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https://iopscience.iop.org/article/10.1088/1361-6595/aa8d4c

Plasma as the fourth state of matter
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Plasma in the biomedical sector

e Artifical knee — plasma coated
e (Catheders — plasma coated

e Stents — plasma coated

e Artifical hips —plasmaspraying
e Sterilisation in Hospitals
 Drugs— plasma treated

» Sterilisation of vials

RUHR
3 Plasmas for Life Science Applications | A. von Keudell et al. UNIVERSITAT R U B
BOCHUM



Plasmajets for biological applications
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Environmental Applications

* Waste treatment
 Water and air cleaning

* Plasma medicine

RUHR
5 Plasmas for Life Science Applications | A. von Keudell et al. UNIVERSITAT R U B
BOCHUM



Plasma vs. n_and T,

Mugne"( { |llEI’ﬁlI|

confinement 4 _ ‘ .confinemem
fusion m #= = fusion

e e
Solar core

Solar wind Neon sign
ez
Interstellar space iyorescent light =

¥
@
i
£
o
A
@
o,
=
@
p—

Avrora Flames

102 10° 10" 10%
Number Density (Charged Particles / m3)

Copyright 1926 Contemporary Physics Education Project.
Images courtesy of DOE fusion labs, NASA, and Steve Albers.
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The resistance of biological systems against inactivation mechanisms

Bacterial Spores “_ Clostridium extreme high

| Bacillus
Mycobacteria Mycobacterium high
Non-enveloped, non-
lipid viruses  “~parvoviruses
(hydrophilic) average
l : Aspergilius
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Gram.-negativef\ Eschorichii Low
vegetatmi bacteria P
Gram-positive
bacteria “—__  Enferococcus
l Legionelila
Enveloped, lipid  Staphylococcus
viruses
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(lipophilic) Influenza
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Possible Mechanisms of Bacteria Inactivation
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A flexible low pressure ICP system for decontamination

Low pressure system:
Inductively Coupled Plasma
Pressures 0.5...30 Pa
Reactor volume ~ liters
Power up to 600 W

Gases Ar, He, O,, N,, H,

Fully computer controlled
On mobile platform
Only 230 V plug needed

Steam Sterilisatioh
Subtil Crepieux
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Inactivation of spores

Raballand et al.
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Plasmasterilisation in Action

Manual Debagg
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Plasma Fundamentals - Outline

1. Whatis a plasma ?
* Temperature
* Debye shielding
* Plasma frequency

2. The edge of a plasma
* Sheath physics

3. How to ignite a plasma
* Ignition, Paschen curve

* Streamer
* RF-ignition
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4. Transport in a plasma

* Particle motion
* Plasma as a fluid
e Drift and diffusion

5. How to sustain a plasma
 DC plasma

e Rf-plasmas
* Plasma heating
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What is a plasma ? Concept 1 - temperature

f A
X 4 What is the best plasma
for life science applications?

DBD — barrier discharges
cold, high electric fields
> Energy inefficient

/

In f \Y;

Microwave discharges
Hot, low electric field
Energy efficient

Heating

lonisation
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What is a plasma ? Concept 1 - temperature

A

T

What is the best
pressure/equilibrium
for life science applications?

Low pressure
Cold plasmas,
only electrons are hot

High pressure,

T All species equilibrate
OR
Pulsing,

| > Fast gas flows
1 atm p
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What is a plasma ? - Concept 2 — Debye shielding, quasineutrality

What is the best plasma

A ® ® for life science applications?
Example extra positive charge o ‘. o

Dy —— o /./ High electron densities,
Diffusion of e- due to Vn N\ I,’ ' - ;\. CD(F) Plasma can penetrate
K .—_, . \ into small pores
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What is a plasma ? - Concept 4 —the plasma frequency (formulas)

What is the best plasma
for life science applications?

1
b= 55”5 How to get the energy
Into the plasma?
e 2y : Use high frequency fields
To keep heavy species cold
d?5  ne?
dt? i .-E.]m(S U
)
1/2
ne2 \ Y
W, — —
o
L
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Parameter of a plasma — Nick Braithwaites Plasma Calculator

HOME PROGRAM : REGISTER : SPONSORS CONTACT HISTORY : MATHS:

Plasma Calculator

We b ve rsio N at This is an online version of the original Nick Braithwaite Plasmacalculator Excel-Sheet.
wwww.plasma-school.org Input Parameter

T, 300 K

T. 3.00 eV

ne 1.00e+17 me

Pressure p 100000.00 Pa

.
=1

—

Mass Neutrals/lons m amu

Cross Section neutrals sigma 1.00e-19 m

System Dimension L

3

Magnetic field B

Microwave f 2.45 GHz

Calculate

Output Parameter

Parameter Value Unit
Distances

Neutral-Meutral 3.46e-9 m
Mean Free Path 414e-7 m
Debye Length 4.07e-5 m
Densities

Neutrals 242e+25 m?
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The edge of a plasma
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A plasma in front of a wall — sheath physics
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A plasma in front of a wall — sheath physics
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A plasma in front of a wall — sheath physics — ion energy distributions - collisions

many collisions in the sheath
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INTENSITY

Few collisions in the sheath
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A plasma in front of a wall — sheath physics — applications in microelectronics

lons (CF,*)

o

o

Neutrals (CF,, F)

<IN
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Working point of a Plasma — global model

reactor geometry,

Discharge type

Atomic- and molecular physics

- N B C A
| ‘ flux to
‘ E-Field ‘ Ne, T, T(E) ‘ NN, N \ surface
N D ) - J
Heating mechanisms Transport, Diffusion
Sheath physics
T o RUHR )
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Working point of a Plasma — global model

E

lonisation

e1 T,
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Working point of a Plasma — global model

Absorbed power is a
complicated function
of electon density

[ |

/

Power balance determines
Electron density

\_

lonisation

\

)

{

+ excitation,

Power loss
to surfaces

+ electron loss to surfaces

Pabs — -P"'v’crlust — ??.1]14‘344 (Efﬂmsatiﬂn T Eﬁandschichf)
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Transport in a plasma
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Transport in a plasma — motion as a fluid — ambipolar diffusion
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Transport in a plasma — motion as a fluid — ambipolar diffusion

Time: 4 ns
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Ignition of a plasma
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Ignition of a plasma — Townsend regime

1. Townsend coefficient
gas amplification

pd
a= Apexp | —B—
’ p[ V]
>U<
K
o
o—> o2 "
lonen
+—0Q
//
0
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Ignition of a plasma — Townsend regime — Secondary effects

lonbombardment ons
at the cathode
e
Secondary ion e~
emission — e-
at the anode
hv g .
photoeffect , \‘f’\")‘\--/’ 1
e
I=  I.e™ :
Lo T g(erd )
fast Fast neutrals ions primary amplification ™ -
neutrals ._:_O ® secondary amplification
metastables < '
°o—p
e-
metastables
¥ (e“d — 1) =1
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Ignition of a plasma — the Paschen curve

VoA

O\

“

long path
breakdown

+ metastables

>
pd
Alem™Torr™!] | B[V em™'Torr™'] | 2 [eV]
He 1.8 50 27.5 _
Ar 12 200 16.7 V = de
H, 10.6 350 33 In(Apd) — In[ln(1 + 1))
CO, 20 466 23.3
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Ignition of a plasma — rf-voltages

Collisions are essential to heat a high frequency plasmas

50

—— no collisions
—— with collisions <E>

N
7

E=E, exp(iot)

40 - £,

energy (eV)

10~

O 1 I 1 I
0 1 2 3 4 5

time (microseconds)
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Ignition of a plasma — Paschen curve for rf-voltages

Diffusion- Collision
losses Rate too high

log p
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Ignition of a plasma — High presssure - streamers

neg.
streamer
head

streamer
channel

negative streamer

elec. -
avalanche

photoionisation

positive streamer

o4
- streamer
) - channel
dec.dﬂ# + A M
poSs.
streamer
head
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Ignition of a plasma — High presssure - streamers
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Ignition of a plasma — High presssure - streamers

exposure: 300 ns 50 ns 10 ns 1ns
(Ons<t<300ns) (50ns<t<100ns) (50ns<t<60ns) (46 ns <t < 47 ns)

Abbildung 2.14: Photographie einer Streamerentladung bei unterschiedli-
chen Belichtungszeiten. [U. Ebert et al. The multiscale nature of streamers,

Plasma Sources Science and Technol. 15, S118 (2006)] RUHR
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Sustaining a plasma — barrier discharges

Return stroke,
ions move to cathode

1. Townsend-Phase, 3. Charging up dielectricum
electron avalanche

2. streamer a) Neg. half-cyc. b) Pos. half-cyc. 4. extinction

0 1 o
=
10 &
Treatment Target B %
«the Eloating Electrode E 20 o)
>~ =
30 =
a
40 0
0 4
e a - _ 10 %,
= 2 |g
2
FE-DBD Insulated Electrode -~ e ° o
30 -2 % from L. Stollenwerk,
40 -4 New Journal of Physics 11,
10 20 30 40 10 20 30 40 103034 (2009) RUHR
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Sustaining a plasma — high pressure discharges - filamentation
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Summary

1. Whatis a plasma ?

3/2 iy .
f(o) m : —éf:j;' ne \ \ eokpT 1/2
v) = e W, = —
« Temperature kT “r - b noe?

* Debye shielding
* Plasma frequency

2. The edge of a plasma

* Sheath physics w0 >/ —— =us

4. How to ignite a plasma
3. Transport on a plasma

* Ignition, Paschen curve
 Streamer . Bpd

* RF-igniton * In(Apd) — In[In(1 +~~1)]

e Particle motion
e Plasma as a fluid
e Drift and diffusion

5. How to sustain a plasma
}: ,'_i-iﬂ;?'E — D,;Vn;
 DC plasma
e Rf-plasmas
* Plasma heating
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Sustaining a plasma
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Sterilisation of bacteria and fungi

Plasma optimisation:
Study of effects of different plasmas on bacteria

10 s plasma treatment

g4 DSM DSM DSM DSM DSM
4181 ?g? 348 1957 1 %‘38
DSM DSM Dsmui\ DSM | DSM
5- 675 5934 Jll 346 v 9122 Yp 1988
Ny A BioDecon-Plasma parameter:
P=150 W; p=10 Pa; =10 s
4- Arm ArH2E ArO2m
Logaritmic
reduction DSM 4181: B. subtilis SA22 (sp.)
after 10s 4. DSM 675: B. atrophaeus (sp.)
of plasma DSM 5934: Geob. stearothermophilus (sp.)
treatment DSM 767:  Clostridium sporogenes (sp.)
DSM 346:  Styphylococcus aureus (veg.)
27 DSM 348: Kocuria rhizophila (veg.)
v Y DSM 9122: Scopulariopsis brevicaulis (sp.)
DSM 1957: A. niger (fungi)
1- DSM 1988: A. niger (fungi)
DSM 1958: A. terreus (fungi)
ﬂ -
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Sterilisation of Aspergillus Niger

Survival curves of different aspergillus niger strands

Tk g

—— D5SM 1957

1e+0 | —8— DSM 1953

A niger DSM 1957 A.niger DSM 1988

I,

Ted E

AT ;

16

0 10 20 20 0 a0 G0 70
Treatment time ()
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What is a plasma ? - Concept 2 — Debye shielding (in formulas)

<=

>

> <@== Diffusion of e- due to Vn

Repelling of e-
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x=0

ed(x)
Ne = nge 87

d*d B ed(x) N e
EQEEE-——EHD 1+ T —1 __enDkBT1
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What is a plasma ? - Concept 3 — Collective phenomena - the plasma parameter
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What is a plasma ? - Concept 4 —the plasma frequency (numbers)

electrons

ne [1016m=3]

A lamu]

2
S 26[)\/?13 (1016, =3] Wi =

€01Me

i 1
“pe

ne [1016m=3]

~ 9,/ [1016m-3
A lamul

pe —

Assume:  f,. >~ O x 1057 = 7 =1.1x 107"

100 MHz RF plasma in Ar
n, =10 m3
3x10% ! - 7=03x10"%s

2

fﬁi

Electrons can easily follow the RF cycle,

ions can NOT !!
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