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Abstract

Eight new superconducting interaction region (IR)
quadrupoles and a variety of correction and cancel coil
windings are needed for the SuperKEKB Iluminosity
upgrade underway at KEK [1-2]. The correctors are
required to fit in limited space inside the main IR
quadrupole bores. Because there is insufficient space for
magnetic yokes for the magnets closest to the interaction
point (IP), external field cancel coil windings are needed
to remove non-linear fields that would otherwise impact
beams passing close to the main magnet coils. We are
investigating if an additional cancel coil set would be
useful to reduce detector background. The design and
production of SuperKEKB corrector and cancel coils,
using BNL Direct Wind magnet technology, is underway.

INTRODUCTION

SuperKEKB is an upgrade of the asymmetric e’e” B-
factory at KEK, KEKB, with a goal of a forty-fold
luminosity increase with respect to the world record
KEKB performance [1]. Work at KEK is in progress to
increase the high energy ring (HER) and low energy ring
(LER) circulating currents and the IP spot sizes will be
reduced using a nano-beam focusing scheme. As shown
in Fig.1, the SuperKEKB IR layout has an 83 mrad
crossing angle. With this crossing angle the HER and
LER beams can be independently focussed in eight new
superconducting IR quadrupoles [2], even though these
new magnets are positioned closer to the IP. These
magnets operate in the combined fields of the Belle-II
detector and an arrangement of anti-solenoid coils [3-4].

Forty new corrector magnets and cancel coils (see
Table 1) are also needed for the IR optics to work
properly. The outer size for the left and right cryostats,
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Table 1: SuperKEKB IR Magnet Properties

Main Magnetic Corrector Cancel Coil
Magnet Yoke Package Package
QC2RE Iron A1pr Dip sy by n.a.
QC2RP Iron A1pr D1y by n.a.
QCIRE Iron A1p, bis @z by n.a.

Ay by az, by | b, by, bs, b
QCIRP | None ! (éf,s.fﬁ N (4b1s,)5 i
QCILP None A1y D1y bys | D3g by, bsg, by
QCILE Iron A1p, bis @z by n.a.
QC2LP Iron A1p, bypasp, by n.a.
QC2LE Iron A1p, bypasp, by n.a.

which are cantilevered inside Belle-II, is constrained and
inner space is used for minimal superinsulation around a
warm beam pipe. Thus the radial space for IR correctors
is extremely tight and consists of 3.9 to 5.2 mm between
the cold mass wall and the inner quadrupole coil winding.

The above coils are directly bound to the inner cold
mass containment tube, which serves as a support bobbin,
using the BNL Direct Wind technique [5]. All coils must
be ready ahead of the main quadrupoles because the main
coils are assembled around the correctors, before being
mounted in cryostats; the corrector production schedule is
ambitious. For these correctors we will use round,
0.35 mm diameter single-strand superconducting wire
procured from Furukawa [6] with a 1:1 Cu:NbTi ratio and
critical current at 4.2K greater than 130 amps ina 5 T
background field. The wire will be Kapton® overwrap
insulated and adhesive coated to be compatible for use
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igure 1:. Super ayout inside Belle-II with high energy, e, and low energy, ¢, rings indicated.
Figure 1:. SuperKEKB IR layout inside Belle-II with high ay. HER) and 1 gy, ¢, (LER) rings ind d
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Figure 2: A planar pattern coil winding example, the
single layer skew dipole pattern for QC1PL. Single layer
planar coils have leads trapped at the poles.

with BNL Direct Wind ultrasonic bonding technology.
The innermost correction coils operate at elevated
temperature, due to heat transfer from the warm beam
tube (limited space for superinsulation) and all the coils
operate in the presence of significant quadrupole and
solenoidal background fields. The design maximum
current for the corrector and cancel coil is 70 A to stay
below 65% of critical current at a temperature of 5 K.

CORRECTION COIL DESIGN

The eight main IR quadrupoles listed in Table 1 come
with different design parameters (coil radii, lengths and
focusing strengths) but they all require skew and normal
dipole, a; and b;, skew quadrupole, a,, and octupole, b,,
correction coil windings. The subscript p or s in Table 1
denotes whether the coil is a planar or a Serpentine style
coil winding [7]. A typical planar winding is shown in
Fig.2 and a Serpentine example in Fig.3. There is just
enough radial space in most locations to fit, in ascending
order, a two layer Serpentine octupole winding and three
single planar layers consisting of a set of skew dipole,
normal dipole and skew quadrupole windings.

With the Serpentine style octupole we avoid having
many inter-subcoil conductor splices by winding a
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Figure 4: Harmonic content of the QC1P external field.
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Figure 3: A Serpentine style coil winding example, the
dual layer octupole pattern for QC2EL. Here the coil is
wound using a continuous length of wire and the lead pair
exits via an open ended pole in the second layer.

continuous length of conductor and then bringing a single
lead pair out via an open pole end in the second layer.
There is not adequate radial space for all correctors to be
dual layer Serpentine patterns, so we must take care to
manage the lead connections for the three planar coils. We
wind the skew quadrupole coil last because the dipole and
skew dipole lead connections line up at the same angular
location as the skew quadrupole poles. We must also
introduce a small midplane gap in the dipole coil pattern
to access the skew dipole leads. All these planar pattern
leads are then routed outside of the coil package.

Because these correctors are located at the largest-beta
(Twiss function) peaks in the lattice optics, we design the
coils for good field quality. Their higher-order design
harmonics are typically a few parts in 10* of their
fundamental at 10 mm reference radius. Also at the
QCIPL(R) locations we bring the leads to the IP side of
the magnet (the same as is done for main quadrupoles) to
have local field perturbations due to the leads occur where
the beams are smaller and field errors have less impact.

QCIPL(R) also have the least inner radial space for
correctors. So their octupole correctors are located on a
tube just outside the main coil collars. Tracking studies
show that beam lifetime suffers if the octupoles do not
overlap the quadrupole magnetic lengths; otherwise we
could have wound to the side of the QCIPL(R) main
coils. Additional dipole integrated strength is needed for
QCIEL(R) to handle the kick, due to the external dipole
field dipole component shown in Fig.4, from the
QCIPL(R) magnets. For QC1EL(R) we then use a two
layer Serpentine winding for added dipole transfer
function but then have just enough space for a single layer
octupole Serpentine winding.

CANCEL COIL DESIGN

The linear, b;, b, external field components from
QCIPL(R) are included in the SuperKEKB IR optics
baseline lattice. But the other non-linear external field
components shown in Fig.4 would adversely impact the
nearby e -beam and are dealt with via four dedicated
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Figure 5: Example of lowest order, b;, cancel coil pattern.
The leads come out at the IP end of the magnet (same as
for main coil). Non-lead end turn spacing is dramatically
increased to make the sextupole gradient follow the
desired cancel coil field fall-off profile.

cancel coil windings for b3, by, b5 and by. Tracking studies
indicate that the non-linear fields need to be locally
cancelled. The cancel coil fields are therefore tailored to
follow the external field multipole distributions that drop
in magnitude as the beam line separation increases with
distance from the IP.

A representative cancel coil pattern is shown in Fig. 5.
Like the corrector octupoles, we use dual layer Serpentine
patterns for the cancel coils to avoid having numerous
subcoil splices. But unlike the correction coils the cancel
coils’ lead and non-lead end turn spacing are quite
different. In Fig.5 we see that the non-lead coil-end is
“stretched out” and comprises most of the length of the
magnet. This geometry effectively puts more straight
section length near the cancel coils’ lead ends and yields
higher gradients closer to the IP with gradients falling off
naturally with increasing distance to the IP.

Please note that both Serpentine layers in Fig.5 have
their end turns at identical longitudinal positions.
Independent optimization of end turn spacing in these two
layers permits finer gradient distribution adjustments, but
can lead to generating small localized skew multipole
fields. During optimization the integral skew component
field can be made zero, but it seems preferable to avoid
generating any skew fields in the first place. With the
cancel coils energized the calculated residual non-linear
field excursions, expressed at 10 mm reference radius, are
of the order of a couple of Gauss and any unwanted
integrated multipole fields are tweaked to be very nearly
zero. We note that the cancel coils themselves generate
external fields that act back in the QCIPL(R) aperture.
But we do have correction coils to compensate linear
fields and the non-linear components from the cancel
coils are fortunately small.

This completes a description of the baseline design;
however, on-going Belle-II detector studies, that include
the uncompensated b; external field component, exhibit
increased particle loss in later IR magnets. In Fig.1 we see
that the right side IR magnets protrude deeper into the
Belle-II detector than on the left. So it should not be a
surprise that background generated by particle loss on the
right side is much more problematic than that from the
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Figure 6: An integral field dipole cancel coil proposal.

left. We mitigate this background by adding tungsten and
other shielding inside and outside the cryostats. But since
detector space is quite precious and we should not block
cables and other access to critical subsystems, some
options for b; cancellation on the right side are presently
under consideration that could be used to increase
contingency for background reduction.

True local cancellation of the b; external field
component has been found difficult to achieve within the
space available but an integral field cancel coil scheme, as
shown in Fig.6, looks to be promising. Since the external
field from a b; cancel coil falls of more gradually than
from the b;-b4 coils discussed so far, care must be taken
to avoid creating significant non-linear fields inside
QCI1PR. The main culprit here is the external b;
component since we already have b, b, and b, adjustment
knobs and higher order fields are sufficiently small.

The b; external field is addressed in this scheme via an
additional dipole compensation coil located outside
QCIPR (see Fig.6) that has a controlled admixture of
higher dipole allowed, b;, bs, etc., harmonic terms. The
procedure for generating the desired amount of b; (and
higher odd multipole) compensation is straightforward
since we do not look to add even, e.g. b, and b,, harmonic
terms. For this first design iteration the cancel dipole and
compensation coil currents are very nearly identical and it
should be possible to implement a cancel coil solution
where these coils can be run in series to avoid need for
any extra cryogenic system current-lead feedthroughs.
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