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Abstract 
 

Recent demands for low-temperature sterilization in the medical and food industrial 

fields have prompted the development of various novel sterilization techniques, such as 

plasma sterilization and electron beam sterilization among others.  Until now, dry heat 

or hot steam techniques such as the autoclave, ethylene oxide (EtO) gas sterilization and 

gamma-ray sterilization have mainly been used in sterilizing medical instruments.  Dry 

heat or hot steam sterilization can be applied only to objects that can withstand high 

temperatures.  In contrast, EtO gas sterilization can be used on heat-sensitive materials, 

but the EtO gas itself is toxic, carcinogenic and inflammable and poses a threat to the 

environment in the form of chlorofluorocarbons.  Gamma-ray sterilization techniques 

can be used on medical instruments after covering them with plastic sheets or carton 

cases.  However, this technique is expensive and there is a concern that the materials 

may be modified physically by the gamma-ray irradiation. 

A recent development has been the application of plasma discharge to sterilization.  

Plasma sterilization methods have several advantages over conventional methods, 

including a low sterilization temperature (typically less than 70°C) and a short 

sterilization period of several minutes to one hour.  By using higher microwave power, 

we can achieve the same sterilization in a shorter treatment time.  However, the risk of 

heat damage caused by the surface contact between the plasma and the medical 

instrument becomes serious, especially for plastic materials.  For this study, to achieve 

sterilization at a low temperature of less than 70°C, a pulse-modulated microwave 

system was used.  The sterilization characteristics of Geobacillus stearothermophilus 

spores as biological indicator (BI) were studied.  Mechanisms of plasma sterilization 

were studied in O2, N2 and N2-O2 plasmas.  To expand the application of microwave 

plasma sterilization technique, a large-volume medical sterilizer using microwave 

plasma, which could achieve large sterilization volume and internal sterilization effect, 

was developed. 

For plasma sterilization, the BIs used were G. stearothermophilus (ATCC No. 

12980) spores with population of 106, which were spread on a small stainless steel disc 

and placed in Petri dishes set on a movable substrate stage about 15-23 cm below the 

quartz vacuum window in 40-cm-diameter surface-wave plasma (SWP) device.  

During plasma irradiation, the stage temperature was measured using thermo-label 

sheets attached to the Petri dish.  After plasma irradiation, the spores were incubated in 

culture solution for seven days at an incubation temperature of 55-60 °C.  

Subsequently, it could be determined whether the spores had been killed or not because 



the color of the culture solution changed from purple to yellow if the spores were still 

viable. 

Sterilization of BI samples with 106 G. stearothermophilus spores was confirmed 

using continuous wave (CW) SWP in O2, N2 and N2-O2 mixture gas within 4 min.  It 

was found that all the BI samples were sterilized by the pulse-modulated oxygen plasma 

when the total microwave on time was longer than 120 s, even when the on-duration per 

pulse was 10 µs.  Based on the thermo-label measurements, it can be shown that the 

surface temperature of the Petri dish during total processing period, was always less 

than 70 °C.  When the total microwave on time was much shorter than 120 s, we found 

that a longer on-duration per pulse was required for successful sterilization. 

To study the mechanism of plasma sterilization, diagnoses of plasma using optical 

emission and mass spectrometry, and SEM analyses of shapes of spores after plasma 

treatments were applied.  There exist UV emissions in N2-O2 mixture gas discharge 

plasma.  Several strong lines at 282.0, 297.7, 313.6, 315.9, 337.1, 357.7 nm were 

originated from the second positive systems (C3
Πu → B3

Πg) of N2 molecules.  Several 

UV emissions at 214.1, 226.9, 237.0, 247.9, 258.8 nm were considered originated from 

NO γ system (A2Σ+ → X2
Π).  They might play some role in sterilizing the spores in 

addition to N2 positive system in the wavelength region of 300~400 nm and the etching 

process due to oxygen radicals. 

In the new large-volume microwave plasma sterilizer, a discharge transition between 

SWP and volume-wave plasma (VWP) could be controlled.  So far, we have 

demonstrated sterilization of the spores packaged in glassine pouch using SWP/VWP 

filled the new sterilizer with air-simulated N2-O2 gas mixture.  We have confirmed that 

the wrapped 108 Bacillus atrophaeus spores and 107 G. stearothermophilus spores were 

sterilized by CW or time-modulated microwave excited O2, N2 and N2-O2 plasmas for 

net on time of roughly 20 min.  When water vapor was added on different gas species 

plasma, it has been found a great improvement on sterilization effect, especially on 

internal sterilization of polyethylene (PE) film wrapped materials. 

The possible sterilization mechanisms were studied and summarized as presented 

below.  When microwave energy was induced to a chamber filled with oxygen, 

nitrogen and water vapor, microwave plasma was excited, then UV radiation, oxygen 

radicals and some strong oxidizer would be produced.  Consequently, spores will be 

inactivated by UV radiation, be etched by oxygen radicals, be oxidized by some strong 

oxidizer.  If spores were wrapped by PE film, oxygen radicals would loose energy 

while contacting PE film, therefore, oxygen radicals would be shut down by PE film. 
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1 Introduction 
 

1.1 Plasma (physics) 

 

1.1.1 Common plasmas 

 

In physics and chemistry, a plasma is typically an ionized gas, and is usually 

considered to be a distinct phase of matter in contrast to solids, liquids and gases 

because of its unique properties.  "Ionized" means that at least one electron has been 

dissociated from a proportion of the atoms or molecules.  The free electric charges 

make the plasma electrically conductive so that it responds strongly to electromagnetic 

fields. 

This fourth state of matter was first identified in a discharge tube (or Crookes tube), 

and so described by Sir W. Crookes in 1879 (he called it "radiant matter").  The nature 

of the Crookes tube "cathode ray" matter was subsequently identified by British 

physicist Sir J. J. Thomson in 1897, and dubbed "plasma" by I. Langmuir in 1928 [1]. 

Plasmas are the most common phase of matter.  It has often been said that 99% of 

the matter in the universe is in the plasma state.  This estimate may not be very 

accurate, but it is certainly a reasonable one in view of the fact that stellar interiors and 

atmospheres, gaseous nebulae, and much of the interstellar hydrogen are plasmas.  In 

our own neighborhood, as soon as one leaves the earth’s atmosphere, one encounters 

the plasma comprising the Van Allen radiation belts and the solar wind.  On the other 

hand, in our everyday lives encounters with plasmas are limited to a few examples: the 

flash of a lightning bolt, the soft glow of the Aurora Borealis, the conducting gas inside 

a fluorescent tube or neon sign, and the slight amount of ionization in a rocket exhaust.  

It would seem that we live in the 1% of the universe in which plasmas do not occur 

naturally. [2] 

 

1.1.2 Definition of plasma 

 

Although a plasma is loosely described as an electrically neutral medium of positive 

and negative particles, a more rigorous definition requires three criteria to be satisfied: 

1. The plasma approximation: Charged particles must be close enough together 

that each particles influences many nearby charged particles, rather than just the 

interacting with the closest particle (these collective effects are a distinguishing 

feature of a plasma).  The plasma approximation is valid when the number of 
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electrons within the sphere of influence (called the Debye sphere whose radius 

is the Debye length, )( 0

2

0 neTk eD ελ ≡  ) of a particular particle is large. 

2. Bulk interactions: The Debye length is short compared to the physical size of 

the plasma.  This criterion means that interactions in the bulk of the plasma are 

more important than those at its edges, where boundary effects may take place. 

3. Plasma frequency: The electron plasma frequency (measuring plasma 

oscillations of the electrons) is large compared to the electron-neutral collision 

frequency (measuring frequency of collisions between electrons and neutral 

particles).  When this condition is valid, plasmas act to shield charges very 

rapidly (quasi-neutrality is another defining property of plasmas). [3] 

Therefore, a useful definition is concluded as follows [2]: A plasma is a 

quasi-neutral gas of charged and neutral particles which exhibits collective behavior. 

 

1.1.3 Areas of plasma technology 

 

There are many areas of plasma technology, such as: plasma etching processing, thin 

film deposition; plasma-based lighting systems; plasma chemistry; plasma spray and 

bulk materials work; sources and display systems; environmental and medical 

applications; materials synthesis; and power systems, thrusters, etc.  In this thesis, I 

concentrated on low-temperature plasma sterilization for medical application. 

 

1.2 Definition of sterilization and disinfection 

 

Sterilization is the elimination of all transmissible agents (such as bacteria, prions 

and viruses) from a surface, a piece of equipment, food or biological culture medium.  

It is different from disinfection, where only organisms that can cause disease are 

removed by a disinfectant.  In general, any instrument that enters an already sterile part 

of the body should be sterilized.  This includes equipment like scalpels, hypodermic 

needles and artificial pacemakers, etc.  It is also essential in the manufacture of many 

sterile pharmaceuticals, medical instruments and food processing. 

Disinfection is the destruction of pathogenic and other kinds of microorganisms by 

physical or chemical means.  Disinfectants are chemical substances used to destroy 

viruses and microbes (germs), such as bacteria and fungi, as opposed to an antiseptic 

which can prevent the growth and reproduction of various microorganisms, but does not 

destroy them.  The ideal disinfectant would offer complete sterilization, without 
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harming other forms of life, be inexpensive, and non-corrosive.  Unfortunately ideal 

disinfectants do not exist. Many disinfectants are only able to partially sterilize.  The 

most resistant pathogens are bacteria spores but some viruses and bacteria are also 

highly resistant to many disinfectants.  

 

1.3 Conventional methods of sterilization 

 

The agents that cause sterilization range from heat to lethal chemicals to physical 

processes [4].  The preferred principle for sterilization is through heat.  There are also 

chemical methods of sterilization. [5] 

 

1.3.1 Heat sterilization 

 

This can be achieved by moist or dry heat.  Moist heat generally used for 

sterilization is saturated steam.  Pressurized steam has the advantage of sterilizing 

penetrable materials and exposed surfaces quickly.  Dry heat requires high temperature 

and longer times, but will penetrate a wide range of 

materials. 

Sterilization by steam is only applicable if damage 

by heat and moisture is not a problem.  A widely-used 

method for moist heat sterilization is the autoclave.  A 

medical autoclave is a device that uses steam to sterilize 

equipment and other objects.  This means that all 

bacteria, viruses, fungi, and spores are inactivated.  

However, in 2003 scientists discovered a single-celled 

organism, Strain 121, which can survive at a scorching 

130 °C higher than the traditional autoclave 

temperatures.  Prions (A prion – short for 

proteinaceous infectious particle – is a type of 

infectious agent made only of protein.) also may not be 

destroyed by autoclaving.  Autoclaves work by allowing steam to enter, then 

maintaining pressure at 103 kPa (15 psi).  This causes the steam to reach 121 °C, and 

this is maintained for at least 15 minutes.  The steam and pressure transfer sufficient 

heat into organisms to kill them.  Autoclaves are found in many medical settings and 

other places that need to ensure sterility of an object.  In our laboratory, we have a top 

loading autoclave (TOMY SX-700, Fig. 1.1) to sterilize failed samples of sterilization 

Fig. 1.1 Photograph of an 
autoclave, TOMY SX-700. 
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experiments before discard.  Autoclaves that first happened with hypodermic needles 

were once more common, but many procedures today use single-use items rather than 

sterilized, reusable items.  For instance, many surgical instruments (forceps, needle 

holders, scalpel handles, etc.) are commonly single-use items rather than reusable.  

Because damp heat is used, heat-labile products (such as some plastics) cannot be 

sterilized this way or they will melt.  Some paper or other products that may be 

damaged by the steam must also be sterilized another way.  In stovetop autoclaves, 

items should always be separated to allow the steam to penetrate the load evenly. 

Examples of sterilization by dry heat are infrared radiation and incineration.  The 

penetration of the heat caused by the infrared radiation at the surface of the material is 

by means of conduction.  On the other hand, incineration is a very effective 

sterilization method, but destructive to the medium.  If hot air is used, it is estimated 

that at a temperature of 170 °C, it takes approximately 60 min to get complete 

sterilization [4].  Dry heat has the advantage that it can be used on powders and other 

heat-stable items that are adversely affected by steam (for instance, it does not cause 

rusting of steel objects), however, the disadvantage is that it can only be applied to 

instruments that can withstand the high temperatures. 

Other heat methods include flaming, boiling and tindalization. 

Flaming is done to loops and straight-wires in microbiology laboratories.  Leaving 

the loop in a Bunsen burner flame until it glows red ensures that any infectious agent 

gets inactivated.  This is commonly used for small metal or glass objects, but not for 

large objects. 

Boiling in water for 15 minutes will kill most bacteria and viruses, but boiling is 

ineffective against prions and many bacterial spores; therefore boiling is unsuitable for 

sterilization.  However, since boiling does kill most bacteria and viruses, it is useful if 

no better method is available.  Boiling is a simple and familiar enough process, and is 

an option available to most anyone most anywhere, requiring only water, enough heat, 

and a container that can withstand the heat; however, boiling can be hazardous and 

cumbersome. 

Tindalization is a cumbersome process designed to reduce the level of activity of 

sporolating bacteria that are left by a simple boiling-in-water method.  The process 

involves boiling for 20 minutes, cooling, incubating for a day, boiling for 20 minutes, 

cooling, incubating for a day, boiling for 20 minutes, cooling, incubating for a day, and 

finally boiling for 20 minutes again.  The three incubation periods are to allow spores 

formed by bacteria in the previous boiling period to produce the heat-sensitive bacterial 

stage, which are killed by the next boiling step.  Tindalization is also ineffective 
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against prions. 

 

1.3.2 Chemical sterilization 

 

Chemicals are also used for sterilization.  Although heating provides the most 

effective way to rid an object of all transmissible agents, it is not always appropriate, 

because it destroys objects such as most fiber optics, most electrics, and some plastics. 

Ethylene oxide gas (EOG) kills bacteria (and their endospores), mold, and fungi, 

and can therefore be commonly used to sterilize substances, which would be damaged 

by sterilizing techniques such as pasteurization that rely on heat (temperature > 60 °C), 

such as plastics, optics and electrics.  Ethylene oxide treatment (Fig. 1.2) is generally 

carried out between 30 °C and 60 °C with relative humidity above 30% and a gas 

concentration between 200 mg/l and 800 mg/l for at least 3 hours.  Ethylene oxide 

penetrates very well, moving through paper, cloth, and some plastic films and is highly 

effective.  However, it is highly flammable, and requires a long time to sterilize than 

any heat treatment.  The process also 

requires one or more weeks for aeration post 

sterilization to remove toxic residues and 

poses environmental risks.  Ethylene oxide 

is widely used and sterilizes around 50% of 

all disposable medical supplies such as 

bandages, sutures and surgical implements.  

The way by which ethylene oxide reacts 

with bacteria is a process referred to as 

alkylation [4].  Alkylation is the 

replacement of a hydrogen atom by an alkyl 

group.  In a bacterial cell this substitution 

is lethal. 

Ozone is used in industrial setting to 

sterilize water and air, as well as a 

disinfectant for surfaces.  It has the benefit 

of being able to oxidize most organic matter.  

On the other hand, it is a toxic and unstable 

gas that must be produced on-site, so it is 

not practical to use in many settings.  The effectiveness of ozone as a bactericidal is 

due to its interference with cellular respiration. 

Fig. 1.2 Photograph of a commercial 
EOG sterilizer (3M) used in the hospital 
(by courtesy of Hamamatsu University 
School of Medicine). 
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Bleach is another accepted liquid sterilizing agent.  Household bleach, also used in 

hospitals and biological research laboratories, consists of 5.25% sodium hypochlorite.  

At this concentration it is most stable for storage, but not most active.  According to 

the Beth Israel Deaconess Medical Center Biosafety Manual (2004 edition), in most 

cases, it should be diluted to 1/10 of its storage concentration immediately before use; 

however, it should be diluted only to 1/5 of the storage concentration to kill 

Mycobacterium tuberculosis.  This dilution factor must take into account the volume of 

any liquid waste that it is being used to sterilize.  Bleach will kill many organisms 

immediately, but should be allowed to incubate for 20 minutes for full sterilization.  

Bleach will kill many spores, but is ineffective against certain extremely resistant spores.  

It is highly corrosive, even causing rust of stainless steel surgical implements. 

Glutaraldehyde and formaldehyde solutions (also used as fixatives) are additional 

accepted liquid sterilizing agents, provided that the immersion time is long enough – it 

can take up to 12 hours for glutaraldehyde to kill all spores, and even longer for 

formaldehyde.  (This assumes that a liquid not containing large solid particles is being 

sterilized.  Sterilization of large blocks of tissue can take much longer, due to the time 

required for the fixative to penetrate.)  Glutaraldehyde and formaldehyde are volatile, 

and toxic by both skin contact and inhalation.  Glutaraldehyde has quite a short shelf 

life (<2 weeks), and is expensive.  Formaldehyde is less expensive and has a much 

longer shelf life if some methanol is added to inhibit polymerization to 

paraformaldehyde, but is much more volatile.  Formaldehyde is 

also used as a gaseous sterilizing agent; in this case, it is prepared 

on-site by depolymerization of solid paraformaldehyde. 

Ortho-phthalaldehyde (OPA) is a sterilizing chemical 

which received Food and Drug Administration (FDA) clearance 

in late 1999.  Typically used in a 0.55% solution, OPA shows 

better myco-bactericidal activity than glutaraldehyde.  It also is 

effective against glutaraldehyde-resistant spores. OPA has 

superior stability, is less volatile, and does not irritate skin or 

eyes, and it acts more quickly than glutaraldehyde.  On the 

other hand, it is more expensive, and will stain proteins 

(including skin) gray in color. 

Another chemical sterilizing agent is hydrogen peroxide.  

It is relatively non-toxic once diluted to low concentrations 

(although a dangerous oxidizer at high concentrations), and leaves no residue.  The 

Sterrad® 100S (Fig. 1.3) and other Sterrad® sterilization chambers combine hydrogen 

Fig. 1.3 Photograph 
of Sterrad® 100S 
(cited from website 
of STERRAD®, 
Johnson & Johnson). 
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peroxide gas with an RF discharge plasma [4] to sterilize heat-sensitive equipment such 

as rigid endoscopes.  The Sterrad® 100S sterilizes in 55 minutes and also penetrates 

some lumen devices.  The most recent Sterrad® model, Sterrad® NX, can sterilize 

most hospital loads in as little as 20 minutes and has greatly expanded lumen claims 

compared to earlier models.  However, the Sterrad® has limitations with processing 

certain materials such as paper and long thin lumens, and currently this equipment is 

assumed to effectively sterilize due to the high concentration of hydrogen peroxide 

rather than to the plasma component. 

Endoclens is another new liquid chemical sterilization system providing chemical 

sterilization of flexible endoscopes.  It mixes two chemicals (hydrogen peroxide and 

formic acid) together to make its antiseptic as needed.  The machine has two 

independent asynchronous bays, and cleans (in warm detergent with pulsed air), 

sterilizes and dries the endoscopes automatically.  All air and water inlets are filtered, 

and the machine handles temperature, timing and chemical concentration.  The total 

time for the whole process is 30 minutes, and a hard-copy report of the cycle is printed 

(as well as being stored electronically).  Studies with synthetic soil containing bacterial 

spores showed this machine achieved sterilization effectively. 

The Dry Sterilization Process, DSP, is a process originally designed for the 

sterilization of plastic bottles in the beverage industry.  It uses hydrogen peroxide with 

a concentration of 30-35% and runs under vacuum conditions.  Using the common 

reference germs for hydrogen peroxide sterilization processes, endospores of different 

strains of Bacillus atrophaeus and Geobacillus stearothermophilus, the Dry Sterilization 

Process achieves a germ reduction capability of the sterilization process is 106-108.  

The complete cycle time of the process is 6 seconds.  The surface temperature of the 

sterilized items is only slightly increased during the process by 10 °C-15 °C.  

Particularly due to the high germ reduction and the slight temperature increase the Dry 

Sterilization Process is also useful for medical and pharmaceutical applications.  

However, the disadvantage is the concentration of hydrogen peroxide is a little higher. 

 

1.3.3 Radiation sterilization 

 

Methods exist to sterilize using radiation such as X-rays, gamma rays, or subatomic 

particles.  Gamma rays are very penetrating, but as a result require bulky shielding for 

the safety of the operators of the gamma irradiation facility; they also require storage of 

a radioisotope, which continuously emits gamma rays (it cannot be turned off, and 

therefore always presents a hazard in the area of the facility).  X-rays are less 
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penetrating and tend to require longer exposure times, but require less shielding, and are 

generated by an X-ray machine that can be turned off for servicing.  Subatomic 

particles may be more or less penetrating, and may be generated by a radioisotope or a 

device, depending upon the type of particle.  Even though, α-particle and protons could 

be used, electrons are the usual choice in this method.  Since β-particles from 

radioactive sources cannot penetrate too far, accelerated electrons are used.  Electron 

beam irradiation is presently an active research area for the treatment of infectious 

medical waste.  Irradiation with X-rays or gamma rays does not make materials 

radioactive.  Irradiation with particles may make materials radioactive, depending 

upon the type of particles and their energy, and the type of target material: neutrons and 

very high-energy particles can make materials radioactive, but have good penetration, 

whereas lower energy particles (other than neutrons) cannot make materials radioactive, 

but have poorer penetration. 

 

 

Ultraviolet radiation (UV, from a germicidal lamp as shown in Fig. 1.4) can also 

be used for irradiation, but only on surfaces and some transparent objects (note that 

many objects that are transparent to visible light actually absorb UV).  It provides 

some degree of protection from infection with pathogenic microorganisms.  Ultraviolet 

radiation is most effective against bacteria in the 230 nm-240 nm range.  It is not 

ionizing.  Its lethality comes from exciting large molecules the size of proteins.  It 

appears that UV induces changes in the cellular nucleic acids structure.  It is also 

suggested that UV irradiation of the cellular DNA results in the formation of 

photoproducts, which may have a detrimental effect on the DNA structure.  It is 

routinely used to sterilize the interiors of biological safety cabinets between uses, but is 

ineffective in shaded areas, including areas under dirt (which may become polymerized 

after prolonged irradiation, so that it is very difficult to remove).  It also damages 

many plastics, as can be seen if one forgets a polystyrene foam object in the cabinet 

with the germicidal lamp turned on overnight.  In practice, the UV radiation is 

Fig. 1.4 Photograph of a commercial UV germicidal lamp (cited from the Wikimedia 
Commons). 
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produced by low-pressure mercury vapor lamp made of quartz tubes.  They emit 95% 

of their total radiation at 253.7 nm. 

 

1.4 Conventional methods of disinfection 

 

Disinfectants are antimicrobial agents that are applied to non-living objects to 

destroy microorganisms, the process of which is known as disinfection.  Disinfectants 

should generally be distinguished from antibiotics that destroy microorganisms within 

the body, and from antiseptics, which destroy microorganisms on living tissue.  

Sanitisers are high level disinfectants that kill over 99.9% of a target microorganism in 

applicable situations.  Not all disinfectants and sanitisers can sterilize (the complete 

elimination of all microorganisms), and those that can depend entirely on their mode of 

application.  Bacterial endospores are most resistant to disinfectants, however some 

viruses and bacteria also posess some tolerance. 

From the next section, types of disinfectants will be introduced. [6] 

 

1.4.1 Alcohols 

 

Alcohols, usually ethanol or isopropanol, are wiped over benches and skin and 

allowed to evaporate for quick disinfection.  They have wide microbiocidal activity, 

are non corrosive, but can be a fire hazard.  They also have limited residual activity 

due to evaporation, and have a limited activity in the presence of organic material.  

Alcohols are more effective combined with water — 70% alcohol is more effective than 

95% alcohol.  Alcohol is not effective against fungal or bacterial spores. 

 

1.4.2 Aldehydes 

 

Aldehydes, such as glutaraldehyde, have a wide microbiocidal activity and are 

sporocidal and fungicidal.  They are partly inactivated by organic matter and have 

slight residual activity. 

 

1.4.3 Halogens 

 

Chloramine is used in drinking water treatment instead of chlorine because it 

produces less disinfection byproducts. 

Chlorine is used to disinfect swimming pools, and is added in small quantities to 
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drinking water to reduce waterborne diseases. 

Hypochlorites (Sodium hypochlorite), often in the form of common household 

bleach, are used in the home to disinfect drains, and toilets.  Other hypochlorites such 

as calcium hypochlorite are also used, especially as a swimming pool additive.  

Hypochlorite gives off free chlorine and it is the chlorine that is the true disinfectant.  

Hypobromite solutions are also sometimes used. 

Iodine is usually dissolved in an organic solvent or as Lugol’s iodine solution.  It is 

used in the poultry industry.  It is added to the birds’ drinking water.  Although no 

longer recommended because it increases scar tissue formation and increases healing 

time, tincture of iodine has also been used as an antiseptic for skin cuts and scrapes. 

 

1.4.4 Oxidizing agents 

 

Oxidizing agents act by oxidizing the cell membrane of microorganisms, which 

results in a loss of structure and leads to cell lysis and death. 

Chlorine dioxide is used as an advanced disinfectant for drinking water to reduce 

waterborne diseases.  In certain parts of the world, it has largely replaced chlorine 

because it forms fewer byproducts.  Sodium chlorite, sodium chlorate, and potassium 

chlorate are used as precursors for generating chlorine dioxide. 

Hydrogen peroxide is used in hospitals to disinfect surfaces.  It is sometimes 

mixed with colloidal silver.  It is often preferred because it causes far fewer allergic 

reactions than alternative disinfectants.  Also used in the food packaging industry to 

disinfect foil containers.  A 3% solution is also used as an antiseptic.  When hydrogen 

peroxide comes into contact with the catalase enzyme in cells it is broken down into 

water and a hydroxyl free radical.  It is the damage caused by the oxygen free radical 

that kills bacteria.  However, as recent studies have show hydrogen peroxide to be 

toxic to growing cells as well as bacteria, its use as an antiseptic is no longer 

recommended. 

Ozone is a gas that can be added to water for sanitation. 

Peracetic acid is a disinfectant produced by reacting hydrogen peroxide with acetic 

acid.  It is broadly effective against microorganisms and is not deactivated by catalase 

and peroxidase, the enzymes which break down hydrogen peroxide.  It also breaks 

down to food safe and environmentally friendly residues (acetic acid and hydrogen 

peroxide), and therefore can be used in non-rinse applications.  It can be used over a 

wide temperature range (0-40°C), wide pH range (3.0-7.5), in clean-in-place (CIP) 

processes, in hard water conditions, and is not affected by protein residues. 
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Potassium permanganate (KMnO4) is a red crystalline powder that colours 

everything it touches, and is used to disinfect aquariums.  It is also used widely in 

community swimming pools to disinfect ones feet before entering the pool.  Typically, 

a large shallow basin of KMnO4/water solution is kept near the pool ladder.  

Participants are required to step in the basin and then go into the pool.  Additionally, it 

is widely used to disinfect community water ponds and wells in tropical countries, as 

well as to disinfect the mouth before pulling out teeth.  It can be applied to wounds in 

dilute solution; potassium permanganate is a very useful disinfectant. 

 

1.4.5 Phenolics 

 

Phenolics are the active ingredient in most bottles of "household disinfectant".  

They are also found in some mouthwashes and in disinfectant soap and handwashes.  

Phenol is probably the oldest known disinfectant as it was first used by Lister, when it 

was called carbolic acid.  It is rather corrosive to the skin and sometimes toxic to 

sensitive people, so the somewhat less corrosive phenolic o-phenylphenol is often used 

in favour.  Hexachlorophene is a phenolic which was once used as a germicidal 

additive to some household products but was banned due to suspected harmful effects. 

 

1.4.6 Quaternary ammonium compounds 

 

Quaternary ammonium compounds (Quats), such as benzalkonium chloride, are a 

large group of related compounds.  Some have been used as a low level disinfectant.  

They are effective against bacteria, but not against some species of Pseudomonas 

bacteria or bacterial spores.  Quats are biocides which also kill algae and are used as an 

additive in large-scale industrial water systems to minimize undesired biological growth.  

Quaternary ammonium compounds can be effective disinfectants against enveloped 

viruses. 

 

1.4.7 Other 

 

Dettol is used to disinfect surfaces at home.  It kills the majority of bacteria.  It is 

one of the few disinfectants useful against viruses. 

Virkon is a wide-spectrum disinfectant used in labs.  It kills bacteria, viruses, and 

fungi.  It is used as a 1% solution in water, and keeps for one week once it is made up.  

It is expensive, but very effective, its pink colour fades as it is used up so it is possible 
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to see at a glance if it is still fresh. 

High-intensity ultraviolet light can be used for disinfecting smooth surfaces such 

as dental tools, but not porous materials that are opaque to the light such as wood or 

foam.  Ultraviolet light fixtures are often present in microbiology labs, and are 

activated only when there are no occupants in a room (e.g., at night). 

 

1.5 Low-temperature plasma sterilization 

 

Conventional methods of sterilizing medical instruments have been mainly 

performed using a dry-heat or hot-steam autoclave for heat-resistant materials, and 

ethylene-oxide gas for heat-sensitive materials.  However, as described in the previous 

two sections, we found several drawbacks of the conventional methods of sterilization 

or disinfection.  Recently, a low-temperature plasma sterilization technique has been 

developed using low-pressure or atmospheric pressure plasma discharges.  The plasma 

sterilization method has a number of advantages compared with the conventional 

methods.  One of the advantages is to be able to perform sterilization at a relatively 

low temperature less than 70 °C, and in a relatively short period, for instance, from 

several min to several tens of min.  This technique is particularly useful in surface 

sterilization of medical instruments and medical and food packaging materials. 

M. Laroussi presented a brief review of notable recent efforts on the inactivation of 

bacteria by low-pressure plasmas [7].  Low-pressure plasmas have been considered for 

biological sterilization for some time.  Some of the systems developed in the 1970s 

and 1980s were not really ‘‘plasma-based’’ sterilization systems.  This is due to the 

use of gas mixtures that contain components with germicidal properties (such as H2O2 

and aldehydes) before the plasma is ignited. [8, 9]  These are more correctly termed as 

‘‘plasma-assisted’’ sterilization systems.  Plasma-based sterilization uses gases that 

posses no germicidal property on their own.  They become biocidal only when a 

plasma is ignited.  Example of such gases or mixtures of gases are air, helium/air or 

helium/ O2, and N2/ O2.  In this section, only plasma-based systems will be reviewed.  

Most recently, many studies on the effects of low-pressure plasma on biological matter 

in plasma-based systems were conducted for various gas mixtures.  Examples are 

low-pressure oxygen plasmas and O2/N2 plasmas. [10–12]  These studies were 

motivated by specific objectives such as the decontamination of interplanetary space 

probes and the sterilization of medical tools.  RF and microwave driven low-pressure 

plasmas were mostly used in these studies. 

Recently Bol’shakov et al. published a detailed study of the effects of radio 
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frequency (RF) oxygen plasma at reduced pressure on bacteria. [10]  The study was 

carried out for two modes of operation, the inductively coupled mode and the 

capacitively coupled mode.  The inductive mode was found to offer a better efficiency 

in destroying biological matter.  This was due to higher electron and ion densities in 

this mode, which resulted in an enhancement of electron-impact processes. [10]  High 

densities of atomic oxygen and perhaps O2* in synergy with UV photons induced 

chemical degradation of the biological materials followed by volatilization of the 

decomposition products (CO2, CO, N2, etc.).  Plasmid DNA degradation was evaluated 

for both the inductive mode and the capacitive mode.  It was found that at the same 

power the inductively coupled plasma destroyed over 70% of supercoiled DNA in 5 s 

while only 50% was destroyed by the capacitively coupled plasma.[10]  

Characterization of the decomposition of the byproducts was carried out during plasma 

exposure by emission spectroscopy. CO, N2, N2
+, OH, Na, K, etc. were amongst the 

detected species.  CN, CH, and NO were not detected indicating that their 

concentrations were below 1 ppm.[10] 

Moreau et al. [11] and Moisan et al. [12] carried out detailed studies on the effects 

of low pressure N2/O2 plasma on various bacteria.  The biological samples were placed 

in the flowing after-glow of a plasma generated by a surfatron source. [13]  The 

surfatron source was driven by microwave power with a frequency of 915 or 2450 MHz.  

In their studies Moisan et al. [12] characterized the inactivation kinetics and correlated 

that with the physics and chemistry of the afterglow.  Since this study was focused on 

the inactivation kinetics, brief introduction to some basic definitions are listed as below: 

One kinetics measurement parameter, which has been used extensively by 

researchers studying sterilization by plasma, is what is referred to as the ‘‘D’’ value 

(Decimal value).  The D-value is the time required to reduce an original concentration 

of microorganisms by 90%.  The D-value is therefore expressed in the unit of time.  

Since survivor curves are plotted on semi-logarithmic scales, the D-value is determined 

as the time for a one log10 reduction. 

In their early studies on the inactivation of Bacillus subtilis spores by low-pressure 

plasmas, Moisan et al. [12] reported that survivor curves (colony forming units, CFUs, 

versus treatment time) exhibited three inactivation phases.  Figure 1.5 shows a typical 

example of such survivor curves. [14]  Moisan et al. [15] claimed that the first phase, 

which exhibited the shortest D-value, was mainly due to the action of UV radiation on 

isolated spores or on the first layer of stacked spores.  The second phase, which had 

the slowest kinetics, was attributed to a slow erosion process by active species (such as 

atomic oxygen, O).  Finally the third phase was initiated after spores and debris had 
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been cleared during phase 2, hence allowing UV to hit the genetic material of the still 

living spores.  The D-value of this phase was observed to be close to the D-value of 

the first phase.  However, in a more recent study, the same research group examined 

the inactivation process of B. subtilis spores exposed to the flowing afterglows of an 

N2/O2 mixture and of pure argon, and reported that UV radiation, not the radicals, 

played the dominant role.  The survivor curves were biphasic and consistent with UV 

inactivation.  The second phase represented spores that were shielded by others and 

that needed more irradiation time to accumulate a lethal UV dose.  This observation 

was further supported by the fact that at low UV intensity a lag time existed before 

inactivation.  This was due to the requirement that a minimum UV dose had to be 

achieved before irreversible damage to the DNA strands occurred.  Since in pure argon, 

which would not contain oxygen radicals, inactivation was achieved for similar lengths 

of time, it was concluded that the role of oxygen in the N2/O2 plasma was mainly to 

provide oxygen atoms to form NO, which was the main source of the UV photons. 

 

 

 

 

 

 

 

 

 

 

 

Switching the focus to high-pressure plasmas, M. Laroussi discussed the 

fundamental properties of non-equilibrium atmospheric pressure plasmas [7].  In 

addition to their practical side, design simplicity, and low operational cost, 

non-equilibrium atmospheric pressure plasmas exhibit unique features, which have 

provided the base for numerous applications.  In these plasmas the electron energies 

are much higher than that of the heavy species, i.e. ions and neutrals.  The energetic 

electrons collide with the background atoms and molecules causing enhanced level of 

dissociation, excitation and ionization.  The attractive feature is the fact that these 

Fig. 1.5 Survival curves for B. subtilis spores exposed to a N2/O2 discharge afterglow. 
Gas pressure in the sterilization chamber is 5 torr. Gas flow is one standard l/min plus x% 
of added O2 and discharge field frequency is 2450 MHz. [14, 15] 
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reactions occur without a substantial increase in the operating gas temperature.  

Because the ions and the neutrals remain relatively cold, the plasma causes no or just 

minimal thermal damage to articles it may come in contact with.  This characteristic 

opened up the possibility to use these plasmas for the treatment of heat-sensitive 

materials including biological tissues. 

Several methods have been developed in the last two decades that allowed 

researchers to easily generate non-equilibrium plasmas at ‘‘high-pressures’’, up to one 

atmosphere. [16, 17]  One requirement is common to all the methods: the inhibition of 

the glow-to-arc transition.  Dielectric barrier discharges (DBDs) achieve this 

requirement by covering at least one of two electrodes (separated by a gas gap) with a 

dielectric sheet. [18]  In this case, the discharge current is self-limited by charge 

build-up on the dielectric surface.  DBDs are generally driven by sine-wave high 

voltages with frequencies in the kHz range.  This frequency range has recently been 

extended all the way down to DC by replacing the dielectric barrier by a resistive layer, 

which plays the role of a distributed ballast, thus limiting the discharge current. [19]  

Plasma discharges with metallic bare electrodes driven by RF voltages in the MHz 

range were also developed. [20]  In this case a gas composed mainly of a noble gas 

(such as He) is flown at a rate of few liters/min in the gap between the electrodes.   

As for the sterilization application, Boudam et al. from Moisan’s group made a 

review of the literature on atmospheric pressure discharges used for microorganism 

inactivation.  Their research results show, in particular, that UV photons can be the 

dominant species in the inactivation process, while a majority of researchers have come 

to the conclusion that, at atmospheric pressure, chemically reactive species such as free 

radicals, metastable atoms and molecules always control the inactivation process. [21] 

 

1.6 Scope of the work 

 

Our group [22-30] has started investigating low-temperature surface sterilization 

with a low-pressure large-area planar surface-wave plasma (SWP) source using oxygen 

discharge since 2002.  From then on, the biological indicator (BI) samples of G. 

stearothermophilus with population of 1.5 × 106 spores were successfully sterilized by 

750 W continuous microwave (CW) excited oxygen plasma irradiation for 3 min or 

longer, and the sterilization mechanism in the oxygen plasma was concluded that it 

might be due to a chemical etching reaction from the reactive oxygen radicals [22, 23]. 

The present work consists of three parts of low-temperature plasma sterilization 

experiments.  The first part is to find out the discharge conditions for CW and 
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pulse-modulated SWPs in low-temperature sterilization, and to study the mechanisms of 

plasma sterilization with different gas species using a low-pressure SWP source [22-25].  

Description of the SWP source will be presented in chapter 2.  Low-temperature 

sterilization experiments with the SWP source will be presented in chapter 5. 

The second part is to achieve and improve internal sterilization effect using a new 

large-area low-pressure planar microwave source, in which both SWP and volume-wave 

plasma (VWP) can be produced [27, 28, 30].  Description of the new VWP source will 

be presented in chapter 3.  Low-temperature sterilization experiments with the VWP 

source will be presented in chapter 6. 

The last part presented in chapter 7 is about atmospheric pressure plasma 

sterilization with some previous works and a recent result. 
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2 Surface-wave plasma source 
 

2.1 Introduction to surface-wave plasma 

 

Surface waves are electromagnetic waves along the interface of two different media 

with phase velocity less than the speed of light.  Since the wave propagation involves 

the motion of free charged particles, they can propagate only at the interface of two 

media with opposite signs of dielectric permittivity, such as plasma and dielectric.  

Plasmas that are excited by propagation of electromagnetic surface waves carrying 

sufficient power flux are called surface-wave-sustained plasmas, usually as 

surface-wave plasma (SWP).  The surface wave mode allows to generate uniform 

high-frequency-excited plasmas in volumes whose lateral dimensions extends over 

several wavelengths of the electromagnetic wave, for example, microwaves of 2.45 

GHz in vacuum the wavelength amounts to 12.2 cm.  SWP sources can be divided into 

two groups depending upon whether the plasma generates part of its own waveguide by 

ionization or not. 

The propagation of a non-ionizing electromagnetic surface wave along the interface 

between plasma and its surrounding dielectric media was first studied by Trivelpiece 

and Gould in 1959 [1].  Their study was focused on low amplitude electromagnetic 

waves propagating along the positive plasma column of a DC discharge in a cylindrical 

dielectric tube.  It seems that Bulkin et al. [2] were the first to observe a discharge 

sustained by a surface wave when they reported the existence of a wave with a 

longitudinal electric field component along a pulsed discharge sustained in a waveguide.  

Tuma [3], who employed a surface-wave discharge to excite a laser medium, was 

probably the first to clearly identify its nature that surface waves propagating at the 

plasma-dielectric boundary could be absorbed in the plasma, thus sustaining the 

discharge. 

In the 1970s and 1980s, the experimental works concerning surface-wave plasma 

were limited to cylindrical dielectric tubes [4-12].  Moisan et al. [4, 5] developed a first 

series of simple, compact and highly efficient surface-wave launchers, based on coaxial 

and waveguide components that were particularly suitable for the microwave generation 

of long plasma columns.  However, the thin dielectric tube structure is difficult to 

generate large-diameter plasma.  Since Komachi and Kobayashi [13] reported a new 

method for generating large area microwave plasma using traveling waves in an open 

dielectric waveguide in 1989, the concept of the large-area SWP source has emerged.  

According to the shape of the plasma-dielectric interface where surface waves are 
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guided, the large-area SWP sources can be divided into two groups: planar large-area 

SWP sources and tubular large-area SWP sources. 
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Fig. 2.1 Illustration of the surface-wave plasma. 
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Nagatsu et al. [14-26] reported the first slot antennae type planar SWP source in 

1996.  The 2.45 GHz microwave was fed from a rectangular waveguide through a pair 

of slot antennae contacting to a quartz window (diameter = 240 mm, thickness = 17 

mm).  The slots were half a wavelength in free space long, inclined in opposite 

directions, and a detailed study of the discharge production using other types of slot 

antennae is also available [25].  Figure 2.1 shows the illustration of the SWP produced 

by slot antennae structure.  The discharge was sustained by standing surface waves 

resulting in mode jumps and hysteresis, which has been explained by resonance 

surface-wave eigenmodes in the dielectric plate [15-17] also including the antennae 

configuration [24].  Plasma densities in order of 1012 cm-3 over a wide pressure range 

in various gases were achieved.  The operation of the source without dielectric window, 

relying only on the underdense plasma layer at the metal-plasma boundary as the 

waveguiding interface, has also been reported [19]. 

 

2.2 Experimental setup 

 

Figure 2.2 shows the SWP device in our laboratory.  A schematic drawing of the 

experimental setup is shown in Fig. 2.3.  The SWP was produced in a 40-cm-diameter, 

cylindrical vacuum chamber by introducing a 2.45 GHz microwave through a quartz 

window via slot antennae.  A rectangular quartz window (18-mm thick quartz plate 

with dielectric constant εd = 3.8) with inner dimensions of 109 mm × 380 mm is used as 

vacuum sealing on the top metal plate.  There is a water cooling system equipped 

around the quartz plate.  Five transverse slots are cut vertically to the waveguide axis 

with a spacing of one-half of the waveguide wavelength, and four pairs of longitudinal 

slots are also cut between the transverse slots, as shown in the bottom schematic of Fig. 

2.3.  The width and length of each slot are 10 mm and λ/2 = 61 mm, where λ is a 

free-space wavelength. [27]  For each antenna, the plunger was tuned to achieve 

minimum power reflectivity. 

The microwave power is fed into the chamber from a rectangular waveguide.  The 

rectangular waveguide line is equipped with E-H tuner (Nissin, MT-20), a water-cooled 

isolator (Nissin, IS-30J), two directional couplers (Nissin, PM-60) with power detector 

enabling the monitoring of the incident and reflected power respectively, and a pulse 

monitor coupler.  The E-H tuner was used to minimize the reflected power, keeping the 

short plunger at optimum position.  The whole system is powered by a stabilized 2.45 

GHz magnetron generator (Nissin, MPS-30D) with the output power in the range from 

0.2 to 3 kW.  With the pulse unit (Nissin, MGP-30) and a function generator (Kenwood, 
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FG-272), the pulse-modulated plasma discharges could be operated using the 

microwave system with a modulation frequency of DC to 80 kHz.  The microwave 

pulses were monitored by the incident power detector mounted on the waveguide just 

after the isolator.  Typical rise and fall times, defined as a 10 to 90 % interval, were 

roughly 0.3 µs and 3 µs respectively, and maximum instantaneous power was 4 kW. 

The top metal plate, bottom flange and the sidewall of the chamber are equipped 

with altogether 17 ports for pumping, leaking, pressure gauge, viewing, gas- and 

instrumentation-feedthroughs.  The ports for pumping, pressure gauge and viewing are 

shielded against the radiation by a fine stainless steel mesh.  There are two sidewall 

ports in a distance of 14 cm from the top metal plate, one set with glass window called 

Optopass Port (QYP-150-UV) is not only the main viewing port used to observe the 

inside of vacuum chamber, but also capable of transmitting light whose wavelength is 

greater than 150 nm through it from inside the chamber.  The other one connected with 

quadrupole mass spectrometer is used for mass spectrum diagnosis.  One horizontal 

port in the sidewall in a distance of 20 cm from the top plate and one vertical port on the 

bottom flange are used for the probe diagnostics.  A Langmuir probe with a platinum 

wire tip was used to measure the spatial distribution of the basic plasma parameters, 

such as electron density, temperature and ion saturation currents.  Axial distributions of 

the microwave electric field intensity at 2.45 GHz were also measured using the same 

Langmuir probe scannable in the z direction.  The intensity of the 2.45 GHz 

microwave, picked up by the short wire tip of the probe, was directly measured using a 

spectrum analyzer (Tektronix, 491). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.2 Photograph of the surface-wave plasma device. 



22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The vacuum chamber is evacuated by a turbomolecular pump (Pfeiffer Vacuum, 

TMU 260 SG) with pumping speed of 210 l/s and a single-stage rotary vane pump 

(Pfeiffer Vacuum, DUO 10) with pumping speed of 10 m3/h as the backing pump.  The 

two pumps are operated by a display and operating unit (Pfeiffer Vacuum, TCP 380).  

The base pressure of the whole vacuum system can be evacuated to the order of 10-6 

Torr.  The working pressure during the experiment is controlled by a bleed valve and 

measured by a pressure gauge set (Pfeiffer Vacuum, SingleGauge meter + Compact 

process ion gauge sensor).  The working gas, such as oxygen, nitrogen or argon, is 

introduced into the chamber from one top flange port and controlled by a mass flow 

meter. 
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2.3 Surface-wave plasma characteristics 

 

In order to excite the pure surface mode [21], the plasma density should be higher 

than the critical density ncrit = (1 + εd)nc, where nc is the cutoff density nc = ε0meωp
2/e2 

(the electron plasma frequency ωp = the wave frequency ω) and εd is the dielectric 

constant of the window, thus ncrit = 3.6×1011 cm-3.  Furthermore, as shown in Fig. 2.1, 

the electric fields of the launched electromagnetic wave should locally distribute near 

the quartz-plasma interface and exponentially decay with a characteristic length, which 

roughly equals the skin depth, c/ωp, inside the plasma. 

A Langmuir probe with a 0.7-mm-diameter, 8-mm-long platinum wire tip was used 

to measure the spatial distribution of the basic plasma parameters, such as ion saturation 

currents, and electron density in continuous microwave excited SWP.  Axial 

distributions of the microwave electric field intensity were also measured using the 

same Langmuir probe, by measuring the electric field amplitudes at 2.45 GHz directly 

using a spectrum analyzer.   

Since the SWP device presented in this thesis was made in Nagoya University 

before being displaced to Shizuoka University, the measurement of continuous 

microwave excited SWP characteristics was carried out in Nagoya University [28].  

While, the measurement of pulse-modulated microwave excited SWP characteristics 

using a Langmuir probe with a 0.6-mm-diameter, 2-mm-long platinum wire tip was 

carried out during my doctoral course in Shizuoka University [29]. 

 

2.3.1 Characteristics of continuous SWP 

 

First, the characteristics of the SWP in the case of low-pressure Ar gas are presented.  

Figure 2.4 shows the z-axial distribution of ion saturation current and microwave 

electric field intensity in Ar plasma where the gas pressure was 20 mTorr, Ar gas flow 

rate was 71.4 sccm and the net microwave power was 700 W.  The downside of quartz 

plate is defined as z = 0 throughout this thesis.  By scanning the Langmuir probe in the 

z direction, the axial distribution of the ion saturation current was measured and found 

to achieve its maximum in the vicinity of z = 40 mm.  This is due to the equilibrium 

between the plasma generation at the quartz-plasma interface and the plasma 

disappearance by diffusion process.  Moreover, the electric field intensity of the 2.45 

GHz wave is strongly damped and vanishes at z > 20 mm.  The decay length of the 

electric field is typically of the order of 5-10 mm.  This means the electric field, only 

existing at quartz-plasma interface, will not affect the plasma processing below. 
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Fig. 2.4 Axial distributions of ion saturation current and microwave 
electric field intensity in Ar plasma. [28] 

Fig. 2.5 Horizontal distribution of ion saturation 
current at z = 14~15 cm in He plasma. [28] 
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Next, the characteristic of the SWP in the case of low-pressure He gas is presented.  

Figure 2.5 shows the horizontal distribution of plasma density profile in He plasma 

where the gas pressure was 200 mTorr, He gas flow rate was 278.6 sccm and net 

microwave power was 680 W.  We find that uniform plasma within ±5% can be 

obtained in the vicinity of the center over about 10 cm on y-axial direction. 

 

2.3.2 Characteristics of pulse-modulated SWP 

 

Finally, the characteristics of pulse-modulated SWP in the case of low-pressure 

oxygen gas are presented.  The waveforms of plasma densities of oxygen SWPs driven 

by pulse-modulated microwaves are shown.  Figure 2.6 shows typical waveforms of 

ion saturation currents under discharge conditions where the gas pressure was 60 mTorr 

and the duty ratio was 50% at modulation frequencies of 50 kHz and 25 kHz.  A 

Langmuir probe was placed at z = 55 mm below the quartz window, and it was found 

that the plasma density saturated about 10 µs after the microwave onset.  After the 

microwave pulse turn-off, ion saturation currents decayed with a time constant of about 

30 µs.  It was expected that oxygen with metastable states, such as O*(1D) or O2*(
1
∆g), 

which are considered to play an important role in sterilization, would exist for a short 

time until they were released from surface attachment after the microwave was turned 

off. 
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Fig. 2.6 Typical waveforms of ion saturation currents together with the pulse 
signals; modulation frequencies of (a) 50 kHz and (b) 25 kHz. 
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In order to study the discharge condition required for sterilization, the instantaneous 

power of the microwave pulses was varied.  Figure 2.7 shows the relationship between 

ion saturation current and instantaneous power, with the probe set at z = 55 mm and r = 

100 mm and at a gas pressure of 60 mTorr.  It can be seen that the ion density increases 

almost linearly with instantaneous power, apart from a change in gradient at around 

1200~1300 W.  This could be due to a slight change in the plasma density profile over 

the chamber cross section. 
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3 Volume-wave plasma source 
 

3.1 Introduction to volume-wave plasma 

 

Sugai et al. [1] briefly recalled the main facts about microwave propagation in 

non-magnetized plasmas.  They presented in the case of real bounded plasmas new 

phenomena occur.  Suppose that microwaves are incident (e.g. axially) on a finite 

bounded plasma (e.g. cylindrical plasma column).  In the low density (underdense) 

case (Fig. 3.1(a)) the waves penetrate into the plasma as volume waves (and give rise to 

volume resonances if the plasma dimensions are comparable to the wavelength 

determined from equation ω2 = ωp
2 + c2k2, where k is the wave vector, c is the speed of 

light in free space and ωp = e(ne/ε0me)
1/2).  In an overdense plasma such propagation is 

not possible, but an electromagnetic surface wave (a wave decaying exponentially away 

from the guiding structure [2]) can propagate along a dielectric-plasma interface (Fig. 

3.1(b)), penetrating into the plasma at a few skindepths.  This situation is eventually 

possible also along a plasma-metal boundary, because one can regard the low-density 

plasma sheet along the metal wall as a dielectric facing the overdense bulk plasma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Electromagnetic wave propagation in finite 
(a) underdense and (b) overdense plasmas. [1] 
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The planar-type overdense microwave plasmas produced without magnetic fields as 

so called surface-wave plasma (SWP) have been described in chapter 2.  It has a 

number of advantages in producing high-density (ne > 1011 cm-3), large-area (L > 40 cm) 

plasmas at pressures ranging from a low pressure of ~mTorr to a moderate pressure of 

~10Torr [3-5].  However, a big issue in enlarging the plasma device is on the dielectric 

window needed for vacuum sealing.  To hold a huge mechanical force, typically 10 

tons/m2 of dielectric window, one needs a very expensive, thick dielectric plate. [6]  

Recently, Nagatsu [7] has proposed a patent structure that using slot antennae (which 

are directly formed by punching the wall of a waveguide line) combining a planar 

cylindrical cavity resonator above the quartz plate plane, where only seven pieces of 

small-size quartz window are used instead of the general one cross-section-size piece of 

quartz plate as vacuum window.  Moreover, with this structure, both surface-wave 

plasma (SWP) mode and volume-wave plasma (VWP) mode can be controlled by the 

electron density change, which in turn, is caused by the pressure change.  Since the 

electron density can be controlled not only by changing the pressure, but, even more 

straightforwardly, by changing the power fed to the chamber, one should also observe 

similar mode changes when changing incident power at a fixed pressure. [8]  The 

cutoff density was calculated as 7.4 × 1010 cm-3 corresponding to the microwave 

frequency of 2.45 GHz. [9]  In the present work, we call the microwave device that can 

produce volume-wave plasma as volume-wave plasma source. 

Figure 3.2 shows the illustration of the SWP and VWP produced by slot antennae 

structure.  The SWP and VWP can be applied to etching, plasma CVD or plasma 

sterilization. 

 Fig. 3.2 Illustration of the surface-wave plasma and volume-wave plasma. 



30 

3.2 Experimental setup 

 

Figure 3.3 shows the VWP device in our laboratory.  A schematic drawing of the 

experimental setup is shown in Fig. 3.4.  The 2.45 GHz microwave, guided by a 

rectangular waveguide, was fed into a vacuum chamber filled with discharge gas, 

through slot antennae cut in the broad face of each waveguide [10].  It has similar slot 

antennae and waveguide line as described in chapter 2 for the SWP device.  The slot 

antennae were directly formed by punching the base plane of the waveguide.  A planar 

cylindrical cavity resonator was combined just below the slot antennae plane and above 

the quartz plate plane, where only seven pieces of small-size quartz window were used 

instead of the general one cross-section-size piece of quartz plate as vacuum window 

(Fig 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Photograph of the volume-wave plasma device. 
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The vacuum chamber consisted of an upper section with a cylindrical structure of 55 

cm in diameter and of 21 cm in height for plasma source and a lower section with a 

square cross section of 63 × 63 cm2 and of 48 cm in height for sample treatment.  It is 

evacuated by a turbomolecular pump (Pfeiffer Vacuum, TMU 1001P) with pumping 

speed of 920 l/s and a single-stage rotary vane pump (Pfeiffer Vacuum, DUO 20) with 

pumping speed of 20 m3/h as the backing pump.  The two pumps are operated by a 

display and operating unit (Pfeiffer Vacuum, DCU 600).  Base pressure of the whole 

vacuum system can be evacuated to the order of 10-5 Torr.  Working pressure during 

the experiment is controlled by a gate valve and measured by a pressure gauge set 

(Pfeiffer Vacuum, SingleGauge meter + Compact process ion gauge sensor).  The 

working gas, such as oxygen, nitrogen or argon, is introduced into the chamber from 

four inlets just below the quartz plate plane and controlled by a mass flow meter.  The 

projected microwave power could be varied from 0.2 to 3 kW and the time-modulated 

plasma discharges could be operated using the microwave system with a remote-control 

on/off timer module. 

There are total 8 ports on sidewalls of the lower section of the chamber, 2 

viewing-windows on the convenient front-loading door and 3 ports on the bottom plane.  

The 3 ports on the bottom plane are for leaking, pressure gauge and a 

magnetic-force-holding moveable stage, respectively.  The ports on left sidewall of the 

lower section of the chamber in a distance of 35 cm from the quartz plate plane can be 

connected with quadrupole mass spectrometer, Langmuir probe and matrass with pure 

water.  A Langmuir probe with a platinum wire tip was used to measure the spatial 

distribution of ion saturation currents.  Distributions of the microwave electric field 

intensity at 2.45 GHz were also measured using the same Langmuir probe.  The 

intensity of the 2.45 GHz microwave, picked up by the short wire tip of the probe, was 

directly measured using a spectrum analyzer (Tektronix, 491). 

 

 

 

 

 

 

 

 

 

 Fig. 3.5 Photograph of the seven small quartz windows. 
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3.3 Characteristics of surface-wave plasma and volume-wave plasma 

 

Profile of plasma produced in the large-volume discharge chamber has been 

investigated [11].  A Langmuir single probe placed at 35 cm below the quartz window 

was used to measure spatial distribution of ion saturation current by scanning probe 

through the chamber.  When the microwave power was 0.75 kW at pressure of 30 

mTorr, plasma density profile measured in Ar/N2/O2 gas mixture was plotted in Fig. 3.6.  

It was found that the value of ion saturation current kept more than half of maximum 

value broadened over 50 cm diameter.  We also measured the relationship between ion 

saturation current and incident microwave power in Ar/N2/O2 plasma.  When the 

microwave power was varied from 0.56 kW to 1.4 kW, Fig. 3.7 showed ion saturation 

current in SWP increased almost linear with incident power without any density jump. 
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Fig. 3.6 Spatial distribution of ion saturation 
currents in SWP mode with Ar/N2/O2 gas mixture. 

Fig. 3.7 Ion saturation currents versus microwave incident power in SWP mode. 



33 

For the measurement of electric field intensity, the picked-up microwave signals at 

2.45 GHz were directly measured using a spectrum analyzer with a platinum wire tip of 

Langmuir probe.  By varying discharge pressure and incident microwave power, 

discharge transition between SWP mode and VWP mode was observed in Ar plasma, 

O2, N2, air-simulated plasma, as shown in Fig. 3.8(a) and (b), respectively.  In Ar and 

air-simulated N2-O2 gas mixture, when the SWP was excited, bright plasma discharge 

was observed just below the quartz window, as shown in Fig. 3.9(a) and Fig. 3.10(a), 

respectively.  In previous SWP experiments, it has been found that the electron 

densities near quartz window were higher than the critical density for SW excitation, 

and diffused and decayed in the downstream region.  When the VWP was excited, 

underdense plasma discharge entirely spread in the chamber, as shown in Fig. 3.9(b) in 

Ar and Fig. 3.10(b) in air-simulated N2-O2 gas mixture. 
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4 Confirmation of sterilization 
 

4.1 Introduction 

 

Basic knowledge of plasma physics is well known for the researchers studying 

plasma science and plasma applications.  However, the basic knowledge of 

sterilization is only well known for microbiologists and experts in medical and food 

packaging industries.  To make all the present work be well understood, it is necessary 

to introduce the information on the biological indicators used in the present sterilization 

experiments, the method how to confirm sterilization result and agar-plate based 

colony-count method to know how much the bacteria have been inactivated, however, 

have still not been sterilized. 

First, biological indicators with different kinds of microbe will be presented in 

section 4.2.  Next, a quick method of confirming sterilization result by tryptic soy 

broth will be presented in section 4.3.  Finally, the agar-plate based colony-count 

method will be presented in section 4.4. 

 

4.2 Biological indicator 

 

Sterilization is the act or process, physical or chemical, that destroys or eliminates 

all forms of life, especially microorganisms.  This term is absolute, i.e. a substance 

cannot be partially sterile [1].  Due to the difficulty in confirming sterility, a more 

practical definition of sterility has been adopted, defining sterility as the process by 

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

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

proliferate [1].  In practice, assurance of a low probability of any living 

microorganisms remaining is used as a measure of sterility.  Sterility of a particular 

item can only be confirmed by destructive testing of the item, which is not practical for 

most purposes. [2] 

Sterilization monitoring improves the assurance that medical devices have been 

adequately sterilized.  Biological monitoring is accepted as the most effective method.  

Biological indicators function by introducing highly resistant bacterial spores into the 

sterilization cycle.  If these spores are destroyed, it is assumed that any contaminating 

organisms in the load have also been killed, as these organisms have lower resistance 

than the spores, and are present in lower numbers [3]. 

Biological indicators (BIs) consist of an inoculated carrier contained within its 
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primary pack ready for use, and providing a defined resistance to the specified 

sterilization process.  An inoculated carrier is a carrier on which a defined number of 

test organisms have been deposited (Association for the Advancement of Medical 

Instrumentation; AAMI ST59).  In the present work, industrial use standard BIs 

manufactured by Raven biological laboratories, Inc. [4] were used. 

 

4.2.1 Carriers 

 

Discs have advantages over spore strips due to their size.  Different materials may 

be compatible only with specific modes of sterilization.  Discs can be used to monitor 

various sterilization methods and can be inoculated with any organism Raven Labs 

manufacture.  Several types and sizes of discs are available including: paper, 

borosilicate paper, and stainless steel.  In our experiments, we chose the stainless steel 

disc and called it SUS type. 

Steel discs are representative of materials found in an isolator, and are compatible 

with vapor hydrogen peroxide.  The polished stainless steel is strongly recommended 

to eliminate crevices in the carrier which can lead to tailing.  The oblong disc is 

inoculated with Geobacillus stearothermophilus or Bacillus atrophaeus with mean strip 

recovery of 1.5×, 2.5× and 3.0×106 CFU/8mm×12mm stainless steel disc (CFU: colony 

forming units).  Discs are packaged in a Tyvek®/poly pouch and may be exposed in 

the pouch or an off-center hole in the disc allows them to be removed from their 

package and suspended throughout the isolator to insure proper flow as shown in Fig. 

4.1(a) and (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Photograph of disc-type-carrier BIs in case of (a) being 
removed from package and (b) being packaged in a Tyvek®/poly pouch. 

(b) (a) 
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Paper strips are in Schleicher & Schuell filter paper – size 6.4 mm × 38.1mm – 

packaged in a peel open glassine paper pouch as shown in Fig. 4.2(a).  Glassine paper 

is permeable to sterilant but resistant to moisture and air at ambient 

temperature/pressure.  This allows the user to transport the strip within the glassine 

from the sterilizer to a laminar flow hood, where it can be transferred into recovery 

medium such as the tryptic soy broth presented in next section. 

Steri-chart is a set of strips with 5 different populations, all made from the same 

spore batch for use in cycle development as shown in Fig. 4.2(b).  Expose the five test 

strips to determine what level of sterility is being delivered by a particular cycle.  A 

control strip is also included.  Available with G. stearothermophilus (log 3, 4, 5, 6, & 7 

test strips and a log 5 control) or B. atrophaeus (log 4, 5, 6, 7, & 8 test strips and a log 6 

control). 

 

 

4.2.2 Species 

 

Raven Labs manufactures many species of non-pathogenic spore-forming bacteria.  

Most are used for various types of sterilization, though some have other uses.  

Following is a brief description of the most common uses: 

Bacillus atrophaeus (previously Bacillus. subtilis variety niger, ATCC No. 9372) is 

Gram-positive, catalase-positive bacterium and has proven highly amenable to genetic 

manipulation, and has therefore become widely adopted as a model organism for 

laboratory studies.  In terms of popularity as a laboratory model organism B. subtilis is 

often used as the Gram-positive equivalent of Escherichia coli, an extensively studied 

Gram-negative rod.  It is used in steam sterilization procedures below 121°C.  Some 

(b) (a) 

Fig. 4.2 Photograph of paper-strip-type-carrier BIs in case of 
(a) being packaged in glassine paper pouch and (b) Steri-chart. 
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pharmaceutical products are sterilized at 106° to 115°C for longer times because they 

are heat labile and would be damaged at 121°C or higher temperatures.  This species 

has been used as a challenge to the lower temperatures in steam, where G. 

stearothermophilus would be too great a challenge.  In using a lesser challenge it is 

necessary to have an extremely high level of control over the manufacturing process, 

environment, and bioburden of components.  This organism is certified with a Steam D 

and z-value so its resistance at the lower temperatures can be determined. 

Geobacillus stearothermophilus (ATCC No. 12980) has been used for steam and 

other types of sterilization by several BI manufacturers.  In particular, it has been used 

to validate VHP sterilization of barrier isolators and clean areas in pharmaceutical 

production.  To be able to provide a comparable product Raven Labs also offer G. 

stearothermophilus and test it in H2O2 vapor.  This product is typically inoculated onto 

steel carriers so it is compatible with the H2O2 process.  This organism is certified with 

an H2O2 D-value. 

As described in above text, the industrial use BIs with species of B. atrophaeus and 

G. stearothermophilus spores are not specially used for the type of sterilization using 

plasma.  However, these two species of non-pathogenic spore-forming bacteria can be 

considered as the representatives of highly resistant bacterial spores.  Therefore, the 

biological indicators as steel discs or paper strips inoculated with G. stearothermophilus 

or B. atrophaeus are also useful in the plasma sterilization experiments. 

 

The term spore may refer to the dormant stage of some bacteria or archaea, however 

these are more correctly known as endospores.  An endospore is a dormant, tough, 

non-reproductive structure produced by a small number of bacteria from the Firmicute 

family.  The primary function of most endospores is to ensure the survival of a 

bacterium through periods of environmental stress.  They are therefore resistant to 

ultraviolet and gamma radiation, desiccation, lysozyme, temperature, starvation, and 

chemical disinfectants.  So, sterilization of bacteria in spore status shows higher 

sterilizing performance than sterilization of common bacteria. 

 

Most of the BIs used in the present work have been bought from Raven Labs. 

However, we occasionally ask our cooperating microbiology laboratory directly make 

BIs as steel discs or agar-plate inoculated with Escherichia coli not in spore status just 

to simulate the contaminated environment like our living environment.  E. coli is a 

bacillus normally found in the human gastrointestinal tract and existing as numerous 

strains, some of which are responsible for diarrhea diseases. 
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4.3 Procedure for use 

 

Raven Labs [4] manufactures prepared culture media specially formulated for use 

with their spore products.  Soybean Casein Digest Broth is the recommended media 

(USP 24) for use with Biological Indicators.  Raven's Tryptic Soy Broth is 

manufactured and tested to meet USP and NCCLS sterility and growth promotion 

guidelines.  The general procedure for use is: 

Spore carrier may be removed or left in primary packaging.  Place carrier into test 

environment.  Within completion of the sterilization cycle, aseptically transfer the 

spore carrier from the test unit into sterile Tryptic Soy Broth.  An acid indicator may 

be used to facilitate detection of growth.  Incubate at 55°-60°C for G. 

stearothermophilus, 30°-35°C for B. atrophaeus, for seven days.  Check daily for 

growth and record growth as a failed sterilization cycle.  If the spores were destroyed, 

the medium will remain a purple color.  If sterilization processing was unsuccessful the 

spores will metabolize, causing a yellow color change after several days of incubation 

as shown in Fig. 4.3(a). 

 

Raven Labs offer a Dry Bath Incubator as shown in Fig. 4.3(b) having features as: 

� Ambient to 60°C temperature range (+/- 2°C) 

� Removable, clear polycarbonate 12-well rack allows full viewing of all units at a 

glance for media tubes; Rack inserts into an aluminum block which maintains 

temperature stability 

� Racks and/or blocks available for use with any Raven product 

� Available in 35°C, or 55°C or a variable temperature model 

Fig. 4.3 Photograph of (a) culture tubes with 
Tryptic soy broth and (b) Dry bath incubator. 

(a) (b) 
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4.4 Agar-plate based colony-count method 

 

For the purpose of colony-count method, the following definition and principle 

should be known.  Definition of colony count (culturable microorganisms): All aerobic 

bacteria, yeasts and moulds capable of forming colonies in or on the medium specified, 

under the test conditions described.  Principle of colony count: Measured volumes of 

the sample or dilutions of the sample are mixed with molten yeast extract agar in sterile 

Petri dishes, and incubated under the conditions specified. 

Figure 4.4 shows the steps of colony-count by spread plate method.  Each of the 

remainder BI samples was put in 1.5 ml Brain-Heart Infusion (BHI) solution apart to 

obtain the original solution.  Then, 0.1 ml pick-up from the original solution was 

diluted by adding 0.9 ml BHI solution to obtain the tenfold dilution.  Also, 0.1 ml 

pick-up from the tenfold dilution was diluted by adding 0.9 ml BHI solution to obtain 

the hundredfold dilution.  Later, 0.1 ml pick-up from the original solution, the tenfold 

dilution and the hundredfold dilution respectively was spread uniformly on the surface 

of a BHI agar plate.  Having incubated inverted at 55 or 37°C for one day, the number 

of colonies formed by viable bacteria was counted.  To avoid error, the average of the 

respectively counted number of colony forming units (CFU) from the above three 

solutions was used. 

 

The number of colonies formed by viable bacteria on agar-plate (Fig. 4.5) is counted 

to know the number of CFU in the dilutions of the sample, therefore, the number of 

survived CFU in the sample after inactivation processing can be calculated.  Decimal 

BHI 
solution 
1.5ml 

Spores on 
disc 

0.1ml 

BHI 
solution  
0.9ml 

0.1ml 

diluted 
(x100) 

original 

Spread 0.1 ml-solution 
uniformly over the BHI 
agar surface  

BHI agar culture 
medium  

diluted  
(x10) 

Fig. 4.4 Illustration of the steps of colony-count by spread plate method. 
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reduction value (D value) is defined as the time to take a reduction of spore population 

by one order.  The survivor data obtained by colony-count method can be plotted in a 

semi-logarithmic data graph.  Since the plotted data roughly lie on a straight line, from 

the slope of the line, D value can be easily calculated. 

 

4.5 Summary 

 

Information on the biological indicators, the general procedure for use and the 

agar-plate based colony-count method have been presented in this chapter. 

Thank Prof. Koide, Prof. Nagata and Mr. Uchijima for helping and instructing me 

how to do agar-plate based colony-count method at the microbiology laboratory of 

Hamamatsu University School of Medicine. 
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5 Low-temperature sterilization with surface-wave plasma source 
 

5.1 Introduction 

 

A recent approach of realizing low-temperature plasma sterilization is the utilization 

of microwave plasma.  Examples include downstream plasma produced by microwave 

excitation [1-4], Duo-Plasmaline, Plasmodul and Planatron systems [5, 6], 

microwave-induced plasmas [7, 8], moving atmospheric microwave plasmas [9], and 

surface-wave plasmas [10-14].  It is also important to clarify the mechanism of plasma 

sterilization.  Up to now, a number of studies have been devoted to make the 

sterilization mechanisms clear.  Moisan et al. reported that UV emission was a main 

factor of sterilizing event in the sterilization experiments using afterglow of O2 and N2 

mixture plasma [1-4].  They reported multi-slope characteristics of survival curves, 

where first, spores on the first layer were killed by UV emission, second the erosion 

process due to oxygen radicals occurred at slow D-value, and finally remaining survived 

spores were sterilized by UV emission.  Typically, it took roughly 40 min to realize 

sterilization of 106 Bacillus subtilis spores under the optimum condition that the oxygen 

gas was added to nitrogen gas by 2 %.  The effect of gas composition on spore 

mortality has been investigated by Lerouge et al. using gases such as pure O2, O2/CF4, 

O2/H2, and O2/Ar [10].  They used discontinuous microwave discharges of 30 s pulses 

followed by 30 s pauses.  The results of scanning electron microscopy (SEM) analysis 

of the Bacillus subtilis spores showed a significant reduction in the sizes of spores by 

the O2/CF4 plasmas irradiations.  It was deduced that the sterilization of the 

microorganism might be related to an etching process by the reactive plasma. 

By using higher microwave power, we can achieve the same sterilization in a shorter 

treatment time.  However, the risk of heat damage caused by the surface contact 

between the plasma and the medical instrument becomes serious, especially for plastic 

materials.  For this study, to achieve sterilization at a low temperature of less than 

70 °C, a pulse-modulated microwave system was used. 

First, the preliminary experiments that tested sterilization effect with different gas 

species plasmas will be introduced.  Next, the discharge conditions for continuous 

wave (CW) and pulse-modulated oxygen-discharge SWPs in sterilization of 1.5 × 106 

and 3 × 106 G. stearothermophilus spores as a BI were studied.  It was confirmed that 

using pulse-modulated SWPs serves to reduce the temperature of objects by roughly 

10 °C, compared with that of CW SWPs.  Last, some analyses of SWPs with N2-O2 

mixture gas were carried out to make clear the mechanisms of plasma sterilization. 
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5.2 Experimental setup 

 

For plasma sterilization, the BI samples used were placed in Petri dishes set on a 

movable substrate stage with a diameter of 20 cm, about z = 15-23 cm below the quartz 

vacuum window as shown in Fig. 5.1.  During plasma irradiation, the stage 

temperature was monitored using a thermocouple (Custom, CT-700S Digital 

thermometer; Sensor: Type K -50 ~ +1200 °C) attached to the rear surface of the metal 

stage plate or indicated by thermo-label sheets (Nichiyu, Thermo Label 5E-50, 5E-75, 

5E-100) attached to the Petri dish and covered by a piece of thin glass as shown in Fig. 

5.2.  The thin glass was used to avoid any direct contact between the plasma and the 

thermo-label sheet.  The morphology of the spores after the plasma irradiation has 

been analyzed with the scanning electron microscope (SEM: Hitachi, S300N and Jeol, 

JSM-6360).  Optical emission spectrometer (OES) measurements have been done 

using UV-visible spectrometer (Acton, SpectraPro 2300i) in the wavelength range of 

200~800 nm.  Mass spectrum has been obtained using quadrupole mass spectrometer 

(Pfeiffer Vacuum, Prisma™ QMS 200).  A cable of optical fibers was used to transfer 

the optical emission transmitting from the Optopass port (z = 14 cm) to the UV-visible 

OES, and QMS was connected to other port (z = 14 cm) as shown in Fig. 5.3. 
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Fig. 5.1 Sample stage in the surface-wave plasma device. 

Fig. 5.2 Thermo-label sheets, 5E-50 and 5E-75. 
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Figure 5.4 shows the change in the stage (z = 15 cm) temperature as measured using 

the thermocouple versus the plasma irradiation periods for the different gas species of 

Ar, H2 and O2.  After a 10 min plasma discharge, the temperature increased by 

approximately 25 °C in all cases.  Based on the thermo-label measurements, it was 

also shown that the surface temperature of the Petri dish was less than 55 °C after a 10 

min plasma discharge. [12] 
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Fig. 5.4 The change in the stage temperature measured with the thermocouple versus the 

plasma irradiation periods for the different gas species: oxygen, hydrogen and argon. [12] 

Fig. 5.3 SWP device connected with QMS and OES. 
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5.3 Sterilization effect of SWPs with different gas species 

 

When our group started studying low-temperature microwave excited plasma 

sterilization, some preliminary experiments that tested sterilization effect with oxygen, 

argon, hydrogen and nitrogen plasmas were carried out, respectively.  Those works 

have been reported in reference 11 and 12.  Figure 5.5 shows the colony count results 

of the G. stearothermophilus spores irradiated with oxygen, argon and hydrogen 

plasmas to compare the effect of gas species on sterilization.  The discharge conditions 

were same: A microwave power of 750 W, a pressure of about 75 mTorr, and 

irradiation duration of 10 min.  However, as shown in Fig. 5.5, for both the Ar and H2 

plasma discharges, the spores survived even after a 10 min irradiation.  From this, that 

electrons and ions are not the primary agents in this sterilization process was deduced.  

Consequently, it might be the O2 plasma that plays a role in killing the spores in this 

experiment.  To study the shape and size of the spores before and after plasma 

irradiation, SEM analyses were performed.  Figure 5.6(a) and 5.6(b) showed the SEM 

images of the G. stearothermophilus spores after 1 min and 4 min O2 plasma irradiation, 

respectively.  Figure 5.7 showed the schematic representation of a bacterial spore with 

its genetic material (DNA) and protecting coats surrounding it, and the changes in the 

spore size (erosion of the microorgansim) for all discharge durations.  It was clearly 

shown that the length and width of the spores dramatically decreased after only a 4 min 

plasma irradiation.  The ellipsoidal spores with a length of 1.5 µm and a width of 0.9 

µm irradiated by O2 plasma shrank to jellybean-like slender shapes.  However, in the 

case of the Ar or H2 plasma, it was found that the sizes and shapes of the spores were 

not affected by a 10 min plasma irradiation.  This could be attributed to chemical 

etching by the oxygen radicals generated in the oxygen plasma. 

Pelletier [15] had pointed out that microorganisms are in some ways similar to 

synthetic polymers – namely, macromolecules composed of the elements C, H, N and 

O; it is therefore interesting to draw parallels with the abundant literature on plasma 

treatment and etching of polymers.  Many gases and gas mixtures can etch polymers in 

low-pressure plasma, the common feature being that they convert them into volatile 

reaction products, which are then removed by the vacuum pump [10].  Lerouge et al. 

[10] also pointed out that oxygen-containing gases or gas mixtures used for plasma 

sterilization were chosen on the basis of earlier literature on sterilization and on polymer 

etching.  Especially, oxygen plasma is used widely for the removal of organic 

materials – for example, for the removal of photoresists after lithographic operations in 

microelectronics [16] – and the etch rate is strongly correlated to the concentration of 
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oxygen atoms produced by the dissociation of O2 [17].  Although hydrogen plasma 

was also used to etch diamond film and polymers, Lerouge et al. [10] pointed out that 

H2 was added on O2/H2 (20/80%) to increase the output of vacuum ultraviolet (VUV) 

radiation by the plasma.  Moisan et al. [3] assumed the erosion of the microorganism, 

atom by atom, through etching stemming from the adsorption of reactive species from 

the plasma on the microorganism with which they subsequently undergo chemical 

reactions to form volatile compounds (spontaneous etching).  The reactive species can 

be atomic and molecular radicals, for example, O and O3, respectively, and excited 

molecules in a metastable state, for example, the 1O2 singlet state.  This chemistry, 

which occurs under thermodynamic equilibrium conditions, yields small molecules (e.g., 

CO2, H2O) that are the final products of the oxidation process. [15]  Such chemical 

reactions with atomic oxygen free radicals can be found in the literature on plasma 

etching of polymers [18] as listed below: 

HO    -C-C-    :O    -C-C- && +→+         HO    -CC-    :O    -CC- && +=→+=  

OH    R    HO    RH 2+→+ &&                 O'R'    'R    :O    RH && +→+  

-C-C-

|     

O     

    :O    -CC-
&

&

→+=                 -C    OC-    

-C-C-

|     

O     

 &

&

&

+=→  

Only addition of oxygen to the unsaturated molecule, leading to a saturated radical, 

results in a weakened C-C bond, therefore, scission processes can occur leading to 

volatile etch products (such as CO and CO2) [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Survival curves of the G. stearothermophilus spores irradiated 
by the oxygen, hydrogen and argon surface-wave plasmas. [12] 

1µ

(a) 

1µ

(b) 

Fig. 5.6 SEM images of G. stearothermophilus spores after 
(a) 1 min and (b) 4 min oxygen plasma irradiation. [11] 
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In order to examine the effect of the UV radiation emitted from the O2 plasma, a 

thin quartz plate with a thickness of 3 mm was placed over the Petri dish to block any 

charged or neutral particles, while only UV photons with wavelength, λ, greater than 

160 nm were able to transmit the quartz plate.  However, after a 10 min O2 plasma 

discharge, the spores were still viable and had not changed their size or shape.  From 

these results, it would appear that UV radiation is not necessary for this sterilization to 

be effective in the O2 plasma experiment.  However, it could be the case that, as the 

radicals approached the Petri dish, UV photons might be generated.  The further 

investigation on the role of UV photons performed using OES will be described in 

section 5.5. 

To examine the effect of oxygen radicals on sterilization, a grounded stainless-steel 

plate with 4-mm-diameter holes on a stage located 8 cm below the quartz window.  

Although the electrons and ions were blocked by this punched plate, the neutral radicals 

could pass through the plate, together with any UV photons that might have a weak 

effect on sterilization.  The survival curve of the G. stearothermophilus spores in a 

Petri dish located 7.5 cm below the punched plate was plotted in Fig. 5.8.  The number 

of colony forming units (CFU) for different plasma discharge periods is shown.  From 

the slope of the survival curve, the D value was estimated roughly 30-45 s.  The SEM 

images of the original spores are shown in Fig. 5.9(a), while the images after a 10 min 

radical irradiation are shown in Fig. 5.9(b), where the changes of spores shape and size 

are similar with the one as shown in Fig. 5.6(b).  Hence, we concluded that the 

primary sterilization species were the oxygen radicals produced by the surface-wave 

sustained oxygen plasma.  An analogous experiment using nitrogen plasma discharge 

was performed to study its effect on sterilization.  A preliminary result of the colony 

count was also plotted in Fig. 5.8.  It was found that the spores were sterilized after a 4 

Fig. 5.7 Schematic representation of a bacterial spore with its genetic 
material (DNA) and protecting coats surrounding it [3]; sizes of spores versus 
O2 and Ar plasma irradiation time [11]. 
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min discharge, where the D value was roughly estimated as 30-40 s. 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, it is interesting to note that the spore shapes as shown in Fig. 5.10(b) 

were almost identical to the original ones as shown in Fig. 5.10(a) after a 5 min 

nitrogen plasma irradiation, which differs from the findings with oxygen plasma or 

oxygen radical irradiation.  This result could possibly be caused by UV photons 

emitted by the nitrogen plasma.  Similar experiments have been done by Moisan’s 

group in the microwave plasma with N2-O2 gas mixtures and they showed that UV 

emission ranging from 250 to 320 nm was strongly enhanced by adding 2 % of O2 gas 

content into N2 plasma [2-4].  To confirm the role of UV photons emitted directly from 

the plasma or those generated when the radicals approach the Petri dish, an examination 

using UV emission spectroscopy will be presented in section 5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Survival curves of the G. stearothermophilus spores irradiated 
by the oxygen radicals and nitrogen surface-wave plasmas. [12] 

Fig. 5.9 SEM images of G. stearothermophilus spores (a) 
before and (b) after 10 min oxygen radical irradiation. [12] 
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5.4 Discharge conditions for CW and pulse-modulated oxygen SWPs in 

low-temperature sterilization 

 

Since that a six-order magnitude reduction of colony forming units (CFU) could be 

achieved after only a 3 min irradiation with low-pressure oxygen SWP has been 

reported in reference 10, in this section, the discharge conditions required for 

low-pressure CW and pulse-modulated oxygen SWPs in low-temperature sterilization 

have been investigated. 

The characteristics of continuous SWP and pulse-modulated SWP [13] have been 

described in section 2.3.  Consequently the survival curves measured using agar-plate 

based colony-count method will be first presented, then criteria of plasma discharges for 

CW and pulse-modulated SWP sterilizations will be presented. 

 

5.4.1 Survival curves measured using colony-count method 

 

Here, the BIs used were G. stearothermophilus spores with population of 1.5 × 106, 

which were spread on a small stainless steel disc and placed in a Petri dish set about 15 

cm below the quartz window.  O2 discharges were generated at a pressure of 50-60 

mTorr with an O2 gas flow rate of 200 sccm.  The survival curves of G. 

stearothermophilus spores (measured with a colony-count technique) for CW and 

pulsed-microwave plasma discharges are shown in Figs. 5.11(a) and 5.11(b), 

respectively.  In the case of pulse-modulated microwave plasma discharge, the plasma 

irradiation period (or total processing period) is the sum of the total microwave on-time 

and the total microwave off-time.  It can be seen that the reduction in spores is almost 

Fig. 5.10 SEM images of G. stearothermophilus spores (a) without 
plasma irradiation and (b) after 5 min nitrogen plasma irradiation. 

(b)    (a)    



51 

linear for both the CW and pulse-modulated SWP sterilizations.  For microwave pulses 

with an instantaneous power of 2.0-2.2 kW and an on- and off-duration of 10 µs, the D 

value for pulse-modulated SWP sterilization were found to be 21-27 s, similar to those 

obtained for CW sterilization (a CW power of 750 W, D values of 15-25 s). 

Depending upon the instantaneous power, different survival curves were observed 

and so the criteria for sterilization could be studied by scanning two parameters: the 

instantaneous power, and the net on-duration of the microwave pulses. 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2 Criteria of plasma discharges for CW-and pulse-modulated SWP sterilizations 

 

This subsection discusses the experimental results of the CW-SWP sterilization 

under discharge conditions of a pressure of about 30-70 mTorr and a gas flow rate of 

200 sccm.  G. stearothermophilus spores with a population of 1.5 × 106 were placed on 

the stage about 15 cm below the quartz window and oxygen plasmas were produced 

using microwave powers of 500 W, 750 W, 1000 W, 1500 W and 2000 W.  Two BI 

samples were put in the Petri dish on the stage for each plasma irradiation experiment.  

One sample was to be used for the culture solution color test after incubation and the 

other was to be used for colony counting. 

The temperature of the Petri dish increased from 20 °C at room temperature to 60 °C 

after 130 s of plasma discharge when excited by a CW power of 1000 W, or 50 s of 

plasma discharge when excited by a CW power of 1500 W.  In Fig. 5.12, the 

temperature in the Petri dish as monitored by the thermo-label sheets for the CW 

discharge is shown together with the temperature for the pulse-modulated SWPs, under 

the same microwave power of 900 W-1 kW (average power for CW, while 

instantaneous power for pulse-modulated SWP). 
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The discharge conditions required for CW-SWP sterilization are shown in Fig. 5.13.  

The plasma irradiation period was varied from 30 sec by 10-sec steps, only under the 

conditions that CW microwave power was kept at 1000 W and 1500 W.  Sterilization 

was confirmed for samples which were irradiated for 50 s or longer with a CW power of 

1000 W and for 40 s or longer with a CW power of 1500 W.  These results show that 

the BIs were sterilized using CW oxygen plasma under the following conditions: a) CW 

power should not be less than 700 W; b) the plasma irradiation period should not be less 

than 40 sec; c) a total microwave energy of at least 50 kJ is needed. 

 

 

 

 

 

 

 

 

 

 

 

 

In reference 11, that BIs could not be sterilized by argon plasma excited by a CW 

power of 700 W was reported.  An interesting experiment was carried out to examine 

the effects of the oxygen radicals and UV radiation emitted from the oxygen plasma 

Fig. 5.12 Stage temperature versus net plasma processing time. 

0

500

1000

1500

2000

0 50 100 150 200 250 300 350

Sterilized
Unsterilized

M
ic

ro
w

av
e 

po
w

er
 (

W
)

Plasma irradiation period (s)
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during sterilization.  It was suggested that the spores were mainly killed by chemical 

reactions with oxygen radicals, as opposed to the UV radiation.  Analyses of SWPs 

with different gas species will be presented in section 5.5 in detailed. 

From the irradiation of oxygen plasma excited by pulse-modulated microwave 

power, we tested several different parameter conditions using this system.  The pulsed 

modulation frequency of the pulsed operation, the microwave on-duration, the 

instantaneous microwave power and the total microwave on-time were all varied.  

Figure 5.14 shows the sterilization effectiveness for a variety of conditions.  From 

these results, it can be concluded that the relationship between the minimum 

instantaneous microwave power and the total microwave on-time needed for 

pulse-modulated microwave plasma sterilization can be fitted by a curve which roughly 

corresponds to a microwave energy of 200 kJ.  Qualitatively, it can be understood that 

the sterilization criteria is related to the discharge conditions, such as the product of 

radical density and net on-duration, for instance.  Figure 5.14 suggests such a criterion, 

but a quantitative understanding has not been sufficiently established yet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 shows a comparison of sterilization results from the relationship 

between the total on-time of the microwave plasma versus the on-duration of 

microwave pulses during the pulse-modulated oxygen plasma treatment.  The 

discharge conditions were a pressure of about 120-130 mTorr and a gas flow rate of 200 
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sccm.  G. stearothermophilus spores with a population of 3 × 106 were placed on the 

stage about 23 cm below the quartz window.  From this figure, it was found that all the 

BI samples were sterilized by the pulse-modulated oxygen plasma when the total 

microwave on-time was longer than 120 s, even when the on-duration per pulse was 10 

µs.  Based on the thermo-label sheet measurements, it can be shown that the surface 

temperature of the Petri dish during the 300 s total processing period, that is, the sum of 

150 s total microwave on-time and 150 s total microwave off-time, was always less than 

70°C.  When the total microwave on-time was much shorter than 120 s, we found that 

a longer on-duration per pulse was required for successful sterilization.  The reason for 

this could be that the total saturating period of ion saturation current increases with 

on-duration per pulse, when the total microwave on-time is fixed.  During a longer 

saturating period of the ion saturation current, oxygen radicals, which are considered 

key agents in oxygen plasma sterilization, can be generated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.3 Conclusion 

 

This section describes the effects on low-temperature plasma sterilization using CW 

and pulse-modulated surface-wave excited oxygen plasma.  At a discharge pressure of 

30~70 mTorr, and a O2 gas flow rate of 200 sccm, BI samples with 1.5 × 106 G. 

stearothermophilus spores were successfully sterilized when irradiated for 50 s or 

longer with a CW power of 1000 W, and when irradiated for 40 s with a CW power of 

1500 W.  When using pulse-modulated oxygen plasma at a discharge pressure of about 

120-130 mTorr, and an O2 gas flow rate of 200 sccm, BI samples with 3 × 106 G. 

stearothermophilus spores were successfully sterilized when the total microwave on 
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Fig. 5.15 Experimental results of sterilization between 
on-duration per pulse and total microwave on-time. 
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time was longer than 120 s and the instantaneous power was kept at 1500 W. 

 

5.5 Characteristics of SWPs with air-simulated N2-O2 mixture gas for 

low-temperature sterilization 

 

We have studied the discharge conditions required for CW and pulse-modulated 

oxygen SWPs in low-temperature sterilization.  In this section, we aim at investigating 

the characteristics of low-temperature sterilization using air-simulated gas discharge 

plasma sustained by the surface-wave.  The sterilization mechanisms of SWP with 

air-simulated gas mixture by using SEM analysis of plasma-irradiated spores, OES and 

QMS measurements of the plasmas will be discussed. [14] 

In the present experiments, we tested pure O2, pure N2 and air-simulated mixture gas 

(N2 = 80 sccm and O2 = 20 sccm) in the plasma discharges at a pressure of about 60-70 

mTorr with total gas flow rate of 100 sccm.  BIs of G. stearothermophilus with 

population of 3 × 106 deposited on an oblong polished stainless steel disc were placed in 

a Petri dish set on the stage located about z = 23 cm.  In the plasma production, the 

incident microwave power of 750 W was introduced to produce the surface-wave 

plasma, while the reflected power was minimized to typically 20-30 W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5.16 Survival curves measured with the colony counting method in cases of (a) 
pure O2, (b) pure N2 and (c) air-simulated N2-O2 mixture gas discharge plasmas. 

(c) 

(a) (b) 
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To study the survival curves of spores with the agar colony-count method, we varied 

the plasma treatment time from zero to 5 min.  During plasma irradiation, the 

thermo-label sheets were used to measure the environmental temperature of BI samples. 

The survival curves measured with the agar colony-count method are shown in Fig. 

5.16 in cases of pure O2, pure N2 and air-simulated N2-O2 mixture gas discharge 

plasmas.  It was found that the 3.0 × 106 spores were killed after about 4 min plasma 

discharges with roughly linear slopes for all the cases.  Here, we evaluated the D value 

defined as the time needed to reduce the survival population of spores by one order.  

From Fig. 5.16(a) and (b), we found that D values in the cases of pure O2 and pure N2 

gas discharges were almost the same and evaluated to be roughly 25-34 s.  In each 

discharge, the thermo-label sheets showed the temperature was around 60-65 °C after 3 

min plasma discharge. 

In the O2 plasma, we have concluded that the main mechanism was the chemical 

etching due to the oxygen radicals because of significant reduction of spore sizes [11, 

12].  On the other hand, we speculated that sterilization for the pure N2 plasma was 

mainly due to the UV light emission radiated from N2 plasma, because the killed spores 

were not changed in size at all.  Survival curve in case of the air-simulated N2-O2 

mixture gas discharge plasma is also shown in Fig. 5.16(c).  From its slope, we found 

that D-value was roughly 13-26 s, which was better than those of pure O2 and pure N2 

plasma irradiations.  Therefore, we believe that the spores can be sterilized using the 

low-pressure air discharge plasma in the future sterilizer. 

Optical emission spectra were measured using the optical emission spectroscopy.  

In the present measurement, the minimum observable wavelength is 200 nm due to the 

limitation of monochromator, so that we mainly study in the wavelength between 

200-400 nm.  Figure 5.17 shows the spectra in cases of pure O2, pure N2 and 

air-simulated N2-O2 mixture gas discharge plasmas.  As shown in Fig. 5.17(b), several 

strong lines at 282.0, 297.7, 313.6, 315.9, 337.1, 357.7 nm were originated from the 

second positive systems (C3
Πu → B3

Πg) of N2 molecules in pure N2 plasma.  As 

shown in Fig. 5.17(c), there exist strong peaks in the wavelength between 200~280nm 

in N2-O2 mixture gas discharge plasma.  Several UV emissions at 214.1, 226.9, 237.0, 

247.9, 258.8 nm were considered originated from NO γ system (A2Σ+ → X2
Π).  It has 

been found that the emission intensity in the UV region is extremely large in pure N2 

and air-simulated N2-O2 mixture gas discharge plasmas compared with the pure O2 

plasma.  Although we did not measure the absolute intensities of the UV emission, 

they might play a role in sterilizing the spores in addition to N2 positive system in the 

wavelength region of 300-400 nm and the etching process due to oxygen radicals. 
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(a) 

(b) 

(c) 

Fig. 5.17 Optical emission spectra in wavelength between 200~400 nm in cases of 
(a) pure O2, (b) pure N2 and (c) air-simulated N2-O2 mixture gas discharge plasmas. 
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Furthermore, we should take into account of the sterilizing effects due to several N 

atomic (N I) lines in the wavelengths between 113-175 nm and N2 bands between 

140-175 nm [19].  To examine the effect of these emission lines on the sterilization, 

we carried out the comparison experiment using a LiF plate and a fused quartz plate as 

optical filters.  Figure 5.18 shows the schematic drawing of the experimental setup to 

compare the role of UV emission in the wavelength region of shorter than 200 nm.  

We placed LiF thin plate and quartz thin plate with each thickness of 2 mm on the 

sample holders for BIs.  One sample holder was used without any top plate, so that the 

all of the UV emission can irradiate the spore sample.  The lower limit of wavelength 

at 50 % transmittance is roughly ~120 nm for LiF plate and ~180 nm for fused quartz 

plate, respectively.  The maximum transmittances of LiF and quartz plate are about 

90 % or higher.  In the present experiment, we used nitrogen plasma to examine the 

effect of UV emission of shorter wavelength on sterilization.  Plasma discharge 

conditions were same as the previous experimental conditions, except that the BIs were 

set inside the metal cylinder (sample holder) with about 10 mm in height.  Figure 5.19 

shows the results of survival curves of three samples.  Here, it was noted that the 

slopes of the colony forming units versus treatment time became worse than those 

shown in Fig. 5.16(b).  The D values estimated by the second slope were roughly 

2.4-3.7 min, that is to say 144-222 s, as around six times longer than those in Fig. 

5.16(b).  This might be due to that the samples were set on the bottom inside the metal 

cylinder, so that the UV emissions were allowed to enter only from the upper open area 

of cylinder.  As seen in Fig. 5.19, one can not clearly distinguish among three samples.  

It suggests that the effect of UV emission in the wavelength shorter than 200 nm might 

be not so significant in the present sterilization process using surface-wave excited 

nitrogen plasma. 

 

 

 

 

 

 

 

 

 

 

 Fig. 5.18 Schematic drawings of three samples: LiF thin plate and quartz 
thin plate were used as filter on the top, and open without top plate. 
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Figure 5.20 show the spectra in cases of different O2 percentage added to N2-O2 

mixture gas discharge plasmas as (a) O2: 10 sccm + N2: 90 sccm, (b) O2: 20 sccm + N2: 

80 sccm, (c) O2: 40 sccm + N2: 60 sccm and (d) O2: 60 sccm + N2: 40 sccm.  It has 

been found that the emission intensity at certain wavelength in the UV region changed 

with the added O2 percentage. 

To conclude the relations between the changes of emission intensity at certain 

wavelength and the O2 percentage as shown in Fig. 5.20, the UV intensity at 237.0 nm 

originated from the NO γ system (A2Σ+ → X2
Π), at 297.7 nm and 337.1 nm originated 

from the second positive systems (C3
Πu → B3

Πg) of N2 molecules in N2-O2 plasma as a 

function of the O2 percentage added to N2-O2 mixture gas have been investigated as 

shown in Fig. 5.21.  Figure 5.21(a) showed that the UV intensity at 237.0 nm 

originated from the NO γ system (A2Σ+ → X2
Π) achieved its maximum value while at 

10~20% O2.  Figure 5.21(b) and (c) showed that the UV intensity at 297.7 nm and 

337.1 nm originated from the second positive systems (C3
Πu → B3

Πg) of N2 molecules 

decreased with the increase of the O2 percentage.  These results suggest that in air the 

O2 percentage is optimum for sterilization.  So that, we tested low-pressure air 

discharge plasma sustained by the 2.45 GHz surface-wave and confirmed a rapid 

sterilization with the actual air discharge after about 4 min irradiation at temperature 

about 65 °C. 
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Fig. 5.19 Survival curves measured with the colony counting method in cases of 
LiF plate, quartz plate and air-simulated N2-O2 mixture gas discharge plasmas. 
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Fig. 5.20 Optical emission spectra in cases of (a) O2: 10+N2: 90 sccm, (b) O2: 20+N2: 80 
sccm, (c) O2: 40+N2: 60 sccm and (d) O2: 60+N2: 40 sccm in N2-O2 mixture gas plasmas. 
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Fig. 5.21 Measured intensity at (a) 237.0 nm, (b) 297.7 nm and (c) 337.1 
nm in the N2-O2 plasmas as a function of the added O2 percentage. 
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To confirm the existence of NO in the N2-O2 mixture gas discharge plasmas, 

quadrupole mass spectrometry (QMS) was also carried out to obtain mass spectrum 

(mass number between 0-50) of air-simulated N2-O2 mixture gas discharge plasmas as 

shown in Fig. 5.22, after the discharge became stable.  It proved that NO (mass=30) 

existed in air-simulated N2-O2 mixture gas discharge plasmas. 

 

 

 

5.6 Summary 

 

In this chapter, we have presented an experimental study on low-temperature 

sterilization with low-pressure large-area surface-wave plasmas. 

First, the preliminary experiments that tested sterilization effect with different gas 

species plasmas were carried out.  We presented the experimental results on 

sterilization using argon, hydrogen, oxygen and nitrogen plasmas excited by 

surface-waves.  It was found that oxygen and nitrogen plasmas were effective for 

low-temperature sterilization, however, the BIs were not sterilized by argon and 

hydrogen plasmas. 

Next, the discharge conditions for continuous wave (CW) and pulse-modulated 

oxygen-discharge SWPs in sterilization of 1.5 × 106 and 3 × 106 G. stearothermophilus 

spores as a BI were studied.  It was confirmed that using pulse-modulated SWPs 

serves to reduce the temperature of objects by roughly 10 °C, compared with that of CW 

Fig. 5.22 Mass spectrum of air-simulated N2-O2 mixture gas discharge plasmas. 



63 

SWPs.  At a discharge pressure of 30~70 mTorr, and a O2 gas flow rate of 200 sccm, 

BI samples with 1.5 × 106 G. stearothermophilus spores were successfully sterilized 

when irradiated for 50 s or longer with a CW power of 1000 W, and when irradiated for 

40 s with a CW power of 1500 W.  When using pulse-modulated oxygen plasma at a 

discharge pressure of about 120-130 mTorr, and an O2 gas flow rate of 200 sccm, BI 

samples with 3 × 106 G. stearothermophilus spores were successfully sterilized when the 

total microwave on time was longer than 120 s and the instantaneous power was kept at 

1500 W. 

Last, some analyses of SWPs with air-simulated N2-O2 mixture gas for sterilization 

of 3 × 106 G. stearothermophilus spores as a BI were carried out to make clear the 

mechanisms of plasma sterilization.  It has been found that the main physical 

mechanisms of air-simulated plasma sterilization are the chemical etching effect due to 

the oxygen radicals and UV emissions from the N2 second positive system and NO γ 

system in the range of 200-400 nm.  Low-pressure air discharge plasma sustained by 

the 2.45 GHz surface-wave was realized and a rapid sterilization with the actual air 

discharge after about 4 min irradiation was confirmed.  The present experimental 

results supported the feasibility to utilize air as carrier gas in the future 

environmentally-friendly plasma sterilizer. 
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6 Low-temperature sterilization with volume-wave plasma source 
 

6.1 Introduction 

 

Low-temperature plasma sterilization using low-pressure surface-wave plasma has 

been investigated in chapter 5.  The problem of the plasma sterilization is essentially 

on the treatment of the surface only.  In order to sterilize inside the medical 

instruments wrapped with perforated plastic packing, it is required to produce the 

plasma inside the packing material. [1]  To overcome this problem, volume-wave 

plasma (VWP) is proposed for plasma sterilization, as shown in Fig. 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, sterilization experiments of BIs with and without their original 

package using VWP and SWP in O2, N2 and air simulated gas mixture were investigated 

firstly.  Later on, sterilization experiments of polyethylene (PE) film wrapped BIs 

using different gas species plasma with water vapor addition were investigated. 

VWP 

plasma 

down streaming plasma 

SWP waveguide 

quartz 

wrapped medical  
implements 

Fig. 6.1 Schematic drawings of (a) surface-wave plasma 
and (b) volume-wave plasma sterilization techniques. 
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6.2 Experimental setup 

 

For plasma sterilization, the BI samples used were placed in Petri dishes set on the 

movable stage with a diameter of 50 cm about 30~45 cm below the quartz vacuum 

window.  During plasma irradiation, the stage temperature was indicated by 

thermo-label sheets (Nichiyu, Thermo Label 5E-50, 5E-75, 5E-100) attached to the Petri 

dish and covered by a piece of thin glass.  The morphology of the spores after the 

plasma irradiation has been analyzed with the SEM (Jeol, JSM-6360).  OES 

measurements have been done using UV-visible spectrometer (Acton, SpectraPro 2300i) 

in the wavelength range of 200~800 nm.  Mass spectrum has been obtained using 

quadrupole mass spectrometer (Pfeiffer Vacuum, Prisma™ QMS 200) connected to the 

port on left sidewall of the lower section of chamber and time-modulated plasma 

discharges can be operated with a remote-control on/off timer module as shown in Fig. 

6.2.  A cable of optical fibers was used to transfer the optical emission transmitting 

from the viewing-port on the front-loading door. 

 

To find the suitable plasma on-time to prevent process part of chamber from high 

temperature, stage temperature was measured using thermo-label sheets attached to the 

Petri dish during oxygen plasma irradiation by 2-min step.  Figure 6.3 shows the 

relationship between substrate stage temperature and plasma on-time when incident 

microwave power is 2 kW at pressure of 50 mTorr with the movable stage at 40 cm 

below quartz window.  From the figure, we found that stage temperature had already 

achieved 70 °C only after 5-min plasma irradiation.  Therefore, continuous plasma 

on-time within 5 min and then several minutes off-time for cooling down is 

recommended.  To reduce more temperature, the suitable plasma on-time and off-time 

Fig. 6.2 Photographs of the VWP device connected with 
QMS and the remote-control on/off timer module. 
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are needed to know as a remote-control timer is used to apply time-modulated plasma 

discharges.  A thermocouple (Custom, CT-700S Digital thermometer; Sensor: Type K 

-50 ~ +1200 °C) attached to the surface of the metal stage at about 38 cm below the 

quartz window was used to indicate the temperature.  Figure 6.4 shows the 

temperature reduction by applying the time-modulated plasma discharges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3 Relationship between stage temperature and plasma on-time. 

Fig. 6.4 Time reduction using time-modulated microwave plasmas. 
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6.3 Results and discussion 

 

6.3.1 Sterilization experiments of BIs with and without original package 

 

When we started the sterilization experiments with the volume-wave plasma source, 

Steri-chart type BIs were chosen since they had not been successfully sterilized with 

their wrapped glassine paper pouch by the 40-cm-diameter SWP source.  The 

placement of BI samples is as shown in Fig. 6.5.  As a preliminary test, wrapped 

steri-chart type BIs with 103 and 104 G. stearothermophilus spores had been successfully 

sterilized by the VWP source using Ar/N2/O2 plasma. 

 

 

 

 

 

 

 

 

 

 

 

Then, we investigated the sterilization effect of BIs wrapped with and without their 

original package by using O2, N2 and air-simulated plasmas. [2]  First, we show the 

sterilization results by using oxygen plasma in Table 6.1.  When CW power was kept 

2.5 kW at pressure of 200 mTorr for total 20 min, all the wrapped Steri-chart type B. 

atrophaeus spores with population of 104 to 108 were sterilized.  Moreover, unwrapped 

SUS type G. stearothermophilus spores with population of 106 were also sterilized.  To 

decrease temperature of samples during plasma irradiation, we decreased CW power to 

2 kW at pressure of 50 mTorr and set the stage 10 cm lower than previous position.  

Only wrapped Steri-chart type B. atrophaeus spores with population of 104 to 106 and 

unwrapped SUS type G. stearothermophilus spores with population of 106 were 

sterilized.  When CW power was decreased to 1.5 kW at pressure of 50 mTorr, if the 

plasma irradiation period was long enough, even the SUS type G. stearothermophilus 

spores wrapped with Tyvek®/poly pouch was sterilized.  We noticed that from the 

discharge transition curve shown in Fig. 3.8(b), the first two cases were SWP 

sterilization, only the last case was VWP sterilization.  Since the glassine paper pouch 

Fig. 6.5 Placement of BI samples from side view and top view. 
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of Steri-chart type BIs has many minor holes on it, thus, parts of high density down 

streaming SWP can still sterilize the spores embedded in the cellulose strip.  However, 

the Tyvek® pouch of SUS type BI can only let discharge gas penetrate it, which makes 

us owe the internal sterilization effect to VWP produced inside the Tyvek® pouch.  To 

achieve lower temperature during plasma irradiation, plasma on-time during one cycle 

was decreased to less than 1 min. 

Sterilization results 

B. atrophaeus wrapped 

(B. subtilis) Steri-chart 

G. stearothermophilus 

SUS 

Discharge 

condition 

Stage 

Location 

Irrad. 

periods 
Temp. 

104 105 106 107 108 2.5x106 

CW=2.5kW  

O2::200sccm 
30cm 

5min 

x 4times 
~95°C ○○○○ ○○○○ ○○○○ ○○○○ ○○○○ unwrapped ○○○○ 

CW= 2 kW 

O2::200sccm 

2min 

x10times 
<90°C ○○○○ ○○○○ ○○○○ ×××× ×××× unwrapped ○○○○ 

unwrapped ○○○○ CW=1.5 kW 

O2::200sccm 

 

40cm 

 
2min 

x30times 
~90°C ○○○○ ○○○○ ○○○○ --- --- 

wrapped ○○○○ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1 Results of sterilization experiment using CW oxygen plasma. 

Fig. 6.6 Survival curves of the B. atrophaeus spores irradiated by oxygen plasma. 
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By agar-plate based colony-count method, we can calculate D value to know the 

sterilization effect relying on plasma irradiation time.  Figure 6.6 shows the survival 

curves of the wrapped Steri-chart type B. atrophaeus spores irradiated by oxygen plasma.  

The D value estimated by the plotted data for SWP sterilization (power = 2 kW, pressure 

= 50 mTorr) was roughly 2.95-5.2 min, while for VWP sterilization (power = 1.5 kW, 

pressure = 50 mTorr) was roughly 7.75-8.85 min. 

 

Next, we show the sterilization results by using nitrogen plasma and air-simulated 

plasma in Table 6.2.  For the nitrogen plasma case, when CW power was kept 2 kW at 

pressure of 50 mTorr for total 20 min, unwrapped G. stearothermophilus spores with 

population of 104 to 106 were sterilized.  Moreover, unwrapped B. atrophaeus spores 

with population of 106 were also sterilized.  Since we applied time-modulated 

microwave with cycles of on-time of 30 sec and off-time of 60 sec, it made the 

temperature at about 70 °C.  For the air-simulated plasma case, to decrease temperature 

of samples during plasma irradiation, we adjusted time-modulated microwave with 

cycles of on-time of 12 sec and off-time of 48 sec.  Unwrapped G. stearothermophilus 

spores with population of 104 and 105 were sterilized.  The temperature after total 20 

min plasma irradiation was less than 55 °C. 

 

 

 

 

 

Sterilization results 

B. atrophaeus

(B. subtilis) 

unwrapped 

G. stearothermophilus 

unwrapped 
Discharge 

condition 

Stage 

Location 

z (cm) 

Irrad. 

periods 
Temp. 

106 104 105 106 107 
106 

SUS 

CW= 2kW 

N2::200sccm 
35cm 

30 sec 

x 40 times 
~70°C ○○○○ ○○○○ ○○○○ ○○○○ ×××× ○○○○ 

CW=2.3 kW 

N2/O2:: 

200/50sccm 

 

37cm 

 

12 sec 

x100 times 
<55°C ------------ ○○○○ ○○○○ ×××× ×××× ×××× 

Table 6.2 Results of sterilization experiment using 
CW nitrogen plasma and air-simulated plasma. 



71 

We also show the sterilization results by using pulse-modulated microwave excited 

air-simulated N2-O2 plasma in Table 6.3.  On-duration and off-duration of modulation 

signal were both 500 µs.  When instantaneous microwave power was kept 4 kW for 15 

min, wrapped Steri-chart type B. atrophaeus spores with population of 104 and 105 were 

sterilized.  Unwrapped SUS type B. atrophaeus spores and G. stearothermophilus 

spores with population of 2.5 × 106 were also sterilized.  If we lengthened 5 min, with 

the addition of wrapped Steri-chart type B. atrophaeus spores with population of 106 and 

107 could be sterilized.  Since the maximum instantaneous power of 4 kW leads to too 

high temperature to destroy the original package of BIs, such as Tyvek®/poly pouch or 

glassine paper pouch, there is no sense in studying low-temperature plasma sterilization 

using such kind of pulse-modulated microwave excited plasmas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.2 Sterilization experiments of PE film wrapped BIs 

 

From the sterilization results described in last subsection, in spite of the good result 

that internal sterilization of Tyvek®/poly pouch wrapped BI was only achieved by VWP, 

we still expected much better internal sterilization effect, which made us start the 

sterilization experiments attempting to achieve internal sterilization of polyethylene film 

wrapped BIs. 

Polyethylene is a thermoplastic commodity heavily used in consumer products (over 

60 million tons are produced worldwide every year).  In the polymer industry the name 

Table 6.3 Results of sterilization experiment 
using pulse-modulated air-simulated plasma. 
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is sometimes shortened to PE.  The PE films have been widely used as fresh-keeping 

wrap, a layer cling to the paper in the paper package for drink, etc..  Therefore, we 

think it is useful for food packaging industry to use such internal plasma sterilization 

technique for PE film wrapped materials.  The very thin PE film (whose melt 

temperature is only higher than 60 °C) used in the present work and the placement of the 

BI samples are as shown in Fig. 6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We show the sterilization results of PE film wrapped BIs (Steri-chart type G. 

stearothermophilus spores) in Table 6.4.  As CW power was 2 kW at pressure of 50 

mTorr in air-simulated plasma (VWP mode), when modulated on/off time was kept as 

12/48 s per cycle, sterilization of BI with spores population of 103 and 104 were 

successful with temperature at about 60 ℃.  When on/off time was modified to 12/60 s 

and stage was set 5 cm lower, sterilization of PE film wrapped BI with spore population 

of 103 and 104  were successful with temperature lower than 55 ℃.  Recently 

Fig. 6.7 Photographs of PE film cling to a protective film and 
the placement of BI samples with and without PE film wrap. 

Fig. 6.8 Photograph of the matrass supplying water vapor via a small needle valve. 
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Hayashi et al. [3] carried out a sterilization experiment using radicals produced by 

oxygen/water vapor RF plasma.  We also found if water vapor was supplied directly 

into the chamber from a matrass filled with pure water via a small needle valve (Fig. 

6.8) addition on the air-simulated plasma, even stage was 40 cm below quartz window, 

sterilization were successful for all the spores with population of 103-106 with and 

without PE film wrap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Optical emission analyses of the plasma have been firstly carried out by the discharge 

image, then by OES.  Figure 6.9 show the discharge images of (a) air-simulated 

plasma emitting orange light while (b) water vapor added air-simulated plasma emitting 

pink light.  There might be some new products, which are useful for sterilization. 

 

Table 6.4 Sterilization results of PE film 
wrapped BIs using air-simulated plasma. 

(a) (b) 

Fig. 6.9 Photographs of (a) air-simulated plasma 
and (b) water vapor added air-simulated plasma. 
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Fig. 6.10 Optical emission spectra in case of (a) water vapor 
addition on air-simulated plasma and (b) air-simulated plasma. 

(b) (a) 

Figure 6.10(a) shows the optical emission spectrum in cases of water vapor addition 

on air-simulated plasmas with and without PE film wrap.  We find the only difference 

between them is emission intensity.  Figure 6.10(b) shows the optical emission 

spectrum in case of air-simulated plasmas with and without water vapor addition, the 

difference is also emission intensity.  It means that optical emission during UV range 

can transmit through PE film, and is almost not affected by water vapor addition.  It has 

been found that the emission intensity in the UV region is extremely large and the strong 

lines are originated from the second positive system of N2 molecules, however, no 

obvious UV emission are originated from NO, which is different with the optical 

emission spectrum obtained in the SWP source with air-simulated plasma. 

Since the water vapor addition on the air-simulated plasma greatly improved the 

sterilization effect, we carried out sterilization experiments with SUS type BIs (G. 

stearothermophilus spores and B. atrophaeus spores with population of 2.5 × 106) with 

and without PE film wrap, using O2 (200 sccm), N2 (200 sccm), air-simulated N2-O2 

plasma (N2: 200 + O2: 50 sccm) with and without water vapor addition (2000 ppm).  In 

all the experiments, discharge conditions are same as: CW microwave power = 2kW, 

time-modulated on/off timer = 12/60 s, pressure = 50 mTorr.  These experiments also 

prepared the samples for SEM analyses and agar-plate based colony-count analyses.  

Table 6.5(a) lists the sterilization results of G. stearothermophilus spores relying on 

plasma irradiation period.  Table 6.5(b) lists the sterilization results of B. atrophaeus 

spores relying on plasma irradiation period. 
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(a) G. stearothermophilus 

spores (SUS type) 
Sterilization results relying on plasma irradiation period 

Experimental conditions: 10 min 20 min 30 min 40 min 

N2+O2 × ○ ○ ○ 

N2+O2+water × ○ ○ ○ 

PE film: N2+O2 × × × × 

PE film: N2+O2+water × × ○ ○ 

O2 × ○ ○ — 

O2+water × ○ ○ — 

PE film: O2 — — — — 

PE film: O2+water × × × — 

N2 × × ○ — 

N2 +water × × ○ — 

PE film: N2 — — — — 

PE film: N2 +water × × × — 

(b)  B. atrophaeus  

spores (SUS type) 

Sterilization results relying on plasma 

irradiation period 

Experimental conditions: 10 min 20 min 30 min 

N2+O2 × ○ ○ 

N2+O2+water × ○ ○ 

PE film: N2+O2 — — — 

PE film: N2+O2+water × × × 
O2 × ○ ○ 

O2+water × ○ ○ 

PE film: O2 — — — 

PE film: O2+water × × × 
N2 × × × 

N2 +water × × × 
PE film: N2 — — — 

PE film: N2 +water × × × 

 

SEM analyses were performed to study the shape and size of the spores before and 

after plasma irradiation.  For spores sterilized by nitrogen plasma (Fig. 6.11(b)), spores 

Table 6.5 Sterilization results relying on plasma irradiation period in case of (a) G. 
stearothermophilus spores and (b) B. atrophaeus spores with population of 2.5 × 106. 
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have no change compared with the control (Fig. 6.11(a)).  We considered the spores 

were inactivated by UV radiation.  For spores sterilized by water vapor added nitrogen 

plasma (Fig. 6.11(c)), spore appearance changed and looked like the spores sterilized by 

ozone [4].  Therefore, we considered the spores were oxidized by some strong 

oxidizers, in addition to inactivation by UV radiation. 

 

 

 

For spores sterilized by air-simulated plasma (Fig. 6.12(a)), spore size and shape 

changed.  We considered the spores were etched by oxygen radicals in addition to 

(a) (b) (c) 

Fig. 6.11 SEM images of G. stearothermophilus spores (a) without 
plasma irradiation, (b) after 30 min nitrogen plasma irradiation and 
(c) after 30 min water vapor added nitrogen plasma irradiation. 

(b) 

(c) (d) 

Fig. 6.12 SEM images of G. stearothermophilus spores (a) after 30 min air-simulated 
plasma irradiation, (b) after 30 min water vapor added air-simulated plasma 
irradiation, (c) with PE film wrap after 40 min air-simulated plasma irradiation and (d) 
with PE film wrap after 30 min water vapor added air-simulated plasma irradiation. 

(a) 
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inactivation by UV radiation.  For spores sterilized by water vapor added air-simulated 

plasma (Fig. 6.12(b)), spore size, shape and appearance changed.  We considered 

additional oxidation reaction to spores happened.  For spores with PE film wrap 

irradiated by air-simulated plasma (Fig. 6.12(c)), spores have no change compared with 

the control (Fig. 6.11(a)).  For spores with PE film wrap sterilized by water vapor 

added air-simulated plasma (Fig. 6.12(d)), only spore appearance changed.  We 

considered the spores were oxidized by some strong oxidizers, in addition to inactivation 

by UV radiation. 

Effort on finding out the specie of the strong oxidizers produced by water vapor 

added air-simulated plasma was done by using QMS.  Three mass spectra (mass 

number between 0-50) of air-simulated N2-O2 mixture gas discharge plasmas with no 

water vapor addition (Fig. 6.13(a)), with water vapor addition of 2000 ppm (Fig. 

6.13(b)) and 5000 ppm (Fig. 6.13(c)) were obtained.  By comparing the three mass 

spectra we found that the value of H2 (mass=2), OH (mass=17) and H2O (mass=18) 

distinctly increased as the value of added water vapor increased.  The value of H2O2 

(mass=34) and NO (mass=30) also had a minor but not distinct increase as the value of 

added water vapor increased.  These results suggested that hydrogen peroxide (H2O2) 

vapor might be the strong oxidizer produced by water-vapor added air-simulated plasma 

because of the existence of OH radical.  Moreover, it suggests that more water vapor is 

helpful for producing useful agents on sterilization, such as OH, H2O2 and NO. 

 

(a) 
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(b) 

(c) 

Fig. 6.13 Mass spectra of air-simulated N2-O2 mixture gas discharge plasmas (a) with 
no water vapor addition, with water vapor addition of (b) 2000 ppm and (c) 5000 ppm. 
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By agar-plate based colony-count method, we can calculate D value to know the 

sterilization effect relying on plasma irradiation time.  Figure 6.14 show the survival 

curves of the SUS type G. stearothermophilus spores irradiated by water vapor added 

oxygen plasma and water vapor added nitrogen plasma.  The D value estimated by the 

plotted data was roughly 2.8-4.4 min for water vapor added oxygen plasma, while 

roughly 3.5-4.4 min for water vapor added nitrogen plasma.  This result suggests that 

oxygen radicals have more effectiveness on the inactivation of spores than UV photons. 

(a) (b) 
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Fig. 6.14 Survival curves measured with colony-count method in cases of 
(a) water vapor added O2 plasma and (b) water vapor added N2 plasma. 

Fig. 6.15 Survival curves measured with colony-count method in cases of PE film 
wrapped BIs irradiated by air-simulated plasma with and without water vapor addition. 
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Colony-count results of PE film wrapped SUS type G. stearothermophilus spores 

were plotted in the Fig. 6.15.  In air-simulated plasma case, the 4-order magnitude of 

cfu reduction during 20 min was found and it just matched the sterilization results 

presented in Table 6.4.  After water vapor was added into air-simulated plasma, 

successful sterilization was achieved after 30 min plasma irradiation.  The D value 

estimated by the plotted data was roughly 3.9-4.3 min for PE film wrapped SUS type G. 

stearothermophilus spores irradiated by water vapor added air-simulated plasma.  It 

was not so bad compared with the D value for water vapor added oxygen or nitrogen 

plasma without PE film wrap.  This result suggests that water vapor added plasmas are 

easy to achieve internal sterilization effect. 

 

6.4 Summary 

 

In this chapter, we investigated the internal sterilization technique using VWP and 

SWP for application to the sterilization of the wrapped medical materials.  Water vapor 

addition on different gas species plasma has been found have a great improvement on 

sterilization effect, especially on internal sterilization effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the end, I would like to summarize the possible sterilization mechanisms in the 

present work as shown in Fig. 6.16.  When microwave energy was induced to a 

chamber filled with oxygen, nitrogen and pure water, microwave plasma was excited, 

then UV radiation, oxygen radicals and some strong oxidizer would be produced.  

Consequently, spores will be inactivated by UV radiation, be etched by oxygen radicals, 

Fig. 6.16 Possible sterilization mechanisms in the present work. 
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be oxidized by some strong oxidizer.  If spores were wrapped by PE film, oxygen 

radicals would loose energy while contacting PE film, therefore, oxygen radicals would 

be shut down by PE film. 

 
References 
 
[1] M. Nagatsu, F. Terashita, L. Xu, H. Nonaka, K. Ninomiya, T. Nagata, Y. Koide, S. 

Nanko and I. Kurawaki: Abstracts and full-papers CD of 17th Int. Symp. Plasma 

Chemistry (Toronto, Canada), pp. 1100-1101 (2005). 

[2] L. Xu, H. Y. Zhou, A. Ogino, Y. Koide and M. Nagatsu: Conf. Proc. 6th Int. 

Workshop on Microwave Discharges: Fundamentals and Applications 

(Zvenigorod, Russia), pp. 321-326 (2006). 

[3] N. Hayashi, W. M. Guan, S. Tsutsui, T. Tomari and Y. Hanada: Jpn. J. Appl. Phys. 

45, 8358-8363 (2006). 
[4] H. Etoh, Y. Ohno, A. Ogino and M. Nagatsu: Oral presentation at 67th JSAP 

autumn meeting (The Japan Society of Applied Physics, Kusatsu, 2006). 



82 

7 Low-temperature sterilization with atmospheric pressure plasma 
sources 

 
7.1 Introduction 

 

In the previous chapters, we concentrated on the study of low-temperature plasma 

sterilization using low-pressure microwave plasma.  The characteristics of low-pressure 

microwave excited air plasma and air-simulated N2-O2 mixture gas discharge plasma for 

low-temperature sterilization were investigated.  On the other hand, atmospheric 

pressure discharges have been widely investigated in recent years because of a variety of 

advantages they offer, such as low-cost equipment, no vacuum operation and the 

discharge reactivity.  To enrich the study of low-temperature plasma sterilization, the 

low-temperature sterilization applications with recently popular atmospheric pressure 

plasma sources in addition to the low-temperature sterilization applications with 

microwave plasma sources are necessary to this thesis.  Therefore, I would like to 

present some previous work in sterilization application using atmospheric pressure 

plasma in air circumstance in this chapter.  A recent result and OES diagnostics of 

atmospheric pressure air plasma will also be briefly mentioned. 

Atmospheric pressure plasma, such as the arc, torch produced by arc discharge have 

also been investigated and applied to a number of industrial fields.  However its 

application is limited yet, because these plasma sources are thermal plasma sources 

having high gas temperature that leads to indiscriminate “burning” rather than selective 

chemical reactions.  A discharge generated at or upon a dielectric surface can generate 

highly active non-equilibrium plasma at atmospheric pressure and even at room 

temperature.  Roth et al. [1], H. Koinuma group [2-6] and J. Park group [7-9] have 

developed kinds of non-equilibrium atmospheric pressure plasma sources, such as 

symmetric pectinate electrodes panel driven by audio-frequency power and plasma jet 

source driven by 13.56 MHz RF power, respectively.  Those atmospheric pressure 

plasma sources can be used for environmental protections, deposition of thin films, 

etching materials, and surface treatment of materials.  Roth et al. used a one 

atmosphere uniform glow discharge plasma (OAUGDP) in killing microorganisms [1]. 

In this work, we firstly studied atmospheric pressure surface barrier discharge 

(APSBD) in air using kinds of pectinate electrodes panels driven by audio-frequency 

power and experimentally proved such APSBD plasma was a very simple, effective and 

innocuous tool for inactivation of Escherichia coli bacteria [10].  There are several 

merits of this kind of discharge plasma: the temperature is low which avoids the 
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shortcomings occurring in the high-temperature method; the plasma is innocuous and 

persons can stay near the discharge without any precautionary measures; the process can 

be carried out in any conditions with only a portable high-voltage apply.  We also 

discuss the mechanism of killing. 

Later, we found if we offered a gas flow to blow out the APSBD plasma and 

concentrated the highly active non-equilibrium plasma into one line, we could obtain 

atmospheric pressure plasma jet driven by audio-frequency power.  Therefore, we 

developed two structure types of atmospheric pressure plasma jet sources named PJ-1 

and PJ-2, which are driven by easily generated audio-frequency power variable range 

from 5 kHz to 20 kHz.  Using PJ-1 or PJ-2, we can obtain a stable, near homogeneous, 

arc-free dielectric barrier discharge (DBD) with argon at atmospheric pressure, without 

water-cooling device. [11] 

 

7.2 Experimental setup 

 

7.2.1 Symmetric pectinate electrodes covered dielectric panel scheme 

 

Figure 7.1 schematically shows the experimental setup for the sterilization.  A 

sinusoidal voltage up to several tens of kilovolt peak-to-peak was applied to the 

electrodes, and the source frequency was varied in the range of 1-20 kHz.  Experiment 

was carried out at room-temperature in air, pectinate electrodes generated heat to some 

degree after 10 min, but the surface of E. coli sample which was 20 mm away from the 

plasma panel maintained room-temperature.  The area of E. coli was about 28 cm2 

while the rectangle area of pectinate electrodes was about 9 cm2.  The gas species were 

diagnosed by a mass spectrometer (LZL-203D).  The current and voltage waveforms 

were recorded in a digital oscilloscope (Tektronics, TDS220) using the measurement 

circuit as shown in the next subsection (Fig. 7.5). 

 

 

 

 

 

 

 

 

 Fig. 7.1 Experimental setup for sterilization. 
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The dielectric panels used is 55 mm × 55 mm copper-clad plate whose dielectric 

constant is 2.6; the thickness is 1.0 mm.  Electrodes are made of red copper, coved 

with lead-tin foil.  The high voltage electrode consists of seven interconnected 

electrode strips 1-mm-wide, 10-µm-thick, 33-mm-long with a strip-to-strip distance of 4 

mm, and the grounded electrode consists of the same pectinate electrodes on the lower 

surface (Fig. 7.2).  The construction can be regarded as several capacitances connected 

in parallel and the constant capacitance of the dielectric panel and the electrodes 

between the high voltage electrodes and the grounded electrodes can be calculated as 

5.4 pF.  The impedance of the set of capacitances can also be estimated as about 300 Ω 

while the frequency of applied voltage is 10 kHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

7.3 shows the typical voltage and current waveforms of our APSBD.  We can see that 

the current waveform consists of a sinusoidal wave with many current peaks.  It 

indicates that this kind of discharge is not glow discharge, whose current is 

characterized by only one narrow peak every half cycle of the applied voltage [12], but 

Fig. 7.2 (a) Schematic of dielectric panel and pectinate electrode, (b) image of discharge. 
 

Fig. 7.3 Typical voltage and current waveforms of our APSBD. 

(a) (b) 
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a dielectric barrier discharge (DBD).  In the common DBD waveforms, current is 90 ° 

ahead of voltage.  However, in our case, we can not find the phase difference.  The 

reason might be that in our current measurement circuit the resistor used (2 kΩ) has 

much larger impedance than the electrodes covered dielectric panel (300 Ω while 

frequency = 10 kHz), which made the phase difference between current and voltage 

mainly dependent on not the capacitive electrodes covered dielectric panel scheme but 

the resistor.  If we chose a resistor that had much less impedance than the electrodes 

covered dielectric panel, we should obtain the common DBD waveforms. 

 

7.2.2 Plasma jet scheme 

 

A schematic drawing of the experimental setup is shown in Fig. 7.4.  The common 

ground of main structure of PJ-1 and PJ-2 is that they both consist of two concentric 

electrodes.  The outer electrode is coupled to an audio-frequency power supply at 

variable frequency range from 5 kHz to 20 kHz, and the inner one is grounded with the 

discharge gas such as argon or helium passing it through.  The key differences between 

these two structure types of plasma jet source are the surfaces of inner electrode and the 

shapes of outer electrode.  For PJ-1, the grounded inner electrode is a stainless steel 

pipe closing on one end and only opening the other end as gas inlet.  There are several 

holes used as spray nozzle of gas along a circular helix on the wall of the inner electrode 

having 8 mm inner diameter.  The outer electrode of PJ-1 is a metal pipe (inner 

diameter 15 mm) covered with both sides insulating coat.  For PJ-2, there are no holes 

on the wall of the inner electrode, except one nozzle at each side of the grounded inner 

stainless steel pipe.  The outer electrode of PJ-2 is just a coil around an insulating pipe. 
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The gas flow rate was 

measured by a mass flow 

meter.  Figure 7.5 shows the electrical circuit of audio-frequency power-driven 

atmospheric pressure plasma jet source.  A sinusoidal voltage up to several tens of 

kilovolts peak-to-peak was applied to the outer electrodes, and the source frequency was 

varied in the range from 5 kHz to 20 kHz.  The current and voltage waveforms below 

were recorded by using a digital oscilloscope (Tektronics, TDS220). 

Audio-
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7.3 Results and discussion 

 
7.3.1 Symmetric pectinate electrodes covered dielectric panel scheme 
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Fig. 7.4 Schematic drawing of the atmospheric 
pressure plasma jet sources (a) PJ-1 and (b) PJ-2. 

Fig. 7.5 Audio-frequency power-driven atmospheric pressure plasma jet source. 
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Figure 7.6 shows a 

survival curve of E. coli treated by the discharge plasma when the voltage peak to peak 

of 40 kV is applied and the treatment durations are 30 s, 1, 2, 5 and 10 min respectively.  

We can see that APSBD is very effective for bacterial inactivation: at the beginning, 0-2 

min, the curve drops rapidly and a quick killing process is going along.  The curve 

drops slowly after 2 min. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7.7 Samples of E. coli incubated after treatment by air plasma for different 
durations. (a) Untreated (left) and treated for 30 s (right), (b) treated for 1 min (left) 
and treated for 2 min (right), (c) treated for 5 min (left) and treated for 10 min (right). 

Fig. 7.6 Survival curve of E. coli; the sample was 
exposed directly to APSBD plasma in air. 
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Figure 7.7 illustrates the photos of samples of E. coli that were incubated in an 

incubator for 14 h.  One of them is the sample that had not been treated by APSBD 

plasma, while the other five samples were treated for 30 s, 1, 2, 5 and 10 min 

respectively.  We can see that there is almost no bacterial colony in the sample after 

being treated for 2 min. 

The mechanism of sterilization was one important thing we are concerned with.  In 

order to know which species plays major role in this process, we used a mass 

spectrometer to investigate the discharge plasma.  The result is that molecular oxygen 

and monatomic oxygen increase with time, nitric oxide NO also increases but its 

content is much smaller compared with molecular oxygen and monatomic oxygen (Fig. 

7.8), while other species, such as NO2, OH, HO2, H2O2, have not been found. 
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(c) 

 

 

 

Strangely, the most common product of DBD, ozone, could not be found in the mass 

spectrometer, but we could smell the characteristic odour of ozone even far from the 

discharge.  The reason may be that ozone is unstable and when it enters the mass 

spectrometer, it decomposes very quickly, 

eOOeO ++→+ 23 ,                       (1) 

MOMOO +→++ 23 2 ,                    (2) 

The discharge generates ozone due to the reactions 

eOOeO ++→+2 ,                       (3) 

eOOeO 22 ++→+ + ,                      (4) 

MOMOO +→++ 32 ,                     (5) 

where M can be N2, O2 or O, and excitation and dissociation of nitrogen molecules lead 

to a number of additional reaction paths such as 

ONOON +→+ 2 ,                        (6) 

ONNON +→+ 2 ,                        (7) 

These reactions can produce additional oxygen atoms for ozone generation. 

Ozone is a kind of strong oxidant, it can kill bacteria in different forms: it can 

decompose enzyme that is desirable in synthesizing glucose in bacteria; react with 

bacteria and virus directly and destroy cell wall, DNA and RNA of them; permeate the 

pericellular membrane and invade into the cell, destroy lipoprotein and 

lipopolysaccharide.  The disinfectant process is from cell wall, pericellular membrane 

to cytoplasm and chromatin body, so the killing is very exhaustive.  Ozone will 

Fig. 7.8 Intensity of several active species 
produced by APSBD: (a) O2, (b) O and (c) NO. 
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degrade into molecular oxygen and monatomic oxygen, and the latter is another oxidant 

and some of the monatomic oxygen will combine into molecular oxygen, so they leave 

no harmful by-products at the end.  Ozone, as a kind of gas, can pervade to the whole 

space and leaves no dead angle. 

Of course APSBD in air may generate other reactive oxygen species, such as O2
- 

[13] 
−− →+ 22 OeO .                            (8) 

O2
- is a highly toxic material and can destroy important high polymer and membrane of 

anaerobic bacteria’s cell, but superoxide dismutase in the aerobic bacteria will turn it 

into H2O2, which then degrades into H2O, so it does little harm to persons. 

Since the ozone and monatomic oxygen are the main antimicrobial products of 

APSBD, we can infer that this kind of discharge can be useful not only in killing E. coli, 

but also in killing a variety of microorganisms [14].  The wide application of APSBD 

is very promising. 
 

7.3.2 Plasma jet scheme 
 

First, we present the results of PJ-1 source.  When argon gas flow rate was kept at 

200 L/h and the applied voltage increases up 13.1 kVpp at frequency 15 kHz, a soft blue 

glow was produced between the concentric outer and inner electrode, which then exited 

the narrow space through the nozzle of outer pipe electrode, namely, the nozzle of PJ-1.  

At 1.5 cm from that nozzle, the gas temperature was kept at 47 ºC.  A photograph of 

atmospheric pressure discharge of PJ-1 with argon is shown in Fig. 7.9(a).  Visual 

inspection of the discharge at the nozzle seems like a uniform glow with no apparent 

arcing.  In Fig. 7.9(b), we show the typical waveforms of DBD current and voltage in 

PJ-1 source, where the discharge gas stream comes out from several holes along the 

circular helix of the grounded inner electrode.  Although it does not appear to revolve 

flow of discharge gas like some condition under the arc discharge jet, the PJ-1 structure 

results in the inconsistent direction of discharge gas slowly spraying at the nozzle of 

outer electrode. 

In order to clearly know the discharge status between the inner electrode and the 

outer electrode, we modified the outer electrode of PJ-1 by using a quartz tube as an 

insulating medium with spiral wire over it as outer electrode.  The image of plasma 

discharge is shown in Fig. 7.10(a), where visual inspection of the discharges between 

the electrodes at each hole along the inner electrode is revealed obviously.  Figure 

7.10(b) shows the waveforms of current and voltage waveforms in the modified PJ-1 

source.  Even though the structure is slightly different from PJ-1, we can see from Fig. 
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7.10(a) that the discharge plasma appears around the inner electrode nearly at the same 

time when gas streams sprayed out from several holes along the circular helix of the 

grounded inner electrode.  As shown in Fig. 7.9(a), the plasma spray at the nozzle of 

PJ-1 looks like a flame and not straight.  For applications such as etching, deposition, 

surface modification and sterilization, however, the present plasma shape is not 

satisfactory to achieve a rapid material processing.  Hence, we designed PJ-2 to 

improve the characteristics of plasma spray at the nozzle. 
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Fig. 7.9 (a) Image of discharge of PJ-1 and (b) 
time-depending current and voltage waveforms. 
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In the case of PJ-2 source, argon gas flow rate was kept at 200 L/h and the applied 

voltage was increased up 49.3 kVpp at frequency 15.9 kHz.  As shown in Fig. 7.11(a), 

a bright white glow was produced at the nozzle of the grounded inner electrode and 

spraying outside the nozzle of PJ-2 for almost 2 cm long.  At 1.5 cm from the nozzle, 

the gas temperature was kept at 38 ºC.  Figure 7.11(b) shows typical current and 

voltage waveforms of the PJ-2 source. 

Although the atmospheric pressure plasma jet has wide applications, in the present 

work, we studied the sterilizing characteristics as one of its applications.  Since the 

highest temperature for living E. coli is 47.5 ºC, we tested the sterilization effect to E. 

(b) 
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Fig. 7.10 (a) Image of discharge, and (b) 
time-depending current and voltage waveforms. 
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coli using plasma jet of PJ-2 at 1.5 cm away from the nozzle, so as to keep gas 

temperature at 38 ºC. 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12 shows the experimental setup of sterilizing application.  We placed the 

culture mediums into which E. coli was implanted beforehand, at 1.5 cm from the 

nozzle of PJ-2.  After the plasma processing, the culture mediums were then kept at 37 

ºC for 14 h for the incubation.  By contrast with untreated culture medium growing E. 

coli, we plotted the relative area ratio S of colonies versus plasma treatment times in Fig. 

7.13.  It is obviously found from Fig. 7.13 that such a plasma jet source as PJ-2 is very 

effective in the disruption of E. coli. 
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Fig. 7.13 Relation between survival rate S and plasma treatment time. 
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In the case of PJ-2, we could produce higher density plasma jet compared with that 

in the case of PJ-1, because we could apply higher voltage and current in the case of 

PJ-2 under lower gas temperature, such as 38 ºC.  Such lower temperature in the PJ-2 

was realized due to strong gas flow from one exit of the inner pipe differently from the 

case of PJ-1, where gas flow through each hole in the inner pipe was weak because of 

several gas through-holes. 

In the present sterilization experiment, we consider that one of the possible 

sterilization mechanisms is ozone generated by the Ar plasma jet under the air 

circumstance at atmospheric pressure.  The production yield of ozone in the case of 

PJ-2 may be stronger than that in the case of PJ-1.  Therefore, PJ-2 is more effective in 

the sterilizing E. coli compared with PJ-1. 

Although we have also carried out the mass spectroscopic measurement to study the 

by-products by the Ar plasma jet, we could not detect the ozone directly because of their 

unstable characteristics.  However, it was no doubt that the ozone was produced under 

the present atmospheric plasma jet, since we could recognize their existence from the 

strong smell of ozone.  It might be that the sprayed Ar plasma offered free electrons for 

oxygen in air circumstance to generate ozone due to the reactions of Equation (3)-(5) as 

presented in subsection 7.3.1. 

 

7.3.3 Line-shaped dielectric barrier discharge plasma scheme 

 

Recently, a line-shaped DBD plasma source has been developed in our group.  

Since the experiment was also carried out at room-temperature in air, which is very 

similar to the case of symmetric pectinate electrodes covered dielectric panel scheme, I 

would like to only mention a result of optical emission spectroscopy (OES) 

measurement to enrich the analyses of sterilization mechanism as presented in 

subsection 7.3.1. 

Figure 7.14 shows optical emission spectra of the line-shaped dielectric barrier 

discharge in air (Fig. 7.14(a) for spectrum in the wavelength between 200-400 nm, 

while Fig. 7.14(b) for spectrum in the wavelength between 200-800 nm).  As shown in 

Fig. 7.14(a), it has been found that the emission intensity in the UV region is extremely 

large and the strong lines are originated from the second positive system of N2 

molecules, however, no obvious UV emission are originated from NO.  On the other 

hand, in Fig. 7.14(b), we can not find the strong O atomic (O I) line at 777.7 nm.  

These spectra are not similar to the spectrum of low-pressure air-simulated surface-wave 

plasma, but similar to the spectrum of low-pressure nitrogen surface-wave plasma as 
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presented in chapter 5.  The reason might be owing to the short lifetime of NO, O 

atoms at atmospheric pressure and the energy difference because of different plasma 

excitation methods. 

Relating the results of mass spectroscopy measurement in APSBD as presented in 

subsection 7.3.1, the increase of molecular oxygen and monatomic oxygen can be 

considered as the evidence of that ozone is decomposed by the mass spectrometer itself, 

because no O atomic (O I) line is measured by OES.  We reached a conclusion that 

ozone and monatomic oxygen are the main antimicrobial products of APSBD, however, 

with the OES results, ozone and the UV emission originated from the second positive 

system of N2 molecules should be considered as the main antimicrobial products of 

APSBD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

200200200200 250250250250 300300300300 350350350350 400400400400
0000

2000200020002000

4000400040004000

6000600060006000

8000800080008000

4
0
0
.0
 [
n
m
]

3
9
3
.9
 [
n
m
]

3
9
1
.7
 [
n
m
]

3
8
0
.6
 [
n
m
]

3
7
5
.6
 [
n
m
]

3
7
0
.6
 [
n
m
]

3
5
7
.8
 [
n
m
]

3
5
3
.3
 [
n
m
]

3
3
7
.2
 [
n
m
]

3
1
6
.1
 [
n
m
]

3
1
3
.8
 [
n
m
]

2
9
7
.8
 [
n
m
]

 

 

In
te
n
si
ty
 [
a.
u.
]

W avelength [nm ]

200200200200 300300300300 400400400400 500500500500 600600600600 700700700700 800800800800

500500500500

1000100010001000

1500150015001500

2000200020002000

2500250025002500

 

 

In
te
n
si
ty
 [
a.
u
.]

W ave length [nm ]

(a) 

(b) 

Fig. 7.14 Optical emission spectra in wavelength 
between (a) 200-400 nm and (b) 200-800 nm. 



97 

7.4 Summary 

 

In this chapter, the effects of low-temperature plasma sterilization of 

audio-frequency-excited APSBD plasma in air and atmospheric pressure plasma jet 

(APPJ) using argon have been investigated.  Experimental results suggested that the E. 

coli could be completely killed by irradiating with low-temperature air APSBD plasma 

for more than 10 min.  We consider that one possible reason why APPJ using argon as 

discharge gas has the effect on disrupting E. coli is the sprayed Ar plasma offered free 

electrons for oxygen in air circumstance to generate ozone due to the reactions of 

Equation (3)-(5) as presented in subsection 7.3.1. 
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8 Summary and outlook 
 

In this thesis, the low-temperature plasma sterilization using low-pressure large-area 

surface-wave-produced and volume-wave-produced discharges and atmospheric 

pressure dielectric barrier discharge (DBD) have been studied.  The experiments were 

performed in two slot antennae large-area microwave planar plasma sources and two 

self-made atmospheric pressure dielectric barrier discharge plasma sources.  Surface 

sterilization effect and internal sterilization effect realized by low-temperature plasma 

were investigated in detail. 

 

Characteristics of low-pressure pulse-modulated surface-wave plasma (SWP) in a 

40-cm-diameter SWP device and characteristics of low-pressure SWP and volume-wave 

plasma (VWP) in a new 55-cm-diameter microwave plasma device were studied in 

chapter 2 and chapter 3, respectively.  That was helpful for us to apply microwave 

excited plasmas in suitable mode for surface or internal sterilization.  In chapter 5, the 

discharge conditions for CW and pulse-modulated SWPs in low-temperature 

sterilization, and the mechanisms of plasma sterilization with different gas species were 

investigated in the 40-cm-diameter SWP device.  To achieve and improve internal 

sterilization effect, in chapter 6, the new large-area low-pressure planar microwave 

source, in which SWP and VWP are able to be controlled, was used for plasma 

sterilization.  By adding water vapor into different gas species plasma, great 

improvement of internal sterilization effect was noticed.  Accordingly, kinds of 

analyses of the plasma and the spores as biological indicator were carried out to clarify 

the mechanisms of plasma internal sterilization effect. 

In chapter 7, some previous works about atmospheric pressure plasma sterilization 

using scheme of symmetric pectinate electrodes covered dielectric panel and plasma jet 

scheme were presented.  Relating with the optical emission spectra obtained by the 

new line-shaped DBD plasma source, the mechanisms of atmospheric pressure air 

plasma sterilization were analyzed. 

 

This thesis contributes to not only the development of a high-speed low-temperature 

surface plasma sterilization technique and a low-temperature internal plasma 

sterilization technique for medical application, but also clarifying the mechanisms of 

kinds of low-temperature plasmas. 

Although much work has been done, there are still some tasks need to do, such as: 

accurate measurement of oxygen and OH radicals as the effective agents on sterilization 
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by OES, QMS and other available methods; efforts on reducing temperature and 

treatment time for internal plasma sterilization technique; also, to catch the latest trend 

in plasma application, making portable plasma sterilizer for clinic or dental surgeon 

using atmospheric pressure plasma is expected. 

My goal in the study of low-temperature plasma sterilization is to develop a 

commercial plasma sterilizer for medical application.  I think though there is still a 

long way from the goal, I am already on the way. 
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