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Abstract.

This report presents both the results of experimental investigation of the features of sterilization by plasma DC glow discharge: a) dependencies of the efficiency of plasma sterilization on discharge parameters; b) ratio between main sterilization factors (charged particles, neutral chemical active particles and ultraviolet (UV) radiation), and the results of numerical simulation of component composition.

1. Introduction.

The large amount of thermo-labile instruments and materials requiring cold methods of sterilization are used in modern medical practice. Till now the sterilization of such articles was produced by toxic gases – pure ethylene oxide or mixture of ethylene oxide with fluorchlorcarbons. This method requires long (up to 24 hours) aeration of processed articles and, what is more important, is very dangerous both for servicing personnel health and for environment. Now one of the most serious alternatives for the gas sterilization is the use of  gas discharge plasma as sterilization agent. The main advantage of plasma method consists in the fact that plasma as chemical active environment arise during excitation, dissociation and ionization of any gas or vapor agent, which need not to be toxic. Moreover, such active particles exist only during the discharge glowing and disappear practically immediately after its turning off. These two circumstances completely solve the problem of safety and ecology. Despite of the fact that idea of gas discharge plasma usage for sterilization of medical articles was proposed as early as in 60s, till now there are none investigation, which would allow estimation of the efficiency and application range of the method. Some aspects of this complicated problem were studied in [1-5].

The present article describes both experimental ant theoretical investigation of physical processes in plasma of gas discharge at low pressure, which determine the efficiency of plasma sterilization factors. The results of medical-biological tests are also presented in this paper. Obtained results give answers to  the questions about efficiency and application range of the plasma method in cases of using the gases of the most practical interest: air, oxygen, hydrogen, carbonic dioxide, nitrogen, argon.

2. Technical details
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2.1. Experimental technique. Investigations have been performed at the plasma sterilizer setup with chamber volume of 25(40 liters, which was evacuated by a forepump down to [image: image6.wmf]0,05
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residual pressure 10-3 Torr. Air, oxygen, argon, nitrogen, carbon dioxide, hydrogen and [image: image7.wmf]0
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their mixtures were used as working gases. Pressure of the gas was established by means of feeding valves in range 0.05(0.2 Torr. Measurements of plasma density and electron energy distribution function (EEDF) were performed by single and dual Langmuire probes. It is determined that in working range of pressure the plasma concentration is practically independent on pressure and is determined by density of power introduced into the discharge Wd. At change of Wd in the range 0.003(0.03 W/cc the plasma density grows practically linearly from 7(108 to 6(109 cm-3. Measurements of EEDF were carried out for discharges on oxygen, air and nitrogen with the help of modified method described in [6]. In oxygen and air the dependence of EEDF on energy had monotonous character. In nitrogen under some discharge regimes EEDF exhibited a hole at energy between 2(4 eV due to vibrational excitation of N2 molecular levels (see curve 1, fig.1). Measurements of stationary electric field in the plasma have shown that at typical discharge regimes (p=0.1(0.2 Torr, Wd=0.003(0.01 W/cc) the field strength is ( 0.1(1.0 V/cm. Metallic and glass Petri dishes with  internal surface of ~ 10 cm2 were used as test objects. The majority of studies has been performed using spores Bac. subtilis as the strain which is most resistant to sterilizing action of plasma. During the preparation of test objects, spores suspension was deposited homogeneously onto internal surface of Petri dishes. After 24 hours since the sterilization accomplishing the direct seeding was performed onto nutrient media. Test objects were incubated for 48(72 hours and colony count was then performed. After that survival curves (dependencies of the number of viable microorganisms on sterilization time) were created. As a measure of sterilization [image: image8.wmf]0
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efficiency sterilization time TSAL sufficient for reaching 10‑6 sterility assurance level (SAL) was taken.

2.2. Experimental results. In earlier papers of the authors [4,5] devoted to investigation of principal sterilization mechanisms in plasma of glowing discharge were determined that: 1) Sterilization time is practically independent on gas pressure in the range (8(10‑2(25(10-2 Torr) for all kinds of gases, but decreases with increase of discharge specific power (see fig.2). (Each point in graph represents average results of counting for 12 test objects). I.e. for all gases the sterilization efficiency is determined by plasma density. 2) The most efficient sterilization agent is oxygen, then followed by air, carbon dioxide, hydrogen, argon, nitrogen. 3) Charged particles of the plasma do not play essential role in plasma sterilization and thus principle sterilizing agents of the gas discharge plasma are ultraviolet radiation and active electrically neutral particles.

For determining of relative contribution of ultraviolet radiation in sterilizing features of the plasma the experiments have been performed in which one group of test objects was sterilized in plasma in opened mode, and another group – under the filters of lithium fluorine (LiF) or quartz glass KU-1 of 3 mm thickness. Sterilization of the first group of test objects was performed with action of all factors of the plasma, whereas the second group was affected only by UV radiation with wavelength ((120 nm in case of LiF filter and ((160 nm in case of quartz filter. Fig.3 exhibits the dependencies of a number of survived microorganisms on a time of plasma action, obtained by colony count technique with the use of air, oxygen and nitrogen as working gas. One can see that survival curves for the spores both placed immediately in the plasma, and separated by the filter of KU-1 are practically identical. Similar results were received for all utilized range of pressure and specific power Wd for all working gases with KU-1 as well as LiF. That is, one can state that sterilization of opened surfaces is determined mainly by ultraviolet radiation of the plasma. Measurements have shown, that major portion of UV radiation of air plasma is generated in wavelength range 160
[image: image1.wmf]¸

220 nm. It should be noted that efficacy of the sterilization by plasma UV radiation
[image: image2.wmf]is much higher than that in the case of mercury lamp UV radiation. As it follows from fig.4, in the case of mercury lamp essentially stronger radiation power is required for the same sterilizing effect.
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As it follows unambiguously from given data, UV radiation of the plasma determines the sterilization of opened surfaces. However, since the plasma can’t penetrate far inside small holes, the sterilization time for the articles with complex shape will be determined by less essential factors - electrically neutral active particles of the plasma. For determining relative contribution of this factor in the overall sterilizing features of the plasma the technique has been developed which enabled extraction of the role of electrically neutral particles from the background provided by more efficient action of UV radiation. For comparison of the efficacy of the sterilization by plasma UV radiation and plasma electrically neutral active species appropriate survival curves for the cases of air and oxygen use are presented on fig.5. One can see that in the case of oxygen the sterilization time due to active species is just 2 time more than that due to UV radiation. In the case of air these time differ more essentially (by factor 5‑6).

3. Numerical simulation
As one can see from the above experiments, UV radiation plays the main role in the sterilization of opened surfaces. Charged particles do not participate in the sterilization (it will be shown later, that the plasma flow on the sterilized surface is significantly lower than the flow of UV photons and the flow of chemically active particles).

In the case of complex form cavities, neutral particles represent the main sterilization factor. They are atomic oxygen, ozone, exited atoms and molecules in oxygen environment, and exited atoms and molecules of nitrogen in nitrogen environment. For concretizing the concept of active particles and also for determining quantitative and qualitative composition of the plasma, the numerical simulation of glowing discharge in oxygen and nitrogen environment under condition of plasma sterilizer operation was carried out.

In the numerical simulation we proceed from the system of kinetic equations for neutral and charged components of mixture:
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Here the first term in right part describes processes linear on component concentration Ni, the second – pair collisions, and so on. The rate constants kej for pair collisions with electrons were taken from solution of Boltsman equation [7] solved together with the kinetic equations system by numerical method used and approved earlier in papers [8,9]. The solutions were found in assumptions of homogenous distribution of all plasma components. The scheme of kinetic processes was analogous to that in [10,11].

It was assumed, that gas ionization in the sterilizer was due to fast electron beam with energy ~450 eV, since the measurement of potential in glowing discharge showed that nearly all discharge voltage ~450V fell in cathode sheath with thickness ~1 cm. Electric field in the main discharge region was almost homogeneous and had the strength ~0.1 V/cm under pressure ~0.1 Torr, that provided drift character of electron leaving from the volume to the anode. The loss of electrons due to the electron recombination was not important in the electron balance. When UV radiation was calculated, the only transitions from the low resonance state to vibrational exited levels of the main state were taken into account. These are the Liman-Berge-Golfild bands in case of nitrogen.

4. Numerical simulation results and comparison with experiments

Fig.1 represents typical shape of EEDF for oxygen and nitrogen environments (curves 2 and 3). EEDF in nitrogen environment  has a hole (
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) at the energy 2(4 eV which is caused by the vibrational excitement of N2 molecules. The presence of the hole region is confirmed by the experimental investigations (see curve 1).  In oxygen environment EEDF has monotonous character, since the value of vibrational excitation cross-section for O2 molecules is smaller than that for N2, and due to cutting off the electron distribution function on the electron excitement of О2(1g) which has low threshold energy. It is also confirmed in the experiments.

Fig.6 and 7 represent the dependencies of main plasma component concentrations on pressure for nitrogen and oxygen environments. From fig.6 one can see that the concentrations of the primary products of electron-molecule reactions (concentrations of plasma, atomic nitrogen and oxygen, exited molecules of N2 and O2) are practically independent on pressure. It corresponds to experimental fact of the absence of plasma concentration dependence on pressure. It is explained by increase of cutting off electron distribution function tail at energy of dissociation, excitation and ionization. The rate constants kej for dissociation, excitation and ionization decrease inversely to gas concentration. The full rates of the appropriate plasma components determined by the product kej(N(N2,O2) remain at that practically constant.
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It should be noted that concentrations of such chemically active components as atomic oxygen and exited molecules of oxygen О2(1g) rich rather big values ~1012 cm-3. Significantly higher concentration of О2(1g) in comparison with N2* (the difference is three orders) is due to low excitation energy ( = 0.95 eV) of 1g state in oxygen. The concentrations of secondary products of electron-molecule reactions (fig.7), including concentration of UV photons N(((1) and N(((1), are small (~103 cm‑3). But it is necessary to take into account, that the time of sterilization is determined not by concentrations, but also by flow of corresponding chemically active components on the surface, their penetrating ability and their influence on the spores. The flow of UV photons ( N(((1,((2)(c ) has value of 3(1013 cm‑2c‑1, that is more than one order higher than the plasma flow ( ~1012 cm‑2s‑1 ) due to low rate of ambipolar diffusion of plasma. The calculated values for UV photons flow and plasma concentration are in good agreement with experimental results. The flows of atomic oxygen and molecules О2(1g), O2(b1g+) have the highest values among neutral active particles (~1015(1016 cm-2s-1) due to their big concentrations. Regarding ozone, as one can see from fig.7, its concentration (unlike other neutral component concentrations) increases with pressure. Since the sterilization efficiency does not depend on pressure, one can unambiguously assert that ozone does not play any significant role in the sterilization of opened surfaces of the articles. It is apparently related with its low concentration (~107 cm‑3) and, correspondingly, with low flow (~1011 cm‑2s‑1).

In conclusion to this section we want to emphasize, that on the basis of the facts shown above the main active particles which determine sterilization in oxygen and air environments are atomic oxygen and exited molecules О2(1g), O2(b1g+), in spite of presence of big amount of other chemically active particles in the glowing discharge at low pressure. First of all it  follows from comparison of concentrations and flows of separate plasma components, and also from their dependencies on pressure and discharge current. The concentrations of chemically active particles in N2 environment are lower than in O2, that may cause increase in the sterilization time in nitrogen compared to oxygen.

5. Conclusions

On the basis of experimental results and theoretical calculation one can make the following conclusions:

1. UV radiation of the plasma with wavelength in range 160(220 nm plays main role in plasma sterilization of opened surfaces.

2. Efficiency of sterilization by plasma UV radiation is significantly higher than that in case of conventional medical sources of UV radiation.

3. The sterilization of articles with complex shape, in general, is determined by the impact of electrically neutral chemically active particles of plasma.

4. With the use of air and oxygen as working environment, the time of sterilization of opened surfaces by electrically neutral chemically active plasma particles is 2(6 times longer than that in case of UV radiation impact.

5. The results of numerical calculations show that oxygen atoms and oxygen molecules excited to states with energy 0.98 eV and 1.64 eV have the highest concentrations in  the “oxygen” plasma.

6. Calculated values of plasma concentration, electron energy distribution function, density of UV radiation flow and dependencies of sterilizing components concentrations on discharge parameters are in good agreement with experimental results.

This work was supported by STCU grant N 57.
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Fig.1 Typical forms of EDF: 1 � calculated for oxygen; 2 � calculated for nitrogen; 3 � experimental for nitrogen.
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Fig.6. Dependencies of plasma component concentrations on pressure: dashed lines for nitrogen (( - ne(108; ( - N(N2*)(2(109; ( - N(N)(1012); solid lines for oxygen ((( - ne(108; ( -N(O)(1012; (- N(O2(1g))(1011; ( - N(O2(b1g+)(1010; ( - N(O2*)(108).�
�
Fig.7. Dependencies of plasma component concentrations on pressure: dashed lines for nitrogen (( - N(N+)(104; ( - N(N*)(100; ( - N(((1); ( - N(((2)(103); solid lines for oxygen ((( - N(O3)(106; ( - N(O+)(106; ( - N(O�)(106; ( - N(((3)(103).�
�
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Fig.4. Survival curves for spores Bac. subtilis obtained by plate count method for sterilization by UV radiation from different sources. Initial population – 107 spores. 1 – plasma UV radiation (power density – 0.1 mW/cm2), 2 –mercury lamp UV radiation (power density –1.5 mW/cm2).�
�
Fig.5. Survival curves for spores Bac. subtilis obtained by plate count method for sterilization by UV radiation of plasma and by electrically neutral active particles of plasma. Initial population – 107  spores, P=0.2 Torr, Wd=0.003 W/cc. Open symbols – sterilization by UV radiation, solid symbols – sterilization by electrically neutral active particles. 1- oxygen; 2 – air.�
�
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Fig.2. Dependencies of TSAL on specific power Wd introduced into plasma for different pressure of air. Initial population – 107 spores Bac. subtilis. Open symbols – 0.08 Torr, solid symbols – 0.2 Torr.�
�
Fig.3. Survival curves for spores Bac. subtilis obtained by plate count method for sterilization by plasma UV radiation and by all factors of plasma. Initial population – 107 spores, P=0.2 Torr, Wd=0.003 W/cm2.


Working gas: 1 – oxygen, 2 – air, 3 – nitrogen


Open symbols – test sample under UV filter KU-1, solid symbols – test samples open.�
�
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Fig.1 Typical forms of EEDF: 1 � experimental for nitrogen; 2 � calculated for oxygen; 3 � calculated for nitrogen.





Fig.1 Typical forms of EDF: 1 � calculated for nitrogen; 2 � calculated for oxygen; 3 � experimental for nitrogen.
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