
IEEE TmacAom on NucLeah Science, VoLNS-24, No.3, lune 1977 

MAGNEl'1ZAT10N EFFECTS IN SUPERCONDUCTING DIPOLE MAGNETS 

H. Ishimoto, R.E. Peters, M.E. Price and R. Yamada 
Fermi National Accelerator Laboratoe 

Batavia, Illinois 60510 

Sumnary 

Magnetization effect of superconductor on the 
field quality has been investigated for some of the 
typical Energy Doubler bending magnets. Calculations 
were made using the computer program GFUN2D and com- 
pared with some measured results. Agreement between 
them is good. The field quality at low excitation is 
mainly determined by the magnetization effect. A sim- 
ilar effect due to a stainless collar mechanical 
support was also calculated, although it is not as big 
as the first one. 

1. Introduction 

The homogeneity of the injection field in a 
superconducting synchrotron is seriously affected by 
the properties of the superconductor. Superconductor 
has hysteretic magnetization, which arises from the 
induced circulating currents flowing in each supercon- 
ducting filament. This magnetization generates its 
own field, which disturbs the field quality of the 
magnet, especially at low fi?ld. This prob2em has 
been discussed by M.A. Green and G. Parzen . There 
are several ways to minimize this effect: one somewhat 
successful method is to reduce the filament diameter. 
The other way would be to develop a superconducting 
material with low J, value at low field. Presently, 
the effect of magnetization cannot be reduced enough 
to avoid field distortions. Therefore, it is desirable 
to use high injection field to reduce the magnetization 
effect. In the present design, the injection field of 
the Energy Doubler bending magnet is 4.2 kG, which is 
bigger than the filament penetration field (-1 kG). 
There are mainly three magnetization effect. The first 
one is the transfer function, which is the ratio of 
magnetic field value and current value; the second is 
the sextupole field value, especially at low field, and 
the third is the remanent field. 

An additional, though smaller, magnetization field 
is present. The Energy Doubler/Saver dipole magnet 
coils are mechanically supported by means of external 
stainless steel collars. Consequently, the non-zero 
susceptibility of the stainless steel will slightly 
modify the field harmonics. 

Both of these contributions are included in our 
analysis. The computations were performed with the 
computer program GFUIQDT. 

2. Calculations 

For this calculation, the program GWN2D was 
employ d through the II34 Time-Sharing Option (TSO) mode 
at ANL & . In the program, the two-layer conductor 
region in each quadrant is divided into 32 prisms, and 
the magnetization within each prism is assumed con- 
stant. The magnetic field value at the center of each 
prism is calculated by the same program. The magnetiz- 
ation curve of the superconducting material Nb'l!i was 
derived from ou hysteresis loss measurement of super- 
conducting wire 5 as shown in Fig. 1. In the actual 
magnet, the magnetization of NbJ!i is diluted by copper 
and some other insulators. A dilution factor of 0.247 

*Operated by Universities Research Association, Inc. 
under contract with the United States Energy Research 
& Development Administration. 

was used. Taking into account the dilution factor, a 
B-H table was separately made,both for increasing field 
and for decreasing field. 

The same kind of calculation can be done for the 
stainless steel. The measured susceptibility of some 
stainless steels is given in Table 1. It is not a big 
effect, especially with Nitronic 33, which is being 
used for the Energy Doubler magnet cryostat. This 
effect on field was only calculated at 1,000 A, assum- 
ingXm = 0.015 of stainless steel 316 and without iron. 

3. Results and Discussions 

The calculated components of field harmonics are 
2, 6 and IO pole ones. The behavior in these coeffi- 
cients due to magnetization is shown in Pigs. 2 and 3 
with the values obtained from E5-2 magnet without an 
iron yoke. 

Transfer Function 

The transfer function, which is related to the 2 
pole field, is given in Fig. 2 as a function of the 
exciting field. The measured results are also shown in 
the same figure. The transfer6function was measured 
using a proton NMR up to 20 kG . The agreement between 
them is fairly good. The measured value is centered at 
8.065. The values during the rise of a ramp are lower 
than 8.065 and those during the fall of the ramp are 
somewhat higher. The difference between them at IO kG 
is about f 2 Gauss, which is much smaller than the 
remanent field value of approximately IO Gauss. This 
reflects the reduction of Jc values, which is propor- 
tional to l/(B + Bo). If we assume B. = 2 kG, this 
expression is in good agreement with the data, even 
though all of the superconductors in the coil are not 
in the same field. 

Sextupole and Decapole Field Components 

The field quality at low field is dominated by the 
magnetization of the superconductor, which induces high 
harmonics in the field quality. The normal 6,and IO 
pole components in Fig. 3 are those obtained in the 
harmonic analysis for the 5-foot magnet (E5-2) without 
iron. The measured data includes a component due to 
construction errors In all these figures, the calcu- 
lated values are shifted to compare with the measured 
ones. In the above calculations, the B-H table does 
not include the effect of transport current (It). This 
effect gets bigger when the transport current comes 
closer to quenching current. However, in the low field 
region, it is negligible. Even without this correction 
agreement between measured and calculated values is 
good. 

History Effect of Sextupole Coefficient 

The 6 pole component was studied under different 
conditions. The 6 pole component during normal ramping 
from zero field and also from virgin state are shown in 
Fig. 4. The elfect of field reversal on the 6 pole 
component was also tested. After exciting the E5-1 
magnet (with iron yoke) up to 40 kG, the field was 
reversed up to -5 kG (at least twice the penetration 
field). Then, exciting in the normal direction, the 6 
pole component was measured at DC: current. The results 
are given also in Fig. 4. The behavior is very similar 
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70 -,he magsez1zas1on curve. below 0.5 kG, the sign of 
t:-.e 6 uole component is opposite to that of the normal 
rsm~i2g. 

"nenanent Field 

The remanent field was measured for virgin 
excitation and the subsequent excitation of the E5-' 
magnet -tit:". iron yoke. As si-ow in ?ig. 5, both reman- A A 
ent components increase until toe flux completely 
penetrates into the filaments, and then level off. They 
decrease with increasing field, which may be due to the 
decrease of Jc value and due to increase of transport 
current. The total remacent field is about 12 Gauss, 
while the remanent field due to iron yoke is 2.5 Gauss. 

The renanent field was also investigated in 
several ways for the E5-1 magnet with iron yoke and for 
the E5-2 magnet without iron yoke. The data for the 
~5-2 magnet was obtained by adjusting the current to 
the desired value and then either tripping the power 
supply OF gently returning the current to zero. These 
results are shown in Table 2. The persistent sextupole 
resulting from a fast trip is systematically smaller 
than that obtained by slowly lowering the current. The 
sense of the shift is consistent with the generation of 
eddy currents in the superconductor during a fast trip. 
30th 2 pole and 6 pole components of remanent field 
after tripping were lower than those which had not been 
tripped. 

?4agnetization of Stainless Steel 

The effect of stainless steel collar causes a 
constant shift in the field. The increase in the 2 
pole field is roughly 0.5% for Stainless Steel 316. 
The changes of the higher order coeff'cie ts 
x 10-4/cm2 for the 6 pole and 4 x lo- i P 

are -*.I 
/cm for the IO 

pole component. These shifts do not depend on the ex- 
citation field, and can be corrected. The case with 
Nitronic 33 should be smaller by a factor of 10. 

As a conclusion, the magnetization effect is quite 
serious, especially below the penetration field 
(- 1 BG), and inzection at any field less than that 
might be very difficult. 
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TA3IX 7 

Magnetic Susceptibility of Various Stainless Steel 

Alloy/Field IT 2T 3 LT 5T 

316 3.015 O.Cl6 3.015 3.0'3 O.Cl2 

Xitronie 40 5.0021 0.0020 0.001g O.OOlE 0.0018 

Xitronic 33 0.30:8 0.0017 c.0016 0.0015 0.0015 

TABLE 2 

Remanent Sextupole Field of E5-2 without Iron Yoke 
at r = 1.0 cm 

I (mp) Slow Fame 
(Gauss)- 

(O--I--O) 

Fast Trip 
(Gauss) 

50 1.42 

100 7.35 

200 1.48 

400 1 .5: 

603 1.60 

800 1 .60 

1000 1 .59 

1503 1 .59 

2000 1.56 

25oc 1.52 

woe 1.48 

35OC 1.41 

4000 I.32 

4200 I.19 

1.28 

1.26 

1.23 

1.22 

1 .I6 

1.13 

1.12 

0.95 

Fig. 1. Magnetization curve of NbTi, calculated from 
hjrsteresis data. 
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I , I Fig. 4. Zffect of history on normal 6 pole coeffi- 
IO 15 20 cient for E5-1 magnet tith iron, yoke. 

Central field (kG) 

Fig. 2. Transfer z"unctisr. of E:-2 magnet witbu‘, iron 
yoke as a function of central field. 
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Fig. 5. Remanen: field as a functior. of max3rum 
excitation field for E5-? witt iron yoke 
measured at 1* = 1.9 cm. 
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