
 

 “Е+Е”, vol. 53, 7-8, 2018 189

Control of plasma parameters by Penning ion effect 
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We attempted to control the density of oxygen ions by adding argon gas and helium gas with 

metastable voltage to oxygen gas with ionization voltage, in order to determine the optimum 
combination and ratio of gases for food sterilization. Next, using Pegasus software, we performed a 
simulation of the density distribution of plasma in the apparatus. 

Keywords – density distribution of plasma, density of oxygen ions, food sterilization, Pegasus 
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Introduction 

Mixing gases with metastable levels can cause a 
significant decrease in sparking voltage. This is 
known as the Penning effect. The decrease in spark 
voltage can be attributed to ionization caused by 
collisions between the electrons of the different gases, 
as well as the following phenomenon: 

(1) Metastable atoms are created by collisions 
between electrons and atoms; 

(2) When a metastable atom collides with another 
atom, it gives energy (corresponding to the metastable 
state) to the other atom; 

(3) If the energy of the metastable atom is larger 
than the ionization energy of the other atom when they 
collide, the other atom is ionized. 

Table 1 

Atomic ionization voltage and metastable voltage 

 
 
In addition, plasma generation by the combined 

gases can be used to regulate the ion density of the 
particle species by choosing gases with differing 
ionization voltages. Thus, we can selectively excite or 
ionize specific particle types by carefully selecting the 
gases, the mix ratio and the plasma generation method 
based on the mechanism of the reaction process in the 
plasma. Helium, with a metastable voltage of 19.8 eV, 
is often used because it has a metastable lifespan of 
about 9.0 × 103 s. 

In this study, we added argon (Ar) gas with a 
metastable voltage of 11.7 eV/11.5 eV and helium 

(He) gas with a metastable voltage of 21.0 eV/19.8 
eV to oxygen gas having an ionization voltage of 
13.6 eV in order to control the density of oxygen 
ions (Table 1). We identified the optimum gas 
combination and mixing ratios considered for 
sterilization of food. 

Experimental method 

 

 
Fig. 1. Schematic diagram of experimental apparatus. 

Fig. 1 shows the experimental setup. The chamber 
measured 450 mm (H) × 590 mm (W) × 470 mm (D) 
and was made from stainless steel (SUS). The SUS 
electrode was insulated from the grounded chamber 
and positioned in the center of the chamber. The high-
pressure pulse modulator (manufactured by Kurita 
Manufacturing Co., Ltd.) used in the study has a 
repetition frequency of up to 1,000 pps with maximum 
capacity of approximately 8 A. It is capable of 
irradiating the target with a pulse width of 2 – 500 µs 
at negative pulse voltage of up to 30 kV. We used 
oxygen gas and He gas (99.9998%). Both gases were 

Element Ionization voltage [eV] Major metastable voltage [ev]

He 24.6 19.8         21.0

Ar 15.8 11.5         11.7
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exhausted to a pressure of about 10 Pa in the chamber 
before injecting oxygen gas to a pressure of 1 kPa. 
This was repeated three times to reduce  impurities in 
the chamber to less than 10-6

. Next, the chamber was 
filled with He gas at partial pressure ratios of 0%, 
10%, 30% and 50%. The partial pressure ratios were 
based on the corrected Pirani vacuum gauge reading 
for the particular gas. 

Result 

Fig. 2 and Fig. 3 show the impact of Ar gas and He 
gas with current waveform on the initial voltage of 6 
kV. 

 
Fig. 2. Ar addition rate dependence. 

 
Fig. 3. He addition rate dependence. 

From Fig. 2, we see that maximum current is 
attained at an Ar gas addition rate of 10%; the current 
amount is approximately equal at the 0% and 30%, 
and lower at 50% than at 0%. This is because at 10% 
there is an ion excitation effect (the Penning ion 
effect), whereas at higher rates, Ar gas has a larger 
excitation energy than oxygen. This is thought to be 
because it works as a diluent gas and reduces the total 
number of ions. In addition, as the current increases 
due to the addition of Ar gas with a metastable voltage 

of 11.7 eV, collision ionization may occur due to 
collision between metastable atoms. 

From Fig. 3, we see that maximum current occurs 
at the He gas of 10%. Once again, current is largely 
equal at 0% and 30%, and lower at 50% than at 0%. 
This is because at 10% there is an ion excitation effect 
(the Penning ion effect), whereas He gas oxidizes at 
higher rates since it has a larger excitation energy than 
oxygen. This is thought to be because it works as a 
diluent gas and reduces the total number of ions. 

Comparing Fig. 2 and Fig. 3, we see that the 
current is approximately 0.5 A lower for He gas at 
50% compared to Ar gas at 50%. Fig. 3 shows current 
waveforms when 6 kV is applied to Ar gas and He 
gas. 

 
Fig. 4. Gas type dependence of current waveform. 

Fig. 4 shows current of approximately 1 A from 6 
kV in the presence of Ar gas but virtually no current 
for He gas. This suggests that Ar gas should be used 
in cases where more oxygen ions are required (such as 
in food sterilization), while He gas should be used 
when the main priority is regulation of oxygen ions. 

Fig. 5 and Fig. 6 show the average amount of 
current at time 2.5 – 6.3 µs. 

 
Fig. 5. Dependence of the average current on the Ar 

addition rate. 
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Fig. 6. Dependence of the average current on the He 

addition rate. 

Fig.  5 and Fig. 6 provide quantitative evidence of 
an increase in current when both Ar and He gases are 
added at a rate of 10%. 

Ion density calculation 

Ion density in the ion sheath was calculated. 
In this study we used oxygen-helium and oxygen-

argon gas combinations. We used the ion density 
calculation method with the value corresponding to 
the mixing ratio corrected to the mass m (kg) of the 
ion type. Assuming that the mixed gas is an ideal 
mixed system, the partial pressure is assumed to be 
equal to the mol fraction of the mixed gas. As a result, 
the mass mmix (kg) of the ion species of the mixed gas 
is determined by the mass m1 and m2 (kg) of each ion 
species and the mixing ratio α (%). 

(1)   ���� = �� × (1 − � × 100) +�� × � × 100 

When the total ion density ni is obtained using this 
value, the oxygen ion density no is: 

(2)   �� = ��(1 − � × 100) 

Fig. 7 and Fig. 8 show the oxygen ion density in 
the mixed gas. 

 
Fig. 7. Dependence of oxygen ion density in mixed gas on 

Ar addition rate. 

From Fig. 7, we can see that maximum oxygen ion 
density is attained at an Ar gas rate of 10%. The 
oxygen ion concentration decreases as the rate 
increases to 30% and 50%. This is because at 10%, 
oxygen ion excitation (the Penning ion effect) 
outweighs the diluting effect of Ar gas, whereas at 
higher gas rates the diluting effect is more prominent. 

 
Fig. 8. Dependence of oxygen ion density on He addition 

rate in mixed gas. 

From Fig. 8 we see that oxygen ion density peaks 
at an He gas rate of 10% and decreases as the addition 
rate rises to 30% and 50%. This is because at 10%, 
oxygen ion excitation (the Penning ion effect) 
outweighs the diluting effect of He gas, whereas at 
higher gas rates the diluting effect is more prominent. 

Ion density is slightly higher in Fig.  8 compared to 
Fig. 7. This is because in the O2-Ar reaction, oxygen 
does not reach the ionization voltage unless the 
metastable states collide with one another, whereas in 
the O2-He reaction, the metastable voltage of He is 
higher than the ionization voltage of oxygen. 

Simulation 

Simulations were conducted using Pegasus 
software developed by PEGASUS Software Inc., for 
plasma analysis and dilute gas analysis. 

The calculation method employed a plasma PIC 
Monte Carlo collision module (PIC-MCCM). In PIC-
MCCM, both ion and electron are treated as particle 
models for the purpose of calculating the density 
distribution of plasma within the test apparatus as well 
as the density distribution of non-equilibrium low 
temperature plasma in semiconductor manufacturing 
equipment and sputtering equipment, for example. 
PIC-MCCM is thus a module for analyzing behaviors. 

Given that the Pegasus database does not provide 
data on Penning’s ionization reaction for He in 
metastable state, we performed the calculations in a 
one-dimensional system using Ar gas with RF voltage 
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is applied to the electrodes. This is equivalent to 
calculating the plasma distribution between the 
electrodes in an infinitely wide parallel plate type 
CCP apparatus (Fig. 9 – 11). 

 
Fig. 9. e(-) density distribution [/m3]. 

 

 
Fig. 10. e(-) temperature distribution [eV]. 

 
Fig. 11. e(-) time density history. 

Conclusions 

In the PBII method, self-igniting plasma was 

generated, and from the measured current voltage 
waveform, we observed the plasma status in terms of 
the Penning ion effect. 

In the PBII method, using Ar gas or He gas in 
place of oxygen gas generated the Penning effect and 
stimulated ion excitation with Ar and He gas at 
approximately 10%. We concluded that Ar gas should 
be used in cases where more oxygen ions are required 
(such as in food sterilization), while He gas should be 
used as the additive gas when the main priority is 
regulation of oxygen ions. 

With regards to food sterilization, further research 
is needed into the quantity and controllability of 
oxygen ions. 

The Pegasus simulations provided useful 
information into reducing experimental and prototype 
costs along with insights into phenomena that are 
difficult to quantify. The authors hope to perform 
more simulations in future using a variety of different 
calculation methods, with a view to gaining a better 
understanding of physical phenomena through 
quantification and visualization of quantities as well 
as developing virtual experimentation techniques in 
the future. Ultimately it should be possible to simulate 
the He Penning ionization reaction by generating 
electron collision cross section data for metastable 
excited atoms and adding this to the Pegasus database 
together with Penning ionization reaction formulae. 
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