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The shielding strategy must be integral to the final focus design
Shielding may limit (eliminate) the detector capabilities in the forward region.
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Solenoid transport
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Palmer Solenoid Taper• Magnetic field adiabatically 
decreases along the transport

• Transverse momentum decreases 
• Busch’s theorem: B rorbit

2 is constant
• B=20T→2T (r=3.75cm →= 12cm)
• P⊥ = 0.225→0.07GeV/c

• Emittance = ~σx σpx/105.66
• ~8cm×25 MeV/c/105.66≅0.02m

• P remains constant (P‖ increases)

• Transport designed to maximize 
π→µ acceptance
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ν-Factory Study2A µ+ and µ- source
• Drift –110.7m
• Bunch -51m

• Vδ(1/β) =0.0079
• 12 rf freq., 110MV
• 330 MHz → 230MHz

• φ-E Rotate – 54m – (416MV total)
• 15 rf freq. 230→ 202 MHz
• P1=280 , P2=154 δNV = 18.032

• Match and cool (80m)
• 0.75 m cells, 0.02m LiH

• “Realistic” fields, components
• Captures both µ+ and µ-
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Phase/energy rotation variations
• Low-frequency rf; capture into 

single long bunch
• But Low-frequency rf is very 

expensive?)
• Shorter high-frequency buncher

• Shorter bunch train

• Gas-filled rf cavities

• Quad (not solenoid) focusing
• Less field in rf, not on axis
• Less expensive? (B2L less)
• "Almost" ready 
• Redo study 2a with quads …
• A. Poklonskiy assigned to topic
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700 m muon Production and Cooling
(showing approximate lengths of sections)

• 8 GeV Proton storage ring, loaded by Linac
– 2 T average implies radius=8000/30x20~14m

• Pi/mu Production Target, Capture, Precool sections
– 100 m (with HP RF, maybe phase rotation)

• 6D HCC cooling, ending with 50 T magnets
– 200 m (HP GH2 RF or LH2 HCC and SCRF)

• Parametric-resonance Ionization Cooling
– 100 m

• Reverse Emittance Exchange (1st stage)
– 100 m

• Acceleration to 2.5 GeV
– 100 m at 25 MeV/c accelerating gradient

• Reverse Emittance Exchange (2nd stage)
– 100 m

• Inject into Proton Driver Linac  
• Total effect:

• Initial 40,000 mm-mr reduced to 2 mm-mr in each transverse plane
• Initial ±25% ∆p/p reduced to 2% , then increased

– exchange for transverse reduction and  coalescing
• about 1/3 of muons lost to decay during this 700 m cooling sequence

• Then recirculate to 23 GeV, inject into racetrack NF storage ring

Detailed theory in place, 
simulations underway.

Muons, Inc.

New Phase II grant

New Phase II grant
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RF cavity to compensate ionization 
energy loss

RF cavity is needed to compensate ionization energy loss.

Continuous acceleration is more effective.
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Particle Motion in Helical Magnet

Blue: Beam envelope
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Both terms have opposite signs.

Combined function magnet (invisible in this picture)
Solenoid + Helical dipole + Helical Quadrupole

Dispersive component makes longer 
path length for higher momentum 
particle and shorter path length for 
lower momentum particle.
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Emittance in series of HCC

• Use continuous 200 MHz cavity in a 
whole channel.

• E=31 MV/m in 400 atm GH2.
• 6D cooling factor in the series of HCC 
is ~50,000.

• The realistic RF field is tested in the 
single helical cooling channel (bottom 
plot). 

• This test is proved the predicted 
cooling performance in the Slava and 
Rol’s paper. 

• However, this design is needed to 
produce the huge magnetic field. 

We need to solve this question.
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Incorporate RF cavity in helical solenoid coil

140.016.034.0 | 17.012.51.63.8-0.63.113.61.00.53rd HCC

140.016.017.0 | 8.025.00.81.4-0.31.5-6.81.01.02nd HCC

140.016.012.0 | 6.050.00.40.5-0.21.0-4.31.01.61st HCC

degreeMV/mSnake | SlinkycmGHzT/m2T/mTTmunit

rf phaseEMaximum b
Inner d of 

coilfbsbqbdBzκλparameters

•Use a pillbox cavity (but no window this time). 
•RF frequency is determined by the size of helical solenoid coil.
Diameter of 400 MHz cavity = 50 cm
Diameter of 800 MHz cavity = 25 cm
Diameter of 1600 MHz cavity = 12.5 cm
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•The pressure of gaseous hydrogen is 200 atm to adjust 
the RF field gradient to be a practical value.
The field gradient can be increased if the breakdown would be 
well suppressed by the high pressurized hydrogen gas.
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Precooler + HCCs

Solenoid + High Pressurized RF

Precooler
Series of HCCs

•The acceptance is sufficiently big.
•Transverse emittance can be a quite 
smaller than longitudinal emittance.
•Emittance grows in the longitudinal 
direction.
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Another Possible Precooler + HCCs

•Use MANX type cooling channel at beginning. 
•Install the high pressurized RF cavities after the
MANX magnet to compensate the energy loss.
•It works quite well.
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Two Different Designs of Helical Cooling Magnet

•Siberian snake type magnet
•Consists of 4 layers of helix dipole to produce
tapered helical dipole fields.

•Coil diameter is 1.0 m.
•Maximum field is more than 10 T. 

•Helical solenoid coil magnet
•Consists of 73 single coils (no tilt).
•Maximum field is 5 T 
•Coil diameter is 0.5 m. 
•Flexible field by adding a correction coils.

Large bore channel
(conventional)

Small bore channel
(helical solenoid)

New great innovation!
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Particle motion in Helical Magnet

Blue: Beam envelope
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Both terms have opposite signs.

Combined function magnet (invisible in this picture)
Solenoid + Helical dipole + Helical Quadrupole

Dispersive component makes longer 
path length for higher momentum 
particle and shorter path length for 
lower momentum particle.



February 14, 2007 LEMC 2007, Fermilab 4

Overview of MANX channel
•Use Liquid He absorber
•No RF cavity
•Length of cooling channel: 3.2 m
•Length of matching section: 2.4 m
•Helical pitch κ: 1.0
•Helical orbit radius: 25 cm
•Helical period: 1.6 m
•Transverse cooling: ~150 %
•Longitudinal cooling: ~120 %
•6D cooling: ~200 %
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Design practical helical cooling magnet

•Siberian snake type magnet
•Consists of 4 layers of helix dipole to produce
tapered helical dipole fields.

•Coil diameter: 1.0 m

•Use helical solenoid coil
•Consists of 73 single coils.
•Coil diameter: 0.5 m

See Vladimir & Steve’s talk

Large bore channel
(conventional)

Small bore channel
(helical solenoid)
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Helical field maps in TOSCA

Small bore magnet (helical solenoid)Large bore magnet (conventional)

•Design with λ = 2.0 m and κ = 0.8 •Design with λ = 1.6 m and κ = 1.0.
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Natural quadrupole component in small 
bore magnet system (helical solenoid)

•Negative field gradient is produced in helical 
solenoid coils.
•The required helical quadrupole component is 
changed by κ (helical pitch). 

•The strength of the quadrupole component can 
be adjusted by the solenoid coil diameter.  

λ = 1.0 m, p = 300 MeV/c
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Possible beam line in Fermilab site

• Candidates
– Linac (0.4 GeV proton) See Andreas & Dan’s talk.

• Low yield, narrow space
– Meson Test area (120 GeV proton) Ask B. Abrams.

• Need energy absorber to reduce momentum.
• Parasitic design with the ILC detector group

– pbar accumulator ring (8 GeV)
• Obtain good quality beam, sufficiently high intensity
• One of the most preferable place

– MiniBooNe (8 GeV)
• Need muon capturing element
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V. Kashikhin

f Fermilab Large Bore Superconducting System

6D emittance evolution in the large bore cooling channel 
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f Fermilab Helical  Solenoid

Another novel approach is to use a helical solenoid to generate the needed fields. The solenoid consists of a 
number of ring coils shifted in the transverse plane such that the coil centers follow the helical beam orbit. The 
current in the rings changes along the channel to obtain the longitudinal field gradients. Apart from the large 
bore system, where the longitudinal and transverse field components are controlled by independent windings, the 
small bore system has a fixed relation between all components for a given set of geometrical constraints. Thus, to 
obtain the necessary cooling effect, the coil should be optimized together with the beam parameters. 

One can see that the optimum gradient for 
the helical solenoid is -0.8 T/m, 
corresponding to a period of 1.6 m. Besides 
that, the system has other variables, one of 
which is the inner coil radius. For example, 
0.2 m radius increase corresponds to -1 T/m 
change in the transverse field gradient. At 
the same time, it has a small influence on 
the dipole and longitudinal field components 
which provides another effective way to 
optimize a transverse gradient. 
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f Fermilab Single Coil Structure

Each coil has one layer and wound from NbTi Rutherford type cable
Cable has Kapton electrical insulation (LHC HGQ type)
After winding coil cured to provide solid mechanical structure
Coil has outer bandage ring to intersept hoop stresses
Coil assembly fixed in radial direction by the coil support 
Structure.

Coil assembly

Coil support
Technological 
hole

Reserved LHC Cable for MANX

Coil structure
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f Fermilab Helical  Solenoid Cold Mass

1. The cold mass assembled by 12.4° rotation of 
each coil assembly around axis Z 

2. Technological holes used to splice cables of 
neigboring coil sections 

3. 29 coils form 1.6 m period
4. LHe vessel has longitudinal keys with angular 

step 12.4 ° to protect coils from rotation 
under Lorentz forces torques

LHe shell
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5D Raster Scan
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Low Emittancs Muon Collider Workshop, Fermilab,  February 16, 2007. Muon Acceleration, Alex Bogacz
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Simultaneous acceleration both µ+ and µ- species 

µ−

µ+µ+ µ−

µ+
µ+ µ−

µ−

µ+ µ−

µ−

µ+

µ−

µ+

µ+ µ−

better orbit separation at linac’s end ~ energy difference between consecutive passes (2∆E)

Muon Acceleration in ‘Dogbone’ RLA
Alex Bogacz, Jefferson Lab
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Two-step-RLA Acceleration Scenario

L.E. RLA (2.5 GeV to 30 GeV)

7.5-pass ‘Dogbone’ RLA: Linac (160 m, 4 GeV/pass ) + 7 droplette Arcs

SRF: 400 MHz, 25 MeV/m

Top-to-injected energy ratio = 12

H.E. RLA (30 GeV to 750 GeV)

7-pass ‘Dogbone’ RLA: Linac (4114 m, 103 GeV/pass ) + 7 droplette Arcs

SRF: 1300 MHz, 25 MeV/m

Top-to-injected energy ratio =25
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30 GeV Dogbone RLA (7.5 pass)

energy ratio:

2.5 GeV0.3 GeV

Ef

E0
= 12

4 GeV/pass
30 GeV
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