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ü Motivation  

 

ü ICARO: a test particle code w/ Monte Carlo collisions 

o Description and comparison with literature 

o Investigation of the pressure dependence 

 

ü Coupling of ICARO to a ray tracing code 
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Motivation: beamlet optics, experiments 
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Experimental evidence 

Beam divergence from RF sources 

under development for the ITER 

HNB/DNB is highly sensitive to the 

source filling pressure 

 

Div = Div(Iex/Uex
1.5, Ebeam, TH-) 
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Hypothesis 

Being perveance and beam energy the 

same, we can conclude that pressure 

affects the negative ion velocity 

distribution at the plasma meniscus 

But how? 

N. Den Harder et al. 2022 J. Phys.: Conf. 

Ser. 2244, 012053 

Talk by P. Veltri 

Mon O5 
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ICARO        : Plasma domain and particle motion 

ü Emission with a cosine distribution from the 

upstream chamfered part of the PG (only from 

the aperture centered in [0,0] mm) 

 

ü H- are emitted from the PG with an initial energy 

that already considers the potential difference 

Vsheath-VPG 

o Virtual cathode is not considered yet 

 

 

SPIDER beamlet group: 

5x16 apertures 
A. Pimazzoni et al.   NIBS conference 2022 
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ICARO: Plasma domain and particle motion 

ü Particles are moved in the magnetic field  

(CESM=magnets in the EG; Filter field Bfilter=Bx=2mT) 

ü dt is adjusted so to keep ds=0.5 mm at each step 

ü The domain length is set to 150 mm 

A. Pimazzoni et al.   NIBS conference 2022 
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ICARO: Plasma domain and particle motion 

A. Pimazzoni et al.   NIBS conference 2022 

ü Plasma parameters (nH+,nH-,ne,Te,TH+,vdrift) and gas parameters 

(nH0,nH2,TH0,TH2) assumed homogeneous 

ü Only H+ are considered as positive ions 

ü Collisions are implemented with Monte Carlo method 
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ICARO: Plasma meniscus  

ü The meniscus surface is 

loaded from OPERA3D 

 

ü Perveance match case 

(Ʉ=5.5-6.3Ā10-8 A/V3/2) 

are considered; this 

meniscus is very flat, so 

that the direct extraction 

is expected to  be very 

little  
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ICARO: Collisions  

Momentum transfer w/ plasma 

CC: H- + H+ Č H- + H+  

 

Momentum transfer w/ gas 

CX: H- + H0 Č H0 + H-  

MT2: H- + H2 Č H- + H2 
 

Neutralization by the plasma  

DE: H- + e- Č H + 2e-  

MN: H- + H+ Č H0 + H0 

AD+: H
- + H+ Č H2  

 

Neutralization by the gas 

AD0: H
- + H0 Č H2 + e- 

D2: H
- + H2 Č H0  + H2 + e- 

Cross-sections 

- C.F. Barnett, Atomic Data for Fusion, Volume 1, (ORNL-6086),1990. 

- T. Tabata et al., Atomic Data and Nuclear Data Tables 76, 1ï25 (2000) 

Gas parameters 

- U. Fantz at al., Front. Phys. 9:709651 (2021) 

CC are treated as in T. Takizuka, H. Abe J. Comput. Phys., 25 (1977) 

A. Pimazzoni et al.   NIBS conference 2022 

nH+ = 4Ā10
17 m-3   

ne = 3.2Ā10
17 m-3 

nH- = 0.8Ā10
17 m-3 
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The role of Coulomb collisions (CC) 

S. Nishioka et al. J Appl. Phys. 123, 063302 (2018) 

Coulomb collisions 

strongly affects the 

extraction probability 

and the meniscus. 

 

W/o CC, particles are 

extracted only through 

direct extraction Č 

Poor optics 

w/ CC 

(H+ - H- ) 

w/o CC 

ɜCC ~|vH+ - vH-|
-3  

A. Pimazzoni et al.   NIBS conference 2022 
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ICARO: comparison with TP in literature (TrajAn*) 

  R. Gutser et al. * This work 

TH2,1 [K] 1200 630 ** 

TH2,2 [K] 4600 ** 

TH0,1 [eV] 0.8 0.19 ** 

TH0,2 [eV] 2.5 ** 

nH2,1[m
-3] пΦлϊмл19 мΦлϊмл19 

nH2,1[m
-3] лΦрϊмл19 

nH0,1[m
-3] млϊмл18 нΦнϊмл18 

nH0,2[m
-3] нΦнϊмл18 

TH+ [eV] 0.8 [0.4,1.6]  

vdrift  [km/s]  0 [10,20] 

Te [eV] 2.0 2.0 

ne [m
-3] рΦлϊмл17 оΦнϊмл17 

nH+ [m
-3] рΦрϊмл17 пΦлϊмл17 

nH- [m
-3] лΦрϊмл17 лΦуϊмл17 * R. Gutser et al. PPCF 52 (2010) 045017 

** U. Fantz at al., Front. Phys. 9:709651 (2021)  

TH+ = 0.8 eV - vdrift=20 km/s - Ʉ = 6.3Ā10-8A/V1.5 

Extraction probability  ▬▄●◄►
╝▄●◄►

╝◄►╪╬▓▄▀
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Energy distribution of positive ions  

The dependence of the positive ion energy distribution on the source parameters was 

investigated in SPIDER with a retarding field energy analyzer (RFEA) 

Pressure dependence 

E. Sartori et al. Fus. Eng. Des. 169 (2021) 112424  

A. Pimazzoni et al.   NIBS conference 2022 

RF power dependence 



ICARO: Positive ion velocity distribution 

f(vx)=f(vy) 

Maxwellian  

with T = TH+  
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@ BATMAN (IPP, Garching) 

Mach probe:  

vdrift~10 km/s for pfill = 0.7 Pa* 

Probes+ MC models:  

TH+~0.8 eV @ PG for  

PRF= 40 kW/dr - pfill = 0.6 Pa** 

* M. Bandyopadhyay et al. A.J. Appl. Phys. 

96, 4107 (2004) 

** D. Wuenderlich et al., PPCF54 (2012) 

125002 

A. Pimazzoni et al.   NIBS conference 2022 

The efficacy of CC depends on: 

- EH-  

- nH+ 

- f(EH+) ČTH+, vdrift  
 

f(vz) 

Drifting 

Maxwellian 

** 
vdrift 



ICARO: Efficacy of Coulomb Collisions 

f(vx)=f(vy) 

Maxwellian  

with T = TH+  

f(vz) 

Drifting 

Maxwellian 

16 A. Pimazzoni et al.   NIBS conference 2022 

Since ɜCC ~|vH+ - vH-|
-3 CC are 

more effective for low energy H- 

Favourable  

emission angle 

▬▄●◄►
╝▄●◄►
╝◄►╪╬▓▄▀

 vdrift 

The efficacy of CC depends on: 

- EH-  

- nH+ 

- f(EH+) ČTH+, vdrift  
 

(E0: emission energy of H- before plasma sheath)  



ICARO: Efficacy of Coulomb Collisions 

f(vx)=f(vy) 

Maxwellian  

with T = TH+  

f(vz) 

Drifting 

Maxwellian 
vdrift 
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▬▄●◄►
╝▄●◄►
╝◄►╪╬▓▄▀

 

Since ɜCC ~|vH+ - vH-|
-3 there is 

an optimum drift velocity for H+ 

ions. Beyond this velocity, CC 

lose efficacy 

H- 

Vdrift>0 H+ The efficacy of CC depends on: 

- EH-  

- nH+ 

- f(EH+) ČTH+, vdrift  
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E0 = 5 eV 

ü H- emitted with large energies are unlikely to be brought back to the 

apertures by collisions and magnetic fields.  

ü For H- emitted with low energy, CC are effective in reversing the H- velocity 

E0 = 1 eV 

Results: velocity distribution at meniscus 

A. Pimazzoni et al.   NIBS conference 2022 

31% 63% 

37% 

69% 
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Pressure dependence 

A. Pimazzoni et al.   NIBS conference 2022 

E0 = 1 eV 

nplasma fixed 

pfill [Pa] Density of gas species Te [eV] TH+ [eV] vdrift [km/s] 

Case 0 0.3 nstandard 2 0.8 20 

Case 1 0.6 2nstandard 1 0.8 20 

The optics dependence on pressure: 

 

ü Cannot be explained by the increased 

gas density in the extraction region 

(Case 0 vs Case 1) 



pfill [Pa] Density of gas species Te [eV] TH+ [eV] vdrift [km/s] 

Case 0 0.3 nstandard 2 0.8 20 

Case 1 0.6 2nstandard 1 0.8 20 

Case 2 0.6 2nstandard 1 0.4  10 * 
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Pressure dependence 

A. Pimazzoni et al.   NIBS conference 2022 

The optics dependence on pressure: 

 

ü Cannot be explained by the increased 

gas density in the extraction region 

(Case 0 vs Case 1) 

ü Can be explained by reduced energy of 

the positive ions (Case 0 vs Case 2) 

* M. Bandyopadhyay et al. A.J. Appl. Phys. 96, 4107 (2004) 

E0 = 1 eV 

nplasma fixed 


