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Starting point

▶ I think we are orbital basis limited

▶ crucial that the orbitals in the MR are as accurate as possible

▶ the CSFs in the MR should be described by orbitals that are
mutually non-orthogonal: example Ti I: 3d24s2 3F2,3,4 and
3d3(4F )4s 5F1,2,3,4,5.

▶ multiple and non-orthogonal orbitals targeted for different pair
correlation effects

▶ the number of allowed orbitals in GRASP should be increased

▶ transformation to natural orbitals
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Outline

▶ transformation to natural orbitals in two electron systems

▶ computation of natural orbitals in the general case

▶ Sacha Schiffmann’s analysis for hfs

▶ applications
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1s2 1S in He I – the beginning

▶ Ψl=0(1s2 1S) =
∑

n,n′ cnn′Φ(nsn
′s)

▶ Ψl=0(1s2 1S) =
(∑

n,n′ cnn′Rns(r1)Rn′s(r2)
)
|ss ′ 1S⟩,

where Rnl(r) = Pnl(r)/r and cnn′ = cn′n.

▶
(∑

n,n′ cnn′Rns(r1)Rn′s(r2)
)
= R(r1) C R(r2)

t ,

radial factor in matrix vector form

▶ C symmetric, unitary transformation that will diagonalize it

▶ applying transformation to radial function vectors R gives the
natural orbitals (NO)

▶ Ψl=0(1s2 1S) =
∑

n cnΦ(ns
2)

▶ similar transformations for other l , leads to reduced form
Ψ(1s2 1S) =

∑
l

∑
n cnlΦ(nl

2)
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Rdensity program in GRASP

▶ NOs are obtained, for each κ, by constructing and
diagonalizing the orbital electron density matrix
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Effects of natural orbitals

▶ when CV correlation are included in fully variational
calculations, valence orbitals contracts relative to their shapes
from DF

▶ in the layer-by-layer approach the valence orbitals are fixed
from the DF calculation, no contraction

▶ transformation to NO from layer-by-layer wave functions leads
to a contraction of the valence orbitals similar to the one from
fully variational calculations

▶ important implications for hfs, IS and transition rates
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Effects of natural orbitals

▶ building CSF expansions on NOs concentrates the weights to
fewer CSFs

▶ more compact representation, we can condense harder

▶ energies lower in NO basis compared to the ordinary basis

▶ some terms in Rayleigh-Schrödinger perturbation theory are
zero in the NO basis
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Natural orbitals vs Brueckner orbitals

▶ Similarities with Brueckner orbitals that have a clearer
physical interpretation, read section 7.3.3
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Transformation to natural orbitals - Na I

Per Jönsson Department of Materials Science and Applied Mathematics Malmö University, SwedenOn the use of natural orbitals in GRASP calculations



Computational procedure

▶ 2s22p63s 2S1/2 and 2s22p63p 2P1/2,3/2 in Na I.

▶ layer-by-layer optimization of correlation orbitals based on
SD-CV and SD-CV-CC expansions

▶ transforming to NOs based on SD-CV expansion

▶ CI based on SD-CV-CC + TQ expansion in NO basis

▶ detailed comparisons with corresponding fully variational as
well as layer-by-layer MCHF calculations
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Orbital contraction

▶ Orbital contraction

⟨r3s⟩LBL = 4.12007 → ⟨r3s⟩NO = 4.05088

⟨r−2
3s ⟩LBL = 0.43488 → ⟨r−2

3s ⟩NO = 0.48120
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Hyperfine structure
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Hyperfine structure
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Other observations

▶ Computing along the isoelectronic sequence shows that the
effect of the NOs are largest for neutral and near neutral
systems
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Transformation to natural orbitals - Si IV
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Computational procedure

▶ 2s22p6nl , n ≤ 7 and l ≤ 6, configurations in Si IV.

▶ we performed the calculations for states belonging to
2s22p6nl , n ≤ 9 and l ≤ 6, i.e., we added two more layers
spectroscopic orbitals in comparison to the states we were
targeting.

▶ two layers aim to correcting the tail of the wave functions for
the targeted states

▶ optimize correlation orbitals on MR-SD-CV

▶ optimize additional correlation orbitals on the 1s22s22p6 core
based on SD-CC expansion

▶ transform to NOs based on SD-CC expansion

▶ CI based on MR-SD-CV-CC expansion in NO basis
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Compactness of wave function

▶ energy level structure unchanged

▶ expansion concentrated to fewer CSFs

▶ take the expansion and accumulate the contributions up to
0.999999 of the full wave function. See how many CSFs
survive

ordinary NO

core 6163/19253 3710/19253
even parity 437 703/995 020 264 047/995 020
odd parity 425 451/993 501 255 974/993 501
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Transition rates

▶ results from original calculation very good

▶ relative difference between transition rates in length and
velocity gauge is halved in NO basis

▶ rates in velocity gauge more stable with respect to the NO
basis, i.e. it is the length gauge that is mostly affected

▶ Gediminas QQE analysis shows that transitions are promoted
to more accurate classes according to NIST definition

▶ NIST classes: AA ≤ 1 %, A+ ≤ 2 %, A ≤ 3 %, B+ ≤ 7 %, B
≤ 10 %, C+ ≤ 18 %, C ≤ 25 %, D+ ≤ 40 %, D ≤ 50 %, and
E > 50 %
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Transition rates

E D D + C C + B B + A A + A A0
2 0
4 0
6 0
8 0

1 0 0
1 2 0
1 4 0
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2 0 0
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Transformation to natural orbitals - In I

Results due to Betul Atalay who unfortunately could not
participate

▶ states of the 5s25p, 5s26p, 5s27p, 5s28p, 5s24f odd and
5s26s, 5s27s, 5s28s, 5s25d , 5s26d , 5s5p2 even configurations.

▶ Hybrid strategy: large MR including also 5p3, 5p26p etc

layer orbitals

1 {10s, 10p, 7d , 5f , 5g} CV 5s2 as the core
2 {11s, 11p, 8d , 6f , 6g} CV 5s2 as the core

3 {12s, 12p, 9d , 7f , 7g , 6h} VV 4s24p64d10 as core
4 {13s, 13p, 10d , 8f , 8g , 7h, 7i} VV 4s24p64d10 as core
5 {14s, 14p, 11d , 9f , 9g , 8h, 8i} VV 4s24p64d10 as core

6 {15s, 15p, 12d , 10f , 10g , 9h, 9i} VV and CV 4s24p64d10 as core
7 {16s, 16p, 13d , 11f , 11g , 10h, 10i} VV and CV 4s24p64d10 as core
8 {17s, 17p, 14d , 12f , 12g , 10h, 10i} VV and CV 4s24p64d10 as core
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Computational procedure

CI calculation

▶ SDMR-VVCV in hybrid orbital orbital basis plus S MR with
2s22p63s23p63d104s24p64d10 as core

▶ SDMR-VVCV in natural orbital basis plus SMR with
2s22p63s23p63d104s24p64d10 as core

▶ transformation to NOs based on the SMR expansion
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Computational procedure

Transformation to NOs based on different types of expansions in
the three examples. Why?

▶ ”Research is what I’m doing when I don’t know what I’m
doing”

▶ inclination is that the SMR expansion is the one to use for
transformation to NOs

Per Jönsson Department of Materials Science and Applied Mathematics Malmö University, SwedenOn the use of natural orbitals in GRASP calculations



Energies in cm−1

State layer8+S layer 8+S+NO NIST

5s25p 2Po
1/2 0 0 0

5s25p 2Po
3/2 2 222 2 230 2 212.599

5s26s 2S1/2 24 354 24 265 24 372.957

5s26p 2Po
1/2 31 785 31 703 31 816.982

5s26p 2Po
3/2 32 079 31 997 32 115.251

5s25d 2D3/2 32 995 32 827 32 892.230

5s25d 2D5/2 33 013 32 846 32 915.539

5s5p2 4P1/2 35 441 35 228 34 977.678

5s5p2 4P3/2 36 498 36 277 36 020.780

5s27s 2S1/2 36 239 36 147 36 301.864

5s5p2 4P5/2 37 962 37 727 37 451.962

5s27p 2Po
1/2 38 797 38 712 38 861.430

5s27p 2Po
3/2 38 907 38 822 38 972.900

5s26d 2D3/2 39 124 38 931 39 048.530

5s26d 2D5/2 39 163 38 985 39 098.380

5s24f 2F o
7/2 39 632 39 558 39 707.590

5s24f 2F o
5/2 39 632 39 558 39 707.590

5s28s 2S1/2 40 563 40 478 40 636.980

5s28p 2Po
1/2 41 752 41 670 41 827.100

5s28p 2Po
3/2 41 805 41 723 41 881.440

5s29s 2S1/2 42 640 42 561 42 719.020

5s29p 2Po
1/2 43 289 43 211 43 369.090

5s29p 2Po
3/2 43 319 43 241 43 399.530

NSCFs 21 555 509 21 555 509

Tabell: Energies for MR-SD VV CV CI calculations as functions of the
orbital set. The orbital set was optimized using a hybrid approach.
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Energies

Things to note

▶ 5s25d and 5s5p2 states that were too high are brought down.

▶ ground state energy lowered from
−5873.7598418 H to −5874.0479647 H.
gain HUGE compared to what we gain by adding layers of
correlation orbitals!
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Hyperfine structure, A constants

Important paper
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Hyperfine structure, A constants

State 8 + S 8 + S NO Saf Sahoo Sahoo exp Exp
5s25p 2Po

1/2
2417 2455 2306 2274 2282.04 2282

5s25p 2Po
3/2

248.2 258.5 262.4 253 241.98

5s26s 2S1/2 1640 1702 1812 1645 1684.75 1685
5s26p 2Po

1/2
249.7 280.7 263.2 250.2

5s26p 2Po
3/2

62.96 71.94 77.82 79.33

5s25d 2D3/2 -54.73 -62.85 -11.48 -9.74 -64 62

5s25d 2D5/2 125.3 150.6 47.83 39.87 151.2 152

5s5p2 4P1/2 9512 9471 9194

5s5p2 4P3/2 4146 4132 3999

5s27s 2S1/2 486.7 522.7 544.5 520

5s5p2 4P5/2 3814 3791 3696 3654

5s27p 2Po
1/2

85.37 100.2 95.61 90.7

5s27p 2Po
3/2

23.02 27.40 30.83 32.3

5s26d 2D3/2 -41.68 -63.59 -11.2
5s26d 2D5/2 137.45 204.4 30.81
5s24f 2F o

7/2
0.087 0.084 0.2293

5s24f 2F o
5/2

0.1243 0.142 0.1871

5s28s 2S1/2 199.3 220.1 240.8 233 243.85
5s28p 2Po

1/2
37.78 45.70 45.97 44.2

5s28p 2Po
3/2

10.46 12.85 15.42 16.3
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Transition rates - NIST classes

NIST classes: AA ≤ 1 %, A+ ≤ 2 %, A ≤ 3 %, B+ ≤ 7 %, B ≤
10 %, C+ ≤ 18 %, C ≤ 25 %, D+ ≤ 40 %, D ≤ 50 %, and E >
50 %
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Transition rates - ordinary orbitals

1-5873.75984180 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.64887616 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

24354.14 CM-1 4106.08 ANGS(VAC) 4105.65 ANGS(AIR)

E1 S = 3.42574D+00 GF = 2.53426D-01 AKI = 5.01313D+07 dT = 0.05054

3.25260D+00 2.40618D-01 4.75977D+07 NIST class=B+

1-5873.64887616 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

1-5873.61501516 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

7431.63 CM-1 13456.00 ANGS(VAC) 13454.60 ANGS(AIR)

E1 S = 3.81661D+01 GF = 8.61562D-01 AKI = 1.58696D+07 dT = 0.03090

3.69867D+01 8.34938D-01 1.53792D+07 NIST class=B+

1-5873.64887616 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

1-5873.58306533 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

14443.81 CM-1 6923.38 ANGS(VAC) 6922.66 ANGS(AIR)

E1 S = 5.36848D-01 GF = 2.35536D-02 AKI = 1.63883D+06 dT = 0.17660

4.42041D-01 1.93941D-02 1.34941D+06 NIST class=C

1-5873.75984180 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.59472037 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

36239.96 CM-1 2759.38 ANGS(VAC) 2759.09 ANGS(AIR)

E1 S = 2.68608D-01 GF = 2.95686D-02 AKI = 1.29514D+07 dT = 0.06453

2.51275D-01 2.76606D-02 1.21157D+07 NIST class=B+

1-5873.61501516 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.59472037 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

4454.19 CM-1 22450.76 ANGS(VAC) 22448.44 ANGS(AIR)

E1 S = 3.96306D+01 GF = 5.36196D-01 AKI = 3.54792D+06 dT = 0.06663

3.69902D+01 5.00472D-01 3.31154D+06 NIST class=B

1-5873.59472037 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

1-5873.58306533 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

2557.99 CM-1 39093.25 ANGS(VAC) 39089.21 ANGS(AIR)

E1 S = 1.51105D+02 GF = 1.17409D+00 AKI = 2.56219D+06 dT = 0.06738 CF_B = 7.03D-01

1.40923D+02 1.09498D+00 2.38954D+06 NIST class=B CF_C = 3.51D-01 a= 8.87816D-02 b= 7.07428D+00 c= 1.40923D+02 x_min=-3.98409D+01

1-5873.59472037 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

1-5873.56960505 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

5512.17 CM-1 18141.66 ANGS(VAC) 18139.78 ANGS(AIR)

E1 S = 2.75227D+00 GF = 4.60828D-02 AKI = 4.66978D+05 dT = 0.31168 CF_B = 1.04D-01

1.89446D+00 3.17199D-02 3.21433D+05 NIST class=D CF_C = 1.17D-01 a= 3.99327D-02 b= 5.50093D-01 c= 1.89446D+00 x_min=-6.88776D+00

1-5873.59472037 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

1-5873.56260121 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

7049.34 CM-1 14185.72 ANGS(VAC) 14184.25 ANGS(AIR)

E1 S = 1.35465D+00 GF = 2.90069D-02 AKI = 4.80740D+05 dT = 0.80997 CF_B = 1.46D-01

2.57428D-01 5.51225D-03 9.13563D+04 NIST class=E CF_C = 6.70D-02 a= 2.15510D-01 b= 4.71077D-01 c= 2.57428D-01 x_min=-1.09293D+00

1-5873.75984180 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.57502238 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

40563.17 CM-1 2465.29 ANGS(VAC) 2465.02 ANGS(AIR)

E1 S = 7.29409D-02 GF = 8.98726D-03 AKI = 4.93178D+06 dT = 0.06522 CF_B = 1.35D-01

6.81834D-02 8.40108D-03 4.61011D+06 NIST class=B+ CF_C = 1.55D-01 a= 4.01060D-05 b= 3.30730D-03 c= 6.81834D-02 x_min=-4.12320D+01

1-5873.61501516 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.57502238 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

8777.40 CM-1 11392.90 ANGS(VAC) 11391.72 ANGS(AIR)

E1 S = 1.66813D+00 GF = 4.44755D-02 AKI = 1.14279D+06 dT = 0.15544 CF_B = 1.12D-01

1.40885D+00 3.75625D-02 9.65157D+05 NIST class=C CF_C = 2.68D-01 a= 5.47204D-03 b= 1.75605D-01 c= 1.40885D+00 x_min=-1.60456D+01

1-5873.58306533 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

1-5873.57502238 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

1765.22 CM-1 56650.09 ANGS(VAC) 56644.23 ANGS(AIR)

E1 S = 1.51802D+02 GF = 8.13958D-01 AKI = 8.45888D+05 dT = 0.09525 CF_B = 6.43D-01

1.37343D+02 7.36431D-01 7.65320D+05 NIST class=C+ CF_C = 4.22D-01 a= 1.80866D-01 b= 9.96810D+00 c= 1.37343D+02 x_min=-2.75566D+01

1-5873.57502238 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

1-5873.56960505 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

1188.97 CM-1 84106.71 ANGS(VAC) 84098.01 ANGS(AIR)

E1 S = 4.08125D+02 GF = 1.47396D+00 AKI = 6.94925D+05 dT = 0.11053 CF_B = 7.61D-01

3.63013D+02 1.31104D+00 6.18112D+05 NIST class=C+ CF_C = 4.96D-01 a= 6.60336D-01 b= 3.09652D+01 c= 3.63013D+02 x_min=-2.34465D+01

1-5873.57502238 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

1-5873.56260121 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

2726.13 CM-1 36682.00 ANGS(VAC) 36678.21 ANGS(AIR)

E1 S = 1.20762D+01 GF = 1.00001D-01 AKI = 2.47861D+05 dT = 0.64178 CF_B = 2.73D-01

4.32596D+00 3.58223D-02 8.87891D+04 NIST class=E CF_C = 1.56D-01 a= 9.73281D-01 b= 4.10384D+00 c= 4.32596D+00 x_min=-2.10825D+00

1-5873.75984180 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.56555711 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

42640.56 CM-1 2345.19 ANGS(VAC) 2344.93 ANGS(AIR)

E1 S = 2.73153D-02 GF = 3.53797D-03 AKI = 2.14542D+06 dT = 0.04670 CF_B = 5.98D-02

2.60396D-02 3.37273D-03 2.04522D+06 NIST class=B+ CF_C = 1.07D-01 a= 7.62672D-06 b= 8.91284D-04 c= 2.60396D-02 x_min=-5.84317D+01

1-5873.61501516 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.56555711 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

10854.79 CM-1 9212.53 ANGS(VAC) 9211.57 ANGS(AIR)

E1 S = 4.45330D-01 GF = 1.46834D-02 AKI = 5.77009D+05 dT = 0.29189 CF_B = 5.74D-02

3.15343D-01 1.03975D-02 4.08586D+05 NIST class=D CF_C = 1.57D-01 a= 5.59432D-03 b= 8.40031D-02 c= 3.15343D-01 x_min=-7.50789D+00

1-5873.58306533 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

1-5873.56555711 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

3842.61 CM-1 26023.99 ANGS(VAC) 26021.30 ANGS(AIR)

E1 S = 5.09261D+00 GF = 5.94417D-02 AKI = 2.92722D+05 dT = 0.25434 CF_B = 1.41D-01

3.79737D+00 4.43235D-02 2.18272D+05 NIST class=D+ CF_C = 1.77D-01 a= 4.74310D-02 b= 8.48795D-01 c= 3.79737D+00 x_min=-8.94767D+00

1-5873.56960505 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

1-5873.56555711 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

888.42 CM-1 112559.33 ANGS(VAC) 112547.69 ANGS(AIR)

E1 S = 4.00369D+02 GF = 1.08045D+00 AKI = 2.84415D+05 dT = 0.14710 CF_B = 6.92D-01

3.41475D+02 9.21513D-01 2.42578D+05 NIST class=C+ CF_C = 4.70D-01 a= 1.17076D+00 b= 3.99892D+01 c= 3.41475D+02 x_min=-1.70783D+01

1-5873.56555711 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

1-5873.56260121 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

648.75 CM-1 154143.49 ANGS(VAC) 154127.56 ANGS(AIR)

E1 S = 9.79399D+02 GF = 1.93001D+00 AKI = 2.70907D+05 dT = 0.28692 CF_B = 9.46D-01

6.98389D+02 1.37625D+00 1.93179D+05 NIST class=D CF_C = 5.17D-01 a= 1.18501D+01 b= 1.81945D+02 c= 6.98389D+02 x_min=-7.67693D+00
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Transition rates - NOs

3-5874.03780394 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.93740296 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

22035.47 CM-1 4538.14 ANGS(VAC) 4537.66 ANGS(AIR)

E1 S = 8.28790D+00 GF = 5.54742D-01 AKI = 8.98355D+07 dT = 0.02105

8.11343D+00 5.43064D-01 8.79443D+07 NIST class=A

1-5873.93740296 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

3-5873.90217166 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

7732.38 CM-1 12932.64 ANGS(VAC) 12931.30 ANGS(AIR)

E1 S = 7.36341D+01 GF = 1.72948D+00 AKI = 1.72435D+07 dT = 0.00500

7.40044D+01 1.73818D+00 1.73302D+07 NIST class=AA

1-5873.93740296 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6s_2S

3-5873.87107450 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

14557.41 CM-1 6869.35 ANGS(VAC) 6868.64 ANGS(AIR)

E1 S = 1.30939D+00 GF = 5.78998D-02 AKI = 2.04610D+06 dT = 0.01201

1.32531D+00 5.86038D-02 2.07098D+06 NIST class=A+

3-5874.03780394 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.88326461 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

33917.46 CM-1 2948.33 ANGS(VAC) 2948.02 ANGS(AIR)

E1 S = 5.60932D-01 GF = 5.77907D-02 AKI = 2.21726D+07 dT = 0.01252

5.68042D-01 5.85232D-02 2.24536D+07 NIST class=A+

3-5873.90217166 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.88326461 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

4149.62 CM-1 24098.61 ANGS(VAC) 24096.12 ANGS(AIR)

E1 S = 8.87672D+01 GF = 1.11888D+00 AKI = 6.42559D+06 dT = 0.01503

8.74331D+01 1.10207D+00 6.32902D+06 NIST class=A+

1-5873.88326461 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

3-5873.87107450 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

2675.42 CM-1 37377.30 ANGS(VAC) 37373.44 ANGS(AIR)

E1 S = 2.87629D+02 GF = 2.33748D+00 AKI = 2.79007D+06 dT = 0.02519 CF_B = 2.34D-01

2.80383D+02 2.27860D+00 2.71979D+06 NIST class=A CF_C = 3.91D-01 a= 2.31048D-02 b= 5.09046D+00 c= 2.80383D+02 x_min=-1.10160D+02

1-5873.88326461 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

3-5873.85785633 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

5576.47 CM-1 17932.48 ANGS(VAC) 17930.63 ANGS(AIR)

E1 S = 6.32126D+00 GF = 1.07075D-01 AKI = 5.55251D+05 dT = 0.14136 CF_B = 5.00D-03

5.42770D+00 9.19391D-02 4.76762D+05 NIST class=C+ CF_C = 4.79D-02 a= 1.70142D-02 b= 6.07777D-01 c= 5.42770D+00 x_min=-1.78608D+01

1-5873.88326461 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7s_2S

3-5873.85094393 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

7093.57 CM-1 14097.27 ANGS(VAC) 14095.81 ANGS(AIR)

E1 S = 2.21408D+00 GF = 4.77071D-02 AKI = 4.00309D+05 dT = 0.59282 CF_B = 1.40D-03

9.01532D-01 1.94254D-02 1.62998D+05 NIST class=E CF_C = 1.61D-02 a= 1.44985D-01 b= 7.23073D-01 c= 9.01532D-01 x_min=-2.49361D+00

3-5874.03780394 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.86353175 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

38248.32 CM-1 2614.49 ANGS(VAC) 2614.21 ANGS(AIR)

E1 S = 1.40482D-01 GF = 1.63214D-02 AKI = 7.96334D+06 dT = 0.09713 CF_B = 9.67D-02

1.55596D-01 1.80773D-02 8.82005D+06 NIST class=B CF_C = 1.23D-01 a= 1.92990D-04 b=-1.09596D-02 c= 1.55596D-01 x_min= 2.83943D+01

3-5873.90217166 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.86353175 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

8480.48 CM-1 11791.79 ANGS(VAC) 11790.57 ANGS(AIR)

E1 S = 3.11053D+00 GF = 8.01270D-02 AKI = 1.92191D+06 dT = 0.03163 CF_B = 7.96D-03

3.01214D+00 7.75924D-02 1.86111D+06 NIST class=B+ CF_C = 4.06D-02 a= 3.95330D-04 b= 6.90156D-02 c= 3.01214D+00 x_min=-8.72886D+01

3-5873.87107450 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

1-5873.86353175 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

1655.44 CM-1 60406.84 ANGS(VAC) 60400.60 ANGS(AIR)

E1 S = 3.33661D+02 GF = 1.67781D+00 AKI = 1.53350D+06 dT = 0.04420 CF_B = 2.84D-01

3.18914D+02 1.60366D+00 1.46572D+06 NIST class=B+ CF_C = 2.69D-01 a= 8.33200D-02 b= 1.03096D+01 c= 3.18914D+02 x_min=-6.18675D+01

1-5873.86353175 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

3-5873.85785633 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

1245.61 CM-1 80281.88 ANGS(VAC) 80273.58 ANGS(AIR)

E1 S = 7.72508D+02 GF = 2.92287D+00 AKI = 7.56236D+05 dT = 0.06914 CF_B = 2.83D-01

7.19101D+02 2.72080D+00 7.03953D+05 NIST class=B CF_C = 4.08D-01 a= 4.78219D-01 b= 3.70884D+01 c= 7.19101D+02 x_min=-3.87776D+01

1-5873.86353175 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8s_2S

3-5873.85094393 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

2762.71 CM-1 36196.37 ANGS(VAC) 36192.62 ANGS(AIR)

E1 S = 2.55410D+01 GF = 2.14337D-01 AKI = 2.72803D+05 dT = 0.51789 CF_B = 8.21D-03

1.23136D+01 1.03334D-01 1.31522D+05 NIST class=E CF_C = 4.10D-02 a= 1.19311D+00 b= 7.66588D+00 c= 1.23136D+01 x_min=-3.21257D+00

3-5874.03780394 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).5p_2P

1-5873.85403927 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

40331.68 CM-1 2479.44 ANGS(VAC) 2479.17 ANGS(AIR)

E1 S = 4.08783D-02 GF = 5.00800D-03 AKI = 2.71687D+06 dT = 0.31957 CF_B = 4.84D-02

6.00774D-02 7.36007D-03 3.99289D+06 NIST class=D+ CF_C = 1.01D-01 a= 9.21194D-04 b=-1.48786D-02 c= 6.00774D-02 x_min= 8.07570D+00

3-5873.90217166 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).6p_2P

1-5873.85403927 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

10563.84 CM-1 9466.26 ANGS(VAC) 9465.27 ANGS(AIR)

E1 S = 7.03146D-01 GF = 2.25627D-02 AKI = 8.39745D+05 dT = 0.02964 CF_B = 1.98D-03

6.82307D-01 2.18940D-02 8.14858D+05 NIST class=B+ CF_C = 2.02D-02 a= 7.83639D-05 b= 1.46244D-02 c= 6.82307D-01 x_min=-9.33108D+01

3-5873.87107450 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).7p_2P

1-5873.85403927 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

3738.80 CM-1 26746.54 ANGS(VAC) 26743.77 ANGS(AIR)

E1 S = 9.08729D+00 GF = 1.03203D-01 AKI = 4.81136D+05 dT = 0.13265 CF_B = 7.22D-03

7.88187D+00 8.95130D-02 4.17314D+05 NIST class=C+ CF_C = 4.13D-02 a= 2.14339D-02 b= 8.22045D-01 c= 7.88187D+00 x_min=-1.91763D+01

3-5873.85785633 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).8p_2P

1-5873.85403927 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

837.75 CM-1 119367.50 ANGS(VAC) 119355.17 ANGS(AIR)

E1 S = 8.70789D+02 GF = 2.21591D+00 AKI = 5.18670D+05 dT = 0.10514 CF_B = 3.22D-01

7.79235D+02 1.98293D+00 4.64137D+05 NIST class=C+ CF_C = 2.49D-01 a= 1.27100D+00 b= 6.29415D+01 c= 7.79235D+02 x_min=-2.47606D+01

1-5873.85403927 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9s_2S

3-5873.85094393 2s(2).2p(6).3s(2).3p(6).3d(10).4s(2).4p(6).4d(10).5s(2).9p_2P

679.35 CM-1 147199.93 ANGS(VAC) 147184.71 ANGS(AIR)

E1 S = 1.86216D+03 GF = 3.84268D+00 AKI = 2.95734D+05 dT = 0.26123 CF_B = 5.89D-01

1.37571D+03 2.83886D+00 2.18480D+05 NIST class=D+ CF_C = 3.29D-01 a= 1.83753D+01 b= 3.17988D+02 c= 1.37571D+03 x_min=-8.65260D+00
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Summary and conclusions

▶ layer-by-layer approach has limitations as the valence orbitals
fixed from DF

▶ NO basis accounts for the valence orbital contraction due to
interaction with the core

▶ sizeable effects on hyperfine structure and transition rates

▶ effect largest for neutral systems

▶ transformation to NOs can (should?) be done based on SMR
expansion (good since these expansions are small)

▶ systematic analysis of the effect of NOs can be done using
perturbation theory, Gediminas has preliminary results

Thank you for listening!
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