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Few notes

* Not a complete course on A&M data for plasmas

* Don’t feel discouraged if you see something
familiar (you certainly will)

» Ask questions
 Talk with the other students
 Talk with the lecturers
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What is this about?..

« Most general overview of atomic parameters that
are relevant to plasma spectroscopy

 Qualitative estimates
 Selection rules
« Scalings
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A Few Textbooks on
Atomic Physics/Plasma Spectroscopy

R.D. Cowan H.R. Griem

Plasma Spectroscopy (1964)

Th f Atomic Struct d Spectra (1981
eory of Atomic Structure and Spectra (1981) Principles of Plasma Spectroscopy (1997)

I Sobelman W. Lochte-Holtgreven (ed.)
Atomic Spectra and Radiative Transitions Plasma Diagnostics (1968)
1979
(1979) D. Salzmann
A. Thorne et al Atomic Physics in Hot Plasmas (1998)
Spectrophysics (1999) T. Fujimoto
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L.A. Vainshtein and V.P. Shevelko Pkt Slpreeirasaoly (200

H.-J. Kunze

e Pyl Tl s Plasres (L2EE) Introduction to Plasma Spectroscopy (2009)

J. Bauche, C. Bauche-Arnoult, O. Peyrusse
Atomic Properties in Hot Plasmas (2015)
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Life of a photon

L
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Example: Spectral Line Intensity (thin)

Einstein coefficient or

transition probability (s)

Upper state density (cm=3) \

(almost) purely
strongly depends - - atomic parameters
on plasma conditions ,\ /

Photon energy (eV)
AVAVAV e
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Types of fundamental atomic data

« Atomic structure
 Energies, guantum numbers, Lande g-factors

e Radiative

* Transition wavelengths/energies, transition probabilities
(rates), oscillator strengths, lifetimes

* Non-radiative
o Autolonization rates

e Collisional
e Cross sections, rate coefficients

NIST
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Major atomic units/constants

* Energy

« 1Ry~ 13.61eV =109 737 cm™ =% Hartree (a.u.)
« (ionization energy of H)
« 1eV ~=8065.5439 cm™

* Length
* a,~5.29-10 cm = 0.529 A (radius of H atom)

 Area (cross section)
« wa,> ~ 8.8 101" cm? (area of H atom)

* \Velocity
* V,~2.2-108 cm/s = ac ~ ¢/137

* New SI: May 20 2019

https://physics.nist.gov/cuu/Units/
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Hydrogen and H-like ions

e.g., E(3s)=E(3p)=E(3d)
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Complex atoms (non-relativistic)

We know all important interactions:

H = Hkin + Helec—nucl + Helec—elec + Hs—o +

221 Zn zrl] Z%fi(ri)(li°si)+

[>]

HLP(Tl, ro, ) — ELIJ(rl, ro, )
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“Standard” procedure

 Use central-field approximation to approximate the effects of
the Coulomb repulsion among the electrons:

) H =~ HO = Z?(—%Vlz _T'£+ V(rl)>
* Properly choose the potential V(r)

» Find configuration state functions ®(y;LS) (accounting also
for antisymmetry): n,l

« Assume that the atomic state function is a linear combination
of CSFs:  W(yLS) = Zﬂ‘/’ chID(ijS)
 Solve Schrodinger equation for mixing coefficients:
» (H—-EIl¢ =0,H;; = (P(y;LS)|H|P(y;LS))
* Include other effects (perturbation theory)

NIST
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Each atomic state (wavefunction) is
characterized by a set of quantum
numbers

 Generally speaking, only two are exact:
 Total angular momentum (rotation invariance)
e Parity = (—1)2ili (reflection invariance)

» Everything else (L,S,n,...) is not exact!
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Relativistic atomic structure:
heavy and not so heavy ions

5 1 Dirac-Coulomb
. e T j
i 1>]
p =—iV electron momentum operator
a,f 4x4 Dirac matrices
V() extended nuclear charge distribution

Hpcp+oep = Hpc + Hrp + Hsg + Hyp +...

NIST
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Relativistic notations: one electron

S~y
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_|_
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j=1+1/2
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Atomic Structure Methods and Codes

. Coulomb approximation (Bates-Damgaard)

. Thomas-Fermi (SUPERSTRUCTURE, AUTOSTRUCTURE)

. Single-configuration Hartree-Fock (self-consistent field)

- Cowan’s code + modifications

. Model potential (including relativistic)

- HULLAC, FAC
. Multiconfiguration HF (http://nlte.nist.gov/MCHF)

. Multiconfiguration Dirac-Hartree-Fock (MCDHF)
- GRASP2K (http://nlte.nist.gov/MCHF)

- Desclaux’s code

. Various perturbation theory methods (RMBPT...)

. B-splines

NIST
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/.-scaling of one-electron energies

Spectroscopic charge: Z_=ion charge + 1 (H |, Ar XV...)

This is the charge that is seen by the outermost (valence) electron

E=EyZ?+ E{Z,+ E, + E3Z;1 + ...

non-relativistic

EO = — — hydrogenic term
n

Therefore, for high Z_the energy structure looks more and more H-like!

IMPORTANT: analysis of isoelectronic sequences
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Mg-like Al II: 313]
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Mg-like Sr XXVII: 313/’
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Energy structure of a (relatively light) ion

Continuum
electron-electron ~ spin-orbit 4
interaction —Zec (relativistic effects) VA
Bound
Levels
Terms j=1, 3/2...
3p, 1F
~7 2 : :

c Every state is defined by a set of
electron-nucleus quantum numbers which are mostly
interaction approximate

-0 E.g.: 1s?2s%2p33d °F¢

Electrons are grouped into shells nl

(Kn=1,Ln=2, M n=3,...) AE(ATL ~ O) NZCZ

producing configurations

NIST AE(An = 0)~Z,
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Spin-orbit (relativistic!) interaction

Ry az

WBLA+1/2) (L +1)

Hydrogenic ion: (nl —

. . Ry a? Z27?
Semi-theoretical Lande formula: (=
n3l{+1/2) (1 +1)
. Ry ZC2 . .
n*: effective n IP = (ionization potential)

n*2

Z: effective nuclear charge (for penetrating orbits) = Z-n for np orbitals

22 l _ZE ZTU szl(n)(l s) + .

[ i>j
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Types of coupling

 LS-coupling: electron-electron » spin-orbit

* lightelements | T=7 +0L+.., §=8 +&+.., J=L+5
* 2p3p
. 1§35 1p 3p 1D, 3D
* JJ-coupling: spin-orbit » electron-electron
* heavy elements | 1 = L+dy o=l+3, ... J=h+h+.
* 2S2p: (24/5,2P1) OF (25,2p.)
* 3d ((3d.%)s52,(3d:%)2)31
* Intermediate coupling
* neither LS or jj is overwhelmingly strong
» Other types of couplings exist (JK, LK, J,J,...)

Notional Institute of Stondards and Tachnology
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Configuration nsn p: LS coupling (LSJ)
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Configuration nsn p: jj coupling

sp
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From LS to jj: 1s2p in He-like ions

(1/2,3/2),

, —X
(1/2,3/2),

relativistic effects

Scaled Energy
=
wn
I
v
I

— (1/2,1/2),
— — —X

P (1/2,1/2),

| | ] | ] | | | ] | | | | | ]
0 10 20 30 40 50 60 70 80

Nuclear charge Z
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State mixing: intermediate coupling,
configuration interaction

W(a,b,c,...)) = z a, W (a, b, C,..)

l
expansion coefficients

He-like Na®:  1s2p °P, =0.999 3P + 0.032 ‘P
He-like Fe?**: 1s2p *P, = 0.960 °P + 0.281 'P
He-like Mo*%*:  1s2p °P, = 0.874 3P + 0.486 'P

s-0 coupling increases with Z = change of coupling scheme

Very. VERY important for radiative transitions!

NIST
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Spin-orbit interaction does depend on
nuclear charge!

¢ Ry a? Z27?
nl = —x
nsnp P, n31l(+1/2)(+1)
1.0 - — — — _ Lande
formula
0.8 - -
- = - |
o
© 0.6 - - 5s5p°P  6s6p °P
o) . 3s3p °P
()
£ 4] 2520°P — Bel
[o) — Mgl
o Zn |
0.2 - — Cdl
— Hgl
ns®'S,
0.0 H — — — —
2 3 4 5 6
Principal quantum number, n
NIST
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Non-trivial coupling (J,J,)
Np-like ion: 93 electrons

15%2522p°3523p°3d*04s24p°4d A 45525 p°5d 0546526 p°6d7s7p

J=9/2

5f4(5|4)6d3/2 (4;3/2)11/2757p(1po1) (11/2: 1)09/2

NIST

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Non-trivial coupling (J,J,)

Np-like ion: 93 electrons

15%2522p°3523p°3d*04s24p°4d A 45525 p°5d 0546526 p°6d7s7p

A

5f4(5|4)6d3/2 (4;3/2)11/2757p(1po1) (11/2: 1)09/2

~_
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NIST

Configuration interaction example

Pr XXII: 15225%22p%3523p®3d1°45%4p®4d?

From J. Bauche et al

No CI: 4p°4d” - 4p°4d’
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Hund’s rules (equivalent electrons, LS)

Cl
"t 185 e TOWEST - compen w1 ot e
energy
 Largest L with the same  |*% 0 N
S has the lowest energy 2
* For atoms with less-than ~ |>% D2 e
half-filled She“S, lowest 25°2p° 's |0 21 648.01
J haS IOWESt energy 2s2p? °S° | 2 33 735.20
25°2p3s 3P| 0 60 333.43
. 1 60 352.63
 Lande interval rule: 2| o 303,20
¢ E(\J)'E(\]'l) — ﬁ\J 25?2p3s P 1 61 981.82
2s2p? °D° | 3 64 086.92
1 64 089.85
2 64 030.95
NIST
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e For atoms with more-
than half-filled shells,
largest J has lowest
energy

e Lande interval rule:
. EQJ)-E(J-1) = B

NIST
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3s23p*

3s23p*

3s%3p*

3s23p%(%S°)4s

3523p3(4S°)4s

3523p%(4S°)4p

P

D

18

5S°

38°

5p

0.6e0

396.055

573.640

9 238.609

22 179.954

52 623.64¢@

55 33@.811

63 446.065
63 457.142
63 475.651
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16-electron ion (S-like)

Term
1p
3s23p3d24p
3p
______ 3D,
D 3D1
3G
3s23p34s L=
Configuration °S

Even parabolic states for motional Stark effect!

NIST
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Superconfigurations

Motivation: for very complex atoms (ions) not only the number of levels is
overwhelmingly large, but also the number of configurations

Example: 15%25%2p°3s different n’s
15?2s22p°3p
15%2s°2p°3d
1s)?(2s2p)’ 1=(1)?(2)7(3)*
1ereoptzs TP (15P(252p)(353p30) = (122)(3)
15%252p°®3p

2 6
1522s2p°3d BUT: (1s)2(2s2p)’(3s3p3d4s4p4d4f):

Instead of producing millions or billions of lines, .
P . I:> Statistical methods

SCs are used to calculate Super Transition Arrays

FLYCHK, CRETIN, DEDALE...

See J. Bauche et al’s book (2015)

NIST
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lonization potentials

* |[Ps are directly connected with 1onization
distributions in plasmas

* Most often are determined from Rydberg series

NIST
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lonization potential (eV)

10000

1000

100

10 L

Ne-like ions: 1s°2s°2p°

P

) .

------ A+ B*Z +/C*Z%|
SP__ <SP,

Spectroscopic charge, Zsp:z+1
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Now to radiative processes...

JabberWok, CC BY-SA 3.0 <http://creativecommons.org/licenses/by-sa/3.0/>, via Wikimedia Commons
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Three major sources of photons

* Free-free transitions (bremsstrahlung)
c A% +e—> A% +e+hv

 Free-bound transitions (radiative recombination)
e A"+ — A@D+ + hy

* Bound-bound transitions

. AJ_Z"‘ — A% + hy lA -~ Continuum
- R lonization
oo A energy
Q
c
L

— Bound states
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.Bremsstrahlung (free-free)

« Calculation is straightforward for Maxwellian
electrons off bare nuclei of Z:

&' @) = 32@3(3‘;")% NzN,Z? (I;y ) %e MG (T, @,,@E“’”
* Total power loss .
eff =451 x107%22 (}%) N,N, [m] 9
» Multicomponent plasma: L,
e/ (D) = zeppe]! WDIH];  zeps = N, Z . z:lZZZTIIVV‘l

620 nm

Maximum emission at
TeleV]

max

NIST
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Atomic Processes

Almost all relevant physics is inside this matrix element

(qu(a,,b,, C,, . )‘6“‘1"1(&, b, C,.. ))

) interaction .
final state initial state
operator

Wavelengths

Energies

Transition probabilities (radiative and non-radiative)
Collisional cross sections

NIST
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Radiative transitions: decay rate

. Classical rate of loss of energy: dE/dt ~ |a|?,
and decay rate ~ |r|%for harmonic oscillator

. Quantum treatment: < e >
, g-p e |Y;

— ekr=1+jkr+... ~1 (electricld. e o 2.1 led)

- Velocity form:

- Length form:
(Lpf|‘7|qji> must be equal for

an exact wavefunction

(Lpf |r|qu.> (good test!)

Naotional Institute of Standards and Tachnology YR, ICTP/2024



S, f,and A

- Line strength | Sit = ICITIDI" = S,
e Symmetric w/r to initial-final

* Oscillator strength (absorption)
- gff; =aif;  (9;=2J+1); dimensionless = ———
 Typical values for strong lines: ~ 0.1-1 39; Ry

1 AE

 Transition probability (or Einstein coefficient)

Ayls™1] = 4.34 1o7§(AE[eV])2 fi
J

* Typical values for neutrals: ~108 s

NIST
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Selection rules and Z-scaling

Fundamental law:

Before: P] ]_;
parity and J do not change

After: P; - Py Ji +]_>ph

Exact selection rules: Approximate selection rules (for LS coupling):

P,=-P, AS=0, [AL| £1,050
|AJ| £1,0 4 0 (J:+)21)

ji= Intercombination transitions: AS # 0

*An=0
srocZl=SoZ? srocZl=SoZ?
* AEoc 72 = foc Z° * AEcZ = foc Z1

e A oc 24 eAoc?Z

NIST
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Some useful info

* “Left” 1s stronger than “right” . p
. f(Al = -1) > f(Al = +1)
* Hel

 f(1s2p P, — 1s3s 1S,) = 0.049
 f(1s2p P, —1s3d 'D,) =0.71

* Level grouping

 Average over Initial states J ?
» Sum over final states i B
. Example:_from levels to terms 5 g6t

* Any physical parameter Apa = 7Y, 9,

Level => term => configuration => ...

NIST
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Principal guantum number n

fng - )Ni(i_i>_3ii
* n-dependence for f: o 32@ n? nZ) nin]
f(An=1) = n =~ 0.245n

* n-dependence for A | 4@, >>ny) x—

* Total radiative rate from a specific n

Z4-
Az(n) ~ 1.6 X 1010W(S_1)

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Forbidden transitions (high multipoles)

e QED: En, Mn (n=1, 2,...) * Magnetic dipole (M1)

* E1/M1 dipole, E2/M?2 * Stronger within the same
guadrupole, E3/M3 configuration/term
octupole, ... * A ocZ6 or stronger

. : e Same parity, |AJ| £1,
Selection rules St

‘ol for M1, E2, M3,...  Electric quadrupole (E2)
. -1 for E1, M2, E3,... e Stronger between
* J  (En/Mn) =n configurations/terms
p

e A ocZ°
* M3 and E3 were x Or_Stmnger
e Same parity, |AJ| £2,

|
measured! 422

Generally weak...

NIST
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Aurora borealis
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Forbidden transitions: auroras

Wavelength
2958
2972
5577
6300
6300
6364
6364
6392

NIST

Transition
150_3|:>2
1S0_3P1
1S0'1[)2
1Dz_3|:,2
1D,-3P,
1D,-3P,
1D2_3|:)1
1D2_3P0

Notional Institute of Stondards and Tachnology

A(s?)
E2:2.42(-4)
M1: 7.54(-2)
E2: 1.26(+0)
M1: 5.63(-3)
E2:2.11(-5)
M1: 1.82(-3)
E2: 3.39(-6)
E2: 8.60(-7)

Energy (eV)

Ol 2p*

1S

. M1:6364A

E2: 5577 A
M1:6300A 1

11
I S D
- 3p .
e e R
1 1 1
0 1 2

Total angular momentum J
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Scaling in Ne-like ions

Ne-like ions

= S E
- 61 5,. .3 o ® 3
0’ 2P 'S,-2p’3p D,:E2 e .
K o
o 8.9
o 5.7 Z
E ”. Z -3 E
“n F P m . =
< 6L 'y I _
210 r's - 27.0
:;; * / [ o {
e L ::Z./
=k . . 61 5, 3 J
S & P 2p SO -2p 3s P2: M2 =
210’ - e -
= . |
= Z v u
" om 61 5~ 34 .
! . 2p° S,-2p3p P,: M1 i
- W 7.1 ]
10" - 4 7
|
‘ \ \ | |
0 5 10 15 25 30
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Jonsson et al, 2011
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Forbidden transitions: highly-charged W

A~ 10%106s1

15000 ] | ] | ] | 1 | ] | ] | ] | ]
Pract_ically all strong lines are due to M1 transitions W52+
within 3d" ground configurations

| W53+ ]

W53+

10000 [ WoL —~
=)

% i W51+ i
g
=
@]
O

5000 {— W52+ —

W52+
0 [ | [ | [ | I | [ | [ | | I
12 13 14 15 16 17 18 19 20
Wavelength (nm)
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Relativistic atomic structure:
heavy and not so heavy ions

5 1 Dirac-Coulomb
. e T j
i 1>]
p =—iV electron momentum operator
a,f 4x4 Dirac matrices
V() extended nuclear charge distribution

Transverse photons (magnetic interactions and retardation effects

Hrp = —Z [al “ COS((UUTU/C) + (a; - Vi)(aj : Vj) COS((‘)uru/C)

. 2y . /c2

QED effects: self energy (SE), vacuum polarization (VP)

Hpcp+oep = Hpc + Hrp + Hsg + Hyp +...

NIST
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Collisions in plasmas

* More than one particle: collisions!
» Elastic, inelastic

Number of collisions per unit time:

n[1/cm31*vicm/s]*Arealcm?] ~ [1/s]

Equilibrium plasma: T, =T,

Ve

M
me

() \

NIST
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Collision (excitation)

Continuum Main binary quantity: cross section o(E) [cm?]
7 // © Effective area for a particular process
AE f 2
2 o) = [IFE0,9) a0

f is the scattering amplitude

Process rate in plasmas:

< A
l AE Emax
R[s Y] =n(ov)=n j o(E)-v(E) - f(E)dE
Atom Fmin
rate coefficient
NIST
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Basic Parameters

. Cross sections are probabilities

(00}

— Classically:
o(AE,E) = j P(AE,E,p) - 2mpdp °

0 P

. Typical values for atomic cross sections

- a,"~ 5.10°cm = naoz ~ 1016 cm?

. Collision strength Q (dimensionless, on the order of unity):

, Ry
giE

— Ratio of cross section to the de Broglie wavelength squared

O-l](E) _T[ao ‘Q'l](E)

- Symmetric w/r to initial and final states

NIST
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Examples: excitation and ionization (cm?)

5e-17 (Lt 1 Col ol
4e-17 j He |: exc _, 6e-16 —
3e-17 — —
- - 4e-16
2e-17 +— —
16-17 i | 2e-16
e_ — 1
,—~Q T TTTI T T TTT T T T T 1 1T 0
/! 4 10 100 1000 10000 1e+05
J 8e-21 Wl T T TIT] T T —r 1 8e-17
L 4e-21f — 4e-17
\ 2e-21f- — 2e-17
\—/O il Ll Ll Ll 0 | | \
10 100 1000 0 50 100 150 200
Energy (eV) Energy (eV)
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Direct and inverse

« Quantum mechanics tells us that characteristics of direct

and inverse processes are related
AE is the excitation threshold

deexcitation )
Klein-Rosseland formula:

ettation i gi(E + AE) Gy (E + AE) = g;E0ayc(E)
A teo A() te Rates: | Ji{0V)exe = {0V axc - €~ 2F/"
Milne formula for photoionization/photorecombination: how =E + 1,
A+hv o At +e — Zm_cz
9z0pn(hw) = 22,2 9z+10rr(E)
NIST
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Types of transitions for excitation

Optically(dipole)-allowed

- P-P'=-1 (different parity)

- Al =1

- AS=0

- o(E—>) ~In(E)/E
Optically(dipole)-forbidden

- AS=0
- o(E—>wx)~1/E

Spin-forbidden
(EXCHANGE!)

- AS#0
- o(E—>x) ~ 1/E3

NIST

Notional Institute of Stondards and Tachnology

Examples in He I:

1s? 1S —» 1s2p 1P
1s2p 3P — 1s4d °D

1s2s 1S —» 1s3s 1S
1s2s 3S — 1s4d 3D

1s? 1S — 1s2p °P
1s2p 3P — 1s4d D

YR, ICTP/2024



Order of cross sections

. General order

optically allowed > optically forbidden > spin forbidden

. OA: long-distance, similar to E1 radiative transitions

o
. The larger Al, the smaller cross section e ffffffffffffffffffffffffffffff .

4.0x107°

3.0x10™°

)

N

2.0x10™"°

Cross section (cm

1.0x10"°

0.0

NIST

Li-like ions: 2s-2p excitation

Excitation cross sections for ions are NOT

zero at the threshold

— T —
1 10 100 1000 10000

Energy (eV)

Matienal Institute of Standards and Tachnalogy YR, ICTP/2024



From cross sections to rates

Rate coefficients for an arbitrary energy distribution function

oo

Emax Maxw 8 1/2 _EJT
(ov) = j o (EYv(E)f (E)dE | —— j E-o(E)-eE/TdE
Emin AE

_AE

= . .

For 6(E) = A/E: (vo) o e Often only threshold is important:
VT

T \ Effective collision strength:

lons
y(Te) = EIQ(E) €xp <— T_e> dE
; Ato

i =(25) ey

0
T (eV) Ene

Naotional Institute of Standards and Tachnology YR, ICTP/2024



van Regemorter-Seaton-Bethe formula

. Optically-allowed excitations

Gaunt factor

—

2
8t ( Ry \  g(X)
X=E/E, (E) = mad '
j 0ij (E) = mag V3 (AEU> % fl}\ oscillator
strength
V3 6.51- 10" 1In(X) i
“Recommended” Gaunt factors:
Atoms: lons:
0.3 0.08 - ~ 1 1 @l
g(An=0,X) = (0.33 ks ?) In(X) g(An =0,X) = <1 — E) <0.7 + E) [0.6 +o- n(X)]
glAn #0,X) = <2—€—$> In(X) gAn #0,X) =0.2(X < 2), ;/—Eln(X) for X =2

NIST
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Scaling of Excitations
* n-scaling
* An=1
e f~n, AE~n3, 6 ~n7,c ~ N*

* Into high n
1
* f~n3, AE~n%, 6 ~ —
n

 Z-scaling
* An=0

1 1
« f~Z1, AE~Z, G ~ Z3 SOV> T

 An£0
o f~Z0 AE~Z2, G ~ L <o\V> ~ 2
NIST ! ! zZ4 Z3

Notional Institute of Stondards and Tachnology

But A ~ Z4!11

YR, ICTP/2024



Examples: excitation and ionization (cm?)

5e-17 (Lt 1 Col ol
4e-17 j He |: exc _, 6e-16 —
3e-17 — —
- - 4e-16
2e-17 +— —
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Direct and Exchange

Direct channel Exchange channel

2 e
e/ o %

~ &

L /

\ AE : X AE

Naotional Institute of Standards and Tachnology YR, ICTP/2024



N\

Direct and Exchange (cont’d)

7

=
T —m

N\

1s2p

1 “e
i S 15x
: c
; k<]
i 5 1
| 3
1 o 1.0x10™ o\
! o
| S T
1 \.
i 5.0x10% 4 \
% 1 e
: : ] ™
| 0.0 :
1000
\ 4 3

1s2

He-like ion
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Resonances In excitation

7. 4, %

Direct excitation Intermediate states Intermediate Al states

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Collisional Methods and Codes

. Plane-wave Born
. Coulomb-Born (better for highly-charged ions)
. Distorted-wave method

. Close-coupling (CC) methods
— Convergent CC (CCC)
— R-matrix (with PS, Dirac, etc.)
- B-splines
- Time-Dependent CC

. Relativistic versions are available

Naotional Institute of Standards and Tachnology YR, ICTP/2024



lonization cross sections

° 2.5x10"° 4
2.0x10™"°
. N’g 4
% 1.5x107" —CI
£ - —cCli
g é 1.0x10" - —Clil
& ]
A+e—>A"+e+e /\
Y e S
10 100 1000 10000
Lotz formula: Energy (eV)
Ry?In(E/IL,) n*lnX
I, E Z* X

Same theoretical methods as for excitation: Born, Coulomb-Born, DW, CC, CCC, RMPS...

NIST
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3-Body Recombination

A+eoc AT +e+te

3-body rate coefficient a ;. (T,) from ionization rate coefficient S, (T,):

] K2 3/2
az1(Te) =1 J <2n ) exp[ ]SZ(T)

Rates from rate coefficients: n,S;(T,) but nia,.,(T,)

Likes high-n states; a(T,)~ 1/T9/2

NIST

Notional Institute of Stondards and Tachnology
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Bound-free:
Radiative Recombination

. At + e > A(Z-1) 4 hv (inverse of photoionization)
/CZZ hv=E+I|
.
E Semiclassical Kramers cross section: oxr(E) = gj/%i_:(ER-l)—] 1)3 na%
7
Quantum-mechanical cross section: opn(E) = ok (E) - Gf,ff(E)

Cross section Z-scaling:

hv 1
N72) %72

S 00010

Reduc

0.0000

NIST
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Resonances in photoionization

Fe Il

01

3d°(°S)ns ’S + hv -> 3d° ©S

.00

:

3d°(°S)ns /S + hv

PHOTOIONIZATION CROSS SECTION (MB)
g

- -> 3d*4p(*P°)ns 7P°
->3d° S

3
.001‘.6‘ = ‘1.651 B ‘171 - 11.751 - ‘1.81 - 11485 . l1~9l - l’-l95l - l2 A Pradhan

PHOTON ENERGY (RYDBERGS)

NIST
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Selection rules

« Examples of Al states: 1s2s2, 1s22pnl (high n)
* Typical rates: 1013-1014 st
« Same old rule: before = after
e A** 5 A* + ¢l
* Exact: P;=P; AJ=0
« Approximate (LS coupling): AS=0,AL=0

« 2p2 3P — 1s + gp: parity/L violation!
« BUT: W(2p2°3P, ) = a'¥(2p? 3P, ) + B¥(2p° D,) + ...
« and W(2p? 3P, ) = a"W(2p? 3P, ) + B (2p? 1Sy) + ...
* YET: A,(2p?3P,) = 0

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Radiative recombination

Bound states  —

lon recombined

NIST
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DR step 1: dielectronic capture

°
Continuum AE
Bound states —
A(Z+1)+ +e — AZH*x
——
Resonant process!
AE
_ =

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Dielectronic capture + autoionization
= no recombination

DC and Al are
direct and inverse

Continuum

Bound states ——

AC+D+ o o 5 pZ+xx 5 AZ+D+ 4 o

NIST
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DR step 2: radiative stabilization

AE(An =0) < z
Continuum AE(An # 0) ~ 13.6eV - 7?2

Bound states ——

Stabilizing transition:

AZHDF 4 oy pZHe | AZH* 4 oy Mostly x-rays

AVa%aVe

AE

NIST
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Examples of dielectronic
recombination & resonances

Dielectronic satellites are
important for plasma diagnostics

He* + e e
(e.g., He- and Li-like ions)
- _ (c) w
log,y 8
Sl § 3000 i
O L nxy
=13 ﬂ E
§ 20004 g
™
R (-CJ Al
o <
sk 2 1000) |
O = :.'. IIII . IIIII ,-' s '- IIIIIIII _'..
-17 3.94 3.95 3.96 3.97 3.98 3.99 4.00
leg,, T Wavelength (A)
Fia 1 —He" 4 ¢ recombination coeficients o (cm? sec™')

Ar at NSTX, Bitter et al (2004)
A. Burgess, ApJ 139, 776 (1964)

BUT: DR for high-Z multi-electron ions

This work solved the ionization balance
problem for solar corona

is barely known!

NIST

Naotional Institute of Standards and Tachnology YR, ICTP/2024



Heavy-particle collisions

lonization cross sections

1.5x10" A 1.5x10"°

e+H
p+H

1.0x10™" 1.0x10"¢ 4

Cross section (cm’)
Cross section (sz)

5.0x10"" 4 5.0x10""

0.0 A e 0.0

Energy (eV) Velocity (at.un.)

In thermal plasmas electrons are always more important for excitations than heavy particles
Exception: closely-spaced levels (e.g., 2s and 2p in H-like ions)

Neutral beams: E ~ 100 keV = heavy particle collisions are of highest importance

Charge exchange H + AZ7* = H* + Alz1)*(n)

* Very large cross sections > 10°15 cm?; d(Z)~Z - 10715 ¢m?
* High excited states populated: n ~ Z2%77
* Higher /values are preferentially populated but it depends on collision energy

NIST
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