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Parameters are given of muon colliders with center of mass energies of 1.5
and 3 TeV. Pion production is from protons on a mercury target. Capture, de-
cay, and phase rotation yields bunch trains of both muon signs. Six dimensional
cooling reduces the emittances until the trains are merged into single bunches,
one of each sign. Further cooling in 6 dimensions is then applied, followed by
final transverse cooling in 50 T solenoids. After acceleration the muons enter
the collider ring. Ongoing R&D is discussed.
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1. Introduction

This work is in collaboration with: The Neutrino Factory and Muon Col-
lider Collaboration! (NFMCC) and the FNAL Muon Collider Task Force?
(MCTF).

Muon colliders were first proposed by Budker in 1969.% A more detailed
study was done for Snowmass 96.% This report will address the current
approach to such a scheme.

Muon colliders would allow the high energy study of point-like collisions
but without so much synchrotron radiation that requires the electron ac-
celeration to be linear and long. Muons can be accelerated in smaller rings
and offer other advantages, but the disadvantages are that muons are pro-
duced diffusely and they decay rapidly. The proposed scheme outlined here
includes the pion production, capture, pion decay to muons, acceleration,
and collider rings will be outlined.

Table 1 gives parameters for muon colliders at two energies. Both use
the same muon intensities and emittances, although the repetition rates for
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the higher energy machines are reduced to control neutrino radiation that
could be a radiation hazard.
Fig. 1a shows a schematic of the components of the system.

2. Components
Introduction

The muons are generated by the decay of pions produced by proton inter-
acting in a mercury jet target. The pions are captured by a 20 T solenoid
surrounding the target, followed by an adiabatic lowering of the magnetic
field to a constant value in the decay channel.

Table 1. Parameters of two muon colliders

C of m Energy TeV 1.5 3
Luminosity 1034 cm?sec™?! 1 4
Beam-beam Tune Shift 0.087 0.087
Muons/bunch 1012 2 2
Ring circumference km 2.6 4.5
Beta at IP = o, mm 10 5
rms mom. spread % 0.1(0.3) 0.12
Required depth for v rad m ~20 =~ 200
Mu per 8GeV p 0.16 0.16
Muon survival 0.07 0.06
Repetition Rate Hz 15 12
Proton Driver power MW ~4 ~ 4
Trans Emittance mm 25 25
Long Emittance pm 72,000 72,000

Following the target, the pions drift and decay into muons in a solenoid
focused channel. The captured muons, with mean momenta of ~ 200
MeV/c, and longitudinal emittance (8 v dp/p o.) of approximately 0.5
m and transverse emittance (8 v og 0,) of approximately 20 mm. These
must be cooled to the specified emittances of 72 mm and 25 pum respec-
tively, as shown in Tb.1. This represents a cooling of the 6 dimensional
phase space by approximately 107. This is achieved by Ionization Cooling
in which the muons lose forward and transverse momentum in absorbers,
followed by re-acceleration that restores only the forward loss.

Fig. 1b shows a plot of the longitudinal vs. transverse emittances of the
muons as they progress from production at the target to the end of the
cooling systems, using subsystems numbered 1-5 in the figures.
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Fig. 1. a) shows a schematic of the components of the system; b) shows the longitudinal
vs. transverse emittances through the five beam manipulations and cooling

1) Bunching and Phase Rotation

The phase rotation® converts the single muon burst (with short length but
huge momentum spread) into strings of bunches over a longer time but with
lower momentum spreads.

In a 80 m drift (including the initial taper), the muon burst is allowed to
lengthen and develop a time energy correlation. It is then, over a distance of
33 m, bunched by rf (with frequencies from 333 to ~ 220 MHz, dependent on
location) into a train without reducing the time energy correlation. Then,
over 42 m, by phase and frequency control, the rf accelerates the low energy
bunches and decelerates the high energy ones, to form a mono-energetic
train. Muons of both signs are captured into interleaved bunches.

2) 6D cooling before merge

The next stages cool simultaneously in all 6 dimensions until the longitudi-
nal emittance is small enough to allow the bunches to be merged into just
2 bunches, one of each sign. The cooling parameters would vary along the
length of the cooling systems: starting with lower fields, lower frequency
rf, and longer cells, and progressing to higher magnetic fields and rf fre-
quencies. A section of cooling in only transverse cooling might be employed
initially.

There are broadly 3 different methods illustrated in fig.2 to accomplish
this 6D cooling. Each has a somewhat different mechanism to reduce mo-
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Fig. 2. 6D cooling systems: a) Snake; b) Guggenheim; c¢) Helical Cooling Channel

mentum spreads to achieve the cooling in all dimensions.

(a) In the Snake® system the lattice is approximately straight and consists
of alternating thin solenoids with small (7 mrad) tilt angles that repeat
after 6 solenoids. Liquid hydrogen absorbers with thin windows are lo-
cated under each solenoid and the rest of the space is full of vacuum rf.
A great advantage of this solution is that it cools both signs simultane-
ously. Simulations are in an early stage, but appear to meet requirements.
Longitudinal cooling (momentum spread reduction) arises because the
higher momentum tracks pass through the absorbers at larger angles,
see greater absorption lengths, and lose more energy.

(b) The Guggenheim lattice!® also uses vacuum rf and tilted alternating
field solenoids, but the tilts are such as to bend the lattice into a slowly
rising or falling helix. The absorbers are also of liquid hydrogen, but
they are wedge shaped, rather than flat as in the Snake. Longitudinal
cooling arises because dispersion brings tracks through the thicker parts
of the absorbers.

Both methods a) and b) employ vacuum rf in significant magnetic fields
and experiments have shown breakdown problems with such cavities.
Two solutions are being tested: magnetic insulation and the use of beryl-
lium surfaces. A third approach is to fill the cavities with high pressure
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hydrogen gas. A method using this approach is:

(¢) 6D cooling is achieved in a high pressure gas filled Helical Cooling Chan-
nel (HCC).'! Momentum cooling is achieved by having longer path
lengths for higher momentum particles. RF breakdown in high pres-
sure gas is not affected by the magnetic fields. But it is not yet known
whether the gas will breakdown, or become excessively lossy in the pres-
ence of the ionizing muon beam. Integrating the rf and waveguides into
the helical magnets will be more difficult than in a) or b).

The choice of which method to pursue is not yet decided. Significant
R&D is still needed to determine the best approach.

3) Bunch merge

Collider luminosity is proportional to the square of the number of muons
per bunch. It is thus desirable to use few bunches with many muons per
bunch. The trains of bunches are thus merged into one prior to their use in
the collider. This is done as soon as longitudinal cooling is sufficient. There
are two stages: a) using a drift followed by the bunch spacing frequency
rf, with harmonics, the individual bunches are phase rotated to minimize
the spaces between them and lower their energy spread; and b) very low
frequency (~5 MHz) rf, plus harmonics, interspersed along a long drift to
phase rotate the entire train into a single bunch that can be captured using
the bunch spacing rf.

4) 6D cooling after merge

After the bunch merging, the longitudinal emittance of the single bunch is
now similar to that at the start of cooling, and it can be taken through the
same, or similar, cooling systems as used before merging. But now cooling is
continued to the least possible emittances. Simulations of all three method
appear to achieve about the same minimum emittances: 0.4 mm transverse
and 1 mm longitudinal, although the engineering practicality of the final
6D systems is yet to be determined.

After this stage, the transverse emittance is a factor of 16 greater than
that specified, but the longitudinal emittance is a factor of 72 less. Thus in
the final cooling of the longitudinal emittance can be allowed to grow.

5) Final cooling in high field solenoids

To attain the required final transverse emittance, the cooling needs stronger
focusing than is achievable in the 6D cooling lattices. But, if the momentum
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Fig. 3. a) Schematic of a part of the 50 T final cooling; b) Long. vs. trans. emittances
through the last two stages including matching and re-acceleration.

is allowed to fall below 60 MeV/c, it can be obtained in liquid hydrogen
in long 50T solenoids. At this low momentum the energy spread, and thus
longitudinal emittance, rises, but this is acceptable.

Fig. 3a shows a schematic of one cell of cooling in a 50 T solenoid. Each
cell includes liquid hydrogen absorber in the high field, transport between
them, re-acceleration, and a field flip. Cooling from 300 to 25 pm is achieved
in 8-16 cells. Matching and re-acceleration has been simulated only through
the last two stages. Fig. 3b shows the longitudinal vs. transverse emittances
of an ICOOL® simulation through these last two cells. Very little emittance
dilution is observed, either longitudinally or transversely.

The calculated space charge tune shifts are moderate, but space charge
is not yet in the simulations.

Acceleration

Initial acceleration after cooling would be in a sequence of linacs with fre-
quencies increasing as the energy rises and bunch lengths decrease. Then
there would be one or more Recycling Linear Accelerators (RLAs). RLAs
could be used for the remaining acceleration, but a lower cost solution would
use rapidly field ramped synchrotons.” In order to avoid high field pulsed
bending magnets or excessive diameters, fixed super conducting magnets
are alternated with pulsed magnets swinging from -1.8 T to +1.8T.
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Collider Rings

The 1.5 TeV center of mass collider parameters are based on a recently
designed lattice® that gives a 4.5 sigma acceptance for the 25 um transverse
emittance, an momentum acceptance of almost 10 sigma. The parameters
for the 3 TeV center of mass collider are based on the 4 TeV Oide?* lattice
designed for the 1996 Snowmass study.*

3. R&D

(i)

The use of a free mercury jet has been demonstrated in a recently
run experiment MERIT'? experiment at CERN. In this experiment
24 GeV protons with intensities up to 30 102 protons intersected a
mercury jet inside a pulsed 15 T solenoid magnet. The velocities of
the observed splash, which could be damaging at a few 100 m/s, are
suppressed by the damping effects of the magnetic field. Extrapolation
of this data suggests that with 20 T, the splash should be acceptable.
The experiment MICE,'® at RAL, UK, is under construction and
should demonstrate ionization cooling of a muon beam using equip-
ment similar to those in the Snake, or Guggenheim 6D cooling schemes.
A BNL/PBL collaboration is winding two nested YBCO high temper-
ature super-conducting solenoids that when tested in a 19 T resistive
magnet at the NHMFL should give a field approaching 40 T: a step
towards 50 T.

An FNAL/Muons Inc.'5 collaboration has built and tested a few super-
conducting coils of a helical cooling channel.

The MuCool!® Collaboration based at Fermilab has tested rf vacuum
cavities, at both 805 and 201 MHz, with and without external mag-
netic fields. These experiments have shown that copper surfaces in the
cavities get damaged, and the maximum rf gradients are reduced,'”
when operated in magnetic fields. It is conjectured!® that field emit-
ted electrons focused by the magnetic field are responsible. Damage
is not observed on beryllium windows in the cavities, and a test com-
paring copper with beryllium is planned. Magnetic insulation will also
soon be tested.

In collaboration with Muons Inc.!® cavities filled with high pressure
hydrogen!? have also been tested using differing materials, both with
and without external magnetic fields. A test soon will expose such a
cavity to a proton beam to investigate gas breakdown and possible
reduction of the cavity Q.
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In collaboration with Japan, the collaboration has tested a liquid hy-
drogen absorber.

4. Conclusion

If a solution is found for the rf breakdown in magnetic fields, then the system
described here is a plausible scenario for capturing, manipulating, cooling,
accelerating, and colliding muons with useful luminosities and energies even
up to 3 or more TeV in the center of mass. But much work remains to be
done.
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