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1. Introduction

Lepton accelerators incorporate electron, muon, and tau beams. First generation lepton
machines, electron accelerators, are basic research tools and their radiation characteristics
are well established. A second generation muon machine presents additional research
possibilities as well as new health physics challenges. Third generation tau accelerators are
currently theoretical abstractions and little development has been forthcoming. Although
this chapter focuses on muon colliders and their unique radiation characteristics, initial
scoping calculatons for tau colliders are presented.

Neutrinos are electrically neutral particles, interact solely through the weak interaction, and
have very small interaction cross sections (Particle Data Group 2010). They are present in the
natural radiation environment due to cosmic rays, solar and terrestrial sources, and are
produced during fission reactor and accelerator operations. From a health physics
perspective these neutrino sources produce effective doses that are inconsequential.
Although this will remain true for a number of years, planned muon accelerators or
colliders will produce copious quantities of TeV energy neutrinos. In the TeV energy region,
the health physics consequences of neutrinos can no longer be ignored. Upon operation of
these accelerators, neutrino detection and the determination of neutrino effective doses will
no longer be academic exercises, but will become practical health physics issues.

In a muon collider, neutrinos are produced when muons decay. The neutrino effective dose
arises from neutrino interactions that produce showers or cascades of particles (e.g.,
neutrons, protons, pions, and muons). It is the particle showers that produce the dominant
contribution to the neutrino effective dose (Bevelacqua, 2004).

Concerns for consequential neutrino effective doses have been previously postulated. Collar
(1996) presented a hypothesis that the final stages of stellar collapse could produce neutrino
effective doses that are sufficiently large to lead to the extinction of some species on earth.
This concern has been challenged (Cossairt et al., 1997; Cossairt & Marshall, 1997), but the
potential concern for large neutrino effective doses, on the order of hundreds of mSv/y or
greater, remains, particularly for the planned muon colliders that will become operational in
the next few decades of the 21st Century (Autin et al., 1999; Bevelacqua, 2004; Geer, 2010;
King, 1999a; Kuno, 2009; and Zisman, 2011).

As background for muon colliders, an overview of the radiation environment at an electron
accelerator is presented. This overview provides a foundation for a discussion of the
characteristics of muon decays and the resultant neutrino effective doses. The characteristics
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of muon accelerators are addressed in this chapter and models for calculating the neutrino
effective dose at a muon collider are provided. The radiological impacts of muon colliders
and how basic dose reduction principles are affected by the underlying physics inherent in
weak interaction processes are also discussed. Finally, a brief discussion of the neutrino
effective doses anticipated at a third generation tau collider are provided.

2. Electron-positron colliders

Although this chapter addresses the neutrino effective dose from a muon collider, it is
illustrative to provide a summary of the effects of other radiation types within a lepton
collider (Bevelacqua, 2008, 2009, 2010a). These radiation fields are illustrated by considering
an electron-positron collider. The radiation field within the muon collider facility are similar
to those described in this section for electron-positron colliders.

An electron-positron collider accelerates electrons and positrons in circular rings before
colliding the individual beams. There are a number of electron-positron colliders that have
operated, are currently operating, or are being planned. These include the Large Electron
Positron (LEP) Collider, and other machines summarized in the Review of Particle
Properties (Particle Data Group, 2010). A new electron-positron machine, the International
Linear Collider, is under design and is addressed from a health physics perspective in
Bevelacqua (2008).

From an experimental physics perspective, electron-positron colliders have a number of
advantages when compared to hadron colliders. First the collision results are less complex
in terms of the particles produced, because electrons and positrons are fundamental
particles without underlying structure or features. Hadrons are composed of quarks, but the
electron and positrons have no such substructures. Therefore, the lepton’s final state
interactions are less complex than the structures that are produced from the interaction of
the hadron’s quarks. Particle interaction complexity is not the only advantage of electron-
positron colliders.

The lepton colliders are also capable of achieving larger luminosities than hadron colliders.
In addition, an order of magnitude less energy is required in electron-positron machines
vice hadron colliders to achieve similar experimental results. For example, an electron-
positron collider with a center-of-mass energy of 2 TeV is roughly equivalent to a 20 TeV
center-of-mass energy hadron collider. In spite of these advantages, electron-positron
collider health physics concerns exist (Bevelacqua; 2008, 2009, 2010a).

Electron-positron colliders produce more bremsstrahlung than hadron colliders. This
bremsstrahlung production serves to limit the upper energies achieved by circular electron-
positron colliders. In addition, electric power requirements rapidly increase with increasing
energy unless beam power recovery mechanisms are developed and implemented.

The bremsstrahlung produced in a circular electron-positron collider is a fundamental
concern that can only be decreased by increasing the circumference of the machine. The
logical conclusion is to use an accelerator with an infinite radius (i.e., a linear collider). This
is most easily achieved by replacing the dual beams in a circular collider with colliding
beams from two linear colliders.
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The electron and positron beams produce a variety of radiation types that are derived from
the direct beam and its interactions. Secondary radiation is produced from bremsstrahlung
when beam particles strike accelerator components and from synchrotron radiation when
beam particles are defected by magnetic fields.

Bremsstrahlung has a number of health physics consequences. These health physics issues
include (NCRP 144, 2003): (1) electromagnetic cascade radiation containing high-energy
photons, electrons, and positrons, (2) high-energy radiation including neutrons, pions,
muons, and other hadrons, (3) activation of accelerator structures and components, (4)
activation of air, cooling water, and soil, and (5) ozone and oxides of nitrogen produced in
the air. Synchrotron radiation also has health physics consequences including: (1)
electromagnetic cascade radiation, (2) photons, (3) neutrons, (4) activation of accelerator
structures and components, (5) activation of air, cooling water, and soil, and (6) ozone and
oxides of nitrogen produced in the air. These secondary radiation categories and their health
physics consequences are addressed in more detail in subsequent discussion and in
Bevelacqua (2008, 2009, 2010a).

The primary electron (positron) beams are contained within beam tubes, and secondary
radiation is produced when the primary particles exit the beam tube either by design or
accident. When electrons (positrons) exit the beam tube they strike accelerator
components such as the beam tube structure, vacuum components, collimators, or
structural members. When this occurs, the beam particle decelerates and radiates photons
through the process of bremsstrahlung. The high-energy, bremsstrahlung photons
produce electron-positron pairs that lead to additional bremsstrahlung. This process
repeats itself, and produces an electromagnetic shower or cascade that contains numerous
particles and a spectrum of photons having energies up to the kinetic energy of the initial
beam particles.

A second category of secondary radiation occurs when the beam particles traverse the
accelerator’s magnetic fields. The magnetic field produces a force that alters the particle’s
trajectory. It also changes the particle’s velocity and leads to the emission of photon
radiation. This process is known as synchrotron radiation. Synchrotron radiation is related
to bremsstrahlung because a change in velocity or acceleration is involved in both processes.
However, the synchrotron radiation differs from the bremsstrahlung spectrum.

With bremsstrahlung, the photon energy extends from zero up to the energy of the beam
particle. However, synchrotron radiation is governed by the configuration and strength of
the magnetic field. Therefore, the synchrotron spectrum is machine specific. For example,
CERN'’s decommissioned Large Electron-Positron collider had a synchrotron spectrum that
extended from the range of visible light to a maximum intensity that occurred in the range
of a few hundred keV (Bevelacqua, 2008). The synchrotron radiation intensity rapidly
decreases from its peak value as the photon energy increases above a few MeV. Both
bremsstrahlung and synchrotron radiation induce an electromagnetic cascade.

The net result of the electromagnetic cascade is the deposition of energy in materials that are
penetrated. This energy includes both particles stopped in the material and photon
absorption. The photons produce additional secondary radiation and particles (e.g.,
photoneutrons) that activate accelerator materials. These same mechanisms lead to effective
doses when personnel are in the presence of this radiation. These secondary radiation types
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are usually attenuated to insignificant levels by the concrete and earth shielding outside the
accelerator tunnels containing the beam tubes.

From a health physics perspective, the energy loss of the circulating, accelerating electrons
and positrons produces synchrotron radiation (photons). Given the mass of the electrons
and positrons, their trajectories are easily altered. Therefore, synchrotron radiation is
expected to be a large fraction of the available beam power. The synchrotron radiation
requires shielding, and the extent of the shielding depends on the specific location within
the accelerator facility.

The amount of synchrotron radiation depends on the specific design characteristics of
the electron-positron collider. Dominant factors governing the production of
synchrotron radiation are the beam power and radius of curvature of the accelerator
ring. From a practical standpoint, radiation generated from the circulating electron and
positron beams occurs within the unoccupied shielded ring and is not normally a health
physics issue.

The dominant contributors to the radiation environment at an electron-positron facility
include electromagnetic cascade showers, external bremsstrahlung, photoneutrons, muons,
and synchrotron radiation. Muon pair production in the Coulomb field of a nucleus is
possible above a photon energy of about 211 MeV. This process is analogous to electron-
positron pair production, but the muon pair production cross-sections are smaller by a
factor of about 40,000 due to the differences in electron (0.511 MeV) and muon (105.7 MeV)
masses (Bevelacqua, 2008).

The dominant muon pair production process is coherent muon production. In coherent
production, the target nucleus remains intact as it recoils from the photon interaction. In a
few percent of the time, the nucleus breaks-up with the resultant emission of muons. Muons
also result from the decay of photopions and photokaons. However, the number of muon
decays in a conventional electron-positron collider is not sufficient to produce a neutrino
effective dose concern. To understand the neutrino effective dose from a muon collider, it is
necessary to understand neutrino physics and neutrino interactions.

3. Basic neutrino physics

The current view of elementary particle physics is embodied in the Standard Model of
Particle Physics (Cottingham & Greenwood, 2007; and Griffiths, 2008) that assumes all
matter is composed of three types of fundamental or elementary particles: leptons, quarks,
and mediators of the fundamental interactions. Bevelacqua (2010b) provides a description of
the Standard Model from a health physics perspective.

Leptons interact primarily through the weak interaction and electrically charged leptons
also experience the effects of the electromagnetic force. They are not affected by the strong
interaction. The leptons may be naturally grouped into three families or generations as
(e v), (4 v, ) and (7, v,).

Neutrinos are neutral leptons, once believed to be massless, but now evidence suggests they
have a non-zero mass (Particle Data Group, 2010). The electron and muon neutrinos are well
studied, but less is known about tau neutrinos
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To allow for massive neutrinos, the Standard Model must be modified and its assumptions
altered. However, current experimental knowledge of neutrino properties does not permit
the selection of a specific modification to the model. For example, it is not known if neutrino
masses are to be interpreted as evidence of new, light, fermionic degrees of freedom (e.g.,
Dirac neutrinos), new, heavy, degrees of freedom (e.g., Majorana neutrinos), or whether a
more complicated electroweak-symmetry-breaking interaction is present. However, the
Standard Model is sufficient for the purposes of this chapter.

Within the Standard Model, neutrino effective doses are determined from the muon decay
processes:

H > e +v,+v, (1)

ut et v, v, 2

The neutrino effective doses depend on the number of muon decays, and the subsequent
production of neutrinos. Specific effective dose relationships are provided in subsequent
discussion.

4. Neutrino interactions related to effective dose

In a muon collider, muon decays arise principally from Egs. 1 and 2 that produce neutrinos
and antineutrinos. The neutrinos interact through a variety of complex processes. A
neutrino interaction discussion is simplified by following the methodology of Cossairt et al.
(1997) and defining four processes (A, B, C, and D) to describe neutrino interactions with
matter. The deposition of energy into tissue defines the effective dose (Bevelacqua, 2009,
2010a).

Process A involves neutrino scattering from atomic electrons. Electrons that recoil from
elastic neutrino scattering deposit their energy in tissue and produce a neutrino effective
dose. Process A occurs over a wide range of energy and the electron tissue interaction may
involve multiple scattering of electrons.

In Process B, neutrinos interact coherently with nuclei. This process is only effective for low
neutrino energies where the neutrino wavelength is too long to resolve the individual
nucleons within the nucleus. At higher energies, Processes C and D become more important.
Process B leads to low-energy ions having large linear energy transfer values. These ions
deposit their energy into tissue according to their ranges, which are typically << 1 cm.
Although Process B is independent of the neutrino generation, the cross section for
neutrinos is about twice the antineutrino cross section (King 1999a).

Process C involves neutrino scattering from nucleons without shielding between the
neutrinos and tissue. At energies below about 500 MeV, tissue dose is due to recoil nucleons.
As the neutrino energy increases above about 0.5 GeV, secondary particle production
increases. Eventually, these secondary particles produce particle showers or cascades in
tissue. Process C is independent of the neutrino generation, affecting all three generations in
the same manner.

Process D is similar to Process C with the exception that the neutrinos are shielded before
striking tissue. Neutrinos with energy greater than about 0.5 GeV, emerging from a layer of
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material (e.g., earth shielding), result in a larger effective dose than unshielded neutrinos.
The increase in effective dose arises from the fact that the tissue is exposed to the secondary
particles produced by neutrino interactions in the shielding material as well as the neutrino
beam. Process D is also independent of the neutrino generation.

A process that involves an increase in effective dose with added shielding is unique. One of
the basic tenants for reducing effective dose for most radiation types (e.g., alpha and beta
particles, heavy ions, muons, neutrons, photons, pions, and protons) is shielding the
radiation source (Bevelacqua, 2009 and 2010a). The unique nature of Process D has a
significant impact on the evaluation and control of neutrino effective dose.

5. Neutrino beam characteristics at a muon collider

Neutrinos are produced when the muon beam particles decay (See Eqgs. 1 and 2). Weak
interactions of muon neutrinos can be described in terms of two broad categories: charged
current and weak current interactions. Charged current interactions involve the exchange of
W-bosons to form secondary muons. Neutral current interactions produce uncharged
particles through the exchange of Z-bosons. Both types of interactions produce hadron
particle showers. Therefore, the neutrino induced radiation hazard will include secondary
muons and hadronic showers. The hadronic showers have a much shorter range than the
muons, but the number of particles in a hadronic shower can be quite large. The neutrino
radiation hazard arises from these penetrating charged particle showers (Bevelacqua, 2008).

For TeV energy neutrinos, direct neutrino interactions in man account for less than 1% of the
total effective dose because the primary hadrons from the neutrino interactions will
typically exit the person before producing a charged particle shower (King, 1999b; Cossairt
et al., 1996, 1997). Most of the neutrino effective dose is derived from particle showers
produced in the shielding material.

The muon beam and subsequent neutrino beam are assumed to be well-collimated and to
have a minimum divergence angle. For practical situations, the muons in the accelerator
beam will have a small divergence angle and will be periodically focused using
electromagnetic fields to ensure their collimation. No beam divergence is assumed in the
subsequent calculations. Therefore, the actual beam will be somewhat more diffuse than
assumed in the neutrino effective dose calculations. The neutrino beam will still produce
particle showers, but they will be somewhat broader and less intense than the assumed
well-collimated result. The beam divergence is analogous to the divergence of a laser beam
as it exits an aperture (Bevelacqua, 2009, 2020).

The magnitude of the effective dose from a particle shower is dependent on the material in
the interaction region lying directly upstream of the individual being irradiated. Calculation
of the neutrino effective dose considers the configuration where a person is (1) completely
bathed in the neutrino beam, and (2) is surrounded by material that will produce particle
showers from neutrino interactions. These requirements lead to a bounding set of effective
dose predictions.

These assumptions are too conservative for the TeV energies that will be encountered in
mature muon colliders, but they provide a bounding neutrino effective dose result given the
current level of design. Basic physics principles suggest that the neutrino interactions will be
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more peaked in the beam direction as the muon energies increase. In addition, the neutrino
beam radius (r) will be relatively small and is given by (King, 1999b):

r=0L ®)

where 0 is called the characteristic angle, opening half-angle, or half-divergence angle of the
muon decay cone

0= 4

: @
In Egs. 3 and 4, L is the distance to the point of interest such as the distance from the muon
decay location to the earth’s surface, 0 is given in radians, E is the muon beam energy, and
mc? is the rest mass of the muon (105.7 MeV). As the muon energy increases, the neutrino
beam radius and size of the resultant hadronic showers tend to be smaller than the size of a

person.

The characteristic angle varies inversely with energy. If E is expressed in TeV:

_ 10"
E[TeV]

®)

Therefore, the emergent neutrino beam will consist of a narrow diverging beam that is
conical in shape.

Table 1 summarizes straw-man muon collider parameters (King, 1999b). It should be noted
that the straw-man muon colliders are constructed below the earth’s surface to provide
muon shielding. However, the neutrino attenuation length is too long for the beam to be
appreciably attenuated by any practical amount of shielding, including the expanse of
ground between the collider and its exit from the surface of the earth. Therefore, the
effective dose reduction principle as applied to neutrinos will no longer include shielding as
an element. In fact, shielding the neutrino beam will produce hadronic showers and increase
the effective dose. This peculiar behavior has its basis in the nature of the weak interaction,
the uncharged nature of the neutrino, and the TeV energies that will be encountered in
proposed muon colliders.

E (TeV) 2 5 50

L (km) 62 36 36

r (m) 3.3 0.8 0.08
Collider depth (m) 300 100 100

Table 1. Straw-Man Muon Collider Parameters.

The neutrinos exiting a muon collider will not only have a narrow conical shape, but will
also have an extent that is quite long. The long, narrow plume of neutrinos will produce
secondary muons and hadronic showers at a significant distance from the muon collider.
This distance will be greater than tens of kilometers for TeV muon energies.
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6. Neutrino interaction model

Neutrinos can interact directly with tissue or with intervening matter to produce charged
particles that result in a biological detriment. The radiation environment is complex and
simulations (e.g., Monte Carlo methods) can be used to model the dynamics of the neutrino
interaction including the energy and angular dependence of each particle (e.g., v,, v,, v, ,
Ve v Voo Ve, & | T and hadrons) involved in the interaction. Performing a neutrino
simulation is too dependent on specific accelerator characteristics and will not add to the
health physics presentation. Rather than performing a Monte Carlo simulation, we follow
the analytical approach of Cossairt et al. (1997) and King (1999b) to quantify the neutrino
effective dose. This approach is acceptable in view of the current uncertainties in muon
collider technology and the nature of the neutrino interaction for both charged current (CC)
and neutral current (NC) weak processes (King, 1999c).

Following King (1999c¢), the dominant interaction of TeV-scale neutrinos is deep inelastic
scattering with nucleons that include CC and NC components. In the NC process, the
neutrino is scattered by a nucleon (N) and loses energy with the production of hadrons (X)
through a v+N —v+X reaction. This NC reaction contributes about 25 percent of the total
cross section. This NC process can be interpreted as elastic scattering off one of the quarks
(q) inside the nucleon through the exchange of a virtual Z9 boson (v+g—v+q).

CC scattering is similar to NC scattering except that the neutrino is converted into its
corresponding charged lepton (I). This includes reactions such as v+N—I"+X and
V+N—I"+X where l is an electron/ muon for electron/muon neutrinos. At the quark level,
a charged W boson is exchanged with a quark to produce another quark (q') whose charge
differs by one unit through processes such as v+g—>I1"+g' and v+q'—>I" +q.

The final state quarks produce hadrons on a nuclear distance scale that contribute to the
effective dose. The CC and NC scattering processes are included in the Process A -D
descriptions noted in previous discussion.

7. Neutrino effective dose

A muon collider provides a platform for colliding beams of muons (") and antimuons
(#") (Geer, 2010). The collider may involve a pair of linear accelerators with intersecting
beams or a storage ring that circulates the muons and antimuons in opposite directions prior
to colliding the two beams. The accelerator facility energy is usually expressed as the sum of
the muon and antimuon energies. For example, a 100 TeV accelerator consists of a 50 TeV
muon beam and a 50 TeV antimuon beam. Since muon colliders produce large muon
currents, neutrinos will be copiously produced from the decay of both muons and
antimuons (See Egs. 1 and 2).

Neutrino effective dose calculations are performed for two potential muon collider
configurations. The first configuration utilizes the intersection of the beams of two muon
linear colliders. The linear collider effective dose model incorporates an explicit
representation of the neutrino cross section and evaluates the effective dose assuming
specific values for the muon energy, number of muon decays per year, and accelerator
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operational characteristics (e.g., accelerator gradient or the increase in muon energy per unit
accelerator length). The operational parameter approach is more familiar to high-energy
physicists, but it serves to illustrate the sensitivity of the neutrino effective dose to the key
muon collider’s operating parameters.

The second configuration is a circular muon collider. The neutrino effective dose for the
circular muon collider involves an integral over energy of the differential fluence and
fluence to dose conversion factor. This approach is more familiar to health physicists, but
much of the muon collider’s operating parameters are absorbed into other parameters and
are not explicitly apparent. Using both approaches yields not only the desired neutrino
effective dose, but also illustrates the sensitivity of the effective dose to a number of
accelerator parameters and operational assumptions.

7.1 Bounding neutrino effective dose — linear muon collider

The bounding neutrino effective dose from a linear muon collider is derived following King
(1999b) and is based on the effective dose from a straight section (ss) of a circular muon
collider. This derivation incorporates a limiting condition from a circular accelerator with a
number of straight sections as part of the facility. Parameters unique to the circular collider
such as the ring circumference and straight section length appear in intermediate equations,
but cancel in the final effective dose result. In the linear muon collider, the muon beam is
assumed to be well-collimated.

In a linear muon collider, the total neutrino effective dose (H) is defined in terms of an
effective dose contribution 8H(E) received in each energy interval E to E + dE as the muons
accelerate to the beam energy E,:

Eo
H = [ dESH(E) (6)
0

The effective dose contribution 8H(E) is written as (King, 1999b):

df (E
SH(E) = w LY(E) )
fs dE
where @d}j is the fraction of muons that decay via Eqs. 1 and 2 in the energy interval E
to E + dE, which may be written as:
df (E 1
7). ®)
dE ypcrg
where
E
y=to )
mc
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In Eq. 8, B = v/ ¢, Tis the muon mean lifetime (2.2 x 106 s), and g is the accelerator gradient
(dE/dl). The other parameters appearing in Eq. 7 include f, (the ratio of the straight section
length to the ring circumference) and H' (the effective dose that is applicable as the muon
energy reaches the TeV energy range), where

fa=g (10)
In Eq. 10, C is the ring circumference:

In Egs. 9 - 11, v is the muon velocity, s is the straight section length, E, is the muon energy,
B is the ring’s average magnetic induction, and N is the number of muon decays in a year.

In the narrow beam approximation, the effective dose is independent of distance (L) for L <
5 E, (King, 1999b) where L is expressed in km and E, in TeV. Using this approximation,

H' =K' NI, BEX 12)

where K' is a constant that depends on the units used to express the various quantities
appearing in Eq. 12, and X = X(E ) is the cross section factor defined in subsequent
discussion.

Combining these results leads to the annual neutrino effective dose (H) in mSv/y:

TERALS

; j EX(E)dE (13)
0

where K = 6.7 x 1021 mSv-GeV /m-TeV2if g is expressed in GeV/m, N is expressed in muon
decays per year, E is the muon energy in TeV, and the cross section factor is dimensionless
(Bevelacqua, 2004).

In deriving the linear muon collider effective dose relationship, a number of assumptions
were made (Bevelacqua, 2004). These assumptions are explicitly listed to ensure the reader
clearly understands the basis for Eq. 13. The relevant assumptions include applicability of
the narrow beam approximation. The individual receiving the effective dose is assumed to
be: (1) uniformly irradiated, (2) within the footprint of the neutrino beam, (3) within the
footprint of the hadronic particle shower that results from the neutrino interactions, and (4)
irradiated by only one of the linear muon accelerators whose energy is one-half the total
linear muon collider energy. Given the TeV muon energies and the earth shielding present,
charged particle equilibrium exists and Process D dominates the neutrino effective dose. In
addition, the muon beam is well-collimated, the neutrino effective dose calculation assumes
a 100% occupancy factor, and the neutrino effective dose is an annual average based on the
number of muon decays in a year.

The cross section factor is a parameterization of the neutrino cross section (See Table 2) in
terms of a logarithmic energy interpolation (Quigg, 1997). The numerical factors in the Table
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2 expressions (1.453, 1.323, 1.029, 0.512, and 0.175) are the total summed neutrino-nucleon
and antineutrino-nucleon cross sections divided by energy at neutrino energies of 0.1, 1, 10,
100, and 1000 TeV, respectively, given in units of 1038 cm2/GeV. As an approximation, the
muon energies in Table 2 are set equal to the corresponding neutrino energies. Following
Quigg (1997), the cross section factor is a dimensionless number and is normalized such that
X(E=0.1TeV) =1.0.

Muon Energy Range (TeV) X(E)
E<1 (-1453 a + 1.323 (a + 1)) / 1.453
1<E<10 (1.323 (1- a) + 1.029 a) / 1.453
10<E <100 (1.029 (2- a) + 0.512 (a-1)) / 1.453
100 < E < 1,000 (0512 (3- a) + 0.175 (a-2)) / 1.453
E >1,000 (0.175/1.453) 33-a
a = logio(E) where E is the muon energy expressed in TeV.

Table 2. Cross Section Factor X(E) as a Function of Muon Energy.

Eq. 13 may be approximated by replacing the energy-weighted integral of X(E) by its value
at E = E, /2. This choice is acceptable given the energy dependence of the cross section and
the associated uncertainties in the collider design parameters. With this selection, the annual
neutrino effective dose (mSv/y) becomes:

KN 5
H=—ZX(E,/2)E
3 X(E /),

(14)

As a practical example (Zimmerman, 1999), consider a 1,000 TeV muon linear accelerator
assuming E, = 500 TeV (i.e., two, 500 TeV linear muon accelerators) and N = 6.4 x 1018 muon
decays per year. Using these values in Eq. 14 with a g =1 GeV/m value leads to an annual
effective neutrino dose of 1.4 Sv/y, which is a significant value that cannot be ignored.
Health physicists at a linear muon collider will need to contend with large neutrino effective
doses within and outside the facility. Table 3 provides expected annual neutrino effective
doses for a variety of accelerator energies using the same N and g values noted above and
the narrow beam approximation.

Accelerator Facility Energy | Muon Beam Energy H
(TeV) (TeV) (mSv/y)
0.1 0.05 5.7x105
1 0.5 5.2x10°3

10 5 0.45

100 50 30

500 250 440
1,000 500 1.4x108
5,000 2,500 1.5x104
10,000 5,000 4.2x104
50,000 25,000 4.8x10°

Table 3. Annual Neutrino Effective Doses for a Linear Muon Collider Using the Narrow

Beam Approximation.
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The values of Table 3 suggest that the annual effective dose limit for occupational exposures
of 20 mSv/y and the annual effective dose limit to the public (1 mSv/y) can be exceeded by
TeV energy muon accelerators (ICRP 103, 2007). The values in Table 3 also exceed the
emergency effective dose limit of 250 mSv set for the Fukushima Daiichi accident that is
based on ICRP 60 (1991).

A TeV - PeV scale muon collider will also challenge the acute lethal radiation dose (LDs, 30)
of about 4 Gy (Bevelacqua 2010a). Although the feasibility of TeV - PeV scale machines
remains to be determined, the significant radiation hazards associated with their operation
merits careful attention to the effects of neutrino effective doses at offsite locations.

Selecting an accelerator location will be an issue for TeV energy muon linear colliders due to
public radiation concerns arising from neutrino interactions. Given these radiation concerns,
a muon collider location may be restricted to low population or geographically isolated
areas to minimize the public neutrino effective dose.

7.2 Bounding neutrino effective dose — circular muon collider

The bounding neutrino effective dose for a circular muon collider could be obtained using
the methodology of the previous section. However, a number of operational assumptions
including the ring circumference and average magnetic induction would be required.
Instead, we use an alternative approach to illustrate the various methods than can be
utilized to determine the neutrino effective dose as a function of distance. To accomplish
this, consider the energy distribution or differential fluence dN;(E;)/dE; where N; is the
number of neutrinos of generation i per unit area, E; is the neutrino energy, and i = 1, 2, and
3 for the three neutrino generations. The neutrino effective dose H can be determined once
the neutrino fluence to effective dose conversion factor C(E;) is known.

Cossairt et al. (1997) provide an approach for treating the neutrinos and their antiparticles in
the first two generations. In view of the limited data, Cossairt et al. (1997) did not consider
the generation 3 neutrinos, but these neutrinos become more important as the accelerator
energy increases.

One of the initial goals of a muon accelerator will be the development of a pure muon
neutrino beam to investigate the magnitude of the neutrino mass. Focusing on the muon
neutrino is also warranted because Cossairt et al. (1997) provides a muon neutrino fluence to
effective dose conversion factor. Following Cossairt et al. (1997) and Silari & Vincke (2002),
we limit the subsequent discussion to muon neutrinos that result from muon decays (Eq. 1)
in a circular muon collider and drop the subscript i:

H= g %C(E)aﬁ (15)

where E, is the energy of the primary muons before decay.

Silari & Vincke (2002) provide a differential fluence value in the laboratory system that is
averaged over all neutrino production angles. They also assume the accelerator’s shielding
is thick enough to attenuate the primary muon beam, and that it is thicker than the range of
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all secondary radiation. Accordingly, the neutrino radiation is in equilibrium with its
secondary radiation.

Using the equilibrium condition and averaging over all production angles, provides the
following differential fluence relationship for the neutrino radiation from a circular muon
collider (Silari & Vincke, 2002):

aN(E) 2. [1—’5}@ (16)
i E| E

(4 0

where N(E) is the number of neutrinos per unit area, E is the neutrino energy, E, is the
energy of the primary muons before decay, and ® is the integral neutrino fluence (total
number of neutrinos per unit area) following the muon decays.

For secondary particle equilibrium, the fluence to effective dose conversion factor
relationship of Cossairt et al. (1997) is used:

C(E)=KE? 17)

Eq. 17 was derived for the neutrino energy range of 0.5 GeV to 10 TeV. In deriving the muon
neutrino effective dose to fluence conversion factor of Eq. 17, Cossairt et al. (1997) did not
consider the effects of the third lepton generation.

In Eq. 17, K = 1015 pSv-cm?/GeV2. In view of the trend in the neutrino data (Particle Data
Group, 2010; Quigg, 1997), Eq. 17 is used at energies beyond those considered by Cossairt et
al. (1997). This is reasonable because increasing energy and increasing number of secondary
shower particles (hadrons) is the main reason for the rising fluence to effective dose
conversion factor with increasing neutrino energy for the equilibrium (shielded neutrino)
case or process D described earlier. It is also reasonable because the neutrino attenuation
length (\) decreases with increasing energy of the primary neutrinos. Although TeV energy
units are used in the final result, GeV units are used in the derivation of the neutrino
effective dose to facilitate comparison with Silari & Vincke (2002) and Johnson et al. (1998).
Prior to developing the neutrino effective dose relationship for a circular muon collider, the
neutrino attenuation length is briefly examined.

The neutrino attenuation length is written in terms of the neutrino interaction cross section oy:

A 1

L
pN,o, No,

18)

where A and p are the atomic number and density of the shielding medium, N is
Avogadro’s number, N is the number density of atoms of the shielding medium per unit
volume, and oy is on the order of 10 cm?2 (E / 1 TeV ) (Johnson et al. ,1998) where the
neutrino energy is expressed in TeV.

These results permit the neutrino attenuation length to be written as (Johnson et al. ,1998):

3
1= 052105 km(”;‘/j(?}g/m} (19)
P
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Since the neutrino attenuation length is very long, the neutrino fluence is very weakly
attenuated while traversing a shield. Therefore, shielding is not an effective dose reduction
tool for neutrinos.

The effective dose arising from an energy independent neutrino fluence spectrum is
accomplished by performing the integration of Eq. 15 using Eqs. 16 and 17:

EO
H:j3 1-E (D(KEZ)dE:EEf(D (20)
VE, | E, 6
where H is the annual neutrino effective dose in pSv and @ is the total number of neutrinos
per unit area that is assumed to be independent of energy (Johnson et al. ,1998).

The neutrino fluence ® is the total number of neutrinos traversing a surface behind the
shielding. The surface is governed by the divergence of the neutrino beam and the distance r
from the neutrino source. The neutrino’s half-divergence angle (0) is:

2
g:ﬂzlzi (21)
E y 10E,

where mc? is the muon rest mass in MeV, E is the muon energy, 0 is the opening half-angle
or characteristic angle of the decay cone expressed in radians, and E, is the energy of the
primary muon beam in GeV.

The neutrino fluence @ at a given distance r from the muon decay point is just the number of
neutrinos N per unit area:

(22)

Combining Egs. 20 - 22 and using the numerical value for K yields a compact form for the
annual neutrino effective dose from a circular muon collider:

_10"E’ N 10"E’N(0E)* 10°E*N uSv—cm’

H
6  z(0r) 6 1z ? 6zr*  GeV*

(23)

The circular muon collider neutrino effective dose of Eq. 23 has a very strong dependence on
the neutrino energy.

Eq. 23 provides the neutrino effective dose assuming all muons decay at the same point.
Recognizing that the muons can decay at all storage ring locations with equal probability
provides a more physical description of the effective dose. For facilities such as the
European Laboratory for Particle Physics (CERN), the neutrino effective dose may to be
calculated as an integral over the length of the return arm (1) (Silari & Vincke, 2002) of the
storage ring pointing toward the surface from d to d + 1, where d is the thickness of
material traversed by the neutrino beam between the end of the return arm and the
surface of the earth along the direction of the return arm. The quantity d may also be
described as the approximate minimum thickness of earth needed to absorb the
circulating muons if beam misdirection or total beam loss occurs (i.e., the beam exits the
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facility). Recognizing that the muons may decay at any location along the return arm,
leads to the neutrino effective dose:

H

~10PE* UNdr 10°EN [ 11 ) pSv—cm? 4

6z 5 12 6xl \d d+l) Gev*

Silari & Vincke (2002) provides parameters for the planned muon facility at CERN. For a 50
GeV muon energy in the storage ring, N = 102! muons per year decaying in the ring, a return
arm length pointing toward the surface (1 = 6.0x104 cm), and a 100 m thickness of material
(d) traversed by the neutrino beam between the end of the return arm and the surface, a
surface neutrino effective dose of 47 mSv/yr is predicted. Since the planned CERN design
has 3 return arms, the effective dose rate at the end of one of the arms would be about 16
mSv/y (47 mSv/3). Increasing muon energy will lead to higher muon effective dose rates,
additional muon shielding requirements, and will force the collider deeper underground
(See Table 4, derived from Silari & Vincke, (2002).

Muon Energy (TeV) |d(m)|L (km) | @ (mrad) | 0 (prad)
1 100 36 5.6 106
2 100 36 5.6 53
5 200 51 8 21
10 500 | 80.5 12.5 11

Table 4. Geometrical Parameters for Representative Cases of Circular Muon Colliders

These results suggest that the circular muon collider be installed underground to shield the
muon beam in the event the beam becomes misdirected. This required shielding is
determined by the muon energy loss (Silari & Vincke, 2002):

E_o6lV |2 (25)
dx km \3g/cm®

When compared to muons, neutrinos have a much smaller interaction cross section. The
earth shielding that completely attenuates the muons will have a negligible effect on the
neutrinos. Accordingly, the neutrinos will produce a nontrivial annual effective dose at the
earth’s surface where the beam emerges. In order to evaluate the magnitude of this neutrino
effective dose, assume the earth is a sphere, and a horizontal, circular muon collider is
situated a depth d below the earth’s surface. The neutrino beam exit point from the earth
will be at a horizontal distance L given by Silari & Vincke (2002):

L=+2dR-d?* ~ J2dR ~36km /ﬁ (26)

where R = 6400 km is the earth’s radius. Table 4 provides representative values of d and L.

In addition to d and L, a number of other relevant parameters associated with the circular
collider of Eq. 26 are summarized in Table 4. In Table 4, ¢ is the half-angle subtended by the
horizontal accelerator beam with respect to the earth’s center before it exits the earth:

www.intechopen.com



106 Particle Physics

Sing=L/R 27)

The functional form of Eq. 24 suggests that the calculation of neutrino effective dose from a
circular muon collider is dependent of the assumed physical configuration and beam
characteristics. An estimate of the neutrino effective dose for a circular muon collider can be
made using Eq. 23. For comparison with Eq. 14, Eq. 23 is rewritten in terms of TeV and mSv
units:

_10™*E; N mSv —cm®

H
611> TeV*

(28)

where N is the number of muon decays per year, E, is the muon energy in TeV, r is the
distance from the point of muon decay in cm, and H is the annual neutrino effective dose in
mSv. For consistency with the linear muon collider assumptions, 6.4x1018 muon decays per
year are assumed in subsequent calculations. Given the TeV muon energies and the earth
shielding present, charged particle equilibrium is assumed to exist. Moreover, the neutrino
beam is limited to muon neutrinos only.

The muon neutrino effective dose to fluence conversion factor is assumed to be valid at
energies beyond those utilized in Cossairt et al. (1997). Given the TeV muon energies,
Process D of Cossairt et al. (1997) will dominate the neutrino effective dose.

In deriving the circular muon collider effective dose relationship, a number of assumptions
were made. First, the neutrino effective dose calculation assumes a 100% occupancy factor,
and is an annual average based on the number of muon decays in a year. Second, the muon
beam is well-collimated. In addition, the irradiated individual is (1) assumed to be within
the footprint of the neutrino beam and the hadronic particle shower that results from the
neutrino interactions, (2) irradiated by only one of the muon beam’s decay neutrinos whose
energy is one-half the total circular muon collider energy, and (3) uniformly irradiated by
the neutrino and hadronic radiation types.

Table 5 summarizes the results of neutrino effective dose values as a function of distance
from the muon decay location (r) for a circular muon collider. Since the facility energy is the
sum of the muon and antimuon energies, a 100 TeV accelerator consists of a 50 TeV muon
beam and a 50 TeV antimuon beam.

The long, thin conical radiation plumes present a radiation challenge well beyond the
facility boundary. For example, a 25 TeV circular muon collider produces a neutrino
effective dose of 37 mSv/y at a distance of 1500 km from the facility. Although the neutrino
effective dose plume will only have a radius of 12 m at 1500 km, it presents a radiation
challenge for muon collider health physicists and management. The effective dose values
summarized in Table 5 have the potential to impart lethal doses to small areas. The large
effective dose values and their control must be addressed in facility design and licensing.

The importance of properly characterizing offsite public effective doses is illustrated by the
Fukushima Daiichi Nuclear Power Station (FDNPS) accident in Japan (Butler; 2011a, 2011b).
These doses focused attention on inadequacies in the FDNPS design and licensing bases.
Offsite effective doses and their profile must be carefully and credibly addressed in muon
collider design and licensing evaluations.
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Accelerator Energy (TeV)a
H (mSv/y) at the Specified Distance (r) from the Accelerator
5 km 25 km 100 km 1500 km 2500 km

0.1 8.5x10+ 3.4x105 2.1x10¢ 9.4x10* 3.4x10¢
2 140 5.4 0.34 1.5x103 5.4x10+

25 3.3x106 1.3x10% 8.3x10% 37 13
100 8.5x108 3.4x107 2.1x106 9.4x103 3.4x10°
500 5.3x101 2.1x1010 1.3x10° 5.9x10¢ 2.1x106
1000 8.5x1012 3.4x101 2.1x1010 9.4x107 3.4x107

2 The muon beam energy is half the accelerator energy.

Table 5. Annual Neutrino Effective Doses for a Circular Muon Collider.

Physics and cost parameters associated with 0.1, 3, 10, and 100 TeV circular muon colliders
(King 1999a) are summarized in Table 6. Given current levels of technology, the collider cost
will present a funding challenge as TeV muon energies are reached. In addition to funding
issues, the control of radiation from the muon beams and neutrino plumes must be
addressed. The feasibility of higher energy colliders will necessarily depend on
technological development as well as financial support of scientific agencies.

Accelerator Energy (TeV) 0.1 3 10 100

Circumference (km) 0.35 6 15 100

Average Magnetic Field (T) 3.0 52 7.0 10.5
Cost Feasible Challenging Challenging Problematic

Table 6. Circular Muon Collider Physics and Cost Parameters.

As the collider energy increases, muon shielding requirements dictate a subsurface facility.
The impact of locating the muon collider deeper underground with increasing accelerator
energy can also be investigated. Using Eq. 28 and the data summarized in Table 4, permit
the calculation of the neutrino effective dose upon its exit from the earth’s surface. If the
same beam properties are assumed as for the linear muon collider (i.e., N = 6.4x1018 muon
decays per year) and r = L (Table 4), then the magnitude and size of the resultant radiation
plumes derived from Eq. 28 are summarized in Table 7.

Muon Energy L (Horizontal Distance at the Beam Radius at the H at the Earth’s

(TeV)a d Earth’s Surface) (km) ¢ Earth’s Surface (m) 4 Surface
(m)® (mSv/y)

1 100 36 3.6 2.6

2 100 36 1.8 42

5 200 51 1.0 820
10 500 80.5 0.8 5.2x10°
50 500 80.5 0.16 3.3x106
100 500 80.5 0.081 5.2x107
500 500 80.5 0.016 3.3x101
1000 500 80.5 0.0081 5.2x101

aThe accelerator energy is twice the muon energy.

b Accelerator depth below the surface of the earth.

¢ Horizontal exit point distance from the surface of the earth.
d The half-divergence angle is determined from Eq. 5.

Table 7. Neutrino Effective Dose Characteristics for a Circular Muon Collider.
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Although the effective dose results at the earth’s surface are significant, they occur over a
relatively small area. The results also assume a 100% occupancy factor for this small area,
which is not likely. The magnitude of the neutrino effective dose merits significant attention
and emphasis on radiation monitoring and control. For example, a 500 TeV muon beam
would deliver an acute absorbed dose rate of about 1 Gy/s to a 3.2 cm diameter circle. This
absorbed dose rate is sufficient to deliver a biological detriment to the body within seconds
(Bevelacqua, 2010a).

Dose management controls will be similar to those enacted for direct beam exposures at
conventional accelerators. Interlocks associated with beam misalignment are effective in
limiting the probability that the beam is directed toward an unanticipated direction.
However, additional methods to control the offsite neutrino dose must be developed
because lethal exposures can occur in a very short time even though the areas involved are
small. Subjecting the public to potentially lethal effective doses represents unique facility
licensing challenges that must be addressed in facility safety analyses. Public perception and
stakeholder involvement will be key elements in licensing TeV-PeV scale muon colliders.
The need for public involvement in licensing and regulatory discussions becomes
particularly important when high effective doses could result from facility operations.

8. Offsite effective dose considerations for muon colliders

TeV energy neutrinos do not behave according to conventional operational health physics
experience at power reactors and contemporary accelerator facilities. As noted previously,
neutrinos are electrically uncharged and only interact through the weak interaction. Their
small, but non-zero, interaction cross section creates a unique situation in terms of the
behavior of the neutrino effective dose, particularly in terms of the shape and energy
dependence of their radiation profile. These properties will lead to a modification of
conventional health physics dose reduction concepts when applied to planned muon
colliders.

Basic radiation protection principles suggest that the effective dose at a given location is
reduced if the exposure time is minimized, the distance from the source is increased, or
shielding is added between the source and the point of interest (Bevelacqua, 2009, 2010a).
These principles must be modified at a TeV energy muon collider. The time principle is still
valid for muons and neutrinos. The neutrino and muon effective doses are reduced by
decreasing the exposure time.

The distance principle is ineffective when neutrinos are involved. Since neutrinos interact
very weakly, relatively long distances are not effective in significantly reducing the neutrino
effective dose. In fact, the neutrino beam remains a hazard for hundreds of kilometers.
However, distance will still be effective for reducing the muon effective dose.

Unlike other radiation types, shielding neutrinos increases the effective dose. The
magnitude of the particle showers produced by neutrino interactions is governed by the
quantity of shielding material between the neutrino beam and the point of interest.
However, shielding muons is an effective dose reduction measure.

From the standpoint of TeV energy neutrino radiation, a linear muon collider has a number
of advantages over circular muon colliders. Firstly, the radiation is confined to two narrow
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beams that can be oriented to minimize the interaction of the neutrinos. A simple dose
reduction technique orients the linear accelerators at an angle such that the neutrino beams
exit the accelerator above the ground. This configuration minimizes the residual neutrino
interactions with the earth and man-made structures. Secondly, the spent muons can be
removed from the beam following collisions or interactions before they decay into high-
energy neutrinos.

9. Other radiation protection issues

A number of radiation protection issues associated with TeV energy muon colliders will
challenge accelerator health physicists. The issues related to large neutrino effective dose
values and effective neutrino dosimetry were previously noted. Before construction of a
muon collider, thorough studies will be performed to define the accelerator’s radiation
footprint. These studies will: (1) define muon collider shielding requirements; (2) assess
induced activity within the facility and the environment (e.g., air, water, and soil), including
the extent of groundwater activation; (3) assess radiation streaming through facility
penetrations (e.g., ventilation ducts and access points); (4) assess various accident scenarios
such as loss of power or beam misdirection; and (5) assess the various pathways for liquid
and airborne releases of radioactive material. Facility waste generation and
decommissioning are other areas that will require evaluation.

In addition to the aforementioned radiation protection issues, the TeV energy neutrino beam
will create new issues. Radiation protection concerns unique to muon colliders have been
reported by Autin et al. (1999), Bevelacqua (2004), Johnson et al. (1998), Mokhov & Cossairt
(1998), and Mokhov et al. (2000). These authors suggest that above about 1.5 TeV, the
neutrino induced secondary radiation will pose a significant hazard even at distances on the
order of tens to hundreds of kilometers. The neutrino radiation hazard presents both a
physical as well as political challenge (King, 1999a).

These issues also complicate the process for locating a suitable site for a TeV energy muon
collider. There are a number of potential solutions to reduce the neutrino effective dose
associated with a muon collider. These include using radiation boundaries or fenced-off
areas to denote areas with elevated effective dose values. Building the collider on elevated
ground or at an isolated area would also minimize human exposure. Effective dose
reduction measures are also available for specific muon collider configurations.

In a linear muon collider operating at the higher TeV energies, dose reduction is achieved by
locating the interaction region above the earth’s surface. In a circular muon collider, dose
reduction is achieved by minimizing the straight sections in the ring, burying the collider
deep underground to increase the distance before the neutrino beam exits the ground, and
orienting the collider ring to take advantage of natural topographical features.

Orders of magnitude reductions in the neutrino effective dose are required for the muon
colliders noted in this chapter (See Tables 3, 5, and 7) to meet current regulations for
public exposures (ICRP, 2007). Some of the possible effective dose reduction solutions
may be difficult to implement for the TeV energy muon colliders. The most feasible
options for locating and operating the highest TeV energy muon collider are to either use
(1) an isolated location where no one is exposed to the neutrino radiation before it exits
into the atmosphere as a result of the earth’s curvature, or (2) a linear muon collider
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constructed such that the individual muon beams collide in air well above the earth’s
surface.

For Option 1, the accelerator could either be constructed at an elevated location or at an
isolated area. The area will need to be large, perhaps having a site boundary with a diameter
greater than 100 km (King, 1999a). This size requirement restricts the available locations,
and would normally require that the facility have access to the resources of an existing
accelerator facility such as CERN or Fermilab. Alternatively, the facility could be located in
an isolated area and scientific personnel relocated to that area with the establishment of a
self-sufficient site. The final decision regarding facility location will involve funding and
political considerations that are part of new facility development, licensing, and
construction.

Option 2 would be technically feasible, and could be located at a smaller site. However,
design considerations for both Options 1 and 2 would need to address a number of potential
radiation issues associated with accelerator operation (Bevelacqua, 2008, 2009, and 2010a)
that could lead to significant, unanticipated radiation levels in controlled as well as
uncontrolled areas. Radiation protection issues include beam alignment errors, design
errors, unauthorized changes, activation sources, and control of miscellaneous radiation
sources (Bevelacqua, 2008, 2009, 2010a). These operational issues require close control
because they have the potential to produce large and unanticipated effective dose values.

Beam alignment errors could direct the beam in unanticipated directions. Given the long
range of the muon effective dose profile, these errors could have a significant impact on
licensing and accident analysis. Beam alignment errors are caused by a variety of factors
including power failures, maintenance errors, and magnet failures. Both human errors and
mechanical failures lead to beam alignment issues.

Changes in the beam energy or beam current, that exceed the authorized operating
envelope, lead to elevated fluence rates, the creation of unanticipated particles, or the
creation of particles with higher energy than anticipated. Changes to beam parameters must
be carefully evaluated for their impact on the radiation environment of the facility.

The control of secondary radiation sources, radio-frequency equipment, high-voltage power
supplies, and other experimental equipment merits special attention. These sources of
radiation are more difficult to control than the primary or scattered accelerator radiation
because health physicists may not be aware of their existence, the experimenters may not be
aware of the hazard, or the radiation source is at least partially masked by the accelerator’s
radiation output. These miscellaneous radiation sources will include x-rays as well as other
types of radiation.

10. Overview of the neutrino effective dose at a tau collider

A third generation tau collider has not been evaluated. In order to provide an estimate of the
effective dose consequences of a tau collider, a modification of the muon collider
methodology is utilized. The decay characteristics of a tau are considerably more complex
than muon decay. The muon essentially decays with a branching ratio of 100 % into a lepton
and neutrinos via Eq. 1. For example, tau decays involve 119 decay modes with specified
branching fractions with six modes accounting for 90% of the decays (Particle Data Group
2010). The dominant tau decay mode is:
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o+ +v, (2551%) (29)

However, the negative pion dominantly decays into a muon and antimuon neutrino, and
the neutral pion decays primarily into photons.

r'—)(,u" +\7ﬂ)+(}/+y)+v, (30)
Subsequently, the muon decays following Eq. 1. Eq. 30 then yields:
r’—>(e’+vﬂ+178+17y)+(y+y)+v, (31)

The net result of the decay is that multiple neutrinos are produced from the tau and
subsequent decay of particles. The factor & described in subsequent discussion incorporates
the effects of the multiple tau decay modes and their effects on the neutrino effective dose.

Subsequent discussion assumes no annihilation of particles and antiparticles in the beam
produced by the tau decay products. In addition, the narrow beam approximation is
assumed.

The neutrino dose from tau decays is determined by comparing the number of neutrinos
emitted from an equal number of tau and muon decays. § defines the ratio of the number of
neutrinos contributing to the tau collider to muon collider effective doses:

N 3
; Y, Z (ani(vj)+bni(5j))
£= un(uﬂ)+bn(ﬁe) (2

In the numerator of Eq. 32, i labels the various decay modes of the tau, N is the number of
tau decay modes, Y; is the branching fraction of the ith tau decay mode, nj(v;) is the number
of generation j neutrinos emitted from decay mode i, and #; (Ej) is the number of generation
j antineutrinos emitted from decay mode i. In the denominator of Eq. (32), n(v,) is the
number of muon neutrinos emitted in a muon decay, and 7(D,) is the number of
antielectron neutrinos emitted in a muon decay. The j sum counts the three neutrino
generations, and a and b are the cross-section factors of King (1999a) for neutrinos and
antineutrinos which are 1.0 and 0.5, respectively.

The ratio of tau neutrino to muon neutrino effective doses is obtained by utilizing the value
of & and the calculated ratio of tau and muon neutrino cross-sections (B) (Jeong & Reno,
2010). The discussion is applicable to circular and linear muon and tau colliders. For
equivalent accelerator operating conditions (e.g., beam energy and number of beam particle
decays) and receptor conditions (e.g., distance and ambient conditions), the ratio of neutrino
effective doses from a tau collider and muon collider is given by:

=4 B(E) (33)
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The results of calculations utilizing Eq. 33 are summarized in Table 8.

Beam Energy (TeV) Effective Dose Ratio
0.01 0.39
0.1 1.75
1.0 2.16
10. 2.23

Table 8. Ratio of Tau and Muon Collider Neutrino Effective Doses.

The tau collider neutrino effective doses are generally larger than those encountered in a
muon collider, and the tau dose profile is also larger. The larger tau profile is demonstrated
by considering Eqs. 3 and 4 for equivalent tau and muon collider configurations:

(=) _me 177 mev 1es o
r(w) m, 1057MeV

Using Eq. 34 and the Table 7 results for circular tau collider conditions, the neutrino
effective dose profile radius at the earth’s surface is 60.5, 30.2, 16.8, and 13.4 m for 1, 2, 5, and
10 TeV beams. These affected areas and associated effective doses suggest that the tau
collider is a more significant radiation hazard than the muon collider. Therefore, larger
effective doses and affected areas are anticipated during tau collider operations.

An improved calculation of the neutrino effective dose from a tau collider requires a better
specification of neutrino properties. For example, previous calculations were based on the
Standard Model assumption that neutrinos have zero mass. Neutrino masses can be
calculated assuming the alternative gauge group SU(2), ® SU(2), ®U(1) instead of the
Standard Model SU (2), ® U(1). This gauge group leads to a neutrino generation i mass:

2
m; =2 (35)
8y,

where M is the generation i lepton mass (e, p, and 1), Wk is the right-handed W boson mass
(= 300 GeV), and g is a coupling constant with a value of 0.585 (Mohapatra & Senjanovi¢,
1980). Using these values in Eq. 35 leads to electron, muon, and tau neutrino upper bound
masses of 1.5 eV, 64 keV, and 18 MeV, respectively. These masses affect the input values
used to calculate the neutrino effective dose in Eqs. 14 and 23. As an alternative, better cross-
section data and dose conversion factors would refine the neutrino effective dose.

11. Conclusions

Neutrino radiation will be a health physics issue and design constraint for muon colliders,
particularly at TeV energies. TeV energy muon colliders will require careful site selection
and the neutrino effective dose may dictate that these machines be constructed in isolated
areas. With the operation of TeV energy muon colliders, the neutrino effective dose can no
longer be neglected. Neutrino detection, neutrino dosimetry, and the determination of the
neutrino effective dose will no longer be academic exercises, but will become operational
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health physics concerns. Keeping public and occupational neutrino effective doses below
regulatory limits will require careful and consistent application of dose reduction methods.

When compared to muon colliders, initial scooping calculations for tau colliders suggest
that higher effective doses and affected areas will result from their operation. Although, the
tau collider calculations are initial estimates, they suggest that significant radiation
challenges are also presented by these machines.
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