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Reaction Rate constants 

H + 𝑒 → H+ + 2𝑒 𝐾1

H+ + 𝑒 → H+ ℎ𝜈 𝐾2

H2 + 𝑒 → 2H + 𝑒 𝐾3

H2 + 𝑒 → H2
+ + 2𝑒 𝐾4

H2 + 𝑒 → H+ + H + 2𝑒 𝐾5

H2
+ + 𝑒 → 2H+ + 2𝑒 𝐾6

H2
+ + 𝑒 → H+ + H + 𝑒 𝐾7

H2
+ + 𝑒 → 2H 𝐾8

H3
+ + 𝑒 → H2 + H 𝐾9

H3
+ + 𝑒 → H+ + 2H + 𝑒 𝐾10

H2
+ + H2 → H3

+ + H 𝐾11

H
(wall)

1/2 H2
𝐾12 = 𝛾𝐷𝑒𝑓𝑓

𝐻 /Λ𝑒𝑓𝑓
2

H+
(wall)

H 𝐾13 = 1/𝜏𝐻+ = 𝑢𝐵,H+𝐴𝑒𝑓𝑓/𝑉

H2
+
(wall)

H2
𝐾14 = 1/ 2𝜏𝐻+ = 𝑢𝐵,H2+𝐴𝑒𝑓𝑓/𝑉

H3
+
(wall)

H2 + H 𝐾15 = 1/ 3𝜏𝐻+ = 𝑢𝐵,H3+𝐴𝑒𝑓𝑓/𝑉

𝛾: recombination coeff., 𝐷𝑒𝑓𝑓
𝐻 : effective diffusion coeff., Λ𝑒𝑓𝑓: effective diffusion length

𝜏𝐻+: containment time of H+, 𝑢𝐵,Hx+: Bohm velocity of H𝑥
+, 𝐴𝑒𝑓𝑓: effective area

Particle balance equations (in steady state)
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𝐇: 𝐾2𝑛𝐻+𝑛𝑒 + 2𝐾3𝑛𝐻2𝑛𝑒 + 𝐾5𝑛𝐻2𝑛𝑒 + 𝐾7𝑛𝐻2+𝑛𝑒 + 2𝐾8𝑛𝐻2+𝑛𝑒 + 𝐾9𝑛𝐻3+𝑛𝑒 + 2𝐾10𝑛𝐻3+𝑛𝑒
+𝐾11𝑛𝐻2+𝑛𝐻2 + 𝐾13𝑛𝐻+ + 𝐾15𝑛𝐻3+ − 𝐾1𝑛𝐻𝑛𝑒 − 𝐾12𝑛𝐻 = 0

𝐇+: 𝐾1𝑛𝐻𝑛𝑒 + 𝐾5𝑛𝐻2𝑛𝑒 + 2𝐾6𝑛𝐻2+𝑛𝑒 + 𝐾7𝑛𝐻2+𝑛𝑒 + 2𝐾10𝑛𝐻3+𝑛𝑒 − 𝐾2𝑛𝐻+𝑛𝑒 − 𝐾13𝑛𝐻+ = 0

𝐇𝟐
+: 𝐾4𝑛𝐻2𝑛𝑒 − 𝐾6𝑛𝐻2+𝑛𝑒 − 𝐾7𝑛𝐻2+𝑛𝑒 − 𝐾8𝑛𝐻2+𝑛𝑒 − 𝐾11𝑛𝐻2+𝑛𝐻2 − 𝐾14𝑛𝐻2+ = 0

𝐇𝟑
+: 𝐾11𝑛𝐻2+𝑛𝐻2 − 𝐾9𝑛𝐻3+𝑛𝑒 − 𝐾10𝑛𝐻3+𝑛𝑒 − 𝐾15𝑛𝐻3+ = 0

Charge conservation equation

𝑛𝐻+ + 𝑛𝐻2+ + 𝑛𝐻3+ = 𝑛𝑒

Particle conservation equation

𝑛𝐻2 +
1

2
𝑛𝐻 +

1

2
𝑛𝐻+ + 𝑛𝐻2+ +

3

2
𝑛𝐻3+ = 𝑛𝑔 =

𝑝

𝑘𝐵𝑇𝑔

Te and pressure relation

𝐾𝑖𝑧(𝑇𝑒)

𝑢𝐵(𝑇𝑒)
=

1

𝑛𝑔𝑑𝑒𝑓𝑓

𝐾𝑖𝑧(𝑇𝑒): ionization rate constant

𝑢𝐵 𝑇𝑒 = 𝑘𝐵𝑇𝑒/𝑀: Bohm velocity

𝑑𝑒𝑓𝑓 = 𝑉/𝐴𝑒𝑓𝑓: effective plasma size
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𝑛𝑒 = 1 × 1012 𝑐𝑚−3, 𝛾 = 0.1
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

𝑛𝑒 = 1 × 1012 𝑐𝑚−3, 𝑝 = 10 𝑚𝑇𝑜𝑟𝑟

Anode

cathode

cathode

extractor

B-field

Discharge volume: 25 mm(D) X 50 mm(L)

B-field: 400 – 1000 G

Gas: Hydrogen

Operating pressure: 2 – 20 mTorr

Discharge current: 10 – 400 mA
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Discharge current [mA]

𝑝 = 10 𝑚𝑇𝑜𝑟𝑟, 𝛾 = 0.1 𝑛𝑒 = 1 × 1010 𝑐𝑚−3, 𝛾 = 0.1
𝐼𝑑𝑖𝑠𝑐ℎ = 100 ± 10 𝑚𝐴

 Model for the hydrogen ion species fraction

 High plasma density and low operating pressure  increase the monoatomic

fraction

 The hydrogen ion species fraction measurement at a Penning plasma discharge

source

 The model and the measurement agree well

 The measured monoatomic fraction: about 10% or below

 The discharge current and the density of the generated plasma is low  low

monoatomic fraction

 For a monoatomic fraction close to 90%, the plasma density  up to about

1×1013 cm-3 at 10 mTorr

 For high plasma density

 Discharge regime: glow  arc (several amperes of the discharge current)

 New power systems are needed.

 Main fields of proton ion source applications

 Accelerators

 Nuclear fusion / Neutral beam injection for plasma heating or diagnostics

 Neutron generators

 High beam current and high monoatomic fraction is essential.

 Motivation of this research

 molecular ion beam such as H2
+, H3

+
 result in beam loss or reduce the

reaction: high monoatomic beam is an important performance of proton ion

source

 Research objectives

 To establish a model to calculate the ion species fraction of hydrogen plasma

 the change of the ion species fraction according to the plasma parameters &

the direction to increase the monoatomic fraction

 To measure ion species fraction and to compare with the model

• Ion source type: PIG (Penning or Philips Ionization Gauge) ion source

• Measure the ion species fraction: dipole mass analyzing magnet

 To suggest the improvement direction of the ion source
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Structure of PIG ion source

Ion species fraction measurement

PIG

Plasma

source

Solenoid magnet

Vacuum

chamber

View port

Extractor

Beam

extraction

Bending magnet

Faraday cup

An example of ion species data

Measurement vs. Model

(a) by discharge current / plasma density (b) by operating pressure

List of process reactions

Rate constants of volume process reactions

Equations

Modeling results

(a) by plasma density (b) by operating pressure (b) by recombi. coeff.


