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THE USE OF ATOMIC DATA IN COLLISIONAL-

RADIATIVE MODELING 

•� Introduction and motivation 

•� Atomic Physics Data 

•� Collisional-Radiative Modeling-Methods 

•� Radiation Properties of Plasmas 

•� Opacity 



What are plasmas? 









The Most Successful Magnetic 

Confinement Configuration is the 

Tokamak 
Stabilizing and 

shaping 

magnetic fields 

are generated 

by currents in 

other coils 

vacuum 

vessel 

plasma 



The Largest Tokamak Is the Joint 

European Torus in England 

cutaway drawing 

view of inside during 

maintenance 



Working Tokamaks Are Usually 

Hidden by Support Systems & 

Diagnostics 





LLNL Electron Beam Ion Trap ( EBIT ): 

Atomic Physics Experiments on highly ionized heavy atoms 



LAPD/UCLA 



He Gas jet experiments, TRIDENT LASER   



Why Collisional-Radiative (CR) Modeling? 

•� Plasmas emit and absorb electromagnetic 

radiation. 

•� CR models provide atom/ ion state populations 

that are required to simulate radiation properties of 

plasmas. 

•� CR calculations provide diagnostic information 

about plasma conditions, e.g. , density and 

temperature by comparison with experiment. 

•� CR include electron collisions which are generally 

responsible for populating excited states. 



He-like and H-like Al lines from a laser produced plasma  

#366638 

#366684 



Notation for Electron Configurations 



Block Diagram NeI 



Energy level structure of pd configuration 





Rate Equations and Definitions 

•� Nil = Population per unit volume(cm-3) of level l of ion species i 

•� Ailjm = Rate matrix(sec-1) 

•� Rate coefficients for processes which alter level populations, 

integrated atomic cross sections. 

•� These include electron collisions, photon collisions and 

spontaneous processes  

•� Depends on Ne, the number of free electrons per unit volume  

(cm-3), for processes involving electron collisions, cross sections 

for the various processes, electron energy distribution, and 

radiation field. 



CATS:Cowan Code 

RATS:relativistic 

GIPPER:ionization 

ACE:e- excitation 

Atomic Models 

CFG-based 

fine structure 

ATOMIC 

LTE or NLTE 

low or high-Z 

spectral modeling 

power loss 

Opacity Tables 

Another Theoretical Opacity Modeling Integrated Code 

gf-values 

e- excitation 

e- ionization 

h�-ionization 

auto-ionization 

energy levels 
emission 

absorption 

http://aphysics2.lanl.gov/tempweb/ 

Atomic Physics Codes 

UTA’s 



Electron Energy Distribution Function(EEDF)  

•� Describes the distribution of free electrons as a function of 

electron energy. The fraction of electrons per unit energy 

interval. Unit is (energy)-1, usually eV. 

•� Described by the Maxwellian function for a given electron 

temperature kTe( see below) for thermal plasmas. 

•� kTe expressed in energy units, usually eV. 

•� kTe = 11605 °K 



Radiation field 

•� The number of photons per unit energy interval per unit volume 

between h� and h� +d h� , units of (volume)-1(energy)-1, 

usually cm-3eV-1. 

•� kTr in eV. 

•� For thermal plasmas the radiation field is given by the Planck 

function. 



Electron and photon distributions at various temperatures 

Maxwellian Planckian 

1eV 

10 

100 

1000 1eV 

10 

100 

1000 
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Atomic processes in plasmas 

induced by electrons and photons 
ionization/recombination 
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Processes 

•� Electron impact excitation/de-excitation:                   

e + Ail � e +Aim  

•� Radiative excitation/spontaneous decay:                

h� + Ail � Aim   

•� Electron impact ionization / 3 body recombination: 

e + Ail � Ai+1m+e+e   

•� Photo-ionization / radiative recombination:                  

h� + Ail � Ai+1m+e 

•� Auto-ionization / di-electronic capture:                         

Ail
*

 � Ai+1m+e 



Example: integrated rate coefficient 



LTE - Saha Equations 

�i = ionization energy of ion i 

qi = charge of ion i 

Eil = energy of level l 

gil = statisical weight of level l 

Ni=population of ion i 

Ne=electron density 

Nil=population of level l ion I 

Zi,Ze=partition functions 



Principle of Detailed Balance 

•� Under LTE conditions the forward rate of 

each process is balanced by the inverse rate 

•� Therefore, the cross section for the inverse 

process may be derived  from the cross 

section for the forward process 

•� This is required for the solution to approach 

the LTE limit 



Detailed balance for excitation / de-excitation 



Coronal Equilibrium 

•� Ii=net ionization rate coefficient from from ground state of 

ion i including inner shell excitation/autoinization 

•� Ri=net recombination rate from ground state of ion i 

including recombination into excited states of ion i-1 

•� Low density limit 

•� Solar corona model 

•� Only ground states significantly populated 

•� Radiative decay rates >> e- impact excitation rates 



Solution of Rate Equations 

Numerical 

Integration             

Steady State 

general 

matrix 

solution 

Local 

Thermodynamic 

Equilibrium 

Coronal 

Equilibrium 

High Ne, or Tr=Te 

Low Ne, Tr=0 



e- Impact Excitation �� De-Excitation 





Photo-Excitation �� Decay 



Fe+5: 3d3-3d24f 



Photo-Ionization �� Radiative Recombination 





e- Impact Ionization �� Three-Body Recombination 





Auto-Ionization �� Di-Electronic Capture 



Fe+5:3d14f2-3d2 



Emission spectra 

•� Line or bound-bound contribution: 

•� The number of emitting photons per second per volume per unit 

energy interval per transition: 



Emission spectra, lines,  cont. 

•� The total amount radiated energy per second per volume per unit 

energy interval, sum over all transitions: 



Emission spectra 

•� Recombination or free-bound continuous contribution 

•� The total amount radiated energy per second per volume 
per unit energy interval, sum over all transitions: 



Emission spectra 

•� free-free or Bremsstralung continuous contribution 

•� free electron decelerates in plasma and emits a photon 

•� simple hydrogenic formula 

•� The total amount radiated energy per second per volume per unit 

energy interval, sum over all transitions: 



Power Loss Is Obtained by Integrating Emission Over 

ALL Photon Energies 

P in eV/(sec cm3), 1J=6.24x1018eV, 1W=1J/sec 



Multi-Element Kinetics 

Algorithm* 

* M.E. Sherrill et al, Phys. Rev. E 76 05640 (2007) 

Atomic Processes in 

Plasmas, Monterey, 

CA, March 2009 (LA-

UR 08-06991) 



•� Atomic structure and collisional data were computed for all 

ion stages of the 15 most abundant solar coronal elements: 

•� Collisional data was computed using PWB and FOMBT/DW 

approaches, to test the sensitivity of the radiative losses to the 

quality of the excitation data. 

Solar Corona Calculations 



Ion balance is calculated consistently with power loss 

It is also instructive to know 

which ion stages contribute 

most to the radiative losses. 

For C, at the temperatures at 

which it is the strongest 

contributor, we find that most 

of the emission arises from  

C IV and C V ions. 

For O, O V, O VI, and O VII 

contribute most at the 

temperatures for which O 

dominates. 

We also see that many ion 

stages of Si and Fe are present 

for a wide temperature range 

and so must be included.  



Results – comparisons to previous work 

We compare the ATOMIC 

calculations to previous work 

of Landi & Landini (1999) 

and from the CHIANTI 

database 

Substantial differences are 

found with Landi & Landini 

(1999) over most of the 

temperature range 

Significant differences with 

the latest CHIANTI 

calculations persist at low 

temperatures below 106 K  

(~ 100 eV) 

Landi & Landini, A & A, 347, 401 (1999). 



Radiative losses from the individual elements 

We present the contribution of 

the radiative losses from the 

individual 15 elements 

included in our calculation  

At low temperatures H, He, C, 

and O are the dominant 

contributors 

At high temperatures, Si, and 

Fe contribute most to the 

radiative loss, although at the 

highest temperatures, 

continuum radiation from H 

also contributes strongly 

Colgan et al, Astrophysical Journal, accepted (2008). 



Sensitivity to elemental abundances 

The previous radiative losses 

were computed using “quiet 

region” elemental abundances  

Some regions of the corona 

have different abundances of 

elements with low (< 10 eV) 

first-ionization-potentials 

(FIPs) 

These include the elements Na, 

Mg, Al. Si, Ca, Fe, and Ni 

Thus we present the radiative 

losses for a variety of FIP bias 

values (relative to the 

photospheric abundances) 



Multi-Element Kinetics 

Algorithm* 

* M.E. Sherrill et al, Phys. Rev. E 76 05640 (2007) 

Atomic Processes in 

Plasmas, Monterey, 

CA, March 2009 (LA-

UR 08-06991) 



•� Atomic structure and collisional data were computed for all 

ion stages of the 15 most abundant solar coronal elements: 

•� Collisional data was computed using PWB and FOMBT/DW 

approaches, to test the sensitivity of the radiative losses to the 

quality of the excitation data. 

Solar Corona Calculations 



Ion balance is calculated consistently with power loss 

It is also instructive to know 

which ion stages contribute 

most to the radiative losses. 

For C, at the temperatures at 

which it is the strongest 

contributor, we find that most 

of the emission arises from  

C IV and C V ions. 

For O, O V, O VI, and O VII 

contribute most at the 

temperatures for which O 

dominates. 

We also see that many ion 

stages of Si and Fe are present 

for a wide temperature range 

and so must be included.  



Results – comparisons to previous work 

We compare the ATOMIC 

calculations to previous work 

of Landi & Landini (1999) 

and from the CHIANTI 

database 

Substantial differences are 

found with Landi & Landini 

(1999) over most of the 

temperature range 

Significant differences with 

the latest CHIANTI 

calculations persist at low 

temperatures below 106 K  

(~ 100 eV) 

Landi & Landini, A & A, 347, 401 (1999). 



Radiative losses from the individual elements 

We present the contribution of 

the radiative losses from the 

individual 15 elements 

included in our calculation  

At low temperatures H, He, C, 

and O are the dominant 

contributors 

At high temperatures, Si, and 

Fe contribute most to the 

radiative loss, although at the 

highest temperatures, 

continuum radiation from H 

also contributes strongly 

Colgan et al, Astrophysical Journal, 689 585-591 (2008). 



Sensitivity to elemental abundances 

The previous radiative losses 

were computed using “quiet 

region” elemental abundances  

Some regions of the corona 

have different abundances of 

elements with low (< 10 eV) 

first-ionization-potentials 

(FIPs) 

These include the elements Na, 

Mg, Al. Si, Ca, Fe, and Ni 

Thus we present the radiative 

losses for a variety of FIP bias 

values (relative to the 

photospheric abundances) 



Let’s model L-shell Ge spectra 

•� Choose configurations 

•� Run CATS, ACE, and Gipper for energy 

levels and cross sections 

•� Guess likely plasma conditions, density and 

temperature 

•� Run ATOMIC code 

•� Iterate 



Choosing configurations 

•� Looking at spectra for excitations from the 

L shell ( n =2 ). 

•� For neon-like choose: 2p6, 2p5nl,  2p43lnl, 

2s12p63l,  2s12p53lnl, 2s02p63lnl, n � 7, 

about 200 configurations. 

•� Choose similar configurations for Mg-like, 

Na-like, F-like, and O-like. 
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CR modeling can be used to diagnose plasma conditions. Ge laser produced 

plasma, Milan, <z> ~ 22, Ne-like. KT =560eV, Ne =10^21. ABDALLAH et. 

al., Laser and Particle Beams (2007), 25, 245–252, blue calculation, red 

experiment. 

EXPT 



Individual spectral lines can be identified  
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Carbon mean ion charge: 

Ne=1017cm-3 

Be-like, closed-shell ion 

(simpler physics) 
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Carbon power loss: Ne=1017cm-3 

LANL 

LANL 
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Carbon emissivity: Ne=1017 cm-3, 

kTe=5 eV 
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Krypton: radiative loss rates at Ne=1014 cm-3 

LANL provides only results within error bars 
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Experimental tokamak data from Fournier et al. Nucl. Fusion 40, 847 (1999) 

Provided by 

Hyun-Kyung 

Chung (LLNL) 

Provided by

Hyun-Kyung

Chung (LLNL)
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Tungsten: 

possible ITER wall material  
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Cross-section of the vessel 
Provided by 

Yuri Ralchenko (NIST)
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Tungsten mean ion charge for ITER conditions 

ITER magnetic fusion 

code results (Ne-like, 

closed-shell ion) 





What is opacity?�



Applications of Opacities�



�

e�
��

e�

bound-bound� bound-free� free-free�

e�
��

��

scattering� e�

Physical processes contributing to the opacity:�



These photon absorption and scattering processes �
Combine to give the frequency dependent opacity:�



Components of the frequency dependent opacity�
(bound-bound, bound-free, free-free and scattering)�



The resultant total frequency dependent opacity�











J.E. Bailey et. Al.  Iron opacity measurements at temperatures 

above 150 eV, Physical Review Letters 99, 265002(2007). 



Exercises 

(I) Consider the 2 state system. Let N1and N2 be the population density of the 

2 states respectively. Let N = the constant total number density. Let c be the 

rate coefficient for excitation from state 1 to state 2, d be the de-excitation 

rate coefficient from state 2 to state 1, and r be the spontaneous decay rate 

from state 2 to state 1. Let Ne denote a given electron density.  

(1)Write down the rate equations for N1 and N2 and derive an expression  for 

the steady-populations of both in terms of N.  

(2) Derive a formula for N1 and N2 as a function of time(t)  by directly 

solving the differential rate equations. 

(3) Check the formula to  if the steady-result is obtained as t gets large, also 

check the formula for Ne small ( coronal limit), and for large Ne (LTE). 

(4) Derive an expression  to first order for  the relaxation time, the time it 

takes for N1 to reach its steady-state value. 



Exercises 

(II) Assume the 2-level system of the previous example to be the 1s and 2p 

configurations of H-like Lithium. This example is actually of interest in 

Lithography because of its wavelength. Calculate the power (Watts/cm3) 

emitted by the 2p-1s emission line at N=?, Ne=? and kTe=?. Use the LANL 

atomic physics website to evaluate the required atomic data. 

(III) Use the LANL atomic physics website to identify the major lines 

observed in the following O spectra shown . Match the observed line position 

with calculated values. Use the assumption of LTE to estimate the temperature 

from selected line ratios.  



Exercise III 


