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Abstract

High-intensity deuteron accelerators run the risk of
deuteron—deuteron interactions leading to activation. For
this reason, in the commissioning phase, a molecular
hydrogen ion (HJ) beam is often used as a model for
the deuteron beam without the radiation risk. However,
composite ions are susceptible to particle interactions that
do not affect single ions, such as stripping of electrons and
charge exchange. Such interactions affect the beam dynamics
results, and may lead to production of secondary particles,
which in high-intensity beams may cause damage to the
accelerator and reduce the quality of the beam. In order
to understand these effects, we have modified the impACT-T
particle tracking code to include particle interactions during
the tracking simulation through a high-intensity continuous-
wave (CW) radio-frequency quadrupole (RFQ). This code
is also designed to be easily extensible to other interactions,
such as collisions or break-up of heavier ions. Preliminary
results and possibilities for future development will be
discussed.

INTRODUCTION

High intensity continuous wave (CW) radio-frequency
quadrupole (RFQ) linear accelerators are important as the
first acceleration stage for many different ions and many
different applications, including neutron sources [1], nuclear
fusion materials research [2], and cancer therapy using
Boron Neutron Capture Therapy (BNCT) [3].

Most high intensity CW RFQs are designed to accelerate
proton or deuteron beams [4]. Molecular hydrogen H} ions
are often used in the commissioning stage for deuteron
machines, to avoid activation from deuteron—deuteron
collisions [5]. Molecular hydrogen ions have also been
suggested as the first stage of proton acceleration, where
the electron is stripped from the ion to leave two protons for
further acceleration [6, 7].

However, molecular hydrogen ion beams do introduce
a number of difficulties, as experienced by the Fusion
Materials Irradition Test (FMIT) project at Los Alamos
National Laboratory (LANL) in the 1980s [8]. Stripping,
charge exchange and dissociation interactions affected the
molecular hydrogen ions, producing a large halo of charged
and neutral particles, which severely damaged several
components of the accelerator.
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To investigate these complex interactions of molecular
hydrogen ions during acceleration in such a high-current CW
RFQ, we have modified the particle tracking code imPACT-T to
include particle interactions during the tracking simulation.

IMPACT-T

The mvpacT code suite is a three-dimensional multi-
particle tracking code, designed for high intensity accelerator
applications. It uses the particle-in-cell (PIC) method of
modelling space-charge effects, and runs in parallel for scal-
ability. impACT-T is the time-dependent implementation. We
recently added an RFQ module [9], including benchmarks
with TouTtaTis and PARMTEQM. More information on the
IMPACT-T code can be found on the project website [10].

The space-charge calculations already handle the
Coulomb interaction between particles in the beam, but other
interactions are also possible, especially with the presence of
residual gas in the beam pipe. We have added an interactions
module to tMmpacT-T, with the ability to define different types
of interactions in an input file and apply these throughout the
tracking simulation. Interactions can change the state of the
particles involved, such as stripping or capturing of electrons,
or break-up of composite ions into smaller constituent parts.

To model these changes efficiently, we introduced separate
interaction bunches for each type of particle modelled. Each
interaction bunch has a reference particle for that particle
type, and the space-charge calculation includes particles
from all interaction bunches as well as the main beam bunch.
When an interaction occurs, particles may be lost from one
bunch type and added to another bunch type. For example,
stripping the electron from a molecular hydrogen HJ ion
will remove one ion from the main beam bunch and add two
protons to a proton interaction bunch. After the interaction,
the particles in each bunch are tracked through the rest of the
accelerator, and continue to contribute to the space-charge
calculation.

MOLECULAR HYDROGEN
SIMULATIONS

We implemented three different types of interactions to
apply to a high-intensity molecular hydrogen ion beam in a
CW RFQ accelerator. The first interaction is the stripping
of the electron from a molecular hydrogen ion to produce
two fast protons (H; — 2H" + e7). The second interact
ion is charge exchange—the capture of an electron from
the residual gas that neutralizes the ion (H;r +e” — Hj).
The third type of interaction is a composite, including both
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=charge exchange occurs and dissociation, producing two
< neutral hydrogen atoms (Hj + e~ — 2H). Note that the
= products of these interactions have different charge-to-mass
& ratios, and some of the products are neutral. All the product
@ particles are tracked through the accelerator from the point
& where they are produced.
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We modelled the transmission of a 50 mA molecular
2 hydrogen ion beam through a 1.8 m RFQ, including these
E interactions. The mmpacT-T simulation included 100,000
S macroparticles.

% Figure 1 shows the three different types of particles in one
» simulation (plotted using pLoTwinN [12]). In this particular
& simulation, about 1.5% of the molecular hydrogen ions
2 interact in one way or another. The plot for protons shows a
5 steady increase in the proton beam current, with the protons
El £ being (imperfectly) contained and accelerated within the

2 RFQ. The lower plot shows the production of neutral atoms
3 > by electron capture, which are not contained by the electric
8 > field and are lost towards the walls of the RFQ.

ay

E Figure 2 shows a histogram of the energy of all particles at
8 the end of the RFQ. The main peak is the molecular hydrogen
2 HJ ions at the design value of 1 MeV, but there is also a small

peak of protons at 0.5 MeV. The charge-to-mass ratio of the
S protons is double that of the molecular hydrogen ions, hence
= the final energy is halved. Most of the neutral atoms are

% produced at lower energies, and as they are not confined or
3 THPAK075
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is work

The RFQ is an existing design [11],
2 optimized to accelerate deuterons from 50keV to 1 MeV.
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Figure 1: Plots of different particle species along the length of the simulated RFQ. Top: Molecular hydrogen ions;
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Figure 2: Energy spectrum at the end of the RFQ.

accelerated by the electromagnetic field, very few make it
to the end of the RFQ, which is why they cannot be seen on
the final energy spectrum.

Figure 3 shows the effect of adjusting the vacuum
level within the accelerator. For the lowest pressures, no
interactions take place and the losses are fixed. As the
residual gas pressure increases, more and more interactions
take place, reducing the transmission for the main beam and
increasing the numbers of protons produced, as expected.
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Figure 3: Final particle transmission for molecular hydrogen
ions and protons with different values for the residual gas
pressure inside the RFQ.

DISCUSSION

Using the reported cross-sections [13, 14], we found that
at reasonable values for the quality of the vacuum in the
beam pipe (of the order of 1070 Pa), losses due to such
interactions should be negligible. This doesn’t match with
our experience, in that molecular hydrogen beams often
exhibit slightly higher loss rates than equivalent deuteron
beams in the same RFQ. There are a number of possibilities
as to why losses in our simulations are lower than expected.
Firstly, the simulations so far use a simple probabilistic
algorithm for determining particle interaction rates based on
cross-sections. A full Monte Carlo implementation would
be a more robust algorithm. Secondly, the extrapolation
functions to calculate the interaction probability from the
known cross-sections may not be accurate.

We hope to follow up these simulations with some
experimental tests using a molecular hydrogen in an existing
high intensity RFQ, in order to validate the new code and to
investigate the interaction cross-sections empirically. We are
also looking at other codes that could complement IMPACT-T
for these investigations, such as opaL [15], which already
implements both a Monte Carlo algorithm and a PIC space-
charge algorithm, but as yet does not have an RFQ module.
Modelling the same interactions in multiple simulation codes
should allow us to benchmark results from one against
another, along with comparisons to experimental results.

The interaction code is not specific to molecular hydrogen
beams, and future work could also include modelling break-
up of heavy ions into constituent parts, interactions with
electron clouds in a beam pipe, or other particle interactions
during acceleration. Future work could also investigate
different types of accelerating structures using the same
interactions module.
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