® Make proper allowance in the design for deformation that is due to
Lorentz forces so that the conductor location is correct when the
field has reached its maximum design value
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® A suitable ramp program, because it can affect the current
distribution in the conductor itself. (For example, difference in
ramp rate between inner and outer layer of two-layer coil; even
controlled-temperature changes during ramp can be considered if

necessary.)

It is unlik21y that correction windi..gs alone can overcome large defects
in field quality."? Attention to deformation and supercurrent distribution
will be important. Much work will be required, consisting both of computa-
tional and experimental tests. The current distribution in tapes is strongly
affected by induced currents that are due to perpendicular field components.
The tape alignment is already such that perpendicular field components are
small enough to prevent flux jumps. It is likely that for good field quality,
much more stringent alignment conditions will prevail. A small tape width,
too, would alleviate the problem. However, other considerations favor wider
tape, notably a lower number of turns to simplify fabrication of the coil and
to reduce the inductance, also the transmission of force through the tape stack
without danger of buckling.

When it comes to keeping the good field quality during the whale ramp,
the challenge is greater. To make proper design allowances for deformation
that is due to force is harder. There are two avenues to explore. The force-
relaining structure should be as stiff as possible to make the deformation
small; however, the modulus and the extent of superconductor stabilizer are
more or less fixed, and a force-retaining structure distributed in the winding
space reduces the current density inadmissibly. The othar possibility is to
allow only deformations that do not affect the field quality. That this should
be possible is seen as follows: The cirrent distribution that produces a
given field is not uniquely determined. It is known that the good field
quality can be produced by a cos ¢ distribution or by intersecting circles
or ellipses or various current block distributions.?! Looking at ellipses,
one can see that the deformed structure can still form intersecting ellipses
to a good approximation (of course, the B/j ratio will be somewhat smaller).

C. Force Containment
It is usual to take the overall force with a stainless steel collar con-

sisting of laminations. Much of this structure is stressed in bending. The
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structure for the transmission of forces will be lighter if the stresses are
more in tension and compression than in bending.*®

Because the forces will be rather large, it may be necessary to reduce
the maximum stress in the windings by an intermediate structure between the
two {or three) layers. The compressive stress in the winding can, and probably
should, be limited to between 50 and 100 MPa, (unless a large amount of pre-
stress is necessary). Small stresses are desirable to keep the displacement
of the field-producing currents small (see Sec. VI.B concerning field quality)
and because of the low-yield stress of high-conductivity stabilizer, as men-
tioned above; furthermore, thin insulation, such as Kapton, has a yield
strength not much above 100 MPa. The order of magnitude of the minimal
stresses can be gauged by keeping in mind that the stress in a field of 10 or
15 T is 40 or 90 MPa, respectively, and that the accumulated stress in a

winding with AFp =4 x 109 N/m3 amounts to 40 MPa per centimeter of winding

thickness.
The remaining problems 1ike ac losses, fatigue, and protection will be

comparatively smaller. It should be pointed out that most of the discussed
problems also apply to multifilamentary windings with the exception of the end
geometry and the current distribution in the conductor.

There are also advantages of the tape winding over multifilamentary
windings such as mechanical integrity and easier force and heat transfer with-
in the tape stack.

In conclusion of this section, we repeat: the problems for a dc magnet,
that is, one that only has to perform at the maximum field, will be much easier
to solve than those for an ac magnet, which has to perform during the whole

ramp.
VII. PROPOSED WORK AND GOALS

The aim is to construct and test a represencative model of a high-field
dipole. To be representative, the dipole should have an aperture of +56-cm
i.d. and be long enough to have a two-dimensional field section that is not
influenced by the field distortions of the ends (ends are t/ ree-dimensional
field sections). The total length will be about 1.5-2 m, with the three-
dimensional sections about 0.5 m each. .
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The design should incorporate mcst solutions to the problems outlined in
the previous section. The dipole will have two layers: the inner, high-field
section wound with NbBSn tape, and the outer, low-field section with multi-
filamentary NbTi as now widely used in accelerator dipole technology. The
force-retaining structure would rely more on tension and compression members,
rather than C-clamps needing high bending strength. Cooling will be with
liquid helium at 4 K.

The dipole ends will be constructed so that most, if not all, three-
dimensional regions (that is, all regions where conductors are to be curved)
will Tie in considerably lower-than-maximum fields.

A sketch of the two-dimensional cross section and of the end construction
is given in Fig. 8. This conceptual design is based on rough calculations and
on a cardboard model of the ends. |

The first goal will be to reach an 11-7 dipole field with acceptable
field quality. The ramp rate and field quality during the ramp will be of no
concern in this first phase; that is, the dipole need only be capable of dc
operation at the highest field.

We must also consider two important secondary goals: (1) The design
must be suitable for industrial mass production; that is, most parts that will
have to be machined for the model prototype should be replaced later by stamp-
ed, extruded, cast parts, (2) The testing of the model prototype must give
fairly clear indication of the problems to be solved to reach acceptable ramp
rates and field quality during the ramp. The dc magnet should be a stepping
stone to a functional ac magnet.

Some further thought should be given to problems 1ike differential ther-
mal expansion between components for the future full-length dipole.

A. ‘Work to Be Done

1. Calculations. The model dipole design will be based on careful
calculations that involve some optimizations. The two-dimensional design can
rely on existing codes for field and force calculations. Conductor location
and tape orientation, correction windings, force structure, dimensioning and
positioning of iron yoke are all 1nteréonnected and depend on the results of
accurate calculations. Three-dimensional calculations will be more difficult.
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DIPOLE END CONFIGURATION

CROSS SECTION

(5 cm 1.D.)

COMVENTIONAL END CROSSOVER
OF THE TWO LOM-FIELD LAYERS OF MbiTi
RUTHERFORD CABLE

\\\\\\\\\\\\\\‘ UPPER HALF
STAMPED LAMINATIONS LOMER HALF
ST. STYEEL BANDS OF END CROSSOVER LOOPS FOR
. Ibasn TAPE HIGH-FIELD WINDING
MACHINED STRUCTURE CORRECTION NbT§i - RUTHERFORD CABLE .
for PROTOTYPE WINDINGS NbySn - TAPE (Dipole cross section shows only upper half of winding)

Fig. 8. CONCEPT OF DIPOLE WITH TAPE-WOUND, INNER HIGH-FIELD WINDING.

Cross section shows how tapes are aligned parallel to field and how the force structure takes the forces mostly in tension,
by stainless steel bands, and in compression, by stamped stainless steel laminations (in mode! dipole: machined).

End configuration: The wide loop of the tapes ensures low fields in all areas where the windings (especially the low-field
NbTi windings) have bends.



There are three-dimensional magnet codes that will be useful, but the addi-
tional constraint of conductor placement's having to satisfy the crossover
tape-bending geometry creates extra complications. The reliability of
calculations will have to be tested independently.

2. Analog Models. It is proposed to complement three-dimensional
calculations with room-temperature scale models, using copper tape, to verify
field calculations and to help with the optimization of conductor placement.

3. Small-scale Tests. The crucial new concepts for obtaining workable
dipole ends will need small-scale tests with superconducting tape. Such tests
must include a study of the magnetization of tape stacks and of the degradation
of small tape-wound pancake and racetrack coils in external fields of up to
about 5 T. Finally, small models of end geometries must be tested. These
small models will be tape windings that have pretzel-like shapes.

4, Design of Model Dipole. The design will be on the basis of the
optimizing calculations, analog models, and small-scale tests. The two ends
can be different. The tests are to be in a standard vertical cryostat. It
may be necessary to make separate tests of insulation under force,+ and of
stress-strain behavior of the structure before finishing the design. Also,
the needed tape may not be of the standard commercially available kind and may
require some development by the manufacturer.

5. Construction of Model Dipole. This is the phase where ideas and
suggestions for mass production should be gathered and developed.

6. Testing of Model Dipole. There must be thermometers, voltage
taps, and strain gages built into the coil to observe cool-down, quench

*huring 198271983, while at Saclay as a visiting scientist, the author

made experimental tests of the heat transfer between two copper surfaces sep-
arated bg Kapton. At 4.2 K the contact resistance saturates at approximately
2.4 kWm2K-1 per copper-Kapton interface at a contact pressure <200 MPa.
However, the thermal conductivity of Kapton was measured to be 10 mWm-1K-1,
much lower than expected and, in fact, completely dominating the thermal
resistance between the two copper surfaces. (A report on these findings will
be published.)
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location during training, and stress-strain behavior of the structure. Com-

plete field measurements in the inner diameter may need a warm insert.

B. R&D Plan
To reach the goal outlined in the previous section (a model dipole of

5 cm i.d., B2 11 T, 1.5-2 m long, using NbySn tape for the inner, high-
field layer), a 3-year timetable is proposed in Table VIII.

The cost of the program can be estimated on the basis of Table VIII,
keeping in mind that the work may begin with only two scientists and one
technician; the manpower requirement would increase about threefold for the
second phase (design, construction, testing).

TABLE  VIII

R& PLAN FOR 3 YEARS

(a) Calculations

(b) Analog models

Second year Third year

[Tho-gimensional

)
three-dimens.

R temp. field meas.

! procurement
(c) Small-scale tests AT
oI O&graaatIon
“pretzel-coils,
REVIEW )
L

(d) Design of 2-m model
dipole

(e) Construction {

(f) Testing
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VIII. OUTLOOK

This report addresses an R&D problem. Real research is always based on a
question to which the answer is not yet known. Our general question is this:
Can we reach high dipole fields suitable for accelerator bending magnets? It
is already known that, for overriding reasons of economy, the windings must be
superconducting and the current density must be as high as possible; also, the
fields of interest are >10 T. Therefore, we address a more specific question:
Can we build an 11-T dipole magnet, making use of Nb35n tape conductor, that
demonstrates suitability for use as accelerator bending magnet? This is the
first goal.

I believe I see a way to a positive answer in two to three years, but it
would not be a true question if that answer were guaranteed. Even if the an-
swer should be negative, learning the reasons why it cannot be done would con-
stitute progress in the field of superconducting accelerator-magnet technology.
Basic problems should surface during the first year in the research phase,
especially while the small-scale tests are under study. When entering the
design and construction phase, the risks of failure will be small.

Success in reaching the first goal will open up great opportunities for
proceeding along various avenues. Without further development a dc dipole can
be used

® as a beamline bending magnet, and

® as a bending magnet in storage rings.

Further development may follow along different directions.

(1) High-field dc magnets can be used in accelerators if they are com-
bined with already developed 5-T dipoles that change during acceleration from
-5 T, correcting for excess curvature in the dc magnets at low beam energy, to
+5 T, for added curvature at the high energy. This new, ac-dc concept“? is
possible because of the unprecedented high injection energies; it seems to be
conceptually sound but would need to be developed and tested.

(2) Further R&D on high-field tape magnets would push for dc magnets
with reasonably fast ramp rate, leading to full accelerator magnets.

(3) Another development would be directed toward still higher field dc
dipoles. If in a third, very high field layer, V3Ga tape (or Nb3Ge tape) were

used, B = 18 T might be possible.
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(4) The use of high-field tape conductor in quadrupoles and in combined-
function magnets should also be explored.

Which of these four options is to be pursued depends to a large extent
on the results of the test program on a successful model dipole. The problems
of achieving reasonable ramp rates and/or higher fields should be recognizable
and assessable from the results and proper interpretation of the tests.

A successful high~field dipole program could open very interesting future
options for an SSC. The following examples may illustrate this.

Suppose a 20-TeV SSC were designed with bending field strength between 2
and 10 T. It would be housed in a tunnel between 200 and 50 km in length (see
Curve a in Fig. 9 that indicates bending radius versus B.) Using the same
tunnel with conventional 0- to 5-T ac bending magnets, the energy indicated by
Curve b could be reached; with 0- to 12.5-T ac bending magnets, the much
higher energies, as in Curve f, could be reached. An ac-dc single ring, with
+5-T ac magnets and 12.5-T dc magnets with injection at 1 TeV, could reach
energies between 70 and 15 TeV, as in Curve c; subsequently, a second ring
with more dc magnets and injection from the first ring (at energies as in
Curve c} could reach energies between 100 and 20 TeV, as in Curve e. However,
injecting at 20 TeV into a single ac-dc ring, one could reach energies between
80 and 22 TeV, as in Curve d.

High-field dc dipoles can be used in storage rings. For instance, the
20-TeV beam from an SSC with conventional 5-T dipoles (36-km-diam ring) can be
stored in a ring of 14-km diam with 12.5-T dc dipoles while a second beam of
20 TeV in the opposite direction is accelerated for collision with the stored
beam. Such an option may have merit when an existing facility (in this case a
14-km-diam ring) is upgraded with a larger ring having a common tangent.

A very compact version of an SSC could be accommodated in an 18-km-diam
ring using the ac-dc concept.“® Stage I, consisting of #5-T ac dipoles 7 m
long interspersed with 12.5-T dc dipoles 3.2 m long, can accelerate from in-
jection at 1 TeV to 14.5 TeV. Stage II with a length ratio 3/7 of #5-T/12.5-T
dipoles accelerates from 14.5 TeV to 20 TeV. The 20-TeV beam can be stored in
Stage II while Stage I is accelerating a p beam to 14.5 TeV, or, alternately,
while the polarity of the dc dipoles in Stage I is reversed for a 14.5-TeV p
beam in the opposite direction. Collisions of 14.5 TeV on 20 TeV gives
Ecm = 34 TeV, which is quite acceptable for an SSC.
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Fig. 9. A FUTURE SSC UPGRADE MAY REACH 100 TeV IN SAME RING TUNNEL.

Curve a gives bending radius p (scale on right) versus the chosen dipole strength for
original 20-TeV SSC. The other curves indicate the beam energy that will be available if
the original ring tunnel is used with different bending magnets. Curves b and f for dipole
magnets (used conventiocnally) from Bmin at  injection to Bmax with Bmax = §T or
12.5 T, respectively. Curves ¢, d, e for ac-dc concept, with 12,5-T d¢ dipoles and %5-T
dipoles; Curve ¢ is for a single ring with injection at 1 Te’; Curve d iz for a single ring
with injection at 20 TeV. Curve e is for two rings, the second ring being injected from the
first ring, at energies given by Curve c. Example: 1If the original SSC is built with
superferric magnets between 2-3 T, a future upgrade with 5-T magnets can giva beam energies
between 35 and 50 TeV. With high-field magnets and ac-dc concept, energies between 50 and
100 TeV become available,



In conclusion: The proposed activity can benefit the SSC program in
several respects, depending somewhat on the time frame in which the SSC program
progresses. High-field magnets may influence the primary design if start of
construction is more than 6 years away; they can be considered as alternate
solution if the original design should run into difficulty; they will provide
options for the future. The most likely and probably the most important prom-
ise is the preparation of options for future upgrade. To reach a mature tech-
nology without a crash program may take 15 years.

IX.  CONCLUSIONS

This report has presented a concept for building accelerator dipoles
with record high fields. 1In this new approach we want to use superconducting
tape rather than multifilamentary conductor because of the potential for higher
current density in the winding and also because of the availability of tape
material up to fields of 20 T.

The traditional approaches to reaching high-field dipoles include the
use of NbTi conductors at 1.9 K, or Nb3Sn multifilament conductors in a wind-
and-react technique. Both approaches are severely limited in providing the
necessary high-current density with adequate stability; so far, neither of
these methods has been successful in reaching 10 T. It is expected that for
fields of 10 T and higher, superconducting tapes can give current densities
more than twice as high; at the same time, their cost may be only half.

The proposed use of tapes poses peculiar problems: (a) the avoidance of
flux jumps is essential for coil stability; (b) the formation of the dipole
ends is more difficult than for the established state of the art with
Rutherford cable as conductor. To avoid flux jumps, the tape ¥zze must be
parallel to the field throughout the winding.

Our conceptual solution envisages a high-field winding of tape conductor
inside a conventional lTow-field winding with Rutherford cable. The end geo-
metry is arranged so that all the bends are in low fields. Furthermore, a
field parallel to the tapes in the end region is achieved by means of inter-
leaved superconducting tape and ferromagnetic pole pieces, both passive; the
method is possible because highest current densities are not essential in the

end regions.
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Beginning with a demonstration of the concept's feasibility by calcula-

tions and small-scale tests, the goal of the R&D will be to design, construct,
and test a short prototype dipole of 11-T field and 5-cm clear aperture.
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