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Abstract

A plausible “straw-man” scenario and collider ring pa-
rameter sets are presented for future energy frontier muon
colliders in symbiotic facilities with e+ e– and hadron col-
liders: 1.6-10 TeV “mu-linear colliders” (mu-LC) where
the muons are accelerated in the Iinacs of a TeV-scale linear
e+e– collider, and a 100 TeV Very Large Muon Collider

(VLMC) that shares a facility with a 200 TeV Very Large
Hadron collider (VLHC) and a 140 ‘TeVmuon-proton col-
lider.

1 INTRODUCTION

Muon colliders [1, 2] area potential option for exploring
and extending [3, 4, 5] the energy frontier of experimental
high energy physics (HEP). Research on muon colliders is
at the stage of feasibility studies.

Muons are Ieptons with a mass 206 times larger than the
electron. It follows that their collisions are expected to dis-
play similar physics to that of electrons at the same energy
but, in contrast to electrons, the natural energy limitation
for circular muon storage rings due to synchrotrons radia-
tion is not reached until center-of-m!ass energies ECOA1-
100 TeV, where the synchrotrons radiation energy loss has
finally risen to become comparable to the beam power. On
the negative side, muons are unstable, decaying with a rest-
frame lifetime of 2.2 microseconds into an electron and two
neutrinos. To cope with these decays, the muon bunches
must be frequently replenished and then quickly cooled,
accelerated and collided, and allowance must be made for
dealing with the decay products.

This paper discusses a plausible scenario where muon
colliders could work in concert with e+e– linear collider
and hadron collider technologies to continue the histori-
cally exponential progress in Iepton collider energy reach
that is embodied in the well-known ‘Livingston curve”.
This scenario will be examined further in the “energy fron-
tier muon collider” sessions at Snowmass 2001 [6].

The scenario includes 3 new energy frontier facilities:
1) a TeV-scale linear e+e– collider where the linacs are
also used to accelerate muons for a 1.6-10 TeV muon col-
lider (mu-LC), 2) a symbiotic ffontier lepton-hackon facil-
ity with a 100 TeV Very Large Muon Collider (VLMC), a
200 TeV Very Large Hadron Collider (VLHC) and a 140
TeV muon-proton collider, and 3) a 11PeV (i.e. 1000 TeV)
linear muon collider.

The first two of these facilities will be discussed in this
paper and table 1 gives “straw-man” parameter sets for both
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mu-LCs and a 100 TeV VLMC. The technology for the 1
PeV linear muon collider is very much more speculative.
A somewhat plausible 1 PeV final focus parameter set has
been presented by Zimmerman [7] but this collider will
require, amongst other daunting challenges, extiemely cost
efficient acceleration, e.g. with plasma acceleration, that
still preserves small beam emittances.

As a preliminary comment that applies to both mu-
LCS and VLMCS, the high performance ionization cooling
channel is the signature technology of muon colliders and
is the dominant technical challenge for both types of muon
colliders. The initial phase space density of the muon cloud
from pion decays needs to be increased by approximately 6
orders of magnitude to produce muon bunches suitable for
acceleration and collision.

Research so far on the cooling channel has produced
a) general theoretical scenarios and specifications to reach
the desired 6-dimensional emittance, b) detailed particle-
by-particle tracking codes (modified GEANT, ICOOL) and
(new) higher order matrix tracking code (modified COSY-
infinity) and a (new) wake field code interface, c) engineer-
ing designs of small subunits of cooling channels, d) neu-
trino factory designs with approximately one order of mag-
nitude of transverse cooling, and e) a “ring cooler” design
for a cooling demonstration experiment, by Balbekov of
FNAL, with a predicted full 6-dimensional cooling factor
of approximately 32.

However, the above-listed areas of progress in muon
cooling R&D have yet to be amalgamated to “build the
complete muon collider cooling channel on a computer”.
This should clearly be considered the main short-term pri-
ority for muon collider research and the technology of
muon colliders will become much more plausible once this
is accomplished.

The major technical issues that are relatively specific to
energy frontier muon colliders are 1) affordable accelera-
tion to the TeV energy scale and above, 2) collider rings
with very large beam demagnifications at the final focus,
3) more serious backgrounds from muons in the experi-
ment’s detector and 4) restrictions imposed by neutrino ra-
diation [8], which rises sharply with beam energy.

The concept of mu-LCs was first presented by Neuffer
et al. [9] in 1996.It works better for larger, superconduct-
ing cavities such as in the TESLA collider, since these can
transport a larger bunch charge. For reasonable assump-
tions, the specific luminosity scales approximately as the
square root of the bunch charge.

The simplest potential option for incorporating a muon
collider into to a TeV-scale linear collider facility is to sim-
ply accelerate both muon signs through both the electron
and positron linac and inject them into a muon collider
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measured by the “transit time factor”. A standing wave
can be regarded as a superposition of a forward wave and
a backward wave. Only the folward wave can be
synchronised with the beam; the backward wave has little
interaction with the beam.

Fig. 3 shows different field patterns (EZ-z) in the
interaction gap. Fig. 4 shows the corresponding transit
time factors versus transit angle, which is defined as 0 =
2nt/T, where t is the time required for a particle to cross
the accelerating gap, and T is the period of the rf field.

(a) Square Wave *1
.

(b) half-sine
Standing Wave k>.z
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Standing Wave
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Fig.3 The field distribution in the interaction gap
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Fig. 4 The transit time factor of diierent field pattern

It should be noted that in the ring-bar structure the
longitudinal field & must have the cosine pattern as
shown in Fig. 3(c). This is because the metal wall on both
ends can only short the transverse field E~ whereas EZis
perpendicular to the wall. Therefore, at both ends Et = O,
corresponding to a sine pattern as in Fig. 3 (b), & is a
cosine pattern. Simulations also have confirmed this
argument.

If the transit angle is n (= 1800), from Fig. 4 the tmnsit
time factor of the half-cosine pattern is 0.5, because in the
middle part the interaction is weak due to the node. It
seems bad. However, for most LF cavities, the
accelerating gap occupies only a small part of the
longitudinal len~ while for a cavity like Fig. 1 the gap
occupies the entire length, though the central part isn’t
effective. So if the maximum field strength stays the

same, the average gradient can be much larger than usual.
This is the major advantage of this kind of structure.

4 SIMULATION

Some particular shapes and sizes have been simulated
using the code Mm fm.xsing on the low frequency
range[2].

Fig. 5 shows the cross section of a special structure
shaped like a wheel spoke, where the bar has been
lengthened to increase its inductance. We chose four bars,
to achieve better support. They also form cooling
channels.
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Fig. 5 The cross section of a ring-bar and the field
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Fig. 6 The field pattern in r-z cross section

From Fig. 6 one can see tha~ as expected in the central
pa.@ the field EZ at the axis is near zero. Meanwhile Et
reaches its maximum. The maximum transverse field may
be larger than the longitudinal field. Considering that
there is a longitudinrd focusing magnetic field in the muon
projec~ the effect of magnetic isolation may alleviate the
risk of breakdown

The E=(z)on the axis is shown in Fig. 7. The parameters
of this particular cavity are

Aperture
Cavity length
Number of sections
Cavity diameter
Frequency
Unit length R/Q
Q
Impedance
Unit length impedance

0.6 m
1.8 m
4
1,$ m
60.5 MHz
82 ohrnlm
26000
3.!25Mohm
2.15 Mohm/m
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The above example has not been optimized. The beam
velocity may affect the &@ but not critically. For
different frequencies the cavity length or the number of
sections should be changed correspcmdingly. Lengthening
and deforming the bar to form a spiral can significantly
increase the inductance. It can bring down the frequency
to 30 MHz or lower without increasing the transverse
dimensions. Unfortunately, MAFIA couldn’t give a
precise result for this case due to the complexity of the
shape. Thus one has to rely on experiment or a more
powerful code, if available.
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Fig.7 The electric field Ez a~ong axis

Usually a lumped device such as a coil can not achieve
a very high Q. The Q value of 26000 listed above is not
bad. But one may question the precision of the result
from MAFIA. Surely this is a tclpic requiring further
studies. However, one advantage of this kind of structure
is that the capacitance is very low in comparison with
other LF cavities. This means, to get a given accelerating
voltage, one needs less energy to fdllit. This is important
for short pulse operation. A muon collider is just such a
case.

Another concern is the required power. Although the
mentioned structure has the potential to get a relatively
high average gradien~ and consequently one has to supply
a huge LF peak power. This is difficult at present. The
next section proposes an alternative power source.

5A LF POWER SOURCE SCHEME

Fig. 8 shows the principle of a compression scheme
using energy storage and a unique switch. [3] To charge
the storage cavity, one might employ a CW tetrode
(power source marked as PS in Fig. 8). The output of the
storage cavity is connected to a half-wavelength cable
with a switch at the other end and a load at the midpoint.
When the switch is opem as shown in Fig. 8 (a), the load
branch is at the node of the voltage. Therefore no power
goes to the load and the storage cavity sees an open
circuit, which means little power leakage. When the
switch is closed as in Fig. 8 (b), the right quarter-
wavelength cable acts as au open circuit. The storage
cavity then comects directly to the load (e.g., the
accelerator cavity), to which the energy drains.

The energy storage is a superconducting cavity (S.C. in
Fig. 8) so it has little loss during the long charging time.
This makes it possible to use a moderate power tetrode.

The switch is a key component. A thyratron is
considered suitable. Although thyratmns are usualty used
in modulators or video switches, they may also be
applicable at LF. The switch should hold off a voltage V
without breakdown when the switch is opem and shouId
carry a current Z = V7Z0 when closed. There are many
thyratrons on the market with enough power to satisfy
these requirements.

(a) Ps

LOAD
SWTITH

\

u
LOAD

Fig.8 Principle set-up of storage – switch
compression scheme.

A special apparatus would need to be designed to hold
the thyratron inside a rigid cable. In additiou a special
bias current circuit would need to be provided to
guarantee that the current is always positive as required
by a normal thyratron.

This scheme has the potential to supply huge peak
powers. The major restriction is breakdown inside the
cable. Since the cable is a low impedance device, the
voltage can be in the tens of kilovolts range and should
not be a big problem.
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