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Introduction
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• Astrophysics: nucleosynthesis, neutron
capture elements (s- and r-processes)

• Fusion: plasma facing materials,
contamination, radiative loss, influx ...

• Lightening technology: richness of
lanthanide spectra

• Photonics, lasers: triply-ionized
lanthanides

Introduction
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The HFR+CPOL Method

The Relativistic Hartree-Fock (HFR) method of R.D. Cowan:
(The Theory of Atomic Structure and Spectra, Univ. of California Press, Berkeley, 1981)

Multiconfiguration approach through superpositions of
configurations

Most important relativistic effects included (spin-orbit, mass-
velocity correction, Darwin term, kappa-averaged orbitals)

Good agreement with fully relativistic methods

Convergence problems do occur very rarely

Can be used both in ab initio or semi-empirically
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The HFR+CPOL Method

The Semi-Empirical Optimization:
(R.D. Cowan, The Theory of Atomic Structure and Spectra, Univ. of California Press,
Berkeley, 1981)

Radial parameters (average energies, electrostatic integrals, spin-
orbit parameters) adjusted to minimize the discrepancies between
the Hamiltonian eigenvalues and the experimental level energies

- Optimization of the wavefunctions

- Optimization of the wavelengths

- Optimization of the transition rates

→ Depends on the availability of experimental level energies!



7

The HFR+CPOL Method

The Core-Polarization Effects (HFR+CPOL):
(see e.g. Quinet et al 1999, MNRAS 307,934 & 2002, J. Alloys Comp. 344, 255 )

Intravalence correlation: explicit multiconfiguration expansions

Core-valence correlation: core-polarization model potential
depending upon two parameters:
(Migdalek & Baylis 1978, J Phys B 11, L497)

1-electric dipole polarizability of the ionic core, αd
2-cut-off radius (size of the ionic core), rc

Penetration of the core by valence electrons: core penetration
correction
(Hameed et al 1968, J Phys B 1, 822; Hameed 1972, J Phys B 5, 746)
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Tellurium is seen in stars (Te I)

Roederer et al 2012 ApJ 747, L8:

Te I λ2385 in HST spectra of
metal-poor stars  
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Tellurium: no radiative data
available for Te II-III

Z=52 (5th Period, Group VIA)
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Te II
HFR+CPOL model:

Intravalence Correlation (43 configurations):

5p3+5p26p+5p27p+5p24f+5p25f+5p26f+5d26p+5d26f+6s27p+
5d27p+4f25p+4f26p+5s5p36s+5s5p35d+5s5p36d+5s5p26p5d+
5s5p26p6d+ 5s5p24f5d+ 5s5p24f6d+5p5 (odd parity)

5s5p4+5p25d+ 5p26d+ 5p27d+ 5p26s+5p27s+ 5p28s+ 5p25g+
5p26g+5d25g+ 5d26g+ 5f25g+ 5f26g+5s5p36p+5s5p34f+
5s5p35f+ 5s5p36f+5s5p26s5d+ 5s5p26s6d+ 5s5p25d6d+
5s5p26s2+ 5s5p25d2 (even parity)
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Te II
HFR+CPOL model:

Core-Polarization Potential:

Pd-like Te6+ [Kr]4d10 ionic core with αd = 1.295 a0
3 (Fraga et al 1976,

Handbook of Atomic Data, Amsterdam: Elsevier) and rc= <r>4d= 0.964 a0.

Semi-Empirical Optimization:

Odd parity: 45 experimental levels belonging to the
configurations 5p3+5p2nl (nl=6p,7p,4f) (NIST database).
Average deviation = 87 cm-1.

Even parity: 81 experimental levels belonging to the
configurations 5s5p4+5p2nl (nl=6s,7s,8s,5d,6d,7d)(NIST database).
Average deviation = 217 cm-1.
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The transition probabilities and oscillator strengths for 439 strong
(log gf > -1) E1 transitions in the spectral range 77-997 nm.

No lifetime measurements are available for comparison!

→ f-values have been compared with an independent model to
assess the reliability: the MCDHF method has been used.

Te II
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Multiconfiguration Dirac-Hartree-Fock (MCDHF) model:

Fully relativistic method that takes into account the QED effects

The GRASP2K package has been used (Jonsson et al 2007, CPC 177,
597)

Configuration space: generated from the multireference
5s25p3+5s5p4+5s25p2nl (nl=5d,6s,6p) by single & double electron
excitations involving the orbitals 4f,ns,np,nd (n=5,6,7,8) (102,359 CSFs).

Orbital optimization: EOL on the 70 levels of the multireference.

→ No core-valence effets due to the opening of the n≤4 shells !

Te II



14

Te II

60% agreement
for log gf ≥ -1
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Te III
HFR+CPOL model:

Intravalence Correlation (48 configurations):

5p2+5p6p+5p7p+5p4f+5p5f+5p6f+5d6p+5d6d+6s2+
5d2+4f2+5f2+5s5p26s+5s5p25d+5s5p26d+5s5p6p5d+
5s5p6p6d+ 5s5p4f5d+ 5s5p4f6d+5p4+5p34f+5p35f+
5p36f (odd parity)

5s5p3+5p5d+5p6d+5p7d+5p6s+5p7s+5p8s+5p5g+
5p6g+5d25g+5d6p+5d4f+5d5f+5d6f+5s5p26p+5s5p24f+
5s5p25f+5s5p26f+5s5p6s5d+5s5p6s6d+5s5p5d6d+
5s5p6s2+5s5p5d2+5p36s+5p35d+5p36d (even parity)
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Te III
HFR+CPOL model:

Core-Polarization Potential:

Pd-like Te6+ [Kr]4d10 ionic core with αd = 1.295 a0
3 (Fraga et al 1976,

Handbook of Atomic Data, Amsterdam: Elsevier) and rc= <r>4d= 0.964 a0.

Semi-Empirical Optimization:

Even parity: 14 experimental levels belonging to the
configurations 5p2+5p6p (NIST database; Tauheed & Naz 2011, J. Korean Phys.
Soc. 59, 2910).
Average deviation = 100 cm-1.

Odd parity: 55 experimental levels belonging to the
configurations 5s5p3+5pnl (nl=6s,7s,8s,5d,6d,7d) (Tauheed & Naz 2011,
J. Korean Phys. Soc. 59, 2910). Average deviation = 126 cm-1.
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The transition probabilities and oscillator strengths for 284 E1
transitions in the spectral range 52-901 nm.

Here again no lifetime measurements are available for comparison!

→ f-values have been also compared with a similar MCDHF model
using GRASP2K.

Te III
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Multiconfiguration Dirac-Hartree-Fock (MCDHF) model:

Configuration space: generated from the multireference
5s25p2+5s5p3+5s25pnl (nl=5d,6s,6p) by single & double electron
excitations involving the orbitals 4f,ns,np,nd (n=5,6,7,8) (32,724 CSFs).

Orbital optimization: EOL on the 41 levels of the multireference.

→ Here also no core-valence effets due to the opening of the n≤4 shells.

Te III
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Te III
60% agreement excluding 9 transitions with
convergence problem in MCDHF.
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Te III: MCDHF convergence
5p2 3P1 - 5p6s 1P°1 : convergence problem!
(circles: Babushkin ; squares: Coulomb)

5p2 3P2 - 5p6s 3P°1 : converged!
(diamonds: Babushkin ; triangles: Coulomb)

- Step 1: ground configuration
orbitals (no transition calculated)
- Step 2: multiref {5s,5p,5d,6s,6p}
- Step 3: SD {5s,5p,5d,6s,6p,6d}
- Step 4: SD {5s,5p,5d,6s,6p,6d,
7s,7p,7d}
- Step 5: SD {5s,5p,5d,6s,6p,6d,
7s,7p,7d,8s,8p,8d}
- Step 6: SD {5s,5p,5d,6s,6p,6d,
7s,7p,7d,8s,8p,8d,4f}



21

Rh III, Pd III & Ag III:
no radiative rates available!

Z=45-47(5th Period, Groups VIIIB-IB)
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Rh III, Pd III & Ag III:
Computational Strategy

- Rh III: similar model as in the isoelectronic ion Ru II (Palmeri et al 2009,
J Phys B 42, 165005) →  good agreement with the TR-LIF lifetime
measurements (within a few percents).

- Pd III: similar model as in Rh II (Quinet et al 2012, A&A 537, A74) →
also good agreement with the TR-LIF lifetime measurements (within a
few percents).

- Ag III: similar model as in Pd III adding one electron to the 4d subshell

→ An accuracy of a few percents for the radiative rates is expected at least
for the strongest lines
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Rh III, Pd III & Ag III:
HFR+CPOL Models (CI)

- Rh III: 4d7 + 4d65s + 4d66s + 4d65d + 4d66d + 4d55s2 + 4d55p2 + 4d55d2 +
4d55s6s (even parity) & 4d65p + 4d66p + 4d64f + 4d65f + 4d55s5p +
4d55s6p + 4d55p6s (odd parity); CPOL: Rh V 4d5 core with    αd=3.31 a0

3

(Fraga et al, 1976) & rc=<r>4d=1.43 a0; Fit:

- Pd III: 4d8 + 4d75s + 4d76s + 4d75d + 4d76d + 4d65s2 + 4d65p2 + 4d65d2 +
4d65s6s + 4d65s5d + 4d65s6d (even parity) & 4d75p + 4d76p + 4d74f +
4d75f + 4d65s5p + 4d65s6p + 4d65p5d + 4d65p6s (odd parity)

- Ag III: 4d9 + 4d85s + 4d86s + 4d85d + 4d86d + 4d75s2 + 4d75p2 + 4d75d2 +
4d75s6s + 4d75s5d + 4d75s6d (even parity) & 4d85p + 4d86p + 4d84f +
4d85f + 4d75s5p + 4d75s6p + 4d75p5d + 4d75p6s (odd parity)
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Rh III, Pd III & Ag III:
HFR+CPOL Models (CPOL)

- Rh III:  Rh V 4d5 core with αd=3.31 a0
3 (Fraga et al, 1976) &

rc=<r>4d=1.43 a0

- Pd III:  Pd V 4d6 core with αd=3.17 a0
3 (Fraga et al, 1976) &

rc=<r>4d=1.36 a0

- Ag III:  Ag V 4d7 core with αd=3.04 a0
3 (Fraga et al, 1976) &

rc=<r>4d=1.04 a0
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Rh III, Pd III & Ag III:
HFR+CPOL Models (Fits)

- Rh III: 196 experimental levels belonging to 4d7, 4d65s & 4d65p
(NIST database). Average deviations: 28 cm-1 (even parity) &
84 cm-1 (odd parity).

- Pd III:  177 experimental levels belonging to 4d8, 4d75s, 4d76s,
4d75p & 4d65s5p (NIST database). Average deviations: 80 cm-1

(even parity) &   68 cm-1 (odd parity).

- Ag III:  64 experimental levels belonging to 4d9, 4d85s & 4d85p
(NIST database). Average deviations: 117 cm-1 (even parity) &
66 cm-1 (odd parity).
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Experimental and Calculated
Even-Parity Energy Levels in Ag III
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Rh III, Pd III & Ag III:
Radiative Rates

- Rh III: 2150 E1 transitions in the spectral region 76-519 nm

- Pd III: 2120 E1 transitions in the spectral region 61-975 nm

- Ag III: 440 E1 transitions in the spectral region 59-801 nm
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Sample of E1 Radiative Rates (log gf > -0.5) in Rh III
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Praseodymium: radiative
parameters are sparse in Pr IV

Z=59 (Lanthanide Series)
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Pr IV: HFR+CPOL Model

Similar model as in the isoelectronic ion Ce III (Biémont et al 2002,
MNRAS 336, 1155) which gave a good agreement (within 5%) with the
TR-LIF lifetime measurements.

→ Accuracy of ~5% is expected in Pr IV

Intravalence Correlation:

4f2 + 4fnp (n=6-7) + 5d2 + 5dns (n=6-7)+ 6s2 + 5d6d + 4fnf (n=5-7) +
6p2 (even parity)

4fnd (n=5-7) + 4fns (n=6-8) + 5d6p + 4fng (n=5-6) + 6s6p
(odd parity)
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Pr IV: HFR+CPOL Model

Core-Polarization Potential:

Xe-like Pr5+ 5p6 ionic core: αd= 5.40 a0
3 (Fraga et al, 1976)

     rc= <r>5p= 1.60 a0

 Semi-Empirical Optimization:

Even parity: 50 4f2+5d2+4f6p+4f5f experimental levels
(NIST database). Average deviation = 34 cm-1.

Odd parity: 36 4f2+5d2+4f6p+4f5f experimental levels
(NIST database). Average deviation = 95 cm-1.
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Pr IV: Radiative Rates

The transition probabilities and oscillator strengths have been
calculated for :

- 199 strong (log gf ≥ -2) E1 transitions in the spectral region 118 -
302 nm.

- 30 forbidden (M1+E2) transitions (gA > 0.01 s-1) within the 4f2

configuration in the spectral region 450 - 22,800 nm.
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Pr IV: Forbidden transitions within 4f2
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• New radiative data have been calculated in Te II-III, Rh III, Pd
III, Ag III & Pr IV using the HFR+CPOL method

• Accuracy of ~60% has been estimated through comparisons
with independent MCDHF calculations in Te II-III

• Use of similar experimentally benchmarked models in
isoelectronic ions for Rh III, Pd III, Ag III & Pr IV: expected
accuracy of a few %

• Lifetime & branching fraction measurements are needed!

• Publications: Zhang et al (2013, A&A 551, A136); Zhang et al
(2013, Phys Scr, to be published); Enzonga Yoca & Quinet (2013,
in preparation)

Conclusions & Perspectives
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• ASPECT group (UMONS, Belgium):

     E. Biémont*, V. Fivet, P. Quinet*, P. Palmeri, W. Zhang
     (*also Université de Liège, Belgium)

• Université Marien Ngouabi (Congo-Brazzaville):

      S. Enzonga Yoca

Collaborations
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Thank you for your attention!


