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1. Introduction

The next generation of medium- and high-energy
accelerators for MegaWatt proton, electron and
heavy-ion beams moves us into a completely new
domain of extreme energy deposition density up to
0.1 MJ/g and power density up to 1 TW/g in beam
interactions with matter [1]. The consequences of
controlled and uncontrolled impacts of such high-
intensity beams on components of accelerators,
beamlines, target stations, beam collimators and
absorbers, detectors, shielding, and environment
can range from minor to catastrophic. Challenges
also arise from increasing complexity of
accelerators and experimental setups, as well as
from design, engineering and performance
constraints.  All  these put unprecedented
requirements on the accuracy of particle production
predictions, the capability and reliability of the
codes used in planning new accelerator facilities
and experiments, the design of machine, target and
collimation systems, detectors, and radiation
shielding and minimization of their impact on
environment. This leads to research activities
involving new materials and technologies, as well
as code developments whose predictive power and
reliability being absolutely crucial.

2. Challenging Applications and Demands

Particle transport simulation tools and the physics
models and calculations required in developing
relevant codes are all driven by application. The
most demanding applications are the high-power
accelerators (e.g., spallation neutron sources,
heavy-ion machines, and neutrino factories),
Accelerator Driven Systems (ADS), high-energy
colliders, and medical facilities. Here are a few
examples of demanding applications and
corresponding issues addressed in the beam-
materials interaction simulations [2]:

e Beam Collimation. High-power accelerators
operationally are limited by beam losses, not by
current limitations. Conventional radiation
shielding can be bulky, costly and not easily
implemented. Only with a very efficient beam
collimation system can one reduce uncontrolled
beam losses in the machine to an allowable
level, protecting personnel and components

against  excessive irradiation,  maintain
operational reliability over the life of the
machine, provide acceptable hands-on

maintenance conditions, and reduce the impact
of radiation on the environment, under both
normal operation and accident conditions [3-5].



High-power targetry. Principal issues include:
production and collection of maximum
numbers of particles of interest; suppression of
background particles in the beamline; target and
beam window operational survival and lifetime
(compatibility, fatigue, stress limits, erosion,

remote handling and radiation damage);
protection of focusing systems including
provision for superconducting coil quench

stability; heat loads, radiation damage and
activation of components; thick shielding and
spent beam handling with respect to prompt
radiation and ground-water activation. For
further details, see Ref. [6].

Absorbers for misbehaved beams along the
beamlines, abort beam dumps and those
downstream of the production targets and
interaction regions at colliders are other
challenging systems in the MegaWatt
accelerators. These should be able to withstand
an impact of beams of up to full power, say, 0.2
to 20 MW, without destruction over a designed
life-time (at least a few years), fully contain the
beam energy, and execute the initial shielding
functions. The major absorber technology for
high-intensity beams is a core built-up of many
thin graphite slabs encapsulated in an
aluminum shell with cooling water channels. It
is proven in more than 20-years of an
operational experience at the Tevatron, with the
peak instantaneous temperature rise of ~1000
°C per pulse. The core is contained in steel
shielding surrounded by concrete. A similar
design is used at the Large Hadron Collider
(LHC) with the beam swept in a spiral during
the abort. Other technologies for high-power
beam absorbers include a stationary beryllium,
aluminum or nickel wall liquid-cooled dump, a
water-cooled aluminum-shell rotating drum,
and a water-vortex beam absorber considered
for an 18-MW electron beam at the
International Linear Collider (ILC). In the ILC
case, the beam is rastered with dipole coils to
avoid water boiling. The entrance beam

window and catalytic recombination are of a
serious concern in such a design.

e High-energy colliders. These include proton
(LHC), heavy-ion (LHC and Relativistic
Heavy-lon Collider - RHIC), e'e” (ILC and
Compact Linear Collider - CLIC), and muon
colliders. Principal issues address overall
machine and interaction region design;
accelerator and detector component protection
against beam-induced radiation load
(superconducting  magnets) and damage
(heating, material integrity and component
lifetime); electronics soft errors; and detector
backgrounds. All particle interactions and
transport need to be accurately treated to
predict machine and detector performance,
radiation damage, residual radiation (hands-on
maintenance), air, soil, and ground water
activation, and prompt radiation on surface and
in underground experimental halls.

3. Interactions of Fast Particles with Matter

Electromagnetic interactions, decays of unstable
particles and strong inelastic and elastic nuclear
interactions all affect the passage of high-energy
particles through matter. The physics of these
processes is described in detail in numerous books,
handbooks and reviews (see, for example, Refs. 7-
9). At high energies the characteristic feature of the
phenomenon is creation of hadronic cascades and
electromagnetic showers (EMS) in matter due to
multi-particle production in electromagnetic and
strong nuclear interactions. Because of consecutive
multiplication, the interaction avalanche rapidly
accrues, passes the maximum and then dies as a
result of energy dissipation between the cascade
particles and due to ionization energy loss.
Energetic particles are concentrated around the
projectile axis forming the shower core. Neutral
particles (mainly neutrons) and photons dominate
with a cascade development when energy drops
below a few hundred MeV.



The length scale in hadronic cascades is a
nuclear interaction length 2, (16.8 cm in iron) while
in EMS it is a radiation length X, (1.76 cm in iron);
see Refs. [7-9] for definitions and values of these
quantities in other materials. The hadronic cascade
longitudinal dimension is (5-10) A,, while in EMS
it is (10-30) X,. It grows logarithmically with
primary energy in both cases. Transversely, the
effective radius of hadronic cascade is about A,
while for EMS it is about 2ry, where ry is a
Moliere radius (see Refs. [7-9]). At the same time,
low-energy neutrons coupled to photons propagate
much larger distance in matter around the cascade
core, both longitudinally and transversely, until
they dissipate their energy in a region of a fraction
of an electronvolt.

Muons - created predominantly in pion and
kaon decays during the cascade development — can
travel hundreds and thousands of meters in matter
along the cascade axis. Neutrinos — usual muon
partners in such decays — propagate even farther,
hundreds and thousands of kilometers, until they
exit the Earth’s surface. A rather unusual problem
arising from neutrino-materials interactions is a
potential radiation hazard to a general public at
very large distances from a high-luminosity multi-
TeV muon collider [10]. This will require placing
such a machine at a depth of a few hundred meters
along with a well-thought collider layout design
and special muon beam manipulation techniques.

4. Simulations

As stated in Section 2, the demanding applications
at high-intensity accelerators put unprecedented
requirements on the accuracy of particle production
predictions, the capability and reliability of the
simulation codes used. The challenge is detailed
and accurate (to a % level) modeling of all particle
interactions with 3-D system components (up to
tens of kilometers of the accelerator lattice in some
cases) in energy region spanning up to 15 decades
as a basis of accelerator, detector and shielding

designs and their performance evaluation, for both
short-term and long-term effects.

The current versions of five general-purpose,
all-particle codes are capable of this: FLUKA [11],
GEANT4 [12], MARS15 [13], MCNP6 [14], and
PHITS [15]. These are used extensively worldwide
for accelerator applications. A substantial amount
of effort (up to several hundreds of man-years) has
been put into development of these codes over the
last few decades. The user communities for the
codes reach several thousands of people
worldwide. All five codes can handle a very
complex geometry, have powerful user-friendly
built-in Graphical-User Interfaces (GUI) with
magnetic field and tally viewers, and variance
reduction capabilities. Tallies include volume and
surface distributions (1D to 3D) of particle flux,
energy, reaction rate, energy deposition, residual
nuclide inventory, prompt and residual dose
equivalent, displacement-per-atom (DPA) for
radiation damage, event logs, intermediate source
terms, etc. All the aspects of beam interactions with
accelerator system components are addressed in
sophisticated Monte-Carlo simulations
benchmarked - wherever possible - with dedicated
beam tests. Fig. 1 shows the Energy and Intensity
Frontier applications where the codes listed above
are used.

Particle yields:
p.n 7 K ZHl

\ / Background
~ e

MA RS suppression

“\

Targetry: power dissipation,
integrity (shock & buildup),
magnetohydrodynamics

Nuclide inventory

Radiation damage:
DPA, dose, H/He,
soft errors {SEE)

Beamline optimization,
beam loss, particle
capture and collimation,
SC magnet quench

Prompt and residual
radiation, shielding,
impact on environment

Fig. 1. Major applications at the Intensity Frontier of particle-
matter interaction MARS15 code.



As an example, the advanced features in the current
MARS15 code [13, 16] — instigated by accelerator
developmental needs — include:

o Reliable description of cross-sections and
particle yields from a fraction of eV to many
TeV for hadron, photon and heavy-ion
projectiles on nuclei.

e Precise modeling of leading particle production
and low-momentum transfer processes (elastic,
diffractive and inelastic), crucial for beam-loss
and collimation studies.

e Reliable modeling of n’-production (electro-
magnetic showers), K* and K’production
(neutrino and kaon rare decay experiments),
proton-antiproton annihilation, and stopped
hadrons and muons.

¢ Nuclide inventory, residual dose, displacement-
per-atom (DPA), and hydrogen and helium
production.

e Precise modeling of multiple Coulomb
scattering with projectile and target form-
factors included.

e Reliable and CPU-efficient modeling of low-
energy  electromagnetic  showers  and
electromagnetic interactions of particles and
heavy ions down to 1 keV/A in compounds
(energy deposition, radiation damage and
backgrounds) with bremsstrahlung and direct
pair production by heavy particles at high
energies.

e Hadron/muon photo- and electro-production.

e Accurate particle transport in arbitrary
geometry in presence of magnetic and electrical
fields with objects ranging in size from microns
to kilometers.

e Variance reduction techniques crucial for
modeling rare processes and thick shielding.

e Enhanced tagging of origin of a given
signal/tally — geometry, process and phase-
space — invaluable for source term and
sensitivity analyses.

o User-friendly geometry description and visual
editing.

e Interfaces to MAD,
hydrodynamics codes.

ANSYS and

Most of processes in MARS15, such as
electromagnetic showers, hadron-nucleus
interactions, decays of unstable particles, emission
of synchrotron photons, photohadron production
and muon pair production, can be treated
exclusively  (analogously), inclusively (with
corresponding statistical weights), or in a mixed
hybrid mode. The choice of method is left for the
user to decide - via the input settings — what is the
most appropriate and computationally efficient for
the considered physics case.

Inclusive particle production is based on a
comprehensive set of phenomenological formulas
tuned to data in all the important phase-space
regions. An example of modeling of non-trivial
behavior of the invariant proton production cross-
section is shown in Fig. 2 for the p+Be—pt+X
inclusive reaction in comparison with data [17- 19].
The color-coded lines represent three distinct
physics mechanisms simulated: resonance and
diffractive dissociation (blue), fragmentation
(green) and central region (black). Quasielastic
scattering and Fermi-motion are modeled in
addition, supplied with a phenomenological model
for cascade and evaporation nucleon production.
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Fig. 2. Proton production cross-section at indicated angles for
protons of labeled momenta on beryllium nucleus calculated
with MARS15 (lines) and compared to data [17-19].



The LAQGSM module is based on the quark-
gluon string model above 10 GeV and intranuclear
cascade, pre-equilibrium and evaporation models at
lower energies [20]. It is used in MARS15 for
photon, hadron and heavy-ion projectiles at
projectile energies from a few MeV/A to 1 TeV/A.
This provides a power of full theoretically
consistent modeling of exclusive and inclusive
distributions of secondary particles, spallation,
fission, and fragmentation products. It was recently
modified to improve its performance in the crucial
for the Intensity Frontier energy region of 0.7 to 12
GeV. Fig. 3 shows results on neutron inclusive
production calculated with this model in
comparison with data [21] in interactions of 400
MeV/A xenon projectile with a lithium nucleus.
Comparison of the model with data [22] in Fig.4
reveals a good agreement for K* large-angle
production for the 3.5-GeV proton interactions with
the gold nucleus.
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Fig. 3. Double-differential neutron production cross-section for
400 MeV/A xenon on lithium nucleus calculated with
MARS15 (LAQGSM [20] mode) and compared to data [21].
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Fig. 4. Kaon production cross-section for 3.5-GeV protons on a
gold nucleus calculated with MARS15 (LAQGSM) and
compared to data [22].

5. Nuclide Production and Residual
Activation.

As mentioned in Section 2, one of the fundamental
operational limitations at high-power accelerators
is the beam loss rate that corresponds to the
tolerable residual dose levels on the machine
components and corresponding nuclide production
rates. A worldwide-spread “1 W/m rule” was
developed at the brain-storm workshop [3] used
nowadays as one of the primary guidance in high-
intensity accelerator design considerations. Based
on a thorough analysis of a world experience with
high-power machines and related calculation
results, 1 W/m beam loss rate was derived as a
universal design goal applicable for any proton
accelerator or beamline with proton energy above
about 200 MeV. In common conditions, this
continuous beam loss rate results in a contact
residual dose rate of 50-100 mrem/hr on an outer
surface of a typical massive accelerator magnet
after 30 days of irradiation and 1 day of cooling.
Observations and numerous calculations over 15
years confirm the applicability and usefulness of
this simple rule.

Three approaches are used with the codes
described in previous Section to calculate 3-D
distributions of residual dose rate in an arbitrary
configuration of accelerator setups:



1. Calculate production rates of all nuclides
generated in the object/region of interest; solve
the Bateman equations governing the decay
and transmutation of nuclides using
transmutation trajectory analysis for pre-
defined irradiation and cooling times; convert
calculated activities to individual doses at a
distance using specific gamma-ray constants or
run corresponding Monte-Carlo for the emitted
photons.

2. Calculate spatial distribution of residual dose
rate using built-in o-factors which relate the
density of inelastic nuclear interactions to a
contact dose rate; correct for a small object
size; apply Monte-Carlo based distance
correction.

3. Start as in item 2, then scale from surface disc
sources to a remote point.

Although quite complex and time consuming, the
first method is fully consistent. It also provides
nuclide inventory, a detailed distribution of
nuclides and activities produced in the accelerator
and its system components. The second one is
easier and faster, while the third one is good for
engineering estimates. Fig. 5 from Ref. 16 shows
comparisons between measured and predicted
residual activity in a copper target irradiated with a
500 MeV/A uranium beam of 11 mm in diameter.
The target length was twice the range of the
uranium ions and transverse target size was 50 mm.
It was assembled using copper disks and the
activation foils were inserted between the disks.
Statistical errors for MARS15 correspond to 2.5
million histories; statistical errors for SHIELD and
FLUKA are taken from Ref. 23. The MARS15
performance is quite impressive.
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Fig. 5. Measured [23] and calculated distributions of specific
residual activity of cobalt isotopes generated and stopped in a
copper target irradiated with a 500 MeV/u uranium beam.



6. Materials under Irradiation

Depending on material, level of energy deposition
density and its time structure, one can face a variety
of effects in materials under irradiation. Fig. 6
shows two classes of effects — related to beam-
induced heat dissipation and changes in material
properties - that can be observed in
superconducting magnets under irradiation.
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Fig. 6. Types of beam-induced deleterious effects in
superconducting magnets (Courtesy V.V. Kashikhin).

The most damaging in a typical high-intensity
accelerator environment are the following ones:

e Thermal
damage.

¢ Organic insulation property deterioration due to
dose buildup.

e Radiation damage to metals, ceramic and other
inorganic  materials due to  atomic
displacements (DPA) as well as helium and
hydrogen production.

shocks and quasi-instantaneous

6.1. Short pulses

Short pulses with energy deposition density in the
range from 0.2 kJ/g (W), 0.6 J/g (Cu) and 1 kl/g
(Ni and Inconel) to about 15 kJ/g cause thermal

shocks resulting in fast material ablation and
slower structural changes. The latter are shown in
Fig. 7 for the Fermilab antiproton production target
irradiated by a 120-GeV proton beam (rms beam
spot size of 0.2 mm) with 3x10" protons per pulse.
MARS simulation explained target damage,
reduction of antiproton yield and justified better
target materials.

Fig. 7.

Beam-induced damage to
production target — a stack of 10-cm diameter nickel and
Inconel disks.

Fermilab antiproton

An outstanding example of the fast material
ablation at accelerators is destruction of the
Tevatron primary (Fig. 8) and secondary (Fig. 9)
collimators caused by an accidental loss of the 980-
GeV beam in 2003 [24]. The damage was induced
by a failure in the CDF Roman Pot detector
positioning at the end of a 980x980 GeV proton-
antiproton colliding beam store. Dynamics of this
failure over the first 1.6 ms, including excessive
halo generation and superconducting magnet
guenching, were studied via realistic simulations
using the STRUCT [25] and MARS codes. It was
shown that the interaction of a misbehaved proton
beam with the superconducting magnets and
collimators resulted in rapid local heating. A
detailed consideration was given to the ablation



process for the collimator material taking place in
high vacuum. It was shown that ablation of the
tungsten primary collimator resulted in the creation
of the hole in it, while a groove was created in
stainless steel secondary collimator jaw surface
with parameters fully agreed with the post-mortem
observations.

=

Fig. 8. Hole indicated as created in the Tevatron 5-mm thick
primary tungsten collimator.

Fig. 9. 25-cm long groove indicated as created in the Tevatron
secondary stainless steel collimator.

Beam pulses with energy deposition density in
excess of 15 kJ/g bring materials to the
hydrodynamic regime. It was first shown in studies
for the SSC 20-TeV proton beam (400 MJ, 300-us
spill) on a graphite beam dump [26] and later for
the collider superconducting magnets, steel
collimators and tunnel-surrounding Austin chalk.
Since the beam duration was comparable to the
characteristic time of expected hydrodynamic
motions, the static energy deposition capability of

the MARS code have been combined with the two-
and three-dimensional hydrodynamics of the
LANL’s MESA and SPHINX codes. It was found
in simulations that a hole was drilled by the beam
in the graphite dump at the rate of 7 cm/us with
pressures of a few kbar generated. Later these
effects were studied in detail for the SPS and LHC
targets and beam dumps using coupling of the
FLUKA  (energy deposition) and BIG2
(hydrodynamics) codes [27, 28]. Fig. 10 shows
calculated physical state of the solid tungsten target
at the end of the SPS proton pulse (rms beam spot
size of 0.088 mm) at 7.2 ps. It is seen that within
the inner 2-mm radius, strongly coupled (SC)
plasma state exists that is followed by an expanded
hot (EH) liquid. The melting front is seen
propagating outwards.
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Fig. 10. Tungsten target physical state after the SPS beam
pulse [27].

6.2. Organic materials

Contrary to the MeV type accelerators with their
insulators made mostly of ceramics or glasses, the
majority of insulators in high-energy accelerator
equipment are made of organic materials: epoxy,
G11, polymers etc. Apart from electronics and
optical devices, the organic materials are the ones
most sensitive to radiation. A large number of
radiation tests have been made on these materials
and the results are extensively documented (see



Ref. 29 for references). Impact of radiation on
organic materials is a three-step process [30]:

1.
2.

Production of free radicals by radiation.
Reaction of free radicals: crosslinking, chain
scission, formation of unsaturated bonds (C=C,
etc), oxidation, and gas evolution.

Change of molecular structure: modification
and degradation affected by irradiation
temperature and atmosphere as well as by
presence of additives.

The findings for organic materials under irradiation
are [30]:

Degradation is enhanced at high temperatures.
Radiation oxidation in presence of oxygen
accelerates degradation.

Radiation oxidation is promoted in the case of
low dose rate.

Additives can improve radiation resistance. For
example, 1% by weight of antioxidant in
polyethylene can prolong its lifetime 5 to 10
times.

Dose limits on insulators are usually defined
for a certain level of changes in the material
properties critical to the application. For example,
10% degradation of ultimate tensile strength is a
typical criterion for epoxy, CE/epoxy resins and
G11. Similar changes in electrical resistivity are
often used as the criterion. For the given insulator
and irradiation conditions, its radiation damage is
proportional to the peak energy deposition density
or dose accumulated in the hottest region.
Radiation damage thresholds based on the results
of dedicated radiation tests [29], experience or
indirect evidences, are used worldwide as a basis
for design and an estimate of the component
lifetime or the operation time prior to replacement.
For example, the dose limit used for the Large
Hadron Collider (LHC) superconducting magnet
insulators is 25 to 40 MGy (2.5 to 4 Grad). Other
projects  utilizing  superconducting  magnet
technologies assume a lower limit of 7-10 MGy.
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It is worth noting here that energy deposition —
responsible for damage in insulators and, e.g., for
cable quench stability in superconducting magnets
— is modeled in accelerator applications quite
accurately. In the majority cases, FLUKA and
MARS15 results on energy deposition coincide
within 10% and agree with data.

7. DPA and Gas Production

The dominant mechanism of structural damage of
inorganic materials is displacement of atoms from
their equilibrium position in a crystalline lattice due
to irradiation with formation of interstitial atoms
and vacancies in the lattice. Resulting deterioration
of material critical properties is characterized — in
the most universal way - as a function of
displacements per target atom (DPA). DPA is a
strong function of projectile type, energy and
charge as well as material properties including its
temperature.

7.1. DPA Model

Three major codes - FLUKA, MARS15 and PHITS
- use very similar implementation of the NRT
model [31, 32] to calculate DPA. A primary knock-
on atom (PKA) created in nuclear collisions can
generate a cascade of atomic displacements. This is
taken into account via damage function v(T). DPA
is expressed in terms of damage cross section o :

Tmax

o4(E)= _[

Ty

do(E,T)
T v(T)dT

where E is kinetic energy of the projectile, T is
kinetic energy transferred to the recoil atom, Ty is
the displacement energy, and T.x iS the highest
recoil energy according to kinematics. In a
modified Kinchin-Pease model [31], v(T) is zero at
T<Tg, unity at Ty <T<2.5Tg, and k(T)Ed/ZTd at 2.5Ty4
<T, where E4 is “damage” energy available to
generate atomic displacements by elastic collisions.
Tq is an irregular function of atomic number (~40
eV). The displacement efficiency, k(T), introduced
as a result of simulation studies on evolution of



atomic displacement cascades [33], drops from 1.4
to 0.3 once the PKA energy is increased from 0.1 to
100 keV, and exhibits a weak dependence on target
material and temperature.

The implementation of this model in MARS15
[34] includes electromagnetic elastic (Coulomb)
scattering, the Rutherford cross-section with Mott
corrections and nuclear form-factors (a factor of
two effect). Resulting displacement cross-sections
due to Coulomb scattering are shown in Fig. 11 for
various projectiles on silicon and carbon targets.
For elementary particles, energy dependence
of o4 disappears above 2-3 GeV, while it continues
to higher energies for heavy ions. For projectiles
heavier than a proton, o, grows with a projectile
charge z as Z%/p® at yB > 0.01, where B is a
projectile velocity. All products of elastic and
inelastic nuclear interactions as well as Coulomb
elastic scattering of transported charged particles
(hadrons, electrons, muons and heavy ions) from 1
keV to 10 TeV contribute to DPA in the model.

carbon target
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Fig. 11. Displacement cross-section in carbon for various

charged projectiles.

DPA for neutrons from 10™ eV to 20-150 MeV is
described in MARS15 using the NJOY99+ENDF-
VIl [35, 36] database for 393 nuclides [16]. A
corresponding output is shown in Fig. 12. Such
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results are corrected then using experimental defect
production efficiency n, where n is a ratio of a
number of single interstitial atom vacancy pairs
(Frenkel pairs) produced in a material to the
number of defects calculated using NRT model.
The values of n have been measured [37] for many
important materials in reactor energy range and are
presented in Fig. 13.

104 bk B BLALLL BLALLL BLALLL BLALLL BRALL.. BLRLL hhi BLRLLL: B B T
27 Al
10°F | — 65, 3
10° E
o)
£ 10" 1
£
B 10°F 5
10k w E
10’2 sod vl .é....l PRTTT EERTTT EERTIT BERTITT AT | .3.....‘ PETTT BRI EERTIT EERTTT BERTTT .
10° 10° 10" 10* 10° 10° 10" 10

En, eV
Fig. 12. NRT neutron defect production cross-sections.
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Fig. 13. Measured [37] defect production efficiency.

7.2. DPA Modeling Verification

There is no direct way to measure DPA. Therefore,
DPA model realizations have been recently tested
via thorough code inter-comparisons. MARS15



calculations are in a perfect agreement with results
of detailed studies [38, 39]. Three major codes
FLUKA, MARS15 and PHITS agree in their DPA
calculations within 15% for proton and heavy-ion
beams for a variety of irradiation conditions. As an
example, Fig. 14 shows such a comparison for a
superconducting coil of the Mu2e pion production
solenoid for an 8-GeV proton beam on a tungsten
target.

5.0 ¢ |
[ = MARS15
Coil PHITS
40 4 4 FLUKA
1 A
& L |
2 3.0 A
'8 .
=
&
< 20 A
o | |
o A
| |
F
L ]
1.0 + 4
"
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0.0 - ‘ L
0 2 4 6 8
Depth (cm)

Fig. 14. DPA rate as a function of thickness of the Mu2e
production solenoid superconducting coil as calculated with
the three codes.

Despite a substantial progress in the field of
radiation damage over last several years, there are
still several misses and open questions:

Desperate  needs for radiation damage
measurements at cryogenic temperatures.
Measurements with charged particle beams and
their relation to neutron data.

Annealed versus non-annealed defects.
Low-energy neutron DPA in compounds.
Consistent link of calculated DPA to observed
changes in materials properties.

7.3. Hydrogen and Helium Production

At accelerators, radiation damage to structural
materials is amplified by increased hydrogen and
helium gas production for high-energy beams. In
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the Spallation Neutron Source (SNS) type beam
windows, the ratio of He/atom to DPA is about 500
of that in fission reactors. These gases can lead to
grain boundary embrittlement and accelerated
swelling. In simulation codes analyzed here,
uncertainties on production of hydrogen are about
20% while for helium these could be as high as
50%.

8. Beam Loss and Shielding

At high-intensity accelerators, deleterious effects of
controlled and uncontrolled beam loss on
components of beam-lines, target stations, beam
absorbers, shielding and environment can be so
severe that the cost of the systems to prevent or
mitigate such an impact can comprise a substantial
fraction of the entire facility cost. Two examples of
dealing with these issues [40] from beam-materials
point of view are given in this section.

8.1. LBNE experiment

The Long-Baseline Neutrino Experiment (LBNE) will
explore the interactions of the world's highest-
intensity neutrino beam by sending it from Fermilab
more than 1,000 kilometers through the Earth's
mantle to a large liquid argon detector. Consequences
of accidental and operational losses of a 120-GeV
2.3-MW proton beam in the LBNE beam-line (Fig.
15) are simulated with the MARS15 and STRUCT
codes. The tolerable beam loss limits are derived
with respect to the beam-line component integrity
and impact on environment.

The main criteria which have guided design of
the primary beam line is transmission of high
intensity beam with minimum losses and precision
of targeting, keeping activation of components and
ground water below the regulatory limits at normal
and accidental conditions.

STRUCT and MARS simulations have evaluated
the impact of a localized full beam loss at any
location along the beamline and a sustained small
fractional loss. The proton beam energy considered
in these studies was 120 GeV.
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Figure 15. LBNE target hall and beamline shielding. Elevations and height are shown in feet. Lengths of decay channel and dirt
shielding between muon alcove and near detector hall are shown in feet and meters. At beam transport, beam losses are highest
at the apex. The radiation levels are highest in the target hall near the target with about 85% of protons interacting with it.

In the first case, peak beam pipe temperature of
twice the melting point for stainless steel _is reached
with a single lost full beam of 1.6x10 protons per
pulse (ppp). At initial intensity of 4.9x10™ ppp,
beam pipe failure is probable after 4-5 lost full
beam pulses. Therefore, large beam loss for even a
single pulse needs to be robustly prevented via an
Integrated Beam Permit System (IBPS). This is a
common practice nowadays when the IBPS is
programmed to the maximum number of pulses
that might be lost after the commissioning is done
with a very low-intensity beam and everything is
tuned.

In the second case, magnitude of the beam loss is
chosen as a value which is within accuracy
limitations for intensity monitors at beginning and
end of the beamline, and which might not produce
a vacuum failure. The STRUCT simulations have
shown that the highest loss rate takes place in the
guadrupole magnet and two adjacent dipole
magnets located right at the apex of the primary
beam line (Fig. 15). Under this condition, for a
scenario where there is accidental beam loss at
0.3% of the beam for 30 continuous days,
calculated with MARS15 the peak contact dose
after 24 hours of cool-down is: (1) for tunnel walls,
5 mSv/hr over a 20-ft (~6m) region of the tunnel,
and > 1 mSv/hr over a 50-ft (~15m) tunnel region,
(2) for the hottest magnet, 500 mSv/hr over ~1m of
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magnet steel, and > 100 mSv/hr over most of a 3-m
magnet.

Even after waiting 6 months with no beam, a
magnet would still be at > 30 mSv/hr in the hottest
region. The Fermilab limit of “0.5 mSv/hr on
contact to safely permit all necessary maintenance”
dictates sustained localized beam loss to be a factor
of one thousand less than considered above, in a
good agreement with requirements the current
NuMI experiment at Fermilab. IBPS will again take
care of this.

Radiological requirements for the design of the
beam lines and experimental facilities are described
in the Fermilab Radiological Control Manual [41].
The 2.3 MW LBNE proton beam is produced in the
form of 1.6x10' protons every 1.333 seconds.
Based on the experience with operation of the
NuMI beam line, it was concluded that for the
radiological calculation, a continuous beam loss
rate of 10° and an accidental loss of 2 pulses per
hour will be used.

The beamline passes through the aquifer regions,
therefore radiation requirements are quite stringent
and vary from region to region. The calculated soil
shielding required for 2.3 MW beam, for unlimited
occupancy classification (1 mSv/year), is 6.4 m for
continuous fractional beam loss of 10 level and 7
m for two localized full beam pulses lost per hour.
To reduce the accidental muon dose at the site



boundary to < 10 uSv/year, 122 m of soil path of
the muons is required.

Prompt radiation is one of the main issues in the
above-grade target option. There are two
contributions to prompt dose rate at both onsite and
offsite locations: direct radiation outside the
shielding and sky-shine, which is primarily neutron
back-scattered radiation from the air. The primary
beam transport line, target hall and the decay pipe
(Fig. 15), as sources, contribute to dose in areas
accessible to members of the public. The LBNE
beam line is pointed towards the nearest site
boundary. Therefore, the direct muon dose adds up
to the prompt doses from other sources, at the
nearest site boundary. Based on the MARS
calculations, both the annual direct and sky-shine
doses are calculated for both offsite and onsite
locations. Direct accidental muon dose at the apex
of the transport line is also included in the offsite
dose. Besides that a detailed consideration is given
to surface and groundwater contamination and air
activation.

8.2. Muz2e experiment

The MuZ2e experiment is devoted to studies of
the charged lepton flavor violation which up to now
has never been observed and can manifest itself as
the conversion of p to e in the field of a nucleus
without emission of neutrinos. One of the main
parts of the Mu2e experimental setup is its
production solenoid (PS), in which negative pions
are generated in interactions of the primary proton
beam with the target (see Fig. 16). These pions then
decay into muons which are delivered by the
transport solenoid to the detectors. The off-axis 8
GeV proton beam will deliver 6x10™ protons per
second to the heavy metal target, placed at the
center of the PS bore. The constraints in the PS
shielding insert (absorber) design are quench
stability of the superconducting coils, low dynamic
heat loads to the cryogenic system, a reasonable
lifetime of the coil components, acceptable hands-
on maintenance conditions, compactness of the
absorber that should fit into the PS bore and an

aperture large enough to not compromise pion
collection efficiency, cost, weight, and engineering
requirements.

-

Fig. 16. Mu2e pion production solenoid with
bronze absorber.

Thorough optimization of the absorber design
was performed with MARS15. The following
quantities were focused on: dynamic heat load,
peak power density, number of displacements per
atom (DPA) in the helium-cooled solenoid coils,
peak absorbed dose, and peak neutron flux in the
coils. As an example, neutron flux isocontours are
shown in Fig. 17.

Neutron flux > 100 keV, cm™—2 s°-1

200

100-

-100

-200

[ 10" 10" 10" 10’ 10" 10 10° 10’ 10

Fig. 17. Neutron flux in Mu2e pion production solenoid.



Limits on the radiation quantities were set [42]
based on: quench protection requiring that peak
coil temperature does not violate allowable value of
5 K with 1.5 K thermal margin for peak power
density, 10% degradation of ultimate tensile
strength for absorbed dose, RRR (residual
resistivity ratio) degradation from ~1000 to ~100 in
Al stabilizer for DPA, and requirements from the
particular cooling system designed for dynamic
heat load. In the current design all the quantities
analyzed, peak power density 18 (30) uW/g, peak
DPA/year 4 (6)10°, peak absorbed dose/lifetime
1.7 (7) MGy, and dynamic heat load 20 (100) W
satisfy the limits shown in parentheses. The
optimized design meets these limits.

Another feature of the nowadays approach in
beam-materials studies is coupling of the energy
deposition codes described above with the finite
element system — such as ANSYS [43] and
COMSOL [44] for detailed thermal and stress
analyses. In the Mu2e case, The 3D thermal
analysis was performed for the radiation heat load
in case of the optimized absorber design. The
dynamic heat load map in the coil and the support
structure generated by the MARS15 code was
applied to all parts of the cold mass. The Finite
Element model created by COMSOL Multiphysics
was discretized to the level of individual layers and
the interlayer insulation/conducting sheets. The
maximum temperature of 4.8 K is found in the
middle of the inner surface of the thickest coil
section (Fig. 18). As in the LBNE case, a thorough
consideration is given to radiation environment in
the Mu2e experiment.
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Fig. 18. Temperature distribution in Mu2e solenoid inner coil.

9. Geometry and Visualization

In a modern approach to accelerator complex
upgrade and design, a realistic model of the
whole machine for multi-turn beam loss,
energy deposition, activation and radiation
shielding studies is built by reading in MAD
lattices directly and creating a complete
geometry and magnetic field model in the
framework of such codes as FLUKA, MARS
and GEANT. In MARS it is done via the
MAD-MARS Beamline Builder (MMBLB)
[45]. Such realistic modeling takes time and
substantial effort, but experience confirms
enormous benefits and insight. An example is
shown in Fig.19. The entire 3-GeV ring of the
Japan Proton Accelerator Research Complex
(J-PARC) - with its injection, extraction and
collimation systems - was built into the model
with all the magnetic elements, materials,
magnetic fields and shielding, thus allowing
for thorough optimization of the design and
performance.
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P

Collimator

50GeV ring and
experimental hall

Fig. 19. MARS computer model of the entire J-PARC 3-GeV
accelerator.

A geometry module capable of highly-accurate
particle tracking in arbitrary 3D accelerator
complex systems, comprised of many thousands
and millions of elements in presence of arbitrary
magnetic and electrical fields providing a user-
friendly way for description, debugging and
visualization and being computing efficient is the
central element of the simulation codes used for the
nowadays Energy and Intensity  frontier
applications. The codes considered in this article
basically  provide these  capabilities. A
representative example is the powerful ROOT
geometry and  visualization module [46]
implemented in MARS15. Geometry models
created for MARS15 can be used with other Monte
Carlo codes (e.g., Geant4), and one can use the
ROOT models created for Geant4 with MARS15.
ROOT provides a large set of geometrical elements
along with a possibility to produce composite
shapes and assemblies as well as 3D visualization.
Examples of ROOT models built from scratch and
imported to MARS15 are shown in Figs. 20 and 21,
respectively.
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Fig. 20. ROOT model of the LHC IR5 used in MARS15 for
optimization of the inner triplet and simulation of machine
related backgrounds in the CMS detector.

Fig. 21. A 3D cut-away of the CMS detector imported to
MARS15 from a ROOT source tree.

MMBLB [45] was recently redesigned for use
with the ROOT geometry packages. Usually, a
beam line consists of elements of several pre-
defined types: magnets (dipoles, quadrupoles etc.),
correctors and collimators. A user has to describe
how to build 3D geometry models for elements of
each type. Using the information on the elements
including magnetic field presented in a selected
optics file, the beam line builder will generate a
corresponding 3D geometry model. An example of



such a model of the Fermilab Booster is shown in
Fig. 22. For scoring information on radiation fields
inside the beam line elements one can define
histograms in a local coordinate system of each the
beamline element.

Fig. 22. 3D view of a fragment of the Fermilab Booster
MARS15 model.

10. Uncertainties in Simulations

Predictive power, capabilities and reliability of the
major particle-matter interaction codes used in
accelerator applications are quite high. At the same
time, analysis of the status and uncertainties in
modeling of radiation effects caused by high-power
beams has revealed some issues. The most
fundamental one is particle production in nuclear
interactions that is the heart of all such simulations
and the key for collimator, target and other machine
component design as well as fixed target and
collider experiment planning. Overall, the situation
is quite good for beam energies below 1 GeV and
above 10 GeV with accuracy of predictions being
at a 20% level in most cases. At intermediate
energies - most interesting for the Intensity Frontier
— there are substantial theoretical difficulties.
Moreover, the experimental data contradict each
other at these energies. The main problem is with
the low-energy pion production that is crucial, e.g.,
for all the Project X experiments. Accuracy of
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beam-induced macroscopic effect predictions in
high-energy accelerator applications today is:
Energy deposition effects (instantaneous
and accumulated) < 15%.

DPA calculations by the latest versions of
the FLUKA, MARS15 and PHITS codes
coincide within 20%. Still need a better
link of calculated DPA to the observed
changes in material properties.
Hydrogen gas production <20%
Helium gas production <50%.

Beam loss generation and collimation:
quite good in FLUKA and MARS15
(Tevatron, J-PARC, LHC).

Radiological issues (prompt and residual):
a factor of 2 for most radiation values if all
details of geometry, materials composition
and source term are taken into account.

and

11. Future Developments and Data Needs

The areas which require further development in
Monte-Carlo codes and dedicated experiments
to thoroughly benchmark include:

Further advancements in physics
models for heavy ions including their
physics and CPU performance; more
data to benchmark the models.

Particle production event generators:
pion, kaon and antiproton Yyields;
consistent data to benchmark these for
2 to 8 GeV proton beams; pre-
equilibrium  emission  of  heavy
fragments; multi-fragmentation, photo-
nuclear, muon and neutrino-induced
reactions, and delayed particles.

Reliable  experimental data on
longitudinal and lateral  energy
deposition profiles in fine-segmented
setups with combination of low-Z and
high-Z composite materials for primary
beam (heavy ions) and hadron, electron
and low-energy dominated cases.



o Further

o Further refinements and justification of

DPA models.
e Materials beam tests: cryogenic
temperatures, high-energy protons,

annealing and oxidation effects.

e Moving from the calculated dose and DPA

to changes in material properties: ready for
coupling shower simulation codes and
“materials” modeling codes.

refinements of  models
predicting single-event upsets in front-
end electronics  verified against
experimental data.

e Refined and user-friendly integrated

systems for coupled energy deposition
and hydrodynamics calculations.

o Practical direct linking of CAD models

and particle shower simulation codes.

e Beam tests at LHC to reveal the high

potential of the hollow electron beam
collimation.
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