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Motivation ng FAIR

Helmholtz International Center

Experiments with Computer

PN

Science behind phenomena Explain experimental
that 1s not easily observed results that can not be
calculated by hand

Experiments
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FAIR

Helmholtz International Center

Particle simulation

lon beams and Plasmas
— Accelerators
» Mostly single specie ions, different A/q ratio
* Energy range from few keV
* Main momentum component in forward
direction
— Stellarators and Tokamaks
« Thermal / Maxwellian distribution of
momentum
* Energy range from few keV till MeV
« Magnetic confinement is the main issue
* Neutral or non neutral
— Discharge plasmas
* Pressure

» Multi specie model: lons, electrons, neutral
atoms or molecules

* Energy range upto few keV
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Particle in Cell : Philosophy FAIR

Helmholtz International Center

« Main Task
— Calculate the force on charged q,
particles through Lorentz Equation @, .
ﬁ =ma = E +V X E ]4
q(E+VXB) , o Pt
. S P, RSNPRPPI UL F
— Simulate many particles ® - ql\ £
ad, (. - F,
'_Z ( _rj) @ 4

=0 5 47E, ‘r _,,‘
» Prof. Hartree and Phyllis Nicolson (1941-1944) used desk calculator
30 electrons in Magnetron, 1D, Space charge included
« Computer with floating Operation  count =aN , + (N,

point operation 1us @=20 B=5N'log, N' N=32 N,=I0

CPU time = 1 day  for PP
= 4.5 seconds  for PM
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PIC model

FAIR

Helmholtz International Center

Particles _
* Disordered data to the structured
Ly data form
_> [ L] L]
* Periodicity, Symmetry
000000
E,B 0.0 - 5‘,85%260
— o 0\393 4 E ,\O . — P
0.0.0'0°0 0 Q :
000000
— AX — AX
« Charge distribution on grid points and back | )
interpolation k1 B, ke I i
Ay I 2y
» Weighing schemes according to nessecity ! « D@ - !
D c
- Linear weighing ] j+‘1 i
- Functional form Nearest Grid Point Area weighing
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Poisson Equation

FAIR

Helmholtz International Center

¢Ng —2¢1+¢2:,01

_A®) e Ag=_P

¢Ng —2_2¢Ng —1+¢Ng = P g -1 g()
¢Ng -1 = 2¢Ng +@, = P g

Vig(r) =

€0

Boundary conditions

=

Closed Semi-open

Ope
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1. Fourier Transform

Curved electrodes Round Vessel Arbitrary / Modular
(¢] 0o 0 o
o 05070 0
PR pk)— HK)— gx)— EX)
Og/O_O\gO
o (o I o] o

2. lterative methods

PX)— 9x)— Kx)

Coarse

Closed Open
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Applications FAIR

Helmholtz International Center

* Project MSR (Magnetostatic Storage Ring) at Frankfurt am Main
— lon Beam transport through toroidal segments
— Confinement and guidance properties for ion storage
— Injection scheme

« FRANZ facilty
— Chopper System in LEBT setion

« SPIE-Program: Simulation code for Plasma and lon Extraction
— Dynamics of plasmas in small volume type ion source
— lon extraction
— Production mechanism different species
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Project MSR HI(;, FAIR

Helmholtz International Center

. ]I:Iiglgdhlpurrent beam storage in longitudinal magnetic field with closed magnetic
ield lines
— Multi ampere proton beam with energy 150keV ~ few MeV

symmety. » PIC simulation in toroidal coordinates
| - ° .
w7\ v lon beam transport with electrons
i \/ » Direct comparison with experiments

Ton Source
Vacuum Tank

and Solenoid

Vacuum Chamber

with kicker system ?
=t
Z
&
:[1 E
\ g 4// Solenoid i
’ Q Vacuum Tank
Optical A and Ton Source
Assembly
Injection Coil system ‘ Terminal
Magnetic field {T) = 20kV max
Experimental setup
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FRANZ Facilty FAIR

Helmholtz International Center

« Chopper in Low Energy Beam Transport (LEBT) section
— Input proton beam with current 200 mA at the energy of 120 keV

X-axis

'result 10002.dat’

0.3 « Semi-open boundary
02 conditions with definition of
0.1y curved electrodes

« Continual generation of ions

» Space charge compensation
due rest gas ionization and
secondary electrons produced
on wall

* Deflection due to electric field
can be compared with
experiments
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SPIE : lon source HIQ FAIR

Helmholtz International Center

Simulation code for Plasma and lon Extraction - Program

Plasma electrode

T Insulator e Hot filament driven volume

[ Copper type ion source
[ Water « Originally constructed and
Gas Inlet - f 0 Brass developed by Peter Grof3 in
2000

* Triode extraction 20keV max
« Heions as reference
* Proton beam for MSR
Eﬂd electrode experiments
 Ref: N. Joshi, doctoral thesis

Solenoid

Screening electrode
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lon species

FAIR

Helmholtz International Center

Ref: R. Hollinger, K. Volk, et.al., IR F{Eagesusea T
,Measurement of the beam e N pu Ll
emittance of the Frankfurt proton ~ © & - . G 18T S\

1] . Py : :‘ Bs - |
source“, RSI, 2002; 200w e ] ol Cnll

TR e Periter
A ey a4 a | 50 ¢ |

and dOCtoraI theSIS Oéifé%:AA/4o 60 80 100 120 140 0 10 2 B @ S 60 7

Gasdruck [Pa]

Bogenstrom [A]

200 mA, ~93% p, @ 55 keV Fatonfictls B

A Volmge 165V

Ref: A. J. T. Holmes, et.al., ,A B o .
40 \- ?. _‘__,__,_——//

compact ion source with high I~ it
brightness®, J. Phy. E, 1980 : < ><

40 mA, ~60% p, @ 50 keV Bl L

2 A 4 3 i =
o b 00 Pessuel )
[ o,
. ~
Ref: N. Joshi, O. Meusel, et.al., NIM A, 2009, 5.0 mA, ~58% p, @ 10 keV
a b
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-~ 10 20 Lo A

! 3 B ¥ < < z s
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2 12 = 6 = 5 = l:
5 us 5 : o4 B . B
g 8 o £ g 6 A E 6 £ E :
P 8 P § B g 4 g 4
= A i < < <

2 . 2 2 3

2 2 )

00 80 160 240 00 R0 160 240 00 ‘20 160 240 00 80 160 240 00 80 rmu 240 00 80 160 20

Magnetic ficld (mT) Magnctic ficld (mT) Magnetic field (mT) Magnetic field (mT) Magnetic field (mT) Magnetic field (mT)

GOETHE §
UNIVERSITAT

FRANKFURT AM MAIN

Riezlern 2010 Ninad Joshi AG-NNP 12



Questions

FAIR

Helmholtz International Center

« Can we find theoretical limits of a given ion source by developing a
simulation code ?

« How do the external components and fields influence the plasma properties

and the production mechanism of different species in this type of source?
» Along with existing tools can we advance our code to investigate the hot
filament driven ion source and find ,science” behind experimental results?

Recent compititors

» Existing codes IGUN , KOBRA, OOPIC
 China: Simulation code for description in complete 3D, with 3D graphics

 France: Simulation code to describe H-production in negative ion source,
ITER, (1D)
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Simulation parameter

FAIR

Helmholtz International Center

Cartesian mesh EE = Extraction Electrode

|>—< ..... T G El;.fﬁround Electrode ) ) o
Plasma Chamber « Cartesian mesh with definition of
f circular plasma chamber and electrodes
= EHeating Cathode A I . )
S| - Magnetic field from coils
Secondiar . .
90mm ﬁb mesh g » Continual generation of electrons at
—— | cathode
EE_SE GE Electron simulation in plasma chamber
150mm . .
(vertical plane), filament at the center
Typical potentials: HV= extraction voltage
U-cathode = 0 +HV ; U-arc = 100 + HV o j -
U-extraction = 90+ HV; © | ©
U-screening = 10% of HV an NaREEER on AN
) _ l ' -0,04-0.03-0‘02:0.01)(-3(})iis 0.01 0.02 0.03 0.04 : -0.04-0.03-0.02-0.01}:-2.())(iS 0.01 0.02 0.03 0.04
U-ground = 0.0 1 Without B with B
GOETHE
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Hydrogen Plasma

FAIR

Helmholtz International Center

Reaction number Process SpeCieS => H2 H2* H H* H+ H2+ H3+ H' e'

1 e+H—e+H (elastic)
2 e+H—e+H" (three energy levels)
3 £+H— 2e+H? 100 = S
4 =24 _> Total = ¢ =
5 e+H;— e+ H; (17 energy levels) e+ Hy
6 e+Hy—2e+H} [ =
7 e+H;—2e+H*+H e = . _
8 e+Hylv=3)—H+H ) — . L = gl N = =
2 s, i Creation | Annihilation | < -
10 e+Hi—e+H'+H - L ——r st
11 e+H!—H,+H e S AL T
12 e+H;—3H H+ 5 3 = o e
13 e+H; —e+H*+2H T J;" \
14 e+Hi—e+H +Hy - / f
15 e+H —2e+H H2+ 3 3 3 #/\ " .
/
e den, /
H,* 1 4 e < | \{
Reaction number Process 3 *_.x'/ {."I E | M
16 H*+H—H+H* (charge exchange} H_ 1 6 :_—'f /
17 H*+H—H*+H (elastic) ‘vbw_”l || &
8 H+H,y— Ho+H, (elastic) = R LT BN L
) i - , X 0.1 1 10
19 H*+H,—HI+H (charge exchange) A
20 H3 +H;— Hy+H3 (charge exchange) EURMEAAReTy 18Y)
21 Hi+H,—-H{+H ) . )
2 HY+Ha— H+ s (elastic Ref: ,Cross Sections for Electron Collisions with Hydrogen
23 H +H—e+2H .
u Ho+Hoo eI Molecules®, Jung-Sik Yoon et.al., J. Phys Chem.
25 H +H—H+H" (charge exchange)
26 H-+H;—H +H, {elastic) . . .
7 Ho+Hy e HsHy ,Electron Collisions with Atoms and Molecules®, Atomic data
28 H*+H —H+H"

- o and Nuclear data tables
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PIC with Monte Carlo Collision

FAIR

Helmholtz International Center

PIC
» Deterministic classical mechnics
» Moving particles in small time step

» Collective effect through self and
applied fields

MC
* Probabilistic

» Collisional effects in relatively weak
electric fields

o(E) n(x) As—>vVv P

coll

Field change

Scatters

VR g
/-

at
Free fiight

DIz=" =0T

Field-adjusting timestep

Integration of equations Monte-Cario Collisions
of motion, moving particles F==== | v, — v,

Fi_-—---v:—-xi

Weighting 9 Weighting
(Es B)i_.- F, {K.V)I—"{p.J)j

Integration of field
equaticns on grid

(P,J)j -.(E'B)j
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MCC model

FAIR

Helmholtz International Center

Kinetic Energy for i th particle of specie s

Total collisional cross section is sum of
where jis type of cross section

Collisional probability for i th particle

Random numbers R, R, =>[0,1]

Random numbers R;, R, =>[0,1]

Error missed collision in At
r<0.01 => P,<0.095

Ei = ln/lsvi2
2

o,(E)=>Y 0,(E)
P =1—-exp(-Awv,0.(E)n,(X,))

R <P = collision
R, = 1type of collison

R,,R,= Scattering

r o~ Pl.k: :
2=
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Example He- ions

FAIR

Helmholtz International Center

Single specie plasma from Helium e +He— He" +2¢
Plasma chamber : L

length 0.7m Green : Electrons Simulation time
radius r=0.035m Red : He -ions Each step ~ ns
Filament 90mm Total time max 0.5 us

Horizontal plane
Potential Plasma

B ~ 0 GaUSS B"'feW GaUSS e|ectrode Changed
0.1 ‘ 0.1 0.1
0.08 0.08 0.08
0.06 © 0.06 © 0.06
Y o4t Y oo04 Y 004
0.02 F 002 0.02
0 S S S — 0 0
-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 -0.04-003-0.02-001 0 0.01 0.02 0.03 0.04 -0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04
—
I L ¥
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Influence on plasma

FAIR

Helmholtz International Center

Shorter filament length 55 mm

o ol T Short filament
0.08 [ 1 0.08
” 0.06 [ o 1 ” 0.06 i 1 H‘ﬁ
§ G § Long filament
0.04 | 0.04
0.02 1 0.02
0 : : : : : : : 0 . . : * >
-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 -0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 B z
w/o B Wifh B Estimated beam current behaviour
Potential distribution
Long filament (Horizontal plane) Short filament

-0.06 -0.04 -0.02 -0.06 -0.04 -0.02 0 002 0.04 006 -0.06 -0.04 -0.02 -0.06  -0.04 -0.02 0 0.02 004 0.06

with B with B
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Comparison HIC FAIR

for
Helmholtz International Center

150000V 115000V

RERAF M
o2 rpe

vl 7 7 i St 13 aeeng
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Application to MSR H I(; FAIR

Helmholtz International Center

« Designing the target chamber for collision experiments

Tuning eoils - Different Larmor gyration for
Target ions and electrons in strong
magnetic fields
Ion beam — - . . _ _
= O «  Configuration of tuning coil can
be investigated for optimized
B particle density and scattering
: cross sections
B
GOETHE ﬁ
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FAIR

Helmholtz International Center
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FAIR

Helmholtz International Center

Conclusions and Outlook

« Particle-in-cell model has been investigated and successfully applied for
different problems

. Thﬁ code is being upgraded Monte Carlo subroutine for simulation of
collision

« The results can be directly compared with experiments
* New approaches required to study the target designing in magnetic field
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