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In effect ‘Plasma diagnostics’

but without suggesting that the plasma is unwell 

Sensing a plasma environment: 
electron density and ion flux

Nicholas Braithwaite, The Open University, UK



What will we discuss?

• Introduction: A range of plasmas…seeing is believing 

• What do you want to measure?

• What can you measure?

- currents & voltages

- frequency spectra UV, visible, IR, microwave, RF

• What techniques?
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“seeing is believing…”

25 mm

13.56 MHz
10 Pa, 50 W 
Ar
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“seeing is believing…”

20 mm

10 kHz
100 000 Pa, 15 W 
He
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SchlierenTotal light
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“seeing is believing…”

Spectral line emission image
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Pulsed
Argon 
200 W 3 Pa

20 mm



“seeing is believing…”

Spectral line emission image
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DC
10 000 Pa, 160 mW 
He

“seeing is believing…”
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RF CCP
Atmospheric Cold-plasma Jet 

Magnetron
Micro-Hollow-Cathode

RF atmospheric arc

Electron mean energy /eV 1 – 10

Charge density /m-3 1016 – 1019 …1021



What will we discuss?

• Introduction: A range of plasmas…seeing is believing 

• What do you want to measure?

• What can you measure?

- currents & voltages

- frequency spectra UV, visible, IR, microwave, RF

• What techniques?
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“It would be useful to be able to monitor & 
control electron density, electron energy, 
ion flux, ion energy”
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But as this mass spectrum of an SF6 plasma shows…
real plasmas are complicated



composition: atoms, radicals, molecules, dust 
concentration: electrons, ± ions, neutral species
temperature/energy: various species
fluxes: various species
electric field…
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What do you want to measure?



What will we discuss?

• Introduction: A range of plasmas…seeing is believing 

• What do you want to measure?

• What can you measure?

- currents & voltages

- frequencies UV, visible, IR microwave, RF

• What techniques do you have?
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temperature
current
voltages
photons
spectra: mass, energy, wavelength

What can you measure ?
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What techniques do you have?

electrical 
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What techniques do you have?   



What techniques do you have?   



Sensing a plasma environment



SAQ What are typical parameters 
for ‘low temperature plasmas’?

System size 10s mm x 100s mm x 100s mm

Pressure /Pa 0.3 – 30 …105

Power density /W m-2 100 – 104

Plasma source CCP, ICP …DBD

Electron mean energy /eV 1 – 10

Charge density /m-3 1016 – 1019 …1021

Gas density /m-3 1019 – 1021 …1025
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SAQ What are typical parameters 
for ‘low temperature plasmas’?

System size 100s mm3 …~100s µm3

Pressure /Pa 0.3 – 30 … 105

Power density /W m-2 100 – 104

Plasma source CCP, ICP … DBD, micro

Electron mean energy /eV 1 – 10

Charge density /m-3 1016 – 1019 … 1021

Gas density /m-3 1019 – 1021 … 1025
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Demonstration experiment from The OpenScience Laboratory
http://www.opensciencelab.ac.uk
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What do you want to measure?



random flux
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small or non-absorbing surface 
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1016 m–3, 3eV

ground state
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chargesneutrals

6.5 Pa, 50 amu, 300 K, 1% radicals

Flux

Γ 1.4 x 1023 m–2 s–
1



6.5 Pa, 50 amu, 300 K, 1% radicals

1.4 x 1021 m–2 s–1
ground state excited
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1016 m–3, 3eV

2 x 1019 m–2 s–1
ground state excited

chargesneutrals

W
ha

t d
o 

yo
u 

w
an

t t
o 

m
ea

su
re

? Fluxes onto surfaces

1.4 x 1021 m–2 s–1

6.5 Pa, 50 amu, 300 K, 1% radicals
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SAQ Electrical discharges through gases are used in the dry 
etching and deposition of thin films.

(a) Identify the role of electrons in these two applications.
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SAQ Electrical discharges through gases are used in the dry 
etching and deposition of thin films.

(a) Identify the role of electrons in these two applications.

Electron-molecule collisions produce active species 
that combine with surface atoms to produce volatile 
products (etching) or to extend the surface 
(deposition)
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SAQ Electrical discharges through gases are used in the dry 
etching and deposition of thin films.

(b) Explain how the uniformity of either process can be
monitored in real-time.
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SAQ Electrical discharges through gases are used in the dry 
etching and depositionof thin films.

(b) Explain how the uniformity of either process can be
monitored in real-time.

Monitor the electron density at various points in 
space in the region where active species are 
produced
or …
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SAQ Electrical discharges through gases are used in the dry 
etching and deposition of thin films.

(c) Suggest how both processes could be speeded up.
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SAQ Electrical discharges through gases are used in the dry 
etching and deposition of thin films.

(c) Suggest how both processes could be speeded up.

Increase the density and/or energy of electrons to 
increase the production rate.
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SAQ Electrical discharges through gases are used to deposit 
thin films by sputtering material from a target onto a 
substrate.

(a) Identify the role of ions in this application.

W
ha

t d
o 

yo
u 

w
an

t t
o 

m
ea

su
re

?



SAQ Electrical discharges through gases are used to deposit 
thin films by sputtering material from a target onto a 
substrate.

(a) Identify the role of ions in this application.

Sputtering.
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SAQ Electrical discharges through gases are used to deposit 
thin films by sputtering material from a target onto a 
substrate.

(b) Suggest how the process could be speeded up.
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SAQ Electrical discharges through gases are used to deposit 
thin films by sputtering material from a target onto a 
substrate.

(b) Suggest how the process could be speeded up.

Increase ion flux and/or ion energy.
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Fluxes onto surfaces

6.5 Pa, 50 amu, 300 K

neutrals
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Fluxes onto surfaces
neutrals
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ground state excited

6.5 Pa, 50 amu, 300 K, 1% radicals



Fluxes onto surfaces

1016 m–3, 3eV

chargesneutrals
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6.5 Pa, 50 amu, 300 K, 1% radicals



Fluxes onto surfaces

6.5 Pa, 50 amu, 300 K, 1% radicals 1016 m–3, 3eV

1.4 × 1023 m–2 s–
1

1.4 × 1021 m–2 s–
1

2 × 1019 m–2 

s–1

chargesneutrals
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Particle flux



Fluxes onto surfaces

6.5 Pa, 50 amu, 300 K, 1% radicals 1016 m–3, 3eV

1.4 × 1023 m–2 s–
1

2 × 1019 m–2 s–1
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1.4 × 1021 m–2 s–
1



Fluxes onto surfaces

6.5 Pa, 50 amu, 300 K, 1% radicals 1016 m–3, 3eV

1.4 × 1023 m–2 s–
1

2 × 1019 m–2 s–
1

ground state excited

chargesneutrals
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~500 W m–2 ~2000 W m–2 ~2000 W m–2

Particle flux

Energy flux

700 eV10 eV0.025eV

1.4 × 1021 m–2 s–
1
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Electrical models for plasma boundaries

plasma sheath
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From A von Keudell’s lecture
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Electrical models for plasma boundaries
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Electrical models for plasma boundaries
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Bohm= uB =  cs
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Electrical models for plasma boundaries
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Electrical models for plasma boundaries

V
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VpVprobe
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Electrical models for plasma boundaries
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Electrical models for plasma boundaries

V

x
Vref

VpVprobe I

I = − jrefAref = eAref ns,ref

ce

4
exp(e(Vref −Vp) / kTe)− ns,refcs











V

x
Vref

VpVprobe
applied 
voltage

I = jprobeAprobe = eAprobe −ns,probe

ce

4
exp(e(Vprobe−Vp) / kTe)+ ns,probecs
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Electrical models for plasma boundaries

I



I = eAref ns,ref

ce

4
exp(e(Vref −Vp) / kTe)− ns,refcs
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Electrical models for plasma boundaries

V

I

probe

reference

I = eAprobe −ns,probe

ce

4
exp(e(Vprobe−Vp) / kTe)+ ns,probecs











If Aref = Aprobe
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“Double probe”

I = Io(ne,  kT,  Aref )tanh
eVapplied

kT
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Nitrogen, inductively coupled plasma, 250 W

Double And Triple Langmuir Probes Measurements In Inductively Coupled Nitrogen Plasma, Naz et al. 2011
Prog. Electromagnetics Research 114 113-128 DOI: 10.2528 PIER10110309 
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Single ‘Langmuir’ probe

If Aref>>Aprobe
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What can you measure?



In practice
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I/mA

V/V

real probe, real plasma

dI/dV
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From Plasma Sources Science & Technology
Special issuse: 80 yrs of ‘Plasma’

SAQ Identify 
(a) Plasma potential Vp

(b) Floating potential Vf

(c) Where to measure ne



What can you measure?
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In practice

energy

angular momentum

Orbital Motion Limited 
electron collection



electron current ∝ ~V 1/2

current from v to v + dv
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Orbital Motion Limited 
electron collection



I2 ∝ V
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Orbital Motion Limited 
collection doesn’t work 
so well for ions...

I2 ∝ V
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SAQ Some say that Orbital Motion Limited collection
doesn’t work so well for ions…why not?



Single (Langmuir) probe

From Plasma Sources Science & Technology
Special issuse: 80 yrs of ‘Plasma’
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Techniques



Techniques



What can you measure?



But what effect do the following have?

• collisions 
• geometry - planar/cylindrical/hemispherical 
• RF potentials in the plasma
• secondary emission and reflection from surfaces
• non-thermal electrons
• magnetic fields
• negative ions

Precise models for I(V)…book by Swift & Schwar 
and reviews by Chen…Chabert & B. 
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What can you measure?



What can you measure?



Lp

Cs1

Cs2

CpRp

~

V & I

Resonances in plasma-sheath systems
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V & I

Resonances in plasma-sheath systems
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ωpe = 1

LpCp
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Resonances in plasma-sheath systems
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Resonances in plasma-sheath systems
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Resonances in plasma-sheath systems



Not-Langmuir probes
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E-M waves are guided along 
interfaces:
vacuum/dielectric
dieletric/dielectric
dielectric/conductor

plasma

sheath

Electromagnetic modes in plasmas
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Electromagnetic waves in unmagnetized, 
collisionless, unbounded plasma
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frequency

wavelength-1

v = c/λ



refractive index

Electromagnetic waves in unmagnetized, 
collisionless, unbounded plasma
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SAQ Suggest a microwave 
‘cut-off’ experiment for 
measuring ne 

SAQ Suggest a microwave 
interferometer experiment 
for measuring ne 
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Electromagnetic waves in unmagnetized, 
collisionless, plasma around a cylinder
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fast wave

slow wave
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Transmission line interferometer
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plasma
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ω

k

ωpe

Hairpin resonator

plasma

L

25 mm

fvac =
c

4L

fplasma =
c / ε

4L
=

c / 1− ωp
2 ω 2

4L
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Hairpin resonator
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Plasma transmission probe

plasma
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Plasma absorption probe

L

d

Te
ch

ni
qu

es



Plasma absorption probe/Multipole Resonance Probe
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Plasma absorption probe/Multipole Resonance Probe
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Techniques



SAQ How will the presence of negative ions affect the 
measurement of electron density with a hairpin resonator ?



SAQ What is required for a satisfactory measurement of 
charged particle density ?



Retarding Field Analyzer
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dI
dφ

∝ f (v)

f ( 2eφ /M )

Retarding Field Analyzer
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Retarding Field Analyzer
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Retarding Field Analyzer
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Techniques



What will we discuss?

• Introduction: A range of plasmas…seeing is believing 

• What do you want to measure?

• What can you measure?

- currents & voltages

- frequency spectra UV, visible, IR, microwave, RF

• What techniques?



Appendix (slides not used in 2013 presentation)
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V & I

1. RF applied voltage
2. No dc current

Self bias in RF driven plasma sheaths

I = eA −ns

ce
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V & I

1. RF applied voltage
2. No dc current

modified Bessel function

Self bias in RF driven plasma sheaths
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Self bias in RF driven plasma sheaths
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Self bias in RF driven plasma sheaths
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=1

Self bias in RF driven plasma sheaths
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Maxwell

div D = ρ
div B = 0

curl E = −
∂B
∂t

curl H  = Jf +
∂D
∂t

D = εε0E

B = µµ0H

=1

= ?

Electromagnetism in plasmas



E, H ~ exp –iωt

Define a complex 
dielectric function

Dielectric function (permittivity) for a plasma
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Dielectric model: Motion of a bound electron in an E-M field

losses
resonances

Dielectric function (permittivity) for an insulator
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P = (ε − 1)E

Polarization:

Dielectric function:

Dielectric function (permittivity) for an insulator
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Dielectric model: free electron in an E-M field

= 0 for free electron

= 0 for low collisionless

Dielectric function (permittivity) for a plasma
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