Astrophysics & Spectroscopy

UMONS

Université de Mons

Atomic structure and radiative data
calculations for heavy elements of
interest in fusion plasma research

Theoretical challenges
and recent advances

Pascal Quinet
V]

Faculté quinet@umons.ac.be

— des Sciences

Introduction — Motivations

Fifth row Sixth row  Lanthanides
4d*nl 5dnl 4f<nl
4d<ninT 5d%'nin’’ 4fklnin’
4d<2ninTn”1”  5d<2nin’'n”l” 4f<2nin’n’l”

g Teocen | Er 11 (2=68)

[0dd configurations]
ol

"I Nb I (z=41)
[0dd configurations]

7
.

7
é
.
.
|
.

Energy e’

s [ 2607 levels | 1628 [ 3088 jevels

Introduction — Motivations

The Periodic Table of the Elements

Fifth row Sixth row  Lanthanides Be

5 6 7 8 9
B|C|N/|O|F|Ne
it | 850 | 605 | iS55 [iion] it
6

Introduction — Motivations

[
r 1
[ Fifth row]  [Sixth row| [Lanthanides |

4d<nl 5dnl 4f<nl
4d<'ninT 5d*'nin’’ 4f%nin’T
4d<2ninTn’1”  5d“2nin’Tn”” 4f<2ninTn’1”

Very complex spectroscopic structures (unfilled 4d, 5d, 4f shells)
- little investigated up to now (both theoretically and experimentally

Interest in many other fields : L vupt | 3 HER onilion, toges
- Astrophysics (CP stars, nucleosynthesis, ...) E |
- Solid state physics (doped crystals, ...)
- New light sources (lasers, lamps, ...)

- Plasma physics (fusion, ITER, ...)
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Progress in computers & laser spectroscopy of”
- New systematic investigations possible N
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Theoretical approach

Relativistic Hartree-Fock method (HFR)

(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. California Press, Berkeley, 1981)
Based on the Schrédinger equation (atom with N electrons)
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Central field approximation
1
P, @D =PIV, 0.0),12,,(0)

Slater determinant
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Determination of atomic data

Theoretically and experimentally...

Atomic structure parameters E1

e Energy levels, £, E;
 Transition energies, AE;; Ey

* Wavelengths, 4,;

A, fo
Radiative parameters w Fi
 Transition probabilities, A,; E
* Oscillator strengths, f; i

* Radiative lifetimes, 7, = 1/%, A,;

Theoretical approach

Relativistic Hartree-Fock method (HFR)

(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. California Press, Berkeley, 1981)

Hartree-Fock equations
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Resolution of Hartree-Fock equations

Iterative method - self-consistent field method



Theoretical approach

Relativistic Hartree-Fock method (HFR)

(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. California Press, Berkeley, 1981)

Multiconfiguration approach

=3 4,

b

Relativistic effects
Included perturbationaly (spin-orbit, mass-velocity, Darwin term)

Good agreement with fully relativistic methods

Ab initio or semi-empirical approach

Experimental energy levels can be used to optimize the radial parameters

Core-polarization effects (HFR + CPOL)

(see e.g. Quinet et al., M.N.R.A.S. 307, 934, 1999; Quinet et al., J. Alloys Compd 344, 255, 2002)

Intravalence correlation considered within a configuration interaction scheme

Core-valence correlation represented by a core-polarization model potential
depending on two parameters (dipole polarizability ;and cut-off radius r.)
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Lu IV ionic core
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Semi-empirical optimization

(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. California Press, Berkeley, 1981)

Radial parameters (average energies, electrostatic integrals, spin-orbit
parameters) adjusted in order to minimize the discrepancies between
computed Hamiltonian eigenvalues and experimental energy levels

-> Optimization of the transition energies and wavefunctions

- Optimization of the radiative decay rates E K
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- A good experimental knowledge of the level structure
for the atom (or ion) considered is needed

Experimental measurements

Time-resolved laser-induced fluorescence (TR-LIF)
(see e.g. Bergstrom et al., Z. Phys. D 8, 17, 1988; Xu et al., Phys. Rev. A 70, 042508, 2004)

Accurate measurements of radiative lifetimes (within a few %)
Lifetime range from 1 ns to 300 ns

Selective excitation (no cascading problems)

Many levels accessible (using different laser dyes)

Different ionization degrees accessible in the laser-produced plasma
(neutral, singly-, doubly- and trebly-ionized atoms)

Theoretical approach

Relativistic Hartree-Fock method (HFR)

(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. California Press, Berkeley, 1981)

Multiconfiguration approach ‘ Core-valence correlation (with 5s, 5p)

. Even parity 0Odd parity

w3 av, Ss5pS5dsf  5s5pSSd?  5s75pS5d?  5s5peSdsf
b 5525p55d6p  5s5p°5f2 5s25p55f2  5s5p°5d6p
Example : Lu lll (Lu2*) 5525p55d6f  5s5pt6s* 5525p56s?  5s5p°5d6f
(Ground config. : [Xe]4f145525p56s) 5525ps5fes  5s5p°6p? 5525p56p?  5s5p°5fes
5525p°5fed  5s5p®6d? 5s25p%6d?  5s5p°5fed

Intravalence correlation 5525p56s6p  55p°6f2 5s25p%6f2  5s5p°6s6p
(up to n=6, I=3) 5525p56s6f  5s5p°5d6s  5525p55d6s  5s5pC6s6f

5525p56p6d  5s5pf5d6d  5s25pS5ded  S5s5pt6p6d

Even parity 0dd parity + 5525p56d6f  5s5p°Sfep 5s25pS5fep  5s5p°6d6f
5s525p®6s 5s25pS6p 5s5p°5f6f 5s25p5f6f

5s25pS5d 5525p65f 5s5p®6s6d 5s25p56s6d

5s25pf6d 5525pf6f 5s5p°6p6f  5525pS6p6f

5 levels 6 levels 885 levels 904 levels

Core-polarization effects (HFR + CPOL)

(see e.g. Quinet et al., M.N.R.A.S. 307, 934, 1999; Quinet et al., J. Alloys Compd 344, 255, 2002)

Core-polarization

Core-penetration

A specific example (Lu Ill)
(Biémont et al., J. Phys. B 32, 3409, 1999)

Radiative lifetimes for 6p 2P, ;, (38401 cm™*) and 6p 2P, (44705 cm™?)
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Lu3* ionic core with 68 electrons : z g g

a,=5.20 a,® (Fraga et al., 1976) i 5 g % §

r.=<r>g,=139a, =

.l
Method %, 2, z . } o
HF 1.49 1.00 ;’5‘ -
HFR 157 1.06 E L. }zpm
= .

HFR+POL 2.03 138 3 .
HFR+POL+PEN 2.23 1.47 " .
Experiment 220020 | 1.55+0.20 "l
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Results obtained so far Radiative lifetimes, transition rates (lanthanides)
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Some recent results : Nb Il, Mo I, Rh Il Some recent results : Nb Il, Mo I, Rh Il

Nb Il : lifetimes measured for 17 energy levels belonging to 4d35p Mo Il : lifetimes measured for 16 energy levels belonging to 4d*5p

Level E(cm?) T (ns) [Theory] T (ns) [Experiment] Level E(cm?) T (ns) [Theory] T (ns) [Experiment]

This work This work Previous This work This work Previous

4d3(*F)5p °D, 34886.35 5.9 56+0.3 5.5+0.3% 4d*(°D)5p Z‘Pz,2 48022.815 4.8 4.9+0.2 4.8+0.4°

5.7+0.3% 4.9+0.3°

4d*(“F)5p 3DZ 35520.82 5.7 55+0.3 5.7+0.3° 4d*(°D)5p z EDW 50302.913 4.2 4.0+0.3 43+0.3%

5.7+0.3° 4.0+0.3°
4d(*F)Sp °D, 37298.24 2.7 2.6+0.2 3.1+£0.3% 4d‘(SDJ5p1‘Fm 51373.170 4.7 42+03
4d3(“F)5p 5DZ 37797.32 28 2.7+0.2 3.2+0.3" dd‘(sD)sz‘Fslz 51732.690 4.6 4.2+0.3
4d3(*F)5p 3G, 40103.61 5.0 5.1+0.3 5.2+0.3b 4d(°D)Sp 2 °F,, 52217.587 4.4 4.0+03
4d*(*F)Sp *P, 41710.14 8.4 85+0.7 4d%(°D)5p z ‘an 52843.296 43 40+03
4(*F)5p 2P, 4213265 7.2 72405 4d*(°D)5p 2D, , 54238.949 5.5 51+03
4d3(*F)5p D, 42596.55 72 7.5+0.7 4d*(°D)5p 2 *D,, 54687.002 5.2 5.0+0.3
40%(*F)5p °D, 43290.34 73 75+0.4 4d*(*D)5p 2 ‘D, 55216.203 4.9 46+03
4d3(*F)5p 1D, 43618.39 X 6.7+0. 4d*(°D)5p 2D, 55706.937 4.7 45+03
4d3(2P)5p 3D, 43649.19 I X 7.2+0. 12.8+03> | 4d*(*H)5p 2H,, 57892.289 5.2 49+03
4d3(*P)5p 5D, 43887.08 % 5.7+0. 4d*(*H)5p 2 *Hy, 58196.928 5.2 49+03
4d3(*P)5p 5D, 44066.67 X 6.4+ 0. 53+03° | 4d*(*H)5p 2 H, 58761.258 5.0 48+03
Ad3(*P)5p 3P, 44285.94 5 7.0+0. 4dH)5p 2 H, ., 59492.157 4.7 46+0.3
4d3(2P)5p 3ElZ 44924.60 6.6 6.2+0.3 4d°(3F)5p z sz 59841.060 85 7.6+1.0
4d3(*P)5p °D, 44970.71 5.8 52+0.5 4d*(*F)5p 2 ?D ), 60992.764 7.5 6.6+0.5

Ad3(P)Sp *Dy 45802.47 48 46403 * Hannaford & Lowe (1983);*Sksuom et o, (2001) \lean ratio (Th/Exp) = 1.068 + 0.039

* Salih & Lawer (1983); ® Hannaford et al. (1985)  Mlean ratio (Th/Exp) = 1.035 + 0.048

Some recent results : Nb Il, Mo Il, Rh Il The specific case of tungsten
Rh Il : lifetimes measured for 17 energy levels belonging to 4d’5p Great interest in plasma physics
Level E (cm ) T (ns) (Theoryl _ © (ns) [Experiment]
This work This work Previous
4d’(*F)5p °F, 56547.3 4.4 3.9+0.5
4d’(*F)5p °Fy 57020.8 4.0 39+03
4d7(*F)5p °F; 58358.5 42 3.8+0.3
4d7(*F)5p °D, 59161.5 39 33+0.2
4d7(%F)Sp °F, 59698.6 42 3.8+03
4d7(“F)5p sG6 59702.4 31 3.0+£0.2
4d7(*F)5p °G,, 59729.4 4.0 35+0.2
4d7(*F)Sp °D, 60448.4 3.9 34+04
4d7(*F)5p °G, 61173.1 35 33+0.2
4d7(*F)5p °D, 61355.9 4.0 37405 Fusion reactors
4d’(*F)5p °G, 61939.8 3.6 33+03
4d7(*F)5p 3G, 62194.4 35 3.2+0.2
4d7(*F)5p G 62288.3 3.6 33+03
4n|7(‘F]5paF42 62326.1 2.8 24+0.2 ITER
4d7(%F)5p 3F, 63454.9 25 23+03 International
4d7(°F)5p 3G, 63959.5 37 3.4+02 Thermonuclear
4d7(“F)5p 3G3 65321.2 2.4 2.0+0.2 .
Experimental
Mean ratio (Th/Exp) = 1.107 + 0.047 Reactor




The specific case of tungsten (W I, W I, W 11I) The specific case of tungsten (W I, W I, W 11I)

Transition rates in W I, W Il and W 1lI Transition rates in W |
W I : 508 experimentally known energy levels within the
5d*6s?, 5d°6s, 5d*6s7s, 5d°6p, 5d*6s6p and 5d36s26p configurations
(Kramida & Shirai, J. Phys. Chem. Ref. Data 35, 423, 2006; Wyart, J. Phys. B 43, 074018, 2010)

Comparison between theoretical transition probabilities and available
experimental results

1e+g ter9

W Il : 263 experimentally known energy levels within the
5d°, 5d%6s, 5d36s2, 5d*6p, 5d36s6p and 5d26s26p configurations
(Kramida & Shirai, J. Phys. Chem. Ref. Data 35, 423, 2006)

e+

W Il : 235 experimentally known energy levels within the

5d*, 5d36s, 5d26s2, 5d36p and 5d26s6p configurations < é
(Iglesias et al., J. Res. Natl Inst. Stand. Tech. 94, 221, 1989)
tess
Transition probabilities and oscillator strengths calculated for :
2525 W | lines in the range 223 — 1010 nm (Quinet et al., J. Phys. B. 44, 145005, 2011) e 5 — — — =
6086 W Il lines in the range 143 — 990 nm (Nilsson et al., Eur. Phys. J. D 49, 13, 2008) A (8 A )
4822 W Il lines in the range 83 — 1494 nm (Palmeri et al., Phys. Scr. 78, 015304, 2008) [Den Hartog et ol 1.0.S.A. B 4, 48 (1987)] [Kling & Kock, .QSR.T. 62, 125 (1995)]
IS P cunet qunei@unonsacoel | IAFAAVPMILd-December2014 25|

The specific case of tungsten (W I, W I, W III) The specific case of tungsten (W I, W I, W III)
Transition rates in W | Transition rates in W Il and W IlI Comparison between theoretical oscillator

strengths and available experimental results
(W 11+ Kling et al., JOSRT 67, 227, 2000)
(W 111 : Schultz-Johanning et al., Phys. Scr. 63, 367, 2001)

Wavefunction purities (in LS coupling) for W | odd-levels below 45000 cm™!

Comparison between theoretical and
(bold lines represent purities smaller than 15%)

experimental lifetimes obtained in our work

100 E(cm?) J Theory Experiment ": Wl ]
Wl
&0 | 47179.941 3/2 |68 58+03 ] K
. 48284.498 5/2 |76 59:+03 . g
£ g 48181.034 9/2 (204 21510 A
= 50430.999 3/2 |53 6.6+0.4 e
2 4 51045292 7/2 |43 47404 |~ 25% T e T
2 51254.429 3/2 |22 21402 [ 1
| 51438.064 5/2 |47 4604 JLowin .
54498.608 7/2 |29 21402 1 .
04 55392446 9/2 |24 23402 L
20000 25000 30000 35000 40000 45000 [ e ]
Energy (e 57231.04 2 29 2903 | g0 il
6148836 3 23 25403 L . .
The specific case of tungsten (W I, W II, W IIl) The specific case of tungsten (W IV, W V, W VI)
Critical evaluation of available data Transition rates in W IV, WV and W VI
R e oS W IV : 105 experimentally known energy levels within the
e 5d3, 5d26s, 5d6s2, 5d26p and 5d6s6p configurations
Radiative decay rates f(')l' had I’ w I! ?nd (Kramida & Shirai, At. Data Nucl. Data Tables 95, 305, 2009)
W III allowed and forbidden transitions
of interest for spectroscopic diagnostics in WVv: 591exper|mentally known fenergy levels v;lthm t.he
fusion plasmas 5d?, 5d6s, 5d6p, 6s6p, 5d5f and 5d7p configurations
(Kramida & Shirai, At. Data Nucl. Data Tables 95, 305, 2009)
P Quinet' 2, V Vinogradoff', P Palmeri' and E Bi¢mont'2
u.:mw‘»:;; Uam::::.\m:::m m;m“::, Beigom Recommend?d Arvalues W VI : 14 experimentally known energy levels within the
i e for the most intense W1, 5d, 6s, 6p, 6d, 7s, 5f, 5g and 6g configurations
e e ————— W lland W II1 E1 |ines (Kramida & Shirai, At. Data Nucl. Data Tables 95, 305, 2009)
Online at acksop rg TPhysB/AY144003
A it s Transition probabilities and oscillator strengths calculated for :
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The specific case of tungsten (W IV, WV, W VI)

Transition rates in W IV, WV and W VI

Conclusions
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log gf (HFR+CPOL) log gf (HFR+CPOL)
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Relativistic Many-Body w7 ol A Level structure still too poorly known for many ions to perform semi-
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Perturbation Theory (RMBPT) <05 5 5 5 55 5 05 55 i+ 5 5o s s empirical calculations (= new term analyses needed)
log gf (HFR+CPOL) log gf (HFR+CPOL)
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