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Abstract. A three dimensional ion optical code IBSimu is being devetbat the University of
Jyvaskyla. So far the plasma modelling of the code has bestricted to positive ion extraction
systems, but now a negative ion plasma extraction model kas bhdded. The plasma model
has been successfully validated with simulations of thell&mn Neutron Source (SNS) ion
source extraction both in cylindrical symmetry and in fulD,3also modelling electron beam
dumping and ion beam tilt. A filament-driven multicusp ioruse has been installed at the Texas
A&M University Cyclotron Institute for production of Hand D~ beams as a part of the facility
upgrade. The light ion beams, produced by the ion sourcgaaerated with the K150 cyclotron
for production and reacceleration of rare isotopes. Theaetibn system for the ion source was
designed with IBSimu. The extraction features a water@wdgluller electrode with a permanent
magnet dipole field for dumping the co-extracted electrond a decelerating Einzel lens for
adjusting the beam focusing for further beam transport.i@heource and the puller electrode are
tilted at 4 degree angle with respect to the beam line. Thaetdn system can handle tHand D~
beams with final beam energies from 5 keV to 15 keV using theeggenmetry, only adjusting the
electrode voltages. So far, 24A of H™ and 15uA of D~ have been extracted from the cyclotron.
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INTRODUCTION

The use of computer simulations has become a standard precetl designing ion
optical systems. Many specialized codes exist with capigsilfor modelling positive
lon plasma extraction problems in two [1, 2] and three dinmrss[3]. For negative ion
plasma extraction there exists fewer codes ([4] for exajnpiest of them capable of 2D
modelling only. The lack of available three dimensionale®tbr negative ion extraction
causes difficulties because negative ion sources are aftepped with magnetic dipole
filter fields, which often protrude to the extraction and hermore the co-extracted
electrons are usually deflected using magnetic fields. Tipécagion clearly calls for
three dimensional simulation. Fortunately, work has beemedto develop simplified
models for negative ion plasma extraction [5], which canxiereded to 3D.

The lon Beam Simulator, IBSimu, is a program for three dimamai@n optics [6].
The development of IBSimu, was started at LBNL in 2004 for dasig a slit-beam
plasma extraction system for a neutron generator [7]. Theldpment of the code has
been continued at the University of Jyvaskyla, Departmémhysics (JYFL) with a
drive to making the code modular and suitable for many dffieitypes of problems.



The code has been published as open source [8] to be used lprtiraunity and

it has been benchmarked against other codes used for éxtrach optics. IBSimu
has been applied to designing an Igrid triode extraction, several neutron generator
accelerators, slit-beam extraction for diagnostic nélteams [9], modelling of ECR
ion source extraction, designing ax B filter for diagnostics and many other problems.
The code has only had a plasma sheath model for positive imacton, but recently
also a negative ion plasma extraction model, which is desdrin this article, has been
developed.

The ongoing facility upgrade for the Texas A&M University Qgiton Institute
aims at extending the reasearch possibilities with stabblms and adding rare ion
beam capabilities [10]. This is done by re-activating thé&s®&tyclotron to deliver high
intensity light particle and heavy ion beams. These bearfidwiused for production
of rare isotopes in the targets of light and heavy ion guidesréacceleration with
the K500 cyclotron. As a part of the upgrade project, a filartEiven multicusp ion
source has been installed for injecting ldnd D~ beams into the K150 cyclotron. The
extraction system for the ion source has been designed IB8igiu. This paper reports
the development work done for the D~ project.

SHEATH MODEL FOR NEGATIVE ION EXTRACTION

It is assumed that the extractable negative ions, which @énerevolume or surface
produced, are born in the plasma electrode (wall) potenfiakse charges form a
potential well and counteract the formation of a saddle fpainthe extraction. The
non-existence of the saddle point is supported by the obdegood emittance from
H~ ion sources. The negative ion plasma extraction model innBSs based on these
assumptions and on the existence of an equipotential subf@wveen the bulk plasma
and the extraction, where the potentiak= Uy = 0 V. The potential deviates from zero
going into the bulk plasma due to the plasma potential anérdsvthe extraction due
to the acceleration voltage. This potential structure eaymsitive ions from the bulk
plasma to be accelerated towards the extraction, havimggaep at the zero potential.
These ions propagate until they are reflected back to thenpldsy the increasing
potential in the extraction. The potential well acts as @ fiar thermal positive ions.
The negative ions and electrons are accelerated from thgwotahtial towards the bulk
plasma and more importantly towards the extraction. Schemigw of the potential
structure of the negative ion extraction is shown in figure 1.

The negative ion plasma extraction implementation in IBSfollows the guidelines
of references [4] and [5]. The simulation starts at the pkastectrode potential, where
the extracted negative ion and electron beams originate. fidne volume between the
bulk plasma and this boundary is not simulated, only the fiuirected positive ions is
taken in account. The negative particle beams are defineeting current density,
initial drift energy and temperature values. The beams aopggated by standard
ray-tracing techniques, using Runge-Kutta integratiorhefltorentz force taking into
account the electric and magnetic fields. The charge of tlaenbeis deposited on
a space charge density mesh during the calculation. Therieléeld is calculated
from a solution of the Poisson equation, using the spacegehalrthe negative beams
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Figure 1. Potentials in a negative ion source: Potential drops frositpe plasma potential of bulk
plasma to wall potential and raises then again going towtr@®xtraction. Simulations model the area
starting from wall potential.

from the previous round of the so-called Vlasov iterationsiBve space charges are
taken into account using analytic formulations presengtdvia The resulting non-linear
Poisson equation is solved using Newton-Raphson iterafiba.electric field for the
firstiteration round of the simulation is acquired by sefthero space charge density and
forcingU = 0 Vinside the estimated plasma volume and solving the liegulaplacian.
The Vlasov iteration described here is a standard methoprémucing self-consistent
solutions of space charge dominated problems. The Poispaatien describing the

system is
nu—--P, @)
€0
wherep = pit + pr + ph. Herepyt is the space charge density of negative particles from
ray-tracing,ps is the space charge of fast positive ions gdis the space charge of
trapped positive thermal ions.

The model allows several different negative ion speciestediracted from the ion
source and also many positive ion species to be used as backgplasma. Each of the
thermal ion species has a separate Maxwellian velocityilligion with the associated
space charge distribution

_ proexp( oo (2)
wherepihg is the space charge density of the thermal ion species ataheaetential and
T, is the corresponding thermal ion temperature. The fastaomslecelerated and turned
back to plasma by the extraction voltage. The space chasgygbdition of the fast ions
is defined by the virtual cathode formation and it is

o1 = pro (1—§), @3)

Ei
atU < E; and zero otherwise. Hegy is the space charge density of fast ions at the wall
potential andE; is the corresponding kinetic energy, which should be arcelaslas
the particles are flowing from the bulk plasma. The amountaofigles and at least one



energy (thermal or directed) must be given by the user fquaaticle types. The quasi-
neutrality of the plasma requir@g + pr + pin = 0 atU = 0 V. Otherwise the parameters
can be freely selected.

In case of modelling a typical negative ion extraction witldipole magnetic field
in 3D, one problem in the model needs to be addressed: theaegd particles will
deflect already inside the plasma. This is an unphysicalaattef the simulation and
occurs because the particle collisions and cross fieldsidfuare not being modelled.
In reality the ions and electrons are highly collisional andve diffusively until they
are accelerated by the extraction electric field. In the &frans this is achieved by
suppressing the magnetic field at potentials less than shrashold value given by
the user. This threshold defines a boundary between the @lastame, where ions
and electrons are collisional and the extraction volumegreltollisions don’t happen
anymore. In most cases the threshold value should be areta\ as this corresponds
to the energy range with typical plasma densities wherestmtial properties become
negligible. The physically correct threshold value is hereéstimate accurately, but it
isn’t relevant in this context as the ion optics is not vergsstive to the parameter in
most cases.

PLASMA MODEL VALIDATION

The plasma model was tested using the widely simulated ammbulghly published
extraction of the SNS ion source [11, 12]. The simulationseweade using published
data about the geometry, magnetic field and electrode \edtafthe SNS extraction.
Therefore the simulated system might not be exactly idahtacthe existing extraction,
but care has been taken to make it as representative as lpodddmy simulations
were run with different parameters both in cylindrical syetrg and full 3D to be
able to compare to different published results. Exampleyloidrical simulations with
different plasma densities are shown in figure 2.
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Figure 2. Simulations of plasma meniscus formation on the SNS ioncsowith different plasma
densities. In the center the current dengity 50 mA/cn?, which is optimal for aberration free extraction
with the electrode voltages used. On the Jeft 20 mA/cn?, which is too small for optimal extraction and
on the rightJ = 100 mA/cn?, which is too large. Electode voltages were kept at values/shn figure 3.

The results show some deviation from previously publisheaigtions, but this is to
be expected because of slight differences in the problemitiefi and because the new
simulations feature capabilities which don't exist in tieypously used plasma models.



The most important new phenomenon modelled is the unsynomstrease of negative
space charge near the plasma meniscus resulting from itteogle, which are deflected
by the electron dump magnetic field. This leads to an unsymengiasma meniscus,
which affects the optimal tilt angle of the ion source. Thggast difference between the
experimental and simulated emittances is that the sinmditiiggributions are much more
aberration-free (see [11] for experimental emittancepldthis can also be seen in the
emittance value. An example of three dimensional simutatie shown in figures 3 and
4.
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Figure3. Simulation of the SNS ion source extraction in 3D with 38 mA&rasted H (red) and 230 mA
e~ (yellow) deflected by the magnetic filter.
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Figure4. Transverse emittance plots from the 3D simulation showrguné 3.

Overall, the results achieved with the new negative ioreetion model in IBSimu are
consistent with earlier studies and experimental obsensfrom the SNS ion source.
This suggests that the plasma model is reasonable.

DESIGN OF NEGATIVE ION EXTRACTION

A filament-driven cesium-free multicusp ion source wasakhestl at the Texas A&M
University Cyclotron Institute for production of Hand D~ beams. The source requires



an extraction system capable of extracting up to 1 mA of icanib@nd transporting it
to the next focusing element of the beam line with low emi&growth. The energy of
the ion beam has to be variable from 5 to 15 keV. The extradystem has to be also
able to deflect tens of milliamps of co-extracted electroanbénto an electron dump.
This extraction system was designed using IBSimu.

A dominant feature of a negative ion extraction system isdheping of the co-
extracted electrons. There are several ways of dealingtigtielectrons. One possibility
Is to have a transverse magnetic field at the extraction @geaind a separate dumping
electrode before the actual puller electrode for dumpirgetlectrons at low energy for
decreased power dissipation problems. The ion beam wilelflected by the magnetic
field, which is corrected by having the ion source at a smajlewith respect to the
rest of the beam line [13]. This method is especially berafigith high-intensity, high-
voltage extraction systems.

Another possibility is to have two anti-parallel dipole @isllater in the extraction.
The first dipole field is used to deflect the electrons to a beampdand behind this the
second dipole field is used to correct the angle of the ion b&ais will cause an offset
to the beam axis, which is dependent on the beam energy, namy cases this is easy
to correct mechanically or by using active magnetic elesgit].

In our case, the filter field of the ion source protrudes to ttieaetion area and thus
there will be a tilt in the ion beam regardless of the dumpirgghad. Therefore the tilted
lon source method was chosen. The dumping magnetic field rierste@d anti-parallel
to the filter field to minimize the magnetic field strength s #xtraction aperture for
minimal interference to the slow particles acceleratethftbe plasma. The dipole field
was constructed using 10 6.35 mm cube SmCo magnets for a mbxffaamagnetic
field in the transverse direction to minimize emittance growhe magnetic field peak
strength is 32 mT and the FWHM length of the peak is roughly 24. e magnets
were integrated in the water cooled puller electrode, esagied to handle the electron
beam power.

For the ion beam to tilt to the same angle in the magnetic fietghrdless of the
final energy, the beam energy at the puller electrode has foxé@ This is done by
having the power supply for the puller electrode in the ioarse potential. In this case
a puller to plasma electrode voltage difference of 6 kV wassehn. After the puller
electrode the beam is accelerated to the final energy whaleothusing is adjusted using
a decelerating Einzel electrode between the puller and tbwend electrode. A series
of simulations was made in 2D (axially symmetric) to desilgae éxtraction electrode
geometry and potentials and to check for the sensitivityimiutations to the plasma
model parameters. Because of some uncertainty in the plasrampters and the source
performance, the gap between plasma and puller electroalesnade adjustable.

For finding the optimal tilt angle and the center of rotatibree dimensional simula-
tions were done. The 3D magnetic field was modelled using B&dj&5] and the field
data was imported into IBSimu. The same plasma model parasneése used as in 2D
with the exception of the magnetic field suppression added fa 8 V. The optimal tilt
angle for hydrogen was observed to vary fron4dl4.9 with changing final beam en-
ergy because the magnetic dipole field is still nonzero aEtheel lens. The variation of
the tilt is so small that the tilt was made fixed. The beam deflecan be corrected by a
Xy steering magnet which is installed on the beam line affteleixtraction. A simulation



of the optimized three dimensional extraction is shown inrigb.
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Figure 5. Three dimensional simulation of the extraction system WitmA H~ beam accelerated to
12 keV final energy. Co-extracted 25 mA electron beam is duhipside the puller electrode. lon beam
exits the simulation at 74 mrad angle.

The extraction system is capable of handling bothahd D~ beams with the same
electrode configuration using roughly the same voltages iBhpossible because the
change in beam bending between the ion species isn’t piopatto /2 as it should
if only the mass would change, but it is less than half of thisere are several reasons
for this. One of the reasons is that the electron beam is defldry the residual filter
field of the ion source inte-z direction (see figure 6). The electron beam makes a local
negative space charge cloud, which pushes the ion beaa thirection. This effect is
magnified with deuterium extraction because the electoeioft ratio is higher. Also,
the plasma boundary is concave with deuterium because eflplasma density, which
causes the electron beam to deflect more tradirection amplifying the first effect.
This feature makes it possible to change betweerakid D~ beams easily, minimizing
the downtime of the facility. It is also a good example of teas that are very difficult to
model without three dimensional ion optical codes with plasnodelling capabilities.
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Figure 6. Three dimensional simulation with 0.3 mADextracted with the same electrode voltages
used as with hydrogen. Beam exits the simulation at 66 mrgkkan



EXPERIMENTS

The ion source was installed on the injection line of the Kit$€lotron at Texas A&M.
The beam line was equipped with a vacuum chamber for housamgxtraction, a fine
tuning xy steering magnet and three 1000 I/s turbo pumpsfigee 7). The chamber
has an electron suppressed Faraday cup for measuring i@mturhe electron currents
are measured from the puller electrode. At the end of the bearmere is an Einzel
lens for focusing the beam to the next ion optical elementéninjection line, which is
shared with an ECR ion source. The cyclotron inflector is le¢abughly 6 meters from
the ion source.
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Figure7. CAD visualization of the ion source, extraction system, pandiagnostics and the first beam
tuning elements. The next Einzel lens used for focusingugity 1 m below the extraction chamber.

The extraction of the ion source proved to function as ptediby the simulations
made for both H and D™. The optimal transmission to the first Faraday cup was found
very close to the simulated electrode voltages. Also thdedieum beam angle was
observed to behave as in the simulations. Theddrrent of 1 mA on the first Faraday
cup was reached with an arc current of L2 at the arc voltage of 100 V. The fH™
ratio was around 25. For D285 uA was measured on the first cup with 10 A, 100 V
arc. The e/D ratio was about 87. Beam currents of @28 of H" and 15uA of D
have been extracted at energies of 30 MeV and 20 MeV respe&ioen the cyclotron
with stripping extraction and measured from the first Fayamlg outside the cyclotron.

Overall, the experimental work done with the ion sourceastion shows that the
design process has been successful.

FUTURE WORK

At the University of Jyvaskyla we are starting a project farlding a filament driven
multicusp H™ ion source to be used on the pelletron accelerator of thedédny. During
this project there will be possibilities for further expaental validation of the sheath
model by traditional diagnostics methods including Fayamg measurement and beam



profile determination with Kapton foils. Further developrhef the code is planned to
be done using this data.
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