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What is the Need for A Cold Atmospheric Plasma Experiment?

ÅHeat-Sensitive Materials
Polymers surfaces ςmicromachining ς

wafer technology ςFood industry ς
bacterial inactivation ςantimicrobial 
treatment ςsurface cleaning Χ much 

more.

(Direct Treatment)

ÅA Large Number of Medical Applications
Human Skin and biological Tissues

Wounds ςUlcers ςoncology ςCancer treatment ..much more.

Plasmas generated in the open 
environmentrather than in a confined 

discharge gap are needed

Cold Atmospheric Plasma (CAP)

Plasma Medicine



Possible

Advantages of

Direct Treatment

by Cold Plasma

ÅDischarge Vacuum Chamber

ÅElectrode System 

ÅVacuum Pump & Vacuum Meter

ÅCondenser Bank/s

ÅDischarge Circuit & Switching

ÅDiagnostic Techniques

ÅDischarge Gas Choice

ÅNo limitations to Length/Size of substrate

ÅNo Vacuum Equipments(Vacuum Pump ς
Vacuum Meter ςLeak Detectors - Maintenance.. etc.)

ÅUsability

ÅPortability

ÅEasy Diagnosis

Åof giant number of application fields

Åoffer maximum efficiency at minimal 
environmental cost 

Åhuman-health friendly, 

Åenergy-efficient strategy, and

Å real life applications

ÅControlled plasma-doze Treatment

For An Experimental Plasma Device: 

What is the Key to 

Cost -Effectiveness

& 

Cost Reduction 

Reduceor might Get -rid of

Final 
Goal
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Talk Outlines

Č The need for a Cold Plasma

Č Cold Atmospheric Plasma Criteria

Č Glow discharge regime

Č How to obtain CAP

Č Electron Avalanche Breakdown

Č Concept of Reduced Electric Field

Č Arc Transition

Č Power supply choice

Č Plasma Bullets

Č Streamer Breakdown

Č Gas type choice (compared) 

Č Famous Configurations

Č Previous/New Design

Č CAP output Active components

Č CAP Application spectrum

Č Plasma Medicine

Č Plasma-Activated Water (PAW)

Č CAP in Agriculture and Food industry

Č CAP Surface treatment

Č CAP Water Purification

Č Final talk
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Laboratory Plasma Devices

DBD

Thermal Equilibrium

º10,000 K

DBD-like

Thermal Equilibrium

> 1 Million Kelvins
e.g. Plasma-Pinch Devices

Non-thermal 

Equilibrium

Arc Discharge
Arcing must be 

Avoided

Main 
Discharge 

Region

Propagation 
Region
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Cold Atmospheric Plasmas Criteria 

Typical electron density 
less than 1019 m-3 = 1013 cm-3

Teº10,000 ï100,000 K º1 ï10 eV

Tgº300 ï1000 K

Te >> Tg

Å Are Weakly-ionized Plasmas 

(~1% degree of ionization)

ÅDominated by Neutral particles

1016ï1019 m-3
ⱦ╓▄ □

Ⱨ□ Ȣ□□

The Old 

Glow Discharge 
experiment
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6 Difficulties to obtain a Plasma Jet

1) To raise the pressure to Atmospheric Pressure

2) Plasma in open environment (in Ambient Air )

3) How to avoid Transition to Arc Discharge

4) Right choice of Input Energy (Power Supply Choice)

5) ExplainFlame Propagation in Ambient Air

6) Right Choice of Gas Type (Fuel Choice)
Main 

Discharge 
Region

Propagation 
Region

The Glow Discharge Experiment

A Plasma Jet
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Traditional cold plasmas are generated in large volumes 

and large electrode separation 

At atmospheric pressure, it will generate a 

collision-dominated hot plasma, resulting in 

a thermal plasma (an Arc discharge)

DC High Voltage

At High Pressures Č mean free path between two successive collisions will 

substantially decrease Č more electron-heavy particle collisions Č energy of 

electrons are transferred to heavy particles Č Te decrease and Tg increase Č

eventually, reaching thermal equilibrium

At Low Pressures Č mean free path is much longer Č fewer electron-heavy particle 

collisions Č energy of electrons are hardly transferred to heavy particles Č Te does 

not decrease that much and Tg can not go very high Č prevents thermal equilibrium 

Č gives rise to cold plasmas

Paschenôs Law 

VBD´P d

How to raise the Pressure to 

the atmospheric pressure?

Tg

Non-thermal 

equilibrium

Te Ţg

Thermal 

equilibrium

Te = Tg

760 Torr = Atmospheric Pressure

300 K = Room Temp.

Cold Plasma

10-210-3

mean free path, l
is the average distance 

between two successive 

electron-heavy particle 

collisions 
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How to obtainCAP in Atmospheric pressure?

d=1cm

1 Atm.

A
tm

o
s
p

h
e
ri

c

Electrode 
Spacing

d=1cm

Glow Discharge Plasma
30 ς40 cm gap distance

PaschenΩsLaw 
VBD´P d

Ranging from few mm to few mm
Micro-Plasmas

d

P º1 Torr

dº1mm

A
tm

o
sp

h
e
ri

c

P * d 

1 Torr * 30 cm
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Ambient Air

ÅFor the Plasma to propagate in Ambient Air ; it mostly contains Oxygen & Nitrogen (all are Molecular 
gases)

ÅWe need to elevate the electron energy to the suitable level of desired applications keeping other particles 
warm (to obtain a Weakly - ionized Plasma).

ÅIn Atomic gases (He, Ar, Χ), due to the high collision frequency between electrons and heavy particles, the 
electrons lose their energy to the gas atoms forming ions in a short period Ý Efficient ionization processes

1) If a Molecular Gas (N2 & O2) is present, energy of electrons are almost entirely lost in 
(transferred quickly to) the molecular rotational and vibrational energies as these 
energies are much less than the ionization energy ÝNot enough Ionization Events

2) Furthermore, when an electronegative gas, such as O2 is present, theelectrons could 
be absorbed by the gas on a time scale of tens of nanoseconds, or even shorter, which 
makes it even harder to obtain atmospheric-pressure 
non-equilibrium plasmas with electronegative gases.

Solution is To Raise the Applied Electric Field 
ÜRequire Much Higher Applied Voltages 

Solution is 

N2

O2

Main 
Discharge 

Region

Propagation 
Region
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Risk of Transition to Arc discharge
Electrode-System Time-Constant

When much Higher Voltages are 
Needed for higher Electric Fields

Glow Discharge Characteristics
Onset Voltage Time <Transition-Time

Pulse-Width < Time-Constant

V = Vdc - IR

To Control 
Current

Vacuum

Typically in tens of microseconds
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High-Voltage Power Supply Choice

A
C

 S
in

u
so

id
a

lvs
. H

V
 P

u
ls

e
d

 D
C

Pulse-Width < Transition-Time

Half-cycle < Transition-Time

Discharge 
Region

Propagation 
Region

Low/High Frequency Sinusoidal signals

Much Expensive 
Power Supplies

12



Plasma and Nuclear Fusion Dept. - EAEA

6th Plasma School ˟Port Said

Prof. Tarek Allam

13

Electron Avalanche (Bulk Ionization Process)

PaschenΩsLaw : 
VBD´P d

Main 
Discharge 

Region

Propagation 
Region

d

╔
╥

▀

V

TownsendΩs Breakdown Criteria

I 0

d
a

g

Townsend

VBD

I ­¤

is the saturation current
is the gap distance
is Townsend first ionization coefficient
is Townsend Secondary ionization coefficient

e- + A ­ 2e- + A+

Glow Discharge Experiment
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mean free path, l
is the average distance between 
two successive electron-heavy 
particle collisions 

Concept of ReducedElectric Field

VIf the electric field is too small, the electrons will not acquire enough velocities to 
collide with other gas molecule. 

What about Gas Pressure, P (gas density, N) ? 

Ýmean free path between gas molecules

ÁIf the mean free path is too long (very low pressures), the electron will reach 
anode without colliding with other gas molecules. 

ÁOn the other hand, if the mean free path is too short (much higher Pressures), 
the electrons will lose their accelerated energy in a series of non-ionizing collisions.

The risk of turning into arc discharge depends mainly on the Reduced Electric Field as well as 
the charge-up conditions (of the dielectric substance on the metal electrode)

PaschenΩsLaw : 
VBD´P d

Electric Field, ╔
╥

▀

Where, is the reduced electric field (effective field value) measured in Townsend (Td) 

‌ ὪόὲὧὸὭέὲȟὪ
Ὁ

ὔ
‎ ὪόὲὧὸὭέὲȟὪ

Ὁ

ὔ
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Ratio,  (Townsend, Td)

is a scaling parameter 
because the mean energy of electrons 
(and therefore many other properties 
of discharge) is typically a function of 

E/N over a broad range of E and N
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Plasma-Bullets Propagation

Side-on view
Head-on view

Donut-shape

Plasma-Bullets Propagation Speed ~ 104ς105 m/s 
Plasma-Bullet Speed > 30 times faster than sound 

The fastest actual bullet travels at 1800 mile/hour --- 760 m/s 
Faster than the speed of sound τabout 343 m/s

Main 
Discharge 

Region

Propagation 
Region

H
ig

h-
S

p
e

e
d

 C
a

m
e

ra
 I

m
a

g
e

s Side-on view

2nd

Spike

1st

Spike

Bear in mind that Gas flow speed is only about 17 m/s

Inside
Quasi-neutral 

channel

Outside
Glowing ionized gas particles

Bussiahn, et al., J. Phys. D: Appl. Phys. 43 (2010)
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Plasma Propagation in atmospheric pressure

Avalanche to Streamer Development

is already explained by 

Townsend Theory

Cannot be explained except by 

Streamer TheoryAvalanche 
(Discharge) 

Phase

Propagation 
Phase

2nd Current SpikeElectron Avalanche

-
-

-
-

X. Lu, et al (2014), Physics Reports,Vol. 540(3)
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Gas type (Fuel) choice (a comparison) 

Why Helium is the easiest choice? 
But, is it the right one?

ÅDischarge ignition requires lower 
applied voltages*

ÅLarge Time constant (Time-to-
arc transition)* 

ÅUsually, produce longer flames*

ÅOnly He 

ÅRequire replaceable tanks*

ÅExpensive*

Air is a very hard choice. 

Yet, of great advantages when used as a discharge gas.

ÅRequire higher applied voltages

ÅLow Time constant and risk of arcing 
is much higher

ÅComparatively, shorter flames

ÅLevel of Oxygen admixture is high

ÅEndless Source (a small compressor)

Å~No Cost of operation
* Apply, mostly, to Argon as well

Gas Flow Rate ranges from 0.5 ð20 L/min (Gas Consumption is high)
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Discharge (DBD-like Plasma Jet)

Metal Electrodes

Insulator

Plasma

Single electrode

Famous Configurations

Double electrode

Categorized by X. Lu et al 2012

Hollow AnodeSolid Anode
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EAEA -ANPJ

Atmospheric Non-thermal Plasma Jet

Insulator 
sandwiched 

between 
two Metal 
Electrodes

Metal 
Envelope

Insulator 
Core

Metallic 
hose port

of Average Consumption  32W

K. Ahmed et al, Journal of Fusion Energy, vol. 33, no. 6, 2014, pp. 627
T. M. Allam et al, Energy and Power Engineering, vol. 6, 2014, pp. 437
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New 
ANPJ Device

Only 6 cm3

4% 
100%

156 cm3

Previous ANPJ 

Device

T.M. Allam et al, The European Physical Journal Applied Physics, vol. 76, no. 1: 10803, 2016

3.85%

9.61%

5.88%

37.85%

31.46%

32.92%

117.14%

142.86%

0 20 40 60 80 100 120 140 160

Total Volume (cm3)

Widest Area (cm2)

Electrode System Cost (USD)

Mean Consumed Power (Air) in Watts

Mean Consumed Power (N2) in Watts

Mean Energy (mJ) for Air

Flame Max. Length (for Air)

Flame Max. Length (for Nitrogen)

EAEA -ANPJ (New 2016 Version)

Atmospheric Non-thermal Plasma Jet

Commercially available 

Gas Stove Valve

~14mm

~20mm

To 4%

~10W

To 6%
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Role of Gas Flow Rate change 

12 L/min.
Critical

Reynolds No.

Transition From 
Laminar To 

Turbulent Flow 
Occurs 

Č More ambient gas 
mixing 

and Č less land more 
recombination Č

plasma decays 
Č And discharge current 

and voltage decreases 
accordingly

Effect of Gas Flow Rate on Plume Length & Thickness

Laminar Flow 
Occurs 

More flow rate Č more 
flow velocity Č less 

ambient gas mixing  Č
less recombination

and discharge current 
and voltage increase 

accordingly

Reynolds Number, Re

50 C̄
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Cold Plasma delivers Active Components

Both Have the 

Dominant 
Treatment 

Effect

Bacterial Inactivation, 
Cleaning, Sterilization

Reactive Species
A list of ~640 chemical reaction 

Design a Lab. Crucial Test ? 

̬ аЂϝϲ ϼϝϠϦ϶Ϝ атвЊϦ

Blood Sample

Permeable Glass / 
Metallic Grid



Plasma and Nuclear Fusion Dept. - EAEA

6th Plasma School ˟Port Said

Prof. Tarek Allam

25

Cold Atmospheric Plasma (CAP) Applications

Plasma 
Medicine

Water 
Purification

Industrial 
Applications

Å Sterilization )атЧЛϦЮϜ (

Å Blood Coagulation

Å Wound Healing

)ϰмϼϮЮϜ аϝϚϦЮϜ (

Å Ulcer Treatment )ϰϼЧЮϜ (

Å Cancer

Therapy )дϝАϼЂЮϜ (

Å Dentistry )дϝжЂϒ (

Å Cosmetic Surgery

)ЬтвϮϦЮϜ ϤϝϲϜϼϮ(

Å PAW 

Å Drug Delivery
Å Lab-on-a-chip Technology

Å é more

Food & 
Agriculture

Å Lake 

Decontamination

ÅGround water 

Å Wastewater 

Recycling

Å Plasma Micro-

bubbles Technology

ÅMicrofluidic Chips

Åé more

Å Textile Industry

Å Adhesion 

enhancement

Å Surface Cleaning

Å Printing

Å Surface Modifications

Å Nano Synthesis

Å MEMS Technology

Å Micromachining

Å Air Purification

Å Energy Fuel

Å Historical Restoration

Å é. more

ÅGermination/Yield

Å Pest Removal

Å Pesticides 

degradation

Å PAW

Å Fertilizers

Å Shelf life extension

Å Bacterial Levels 

Å Waste Reduction

Åé more

A CAP Experiment has 

a Wide Spectrum of Applications
And there is More Everyday

CAP is rich of physical, chemical and biological effects.

A Technology
Platform
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No Anticoagulant
4 min. 20 s

Vs
0.5 min. 2 s

with 9:2
Anticoagulant

¤(never clots)

Vs
1 min. 20 s

CAP Blood Coagulation
CAPςCold Atmospheric Plasma

K. M. Ahmed et al, Australasian Physical & Engineering 
Sciences in Medicine, vol. 41, no. 3, 2018.



Measure

Current
at Substrate

Measure 

Voltage
at Substrate

Power Density = 0.4 mW/cm2 (at 15 mm) Vs Safe Limit of 130mW/cm2

Corresponds to 24 mJ/cm2 for 60s Vs Safe Limit of 135000 mJ/cm2

plasma dose < 135 J/cm2, is a safe dose for 
biomedical application.

Power Density at Substrate 0.13 W/cm2 is safe for 15 min.

Plasma Dose Measurements CAP Blood Coagulation

How to measure Plasma Dose

This device is cost-effective, uses Air (unlimited tank with 
much less cost) and is safefor medical applications, thus, 
could be used as:
Å first-aid in ambulance and 
Å in kidney dialysis units.

K. M. Ahmed et al, Australasian Physical & Engineering 
Sciences in Medicine, vol. 41, no. 3, 2018.
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The Voltage Method (Xiong et al, 2010)

ÇA thin copper wire of diameter 110mm is in contact with the plasma plume and 

connected to a Resistor. 

ÇThis Resistor is very big (10 MW) to ensure no effect on the plume propagation.

ÇThe voltage across the other Resistor R2 is proportional to the plume voltage simply by 

the resistive division ratio.
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Dielectric Probe Method (A. Begum et al, 2011)

ÇArea of the dielectric is not too small so that plasma is not spread over it.

ÇDoes not affect the plasma chemistry (by testing emission spectrum changes)

ÇCan be put close to the nozzle without the possibility of Arcing.
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world famous kINPen plasma device

Based on RF argon plasma jet source and 
gained CE marketing certification in 2013

PlasmaDerm based on FE-DBD

kINPen-Med

MicroPlasmaϕ

Three Most Famous CommercialMedical Plasma Devices sold in the Market 
for Skin Treatment in Hospitals.

Å The exact mechanism of plasma 
inactivation of microorganisms, 
proliferation of skin tissues and other 
wound healing stages still remains 
unclear. 

Å There are several possible mechanism 
suggested by researchers.

Klaus-Dieter Weltmann, Germany 

Skin Treatment andCosmetic Surgery 

T. Bernhardt, et al, 
(Germany, 2019)

Cosmetic Treatment

ZilanXiong, 2018 (Book Chapter) DOI: 10.5772/intechopen.76093
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Inflamed Ulcer CAPtreatment

Exact mechanisms still are difficult to explore experimentally.
Complementary to experiments, computer simulations could allow us to study the underlying processes.

This could, then, be invested in developing specialized systems for every medical application.

Inflamed Leg Ulcer treated by Cold Plasma in 20 weeks
Before Treatment After 20 Weeks TreatmentAfter 12 Weeks Treatment

[Gareriet al., (Italy, 2020), SAGE Open Medical Case 
Reports, Volume 8: 1ς4, DOI:10.1177/2050313X20922709]

Gareriet al., (Italy, 2020)

Use of a new cold plasma tool for
psoriasis treatment

Heinlin J et al., Journal of the European Academy of Dermatology and Venereology. 2011;25(1):1-11
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CAP Wound Healing

CAPςCold Atmospheric Plasma

Shaimaa Eldeighdye, PhD Thesis 2018, Faculty of Science, , ZagazigUniversity

250 mm2 Injury
CAP Treatment
3 times a week 

Diabetic Ulcer Treatment should be the Next Goal 
10 Daysto Healing ς15 Days to Complete Healing and hair regrowth
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Shaimaa et al., European Journal of Biomedical and 

Pharmaceutical Sciences, Vol. 7, Issue 12, 298-306. (2020)

PAW Effect on Calcium Oxalate Stones (in Kidney) 
Induced in Male Albino Rats

PAW

Control 
Tap 

Water

Alkaline 

Water

Urine Samples
clear urine sample

(2) Shaimaa et al., NON-THERMAL PLASMA APPLICATIONS: Impact of Non-

Thermal Plasma Treated Water on some Biological Functions in Albino Rats, World 

Journal of Pharmacy and Pharmaceutical Sciences, Vol. 9, Issue 10, 114-130 (2020).

Plasma-Activated Water (PAW)


