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ABSTRACT 

Conventional methodsofsterilization have their shortcomings and limitations. The 

methods used have recently raised public controversies concerning their environmental 

effects and other health issues. In an attempt to eliminate these drawbacks, new 

approaches based on different technologies are being investigated by researchers the 

world over. Among the approaches, plasma-aided processing is perhaps the most 

promising. This dissertation describes a novel enhanced corona discharge for 

sterilization. Reducing or avoiding the attachment ofelectrons to the oxygen molecules 

will enhance corona discharge at atmospheric pressure and ambient room temperature. 

Such enhancement has been achieved by replacing the air aroimd the limited corona 

points with non-electronegative gases such as argon, helium, and nitrogen. Three 

configurations ofelectrode are constructed or designed for the purpose and an enhanced 

corona disch^ge sterilization apparatus is developed. By biasing a parallel pair of 

electrodes positively and negatively,two species ofions are created. The two streams of 

ions migrate into the bulk plasma,overcoming density limitation that usually occurs in a 

single-species corona discharge.Plasma characteristics such as the I-V relationship,local 

ion density, the spatial ion density profiles and ozone productions are analyzed. Plasma 

ion densities ofthe enhanced corona discharge have reached the order of10*'ion/cm^. In 

the sterilization tests, preliminary results indicate that the atmospheric pressure enhanced 

corona discharge is effective in sterilizing surfeces contaminated with microorganisms 

such as Escherichia coli and Bacillus subtilis cells. The bi-phasic killing curves reveal 

two differentD values,a fester 29 seconds followed by a slower 104 seconds for E. coli. 
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For B. subtilis, the values are 30 seconds and 485 seconds respectively. A 4.8 and 1.5 

minutes ofexposure times have resulted in a 6-log and 3-log reduction oiE. coli and B. 

subtilis populations respectively. The antimicrobial mechanism ofthe enhanced corona 

discharge is not investigated but it is believed that charged particles, active free radicals, 

and radiation produced by the discharge have played a major role in the sterilization 

process. Though the sterilization tests on E. coli and B. subtilis are preUminary, the 

results are encouraging to merit a morethorough investigation inthe future. 
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CHAPTER1 

INTRODUCTION 

1.1 The need for new methods ofsterilization 

The principles and practice ofmethods used for killing, disinfecting, or sterilizing 

microorganisms to assist in the prevention of infectious disease are one of the main 

concerns ofthe medical/health science cormmmity as well as the food science industry. 

The primary methods of sterilization currently in use include dry heat, saturated steam, 
< 

gaseous chemicals,ionizing irradiation, and ultraviolet radiation,whereas the methods of 

disinfection include filtration and chemical disinfectants[1.1,1.2].The available methods 

must deal with various problems or failures asshown in Table 1.1. 

Though effective in the killing of the microorganisms, each of the conventional 

methods has its limited usage, as it cannot kill a wide range of microorganisms. The 

method used may have some inadvertent effects on the materials treated [1.3]. Dry heat 

sterilization, for example, causes destruction to materials that are thermally sensitive 

[1.4]. Saturated steam sterilization, commonly known as autoclaving ', can damage the 

materials due to the moisture content in the steam [1.5]. Long processing cycles have 

tended to make some ofthe methods obsolete, as they can no longer meet today's needs 

and demands. As for regulation compliance, it is becoming harder for conventional 

methods to comply with the increasingly stringentfederal,state,or even the local level of 

'An autoclave is a vessel fitted with a self-closing door,not descriptive ofmodem steam sterilizers but 
continued usage is still in practice. 



Table 1.1. Common failures ofthe conventional methods ofsterilization. 

Failure 

1. Limitation 

2.Inadvertent Consequence 

3.Obsolete 

4.Regulation Compliance 

5.Public Relation 

6. Costs 

Explanation 

Each method has its limited usage. 

May be detrimental to the materials 
treated. 

Inadequate in meeting today's 
health care/sterilization needs or 

demands. 

Becoming harder and harder to 
comply with the increasingly 
stringentfederal,state or local level 
ofregulations or standards. 

Environmental unfriendliness. 

Notcost effective in the eyes ofthe 
health care managementteams. 



regulations or standards. And as if this is not enough, public relations are another 

concern; the methods have recently raised public controversies concerning their 

environmental effects and other health issues [1.6]. Thus, the formation of toxic by 

products has made gaseous chemicals sterilization (chiefly ethylene oxide) undesirable 

[1.7, 1.8], whereas stringent safety regulation and the expensive capital equipment cost 

are the problems encountered by sterilization via ionizing radiation [1.9]. Under 

tightening budgets, health care management teams feel that the present methods of 

sterilization are not cost effective enough[1.10]. There is therefore a trend oflooking for 

new methodsofsterilization. 

1.2 Why plasma-aided processing for sterilization 

One may perhaps look no further than the plasma-aided processing as a potentially 

promising new method of sterilization. A plasma is a partially or fully ionized gas 

containing electrons, ions, and neutral gas atoms or molecules. Plasma science is the 

study ofthe collective interactions ofthese electrically charged particles with each other 

or neutral gas atoms and molecules in electric and magnetic fields[1.11]. 

For the last two decades, the applications ofthejust-mentioned plasma science for 

industrial processing and manufacturing had been quite successful and diverse [1.12, 

1.13]. Today,the applications continue to grow at an encouraging pace. As a matter of 

fact, plasma processing of material is of vital importance to several of the largest 

manufacturing industries in the world [1.12]. Foremost among these industries is the 

electronics industry, in which plasma-hased processes are indispensable for the 

manufacturing of very large-scale integrated (VLSI) and ultra large-scale integrated 
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(ULSI) microelectronic circuits (or chips). Plasma processing of materials is also a 

critical technology in the aerospace, automobiles, steel, biomedicine, paper, textile, and 

toxic-waste management industry [1.13]. Today, the success of the application of the 

plasma-aided manufacturing to semiconductor fabrication continues to marvel a lot of 

researchers as the sizes of semiconductor structures continue to shrink [1.14]. In the 

situation such as the etching offine structure ofsemiconductor devices as shovm in Table 

1.2[1.15],it was,and is expected to be,the only way to achieve the needed result[1.14]. 

Ifone considers the sizes ofmicroorganisms shown in Table 1.3 [1.16], one cannot help 

but notices that they are quite comparable to that ofthe semiconductor structures shovm 

in Table 1.2. Despite the fact that a microorganism is a biological entity while a 

semiconductor is a physical structure, one may wonder if plasma-aided processing can 

also be applied effectively to the sterilization of microorganisms in the microscopic 

world. As a matter offact, Chau at al suggested that the dry plasma sterilization process 

is similar to plasma etching [1.17]. One may thus ponder the wonders of this 

nonequilibrium, low temperature plasma-aided processing. The processing produces 

abundant combination ofelectrons,ions, excited atoms or molecules,free radicals, ultra 

violet radiation, and ozone. The active species produced are more chemically reactive 

and more energetic than the species associated with any conventional chemical 

processing. Could any ofthese species play the antimicrobial role in the sterilization or 

decontamination ofmicroorganisms? 



Table 1.2. Sizes ofshrinking semiconductor structures. 

Year Minimum scale size 

1997 250nm 

1999 180nm 

2001 150nm 

2003 130nm 

2006 100nm 

2009 70nm 

2012 50nm 



Table 1.3. Sizes of microorganisms. 

Microoreanisms Sizes 

Bacteria: 1. spherical cocci 1 pm in diameter 

2.rod-shaped bacilli 0.2-2.0 pm in width 
2-10 pm in length 

10-200nmVirus 

Fungi 5 pm in diameter 



1.3Inspired objectives ofthe dissertation 

Plasma-aided sterilization has been attempted in the past, but efforts are few and 

far in between.It wasnot until early 1997 that the Air Force Office ofScientific Research 

(AFOSR)and the Defense Advanced Research Project Agency(DARPA)started their 

respective first ever proposal solicitations in the use ofplasma discharges for biological 

sterilization and chemical warfare agent decontamination [1.18]. Since then the 

application of plasma for biological sterilization and surface decontamination has 

received a lot of its long-deserved attention [1.19]. One can perhaps envision the day 

when plasma-aided sterilization becomes one of the main methods, if not the most 

dominant method,ofsterilization and decontamination. 

Encouraged in part by this probable exciting development, the author decided to 

devote his dissertation to the investigation of sterilization with plasma-aided processes. 

The main objective is to explore the feasibility of designing and constructing a novel, 

practical and inexpensive sterilization apparatus, using DC enhanced corona discharge 

operating at standard atmospheric pressure and room temperature. The sterilization 

ability of the apparatus will be assessed by exposing samples of a common harmful 

bacteria Escherichia coli and a highly resistive bacteria spore Bacillus subtilis to the 

discharge for treatment. 

1.4 Scopes and organization ofthe dissertation 

The investigation begins with chapter 2 as a brief literature review of the 

conventional methods of sterilization as well as the sterilization with plasma-aided 

processes. It begins with the sterilization basics, followed by a critical review of the 



conventional methods. A survey of the basic research on plasma-aided sterilization is 

then given. The two methods are compared. Needless to say, the shortcomings of either 

method inspire a lot ofresearchers to look for novel methods ofsterilization. 

Chapter 3 explores the physical principles ofenhanced corona discharge, which is 

employed as the novel method ofsterilization in this study. The physics ofthe electrical 

breakdown of gases and corona discharge is given here; followed by the principle of a 

single-species corona discharge and its space charge limitation, and how an enhanced 

two-species corona discharge can be achieved. 

Based on the densely synthesized plasma described in chapter 3, an enhanced 

corona activated sterilization and decontamination apparatus can be constructed. This is 

depicted in Chapter4 where the design and construction ofthe various configurations of 

the discharge electrodes,as well as the apparatus,are described in detail. 

The characterization ofthe plasma parameters is presented in chapter 5. A simple 

probe is designed and constructed to measure the plasma density profile in such a way 

that it does not perturb the plasma itself. The production of the ozone level is also 

monitored. The current-voltage(I-V)characteristic ofthe enhanced corona discharge is 

investigated and analyzed. The characteristic resembles that of a low pressure DC 

gaseous discharge tube. Argon,nitrogen,and helium gases are used in the study. 

Chapter 6 presents the sterilization testing results on the microorganisms 

Escherichia coli and Bacillus subtilis. The electrodes used in the enhanced corona 

discharge are an array ofmultiple lines ofpins and a ground plane. An apparatus with a 

slightly different design from that described in Chapter 4 is being used for the 

sterilization test. This sterilization result is compared to those presented by other 
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researchers who have used other forms ofatmospheric pressure plasma discharge to treat 

the same samples ofbacteria. 

Chapter7concludes the findings by looking into the feasibility ofthe atmospheric 

plasma-aided sterilization in general, the still ill-elucidated antimicrobial mechanisms by 

the method of plasma-aided sterilization, the advantages and disadvantages associated 

with the method,and any other issues that may inherited with the nature ofthe process. 

At the end,a further study is being suggested to gather a broader database and thereby to 

promote a better understanding of the antimicrobial mechanisms by plasma-aided 

processes. A truly operable atmospheric pressure plasma sterilizer can be realized only 

when the antimicrobial mechanism is fully understood. 



CHAPTER2 

LITERATUREREVIEW 

This chapter begins with the sterilization basics, followed by a brief literature 

review on the conventional methods of sterilization, as well as the methods of plasma-

aided sterilization. Except for one particular apparatus that has already been successfully 

introduced to the market, plasma-aided sterilization remains essentially at the research 

and development stage. The two methods are compared. The shortcomings of both 

inspire the author to engagein the search for a novel method ofsterilization. 

2.1. Sterilization basics 

Essential to a better understanding of the dissertation, the relevant sterilization 

basics such as (a) what is a microorganism, (b) what is the distinction between 

sterilization and disinfection, and(c)the criteria for laboratory testing ofsterilization are 

given below. 

2.1.1 Microorganisms 

Microorganisms are primitive life forms that have little in common except for the 

need ofa microscope to observe them.The major groups ofmicroorganisms are bacteria, 

viruses, fungi(molds and yeast), protozoa, and algae. Table 2.1 lists the microorganism 

groups and some oftheir distinguishing eharacteristics,together with their relationship to 

higherform oflife [2.1]. 
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As implicated in the table, microorganisms exist practically everywhere. They are 

widely distributed in outdoor and indoor environments, on the human skin and in the 

mouth,upper respiratory tract, large intestine and parts ofthe urogentital tract. They are 

rarely harmful in these situations but are likely to cause disease if they gain access to 

organs or tissues that are normally free ofthese agents.Thus,despite their small sizes and 

primitive nature, microorganisms present a formidable challenge to the practices and 

methods for preventing the spread ofinfection. 

2.1.2 Sterilization and disinfection 

The term "sterile" means "incapable of reproduction or free of microorganisms" 

[2.2]. Sterility ofmicroorganisms is thus synonymous with death since their activities are 

usually undetectable in the absence ofmultiplication.In a very strict sense then, material 

that is free of living organisms is termed "sterile" while the presence of a single 

microorganism renders it "unsterile". However,it is impossible to guarantee that every 

microorganism exposed to a particular sterilization treatment has been killed. Hence,for 

all practical purpose,sterilization is defined by researchers in the field as"the process by 

which living organisms are removed or killed to the extent that they are no longer 

detectable in standard culture media in which they previously have been found to 

proliferate"[2.3]. 

Terms that are quite often associated with sterilization are disinfection and 

decontamination, though both are not the synonyms of sterilization. Disinfection is "a 

process that is intended to kill or remove pathogenic microorganisms, with the exception 

of bacteria spores" [2.4]. Only the sterilization process can kill spores. Terminal 
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disinfection ofused equipment that may be contaminated with harmful microorganisms is 

commonly referred to as decontamination[2.4]. 

2,1.3 Testing criteria for sterilization method 

As shown in Figure 2.1, laboratory testing ofsterilization methods usually involves 

three steps: a)growing the samples ofthe particular microorganism in a culture medium 

[2.5], b) subjecting the microorganisms to the sterilizer for treatment [2.6], and c) 

analyzing the effectiveness ofthe sterilization [2.7]. 

(a)Growing the microorganism samples 

Most bacteria are isolated as a pure culture and grown on a suitable artificial 

culture medium (such as basal or liquid media) in the laboratory. Basal media are 

prepared from meat extracts but added blood or serum may be required to isolate some 

pathogenic bacteria. Liquid media can be solidified to a gel by the addition ofagar for the 

isolation ofmicroorganisms in pure culture[2.5]. 

When the culture medium has been inoculated with material containing bacteria, it 

is incubated at the optimum temperature for the likely species(usually 37^0 in medical 

bacteriology) and in the presence or absence ofoxygen as appropriate. Incubation times 

for the development ofbacteria colonies on an agar medium or of turbidity in a liquid 

medium range from less than 24hours to several days. 

When a small number of cells of a fast-growing species of bacterium are 

inoculated in a suitable medium and incubated in suitable conditions, cell division may 

occur at20 minutes intervals doubling the population each time.The number ofbacteria 
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Figure 2.1. Stepsfor laboratory testing ofa sterilization method. 
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reaches a maximum at 10^-10^0 per milliliters ofa broth culture. Exhaustion ofoxygen 

or an essential nutrient, or the accumulation of metabolic waste products slows and 

eventually terminates multiplication. 

(b)Subjecting the microorganisms to the sterilizer 

A sterilizer is an apparatus that utilizes a particular antimicrobial agent to sterilize 

or disinfect the microorganisms. Conventional antimicrobial agents for sterilization 

include dry heat, saturated steam, gaseous chemicals, ionizing radiation, and UV 

radiation. Biocidal agents for disinfetion include hot water, low-temperature steam, and 

chemical disfectants. 

The efficiency ofsterilization and disinfection depends on the following factors: 1) 

antimicrobial action, 2) effective contact between antimicrobial agent and the 

microorganisms,and 3)severity oftreatment[2.6]. Antimicrobial action implies death of 

microorganisms, as indicated by their failure to multiply in any situation. Effective 

contact between an antimicrobial agent and its target requires penetration ofthe physical 

or chemical agent to all sites at which the microorganisms may be located. Severity of 

treatment is the minimum holding time for which the whole ofthe material treated must 

be held at the sterilizing environmentto kill the microbial contaminants. 

A sterilization apparatus must be designed to meet the challenges of the above 

mentioned factors optimally. 
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(c)Analyzing the effectiveness ofthe sterilization 

After the microorganisms have been subjected to the sterilization treatment, the 

determination of death rate is needed to evaluate the effectiveness ofthe killing ofthe 

microorganisms. The rate at which an antimicrobial agent reduces the number of viable 

cells in a microbial population is determined by counting the siuvivors in samples 

obtained after treatment. If the initial count and the sample counts are plotted on a 

logarithm scale against the exposure time and a line is drawn through the separate points, 

a death rate curve is obtained. A straight line represents a constant (logarithmic or 

exponential)death rate. Non-logarithmic death rate is represented by curves which shown 

initial or final lags in the killing rate. Figure 2.2 [2.7] shows the typical logarithmic as 

well as the non-logarithmic death rate curves. 

The death rate is usually quantified as D value [2.7]. The D value, or Decimal 

Reduction Time, is the time required achieving a tenfold reduction in the number of 

viable microorganisms, which is equivalent to 90% kill. When the D value refers to 

sterilizing radiation,it is expressed in radiation dosage. 

TheD value is a constant for logarithmic killing rate(Figure 2.2a). It is difficult to 

estimate a useful D value for a non-logarithmic death rate curve unless the observed 

deviation can be explained and accounted for as,for example,when an initial shoulder or 

hump is followed by a logarithmic killing rate(Figure 2.2:b and c). When the curve does 

notinclude a linear section ofsignificant length(Figure 2.2d),an averageD value may be 

calculated from the equation[2.8] 

D= ^ (2.1)
logW„-logW, 
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where t is the relevant time,No the initial viable count and Ntthe viable count at time t. 

2.2 Conventional methods ofsterilization 

Conventional methods include sterilization by dry heat, saturated steam, gaseous 

chemicals, ionizing radiation, and ultraviolet radiation, and disinfection by filtration and 

chemical means[2.9,2.10]. Each method is reviewed briefly in below,with emphasis on 

its characteristics, the antimicrobial mechanism, its application and limitation, and any 

environmental issues associated with the method. 

2.2.1 Sterilization by dry heat 

(a)Characteristics ofdry heat sterilization 

Dry heat sterilization is the oldest and mostrecognized agent ofdestruction[2.11]. 

It refers to a variety ofmethods,in which the onlycommon factor is the absence ofliquid 

water from the heating environment[2.12]. The dry condition actually embraces a wide 

range ofmoisture levels,fromjust above complete dryness tojust below full saturation. 

Dry heat sterilization is an oxidation process and is used only for those materials 

that cannotbe sterilized by steam,when the moisture would either damage the material or 

they would be impermeable to it. Sources ofdry heat sterilization include hot air, radiant 

heat, conducted heat, direct flaming, and incineration [2.12]. Hot air sterilization is 

carried out in electrical ovens with mechanical air convection. Radiant heat'sterilization 

includes infrared and microwave radiation, which are characterized by long wavelengths 

and low levels ofradiant energy. Both hot air and radiant heat sterilization have limited 
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usage. Amongst the sources, only incineration has been used widely in the hospital and 

microbiological laboratory environments primarily for waste management. 

Factors that influence the efficiency of dry heat sterilization are temperature and 

moisture levels [2.12]. The time required for sterilization varies inversely with 

temperature.Dry heat sterilization is conducted in a high temperature range of160-180°C 

as the rate at which spores are killed accelerates markedly in this range. For moisture 

levels, the efficiency depends on the initial moisture level of microbial cells and the 

direction and extent ofchanges that may occur during the heat treatment by exchange of 

water between the microorganisms and the heating environment. 

(b)Antimicrobial mechanism in dry heat sterilization 

The mechanism for destruction by dry heatis primarily an oxidation process[2.12]. 

Reported D values vary widely because, although the importance of specifying the 

moisture is now appreciated,it was not always known or controlled during the test[2.12]. 

D values of0.35 minutes for Bacillus stearothermophilus and 1.8 minutes for Bacillus 

subtilis var.niger at 160°C have been reported[2.13]. 

(c)Application and limitation ofdry heat sterilization 

The principle advantage of dry heat sterilization is its ability to penetrate solids, 

non-aqueous liquids and closed cavities. Lack of corrosion is also important in the 

sterilization of non-stainless metals and instruments with fine cutting edge. The 

disadvantages of dry heat sterilization are as follows: 1) heating is slow, 2) long 
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sterilization periods are required, 3) high temperatures are required, which may be 

deleterious to materials,and 4)materials may deteriorate because ofoxidation[2.11]. 

(d)Environmentalissue in dry heat sterilization 

There is practically no serious environmental issue associated with the method 

except for incinerators. Medical waste incinerators are the top contributors of dioxin, a 

class ofpollutants to the environment[2.14, 2.15]. Dioxin is a group ofpersistent, very 

toxic chemicals. The technology designed to protect the public against a potential 

biological threat is now the source ofsignificant chemical pollution. 

2.2.2 Sterilization by saturated steam 

(a)Characteristics ofsaturated steam sterilization 

Saturated steam sterilization [2.11, 2.16] is one of the moist heat sterilization 

methods that include boiling water. Although boiling water at ambient pressure is not a 

good sterilizing agent because ofits relatively low temperature,its principal advantage is 

its availability. Sterilization by saturated steam depends on the use of steam above 

100°C, usually at a temperature in the range of 121-134°C [2.16]. Wet steam can be 

heated to temperature above lOOOC by increasing the pressure above that of a normal 

atmosphere at sea level. 

Sterilization by steam under pressure is nearly universally applied except where 

penetration or heat and moisture damage is a problem. Steam sterilization equipment, 

commonly known as the autoclave, is found in a wide variety of shapes and sizes in 

hospitals, clinics, microbiologic laboratories, and industrial production facilities. Despite 
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their differences, sterilizers are designed to operate on an automatic sterilization cycle 

which may typically include the following sequence of stages: 1) removal of air and 

heating of the chamber, 2) sterilization of the load, 3)removal of steam, followed by 

cooling ofthe liquid,and 4)restoration the chamber at atmospheric pressure[2.17]. 

(b)Antimicrobial mechanism in saturated steam sterilization 

The antimicrobial mechanism ofsaturated steam sterilization is due to its moisture 

deposition and latent heat delivered to the load [2.16]. Saturated steam has a relative 

humidity of100 per cent. This is the condition in which bacteria spores are least resistant 

to heat. When steam condenses on the article to be sterilized it deposits a film ofwater on 

all accessible surfaces, ensuring that the microbial contaminants will he killed rapidly. 

Steam has a greater heat content than does water at the same temperature. For lOO^C, 

water has a sensible heat of419kJ/kg whereas vapor has an additional latent heat of2257 

kJ/kg [2.16]. The sensible heat is the quantity of heat required to raise the water to the 

boiling point(from 0°C to 100°C). The latent heat is the additional heat that is absorbed 

when boiling water is converted to steam at the same temperature. When steam 

condenses on cooler objects in the sterilizing chamber,the latent heat is released but the 

sensible heat is retained, and the condensate remains at the same temperature. The large 

amount oflatent heat that is released is communicated directly to the surfaces ofthe load 

in the sterilizer, heating them rapidly to the temperature selected for sterilization. The 

sensible heat and latent heat are 509 and 2199 kJ/kg respectively for a steam at 1210C, 

and 567and 2160kJ/kg for asteam at 135^0[2.16]. 
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(c)Application and limitation ofsaturated steam sterilization 

Steam sterilization works better than the other forms ofconventional sterilization 

because steam destroys most resistant hateria spores in a briefexposure and heats rapidly 

because of mass heat transfer as it condenses. Well-designed steam sterilization 

equipment delivers steam to the bacteria sites throughout the load. The major problems 

during this process are air removal,superheat,load wetness,and material damage[2.16]. 

Chamber air is the factor most detrimental to efficient steam sterilization. Iftemperature 

varies in the chamber environment and cold spots occur in a load, air has not been 

adequately removed from the sterilization environment. During steam sterilization,some 

degree of superheat can be tolerated, but higher degrees result in a loss of sterilization 

efficiency. In a wet state, sterilized materials are more susceptible to recontamination 

[2.18]. 

(d)Environmentalissue in saturated steam sterilization 

In contrast to other forms ofconventional sterilization, no adverse environmental 

issue has been raised on saturated steam sterilization. 

2.2.3 Sterilization by gaseous chemicals 

(a)Characteristics ofgaseous chemicalsterilization 

Sterilization using gaseous chemicals has been practiced for many years [2.19, 

2.20,and 2.21]. The most widely used gaseous sterilization is C2H4O(ethylene oxide or 

EtO). This gas is used in hospitals in the United States almost exclusively to sterilize 

items that cannot be sterilized by saturated steam or dry heat. Hospital items that may be 
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sterilized by ethylene oxide include endoscopic instruments, cardiac equipment, devices 

for implantation, medical and dental equipment. In addition, those industries supplying 

the hospitals with medical devices are using EtO sterilization for products that are heat 

sensitive or contain materials not compatible with sterilization by radiation. The 

sterilization of medical products by other gaseous agents such as propylene oxide, 

formaldehyde,and methylbromide has not been as extensive[2.21]. 

An ethylene oxide sterilizer is usually nothing more than a pressure vessel with the 

capacity to evacuate air, warm and moistureize the product uniformly, add gas at a 

specific temperature, and remove gas after a specific time interval [2.22]. A typical 

sterilization cycle includes the following stages[2.23]: 

1. Evacuating of air to 90 kPa below atmospheric pressure followed by humidification 

and heating ofthe load. The duration of this pre-conditioning stage is about 30-60 

minutes. 

2. Sterilization of the load at an effective combination of parameters which include 

EtO concentrations of 700-1000 mg/1, temperatures of 45-60OC, relative humidity 

of 70%,and sterilization times of2-4 hrs. The concentration ofEtO in the chamber is 

regulated by pressure ofthe gas mixture. 

3. Removing of gases from the chamber and exhausting it to a suitable vent. The 

chamber is then restored to atmosphere pressure before the door ofthe sterilizer could 

be opened to complete the sterilization cycle. This stage takes at least 30 minutes to 

complete. 
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(b)Antimicrobial mechanism in gaseous chemical sterilization 

Ethylene oxide is an alkylating agent. Alkylation involves the addition of certain 

saturated hydrocarbon groups to reactive amino(NH2),sulphydryl(SH),hydroxyl(OH) 

or carboxyl(COOH)groups on protein molecules and to amino(NH)groups which are 

part of the ring structure of nuclei acid bases. Alkylation of nuclei acids by EtO is 

believed to be the principal mechanism ofantimicrobial action [2.22]because these vital 

cell components control protein synthesis. 

The major factors that affect the inactivation ofmicroorganisms by ethylene oxide 

and other gases are gas concentration,temperature,relative humidity,and exposure time. 

Almost all types ofmicroorganisms are susceptible to ethylene oxide ifthey are exposed 

to suitable combinations of concentration, temperature, and relative humidity for an 

adequate time.Taking Bacillussubtilis var. niger for example,theD value is 3 minutes at 

600 mg/1 and 1.7 minutes at 1200 mg/1 at a temperature ofSS^C and relative humidity of 

50% [2.24]. For Escharichia coli, the D value is 2.9 minutes with 700 mg/1 ethylene 

oxide concentration at 109°?testing temperature[2.25]. 

(c)Application and limitation ofgaseous chemical sterilization 

Sterilization by ethylene oxide has one main drawback.In addition to the lengthily 

sterilization cycle described previously, the sterilized load needs to be aerated [2.26] to 

remove the ethylene oxide residues. The long and uncertain aeration time required for 

desorption ofethylene oxide at ambienttemperature are unsatisfactory in hospitals where 

complex equipment is often required for use as quickly as possible. 

24 



(d)Environmentalissne in gaseous chemical sterilization 

Besides the drawbacks just described, etbylene oxide sterilization has adverse 

environment effects. Etbylene oxide is flammable and highly explosive [2.27] at all 

concentrations above 3.6% by volume in air. Introduction of etbylene oxide presents 

occupational hazards to operators ofthe sterilization process[2.28,2.29]. Etbylene oxide 

concentration below 700ppm in air cannotbe detected by smell,whereas level down to 1 

ppm may be toxic [2.30] and carcinogenic [2.31]. Because of these detrimental and 

adverse effects, both OSHA(Occupational Safety and Health Administration) and EPA 

(Environmental Protection Agency)have enforced stringent regulations and standards on 

the usage ofEtO[2.32,2.33,2.34]. 

2.2.4 Sterilization byionizing radiation 

(a)Characteristics ofsterilization by ionizing radiation 

The use of ionizing radiation [2.35, 2.36] to sterilize medical products is 

widespread, and its applicability is increasing greatly because it has proven to be an 

economic and reliable sterilizing agent[2.37].In general,radiation may be classified into 

two groups:the electromagnetic and particle radiation. 

Electromagnetic radiation includes gamma ray. X-ray, ultraviolet, visible, infirared, 

and microwave. Amongst them, only gamma and x-rays are ionizing radiation. Both 

have considerable penetrating power. Cobalt-60(Co®°)is used as the source for gamma 

radiation in sterilization facilities. Cesium-137(Cs^^^)emitting gammarays at 0.662 Mev 

can also be used for sterilization. Ultraviolet light may damage bacterial nuclei acids but 

generally has very little effect on microorganisms. Infi-ared radiation is sometimes used 
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as a rapid method ofheat transfer in dry heat sterilization process but its action is limited 

to heating the exposed surfaces of solid objects. Microwave energy generates heat in 

moistfood but it has no essential role in sterilization. 

In particulate radiation,the only particle that is currently being used in sterilization 

is the beta particle or electron. The energy at which the electrons are produced is 

restricted, at practice, to levels that do not exceed 10 Mev as higher energy ions may 

induce radioactivity in the treated materials. 

(b)Antimicrobial mechanism in the sterilization by ionizing radiation 

The various types of ionizing radiation in the electromagnetic spectrum produce 

bactericidal effects by transferring the energy ofa photon into characteristic ionizations 

in or near a biologic target. In addition to creating pairs of positive and negative 

electrons, ions can also produce free radicals and activated molecules. These effects, 

which are produced without any appreciate rise in temperature, have been termed "cold 

sterilization"when applied to the destraction ofmicroorganisms. 

Ionizing radiation can cause a wide variety of physical and chemical effects in 

microorganisms. Although many factors influence the radiation resistivity of various 

microorganisms,they can generally be classified as to inherent resistivity. 

(c)Application and limitation ofsterilization byionizing radiation 

The main application ofthe sterilization by ionizing radiation is in the health and 

medical industries. The use ofgamma rays to sterilize hospital supplies such as plastic 

hypodermic syringes, sutures, and containers is the main commercial application of 
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ionizing radiation [2.35, 2.36]. Other uses of radiation include sterilization and 

pasteurization of food where in December of 1997, the FDA (Food and Drug 

Administration) approved the use of irradiation as a measure to reduce or eliminate 

pathogens in red meat[2.38]. Radiation has also been used to treat sewage and industrial 

sludge in order to reduce the microflora. 

(d)Environmentalissue in sterilization by ionizing radiation 

This method ofsterilization has a potential environmental effect ifproper shielding 

ofradioactive materials is not maintained. Co®° and Cs'^^ have a half-life of5.3 and 33 

years respectively and require appropriate safeguards and disposal procedures. 

2.2.5 Sterilization by ultraviolet radiation 

(a)Characteristics ofsterilization by ultraviolet radiation 

Ultraviolet(UV)radiation for sterilization [2.39] is different from the ionization 

irradiation sterilization described previously. UV radiation is called non-ionizing since 

most organic molecules require wavelengths below 180 nm to effect ionization. Because 

of this, for all practical purposes, ionization may be excluded as one of the immediate 

consequences ofUV irradiation in biological materials. 

(b)Antimicrobial mechanism in the sterilization by ultraviolet radiation 

A number ofreviews and books have been written about the mechanisms ofUV 

action on microbial agents [2.40, 2.41]. The germicidal effect ofUV may result from 
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absorbed radiation and from an indirect effect of toxic compoimds produced in the 

surrounding media. 

Factors that can influence the bacterial sensitivity to UV are relative humidity, 

sensitivity at different stages of bacteria growth cycles, and presence of spores. If the 

amount of damage exceeds the cell's ability to repair itself, the cell will die. The 

reduction ofthe injurious effect ofUV by subsequent visible light, i.e. photo-reactivation 

has been recognized as general phenomenon and maybe a setback for the method[2.42]. 

(c)Application and limitation ofsterilization by nitraviolet radiation 

The most important applications ofUV are directed at: 1)destruction ofair-bome 

organisms,2)inactivation ofmicroorganisms located on surfaces or suspended in liquid 

but accessible to UV,and 3) protection and disinfection of many products ofimstable 

composition that cannot be treated by other conventional methods. UV may destroy 

viruses, mycoplasma,bacteria, and fungi,whether they are suspend in air or in liquids or 

deposited on surfaces. Because UV will not penetrate most substances,food and fabrics 

carmotbe sterilized by this radiation. 

UV is an effective and practical alternative to chlorine as a means of disinfecting 

municipal effluent. Air is the important vehicle of microorganisms that may become 

responsible for deterioration and spoilage of many consumable products, and others. 

Judicious application ofUV light can neutralize this possibility. 
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(d)Environmentalissue in sterilization by ultraviolet radiation ( 

The most practical method of generating UV radiation is by passage of electrical 

discharge through low-pressure mercury vapor enclosed in spherical glass tubes,known 

commercially as germicidal lamps. Prolonged exposure to germicidal intensities ofUV 

may lead to undesirable physiological effects. These are manifested primarily by 

reddened skin and irritated eyes. 

2.2.6 Filtration ofliquids and air 

Filtration [2.43] differs from other methods of sterilization, as it does not involve 

killing microorganisms or inhibiting their growth. Living and non-living particles are 

removed from liquids and gases by passage through fibrous, granular or synthetic 

membrane filters of appropriate retention efficiency. Since the subject of filtration is 

irrelevant to this dissertation,no further review will be made here. 

2.2.7 Chemical disinfection 

Disinfection is a process that is intended to kill or remove pathogenic 

microorganisms, with the exception of bacterial spores. Chemical disinfection [2.44] is 

the applications of chemical antimicrobial agents as solutions in water or alcohol for 

disinfection ofequipment, surfaces, and intact skin in mucous membranes. Disinfection 
> 

chemical agents include alcohol, aldehydes, chlorhexidine, chlorine compounds, 

hexachlorophene, iodophors, strong oxidizing agents (chlorine dioxide, paracetic acid, 

hydrogen peroxide),phenols,and quatemary ammonium compounds[2.44]. Disinfection 

by chemical means is also an irrelevant subject here and will not be discussed further. 
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2.2.8 Summary ofconventional methods ofsterilization 

Conventional methods include the using of dry heat, saturated steam, gaseous 

chemicals, ionizing radiation, UV radiation, filtration, and chemical disinfection. Table 

2.2 depicts the summary on these methods with an emphasis on their characteristics, 

mechanisms of killing, typical killing rates(D values), applications/limitations, and the 

environmental issues. All the topics have been covered previously in sections 2.2.1-2.2.7. 

When sterilization or decontamination is needed,the particular method chosen for 

the purpose depends in large part on the materials involved and factors such as costs, 

safety, handling,and disposal requirements.Time requirements also impose an important 

limitation on the choice ofsterilization method in a particular application. 

In putting the conventional methods in a critical perspective, one may argue that 

the methods are inadequate and undesirable. Table 2.3 makes a list ofthe arguments.The 

list includes obsoleteness, biocompatibility inadequacy, long cycle of operation, 

environmental unfriendliness,failure ofregulation compliance,and costs. 

On obsoleteness, the methods used are simply incapable of keeping up with the 

modem day health care's needs and demands. On the biocompatibility inadequacy, the 

advertent effects due to the nature ofa particular technique on the treated materials are 

well-documented [2.45]. On the cycle ofrunning the sterilization, the holding times for 

ensuring safety and other precaution measures arejust too time-consuming.Long cycle is 

counterproductive and can be very costly. On the environmental issues, the excessive 

production of dioxin (as in incineration), the toxic/carcinogenic residue (as in ethylene 

oxide sterilization), and induced radioactive residue(as in ionizing radiation)are some of 
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Table 2.3. Whyconventional methods ofsterilization are inadequate. 

1. Obsoleteness: 

Mostmethods cannot keep up with the modem day's 
health care needs or demands. 

2. Biocompatibility Inadequacy: 
Most methods have detrimental effects on the materials 
treated. 

3. Long Cycle ofOperation: 
Long cycle is counterproductive and costly. 

4. Environmental Unfriendliness: 

Dioxin pollutant due to incineration. 
Toxic/carcinogenic nature ofethylene oxide. 
Induced radioactive residue due to ionizing radiation. 

5. Regulation Compliance: 
StringentEPA orOSHA regulations are hard to comply. 
Compliance failure is notthat uncommon. 

6. Costs(Overall): 
Initial equipment capital cost is only tiny part ofit. 
Direct and indirect costs are rising exponentially. 
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the main concerns. On the regulation compliance, it is becoming harder and harder to 

comply with the ever increasingly stringentEPA and/or OSHA regulations and standards. 

Failure ofcompliance can be costly due to legal activities. As for the overall cost, high 

equipment capital cost is not the only part ofit. Long cycle ofoperation and equipment 

replacement due to advertent consequence ofa particular method can contribute directly 

or indirectly,to the overall costs ofrunning the sterilization[2.46]. 

Thejust mentioned adversity does not mean,however,that the end is near for the 

conventional methods of sterilization. Dry heat (incineration), saturated steam 

(autoclave),ionizing radiation(Y rays), and gaseous chemicals(ethylene oxide) are still 

widely used. Incineration is still viable in taking care of industrial or hospital waste, 

despite the dioxin dilemma.The autoclave retains its status as the most desirable method 

because there is no main environmental issue involved and that it costs less to autoclave. 

For ionizing radiation, though high capital equipment costs and stringent regulation can 

be a setback, it has nonetheless gained a lot ofmomentum since the approval by EPA in 

December 1997 for its usage in the treatment ofred meat[2.38]. EtO sterilization,on the 

other hand, faces the most adversity. Due to its difficulties in the environmental and 

regulation aspects as described in section 2.2.3, it is on its way out as once a mighty 

conventional method!It is now being replaced and is facing the prospects ofa total phase 

outin the near future[2.47,2.48]. 

2.3 Plasma-aided Sterilization 

Since conventional methods of sterilization have limitations and undesirable 

properties, new methods have been explored. Amongst the emerging alternatives, those 
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using electromagnetic fields (such as high power microsecond electrical pulses) and 

ionized gases (plasma) are most promising [2.49]. Only plasma-aided sterilization 

process will be covered here. 

The use of plasma as purification, decontamination or sterilization agent has 

actually been known for quite some times. For example,ozone generated by plasma has 

been used for large-scale purification ofwater for years. There is a commercial plasma-

aided sterilizer, namely the STERRAD®^ available as a hospital sterilization facility 

now. Discussion on the use of ozone for the treatment of water, the plasma-aided 

sterilization attempts before the advent of STERRAD, the commercial STERRAD 

sterilization system,and the potential role ofatmospheric pressure plasma for sterilization 

will be given below. 

2.3.1 Ozonefor the treatment ofwater 

Historically, dating back to 1857,Siemens used silent discharge to show that ozone 

could be produced in an oxygen flow passing through an annular discharge space 

between two coaxial glass cylinders [2.50]. Shortly after 1900 the first large industrial 

ozone-generating systems for the treatment of drinking water were installed in Nice, 

France(1907)and St. Petersburg,Russia(1910). Today,more than 1500 drinking water 

plants throughout the world use ozone generators by silent discharge for purification of 

waters. Strictly speaking, ozone treatment of water is a disinfecting process, and not a 

sterilization process.No further discussion will be presented here. 
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2.3.2 Plasma-aided sterilization attempts before the adventofSTERRAD® 

Practically, various forms of plasma such as glow discharge, corona discharge, 

silent or dielectric barrier discharge, and RF discharge have been attempted for 

decontamination or sterilization. 

More recent plasma-aided sterilization work includes the following. In 1968, 

Menashi used corona discharge at atmospheric pressure to sterilize the surfaces of 

materials[2. 51]. In 1974,Fraser et al used radio frequency generated plasma to sterilize 

packages[2.52]. Gases such as argon,nitrogen,oxygen,helium,and xenon were used.In 

1978,Boucher et al[2.53]used glutaraldehyde gas plasma.The plasma was generated by 

radio frequency in the 1-10 MHzrange at sub-atmosphere pressure.In 1980,a cyclically 

pulsed pressure plasma system was suggested by Bithell to sterilize objects ofirregular 

shape [2.54]. Though each ofthe researchers was awarded a patent for their respective 

works,none seemed to have a significantimpact.In 1987 and 1988,however,Jacobs and 

Lin were issued two patents on low temperature hydrogen peroxide plasma sterilization 

[2.55,2.56]that have proved to be milestones for plasma-aided sterilization processes. 

Jacobs and Lin's patents are significant in the sense that Johnson & Johnson 

Medical Inc. later utilized the patents to launch a highly successful sterilizer, namely the 

STERRAD® 100 system, into the market. These two patents are also significant in the 

sense that since then more than 50 other plasma related sterilization patents issued to 

other researchers have referenced the two in their respective works. 

Details and comments on how this low-temperature hydrogen peroxide plasma 

sterilization works will be given in the following section. 

'STERRAD© is the trademark ofAdvanced Sterilization Products,a division ofJohnson&Johnson 
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2.3.3 TheSTERRAD® 100sterilization system 

The first breakthrough in sterilization technology in nearly halfa century happened 

to be a plasma-aided process. It occurred commercially in 1992 when Johnson and 

Johnson introduced the STERRAD® 100 sterilization system into the international 

hospital market. The system was subsequently introduced into the U.S. market in 1993. 

Currently, more than 2000 hospitals worldwide are using the system to sterilize various 

medical materials and devices. 

(a)Characteristics ofSTERRAD® sterilizer 

TheSTERRAD 100 sterilizer has a 100-liter(about4cubic feet)capacity and other 

sizes are under consideration. The system is based on the patented process [2.55, 2.56] 

involving the generation of a low-temperature hydrogen-peroxide gas plasma through 

radio waves. Low-temperature, glow discharge plasma can be produced by a strong 

electric field. In the unique STERRAD technology, aqueous hydrogen peroxide is 

allowed to diffuse throughout the materials and come in close proximity to the devices to 

be sterilized prior to generation ofthe low temperature plasma. When the field is created 

electrons are stripped fi-om some of the atoms, and the resulting charged particles are 

accelerated. As the stripped electrons recombine with atoms or the electrons return from 

higher to lower energy states in activated atoms,a visible glow is produced. Molecular 

collisions also occur in the cloud, and the hydrogen peroxide is converted into a variety 

of other species, including, for example, hydroproxyl and hydroxyl free radicals, water 

and oxygen. The reactive species in the plasma recombine to form primary oxygen and 

Medical,Inc. 
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water as by-products, eliminating the need for aeration. The combined use of hydrogen 

peroxide and plasma safely and rapidly sterilize medical instruments and material without 

toxic residue[2.57]. 

(b)Antimicrobial mechanism ofSTERRAD® sterilizer 

Hydrogen peroxide (H2O2) is a known antimicrobial agent. In a plasma where 

H2O2serves as a precursor,the following series ofreaction can take place: 

H2O2 >HO.+HO. 

HO.+H2O2 >H20+H02. 

H2O2 >H202* 

H2O2* > H2O2+visible and/orUV radiation 

where HO.and HO2.are hydroxyl and hydroproxyl free radicals respectively,and H2O2* 

is the excited hydrogen peroxide molecule. 

The STERRAD sterilizer thus produces a biocidal environment where the above 

reactive species are capable of inactivating microorganisms by chemical interactions at 

multiple biologically important sites as suggested by Jacobs[2.58]. 

(c)Application and limitation ofSTERRAD® sterilizer 

Johnson & Johnson claims that "Laboratory tests have demonstrated that the 

STERRAD System destroys a broad spectrum of microorganisms, including Gram 

negative and Gram positive vegetative bacteria, myeobacteria, yeasts, fungi, lipophilic 

viruses and hydrophilic viruses,as well as highly resistant aerobic and anaerobic bacteria 

spores [2.59]." This establishes the imique ability of plasma-aided sterilization, as 
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conventional methods are limited to their abilities to kill a certain spectrum of 

microorganisms. 

Besides the above-mentioned unique ability, it is claimed that the STERRAD 

sterilizer has other uniqueness that include ease of installment, excellent material 

compatibility, and short total cycle time [2.59]. As for ease ofinstallment, it requires no 

special installation, ventilation, aeration, drain or piping. Only an electric outlet(208 V) 

is required. As material compatibility, the STERRAD sterilization process is gentle. It 

can be used in a wide range of treatment, including heat and moist-sensitive surgical 

instrument. Asfor short total cycle time,it takes 75 minutes to sterilize a wide variety of 

instruments.No special D-value is mentioned by Johnson&Johnson. 

These unique abilities make the STERRAD an apparatus of unlimited usage 

compared to conventional methods. 

(d)Environmentalissues related toSTERRAD® sterilizer 

For the STERRAD,the reactive species in the plasma recombine to form primary 

oxygen and water as by-products at the end ofthe process. There are no toxic residues 

left [2.57]. Thus, it does not damage the environment nor does it pose a health risk to 

patients or to workers using the equipment.During its long history ofwidespread use in a 

variety ofindustries, no epidemiological association has been foimd between hydrogen 

peroxide and human illness[2.59]. 
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2.3.4 Atmospheric plasma for sterilization 

Except for the corona discharge, the above-mentioned plasma-aided sterilization 

methods need vacuum systems.From an economic point ofview,they are not necessarily 

more attractive than the conventional methods ofsterilization. There may be an economic 

advantage to plasma-aided sterilization using a discharge operated at atmosphere pressure 

and room temperature. 

At the University of Tennessee, researchers have attempted to use atmospheric 

plasmafor sterilization.In 1988-89,Alexeffet al used corona discharge to sterilize sealed 

packages[2.60].In 1995-96,Ku et al[2.61,2.62]and Laroussi[2.63,2.64,2.65]reported 

their separate findings on sterilization using a propriety one-atmosphere uniform glow 

discharge plasma (OAUGDP) [2.66]. This section is limited to the discussion of 

sterilization by OAUGDP. 

(a)Characteristics ofOAUGDP sterilizer 

In OAUGDP sterilization,the medium to be sterilized is immersed in the discharge 

generated at atmosphere pressure and room temperature between two insulated metal 

plate electrodes powered by a low-frequency RF supply. Typical operating conditions for 

the discharge are voltages in the range of3-5 kV,frequencies in the range of5-7 kHz,a 

gap distance ofapproximately5mm,and aplasma density in the order of10^^/m^. 

(b)Antimicrobial mechanism ofOAUGDP sterilizer 

The antimicrobial mechanism ofthe OAUGDP sterilization has not been elucidated 

yet. It is speculated that combinations of several physical and chemical effects on the 
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microorganisms are responsible for the antimicrobial action. The medium is constantly 

bombarded by a combination of charge particles, active free radicals and radiation 

(including UV radiation), a rather unique happening unfounded in any of the 

conventional methods ofsterilization. 

(C)Application and limitation ofOAUGDP sterilizer 

With air as the feed gas, Ku et al [2.62] reported that the OAUGDP technology 

was employed to kill Staphylococcus aureus and Escherichia coli. It was reported that a 

treatment time of30 and 15 seconds was sufficient to cause a complete sterilization on 

Whatman filter paper seeded with S. aureus and E. coli respectively under plasma 

operating conditions of5 kV and 5.5 kHz. When the filter paper seeded with S. aureus 

was placed in a sealed bag, a similar 30 seconds of treatment time was needed for 

complete sterilization. Further more, when S. aureus were embedded in a solid growth 

mediasuch as Tryptic Soy Agar,a complete kill was obtained with a 60-second exposure. 

Interestingly,the solid culture media sterilized by plasma exposure was subsequently able 

to support normal cell growth,suggesting the growth medium was not altered or damaged 

by exposure to the plasma. Note that a complete sterilization mentioned by Ku et al 

indicates a zero colony forming units(CPU)as compared to a control 200 CPU before 

plasma treatment. No specific D values were mentioned in the study. Using the same 

apparatus but with helium as the feed gas,Laroussi[2.65]reported that an exposure time 

of 10 minutes was enough to kill completely the 4xl0^/ml Pseudomonasfluorescents 

bacteria seeded in the yeast extract polypeptone glucose solution(YEPT).In 1997, Carr 
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reported the killing of microorganisms in a sealed sterilization bag by using the same 

atmospheric glow discharge[2.67]. 

Preliminary tests on OAUGDP sterilization indicated that the discharge could kill a 

limited range of microorganisms. Killing efficiency depended largely on the plasma 

operating conditions,types ofmicroorganisms, and the culture medium used. The small 

gap distance between the electrodes seriously limited the availability ofsterilizing space. 

(d)Environmentalissue in OAUGDP sterilization 

No environmentalissue has been raised or is expected. 

2.3.5 Comparison between plasma-aided sterilization 

The comparison between the STERRAD and OAUGDP as a successful sterilizer 

and a sterilizer still in the research and development stage respectively is shown in Table 

2.4. 

The two are extremely different in respect to their device characteristics. 

STERRAD is operated at low pressure (0.1-10 torr) and low temperature (<50°C) 

whereas OAUGDP is a dielectric barrier discharge apparatus operated at standard 

atmospheric pressure and room temperature.STERRAD uses hydrogen peroxide vapor as 

precursor gas whereas OAUGDP operates in air or with other gas feed. 

The two devices have some similarities. As mechanism of killing goes, both 

probably achieve the antimicrobial action by some common reactive species created by 

their respective discharge environments.Both have killing rates that range within tens of 

seconds.Asfor environmental issue,both probably will face no serious difficulty. 
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One important aspect must be stressed here. The STERRAD system has a large 

discharge volume for sterilization operation. The GAUGDP,on the other hand, has a 

limited operable sterilization treatment space. This is due to its extremely small gap 

(about 5 mm)between the electrodes. The limited space can impose a big difficulty for 

GAUGDP in its attempt ofbreaking into the real world marketfor sterilization. 

2.4 Comparison between conventional and plasma-aided sterilization 

A comparison between the conventional method and the plasma-aided sterilization 

can be inferred from Table 2.2 and Table 2.4. The comparison is summarized in Table 

2.5. 

Thought effective in the killing ofthe microorganisms,the conventional methods 

must deal with various problems associated with each particular method.The limitations 

on each method have been discussed in section 2.2. and are re-captured below. Dry heat 

sterilization may cause destruction to the materials that are thermally sensitive. Saturated 

steam sterilization can damage the materials due to moisture content in the steam. The 

formation of toxic by-products makes gaseous chemicals sterilization somewhat 

undesirable, whereas the cost and inefficiency in performance are the problems 

encoimtered by sterilization via ionizing radiation. Thus, in the conventional methods, 

application dictates sterilizer options [2.68]. Several factors need to be considered when 

selecting a particular method. These factors include the compatibility ofthe method with 

the material to be sterilized, the space requirements of the work area, the regulatory 

guidelines,the effects ofsterilization time on materials, and the ability ofthe chamber to 

accommodate the materials. 
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In contrast to the conventional methods that have far-reaching effects on the 

biocompatibility ofthe material being sterilized, the STERRAD is gentle and has good 

material compatibility including its ability to sterilize heat and moisture sensitive surgical 

instruments. The process is dry and leaves no toxic residue [2.57]. Thus as compared to 

EtO,the process presents virtually no safety issues for users and the environments.Asfor 

equipment capital costs,the STERRAD system is superior to the sterilization by ionizing 

radiation for it does not require special installation, ventilation aeration, drain or piping 

[2.59]. It is amazing that a single plasma-aided sterilizer can eliminate the wide range of 

problems facing almost all the conventional methods ofsterilization. 

As the STERRAD system represents the major breakthrough, the advent of the 

atmospheric-pressure plasma for sterilization such as OAUGDP [2.69] has the potential 

to take the breakthrough a step further. The atmospheric-pressure process has the same 

advantage as the low-pressure STERRAD system over the conventional methods,but is 

performed at the atmospheric pressure and room temperature. It may also lower capital 

and laboratory costs as no vacuum system is needed,as compared to STERRAD where a 

vacuum system is in use. 

The OAUGDP technology may be especially important for sterilization processes 

in hospital, where costly equipment and personnel can ill afford to stand idle for lengthy 

period of time. Of special note is the technology's ability to sterilize implements and 

materials inside sealed packages, thus providing an economical alternative to EtO 

sterilization. The active ionic species generated by OAUGDP apparently penetrates 

medical packaging in the same manner as EtO and kill all viable organisms inside. 
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However, the OAUGDP sterilization process can be performed in a fraction of time 

(<10%)required for EtO[2.69]. 

2.5 Taking the step further 

The OAUGDP plasma is generated by capacitive RF discharge. While this method 

may be cost-effective compared to the conventional methods of sterilization and the 

STERRAD, it is by no means the only method that can generate an inexpensive 

atmospheric-pressure plasma. As a matter of fact, RF generated plasma could be 

expensive because a RF amplifier,a cooling system,and matching networks are needed. 

It is believed that DC-fed plasma could perform the same effective sterilization treatment 

but with lesser costs. 

In early 1997, the Air Force Office of Scientific Research(AFOSR)initiated a 

Small-Business Technology Transfer(STTR)program in plasma-aided sterilization. In 

early 1998, the Defense Advanced Research Product Agency(DARPA)joined force to 

initiate a similar program on sterilization. 

Encouraged by the exciting results obtained by various researchers using 

atmospheric pressure for sterilization and by the initiatives ofAFOSR and DARPA,the 

author was motivated to push the steps further. The mission was to investigate the 

feasibility of constructing a novel, efficient, and potentially cost effective sterilization 

apparatus using a DC-fed enhanced corona discharge at atmospheric pressure and 

ambient room temperature. In the course ofthe research, the main objectives were: I)to 

investigate the physical principles behind the enhanced corona discharge;2)to design the 

discharge electrodes and construct the sterilization apparatus; 3) to characterize the 
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properties ofthe plasma discharge itself; and 4)to subject the sterilzer for antimicrobial 

test on microorganisms Escherichia coli and Bacillus subtilis. By doing so, the author 

wished to pave the road toward a better atmospheric plasma sterilizer beyond the present 

low-pressure STERRAD operating system. 
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CHAPTERS 

PHYSICSOFENHANCED CORONADISCHARGE 

Corona or unipolar discharge is a phenomenon characteristic of Townsend dark 

discharge that occurs in regions ofhigh electric field near sharp points, edges,or wires in 

electrically stressed gases prior to the point ofelectrical breakdown.The discharge is an 

integral part ofelectrical discharge for industrial uses.The phenomenon has been studied 

widely[3.1,3.2,3.3]. However,the enhanced corona discharge to be described below has 

only been studied recently [3.4, 3.5, 3.6]. This chapter describes the physics ofelectrical 

breakdown of gases, the principle of single-species corona discharge, the space charge 

limitation,and the principle and sustaintmentoftwo-species enhanced corona discharge. 

3.1 Physics ofelectrical breakdown ofgases 

The electrical breakdown ofgases or ionization process occurs as the result ofthe 

collisions between electrons or photons and gas molecules. The process is one of the 

most chaotic phenomenaknown but can be accurately described [3.7,3.8]and simulated. 

It begins with a single charged seed particle in the surrounding gas. Either natural 

radiation, electrical stress on the surrounding gas, or photo ionization creates the seed 

particle. Under normal conditions, these seed particles decay or loose their charge in a 

short period of time. This loss occurs either through collision with another particle or 

through collision with a surface. However,under the influence ofa high enough applied 

voltage,the seed particle can initiate ionization. 
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For a parallel plate configuration, for example, this seed particle experiences an 

electric fieldEand an electric forceFgiven by 

£=I (3.1) 
d 

and 

F=qE (3.2) 

respectively, where V is the applied voltage, d the plate separation, and q the signed 

charge of the particle. With the increase of electrode voltage, charged particles are 

accelerated to gain kinetic energy. These particles may transfer energy to gas atoms or 

molecules by collisions. Sufficient kinetic energy will cause molecule splitting. In this 

situation, excitation,ionization or charge exchange occurs,and the electric currentjumps 

exponentially fi:om the order ofmagnitude of10" 
T

up to 10" 
S 

amps.In this regime,corona 

discharge may be visible to the eyeSj although it is a phenomenon characteristic ofthe 

Townsend dark discharge as shown in Figure 3.1 [3.9],the typical characteristic curve of 

a dclow pressure discharge tube. 

Corona discharge is a continuous phenomenon with very low current. It is quite 

different firom electric breakdown, which is usually a transient and localized discharge 

with relatively high current. At high pressure above 100 torr, corona may be formed 

before actual gas breakdown occurs. In fact, many factors affect the breakdown voltage, 

such as gas type, temperature, pressme, electrode separation, humidity and so on. 

According to Paschen's Law,the breakdown voltage Vtfor a given dry working gas is a 
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Figure 3.1. A typical current-voltage curve ofthe DC low-pressure discharge tube 
[3.9]. 
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function oipd,wherep is the pressure and d the electrode spacing.The Paschen's Law is 

given by the equation[3.10]: 

V,=
lnM/ln(l+l//)] 

=f{pd) (3.3) 

where A and Care constants which relate to the electron kinetic temperature,the type of 

gases and effective ionization potential, whereas y is the secondary electron emission 

coefficient. This equation indicated that the breakdown voltage for a particular dry gas 

depends only on the productpd. Figure 3.2 is a plot ofthe breakdown voltage Vb versus 

the product ofpressure and gap distancepd{3.\\].The data presented is that for a dry air 

at 20°C. This breakdown voltage is a function of the humidity and becomes lower at 

higher humidity. From the figure, Vb has a value of30kV at atmospheric pressure(1.01 

bar)when is 10 mm. 

3.2 Single-species corona discharge 

In atmospheric air, corona can be initiated when high voltage is applied to sharp 

points, fine wires, sharp edges, or scratches and when the localized electric field is 

greater than the breakdown electric field ofthe medium surrounding it. The breakdown 

electric field at standard temperature and pressure for dry air is given by the equation 

[3.12] 

=3000+1.35/J (kVIm) (3.4) 
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Breakdown voltage of dry air at 20°C as a function of the product pd 
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The breakdown electric field for dry air at standard atmospheric condition is about 

30 kV/cm.It is not hard to create a local electric field greater than this value to initiate 

the corona discharge.Figure 3.3 shows the two simplest configurations for generating the 

corona discharge in industrial application. 

For the sharp point above the ground plate configuration, the localized surface 

electric field Esion the sharp point can be approximated as[3.13] 

^.1 = (3.5)a\\— ald'\ 

where Vo is the applied voltage, a the radius of the sharp point, and d the distance 

between the sharp point and the grounded plates. Corona discharge can be initiated with a 

voltage aslow as5kV with this type ofconfiguration. 

For the parallel wire or conductor configuration,the localized surface electric field 

Es2along the biased wire can be expressed as[3.13] 

F 
(3.6)Es2=-

s-2a 
a +ln -1 
's+2a 2a y2aj 

where a is the radius ofthe conductor, and s the distance between the electrodes. Ifs>a, 

the surface electric field is reduced to 

- / \"i 
s 

(3.7) 
a In 
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(a)sharp point electrode with radius a above a grounded plate 

s 

(b)parallel electrodes with radius a seperated by a distances 

Figure 3.3. Two common electrode configurations for generating DC corona 
discharge. 
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When the localized electric field as expressed in equation(3.5) or(3.6)is greater 

than the breakdown electric field ofequation(3.4),corona discharge can be initiated. The 

local high electric field causes local breakdown,which however,does not propagate into 

the bulk mediiun. What is produced is a steady stream of ions, positive corona fi-om 

positive electrode and negative corona from negative electrodes. 

3.3 Space charge limitation in a single-species corona discharge 

The breakdown voltage that initiates the corona discharge and the distorted electric 

field resulting from space charge build-up are quite different for corona of different 

polarities [3.14, 3.15]. Figures 3.4 and 3.5 show the space charge build-up and the 

associated field distortion of a positive point and a negative point with a ground plane 

respectively[3.16]. 

For the case of a positive point-plane gap shown in Figure 3.4(a), ionization by 

electron collision takes place in the high field region near the point. Because of their 

higher mobility, electrons will be readily drawn into the anode,leaving the positive space 

charge behind. This space charge will cause a reduction in the field strength close to the 

anode and at the same time will increase the field further away from it. The dotted curve 

in Figure 3.4(b)represents the original undisturbed field distribution across the gap while 

the solid line showsthe distorted field. 

For the case ofa negative point-plane gap shown in Figure 3.5(a),the electrons are 

repelled into the low field region. And in the ease of attaching gases, they become 

attached to the gas molecules and tend to hold back the positive space charge that 

remains in the space between the negative charge and the point. The field is grossly 
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Figure 3.4. Positive point and a grounded plane: (a) space charge build-up, (b) 
distorted field due to space charge [3.16]. 
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Figure 3.5. Negative point and a grounded plane: (a) space charge build-up, (b) 
distorted field due to space charge [3.16]. 
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enhanced but the ionization region is drastically reduced in the vicinity ofthe point. The 

effect is to terminate ionization. Once ionization stops,the applied field sweeps away the 

negative and positive space charge from the vicinity of the point and the cycle starts 

again after the clearing time for the space charge.A high voltage is required to overcome 

this retarding action ofthe ions. Thus,the negative breakdown voltage is higher than the 

positive breakdown voltage in gaps with marked asymmetrical fields. 

3.4 Two-species corona discharge for enhancement 

In a single-species corona discharge described in the previous section, what is 

produced is a steady stream ofions, positive from positive electrode and negative from 

negative electrode. These two streams can be combined to produce dense synthesized 

plasmain the atmospheric air. 

The combining of both positive and negative ions into plasma overcomes the 

previously density limitation that occurred because of space charge in a single-species 

corona discharge. 

3.5 Enhanced corona discharge with a gasfeed 

While two-species corona discharge overcomes the density limitation occurring in 

a single species discharge, a further enhanced discharge can be achieved by replacing the 

air by a gas feed [3.4, 3.5, 3.6]. The following describes how such enhancement is 

achieved and sustained. 

In atmospheric air corona discharge,electrons can be depleted by attachment to the 

molecules ofthe air. The processes ofelectron attachment occur in electronegative gases 
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where there is finite probability that when an electron comes into the vicinity ofan atom, 

it will be captured to form a negative ion. Attachment takes electrons out ofthe air by the 

process such as 

e+ (3-8) 

The attachment process leads to the reduction ofcurrent flowing to the electrodes, 

and thus the reduction ofplasma density. 

Attachment can be reduced or avoided by replacing the air surrounding the limited 

region around the corona points by a non-electronegative gas. Figure 3.6 shows a sharp 

point configuration consisting of pins fastened to a brass pipe at one end and protrude 

from the other end through tiny holes.The sharp points ofthe pins serve as corona points. 

The brass tube can be fed a non-electronegative (non-electron absorbing) gas such as 

argon, nitrogen, or helium through the feed line. The feed gas escapes through the holes 

and provides a local atmosphere around the corona points. It thus replaces the air in this 

region and attachment process can be reduced or avoided. Thus enhanced corona 

discharge is achieved. 
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Figure 3.6. Enhanced corona discharge with non-electronegative gas feed. 
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CHAPTER4 

THEENHANCED CORONADISCHARGE APPARATUS 

Based on the densely synthesized plasma described in the previous chapter, an 

enhanced corona discharge activated sterilization and decontamination apparatus can 

be constructed. The following sections describe the design of the electrodes, the 

construction of the apparatus, and the testing of the apparatus for enhanced corona 

discharge. 

4.1 The design ofthe electrodes 

The design ofthe electrodes comesin three different forms.They are the sharp-

point electrode,the slit electrode,and the blade electrode. 

Figure 4.1 shows the design ofthe sharp-point electrode. The design is based on 

a United State Patent assigned to the University of Tennessee Research Corporation 

and co-invented by Rader, Alexeff, Tsai, and Wadsworth [4.1]. Similar to the design 

shown in Figure 3.6,the electrode is constructed with an array of'A-inch pins attached 

to a conducting brass pipe. The brass pipe is 3/8 inch in diameter,8 inches in length, 

and has 1-inch insulation at both ends. One end ofthe tube is sealed while the other 

end is connected to a gas feed. The pins are separated by 14 inch from each other. The 

pinheads are soldered to the brass pipe at one side, with the sharp points protrude 

diagonally from the other side through tiny pinholes. 
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Figure 4.1. A design ofthe sharp-point electrode. 
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The sharp points ofthe pins serve as corona points. The brass pipe can be fed a 

non-electronegative (non-electron absorbing) gas such as argon, nitrogen, or helium 

through the feed line. The feed gas escapes through the pinholes and provides a local 

atmosphere aroimd the corona points ofthe pins. The gas thus replaces the air in this 

region and,by reducing or eliminating electron attachment,enhanced corona discharge is 

achieved. The tube is enclosed at the other end and corona production can be obtained 

without large gas throughput. 

A photograph ofthe sharp-point electrode is shown in Figure 4.2. It is by no means 

the only electrode that can be used for the apparatus. Figures 4.3 and 4.4 show 

respectively the design and a photo ofthe slit electrode that has been constructed as an 

excellent altemative to the sharp-point electrode. Figure 4.5, the blade electrode, shows 

yet anotheridea for electrode designs. 

The slit electrode is made ofan oval-shaped brass tube of6 inches long. A 4-inch 

long slit is cut along the tube. The two sharp edges that"sandwich"the slit served as if 

they are two continuous lines ofsharp points. The tube has a ^^-inch insulation wrap at 

both ends. One ofthe ends is sealed and the other opened for gas feed. Compared to the 

sharp-point electrode, the slit electrode has the advantages ofbeing simpler in structme 

design,easier to construct, and less hazardous to handle.Figure 4.6 shows the axial view 

ofboth the sharp-point electrode and the slit electrode. The simplicity ofthe slit electrode 

is obvious. 

The blade electrode (Figure 4.5) can also be seen as a version ofthe sharp-point 

electrode, with the blade represents a continuous line ofsharp points. It is in contrast to 

Figure 4.1 where the sharp points are separated from each other.Being acontinuous line 
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Figure 4.2. A photo of the sharp-point electrode.
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Figure 4.3. A design ofthe slit electrode. 

66 



Figure 4.4. A photo of the slit electrode.
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Figure 4.5. A design ofthe blade electrode. 
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Figure 4.6. Axial views of(a)sharp-point electrode and(b)slit electrode. 
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ofsharp points, it is believed that the blade electrode can produce a much more uniform 

discharge than the sharp-point electrode. Actual construction ofthe blade electrode has 

not been made. 

4.2 The construction ofthe apparatus 

Figure 4.7 shows the construction ofthe apparatus. The rectangular box is made of 

Plexiglas and has an outside dimension of18 inches in length, 12 inches in width, and 6 

inches in height. Inside dimension is V^ inch less in each ofthe length, width,and height. 

The box consists ofthree rooms: the power/gas feed room,the discharge room,and the 

handling room.The power/gasfeed room has a dimension of10"xl.75"x6"and is simply 

a room containing connectors for power supply and gas feed.The discharge room has the 

dimension of 10"xl0.25"x6" and is where the enhanced corona discharge occurred. It 

contains a pair ofelectrodes that can be tilted at a chosen angle. One ofthe electrodes is 

fixed at a position while the other is movable such that the distance between the pair of 

the electrodes, now designed to vary from 3 to 6 inches, can be adjusted. The handling 

room has the dimension of8"xl2"x6". Between the discharge and handling rooms is a 

5"x6"movable door such that test sample can be moved in and out. 

The apparatus, when properly connected to a DC power supply and gas feed, 

completes the assembly for sterilization. This is shown in Figure 4.8. 
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Figure 4.7. The enhanced corona discharge apparatus.
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Figure 4.8. Assembly of the enhanced corona discharge apparatus.



4.3 The testing ofthe apparatusfor enhanced corona discharge 

The testing of the apparatus for enhanced corona discharge is documented as 

follows. Figure 4.9, 4.10, 4.11, and 4.12 show the discharge of that of the sharp-point 

electrodes, while Figure 4.13 and 4.14 depict that ofthe slit electrode. Note that all the 

discharges shown were generated using argon asfeed gas. 

Figure 4.9 reveals that the discharge wasjust starting to appear around the corona 

points.The flow rate ofthe argon gas feed was 80 cc/s and the electrodes were separated 

by 3 inches from each other. The source voltage was set at 7.5 kV. The applied voltage 

and current on the electrodes were that ofthe onset ofthe Townsend discharge at 7.5 kV 

and 0.024 pA respectively(see Table 5.4c in chapter 5). 

A further increase ofelectrode voltage would push the discharge in Figure 4.9 into 

a more uniform glow discharge as shown in Figure 4.10. Figure 4.10 had the same gas 

flow rate and electrode spacing as Figure 4.9. Butthe source voltage had been increased 

to 20kV.The corresponding applied voltage and current on the electrodes were 14.53 kV 

and 365 jxA respectively. 

If the discharge in Figure 4.10 were allowed to accumulate without proper 

ventilation or the electrode voltage and gas flow were further increased, the discharge 

might become more intense. The resulting effect would be a streaking ofmore luminous 

enhanced corona discharge as shown in Figure 4.11. The gas flow rate in the figure was 

set at about 120 cc/s while the source voltage was set at25 kV.The electrode voltage and 

current were not measured because the discharge was starting to arc over. Note that 
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Figure 4.9. Starting of the enhanced corona discharge with sharp-point electrodes
separated by a distance of 7.62 cm from each other.
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Figure 4.10. Uniform enhanced corona discharge with sharp-point electrodes
separated by a distance of 7.62 cm from each other.
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Figure 4.11. Streaking of a more luminous enhanced corona discharge with sharp-
point electrodes separated by a distance of 7.62 cm from each other.
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Figure 4.12. Enhanced corona discharge with sharp-point electrodes separated by a
distance of 15.24 cm from each other.
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Figure 4.13. Enhanced corona discharge with slit electrodes separated by a distance
of 7.62 cm from each other.
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Figure 4.14. Enhanced corona discharge with slit electrodes separated by a distance
of 15.24 cm from each other.
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discharge like Figure 4.11 is not necessarily bad except precaution must be taken to 

preventthe discharge from developing into arcing mode. 

While Figures 4.9-4.11 show the discharges of that of the sharp-point electrodes 

separated by a distance of3 inches from each other, Figure 4.12 shows the discharge of 

the same configuration but with electrodes separated by a distance of6 inches. The gas 

flow was set at80 cc/s and the source voltage at20kV.The electrode voltage and current 

were not documented. 

No quantitative analysis was made here regarding the sharp-point electrode 

discharges. The task is left for chapter 5. For the slit-electrode discharges, Figures 4.13 

and 4.14 reveal the discharges with electrode-separation of3 and 6 inches respectively. 

The discharge was set at 80 cc/s for the gas flow and 20 kV for the source voltage. The 

slit-electrodes discharge appeared to be more uniform than that of their sharp-point 

electrode counterparts. 
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CHAPTERS 

PLASMA CHARACTERIZATION OFTHEAPPARATUS 

This chapter describes the characterization of the enhanced corona discharge 

(ECD)apparatus. The current-voltage (I-V)relationship, the ion density located at the 

geometrieal center ofthe discharge,the spatial profile ofthe ion density aeross the cross 

section ofthe discharge chamber,and the detection ofozone are presented. 

5.1 TheI-V characteristics ofthe enhanced corona discharge 

By studying the characteristie relationship between the voltage and current applied 

on the electrodes, one can gain an insight into the operation ofthe discharge involved. 

Figure 5.1 shows the simple circuit used in the investigation ofthe I-V characteristics of 

the enhanced corona discharge. The eleetrodes are connected in series with a DC power 

supply Vs and a resistor R.The power supply has a typical voltage in the range of0-30 

kV and a currentin the range of0-1 mA.The resistor has a value of15 MQ. 

The behavior of the applied eurrent I and voltage V on the electrodes were 

monitored under several operating conditions while the effects of airflow, electrode 

spacing, and gas flow on the characteristics were investigated. The results are presented 

in sections 5.1.1, 5.1.2, and 5.1.3. 
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Figure 5.1. Experimental setup for measuring the current I and voltage V
applied on the electrodes of the enhanced corona discharge (ECD) apparatus.



5.1.1 Effect ofairflow on theI-V characteristics 

The effect of airflow on the I-V characteristics was investigated under three 

different conditions. The discharge was first restricted only in the enclosed discharge 

chamber. Then the discharge chamber was left ajar(with the door between the discharge 

room and the adjacent handling room lifted) with no airflow acting. Finally,the discharge 

chamber was confironted with airflow (provided by a 5.3 cfin microfan)blowing into it. 

Note that under the last two operating conditions, the apparatus itself was enclosed and 

isolated firom its immediate environments. 

The results obtained are presented below. Figures 5.2a, 5.2b, 5.2c, and 5.2d depict 

the characteristics ofthe discharge with no gas feed in the atmospheric air, argon-fed 

discharge at alow flow rate of40 cc/s, nitrogen-fed discharge at a moderate flow rate of 

80 cc/s, and helium-fed discharge at a high flow rate of120 cc/s respectively. In each of 

the figures, both linear and semi-logarithmic plots are presented. The latter reveals a 

more detailed behavior over the wide applied current range. 

In Figure 5.2a where no gas was fed,the characteristic curves are closely identical 

to each other whether the discharge was restricted to an enclosed region or accessible to 

an opened space with or without airflow. The typical I-V curve shows a "saturation" 

region with a voltage below 15 kV and a current below 1 pA. The "Townsend" region 

where corona discharge occurred begins at a voltage above 15 kV and a current above 1 

pA. The "saturation" and "Townsend" regions will be discussed in more detail later in 

section 5.1.4. 

In Figure 5.2b where argon was fed into the discharge electrodes at alow flow rate 

of40 cc/s, there was significant difference between the different operating conditions. 
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With the discharge chamber enclosed, the Townsend region began at a lower voltage of 

10 kV and a higher current of0.2 jaA. With the discharge chamber left ajar (both with 

and without airflow), the Townsend regions started at a higher voltage of 12.5 kV and a 

lower current ofafew nA.Obviously then,restricting the discharge in an enclosed region 

is preferable. 

In Figure 5.2c where nitrogen with a moderate flow rate(80 cc/s)was fed into the 

discharge electrodes, evidence again indicated that there were differences whether the 

discharge chamber was enclosed or not. With the discharge restricted to an enclosed 

region, the Townsend region began at a lower voltage (12.5 kV) and higher current 

(2x10'^A). When the discharge was not restricted, the Townsend regions began at a 

higher voltage(15 kV)and approximately the same current range(afew 10"®A).Enclosed 

discharge was again preferable. 

In Figure 5.2d where a high flow rate(120 cc/s) of helium was applied, the I-V 

characteristics differed again as it was in Figures 5.2b and 5.2c. When the discharge was 

restricted, the Townsend region began at 7.5 kV and 4x10'®A. When the discharge was 

not restricted, the Townsend regions began at a higher voltage of 10 kV. Here again, 

enclosed discharge was preferable. 

In view that enclosed discharge was preferable since less applied voltage was 

needed to produce the same amount ofcurrent, all experiments presented hereafter were 

conducted with the discharges restricted to the enclosed space. 
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Figure 5.2. Effect of airflow on the I-V characteristics of ECD with sharp-point 
electrodes separated by a spacing of3inches(7.62 cm)between them:(a)discharge 
with no gasfeed in the atmospheric air. 
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Figure 5.2. continued:(b)argon-fed discharge ata gas flow rate of40 cc/s. 
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Figure 5.2. continued:(c)nitrogen-fed discharge ata gas flow rate of80 cc/s. 
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Figure 5.2. continued:(d)helium-fed discharge ata gasflow rate of120 cc/s. 
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5.1.2 Effect ofelectrode spacing on the I-V characteristics 

With the discharge restricted in the enclosed discharge chamber, the effect of 

electrode spacing on the I-V characteristics was investigated. The spacing between the 

sharp-point electrodes was set at 7.62 cm(3 inches), 10.16 cm(4 inches), 12.70 cm(5 

inches) and 15.24 cm (6 inches) for the investigation. Figure 5.3 shows the results 

obtained. 

In Figure 5.3a,no gas was fed to the discharge electrodes. It is evident that with 

the same voltage applied on the electrodes, the current flowing through the electrodes 

increased inversely with the electrode spacing. Taking for example at applied voltage of 

20 kV,the currents flowing between the electrodes were 21, 9, 5, and 3 pA for 7.62, 

10.16,12.70 and 15.24-cm spacing respectively. Atlower applied voltages,the respective 

current differences were lower. At 15 kV,the ciirrents were 1, 0.76, 0.62, and 0.49 pA 

for the respective four electrode spacings mentioned above. Note that 15 kV was the 

onset ofthe Townsend regions for all the spacings. 

In Figure 5.3b, a low flow rate (40 cc/s) of argon was fed to the discharge 

electrodes. It is again evident that the current increased inversely with the spacing at the 

same applied voltage. For the 10.16, 12.70, and 15.24-cm spacings,though they all had 

the onset ofTownsend discharge at 12.5 kV,the currents were 0.5, 0.2, and 0.007 pA 

respectively. The onset of the Townsend discharge for the 7.62-cm spacing was at a 

lower voltage of10kV and a current of0.17 pA.Compared to that when no gas was fed 

(Figure 5.3a), the low flow rate of argon-fed discharge described herewith is more 

favorable because ofthe lower onsetofTownsend discharge. 
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In Figure 5.3c, a moderate flow rate(80 cc/s)ofnitrogen was fed to the discharge 

electrodes. It is again evident that a smaller spacing was preferable. For the 7.62-cm 

spacing, the Townsend discharge began at 12.5 kV with a current of0.017 pA.For the 

10.16-cm spacing, it started at 15 kV and 0.03 pA. The 1-V characteristics for both the 

12.7 and 15.24-cm spacing were quite similar: both started the Townsend regions at 17.5 

kV with currents of0.15 and 0.12 pA respectively. 

In Figure 5.3d where a high flow rate(120 cc/s)ofhelium was applied,the lowest 

electrode spacing was again preferable. The Townsend region for the 7.62-cm spacing 

bagan at 7.5 kV with a corresponding current of0.04 pA.For higher electrode spacings, 

they all had approximately the same Townsend onset voltages of10kV but with different 

currents of0.9,0.06,and 0.03 pA respectively. 

The effects of electrode spacing on the 1-V characteristics described above thus 

preclude the usage of bigger spacing between the electrodes. In conjunction with the 

preferable restricted discharge in an enclosed chamber as described in the section before 

this, the investigation on the effect ofgas flow in the next section will be limited to the 

enclosed discharges with the electrodes separated by3inches(7.62cm)from each other. 
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Figure 5.3. Effect ofelectrode spacing on theI-V characteristics ofECD with sharp-
point electrodes:(a)discharge with no gasfeed in the atmospheric air. 
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JPligure 5.3. continued:(b)argon-fed discharge at a gasflow rate of40 cc/s. 
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Figure 5.3. continued:(c)nitrogen-fed dischai^e ata gasflow rate of80 cc/s. 
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Figure 5.3. continued:(d)helium-fed discharge at a gasflow rate of120 cc/s. 
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5.1.3 Effect ofgas flow on the I-V characteristics 

With the discharge restricted in the enclosed discharge chamber and the electrode 

spacing set at 7.62 cm,the effect ofgas flow on the I-V characteristics was investigated. 

Figure 5.4 showsthe result obtained. 

In Figure 5.4a, a comparison between the no-gas-feed discharge and the low flow 

rate(10 cc/s)ofnitrogen-, helium-, and argon-fed discharge was made.Even at this low 

flow rate, the effect was profound. When no gas was fed, the onset of Townsend 

discharge was at 15 kV and 1 pA,and the transition from saturation to Townsend regions 

was rather gradual. For nitrogen-fed discharge, the Townsend region appeared at 15 kV 

(0.05 pA) and was not favored over that of no-gas-feed discharge before 20 kV was 

reached. For helium-fed discharge,the Townsend region also began at 15 kV (0.25 pA), 

but with a rather sudden transition. The discharge was favored after 16 kV was reached. 

For argon-fed discharge, the Townsend region began at 12.5 kV (0.614 pA) and the 

current increased by an order ofmagnitude compared to the no-gas-feed discharge after 

15 kV wasreached. 

In Figure 5.4b, another low gas flow was applied at 40 cc/s. For nitrogen-fed 

discharge, the Townsend region began at 15 kV with a current of 0.44 pA. But the 

favorable operating voltage had been lowered to 16 kV as compared to 20kV for the 10 

cc/s flow rate. For helium-fed discharge, the Townsend region now began at 12.5 kV. 

The favorable operating voltage now began at 12.5 kV as compared to 16 kV for the 10 

cc/s flow rate. The current increased by a little more than an order of magnitude 

compared to that of no-gas-feed discharge after 14 kV was reached. For argon-fed 

discharge,the Townsend region as well as the favorable operating voltage began now at 
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10 kV as compared to 12.5 kV for the 10 cc/s flow rate. The current increased to ahnost 

two orders ofmagnitude compared to the no-gas-feed discharge. 

In Figure 5.4c, a moderate gas flow rate at 80 cc/s was applied. The effect was 

more astounding than the cases with lower gas flows. The Townsend regions for 

nitrogen-, helium-, and argon-fed discharges now began at 12.5, 10, and 7.5 kV 

respectively. At the onset of the Townsend discharge, the current increased by three 

orders ofmagnitude(from 0.017 pA at 12.5 kV to 36.07 pA at 14.46 kV)for nitrogen-

fed discharge. The current increased by two orders of magnitude(from 0.044 pA at 10 

kV to 23.84 pA at 12.14 kV)for hehum-fed discharge, and three orders of magnitude 

(from 0.024 pA at 7.5 kV to 27.81 pA at 9.38 kV)for argon-fed discharge. The favorable 

operating voltage began at about 1 kV beyond the onset ofthe Townsend discharge for 

each of the three feeding gases. Note that at 80 cc/s flow rate, argon-fed discharge 

showed signs oftransiting to glow/arcing discharge at 14.5 kV. 

In Figure 5.4d, a high flow rate (120 cc/s) of nitrogen and helium was applied. 

Argon was not attempted because of its arcing at this rate. The onset ofthe Townsend 

region for nitrogen- and helium-fed discharges was at 10 and 7.5 kV respectively. Note 

that helium also showed signs oftransiting to a glow discharge at 13.5 kV. 

The details discussed in the preceding four paragraphs are summarized in Table 

5.1. Data used in Figures 5.4a to 5.4d are also re-utilized to plot Figures 5.4e to 5.4g 

where individual gas-fed discharge with different flow rates are presented in the same 

graph. 
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Figure 5.4. Effect of gas flow rate on the I-V characteristics of ECD with sharp-
point electrodes separated by a spacing of 3 inches (7.62 cm) between them:(a) 
atmospheric air versuslow gasflow rate of10 c/s for nitrogen,helium,and argon. 
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Figure 5.4. continued:(b)atmospheric air versus low gas flow rate of40 cc/s for 
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Figure 5.4. continued: (c) atmospheric air versus moderate gas flow rate of 80 cc/s 
for nitrogen, helium, and argon. 
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Table 5.1. Summary ofanalysis for Figure 5.4. 

No-gas-feed 
discharge 

a)15kV, 0.991|rA 
b)24.1 kV,59.2 pA 
c)factor of7.2 at 
(17.4kV,7.2^lA) 

Nitrogen-fed discharge 

10 cc/s 

a)15 kV,0.051 ̂ A 
b)22.4kV,174 pA 
c)factor of25 at 

(17.5 kV,1.27 pA) 
d)19kV 

40 cc/s 

a)15 kV,0.44 pA 
b)20.7kV,285 pA 
c)factor Of51 at 
(17.2kV,22.5 pA) 

d)16kV 

80 cc/s 

a)12.5kV,0.017 pA 
b)18.5 kV,429.8 pA 
c)factor of2122 at 
(14.5 kV,36.1 pA) 

d)13.5kV 

120 cc/s 

a)10kV,0.012 pA 
b)16.1 kV,595 pA 
c)factor of2917 at 
(12kV,35pA) 

d)11 kV 

Helium-fed discharge 

10 cc/s 

a)15 kV,0.25 pA 
b)21.2kV,252pA 
c)factor of123 at 
(17kV,30.67 pA) 

d)16kV 

40 cc/s 

a)12.5 kV,1.21pA 
b)19.8kV,348 pA 
c)factor of 28.6 at 
(14.5 kV, 34.6 pA) 

d)12.5kV 

80 cc/s 

a)10kV,0.044 pA 
b)17.44kV,504 pA 
c)factor of542at 

(12.1 kV,23.8 pA) 
d)11.5kV 

120 cc/s 

a)7.5 kV,0.041 pA 
b)13.2kV,786.8 pA 
c)factor of273 at 
(9.8kV,11.2 pA) 

d)8.2kV 

Argon-fed discharge 

10 cc/s 

a)12.5 kV,0.61 pA 
b)20.2kV,322pA 
c)factor of14 at 
(14.9kV,8.6 pA) 

d)12.5kV 

40 cc/s 

a)10kV,0.17pA 
b)18.5kV,435 pA 
c)factor of142 at 
(12.2kV,23.4pA) 

d)10.3kV 

80 cc/s 

a)7.5kV,0.024 pA 
b)13.5 kV,768 pA 
c)factor of1158 at 
(9.4kV,27.8 pA) 
d)8kV 

120 cc/s 

arcing problem over 
times 

a)onset ofTownsend discharge 
b)last data pointwhen25kV source voltage was applied to the circuit(indicating therange of 
Townsend discharge from die onset point) 

c)factor by wiiich the current increases atnext data point after the onsetofTownsend discharge 
d)voltage at which therespective curve intersects with that ofnon-gas-fed discharge 
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Figure 5.4. continued:(e)nitrogen-fed discharge at gas flow rates of10,40,80,and 
120 cc/s. 

102 



 

(f)(i)linear plot 
22 

20 

18 

16 

( 

14 

f
0)

12 
§ 

10 -•« -®— helium gasflow rate at10 cc/s 
helium gasflow rate at40cc/s 

-e- helium gasflow rate at80 cc/s
8 -fir- helium gasflow rate at120cc/s 

6 

) 

4 
100 200 300 400 500 600 700 800 

current I (pA) 

(f)(11)semltogarithmic plot 
22 I I 1 1 ni l 1—I I 1 1 ni l r 

20 

18 

16 

S^2 

10 

helium gasflow rate at10cc/s 
helium gasflow rate at40cc/s 
helium gasflow rate at80cc/s 
helium gasflow rate at120cc/s 

10 10' 10 10 

current I (A) 

Figure 5.4. continued:(f) helium-fed discharge at gas flow rates of 10,40,80,and 
120 cc/s. 
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Figure 5.4. continued:(g)argon-fed discharge at gas flow rate of10,40,and 80cc/s. 
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5.1.4 Comparison and analysis 

The I-V characteristic for a classical low-pressure DC glow discharge was shown 

previously in Figure 3.1. The discharge can be divided into four regions: 1)the"dark"or 

"Townsend discharge" prior to the voltage breakdown;2)the "normal glow" where the 

voltage is constant or slightly decreasing with current; 3)"abnormal glow" where the 

voltage increases with current; and 4)"arc discharge" where the plasma becomes highly 

conductive. 

Figure 5.5a shows yet another I-V characteristics of a low-pressure DC glow 

discharge,now at 1 torr[5.1]. The normal and abnormal glow regions(regions2and 3in 

the figure) tend to shrink with higher pressure. For many gases, the breakdown even 

proceeds directly to arcing at atmospheric pressure(760torr)as shown in Figure 5.5b for 

a plasma torch[5.2]. For corona discharge,the I-V characteristics resemble neither ofthe 

curves just shown. Figure 5.5c shows the typical characteristics for a positive point-to-

plane corona operating at a gap of13 mm in atmospheric air[5.3]. 

The plasma shown in Figure 5.5c ignites at a voltage of 2-5 kV and produces 

extremely small current of 10"^°- 10'^ A. Above 10'^ A,the voltage rapidly increases 

with current. This coincides with the generation ofmicro-arcs,or"streamers"that extend 

between the electrodes. A maximum voltage of 12.5 kV is recorded at about 5x10"^ A, 

where the device begins to arc. Corona operates at currents below the onsetofarcing. 

The semi-logarithmic plots ofthe I-V characteristics ofBCD shown in the previous 

sections resemble that of Figure 5.5c. A selected few are re-plotted in Figure 5.6 for 

comparison with the figure. 
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(a)no gasfeed (b)argon-fed at40cc/s 
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^12 « 12 

10 10 

current I (A) current I (A) 

(c)nitrogen-fed at80cc/s (d)helium-fed at 120cc/s 

24 24 

20 20 
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Figure 5.6. Selected I-V characteristics of ECD with sharp-point electrodes 
separated by a spacing of 7.62 cm and operated under different discharge 
conditions. 
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For the no-gas-feed discharge shown in Figure 5.6a, the onset of Townsend 

discharge occurs at a higher voltage(15 kV)as compared to alower voltage(5.5 kV)for 

the single point-to-plane corona discharge in Figure 5.5c. The difference is due to gap 

distance (7.62 cm versus 1.3 cm)and different electrode configurations. While arching 

occurs at 12.5 kV and 500 pA for Figure 5.5c, it is absent in the enhanced corona 

discharge shown in Figure 5.6 or other I-V characteristics figures shown in previous 

sections. One must be cautioned, however,this is not necessarily the case if higher flow 

rates of gas feed were to be applied. More will be said about the arcing of argon-fed 

discharge at ahighflow rate(120cc/s)in the next section. 

In the analysis ofthe I-V characteristics shown in the previous sections, the term 

"Townsend discharge" has been used quite often. Corona discharge is considered as a 

Townsend discharge [5.4], which is the exponential increasing portion of the dark 

discharge in the I-V characteristic curve. 

The onset ofTownsend discharge is also indicated in Figures 5.6. Identifying the 

onset ofTownsend discharge is not a difficult task. It could be readily identified in the 

linear or semi-logarithmic plots of the I-V characteristic curves. Consulting the data 

collected would also help. The data used to plot Figures 5.2 to 5.4 are presented later in 

Tables 5.2to 5.4(see sections 5.3.1 to 5.3.3). 

5.1.5 The arcing ofargon-fed discharge ata high flow rate of120 cc/s 

Argon-fed discharge at a high flow rate is different fi'om that at a low or moderate 

flow rate discussed previously. Discharge at a high flow rate may cause arcing. Figure 

5.7showsthe I-V characteristics ofargon-fed discharge at 120 cc/s.It indicates thatthe 
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Figure 5.7. I-V characteristics of argon-fed discharge at 120 cc/s, showing signs of 
approaching arcing. 
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discharge has gone through three different stages: the Townsend, normal glow, and 

abnormal glow. 

The Townsend region starts at point A(7.5 kV,7x10"® A)and ends at pointB(8.8 

kV, 1.4x10"^ A). The normal glow discharge, signified by decreasing voltages with 

increasing currents, begins at point B and stops at point C (8 kV, 4.7x10"^ A). The 

abnormal glow discharge is between points C andD(9.5 kV,8.7x10"^ A). 

The rapidly increasing voltages with increasing currents between points C and D 

indicate that the discharge is fast approaching arcing. Arcing is a situation one needs to 

avoid. It was recorded that arcing started to occur at point D,650 seconds after the gas 

was fed. 

The physics ofgas-fed discharge at high flow rate can be interpreted with the help 

of Figure 5.8. Assuming that before the gas is fed at time t=0, the discharge chamber 

with volume Voi is occupied fully by air with density No as shown in Figure 5.8a. As the 

gas at a constant flow rate of Grate is introduced into the chamber as shown in Figure 

5.8b, the air density remains in the chamber is reducing to Nair(t). The gas occupied the 

chamber is Ng(t), which replaces the deducted air density No- Nair(t). 

Ignoring the plasma chemical reaction that may take place, it can be assumed that 

the air density is decreasing at a rate dNair(t)/dt which is proportional to the density 

NairO)itselfwith a constant k. Mathematically then. 

= (5.1) 
dt 

where kis defined as 
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(5.2) 

Since the chamber is originally occupied with density Ng at time t=0,the solution 

for equation(5.1)is 

= (5.3) 

At time t, the gas density Ng(t) occupying the discharge chamber is equal to the 

amountofair density that has been displaced,Thus 

= N„{'^-e-'"') (5-4) 

Equation(5.3)and(5.4)are plotted in Figure 5.9. For argon-fed discharge at Grate 

of120 cc/s and discharge chamber with volume Voi of1.0098x10'^ cm^,the time constant 

tc is 84.15 seconds. The discharge started to arc 650 seconds after the gas was fed. Thus 

equation(5.4)becomes 

A^g(650)=0.9996Ar„. (5.5) 

This means that the discharge starts to arc if air density is reduced to 4x10"^ No 

when argon is fed to the system at 120 cc/s. Note that the analysis does not necessarily 

apply to lower flow rates of argon. Assumption (5.1) is over-simplified and does not 

necessarily hold true at lower rates. 
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Ng(t)=No[l-exp(-tftc)] 

(0 0.6 

0.4 

0.2 Nair {t)=Noexp(-1/tc) 

t. V 

3 4 5 

timet(tc) 

Figure 5.9. Mathematical presentation ofNg(t)and Nair(t)for Figure 5.8. 
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5.2.The probefor plasma density measurement 

Plasma density is an essential parameter in a gaseous discharge.In this section,the 

construction ofa double probe for density measurement is discussed. The density located 

at the center ofthe bulk ofthe discharge is given in section 5.3. while the spatial density 

profile across the discharge volume is given in section 5.4. 

The plasma density can be measured by inserting a small double probe in the path 

ofthe discharge to intercept the ion flow as shown in Figme 5.10. The probe must be of 

small size such that it does not perturb the discharge itself. The construction of such 

probe is shown in Figure 5.11. It is constructed with a pair of metal plates of area A 

separated by a distance d. For the parallel plate configuration, the ion current density7 

can be expressed as[5.5] 

'--A 

(5.6) 

where ip is the current flowing through the plates, n the ion density, e the ion charge 

(generally singly charged),and Vd the ion drift velocity. 

For the case where the motion ofthe charge carrier is dominated by collision, the 

drift velocity is proportional to the electric field E as expressed in the equation below 

[5.6] 

Vj=juE. (5.7) 

where ju is the mobility ofthe charge carrier. 
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Figure 5.10. Plasma density probe sitting in the discharge chamber.
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Figure 5.11. A simple parallel-plate probefor measuring Ion density. 
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From equation(5.6)and(5.7),we get 

'p 
n = 

Aevj 

AefjE 

ipd 
(5.8)Ae^p 

Thus with a probe of proper dimensions, the current ip and voltage Vp can be 

measured to obtain the ion density. 

5.3 Local density measurement at the center ofthe discharge 

The mobility of air, argon, helium, and nitrogen are 1.36, 1.37, 5.09, and 1.27 

cmVvolt-sec respectively [5.7]. Using a probe with an area of 1 square inch(6.4516 cm^) 

and a spacing of%inch(0.635 cm),equation(5.8)becomes 

«=9.0464x10^^(p/vp cm"^ (for air) (5.9a) 

n=8.9804x10'^z/Vp cm"^ (for argon) (5.9b) 

«=2.4171x10"//Vp cm'^ (for helium) (5.9c) 

n=9.6875x10"z/Vp cm"^ (for nitrogen) (5.9d) 

Note that a factor oftwo has been included in the equation for calculation since 

both positive and negative ions are present and the plasma is charge neutral. Using 

equation (5.9), the density measurement located at the center of the discharge was 
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conducted at each data point ofFigures 5.2, 5.3, and 5.4. where the effects of airflow, 

electrode spacing,and gas flow rate were monitored.The ammeter and voltmeter used for 

the density measurementhad aresolution of1 nA and 1 mV respectively. 

5.3.1 Effect ofairflow on the localion density 

Effect on airflow on the I-V characteristics were discussed in section 5.1.1. While 

collecting the data for the I-V characteristics, the density measurements located at the 

center of the discharge were also performed at each ofthe respective data points. The 

data are presented in Table 5.2. 

Under each discharge condition shown in the table,there are two columns ofdata. 

The three numbers in each cell ofthe first column represent the source voltage Vs,the 

current I, and voltage V applied to the electrodes respectively. These (I, V)data were 

used to plot Figure 5.2. The numbers in each cell of the second column represent the 

probe current ip, the probe voltage Vp, and the ion density n respectively. Note that ip and 

Vp were taken when the particularI and V in the same row were applied to the electrodes. 

The density n was evaluated by using equation (5.9). Note that a dash (-) indicates no 

measured value was registered. 

In Table 5.2a, the discharge was operated with no gas feed. With enclosed 

discharge, the density (in units of 10'° cm"^) varies from 8.19 just before the onset of 

Townsend discharge to 9.24 well into the Townsend discharge. When the discharge 

chamber was left ajar,the density varies from 8.22 to 9.15. When it was left ajar but with 

airflow, the density varies from 8.14 to 9.17. Well into the Townsend discharge regions 
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(the last four rows of data in the table), the average density is 9.15, 8.99, and 8.98 

respectively for the operating conditions just described. 

In Table 5.2b,the discharge was fed with argon at40 cc/s. For enclosed discharge, 

the density increases steadily from 8.82 to 9.43. The density increases from 8.36 to 9.14, 

and from 8.34 to 9.07 respectively when the chamber was ajar and ajar with airflow. The 

average density is 9.22, 8.98, 8.94 respectively for the enclosed, ajar, and ajar with 

airflow operating conditions. 

In Table 5.2c, the discharge was fed with nitrogen at 80 cc/s. With enclosed 

discharge,the density varies slightly from 9.66 to 9.98. The density increases from 9.51 

to 9.77, and from 7.60 to 9.65 respectively when the chamber was ajar and ajar with 

airflow. The average density is 9.85, 9.60, and 9.12 respectively for the three operating 

conditionsjust mentioned. 

In Table 5.2d, the discharge was fed with helium at 120 cc/s. The density varies 

from 1.61 to 2.69, from 0.32 to 2.59, and from 0.89 to 2.53 respectively for the three 

cases of enclosed, ajar, and ajar with airflow operating conditions. Well into the 

Townsend discharge regions,the average density is 2.58,2.53,and 2.53 respectively. 

Figure 5.12 gives the graphical presentation for Table 5.2. 
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Table 5.2. Density probe measurements(ip,Vp,n)atthe respective data points(I,V) 
ofFigure 5.2 v»^here effect ofairflow was investigated:(a)discharge with no gas feed 
in the atmospheric air. 

Discharge chamber enclosed Discharge chamber opened Discharge chamber opened 
(no airflow) (with air flow) 

Vs(kV) ip(liA) Vs(kV) ip(liA) Vs(kV) ip(liA) 
I(^A) Vp(V) I(pA) I(pA) Vp(V) 
V(kV) n(lO'^/cm^) V(kV) n(10'°W) y(kV) n(10'°W) 

5 5 5 

0.124 0.119 0.054-

5 -5 5 

7.5 7.5 7.5 

0.250 0.206 .093-

-7.5 7.5 7.5 

10 10 10 

0.394 0.325 0.143-

-9.99 10 10 

12.5 0.026 12.5 0.015 12.5 0.018 

0.578 0.287 0.463 0.165 0.203 0.20 

12.49 8.19 12.49 8.22 12.5 8.14 

15 0.072 15 0.077 15 0.059 

0.991' 0.78 0.822' 0.83 0.405' 0.62 

14.99' 8.35 14.98' 8.39 15' 8.61 

17.5 0.89 17.5 0.69 17.5 0.87 

7.15 9.01 5.52 7.3 2.23 8.98 

17.39 8.93 17.42 8.55 17.47 8.77 

20 1.92 20 1.73 20 1.51 

20.98 18.8 18.27 17.1 15.09 14.89 

19.69 9.24 19.73 9.15 19.77 9.17 

22.5 3.79 22.5 3.51 22.5 3.176 

36.15 37.2 33.9 34.8 32.17 31.8 

21.96 9.22 21.99 9.12 22.02 9.03 

25 5.7 25 5.08 25 4.50 

59.21 56.1 55.7 49.9 49.80 45.6 

24.11 9.19 24.16 9.15 24.25 8.93 

9.15° 8.99° 8.98° 

':onset ofTownsend discharge regions 
:average density n for the lastfour cells in the same column 
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Table 5.2. continued;(b)argon-fed discharge at a gas flow rate of40 cc/s. 

Discharge chamber enclosed Discharge chamber opened Discharge chamber opened 
(no airflow) (with air flow) 

Vs(kV) ip(nA) Vs(kV) ip(liA) Vs(kV) ip(liA) 
I(HA) Vp(V) , I(pA) Vp(V) I(pA) Vp(V) , 
V(kV) n(10 /cm) V(kV) n(10"'/cm^) V(kV) n(lO'^/cm) 

-5 - -

0.002 

5 5 

0.003 0.002 

5 -

7.5 

0.010 0.004 

7.5 7.5 

0.002 

7.5 7.5 7.5 -

10 -

- 0.002 

10' 10 

0.165' 0.008 

10 -

12.5 0.478 12.5 12.5 

23.44 4.869 0.015' 0.003' 

12.15 8.82 12.5' 12.5' --

15 1.420 0.254 0.209 

71 14.33 4.39 2.73 1.893 2.250 

13.94 8.89 14.93 8.36 14.97 8.34 

17.5 2.729 17.5 1.293 17.5 1.162 

136.45 27.10 57.45 13.32 24.26 12.08 

15.45 9.04 16.64 8.72 17.14 8.64 

20 3.671 2.676 1.758 

216.6 36.14 119.33 26.56 84.5 17.61 

16.75 9.12 18.21 9.05 18.73 8.97 

22.5 4.723 22.5 4.404 22.5 3.62 

307 45.63 184.97 43.28 156.95 35.88 

17.90 9.29 19.73 9.14 20.15 9.06 

25 6.214 5.41 4.52 

435 59.18 243.2 53.9 227.45 44.75 

18.48 9.43 21.35 9.01 21.59 9.07 

9.22° 8.98° 8.94° 

':onset ofTownsend discharge regions 
:average density n for the lastfour cells in the same column 
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Table 5.2. continued:(c)nitrogen-fed discharge ata gas flow rate of80cc/s. 

Discharge chamber enclosed Discharge chamberopened Discharge chamber opened 
(no airflow) (with air flow) 

Vs(kV) Vs(kV) ip(liA) Vs(kV) ip(ltA)ip(^A) 
I(HA) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n(10 /cm) V(kV) n(10'7cm^) V(kV) n(10'7cm^) 

-0.004 0.002 0.002 

-5 5 5 

7.5 7.5 7.5 

0.006 0.002 0.003 

7.5 7.5 7.5 -

0.004 

10 10 10 

0.011 0.003 

-

-12.5 12.5 12.5 

0.017' 0.005 0.006 

12.5' 12.5 12.5 

0.065 0.026 0.004 

36.07 0.63 0.063' 0.265 0.032' 0.051 

14.46 9.98 15' 9.51 15' 7.60 

17.5 0.135 17.5 2.274 17.5 0.301 

110.8 1.33 27.1 22.54 15.89 3.114 

15.84 9.83 17.09 9.77 17.26 9.36 

0.23 2.872 2.92 

212.5 2.25 89.25 29.05 77.8 30.13 

16.81 9.88 18.66 9.58 18.83 9.39 

22.5 2.334 22.5 4.28 22.5 4.05 

319.9 23.4 174.4 43.6 162.3 40.9 

17.70 9.66 19.88 9.51 20.06 9.59 

2.53 5.37 5.06 

429.8 24.7 258 54.08 237.5 50.8 

18.54 9.92 21.13 9.62 21.44 9.65 

9.85" 9.60° 9.12° 

':onset ofthe Townsend discharge regions 
:average density n for four cells in the same column 
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Table 5.2. continued:(d)helium-fed discharge ata gasflow rate of120 cc/s. 

Discharge chamber enclosed Discharge chamber opened Discharge chamber opened 
(no airflow) (with air flow) 

Vs(kV) ip(nA) Vs(kV) ip(liA) Vs(kV) ip(liA) 
I(^A) I(pA) I(pA) Vp(V) 
V(kV) n(lO'W) V(kV) n(10 /cm) V(kV) n(10'°/cm^) 

5 

0.019 0.014 0.009 

5 5 5 -

7.5 

0.041' 0.031' 0.016 
7.5 7.5 

-

-7.5' 7.5' 7.5 

10 0.032 0.004 0.004 

11.2 0.46 1.69 0.304 0.069' 0.045 

9.83 1.68 9.97 0.32 10' 0.89 

12.5 1.26 12.5 0.006 12.5 0.016 

89.6 18.9 2.25 0.36 1.38 0.169 

11.16 1.61 12.47 0.40 12.48 2.29 

15 5.19 2.07 2.43 

194.6 60.5 35.58 19.4 28.74 23.6 

12.08 2.07 14.47 2.50 14.57 2.49 

17.5 7.33 17.5 4.18 17.5 4.11 

316.4 75 73.63 39 63.19 38.05 

12.75 2.36 16.40 2.59 16.55 2.61 

20 10.6 7.37 7.17 

452.2 96.3 137.18 69.6 119.12 68.2 

13.22 2.66 17.94 2.56 18.21 2.53 

22.5 12.44 22.5 9.5 22.5 9.7 

617.4 109 216.47 92.9 203.6 93.4 

13.24 2.69 19.25 2.47 19.45 2.51 

25 14.24 12.14 12.6 

786.8 134 304.1 119.2 288.5 122.6 

13.20 2.59 20.44 2.50 20.67 2.48 

2.58° 2.53° 2.53° 

':onsetofTownsend discharge regions 
:average density nfor the lastfour cells in the same column 
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Figure 5.12. Ion density located at the center of the discharge showing the influence
of three different discharge chamber operating conditions (note that the current
shown is that applied to the discharge electrodes).
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5.3.2 Effect ofelectrode spacing on the localion density 

Effect of electrode spacing on the I-V characteristics was discussed in section 

5.1.2. The effect on the local ion density is presented in Table 5.3. The data are presented 

in the same way as described in second paragraph in section 5.3.1. 

In Table 5.3a,the discharge was operated with no gas feed. The density(in imits of 

10'° cm'^)varies from 8.19 to 9.24,8.18 to 9.03,8.17 to 8.97,and 7.92 to 8.80 for the 7.6, 

10.2,12.7,and 15.2 cm-spacing respectively. Wellinto the Townsend region,the average 

density is 9.15,8.77, 8.79, and 8.68 respectively. 

In Table 5.3b,the discharge was argon-fed at40 cc/s. The density varies from 8.82 

to 9.43,5.98 to 9.21, 5.61 to 8.96, and 5.56 to 8.72 respectively for 7.6, 10.2, 12.7, and 

15.2 cm-spacings.The average density is 9.22,9.04,8.67,and 8.36 respectively well into 

the Townsend regions. 

In Table 5.3c, the discharge was nitrogen-fed at 80 cc/s. The density varies from 

9.66 to 9.98, 8.33 to 9.76, 1.66 to 9.83, and 3.42 to 9.09 respectively for the 7.6, 10.2, 

12.7, and 15.2 cm-spcaings. Well into the Townsend regions, the average density is 

respectively 9.86,9.55, 9.43, and 8.66. 

In Table 5.3d, the discharge was helium-fed at 120 cc/s. The density varies from 

2.12 to 2.69, 2.23 to 2.56, 2.28 to 2.53, and 1.9 to 2.45 respectively for the 7.6, 10.2, 

12.7,and 15.2 cm-spacings.The average density is 2.57,2.46,2.46,and 2.35 respectively 

well into the Townsend region. 

Figure 5.13 gives the graphical presentation for Table 5.3. 
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Table 5.3. Density probe measurements(ip,Vp,n)at the respective data points(I,V) 
for Figure 5.3 where the effect of electrode spacing was investigated:(a)discharge 
with no gas feed in the atmospheric air. 

3 inch(7.62cm) 4inch(10.16cm) 5 inch(12.70cm) 6inch(15.24 cm) 
spacmg spacmgspacmg spacing 

Vs(kV) ip(ltA) Vs(kV) ip(KA) Vs(kV) ip(nA) Vs(kV) ip(liA) 
I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

5 5 5 5 

0.124 0.117 0.109 0.093-

-5 5 5 5 

7.5 7.5 7.5 7.5 

0.250 0.245 0.238 0.201 

7.5 7.5 7.5 7.5 

10 10 10 10 

0.394 0.368 0.328 0.279 

9.99 10 10 10 

12.5 0.026 12.5 0.018 12.5 0.029 12.5 0.007 

0.578 0.287 0.488 0.210 0.475 0.321 0.380 0.08 

12.49 8.19 12.49 8.18 12.49 8.17 12.5 7.92 

15 0.072 15 0.023 15 0.057 15 0.014 

0.991' 0.78 0.761' 0.252 0.616' 0.619 0.487', 0.156 

14.99' 8.35 14.98' 8.26 14.99' 8.33 14.99' 8.12 

17.5 0.89 17.5 0.330 17.5 0.149 17.5 0.045 

7.15 9.01 3.177 3.5 2.648 1.56 1.738 0.486 

17.39 8.93 17.45 8.53 17.46 8.64 17.47 8.38 

20 1.92 20 0.603 20 0.272 20 0.155 

20.98 18.8 9.22 6.31 5.437 2.810 2.821 1.59 

19.69 9.24 19.86 8.64 19.92 8.76 19.96 8.80 

22.5 3.79 22.5 1.34 22.5 0.923 22.5 0.366 

36.15 37.2 21.03 13.68 12.4 9.31 5.4 3.79 

21.96 9.22 22.18 8.86 22.31 8.97 22.42 8.74 

25 5.7 25 1.723 25 1.130 25 0.505 

59.21 56.1 34.07 17.27 20.15 11.59 9.06 5.19 

24.11 9.19 24.49 9.03 24.67 8.82 24.86 8.8 

9.15° 8.77° 8.79° 8.68° 

*:density n in units oflO'"ions/cm^ 
';onset ofTownsend regions 
:average density n for the lastfour cells in thesame column 
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Table 5.3. continued:(b)argon-fed discharge at a gasflow rate of40 cc/s. 

5 inch(12.70cm) 6inch(15.24 cm)3inch(7.62cm) 4inch(10.16cm) 
spacing spacing spacmg spacmg 

Vs(kV) ip(liA) Vs(kV) ip(ltA) Vs(kV) ip(liA) Vs(kV) ip(liA) 
I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

- -

-0.003 0.002 0.002 0.002 

--5 5 5 5 

7.5 

0.010 0.007 0.005 

7.5 7.5 7.5 

- 0.002 

7.5 7.5 7.5 7.5 --

0.165" 0.021 0.014 0.003 

10" 10 10 10 --

-12.5 0.478 12.5 0.010 12.5 0.003 12.5 

-0.150 0.189" 0.048 0.007"23.44 4.869 0.517" 
-12.15 8.82 12.49" 5.98 12.5" 5.61' 12.5" 

0.006 

71 14.33 14.72 2.905 1.663 0.426 0.353 0.097 
1.420 0.282 0.027 

13.94 8.89 14.78 8.72 14.98 5.69 15 5.56 

17.5 2.729 17.5 1.053 17.5 0.297 17.5 0.069 

136.45 27.10 55.24 10.70 16.16 3.149 4.36 0.768 

15.45 9.04 16.67 8.84 17.26 8.47 17.43 8.07 

3.671 2.126 1.072 0.259 

216.6 36.14 116.65 21.35 59.71 11.22 14.52 2.830 

16.75 9.12 18.26 8.94 19.1 8.58 19.78 8.22 

22.5 4.723 22.5 3.155 22.5 2.015 22.5 1.077 

307 45.63 196.15 30.85 120.35 20.85 61.4 11.50 

17.9 9.29 19.56 9.18 20.69 8.68 21.58 8.41 

6.214 4.425 3.154 2.322 

435 59.18 305.6 43.15 205 31.62 134.7 23.91 

18.48 9.43 20.42 9.21 21.93 8.96 22.98 8.72 

9.22° 9.04° 8.67° 8.36° 

*:density n in units oflO'"ions/cm' 
":onset of Townsend discharge regions 
:average density n for the lastfour cells in the same column 
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Table 5.3. continued:(c)nitrogen-fed discharge at a gas flow rate of80 cc/s. 

3inch(7.62cm) 5inch(12.70cm) 6inch(15.24cm)4inch(10.16cm) 
spacing spacing spacing spacing 

Vs(kV) ip(|tA) Vs(kV) ip(l»A) Vs(kV) ip(liA) Vs(kV) ip(ltA) 
I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

0.004 0.004 0.004 0.005 ----

5 5 5 5 

7.5 7.5 7.5 7.5 

0.006 0.005 0.006 0.006 --

7.5 7.5 7.5 7.5 

0.011 0.006 0.007 0.006 

10 10 10 10 

12.5 12.5 12.5 12.5 

0.017^ 0.009 0.008 0.008 

12.5' 12.5 12.5 12.5 

0.065 0.019 0.004 0.003 

36.07 0.63 0.031' 0.221 0.019 0.234 0.016 0.085 

14.46 9.98 15' 8.33 15 1.66 15 3.42 

17.5 0.135 17.5 0.037 17.5 0.115 17.5 0.009 

110.8 1.33 21.51 0.383 0.153' 1.240 0.115' 0.108 

15.84 9.97 17.18 9.34 17.5' 8.98 17.5' 8.07 

0.23 0.046 2.304 0.049 

212.5 2.25 78.1 0.465 30.15 23.69 16.29 0.548 

16.81 9.88 18.83 9.56 19.55 9.42 19.76 8.66 

22.5 2.334 22.5 0.142 22.5 3.416 22.5 0.867 

319.9 23.4 155.6 1.438 91 34.87 50.3 9.51 

17.70 9.66 20.17 9.55 21.14 9.49 21.75 8.83 

2.54 0.556 3.895 1.129 

429.8 24.7 264.2 5.51 170.65 38.40 111.58 12.03 

18.55 9.92 21.04 9.76 22.44 9.83 23.33 9.09 

9.86° 9.55° 9.43° 8.66° 

*:density n in units oflO'"ions/cm^ 
onset ofTownsend discharge regions 

:average density n for the lastfour cells in the same column 
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Table 5.3. continued:(d)helium-fed discharge at a gasflow rate of120 cc/s. 

5 inch(12.70cm) 6inch(15.24cm)3inch(7.62cm) 4inch(10.16cm) 
spacmg spacmgspacmg spacing 

Vs(kV) ip(liA) Vs(kV) ip(nA) Vs(kV) ip(liA) Vs(kV) ip(liA)
P

I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V)00 

V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

- 5 -

- 0.021 0.014 

5 5 5 
0.019 0.006 

5 --

-7.5 7.57.5 7.5 
0.025 

7.5' 7.5 7.5 

0.041' 0.022 0.038 

7.5 --

0.32 0.058 10 

11.2 3.6 0.63 0.055' 0.029' 

9.83 2.14 10' 2.23 -10' 10'-

12.5 1.76 12.5 2.52 12.5 0.7 12.5 0.11 

89.6 18.9 55.72 25.8 33.6 7.4 3.40 1.4 

11.66 2.36 12.0 2.28 12.45 1.911.16 2.25 

1.9 15 0.655.29 3.57 

60.5 138.4 36.1 88.2 19.4 26.04 6.91 

12.08 2.12 

194.6 

12.92 2.39 13.68 2.37 14.61 2.27 

17.5 7.33 17.5 4.36 17.5 2.5 17.5 0.92 

316.4 75 229.6 44.3 154 26 68.6 9.9 

12.75 2.36 14.06 2.38 15.19 2.32 16.47 2.25 

5.54 3.46 20 1.4 

452.2 96.3 313.6 

10.6 

54.9 224 33.5 117.6 14.5 

13.22 , 2.64 15.30 2.44 16.64 2.49 18.24 2.33 

22.5 12.14 22.5 6.20 22.5 4.39 22.5 1.89 

617.4 109, 423.4 61.3 302.4 42 193.2 19.2 

13.24 2.69 16.15 2.44 17.96 2.53 19.60 2.38 

14.24 8.07 5.0 25 3.29 

786.8 134 532 76.2 403.2 48.5 264.6 32.5 

13.20 2.59 17.02 2.56 18.95 2.49 21.03 2.45 

2.57° 2.46° 2.46° 2.35° 

*:density n in units of10 ions/cm^ 
':onset ofToensend discharge regions 
:average density n for the lastfour cells in the same column 
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Figure 5.13. Ion density located at the center of the discharge showing the influence
of different electrode spacing (note that the current shown is that applied to the
discharge electrodes).
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5.3.3 Effect ofgasflow on the localion density 

The effect of gas flow on the density located at the center of the discharge is 

presented in Table 5.4in the same way as described in the previoustwo sections. 

In Table 5.4a, the discharge with no gas feed was compared to that of gas-fed 

discharges at 10 cc/s. With no gas feed, the density (in units of 10'° cm"^) varies from 

8.19 to 9.24. With 10 cc/s flow rate, the density varies from 6.46 to 9.52, 0.24 to 2.52, 

and 6.62 to 9.06 for nitrogen, helium, and argon-fed discharges respectively. Well into 

the Townsend regions,the average density is 9.15,9.37,2.40,and 8.82respectively. 

In Table 5.4b,the discharge was fed at 40 cc/s. The data for no-gas-feed discharge 

is the same as in Table 5.4a. With 40 cc/s flow rate,the density varies from 7.57 to 9.88, 

1.88 to 2.56,and 8.82 to 9.43 respectively for nitrogen,helium,and argon-fed discharges. 

The average density well into the Townsend regions is 9.84,2.50, and 9.22 respectively 

for nitrogen,helium,and argon-fed discharge. 

In Table 5.4c,the discharge was fed at 80 cc/s. The data for no-gas-feed discharge 

are the same as before. With 80 cc/s flow rate,the density varies from 9.66 to 9.98,0.26 

to 2.48,and 8.93 to 9.78 for nitrogen,helium,and argon-fed discharges respectively. The 

average density well into the Townsend regions is 9.88,2.43,and 9.48 respectively. 

In Table 5.4d, the discharge was fed at 120 cc/s. The data for no gas feed are the 

same as before. With 120 cc/s flow rate,the density varies from 9.03 to 9.89, and 1.68 to 

2.69 respectively for nitrogen and helium-fed discharge. The average density is 9.75 and 

2.47 respectively. 

Figure 5.14 gives the graphical presentation for Table 5.4. 
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Table 5.4. Density probe measurements(ip,Vp,n)at the respective data points(I,V) 
of Figure 5.4 where the effect of gas flow rates was investigated:(a) no gas feed 
versus 10 cc/s flow rate for nitrogen,helium,and argon. 

No gas feed in the Nitrogeij-fed at 10 Helium-fed at 10 Argon-fed at 10 cc/s 
atmospheric air cc/s cc/s 

V,(kV) ip(liA) V,(kV) ip(liA) Vs(kV) ip(liA) Vs(kV) ip(liA) 
I(HA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

-5 5 5 5 

0.124 0.002 0.024 0.004 

5 5 5 5 -

7.5 7.5 7.5 7.5 

0.250 0.002 0.041 0.006-

7.5 7.5 . 7.5 - 7.5 

-10 10 10 0.003 10 

--0.394 0.003 0.081 0.300 0.043 

10 10 10 0.24 10 

12.5 0.026 12.5 12.5 0.008 12.5 0.007-

-0.578 0.287 0.004 0.109 0.350 0.614' 0.095 

-12.49 8.19 12.5 12.5 0.55 12.5' 6.62 

15 0.072 15 0.003 15 0.007 15 0.156 

0.991' 0.78 0.051' 0.045 0.249' 0.300 8.6 1.638 

14.99' 8.35 15' 6.46 15' 0.56 14.87 8.55 

17.5 0.89 17.5 0.063 17.5 0.75 17.5 0.739 

7.15 9.01 1.27 0.664 30.69 8.5 39.91 7.65 

17.39 8.93 17.48 9.19 17.04 2.13 16.9 8.59 

20 1.92 20 0.894 20 1.42 20 2.217 

20.98 18.8 24.72 9.28 78.43 13.7 117 21.78 

19.69 9.24 19.63 9.33 18.82 2.51 18.25 8.77 

22.5 3.79 22.5 2.923 22.5 2.48 22.5 3.410 

36.15 37.2 85.95 30.06 158.2 23.8 208 34.61 

21.96 9.22 21.21 9.42 20.13 2.52 19.34 8.85 

25 5.7 25 4.97 25 3.6 25 4.806 

59.21 56.1 174 50.6 252.3 35.5 322.1 47.64 

24.11 9.19 22.39 9.52 21.21 2.45 20.17 9.06 

9.15° 9.37° 2.40° 8.82° 

*:density n in units oflO'"ions/cm^ 
':onsetofTownsend discharge regions 
:average density n for the lastfour cells in the same column 
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Table 5.4. continued:(b)no gas feed versus 40 cc/s flow rate for nitrogen, helium, 
and argon. 

No gasfeed in the Nitrogen-fed at40 Helium-fed at40 cc/s Argon-fed at40 cc/s 

atmospheric air cc/s 

Vs(kV) Vs(kV) Vs(kV) ip(ltA)Vs(kV) ip(nA) ip(liA) ip(mA) 
I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

- 5 -5 5 5 

0.124 0.002 -0.025 0.003 

--5 55 5 

7.5 -7.5 7.5 7.5 

-0.039 0.0100.250 0.003 
7.5 --

-7.5 7.5 7.5 
-

_ 10 0.015 1010 10 
_ 0.107 0.193 0.165° 

10 10 

0.394 0.004 

-10 1.88 10° 

- 12.5 0.07 12.5 0.478 

23.44 4.869 
12.5 0.026 12.5 

-0.578 0.287 0.009 1.21° 0.78 

12.49 8.19 12.5 12.47° 2.17 12.15 8.82 
-

15 1.42015 0.072 15 0.005 15 2.72 

34.6 28.0 71 14.33 

14.99' 8.35 15° 7.57 

0.991' 0.78 0.44° 0.064 

14.48 2.35 13.94 8.89 

1.487 17.5 4.51 17.5 2.72917.5 0.89 17.5 

7.15 9.01 22.5 14.63 83.64 42.6 136.45 27.10 

17.39 8.93 17.16 9.85 16.25 2.56 15.45 9.04 

20 1.92 20 2.751 20 6.87 20 3.671 

148.32 65.4 216.6 36.1420.98 18.8 84.45 27.07 

19.69 9.24 18.73 9.85 17.78 2.54 16.75 9.12 

3.01 22.5 9.2 22.5 4.72322.5 3.79 22.5 

36.15 37.2 181.5 29.51 245.14 87.9 307 45.63 

21.96 9.22 19.78 9.88 18.82 2.53 17.90 9.29 

5.7 25 4.88 25 11.61 25 6.21425 

59.21 56.1 285.17 48.29 348.1 110.9 435 59.18 

24.11 9.19 20.72 9.79 19.78 2.53 18.48 9.43 

9.15° 9.84° 2.50° 9.22° 

*; density n in units of10'°ions/cm^ 
":onsetofTownsend discharge regions 
:average density n for the lastfour cells in the same column 
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Table 5.4. continued:(c) no gas feed versus 80 cc/s flow rate for nitrogen, helium, 
and argon. 

Nogasfeed in the Nitrogen-fed at80 Helium-fed at80cc/s Argon-fed at80cc/s 
atmospheric air cc/s 

VsCkV) ip(liA) Vs(kV) ip(liA) Vs(kV) ip(liA) Vs(kV) ip(MA) 
I(pA) Vp(V) I(^A) Vp(V) I(^A) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* V(kV) n* 

_ - -- 5 

0.124 0.004 

5 5 5 

-0.024 0.006 

5 5 5 5 

- -7 7.5-7.5 7 
- 0.024" -0.250 0.006 0.03 

7.5" ---7.5 7 7
-

_ - 10 0.004 10 0.598 

0.394 0.011 0.044" 0.270 27.81 6.014 
10 10 

_ -

10 10 10" 0.26 9.38 8.93 

12.5 0.026 12.5 12.5- 0.05 12.5 1.795 

0.578 0.287 0.017" 23.84 0.57 85.25 17.98-

-12.49 8.19 12.5" 12.14 2.12 11.22 8.97 

15 0.072 15 0.065 15 1.22 15 3.287 

12.4 154.5 32.02 

14.99"' 8.35 14.46 

0.991 ^ 0.78 36.07 0.63 63 

9.98 14.0 2.39 12.68 9.22 

17.5 0.89 17.5 0.135 17.5 2.12 17.5 4.282 

7.15 9.01 110.8 0.133 153 20.7 235.5 41.30 

17.39 8.93 15.84 9.97 15.21 2.48 13.97 9.31 

20 1.92 20 0.23 20 3.4 20 5.984 

20.98 18.8 212.5 2.25 253.3 33.65 365 56.81 

19.69 9.24 16.81 9.88 16.21 2.42 14.53 9.46 

22.5 4.4 22.5 8.50822.5 3.79 22.5 2.334 

36.15 37.2 319.9 23.4 373.5 44 536.5 79.42 

21.96 9.22 17.7 9.66 16.9 2.42 14.45 9.62 

25 5.7 25 2.53 25 5.7 25 11.82 

59.21 56.1 429.8 24.7 504 56.5 768 108.5 

24.11 9.19 18.54 9.92 17.44 2.44 13.48 9.78 

9.15" 9.88" 2.43" 9.48" 

*:densityn in units of10'°ions/cm" 
®:onset ofTownsend regions 
:average density n for the last four cells in thesame column 
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Table 5.4. continued:(d)no gas feed versus 120 cc/s flow rate for nitrogen, and 
helium. 

No gas feed in the Nitrogen-fed at 120 cc/s Helium-fed at 120 cc/s 

atmospheric air 

V3(kV) Vs(kV) ip(liA) Vs(kV) ip(liA)ip(liA) 
I(pA) Vp(V) I(pA) Vp(V) I(pA) Vp(V) 
V(kV) n* V(kV) n* V(kV) n* 

5 -5 

0.124 0.008 
5 

0.019 -

5 -5 

7.5 7.5 

5 
7.5 -

- 0.041' --0.250 0.009 
-7.5'

-
-7.5 7.5 

10 0.032- -10 10 
- -0.394 0.012' 11.2 0.46 

10' 9.83 1.68 

12.5 0.026 12.5 0.055 12.5 1.26 

0.578 0.287 35 0.59 

10 

89.6 18.9 

12.49 8.19 11.98 9.03 11.16 1.61 

15 0.072 15 0.85 15 5.19 

0.991' 0.78 136 8.35 194.6 60.5 

14.99' 8:35 12.96 9.86 14.46 2.07 

17.5 7.33, 

7.15 9.01 240 10.03 316.4 75 

17.39 8.93 13.9 

17.5 0.89 17.5 0.97 

9.37 12.75 2.36 

20 1.92 20 1.306 20 10.6 

20.98 18.8 360 12.85 452.2 96.3 

19.69 9.24 14.6 9.85 13.22 2.66 

1.525 12.4422.5 3.79 22.5 22.5 

36.15 37.2 483 15.07 617.4 109 

13.24 2.69 

25 5.7 25 2.08 25 14.24 
21.96 9.22 15.27 9.80 

59.21 56.1 595 20.37 786.8 134 

24.11 9.19 16.08 9.89 13.20 2.59 

9.15° 9.75° 2.47° 

*:density in units oflO'"ions/cm^ 
':onsetofTownsend discharge regions 
'': average density n for the lastfour cells in the same column 
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Figure 5.14. Ion density located at the center of the discharge showing the influence
of the types of gas feed at different flow rates (note that the current shown is that
applied to the discharge electrodes).
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5.4 Spatialion density profile across the apparatus 

The density measurements described in the preceding section are those located at 

the geometrical center of the discharge. One might be interested in investigating the 

spatial distribution ofthe density over the entire discharge volume. 

The spatial ion density profile across the apparatus can be conducted by properly 

placing a small-size probe at carefully chosen locations. Table 5.5 shows the result 

obtained when a small probe(1 cm^ in area and 0.5 cm in plate spacing)was used to scan 

the discharge profile with its center lying on the plane defined by the sharp-points. The 

location ofthe probe is determined by the nth sharp-point and the probe's distance from 

the positive electrode. As shown in the table,the probe was placed to face the 1®', 4"^, ... 

and 19"'sharp-points at distances of0.5, 1.5, ... and 6.5 cm from the positive electrodes. 

The spacing between the electrodes is 7cm and the 19"^ sharp-point is closest to the gas 

feed tubing. There are 49 cells in the table. In each of the cells, are the listed 

measurements ofthe probe current ip,probe voltage Vp,and ion density n. 

The data in Table 5.5 is further used to plot the spatial ion density profile. This is 

shown in Figure 5.15 with the nth sharp-point, distance, and density axes corresponding 

to the X, y,and z axes ofthe Cartesian Coordinates respectively. As shown in the figure, 

the density appears to be higher at the center compared to the edgesofthe discharge. 

The density profiles with the center ofthe probe lying at 0.5 cm below,as well as 

0.5 cm above,the sharp-point plane were also conducted to compare with the profilejust 

described. The results are shown in Table 5.6 and the corresponding Figure 5.16, as well 

as Table 5.7 and the corresponding Figure 5.17. 
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Table 5.5. The spatial ion density measurements across the discharge 
chamber with no gas feed (center of probe lying on the plane formed by the 
sharp-points). 

SJharp pointdirectly facing the probe 

ist 
4th 7th 10th 13th 16th 19th 

0.717 0.076 0.073 0.072 

0.478 4.16 0.524 8.181 0.694 0.744 0.675 

4.99 4.45 4.18 4.03 5.03 4.51 4.90 

0.5 cm 0.052 0.403 0.048 

1.5 cm 0.026 0.034 0.008 0.154 0.031 0.109 0.032 

0.268 0.351 0.070 1.414 0.306 1.107 0.284 

4.46 4.46 5.25 5.00 4.66 4.52 5.17 

2.5 cm 0.016 0.013 0.007 0.064 0.009 0.006 0.003 

0.128 0.116 0.063 0.629 0.085 0.055 0.023 

5.70 5.20 5.11 4.68 4.87 5.01 5.99 

3.5 cm 0.013 0.008 0.012 0.015 0.004 0.057 0.022 

0.105 0.065 0.103 0.123 0.032 0.518 0.176 

5.69 5.66 5.35 5.60 5.74 5.11 5.74 

4.5 cm 0.008 0.004 0.008 0.010 0.005 0.003 0.002 

0.069 0.032 0.075 0.086 0.048 0.031. 0.019 

5.33 5.74 4.90 5.34 4.79 4.45 4.75 

5.5 cm 0.094 0.005 0.006 0.133 0.037 0.003 0.004 

0.936 0.048 0.053 1.412 0.325 0.034 0.041 

4.62 4.68 5.21 4.33 5.23 4.06 4.48 

6.5 cm 0.139 0.157 0.089 0.409 0.062 0.031 0.020 

1.35 1.53 0.970 3.95 0.594 0.297 0.194 

4.74 4.72 4.22 4.76 4.79 4.64 4.74 

Notes: l.The density probe is placed at a location defined by the columns(the nth pin)and 
rows(distance from positive electrode)ofthe table. 

2.In each ofthe cells,the first numberis the measurementofip(pA), the second number 
is the measurementofVp(V),and the third munber is that ofn(lO"ions/cm^). 
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Figure 5.15. Spatial ion density profile (no gas feed) with the center of the probe
lying on the plane formed by the sharp-points: (a) default view (-37" from the
negative distance-axis, 30 ° above the sharp point-distance plane).
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Table 5.6. The spatial ion density measurements across the discharge 
chamber with no gas feed (center of probe lying at 0.5cm below the plane 
formed by the sharp-points). 

Sharp point directly facing the probe 

fSt 
4th 7th 10th 13th 16th 19th 

0.5 cm 0.041 0.046 0.039 0.037 0.045 0.045 0.051 

0.52 0.480 0.473 0.452 0.528 0.479 0.532 

3.62 4.30 3.78 3.75 3.91 4.31 4.40 

1.5 cm 0.023 0.045 0.053 0.026 0.027 0.030 0.023 

0.253 0.469 0.513 0.279 0.284 0.327 0.250 

4.17 4.40 4.74 4.28 4.36 4.22 4.23 

2.5 cm 0.013 0.014 0.012 0.026 0.021 0.057 0.012 

0.121 0.125 0.115 0.275 0.198 0.603 0.134 

4.93 5.14 4.79 4.34 4.86 4.34 4.11 

3.5 cm 0.013 0.019 0.021 0.019 0.009 0.013 0.029 

0.108 0.168 0.183 0.179 0.085 0.126 0.302 

5.53 5.19 5.27 4.87 4.86 4.74 4.41 

4.5 cm 0.012 0.006 0.004 0.012 0.005 0.006 0.003 

0.109 0.055 0.037 0.108 0.052 0.051 0.029 

5.05 5.00 4.97 5.10 4.38 5.41 4.75 

5.5 cm 0.005 0.004 0.013 0.212 0.005 0.005 0.014 

0.047 0.043 0.136 2.240 0.044 0.044 0.146 

4.86 4.27 4.39 4.35 4.78 5.22 4.40 

6.5 cm 0.110 0.030 0.076 0.334 0.020 0.137 0.102 

1.041 0.330 0.720 3.24 0.188 1.44 1.081 

4.86 4.17 4.85 4.74 4.88 4.37 4.33 

Notes: 1.The density probe is placed at a location defined by the colunms(the nth pin)and 
rows(distance from positive electrode)ofthe table. 

2.In each ofthe cells,the first number is the measurementofip(pA), the second number 
is the measurement ofVp(V),and the third number is that ofn(lO"ions/cm^). 
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Figure 5.16. Spatial ion density profile (no gas feed) with the center of the probe
located at 0.5 cm below the sharp-point plane: (a) default view (-37° from the
negative distance-axis, 30"above the sharp point-distance plane).
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Table 5.7. The spatial ion density measurements across the discharge chamber 
with no gas feed (center of probe lying at 0.5 cm above the plane formed by the 
sharp-points). 

Sharp point directly facing the probe 

fSt 
4th 7th 10th 13th 16th 19th 

0.328 0.055 0.038 0.444 0.351 0.206 0.110 

4.036 0.698 0.564 5.04 4.90 2.286 1.180 

3.77 3.62 3.09 4.04 3.28 4.13 4.31 

0.5 cm 

1.5 cm 0.226 0.044 0.054 0.527 0.062 0.045 0.056 

0.675 5.31 0.674 0.502 0.635 

3.68 4.11 3.67 4.55 4.23 4.10 4.02 
2.817 0.491 

2.5 cm 0.234 0.029 0.032 0.462 0.009 0.049 0.027 

2.572 0.293 0.336 4.82 0.095 0.515 0.298 

4.18 4.52 4.37 4.40 4.35 4.37 4.16 

3.5 cm 0.028 0.045 0.037 0.204 0.049 0.035 0.026 

0.385 2.218 0.509 0.447 0.264 

5.16 4.97 4.41 4.22 4.41 3.59 4.52 
0.249 0.487 

4.5 cm 0.012 0.011 0.029 0.223 0.102 0.032 0.029 

0.112 0.099 0.273 2.09 0.987 0.323 2.67 

4.92 5.09 4.87 4.89 4.74 4.55 4.99 

5.5 cm 0.018 0.008 0.037 0.335 0.029 0.049 0.601 

0.176 0.076 0.379 3.39 0.301 0.514 6.09 

4.69 4.83 4.48 4.56 4.42 4.35 4.53 

6.5 cm 0.258 0.071 0.325 0.766 0.106 0.276 0.428 

2.830 0.744 3.596 8.02 1.024 2.904 4.22 

4.18 4.38 4.15 4.38 4.75 4.36 4.65 

Notes; 1.The density probe is placed at a location defined by the columns(the nth pin)and 
rows(distance from positive electrode)ofthe table. 

2.In each ofthe cells,the first number is the measurementofip(pA), the second number 
is the measurementofVp(V),and the third number is that ofn(lO"ions/cm^). 
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Figure 5.17. Spatial ion density profile (no gas feed) with the center of the probe
located at 0.5 cm above the sharp-point plane: (a) default view (-37° from the
negative distance-axis, 30° above the sharp point-distance plane).
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The densities in both Figures 5.16 and 5.17 are slightly lesser than those shown in 

Figure 5.15 located atthe same respective locations. This is especially true near the edges 

of the discharges. Similar to Figure 5.15, Figures 5.16 and 5.17 also show a higher 

concentration near the vicinity ofthe center ofdischarges. 

Note that the data just presented are those operated with no gas feed with an 

applied source voltage of20 kV. It is expected that a similar uniformity of discharge 

would occur ifgasfeeds were to be applied. 

5.5 The ozone production rate 

To monitor the production ofozone(O3),a simple experiment setup was arranged 

as shown in Figure 5.18. The enclosed box was that ofthe apparatus described in chapter 

4.Thefan served as an airflow, driving the air to the vicinity ofthe sharp-point electrodes 

that were separated by 3 inches from each other. With proper DC power apphed at the 

electrodes, corona discharge as well as ozone were created. A Spectrum Ozone detector 

by Enmet Corporation was placed inside the box to detect the ozone dissipated in the 

enclosed volume of1.8318x10'^ cm^ over a known period oftime. The production rate of 

O3could thus be evaluated. 

Taking for example,with voltage Vand current/of25kV and 0.05niA respectively 

apphed on the electrodes and without any gas feed, a detection dt of0.50 ppm(part per 

milhons) ofO3 was recorded over a time t of243 seconds. The following calculations 

were made: 

«o=density ofmolecules at standard pressure and temperature 

=2.69x10'' (molecules/cm^) [5.8] 
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Figure 5.18. Monitoring the ozone production inside theECD apparatus. 
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Nair=number ofair molecules in the enclosed box 

=(2.69x10'^)X(1.8138x10^) 

=4.88x10^^ (molecules ofair) 

■^ozone(air) = ozone production rate with air as gas feed 

= (Nair xdtyt 

= (4.88x10^^ X 0.50x10'®) / 243 

= 1.004x10'® (O3 molecules / sec) 

-^electron = clcctron productlou rate by the applied current I 

= I/e 

= 0.05x10'®/1.602x10''® 

= 3.125x10''' (electrons/sec) 

Roe — ratio of (Rozom / -/^electron) 

= 3.213 (ozone/electron) 

P = power applied to the electrode 

= VI 

= 1.25 watts 

= 7.81x10'® (eV/sec) 

W = energy used to produce one molecule of O3 

~ P ! Rozone 

= 7.78x10® (eV/03) 
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Weff =energy efficiency in producing one molecule ofO3 

=(lO/fP) (note:it takes 10eV to produce one O3) 

=0.12% 

Thus, without gas feed and with an applied voltage of 25kV and current of 

0.05mA,the ozone production rate is 1.004x10^^ molecules/sec. This production rate is 

about 3.213 times of that of electrons. The energy efficiency of producing an ozone 

molecule is 0.12%. 

Similar calculations can be made when other gases are used. Table 5.7 shows the 

discharge conditions(V,I, and P),the detection made(J,over t), and the corresponding 

calculated values of Rozom ,ReUctron ,Roe ,P, W, and Weff for air, helium, argon, and 

nitrogen gases used in the experiment. 

Amongst the gases used,helium has the highest ozone production rate of8.05x10'^ 

O3 molecules/sec followed by argon's 1.15x10^^ O3 molecules/sec. Both values are an 

order of magnitude higher than that of air at 1.004x10^^ O3molecules/sec. Nitrogen has 

the lowest rate of 6.84x10^'' O3 molecules/sec. For the Roe ratios, the values are 32.2, 

30.7. 3.21,and 1.09 03/electron respectively for helium,argon,air,and nitrogen. 

150 



Ta
bl

e
5.

8.
 P
ro
du
ct
io
n 
of

oz
on

e
in

si
de

th
e
en

ha
nc

ed
 c
or
on
a 
di
sc
ha
rg
e
ap

pa
ra

tu
s
wi
th
 d
if

fe
re

nt
 g
as

fe
ed

s.
 

G
a
s
 

Di
sc

ha
rg

e 
O
z
o
n
e
 

O
z
o
n
e
 

E
l
e
c
t
r
o
n
 

Ro
e=
 

C
o
n
d
i
t
i
o
n
 

de
te
ct
io
n 

pr
od
uc
ti
on
 

P
r
o
d
u
c
t
i
o
n
 

En
er
gy

us
ed
 

En
er
gy

R-
oz

an
e ̂

R-
el

ec
tr

on
 

ra
te

Ro
zo

m 
ra

te
Re
le
ct
ro
n 

to
 p
ro
du
ce

on
e 

ef
if
ic
ie
nc
y 

O
3
mo
le
cu
le
 

0
.
1
3
%

A
i
r
 

F
=
2
5
k
V
 

d,
=
0.
50
p
p
m
 

1.
00

4x
10

'^
 

3.
12
5x
10
'"
 

3
.
2
1
3
 

7.
78
x1
0®
 

/
=
0
.
0
5
 m
A
 

t
=
2
4
3
s
e
c
 

(O
^s

ec
) 

(e
le

ct
ro

ns
/s

ec
) 

(O
s/

el
ec

tr
on

) 
(e

V/
03

) 
P
=

1
.
2
5
 w
a
t
t
 

F
=
1
5
k
V
 

dt
=
0.

99
p
p
m
 

8.
05
x1
0'
® 

2.
5x
10
'®
 

3
2
.
2
 

4
6
6
 

2
.
1
5
%
 

H
e
l
i
u
m
 

/
=
0
.
4
m
A
 

t
=
6
s
e
c
 

(O
s/
se
c)
 

(e
le

ct
ro

ns
/s

ec
) 

(O
s/

el
ec

tr
on

) 
(e

V/
03

) 
P
=
6

w
a
t
t
 

V
=
2
5
k
V
 

dt
=
0.

99
p
p
m
 

1.
15
x1
0'
® 

3.
75
x1
0'
" 

3
0
.
7
 

8
1
5
 

1
.
2
3
%
 

A
r
g
o
n
 

r
=
4
2
s
e
c
 

(O
s/
se
c)
 

(e
le

ct
ro

ns
/s

ec
) 

(O
s/

el
ec

tr
on

) 
(e

V/
03

)
/
=
0
.
0
6
 m
A
 

P
=

1.
5 
w
a
t
t
 

F
=
2
5
k
V
 

dt
=
0.

3
p
p
m
 

6.
84
x1
0'
" 

6.
25
x1
0'
" 

1
.
0
9
 

2.
28

x1
0"

 
0
.
0
4
4
%
 

Ni
tr
og
en
 

7
=
0
.
1
 m
A
 

t
=
2
1
4
s
e
c
 

(O
s/
se
c)
 

(e
le

ct
ro

ns
/s

ec
) 

(O
s/
el
ec
tr
on
) 

(e
V/

03
) 

P
=

2
.
5
 w
a
t
t
 



CHAPTER6 

STERILIZATION TEST 

As described in chapter 2,the standard laboratory testing of sterilization methods 

usually involves three steps. These steps are: a) growing the samples of the particular 

microorganisms in a culture medium,h)subjecting the microorganisms to the sterilizer 

for treatment, and c) analyzing the effectiveness ofthe sterilization by determination of 

the death rate. By adhering to these steps, this chapter describes the conduction of the 

sterilization test on Escherichia coli and Bacillus subtilis using an enhanced corona 

discharge apparatus similar to that described in chapter 4.The result is later compared to 

those obtained by other researchers who have used different atmospheric plasma 

discharges for the treatmentofthe microorganisms. 

It must be emphasized herewith that it is not the author's intention to subject the 

apparatus to a wide range of sterilization tests. Such a task is more suited for 

microbiologists. The main purpose of this chapter is to establish that the apparatus is 

indeed effective in killing the two microorganisms mentioned above. 

6.1 WhyEscherichia coliand Bacillus subtilis 

Escherichia coli and Bacillus subtilis are respectively the standard bacteria and 

endospore employed in mostofthe testing ofa particular sterilization process. 

E. coli is acommon bacterium that normally inhabits the intestinal tracts ofhumans 

and animals but can cause infection in other parts of the body. One strain, sometimes 
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transmitted in hamburger meats and impasteurized juices, can cause serious infection 

resulting in diarrhea, anemia, kidney failure and death. Outbreak of E. coli is quite 

frequent. In the last few years, there had been up to 30 outbreaks annually in America, 

resulting in thousands of sick people and hundreds of deaths [6.1, 6.2, and 6.3]. The 

health-science community,food industry,and the public are thus interested in preventing 

the E. coli contamination. 

Thus, most often than not, E. coli is used as the initial important indicator for 

testing the effectiveness ofa particular sterilization process.B.subtilis,on the other hand, 

is used because an important criteria ofany effective sterilization process is its ability to 

kill the bacteria endorspores, as they are considered to be the most resistant cell to any 

lethal antimicrobial agent. 

Both E. coli and B.subtilis are therefore used in the testing ofthe effectiveness of 

the enhanced corona discharge.Thefollowing sections describe the testing process. 

6.2 Preparation ofthe sample microorganism 

For laboratory test, most bacteria or endospores can be produced on a suitable 

artificial culture medium in the laboratory. The growth medium used in our sterilization 

test wasLB(Luria Bertani). The liquid media solidified to a gel by the addition ofagar in 

Petri dish for isolation ofthe microorganism. 

After the culture medium LB agar had been inoculated with material containing 

bacteria, it was incubated at the optimum temperature of 2>1^C for 24-36 hours. Cell 

division occurred at 20 minutes intervals doubling the population each time. The number 

ofbacteria reached a maximum at 10^- IQiOper milliliter ofbroth culture. Exhaustion of 
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oxygen or an essential nutrient, or the accumulation ofmetabolic waste products slowed 

and eventually terminated multiplication. The saturated medium had approximately 10'° 

cells/ml. 

6.3 Subjecting the microorganisms to the sterilizer for treatment 

A sterilizer is an apparatus that utilizes a particular antimicrobial agent to sterilize 

or disinfect the microorganisms.In this investigation,the sterilizer is the enhanced corona 

disaharge apparatus itselfand the biocidal agentis the plasma discharge. 

The electrode used in the apparatus is shown in Figure 6.1 [6.4]. This electrode 

with an array ofmultiple lines ofpins has a dimension of24cm x 11.5 cm x 2.2 cm.The 

heads of the pins are mounted on one surface of the conducting plate while the sharp 

points protrude through tiny holes on the opposite plate. The pins have a length of2.7cm 

and are separated from each otherby0.5cm. 

The pin electrode can be positively biased and separated from the grounded 

electrode with a varied gap distance. The assembly ofthe testing apparatus is shown in 

Figure 6.2 [6.4]. The DC power dissipated as a function of applied voltage for different 

gap distance between the pins and grounded electrode is shown in Figure 6.3 [6.4]. With 

proper gap distance and gas feed,the enhanced corona discharge can be initiated between 

the electrodes where asample is placed for sterilization test. 

For sterilization test, the Escherichia coli cells were mixed with sterile tryptic soy 

broth(TSB)containing 2% agar and poured into sterile petri plates, and allowed to be 

hardened. Agar plugs(3-5 mm thick and 15 mm diameter)containing approximately 10^ 

cells were exposed to the enhanced corona discharge for defined exposure times.The 
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Figure 6.1. Electrode with multiple lines ofpins. 
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Figure 6.2. Apparatus used to conduct sterilization tests. 
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Figure 6.3. DC power dissipated at different gap distance between the electrodes of 
the apparatusshown in Figure 6.2. 

157 



physical nature ofthe agar was not visibly altered after plasma exposure. Each exposed 

agar plug was added to 5 ml of TSB in a sterile plastic test tube and macerated. The 

supernatant containing any remaining viable cells wasremoved from the macerated agar, 

and the number ofsurvivors was determined by serial dilutions and standard plate counts 

on tryptic soy agar. The plates were incubated at 37°C for 18-36 hours and the percent 

survival was determined. 

6.4 Sterilization results 

As described in chapter 2,the determination ofdeath rate is needed to evaluate the 

effectiveness ofthe killing ofmicroorganisms. The rate at which an antimicrobial agent 

reduces the number ofviable cells in a microbial population is determined by counting 

the survivors in samples obtained after treatment.The initial count and the sample counts 

are usually plotted on a logarithmic scale against the exposure time and a line is drawn 

through the separate points to obtain a death curve. The death rate is quantified as D 

value as a measure ofthe sterilization effectiveness. TheD value,or Decimal Reduction 

Time, is the time taken to cause a tenfold reduction in the number of viable 

microorganisms,which is equivalent to a90% kill. 

The sterilization capability of the enhanced corona discharge was assessed 

accordingly. Figures 6.4 and 6.5 show the survivability ofEscherichia coli and Bacillus 

subtilis respectively under the treatment using apparatus shown in Figure 6.2. The gap 

distance between the electrode and agar plate was set at4cm and the treatment gas was 

that of atmospheric air. It mustbe emphasized here thatthey arejust preliminary results. 
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Figure 6.4. Survivability ofEscherichia coli under enhanced corona discharge 
treatment in air. 
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Figure 6.5. Survivability of Bacillus subtilis under enhanced corona discharge 
treatment in air. 
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Though several runs had been performed for each ofthe microorganisms, each ofthe 

figures shown is notthe result ofthe average run butthe result ofjust atypicalrun. 

The data points in Figures 6.4 and 6.5 are plotted with least-squares analysis. In 

each ofthe figures, a bi-phasic curve emerges with two distinct slopes representing two 

distinct killing rates. These killing rates are represented asDi and D2shown below. 

From Figure 6.4,theD values ofE. coli are 

Di= l/|slope mill 

= 1/1.9118 

=0.52 minutes(or 31 seconds) 

and 

D2=l/|slope mi2| 

= 1/0.1547 

=6.5 minutes(or388 seconds) 

for the 20-watt curve. Similarly, it can be shownthat 

Di=l/|slopem2i| 

= 1/2.0816 

=0.48 minutes(or29seconds) 

and 

D2= l/jslope m22| 

= 1/0.5761 

=1.74 minutes(or 104 seconds) 

for the 36-watt curve. 
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Note that the Di values are approximately the same for both cases. However, a 

shorter D2 value for the higher 36-wattage curve indicates that a higher power can induce 

a quicker second phase killing. 

TheD values for Bacillus subtilis can be evaluated similarly. From Figure 6.5,the 

values are 

Di=l/|slopemil 

= 1/2.0018 

=0.50 minutes(or30seconds) 

and 

D2= 1/|slope m2| 

=1/0.1236 

=8.1 minutes(or485 seconds). 

For the enhanced corona discharge treatment, both figures show an initial 

faster exponential killing curve (Di value) followed by a second phase that exhibits a 

much slower killing response(D2 value). 

6.5 Comparing with results from other atmospheric plasma sterilization methods 

The survivability curves ofFigures 6.4 and 6.5 are not unique. They are similar to 

other survivability curves of the same microorganism species embedded in the same 

material but exposed to the treatment ofa different atmospheric plasma discharge. 

Figure 6.6 shows the Escherichia colt survivability curve when the microorganism 

is embedded in agar and exposed to the treatment ofone atmospheric uniform glow 
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Figure 6.6. Survivability ofEscherichia coli underOAUGDPtreatment[6.5,6.6] 
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discharge plasma(OAUGDP)[6.5,6.6]. The Di and D2 values for the K12E. coli strain 

are approximately 70and 17seconds respectively,as interpreted from the figure. 

Figure 6.7 shows the Bacillus subtilis spore survivability curve when the 

microorganism is embedded in agar and exposed to the same OAUGDP treatment [6.5, 

6.6]mentioned above.The Di and D2values for5.subtilis are 3.3 minutes(198 seconds) 

and 0.3 minutes(18.2seconds)respectively,as interpreted from the figure. 

Both Figures 6.6 and 6.7 show an initial slower exponential killing curve (Di 

value) followed by a second phase that exhibits a much faster non-specific killing 

response (D2 value). The reverse is true for the same microorganism undergoing 

enhanced corona discharge treatment described in the previous section. The difference is 

presumably due to the different nature ofthe plasma discharge. 

Despite this difference in the bi-phasic nature ofthe survivability curve.Figure 6.4 

shows a 4.8 minutes and Figure 6.6 shows a similar 4.7 minutes to reach a 6-log 

reduction in E. coli population under the enhanced corona discharge and OAUGDP 

treatmentrespectively.For Bacillussubtilis,a 3-log reduction in population requires a 1.5 

minutes oftreatment in enhanced corona discharge as indicated in Figure 6.5 and a 3.7 

minutes oftreatment in OAUGDP as indicated in Figure 6.7. Since one is more interested 

in the higher-log reduction(6-log for example)ofthe microorganism population for the 

assurance of a successful sterilization, the similar time taken to attain that reduction in 

both treatments is significant. 
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CHAPTER? 

CONCLUSION 

The application ofplasma discharge for biological sterilization is an exciting and 

growing field ofresearch.In investigating the feasibility ofconstructing a novel,efficient 

and potentially cost-effective sterilization apparatus using a DC-fed enhanced corona 

discharge at atmospheric pressure and ambient room temperature, the author has setup 

four main objectives. These objectives include: 1)to investigate the physical principles 

behind enhanced corona discharge,2)to design the discharge electrodes and construct the 

discharge apparatus, 3)to characterize the plasma discharge in the apparatus, and 4)to 

subject the apparatus to antimicrobial testing. All these objectives have been met and are 

discussed in chapters 3,4,5,and6respectively. 

This concluding chapter will begin with the discussion on the nature ofenhanced 

corona discharge(BCD),followed by the sterilization results and findings obtained from 

both the BCD and other atmospheric plasma treatment.BCD is then compared with other 

plasma-aided sterilization as well as the conventional methods of sterilization. The 

mechanisms that are most likely responsible for the antimicrobial action, as well as other 

unresolved issues in the BCD and other plasma-aided sterilization, are discussed. The 

interdisciplinary nature of the research in plasma-aided sterilization is stressed. Future 

research works are suggested at the end such that more database will be available in 

establishing the antimicrobial mechanisms and aiding in the design of enhanced corona 

discharge apparatus for sterilization. 
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7.1 Nature ofenhanced corona discharge 

As described in chapter 3,corona discharge occurs in regions ofhigh electric fields 

near sharp points, edges, or wires in electrically stressed gases prior to the point of 

electrical breakdown.In the single-species corona discharge,what is produced is a steady 

stream of ions, positive fi-om positive electrode and negative from negative electrode. 

These two streams can be combined to produce dense synthesized plasma in the 

atmospheric air. The combining of both positive and negative ions into plasma 

overcomes the density limitation that occurred because of space charge saturation in a 

single-species corona discharge. While two-species corona discharge overcomes the 

space-charge limitation occurred in the single-species discharge; a fiudher enhanced 

discharge can be achieved by replacing the air surrounding the corona points by non-

electronegative gases. Non-electronegative gases reduce or get rid of the electron 

attachments that occurred at atmospheric air. Such enhanced corona discharge usually 

produces a plasma density that is an order of magnitude higher than original corona 

discharge. 

7.2 Sterilization resultsfrom enhanced corona discharge 

In the sterilization test using enhanced corona discharge apparatus, both 

Escherichia coli and Bacillus subtilis were embedded in agar and exposed to the plasma 

treatment. As described in section 6.4, the resulting survivability curves showed a bi-

phasic killing rate with an initial faster exponential killing curve(Di value)followed by a 

second phase that exhibits a much slower non-specific killing response(D2 value). The 
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values ofDi and D2are 29 seconds and 104 seconds respectively for E. coli whereas the 

values are 30seconds and 485 seconds respectively for5.subtilis. 

These D values are somewhat different when compared to that obtained under the 

treatment ofOne Atmosphere Uniform Glow Discharge Plasma(GAUGDP).Treatment 

using GAUGDP has similar bi-phasic curves but with an initial slower exponential killing 

curve followed by a second phase that exhibits a much faster non-specific killing 

response. The D-values for E. coli are 70 and 17 seconds for Di and D2 respectively, 

while B.subtilis has the values of198 and 18.2seconds. 

The difference of the D-values and bi-phasic survivability curves obtained from 

these two different apparatus is probably due to the difference in the nature of the 

discharge. BCD is operated by DC, while GAUGDP is achieved by RF activation. 

However,when higher-log reductions in the viable microorganism are compared between 

these two apparatus, the values are surprising comparable to each other as described in 

section 6.5. 

The purpose of only using E. coli and B. subtilis embedded in agar for the 

sterilization test in the enhanced corona discharge is to establish the capability of the 

discharge for antimicrobial action. To obtain a broader database, one may perhaps 

conduct more tests using microorganisms embedded in other culture mediums.Such tests 

are not included in this dissertation but the similar database using other means of 

atmospheric plasma discharge is available in the literature. The following section 

describes some of the important results using other forms of atmospheric plasma 

treatmentfor sterilization. 
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7.3Someimportant results from other atmospheric plasma treatment 

In other atmospheric plasma treatment, it is found that microorganisms survive 

differently when seeded in different cultures. The exposure time required depends on the 

type of organism and the type of substrate and varies from several seconds to several 

minutes. For E. coli seeded on polypropylene in the OAUGDP investigation, a 30-sec 

exposure time is enough to effect a 6-log reduction in population whereas a longer 4.7 

minutes is needed to effect the same reduction when the bacteria are embedded in agar 

[7.1]. The differences in exposure times on different surfaces can perhaps be attributed to 

the time ofdiffusion ofactive species and the nature ofthe treated cellular surface. 

In the same OAUGDP investigation, electron micrographs are used to assess the 

effects ofsub-lethal doses on E. coli cells, which show cell lysis and the presence ofcell 

debris [7.2, 7.3]. The microbe destruction mechanism appears to be attacked by atomic 

oxygen produced by the discharge. The rate ofmicrobe destruction begins slowly due to 

initial stress to the organism,followed byrapid destruction through membrane rupture. 

7.4 Plasma-aided sterilization versus conventional method ofsterilization 

A number ofindustrial and university research groups have already demonstrated 

the remarkable ability ofrelatively cold ionized gases to rapidly kill bacteria cells while 

avoiding the problems or difficulties associated with the current conventional methods of 

sterilization. The available conventional techniques must deal with such problems as 

thermal sensitivity and destruction by heat as in dry heat[7.4] sterilization, damage due 

to moisture as in saturated steam sterilization [7.4], formation oftoxic by-products as in 
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gaseous chemical sterilization [7.5], cost and inefficiency in performance as in 

sterilization by ionizing radiation[7.6]. 

The enhanced corona discharge can greatly reduce or eliminate high temperature, 

thermal sensitivity, moisture, toxic compounds, or harmful high-energy radiation 

associated with the standard sterilization processes mentioned above.This new approach 

may offer major advantages for both defense and commercial medical applications. 

7.5 Antimicrobial mechanism and other unsolved issues 

The antimicrobial or killing mechanism by the enhanced corona discharge on 

microorganism is not investigated at this moment. Perhaps, one can postulate that the 

discharge achieves its treatment effects as a result ofthe interaction ofone or more active 

species from the plasma with the surface of interests. Such interaction causes cellular 

damage to the cellular sites reacting with the plasma-generated active species. 

The active species may include: a) neutral particles such as monoatomic oxygen 

that is present in the plasma, b)the charged particles generated by ionization events or 

charge exchange, and c) the free radical such as molecular fragments generated by 

plasma-chemical reactions. 

These active species are more chemically reactive and more energetic than the 

species associated with conventional chemical processing.It may notbe a surprise ifthey 

play a majorrole in the killing ofmicroorganisms by attacking the cellular cites. 

The suggested putative plasma susceptible cellular sites include lipids, proteins, 

and/or DNA that encounters their respective peroxidations. For lipid peroxidation, the 

unsaturated fatty acids are susceptible to the attack by hydroxyl,generating lipid peroxide 
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that results in membrane (structural) damage and eventual cell-lysis. For protein 

peroxidation, most amino acids are susceptible to oxidation, resulting in loss ofenzyme 

function and structural damage.DNA peroxidation results in oxygen adduct formation of 

nucleotide bases[7.1]. 

The unsolved antimicrobial mechanism is not typical in the enhanced corona 
i 

discharge treatment of microorganisms. All plasma-aided processes for sterilization 

probably share the same but yet undetermined antimicrobial mechanisms. 
IBesides the antimicrobial mechanisms,the are other issues bothering the enhanced 

corona disclliarge as well as other plasma-aided processes for sterilization. One would like 

to know,for example: 

1. Which plasmaregime is most effective? 

2.Which pllysical process plays the dominant sterilization role? 
I 

3. Whatbiological and chemical processesinduce the death ofthe cells? 

4.Whattyp|e ofgas is more desirable for a particular application? 

Micrbbiologists will more appropriately answer some of the questions posted 

above.However,it appears that plasma-aided sterilization require shorter exposure times, 

is potentially practical and inexpensive, and is probably environmentally friendly. 

Applications could include medical (reusable medical tools), laboratory research, and 

environmental(soil and watertreatment)usage. 

7.6Interdisciplinary nature ofthe plasma-aided sterilization research 

It has been shown that plasma discharge at atmosphere pressure is a very effective 
i 

sterilization agent. But more tests and an in-depth study of this process are needed to 
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settle the an'imicrobial mechanisms and other issues posted in the previous section. Due 

to the comp exity ofconstructing and testing ofthe apparatus and the sterilization test on 

microorganisms, the endeavor of plasma sterilization research should be conducted by 

multidisciplinary collaboration between physical and biological scientists, as well as 

practicing engineers. The more "biology" oriented works such as the preparation ofthe 

microorganisms and the analysis of the testing results should be conducted by 

microbiologists. Plasma scientists or engineers on the other hands are more at ease in 
I 
I 

building arid characterizing the sterilization apparatus. When the sample is under 

sterilization test, both physical and biological scientists are ideally needed at the testing 

site. The isolation of the antimicrobial or killing mechanisms needs to be discussed 

thoroughly by both the physical and biological scientists, drawing their individual 

expertise to the questfor new method ofsterilization. 

7.7 Suggested future work 
i 

As described in chapter 6, the sterilization tests of only Escherichia coli and 

Bacillus subtilis embedded in agar have been performed using the enhanced corona 

discharge apparatus. This dissertation places quite an emphasis on the theory and the 

characteriz^on ofthe enhanced corona discharge,and the design and construction ofthe 

discharge apparatus. Such emphasis is as essential as the sterilization test itself. Selected 

testing onk coli and B. subtilis embedded in agar is just sufficient to establish initially 
I 

the sterilization capability ofthe enhanced corona discharge. 

I 

While the preliminary testing result is encouraging, more tests need to be 

conducted iby exposing different microorganisms embedded in different surfaces to the 
I 
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discharge. To gather a broader spectrum of data, exposures of other bacteria 

(Staphylococcus aureus besides Escherichia coli), endorspores {Bacillus pumilus besides 

Bacillus subtilis), and yeast on various porous and non-porous surfaces including 

polypropylene,paper strips, solid culture media,and glass should be performed. Bacteria 

endospores jare needed for testing the effectiveness of the sterilizer because they are 

considered jone of the most resistant cells to any lethal agent. Yeast such as 
Saccharomyces cerevisae and Candida albicans can be tested to assay the aspect ofthe 

plasma on larger microorganisms of more complex structure. Polypropylene (PP) is 

selected as a seeded surface because it is an important material used in the medical and 
! 

packaging industry.
j 

Endeavor of these scopes could only be accomplished with the interdisciplinary 

cooperation between bio-scientists and physical scientists or engineers. With more testing 

data available and the interaction between the researchers, only can the antimicrobialj 

mechanisms be fully investigated and understood. In the event that more data are 
i 

available aind the killing mechanism fully understood, an improved version of the 

enhanced corona discharge apparatus can be constructed, finally offering it as an 

alternative method ofsterilization. 
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