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A possible source of muons of both signs for a Muon Collider [1] or Neutrino Factory [2]
is the Bethe-Heitler lepton-pair-production process [3, 4, 5, 6],
γ + A → A + μ+ μ− ,

(1)

in high-energy photon interactions with a nucleus A, as recently suggested in [7] (slide 23).
Of course, muon-pair production by this process is suppressed relative to electron-positron
pair production by the ratio (me /mµ )2 ≈ 1/40, 000, so there is an issue of the eﬃciency of
muon production via reaction (1).
The Bethe-Heitler process (1) is further suppressed near threshold, so it would be appropriate to consider photons of energy ≈ 400 MeV, which would yield muons with average
kinetic energy ≈ 100 MeV, high enough that the threshold-suppression factor is only ≈ 3/4,
and also the kinetic energy desired for the muon source at Muon Collider/Neutrino Factory.
Approximately 1014 muons/s of each sign are desired, so the beam power of these muons is
roughly 3 kW. But, in addition to the desired muons there are 40,000 times as many electrons/positrons, whose beam power is therefore ≈ 120 MW. Thus, the Bethe-Heitler process
(1) for muon production would require a 120-MW beam of 400-MeV photons, essentially all
of which power must then be dissipated as “waste” in the muon beam transport.
The 400-MeV photon beam would be generated by backscattering of a laser oﬀ an electron
(or proton or heavy ion) beam, which latter beam would have to provide the 120 MW of
power.
In sum, the Bethe-Heitler production process for muons is too ineﬃcient to be useful for
a Muon Collier/Neutrino Factory.1
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Appendix: Transverse Emittance

The muon beams of a Muon Collider should have very low transverse (and longitudinal)
emittance. In particular, the rms transverse emittance needs to be about 0.001 of that of
the initial muon beam as derived from the decay of pions produced in p-N collisions [9]. This
reduction of emittance is to be accomplished by ionization cooling, at signiﬁcant cost. The
source emittance of muons produced in the Bethe-Heitler process can be quite small, which
is a potential advantage that might compensate for its low eﬃciency.
However, the source emittance is less relevant than the rms transverse emittance of the
muons captured in some kind of beam transport. Such rms emittance is a conserved quantity
only in the approximation that the transport is “linear,” meaning that all particles trajectories are sinusoidal oscillations about a central ray, which is not the case for, say, propagation
of particles in straight lines or within a solenoidal magnetic ﬁeld. That is, while the local
density of (noninteracting) particles in phase space is an invariant (Liouville’s) theorem, the
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This conclusion was reached in 1994 by Barletta and Sessler [8].
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distribution of particles in this phase space becomes “ﬁlamented” during “nonlinear” beam
transport such that rms measures of emittance increase rapidly along a beam transport
system.
Analytic expressions for rms emittance growth during ﬁeld-free beam transport (drift)
are given in [10], and numerical examples are given on slide 8 of [11].
The beam-transport-system concept for a Muon Collider [1] or Neutrino Factory [2] is
a solenoid magnet that begins already around the pion/muon production target. The rms
transverse emittance grows with distance along a solenoid transport system, until it stabilizes
at a value related to the average transverse momentum σ P⊥ of the beam and the ﬁeld strength
B of the solenoid magnet,
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where rc  = c σ P⊥ /eB is the average cyclotron radius for particles in the beam.2 Note that
for particles produced in a target on the axis of the solenoid, 2 rc  is the average of the
maximum distance of their trajectory from that axis as they move on helical trajectories.
The argument for eq. (2) is that when computing the rms transverse emittance, the relevant
value for σ ⊥ is not the small radius of the target, but the much larger diameter of the helical
trajectories of the beam particles.
To maintain good collection eﬃciency of muon produce in p-N collisions, which is the
baseline production process considered for a Muon Collider, σ P⊥ ≈ 250 MeV/c, which is the
average transverse momentum of the pions whose decay produces the muons. For BetheHeitler production of muons with reasonable rate, σP⊥ ≈ mµ c ≈ 100 MeV/c. Hence, the
ratio of the rms transverse emittance in a solenoidal beam transport system for muons from
the Bethe-Heitler process to that for muon from p-N collisions is about 1/6, so the initial
transverse emittance for Bethe-Heitler muons is still a factor of 60 larger than that required
for a Muon Collider. Substantial ionization cooling is required for muons from both p-N
collisions and the Bethe-Heitler process,
The nominally low emittance of a Bethe-Heitler muon source does not lead to a signiﬁcant
advantage over a source based on p-N collisions, and does not compensate for the low
eﬃciency of the Bethe-Heitler process for muon production.
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