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In order to diagnose electron temperature (Te) and electron density (ne) of deuterium plasma, spectroscopic method (line intensity ratio) based on collisional-radiative method was 
selected. CR-model based atomic process are configured and some molecular process of the dissociative excitation, mutual neutralization and dissociative recombination process for the 
low temperature were included in CR-model. Optical emission spectrum was measured by a monochromator (Czerny-Turner type, spectral resolution 0.313nm) and all of optical 
system including monochromator was calibrated with quartz halogen lamp. The transition lines of Balmer series (Balmer-α : n=3→n=2, 656.101nm, Balmer-β : n=4→n=2, 486.000nm, 
Balmer-γ : n=5→n=2, 433.928nm) were selected to diagnose the Te and ne of deuterium plasma. The diagnosed results by line intensity ratio were compared with electric probe 
diagnosis. 
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Collisional-Radiative(CR) Model 

𝑑𝑑(𝑝)
𝑑𝑑

= − �𝐶 𝑝, 𝑞 𝑛𝑒 + �𝐴 𝑝, 𝑞
𝑞<𝑝𝑞≠𝑝

𝑛 𝑝 + 𝑆 𝑝 𝑛𝑒𝑛 𝑝 + �𝐶 𝑞, 𝑝 𝑛𝑒 + �𝐴 𝑞, 𝑝
𝑞>𝑝𝑞≠𝑝

𝑛 𝑞  

Rate equation for excited states of atom with molecular processes 

Atomic processes 
1. spontaneous emission (A) 𝑫 𝒑 → 𝑫 𝒒 + 𝒉𝝂 

2. excitation/de-excitation by electron collision (C) 𝑯 𝒑 + 𝒆− → 𝑯 𝒒 + 𝒆− 
3. ionization by electron collision (S) 𝑯 𝒑 + 𝒆− → 𝑯+ 𝒒 + 𝒆− + 𝒆− 
4. three-body recombination by electron collision (α) 𝑯+ + 𝒆− + 𝒆− → 𝑯 𝒑 + 𝒆− 
5. radiative recombination by electron collision (β) 𝑯+ + 𝒆− → 𝑯 𝒑 + 𝒉𝝂 

Molecular processes 

+ 𝛼 𝑝 𝑛𝑒 + 𝛽(𝑝) 𝑛𝑒𝑛𝑖 + 𝛾 𝑝 𝑛𝑒𝑛𝐻2 + 𝛿1(𝑝)𝑛𝑖𝑛𝐻−+𝛿2 𝑝 𝑛𝐻2+𝑛𝐻− + 𝜀(𝑝)𝑛𝐻3+𝑛𝑒 

de-populating 

populating 

atomic 

Assume QSS(Quasi-Steady State) → 𝑑𝑑(𝑝)
𝑑𝑑

= 0 (𝑓𝑓𝑓 𝑝 ≠ 1) 

𝑛 𝑝 =  𝑟0𝑛𝑒𝑛𝐷+ + 𝑟1𝑛𝑒𝑛 1 + 𝑟2𝑛𝑒𝑛𝐷2 + 𝑟3𝑛𝐷+𝑛𝐷− + 𝑟4𝑛𝐷2+𝑛𝐷− + 𝑟5𝑛𝐷3+𝑛𝑒 

𝑟 : population coefficient 
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𝑋𝑝𝑝 = − � 𝐶 𝑝, 𝑞 𝑛𝑒 + 𝐴(𝑝, 𝑞) + 𝑆 𝑝 𝑛𝑒
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=  𝐶 𝑞 + 1, 𝑝 + 1 𝑛𝑒 

=  𝐶 𝑞 + 1, 𝑝 + 1 𝑛𝑒 + 𝐴(𝑞 + 1, 𝑝 + 1) 

for 𝑝 = 𝑞 

for 𝑝 < 𝑞 

for 𝑝 > 𝑞 

Contribution of each process to the population of excited states 

• The most influent process was mutual neutralization. 
• Population density of n=3 state was the most increased 

by mutual neutralization (Balmer-α line intensity will 
be increased). 

Conditions (U. Fantz et al, New J. Phys. 8, 301 (2006)) 
𝑛𝑎𝑎𝑎𝑎 = 1 × 1019 𝑚−3  
𝑛𝐻+ = 5 × 1017𝑚−3 ,   𝑛𝐻− = 5 × 1016𝑚−3   
𝑛𝐻2 = 5 × 1019𝑚−3 ,    𝑛𝐻2+ = 1 × 1016𝑚−3 ,   𝑛𝐻3+ = 1 × 1015𝑚−3  
𝑛𝑒 = 5 × 1017𝑚−3 ,   𝑇𝑒 = 3𝑒𝑒  

Spectrum measurement and Balmer line intensity ratio 

𝐼𝑝𝑝 =
1

4𝜋
ℎ𝜈𝐴𝑝𝑝𝑛 𝑝 𝑉Ω 

ℎ       : Planck constant 
𝜈       : frequency of emitted light 
𝐴𝑝𝑝   : radiative decay rate 
𝑛(𝑝) : exited state atom density 
𝑉      : measurement volume(defined by optics) 
Ω      : measurement solid angle(defined by optics) 

Observed radiation intensity 

Intensity ratio of deuterium Balmer line 
𝐼𝛽
𝐼𝛼

=
𝜈𝛽𝐴𝛽𝑛(4)
𝜈𝛼𝐴𝛼𝑛(3)

 and 
𝐼𝛾
𝐼𝛼

=
𝜈𝛾𝐴𝛾𝑛(5)
𝜈𝛼𝐴𝛼𝑛(3)

 
𝜈𝛼: 456.942 𝑇𝑇𝑇 
𝜈𝛽: 616.872 𝑇𝑇𝑇 
𝜈𝛾: 690.898 𝑇𝑇𝑇 

𝐴𝛼: 4.41010 × 107 𝑠−1 
𝐴𝛽: 0.84193 × 107 𝑠−1 
𝐴𝛾: 0.25304 × 107 𝑠−1 ( ( 

𝐷𝛼 𝐷𝛽 𝐷𝛾 

Calculated intensity ratio 

𝐼𝐷𝛽
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Atomic processes Atomic and molecular processes 

Typical deuterium spectrum of low temperature plasma in visible range 
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Adj. R-Square 0.99857
Value Standard Error

B y0 1008.0636 205.34403
B xc 653.42486 0.00305
B w 0.47374 0.00793
B A 34676.06284 494.86084
B sigma 0.23687
B FWHM 0.55778
B Height 58402.51981
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Adj. R-Square 0.98479
Value Standard Error

B y0 1982.85222 83.95161
B xc 483.86561 0.01075
B w 0.47596 0.02427
B A 4021.85981 191.90222
B sigma 0.23798
B FWHM 0.5604
B Height 6742.15882
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)

Adj. R-Square 0.91564
Value Standard Error

B y0 1895.72812 42.84745
B xc 431.84426 0.03007
B w 0.50387 0.06823
B A 640.39416 87.86605
B sigma 0.25194
B FWHM 0.59326
B Height 1014.0694
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Balmer-α Balmer-β Balmer-γ 

Plasma diagnostics 
Filament (thermal electron source) chamber 
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Thermal electron Acceleration by discharge
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Gas Out

Thermal electron – Gas Collision : 
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𝑰𝑫𝜷 𝑰𝑫𝜶⁄  Atomic A+M 
𝑛𝑒 = 1015 𝑚−3 
𝑛𝑒 = 1016 𝑚−3 
𝑛𝑒 = 1017 𝑚−3 
𝑛𝑒 = 1018 𝑚−3 

measured intensity ratio – 0.11~0.13 

• 𝐷𝛾 peak was too small to distinguish signal with noise. 
• Electron temperature 𝑇𝑒  was not diagnosed using atomic CR model. 
• 𝑇𝑒 was diagnosed to ~1 eV by using CR model included molecular processes (electric probe - 1.24±0.09 eV). 

Hollow Cathode Discharge Chamber 

Results 
• We diagnosed electron temperature more precisely by using CR model included molecular processes. 
• In order to diagnose the plasma parameters more precisely, we will improve accuracy of the CR-model by 

concerning radiation trapping effect and another process. 

Fulcher-α 
band 

• Because of Balmer-α line intensity increase by mutual neutralization, intensity ratios were depressed at low electron 
temperature 

600 V / 1A

anode(Cu)

cathode(Al)

A

R.K.Janev, JUEL-4105 (2003) 

W.L.Wiese & J. R. Fuhr, J. Phys. Chem. Ref, Data, 38, 565 (2009) 

1. dissociative excitation (γ) 𝑯𝟐 + 𝒆− → 𝑯 𝒑 + 𝑯 𝟏 + 𝒆− 
T.Fujimoto et. al, J. Appl. Phys. 66, 2315 (1989) 

2. mutual neutralization type 1 (𝛿1) 𝑯+ + 𝑯− → 𝑯 𝒑 + 𝑯 𝟏  
M.Stenrup, Phys. Rev. A79, 012713 (2009) 

3. mutual neutralization type 2 (𝛿2) 𝑯𝟐
+ + 𝑯− → 𝑯 𝒑 + 𝑯𝟐 

M.J.J.Eerden, Phys. Rev. A51, 3362 (1995) 
4. dissociative recombination (ε) 𝑯𝟑

+ + 𝒆− → 𝑯 𝒑 + 𝑯𝟐 
M. Larsson et al, Phys. Rev. Lett. 70, 430 (1993) 

𝑰𝑫𝜷 𝑰𝑫𝜶⁄  Atomic A+M 
𝑛𝑒 = 1015 𝑚−3 
𝑛𝑒 = 1016 𝑚−3 
𝑛𝑒 = 1017 𝑚−3 
𝑛𝑒 = 1018 𝑚−3 

measured intensity ratio 
– 0.16±0.004 

Atomic A+M 𝑰𝑫𝜸 𝑰𝑫𝜶⁄  

measured intensity ratio 
– 0.078±0.003 

• Electron temperature was diagnosed to ~2 eV by using CR model included molecular processes (electric probe - 
3.18±0.5 eV). 

molecular 
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