¢
I

UNIVERSITY OF JYVASKYLA

lon Beam Simulator

Taneli Kalvas

Department of Physics, University of Jyvaskyla

Finland
30 January 2012
Contact: T. Kalvas <taneli.kalvas@jyu. > JYFL, Finlan

¥ : 7 et i
= \ i Pt
! E_Li P i b N & ,
- L]



Vi |
T Overview

UNIVERSITY OF JYVASKYLA

1. What is IBSMuU and why?
Review of existing other tools
History of IBSIMU

Methods used in the simulation package
Examples of use (recent projects)
Future of the code

How to get more information

S R

Philosophy of the code




¢
I

UNIVERSITY OF JYVASKYLA

What is IBSIMU and why?
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T What is IBSMuU
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IBSIMU is an ion optical computer simulation package especiallyife
lon source community.

Capalbilities:

De nition of electrode geometry and calculation of electrelds In
1D, 2D, 3D and cylindrical symmetry.

Relativistic CW or pulsed particle trajectory calculatiarelectric
and magnetic elds.

Space charge density from trajectories and self-consistamsport
of space-charge dominated beams.

Positive and negative ion (and electron) plasma extraction

DXF import, diagnostics tools, etc
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Other codes with similar capabilities are
IGUN — Plasma modelling for negative and positive ions, 2D only

PBGUNS — Plasma modelling for negative and positive ions, 2D
only

SiIMIoN — Simple 3D E- eld solver and particle tracer, low quality
space charge model, no plasma

KoBRA — More advanced 3D E- eld solver, positive ion plasma
modelling, PIC capability

LORENTZ— State of the art 3D EM solver and patrticle tracer with a
lot of capabilities, no plasma modelling
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Work with IBSIMuU started at LBNL in 2004 when designing a slit-beam
neutron generator with nanosecond scale beam chopping.
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ICIS 2005: T. Kalvas, et. al., Rev. Sci. Instrum. 77 03B90d0@&)




History

A positive ion extraction plasma model was added and otHeudi
three dimensional problems were modelled.

ICIS 2007, J. H. Vainionpaa, et. al., Rev. Sci. Instrum. 782002 (2008)



History

Moved back to Finland, continued work at JYFL by making theecod
modular and suitable for many type of problems. Made codeq@ubl

ICIS 2009: T. Kalvas, et. al., Rev. Sci. Instrum. 81, 02B7231(0)



History

Added negative ion plasma model. Modelled existing systafaksdation.

NIBS 2010: T. Kalvas, et. al., 2nd International SymposiumiNegative lons, Beams and Sources



Methods and features of the simulation package



Use of simulation code

IBSIMU Is used as a computer library through a C++ interface.
Power and versatility
Customization and inclusion of new modules
Automation and batch processing
Incorporation of code in other software

Easy to use: thoroughly documented, includes
examples and tutorial for rsttime users

Diagnostics can be made from code
or with an interactive tool



What is it based on?

Calculation is based on evenly sized square cartesiarsgrid(

Solid mesh (node type): vacuul m—
solid, near solid, neumann bour =

LIV ]

ary condition, ...
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Electric potential

Electric eld =

Magnetic eld —— = |
%Jé\:%s \j§ =

Space charge density = —— ——

Trajectory density



Geometry de nition

1. Importing of 2D DXF les, which can be
Extruded or revolved to produce 3D solids
Translated, rotated and scaled in 3D

Filtered with custom functions

2. Constructive Solid Geometry
Primitives: sphere, cylinder, box, SOR, extrusion objett,
Constructive operators: difference, union, intersection

Linear transformations: translation, rotation, scaling

3. Functions
Math: for examplex < 1cm

Use of external libraries



Field solver

Poisson's equation

Finite Difference representation for vacuum node

i1 2+

h2
Neumann boundary node

3itd in

2h
and Dirichlet ( xed) node:

const



1D example

Solve a 1D system of length = 10 cm, charge =1 10 ° C/m® and boundary
conditions

%éx:0)20 V/m and (x=L)=0V:
The system is discretized dd = 6 nodes. Problem in matrix form:
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Solving the matrix equation we get ...



1D example

... perfect agreement with analytic result
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but only because of at charge distribution and boundaresed exactly
at node locations.



Jagged boundaries

In higher dimensions FDM generally suffers from jagged lmarres




Smooth boundaries

Derivatives in Poisson's equation featured with unevetadises

Xo h) (+ ) (Xg)+ (Xo+ h)_~ (Xo)
s( + )h?2 0




Smooth boundaries

A much better solution with smooth boundaries is achieved.




Electric eld calculation

Electric eld is calculated between the nodes simplytby- %

° —_—> °

© ©

® —> °

Electric eld nodesnot at potential nodes.



Trajectory calculation

Population of virtual particles is calculated with follavg properties:
Charge:q
Mass:m
Current/charge carried: or Q

Time, position and velocity coordinates: 2(@;X; Vx;Y; Vy),
Cylindrical symmetry(t; X; vx;rve;! ), 3D:1(6 X Vi Y Vy; Z5Vz)



Trajectory calculation

Population can be de ned by several functions:

2D beam starting from a line with transverse and parallepemature
(de ned using energy or velocity)

2D and 3D beams with KV/gaussian emittance distributions
3D cylindrical beam with temperature
3D rectangular beam with temperature

Custom de nition one-by-one



Trajectory calculation

Calculation of trajectories done by integrating the eduregiof motion
with adaptive Runge-Kutta Cash-Karp algorithm. In 3D:

dx y

dt X

dy

- - V

dt Y

dz y

dt ‘

% = a—ﬂ(E + vwB vzBy)
dt X m X ybz zBby
dvy q

— = ay = —(Ey +Vv;B Vy B
dt y m(y zDbx xz)
dv,

g
= a, = —(E, + vwB vy B
dt z m(z x Dy yx)



Trajectory calculation

... and in cylindrical symmetry:

dx

- = V

dt §

dr

- = Vy

dt

dvy g

— - = ax = —(Ex + v/B v By)

dt

dvy 2 q 2
— = a +r“=—(Ey+vVvB vyB )+ Tl
dt r m(y X xB )

d! 1 q

— = —(a vil)= — —(vxB vy B 2V !
” r( r)rm(xrrx) r

wherev = rg—t = 1l



Space charge deposition

Particle-In-Cell method:

QAd /Atot QAC /Atot

QA./Ac

Need for several particles/grid unit for smooth space ahaelyl.



Viasov iteration

Finding self-consistent solution for space charge problem

Calculate

Solve Solve

V29=0 trajectories V20=-p/€o Converged?
and p

No

Under-relaxation may be needed to achieve convergencewglthspace
charge systems.



Plasma models

Modelling of positive ion extraction
Ray-traced positive ions

Nonlinear space charge term (analytic in Poisson's equiatio

e:




Plasma models

Modelling of negative ion extraction
Ray-traced negative ions and electrons
Analytic thermal and fast positive charges

Magnetic eld suppression for electrons inside plasma




Plasma models

Magnetic eld suppression for electrons inside plasma
Electrons highly collisional until velocity large enough

Magnetic eld suppression for electrons inside plasma

Total e + H collision cross section
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Other methods

Visualization: interactive, png, pdf, eps, svg

Geometry views with solids, trajectories, beam densitgcspcharge
density, eld plots, etc.

Emittance, pro le plots and statistics
Field diagnostics: 1d plots of elds
Field exporting to ascii

Data saving and loading



Examples!



Texas A&M: Project start

K150 cyclotron at the Texas A&M needed a HD source and extraction

Spare LBNL style H multicusp ion source:
Typically run at 1-5 mA at 100 % duty cycle

Source developed at LBNL and later at TRIUMF (several version
exist)

Good brightness:, (90 %) = 0.5 mm mrad been reported

Cesium free operation



Texas A&M: Extraction design

The application at the cyclotron needed a new/B extraction for 1 mA:

Negative ion extraction design is dominated by the necgssanoval of co-extracted
electrons (Factor of 10—-20 more than ions).

Design by T. Kuo for newer TRIUMF sources has xed energy dlgnelectrode and
two anti-parallel B- elds for removing electrons and reaturg the H back to original

angle.

With the LBNL source, this is not possible, because of irdérter eld extends to
extraction. Going with simple dipole eld, tilted sourcesign and xed energy at tilt.



Texas A&M: Extraction design

First the geometry, electrde voltages and plasma parasnetre
optimized using cylindrically symmetric simulations.

Table of electrode voltages

HV Puller Einzel

-5 +1 -3.2
-8 -2 -5.8
-12 -6 -8.2
-15 -9 -10.5




Texas A&M: Final design

Geometry was optimized for clean emittance and centeremh bea



Texas A&M: Experimental veri cation

Optimal transport to FC1 and FC2 really close to simulation
electrode voltages.

Beam angle predicted accurately (only minor angle adjustmmade
with magnetic dipole).

No emittance measured.



LIISA

The main H /D 1on source (Triumf lament source and 5.9 keV
extraction) in Jyvaskyla was studied to prepare for comigrades:

Magnetic eld on axis was measured
A Radia-3D model for magnetostatic calculation was made

Magnetic eld data was imported to IBRuU for ion optic simulation



LIISA: Input data

CAD les were converted to DXF and simpli ed for simulationé
Radia-3D model for magnetostatic calculation was made ahldata
was imported to ion optic simulation.



LIISA: Simulation results



LIISA: Comparison to experiments

Experiments were run: Beam current hitting electrodes dhavere
recorded with good correlation to simulations. Locatiorlgfctron
dumping veri ed:



LIISA: Comparison to experiments

Emittance comparison hasn't been possible so far becayzadical
equipment restraints.

The emittance scanner should be very close to the ion soxn@egon to
be able to do direct comparison between experimental emdtand
simulation emittance data.

Even therthis extraction systemwouldn't give much information about
the plasma beam boundary because of high aberrations frivacean.



SNS lon Source Extraction



SNS: Overview

High current density extraction reference point for manges

Low electric eld at plasma meniscus.
Highly convex plasma-meniscus shape.

Discrepancy between B%SUNS and
(positive) IGUN reported in ICIS2001.
Later solved withNnIGUN.



SNS: Plasma meniscus

30 mA/cn? 60 mA/cn? 120 mA/cn?



SNS: Emittance at RFQ entrance
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Experimental emittance data: B. X. Han, RSI 81 02B721 (2010)



SNS: Proposed design

T, Kalvas et. al., ICIS 2011



RMS emittance (mm mrad)
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EstCube-1 satellite

Low-power eld emission electron gun developed for satelpplication
Emission dependent &, eld on surface (Fowler-Nordheim)

Real transmission through anode mesh calculated




Future and more



Future work

Ongoing projects:
JYFL Pelletron 10-100A H ion source
JYFL RF ion source 1-5 mA Hion source
Collaboration with SNS
Collaboration with CERN Linac4

Goals for IBSMU:

Direct comparison of experimental and simulated emittarice
validating plasma model.

Higher ef ciency solvers, magnetic eld calculation, IGEf@ometry
Import, ne grid area, ...



Philosophy

IBSIMU Is a project — not a product.
It is open source (GPL).
Trying to keep documentation up to date.
Invitation for contributions.
Also, table is open for requests.

Several parallel versions exist:
— Main branch:
master
— Newest developments:
new_solver



More information

Website: http://ibsimu.sourceforge.net/

Contains
Short tutorials for new users.
Reference manual.
Email lists.
Contact information

Bug reporting, feature request lists, etc.



