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A design study was made on a three-shell quadrupole magnet with 
an operational field gradient of 2.0 T/cm, which would represent one 
of the world's highest values for an accelerator quadrupole. The 
conductor specifications required the magnet to be cooled by 1.8K, 
1 atm superfluid helium. Magnetic and mechanical considerations are 
described and discussed. 

INTRODUCTION 
Since the proposition of pressurized superhelium refrigeration 

by the Saclay-Grenoble group,l attempts have been initiated in some 
laboratories to apply it to lO.OT accelerator dipole magnets.2 As 
is well known, the requirements for fabrication of a quadrupole mag- 
net of a given strength are less severe than those of a dipole, in 
order to achieve the same high current density efficiency of the 
superconductor used. Therefore, a quadrupole magnet may provide a 
suitable check of superconductor performance and feasibility of a 
superfluid- cooled high field magnet system. A design study was 
made and parameters were obtained for a quadrupole magnet design 
which utilizes a ternary alloy conductor cooled by 1.8K pressurized 
superfluid helium. This design has an operational field gradient of 
2.0 T/cm. This field gradient is more than twice that of the present 
Energy Saver quadrupole magnets, and is attained by a three-shell 
winding structure and cold iron. The design requires a three-inch 
diameter, aperture. The peak field in winding is lO.OT for 2 T/cm. 

MAGNET PARAMETERS 
Specifications of conductor for the quadrupole magnet are listed 

in Table I. Although it depends on critical current density achieved 
in research and development of the superconductor, the number of 
strands in a cable was chosen as 25, assuming the critical current 
density of superconductor of 155 kA/cm' at ll.OT, 1.8K. The cable 



insulation consists of two overlapping spiral layers of Kapton, 
. 001" and . 002" thick, with each having 20% gap. The resulting 
winding modulus is 3 Mpsi at room temperature and 6 Mpsi at 77K 
and below. Figure 1 shows critical current density of the super- 
conductor, and current density necessary for the field gradient of 
2.0 T/cm. Current density for 23 and 21 strand cables is also 
indicated for comparison. A dashed line in the Figure represents 
data obtained from one of the best binary alloys ever reported.3 

Magnet parameters are listed in Table II, and the cross sec- 
tional view is shown in Figure 2. Laminated iron plates (iron 
collars) are kept cold and used to enhance the field gradient to 
as high as possible. The outer stainless steel ring shown in 
Figure 2 has two purposes. The first function is to compensate for 
the comparatively low thermal contraction of iron collars. The ring 
therefore maintains the room temperature preload on the winding dur- 
ing cooldown and at liquid helium temperature. The second purpose 
of the stainless ring is to reduce stress concentration in the 
brittle iron collar during magnet excitation. The large iron keys 
also serve this purpose. 

Because of the close proximity of the iron collars to the wind- 
ings, this magnet design has a substantial flux saturation effect 
on its transfer function and harmonics. The transfer function at 
I = 5.6 kA is 16% less than that at field below the iron saturation. 

Field harmonics are summarize‘d in Table III for two kinds of 
magnetic length (90.55 and 131.89"). The sensitivity of the har- 
monics to the winding accuracy is shown in Figures 3 and 4. Those 
displacement effects on harmonics were calculated for simplicity 
for two constant iron permeabilities, one, infinite (solid line) 
and another, unity (dashed line). Figure 3 shows that the iron 
desensitizes the radial winding displacement effect on harmonics 
due to the mirroring of the current block in it. Figures 3 and 4 
indicate that the present three-shell quadrupole magnet has similar 
harmonic sensitivity as that of the present Energy Saver quadrupole 
magnet. 
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The magnet end winding is shown in Figure 5, where cross sec- 
tional view along the magnet axis is drawn on a plane of 0 = 45O 
in (a). Magnetic field without iron was calculated by GFUN, and 
is shown in (b) for the points indicated by dots in this Figure. 
The peak field on the plane is 69 kG. End field computation of 
the alternate configuration is given in Reference 4. Although 
the magnet end is designed to lie outside of the iron collars, 
there is a slight field enhancement due to the iron, as shown in 
Figure 6. The field enhancement shown in the Figure is 1 kG, and 
the.total field is therefore 70 kG. 

MECHANICAL CONSIDERATION 
Magnetic pressure on the winding is shown in Figure 7 for a 

field,gradient of 2 T/cm. The highest pressure on the median plane 
is 7.8 kpsi, and 30% higher4 than that of the Energy Saver dipole 
magnet at a central field of 43 kG. 

Deflection of the magnet winding is shown in Figure 8, as pre- 
dicted by a simple two-dimensional calculation. The iron collars 
were assumed to have no laminar structure, and be infinitely long 
along the magnet axis. Preload on the winding was not applied in 
this computation. Dashed lines stand for the original form, and 
solid lines for the deflected one. As indicated in the Figure, the 
maximum winding displacement in the azimuthal direction is 
1.6 ~lO"~in. The radial displacement of iron on the median plane is 
as 1OW as 0.4x10e3in. This radial displacement is underestimated 
because the laminated structure is neglected. 

Since the iron collar lamination thickness, -060 in., is thin 
compared to their width, it may be regarded as a membrane. The 
collar structure was therefore calculated three-dimensionally as 
shown in Figure 9. Only two pieces were considered in the "z" di- 
rection. (magnet axis), and were imposed as a periodic boundary con- 
dition along "zD, therefore, part of an infinitely laminated struc- 
ture. Utilizing the quadrupole symmetry present, only the first 
octant was considered for calculation. 
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The magnetic force was applied on the collaPs inner surface. 
This resulted in the displacements shown in Figure 8 being pre- 
dicted by the two-dimensional calculation. 

The resultant displacements are shown in Figure 10 for a field 
gradient of 2 T/cm. Preload' corresponding to the radial magnetic 
force at 2 T/cm was assumed in the calculation. The displacement 
of the iron collars on the median plane due to this preload is 
1.6 xlO'"in. Although this value is larger than that in Figure 8, 
it is still lower than the 3 to 4 x10'"in. observed in the Energy 
Saver dipole magnets. 

Contour lines of effective stress6 are plotted in units of 
kpsi in Figure 11. The peak stress in the iron collar is 10.6 kpsi. 
The stainless steel ring and the comparatively large iron key prevent 
the stresses from concentrating around the key groove in the iron 
collar. 

Properties of low carbon steel at liquid helium temperature' are 
listed in Table IV. Small values of Charpy impact strength and 
elongation before failure are indications that the iron is brittle 
at low temperature. The peak operating stress of 10.6 kpsi on the 
collar is much lower than values of yield stress and fatigue strength 
given in the Table of ultimate properties (Table IV). 

CONCLUSION 
Design parameters were obtained for the 1.8K helium-cooled 2 T/cm 

quadrupole magnet that seem to be reasonable. The magnet seems to be 
state-of-the-art Engineering and technically possible at the present 
time. The only parameter which has not been demonstrated to date is 
the current density at field of 11T and 1.8K. The design (with pro- 
per safety factors) requires 155 kA/cm' while the best so far obtained 
is 130 kA/cm, or 20% increase is needed. 
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TABLE I 

CONDUCTOR 

Strand 
Superconductor type 
Critical current density 
Filament diameter 
Copper/superconductor volume 
Diameter 

Cable 
Number of strands 
Nominal dimensions 

(including insulator) 

NbTiTa 
155 kA/cm2 at llT, 1.8K 
8 pm 
1.5 
0.0268" 

25 

0.338x0.0548" 

TABLE II 
QUADRUPOLE MAGNET PARAMETERS 

Number of shells 3 
Coil inner diameter 3" 
Number of layers: 

1st shell 10 
4 

2nd shell 21 
3rd shell 25 

Azimuthal angle: 
1st shell 18.97O 

24.50 - 32.03O 
2nd shell 32.67O 
3rd shell 33.05O 

Current/turn for 50 kG/in 5.6 kA 
Inductance/length 14.4 mB/m 
Iron - inner diameter 5.14" 

outer diameter 13.0" 
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TABLE III 

HARMONICS 

Straight Section 
At low current 

Transf. func. 

12 P 
20 P 
28 P 
36 P 

5.55 kA 
4P 

12 P 
20 P 
28 P 
36'~ 

Magnetic Length 
85.55" 126. i,9" 

10.471 kG/in./kA 
-7.12x10-4in.-4 
-0.66x10-4in.-8 

0.45x10B4in.-" 
-0.33x10-4in.-16 

50.027 kG/in. 
2. 40X10-4in.-4 
0.25x10-4in.-8 

-0.45x10-4in.-'2 
0.45x10-4in.-16 

10.466 kG/in./kA 
-7.79x10-4in.-4 
-0.68x10-4in.-8 

0.45x10'4in.-'2 
-0.33x10-4in.-'6 

49.996 kG/in. 

Magnet End (No iron yoke) 
Field Integral at 5.55 kA 

4P 
12 P 
20 P 
28 P 
36 P 

Total 

250.3 kG 
-1.03 kG/in.4 
-1.28x10-lkG/in.* 
-3.61x10-3kG/in.12 
-8.70x10-3kG/in.16 

Field Integral at 5.55 kA 
4P 4529.96 kG 6693.99 kG 

12 P 0 0 
20 P -O.O5x1O-4 in.-' O.O3x1O-4 in.w8 
28 P -0.46~10-~ in.-12 -0.46~10-~ in.-12 
36 P O.43x1O-4 in.-16 O,44x1O-4 in.-16 

Stored Energy 509 kJ 742 kJ 

Inductance 33.1 mH 48.2 mH 
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TABLE IV 

PROPERTIES OF LOW CARBON STEEL AT 4.2K 

Low Carbon Steel AISI Cl020 
(0.2% C, 0.9% Mn, 0.04% S) 

Ultimate stress 140 kpsi 
Yield stress 100 kpsi 
Fatigue strength 105 kpsi (lo6 cycle) 
Charpy impact strength 5 ft-lb 
Elongation before failure 5% 
Elastic modulus 32 Mpsi 
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STEP= 1 IfER= 20 TIME= -00 .05000 

DISP ANSYS 2 



..-._-_ _. _. 

-17- 



I 
I 
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m lD’3iN.DETAIL COLLAR.RUN z.x-S.SRA.~-O.~RON’SUS 
SGET ANSTS 2 
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STEP= ; 1 lER= 20 TlfIE= 0 .3xm 

2,306 LF’ 

-2o- 
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