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Plasma as the fourth state of matter 
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Definition 
Plasma is a (hot) ionized gas with reactive particles 

 like electrons, ions, and radicals. 

More than 99% of visible matter is  plasma. 
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spiral-galaxy NGC 1232 

planetary nebula NGC 6853 

young brown dwarf 

Plasmas	
  in	
  the	
  universe	
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polar light 

lightning 

Natural	
  plasmas	
  on	
  earth	
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h"p://www.nap.edu/catalog/11960.html	
  

Low temperature plasmas for our daily lifes 
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automo2ve	
  

seat	
  covers	
  

colored	
  plas;c	
  parts	
  
pas;ng	
  

lamps	
   igni;on	
  

soot	
  removal	
  

welding	
   surface	
  hardening	
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•  Light	
  genera;on	
  (Plasmalamps)	
  
•  Plasmaetching	
  in	
  Microelectronics	
  (Computerchips)	
  
•  Plasma	
  based	
  deposi;on	
  (PECVD)	
  	
  
•  Plasma	
  spraying	
  
•  Surface	
  modifica;on	
  (z.B.	
  Hardening	
  of	
  metals,	
  tex;les	
  and	
  

polymers)	
  
•  Surface	
  sterilisa;on	
  (z.B.	
  inac;va;on	
  of	
  germs)	
  

Plasma	
  methods	
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•  Ar;fical	
  knee	
  –	
  plasma	
  coated	
  
•  Catheders	
  –	
  plasma	
  coated	
  
•  Stents	
  –	
  plasma	
  coated	
  
•  Ar;fical	
  hips	
  	
  –plasmaspraying	
  
•  Sterilisa;on	
  in	
  Hospitals	
  
•  Drugs	
  –	
  plasma	
  treated	
  
•  Sterilisa;on	
  of	
  vials	
  

Plasma	
  in	
  the	
  biomedical	
  sector	
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•  Energy	
  Storage	
  (photocataly;c	
  processes)	
  
•  Plasma	
  switches	
  (power	
  plants)	
  
•  Solar	
  panels	
  	
  
•  Nuclear	
  fusion	
  

•  W	
  7-­‐X,	
  IPP	
  Greifswald	
  
•  ITER,	
  Cadarache	
  (Frankreich)	
  

Plasma	
  for	
  energy	
  research	
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•  Waste	
  treatment	
  
•  Water	
  and	
  air	
  cleaning	
  
•  Plasma	
  medicine	
  

Envorinmental	
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Plasma	
  vs.	
  ne	
  and	
  Te	
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Plasma	
  Fundamentals	
  -­‐	
  Outline	
  

1.	
  What	
  is	
  a	
  plasma	
  ?	
  
	
  

•  Temperature	
  
•  Debye	
  shielding	
  
•  Plasma	
  frequency	
  

	
  
2.	
  The	
  edge	
  of	
  a	
  plasma	
  
	
  

•  Sheath	
  physics	
  
	
  
3.	
  How	
  to	
  ignite	
  a	
  plasma	
  
	
  

•  Igni;on,	
  Paschen	
  curve	
  
•  Streamer	
  
•  RF-­‐igni;on	
  

	
  
	
  

4.	
  Transport	
  in	
  a	
  plasma	
  

•  Par;cle	
  mo;on	
  
•  Plasma	
  as	
  a	
  fluid	
  
•  Dric	
  and	
  diffusion	
  

	
  
5.	
  How	
  to	
  sustain	
  a	
  plasma	
  

•  DC	
  plasma	
  
•  Rf-­‐plasmas	
  
•  Plasma	
  hea;ng	
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|V| 

Heating 

Ionisation 

ln f 

What	
  is	
  a	
  plasma	
  ?	
  Concept	
  1	
  -­‐	
  temperature	
  

f 

vz vD z 

x 

More	
  details	
  in	
  the	
  lecture	
  	
  
on	
  kine;cs,	
  see	
  also	
  master	
  class	
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Te 

Tg 

T 

p 1 atm 

What	
  is	
  a	
  plasma	
  ?	
  Concept	
  1	
  -­‐	
  temperature	
  

However,	
  the	
  concept	
  of	
  temperature	
  is	
  only	
  an	
  approxima;on.	
  	
  
Most	
  plasmas	
  are	
  dominated	
  by	
  non-­‐equilibrium.	
  	
  
Distribu;on	
  func;on	
  are	
  needed	
  rather	
  than	
  temperatures.	
  	
  
See	
  also	
  lectures	
  on	
  kine;cs	
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What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  2	
  –	
  Debye	
  shielding,	
  quasineutrality	
  

- 

- 

- 

- 

- 

- 

- 
- 

- 

- - 

( )rΦ
r 

+ 

+ 

+ 

+ 

+ 

Example	
  extra	
  posi;ve	
  charge	
  

0 

-Φ0 

Diffusion of e- due to ∇n 

+ + + + + + + + + + 

-­‐

x=0 

0 

Φ0 

ne 

Diffusion of e- due to ∇n 

e- e- 

+ + + + + + + + + + 

+ 

x=0 

-­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐

-­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐

Example	
  extra	
  nega;ve	
  charge	
  

Attraction of e- 

Repelling of e- 
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What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  2	
  –	
  Debye	
  shielding	
  (in	
  formulas)	
  

with	
  

0 

-Φ0 

Diffusion of e- due to ∇n 

+ + + + + + + + + + 

-­‐

x=0 

-­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐ -­‐

Example	
  extra	
  nega;ve	
  charge	
  

Repelling of e- 
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What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  3	
  –	
  Collec2ve	
  phenomena	
  –	
  the	
  plasma	
  parameter	
  

- 

- 

- 

- 

- 

- 

- 
- 

- 

- - 

( )rΦ
r 

+ 

+ 

+ 

+ 

+ 
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What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  4	
  –	
  the	
  plasma	
  frequency	
  

- 

- 

- 

- 

- 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 
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+ E
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What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  4	
  –the	
  plasma	
  frequency	
  (formulas)	
  

- 
- 
- 
- 
- 
- 
- 
- 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

E
!

δ	
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Assume:	
  	
  	
  
100	
  MHz	
  RF	
  plasma	
  in	
  Ar	
  

ne	
  =	
  1016	
  m-­‐3	
  
	
  
	
  

Electrons	
  can	
  easily	
  follow	
  the	
  RF	
  cycle,	
  	
  

ions	
  can	
  NOT	
  !!	
  

electrons	
   ions	
  

What	
  is	
  a	
  plasma	
  ?	
  -­‐	
  Concept	
  4	
  –the	
  plasma	
  frequency	
  (numbers)	
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What	
  is	
  a	
  plasma	
  ?	
  –	
  Concept	
  5	
  –	
  ideal	
  and	
  non-­‐ideal	
  plasmas	
  

105 1010 1015 1020 1025 1030 1035 1040
10-2

10-1

100

101

102

103

104

105

106

107

T 
(e

V)

n (m-3)

2cmE eth >

2cmE eF >

ideal 

non 
ideal 

3/1n

Non-­‐ideal	
  plasma:	
  	
  
Plasma	
  crystal	
  

thF EE =

rela;vis;c	
  

rela;vis;c,	
  degenerate	
  

degenerate	
  

3/2n

degenerate	
  plasma:	
  
electrons	
  in	
  a	
  metal	
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Ideal	
  plasma	
  -­‐	
  many	
  electrons	
  in	
  Debye	
  sphere:	
  fluid	
  approach	
  possible	
  

Ideal	
  plasma	
  –	
  plasma	
  larger	
  than	
  the	
  Debye	
  length:	
  

What	
  is	
  a	
  plasma	
  ?	
  –	
  Concept	
  5	
  –	
  ideal	
  and	
  non-­‐ideal	
  plasmas	
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Ideal	
  plasma	
  –	
  thermal	
  energy	
  must	
  be	
  larger	
  than	
  the	
  Coloumb	
  energy	
  

What	
  is	
  a	
  plasma	
  ?	
  –	
  Concept	
  5	
  –	
  ideal	
  and	
  non-­‐ideal	
  plasmas	
  

b0	
  

Rela;on	
  between	
  collision	
  parameter	
  and	
  Debye	
  length	
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Parameter	
  of	
  a	
  plasma	
  –	
  Nick	
  Braithwaites	
  Plasma	
  Calculator	
  

  

                

  PLASMA CALCULATOR  (N St J Braithwaite, European Summer School)!     
                  

  Physical Constants             
  e/C! k/J_K^-1! me/kg! Mp/kg! epsi0/F_m^-1! mu0/H_m^-1! c0/m_s^-1!   
  1.60E-19! 1.38E-23! 9.00E-31! 1.67E-27! 8.85E-12! 1.26E-06! 3.00E+08!  
                  

  Gas data               
  p/Pa! Tg/K! Mg/amu! X-Sectn/m^2!  !  !  !   
  6.00E+00! 3.00E+02! 4.00E+01! 1.00E-19! !  !  !   
   !  !  !  !    !  !   

  Plasma data   Instructions!         

  kTe/eV! ne/m^-3!  !

Adjust gas, 
plasma and 
system data!    !     

  2.00E+00! 1.00E+16! !
(data boxes in this band are not 
protected)!  !     

   !  !  ! Plasma parameters are immediately updated   

  System data             

  L/m! RF/MHz! B/T! muwave/MHz!  ! rho_Cu/ohm_m!  !   
  1.00E-01! 1.36E+01! 1.00E-01! 2.45E+03! ! 2.00E-08! !   
                  

  Plasma         System     

  Lengths/m               
  inter-neutral! inter-ch! mfp! Debye! dskin! dskin_Cu! L!   
  8.84E-08! 4.64E-06! 6.90E-03! 1.05E-04! 2.48E-01! 1.93E-05! 1.00E-01!  
                  

  Frequencies/rad_s^-1             
  wpe! wpi wce     wRF wm   
  5.67E+09 2.08E+07 1.78E+10     8.52E+07 1.54E+10   
                  

  Frequencies/MHz             
  fpe! fpi! fce! nu!  ! RF! muwave!   
  9.03E+02! 3.31E+00! 2.83E+03! 8.64E+01! ! 1.36E+01! 2.45E+03!  
                  

  Speeds/m_s^-1             
  ce! ve! cs! cg!  !  !  !   
  9.52E+05! 5.96E+05! 2.19E+03! 3.97E+02! !  !  !   
                  

  Fluxes/m^-2_s^-1             
  Gi! Gg!  !  !  !  !  !   
  2.19E+19! 1.44E+23! !  !  !  !  !   
                  

  Conductivity/ohm^-1_m^-1           
  sigDC!  ! Re[sigRF]! Im[sigRF]!         
  3.29E+00! ! 1.67E+00! -1.65E+00!        
                  

  Densities/m^-3             
  ng!  !  ! ne! % ionisation!       
  1.45E+21! !  ! 1E+16! 0.00069!      
                  
            Comments to n.s.braithwaite@open.ac.uk!
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The	
  edge	
  of	
  a	
  plasma	
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0 x=s 

ni 

ne 

E 

Fe- 

F∇n 

n0 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
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A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  (formula)	
  

0 
x=s 

ni 

ne 

E 

Fe- 

F∇n 

n0 
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0 

Φp 

ΦW 

~λIonen ~λDebye 

Φ	



x 

vth 

vB 

v(s) 

s 

pre-sheath sheath 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  poten2al,	
  ion	
  velocity	
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A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  -­‐	
  special	
  cases	
  

0 

x=s 

ni 

ne 

E 

Fe- 

F∇n 

n0 

Sheath edge, x=0 

x=s 

n+ 

ne 

E 

n0 

n- 

αb αs 

Mul;ple	
  ions	
  

Electronega;ve	
  plasmas	
  

with	
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AC AA 

Φ	



Aa >> Ac 

Aa << Ac 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  plasma	
  poten2al	
  

Flux	
  balance	
  ions	
  and	
  electrons	
   Plasma	
  poten;al	
  

Φ	



Φ	
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ni 

ne 

+ 

+ 
+ 

n0 

- V0 

Φ	



x 
s 

E 

Φ, E 

ni 

ne + 

+ 
+ 

n0 

x 0 s 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  applying	
  a	
  voltage	
  to	
  an	
  electrode	
  

Matrix	
  sheath	
   Child	
  Langmuir	
  sheath	
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A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  ion	
  energy	
  distribu2ons	
  -­‐	
  collisions	
  

Few	
  collisions	
  in	
  the	
  sheath	
  many	
  collisions	
  in	
  the	
  sheath	
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sa 

sb 

Ia 
Ib 

A B 

Irf cos ωt 

~ 
rf 

s 

s0 

Va Vb 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  ion	
  energy	
  distribu2ons	
  –	
  rf-­‐sheaths	
  

t 

E	
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N(E) 

E 

t 

M<< 

M>> 

A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  ion	
  energy	
  distribu2ons	
  –	
  rf-­‐sheaths	
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A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  ion	
  energy	
  distribu2ons	
  -­‐	
  collisions	
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A	
  plasma	
  in	
  front	
  of	
  a	
  wall	
  –	
  sheath	
  physics	
  –	
  applica2ons	
  in	
  microelectronics	
  

Neutrals	
  (CFx,	
  F)	
  Ions	
  (CFx+)	
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Working	
  point	
  of	
  a	
  Plasma	
  –	
  global	
  model	
  

E-Field ne, Te, f(E) n+,n-, n* 
flux to 

surface 

reactor geometry, 
Discharge type 

Heating mechanisms 

Atomic- and molecular physics 

Transport, Diffusion 
Sheath physics 
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Te1 Te2 

LHS RHS 

Te 

EIonisation 

ionisation 
surface	
  	
  
losses	
  

Par;cle	
  balance	
  determines	
  
Electron	
  temperature	
  

Working	
  point	
  of	
  a	
  Plasma	
  –	
  global	
  model	
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Power	
  balance	
  determines	
  
Electron	
  density	
  

ionisation 
Power	
  loss	
  
to	
  surfaces	
  Absorbed	
  power	
  is	
  a	
  	
  

complicated	
  func;on	
  	
  
of	
  electon	
  density	
  

+	
  excita;on,	
  	
  
+	
  electron	
  loss	
  to	
  surfaces	
  

Working	
  point	
  of	
  a	
  Plasma	
  –	
  global	
  model	
  

More	
  on	
  this	
  in	
  the	
  lecture	
  by	
  	
  
M.	
  Turner	
  and	
  L.	
  Alves	
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Transport	
  in	
  a	
  plasma	
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B
!

x 

y 

z 

+ 
- 

B
!

x 

z 

E
!

+ 
- y 

Transport	
  in	
  a	
  plasma	
  –	
  single	
  par2cle	
  mo2on	
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Transport	
  in	
  a	
  plasma	
  –	
  single	
  par2cle	
  mo2on	
  

electrons	
   ions	
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N  N  N  N 

S  S  S  S 

S  S  S  S 

E 
plasma 

e--gun 

Ions 

Electrons 

Transport	
  in	
  a	
  plasma	
  –	
  single	
  par2cle	
  mo2on	
  –	
  example	
  hall	
  thrusters	
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S       N N       S 

x 
B B 
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FExB 
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S 
 
S 
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S 

Transport	
  in	
  a	
  plasma	
  –	
  single	
  par2cle	
  mo2on	
  example	
  magnetron	
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Transport	
  in	
  a	
  plasma	
  –	
  mo2on	
  as	
  a	
  fluid	
  

Par;cle	
  conserva;on	
  

Momentum	
  conserva;on	
  

collisions	
  

Energy	
  conserva;on	
  

convek;on	
   Compression/expansion	
   Heat	
  conduc;on	
   Ohmic	
  hea;ng	
  

RHS:	
  plus	
  source	
  terms	
  due	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  to	
  ioniza;on	
  or	
  recombina;on	
  



Bad Honnef - European Summer School on Low Temperature Plasmas 2014 | A. von Keudell 47 

Transport	
  in	
  a	
  plasma	
  –	
  mo2on	
  as	
  a	
  fluid	
  –	
  the	
  driS	
  diffusion	
  approxima2on	
  

mobility	
   diffusion	
  

a	
  typical	
  solu;on	
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ni 

ne 

x 

ni ne 

Eambipolar n 

∇n 

Transport	
  in	
  a	
  plasma	
  –	
  mo2on	
  as	
  a	
  fluid	
  –	
  ambipolar	
  diffusion	
  

and	
  Te>>Ti	
  for	
  

for	
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B
!

z 

x 

y 

x 

D|| 

D⊥ 

Transport	
  in	
  a	
  plasma	
  –	
  magne2c	
  confinement	
  

x	
  

y	
  

without	
  iner;a	
  

ExB-­‐dric	
   diamag.	
  	
  dric	
  dric	
  	
  	
  diffusion	
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Summary	
  

1.	
  What	
  is	
  a	
  plasma	
  ?	
  
	
  

•  Temperature	
  
•  Debye	
  shielding	
  
•  Plasma	
  frequency	
  

	
  
2.	
  The	
  edge	
  of	
  a	
  plasma	
  
	
  

•  Sheath	
  physics	
  

3.	
  Transport	
  on	
  a	
  plasma	
  

•  Par;cle	
  mo;on	
  
•  Plasma	
  as	
  a	
  fluid	
  
•  Dric	
  and	
  diffusion	
  
	
  

	
  

	
  
	
  

4.	
  How	
  to	
  ignite	
  a	
  plasma	
  
	
  

•  Igni;on,	
  Paschen	
  curve	
  
•  Streamer	
  
•  RF-­‐igni;on	
  

	
  
5.	
  How	
  to	
  sustain	
  a	
  plasma	
  

•  DC	
  plasma	
  
•  Rf-­‐plasmas	
  
•  Plasma	
  hea;ng	
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Books:	
  
	
  
• 	
  Lieberman	
  Lichtenberg,	
  
	
  	
  	
  Principles	
  of	
  Plasma	
  Discharges	
  and	
  Materials	
  Processing	
  
	
  
• 	
  	
  Alexander	
  Piel	
  
	
  	
  	
  An	
  Introduc8on	
  to	
  Laboratory,	
  Space,	
  and	
  Fusion	
  Plasmas	
  
	
  
• 	
  	
  F.	
  Chen	
  
	
  	
  	
  	
  Plasma	
  Physics	
  and	
  Controlled	
  Fusion	
  
	
  
• 	
  	
  Pascal	
  Chabert	
  und	
  Nicholas	
  Braithwaite	
  
	
  	
  	
  	
  Physics	
  of	
  Radio-­‐Frequency	
  Plasmas	
  
	
  
	
  
Scripts:	
  (in	
  German)	
  
http://reaktiveplasmen.rub.de/index.php?option=com_content&view=category&layout=blog&id=47&Itemid=112 

 
•  Introduc;on	
  to	
  Plasmaphysics	
  I:	
  Fundamentals	
  

• 	
  Introduc;on	
  to	
  Plasmaphysics	
  II:	
  Low	
  temperature	
  plasmas	
  

• 	
  Plasma	
  Surface	
  Interac;ons	
  
	
  
	
  
	
  

Further	
  reading:	
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Backup	
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