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Superconducting pulsed magnets for use in high 
field synchrotrons and storage rings and dc dipoles 
and quadrupoles for use in beam transport lines are 
reviewed. Operating and construction plans for the 
immediate future are presented. 

Superconducting magnets are only lossless at a 
constant magnetic field. A hysteresis loss occurs 
upon every field change so a pulsing field, as is 
intrinsic to a synchrotron, results in a cyclical or 
ac loss. For this reason pulsed magnets require more 
development effort than do dc magnets and so we consider 
them separately. Fecently, storage rings have become 
of increasing physics interest so hybrid magnets of 
very slow pulsing rate have been studied. Introduction 

The largest scale use of superconducting magnets 
to date has been in the field of high energy physics. 
Ever since superconductivity was discovered by 
Kamerlingh Onnes in 1911, the concept of lossless 
electromagnets has attracted the attentions of a 
number of prominent physicists, metallurgists, and 
other specialists. The continuing advances in solid 
state and metal physics resulted in the discovery and 
development of hard, type II, high field superconduct- 
ors in the 1950's. Several high field alloys and 
zompcunds were fabricated and in 1961, Kunzler at 
Bell Labs produced a 7.0 Tesla field in a solenoid 
wound vith Nb3Sn vire. Within two years a 10 Tesla 
field was produced with iSb3Sn wire in a small bore 
solenoid. 

Vigorous efforts were launched to build a variety 
of superconducting magnets since the benefits were 
obvious but the full extent of the difficulties Iiere 
not. The first major difficulty was the brittle 
nature of the high critical field, high critical 
temperature superconductor Xb$n, which made magnet 
fabrication difficult for small simple solenoids and 
not feasible for those magnets in which the fragile 
wires would be subjected to large forces. Flexible 
Nb3Sn ribbon conductor was developed and the mechanical 
problem was thereby partially solved but at the cost 
cf creating a conductor unstable against flux movement. 
Cclenoids have beer. developed with fields as high as 
15: kG using the ribbon conductors but larger magnets 
and saddle shaped windings have suffered badly 
Jnrrofiad -n~*a-.m.z.~.~~ A?l,e to 'his fl,l>: j-p ' .‘-&' iAi yLL _ i_...L ._.__ ~p&l&i;$+J. 
3iamagnetic currents in the relatively wide ribbon 
also make it difficult to construct high precision 
magnet fields -- magnetic field errors of less than 0°F 
part in 10'. 

?.e ductile alloy YbTi is strong and easy to 
fabricate but has a lower critical field and temp- 
erature than Ib$n. Early :;bTi conductor showed 
degraded performance due to flux jump instability. 
'7q. A..C development of stable twisted multifil,zent XbTL - 
copper composite in l&&1969 marks the beginning of 
the grcwing successful programs in accelerator and 
transport type magnet development. The relatively 
small apertures required in accelerators and beam 
transport lines result in the need for the highest 
possible current densities in order for the super- 
co-Cxtir.i: moenets to compete most favorable with the 1. 
conventional room temperature alternatives. Extremeiy 
large volume magnets as are found in bubble chsmber 
magnets are attractive on a simple electrical power 
saving basis. This power saving is not as dramatic 
with the smaller anerture accelerator magnets. 

- Y This work performed under the auspices of the 
Atomic SnerFy Commission. 

Why Develop Superconducting Magnets? 

As will be developed later in this paper, an 
impressive number (>lO) of NbTi conductor magnets have 
operated at or above 40 kG peak field, both for pulsed 
and non-pulsed operation. Peliable operation of similar 
systems in the 40 - 60 kG field range can be confidently 
projected in the next few years. It seems appropriate 
to ask, at this time, what advantages are in prospect 
for the users of superconducting magnets to compensate 
for the trouble and expense of supporting this new 
technology. "able I lists some of the Pros and Cons 
of superconducting magnet systems vis a vis conventional 
magnets. 

TABLE I - S.C. Xagnets' Virtues 

PROS CONS 
_____~ _..._. .___.__. ..---__- -.-- -- 

Zero power dissipation - Requires liquid helium 
dc cryogenic system 

Low power dissipation - Losses are at 4.2'K 
ac (500 watts/wattj 

High current density ------ 

c 
i 

~~ Field instability - flux I 

diamagnetic effects. 

i?,cOn6lT1y - uili cost less But ncji costs m=re. 

lo-'- lo-" Torr vacuum- Requires extra vacuum 
Cryopumping. system for thermal 

insulation. 
--- 

New field - improvements Present magnets are well 
are likely. developed. 

We have eccuyh tro.lbles 
as it is. 

1 
Reduced scale of 

accelerators and beam- 
lines. 

_.----_------- -_____-____- 

i;ith :!:e pxcp~tii;n of :yr:cial 2 -1v~intyes a:;scrli at?d 
with high current density (25 kA/cm* at 57) the c:>ief 
potential advantages of rurerccnductir,p magnet ::;.;tens 
are reduced cap!tal and operating cost:: and more compact 
accelerators and beam Iinex .Jased on the hif:her ava?ld~le 
magnetic field. Sesm lines :have been studied by ?.?euser' 
and Smith and liaskell'. ?!euser compared a complete 
experimental nrca for ihe XC SeV acce:erator nnd 
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replaced the 164 conventional magnets with eauivalent 
superconducting magnets with peak fields of 40 kG. 
The capital plus the 10 year operating costs of both 
systems were the same within estimating error. Smith 
and Easkell compared only the capital costs of focusing 
elements for beams of l-1000 GeV energy with the super- 
conducting elements operating up to peak fields of 
100 XG. They found that at the higher energies and the 
higher fields the superconducting costs were as much as 
an order of magnitude lower than the conventional. But 
at lower energies and fields of about 40 kG the costs 
were comparable. 

Synctrotron and storage ring peak energies scale 
with peak magnetic field so the examples of higher 
energy accelerators at present sites through the use of 
superconducting accelerator magnets are numerous. MELIly 
feel that the present sites are as large as may be 
provided for the forseeable future so the only way to 
achieve still higher energy is through increased 
guide field. It also appears that the cost per GeV 
should be lower with superconducting magnets. 

Jb$n Ribbon Transport Magnets 

Xb3Sn in the form of a thin relatively wide 
ribbon has been produced by RCA (now CSCC), GE (now 
Internagnetic General), CSF, and a few other companies 
on a smaller scale. A number of high field solenoids 
and Helmholtz coils have been built. A few special 
shape magnets for fusion research have been built as 
has a beam septum magnet at BRL. Our interest here is 
with dipoles and quadrupoles that have been b.uilt for 
beam transport. Table i1 lists this data. 

All these magnets were badly degraded (50-75s 
short sample) due to flux jumping in the ribbon con- 
ductor and the peak fields were less than 50 kG which 
can be more reliably and cheaply achieved with ;';bTi 
conductor magnets. Fo laboratory reported plans to 
built transport magnets using the ribbon Nb3Sn conductor. 

3ne program to use an improved ribbon tape in 
fusion research is planned at Lawrence Livermore 
Laboratory3. This improved ribbon would incorporate a 
nickel instead of a stainless steel structural sub- 
strate to improve thermal conductivity and flux jump 
stability. Pure aluminum might also be used for 
improved dynamic stability. If these improvements 
succeed, a complex magnet winding with fields of 100 kG 
and current density of 7000 A/cm2 is planned. 

Fipures 1 - 3 show some of the Xb3Sn zagnets listed 
in Table II. 1%. si-ou;cl be pointed out that many 

Figure 1 - IGC Dipole (Nb3Sn) 

Figure 2 - BFIL Quad (Nb3Sn) 

TABLE II - Ribbon I;b3Sn Transport Yagnets 

Eore Peak Field 
'irganization 8pe Dism. Length kG Ftcred Date ?iarm Zore 

Tested cryostat 

=_ .-: _1 = .~.~. Jo ..i _= i i ;i-i Y= --~F~~ir~i= rri=-_ 
hnnral 

i;lectric Cuad 7.? 20 26 (7.2) 3 

'3ormest s 
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Figure 3 - Siemens (IEKP) Quad in Cryostat Figure 4 - LASL Quads - Cryostat 

smaller, developmental, or unsuccessful magnets have 
not been listed in the Ko3Sn table above nor in the 
XbTi tables to follow. 

KbTi-Composite Transport Yaf;_"ets - Cuadrupoles ---. 

performance was excessively degraded and average current 
densities were low. Transport magnets were success- 
fully built soon after multifilament conductor was 
developed, and even more so after the roles of twisting 
and intrinsic stability were understood. In Table III 
we list a number of successful quadrupole transport 

The early single core NbTi-copper conductor was magnets. Figures 4 - 6 illustrate some of the magnet 
flux jump unstable unless overly thick copper was used. systems appearing in Table III. 
Therefore, except in the case of solenoids, magnet 

TABLE III - Composite NbTi - Quadrupole Transport Magnets 
1 

Organization winding Peak Stored '1 Warm 

'Bore Dia Length Field G Energy Date ( Em-e Comments 
Group 

cryo- 
cm Cm kG kG/cm kJ Tested 

4- .---.------------------------ ---- 

stat 
_--- -. ___i _... ~-_---.-. _ ----. ~--~-.~-.~-_-.~--~--------------- 

Oxford Inst. 13 i 75 45 5.7 200 1970 i X0 Untwisted multifilament conductor. 
Co. - CZEN 

-40 40 3 40 1970 Yes 
Doublet in 1 Cryostat. Persistent mode 

Los Alanlos 20 
Scientific 

operation. Elagnetic fields mapped. 

LaboratomJ (1:war-m) (each) (each) 
Possible beam line use 1973 (2 ouadrupoles) 

I 
CEPJI 

Morpur~o for hyperon physics experiment for 

about 2 years. (2 ouadrupolesj 

Close fitting, liouid helium temp. iron. 

CACXY 

:iAL 
TJ. Fast Iron dominated magnetic circuit. 

Coubler 

Cicmns for 

Earlsruhe 

In helium-cold bore of proton linear 
accelerator. Iron core. Seven more 

I doublets to follow. 
I 
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Figure 5 - Saclay Quads in Cryostats 

Winding 
kvni z&ion, Bore Diam 

cm 
=-__=_--- -.T*r. = _-;. i-_~ 

ANL 10 
/ 10 

-------.----i-----e--- 
iii;; I 

Danby / 8.5 
(Cold bore 

II : e.5 
(Cold bore 

CR!< 
Kesseler 13.2 

(warm) 

L13L 10 

29 
(?O warm) 

:3AL 
R. Fast 5 x 13 

(warm) ,I PC x 60 
(warm) 

I, 10 
warn ) 

Ene rpJ 

Doubler 
Gl-OUy, 

------ 

7.6 x 1?.7 
(Cold bore 

7.6 x 12.7 
(Cold bore: 
-..---_.-- 

Figure 6. CERFI Quad 

XbTi Trmortmets - !Xpoles --- ._-- 

Dipoles tend to be more difficult to build than 
quadrupoles since for equivalent sizes and peak mag- 
netic fields, the forces and stored energy are greater 
in the dipole. Several successful dc dipoles have 
been built and more are planned in the irsnediate 
future. These are listed in Table IV. Figures 7 - 10 
refer to some of these listed dipoles. 

TAELE IV - Composite X%X - Dipole Transport Xagnets 

) 
1 

Length 
cm 

90 
90 

SO 

183 

195 

___-_ 
-35 

83 

-___ 

300 

180 

300 

392 

300 
----__ 

Zip01 
Field 

kG 

r::1 

46 

IhO1 

e 

1 

? = 

/ ’ 

_.__ 

[ 

311 

--- 
35 
40 

25 

IF 

-23 

i301 

L45: 
--- 

Store, 
F:nerg: 

kJ 

-50 
[ -801 

64 

1751 

370 

117 

603 

.l.?O 

-- 

-- 

-- 

3ate 
Tested 

c_ _-_i_ 

1372 
[VI731 

-- 

1972 

[19?31 

~.- 

1972 

1972 

lo?: 
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7 Warm Bore 

Cryostat 
Comment- ., 

Ii0 

NO Design field. Hwnet finished--testing 
to begin Feb. 1373 

- -_.---- 

NO Two 183 cm long dipoles are to be in 
service at the EJL 30 GeV beam line to 

Yes produce an 6' bend about July 1973. Cold 

:cold bore) iron -- window frame type construction. 

---__- 

Yes 
Eem oaeration at CtRIl-PS in summer 1973 

-_--__-__-- 
NO Cold iron flux return. 

Installed -- Bevatron Beam Line -- 1373 

76 cm lonp model tested in 1970. 

Analysis mapnet -- to be operated 1973. 
2 large pap maEnets to be built in 1973. 
35 kG design. Fabrication by Airco - 

h'arm iron flux return. 



Figure 7 - CERN Dipole 

Figure 9 - BNL Dipole 

?igure e - ANL Dipole 
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Figure 11 - Fl:Z , LJ AC4 
?;i:ure 10 - LBL Dioole and Quad Doublet 



Pulsed Accelerator MaEnets -- 

NbTi filaments of the smallest possible dimension 
(test magnets have been made containing 4-5~ diameter 
filaments) have been developed in order to reduce the 
hysteresis loss associated with pulsed magnets. 
Although the technical problems associated with the 
building of low loss, high field, pulsed dipoles are 
severe, impressive progress has been made -- in large i 

part due to considerable efforts by a number of major 
accelerator laboratories, both in this country and 
in Europe. In fact, higher dipole fields have been 
achieved in pulse mqnets than in dc transport dipoles. 

Special attention is called to recent results on 
Rutherford's ACA pulse dipole which reaches 50.1 kG and 
pulses to '19 kG with a 2-second rise time or h-second 
cycle4. Throughout the entire excitation range the 
sextapole component of magnetic field is less than 
5x10-' times that of the dipole. A number of other 
successful pulsed magnets are listed in Table V5. 
Figures 11 - 14 illustrate some of these magnets. 

Figure 12 - NAL Doubler Magnet 

Jr Oriei ad 
Date tlarm Ear 

Tested Zryostat 

Tz-- --.r -z ZCFF 

1972 No 

1973 No 

I-1974 Yes 

TABLE 
Dipole 
Field 

kG 
._____I 

41 

[401 

1401 

. NbTi F'ul 
Stored 
Energy 

kJ 
XL---- _ -- 

6 

[381 

[A201 

40 

[451 

[451 

[=‘81 

150-3001 

39 

[451 

[451 

22 

[291 

1 >lOO 1 

27 

30 

40-45 1 

[451 

1451 

20 

6 

[20-401 

[I801 

11801 

2; 
[45Fl 

58 
-- 

82 
>150 

[601 I2801 

i501 -7001 ~ 

?d Dip 
Iron 
Flux 

teturn 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes- 
:old o: 
'arm 

NO 

No 

Yes 

Yes 

Yes 

NO 

Yes 
Yes 

Yes 

Yes 

.es - Accelerl 
Minimum 

Rise Time 
Comments iinding 

Sore Dia. 
cm 

____ S.?? z7 

5 

8 

8 

Length 
cm 

I -__.._ 

35 

90 

290 

4x8 40 

8 140 

a 140-280 

7.5 

7.5 

10-141 

40 

40 

100-200 

5 

3.8 

5.5 

5.5 

5.5 

10 
a 

g T 101 

90 

30 

90 

600 

100 each 

10 

11 

40 

50 
100-200 

-- 
50 

150 
-- 

O~ani- 
zation 

_L. -.__- 
BNL 10 dipoles tested - 

various conductors. 
2 T'deniJiTai&&s -- 
Isabelle Program 
&abelie-Prototypes.- - 
Hetal impregnated cable 

Very 50-1OOt 
slow 

,I 11 

Slow 10-20: 1973 No 

April 
1973 

[1974 1 

? 

Yes 

M' - Race track coils. 
Jptvned ends. InSn 
soldered cable 
D2a - cos F coiis.- - - 
InSn soldered cable ------ 
Ej2b-D3magne t s in 

Karls- 
ruhe 

IEKP 

LBL 

Med. 5-10s 
ium iesign stage 

Very 
fast 

II 

1972 

April 
1973 

1973 - 
19741 

NO 

No 

Yes 

3 dipoles tested in 
series. 
5 F$'i;ie;;trczT ZipOieS - 
FLformiQ test.---- 
In dgsign s-we. 

‘JAL Very >3os 
slow 

Very >3os 
slow 

Slow -30s 

Slow -30s 

Slow ..3os 

1972 - 
1973 

1972 - 
1973 

Mid- 
19731 

Late 
19731 

1974 1 

No Energy Doubler program. 
------------ 

No 

Yes 
(Cold) 

Yes 
(Cold) 

Yes 
(Cold) 

No 
No 

Yes 

!. zqnets in this grcup ------ 

C s$&nct-i& this_progA 

LO magnets in this 
croup. 

iHEL 
Very 
fast 

,I 
I, 

IS 

II 
II 

1971 
1972 
1972 

1973 - 
19741 

LC 3. ,c-4y r - _ - - _ - - - 

k-5. - - 
------ 

Bed. 5-20s 

II 11 

=-lY 
1973 

1973 - 
__19741 

Yes 

Yes 

:ACLAY 
IOBY :LEc---------- 
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Figure 13 - LBL Pulse Dipole ~8 

FiRwe 14 - IEKP DT Dlnole 

Evolutionary CevPlonment of 
Superconducting :!a net Cvstems -- ---- I----- 

A:thcuc?;h low raxe grcdictions are risky, suner- 
conductirq projects one to tvc ycnrs in the future are 

already in the design or authorization stage due to the 
usual lead times. Tables III, IV, V contain the details 
of several ambitious transport and accelerator magnet 
programs. There is relatively little overlap in the 
detailed specifications since each laboratory's goals 
are different. The following similarities exist: 

1. !io laboratory is using ribbon Xb3Sn -- All 
are using twisted mulifilsment XbTi. 

2. Magnet construction and testing is continuing. 
Degradation in performance still occurs. 
Field quality is being measured snd improved. 

3. Cryostat and cryogenic engineering develop- 
ment is being emphasized since these aspects 
generally lag the magnet development. 

4. Long time and large scale operations of super- 
conducting magnet systems are olanned in order 
to move this technology from the magnet 
laboratory to the accelerator experimental 
beam area and to the accelerator itself. 

5. Peak usable fields in the IibTi magnets will 
gradually rise from the present 40 kG to (0 kG 
in a few years. 

6. Yultifilsment high field superconductors, such 
as lti3Sn and V3Ga, might allow accelerator and 
transport magnets to operate at fields of 60 - 
100 kG in 5-10 years. 
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