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Abstract

This paper discusses the computational needs for the full design and simulation of the RIA accelerator systems. Beam dynamics
simulations are essential to first define and optimize the architectural design for both the driver linac and the post-accelerator. They are
also important to study different design options and various off-normal modes in order to decide on the most-performing and cost-
effective design. Due to the high-intensity primary beams, the beam-stripper interaction is a source of both radioactivation and beam
contamination and should be carefully investigated and simulated for proper beam collimation and shielding. The targets and fragment
separators area needs also very special attention in order to reduce any radiological hazards by careful shielding design. For all these

simulations parallel computing is an absolute necessity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Rare Isotope Accelerator (RIA) is a next generation
facility for basic research with intense beams of radioactive
and rare isotopes [1]. To produce such beams RIA will use
primary beams of any ion from protons (up to 1GeV) to
uranium (up to 400MeV/u) with beam power up to
400kW. RIA is based on two CW superconducting (SC)
linacs, a 1.4-GV driver designed to simultaneously accel-
erate multiple-charge-state heavy-ion beams and a ~140-
MYV post-accelerator designed for the efficient acceleration
starting from singly charged secondary beams with masses
up to A =240 from ion source energies. To meet the
facility requirements RIA will also include state-of-the-art
electron cyclotron resonance (ECR) ion sources for the
production of high-intensity heavy-ion beams, two strip-
ping stations for beams of heaviest ions, high-power ISOL
and fragmentation targets, high-resolution fragment and
isobar separators and transport systems for beams with
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large momentum and charge spread. RIA will also have a
new production scheme combining both the fragmentation
and the ISOL methods by thermalizing fast radio-
active ions in a gas catcher [2] to produce low-energy
good-quality secondary beams. Fig. 1 shows a schematic
layout of the RIA facility including four experimental
areas with different secondary beam energies serving
different experimental programs from Ion Traps to
Astrophysics to Nuclear Structure to high-energy Nuclear
Reactions.

RIA has recently been ranked as the third highest
priority for future Scientific Facilities in the 20 year plan of
the US Department of Energy (DOE) [3]. Following this
high ranking, the RIA project received a preliminary
approval (CD-0: critical decision 0) from the DOE. The
research and development (R&D) for RIA involves many
national laboratories and universities. An impressive
progress has been made over the last few years in the
different areas of RIA R&D from the ion source [4] to the
driver linac [5] to the different targets [6] and fragment
separators [7] to the post-accelerator [8]. In this paper, we
discuss the computational needs for the full design and
simulation of the RIA accelerator systems. In the next
section, we review both the existing and newly developed
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Fig. 1. Schematic layout of the RIA facility showing the three sections of
the driver linac starting from the ion source, the three radioactive isotope
production schemes and the four experimental areas.

tools for both accelerator design and beam dynamic
simulations emphasizing the need to fully describe the
new features of the RIA driver linac. In Section 3, we
consider the beam-stripper interaction including elastic and
inelastic interactions and the subsequent need for beam
collimation and shielding. In Section 4, we discuss the
production and separation of radioactive isotopes empha-
sizing the aspect of radioactive ion release from ISOL
targets and the radiological and shielding aspects for both
the ISOL and fragmentation targets.

2. Beam dynamics
2.1. Goal and scope

The ultimate goal of the beam dynamics simulations is to
define the overall architectural designs for both the driver
linac and the post-accelerator that satisfy the facility
requirements. End-to-end simulations are necessary to
study the performance and limitations of different design
options in order to decide on the most-performing and
cost-effective design. In order to fulfill these goals the end-
to-end simulations should include:

o Up-to-date heavy-ion beam physics.

o Multiple charge state acceleration necessary to reach the
high intensity goal.

e Stripper effects on the dynamics of heaviest ion beams.

® Automatic corrective steering required for simulations
with errors.

e Capability of determining both the fractions and
locations of any beam loss in order to optimize the
design and define the tolerance to different errors.

e Capability of studying possible failure modes and ways
to restore the beam by automatic retuning of the
accelerator excluding the failing elements.

2.2. Tools for element and section design and optimization

For accelerator element design including RF cavities and
the calculation of the corresponding 3D electromagnetic
fields, codes such as Microwave Studio, Electromagnetic
Studio and MAFIA from CST [9], ANSYS [10], Poisson/
Superfish [11] and HFSS (High-Frequency Structure
Simulator) [12] may be used. Recently, we have used the
advanced electromagnetic code Omega-3P developed by
the SLAC group [13] for more precise resonator design.

For the design of the different sections of the SC Linac
including optimization and beam matching, matrix-based
codes such as TRANSPORT [14], TRACE3D [15], COSY
[16] and GIOS [17] are often used. For the RT front-end
structure, codes like DYNAMION [18] and PARMTEQ
[19] may be used.

2.3. Codes for full design and end-to-end simulations

A few years ago, none of the existing beam dynamics
codes was able to fully describe the beam dynamics in all
the elements of the RIA accelerator systems and more
importantly the new features of the driver linac like
multiple-charge-state acceleration and stripper simulation.
A great effort has been made during the last few years
toward developing new codes that allow detailed studies
and end-to-end simulations of the RIA driver linac. Two
new ray-tracing codes have been specially developed: the
LANA code originally developed at the Institute for
Nuclear Physics INR-Moscow [20] and currently sup-
ported at Michigan State University and the TRACK code
[21] developed at Argonne National Laboratory. Both
codes have been used to perform detailed simulations of
the SC linac sections and produced similar overall results
except in some of the details. For an independent
validation of the two codes, an effort is currently under
way to modify the existing codes PARMTEQ and
IMPACT [22] for the simulation of heavy-ion beams in
RIA-type accelerators. Initial comparisons of energy gain
and beam second moments in the high-energy section of
the RIA driver linac show very good agreement [23] with
the code TRACK.

2.4. Simulations of two linac options using TRACK

Since the first simulations [24] the code TRACK has
undergone many updates and further development [25] to
either include new features or refine some of the existing
ones. Among these updates we cite:

@ Realistic space charge effects of multi-component ion
beams.

e Realistic stripper effects including thickness fluctuations
on the beam properties.

o End-to-end simulation of the driver linac starting from
the ion source.

o Randomly generated misalignment and RF errors.
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o Automatic and realistic beam steering based on beam
position monitors.

e Capability of determining the fractions and locations of
eventual beam losses.

e Parallel computing on multi-processor machines.

Fig. 2 shows the evolution of the beam envelopes along
the driver linac starting from the ECR ion source to the
target (bottom) as well as the particle coordinates of the 5
charge state uranium beam at the target location (top).
Using this powerful simulation tool we have performed
extensive simulations of two linac design options including
different sources of errors on the parallel computer
cluster Jazz [26] at Argonne. The goal of these simulations
was first to identify the most critical errors, second to
establish an error budget based on beam loss analysis
and finally to compare the performances and limitations
of the two linac options. The first linac option is the
original Baseline design described in [5] and the second is
the Triple-spoke design where the elliptical-cell cavities
in the high-energy section of the linac are replaced
by the triple-spoke cavities under development now at
ANL [27].

Table 1 lists the errors used in these simulations and their
typical amplitudes. Simulating 50 random sets (10 million
particles) for each individual error and comparing to the
case with no errors, we were able to identify the RF field
and phase errors and the fluctuations in the strippers
thicknesses as the most critical errors. For further
investigation and beam loss analysis of both designs we
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simulated different combinations of these errors keeping
other errors at their values of Table 1. Table 2 lists the
different combinations of RF errors and stripper thickness
fluctuations. For each combination, 200 random sets of
errors were simulated with 2 x 10° particles each (a total of
40 million particles). Increasing the error amplitudes from
combination 1 to 6, we noticed an increase in the
longitudinal emittances for both the Baseline and the
Triple-spoke designs. The Baseline design showed more
sensitivity with an increase in the transverse beam
emittances not observed for the Triple-spoke design. This
increase in the transverse emittances reflects a possible
coupling between the transverse and longitudinal motion
which resulted into an increasing beam loss in the Baseline
design [25]. Whereas no beam losses were observed for the
Triple-spoke design even in the case of the highest errors
(combination 6). Fig. 3 shows beam losses in W/m along
the driver linac for both the Baseline and the Triple-spoke
designs. The first two peaks on each plot correspond to the
losses at the two strippers which are controlled losses to be
stopped at the collimators following the strippers. For the
Baseline design, uncontrolled losses are observed in the
high-energy section. They are negligible for combinations
1&2, approaching the 1 W/m limit for hands-on main-
tenance for combinations 3&4 and about 10 W/m for
combinations 5&6. Whereas no uncontrolled losses were
observed for the Triple-spoke design. From these studies
we conclude that the Baseline design has more limitations
concerning beam losses and that the Triple-spoke design is
more tolerant of errors.
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Fig. 2. End-to-end simulation of the baseline driver linac showing beam envelopes throughout the linac (bottom) and the phase—space plots of the multi-

charge states beam at the linac exit (top).
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Table 1
Different sources of error and their typical values

Error Description Value Distribution

1 Cavity end displacements 0.05cm (max.) Uniform

2 Solenoid end 0.015-0.05cm (max.) Uniform
displacements

3 Quadrupole end 0.01 cm (max.) Uniform
displacements

4 Quadrupole rotation 2mrad (max.) Uniform

5 Cavity field error 0.5% (r.m.s.) Gaussian

6 Cavity phase error 0.5° (r.m.s.) Gaussian

7 Stripper thickness 5-10% (FWHM) Gaussian
fluctuation

Table 2

Combinations of RF errors and stripper thickness fluctuations used to
study beam dynamics and beam losses

Combination RF errors Thickness
fluctuation
1 Field: 0.3%, Phase: 0.3° 5% FWHM
2 Field: 0.3%, Phase: 0.3° 10% FWHM
3 Field: 0.5%, Phase: 0.5° 5% FWHM
4 Field: 0.5%, Phase: 0.5° 10% FWHM
5 Field: 0.7%, Phase: 0.7° 5% FWHM
6 Field: 0.7%, Phase: 0.7° 10% FWHM

2.5. Future code development

The goal of future code development is to develop a
complete accelerator set-up tool based on an accurate and
realistic computer model. Experience at many operating
machines showed that such models are essential and save
both machine time and manpower. The main future
development is to develop a longitudinal phase setting
procedure for multi-charge state beams in order to:

® Account for cavity-dependent field levels which is
inherent to a linac comprising a large number of SC
resonators.

e Minimize the effective beam emittance at the stripper
location.

® Produce tunes for ions with different ¢/A ratios to
maximize the output energy.

e Develop off-normal tunes to compensate for missing
resonators after an eventual failure.

Along with the Ilongitudinal tuning procedure, a
procedure for the optimization of the beam transverse
envelopes is also necessary in order to:

® Determine optimum focusing fields to minimize the
beam envelopes.

® Produce transverse tunes for ions with different ¢/A4
ratios.

® Retune the accelerator after a failure excluding the
failing resonators and or focusing elements.

3. Strippers

Stripping is necessary to reach intermediate and high
energies in heavy-ion accelerators. By increasing the ions
q/A ratio, the acceleration to higher energies is more
efficient and more importantly more cost-effective. How-
ever, stripping will affect both the beam intensity and
quality. In the beam-stripper interactions we distinguish
between elastic and inelastic processes. Elastic interactions
include atomic and elastic nuclear interactions which could
change the charge, the energy and the angle of the incident
ion but not the ion specie. Inelastic interactions are nuclear
reactions which could produce radioactive products.

Charge exchange or electron stripping is the process
responsible of producing the charge state distribution of
the beam after a stripper. Semi-empirical formulas and
Monte-Carlo codes are available to estimate the required
stripper thickness and calculate the charge state distribu-
tion. From these we cite the set of formulas originally
developed by Baron et al. [28] and later updated by Leon et
al. [29], the code ETACHA [30] and the code GLOBAL
[31] which is more valid for energies above 100 MeV /u. In
the case of RIA, a comparative study [32] of these formulas
and codes for uranium beams led to the necessity of
experimental measurements at the exact stripping energies.
These measurements have already been performed with
11 MeV/u uranium at Texas A&M University, 85MeV/u
uranium at GSI-Darmstat and 80MeV/u bismuth at
Michigan State University. Analysis of the data is under
way.

Multiple Coulomb scattering with both the electrons and
atoms of the stripping medium is the process responsible
for the energy (energy loss and straggling) and angle
(angular straggling) distributions of the beam after a
stripper. For particle tracking codes like TRACK, it is
important to have the correlated energy and angle
distributions including the respective tails. A Monte-Carlo
code such SRIM [33] may be used, however, when
compared with data the calculated energy-loss straggling
is 5-7 times smaller. We believe that this is due to the fact
that SRIM does not include any fluctuations in the stripper
thickness or the ion charge state which could be responsible
for the extra-broadening of the energy peak. In order to
include these effects and for fast generation of the
correlated energy and angle distributions ion by ion we
opt for the parameterization of SRIM results for a uranium
beam and both strippers [25]. An event generator based on
these parameterization is now used by the code TRACK.
We are currently developing a more general stripper model
for any beam-stripper combination.

The simultaneous acceleration of multiple charge states
in the RIA driver linac will not only reduce the losses at the
strippers but also reduce the need for shielding. However,
due to the high intensity, radioactivation and possible
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Fig. 3. Beam power lost along the accelerator in W/m for both the baseline and Triple-spoke design and the error combinations of Table 2. The plots are
for combination 1 (top) to combination 6 (bottom), respectively. The horizontal line shows the 1 W/m limit to not exceed for hands-on maintenance. The
first two peaks on each figure correspond to the losses at the two strippers which are controlled losses.

beam contamination by nuclear reactions products become
an issue. Knowing the fractions and distributions of these
radioactive products is very important for the appropriate
design of beam collimation and shielding. Depending on

the stripper material and the beam energy and mass, diff-
erent mechanisms of inelastic interactions may take place.
They become more important at energies > 50 MeV /u. The
dominant processes are the fragmentation for most heavy
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ions and fission for the heaviest ones. In order to determine
the interacting beam fraction and the nuclei produced by
fragmentation, we may use the semi-empirical formula
EPAX [34] for production yields. EPAX is energy-
independent and most valid at higher energies. Monte-
Carlo codes based on the two-step model consisting of an
Intra-Nuclear Cascade step (ISABEL [35], INCL [36]....)
followed by a Fission-Evaporation step (ABLA [37], PACE
[38],...) are available and may be used. A Recently
developed heavy-ion-reactions event generator LAQGSM
[39] seems to be promising. In addition to the production
yields these codes could also produce full energy and
momentum distributions of the fragments. This informa-
tion could be used for further tracking using a beam
dynamics code in order to study related beam losses and
possible beam contamination. We are currently investigat-
ing these issues. For the design of beam dumps and
shielding, codes such MCNPX [40] and MARS [41] may be
used. For both codes, development is under way to include
heavy-ion capabilities, by incorporating the LAQGSM
event generator. A newly developed particle and heavy-ion
transport code PHITS [42] is also used. Monte-Carlo
tracking of heavy-ion reactions products with such general
purpose codes will be very computer-intensive and require
parallel processing.

4. Targets and fragment separators

Targets have a lot in common with strippers except that
they will receive a much higher beam power due to the
higher energy and more importantly that most of the beam
will be stopped. Only a fraction of the secondary beam (the
selected isotope) is to be transmitted for immediate use or
re-acceleration.

In the case of ISOL targets where a light-ion beam is
incident on a thick target of a heavy element, the beam will
be stopped in the target. To handle such high beam powers
(up to 400kW) two target design options are been
developed: the two-step target [43] and the tilted-foil target
[44]. In both cases, the reaction products have to first
diffuse through the target material then effuse through the
target enclosure to be ionized in an ion source and
extracted. This process known as the release process is
chemical dependent and require the use of an isobar
separator to select a given isotope. We have recently
developed a Monte-Carlo code package to simulate the
release process [45] where the diffusion is based on a
theoretical model [46]. The effusion is simulated by
tracking the produced ions inside the target-ion source
system [47] using the geometry and tracking capabilities of
Geant-4 [48]. These targets will be very hot and radioactive,
appropriate cooling and shielding are absolutely required.
Prototyping as well as code development for full simula-
tions of these two aspects are under-way.

In the case of fragmentation targets where a heavy-ion
beam is incident on a thin target of a light element, up to
a third of the beam power will be deposited in the target.

A windowless flowing liquid-lithium target has already
been built and tested for this purpose [49]. In this case, the
non-interacting primary beam and the secondary beam
(of all reaction products) will leave the target into a small
angle cone with energies close to the primary beam energy.
A fragment separator will be used to first deflect the non-
interacting beam into a beam dump and second to separate
and select the isotope of interest from the rest of the beam
which should also be stopped in specially designed beam
stops. Although the demonstration of the liquid-lithium
target solved the problem of power dissipation in the
target, the problems of power dissipation and induced
radioactivity in the fragment separator and its beam dumps
are yet to be investigated. For beam dumps and shielding,
the same codes as for the stripper areas (MNCPX and
MARS after developing heavy-ion capabilities as well as
the code PHITS) could be used.

5. Summary

The basic design and simulation tools for the RIA
accelerator systems exist. Parallel computing is vital for
extensive simulations of the full system. Further code
development is under way in all areas: accelerators,
strippers, targets and fragment separators.
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