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R-matrix Methodologies:

* RMATRX | (LS coupling)

* BP RMATRX |

* DARC

* RMATRX Il (LS + transformation)

® |CFT (LS + transformation)
* B-spline R-Matrix BSR
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Atomic Data

* Energy Levels

* Electron impact excitation collision
strengths

* Maxwellian averaged effective collision
strengths




Periodic Table of the Elements

10 ST
4 5 6 7 8 9 10 1" 12 .
IvB VB viB viB A VIl —— B B
4B 5B 6B 7B 8 1B 2B II
22 23 24 25 26 27 28 29 30 34
Ti V Cr Mn Fe Co Ni Cu Zn S
Titanium i i Iron Cobalt Nickel Copper Zinc Ge!mamllm
47.88 50.942 51.996 54.938 55.933 58.933 58.693 63.546 65.39 7261 74 922 J
41 42 43 44 45 46 47 48 51
Zr Nb Mo Tc Ru Rh Pd Ag Cd Sb Te
Zirconium Niobium il it Rhodium Palladium Silver Cadmium Antimony Tellurium
91.224 92.906 95.94 98.907 101.07 102.906 106.42 107.868 112411 121760 1276

73 74 75 76 77 78 79 84
Hf Ta W Re Os Ir Pt Au Hg
Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Polomum
178.49 180.948 183.85 168.207 190.23 192.22 195.08 196.967 200 59 [208.982]
105 106 107 108 109 110 111 112
Rf Db Smg Bh Hs Mt Ds Rg
Rutherfordium Dubmum Seaborgium Bohriul Meitnerium Dannshmmm Roentgenium Oopemlcnlm
[261] [266] l254] l239] [268] [272) [277)
Lanthanide
o ..........-
Actinide
o ...-.-.-...
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d
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W XLV (Z=74: NELC=30)

1522522p®3s23p©3d104s2
1522s22p©3s23p©3d1%4s4p
1522522p°®3s23p°©3d194p2
1522s22p©3s23p©3d1%4s4d
1s522s22p©3s23p©3d1%4p4d
1522s22p©3s23p°®3d194s4f
1522522p©3s23p©3d194 p4f
1522522p°®3s23p°©3d194d2
- 1s22s22p®3s23p®3d1%4d4f =D>:




W XLV
(Z=74: NELC=30)
1522s22p©3s23p©3d°4s24p
1522s22p°®3s23p°®3d°4s24d
1522522p©3s23p°®3d°4s4p?
1522s22p°®3s23p°3d°4s4d?
1522s22p©3s23p®3d°4s24f
= 89 au




W XLV Models

Present Breit-Pauli:
14 configs: listed including 3d® open core terms

10 orbitals: up to n=4 including 4f. All non-relativistic and
orthogonal produced with CIV3

311 J= levels: fully inclusive

Fine mesh of incident electron energies 10-° scaled Ryds
(12 000 points)

Radiation Damping Included (Type I)
Top-up of high partial waves included



W XLV Models

Ballance & Griffin 2007 (BG07):
Fully relativistic DARC calculation
22 configs: not including 3d° open core terms

15 orbitals: up to n=5. Relativistic and produced with
GRASP(

168 Jmt levels: not inclusive

Fine mesh of incident electron energies 10-° scaled Ryds
(40 000 points)

Radiation Damping Included (Type I + II)
Top-up of high partial waves included



W XLV Models

Bluteau, O Mullane & Badnell 2015 (BOMBI15):
Fully relativistic DARC calculation

13 configs: listed already 1nclud1n§ 3d° open core terms.
Exactly same 3d!° configs, add 3d 4s4p4d neglect 3d°4s4p?
and 3d°4s4d?

10 orbitals: up to n=4 including 4{. Relativistic and
produced with GRASP(

313 Jxt levels: inclusive

Fine mesh of incident electron energies 10-° scaled Ryds
(48 000 points)

Radiation Damping Included (Type I)
Top-up of high partial waves included



W XLV Energy Levels in au

Index Level Present NIST¢ BG® Q¢ SSd F¢ v/
1 4s* 'Sy 0.000  0.000 0.000 0.000 0.000 0.000 0.000
2 4sdp °Pg 3.165  3.167 3.175 3.170 3.175 3.187 3.173
3 dsdp P9 3.423 3.429 3.445 3.436 3.428 3.450 3.425
4 4sdp 3P‘2’ 6.833 6809 6.887 6.844 6.859 6.860 6.853
5 4p? 3P, 7246 7.236 T7.306 7.290 7.242 7.236
6 d4sdp P9 7486 7478 7.552 7.509 7481 7511 T7.474
7 4p? 3P, 10.687 10.688 10.777 10.726 12.674 10.688
8 4p? D, 10.752 10.765 10.825 10.771 13.659 10.743
9 4s4d °D, 12976 12.679 12.764 12.699 10.697 12.670

10 4s4d °*D, 13.086 12.801 12.895 12.827 10.752 12.861 12.794
11 4s4d 3D, 13.709 13.413 13.554 13.470 13.452 13.499 13.446
12 4s4d 'D, 13.840 13.617 13.761 13.678 12.799 13.716 13.652
13 4p? 3P, 14.690 14.630 14.761 14.676 14.631 14.725 14.619
14 4p? 1§, 14.813 14.804 14.933 14.848 14.815 14.802
15 4p4d °F% 16.314 16.116 19.980 16.015
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45215,
4sdp 3P°,
4sdp 3P°,
4s4p 3P0,

4p? 3P,
4s4p 1P°,

4p? 3P,
4p® 1D,
4s4d 3D,
4s4d 3D,
4s4d 3D,
4s4d 1D,
4p? 3P,
4p* 1S,
4p4d 3F°,
4p4d 3D°,
4p4d 3F°,

0.000
3.165
3.423
6.833
7.246
7.486
10.687
10.752
12.976
13.086
13.709
13.840
14.690
14.813
16.314
16.927
17.383

0.000
3.167
3.429
6.809
7.236
7.478
10.688
10.765
12.679
12.801
13.413
13.617
14.630
14.804

0.000
3.175
3.445
©.887
7.3006
7.552
10.777
10.825
12.764
12.895
13.554
13.761
14.701
14.933
16.116
16.767
17.256

0.000
3.174
3.440
6.882
7.337
7.539
10.800
10.848
12.790
12.921
13.579
13.786
14.785
14.960
16.142
16.797
17.283
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Strong Dipole Transition
3d194s2 1S, — 3d°4s24f 1P,
1-177 (f=3.109, A;;=2.205x10%)

Index Level Contr. Energy | Index Level Contr. Energy
Y% (a.u.) % (a.u.)
158 4s?4f Pg 100  77.6166 175 4s%4f 3D§ 37  80.6121
159 4s?4f 3P 75 TT.7T227 4s?4f  'F3 24
4s?4f DY 25 176 4s’4f 3G§ 46  80.6649
160 4s?4f 3H? 53 T7.8745 4s?4f  'GY 30
4s?4f 'HE 44 4s%4f  3F§ 23
161 4s?4f 3D§ 56  77.9015 177 4s%4f P 78  81.3494
4s24f  3P§ 29 4s%4f *D? 15
4s?4f  IF3 15 178 4s4d? °D, 35 83.5747
162 4s%4f OF3 56 78.0210 4s4d® °F, 21
4s?4f  3D§ 26 4s4d® °P, 13
4s24f  3G3 13 179 4s4d® °P, 45  83.5820
163 4s?4f 3H? 100 78.0413 4s4d® °D, 34
4s%4f 51 78.0612 4s4d® °F, 26

4s24f
4s24f

22
15

4s4d?
4s4d?

5D3
5G3

18
14
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Periodic Table of the Elements

10 ST
4 5 6 7 8 9 10 1" 12 .
IvB VB viB viB A VIl —— B B
4B 5B 6B 7B 8 1B 2B II
22 23 24 25 26 27 28 29 30 34
Ti V Cr Mn Fe Co Ni Cu Zn S
Titanium i i Iron Cobalt Nickel Copper Zinc Ge!mamllm
47.88 50.942 51.996 54.938 55.933 58.933 58.693 63.546 65.39 7261 74 922 J
41 42 43 44 45 46 47 48 51
Zr Nb Mo Tc Ru Rh Pd Ag Cd Sb Te
Zirconium Niobium il it Rhodium Palladium Silver Cadmium Antimony Tellurium
91.224 92.906 95.94 98.907 101.07 102.906 106.42 107.868 112411 121760 1276

73 74 75 76 77 78 79 84
Hf Ta W Re Os Ir Pt Au Hg
Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Polomum
178.49 180.948 183.85 168.207 190.23 192.22 195.08 196.967 200 59 [208.982]
105 106 107 108 109 110 111 112
Rf Db Smg Bh Hs Mt Ds Rg
Rutherfordium Dubmum Seaborgium Bohriul Meitnerium Dannshmmm Roentgenium Oopemlcnlm
[261] [266] l254] l239] [268] [272) [277)
Lanthanide
o ..........-
Actinide
o ...-.-.-...

Transition - N
d
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Energy / Ionization limit
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__Model LSm

No. Configs States Channels States Channels

1 24 72 63 420

2 32 98 82 540

3 100 315 262 1800
4 116 363 299 2052
5 261 805 716 5076
6 285 877 779 5496
7 389 1239 1055 7596

No. Target Max No. Max size (N+1) Total No.
States Channels H matrix Transitions

100 (LSm) 12 660 5050

262 (Jm) 1800 36 055 34 453

716 (Jm) 5076 > 100 000 256 686




__Model LSm

No. Configs States Channels States Channels

1 24 72 63 420

2 32 98 82 540

3 100 315 262 1800
4 116 363 299 2052
5 261 805 716 5076
6 285 877 779 5496
7 389 1239 1055 7596

No. Target Max No. Max size (N+1) Total No.
States Channels H matrix Transitions
100 (LSm) 12 660 5050
262 (Jm) 1800 36 055 34 453

716 (Jm) 5076 > 100 000 256 686




Effective Collision Strength
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Fe II Transition 6-7
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Cloudy Models

ECS- Zhang & Pradhan '95
4e+06 TP- Nahar '95, Quinet '96, Fuhr '88, Giridhar '95, Kurucz '95
ECS & TP- Ramsbottom '07
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Cloudy Models
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Fe lll U.L. Energy (eV) AF, (arbitrary units) Fe Il U.L. Energy (eV)

Fic. 6.—Top: Upper level energies for Fe it emission lines, color coded according to their 4;; value. Middle: /F; spectrum of PHL 1811, Bottom: Same as the top
panel, for Fe m.
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Latest Calculation from QUB
® 262 LS or 716 Jr target states with configs 3d%4s,
3d’7, 3d%p, 3d°4s?, 3d°4sdp
® Last target threshold approximately 23eV
® Breit-Pauli + DARC treatments

® Target energies shifted to NIST where possible

® Highly applicable to recent quasar studies
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