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Abstract:



Configuration interaction (CI) effects can greatly influence the way in which extreme ultraviolet (EUV) and soft X-ray (SXR) spectra of heavier ions are dominated by emission from unresolved transition arrays (UTAs), the most intense of which originate from Δn = 0, 4p64dN+1−4p54dN+2+4p64dN4f1 transitions. Changing the principle quantum number n, from 4 to 5, changes the origin of the UTA from Δn = 0, 4p64dN+1−4p54dN+2+4p64dN4f1 to Δn = 0, 5p65dN+1−5p55dN+2+5p65dN5f1 transitions. This causes unexpected and significant changes in the impact of configuration interaction from that observed in the heavily studied n = 4 – n = 4 arrays. In this study, the properties of n = 5 – n = 5 arrays have been investigated theoretically with the aid of Hartree-Fock with configuration interaction (HFCI) calculations. In addition to predicting the wavelengths and spectral details of the anticipated features, the calculations show that the effects of configuration interaction are quite different for the two different families of Δn = 0 transitions, a conclusion which is reinforced by comparison with experimental results.
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1. Introduction


Laser produced plasmas (LPPs) from tin droplet targets have been adopted as the optimum extreme ultraviolet (EUV) light sources for next generation lithography for high-volume manufacturing (HVM) of semiconductor circuits with feature sizes of 10 nm or less [1,2]. Transitions of the type 4p64dN+1−4p54dN+2+4p64dN4f1 in Sn8+–Sn13+ merge to form an unresolved transition array (UTA) [3] which contains thousands of individual lines and emits strongly in such a plasma at an electron temperature of ~30 eV in a narrow wavelength range around 13.5 nm [4,5]. This value coincides with the wavelength of peak reflectance of ~70% of the Mo/Si multilayer mirrors (MLMs) that are used in the scanning tools [6] and tin plasmas are the brightest sources at this wavelength. Other recent research has concentrated on investigating future-generation lithographic sources at shorter wavelengths, in particular at 6.75 nm where an intense UTA is emitted by gadolinium and terbium plasmas with an electron temperature of close to 100 eV [7,8,9], and where LaB4C and LaNB4C MLMs have a peak theoretical reflectivity of close to ~80% [10]. Once more the transitions responsible are predominantly of the type 4p64dN+1−4p54dN+2+4p64dN4f1.



Moving to shorter wavelengths, we encounter the ”water window” (2.3–4.4 nm) spectral region lying between the K-edges of carbon and oxygen, where carbon K-edge absorption is strong, but oxygen L edge absorption is weak, and where sources are being developed for in vivo single shot imaging and tomography of biological samples in aqueous environments with nm resolution [11,12]. Initially, sources in this region used strong quasi-monochromatic emission at wavelengths of λ = 2.879 nm and λ = 2.478 nm arising from the 1s2–1s 2p line in N5+ and the 1s–2p doublet in N6+ respectively [13]. However more recently 4d–4f transitions of the 4p64dN+1−4p54dN+2+4p64dN4f1 UTA in Bi37+–Bi46+ have been proposed, and a Bi source based on a plasma heated to a sufficient temperature (Te > 500 eV) to generate these ion stages is under development for water window imaging [14].



The dominant emission in all of these sources arises from 4p64dN+1−4p54dN+2+4p64dN4f1 transitions and due to the near degeneracy of the 4p54dN+2 and 4dN4f configurations, it is well known that it is necessary to allow for configuration interaction (CI) in the upper state [4,15,16]. The effects of CI in any particular ion stage have been shown to cause a strong spectral narrowing and concentrate the available emission intensity at the high energy end of the array. Moreover, although the 4p54dN+2 configuration must be included in order to obtain the correct energy eigenvalues and eigenvectors, the latter remain sufficiently pure while the emission is dominated by the valence 4p64dN+1−4p64dN4f1 transitions and there is little evidence in any spectrum of a sizable contribution in emission from 4p64dN+1−4p54dN+2 lines until N = 1. This is presumably due to the electron impact excitation rates for valence and sub-valence excitation responsible for populating the upper states being very different. Based on a simple line strengths comparison, the ratio of total lines strengths for p−d transitions to that for d−f should scale as 9−N/N+1 times the ratio of their respective dipole matrix elements [17]. So one would expect the p−d contribution to overtake that for d−f with increasing ionization around n = 3 [17]. Moreover, if one allows for spin orbit splitting of the 4p and 4d subshells, for N > 4 the lowest configuration will be 4p21/24p43/24d43/24dN-45/2, Thus if it is easier to collisionally excite outer electrons, for N > 4 the dominant excitation will involve 4d5/2 electrons and the transitions expected are: 4p21/24p43/24d43/24dN-45/2−4p21/24p33/24d43/24dN-35/2+4p21/24p43/24d43/24dN-55/24f.



For N < 4, the lowest configuration will be 4p21/24p43/24dN3/2 and transitions can now take place to 4p21/24p43/24dN3/2−4p21/24p33/24dN+13/2+4p11/24p43/24dN+13/2+4p21/24p43/24dN-13/24f with the 4p1/2–4d3/2 contribution appearing on the short wavelength side of the UTA, or, if the 4p spin orbit splitting is sufficiently large, forming a second UTA at a shorter wavelength.



However, both sets of transitions are responsible for absorption by ions in the plasma periphery which is the major problem that must be overcome to attain the maximum conversion efficiency of laser to spectral emission energy in EUV source development. Theoretical studies of the effects of CI in ions from Z = 50 – Z = 89 have been reported which showed that CI effects in general diminish as Z increases as the upper state arrays separate in energy [18,19] and recently the corresponding UTA emission in a number of elements at the higher Z end of this sequence has been observed [20,21].



In the absence of CI, according to the UTA formalism, for 4p64dN+1−4p64dN4f1 transitions the position of the line strength weighted mean of an array is shifted from the position of the differences in average energies by an amount [22]
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where Fk(4d,4f) and Gk(4d,4f) are Slater Condon direct and exchange integrals respectively and the coefficients fk and gk result from integrals over polar and azimuthal angles that, in general, decrease with increasing k [23]. Here g1 = 137/2450 has the largest numerical value and the above formula can be roughly approximated as [image: there is no content] [24] so that the position of the emission peak is determined by the degree of 4d and 4f overlap. In higher ion stages (beyond ~4+) of the rare earths, where G1(4d, 4f) is almost constant for different ion stages of a given element, the effect of CI is to essentially remove this N dependence and the array is narrowly peaked at around 2G1(4d, 4f) above the difference between the average energies of the ground and upper state configurations. Thus the UTAs in successive ion stages overlap with each other to yield a very intense, relatively narrow (ΔE ~10 eV), emission band in a low opacity plasma, whose shape is completely modified by increasing opacity [25].



In performing calculations for low ion stages of the lighter lanthanides and the elements preceding them in the periodic table, it is necessary to expand the excited state basis to include higher nf orbitals or reduce the effective exchange interaction. This is achieved by scaling the G1(4d, 4f) parameter, as is done in calculations with the Cowan code, in order to obtain good agreement between calculated and observed results. Mixing of 4f and nf orbitals essentially increases the mean radius of the 4f wave function and so leads to a reduction in the size of both direct and exchange integrals [26]. The photoionization spectra of low ion stages of these elements are well known to be dominated by 4f contraction effects and the correct estimation of the 4f radial wave function is essential if good agreement between theory and experimental spectra is to be obtained [27].



For the elements from Ag to La, 4f contraction increases with ion stage due to the interplay between the attractive Coulomb and centrifugal repulsion [image: there is no content] terms in the effective radial potential, where l is the orbital angular momentum quantum number and µ is the reduced mass of the electron. In the neutral atom, the effective potential is bimodal with an inner well close to the nucleus, whose depth rapidly increases from Z = 47 (silver), where it first appears, to Z = 58 (cerium), where it first supports a bound state leading to the formation of the lanthanides [27,28]. This inner well is separated by a centrifugal barrier from a broad outer well with a minimum near the hydrogenic value of 16a0. The EUV absorption spectrum of these elements is dominated by a large 4d−εf shape resonance [29] since depending on Z, 4d−εf excitation can only occur when the εf photoelectron has sufficient energy to surmount the centrifugal barrier, or the lowest state of the inner well is autotomizing. Due to the lack of any appreciable overlap between the 4d wave function, which lies in the core, and the bound nf wave functions which are eigenstates of the outer well, 4d−4f transitions have vanishing oscillator strength. With increasing ionization, the inner well deepens, the potential barrier decreases, and the outer-well nf functions gradually contract into the inner well region. As they do, the 4d, 4f overlap increases and the intensity of 4d−4f transitions increases and the oscillator strength, associated with 4d−εf in the neutral is effectively transferred to 4d−4f excitation [30].



In contrast to the situation for Δn = 0, n = 4 – n = 4 transitions, no systematic study of the equivalent Δn = 0, n = 5 – n = 5 transitions has been reported. From studies of the photoionization cross-sections of neutral elements past Z = 79 (gold) it is known that the spectra display strong 5d−εf resonances and that any difference from their 4d−εf counterparts can be attributed to the increased influence of spin-orbit effects [30,31,32,33]. UTAs due to 5p65dN+1−5p55dN+2+5p65dN5f1 transitions in LPPs of Th and U have been observed and some of the simpler transitions identified [34,35]. Compared to the 4p64dN+1−4p54dN+2+4p64dN4f1 UTAs observed under identical experimental conditions in the homologous elements Ba and Ce, the n = 5 – n = 5 UTAs were broader [36]. Spectra from ionized uranium that were recorded following impurity injection into the TEXT Tokamak were found to contain two distinct UTAs which were assigned primarily to 5p1/2−5d and 5d−5f component groups of 5p65dN+1−5p55dN+2+5p65dN5f1 transitions in U XV –U XXXI [37]. However, apart from this work, no calculations were performed to elucidate and explore CI effects.



In this paper, we report on the results of calculations for 5p65dN+1−5p55dN+2+5p65dN5f1 transitions in elements from Z = 79 to Z = 92 to predict the positions and spectral properties of the corresponding UTAs and in particular to compare the effects of CI between Δn = 0, n = 5 – n = 5 transitions in these elements and n = 4 – n = 4 transitions in their homologous, lower Z counterparts.




2. Results


2.1. 5p−5d and 5d−5f Unresolved Transition Arrays of Ions with Z = 79-92


Calculations were performed using the Hartree-Fock with Configuration Interaction (HFCI) suite of codes written by Cowan [17]. Because of the high Z of the atoms and ions of interest, relativistic effects which are the mass-velocity and Darwin contributions to the energy were included. The Slater Condon Fk, Gk, and Rk parameters were scaled to 90% of their ab initio values while the spin orbit parameters were unchanged. Energies and wavelengths were determined for 5p65dN+1−5p55dN+2+5p65dN5f1 transitions both with and without CI for all ions with N = 0-8 of the elements considered. For the CI calculations, the eigenvectors percentage compositions were used to assign 5d−5f and 5p−5d lines within the overall arrays.



The results of these calculations are presented in Figure 1 and Figure 2. Figure 1 shows the calculated spectra for ions of the elements from Au (Z = 79) to Po (Z = 84), while Figure 2 contains the corresponding data for ions from At (Z = 85) to U (Z = 92). For each element, the green and red line distributions denote 5p−5d transitions with and without CI included, respectively, while blue and black denote 5d−5f transitions with and without CI included. In the case of Au, the most obvious feature of the spectra is that with increasing ion stage, the 5p−5d transition arrays move slowly towards shorter wavelength while the 5d−5f transition arrays move more rapidly towards higher energy with increasing ion stage. The arrays never overlap and so CI effects are almost non-existent up to Au5+ and from Au6+ onwards, CI mainly affects the 5d−5f transitions where they dramatically alter the line distributions. It should be noted that most or all of the 5p−5d transitions are autoionizing until we reach Au7+ and even if the upper states are populated, they will never appear in emission. The near absence of CI for 5d−5f transitions in lower stages and the closeness in energy of the 5d−5f sub-arrays in the higher stages would suggest that the intensity weighted mean positions of these arrays should be given by Equation (1). The fact that the arrays move to shorter wavelength so dramatically is due to the 5f wave function contraction which leads to both an increase in the separation of average energies of the upper and lower configurations and also a rapid increase in G1(5d, 5f). Similar behavior, in the case of 4d−4f transitions has been found in Sn spectra [38].


Figure 1. (Color online) Ir-like through Tm-like spectra of Au-Po calculated with the Cowan Code both including Configuration interaction (CI) (green denotes 5p−5d and blue denotes 5d−5f) and excluding CI (red denotes 5p−5d and black denotes 5d−5f).
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Figure 2. (Color online) Ir-like through Tm-like spectra of At-U calculated with the Cowan Code both including CI (green denotes 5p−5d and blue denotes 5d−5f) and excluding CI (red denotes 5p−5d and black denotes 5d−5f).
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In the case of Hg and Tl, CI effects again become important for 5d−5f spectra at Hg6+ and Tl6+. For Pb and Bi the effects of CI on 5d−5f transitions are predicted to become noticeable at Pb7+ and Bi7+, while in all cases the changes in the 5p−5d sub-arrays only become noticeable when they begin to overlap with the 5d−5f sub-arrays and where a redistribution of intensity towards the higher energy end of the overall arrays become visible. With increasing Z, 5f contraction effects diminish as the transitions now involve significantly higher charge state ions. As can be seen from Figure 2, the 5p−5d and 5d−5f sub-arrays become closer and CI effects cause subtle changes to the spectral profiles of both sub-arrays for situations where the 5p65dN+1 ground configuration has N > 3 and more dramatic effects when N ≤ 3.



To explore the effects of wave function contraction with increasing ion stage, the radial wave functions [image: there is no content] were extracted for 5p, 5d, and 5f electron orbitals for each ion considered. From these the mean radius [image: there is no content] was computed using [image: there is no content] and the results are presented in Figure 3. It is clear from this figure that the mean radii of the 5p and 5d functions decrease slowly with Z and charge state. The situation for the 5f wave function is very different. In Au, for example, [image: there is no content] contracts from 5.4a0 in Au2+ to 1.5a0 in Au10+. With increasing Z, the effect is less dramatic and past Ra, the 5f contacts with increasing ionization much like the 5p and 5d. This is mirrored in the spectra by the fact that separation of the 5p−5d and 5d−5f arrays becomes essentially constant as the 5d−5f array does not dramatically move to higher energy with increasing charge.


Figure 3. (Color online) mean radii of 5p, 5d, and 5f eigenfunctions for ions of the Ir (ground state 5d9) through Tm (ground configuration 5d1) for all elements from Au-U.
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2.2. 5p−5d and 5d−5f UTA Statistics of Ions with Z = 79–92


In general, the complexity of arrays with 1 < N < 8, the UTA formalism is suitable for the parameterization of the calculated wavelength data [3,21]. The general nth-order moment for a set of N values λi with line strengths ωi reads


[image: there is no content]



(2)




where [image: there is no content] is the total line strength. The first-order moment [image: there is no content] gives the intensity weighted average wavelength. The centered second-order moment [image: there is no content] gives the variance, [image: there is no content], which is obtained by the above expression after replacing λi by λi − μ1. For a Gaussian-shaped distribution, its full width at half maximum (FWHM) is given by [image: there is no content], where [image: there is no content]. Thus the variance is related to the width of the array. Using the UTA formalism described above, the gA weighted UTA positions and widths for the 5d−5f and 5p−5d component sub-arrays of the 5p65dN+1−5p55dN+2+5p65dN5f1 array were calculated and the results are presented in Figure 4 and Table 1 and Table 2. Separate UTAs for 5p−5d and 5d−5f transitions were identified from their eigenvector compositions and UTA statistics were computed for both sets of transitions with and without CI effects included for comparison. From this figure it is clear that in the case of 5d−5f transitions, which will be observed in emission from a plasma, the effect of CI is to shift the corresponding sub-array towards higher energy especially for the higher Z elements. This trend is also clear from Table 1 and Table 2. Interestingly, unlike the corresponding 4−4 arrays, where spectral narrowing is the dominant effect observed, the effect of CI is actually to increase the width of the UTAs. Again, during the rapid contraction phase of the 5f wave function in lower ion stages of the lighter elements, CI effects are noticeably absent as can be seen from the coincidence in energies in both cases. For 5p−5d transitions, CI effects are somewhat different also for lighter and heavier elements. For the elements past francium, the mean energies are shifted by CI towards higher values in lower ion stages and gradually converge towards their non-CI value at the highest ion stage.


Figure 4. (Color online) Mean wavelength of transition arrays 5p65dN+1−5p55dN+2 and of 5p65dN+1−5p65dN5f1 Ir-like through Tm-like ions of gold through uranium (a) 5p65dN+1−5p55dN+2 including CI (red) and excluding CI (black); (b) 5p65dN+1−5p65dN5f1 including CI (orange) and excluding CI (green).
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Table 1. Calculated mean wavelength [image: there is no content] (nm) and spectral width [image: there is no content] (nm) for the UTA of gold through astatine ions: Ir-like to Tm-like ions for the 5d−5f arrays without and with the effect of configuration interaction.







	
5d−5f (No CI)

	
Au

	
Hg

	
Tl

	
Pb

	
Bi

	
Po

	
At




	
Ion
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Ir-like

	
48.62

	
5.99

	
34.33

	
3.11

	
26.40

	
1.97

	
21.59

	
1.47

	
18.45

	
1.23

	
16.23

	
1.08

	
14.59

	
0.98




	
Os-like

	
36.54

	
3.83

	
28.09

	
2.39

	
22.96

	
1.80

	
19.58

	
1.51

	
17.21

	
1.34

	
15.44

	
1.22

	
14.06

	
1.13




	
Re-like

	
29.99

	
2.77

	
24.48

	
2.09

	
20.84

	
1.77

	
18.27

	
1.57

	
16.36

	
1.43

	
14.87

	
1.32

	
13.67

	
1.24




	
W-like

	
26.17

	
2.35

	
22.23

	
1.98

	
19.45

	
1.76

	
17.37

	
1.61

	
15.75

	
1.48

	
14.46

	
1.38

	
13.38

	
1.30




	
Ta-like

	
23.77

	
2.16

	
20.74

	
1.91

	
18.48

	
1.74

	
16.72

	
1.60

	
15.31

	
1.49

	
14.15

	
1.40

	
13.18

	
1.32




	
Hf-like

	
22.17

	
2.00

	
19.70

	
1.82

	
17.79

	
1.67

	
16.25

	
1.55

	
14.99

	
1.45

	
13.94

	
1.37

	
13.04

	
1.29




	
Lu-like

	
21.05

	
1.80

	
18.96

	
1.65

	
17.29

	
1.53

	
15.91

	
1.43

	
14.77

	
1.35

	
13.79

	
1.28

	
12.94

	
1.21




	
Yb-like

	
20.25

	
1.48

	
18.42

	
1.37

	
16.92

	
1.29

	
15.67

	
1.21

	
14.61

	
1.15

	
13.69

	
1.10

	
12.90

	
1.05




	
Tm-like

	
19.67

	
0.87

	
18.03

	
0.83

	
16.67

	
0.80

	
15.51

	
0.78

	
14.52

	
0.76

	
13.65

	
0.75

	
12.89

	
0.74




	
5d−5f (CI)

	
Au

	
Hg

	
Tl

	
Pb

	
Bi

	
Po

	
At




	
Ion
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Ir-like

	
48.64

	
6.00

	
34.36

	
3.16

	
26.43

	
2.10

	
21.60

	
1.69

	
18.43

	
1.45

	
16.19

	
1.25

	
14.53

	
1.10




	
Os-like

	
36.62

	
3.90

	
28.17

	
2.60

	
23.02

	
2.17

	
19.58

	
2.00

	
17.09

	
1.90

	
15.24

	
1.56

	
13.85

	
1.30




	
Re-like

	
30.15

	
2.99

	
24.63

	
2.69

	
20.86

	
2.66

	
18.16

	
2.51

	
16.13

	
2.07

	
14.55

	
1.61

	
13.36

	
1.36




	
W-like

	
26.48

	
2.89

	
22.47

	
3.18

	
19.43

	
3.05

	
17.12

	
2.58

	
15.33

	
2.03

	
14.00

	
1.59

	
12.98

	
1.37




	
Ta-like

	
24.34

	
3.15

	
21.21

	
3.46

	
18.24

	
3.00

	
16.18

	
2.35

	
14.75

	
1.85

	
13.62

	
1.55

	
12.70

	
1.39




	
Hf-like

	
22.79

	
3.29

	
19.36

	
3.60

	
17.19

	
2.64

	
15.46

	
2.03

	
14.26

	
1.68

	
13.33

	
1.50

	
12.54

	
1.43




	
Lu-like

	
21.01

	
3.24

	
18.25

	
2.88

	
16.35

	
2.08

	
15.02

	
1.73

	
14.06

	
1.61

	
13.20

	
1.51

	
12.47

	
1.43




	
Yb-like

	
19.37

	
2.34

	
17.60

	
1.79

	
16.25

	
1.42

	
14.92

	
1.70

	
14.06

	
1.53

	
13.18

	
1.37

	
12.51

	
1.37




	
Tm-like

	
20.19

	
0.16

	
17.56

	
0.12

	
15.99

	
1.05

	
14.98

	
1.00

	
14.09

	
0.97

	
13.29

	
0.94

	
12.58

	
0.92










Table 2. Calculated mean wavelength [image: there is no content] (nm) and spectral width [image: there is no content] (nm) for the UTA of radon through uranium ions: Ir-like to Tm-like ions for the 5d−5f arrays without and with the effect of configuration interaction.







	
5d−5f (No CI)

	
Rn

	
Fr

	
Ra

	
Ac

	
Th

	
Pa

	
U




	
Ion
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Ir-like

	
13.32

	
0.91

	
12.28

	
0.85

	
11.43

	
0.80

	
10.71

	
0.77

	
10.09

	
0.73

	
9.54

	
0.71

	
9.06

	
0.68




	
Os-like

	
12.95

	
1.06

	
12.03

	
1.00

	
11.25

	
0.95

	
10.59

	
0.90

	
10.01

	
0.86

	
9.49

	
0.83

	
9.03

	
0.80




	
Re-like

	
12.68

	
1.16

	
11.84

	
1.10

	
11.13

	
1.04

	
10.50

	
1.00

	
9.95

	
0.95

	
9.46

	
0.92

	
9.03

	
0.88




	
W-like

	
12.48

	
1.22

	
11.71

	
1.16

	
11.04

	
1.10

	
10.45

	
1.05

	
9.93

	
1.01

	
9.46

	
0.97

	
9.03

	
0.94




	
Ta-like

	
12.35

	
1.25

	
11.62

	
1.18

	
10.99

	
1.13

	
10.43

	
1.08

	
9.92

	
1.04

	
9.47

	
1.00

	
9.06

	
0.97




	
Hf-like

	
12.25

	
1.23

	
11.57

	
1.17

	
10.97

	
1.12

	
10.43

	
1.08

	
9.94

	
1.04

	
9.50

	
1.00

	
9.10

	
0.97




	
Lu-like

	
12.20

	
1.16

	
11.55

	
1.11

	
10.97

	
1.07

	
10.45

	
1.03

	
9.98

	
1.00

	
9.55

	
0.97

	
9.16

	
0.94




	
Yb-like

	
12.19

	
1.01

	
11.56

	
0.98

	
11.00

	
0.95

	
10.50

	
0.92

	
10.03

	
0.90

	
9.61

	
0.88

	
9.23

	
0.86




	
Tm-like

	
12.21

	
0.73

	
11.61

	
0.72

	
11.06

	
0.72

	
10.56

	
0.71

	
10.11

	
0.71

	
9.70

	
0.71

	
9.32

	
0.71




	
5d−5f (CI)

	
Rn

	
Fr

	
Ra

	
Ac

	
Th

	
Pa

	
U




	
Ion
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Ir-like

	
13.22

	
0.99

	
12.16

	
0.84

	
11.33

	
0.77

	
10.63

	
0.71

	
10.02

	
0.68

	
9.48

	
0.65

	
9.01

	
0.63




	
Os-like

	
12.78

	
1.11

	
11.84

	
0.98

	
11.08

	
0.90

	
10.44

	
0.83

	
9.87

	
0.79

	
9.38

	
0.77

	
8.93

	
0.74




	
Re-like

	
12.39

	
1.19

	
11.58

	
1.06

	
10.90

	
0.99

	
10.30

	
0.94

	
9.78

	
0.90

	
9.31

	
0.87

	
8.89

	
0.85




	
W-like

	
12.11

	
1.22

	
11.39

	
1.15

	
10.77

	
1.09

	
10.21

	
1.05

	
9.72

	
1.01

	
9.27

	
0.98

	
8.87

	
0.96




	
Ta-like

	
11.93

	
1.29

	
11.28

	
1.24

	
10.69

	
1.19

	
10.17

	
1.14

	
9.70

	
1.11

	
9.27

	
1.01

	
8.88

	
1.05




	
Hf-like

	
11.84

	
1.36

	
11.23

	
1.30

	
10.68

	
1.27

	
10.18

	
1.23

	
9.72

	
1.18

	
9.31

	
1.15

	
8.93

	
1.12




	
Lu-like

	
11.81

	
1.38

	
11.23

	
1.32

	
10.72

	
1.29

	
10.24

	
1.26

	
9.78

	
1.22

	
9.38

	
1.18

	
9.00

	
1.14




	
Yb-like

	
11.86

	
1.27

	
11.28

	
1.22

	
10.77

	
1.17

	
10.28

	
1.12

	
9.83

	
1.08

	
9.43

	
1.06

	
9.06

	
1.04




	
Tm-like

	
11.93

	
0.90

	
11.34

	
0.89

	
10.81

	
0.87

	
10.33

	
0.86

	
9.88

	
0.85

	
9.48

	
0.84

	
9.11

	
0.83












3. Comparison of 5p65dN+−5p55dN+2+5p65dN5f1 with 4p64dN+1−4p54dN+2+4p64dN4f1 Arrays


In the case of 4p64dN+1−4p54dN+2+4p64dN4f1 transitions, as already discussed, configuration interaction leads to a strong spectral narrowing and redistribution of oscillator strength towards the high energy end of the resulting UTA. Here, the opposite is true and the widths of the predicted 5d−5f UTAs is in general slightly greater when CI effects are accounted for. In order to directly compare the results of CI on the spectral distribution rearrangement of n = 4−n = 4 UTA and n = 5−n = 5 UTA, calculations were performed for 4p64d2−4p54d3+4p64d4f1 transitions in Sr-like Ag9+, Sn12+, Ba18+, and Nd22+ and 5p65d2−5p55d3+5p65d5f1 transitions in the homologous ions Au9+, Pb12+, Ra18+, and U22+ of the Yb-isoelectronic sequence. The results are shown in Figure 5. From this figure it is clear that for n = 4−n = 4 transitions, CI completely reallocates the intensity of the 4d−4f component transitions as well as the lower energy 4p−4d lines to the higher energy end of the array and that with increasing ionization the resulting spectrum narrows until its FWHM becomes less than 0.5 nm. For n = 5−n = 5 transitions, in the absence of CI the 5p−5d array splits with increasing Z due to spin orbit interaction into 5p1/2−5d and 5p3/2−5d sub-arrays. The 5d−5f sub array overlays the longer wavelength 5p3/2−5d5/2 sub-array in Au9+ and Pb12+, and lies between the 5p1/2−5d and 5p3/2−5d sub-arrays in Ra18+ and U22+. The effect of CI is to narrow the spectral width of the 5p1/2−5d sub-array while leaving its mean position essentially unchanged, while mixing the 5d−5f and 5p3/2−5d sub-arrays to produce a broader spectral profile that in some instances contains fewer strong individual lines, that is shifted to shorter wavelength by the interaction. Thus, the effect of CI is less dramatic for 5−5 transitions though it still leads to major redistribution of intensity both between and within the resulting two sub arrays.


Figure 5. (Color online) Gaussian convolved spectra of 4p64d2−4p54d3+4p64d14f1 transitions in Sr-like Ag9+, Sn12+, Ba18+, and Nd22+ and 5p65d2−5p55d3+5p65d15f1 transitions in the homologous ions Au9+, Pb12+, Ra18+, and U22+ of the Yb-isoelectronic sequence.
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From the CI calculations, the normalized gA (gA/ΣgA) distributions for 5d−5f and 5p−5d transitions were extracted for each ion stage, i.e., for 0 ≤ N ≤ 8 of each of the elements considered here and summed to give an overall profile for both sets of transitions. The results are shown in Figure 6. As in the rare earths, the d−f lines are expected to contribute to the emission spectra from hot plasmas of these elements whilst both sets of transitions may be observed in absorption. It is interesting to compare the positions of the strong UTAs observed in LPPs of Th and U [34,35] with the predictions of the present calculations. In the Th spectrum, recorded under essentially optically thin conditions, a UTA extending from approximately 9.5–11.5 nm and peaking near 10.3 nm was observed while in the U spectrum the same feature lay between approximately 9.0 and 10.5 nm and peaked near 9.5 nm. From Table 2, the peak positions are predicted to lie near 9.8 and 9 nm respectively indicating a wavelength shift of approximately 0.5 nm between observed and calculated data for 5p65dN+1−5p65dN5f1 transitions. No shorter wavelength UTA corresponding to 5p65dN+1−5p55dN+2 was observed. However, the maximum ionization stages produced in these experiments were around 16 or 17 times ionized and some contribution from 5d105fN−5d95fN+1 transitions in lower ion stages is also present. When first reported it was assumed that the increased widths of these 5p65dN+1−5p65dN5f1 UTAs relative to their 4p64dN+1−4p64dN4f1 counterparts in the spectra of the homologous species Ce and Nd was due to increased spin orbit interaction effects [34]. From this work it is clear that the 5p spin orbit splitting essentially limits the interaction to the 5p3/2−5d sub-array and this interaction results in a broadening of the 5d−5f array. In the more highly ionized spectra of U recorded from the TEXT Tokamak, two distinct UTAs were observed with peaks near 7 and 9 nm which are in excellent agreement with the results obtained in this work. However, the shorter wavelength observed peak also contains a contribution from 5pn−5pn-15d transitions, which may dominate over 5p65dN+1−5p55dN+2 emission.


Figure 6. (Color online) Summed peak emission from (a) 5d−5f and (b) 5p−5d UTAs including CI in elements with Z = 79–92. (c) Dependence of UTA transition energies on atomic number Z, 5d−5f (red stars) and 5p−5d (black diamonds).
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4. Conclusions


Unresolved transition arrays (UTAs) of the type Δn = 0, 4p64dN+1−4p54dN+2+4p64dN4f1 have been extensively studied because their intensity and emission bandwidth makes them ideal candidates for applications as radiation sources for a variety of technological applications in the EUV and SXR region. In contrast, the corresponding Δn = 0, 5p65dN+1−5p55dN+2+5p65dN5f1 UTAs have not been studied in detail. In this paper, the properties of these arrays have been studied theoretically with the aid of Hartree-Fock with configuration interaction (CI) calculations. We report on calculations for 5p−5d and 5d−5f transitions in elements from Z = 79 to Z = 92 and predict the positions and spectral properties of the corresponding UTAs. We compared the effects of CI between Δn = 0, n = 5–n = 5 transitions in these elements and n = 4−n = 4 transitions in their homologous, lower Z counterparts and found that the strong spectral narrowing, which is a feature of Δn = 0, n = 4–n = 4 transitions is not expected to be important in these spectra but shifts the position of 5d−5f arrays to slightly shorter wavelengths and results in a broadening of their spectral profiles. This broadening points to their potential usefulness in the development of broadband sources for future EUV and soft X-ray metrology applications.
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