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Summary

A prototype quadrupole magnet with 2.8 m effective
length la under design and construction for use In a
polarized beam transport system at Fermi national
Accelerator Laboratory. The operating gradient re-
quired is SO T/m and the higher multlpole error fields
oust not exceed a few parts in one thousand over a
10 cm diameter bore. Fcr cryogenic efficiency the
magnet will operate at 1000 amperes and a cold iron
yoke will provide complete field shielding.

Introduction

A superconducting quadrupole magnet (Fig. 1) is
under construction for a polarized particle beam trans-
port system at Fermi National Accelerator Laboratory.
The required operating gradient is 30 T/m and the
higher multipole error fields oust not exceed a few
parts in one thousand over a 10 cm diameter bore, An
additional three centimeter clear bore is desired to
safely allow the passage of an unwanted component of
the beam and to further increase the overall acceptance
of the system to wanted particles. The magnet will
serve as a prototype for a total of sixteen quadrupoles
required for the beam line. To minimize the refrig-
eration coats of the entire system a low operating
current of 1000 amperes was specified for the magnets.
In order that commercial fabrication of the magnets
might remain an option it was desired that the overall
design be as straightforward as possible.

could be as high as possible. To simplify the mechani-
cal design, a single block of uniform radial thickness
subtending 30° azimuthally was chosen for the winding
shape. Each pole of the magnet is impregnated with
epoxy following winding and the four completed poles
are assembled with aluminum clamps onto a rigid bore
tube. An iron yoke shields the coils while providing
12Z field enhancement und a pool-boiling cryostat will
be constructed that allows multiple magnets to operate
in series cryogenically and electrically. In Table I
are presented the design characteristics of the magnet.

Table I
Design Characteristics of the Quadrupole

Gradient
Winding Bore Diameter
Clear Bore
Operating Current
Effective Length
Winding OD
Sextupole at 5 cm Radius
12-Pole at 5 cm Radi-a
20-Pole at 5 cm Radius
Overall Cryostat Length
Overall Cryostat Diameter
Iron Yoke ID
Iron Yoke OD
\J Operating

50 T/m
15 cm
13 cm
1000 A
2.80 m
20 cm
s i x 1 0 ,
iS 1 x 10
53 x 10"3

3.35 m
56 cm
30 cm
45 cm ,
25 kA/cm

2D - Field Calculations

: B

The familiar complex representation ' was chosen
as a straightforward technique for obtaining two-
dimensional field expressions. The increment of field
dB at point w* from a current at z* is given by

dB -
-i no JrdrdS

(1)

Conjugate quantities are used since Maxwell's equations
are then equivalent to the Cauchy-Kxemann condition and
B is then analytic in z*. The quantity -i means dB is
perpendicular to (w-z)*. Four currents JdrdO are
located at z*, iz*, -z* and -iz* so that for a quadru-
pole magnet we have

dB -IMP JrdrdB
2ir (2)

By analytic}ty the quantity in brackets can be expanded
as a series convergent for |w*|<|z*| ,

*4k + 1
(3)

Fig. 1 50 T/m Superconducting Quadrupole

The upper limit on the operating current of 1000 A
is a severe constraint and impacts most aspects of the
coll design. The larger number of turns than would be
required of a higher-current magnet led us to prefer a
monolithic conductor rather than a cabled one, so that
the resulting compressive modulus of the coil winding

*Work supported by the U.S. Department of Energy

With z* - re it is easy to evaluate B for con-
stant J over an annular region between two fixed angles.
For
and

a winding block with inner and outer radii (R., R.)
angles (-4>,<M we have

B - Ba + Z B.
0 k-1 k

where

"*

(4)

(5)



*4k+l

\
* _ JL_
4k 4k

LR2 *1

(6)

The choice of quadrupole symmetry In expression
(2) necessarily generates the w* and * dependence of
(5). The term B o is the quadrupole field, B, the 12-
pole, B2 the 20-pole, etc. The choice of <t>«30° makes
the k»l, 4, 7,... terms vanish. In fact, for this
choice of i the sum of all the remaining higher-order
multipoles does not exceed 2 x. 10 times the quadru-
pole field at a radius of 2/3 the winding radius-f

To investigate the effect construction errors
have on the field purity the field from 4 single block
was calculated, where expression (3) is replaced by

*k
(7)

and then integrating. The resulting expression for B
then makes it easy to add the fields from four Inde-
pendent poles, with e.£- different radii, angles, or
even more complicated shapes corresponding to possible
construction errors. In general, this technique gen-
erates all multipoles of w* so that all multipoles,
i.e. dipole, sexcupole, etc. are present. By use of
chis procedure a detailed analysis of the effects of
construction tolerances has shown that achievahle
winding care will produce the required field purity.

Analogous procedures (but using a limiting proce-
dure near the current element) generate expressions
for the fields inside the current block so that Lorentz
forces can be calculated; the effects of a (constant
permeability) Iron shield are calculated by using image
currents in the iron. For this last case, the
expression in (3) is replaced by

(8)

where a«b /r with b - inner radius of the shield and
r * radius of the current element.

The magnet design program TRDT has been used to
study the field shapes obtained when iron with variable
permeability Is used.

Finite Element Calculation
4

The program SAP6 is being utilized to analyze a
finite-element model of the magnet. Beam-type elements
are used to model the bore tube and outer clamping
structure. Place-type elements are used to model the
coil and winding post. The moduli of elasticity in the
radial and azlmuthal directions were provided from
measurements taken from conductor-insulator assemblies
patterned after the actual coil design. Three loading
conditlcns were calculated using SAP6; assembly preload,
cooldown to 4 K, and magnet energized. A representa-
tive plot of displacements calculated by SAP6 for the
third condition la shown in Fig. 2. With a preload
generated by 0.013 cm radial interference between the
coil and the aluminum clamp rings, which Increases to
0.023 cm equivalent when cooled to 4 K, a low tensile
stress of about 3.4 x 10° Pa is indicated by SAP6 along
the conductor-post boundary in the azlnuthal direction
due to the Lorentz forces. Because such tension could
lead to excessive training, effort is being expended' to
study its elimination.

Fig. 2 Coil Deflections at 4K
Due to Lorents Forces

Conductor Design and Magnet Safety

A monolithic nultifilamentary NbTl superconductor
was selected with a copper to superconductor ratio of
1.3:1.0 to enhance overall current density in the coil.
The aspect ratio -»f the finished conductor was chosen
as 1.5:1.0 to help maintain coil integrity during
winding. To help eliminate shorts, the monolith is
insulated with 0.005 cm of Formvar and a 0.0025 cm
Kapton film wrapped with 50Z overlap.

Calculations made with a version of the Rutherford
program QUENCH3 helped establish the safety of the
1000 A operating current. The program showed that with
a protective resistor of 0.5ft and reasonable choices of
the adiabatic quench propagation velocity tha maximum
coil temperature was 250 K and the peak resistive
voltage was 1400 V.

Two and Three Dimensional Winding Studies

Each pole of the magnet will be constructed by
winding superconductor against a central post subtending
30° azlmuthally. The post will be of stainless steel
with end shapes machined numerically. A completed pole
is then vacuum Impregnated and cured in a mold of pre-
cise shape. Copper wire has been wound into short poles
to study the details of coil winding. Much of the prac-
tice effort has been directed at obtaining the best
approximation to the "constant perimeter" ends required
to help assure that the conductors, when wound under
tension will remain where they are placed as each layer
Is built up. The first model winding post was cast of
epoxy with a 'wide thin elastic strip in a constant peri-
meter configuraticn used to determine the end ?hape of
the pi*t. Each layer of conductor was wound flat
against the post so that it and its return layer on the
other side of the post were separated 30° azlmuthally.
As successive layers vere added it became increasingly
hard to maintain winding integrity in the ends of the
pole. The final layers of winding, triangular in over-
all section, were particularly difficult to hold in
place on the ends. Since constant perimeter layers
separated 90° azlmuthally more naturally lie on the



surface of a cylinder in the end regions the winding
technique was altered. A model post with a more com-
plex end shape was fabricated so that the triangular
portion of the pole could be wound first. Each layer
of conductors is 90° apart from its corresponding
return layer and the resulting winding integrity in
the ends of this pole was quite high. In Fig. 3 is
seen a section view of the end of an impregnated pole
wound in this manner. The remaining flaws apparent in
Fig. 3 will be corrected as the impregnation procedure
is refined. The paths of the conductor through the
ends of this pole are approximately that of semicircles
when projected into a plane tangent to the winding
cylinder. The radii and relative axial displacement
of these semicircles is determined by imposing the
constant perimeter condition on all conductors in a
given layer.

Fig. 3 Study for End Turns of
Approximate Constant Perimeter

Cryostat Details

The magnet will be pool-cooled by liquid helium
and a cryostat with a helium vapor cooled thermal
radiation shield will be constructed for it. The par-
ticle beam design requires the quadrupole magnets to
be located in four groups of four each. Thus it is
cryogenically desirable to operate four magnets elect-
rically in series, with low current leads for each
magnet to provide for + 10Z current variation within

the set, and only one pair of 1000 A vapor cooled leads
required for the foursome. As installed the magnets
will have common insulating vacuum, liquid helium, and
thermal radiation shield system. Each individual cryo-
stat will have independent safety vents for both the
vacuum and helium vessels, however, Che individual
trim leads may be required for coll protection in the
event of a quench.

Multilayer insulation will cover'both the helium
vessel and the thermal radiation shield. High strength
epoxy fiberglass tension members will support the cold
mass and bellows will be provided at the ends of the
cryostat to provide for field connection and adjustment
of the magnets. A cold bore system is'contemplated,
with thin beam windows at the ends of a set of magnets
to maintain vacuum integrity. No thermal radiation
shield will be employed in the cold bore. The iron yoke
will serve as the primary coil alignment systsm, so
that magnet axis alignment and pole rotation are pre-
cisely specified along the length of the magnet.

Results

Numerical descriptions of the ends of the winding
posts are in preparation to permit the precision
machining of these coil parts. Short-detection tech-
niques for the winding line are under study, and
instrumentation is being designed to permit the measure-
ment of coil temperatures and voltages during quenching.
The receipt of superconductor is expected soon so that
coil construction can begin. Following preliminary
coil tests in a vertical dewar, the iron yoke will be
installed and field quality measurements undertaken.

References

1. R. A. Beth, Proc. 1968 Summer Study on Supercon-
ducting Devices and Accelerators, A. G. Prodell,
Ed., (Brookhaven National Laboratory, Upton, NY
1969), p. 843.

2. A. Asner and C. Iselln, Proc. of the 2nd Inter-
national Conference on Magnet Technology, July
1967, Oxford, England.

3. A. M. tflnslow, "Magnetic Field Calculations in an
Irregular Triangular Mesh," UCRL-7784-7, Aug. 1965.

4. Structural Analysis Program - 6, SAP Users Group,
University of Southern California, Los Angeles, CA.

5. M. H. Wilson, "Computer Simulation of the Quenching
of a Superconducting Magnet," RHEL/M/151, 1969.


