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• Measure two first ionisation potentials (IP) with a technics in-gas laser
ionisation

• To measure first ionisation potential, second step excites the level with a 
measured energy of 26 113.27 cm−1(KUL)

Designation is not known → HFR+CPOL 
method

• Measure first ionisation potential : 50 867(2) cm−1 and 50 868.41(2) cm−1 (50 868.139 cm−1 NIST)

• Calculations with other methods (Weigand. A. et al., 2014) : 50 572.127 cm−1, 50814.099 cm−1 and 
50491.47 cm−1

• Calculations with MCDHF method
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HFR+CPOL method

• Solve 𝐻Ψ = 𝐸Ψ where 𝐻 = σ𝑖=1
𝑁 −

1

2
∆𝑖 + 𝑉 𝑟𝑖  (central field approximation)

• 𝐻𝑖𝜑𝑖 = 𝐸𝑖𝜑𝑖  →  𝜑𝑖 𝑟𝑖 , 𝜃𝑖 , ϕ𝑖 , 𝑠𝑖 =
1

𝑟𝑖
𝑃𝑛𝑖𝑙𝑖

𝑟𝑖 𝑌𝑙𝑖

𝑚𝑖 𝜃𝑖 , ϕ𝑖 𝜎𝑚𝑠𝑖
𝑠𝑖

• Slater determinant:

• 𝑃𝑛𝑖𝑙𝑖
𝑟𝑖  ? → solve Hartree-Fock equations (Self-Consistent Field method)

• HF equations obtained by varationnal principle on the average energy of a configuration

General procedure

Maxime Brasseur HFR+CPOL method 4
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HFR+CPOL method

Core polarisation correction

• Valence electron correlations represented by configuration interactions (CI) and other 
correlations by core-polarisation potential

• Quinet et al (1999, 2002): pseudo potentiel have one-body and two-body part :

➢ 𝑉𝑃1 = −
1

2
𝛼𝐷 σ𝑖=1

𝑁 𝑟𝑖
2

𝑟𝑖
2+𝑟𝑐

2 3  and  𝑉𝑃2 = −𝛼𝐷 σ𝑖>𝑗
𝑟𝑖 ∙ 𝑟𝑗

(𝑟𝑖
2+𝑟𝑐

2)(𝑟𝑗
2+𝑟𝑐

2)
3/2

➢ 𝛼𝐷: dipole polarisability; 𝑟𝑐: ionic core radius
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Slater-Condon method

• Consider CI: Ψ𝑘 = σ𝑏 𝑦𝑘
𝑏ψ𝑏 , where σ𝑏(𝑦𝑘

𝑏)
2

= 1
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General procedure

• 𝐻𝐷𝐶 = σ𝑖=1
𝑁 ℎ𝐷𝑖

 with ℎ𝐷𝑖
= 𝑐𝛼 ∙ 𝑝𝑖 + 𝛽 − 1 𝑐2 + 𝑉(𝑟𝑖) (α𝑗 = 𝛾0𝛾𝑗  and 𝛽 = 𝛾0)

• Each electron: ℎ𝐷𝜑 = 𝐸𝜑 →  𝜑 𝑟, 𝜃, ϕ =
1

𝑟

𝑃𝑛,κ 𝑟 χκ,𝑚(𝜃, ϕ)

𝑖𝑄𝑛,κ 𝑟 χκ,𝑚(𝜃, ϕ)
 where 𝑃𝑛,κ 𝑟  and 𝑄𝑛,κ 𝑟  are 

large and small radial part, respectively.

• 𝑃𝑛,κ 𝑟 , 𝑄𝑛,κ 𝑟  ? → solve MCDHF equations (Self-Consistent Field method)

• CI: Ψ 𝑃, 𝐽, 𝑀 = σ𝑟=1
𝑛𝑐 𝑐𝑟 Φ(𝛾𝑟 , 𝑃, 𝐽, 𝑀)
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Designation of the level of interest

Transitions in NIST which depopulate
and populate level 26 113.269 cm−1

→ some lack of data
→ cannot identify clearly a designation

Comparisons between the highest 
transitions which depopulate the level 
26 113.27 cm−1 available in NIST with 
the corresponding HFR+CPOL transitions

Maxime Brasseur Designation of the level of interest 7
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Designation of the level of interest

• Consider 4 configurations in each parity, < 𝑟6𝑝 >= 1.884 𝑎0 and 𝛼 = 10.26 𝑎0
3 (Fraga. S. et al., 1976)

• Optimise energy level (𝐽𝜋 = 2𝑜) with the experimental value 26 113.27 cm−1

and 26 113.268 cm−1 (𝑔𝐽 = 0.980) in NIST

• We did it for 7 levels optimising average energies of 6d27s7p and 5f6d27s :

⇒ Important 
mixing

Maxime Brasseur Designation of the level of interest 8
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Designation of the level of interest

Most intense transitions (NIST) 25 080.9 → 26 113.27

26 431.4 → 26 113.27

Maxime Brasseur Designation of the level of interest 9



Designation of the level of interest

27 288.3 → 26 113.27 27 440.1 → 26 113.27

27 948.8 → 26 113.27

Maxime Brasseur Designation of the level of interest 10



Designation of the level of interest

Level of interest computed in our method at energy 26 431.4 cm−1 (Jπ = 2°)

Other confirmations :

1. Ratio between the two most intense transitions from NIST : 3.5

2. Ratio between the two most probable transitions from our calculations : 3.56

3. Designation :

4. Designation of ground state (J=2e):

Maxime Brasseur Designation of the level of interest 11



First ionisation potential

Model A

Th I :

❖ MR : 6d27s2, 6d37s, 6d4 ⇒ 21 CSFs;
❖ VV1: SD {MR} → {7s,6p,6d,5f,5g} ⇒ 291 CSFs;
❖ VV2: SD {MR} → {7s, 6p, 6d, 6f, 6g} ⇒ 971 CSFs;
❖ VV3: SD {MR} → {7s, 7p, 7d, 7f, 7g} ⇒ 3102 CSFs;
❖ VV4: SD {MR} → {8s, 8p, 8d, 8f, 8g} ⇒ 6730 CSFs;
❖ CV: S {6s,6p}→ MR ⇒ 6756 CSFs;
❖ CC: SD {6s,6p}→ MR ⇒ 6858 CSFs
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Th II :

❖MR : 6d7s2, 6d27s, 6d3  ⇒ 10 CSFs;
❖ VV1: SD {MR} → {7s,6p,6d,5f,5g} ⇒ 61 CSFs;
❖ VV2: SD {MR} → {7s, 6p, 6d, 6f, 6g} ⇒ 188 CSFs;
❖ VV3: SD {MR} → {7s, 7p, 7d, 7f, 7g} ⇒ 584 CSFs;
❖ VV4: SD {MR} → {8s, 8p, 8d, 8f, 8g} ⇒ 1258 CSFs;
❖ CV: S {6s,6p}→ MR ⇒ 1275 CSFs;
❖ CC: SD {6s,6p}→ MR ⇒ 1332 CSFs

IP1 MR IP1(1) IP1(2) IP1(3) IP1(4) IP1(CV) IP1(CC) Exp NIST Weigand

40 498.4 41 484.8 41 704.9 47 808.1 48 260.6 48 253.2 47 831.6 50 868.4 50 868.1 50 814.1



First ionisation potential

Model B

Th I :

❖ MR: 6d27s2, 6d37s, 6d4, 5f 26d7s,
5f 26d2, 5f 27s2 

⇒ 128 CSFs;
❖ Same active set

Maxime Brasseur First ionisation potential 13

Th II :

❖MR: 6d7s2 , 6d27s, 6d3 , 5f 27s, 5f 26d ⇒ 29 CSFs;
❖ Same active set

IP1 MR IP1(1) IP1(2) IP1(3) IP1(4) IP1(CV) IP1(CC) Exp NIST Weigand

41 553.0 42 017.2 42 157.0 48 281.3 48 907.6 47 923.4 46 860.0 50 868.4 50 868.1 50 814.1

Model C

Th I :

❖ MR: 6d27s2 , 6d37s, 6d4 , 5f 26d7s
, 5f 26d2, 5f 27s2, 5f6d27p,

5f6d7s7p, 5f7s27p ⇒ 254 CSFs;
❖ Same active set

Th II :

❖ MR: 6d7s2 , 6d27s, 6d3 , 5f 27s, 5f 26d
, 5f6d7p, 5f7s7p ⇒ 52 CSFs;

❖ Same active set

IP1 MR IP1(1) IP1(2) IP1(3) IP1(4) IP1(CV) IP1(CC) Exp NIST Weigand

44 592.3 48 010.8 48 093.7 48 424.6 49 236.2 47 330.7 45 591.0 50 868.4 50 868.1 50 814.1



First ionisation potential

Model D

Th I :

❖ MR: 6d27s2 , 6d37s, 6d4 , 5f 26d7s,
5f 26d2, 5f 27s2 , 5f6d27p,

5f6d7s7p, 5f7s27p ⇒ 254 CSFs;
❖ VV1: SD {MR} → {7s,7p,6d,5f,5g};
❖ VV2: SD {MR} → {7s, 7p, 6d, 6f, 6g, 6h};
❖ VV3: SD {MR} → {7s, 7p, 7d, 7f, 7g, 7h};
❖ VV4: SD {MR} → {8s, 8p, 8d, 8f, 8g, 8h};
❖ VV5: SD {MR} → {9s, 9p, 9d, 9f, 9g, 9h};
❖ VV6: SD {MR} → {10s, 10p, 10d, 10f, 10g, 10h};
❖ CV: S {6s,6p}→ MR
❖ CC: SD {6s,6p}→ MR ⇒ 210 849 CSFs
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Th II :

❖ MR: 6d7s2 , 6d27s, 6d3 , 5f 27s, 5f 26d,
5f6d7p, 5f7s7p ⇒ 52 CSFs;

❖ VV1: SD {MR} → {7s,7p,6d,5f,5g};
❖ VV2: SD {MR} → {7s, 7p, 6d, 6f, 6g, 6h};
❖ VV3: SD {MR} → {7s, 7p, 7d, 7f, 7g, 7h};
❖ VV4: SD {MR} → {8s, 8p, 8d, 8f, 8g, 8h};
❖ VV5: SD {MR} → {9s, 9p, 9d, 9f, 9g, 9h};
❖ VV6: SD {MR} → {10s, 10p, 10d, 10f, 10g, 10h};
❖ CV: S {6s,6p}→ MR
❖ CC: SD {6s,6p}→ MR ⇒ 27 890 CSFs

IP1 MR IP1(1) IP1(2) IP1(3) IP1(4) IP1(5) IP1(6) IP1(CV) IP1(CC) Exp

44 592.3 48 010.8 48 202.9 48 519.0 49 327.3 49 394.2 49 406.2 47 789.8 46 306.4 50 868.4



First ionisation potential

Model E

Th I :

❖ MR: 6d27s2 , 6d37s, 6d4 , 5f 26d7s
, 5f 26d2, 5f 27s2, 5f6d27p,

5f6d7s7p, 5f7s27p ⇒ 254 CSFs;
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Th II :

❖ MR: 6d7s2 , 6d27s, 6d3, 5f 27s, 5f 26d,
5f6d7p, 5f7s7p ⇒ 52 CSFs;

IP1 MR IP1(1) IP1(2) IP1(3) IP1(4) IP1(5) IP1(6) IP1(CV) Exp NIST

44 592.3 48 017.6 48 210.5 48 538.8 49 324.3 49 390.4 49 402.4 47 786.7 50 868.4 50 868.1

❖ VV1-VV6: SDTQ {MR} → active set (nmaxlmax = 10h)
❖VV1-VV6: SDTQ {MR} → active set (nmaxlmax = 10h) ❖ CV: S {6s,6p}→ MR ⇒ 28 424 CSFs

❖ CV: S {6s,6p}→ MR ⇒ 2 939 952 CSFs 
reducing to 157 258 CSFs

Model F

Th I :

❖ CV: SrD {MR} → {8s, 8p, 8d, 8f, 8g, 8h} ⇒ 2 490 400 CSFs

Th II :

❖ CV: SrD {MR} → 8s, 8p, 8d, 8f, 8g, 8h ⇒ 324 348 CSFs

IP1(4) (model E) IP1(SrD4) (model F) IP1(SrD5) (model F) Exp NIST

49 327.3 49 519.7 In progress 50 868.4 50 868.1



First ionisation potential

Some graphs

Number of configurations

Increase MR, tend to the 
experimental value until 
the CV and CC correlations

Th I Th II

MRA 3 3

MRB 6 5

MRC 9 7
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First ionisation potential

MD : SD 
ME : SDTQ
MF : CV (SrD)

Not significant 
differences 
between MD 
and ME

Improvement  
with SrD

Maxime Brasseur First ionisation potential 17
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Designation

• Use HFR+CPOL to identify a designation of the level 26 113.27cm−1

•Not obvious due to some lack of data and significant mixing but there are some 

convergence points which tend to this designation :

• The level of interest is computed in our method at 26 431.4 cm−1

First ionisation potential

• By increasing the MR, the calculated value tends to the experimental one but the CV and CC correlations 
cause divergence

• We decide to increase the active set in VV correlations which improve the IP1 value but not enough and
complicate to reproduce CV and CC correlations

• CV correlations with SrD to {8s, 8p, 8d, 8f, 8g, 8h} improve the IP1 value. Assume could reproduce 
experimental value by increasing active set but calculation size becomes significant
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