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Laser-collision induced fluorescence provides 
measure of electron density and "temperature"

 Motivation: What is the density? What is the temperature? Where and When?

 Two-dimensional snap-shots of density provide insight into plasma physics.

 In this presentation

 Part I: Laser-collision induced fluorescence (LCIF) primer

 Overview of the LCIF technique

 Physics that governs LCIF and trends predicted by this physics

 Part II: Implement and benchmark technique

 Experimental setup

 Time evolution of LCIF and time integrated LCIF

 Part III: Applications of LCIF: 

 Dynamic and structured plasmas

 Part IV: Future directions and concluding comments

 Atmospheric pressure LCIF
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LCIF is based on redistribution of excited 
state by plasma species (electrons)

 Pulsed laser excitation populates an intermediate state

 Relaxation processes deplete excited state

 Portion of excited state population gets redistributed into "uphill" states

 Driven by interaction with energetic plasma species (electrons).

LCIF looks for changes in emission of neighboring 
states after laser excitation
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Redistribution of laser excited states can be a 
complex process

 A "good" model is required to predict transfer between levels. 

 Employ a collisional-radiative model (CRM) to predict redistribution of 

 Sets of coupled equations scale with the number of states needed to be 
accounted for.

 Uncertainties will scale with the number of unknowns

 Limit sets of interactions that are “most likely” going to impact system response

"Electron mixing""Photon mixing" "Neutral mixing"
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Complexity of many atomic systems 
LCIF "challenging"

Taken from Bogearts et. al, J. Appl. Phys. 84, 121, 1998

 Atomic structure will govern which pathways are accessible for LCIF

 Which states radiate, and are they uniquely detectable

The number of interactions that need to be accounted 
for scales with complexity of the system
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http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/helium.html
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Helium atom serves as target species for 
LCIF measurements
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 Limited excitation/ de-excitation pathways.

 Hydrogen is simpler, but restricted pathways.

 Neon, Argon, etc… more complex structure.

 Cross-sections between states are well known.

 Inter-state transitions between high lying states are “known” for helium.

 Utilize functionalized form of cross-sections compiled by Ralchenko1

1: Yu. Ralchenko, R. K. Janev, T. Kato, D. V. Fursa, I. Bray, F. J. De Heer, Atomic Data and Nuclear Data Tables 94, 603 (2008)
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Electron-induced collision rates are computed from 
cross-sections and electron distribution functions
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 Functional dependence of collision rates are computed as a 
function of “effective” electron temperature

 Explicit dependence on EEPF will influence these curves
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Electron-induced collisions are observable in 
energetically “up hill” transitions

9

Time after excitation (ns)

0 50 100 150 200 250

N
o
rm

a
liz

e
d

 D
e

n
s
it
ie

s

10-4

10-3

10-2

10-1

100

33P

33D

33P

43S

Time after excitation (ns)

0 50 100 150 200 250

N
o
rm

a
liz

e
d

 D
e
n

s
it
ie

s

10-4

10-3

10-2

10-1

100

Time after excitation (ns)

0 50 100 150 200 250

N
o

rm
a

liz
e
d

 D
e

n
s
it
ie

s

10-4

10-3

10-2

10-1

100

Representative state populations after excitation

ne=1010 e/cm3 ne=1011 e/cm3
ne=1012 e/cm3

kTe = 2eV kTe = 2eV kTe = 2eV

 Solution of the CRM including both electrons and radiative decay.

 Electrons redistribute excited state to near by states

 There are two key-observables obtained from these simulations

 Degree of re-distribution scales with collision rate (ne, Te)

 Lifetime of excited states become truncated at higher densities (K×ne ~ A)

23S

23P

33D

43D

33S
33P

Key transitions

Temporal integration of light detected serves to simplify LCIF 
implementation



Electron-induced collisions are observable in 
energetically “up hill” transitions
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Ratio of LCIF to LIF yields electron induced 
excitation rates   

 Ratios constructed from LCIF and LIF from the laser excited state yields rates

 Eliminated dependence of exact knowledge of how much excited state was generated
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Ratio between LCIF and LIF

Provides a direct measure of ne if K is 
independent of Te



Ratios of various LCIF lines can serve as a 
measure of effective temperature

 Ratios constructed from two LCIF measurements yields ratio of two rates

 Elimination of electron density dependence.
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Ratio [447 nm]/[588 nm]Ratio between two LCIF signals

E. V. Barnat and K. Frederickson, “Two-Dimensional Mapping of Electron Densities and Temperatures Using Laser-
Collisional Fluorescence”, Plasma Sources Sci. Technol. 19, 055015 (2010).



Laser-collision induced fluorescence provides 
measure of electron density and "temperature"

 Motivation: What is the density? What is the temperature? Where and When?

 Two-dimensional snap-shots of density provide insight into plasma physics.

 In this presentation

 Part I: Laser-collision induced fluorescence (LCIF) primer

 Collisional-radiative model used to predict LCIF

 Physics that governs LCIF

 Part II: Implement and benchmark technique

 Experimental procedures

 Demonstration of LCIF for various implementations

 Part III: Applications of LCIF: 

 Dynamic and structured plasmas

 Part IV: Future directions and concluding comments

 Atmospheric pressure LCIF
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Experimental implementation of the LCIF is realized
 Nanosecond pulsed laser used for excitation

 < 10 ns FWHM, < 0.1 cm-1 line width

 Timing of experiment controlled by delay generators

 Move experiment and imaging with respect to firing of the laser

 Image LCIF with gated-intensified CCD

 Narrow (~ 5 nm FWHM) interference filters centered on lines of interest

 Take two images per transition considered

 Total emission and plasma induced emission (PIE) - subtract the two

Timing sequence

Plasma

Gated ICCD
Camera

Pulsed laser

Beam
Expander

Delay generator

Delay generator

VMod

Optical setup

Time

50 ms (20 Hz laser)

Time

<10 ns FWHM

ICCD gate
LCIF + PIE

ICCD gate
PIE only
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 Pulse discharge currents generate broad density range

• ~ 10 Microseconds, 80 GHz interferometer 

 Compute drift velocities and extract electron temperatures

• Use published drift parameters

Pulsed positive column is utilized to 
benchmark LCIF technique
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 Double pulse method controls plasma parameters (ne, “Te”)

• First pulse generates plasma, second pulse “heats plasma”

(Double) Pulsed positive column is utilized to 
benchmark LCIF technique
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E/N is manipulated with applied heating voltage

 Published drift parameters are utilized to correlate drift velocities to E/N
 Excitation and ionization compliments analysis.

Time averaged parameters 
5 s average, 10 s after pulse is applied

J  
(m

A
/c

m
2
)

20

40

60 J1 Generation

J2 Heating


n

/n
0
 (

%
)

-30

-20

-10

0

nm

ne

E
/N

 (
T

d
)

10

20

30

40

50

60

70
Currents Densities E/N

Applied “heating” voltage

Good control over E/N with application of the second pulse



Spectroscopic pathways interrogated for 
helium
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 Lower base density of 23P advantageous, but some tradeoffs

 Lose the nice "temperature free" 33P -> 33D transition

 Spectrally dense - many transitions ~ 400 nm

23S 23S

23P 23P

From 23S

33D
33P

43D

E ~ 0.07 eV

From 23P

E ~ 0.7 eV
E ~ 0.14 eV

43D43S

53S

E ~ 0.38 eV

33S

Choice depends on optical thickness and 
density of probed state



First steps: Verify time resolved LCIF to test CRM

 Excite the 23S – 33P transition @ 389 nm

• Monitor LIF back to 23S

• Monitor LCIF from 33D and 43D

 Compare measured results to simulated results

Key transitions
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43D ->23P33D ->23P33S ->23P33P ->23S
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Representative results
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Capturing time-resolved trends is key for 
benchmarking LCIF



[588]/[389] ratio exhibits linearity over nearly 
two orders of magnitude 
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 Better yet, measured ratios agree reasonably well with computed ratios

• Slightly higher, and some deviation at low density

• Examined trends at different times during the current pulse

• Anticipate different temperatures as column is established 

Density measurements obtained at different times 
essentially overlay each other

Density dependent ratio trendsWaveforms during excitation
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23P excitation pathway is also benchmarked
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 Utilize simple set of coupled equations to compute evolution of the system

• Not self consistent, but sidesteps many unknowns

• Rely on functional forms of excitation cross sections[1]
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[1] Yu. Ralchenko, R. K. Janev, T. Kato, D. V. Fursa, I. Bray, F. J. De Heer, Atomic Data and Nuclear Data Tables 94, 603 (2008).
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Complexity of Argon manifold offers choice for LCIF 
implementation

22

 Well-chosen excitation scheme is important for successful implementation

 Excite the upper (3p2) states and look for collisional coupling into 
higher (3s, 4d, 5d …) states.

Target transitionsProposed pathway

Target Wavelength A E

transitions (nm) (x106 s-1) (eV)
1s5 -> 3p2 394.9 0.46 0

3p2-> 1s4 404.6 0.04 0

3p2-> 1s3 418.2 0.56 0

3p2-> 1s2 433.5 0.39 0

4d5->2p10 687.13 2.8 0.024

4s1
’”->2p7 688.82 0.25 0.265

4s1
”->2p7 687.96 0.18 0.268

4d3->2p10 675.28 1.9 0.055

4s1
’->2p6 676.66 0.4 0.316

3s5->2p10 641.63 1.2 0.152

3s4->2p10 638.47 0.42 0.161

3s2->2p8 643.16 0.05 0.335

5d3->2p6 630.77 0.60 0.450

5d6->2p7 636.49 0.56 0.413

5d5->2p6 636.96 0.42 0.431

3s4->2p10 638.47 0.42 0.161

4s’
1->2p10 591.21 1.05 0.316

3s3->2p10 588.26 1.2 0.327

3s2->2p10 586.03 0.29 0.335

4s5->2p9 588.86 1.29 0.494

4s4->2p8 592.8812 1.10 0.498

5s”1->2p6 583.42 0.52 0.609

4s3->2p4 597.1601 1.10 0.671
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 Simple model is utilized to assess LCIF scaling.

 Include neutral collisions and excitation into and out of target states.

 LCIF emanating form energetically uphill states is measured as a function 
of electron density. 

 Fixed E/N by tuning generating voltage pulse.

Electron density scaling demonstrated for 
select transitions



E/N Scaling likewise demonstrated for select 
transitions
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Laser-collision induced fluorescence provides 
measure of electron density and "temperature"

 Motivation: What is the density? What is the temperature? Where and When?

 Two-dimensional snap-shots of density provide insight into plasma physics.

 In this presentation

 Part I: Laser-collision induced fluorescence (LCIF) primer

 Collisional-radiative model used to predict LCIF

 Physics that governs LCIF

 Part II: Implement and benchmark technique

 Experimental setup

 Time evolution of LCIF and time integrated LCIF

 Part III: Applications of LCIF: 

 Dynamic and structured plasmas

 Part IV: Future directions and concluding comments

 Atmospheric pressure LCIF
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Studies were performed to assess properties of 
FIW generated plasmas

 Fast-ionization waves (FIW) have been the subject of interest in the PSC.

 High voltage (many kV), short pulse (10’s ns) excitation.
 Large E/N (100’s Td) lead to efficient plasma formation.

 Earlier studies examined the plasma distribution immediately (~50 ns) after the 
FIW propagated. (B. Weatherford).

 Laser (collision) induced fluorescence used to map plasma species.

Measured electron densities
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 Electric fields are simulated to become stronger and more localized at 
higher pressures (A. Xiong, M. Kushner).

 Energy deposition becomes more confined to the walls due to strong 
electric fields.

Radial field

Axial field

1 Torr 16 Torr

Changes in excitation are due to concentration of 
electric field
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Distance from the cathode

23P Distribution Electron Density
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 Off-axis peak excitation is observed in 23P species

• Electron densities remain peaked on-axis

Observed Behavior

3.5 Torr Helium, 1.2 Amps

“Unexpected” structure observed during 
calibration of the LCIF diagnostic
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 Various processes were considered

 Heating, constriction, non-linear or non-local kinetic processes

 Measurements and calculations were made to assess possibilities

 Laser absorption to measure temperatures
 1D-Fluid based simulations with various “chemistries” (V. Kolobov)

Electron energies drive plasma structure
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At lower pressures the both temperature and center-peaked structure 
are recovered; at higher pressures they are not

“Flat”

“Rise”



LCIF is being used to study structure in a 
positive column
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2D electron density maps
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 Positive column is "well understood" system

 Studied extensively, use it for calibration

 Platform for fast ionization wave (FIW) studies

 Observations may warrant their own study

Courtesy of Vladimir Kolobov

Benchmark 2D simulations with measurements 
made by LCIF

388

80 GHz

Filtered
PMT

To digitizing oscilloscopes

20 mm diameter
200 mm length

Gas inGas out

Pulse + DC voltage

V. Kolobov, J. Phys. D: Appl. Phys. 39 (2006) R487



LCIF method is utilized to look at transport 
in magnetized plasma

 Plasma transport in magnetized plasma is important to understand but 
challenging to assess

 Magnetic configuration dictates particle balance in the plasma

 Hosted Aimee Hubble (Ph.D. candidate w/ John Foster, U. Michigan) to 
address fundamental questions about electron loss 

 Segmented, magnetized anode to quantify plasma confinement
 LCIF to interrogate electron densities and measure leakage widths

Measured electron densities Electron leakage widths 

10 mTorr 30 mTorr4 10 mTorr

 Measured electron densities, temperatures and magnetic fields are used to compute leak widths

LCIF provides non-invasive means of interrogating 
challenging plasma environments 

A. A. Hubble, E. V. Barnat, B. R. Weatherford and J. E. Foster, “The Electron Spatial Distribution and Leak Width in a 
Magnetic Cusp”, Plasma Sources Sci. Technol. 23, 022001 (2014). 



Plasma transport is regulated by anode 
potential

 Transient plasma enables access to different current collecting conditions

 Dial in potential drop between the anode and plasma

 Confinement degrades as electrode potential approaches plasma potential

 Ion flux carries electrons across the magnetic fields
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VAnode >> VPlasma VAnode > VPlasma VAnode < VPlasma

0
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VAnode << VPlasma

Plasma 
potential

Measured electron densitiesAnode drive

LCIF captures plasma flow to the electrode after 
polarity of the bias is reversed
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Example of LCIF in argon environments

-10 -5 0 5 10
0

5

10

0 Volts

-1000 Volts

Magnets

Imaging area: 
12.5 mm high  x 25 mm wide

20 mm x 1 mm
laser sheet 

Applied Bias

Dielectric
shield

394.9 nm

Electron density
2x1011 e/cm3 full scale

[675 nm LCIF]/[418 nm LIF]

E/N
[590 nm LCIF]/[675 nm LIF]

30 Td full scale
1s5 Distribution

[418 nm LIF]

Setup Observed plasma properties 

Interesting configuration that represents challenging 
plasma environment that is tough to access.

 Calibrated LCIF technique is applied to a transient magnetized discharge to 
demonstrate diagnostic capability.

 10 mTorr argon environment, - 1 kV pulse applied to 25 mm  electrode

 Measurements acquired 1 s after pulse is applied

E. V. Barnat and B. R. Weatherford, Plasma Sources Sci. Technol. 24, 055024 (2015).



Double layer more pronounced in ECR 
based plasma cathodes
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 NASA driven research interested in electron sources for propulsion 

 Understand limitations on current extraction

 Host Brandon Weatherford (U. Mich.) to implement LCIF

 Examine coupling of between plasma generation and electron extraction 

Setup "Full color" picture Density “Temperature”

x (mm)

y 
(m

m
)

Multi-structure plasma formed by electron-extracting electrode...
… quite difficult to probe with more conventional means!
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LCIF is examining anode physics and spot 
dynamics
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 Recent studies have been focusing on anodic interfaces formed in plasma 
environments.

 Rich set of physics that is uniquely different than cathodic interfaces.

 Particularly difficult to access without perturbing the interface.

 Earlier efforts have focused on electron sheath and more recent efforts 
focused on spots



Laser-collision induced fluorescence provides 
measure of electron density and "temperature"

 Motivation: What is the density? What is the temperature? Where and When?

 Two-dimensional snap-shots of density provide insight into plasma physics.

 In this presentation

 Part I: Laser-collision induced fluorescence (LCIF) primer

 Collisional-radiative model used to predict LCIF

 Physics that governs LCIF

 Part II: Implement and benchmark technique

 Experimental setup

 Time evolution of LCIF and time integrated LCIF

 Part III: Applications of LCIF: 

 Dynamic and structured plasmas

 Part IV: Future directions and concluding comments

 Atmospheric pressure LCIF
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Concluding remarks and future directions

 LCIF technique demonstrated in 2D

• Free of “line of sight” constraints

• Good spatial resolution – limited by optical collection

• Decent temporal resolution – limited by ICCD gate times & tolerable signals

 Caution required for proper implementation of the technique

• Uncertainties about rates – Absolute bounds on measurements

• Proper choice of model – Capture the required physics

 Technique should be extendable over broad parameter space

• Higher pressures – neutral collisions

• Smaller dimensions – scattering and access

• Other atomic systems
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Thank you
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References for rates and cross-sections

 Superelastic

• Klein Rosseland

• Sobelman
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