Fermi National Accelerator Laboratory

he

TM-1686

Accelerator Magnet Designs Using Superconducting
Magnetic Shields *

B. C. Brown
Fermi National Accelerator Laboratory
P.O. Box 500
Batavia, Illinois 60510

October 1990

* Presented at the 1990 Applied Superconductivity Conference, Snowmass, Colorado, September 24-28, 1930,
Tt

- Operated by Universities Research Association Inc. under contract with the United States Department of Energy



ACCELERATOR MAGNET DESIGNS USING SUPERCONDUCTING
MAGNETIC SHIELDS

B. C. Brown
Fermi National Accelerator Laboratory *
P.0. Boz 500
Batavia, Hllinois 60510

Abstract

Superconducting dipoles and quadrnpoles for existing accelera-
tars have a coil surronnded by an iton shicld, The shickd lim-
its the fringe ficld of the magnet while having minimal effect on
the lield shape and providing 2 small enlhiancement of the field
sirength. Shields using superconducling materials can be thin-
ner and lighler and will not expericnce the potential of a large
de-centering {orce. Boundary conditions for these malerials, ma-
terial properties, mechanical ferce considerations, cryostat consid-
erations and some passible geometricat configurations for super-
conducting shields will be described.

1 Multipoles with Cylindrical Shields

The magnetic field produced by a multipole coil within a cylindri-
cal iron shicld is subjecl to analysis by tmage methods. The fields
and resulling lorces are analyzed by Halback [1]. The resulting
formulas will apply to the case with a diamagnetic shield by an
appropriale change of sign. For dipoles, we find that the feld is
given by

B = Bl £ (5)) (1

where R is the shield radins and ¢ the coil effective radius and
the plus sign applies for a perfect lerromagnelic shicld. Other
approaches to shiclding design can be found [2] 3]

When a superconduciing coil is surrounded by an iron shell
there is a well known de-centering force between the coil and the
shell. This is of considerable significance in design of cryostat
systems since the allowance for an imperfect alignment requires
the cryostat to withsland the forces generated. If the iron shield
is to be held at a different temperatnre than ithe coil, the ability
to reduce the conduclion between the two parts will he limited by
the requirement to supporl de-ceuiering forces. Since the image
current is in the reverse direction for the diamagnetic shield, an
off-center coil will experience a restoring force rather than a de-
centering one. The magnitude of these forces was calculated by
Tlalbach [1] to he

f == %ﬂ"l(j\r + 1)!{2[) 63 (2)

{or the case in which iron saturation effects are ignored. This
force is large in proportion to the enhancement sought {rom the
iron shield.

2 Superconducting Materials

In Table | we list some of the materials which might be consid-
ered for magnetic shiclding applications. We nete that successul
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Table 1: Some Superconducting Materials

Material Temperature Useful Field
Niobium 4K 02T

NbT? 4K 5T

NbySn 10K 5T

High Temp SC 20 - TOK 02T

magnets have been constructed with N6T¢ but that the cost of
this material is fairly high so its use would be restricted to appli-
cations in which this design provides some essential new feature.
Pure Niobium has the advantages associated with Type I super-
conductors: no flux penetration at all. This has been utilized in
shiclding iubes in the past but is limited to relatively low fields
even at helium temperatures. Nb;5n has been difficult to usc in
magncts but as a shield, its mechanical limitations may be more
casily overcome. In addition, it may be possible to use it at a tem-
perature near 10 degrees which could be suitable for the thermal
shield layer in a low temperalurc cryostat. The possibilities for
utilizing the new high Lemperature superconductors is more spec-
ulative but more exciting. 1t seems clear, for materials currently
under developmenlt, thal their magnetic shielding properties at
nitrogen temperatures are noi interesting. However, il 1s quite
possible that interesling shielding properties could be obtained
at temperatures of 20 Lo 30 degrees where intermediate tempera-
ture thermai shields are very favorably designed into existing large
magnets [4]. As developments continue for high temperature su-
pecconductors, olther aliernalives may be developed.

Consider a circular cylinder ol superconductor of an appropriate
length and radius. The current required to shield a given magnetic
field can be calculated by assuming that a current density J. is
carried within a thickness w near the surface of a superconductor
at which the magnetic field parallel to the surface is B. Utilizing
the usual Ampere’s Law integral we find

Fii
= ot (3)

For N&6T7 and NbySn we will take a value of 20004/mm?
(2 % 10°.1/m?) while for ihe high temperature materials we will
assume 1004/mm?{(10°4/m?). Thus a shield using Nb3Sn for 3 T
would require 1.2 mm of material while it would require 1.6 mm of
High 'Temperature material for shiciding 0.2 T. Since the current
carrying capacity of superconductor improves when it is shielded,
the outer portion of the shield layer may be more eflective, making
this estimale conscrvative[3].



Table 2: Some Ficlds and Radii in the Effective Radins Approxi-
mation

B coil a R(2T) R(0.2 T)
Dipoles

6T dem T com 22 cm
8T 4dcm 8 cm 25 cm
13T 4cm 10 cm 32 cm
Quads .

6T 4ecm 57 cm 124 cm
8T 4cm 63 cnm 13.7 em
137 4em T.5¢m 16.1 cm

3 Magnet Configurations and Fields

Far a multipele magnet of symmetry 2N (N=1 is a dipole) we
know that as we mave outward away from the coil the field is
completely dominaled by the lowest order harmonic component.
In designing a shicld. we will be satisfied with such single term
cxpansions (The problem is to sclecl a useful effective radius.)
The peak field at radius R is given by the formula

B = By (1)

where H, is not very different than the field at the effective radius
a. In Table 2 we illustrale a few interesting cases.

With these numbers in mind, we suggest three applicalions in
which a superconducting shicld may affer impartant advantages
over an iron shickl.

[. For very high ficld accelerator dipoles, one can avoid the de-
centering force, the weight (which impacts Lthe cryostat de-
sign} and non-uniform field of a salurated iron shicld by using
a superconducting sheli. The ficld enhancement {rom an iton
shield will be a relatively smaller advantage than for magnets
which provide 4-6 Tesla fields (see section on dipoles).

2. For quadrupoles in a p-p colliding Lbeam collision region, as
the transverse separalion hetween orbits decreases we musl
chnose belween quadrupoles which are nearby bul indepen-
dent and a shared quadeupole (large aperture). The iron
required for shielding a quadrupole pair which produces 2
T at the iron surface is likely to have a thickness of sev-
eral cm whereas we have suggested above that a few mm of
Nb35n might provide the same shielding. Thus, one may have
quadrupoles with equal strength and aperture hut smaller
orhit to orbit separation using superconducting shiclds. For
quadrupoles, one cannot achieve a substantial field enhance-
ment with iron (or decrement with superconducior) hecause
the field naturally falls with radius more quickly than for
dipoles.

3. If a colliding detector is to be based upon a dipole field, one
will need a compensating dipole within the straight section
to cancel the dipole bending of the detector. Typical large
aperture experiments will wish to exploit all of Lhe available
angular regions to look for particles. We illustrate this with
Fig i. The angular region ¢ hlocked by the compensating
dipoles is determined hy their overall radius R and distance

Collider Detector with Dipole Analysis Magnet
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Figure i: Compensalion Dipoles for a Collider Detector with
Dipule Analysis Magnet illustrating the advantages of small over-
all magnel radius achicved with a Superconducting Shield

fromn ihe interaclion poini L giving ¢ = R/L. Assuming
that the analysis dipole must operate at fields from zero Lo
ils maximum, the beam pipe must be clear for a radial dis-
tance § determined by the distance L and the bend strength
J B4l of the analysis magnel. Maintaining a small § allows
the experiment io examine particle decays very close to the
interaction peint. Reducing the overall radins R of the com-
pensating dipoles will allow onc to reduce the required beam
pipe size in the detector. The cost of providing a supercen-
ncting shield at 4K may be a very desirable trade-ofl in this
situation,

4 Effects of Shields on the Maximum
Field in Superconducting Dipole
Magnets

As discussed above, a superconducting magnet design will realize
an enhanced field al a fixed current by adding an iron shield. At
the maximum current for which the iron is unsaturated, it will
add about a Tesla to the ceniral field of a dipole. A perfect su-
perconducting shield of the same radius will result in a similar
decrement to the field, However, ignoring the costs of power sup-
ply chunges (small), the proper comparison of such designs is at
the point lor each design [or which the coil reaches its current
carrying limits. A suitable way to explore this is shown in Fig 2
in which we show the body ficld {solid diagonals) and maximim
field at the coil (dashed diagonals) for three magnet options. Each
has a coil with inner radius of 3.5 cm. When required, the shield
has an inner radius of 9.624 ¢cm. The three cases include an iron
shield {assumed unsaturated), no shield, and a superconducting
shield. "The superconducting cable properties at either 1.8K or
4.35K are shown by the characteristic lines which cross the mag-
netl load lines. These are calculated with a program based on the
model of Green|5]. The coil and shield designs are from a high



COMPARISON OF IRON AND SUPERCONDUCTING DIPOLE SHIELDS
Load Linss and Conductor Characteristio
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Figure 2: Operating Limits for Superconducting Coils. Magnel Body Field Load Lines (solid) and Load Lines for Coil High Field
Points (dashed lines) and N&T7 Supercanductor Characteristics al 435K and L8R are shown for three coil/shield combinations

Table 3: Comparison of Iron and Superconducting Shields for

Dipoles

Iron Lo Field SC Shield

Shield  Shield  {Hi Field)
Shield Radius 9.6 cm large 9.6 cm
Cable limit in Coil (4.35K) 6.30 kA 723 kA 850 kA
Resulting Field at Coil 64T 78T 651 T
Corresponding Body Field 7.1371T 6358 T 5817T
Relative Field Strengths 1 0.926 T 0.826
Cable limit in Coil (1.8K) B8.36 kA 9.63 kA 11.39 kA
Resulting Ficld at Coil 10.i4 T 956 T 876°T
Corresponding Rody Field 946 T 876 T 7.82°7T
Relative Field Strengths 1 0.§22 0.818
Rel. Strength(Constant 1) 1 0.818 0.634

field dipole design|6]. Some numerical results corresponding to
Fig 2 are shown in Table 3.

These resulis are oblained from an analvtic calculation of the
fields, assuming nnsaturated iron (thus the straight load lines).
The magnetic field enhancement from the iron at constant current
is the large factor expected (in fact, very large, since the shield
radius is small enocugh that even al Lhe 4.35/ operalion, the iron
shield will be saturaled. The extrapolated enhancement for 1.8K
operation is very optimistic). However, Lhe calculated enhance-
ment when taking into accountl the conductor properiies, is only
about 8% wiien compared 1o a shield at large radius and oniy 18%
when compared to a high field shield {only required when secking
minimum radial aperiure). A superconducting shicld at a radius
corresponding to Lhc oulside iron radins will have a load line with
slope slightly shallower than the “no shield” case shown. A calcu-
lation which accounts for the saturated iron will show somewhat

less enhancement at 4. 35K and much less enhancement at 1.84,
We nole that the superconducting shields will not result in any
change in field shape (harmonic content) due Lo saturation, unlike
saturated iron shields.

In Fig 3 we illustrale the sort of geometrical differences which
a superconductling shield permits for design of an accelerator
dipole. The dipole with iron shield which is illustrated is typical
of the S5C generation of low heal leak, cold iron superconducting
dipoles. Using a high field shield permits a very compact design.
Superconducting shells which shield 1 or 27 could be used in a
design with this geometry. Such a geometry would provide ade-
quate space for the coil package to be cooled to 2K with the shell
held between 4K and 104 if thal was desired for a very low tem-
perature design. The low ficld design illustrates the use of 0.2T
superconducting shells. It is nearly as large is the designs with
Iron shields, but the weight and magnetic properties will have the
diflerences outlined above.

5 Cryostat Issues

Since the weight involved will be 4 to 10 times less for supercon-
ducting shields than in comparable cases with iron shields, and
since there will be no de-centering forces, the cryostat can be re-
optimized to utilize this as an advantege. The design shown for
a low lield shield allows a large radial distance, such that the
cryostat design can be completlely different than the folded posts
which are needed Lo support the large iron mass. It may be possi-
ble to take advantage of the lower weights and large radial space
to create designs in which the heat path can include long longi-
tudinal distances as well as long radial ones. The much smaller
mass of cold {helium Llemperature} malerials may prove to be an
very important operational advantage of superconducting shields.

6 Superconductor Issues

Several issues which mighi be of concern need to be addressed [or
this system and should be examined in any proposed test. First,
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unlike Type I materials, Type Il snperconductars can allow flux
penetration. This design presumes that onc can avoid serious (lux
leakage by a suitable cHoice of malerials and a sufficiently con-
servative shield thickness. Beyond this guasi-static descriplion,
one also experiences flux creep phenomena in Type I supercon-
ductors. These eflects have proved Lo be significaut in aceeleralor
dipoles|7][8]. The Nux crecp effects an the dominant field are not
important {nol yet observed) whereas Lhe effects of flux creep on
ficld distortions {sextupole amit decapole errors) have been signif-
icant, However, for a large radius shicld, any ficld shape effects of
flux creep will be very small.

Superconduciing shiclds are also subject to the flux jump
instability[9]. This consideration will likely demand that the
shield be constructed with a series of layers whose thickness is
prescribed by the heat conduction and capacity of the suporcon-
ditctor and the host metal in which it s embedded.

Bipals erith [ren Shisld

Dipole itk Kigh Flala
Supercanductiog Shigld

fron Magosiic
Shinle

flitregun Tomp
Hani Shiwld
= Vacunm Shal|
Suparconducting
Magoetic Shiald

Olpols with Low Flald

Supsrconducting Shjeld

Figure 3: Comparisen of Cross Seclions for Dipoles with Iron
shields and with high or low field Superconducting Shicids. The
coiis shown have 4 em diameter and the larger vacuum shells have
a 61 cm diameler. !

7 Conclusions

The possibility of a superconducting shield for acceleralor dipole
and quadrupole magnets has been explored. We find that the de-
cenlering instability associaled with iron shields is avoided hy the
sirong diamagnetic shield. In addition, the shield can be much
thinner, occupying less radial space in the cryosial. We recognize

that by avoiding the weight and decenicring forces of the iron
shicld, we can re-optimize the cryostat design and substantially
reduce the mass which must be cooled to helium temperatures.

P'romising applications in which these advantages are important
have been identificd:

I. p-p Collider Tateraction Region Quadrupoles
2, Corrector Dipoles for Collider Detectors
3. Ihgh Field Accelerator Dipoles

Perhaps this will prove to be a practical use for the new high
temperature superconductors.
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