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Abstract:--The PEP-II B-Factory is presently engaged in the 
design and fabrication of severd unique magnets referred to as 
septum quadrupoles. This family of magnets is required to 
contain a low energy beam of positrons (3.1 GeV) and a high 
energy electron beam (9.0 GeV) in adjacent beam pipes housed 
within a common magnet. One beam will be focused while the 
other passes through an almost field free region. To do this, an 
asymmetric magnet must be designed having a pure, high 
quality quadrupole field in the magnet aperture and an adjacent 
low field bypass channel. A current sheet or "septum" coil must 
be placed between these two regions to produce the desired 
magnetic results. Design of this high current density septum coil 
presents many challenges since space between the two vacuum 
beam pipes where the coil must reside is very limited. This 
paper will describe the overall design of the septum quadrupoles 
and the solutions employed to achieve the required magnetic 
performance. 

MAGNET CONCEPTUAL DESIGN 

Three different septum quadrupole magnet designs are 
currently being developed for the Stanford Linear Accelerator 
Centers' PEP-11 B-Factory [l]. The septum quadrupoles are 
located in the Interaction Region (IR) on both the High 
Energy Ring (HER, 9.0 GeV) and the Low Energy Ring 
FER, 3.1 GeV). These are the final focusing optics before 
the individual rings are combined into the same vacuum 
chamber. Each design is unique as a result of the physics 
requirements for the physical beam dynamics and the 
geometric constraints of two adjacent beam lines housed 
within a common magnet. One beam is focused in a pure, 
high quality quadrupole field within the magnet aperture 
while the other passes through an essentially field free region. 
Fig. 1 illustrates the IR and the two beam lines housed within 
the three septum quadrupoles. A septum coil is required in 
the three designs because the two beams and their 
corresponding vacuum chambers and thermal management 
hardware are in close proximity as the beams near the 
interaction point (IP). This paper will address the conceptual 
design of the 4 4  quadrupole which is part of the quadrupole 
doublet on the HER. 

4 4  is the final focusing quadrupole magnet on the HER 
and it requires exceptionally high field quality. It must also 
contend with extremely limiting physical constraints imposed 
as the rings join together. It has a 1.5 meter magnetic length 
with a nominal field gradient of -7.56 Tesla per meter. Field 
quality requirements for a 15 sigma beam are specified as a 
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Fig. 1 .  The B-Factory Interaction Region 
L.P. 

maximum multipole contribution normalized to the 
fundamental of 1 x lo4. 44 is located 3.7 m from the IP and 
the two beams are only separated by 64 mm at this location. 
However, the elliptical beam changes shape as it traverses 
through the quadrupole. In fact, the largest y-dimension is at 
4.45 m and the largest x-dimension is at 5.2 m. The 4 4  
magnet aperture incorporates a 15 sigma beam, a synchrotron 
radiation fan and a cone angle for the luminosity monitor. To 
further complicate the geometry the LER beam tube must be 
wide enough to accommodate its synchrotron radiation fan. 
This requires the 4 4  steel yoke to be machined for ample 
clearance and prohibits a flux return path on this side of the 
magnet. The LER is angled with respect to the HER and the 
distance between them changes along the beamline axis. 
Therefore, an envelope encompassing the beams largest size 
must be used in conjunction with the LER beams closest 
proximity to the HER beam, in order to determine the 
available septum coil width. After alignment tolerances, 
vacuum chamber and a fringe field shield are added in this 
area, there is approximately 20 mm of width available for the 
septum coil. The horizontal and vertical dimensions of 44 
are limited to 600 mm by 600 mm because of detector 
assembly interface issues. An additional concern for this 
magnet is shielding from external flux generated by the 
detector solenoid field. Fig. 2 illustrates the 4 4  magnet 
cross-section at 2=3.7 m with the HER and LER beam stay 
dear shapes superposed. 

Several fundamental decisions were made in the initial 
design phase which assist the Q4 in satisfying the field 
quality requirement. First, the septum coil will have a 
curvilinear shape. Second, all of the Q4 coils are identical to 
maintain symmetry around the magnet aperture. The 
curvilinear coil shape negates the need for pole shims on the 
hyperbolic pole tip because it shapes the field in the aperture. 



Steel- 
Lamination 

' 

3- 

2- 

1- 

n i  

LER Beam 
vertical 428 

coil cross-sectional 
area changes as a function 
of both x and y 

9 . 0 .  

e . . .  

4 142.81 
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Maintaining coil symmetry reduces the systematic 
multipole contributions in the design. This criterion became 
the basis for all of the proposed design concepts. 
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COIL PERTURBATIONS 

The two dimensional pole and coil geometry for the 
septum quadrupole is derived from knowledge of the 
behavior of a simple dipole geometry and takes advantage of 
techniques of conformal mapping. For infinitely permeable 
iron the magnetic field distribution in a simple window frame 
septum magnet geometry has certain properties which are 
well understood. The field is uniform throughout the gap. 
This uniformity extends to the edge of the coil and does not 
require shaping of the flat pole. In addition, the field outside 
of the septum coil is zero for infinitely permeable iron. Small 
values for this external field depend only on the level of 
saturation of non-ideal iron in the magnetic circuit. 

Using conformal mapping of the dipole to the quadrupole 
geometry, one computes a hyperbola for the iron pole for the 
quadrupole. The rectangular coil in the septum dipole is 
mapped to a coil shape that is bounded approximately by two 
circular arcs in the quadrupole geometry as shown in Fig. 3. 
The current density in the quadrupole coil is nonuniform and 
depends on simple details in the mathematics of the mapping. 
The dots in Fig. 3 represent current filaments and illustrate 
the nonuniformity of the current density in the coil cross- 
section. These current filaments were evenly spaced in the 
septum dipole, but after the conformal transformation into the 
septum quadrupole coil, they became nonuniform. The 
magnetic field distribution in a perfectly mapped quadrupole 
geometry using infinitely permeable iron has magnetic field 
properties which are developed from the rules of conformal 
mapping. The field distribution in the mapped quadrupole is 
a perfect quadrupole field throughout the aperture. The 
quadrupole field uniformity extends to the edge of the coil. 
The field outside of the shaped quadrupole coil is zero for 
infinitely permeable iron. Small values for this external field 
depend only on the level of saturation of non-ideal iron in the 
magnetic circuit. Using these principals, it is necessary to 
translate the conformally mapped geometry to a physical 
design. 

Coil Design 

There are, of course, limitations to the extent that one can 
achieve the ideal current density in the dipole geometry. In 
the dipole magnet, the current density in the septum coil is 
not uniform as demanded by the requirements of the septum 
geometry. It consists of several square (or rectangular) 
conductors, each carrying an approximately uniform current 
density limited by the hole in the conductor to carry cooling 
water. The conductors are separated by gaps required for the 
turn to turn insulation. Finally, there are mechanical 
limitations in the precision the separate conductors can be 
placed with respect to their ideal positions. 

Analysis of the effects of these small deviations from the 
uniform current density demonstrates that the field 
distribution is affected in only a small way from the uniform 
field distribution in the gap and zero field outside of the 
septum predicted by the ideal geometry. The critical length 
for the decay of errors introduced by these deviations from 
the ideal uniform current density is the dimension of the 
perturbation [2]. Thus, for instance, the size of the cooling 
channel in each conductor and the width of the insulating gap 
between adjacent conductors characterize the l/e damping 
distance of the field perturbations due to these effects. The 
effects of conductor placement errors are a bit more difficult 
to visualize. A vertical conductor placement error, e, can be 
characterized by a small conductor pair above and below the 
nominal conductor position. The current strips will have a 
height e and a positive and negative current density equal to 
the current density of the conductor. The l/e damping 
distance for the field perturbation due to this effect is the 
separation of these two coil strips, or the vertical size of the 
conductor (similar arguments can be made for the 
characterization of the error fields due to horizontal errors in 
the coil placement.) Thus, at a distance of several hole 
diameters, gap widths or conductor heights, the perturbations 
due to cooling holes, conductor to conductor insulation and 
conductor placement errors are quite small. The locations of 
these perturbations can be mapped into the quadrupole to loc- 
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Fig. 3. Coil mapped into quadrupole space shows curvilinear shape and non- 
uniform current density. 



ate the edge of the good field region inside the quadrupole 
aperture and the field free region outside of the coil. Thus, 
perturbation information and field uniformity information can 
be obtained by computations in dipole geometry only. 

Conformal mapping of the dipole coil geometry into the 
quadrupole space presents some further problems. The 
square (or rectangular) dipole conductor maps into a 
curvilinear quadrupole conductor. Moreover, the required 
current density for each conductor in the quadrupole space is 
nonuniform. The first problem can be soIved by machining 
the curvilinear conductor for each conductor required in the 
coil. The problems introduced by the nonuniform current 
density in each conductor can be minimized by choosing 
smaller conductors for the coil. (The variation in the current 
density in a smaller conductor is smaller than for a larger 
conductor.) If small enough conductors are selected, the non- 
uniform current density can be approximated by the proper 
distribution of uniform square quadrupole conductors. These 
approaches present some practical problems. Shaped 
conductors are expensive and difficult to fabricate. Smaller 
conductors are more difficult to cool because of the limitation 
of the cooling hole diameter. Accurately placing small 
conductors according to a recipe developed from the mapping 
presents difficult fixturing problems. None of these problems 
are insurmountable. 

Yoke Design 

If the coil is mapped accurately, the pole geometry can be a 
pure hyperbola to the edge of the coil. The field inside the 
coil (the quadrupole field) will be quite uniform throughout 
the quadrupole aperture. The extent to which the field is 
excluded outside of the shaped coil depends both on the 
accurate mapping of the coil and on the degree of saturation 
of the yoke. Thus, one wants to design a pole and yoke 
geometry generously. The pole width should expand quickly 
from the pole tip to a wide pole root. The return yoke 
between the two horizontally adjacent poles and the yoke on 
the non-septum side of the magnet should be wide. Good 
quality iron should be selected to limit the jH*dl loss around 
the magnetic circuit. 

MAGNET PARAMETERS 

The minimum aperture for the magnet is dictated by the 
beam and fan stay clear zone, alignment and machining 
tolerances, the cone angle for a luminosity monitor and the 
vacuum chamber. The maximum aperture is dictated by the 
physical constraints of the adjacent hardware and detector 
assembly interfaces. The appropriate aperture must be 
optimized from the fixed coil location because the coil width 
is fixed by geometrical constraints. The coil was mapped 
from a uniform, rectangular shape (dipole) to a nonuniform, 
curvilinear shape (quadrupole). Coil placement coincides 
with an aperture of approximately 14.0 cm. The pole tip 
becomes a simple hyperbola without any optimization bumps 
because of a well shaped coil. Table I summarizes the 
magnet requirements. 

The coil will operate nominally for 9.0 GeV energy but 
must be designed for potential 12.0 GeV operations. The 

TABLE I 
MAGNET REQUIREMENTS 

Gradient @ 9 GeV, T/m 
Gradient @ 12 GeV, Tlm 
Inscribed radius, mm 70.0 
Magnetic length, m 1.5 
Max. beam stay clear width, mm 94 
Max. beam stay clear height, mm 103 
Allowed field strength error MO-3 
Allowed Multipole errors 1x104  

-7.56 
-10.09 

ampere-turns required are 14740 and 19162, respectively. 
The coil will have only 8 turns per pole and will be fabricated 
from standard square, hollow copper conductor which will be 
machined to approximate the required curvilinear shape. The 
nominal size of the conductor before machining is 6.48 mm 
(0.255") square with a 3.175 mm (0.125") diameter hole. The 
average cross-sectional area of each conductor is 0.34 cm2 
and the current density, for 9.0 GeV operation is 54 A per 
mm2. The length of each coil is 27.16 m and the resistance is 
calculated to be 13.58 milliohms. The magnet power 
requirements for both operating energies are listed in Table 
II. 

TABLE I1 
44 POWER REQUIREMENTS 

!LwS!L 12.0 GeV 
Current, A 1842 2395 
Voltage, V 100.0 130.0 
Power. k W  184.2 31 1.4 

Each coil will have eight parallel water circuits for cooling. 
A maximum temperature rise of 50 degrees C is assumed for 
the flow rate and pressure drop calculations presented in 
Table III. The table also shows the water velocity is 
approaching the canonical value of 6 meters per sec (20 
ftlsec) during the 12.0 GeV operations. This is an upper 
velocity limit with current magnets at LBL and warrants 
cavitation and lifetime tests of water flow through the 
conductor. 

TABLE I11 
Q4 WATER SPECIFICATIONS 

!us& 12.0 GeV 
Flow rate, Us 0.028 0.047 
Velocity, d s  3.470 5.880 
Reynolds number 9750 16506 
Friction factor 0.320 0.280 
Pressure drop, kPa 206 517 

CONCLUSIONS 

There are several challenges involved in designing and 
building this septum quadrupole magnet to the quality 
required. The accelerators physical constraints dictate that a 
septum coil be used. The coil is in such close proximity to 
the beam that it will shape the field and must be designed to 
minimize field perturbations. When conformally mapped 
from the dipole to the quadrupole space, the coil has a 
curvilinear shape and nonuniform current density. Since the 
coil is fabricated from individual, hollow conductor several 
types of errors can be introduced. These errors arise from 



cooling holes, insulation gaps and placement errors of each 
conductor. The critical length for the decay of errors 
introduced by these deviations is the dimension of the 
perturbation. It was shown that at a distance of several hole 
diameters, gap widths or coil heights the errors are quite 
small. The fabrication of the curvilinear shape will require 
special machining of the conductor. In addition, special 
fixturing is required to achieve proper conductor placement. 
How rate calculations show that the coil can be adequately 
cooled with eight water circuits. With careful planning and 
attention to detail, the 44 septum quadrupole magnet will 
obtain the required magnetic performance. 
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