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Outline

 Collisional – radiative (CR) model: 

yet another view on plasma 

 Spectra synthesis

 Measuring spectra

 Experiments
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CR model: Atomic states

 Detailed view: each ion in plasma has a specific ionization and 
excitation state.

 Such state can be described in terms of electron occupancy of 
shells or subshells

 Neutral Al ion, ground state (13 electrons):

 K2 L8 M3, 1s2 2p6 2s2 3s2 3p1

Al 11+ (ionized so there are only 2 bound el. left): 

ground state: 1s2, most common excited state: 1s1 2p1 

 Copper (29 el.): K2 L8 M18 N1, 1s2 2p6 2s2 3p6 3s2 3d10 4s1

 We label all relevant states by number i and define their fractional 
population as ni.
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CR model: Atomic states (Al)
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CR model: atomic processes

● Processes are described by rate coefficients, 
i.e. how often they happen in given plasma 
conditions.

● If plasma is in equilibrium, then by definition 
the rate of direct process is proportional to the 
inverse one.

● Calculating only one of them is enough! 
Detailed balance

● CR codes need a huge amount of atomic data, 
which are calculated by atomic codes. 

● The accuracy and reliability of CR codes is 
dominantly given by the quality of its atomic 
data
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Atomic data

 Still not complete 
model of single     
Cu ion:

 Thousands levels

 Tens of thousands 
transitions

 could be tens MB 
per ionization state



Page  7

Michal Šmíd | Institute of Radiation Physics | www.hzdr.de

   CR solver

 Solving population dynamics & radiation 
transport

 populations ni are dependent on 
radiation (through photoabsorption)

 Radiation intensity is dependent on 
populations (radiative deexcitation)

 1 equation for each atomic state, 
equations are connected to each other 
by atomic processes.

 Very numerically unstable.
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Equilibria

 LTE Local Thermodynamic Equilibrium: particles in TE, photons not - 
they can escape. i.e. like TE, but limited volume.

Population given by Saha eq., independent on atomic processes:

 CE Corona Equilibrium: good for diluted plasmas (e.g. sun’s corona). 
Dominated by electron-impact ionization and recombination

 CR Steady state: assuming the population do not evolve

 Time-dependent CR: we have the ‘full model’, we do not have to 
assume anything.

– Obviously very sensitive to quality of the model

– Boundary conditions: usually either LTE or CRSS
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Very simple CR model
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Synthetic spectra

 Making synthetic spectra is relatively ‚easy’:

1)  You have the populations

2)  You see the radiative deexcitation rates = Oscillator strengths of each transition.

3)  Multiply these two. You have the intensity of each spectroscopic line.

4)  Find the correct lineshape!

Line broadening:

 Natural - given by finite lifetime of upper level, usually very narrow

 Doppler: each ion has thermal velocity-> Doppler shift. Resulting line has a Gaussian shape 
corresponding to Maxwellian distribution of temperatures.  Reflects ionic temperature.

 Stark: dependent on density: surrounding ions influence the ion’s potential. If there is a lot of ions, 
potential is influenced and the transition is shifted. Fluctuation of surrounding ions causes 
fluctuation of transition energy -> broadening.

 Opacity: see radiation transport.

 Mixing of different lines. All these effects should be ‚convoluted together’ to produce the resulting 
line shape
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Spectroscopic radiation transport

● Opacity broadening:

Center of line has higher 
optical depth -> higher 
reabsorption -> decrease

● Wings of line - lower opt. 
depth - lower 
reabsorption -weaker 
decrease

-> broadening
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Line-of-sight integration

 Spectra is ‚always’ integrated over various plasma condition

 Abel inversion can help to find which emission goes from where.
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Detection
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Comparison with other models
Sorted by amount of details:

 Atomic (quantum) simulations - tells me the atomic properties of single ion 
(calculates levels, energies, transition rates..). Single particle, single process

 DFT-MD (Density Fluctuation Theory - Molecular dynamics, quantum) - solves the 
exact motion of few ions by using Quantum theory. Few ions, some fs

 CR: ni  - takes into account atomic structure of ions, but doesn’t solve for density 
or temperature (need to assume those). Discrete amount of cells, most often 
single cell (0D)

 Particle In Cell (PIC)  - uses (macro)particles and EM field. Typically 2D, 100 μm, m, 
100 fs, can be used in 3D as well

 Kinetic - f(r,v) - don’t assume Maxwell’s distribution of velocities. Rather for 
analytical approach.

 MHD - you add charge to the hydrodynamics game. Honestly, I’ve never used 
that, similar as HD

 Hydrodynamics (HD) - T + rho. Say that plasma is like hot gas, you just need 
good Equation Of State (EOS). Assumes Maxwellian distribution. Can simulate 10 
mm, several ns.
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Correspondance between elements
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Complex modeling
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Detection
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Crystal Spectrometers

 Bragg law: nλ = 2d*sin(θ)d*sin(θ)θ))
λ - wavelength of radiation
d - spacing of crystal lattice
θ - incidence angle
n - spectroscopic order
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Experiments
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1. Basic parameter evaluation
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1. Basic parameter evaluation



Page  25

Michal Šmíd | Institute of Radiation Physics | www.hzdr.de

2. Doppler shift & splitting

 Laser creates an expanding Al plasma

 Rear plasma plume hits a secondary (Carbon) target

 Spectrometer observes in perpendicular direction:

-> Resolution along axis

-> Observation of Doppler shifts

When spectrometer is not exactly perpendicular:
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2. Doppler splitting

 We can see ‘strange’ behavior of 
the line while hitting the secondary 
target

 Explained as reflection and radial 
expansion of the plasma

 Modeled by complex simulations

without secondary target

with secondary target
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3. Cu Kα satellitesα satellites

●
without secondary target

with secondary target
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without secondary target

with secondary target
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without secondary target

with secondary target
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without secondary target

with secondary target
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without secondary target

with secondary target
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without secondary target

with secondary target
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without secondary target

with secondary target
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Atomic processes
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Atomic processes
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Atomic processes
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4. Absorption spectroscopy

 All experiment above were based on spontaneous radiative 
deexcitation.

 If plasma is not that hot (<1 mil °C), this self-emission is 
not strong (plasma emits in softer x-rays which might not 
escape its volume.

 Absorption spectroscopy: We use a backlighter and probe 
photo ionization or photo excitation

 More complicated in experiment, but better control.

 Possible temporal resolution: pump probe setup
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4. Absorption spectroscopy

 The raw measured 
spectra without (left) 
and with (right) the 
copper target.

 Dispersion direction is 
horizontal, energy 
increasing towards 
right.

 Right figure shows the 
appearance of the edge.

 XANES spectra measured in the laser experiment 
(orange) are agreeing to the theoretical reference.

 The waves between 9000 and 9200 eV are 
corresponding to the ionic structure of the matter.
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Summary

 Collisional Radiative model provides view of what happens in plasmas on 
atomic level. 

 Spectroscopy provides deep view into atomic physics of plasmas, but also 
shows the basic plasma properties.

 Due to high temperatures of plasmas, most interesting spectroscopy is in soft 
x-ray regime.

 X-ray spectroscopy is relatively ‚easy’ to measure, but pretty difficult do 
correctly evaluate

Most used references:

 M.Šmíd, PhD thesis (not really online, available upon request) and master 
thesis (https://physics.fjfi.cvut.cz/publications/FTTF/DP_Michal_Smid.pdf)

 D.Salzmann: Atomic Physics in Hot Plasmas, ISBN: 0195355156

 some pictures from Wikipediea...

m.smid@hzdr.de         

https://books.google.de/books/about/Atomic_Physics_in_Hot_Plasmas.html?id=HhirQ3p9gRIC&redir_esc=y
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