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Abstract

Helical cooling channels with superimposed solenoid
and helical dipole and quadrupole coils, and a pressurized
gas absorber in the aperture offer high efficiency of 6D
muon beam cooling. In this paper, we continue design
studies and comparison of two basic concepts of magnet
system proposed for a helical cooling channel focusing on
the high field sections. The results of magnetic analysis
and Lorentz force calculations as well as the
superconductor choice are presented and discussed.

INTRODUCTION

Helical cooling channels consisting of a magnet system
with superimposed solenoid and helical dipole and
quadrupole fields, and a pressurized gas absorber in the
aperture offer high efficiency of 6D muon beam cooling
for a future Muon Collider and some other applications
[1]-[3]. To achieve the required muon beam phase space
reduction of the order of 10°-10° the cooling channel is
divided into several segments. Each segment has a smaller
aperture and stronger fields, to reduce the equilibrium
emittance and allow continuous beam cooling.

Two alternative designs of magnet system for the
helical cooling channel were proposed and are being
investigated at the present time [4]-[5]. The first one is
based on a straight large aperture solenoid with helical
dipole and quadrupole coils on top of it. The other one
consists of a helical solenoid assembled from a number of
ring coils and shifted in the transverse direction such that
the coil centers form the required equilibrium helical
orbit. This structure generates the main solenoidal field
and the helical dipole and “quadrupole” (field gradient)
components. Both concepts have been developed and
compared for the MANX experiment [6].

In this paper, we continue design studies and
comparison of two basic concepts of magnet system for a
helical cooling channel focusing on the high field
sections. The results of magnetic analysis and the
considerations on superconductor choice for different
sections are presented and discussed.

DESIGN COMPARISON

Conceptual designs of muon HCC, number of sections,
their geometrical parameters and field components
relevant for a future muon collider, still need to be
optimized. Optimization includes accommodation of RF
cavities, elements of coil support system and cryostat,
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service equipment inside the magnet aperture, etc., and
providing the required beam cooling.

The main goa of this study was to understand the
possibilities and limitations of generating the required
field components in high-field sections with given
geometrical parameters. To study and compare different
magnet designs for multistage HCC, as target parameters
we used those reported in [3]. They are summarized in
Table 1. Field components in the table are defined in a
cylindrical coordinate system (r,t,2).

Table 1: Target parameters of magnet system for multi-
section HCC.

Section
Parameter

1st 2nd 3rd 4th
Total length, m 50 40 30 40
Period, m 1.00 0.80 0.60 0.40
Orbit radius, m 0.160 | 0.130 | 0.095 | 0.060
Solenoidal field (B,), T -6.95 -8.69 -11.6 -17.3
Helical dipolefield (B,), T 1.62 2.03 271 4,06
Field gradient (dB./dr), T/m -0.70 -1.10 -2.00 -4.50

Large Bore Sraight Solenoid with Helical Coils

Parameters of low-field sections in Table 1 are
compatible with the MANX magnet parameters. It was
already shown [4] that they could be based on either of
the two concepts of helical magnet system. In this
subsection, we describe the large bore design and
parameters for the highest field HCC sectionin Table 1.

The 3D magnet model is shown in Fig. 1. It consists of
the helical dipole coil placed inside of the straight
solenoid. Such configuration was chosen due to the large
peak field in the dipole cail .

Figure 1: High-field helical dipole with straight solenoid
(aquarter removed for clarity).
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The flux density distribution calculated for each coil at
the nomina current shows that, although the helical
dipole and solenoid need to produce only 4.06 T and 17.3
T respectively, the peak fieldsin these coilsare 34.5 T and
27.5T respectively.

The required solenoidal and dipole field components
were precisaly reproduced in this configuration. However,
the field gradient of 16 T/m generated by the helical
dipole coil is off by an order of magnitude. A dedicated
quadrupole coil of areasonable thickness could correct up
to 10% of this value that would still leave a larger than
necessary gradient.

The large difference between the field required on the
beam orbit and the peak field in the coils is due to the
high field gradient across the aperture. As a result, the
peak field occurs at the opposite side of the aperture from
the beam. Thus, it essentially doubles the coil peak field
with respect to the maximum field on the beam orbit.

To achieve the above fields, the high temperature
superconductors (HTS) - either the Bi-2223 tape or Bi-
2212 round strand, that have similar engineering critical
current densities, could be used. Nevertheless, the helical
dipole cail has virtually no margin at the operating field,
and the solenoid has a small 10% margin. Further increase
of the coil thickness in order to gain the extra margin is
very inefficient in coils with the thickness comparable to
their aperture. Therefore, the operation field in this design
with ~50 % margin is limited to 9-10 T, which is well
below the required field level in that section.

Helical Solenoid

Helica solenoids were developed for all the four
sections in Table 1. For each section, the geometrical
parameters were optimized in order to match solenoidal
field (primary target) as well as the helical dipole and
gradient with some constrains related to magnet period
and orbit radius. Five-meter long modules of helical
solenoids for the 1% and 4™ HCC sections are shown in
Fig. 2 and 3.
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Figure 2: Helical solenoids for low-field section.

Figure 3: Helical solenoids for high-field section.
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Table 2 summarizes the parameters of the helical
solenoids for al the four sections. It was not possible to
match the helical dipole and quadrupole components
simultaneously. Therefore, the values presented in Table 2
are the optimum ones.

Table 2: Helical Solenoid Parameters

Section

Parameter 1« | 2nd | 3d 4th
Superconductor NbsSn | NbsSn | NbsSn | BSCCO
Coil ID, mm 460 300 200 100
Coil width, mm 20 16 12 8
Coil radial thickness, mm 50 110 150 150
Solenoidal field, T -6.95 | -869 | -11.60 | -17.30
Hélical dipolefield, T 154 1.95 2.20 2.88
Hélical fidd gradient, T/m | -1.07 -1.84 -2.04 -4.05
Coil maximum field, T 9.53 11.10 13.94 19.54
Current density, A/mm? 4531 | 2584 | 2444 118.1
Safety margin, % 83 70 40 84

The coil width was gradually reduced from section to
section to keep the same number of coils per period. Since
the critical current density in superconductors reduces
with magnetic field, the coil radial thickness increases in
higher field sections to provide the required operation
field components with some safety margin. In the last two
high-field sections, it is comparable with the coil aperture.
The safety margin decreases in NbsSn coil with the
increase of operation field.

Fig. 4 shows the critical coil current density for NbsSn
and HTS cails, coil load lines and operation points for the
four sections of HCC. The superconductor properties for
NbsSn sections are parameterized using [7] with J(12T,
4.2K) = 3 kA/Imm? and coil packing factor of 0.38. The
superconductor properties and coil packing factor for HTS
sections are the same as in [8]. The level of maximum
field in the three first sections suggests that they could be
made of NbsSn superconductor. The fourth section needs
HTS.
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Figure 4: Critical coil current density and load lines for
the 1%, 2™ 3 and 4™ sections.
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FIELD CORRECTION

Andysis shows that it is difficult to match
simultaneously the solenoidal field and the two transverse
field components for the given geometrical parameters. To
better understand the adjustability of helical dipole and
field gradient in helical solenoids, the sensitivity analysis
was performed. Table 3 presents the relative changes of
the dipole (AB/By) and gradient (AG/Gg) components due
to relative changes of one of the geometrical parameters —
helical period (AA/Ag), coil inner radius (AR/Ry), or coil
radial thickness (Aw/wy), with respect to their nominal
values By, Gy, Ao, Ry andwg (shown in Table 2) for the first
and forth sections. The solenoidal field was always kept
constant. In all the cases but one, the relative increase of
geometrical parameters reduces the helical dipole and
field gradient. As can be seen, the helical field gradient is
factor of 3 to 15 more sensitive to the variations of the
geometrical parameters than the helical dipole in both
low-field and high-field sections.

Table 3: Relative sensitivity of dipole and gradient
components to relative variations of main geometrical
parameters.

SleGIHSNGHE
Section B S B, S B, Ge
AL AL A AR Aw A
ESHIGSAESIENIESIIES
1t 006 | 091 | -116 | -614 | -0.09 0.46
4h | -008 | 027 | -080 | 493 | 075 | -215
The possibility of adjusting the al three field

components in high-field helical solenoid using external
straight correction solenoid was aso studied. 5-m long
module of 4™ section with helical solenoid and correction
solenoid is shown in Fig. 5. The geometrical parameters
of correction solenoid, maximum field in the coil and
field components in the aperture of the helical solenoid
are reported in Table 4. Helical and correction solenoids
produce opposite longitudinal field components of 24 T
and 7 T respectively. The total solenoidal and helical
dipole fields are as in Table 1 and the transverse field
gradient is ~30% more than required. Based on the results
shown in Table 3 it can be tuned by increasing the cail
inner radius and/or coil thickness.

e

Figure 5: High-field helica solenoid with externa
correction solenoid.
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Table 4: Parameters of high field section of helical
cooling channel with helical and correction solenoid.
Parameter Value

Correction solenoid thickness, mm 30
Correction solenoid ID, mm 540
Operation current density in correction solenoid, A/mm 2 191.3
Solenoidal field, T -17.3
Helical dipolefield, T 4.06
Helical field gradient, T/m -5.73
Coil maximum field, T 20.46
Nominal helical coil current density, A/mm? 166.9
Safety margin, % 45

Increasing the coil aperture will provide more room in
the aperture for RF and other systems. Increasing the coil
thickness will increase the coil operation margin, which
reduced in case of correction solenoid from 84 to 45%.

CONCLUSION

Design studies and comparison of two basic concepts of
magnet system for a multi-section helical cooling channel
show that the design based on a large-aperture straight
solenoid is limited by 9-10 T solenoidal fields. The
cooling sections with higher fields have to use helical
solenoids with Nb;Sn, HTS or hybrid coils. The different
possibilities of achieving the required field components
using solenoid geometrical parameters and external
correction solenoid were demonstrated.
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