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Fig. 1. Radial wavefunctions of 4s, 4p, 4d and 4f belonging to (a) Sn®F , (b) Sn®t | (c) Sn!* and (d) Sn'3+.
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Fig. 2. Bound configurations of Sn't  Each bar repres-
ents the energy range of fine-structure levels belonging to
the corresponding configuration. The dashed line represents

ionization threshold.
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Table 1.  Fine-structure levels belonging to the ground configuration 4s?4p®4d* of Snlo+ (Unit: eV), where the fully occu-
pied 4s and 4p orbitals are omitted.
ek J A3 (MCDF) SLg 1 CI+MBPT [

1 4d3 ), 0 0.00 0.00 0.00
2 (4d3 5)3/24d5 /2 1 0.36 0.38 0.39
3 (4d2/2)2 (4d§/2) 2 0.79 0.82 0.83
4 (4d2/2)2(4d§/2) 3 1.22 1.25 1.27
5 4dz 5 (4d3 5)9 /2 4 1.64 1.65 1.68
6 (4d2/2)2 (4d§/2) 0 3.48 3.32 3.28
7 (4d3 5)3/24d5/2 4 3.98 3.67 3.60
8 (4d3 /)2 (4d2 )2 3 4.58 4.33 4.29
9 4dz /5 (4d3 5)g /2 5 4.61 4.36 4.30
10 (4d2 /2)2 (4d2 /2)2 1 4.68 4.39 4.39
11 (4d3 5)3/24d5 2 2 4.80 4.55 4.54
12 (4d2/2)2 (4d5/2) 6 5.09 4.74 4.67
13 4dz )5 (4d? )5)0/2 4 5.29 5.02 4.99
14 (4d3 /)2 (4d2 )2 2 5.61 5.38 5.40
15 (4d2/2)2 (4d0/2) 4 5.72 5.43 5.40
16 4dz /5 (4d3 5)3/2 3 5.87 5.60 5.60
17 (4d2/2)2 (4d5/2) 3 6.27 5.99 5.99
18 (4d35)2(4d2 5)4 5 6.36 6.06 6.03
19 4dz )5 (4d? )5)s2 2 6.69 6.42 6.43
20 4dz /5 (4d3 5)s /2 1 6.81 6.55 6.56
21 4(13/2(4d§/2)9/2 6 7.15 6.68 6.60
22 4dz 4 7.72 7.40 7.38
23 4d3)2(4d3 )5)3/2 0 7.77 7.55 7.57
24 4d3 ), 2 8.41 8.01 8.00
25 4ds 5 (4d3 5)s /2 3 8.89 8.43 8.42
26 (4d3 /)0 (4d2 )2 2 9.86 — 9.40
27 (4d2 /2)0(4d§ 2)4 4 10.27 9.77 9.78
28 (4d3 /)2 (442 5)o 2 10.48 9.97 9.98
29 4dz 5 (4d3 5)5/2 3 10.66 10.15 10.16
30 4dz5(4d3 5)5 /2 1 10.77 — 10.30
31 4d3 0 11.23 — 10.77
32 4dz /5 (4d3 5)5 /2 4 11.79 — 11.11
33 4ds o (4d3 /2)5/2 2 14.70 — 13.95
34 (4d2 /2)0(4d§ /2)0 0 18.87 — 17.98
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Fig. 3. Oscillator strengths of Sn'%* : (a) Length and velo-
city forms of oscillator strengths; the slope of the red
dashed line is 1; (b) ratio of length form to velocity form.
The upper and lower red dashed lines represent 1 and 0.8,

respectively.
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Fig. 4. Radiative opacity of Sn at a temperature of 30 eV and a density of 0.01 g/cm?® contributed by different ionization stages:

(a) Sn%t; (b) Sn'0*: (c) Snllt; (d) Sn'2T; (e) total opacity. The red line represents the result including only ground and singly

excited configurations. The green line represents the result including ground, singly and doubly excited configurations.
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Fig. 5. Transmission spectra of Sn plasmas: (a) Present cal-
culation, ATOMICP® and experimental results®? of Sn at a
temperature of 30 eV and a density of 0.01 g/cm?; (b) pre-
sent calculated transmission spectra of Sn at a density of
0.01 g/cm?® and temperatures of 25, 27, 30 and 32 eV. The
instrumental broadening in the present calculation is set to
be 0.5 eV.
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Fig. 6. EUV Radiative opacity (left) and emissivity (right)
of Sn plasmas at a temperature of 20 eV and densities of
(a) 0.0001, (b) 0.001, (c) 0.01 and (d) 0.1 g/cm?®. The aver-
age ionization is 10.96, 9.63, 8.36 and 7.16, respectively.
The free electron density is 5.56 x 10'%, 4.89 x 10%, 4.24 x
1020 and 3.63 x 102! cm~3, respectively. The red-dashed lines

represent the 2% wavelength region centered at 13.5 nm.
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Fig. 7. EUV Radiative opacity (left panel) and emissivity
(right panel) of Sn plasmas at a temperature of 23 ¢V and
densities of (a) 0.001, (b) 0.005, (c) 0.01 and (d) 0.1 g/cm?.
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Fig. 8. EUV Radiative opacity (left panel) and emissivity
(right panel) of Sn plasmas at a temperature of 27 ¢V and
densities of (a) 0.001, (b) 0.005, (c) 0.01 and (d) 0.1 g/cm?.
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Fig. 9. EUV radiative opacity (left panel) and emissivity
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and temperatures of (a) 16, (b) 18, (c¢) 20 and (d) 23 eV.
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Fig. 10. EUV radiative opacity (left panel) and emissivity
(right panel) of Sn plasmas at a density of 0.001 g/cm® and
temperatures of (a) 18, (b) 20, (c) 23, (d) 25 and (e) 27 eV.
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Fig. 11. EUV radiative opacity (left panel) and emissivity

(right panel) of Sn plasmas at a density of 0.01 g/cm® and
temperatures of (a) 20, (b) 23, (c) 25, (d) 27 and (e) 30 eV.
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Fig. 12. EUV radiative opacity (left panel) and emissivity
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Abstract

Sn is the material for an extreme ultraviolet (EUV) light source working at 13.5 nm, therefore the radiative
properties of Sn plasma are of great importance in designing light source. The radiative opacity and emissivity
of Sn plasma at local thermodynamic equilibrium are investigated by using a detailed-level-accounting model. In
order to obtain precise atomic data, a multi-configuration Dirac-Fock method is used to calculate energy levels
and oscillator strengths of Sn®"-Sn'** . The electronic correlation effects of 4d™-4f™ (m =1,2,3,4) and 4p™-4d"
(n=1,2,3) are mainly considered, which dominate the radiation near 13.5 nm. The number of fine-structure
levels reaches about 200000 for each ionization stage in the present large-scale configuration interaction
calculations. For the large oscillator strengths (> 0.01), the length form is in accord with the velocity form and
their relative difference is about 20%—30%. The calculated transmission spectra of Sn plasma at 30 eV and
0.01 g/cm?® are compared with the experimental result, respectively, showing that they have both good
consistency. The radiative opacity and emissivity of Sn plasma at the temperature in a range of 16—30 eV and
density in a scope of of 0.0001—0.1 g/cm? are investigated systematically. The effects of the plasma temperature
and plasma density on radiation characteristics are studied. The results show that the radiative properties near
13.5 nm are broadened with the increase of density at a specific temperature, while it is narrowed with the
increase of temperature for a specific density. The present investigation should be helpful in designing and

studying EUV light source in the future.
Keywords: extreme ultraviolet light source, detailed-level-accounting model, configuration interaction
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