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Forewords & Talk Outline

Caveat: my experience comes from SuperB  
(i.e. 4 GeV on 7 GeV) which is a quite different regime 
w.r.t. a Higgs factory (shorter magnets, ~ smaller 
gradients, softer and weaker synchrotron radiation, 
etc.)!

I will present some general consideration about scaling 
laws worked out by L. Todesco, P.Ferracin and others.!

I will present some of the peculiar features of the 
SuperKEKB I.R. and of the SuperB I.R. that are of main 
interest for a two rings collider.
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Why I.R. Quadrupoles Are Not Easy Pieces

Usually:!

they are the strongest quadrupoles of the lattice!

the βy ( βx )function reaches her maxima at the QD0 (QF1):  
the mechanical aperture is large!

their field quality must be excellent to preserve dynamic 
aperture!

their thickness is limited by the detector acceptance  
(single ring), nearby beam line (two rings):  
they are thin
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Super Conductors Limit: B ∝J 
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*L. Bottura, A practical fit for the critical surface of NbTi, IEEE Transactions on Applied Superconductivity, Vol. 10, no. 1, March 2000.

NbTi Parameters

Bc20 14.5

TC0 9.2

C0 23.8

α 0.57
β 0.9
γ 1.9
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The superconductor current density must be below the critical surface.!

The highest the gradient and the larger the aperture ⇒ the larger the field on the 
superconductor and the lower the current ⇒ thicker coil pancake!

e.g.: Niobium Titanium critical surface approximate expression
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S.C. Quadrupole  Thickness Scaling Law
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argue that a 20% loadline margin is needed. In reality, what 
counts for the magnet stability is the temperature and/or the 
energy margin, depending on the operational conditions: 
nevertheless, the loadline margin is widely used – and rarely 
discussed on paper. Here, we will try to address this issue. 

 
TABLE I. MARGIN FOR DIFFERENT ACCELERATORS 

 
* reached in one eight of the LHC during hardware commissioning (no beam) 

 
In the case of continuous losses, one has to ensure that coil 

does not reach a temperature that puts the operational values 
of current and field on the critical surface. This is the case of a 
magnet under the shower of debris coming from the 
interaction point. Here, the relevant parameter is the 
temperature margin, and the efficiency of the mechanism of 
heat extraction.  

We first consider a family of magnets with different 
loadlines and 20% margin. We compute for each case the 
temperature margin using the known parameterizations [5] – 
[7] for the critical surfaces. Results are shown in Fig. 2: a 20% 
margin on the loadline corresponds to a temperature margin 
which weakly depends of the field: for Nb-Ti there is a 
temperature margin of about 2 K at 1.9 K and 1 K at 4.2 K. 
For Nb3Sn, due to the different shape of the critical surface, 
the margin is larger by a factor a2.5, giving 4.5 K  to 5.5 K at 
Top=1.9 K and 3.5 K to 4 K at Top=4.2 K.  

 

 
 

Fig. 2: Temperature margin versus operational field for Nb-Ti and Nb3Sn at 
1.9 K (thick lines) and 4.5 K (thin lines) – case of 20% loadline margin. 
 
For instantaneous losses, all the heat remains in the coil, 

and one has to ensure that the energy deposited does not 
increase the temperature of the conductor beyond the critical 
surface. Therefore, what counts is the energy margin. This is 
the case of instantaneous beam losses along the ring, or energy 
deposited by coil movements induced by electromagnetic 
forces. Using the specific heats of a typical cable, one can 
translate the above temperature margins in energy margins. 
Results are shown in Table II, where the helium contribution 
is excluded. For Nb3Sn specific heat we use an expression 
derived in [8]. The estimate depends on the cable, and 
especially on the copper to non-copper ratio: we considered an 

LHC cable for Nb-Ti (Cu/Non- Cu=1.65) and the HQ [9] 
conductor (Cu/Non-Cu=1.17) for Nb3Sn. For both materials, 
the 20% loadline margin provides about 1/3 larger energy 
margin at 4.2 K w. r. t. 1.9 K – therefore this rule makes 
operation at 1.9 K more challenging than at 4.2 K. 

The comparison between Nb-Ti and Nb3Sn also shows that 
the latter one has about a factor four more in energy margin. 
Unfortunately, this does not imply that the 20% loadline 
margin used in Nb-Ti can become 5% for Nb3Sn, since other 
aspects have also to be considered (see next sections).  

Helium plays a fundamental role when it permeates the coil, 
as in Nb-Ti non-impregnated coils. Taking into account of this 
effect, the energy margin increases by one order of magnitude.  

The two extreme cases considered there - continuous losses 
and instantaneous losses show that in the first case the specific 
heats of the conductor is not relevant, and what counts is the 
temperature margin and the mechanism of heat removal. In the 
second case the specific heats of the coil, including superfluid 
helium if present, play the key role. In both cases, it is hard to 
give a quantitative justification of the 20% loadline margin. 
 

TABLE II TEMPERATURE MARGIN AND ENERGY MARGIN 
FOR NB-TI AND NB3SN AT 1.9 K AND 
 4.2 K WITH 20% LOADLINE MARGIN

 

III. CURRENT DENSITY AND COIL SIZE 
In a dipole having a sector coil of width w, without copper 

wedges, the central field is given by  
wjB odN                       (1) 

where jo is the overall current density, i.e. including the 
stabilizer in the strand, voids and structural material which are 
part of the coils. The term engineering current density, widely 
used, usually does not include insulation. If jo is given in 
A/mm2 and w in mm, for a 60° sector coil one has Nd=0.69 × 
10-3 T mm/A [10].  In a quadrupole one has a similar equation 
for the field gradient  
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where r is the aperture radius and Nq=0.69 in the horrible but 
very practical units (T/m)/ (A/mm2) [11]. These equations can 
be generalized to include the influence of the iron, but we use 
ironless approximations to have a first order guess of the main 
parametric dependence. 
 The presence of copper wedges in the coil can be taken into 
account by defining an equivalent coil width weq which is the 
width of a 60° sector having the same cross section surface A 
of the coil [10]: 

Nominal Actual
Temp. (K) Field (T) Margin Temp. (K) Field (T) Margin

Tevatron 4.2 4.3 22% 4.2 4.2 24%
Hera 4.6 4.7 23% 3.9 5.3 23%
RHIC 4.5 3.5 30% 4.5 3.5 30%
LHC 1.9 8.3 14% 1.9 7.8* 19%
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(K) (T) (T) (K) (mJ/cm3)
Nb-Ti 4.2 8.0 6.4 20% 1.13 4.1
Nb-Ti 1.9 10.0 8.0 20% 2.13 3.2
Nb3Sn 4.2 12.0 9.6 20% 3.50 15.6
Nb3Sn 1.9 13.0 10.4 20% 4.75 11.4
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With a few exceptions, Nb-Ti operational current densities 
are in the range of 300 A/mm2 to 500 A/mm2. In general, 
Nb3Sn coils provide about 50% larger gradient for the same 
aperture w. r. t. Nb-Ti [11]. 
 

 
Fig. 7: Overall current density versus coil width – quadrupoles (80% of short 

sample at 1.9 K for Nb3Sn models). 

IV. FORCES, STRESS, STRAIN 
Large current densities provide higher fields or more compact 
coils. But they induce higher stresses, and stress can be a 
major issue for two different reasons: 

x For the Nb-Ti a soft limit is set by the damage of the 
insulation of the coil – present types of insulations 
can withstand up to 200 MPa, and LHC coils during 
collaring were compressed up to 150 MPa. 

x For Nb3Sn there is a hard limit which is the critical 
current degradation induced by strain. This limit has 
a strong dependence on the strand lay-out and 
fabrication: in some cases measurements have shown 
significant degradation already at the level of 50-
100 MPa. The RRP, which is the workhorse of the 
LARP, has shown negligible degradation up to more 
than 150 MPa [14,15]. These measurements are 
particularly tricky since the real condition of stress of 
the cable in the magnet is hard to achieve in a 
sample. A few experiments on magnets, loaded with 
increasing stress, have shown negligible performance 
degradation up to 200 MPa [16]. Indeed, the larger 
stress is on the lower field regions and one should 
always be extremely careful in generalizing these 
results. 

One can estimate the maximal stress in the midplane for a 
dipole sector coil according to the following equation [17] 
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The stress obviously scales with the square of the current, plus 
a geometric factor which is a function of the magnet aperture 
and of the coil width. If we compensate a lower current 
density with a larger coil width, it turns out that the geometric 
factor grows slower than j2: the same field obtained with a 
lower current density has a significantly lower stress. This is 
shown in Fig. 8, where the following estimate is carried out: 
for a given current density and operational field we compute 
the coil width to reach that field with Eq. (1) and we estimate 
the stress with Eq. (4).  

The LHC main dipole, having 70 MPa stress with 380-420 
A/mm2 current density, fits rather well with the estimate. The 
400 A/mm2 used in many magnets provides a field of 13 T 
with about 110 MPa, and 150 MPa at 16 T, which is still in the 
tolerable range. Increasing the current density one can reduce 
the coil size, but stress becomes larger. For instance, if 200 
MPa is considered as the ultimate limit, 400 A/mm2 give a 
maximum field of a20 T whereas with 700 A/mm2 one stops 
at a15 T. The dependence on the aperture is steep but not 
dramatic: doubling the aperture from 40 to 80 mm at 15 T 
induces an increase in the stress of about 50% from 120 to 
180 MPa (see Fig. 9). Please note that these estimates should 
be used with a pinch of salt since they neglect the detail of the 
structure, local stresses, and the need of prestressing the coil: 
they give an educated guess of midplane stress with a a20% 
error, and, what is more precious, the trends for the 
dependence on the main parameters.  

 
Fig. 8: Midplane stress versus field for different current densities, and 56 mm 

aperture - dipoles. 

 
Fig. 9: Midplane stress versus field for different apertures, overall current 

density 450 A/mm2 - dipoles. 
 

In quadrupoles one has a similar equation, with a different 
geometric factor [18] 
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but one has different results w.r.t. the dipole case. For a small 
aperture as the LHC arc quadrupole (56 mm), different current 
densities give very similar stresses (see Fig. 10). For larger 
apertures, lower current densities provide lower stresses, but 
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The equivalent coil width is in general around 10-15% smaller 
than the total width of the coil in a cosT lay out. For instance 
in the LHC dipole one has a coil width of 30.8 mm (2 layers of 
15.4 mm width insulated cable) and the weq=26.9 mm. The 
same equation holds for a quadrupole, where a 30° sector is 
considered. The main advantage of this definition is that it 
allows a direct comparison between cosT and block lay-outs. 

The two obvious paths to high field and high gradients are 
larger current densities and/or larger coils. In Fig. 3 we show 
the relation between bore field and coil width for the main Nb-
Ti accelerator magnets (operational field) and for some Nb3Sn 
models. To be fair to the glorious Nb-Ti, for Nb3Sn models 
80% of the short sample is taken at 1.9 K. One finds that 
notwithstanding the different designs and the two 
superconducting materials, current density is typically around 
400 A/mm2 (see Fig. 4). Please note that for graded magnets 
one has two values corresponding to the densities in inner and 
outer layer, the outer being the larger value. 
 

 
Fig. 3: Operational field versus coil size – dipoles (80% of short sample at 

1.9 K for Nb3Sn models and for Fresca facility). 
 

 
Fig. 4: Operational overall current density versus coil size – dipoles (80% of 

short sample at 1.9 K for Nb3Sn models and for Fresca facility). 
 
Considering that the fraction of superconductor in an 

insulated coil can range from one third to one fourth, this 
means to have the superconductor operating at 1200 A/mm2 -
1600 A/mm2. Given the superconductor critical surfaces, this 
sets a natural limit of a8 T for Nb-Ti and a13 T for Nb3Sn (see 
Fig. 1).  

Critical current in Nb-Ti has been optimized since a long 
time and it has already reached the maximum limit. For Nb3Sn 

there has been a considerable progress [12,13] in the past 10 
years. With the present conductor performance, 13 T 
operational field is close to the limit. Using grading one could 
possibly reach 15 T with coil widths that are still within 
80 mm. 

In order to reach the level of 16 T one should improve the 
current density in that region (optimization has been focused 
up to now in the 12-15 T region): a very ambitious  target of 
1500 A/mm2 at 20 T would allow to get at 16 T operational 
field with a reasonable size of the coils.  

If larger current densities cannot be obtained above 15 T, 
the alternative is to use lower current densities and larger coil, 
i.e., reduce the slope of the loadline of Fig. 1. An estimate of 
the operational field (with 20% margin) versus the coil size is 
given in Fig. 5, based on the scaling laws presented in [10]. If 
40 mm coil gives 12.5 T operational field, doubling the coil 
width provides only two additional Tesla: the game becomes 
pretty expensive – with grading on can save about one third of 
conductor, but to get to operational fields of 15 T with present 
conductor performances looks at the limit (or probably slightly 
beyond the limit) of the Nb3Sn technology.    

 

 
Fig. 5: Operational field versus coil width for a 20% margin from critical 

surface. 
 

In Fig. 6 and 7 we present the case of the quadrupoles.  We 
plot the gradient versus the factor log(1+w/r) since this is the 
term which is proportional to the gradient via the current 
density (see Eq. 2). The spread in the current density (Nb3Sn 
models are again considered with 20% margin on 1.9 K short 
sample) is more relevant than in dipoles. In particular, the two 
Nb3Sn magnets made by the LHC Accelerator Research 
Program (LARP) are in the range of 600-750 A/mm2 (see 
Fig. 7). 

  

 
Fig. 6: Operational gradient versus coil width – quadrupoles (80% of short 

sample at 1.9 K for Nb3Sn models). 
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Warm Bore: Cold To Warm Transition

r is larger than the bare beam stay clear.  
A first order assumption can be:  
r = b.s.c.+ 10mm for a cold bore magnet
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Superconducting Magnets for the NLC:
A Design Odyssey

Brett Parker will be your
guide today...

However it takes a team to make things work:

M. Anerella, J. Escallier, G. Ganetis, A. Ghosh,
M. Harrison, A. Jain, LX. Jia, A. Marone,
J. Muratore, R. Thomas, P. Thompson,
P. Wanderer, KC. Wu + ...

DESY GO Coil Field Map

SLAC Presentation
December 2001

But sometimes it is hard to stay on a strict diet...
If coil starts at 15 mm
inner radius...

For large forces, Andy M. wants at
least a 3 mm thick support tube.

For helium flow Lin
says, “less than 1
mm thickness does
not make sense.”

0.5 mm for LHe
containment wall

Space for insulating
vacuum and super-
insulation is needed.

Double wall beam
tube; must leave
space for cooling.
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Double Ring Extra Complication

High luminosity e+ e- collider suffers from 
beamstrahlung backgrounds. A QD0 shared by both 
beams behaves like an obnoxious spectrometer.
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MiniMac Review

July 16-17, 2008

IR Design
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E.g.: SuperKEKB (Ohuchi-san talk NA-PAC13)

!8

LER!
e+

HER!
e-



Eugenio Paoloni ICFA HF 2014

S.C. magnets in SuperKEKB IR (Ohuchi-san)
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QC1RP main dimensions
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QC1P (No iron yoke) 

2013/9/29-10/4 NA-PAC 2013 8 

QC1P magnet design (QC1RP, QC1LP) 
• Same design for QC1RP and QC1LP 
• 2 layer coils [double pancake] 
• SC correctors [designed by BNL] 

– a2, b1 and a1 inside of the magnet bore 
– b4 , a3 outside of the magnet collar 

• Cryostat inner bore radius=18.0 mm 
• Beam pipe (warm tube) 

– inner radius=10.5 mm, outer radius=14.5 mm 
Superconducting cable 

• Cable size : 2.5 mm  0.93 mm 
• Keystone angle = 2.09 degree 
• Number of strands = 10 
• Strand diameter = 0.5 mm 
• Cu/SC ratio = 1.0 
• Critical current (measured) = 3160 A @5 T & 

4.2 K 

R 35.5 
Collar outer radius 

R 30.81 
Collar inner radius 

R 25.0 
Coil inner radius 

R 21.0 
Corrector inner radius 

R 18.0 
Support bobbin inner radius 

R 10.5 
Beam pipe inner radius 

R 14.5 
Beam pipe 
outer radius 

QC1P magnet cross section 
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The equivalent coil width is in general around 10-15% smaller 
than the total width of the coil in a cosT lay out. For instance 
in the LHC dipole one has a coil width of 30.8 mm (2 layers of 
15.4 mm width insulated cable) and the weq=26.9 mm. The 
same equation holds for a quadrupole, where a 30° sector is 
considered. The main advantage of this definition is that it 
allows a direct comparison between cosT and block lay-outs. 

The two obvious paths to high field and high gradients are 
larger current densities and/or larger coils. In Fig. 3 we show 
the relation between bore field and coil width for the main Nb-
Ti accelerator magnets (operational field) and for some Nb3Sn 
models. To be fair to the glorious Nb-Ti, for Nb3Sn models 
80% of the short sample is taken at 1.9 K. One finds that 
notwithstanding the different designs and the two 
superconducting materials, current density is typically around 
400 A/mm2 (see Fig. 4). Please note that for graded magnets 
one has two values corresponding to the densities in inner and 
outer layer, the outer being the larger value. 
 

 
Fig. 3: Operational field versus coil size – dipoles (80% of short sample at 

1.9 K for Nb3Sn models and for Fresca facility). 
 

 
Fig. 4: Operational overall current density versus coil size – dipoles (80% of 

short sample at 1.9 K for Nb3Sn models and for Fresca facility). 
 
Considering that the fraction of superconductor in an 

insulated coil can range from one third to one fourth, this 
means to have the superconductor operating at 1200 A/mm2 -
1600 A/mm2. Given the superconductor critical surfaces, this 
sets a natural limit of a8 T for Nb-Ti and a13 T for Nb3Sn (see 
Fig. 1).  

Critical current in Nb-Ti has been optimized since a long 
time and it has already reached the maximum limit. For Nb3Sn 

there has been a considerable progress [12,13] in the past 10 
years. With the present conductor performance, 13 T 
operational field is close to the limit. Using grading one could 
possibly reach 15 T with coil widths that are still within 
80 mm. 

In order to reach the level of 16 T one should improve the 
current density in that region (optimization has been focused 
up to now in the 12-15 T region): a very ambitious  target of 
1500 A/mm2 at 20 T would allow to get at 16 T operational 
field with a reasonable size of the coils.  

If larger current densities cannot be obtained above 15 T, 
the alternative is to use lower current densities and larger coil, 
i.e., reduce the slope of the loadline of Fig. 1. An estimate of 
the operational field (with 20% margin) versus the coil size is 
given in Fig. 5, based on the scaling laws presented in [10]. If 
40 mm coil gives 12.5 T operational field, doubling the coil 
width provides only two additional Tesla: the game becomes 
pretty expensive – with grading on can save about one third of 
conductor, but to get to operational fields of 15 T with present 
conductor performances looks at the limit (or probably slightly 
beyond the limit) of the Nb3Sn technology.    

 

 
Fig. 5: Operational field versus coil width for a 20% margin from critical 

surface. 
 

In Fig. 6 and 7 we present the case of the quadrupoles.  We 
plot the gradient versus the factor log(1+w/r) since this is the 
term which is proportional to the gradient via the current 
density (see Eq. 2). The spread in the current density (Nb3Sn 
models are again considered with 20% margin on 1.9 K short 
sample) is more relevant than in dipoles. In particular, the two 
Nb3Sn magnets made by the LHC Accelerator Research 
Program (LARP) are in the range of 600-750 A/mm2 (see 
Fig. 7). 

  

 
Fig. 6: Operational gradient versus coil width – quadrupoles (80% of short 

sample at 1.9 K for Nb3Sn models). 
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Leaking Field Compensation

!12

Idea: exploit the superposition principle to design the coil shape in such a 
way that the integrated beam kick is a linear function of the displacement 
from the reference orbit

2D Simulation 
 ( Poisson )

!
 Jz ∝ cos 2φ 

quadrupolar field 
By ∝ x

Cross talk 
By ∝ 1/x3

!
 Jz = 0 
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E.g.: SuperKEKB (Ohuchi-san talk NA-PAC13)
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LER!
e+

HER!
e-
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SuperKEKB approach
Canceling coils to null the terms B3,B4,B5 and B6 of the field leaking 
from the QC1RP: B1 and B2 are retained.

!14

the lower pole regions. Thus it is possible to “see” the 
other current leads under the skew quadrupole pattern to 
bring them out over the top of the final coil package. But 
with this lead arrangement the dipole leads would be 
blocked by the skew dipole coil pack if we did not also 
open the mid-plane gap shown in the skew dipole pattern. 

SuperKEKB beam lifetime is fairly sensitive to IR local 
field errors; so we use several field tuning spacers, in both 
the coil body and ends, to try to limit local field harmonic 
design errors to the level of a few gauss. For clarity a final 
b4 coil winding is omitted from Fig.2. The QC2LE b4 
integrated strength requirement is sufficiently small that 
we can use a short b4 pattern that does not extend over the 
region of the previously wound coil leads 

For some coils, such as the b1, of QC1LE/RE, the 
current to reach the Table 1 value would be excessive 
with only a single coil layer. In this case we wind a1 and 
a2 layers first and move the b1, coil out where we can use 
a shortened two-layer Serpentine style coil pattern [7] that 
does not block the a1 and a2 leads. The Serpentine pattern 
lets the b1 leads exit cleanly even with a b4 pattern of the 
same length wound on top of it [6]. 

CANCEL COIL PRODUCTION 
External field leaking from the first LER quadrupoles, 

QC1LP\RP into the HER aperture, decomposed as a field 
multipole expansion, is plotted in Fig.3. The linear, b1, b2, 
external field components are not of concern as they are 
easily included in the SuperKEKB IR optics; however, 
the non-linear fields shown in Fig.3 would adversely 
impact HER beam lifetime. Via iterative adjustment of 
coil end turn spacing, four independent cancel coil 
windings, b3, b4, b5 and b6, are tailored to match the 
different external field profiles plotted in Fig.3 that arise 
as the beam separation increases away from the IP.  

 We find that dual-layer Serpentine patterns, such as 
that shown in Fig.4, are especially suited for use as cancel 
coils because they exhibit a simple, direct relationship 
between the straight section “body fields” and the end 
fields. At 10 mm reference radius the cancel coil’s main 
harmonic dominates the total field until close to each coil 
end; so we developed fast codes that approximate the 
cancel coil field shape based on scanning at a single 

 
Figure 3: Decomposition into magnetic multipoles for 
QC1P external field plotted as a function of distance to 
the IP, for 10 mm reference radius, at the HER beam line. 

 
Figure 2: Multi-layer Corrector Coil Winding Example. 

 
Figure 4: Final twisted b5 cancel coil winding used to 
generate the b5 and a5 fields shown in Fig.5. This pattern 
is a dual-layer Serpentine style coil winding with end turn 
spacing adjusted in both layers to achieve the desired field 
falloff with distance to the IP. Note that there are a large 
number of different sized coil end spacer gaps that must 
be filled with custom sized Nomex paper inserts. 

 
Figure 5: Normal and Skew Field Falloff Comparison. We 
plot b5 and a5 external field multipoles, with common 
peak normalization, to highlight their different shapes. A 
simple coil rotation cannot generate the correct a5 
distribution from a pure b5; thus we must “twist” the coil 
pattern as a function of length along the coil support tube. 

azimuthal angle rather than having to do a much more 
calculationally intensive full-angle range z-scan.  

With an end turn spacing parameterization versus turn 
number that maps to specific shape features (e.g. regions 
of constant slope, a peak or a shoulder falloff), we can 
vary the end spacing in a smooth manner and after a few 
iterations come close to the desired external field target 
shape. With this candidate solution in hand we do a full 
harmonic z-scan to verify that unwanted higher-order end 
field harmonics are sufficiently small. A typical target 
normal-harmonic field shape curve, b5, is plotted in Fig.5. 
Note that in addition to b5 there is a second a5 curve 
shown that has a different falloff with distance from the 
IP. A similar shape difference between normal and skew 
occurs for all of the QC1P external field multipoles and 
this presented an unexpected design challenge.  

The SuperKEKB quadrupoles experience a combined 
background field from the detector and compensation 
solenoids and are rotated in order to achieve the desired 
optics for the beam eigenplanes; the corrector magnets are 
rotated the same amount. A naive expectation was that the 
cancel coils could also be similarly rotated to provide the 
proper mix of normal and skew cancel fields; however, 
the SuperKEKB IR layout has some HER and LER 
quadrupoles at different vertical offsets to reduce needed 
corrector strengths. Unfortunately this combined rotation 
and offset results in our having to match different normal 
and skew external field target shape curves. 

To alter the skew/normal field ratio we must rotate 
different sections of the coil pattern by different amounts, 
i.e. we have to twist the coil pattern. A uniform twisting 
of a pure b5 coil pattern produces the required a5 field 
profile as illustrated in Fig.6. The most obvious field 
deviations from target values are the small constant field 
“shoulders” that result from the limited number of b5 end 
turns available to optimize. The b3 and b4 cancel coils 
have more turns and smoother field profiles while the b5 

and b6 coils, with fewer turns, have the largest relative tail 
deviations. Still the target b5 and b6 fields are already so 
small that these errors really do not matter. 

While it is convenient for optimizing a magnetic design 
to use the large number of spacers shown in the patterns 
of Fig.2 and Fig.4, it is also a production nightmare to ask 
technicians to cut so many tiny fill pieces by hand. For 
SuperKEKB production we developed an automated 
procedure where the coordinates of the coil pattern are fed 
into Pro-Engineer software [7] that follows the coil path 
in 3 dimensions and then unwraps it to a flat pattern. To 
have a proper gap between the fill spacers and coil, this 
flattened path is thickened to simulate wire thickness and 
offset by a small amount. Additional processing removes 
extraneous lines and leaves only the shapes to be cut. That 
file is then read by the computer controlled flat pattern 
cutter shown in Fig.7 that uses a small steel blade to cut 
the pattern from a sheet of Nomex [8]. 
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Figure 6: The b5 and a5 field multipole distributions 
generated by the b5 cancel coil with an applied twist 
transformation are compared here to the target goals set 
for perfect QC1P external field cancellation. 

 
Figure 7: This machine automatically cuts coil end spacer 
inserts from Nomex sheets using information derived 
from a computer winding file. The pattern for a single b4 
pole is also shown. The cut outs have tab connections to 
keep inserts in place until needed and avoid hand sorting. 

SUPERCONDUCTING CORRECTOR IR MAGNET                    
PRODUCTION FOR SUPERKEKB* 

B. Parker#, M. Anerella, J. Escallier, A. Ghosh, H. Hocker, A. Jain, A. Marone, P. Wanderer,                                     
BNL, Upton, NY 11973, USA 

Y. Arimoto, M. Iwasaki, N. Ohuchi, M. Tawada, K. Tsuchiya, H. Yamaoka, Z. Zong,                            
KEK, Tsukuba, Ibaraki 305-0801 Japan 

Abstract 
SuperKEKB is an upgrade project underway at KEK, to 

increase the KEKB b-factory luminosity 40-fold by using 
nanobeam Interaction Region (IR) focusing optics [1] for 
which the production of new superconducting IR magnets 
and correctors is critical [2]. SuperKEKB corrector design 
and production is challenging since many different coils 
are needed for precise control of IR magnetic fields, in 
order to ensure good beam lifetime and there is very little 
space for them. SuperKEKB corrector production is about 
half completed and we report here on new techniques 
recently developed to address production challenges. 

INTRODUCTION 
The SuperKEKB IR magnet layout in the left-side and 

right-side cryostats is shown in Fig.1. The SuperKEKB 
design has 83 mrad total crossing angle to separate the e– 
(E) High Energy Ring (HER) and e+ (P) Low Energy 
Ring (LER) beam lines in independent non-cryogenic 
vacuum apertures. A few millimetres of radial space is 
available for corrector coils atop support bobbins that 
serve as the inner cold mass containment wall and the 
main quadrupole coils’ inner surface. The corrector 
requirements, presented in Table 1, evolved in response to 
results from optics optimization and tracking studies and 
differ from those available before production started [3]. 

Left-side corrector production commenced first using 
preliminary specifications provided before the right-side 
requirements were set. Later optics studies found that 
sextupole coils, b3 and a3, not in the original design, are 
needed; so these coils are added to the right-side layout. 
The majority of the corrector coils are located inside a 
main quadrupole coil; however, with insufficient space 
inside the first IR quadrupoles, QC1LP/RP, their b4 
correctors are wound on bobbins placed just outside the 

main coil (along with an a3 corrector only for QC1RP). 
Because these first LER quadrupoles have insufficient 
space for magnetic flux return yokes between their coils 
and the nearby HER beam, there is significant external 
field leakage that must be dealt with so as not to adversely 
impact the HER optics. Requirements for these additional 
external field cancel coils for the HER are discussed later. 

Both the corrector and cancel coils are attached to 
support bobbins via the BNL Direct Wind technique [4] 
using 0.35 mm diameter, single-strand superconducting 
round wire from Furukawa with a 1:1 Cu:NbTi ratio and 
critical current at 4.2K greater than 130 amps in a 5 T 
background field [5]. The wire is Kapton® overwrap 
insulated and adhesive coated to be compatible for use 
with BNL Direct Wind ultrasonic bonding technology. 

CORRECTION COIL PRODUCTION 
The SuperKEKB corrector requirements span a broad 

range of field harmonics and focusing strengths and are 
manufactured in many radius and length combinations. In 
order to make the best use of the available space attention 
to detail is needed regarding the careful nesting of coil 
layers. The QC2LE multi-layer arrangement shown in 
Fig.2 offers an example of how lead management is an 
important consideration. At the bottom of the QC2LE coil 
stack is a single layer planar pattern [6] dipole winding 
over which skew dipole and then skew quadrupole planar 
coils are wound. The skew quadrupole is topmost because 
its ends, with fewer turns, are naturally shorter than those 
of the layers below and its four pole regions line up with 

Table 1: Corrector Integral Field Strength Requirements. 
Here R/L denote left- and right-side magnets and P/E 
denote the LER and HER beam lines. The right-side b3 
coils are placed between main magnets. The external field 
cancel coils for the HER are not included in this table. 

Magnet Rr 

mm 
A1 

T•m 
B1 

T•m 
A2 

T 
A3 

T/m 
B3 

T/m 
B4 

T/m2 
QC1RP 10 0.016 0.016 0.64 7.6 

17.2 
60 

QC2RP 30 0.03 0.03 0.31 1.36 - 

QC1RE 15 0.027 0.046 0.75 7 
27 

- 

QC2RE 35 0.015 0.015 0.37 1.5 - 

QC1LP 10 0.016 0.016 0.64 - - 60 

QC2LP 30 0.03 0.03 0.31 - - 60 

QC1LE 15 0.027 0.046 0.75 - - 60 

QC2LE 35 0.015 0.015 0.37 - - 60 
 

 
Figure 1: SuperKEKB IR Magnet Layout Schematic. 
 ___________________________________________  

#parker@bnl.gov 
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How To Produce Such A Field?
Direct winding technique + Biot Savart + F.E.M. 
simulation  + inspiration (and lot of perspiration)

!15
2013/9/29-10/4 NA-PAC 2013 15 

SC correctors 
• SC correctors are now being constructed by BNL under the US-

Japan research collaboration program. 
• The spaces for the correctors are very tight, and then the coils 

are wound by the direct winding method. 

BNL direct winding 
machine 

BNL Direct  
Winding Machine 

at work
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SuperB Approach 
In SuperB we tried to reduce l* at the very minimum to ease the chromatic 
correction!

We designed a pair of combined function magnets able at same time to null 
the leaking field of the nearby quad and to generate a pure quadrupolar field. 

!16
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How We Did It? Double Helix Coils
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COMBINED FUNCTION MAGNETS USING DOUBLE-HELIX COILS * 

C. Goodzeit, R. Meinke, M. Ball, Advanced Magnet Lab, Inc., Melbourne, FL 32901, U.S.A.

Abstract 
We describe a technology for creating easy-to-

manufacture combined function magnets. The field is 

produced by double-helix coils in which the axial path of 

the windings is defined by a sinusoidal function 

containing the superposition of the desired multipoles. 

The result is a magnet that can contain, for example, a 

pure dipole field with superimposed multipole fields 

whose magnitude relative to the dipole field can be easily 

controlled to any level. We show how low level (i.e. 0.1% 

– 1%) modulation amplitudes of the superimposed 

multipoles can be used as built-in or “free” correction 

coils to compensate for iron saturation effects or 

geometrically-induced multipoles. The combined function 

winding can also be used to superimpose a dipole and 

quadrupole winding where the quadrupole integral of Gdl  

can be adjusted to any level desired over the length of the 

main dipole magnet. In this way a “free” quadrupole can 

be obtained within a dipole. The characteristics of this 

type of combined function magnet are also discussed.  

FOREWORD 

The superposition of higher order multipoles in iron-

dominated dipole magnets has been previously obtained 

by shaping the iron pole pieces, such as for the 

Alternating Gradient Synchrotron at BNL and the Proton 

Synchrotron at CERN. In these cases, the iron was 

contoured to produce a quadrupole gradient superimposed 

on the dipole field. However, for the case of  

superconducting magnets whose field is mainly 

determined by the positions of the conductor, 

superimposed multipoles can be obtained using the 

double-helix design by a modification of the conductor 

path to produce the desired harmonic content. This 

procedure is a straightforward extension of the double-

helix magnet technology and enables the easy 

manufacture of coils in which any order harmonic can be 

easily tuned to a specific level. This method is quite 

powerful since each harmonic can be tuned independently 

of other harmonics. When extended to the case that 

includes the non-linear effect of an iron yoke, this method 

can also be shown to be effective for compensating for 

saturation-induced multipoles. 

DISCUSSION  

Double-Helix Coils & Superimposed Multipoles 

The double-helix dipole (DHD) and the double-helix 

quadrupole (DHQ) have been described in several papers 

 

 ∗ This work is partially supported under U. S. Department 

of Energy grant :   DoE SBIR DE-FG02-06ER 84492 

 [1,2,3]. The geometry of the conductor path that will 

produce a pure dipole field is shown in Figure 1. It is seen  

 that each tilted helical turn has an advance h in the axial 

direction (the z-coordinate of the conductor path). It 

follows that, in the straight section of  a long coil, pure 

multipole fields can be produced by pairs of  oppositely-

tilted coil windings with appropriate sinusoidal 

modulation of the axial position of the turns. Modulation 

according to sin(nθ), with θ being the azimuthal angle 

around the magnet axis, produces a multipole field of 

order n, where n=1 is a dipole, as shown in Figure 1.  

 By using concentric pairs of this coil geometry with 

opposite tilt angle, the intrinsic solenoid field component 

is completely canceled, while the transverse multipole 

fields are additive. With a NbTi multi-strand 

superconductor operating at 4.35 K, this dipole 

configuration can produce about 2 T per 2-layer pair 

(without iron). Thus, multiple pairs of layers are required 

for higher fields. 

Figure 1. (Left) Layout of double helix winding. The axial 

field components of the 2 layers cancel each other and the 

total transverse field is enhanced.  (Right) For the case of 

a dipole, the z coordinate of the conductor path is given 

by z(θ) = h θ / 2π + A0 sin θ  with A0 = a / tan α  where a 

is the radius of the coil aperture, α is the tilt angle of the 

winding with respect to the horizontal axis, and h is the 

helical advance per turn. 

 

  The double helix winding concept can be readily 

extended to produce pure higher order multipole magnets, 

and as we shall show, combinations of superimposed 

multipole fields. This can be seen from the general 

expression for the conductor path of a double-helix coil 

given by: 
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where the geometric variables are described in Figure 1. 

The variable εn is the fraction of the dipole sinusoidal 

modulation, A0, for the superimposed harmonic and the 

angle φn of the nth harmonic is the phase angle between 

the harmonic and the fundamental dipole field. By 

controlling the phase angle, either a normal or a skew 

harmonic can be superimposed on the dipole field. The 
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for higher fields. 

Figure 1. (Left) Layout of double helix winding. The axial 

field components of the 2 layers cancel each other and the 

total transverse field is enhanced.  (Right) For the case of 

a dipole, the z coordinate of the conductor path is given 

by z(θ) = h θ / 2π + A0 sin θ  with A0 = a / tan α  where a 

is the radius of the coil aperture, α is the tilt angle of the 

winding with respect to the horizontal axis, and h is the 

helical advance per turn. 

 

  The double helix winding concept can be readily 

extended to produce pure higher order multipole magnets, 

and as we shall show, combinations of superimposed 

multipole fields. This can be seen from the general 

expression for the conductor path of a double-helix coil 

given by: 

 
( ) ( )0

2

sin sin
2

N

n n

n

h
z A n

θθ θ ε θ φ
π =

! "= + + +# $
% &

'
    

 (1)

  

where the geometric variables are described in Figure 1. 

The variable εn is the fraction of the dipole sinusoidal 

modulation, A0, for the superimposed harmonic and the 

angle φn of the nth harmonic is the phase angle between 

the harmonic and the fundamental dipole field. By 

controlling the phase angle, either a normal or a skew 

harmonic can be superimposed on the dipole field. The 
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FIRST PROTOTYPE OF THE SUPERB QD0

Magnetic length 510 mm, inner bore diameter 50 mm!

With 60 turns/layer the quadrupole gradient is 50 T/m at 2600 A!

The stored energy is 1.1 kJ (twice the QD0 one)!

The current density in the wire is  
the same of the QD0  

1.2
8 m

m

CMS strand kindly gifted 
by Luvata

Typical cross section of the
Quadrupole prototype

Min. thickness
Outer winding 

Inner winding 
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SuperB I.R.
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SuperB I.R.
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The equivalent coil width is in general around 10-15% smaller 
than the total width of the coil in a cosT lay out. For instance 
in the LHC dipole one has a coil width of 30.8 mm (2 layers of 
15.4 mm width insulated cable) and the weq=26.9 mm. The 
same equation holds for a quadrupole, where a 30° sector is 
considered. The main advantage of this definition is that it 
allows a direct comparison between cosT and block lay-outs. 

The two obvious paths to high field and high gradients are 
larger current densities and/or larger coils. In Fig. 3 we show 
the relation between bore field and coil width for the main Nb-
Ti accelerator magnets (operational field) and for some Nb3Sn 
models. To be fair to the glorious Nb-Ti, for Nb3Sn models 
80% of the short sample is taken at 1.9 K. One finds that 
notwithstanding the different designs and the two 
superconducting materials, current density is typically around 
400 A/mm2 (see Fig. 4). Please note that for graded magnets 
one has two values corresponding to the densities in inner and 
outer layer, the outer being the larger value. 
 

 
Fig. 3: Operational field versus coil size – dipoles (80% of short sample at 

1.9 K for Nb3Sn models and for Fresca facility). 
 

 
Fig. 4: Operational overall current density versus coil size – dipoles (80% of 

short sample at 1.9 K for Nb3Sn models and for Fresca facility). 
 
Considering that the fraction of superconductor in an 

insulated coil can range from one third to one fourth, this 
means to have the superconductor operating at 1200 A/mm2 -
1600 A/mm2. Given the superconductor critical surfaces, this 
sets a natural limit of a8 T for Nb-Ti and a13 T for Nb3Sn (see 
Fig. 1).  

Critical current in Nb-Ti has been optimized since a long 
time and it has already reached the maximum limit. For Nb3Sn 

there has been a considerable progress [12,13] in the past 10 
years. With the present conductor performance, 13 T 
operational field is close to the limit. Using grading one could 
possibly reach 15 T with coil widths that are still within 
80 mm. 

In order to reach the level of 16 T one should improve the 
current density in that region (optimization has been focused 
up to now in the 12-15 T region): a very ambitious  target of 
1500 A/mm2 at 20 T would allow to get at 16 T operational 
field with a reasonable size of the coils.  

If larger current densities cannot be obtained above 15 T, 
the alternative is to use lower current densities and larger coil, 
i.e., reduce the slope of the loadline of Fig. 1. An estimate of 
the operational field (with 20% margin) versus the coil size is 
given in Fig. 5, based on the scaling laws presented in [10]. If 
40 mm coil gives 12.5 T operational field, doubling the coil 
width provides only two additional Tesla: the game becomes 
pretty expensive – with grading on can save about one third of 
conductor, but to get to operational fields of 15 T with present 
conductor performances looks at the limit (or probably slightly 
beyond the limit) of the Nb3Sn technology.    

 

 
Fig. 5: Operational field versus coil width for a 20% margin from critical 

surface. 
 

In Fig. 6 and 7 we present the case of the quadrupoles.  We 
plot the gradient versus the factor log(1+w/r) since this is the 
term which is proportional to the gradient via the current 
density (see Eq. 2). The spread in the current density (Nb3Sn 
models are again considered with 20% margin on 1.9 K short 
sample) is more relevant than in dipoles. In particular, the two 
Nb3Sn magnets made by the LHC Accelerator Research 
Program (LARP) are in the range of 600-750 A/mm2 (see 
Fig. 7). 

  

 
Fig. 6: Operational gradient versus coil width – quadrupoles (80% of short 

sample at 1.9 K for Nb3Sn models). 
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Second Prototype Of A Single Qd0

Completed in June 2014!

We are planning to cold test it by 
mid 2015.

!21
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Answers To Some Questions

Is a 300 T/m quadrupole feasible?  
Yes, probably, but some R/D is needed, perhaps a 
baseline design should consider a 200 T/m quad.!

Is a 100T/m double bore quad feasible?  
Yes, probably, but some R/D is needed to asses the 
feasibility of a 7x scaled version of the SuperB QD0.

!22
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Conclusions

B factories made very fancy super conducting quads for 
final focus!

Very compact and strong with leaking field compensation!

I.R. designer and magnet makers should interact from 
the early stage of the project not to waste time!

The R/D time needed to realize the first SuperB QD0 
prototype from the I.R. designer requests  was couple of 
years (without the test of the cross talk compensation):  
plan well in advance what you do need.

!23
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Thank you for your 

attention


