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Need for data on WNeed for data on W

W will be a limiter  
material in ITER

• Identify lines to be 
used for diagnostics

• Radiation losses from 
W limited useful 

Sugar & Kaufman PRA21,2096 (1980)

W limited useful 
operation of PLT and 
ORMAK in 1970s.



WW21+21+-- WW45+ 45+ Berlin EBIT Berlin EBIT Radke et al PRA64,012520, 2001

Open 4f stages 

contribute strongly in 

5.5 -6 nm region



CI Effects important

Spectra from elements with Z > 50 contain an intense 

UTA (Unresolved Transition Array) due to 4p64dn -

4p54dn+1+4dn-14f (0≤n≤9) transitions. 

Configuration interaction (CI) causes transitions in 

adjacent ion stages to overlap in energy. 

The UTA model predicts that for 4p64dn - 4dn-14f the 

position of the array peak should be at:

Effects of Configuration InteractionEffects of Configuration Interaction

E = Eav(a) – Eav (b) + δE, 

where 

δE ~ 2(n-1)G1(4d,4f)/9

CI between 4p54dn+1 and 4dn-14f keeps it close to

2G1(4d,4f) above Eav(a) – Eav (b)
(Mandelbaum et al PRA38, 12, 1987)

CI effects also cause a spectral narrowing, so the UTA 

have widths of  ~ 5-10 eV.  W situation is complicated 

by spin orbit splitting of  4p and 4d.



• A UTA has too many lines to identify 

individual transitions.

• Energy level and spectral distributions 

can be parameterised statistically in 

terms of moments of the array (Bauche, 

and Bauche-Arnoult Phys Scr T40, 58, 1992) 

• The nth order centred moment is defined 

Unresolved Transition Arrays (UTA)Unresolved Transition Arrays (UTA)

• The nth order centred moment is defined 

as:

µc
n = [Σk〈kHk〉-Eav]

n / gk

where gk is the statistical weight.

The width of an array = 2(2ln µc
2 )1/2 .

The skewness = µc
3 /µc

2
3/2 measures 

assymetry .

The kurtosis = µc
4 /µc

2 
2 gives the shape.



Comparison of EBIT data with Calculations Comparison of EBIT data with Calculations 
Putterich et al Plasma Phys. Control. Fusion 50 085016 2008



AsdexAsdex--U dataU data Putterich et al Plasma Phys. Control. Fusion 50 085016 

2008



AsdexAsdex--U data (U data (ctdctd.).) Asmussen et al. Nucl. Fusion 38, 967, 1998
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NIFS ResultsNIFS Results
Plasma Temperature close to 1.5 keV

Plasma Temperature close to 3 keV

Main regions of difference
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Cowan (Hartree Fock with Configuration Interaction) Code used.

Gives transition energies, gA values and oscillator strengths.

Can ‘scale’ Slater Condon parameters (Direct, Fk, Exchange, Gk and Spin-

Orbit, ζ, Integrals – In LS Coupling En = EAV + Σkak Fk + Σkbk Gk ). 

Method of CalculationMethod of Calculation

Fk, Gk and Rk parameters reduced to 85%. Spin Orbit parameter unchanged

Accuracy generally within 1% (transition energies)

For δn = 0, transitions generally don’t move much with ζ, where ζ is the 

effective charge (degree of ionisation + 1). 

For δn = 1, transition energies (En)  generally scale approximately according 

to En α ζ2 where ζ is the effective charge (degree of ionisation + 1).  

Spectral lines shift to shorter wavelengths along a sequence.



Important Important point point to note:to note:

Ground configurations frequently change along isoelectronic sequences 

because of level reordering by principal quantum number.

• In Ca I ground configuration is (Ar) 4s2, this changes to (Ar) 3d2.

• Hyperalkali ions: PmI: 4d105s25p66s24f5 changes to 4d10 4f145s at the 15th ion stage 

along the sequence ( Curtis and Ellis PRL 45, 2099 1989). Confirmed earlier for 5s-

5p doublet of Au XIX (Träbert and Heckman Z. Phys 1, 381, 1986)

• Xe sequence: transitions based on 5p6 vanish at Pr VI, ground configuration 

changes to (5p4f)6.

Reason:

The effective radial potential is of the form: 

-Z’e2/4πε0r + l(l+1)h2/8π2r2

in neutrals and low ion stages the centrifugal term dominates and causes 

irregularities in filling of subshells. With increasing ionisation the Coulomb term 

becomes dominant.



Implications for tungsten:Implications for tungsten:
Spectra of tungsten from W VII – W XVII are dominated by the effects of 4f contraction.

W VII Ground State : 4d105s25p64f14 1S0 spectrum analysed (Sugar and Kaufman JOSA66, 1019 1976)

W VIII: Ground State (probably) : 4d105s25p64f13 but 4d105s25p54f14 only 800 cm-1 away 

(Carlson et al At. Data. Nuc. Data Tables 2, 63, 1970).

W IX: Ground State (probably) : 4d105s25p44f14 but  4d105s25p54f13 and 4d105s25p64f12

nearby. (Spread =25.18 eV)

W X: Ground State : 4d105s25p34f14 but  4d105s25p44f13 , 4d105s25p54f12 and 4d105s25p64f11W X: Ground State : 4d105s25p34f14 but  4d105s25p44f13 , 4d105s25p54f12 and 4d105s25p64f11

nearby. (Spread = 47.07 eV)

W XI: Ground State : 4d105s25p24f14 but 4d105s25p34f13, 4d105s25p44f12, 4d105s25p54f11 and 

4d105s25p64f10 nearby. (Spread = 95.59 eV)

W XII: Ground State : 4d105s25p14f14 but 4d105s25p24f13, 4d105s25p34f12, 4d105s25p44f11, 

4d105s25p54f10, and 4d105s25p64f9 nearby. (Spread = 134.73)

W XIII: Ground State : 4d105s24f14 but 4d105s25p4f13, 4d105s25p24f12, 4d105s25p34f11, 

4d105s25p44f10, 4d105s25p54f9 and 4d105s25p64f8 nearby. (Spread = 195.85 eV).



Configuration average Configuration average energies of energies of configurations based on single configurations based on single 

excitation of n=4, 5 and 6 electrons in excitation of n=4, 5 and 6 electrons in SmSm IX  (IX  (isoelectronicisoelectronic with W XXI)with W XXI)

•Sm IX belongs to the Xe I sequence

• Because of the regrouping of 

orbitals according to principal 

quantum number, there is near 

degeneracy of 4f and 5p binding 

energies.

•The lowest configuration is 

5s25p34f3

•Configurations of the type •Configurations of the type 

5sm5pk4fn (m+k+n= 8) all lie within 

60 eV of ground state.

•Level density is enormous (31,086)

•Configuration interaction is very 

important

•Only ‘good quantum numbers are J 

and π
•Levels and Spectra can only be 

treated statistically



Energy Level Energy Level distributionsdistributions
Non CI distribution of 

nearest neighbour 

spacings follows a 

Poisson distribution.

CI leads to a Wigner 

distribution.

Wigner Distribution: 

P(s)= πs/2 exp(- πs2/4)

Poisson Distribution:

P(s)=exp(-s)

CI shows Wigner 

behaviour



•Consider transitions  of the type 5p -5d, 4f – 5d and 5s-5p from even 5s25p6-n4fn 

•No CI 

5s25p6  ↔ 5s25p55d

5s25p54f ↔ 5s25p44f5d, 5s5p64f  and 5s25p54f05d

5s25p44f2  ↔ 5s25p34f25d, 5s5p54f2 and 5s25p44f5d

5s25p34f3 ↔ 5s25p24f35d, 5s5p44f3 and 5s25p34f25d

5s25p24f4 ↔ 5s25p4f45d, 5s5p34f4 and 5s25p24f35d

5s25p14f5 ↔ 5s25p04f55d, 5s5p24f5 and 5s25p34f45d

5s24f6 ↔ 5s5p4f6 and 5s24f55d

CI increases the number of transitionsCI increases the number of transitions

5s24f6 ↔ 5s5p4f6 and 5s24f55d

•CI:

5s25p6  ↔ {5s25p55d, 5s25p44f5d, 5s5p64f, 5s25p55d, 5s25p34f25d, 5s5p54f2, 

5s25p44f5d, 5s25p34f25d, 5s5p54f2, 5s25p44f5d, 5s25p24f35d, 5s5p44f3, 5s25p34f25d, 

5s25p4f45d, 5s5p34f4 , 5s25p24f35d, 5s24f55d, 5s5p24f5, 5s25p34f45d, 5s5p4f6 and 

5s24f55d}

5s25p54f ↔{21 mixed configurations}

5s25p44f2  ↔{21 mixed configurations} 

5s25p34f3 ↔ {21 mixed configurations}

5s25p24f4 ↔{21 mixed configurations}

5s25p14f5 ↔{21 mixed configurations}

5s24f6 ↔{21 mixed configurations}

CI permits all through 

configuration mixing of 

both upper and lower 

configurations



Numbers of LinesNumbers of Lines

No strong lines in observed No strong lines in observed 
in W VIII in W VIII –– W XIII. Why?W XIII. Why?

• Excited configurations can be 
constructed based on variable 
numbers of 4f and 5p 
electrons.electrons.

• Form bands of interacting 
configurations of same J and π.

• Transitions occur between 
these bands.

• Spectrum is just a continuum 
with millions of weak lines 
superimposed on 
recombination and 
bremsstrahlung background.



Open 4f allows 4dOpen 4f allows 4d--4f transitions in 4f transitions in 

WVII WVII –– W XIIIW XIII

• Resulting spectrum is 

just a UTA with millions just a UTA with millions 

of weak lines.



Mean dipole matrix element is zero, and line strengths follow a Porter Thomas distribution 

(Phys Rev. 104, 483, 1956) distribution: f(S)=(2πS 〈S〉)1/2exp(-S/2〈S〉), where S = |<m|D|n>|2 is the 

line strength factor

Intensity distribution:Intensity distribution:



W XIV

5s -5p
4d - 4f

5s -5p

4d105s24f13 Ground State

4f -5d

4f – 5g



5s -5p
4f – 5d

4d4d10104f4f14145s 5s ExcitedExcited State State W XIV

4f – 5g

5s -5p may have been identified in Shanghai EBIT 

Hutton et al Nucl. Instrum. Meth. Phys. Res. B 205 

(2003) 114.



W XV W XV -- XXVIIIXXVIII

W XV: Ground State: 4d105s24f12 but  4d105s4f13 and 4d104f14 nearby.

W XVI: Ground State : 4d105s24f11 but  4d105s4f12  and 4d104f13 nearby.

W XVII: Ground State : 4d105s54f11 but 4d104f12 approx. 2 eV above it. (Kramida and Shirai

At. Dat. Nuc. Dat. Tab. 95, 395, 2009)

W XVIII: Ground State : 4d104f11

W XIX - XXVIII: Ground State : 4d104fn (10≤n≤1) 4f subshell strips regularly.



4f 4f –– 5g Transitions; W XV 5g Transitions; W XV -- XXVIIIXXVIII

4f125s2 – 4f115s2 5g 

4f7 – 4f65g 

4f11 – 4f105g 

4f8 – 4f75g 

4f4 – 4f35g 

4f – 5g 



4f4fnn --4f4fnn--115d transitions W XV 5d transitions W XV -- XXVIXXVIII

4f125s2 – 4f115s2 5d 

4f11 – 4f105d 

4f7 – 4f65d 

4f11 – 4f105d 

4f8 – 4f75d 

4f4 – 4f35d 

4f – 5d 



4d4d10104f4f11115s5smm–– 4d4d994f4f12125s5smm TransitionsTransitions

0≤ m ≤ 20≤ m ≤ 2



4d4d10104f4fnn –– 4d4d994f4fn+1n+1 Transitions 11Transitions 11≤n≤1≤n≤1



4p4p664d4dnn –– 4p4p554d4dn+1n+1 +4d+4dnn--114f Transitions 10≤n≤1 4f Transitions 10≤n≤1 



4d6 – 4d55p 

4d4 – 4d35p 

4d10 4f4– 4d95p4f4

4d 4d –– 5p Transitions W XXV5p Transitions W XXV-- XXXIXXXXIX

4d10 – 4d95p 

4d –5p 4d8 – 4d75p 

4d4 – 4d35p 
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Effects of low plasma densityEffects of low plasma density

Jonauskas et al (JPB 40 2179  

2007) and Kucas et al (JPB 42, 

200501 2009) have considered 

effect of low density.

•Ions mainly in ground state.

•Excitation possible by absorption •Excitation possible by absorption 

and collisional excitation.

•Dipole operator dominates 

collisional process.

•Consider only dipole excitation 

from ground state.

•Calculate emission from these 

excited terms.



4d 4d –– 4f Transitions  excitation of lowest term4f Transitions  excitation of lowest term



4d 4d –– 4f Transitions  with excitation of lowest term4f Transitions  with excitation of lowest term



Open 4f Open 4f subshellsubshell EmissionEmission

Main Result:  Dramatic simplification of the spectrumMain Result:  Dramatic simplification of the spectrum



Open 4d Open 4d subshellsubshell EmissionEmission



Scatter Plots for n=4 – n =4 Transitions



4p4p--4d Transitions (open 4p 4d Transitions (open 4p subshellsubshell ions)ions)

4p-4d gives two groups of lines near 4.7 and 6.5 nm Radke et al 

PRA64,012520, 2001



4p4p--4d Transitions (open 4p 4d Transitions (open 4p subshellsubshell ions)ions)
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Ion Transition No. of 

Lines              

Σ gf Mean λ   

(nm)
σ (nm) Skewness Kurtosis

W XV 4d104f125s2 - 4d94f135s2 108 104.80 5.49 0.18 0.27 1.86

W XVI 4d104f115s2 - 4d94f125s2 1727 620.09 5.42 0.21 0.46 2.24

W XVII 4d104f115s - 4d94f125s 6712 1233.96 5.41 0.21 0.46 2.24

W XVIII    4d104f11 - 4d94f12 1728 612.72     5.40     0.21     0.46     2.24     

W XIX 4d104f10 - 4d94f11 14084  2211.41  5.34  0.23  0.59  2.55  

W XX 4d104f9 - 4d94f10 64003  5447.60  5.28  0.24  0.70  2.87  

UTAUTA ApproachApproach

Cowan data was used to generate UTA statistics for each family of transitionsCowan data was used to generate UTA statistics for each family of transitions

W XX 4d104f9 - 4d94f10 64003  5447.60  5.28  0.24  0.70  2.87  

W XXI 4d104f8 - 4d94f9 171124  9636.79  5.22  0.25  0.81  3.21  

W XXII 4d104f7 - 4d94f8 277823 12629.39  5.17  0.25  0.93  3.64  

W XXIII 4d104f6 - 4d94f7 277823 12393.93  5.13  0.25  1.07  4.20  

W XXIV 4d104f5 - 4d94f6 171128 9111.54 5.09  0.25  1.24 4.98

W XV 4d104f4 - 4d94f5 64004  4960.45  5.05  0.24  1.48  6.16  

W XVI 4d104f3 - 4d94f4 14086  1941.48  5.02  0.22  1.84  8.14  

W XVII 4d104f2 - 4d94f3 1728   518.12  4.99  0.20  2.45 11.95  

W XVIII 4d104f - 4d94f2 108    84.39  4.96  0.17  3.71 21.46  

W XIX 4d10 - 4d94f 3     6.38  4.91  0.12  9.04 83.02  

W XX 4p64d9 – 4p54d10+4p64d84f 84    60.24  4.95  0.22  4.45 38.24  

W XXI 4p64d8 – 4p54d9+4p64d74f 781   256.22  4.99  0.29  3.05 21.44  

W XXII 4p64d7– 4p54d8+4p64d64f 3291   646.90  5.03  0.36  2.29 13.73  

W XXIII 4p64d6 – 4p54d7+4p64d54f 7188  1073.97  5.08  0.42  1.80  9.43  

W XXXIV 4p64d5 – 4p54d6+4p64d44f 8715  1224.78  5.12  0.48  1.45  6.75  



UTA ResultsUTA Results



Comparisons with other workComparisons with other work

Sugar, Kaufman & 

Rowan,  JOSA B10, 1977 

(1993) W XXVIII, XIX and 

XX



Tentative ConclusionsTentative Conclusions

WXXIX-WXLV

4p1/2-4d3/2

WXXIX-WXLV

4p3/2-4d5/2

WXXIX- WXXXVIII  4p64dn-4p54dn+1 + 4dn-14f

WXXVIII-WXX

4d-4f

WXXII -WXXVII

4f-5d  & ??



Conclusions

• Spectrum is dominated by δn = 0, n= 4 ↔ n= 4 

transitions.

• More work needed to understand the origin of 6 nm 

peak in low temperature spectra.

• No discrete lines will be seen from W XIX – XIII and 

probably  to  W XXVII because of the complexity of the 

spectra; in lower stages the near degeneracy of 4f and 

5p binding energies (XIX- XIII), then 4f and 5s (XIV –

XVII) and finally the open 4f subshell itself (XVIII –

XXVIII).
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Thank You!Thank You!

ありがとうございます


