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Abstract

FAR-TECH, Inc. has been building up a suite of
comprehensive numerical tools for end-to-end Electron
Cyclotron Resonance lon Source (ECRIS) modeling.
They consist of the Monte Carlo Beam Capture (MCBC)
code [1, 2], the Generalized ECRIS Modéding (GEM)
code [3], and the lon Extraction (IonEx) code [4]. The
MCBC code simulates beam dowing down dynamicsin a
plasma due to Coulomb collisions, and includes
ionization due to hot electrons and charge exchange.
GEM models ECR plasmas by fluid ions and bounce
averaged electrons. MCBC providesion source profiles to
GEM, which in turn provides ion flux profiles to lonEx.
lonEx accurately models the plasma meniscus formed
during ion extraction using an innovative, meshfree,
particle-in-cloud-of-paints technique. Extensions of GEM
to two dimensions (2D) and IonEx to three dimensions
(3D), aswell as experimenta validation are underway.

INTRODUCTION

Electron cyclotron resonance ion sources are an
efficient way to produce highly charged ions. High-
charge-state ion beams and radioactive ion beams (RIB)
are important for nuclear physics studies. In ECR “charge
breeders’ a beam of low (+1 or +2) charged ions is
injected into an ECRIS plasma and charge bred to
produce higher charge-state ions. Currently, charge
breeders used for RIB productions are developed by trial
and error. Future large, expensive ion sources will require
modeling and diagnostics for optimal and efficient design.
For this reason, FAR-TECH, Inc. has been developing an
integrated suite of codes for end-to-end ECRIS modeling.
It consists of three mgjor codes; MCBC, GEM, and |onEX.
This article gives a brief summary and status of the codes
along with an example smulation.

MCBC MODELING BEAM DYNAMICS

MCBC is a Monte Carlo code which traces beam ion
trajectories as test particles. Beam ions entering into a
plasma experience drag by Coulomb collisions, a long
range force. lons of mass (my) and charge (gs) observe the
following equation of motion.
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mg %—1: = gsE(F) + gsD x B(F) + Coulomb Collision

We adapted Boozer's formula [5,6] to treat the
Coulomb callisions. Coulomb callisions are represented
in two separate operations. The first is the scattering of
the velocity vector of a test particle without changing its
magnitude, and the second is the change in energy
resulting from beam slowing down and energy diffusion.

The pitch-angle scattering operator relates the old
(previous time step) velocity (vy4) and the new velocity

(v new) after atime step 7 asfollows:

Dnaw = A=V, 7/ 2)vgg 13+1,(i_%VJ_TiVJ_T/2 (J_rgbié) Vold

Here, the variables with hats are unit ortho-normal
vectors in velocity space. The sign & refers to a random
chaice of signsin either direction on each time step. The
angular scattering operator only changes the direction of
ion velocity while conserving theion energy. Thenew ion

energy (E,,,) is calculated with the energy scattering
operator,
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where E ,; is the old (previous time step) ion energy.

The first term describes the slowing of the ion and the
second term describes the diffusion of the beam energy,
where the = symbol refers to a random choice of sign
taken on each time step. The magnitude of the new
velocity vector is determined by this new energy.
Combining the two steps, the new vel ocity after Coulomb
collisions is obtained. Note that the mass dependence in
the equation, which does not appear in Boozer’s formula,
was added to properly represent the different masses of
beam ions and the plasma ions. Cther callisions such as
ionization and charge exchange are treated by a rejection
method [1, 7]

GEM MODELING ECRISPLASMA

GEM was written to use experimenta ‘knobs’ to model
ECRIS plasmas [3]. It has fluid ions, bounce averaged
Fokker-Plank electrons, and flux conserving neutra
models. The Fokker-Planck equation is solved to obtain
the non-Maxwellian eectron energy distribution function
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[8]. Using experimenta ‘knob’ inputs, GEM predicts the
ion Charge State Distribution (CSD) and charge breeding
times. Extension to 2D GEM isunderway [9].

ECR CHARGE BREEDER SIMULATION

Fird, the plasma parameter profiles are obtained by
running the time-dependent GEM simulation until a
steady state is achieved, using experimental parameters as
an input. Figure 1 shows the results of a simulation of the
Argonne ECR-I device with an oxygen plasma. The peak
electron density is 7 x 10™ cm™. The plasma column
extends from z=19cm to z=48 cm. The peak magnetic
field is 1.4 T. While GEM can find the sdf consistent
electrogtatic fiddd in an ECRIS, for purposes of this
presentation, we assumed E=0 everywhere. Its effect is
described in the simulation discussion.
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Figure 1. Electric field (blue), magnetic field (red), and
electron density profile (yellow with circles).

Next we trace beam ions entering the plasma by MCBC.
At entry the beam radiusis 1Imm, and theions are injected
al together a once. Snapshots of captured ions, slowed
down to that of plasmaion thermal energy, are shown in
Fig. 2 a 10 us (left figures) and 30 us (right figures) for
5eV and 15 eV Ar 1+ beams. The bottom row figures are
with no magnetic fields.
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Figure 2: Snapshots of captured ions 10 s (left figures)
and 30 ps (right) after the ions enter the device at z=0.19
m. (a) Beam energy of 5 eV (b) Beam energy of 15 eV (c)
Beam energy of 15 eV, no magnetic field.

The magnetic field confines the ions by guiding the
ions flow along the field lines. This improves the capture
efficiency because the ions are not lost to the radial wall,
resulting in ahigher CSD.

Thermdized ions may be treated as sources to the
background plasma. Captured ion profiles for beam
energies of 5, 15 and 30 eV are shown in Figure 3.
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Figure 3: Captured ion profiles for three different energies
of the injected ion beam; 5 eV (bottom left), 15 eV (top),
and 30 eV (bottom right).

Charge breeding times can be evaluated from the time
evolution of CSDs (See Fig.4). The values are similar to
experimentally observed values [10].
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Figure 4: (Left) Time evolution of Argon charge states of
6+, 7+, 8+, and 9+, modeled by GEM. The GEM input is
the captured ion profile from MCBC using a 15 eV
injected Ar+ beam. (Right) Argon charge breeding time as
afunction of charge state.

The steady state charge breeding efficiencies for
different charges states of argon are shown in Fig. 5 for
injected beam energies of 5, 15, and 30 €V. These were
obtained by running the GEM simulation a second time,
using the ion profiles shown in Fig. 3 as additiona input
sources, to obtain a new steady state and CSD. A high
beam energy was most efficient for producing low charge
state ions and vice versa. The reason for this is that high
energy ions penetrate deeply into the plasma and are
captured close to the extraction aperture or even passright
through the plasma, so that few of the low charge state
injected ions are lost to backstreaming but their residence
time for charge breeding is short. Low energy ions are
captured close to the injection aperture and suffer large
losses to backstreaming, but the few ions that do stay in
the plasma have a long residence time and become highly
charged before leaving through the extraction aperture.

Note that we define the extraction current here as the
ion flux integrated over the plasma cross section a the
extraction end of the device. However, the area of the
extraction gperture in an ECR charge breeder is typicaly
much smaller than the cross-sectional area of the plasma,
which would reduce the efficiencies shown here by the
ratio of areas.

TO1 Proton and Ion Sources

1-4244-0917-9/07/$25.00 ©2007 IEEE



Proceedings of PAC07, Albuquerque, New Mexico, USA

g —o— 5¢V
> —a— 15 eV
o - 30eV
(&)

=

[0)]

(o))

c

i~

[0}

[0]

3

(0]

o

o

=

O . . Q

0 4 8 12 16

Charge

Figure 5: Steady state argon charge state distributions for
three different energies (5, 15, and 30 V) of the injected
ion beam.

Discussion of Smulation Results

The results of our charge breeding smulations are
summarized in Table 1. The first three rows show the
results of the MCBC calculations for three beam energies.
For 5 and 15 eV the vast mgjority of ions are captured
(feapt), Whereas for 30 eV a significant fraction of ions are
lost to the walls (fieg) Or pass through the device (fpass)-
The next row shows the fraction of ions extracted from
the device (assuming the extraction aperture is the same
radius as the plasma) by GEM. The extracted fraction,
including both ions that are captured and then extracted as
well asionsthat pass through the device, is given by

Iin

fextract =

where I;, is the current of the singly charged input ion
beam, and |, isthe output current of ions of charge state n.

Table 1: Summary of charge breeding results

Beam 5ev 15ev 30eVv
Energy:

feapt 100% 98% 55%

flost 0% 2% 13%

foass 0% 0% 32%
fextract 1% 41% 81%

q (efficiency) | 3+ (8%), | +8 (12%) | +10 (1%)
of max CSD | 4+ (8%)

Note that despite the low capture efficiency for the 30
eV, the extracted particle flux is larger than that at 15 eV,
due to the large fraction of ions which pass through the
device. The charge state and efficiency of the maximum
CSD are shown in the bottom of the table for three input
beam energies. The extraction efficiency for Ar+8 ions at
15 eV is larger than the extraction efficiency for any
charge gtate a either 5 or 30 eV, the 15 eV beam energy.
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Thus 15 eV is optimum beam energy for production of a
mono-charged extracted beam. This result points to the
importance of tuning the beam energy so that the ions are
captured in the center of the device.

The simulation presented assumed no eectrostatic
fields in the plasma. With plasma sheath potentia, the
optimum beam energy is higher by the sheath potential.
The central ion confining electrostatic fields will be
included in the future simulations.

IONEX MODELING PLASMA MENISCUS

lonEx is being developed with an innovative method to
resolve the plasma meniscus accurately. As the region of
meniscus is orders of magnitude smaller than the plasma
dimensions, lonEx utilizes an adaptive meshfree
technique. The 2D version is well benchmarked with
IGUN [11], and 3D extension is underway.

SUMMARY OF STATUS

We are currently upgrading the GEM and MCBC codes
in order to improve their accuracy. These upgrades
include converting GEM from 1D to 2D by adding the
radial dimension and including the plasma dectric fields
in the calculation. We are also extending lonEx to 3D to
model the effect of the shape of the plasma sheath
(plasma meniscus) on the injected and extracted ion
beams. The three codes should provide end-to-end ECR
plasma simulation. Validation of the codesis underway.
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