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Abstract— The heart of the absorber focus coil (AFC) module for
the muon ionization cooling experiment (MICE) is the two-coil
superconducting solenoid that surrounds the muon absorber.
The superconducting magnet focuses the muons that are cooled
using ionization cooling, in order to improve the efficiency of
cooling. The coils of the magnet may either be run in the solenoid
mode (both coils operate at the same polarity) or the gradient
(the coils operate at opposite polarity).  The AFC magnet cold
mass support system is designed to carry a longitudinal force up
to 700 kN.  The AFC module will be cooled using three pulse tube
coolers that produce 1.5 W of cooling at 4.2 K.  One of the coolers
will be used to cool the liquid (hydrogen or helium) absorber
used for ionization cooling.  The other two coolers will cool the
superconducting solenoid.   This report will describe the MICE
AFC magnet.  The cold mass supports will be discussed.  The
reasons for using a pulsed tube cooler to cool this
superconducting magnet will also be discussed.
Index Terms—Superconducting Solenoids, and Cooling

. INTRODUCTION

he development of a muon collider or a neutrino factory
requires that beams of low emittance muons be produced.
A key to the production of low emittance muons is muon

ionization cooling.  A demonstration of muon cooling is
essential to the development of muon accelerators and storage
rings [1].  The international Muon Ionization Cooling
Experiment (MICE) will be a demonstration of muon cooling
in a configuration of superconducting magnets [2] and
absorbers that may be useful for a neutrino factory. Ionization
cooling of muons occurs within an absorber that is located in
the absorber focus coil module (AFC module).  Ionization
cooling occurs when there is a net loss of transverse muon
momentum when the muons pass through the absorber
material and are reaccelerated by adjacent RF cavities.

This report describes the AFC module two-coil focusing
magnet that provides muon beam focusing within the
absorber, where the ionization cooling occurs.  This report
discusses the focusing magnet cold mass support system and
the cooling of the magnet with a pair of 1.5 W coolers.
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Fig. 1.  A 3D View of the Central Section of the MICE Cooling
Channel during the Final Stage of the Experiment.

II. MICE AND THE AFC MODULE

The proposed MICE experiment will test cooling on a low
intensity muon beam from the ISIS ring at the Rutherford
Appleton Laboratory in the United Kingdom.  Once the muons
have been produced and fed into the MICE channel at the
desired emittance, the muon beam emittance is measured in
the first tracker module [3].  From here the muon beam is fed
into the center section of the cooling channel where cooling
and reacceleration take place. The central cooling section of
the MICE during the final stage of the experiment is shown in
Fig. 1.  Both longitudinal and transverse momenta are
removed in the AFC module.  The longitudinal momentum of
the muons is replaced by RF acceleration in the RFCC
module.  The process of cooling and reacceleration occurs in
the alternating AFC modules and RFCC modules. The beam
emittance after cooling will be measured in the second tracker
module at the end of the channel.

The three AFC modules are where the beam is focused and
the muon momentum is removed by the absorber through
ionization cooling. The AFC module shown in Fig. 1 consists
of a superconducting magnet that surrounds the absorber that
reduces the muon momentum in all directions.  A three
dimensional view of the AFC module is shown in Fig. 2.  The
AFC module will be cooled using three coolers that generate
1.5 W of cooling at 4.2 K.  One cooler will be used to cool the
liquid absorber.  The other two coolers will be used to cool the
superconducting focusing magnet.  A cross section of the AFC
module showing the focusing magnet and a liquid absorber is
shown in Fig. 3.  The three coolers are not shown in Fig. 3.
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Fig. 2.  A 3D View of the MICE AFC Module from the
Magnet Cooler End of the Module

Fig. 3.  A Cross-section of the AFC Module showing the
Two-coil Superconducting Solenoid and the Absorber

The focusing magnet is designed to operate in both the
gradient mode (flip mode) with the two coils operating at
opposite polarity or the solenoid mode (non-flip mode) where
the coils operate at the same polarity [4]. The forces and fields
at the conductor are much higher when the focusing magnet
operates in the flip mode [5].  Table 1 shows the parameters
for the MICE focusing magnets while they operate in either
mode at the highest muon momentum (240 MeV/c). From
Table 1, it is clear that the flip mode is the worst mode in
terms of peak field at the winding, temperature margin, and
inter-coil magnetic forces.  During a fault, the forces on the
cold mass supports are also the higher.

TABLE 1.  THE BASIC OPERATING PARAMETERS OF THE MICE FOCUSING

MAGNET IN THE FLIP AND NON-FLIP MODES

Parameter Non-flip Flip

Coil Inner Radius (mm)
Coil Thickness (mm)
No. of Layers
No. Turns per Layer

263
84
76
127

Magnet J (A mm-2)* 72.0 138.2
Magnet Current (A)* 130.5 250.7
Magnet Self Inductance (H) 137.4 98.6
Peak Induction in Coil (T)* 5.04 7.67
Magnet Stored Energy (MJ)* 1.17 3.10
4.2 K Temp. Margin (K)* ~2.0 ~0.6
Inter-coil Z Force (MN)* 0.56 3.53

*  Worst case currents based on p = 240 MeV/c and b = 420 mm

III. FOCUSING MAGNET COLD MASS SUPPORT SYSTEM

The proposed cold mass support system for the AFC magnet
is self-centering [6].  A self-centering support system has the
property that the physical center of the magnet does not
change as the magnet is cooled from 300 K to 4 K.  The
support system for any MICE magnet must withstand the
forces put on the magnet during a quench or a fault as well as
when the MICE channel is normally operated.  During normal
operation, the center AFC magnet cold mass support system
has almost no longitudinal force on it.  During normal
operation, the end AFC modules may see a support system
longitudinal force of up to 150 kN (15 tons).  The overall
spring constant of the cold mass supports and external
supports must be high enough so that the magnet center does
not move more than ±1 mm during normal operation and the
angle of the axis of the magnet should not change more than
±0.7 mrad during normal operation.  The design force for the
AFC magnet cold mass support is determined by quench and
other off normal operating conditions.  The worst-case quench
results in a 40-ton longitudinal force on the focusing magnet.
The worst-case overall occurs when MICE operates in the flip
mode with the current leads of one (or both coupling coils)
reversed.  This results in a cold mass support longitudinal
force of 68 tons when the muon p = 240 MeV/c and b = 420
mm.  The AFC magnet cold mass support system design force
is 700 kN (~70 tons).

The self-centering cold mass support system proposed for
the AFC magnet consists of eight supports strap assemblies
(four at each end of the magnet).  Each support strap assembly
consists of two oriented fiberglass epoxy support bands with
attachment hardware at each end and an intermediate
temperature intercept between the two bands.  The
intermediate temperature intercept is tied to the first stage of
the coolers that cool the AFC magnet.  The intercept
temperature is expected to be between 40 and 50 K.  The
warm ends of the cold mass supports will be near the AFC
vacuum vessel ends at azimuthal angles of 45, 135, 225, and
315 degrees.  The cold ends will be at the same angles but off
by plus or minus 10 degrees (depending on the end) toward
the mid-plane.  A three dimensional view of the AFC cold
mass support system is shown in Fig. 4.
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Fig. 4.  A 3D View of the Focusing Magnet Cold Mass Supports

For the cold mass supports shown in Fig. 4 the design pre-
stress will be 250 MPa across the band, when the cold mass is
at 4.2 K.  For the nominal design, the pre-stress at 300 K will
be about 170 MPa.  The nominal length for both the warm and
the cold tension bands will be about 210 mm.  Each band will
have two straps with a width of 25 mm and a thickness of 16.8
mm.  When the temperature at the intercept between the bands
is 50 K, the total heat leak to 4 K is about 0.11 W.  If the
intercept temperature is raised to 77 K the heat leak into the
magnet will be about 0.28 W.  The total heat flow into the
intercepts will be about 2.7 W.  The final support system heat
leak will be within a factor of two of the values given above.

IV. COOLING THE AFC MAGNET

Each AFC magnet will be cooled using a pair of 1.5 W (at
4.2 K) coolers.  A single cooler will keep the liquid absorber
cold (at 20 K for LH2 or 4.5 K for LHe).  The selection of the
cooler is dependent on the magnetic field at the cooler. There
are two types of coolers commercially available for cooling
the magnets.  They are the Gifford McMahon (GM) cooler and
the pulse tube cooler. A model that generates 1.5 W at 4.2 K is
commercially available for both types of coolers [7].

The critical cooler selection issue for MICE is the stray
magnetic field outside of the magnets.  The MICE channel
doesn’t have an iron shield to return the magnetic flux and
shield the coolers.  Both types of coolers have at least one
component that is sensitive to magnetic fields of 0.05 T or
more.  An advantage of the pulse tube cooler is the fact that
field sensitive part (the rotary valve drive motor) is further
from the second stage cold head.  The rotary valve motor can
be shielded and it can be located remotely away from the
cooler top plate, to a place where the magnetic field is lower.

The highest field at the cooler occurs when the magnet is in
the flip mode at p = 240 MeV/c and b = 420 mm.  This field is
in the radial direction.  The field magnitude is ~0.6 T at
second stage cold head and ~0.35 T at a radius of the drive
motor. When the AFC magnet is operated in the non-flip
mode, the field at the sensitive parts of the cooler is much
lower.  The non-flip mode stay field is longitudinal.

TABLE 2.  ESTIMATED AFC MAGNET HEAT LOADS AT 40 K AND 4.2 K

Heat Leak
(W)Component

@ 40 K @ 4 K
Cold Mass Supports ~3 ~0.22
Radiation through MLI ~6 ~0.20
Necks and Instrumentation ~9 ~0.50
Current Leads ~48 ~0.80
Total Estimated Heat Leak ~66 ~1.72

The projected heat loads for the AFC magnet are shown in
Table 2.  A pair 1.5 W pulse tube coolers appears to be an
attractive choice for the AFC magnet.  The heat loads shown
in Table 2 suggest that the cooler first stage temperature of the
pulse tube cooler will be less than 40 K.  The second stage
temperature might be as low as 3.7 K.  Given the low
operating temperature margin for the focusing magnet in the
flip mode at p = 240 MeV/c and b = 420 mm, cooling the AFC
magnet with a single cooler does not appear to be viable.  The
use of two coolers to cool the magnet can potentially increase
the magnet temperature margin and it will allow the rotary
valve for a pulse tube cooler to be in a low field region.
Moving the rotary valve motor to a remote location will
eliminate the need for a magnetic shield, thus reducing the
field aberrations within the bore of the magnet.

Figure 5 shows the location of the magnet coolers and the
absorber cooler as seen looking at the top of the AFC cryostat.
The magnet cooler is within a He gas filled sleeve.  Liquid
helium leaves from the bottom of the helium sleeve.  Figure 6
shows the two magnet coolers and the HTS and copper lead
assemblies for the AFC magnet. The pipes that feed liquid
helium to the bottom of the magnet are also shown in Fig. 6.
The pipes that receive helium gas from the magnet and deliver
the gas to the cooler sleeve is also shown.

Fig. 5.  AFC Cooler Location from the Side

Outer Band
40 K Intercept

Inner Band

4 K Support End

300 K Support End

S/C Magnet



LBNL-61384, published in IEEE Transactions on Applied Superconductivity 17, No. 2 -4-

Fig. 6.  The magnet Current Lead Assembly and the Two Magnet Coolers as
seen from the Magnet End of the AFC Module

The bottom of the HTS leads is cooled by conduction
through copper and Nb-Ti leads that feed directly from the
liquid helium space.  The HTS leads are assumed to be in
vacuum.  The upper part of the HTS leads is cooled directly by
conduction from the first stage of the coolers.  The first stage
temperature is expected to be about 40 K.  The first stage
removes the heat that comes down the copper current leads as
well as heat leaks down the upper part of the cold mass
supports, the MLI, instrumentation wires and the vent tubes.

The key to being able to operate the AFC magnet so that
beams with a momentum of 240 MeV/c can be measured in
MICE is reducing the temperature drop between the magnet
hot spot and the cooler second stage cold heads [8].  The best
ways of achieving a low temperature drop are; 1) reducing the
heat flow into the 4 K region, 2) cooling the entire surface of
the magnet instead of a single spot, and 3) using a thermal
siphon heat pipe to connect the cooler second stage to the
liquid helium that is around the magnet coils.

In order to achieve temperature drops of less than 0.1 K
from the surface of the magnet in contact with liquid helium to
the second stage of the cooler, the proper heat flow per unit
area must occur at the condenser and on the magnet surface in
contact with the helium.  The heat flow per unit vertical
surface of the condenser must be < 50 W m-2.  For 1.5 W, the
condenser area must be >0.03 m2.  The heat flow from the
exposed magnet surface to the liquid helium around the
magnet must be ~3 W m-2 for a DT at the surface of 0.03 K.
This suggests that the total magnet surface exposed to liquid
helium must have an area of about ~0.65 m2.

V.  CONCLUDING COMMENTS

The AFC contains a superconducting magnet that focuses
the muon beam to low values of beam beta, in order to
improve ionization cooling efficiency.  The two coil
superconducting solenoid is design to be operated in either the
gradient mode (the flip mode) or the straight solenoid mode
(the non-flip mode).  When the magnet is operated in the flip
mode the fields and forces are generally higher than when the
magnet operates in the non-flip mode.  When MICE operates
with muons at an average momentum of 240 MeV/c, the
focusing magnet temperature margin is about 0.6 K when the
magnet operates at 4.2 K.

It is expected that the AFC magnet cold mass will be
supported by a self-centering tension band support system
capable of carrying 700 kN (~70 tons) in the longitudinal
direction and at least 50 kN (~5 tons) in the radial direction.
The cold mass support system will have a thermal intercept at
about 40 K.  Cooling for this intercept will come from the first
stage of the coolers.

The AFC solenoid can be cooled using two coolers.  The
coolers will provide cooling for the copper current leads, the
cold mass supports, other conductive heat loads and the
radiation heat load through the MLI.  The first stage of the
cooler is expected to operate at about 40 K.  The cooler second
stage intercepts all heat leaks into the cold mass as well as
heat leaks down the HTS leads that connect to the copper
current leads that come in from 300 K.  The cooler second
stage will be connected to magnet cold mass using a pair of
thermal siphon heat pipes.  The AFC module will have a third
4 K cooler to cool the liquid absorber.
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