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Scope of the researchScope of the research
• Recently, the 13 nm range extreme ultra-violet emissions of many electron atomic

ions are of interest in relation to the semiconductor technologies. We theoretically
studied the intra N shell (n=4 shell) transitions of Sn and Xe atomic ions. In this type
of the ions, especially of the Sn ions, a peculiar behavior in the emission spectra has
been pointed out by O’Sullivan and Faukner[1]; they discussed the narrowing of 4f-
4d spectra as due to the configuration interactions. To gain a further insight of the
effects, we carried out a sophisticated calculation using GRASP92[2] and its earlier
versions. We found in Sn 12+ ions, for example, that the positions of main peaks of
all the n=4 orbitals fall in almost the same radial distances, which enhances the
configuration interactions in the N shell. And these configuration interactions
considerably modify the geometry of the excited electronic states and induce the so
called spectral narrowing. This work is supported by the Leading Project for
advanced semiconductor technology of MEXT.

• References
• [1]G. O’Sullivan, and R. Faukner, Opt. Eng. 33, 3978 (1994)

[2] F. A. Parpia, C. F. Fischer, and I. P. Grant, Commpt. Phys. Commun. 94,
249(1996).
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Ground State Energy of Xe8+ and Xe9+ Ions

Φ1(4d10) C1Φ1(4d10) + C2Φ2(4d 84f 2)

Xe9+
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5.8 eV
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Configurations Included

• 4d(9)4f(1) ,  4d(7)4f(3),  4d(7)4f(1)5p(2)
• 4d(9)5p(1),  4d(7)5p(3),  4d(7)4f(2)5p(1)
• 4d(9)5f(1),   4d(7)4f(2)5f(1)
• 4d(9)6p(1),  4d(7)4f(2)6p(1)

4d(10),   4d(8)4f(2),  4d(8)5p(2)

               4d(8)5f(2),  4d(8)6p(2)

Ground State Configurations

Excited State Configurations
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Energy of Xe8+ 4d-4f Transitions

Calculations 11.90 nm

NIST 12.01 nm



EUVL 3, 2004 Miyazaki

Configurations for more Sophisticated Calculation

• 4d(9)4f(1) ,  4d(7)4f(3),  4d(7)4f(1)5p(2)
• 4d(9)5p(1),  4d(7)5p(3),  4d(7)4f(2)5p(1)
• 4d(9)5f(1),   4d(7)4f(2)5f(1)
• 4d(9)6p(1),  4d(7)4f(2)6p(1)

• 4d(9)6f(1),   4d(9)7p(1),  4d(9)7f(1),
• 4d(9)8p(1),  4d(9)8f(1),   4d(9)9p(1)

4d(10),   4d(8)4f(2),  4d(8)5p(2)

               4d(8)5f(2),  4d(8)6p(2)

Ground State Configurations

Excited State Configurations

No Change!
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4d-5p band4d-5p band
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Theoretical and Experimental Xe10+ 4d-5p Transitions

EUVA/DPP

TMU
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Cowan

Grasp(Present Work)
12.5 13.0 13.5 14.0 14.5 λ(nm)
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Time integrated Sn EUV spectra
for various laser power

Time integrated Sn EUV spectra
for various laser power
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O’Sullivan and Faukner’s Pioneer Work

G. O’Sullivan, and R. Faukner, Opt. Eng. 33, 3978 (1994)
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Spectral Shift due to the Configuration Interaction

Shift
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R.D.Cowan, The Theory of Atomic Structure and Spectra (Berkeley,1981)

Z-Dependence of Single Electron Orbitals in Neutral Atoms
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R.D.Cowan, The Theory of Atomic Structure and Spectra (Berkeley,1981)

Z-Dependence of Single Electron Orbital Energies in Neutral Atoms



EUVL 3, 2004 Miyazaki

Radial Wavefunction of Sn12+
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Orbital HybridizationOrbital Hybridization
( 4d + 4p )(1) ･ ( 4d + 4f )(2)

+ ( 4d – 4p )(1) ･ ( 4d –  4f )(2)

= 4d(1)4d(2) – 4p(1)4f(2)

Ψ = C1Φ(dd) + C2Φ(pf)
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Case: Ψ = Φ(dd) + Φ(pf)

Case: Ψ = Φ(dd) － Φ(pf)

Electron Densities and Transition ProbabilitiesElectron Densities and Transition Probabilities

Electron Density: Grows up at Outside

State Energy: Goes up Higher

Transition Amplitude: Constructive Interference

Electron Density: Grows up at Inside

State Energy: Goes down Lower

Transition Amplitude: Destructive Interference



EUVL 3, 2004 Miyazaki



EUVL 3, 2004 Miyazaki



EUVL 3, 2004 Miyazaki



EUVL 3, 2004 Miyazaki



EUVL 3, 2004 Miyazaki



EUVL 3, 2004 Miyazaki

Summary
• dd – pf  type configuration mixing has been

considered for 13.5 nm band optical radiation
of Sn ions

• Strong configuration interactions have been
observed in Sn8+ to Sn12+ ions

• The spectral narrowing is the effect of interference
between the 4d – 4p and 4f – 4d transition
amplitudes.

• The use of the ions in the range q= 9 to 11 might be
plausible to obtain efficient narrow band radiation
around 13.5 nm.
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