Line Intensities,
Collisional-Radiative
Modeling...and everything else

Yuri Ralchenko

National Institute of Standards and Technology

NIST

Motional Institute of Stondards and Tachnology

Gaithersburg, MD 20899, USA



Where does the story begin?..
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Spectral Line Intensity (optically thin)

Einstein coefficient or
transition probability (s

Upper state density (cm

(almost) purely
atomic parametert

i Photon energy (J

J

strongly depends = LA . B
on plasma conditions /I'J NJ AlJ hVIJ
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Rates

velocity [cm/s]

Collisional: R =N, -IV ot (v) fp (v) dv 5]

projectile density [cm™3]
cross section [cm?]

Radiative: A s Lifetime = 1/A [s]
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/-scalings of atomic parameters

 Radiative (A ~ f-AE?) * Collisional (o~ f/AE?)

e AN=0 c AR=0
« AE~Z A
ez e <g:\V>~Z772
.« A~Z CAn£0

* An#0  gmzd
aEz ",3:’< G V>~ Z:f’\,‘,
cf~z0 T )

P A-ZE » n-dependence

» n-dependence . 6-nt
e A~n3

4

Z
AZ(n) ~ 1.6 X 1010W

E1 only! Forbidden: 76-712
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Thermodynamic equilibrium

. Principle of detailed
balance

Photons

— each direct process is
balanced by the inverse

. excitation &> deexcitation

. ionization €= 3-body
recombination

. photoionization <
photorecombination

. autoionization < Electrons

dielectronic capture

. radiative decay
(spontaneous+stimulated)
<> photoexcitation
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TE: distributions

. Four “systems”: photons, electrons, atoms and ions
. Same temperature T, =T,=T,
. We know the equilibrium distributions for each of them

- Photons: Planck

- Electrons: Maxwell

- Populations within atoms/ions: Boltzmann
— Populations between atoms/ions: Saha

NIST
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TE: energy scheme

Maxwell

Saha

Boltzmann

Boltzmann:
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Continuum

lonization
energy

— Bound states

Energy



Planck and Maxwell

. Planck distribution

1

2E®

B(E) h2C2

eE/T _1

22
2.0+ extraterrestrial solar spectral irradiance
18 total area: 1367 W/m?

Spectral irradiance, W/(m? nm)

blackbody spectrum for T = 5777 K
total area: 1367 W/m?
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Saha Distribution

A, (e oA, tel(te)

Z Z+1
J//in\\ J//in\\
°
. 3-body
ionization L
recombination
L dielectronic
autoionization
capture
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Which ion is the most abundant?

NZ+1_ I_Z ~
I >>1(~10)

e




Local Thermodynamic Equilibrium

 (Almost) never complete TE: photons decouple
easily...therefore, let’s forget about the photons!

 LTE = Saha + Boltzmann + Maxwell

 Griem’s criterion for Boltzmann: collisional rates >
10*radiative rates

HI1(2eV): 2x107 cm™3

N, [cm=]>1.4x10(AE, [eV P (T.[eV ]2 oc 27 LETa ettt

* Saha criterion for low T.:
N fom > 1x10(1, v )P (T eV )2 e 2 SR
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LTE Line Intensities

. No atomic data (only energies and statweights)

are needed to calculate populations

: : I, NAEA  gAEA [ El—Ezj
. = = expl ———=
Intensity ratio NAEA ~ 0AEA, =

I2 e
. Or just plot the intensities on a log scale:

| =N .A.E:%AEexp(—Ei/Te)

In(l4/A g,)

In(1/ g,AE) = —E, /T, — In(G)

1 T=14500 £ 300 K

E, (eV)
Aragon et al, J Phys B 44, 055002 (2011)
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Saha-LTE conclusions

« Collisions >> radiative processes
e Saha between 1ons
* Boltzmann within ions

« Since collisions decrease with Z and radiative
processes increase with Z, higher densities are
needed for higher ions to reach Saha/LTE
conditions

« HI:10Y cm3
« Ar XVIII: 10% cm3

ASD: can calculate Saha/LTE spectra!!!
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Deviations from LTE

 Radiative processes are non-negligible
* LTE: coll.rates (~n,.) > 10*rad.rates

Non-Maxwellian plasmas
Unbalanced processes
Anisotropy

External fields
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Motional Institute of Stondards and Tachnology

pLTE for high
excited states

Radiative (~n-3)

(yU~) Jeuolsl|jod




The other limiting case:
CorOna‘ EC UIllbrlum Low electron densities!

Next big: Aug 21, 2017

{

Total solar eclipse of August 21, 2017 s
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Coronal model

 Excitations (and ionization) only from ground

state. ..

e ...and metastables

° _ 0 _ 2
Arad Ne 1 RcoII Ne or Ne

 Does require a complete set of collisional cross
sections

Do we have to calculate all direct and inverse
processes?..
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Excitation<> Deexcitation

N, Principle of detailed balance: Ni Ne<VGij> =N j Ne<VO-ji>

In thermodynamic equilibrium:

— = Zexp| - mm) | 0.(Vo,; )=0. (Vo exp(—
N g p( T j < J> J< J> T
1/2 1/2 , Only Maxwell is
¢ 2E £ AES2FE! Nedfy needed here!
giAjE(F) o,(E)JE"e TdE=g,e T !(Fj o (E)EY?e TdE

Substitution: E = E+AE

giT(E +AE, )o, (5+AE)e_$dE = ngE O'ji(E)e_idE
0 0

Must be valid for any T, therefore: | (E + AE)O'SXC (E + AE ) =0; E GdXC(E)

I
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Line Intensities under CE

exc rad

Balance equation:

g exc = NlArad
NgRee _ NyN(vo)

g’ ‘exc
Nl

Arad Arad

small
populations!
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If more than one radiative transition:

g exc_N Z'A\J
i<j
N. = NgRexc _ N9N6‘<VGJQ>
XA XA
i<j i<j

l; = N;E;A =N N (Vo) A

Also cascades may be important

|
f~3 (z,, <30)

Most abundant ion:

TA

k<j



lonization Balance in CE

Electron-impact ionization: OC Ne

Independent of N_!

N

N (Vo)
o O NNZf:Ne<va>RR< +N>'§2va>m
A 4

Photorecombination and DR: OCNe
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lonization Balance in a General Case

Electron-impact ionization: OCN Nz+1
Z
/ N .
» Q - N
Ne'1
K / IgN.
Photorecombination and DR: OCNe lonization from
3-body recombination: OCNe2 excited states
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From Corona to PLTE
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Collisional-
Radiative
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Basic rate equation

()

N ;. Vector of atomic states
| populations

Z>
I

N

% = Al N ()N, N, T, T, ) N )+ S ()

Source
function

Rate matrix

Off-diagonal: total rates of all processes between two levels
Diagonal: total destruction rates for a level

NIST
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Basic rate equation (cont’d)

dN e—exc h—exc
_ p—exc
d ZNZJ(RZJI RZJI +BZji )
t 5
e dexc h—dexc sp rad st-rad

+ZNZ,J(RZ ji RZ ji + BZ Ji )

j>i

3b rr dc CX

+ Z Z N2 (aZ'k,Zi Tz 7 T Oz 7 T aZ'k,Zi)

Z'>ZkeZ'

—ion i—ion p—ion

+ ZZNZK( Z'k,Zi +SZ 'k, Zi +SZ'k,Z| +SZkZ|)

Z'<ZkeZ'
—N,;x

e—exc h—exc p—exc e—dexc h—dexc sp rad st-rad

(Z(Rz,ij + Rz + By ) Z(Rz i TRz + + B j )

J>i j<i
+ ZZ(abZk +0‘z|2k +aZ|Zk +aZ|Zk)

Z'<ZkeZ'

e—ion i—ion p—ion

+ ZZ(SZZk +SZ|Zk +SZ|Zk + Z|Zk))

Z'<ZkeZ'
+ S,
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CR model: features

1. Most general approach to population kinetics

2. Depends on detailed atomic data and requires a
lot of It...

3. Should reach Saha/LTE conditions at high
densities and coronal at low

4. May includes tens up to millions of atomic states

NIST
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CR model: guestions to ask

1. What state description is relevant?

2. What are the most (and not so) important
physical processes?

3. How to calculate the rates? What Is the source of
the data?

4. Which level of data accuracy is sufficient for this
particular problem?

5. Which plasma effects are important? Opacity?
IPD?

There is NO universal CR model for all cases

NIST
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16-electron ion (S-like)

Superconfiguration

3s23p3d24p

3s23p34s

Term

p

1D

Configuration

°S

Even parabolic states for motional Stark effect!

1224344452
12283541
122836
Average
atom
NIST
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3D3

I 3D2
3D1

Level

27



General principles -

or line

intensity ratio diagnostics

* Electron density * Electron temperature

* Collisional dumping
(density-dependent
outflux)

* Density-dependent
Influx

NIST
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* Different parts of
Maxwellian populate
different lines (upper
levels)



Why are the forbidden lines sensitive to density?

N\
&

]
t~1/A

N

NIST 29
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Let put him into a formula:

Strong
transition

Ngnelov)g, = N14,

Ngnelov)g, = NyAy + None(ov),

1
2 _ Nyne(ov) g
1 A,
_ Ngne<0'v>g2
27 A, + ny(ov),
g
N1A1 . <0v>g1 AZ + Tle<0'17)2
Ny A, (0U)g2 A,
E.g., resonance to intercombination lines in He-like ions
NIST
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Temperature diagnostics with DS

lonization limit of 1snl

Excitation rate for 1s2p ~
_E
=
DC rate for 1s212|" ~ 377
T

lonization limit of 1s2I
1s2p
152p3| .
1s2p2l
lonization limit
ofis2nl 1s?
He-like
Li-like

Reminder: for (low-density) coronal conditions

line intensity = population influx

exp| — AE
L P

oC
T

1
T

Therefore:

~

Ly

Independent of ionization balance since the initial state is the same!

NIST
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Temperature dependence: Ly, satellites

Lya 0.8 H‘||ke Ne X
L 100 eV
0.6
0.4
0: ' S L N B B R 151/2-2p3/2
T 130 eV
0.6 -
“r 1s21-2121"
02
of A AN 1snl-2I'nl, n=2,3,4,...
T T | T f f I T I I
08
i 160 eV
0.6
04
02k
o i | |/\"/\ I I
12 121 122 123 124 125 126
Wavelength (A)
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Density diagnostics with DS

15l Ly,

O = 0w e O
T T T 71

12 12.1 12.2 12.3
Wavelength (A)

Motional Institute of Stondords and Tachnology

12.4

1019

10%

1021

12.5

Ne X Ly, and satellites 1snl-2pnl
A. 152535, —2s2p 3P, , ,

B. 1s2p 3Po,1,z — 2p? 3P0’1,2

C. 1s2p P, —2p? 1D, (J satellite)

2 Dielectronic
2s2p 3P N Capture

1s 2S

Radiative
Decay



He-like lines and satellites

4 5000 T T L L T . L
Fit ——
40000 Exp —=—

—r—
=

35000

30000

25000

20000

Intensity, a.u.

15000

10000
1s2Inl’, n>2

5000

3.95 3.96 3.97 3.98 3.99 4
Wavelength, A

O.Marchuk et al, J Phys B 40, 4403
(2007)
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Energy levels in He-like Ar

* Ground state: 1s* 1S,

« Two subsystems of terms
e Singlets 1snl L, J=I (example 1s3d 'D,)
» Triplets 1snl 5L, J=I-1,I,1+1 (example 1s2p °P ; ,)

 Radiative transitions within each subsystem are
strong, between systems depend on Z

NIST
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He-like Ar Levels and Lines

1s2p 1P1 152p 3p
2
1s2p 3P,
1s2p 3P,
1s2s 1S, 1625 36
1
Y
N
W Z >
o <
(@\]
o % Line He® Arl6* Fe25+* Kr34+
W 1.8(9) 1.1(14) 4.6(14) 1.5(15)
Y 1.8(2) 1.8(12) 4.4(13) 3.9(14)
152 1S
0 X 3.3(-1) 3.1(8)  6.5(9) 9.3(10)
z 1.3(-4) 4.8(6) 2.1(8)  5.8(9)
NIST
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/-scaling of A’s

« W[E1]: A(1s? 1S, — 1s2p 'P,) oc Z*
* Y[E1]: A(1s? 1S, — 1s2p 3P,)

« oc Z10 for low Z

« oc Z8 for large Z

« oc Z* for very large Z
« X[M2]: A(1s? 1S, — 1s2p 3P,) oc Z8
« Z[M1]: A(1s? 1S, — 1525 3S,) oc Z10

NIST
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n=2 populations

1E-3

1E-4
zZ
2 1E-5
o
O
o
1E-6
1E-7
1E-8
TTIT |||||I'q ||||I'IT| llllm‘ |||I11!_l'l'l'l'l'l11_
10" 10" 10" 10" 10" 10" 10" 10" 10* 10* 10* 10%
N, (cm”)
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Ar XVII Line Ratios

0.7 -
| —Y/W
0.6 - —Z/W
] — X/W
0.5 - (X+Y)W
— (X+Y+2Z)/W
O
w044
[(b]
c
S 0.3-
0.2 -
0.1
0.0 -
'Wmmmﬁmmmm

10’ 10° 10" 10" 10" 10" 10"  10*
N_(cm-3)
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1s2/nl satellites

T = R
* 1s2s%:°S,,
e 1s2s2p:
e 1s2s2p(*P) 2P1/2,3/2
° 15252p(3p) 2P1/2’3/2’. 4P1/2’3/2’5/2

35000

30000

25000

20000

Intensity, a.u.

mooj | ] o 1s2p?
5000 - | 1s2inf, n>2 | . ] i 152p2(1D) 2D3/2,5/2
3.95 3.96 Wa%ingm‘;-% 3.99 4 ° 152p2(3P) 2P1/2,3/2} 4P1/2,3/2,5/2
* 1s2p?('S) %S, ),
e 1s2Inl’

* Closer and closerto W
* Only 15213l can be reliably resolved
e Contribute to W line profile

NIST
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Most Abundant lons: high Z

Bﬂ T T T T T TT1 T T T T T I| T T T T T T TT1
lonization B
W Potentlaly
60
N /
1))
o
m
-
(_} 4D 25_ T T IIIIII| T TTTITH T T TTTIT 1
p . i
° 20— Fe -
o —1 i
h 7 s -
20 10 — —
/ 5 |
.-.. [] 1 1 IIIIII| | IIIIIII| 1 1 IIIIII| ]
¢ 10' 107 10° 10*
ﬂ | | | 11 I| | | | 1 11 I| | | | | I 1 11
10° 10* 10°
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Te or IF’Z (eV)

lonization decreases
faster with Z than
recombination:
recombination becomes
relatively stronger



Time-Dependent Corona

Nl
Rexc Arad
Ng
Solution:
1.0+
8
<
® 04

Linear regime:

Nl(t)zN Rt

Initial condition:

le(t): N R _

dt g’ ‘exc

N,R

g’ ‘exc

N,(t=0) = 0

N 1 (t )Arad

N, (1) = =g (e )

ad

Characteristic time
depends only on A_:

1
. ~t

T eq rad — Ar
> ad

g’ ‘exc

NIST
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Local thermodynamic equilibrium (LTE)

ionization ¥ N

———— ———
- -
Pt -~
- S~
- ~
- ~
e SS
- ~

Photor.s

¢lancn

~,
~
-
S Pre
~ -
~ -
S -
~~ -
Seaa "

lons
Saha- Saha:

Boltzmann
3/2
Nz.1 _ 1 (ZETej 20,41 EXp|:—_II_—Z:|

// N, N_{ h?

Boltzmann: .
Collisional processes much stronger

Electrons recombination ~ N_2

Maxwell

i > N &exp{— (Ei B Ej) than radiative (e.g., N, is high)
j—— 9 e
Whotons a4



LTE

 High densities

Saha/LTE Spectrum for C: T, =6¢V, T,=4000eV,N_=1x 10" em™

Totlal of 573 lines; Ion abundances are given in parcmhulzsm
1 1 1

e H: 10 cm3 1 o,
« Arl7+:10% ¢m3 0 i
« Does NOT require : ]
collisional cross gy -
sections, only energy £ ] ]
levels (and radiative ol i
transition probabilities) ] M ll,, e
- “statistical” isoftenused ™ 7 wews” ™
for small energy _
differences: — .—E.) NIST Atomic Spectra Database
—'=—'exp _ j
Nj 9 e

4
mmtons °
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Low N,: coronal limit

* Excitations (and
<// // ionization) only from
4 f ground state and

metastables

NN

8 8 * Arad ~ Neo' RcoII ~ Ne or
o o e N 2
e —— © .
B E— * Does require a complete
N radiative set of collisional cross
sections
LTE 1 T Corona * Line intensities do not
F T depend on radiative
collisions transition probabilities!
/ \ i (mostly)

<______

A

N, Ry =N;-A

—- - ===

Mhotons "o
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Collisional-radiative modeling of plasma emission

autoionizing

states

Continuum

47

lonization limit
(de)excitation |

Motional Institute of Stondards and Tachnology

Mhotons



General 2-Level Case

Balance equation:

N,
Rexc Rdxc Arad N g Rexc = Nlexc + NlArad
Nl Rexc gl e_AE/T Arad
— — - W=

N, Ny RyetAa 0, 1+W N (Vo )
Time-dependent case:
dN, (t

dlt( ) = Ng(t)Rexc o Nl(t)Rdxc o Nl(t)Arad
Ng +N; =N Again at small t: Nl(t)z NgReXC'[
dN.(t) ~
% = I\IRexc o Nl(t)(Rexc + Rdxc + Arad) 1
N R Ut Teq ) Rexc + Rdxc + Arad
Nl(t) — exc (1_ e_(Rexc+Rdxc+Arad )t )
Rexc + Rdxc + Arad
NIST

Motional Institute of Stondards and Tachnology



Other direct <> inverse

* A+e <> A"+ e+ e (lonization and 3-body recomb.)

mT

o.v0) =2 0 (v oof - )

A+ hv < A* + e (photoionization and
photorecombination)

2
9.04(0V)= 200 0,0, (E),  hv=E+1,  Mineformui
| 4

NIST
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