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Background
◾ RF negative ion sources are in development for ITER-NBI.

◾ Beam divergence of RF sources is about 
twice that of Filament-Arc (FA) sources.

◾ Improving beam focusing of RF sources 
is an urgent issue for ITER.

◾ The mechanism of focusing degradation
must be identified.

1



[Previous work] Beam responses to RF

K. Nagaoka et al., Sci. Rep. 15, 1494 (2025).

w! oscillation

RF oscillation  ⇨  w! oscillation and increase.
Cause: Response of the meniscus shape to the RF.
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Objective and method

Developing a model of the negative ion beam divergence 
response to the RF electric field.
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Objective

Method

Static beam divergence model

Beam divergence model with RF

RF field perturbation

A model for negative ion beams is NOT 
established.
→ Based on the positive-ion beam model.

Experimental 
results

Comparison
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[Previous work] 1D Static beam model 

◾ 1D positive ion beam extraction model ◾ Poisson equ.
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(Child − Langmuir law)

I.Langmuir et al., Phys. Rev. 24, 49 (1924).
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This model is conventionally used for negative beams.



[Previous work] 2D Static beam model 
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Assuming 𝜃 ≈ 0
expanded to second order

◾ Energy 
conservation
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◾ Beam current 
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J = 𝜌v

(non-analytic)
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◾ Axisymmetric 2D beam

extraction model

I.Langmuir et al., Phys. Rev. 24, 49 (1924).
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[Previous work] 2D Static beam model 6

◾ 𝜔 is a function of 𝑷𝒆𝒓𝒗 = I/V,!-..0
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◾ Beam current 
density

◾ Beam current

◾	Beam	Focusing	
Angle

◾	Beam	divergence	
angle	
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C : constant

A, P$ : constant
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◾ Axisymmetric 2D beam
extraction model

J.R.Coupland et al. Rev. Sci. Instrum. 44, 9 (1973).



◾ Static beam divergence 𝝎𝒔𝒕𝒂

𝜔@A7 = 𝐴 1 −
𝑃BCD
P>

*
+𝜔+*
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[3] J.R.Coupland et al., Rev. Sci. Instrum. 44, 9 (1973).2D Static beam model with 𝝎𝟎 7
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RF field perturbation: Three elementary processes 8
◾ Static beam divergence 𝝎𝒔𝒕𝒂
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+
Perturbation 𝐸!"
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𝜔 𝑃VWX(𝐸YZ)

𝑃VWX = 𝑐𝑜𝑛𝑠𝑡.



Model 1: Ion density oscillation model 9
▪Model schematic

𝜔 𝑃VWX(𝐸YZ) , 𝑃BCD =
𝐼 𝐸HI
𝑉,!-
..0

① Current	oscillation	is	dominant.

② Current	oscillation	originates	
from	ion	density	oscillation.

③ Ion	density	oscillation	
follows	the	production	rate	 ∝ 𝐸KL*

▪ Hypotheses

𝑛[ = 𝑛[\ + α 𝐸YZ] 𝑒][^%&_

𝐼 = 𝐶𝑛[

T.Shibata et al. AIP Conf. Proc. 2373, 050002 (2021)

indicating beam current does not oscillate at wRF
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Model 1: Ion density oscillation model 10
◾ Static beam divergence 𝝎𝒔𝒕𝒂
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Model 1 𝝎̀ 𝟏

① Current	oscillation	is	dominant.

② Current	oscillation	originates	
from	ion	density	oscillation

③ Ion	density	oscillation	
follows	the	production	rate	 ∝ 𝐸KL*

▪ Hypotheses

𝑛[ = 𝑛[\ + α 𝐸YZ] 𝑒][^%&_

𝐼 = 𝐶𝑛[

𝜔 𝑃VWX(𝐸YZ) , 𝑃BCD =
𝐼 𝐸HI
𝑉,!-
..0



▪ Hypotheses

𝐸KL𝑒MN$%A ≪
𝑉BJA
𝑑

Model 2: Extraction field oscillation model 11

① Electric	Field	oscillation	is	dominant.

③ The	RF	gield	is	much	smaller	
than	the	static	gield

𝑉BJA
𝑑

+ 𝐸KL𝑒MN$%A

𝜔 𝑃VWX(𝐸YZ) , 𝑃BCD =
𝐼

𝑉BJA(𝐸HI)..0

② The	RF	gield	is	superimposed	on	
the	extraction	gield.

▪Model schematic



Model 2: Extraction field oscillation model 12

R𝜔 % =
1
𝑇
W 𝐴 1 −

P&'( 1 − 1.5 𝑑
𝑉)*'

𝐸!"𝑒+,!"' + 1.875
𝑑
𝑉)*'

%
𝐸!"% 𝑒%+,!"'

P$

%

+ 𝜔-% 𝑑𝑡

Model 2 𝝎̀ 𝟐

◾ Static beam divergence 𝝎𝒔𝒕𝒂
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▪ Hypotheses

𝐸KL𝑒MN$%A ≪
𝑉BJA
𝑑

① Electric	Field	oscillation	is	dominant.

③ The	RF	gield	is	much	smaller	
than	the	static	gield

𝑉BJA
𝑑

+ 𝐸KL𝑒MN$%A

𝜔 𝑃VWX(𝐸YZ) , 𝑃BCD =
𝐼

𝑉BJA(𝐸HI)..0

② The	RF	gield	is	superimposed	on	
the	extraction	gield.



Model 3: Direct meniscus response model 13

▪Model schematic

Geometrically: 𝑙 − 𝑙@A7 ~
7
*
𝜃@A7 − 𝜃

𝜃 = 𝜃@A7 −
𝑎
2
𝜀𝐸!"𝑒
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𝜔 =
𝑎
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#
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▪ Hypotheses
① Direct	response	of	the	meniscus	
structure	to	𝑬𝑹𝑭	is	dominant.

②Meniscus	position	on	the	z	axis 𝒍	
varies	in	proportion	to	𝐸KL

𝑙 − 𝑙o_p = 𝜀𝐸YZ𝑒MN$%A

𝜔 𝑃VWX , 𝐸YZ , 𝑃VWX = 𝑐𝑜𝑛𝑠𝑡.



Model 3: Direct meniscus response model 14
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Model 3 𝝎̀ 𝟑

◾ Static beam divergence 𝝎𝒔𝒕𝒂

𝜔./0 = 𝐴 1 −
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P4
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Geometrically: 𝑙 − 𝑙./0 ~
0
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▪ Hypotheses
① Direct	response	of	the	meniscus	
structure	to	𝑬𝑹𝑭	is	dominant.

②Meniscus	position	on	the	z	axis 𝒍	
varies	in	proportion	to	𝐸KL

𝑙 − 𝑙o_p = 𝜀𝐸YZ𝑒MN$%A

𝜔 𝑃VWX , 𝐸YZ , 𝑃VWX = 𝑐𝑜𝑛𝑠𝑡.



Comparison with experiment ① 𝑷𝒆𝒓𝒗 dependence 15

All models reproduce the experimental result.

◾ Model vs. experimental data
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Model 1: Ion density oscillation model

Model 3: Direct meniscus response model
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Model 2: Extraction field oscillation model



Comparison with experiment ② Divergence oscillation 16
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Model 2: Extraction field oscillation model

Model 1 is inconsistent with 
the experimental result.

𝜔KL 2𝜔KL

Frequency spectrum of 𝝎 (measured)



Summary
Based on the static beam focusing model, we developed three beam divergence models 
with RF electric field perturbations corresponding to three elementary processes.

Elementary process Consistency with experimental results
𝑷𝒆𝒓𝒗 dependence

response
Divergence oscillation

period
Model 1 Ion density oscillation ○ ×
Model 2 Extraction field oscillation ○ ○
Model 3 Direct meniscus response ○ ○

Summary and outlook 17

The divergence oscillation may not originate from the ion density oscillation.

Outlook
Compare Model 2 and Model 3 through additional experiments.
Identify the focusing degradation mechanism of the ITER RF negative ion source with the model.



Appendix

Appendix Page



Phase relationship at 𝝎𝑹𝑭 17

Sharp 
distribution

broad
distribution

The 𝜔u oscillation at 𝜔YZ should not predominantly originate through 𝐼.

𝐸vw 𝐼

𝜔x



Operating regimes of negative ion sources and Perv

◾ Operating regimes of negative ion sources

𝑷𝒆𝒓𝒗 𝐢𝐬 constant 𝑷𝒆𝒓𝒗 is variable

Low 𝑽𝒆𝒙𝒕 regime … 𝑷𝒆𝒓𝒗 constant
(space-charge limit dominates → 𝐼 ∝ 𝑉BJA..0)
=>Only model 3 is applicable.

High 𝑽𝒆𝒙𝒕 regime … 𝑷𝒆𝒓𝒗 variable
(ion saturation current dominates → 𝐼 ∝ 𝑛M)
=>All models are applicable.

Cℎ𝑖𝑙𝑑 − 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 𝑙𝑎𝑤
∝ 𝑉1=/(.*

Ion saturation current 

Measured current



Antenna 



Relationship between 𝝎𝒙 oscillation and value increasing


