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ABSTRACT 

This report reviews the major methods and techniques we use in generating basic atomic 
and plasma properties relevant to extreme ultraviolet (EUV) lithography applications.  The basis 
of the work is the calculation of the atomic energy levels, transitions probabilities, and other 
atomic data by various methods, which differ in accuracy, completeness, and complication. Later 
on, we calculate the populations of atomic levels and ion states in plasmas by means of the 
collision-radiation equilibrium (CRE) model. The results of the CRE model are used as input to 
the thermodynamic functions, such as pressure and temperature from the internal energy and 
density (equation of state), electric resistance, thermal conduction, and other plasma properties.  
In addition, optical coefficients, such as emission and absorption coefficients, are generated to 
resolve a radiation transport equation (RTE).  The capabilities of our approach are demonstrated 
by generating the required atomic and plasma properties for tin ions and plasma within the EUV 
region near 13.5 nm.   

INTRODUCTION 

To meet the requirements of the Intel Lithography Roadmap goals for high volume 
manufacturing in the future [1] and International SEMATECH’s EUV Source Program goals [2], 
the EUV source is required to have a power of 80-120 W at 13.5 nm (2% bandwidth). Various 
laser produced plasma (LPP) and gas discharge produced plasma (DPP) devices are under 
development and investigation by different research groups.  Both types of EUV sources have 
advantages and disadvantages.  At present, none of the current EUV sources can deliver enough 
power levels demanded by commercial chip manufacturers.   

The efficiency of generating EUV radiation is the key factor in successful development 
of the source. The leading EUV groups are using a variety of scientific and engineering 
approaches to maximize EUV brightness from their devices. A common technique is the increase 
of the optimized overall conversion efficiency of a device, because it minimizes the required 
input power for a required EUV output.  Because many physical processes are involved, and 
many technical problems need to be solved, when optimizing a particular EUV device, only 
computer modeling can generate a complete picture at a reasonable pace.   

We are developing an integrated model to simulate the environment of the EUV source 
and optimize the output of the source. The model describes the hydrodynamic and optical 
processes that occur in EUV devices. It takes into account plasma evolution and magneto-
hydrodynamic (MHD) processes as well as photon radiation transport.  It uses the total variation 
diminishing scheme in the Lax-Friedrich formulation for the description of magnetic 
compression and diffusion in a cylindrical geometry.  Also under development are models for 
opacity calculations: a collisional radiation equilibrium model, a self-consistent field model with 
Auger processes, and a nonstationary kinetic model.  Radiation transport for both continuum and 
lines with detailed spectral profiles is taken into account.  The developed models are being 
integrated into the HEIGHTS-EUV computer simulation package [3, 4]. Being self-consistent, 
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the HEIGHTS-EUV package can generate all required information and is completely 
independent of the data from other external packages. Furthermore, experimentally (or 
numerically) obtained reliable data can be incorporated into HEIGHTS-EUV to increase the 
overall accuracy and efficiency of the simulation results.   

The focus of this report is the major methods and techniques we use in our HEIGHTS-
ATOM code to generate basic atomic and plasma properties.  Based upon accurately generated 
atomic energy levels, transition probabilities, and other atomic data, we can calculate the 
populations of atomic levels and ion states in plasma by means of the CRE model.  In turn, the 
results of the CRE model are used as input to thermodynamic functions, such as those for 
pressure and temperature from the internal energy and density (equation of state), electric 
resistance, thermal conduction, and other plasma properties.  Optical coefficients are also 
generated to resolve the RTE. Combining the generated properties with an appropriate 
description of an EUV device in terms of the MHD boundary conditions, we are able to simulate 
the dynamics of the device and its total radiation output.  The accuracy and completeness of 
atomic data are key factors in the successful numerical simulation of the EUV device.   

This report contains the results of our computer simulation of the tin atomic data and 
plasma properties in tabulated form. The calculation of atomic properties by the Hartree-Fock-
Slater (HFS) approximation is described in the first section. Section 2 is devoted to the 
description of the CRE model, which is used to obtain the populations of the atomic levels and 
the ion composition of the plasma.  The calculation of thermodynamic plasma properties and the 
equation of state are described in the third section. The resolution of the radiation transport 
equation in a wide spectral range depends upon the completeness of the optical coefficients, 
which are discussed in Section 4. The Planck mean opacities are presented in Section 5. The next 
three sections are primarily dedicated to calculating highly accurate EUV information for tin. 
Section 6 discusses the limitations of using the simplified methods for generating EUV atomic 
data and describes the advanced LS-dependent Hartree-Fock (LSD HF) atomic method. Detailed 
EUV transitions are presented in Section 7.  Finally, Section 8 presents calculations of tin EUV 
opacities with very high resolution.  

1. HFS ENERGY LEVELS AND OTHER DATA 

In modeling the dynamics and the output of an EUV source, one needs to distinguish two 
aspects.  First, in solving the hydrodynamic part of the problem, the plasma internal energy must 
be corrected and re-distributed accordingly to the radiation transport. A key element in this 
process is the completeness of the radiant energy redistribution in the whole plasma domain 
within the very broad spectral range of participating photons.  The second aspect is the detailed 
calculation of the effective radiation of the EUV source within the operating energy range of 
13.5 ± 2% nm. In this case, the calculation of the radiation transport must be oriented to the 
accurate accounting of only those photons, whose energies are within the narrow EUV range.  

The simulation of the dynamics of the plasma evolution typically involves a wide range 
of temperature and density values and a very complicated ionic structure.  From the atomic 
physics viewpoint, detailed resolution of each possible level for each possible ion (and 
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consequently, each electronic transition in the ion) in a wide range of temperatures, densities, 
and energies is enormously laborious, especially when one is accounting for the fine structure of 
each split level.  The difficulties come from the very large number of atomic terms and split 
levels.  For example, to split a 5d  shell, one needs to account for 16 terms and 37 levels.  The 

7f  shell will have 119 terms and 327 levels.  In approximation of configurations, the transition 
fdd nn 444 1−−  will only have one strong line, while splitting the shells into levels replaces this 

line by several hundred weak lines.  Knowing that the total transition strength is unchanged, the 
radiation in strong lines may be collapsed for a dense plasma, while the radiation in weak lines 
stays optically transparent.  The line splitting may dramatically influence the total hydrodynamic 
behavior of a plasma through the radiation transport mechanism [5].   

The results of theoretical approximations of atomic data strongly depend on the chosen 
theoretical models [6 - 8], and this is particularly true for intermediate- and high-Z materials. To 
describe a spherically symmetrical quantum system, the self-consistent field methods, such as 
Dirac-Fock (DF) or Hartree-Fock (HF) methods, are believed to be the most effective. However, 
the very large number of ions and their atomic levels and transitions involved into the plasma 
computation, limits their applicability. In consistently solving the MHD equations and the RTE, 
the plasma properties, opacities, equation of state, and ion concentrations can be obtained from 
the structures of atomic levels and transition probabilities, calculated by simplified methods. One 
such method is the HFS approximation [9], which allows the determination of the energies and 
other atomic characteristics for each nl-configuration of each ion that might exist in the plasma. 
The simplification of the method normally results in the shift of some spectral lines from their 
true places by several percent, which is not problematic in determining the integral radiation 
flux.  Nevertheless, we cannot neglect the fine structure of open shells, and have thus combined 
the HFS methods with the splitting of the energy levels and spectral lines by means of the Racah 
theory of angular momentum within the framework of perturbation theory [10, 11, 5].   

The accuracy of the HFS model is typically within several percents for the split levels.  
However, this accuracy is not good enough for the second part of our project, which involves 
determining the EUV output of the source within the very narrow 2% bandwidth.  [To obtain a 
spectroscopic accuracy of the EUV optical coefficients, the atomic data are calculated by the LS-
dependent (LSD) HF method, as discussed in Section 6.] 

In the HFS method the potential of direct electron interaction is calculated from the radial 
wavefunctions of participating electrons, and exchange interactions are averaged in the form of 
the exchange potential Vex.  The radial wavefunction of an atom can be represented as the 
product of radial wavefunctions )(rPnl  of the electrons.  It is assumed that all qnl equivalent 
electrons have the same radial wavefunction: 
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Traditionally, in atomic physics, the energies are expressed in Ry, and distances are in 0a  
or Bohr units.  In the above equations, nlε  is binding energy of the electron, )(rZ  is the effective 
charge of the ion field, 0Z  is the nuclear charge, and )(rρ  is the electron density.  

From solution of the HFS equations, one may find one radial wavefunction for each shell 
of the atom or ion.  We normally calculate the functions for each ion, starting from the neutral 
and ending with the totally ionized core.  Obtained wavefunctions are used to later calculate 
relativistic corrections, transition wavelengths, and dipole transitions from the ground state to the 
highly excited state (principal quantum number may reach up to 10), allowed by the selection 
rules.  Discrete transitions from inner shells with energies limited to the value dependent on 
ionization potential were also taken into account.  Photoionization crosssections were calculated 
for all inner and excited states.  Detailed spin-orbit splitting of non-filled shells was implemented 
outside the HFS, but within the CRE model, by using Slater integrals kF , kG , and constants of 
spin-orbit splitting kξ  as described in Ref. 5.   

2. ION STATES AND POPULATIONS OF ATOMIC LEVELS 

To describe the populations of atomic levels, we utilize the CRE model, which is equally 
applicable for low, medium, and high temperature ranges.  The CRE model accounts for the 
excitation and ionization processes that can take place in a plasma.  The fact that the CRE model 
considers the transitions between all atomic levels is of particular importance.  Nonlocal effects 
are accounted for in the form of an escape factor [12, 13], which neglects by photoexcitation in 
continuum and reduces the strength of spontaneous transitions.  Such an approximation fairly 
describes the plasma behavior in the condition of absence of an external source of hard radiation.   

The plasma ionization state and population levels in  for a prescribed set of temperatures 
and densities are calculated according to the system of kinetic equations in stationary form: 

0=+−= ∑∑
≠≠

ji
ji

j
ij

iji
i KnKn

td
nd .    (2.1) 

The population of atomic level i is determined by the set of transitions from this level to 
other levels j with transition rates Kij, as well as transitions from other levels j to this level i with 
transition rates Kji.  One equation is written for each atomic level.  If level i defines the ground 
state, then the population of this atomic level gives the concentration of the ion in the plasma.  
Impact-electron excitation and de-excitation, impact electron ionization, three-body 
recombination, spontaneous transition, and photo- and di-electronic recombination are included 
in calculation of total rates of electron transition.  From the known population of levels, ion and 
electron concentrations iN  and eN  are defined for a given temperature.   

A numerical simulation of concentration of tin ions calculated by the CRE model with 
splitting HFS atomic levels is presented in Fig. 1 for various plasma densities.  Due to ionization 
of the d-shell, the ions change very quickly when temperature increases.  This condition results 
in a low concentration of the major ion, hardly larger than 50% at best.  At the same time, the 
clear advantage of tin as an EUV working element is that several ions are EUV productive, 



 5

which noticeably widen the range of the required temperature in the device.  This situation is 
especially true at low density, when EUV emitting ions are appearing at slightly higher 
temperature and not changing as fast.  

   
 

   
Fig. 1: Concentrations of tin ions for various densities 

Our calculations can be validated and benchmarked by comparison to the results of other 
authors. Accordingly to the results calculated by the CRE model and reported in [14], the 
concentrations of xenon ions at 317 cm10 −=en  and eV32=eT  were 20% Xe+9, 25% Xe+10, 
20% Xe+11, and 13% Xe+12, as shown by gray shading in the second column of Table 1.  As 
seen from the other data in the table, our calculations generally agree with these figures, except 
that we obtained a twice larger value at eV31=eT  for the concentration of Xe+10 ions. We 
tend to rely on nearly 45% concentration of Xe+10, which would fix the total concentration of all 
ions to 100% and be more realistic in terms of the relative concentration of the major ion to the 
others.   

The authors of Ref. 14 also reported ion concentrations at similar temperature and density 
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for a tin plasma to be 15% Sn+8, 40% Sn+9, 30% Sn+10, and 15% Sn+11. As shown in column 
2 of Table 2, these results are similar to our computations for eV.29=eT  Results of the tables 
generally confirm the very complex composite nature of xenon and tin plasmas, where at the 
same conditions one may expect to find up to seven ion species. 

 

Table 1: Concentration (in percent) of xenon ions at 1017 cm-3.  Top two rows give temperature 
and plasma density.  Shaded data from Ref. 14. 

Te, eV 32 30.8 31.0 31.2 31.4 31.6 31.8 32.0 32.2 32.4 

ρe, g/cm3  2.19×10-6 2.18×10-6 2.17×10-6 2.16×10-6 2.16×10-6 2.15×10-6 2.14×10-6 2.13×10-6 2.13×10-6 

Xe+7  0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 

Xe+8  2.49 2.25 2.04 1.84 1.66 1.50 1.35 1.22 1.10 

Xe+9 20 24.15 22.90 21.69 20.51 19.37 18.29 17.23 16.22 15.25 

Xe+10 25 49.08 49.03 48.88 48.63 48.30 47.91 47.42 46.86 46.22 

Xe+11 20 22.07 23.34 24.62 25.91 27.19 28.49 29.76 31.02 32.26 

Xe+12 13 2.14 2.40 2.70 3.02 3.36 3.70 4.10 4.53 5.00 

Xe+13  0.04 0.05 0.06 0.07 0.09 0.10 0.12 0.15 0.17 
 

 
Table 2: Concentration (in percent) of tin ions at 1017 cm-3. Top two rows give temperature and 
plasma density.  Shaded data from Ref. 14.  

Te, eV 32 25 28 29 30 31 32 35 

ρe, g/cm3  2.37×10-6 2.19×10-6 2.14×10-6 2.09×10-6 2.05×10-6 2.01×10-6 1.91×10-6 

Sn+7  12.42 2.85 1.64 0.92 0.51 0.28 0.04 

Sn+8 15 40.58 20.60 14.98 10.50 7.15 4.74 1.23 

Sn+9 40 37.07 45.50 42.80 38.25 32.73 26.96 12.58 

Sn+10 30 8.27 26.94 33.69 39.35 43.32 45.30 40.18 

Sn+11 15 0.40 3.85 6.59 10.34 15.02 20.41 36.66 

Sn+12  0.00 0.12 0.29 0.63 1.25 2.26 8.80 
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3. THERMODYNAMIC PLASMA PROPERTIES AND EQUATION OF 
STATE 

After electron Ne and ion Ni concentrations are found by the CRE model, they can be 
substituted into a set of equations of state.  Generally, the two-temperature approximation for 
pressure p contains the correspondent terms for kinetic energy of ions and electrons.  The 
equation for internal energy eint contains the terms for ionization and excitation of electrons: 
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Here we use traditional notation for Boltzmann’s constant k, ionization potential Ii of the atomic 
level i, plasma density ρ, excitation energy of level j to level i jiε , electron and ion temperatures 

eT , iT .  Results of these calculations are presented in Fig. 2. 

      
 

   
Fig. 2: Calculations from equation of state for tin ions at various densities 
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Reciprocal to the resistivity η, the electrical conductivity σ is found as the sum of 
conductivities defined by the electron scattering cσ  and nσ  on charged and neutral particles.  
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Here we use standard notation for Coulomb logarithm Λ , concentration of neutral atom 
0N , electron charge e, and mean ion charge Z.  Parameter β  is an electron-electron scattering 

correction [15]. Empirical values of transport crosssections 0s  are taken from [16].   

4. DETAILED SET OPACITIES IN WIDE ENERGY RANGE 

The electronic transitions and their accompanying absorption and emission of photons are 
subdivided into three types: bremsstrahlung; photoionization from ground, excited, and inner 
levels; and discrete transitions.  The latter is approximated in the form of dipole transitions and 
includes transitions between ground and excited states, transitions between excited states, and 
partly the transitions from inner shells.  Because of its importance, the profiles of spectral lines 
are processed very carefully by means of all major broadening mechanisms, such as radiation, 
Stark, Doppler, and resonance broadenings [17].  

The total absorption coefficient absκ is calculated as a sum of absorption coefficients for 
free-free ffκ , bound-free bfκ , and bound-bound bbκ  radiation transitions weighed to the value of 
the population levels: 
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Knowing the crosssections of inverse processes, the total emission coefficient emiκ  is 
calculated by similar formulae. The values of electron density en  and ion density in  are 
calculated as described in previous section. The oscillator strengths fjk, crosssections for photo 
absorption iσ , crosssections for photoionization ijσ , and line profile Φ  are given elsewhere [5, 
6, 8].   

As shown earlier [5, 18], accounting for electrostatic and spin-orbit splitting of shells and 
spectral lines considerably influences the dynamics of the energy balance in the plasma. A 
method of calculating the optical coefficients for high-Z plasma was developed and implemented 
[5, 19] by means of the CRE model.  The important feature of this method is the joint use of HFS 
atomic data and Racah techniques of angular moments.  This feature makes possible the use of 
comparatively unsophisticated methods to consider the complex electronic structure of each 
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participating ion, and the complicated splitting of each configuration into terms (using the LS-
coupling approximation), over a wide range of spectral frequencies, and in the expected range of 
temperatures and densities.  By this technique, the detailed emission and absorption spectra are 
initially calculated over a very complete spectral frequency scale (up to 100,000 points) for the 
expected range of MHD values.  The width of the frequency interval was comparable to the 
Doppler width of the strongest spectral lines, which provides a satisfactory resolution of the line 
profiles. In Fig. 3 we present calculated emission and absorption coefficients for the tin plasma at 
typical temperature and density (26 eV and 1610 cm-3).  

5. PLANCK GROUP AVERAGED OPACTITES IN WIDE ENERGY 
RANGE  

Because of the large size of the generated opacity tables, the practical use of such detailed 
data is not convenient, and the emission and absorption coefficients are thus averaged in spectral 
groups.  A rigorous theory for averaging the opacities within a group of frequencies does not 
exist.  Such an averaging procedure is considered correct only when the absorption coefficient is  
constant within the group, or the optical thickness of each line is very small, and the absorption 
becomes a linear-like function from the frequency. This situation is only possible for a 
continuum, but even in that case, every photoionization threshold must become a boundary of a 
group. It becomes even more complicated for the lined spectrum, when the absorption coefficient 
often drops several orders of magnitude within a very limited frequency interval, say, from the 
center of a very strong spectral line to the wings of the same line, and the center of the line is 
optically thick.  Moreover, the temperature and density values may vary.  This change leads to 
spectral lines for the other ions, along with changes in the width of the existing lines.   

From a practical viewpoint, an organized selection of the strongest lines is a reasonable 
way to describe the optical coefficients within the most important hydrodynamic areas for typical 
temperature and density values. The other lines are averaged within broad groups.  
Unfortunately, the primary goal of the numerical simulation is the determination of the typical 
hydrodynamic parameters within the important areas of the plasma domain! 

For a uniform isothermal plasma, the optical thickness of a spectral line is determined by 
multiplying the absorption coefficient of the line by the linear dimension of the plasma 
( ) ( ) l⋅= εκετ abs . In the case of a nonuniform nonisothermal plasma, this definition is generalized 

as ( ) ldT∫= ),,(abs ερκετ  over the interval l∆ , where the ion exists emitting with frequency ε .   

The borders of the groups are calculated from the following considerations.  First, the 
width of a group ε∆  should never exceed Tα , where T  is the plasma temperature, and α  is a 
chosen parameter for averaging.  This condition provides the smooth averaging of opacities in 
the continuum region, where the averaging is normally performed within the broad groups, and 
the optical thickness is much less than one.  Second, invariability of the optical coefficient is 
required for a chosen value β  within the group.  This condition provides a very specified 
resolution of the spectral lines with the optical thickness nearly at unity, and the wings of the 
lines with the optical thickness greater than unity.  A final consideration is that all those 
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frequencies which belong in the detailed spectrum to a line with ( ) 1≥ετ  are also included in the 
domain of the groups.  This condition provides a very thorough resolution of the strong lines in 
the averaging spectrum.  By variation of the parameters α  and β , several group mean opacities 
are generated with different levels of completeness and detail. 

 

   
Fig. 3: Optical coefficients for tin plasma at T = 26 eV and N = 1016 cm-3 

 
 

   
Fig. 4: Planck mean optical coefficients for tin plasma, averaged over 691 (left) and 3240 

(right) groups 
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Based upon several recent studies [3, 4], it is supposed that the maximal radiation flux 
corresponds to the moment of pinch formation.  Typical tin pinch parameters are the following: 
the temperature is close to 25 eV, the density is 17103 ⋅  cm-3, the spectral range in radiation 
energies varies from 5 eV to 250 eV, and the average optical plasma thickness is 1 cm.  Using 
these parameters, we have generated a basic set of opacities, averaged within 691 spectral 
groups.  Taking a wider set of temperature and density pairs, we have generated the optimal scale 
of spectral groups. Combining all scales, the resulting energy scale has a total of 3240 energy 
groups. Results of the Planck mean absorption and emission coefficients for the mentioned 
temperature and density values are shown in Fig. 4 above. As the next step, the output of the 
self-consistent hydrodynamic/radiation transport calculations with these opacities can be used for 
further improvements in the quality of the coefficients.   

6. HF ENERGY LEVELS AND OTHER DATA FOR EUV EMITTING TIN 
ION SPECIES 

The accuracy of the HFS model is typically within several percents for the split levels, 
which is insufficient for the narrow 2% bandwidth.  To obtain a higher accuracy of the EUV 
optical coefficients, we use the LSD HF method, which is more accurate but significantly more 
advanced and difficult to implement.  Strictly speaking, the HF method encompasses several 
methods for calculation of various atomic structures.  Being applied to the same atomic system, 
each modification of the HF method can produce different results, so the choice of the 
appropriate method is very important in terms of the overall accuracy of the calculations.  

In the HF method the wavefunctions, eigenvalues, and total energy of an atom are found 
from the variational principle for the well-known Schrödinger equation: 

Ψ=Ψ EĤ ,   (6.1) 

where Ĥ  is a Hamiltonian of the atom, including the interaction of each electron with the 
nucleus and the other electrons; E  is the total energy of an atom; and Ψ  is the atomic 
wavefunction, which is expressed through the atomic orbitals )()( jlnji rr
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The number of the atomic orbitals is determined by the number of shells in the atom. For 
instance, the tin atom has 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p2 ground state, or 11 orbitals. 
Each orbital is found from the system of integral-differential equations for functions nlϕ : 
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The expressions for the radial integrals ( )ry x

nlln ',' , as well as the potentials ( )ryf x
nlnlx , , 

( )ry x
lnlnx ''','α , and ( )ry x

nllnx ','β , are omitted here and can be found elsewhere [6].  Here, we just 
note that they define the interaction of the electrons of the nl shell with the other electrons of the 
same shell, averaged over all angles, and with the electrons of the other shells, including both the 
usual and the exchange interactions.   

In general, the coefficients xf , xα , and xβ  depend on the whole set of quantum 
numbers, defining the atomic level under consideration, and particularly on L and S. 
Consequently, different orbitals (or radial wavefunctions) nlϕ , ''lnϕ , K  correspond to different 
terms of various electron configurations.  

In a well-known monograph [8], Cowan introduces the concept of the LS-dependent 
Hartree-Fock (LSD HF) calculations.  His approach uses a different set of radial wavefunctions 
for each LS term, assuming the pure LS-coupling scheme.  To be precise, the method should be 
called LSνD HF, because the total energy for d-shells also depends on the seniority number ν .  
The number of terms can be large, especially for d- and f-shells.  Significant simplification can 
be gained by assuming that for all terms the wavefunctions and eigenvalues are identical and 
calculated for the center of gravity of the shell.  The so-called “average term approximation” 
works very well for the highly excited states, but is quite unpredictable for the outer and inner 
shells.  In contrast to the average term HF, all LSD HF wavefunctions, eigenfunctions, and Slater 
integrals depend on the L and S quantum numbers for inner and outer shells.  This condition 
requires longer, but more accurate computations, and very important for calculation the total 
energies of the atomic levels.  Table 3 presents our calculations of the energies of the Xe XI 
inner shells by the LSD HF method. These are compared to the results obtained by the well-
known Cowan HF average term code, which is widely used in spectroscopic research for 
identification of atomic levels. The correspondence is within 1-5%, although our results are 
consistently lower than those from the Cowan code for the inner shells, and slightly higher for 
the open shell.  Similar results for Sn VIII are presented in Table 4, and the energies for the Sn 
VIII – Sn XIII, calculated by various methods are shown in Appendix A. 

The angular wavefunctions are normally calculated separately to the radial wavefunctions 
by the summation of the electron momentums.  As a rule, the two limited cases are rarely 
realized in practice, that is, when electrostatic interaction is considered predominant (LS-
coupling) or spin-orbit interaction exceeds the electrostatic interaction (jj-coupling).  In such 
intermediate cases, the Hamiltonian matrix cannot be written diagonal in any coupling schemes. 
Therefore, the complete matrix is written by transforming the Coulomb matrix from LS-
representation to jj-representation.  The eigenvalues of the Hamiltonian matrix are found later by 
numerical diagonalization, and the eigenvector (purity vector) defines the composition of the 
level, corresponding to this eigenvalue. The level is normally assigned according to the highest 
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contribution of the basis term from the purity vector. Note that the energy levels, found within 
the intermediate coupling, never have 100 percent pure LS- or jj-coupling, and the difference 
always exists between the level assigned within the intermediate coupling or the level calculated 
within the pure coupling scheme and accordingly assigned as required by the scheme. 

The relativistic effects can be negligible for the low-Z elements, but apparently become 
evident for intermediate-Z and high-Z elements.  The most widespread and relatively easy way 
to account for them within the HF method is by one-electron relativistic corrections within the 
framework of perturbation theory. The more strict and accurate way to account for relativistic 
effects is to use the Dirac-Fock approximation, but this significantly complicates the problem, 
while the gain from it would be pronounced only for the high-Z elements.  

Table 3: Energies of Xe XI inner shells by LSD HF and average term HF.  
 HEIGHTS-ATOM Cowan 

Conf 1S 2P 1D 3F 1G Eav 
1s2 2462.1420 2462.1173 2462.1165 2462.1075 2462.1211 2565.4407 
2s2 391.7600 391.7356 391.7349 391.7260 391.7394 417.8558 
2p6 365.3100 365.2854 365.2847 365.2757 365.2892 376.5671 
3s2 92.9495 92.9293 92.9289 92.9216 92.9325 98.5881 
3p6 81.8833 81.8629 81.8625 81.8551 81.8661 84.8207 
3d10 63.3815 63.3609 63.3605 63.3530 63.3642 64.1559 
4s2 27.4180 27.4061 27.4061 27.4018 27.4080 28.6868 
4p6 23.1245 23.1133 23.1132 23.1092 23.1151 23.9933 
4d8 17.0287 17.1508 17.1568 17.2021 17.1329 17.0272 

 

Table 4: Energies of Sn VIII inner shells by LSD HF and average term HF.   
 HEIGHTS-ATOM Cowan 

Conf 2P 4P 2
1D 2

3D 2F 4F 2G 2H Eav 

1s2 2091.3064 2091.3013 2091.3279 2091.3127 2091.3169 2091.2909 2091.3029 2091.3064 2165.7804 
2s2 322.6554 322.6503 322.6769 322.6617 322.6659 322.6399 322.6520 322.6554 341.0976 
2p6 298.6029 298.5977 298.6244 298.6092 298.6134 298.5873 298.5994 298.6029 307.0733 
3s2 71.5397 71.5351 71.5580 71.5449 71.5484 71.5264 71.5367 71.5397 75.3565 
3p6 61.7069 61.7023 61.7253 61.7121 61.7157 61.6935 61.7039 61.7069 63.8827 
3d10 45.3449 45.3404 45.3633 45.3502 45.3537 45.3315 45.3419 45.3449 46.0725 
4s2 18.6978 18.6948 18.7092 18.7009 18.7030 18.6896 18.6961 18.6978 19.4893 
4p6 15.0560 15.0532 15.0665 15.0589 15.0608 15.0484 15.0544 15.0560 15.6992 
4d7 10.2634 10.2836 10.1689 10.2343 10.2149 10.3322 10.2796 10.2634 10.1565 

As follows from Tables 3 and 4, it is very hard to benchmark and verify the accuracy of 
the computation of such complicated elements as xenon or tin without experimental results.  
Before proceeding with our tin calculation, we checked the accuracy of our code on well-known 
elements with available experimental measurements of the levels for oxygen (Table 5) and argon 
(Table 6). The NIST tables are published in Ref. 20.  The simplicity of oxygen and argon comes 
from the pronounced LS-coupling approximation, which allows us to uniquely identify and 
assign the levels once the intermediate coupling is applied.  The average term HF method 
presents similar, but slightly less accurate results, despite the fact that the average term 
approximation is expected to work very well for the excited states [8].  

As mentioned above, the intermediate-Z elements, such as tin, do not have any pure 
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coupling scheme, and the intermediate coupling approximation is the only reasonable choice in 
computer calculation of atomic levels. However, the assignment of the calculated levels is 
arbitrary, preserving only the exact quantum number of total momentum J. In column 3 of the 
Table 7, we present our results for the Sn VIII energy levels, and in the column 7 of the same 
table are the results of the Cowan code. We have ordered the levels by increasing the total 
moment and arranged the Cowan code levels accordingly to our identification. Since different 
intermediate coupling codes might have different naming schemes, the reasonable way of 
presenting the results is arranging the levels accordingly to the total moment of the level. The 
experimental energy levels are available thanks to the Ref. 23, and we can benchmark the 
accuracy of these calculations. As one can see, the energy levels computed by us are close to the 
Cowan code results and differ from the experimentally defined values from 3% to 12%. 

Table 5: O I 2p3 3s excited state energy levels (in cm-1).  
HEIGHTS-ATOM Cowan NIST Excited level 

Level Acc,% Level Acc Tables 
2p3(2P)3s(2S)3P0 51017.20  56245.60   
2p3(4S)3s(2S)3S1 2693.72 11.00 9454.00 212.35 3026.78 
2p3(2P)3s(2S)1P1 52458.82  60975.40   
2p3(2P)3s(2S)3P1 51017.20  56247.20   
2p3(2D)3s(2S)3D1 31117.88 13.62 34690.20 26.67 27387.22 
2p3(4S)3s(2S)5S2 0.00 0.00 0.00 0.00 0.00 
2p3(2P)3s(2S)3P2 51024.33  56250.60   
2p3(2D)3s(2S)1D2 32506.93  39418.50   
2p3(2D)3s(2S)3D2 31114.91 13.64 34691.10 26.71 27379.33 
2p3(2D)3s(2S)3D3 31117.88 13.70 34693.20 26.77 27367.21 

 
 

Table 6: Ar II 3p4 3d excited state energy levels (in cm-1). 
HEIGHTS-ATOM Cowan NIST Excited level 

Level Acc,% Level Acc Tables 
3p4(1D)3d(2

1D)2S0.5 40846.4178 21.09 52850.1 2.1 51765.7720 
3p4(1D)3d(2

1D)2P0.5 41248.8245 2.93 18681.8 56.0 42493.6398 
3p4(3P)3d(2

1D)2P0.5 35121.2034 183.63 93017.9 651.2 12382.6192 
3p4(3P)3d(2

1D)4P0.5 18092.2789 21.42 22836.6 53.3 14900.6902 
3p4(3P)3d(2

1D)4D0.5 394.0666 3.97 403.8 1.6 410.3420 
3p4(1S)3d(2

1D)2D1.5 58824.3505 23.57 63587.7 33.6 47604.4745 
3p4(1D)3d(2

1D)2P1.5 41249.8121 1.98 19756.3 53.1 42082.5271 
3p4(1D)3d(2

1D)2D1.5 40839.6141 0.83 24700.9 39.0 40502.2899 
3p4(3P)3d(2

1D)2P1.5 35483.3365 165.96 92456.2 593.0 13341.5221 
3p4(3P)3d(2

1D)4P1.5 18366.1832 21.02 23196.9 52.9 15175.7514 
3p4(3P)3d(2

1D)2D1.5 37436.7702 106.29 103522.9 470.4 18147.6279 
3p4(3P)3d(2

1D)4D1.5 291.3525 3.96 299.0 1.4 303.3660 
3p4(3P)3d(2

1D)4F1.5 12253.5961 10.95 15783.3 42.9 11044.0744 
3p4(1S)3d(2

1D)2D2.5 58824.2407 24.46 63853.6 35.1 47264.8629 
3p4(1D)3d(2

1D)2D2.5 41036.0439 2.57 25648.1 35.9 40008.2352 
3p4(1D)3d(2

1D)2F2.5 37712.7595 21.76 46206.2 49.2 30972.1990 
3p4(3P)3d(2

1D)4P2.5 18690.6764 20.21 23679.7 52.3 15548.5860 
3p4(3P)3d(2

1D)2D2.5 36402.7156 94.04 102099.4 444.2 18759.9507 
3p4(3P)3d(2

1D)4D2.5 110.3957 28.24 152.4 0.9 153.8450 
3p4(3P)3d(2

1D)2F2.5 22225.5343 24.72 29109.4 63.3 17820.3401 
3p4(3P)3d(2

1D)4F2.5 11921.9700 10.59 15500.2 43.8 10780.3183 
3p4(1D)3d(2

1D)2F3.5 37159.2445 19.18 46532.6 49.2 31179.1749 
3p4(1D)3d(2

1D)2G3.5 26396.3199 20.66 29245.5 33.7 21876.6617 
3p4(3P)3d(2

1D)4D3.5 0.0000 0.00 0.0 0.0 0.0000 
3p4(3P)3d(2

1D)2F3.5 21387.5803 26.92 27647.0 64.1 16851.8825 
3p4(3P)3d(2

1D)4F3.5 11623.0456 11.87 15081.4 45.2 10389.7346 
3p4(1D)3d(2

1D)2G4.5 26396.3199 20.66 29074.2 32.9 21876.6617 
3p4(3P)3d(2

1D)4F3.5 11120.1196 12.79 14509.5 47.2 9858.9536 
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From a theoretical standpoint, the agreement of the calculated atomic energy levels with 
the experimentally measured values within 3% to 12% may be considered encouraging, but in 
reality, the required EUV bandwidth has much greater restrictions.  The well-known effect of 
overestimation of the theoretical energy-level splitting results in slightly larger values of 
Coulomb electron-electron interactions [8, 21]. The electron correlation cannot be determined 
scaled-down theoretical values of the single-configuration Slater integrals. Any experimental 
data can actually be a great help in determining the exact values of the scaling factors, as 
demonstrated in Table 8. The experimental values in the second column are taken from Ref. 22.  
As expected, the purely theoretical values for the ground energy levels of Xe XI, shown in 
column 3, are slightly overestimated, by approximately 10%, but scaling the Slater integrals to a 
factor of 0.82 yields a very accurate result, within less than 2% for most ground levels.  Thanks 
to the Ref. 22, we can also benchmark the accuracy of our calculation for the Xe XI 4d7 5p 
excited levels. Additionally, we have calculated the same energy levels by the Cowan code. The 
calculated results for Xe XI 4d7 5p excited levels in Table 9 show excellent agreement with the 
experimental values, as accurate as 1-2% for most levels.  As evident from the table, the Cowan 
code produces slightly higher energy values, which would shift the 4d8−4d75p transition array 
toward longer wavelengths. 

 

Table 7: Sn VIII 4d7 ground state energy levels. 
Exp HEIGHTS-ATOM (th) HEIGHTS-ATOM (fit) Cowan  
cm-1 Energy, cm-1 Acc Energy, cm-1 Acc Energy, cm-1 Acc 

4d72
3P0.5 35458 36645 3.35% 36451 2.80% 37684 6.28% 

4d74
3P0.5 23946 24936 4.13% 23326 2.59% 25937 8.32% 

4d72
3P1.5 30657 32889 7.28% 32137 4.83% 32347 5.51% 

4d74
3P1.5 18280 19072 4.33% 18259 0.12% 20472 11.99% 

4d72
1D1.5 - 69434  70831  75845  

4d72
3D1.5 44177 43707 1.06% 43468 1.60% 45637 3.31% 

4d74
3F1.5 12153 13375 10.06% 12823 5.25% 12083 0.58% 

4d74
3P2.5 20373 21448 5.28% 19525 4.16% 22171 8.83% 

4d72
1D2.5 75377 65418 13.21% 66819 11.35% 79115 4.96% 

4d72
3D2.5 33670 42009 24.77% 41517 23.30% 34785 3.31% 

4d72
3F2.5 45452 45232 0.48% 44567 1.95% 48749 7.25% 

4d74
3F2.5 10341 11157 7.89% 10605 2.49% 10120 2.13% 

4d72
3F3.5 49476 49870 0.80% 48753 1.46% 52498 6.11% 

4d74
3F3.5 6986 7130 2.05% 6716 3.87% 6704 4.03% 

4d72
3G3.5 29001 28378 2.15% 29338 1.16% 29358 1.23% 

4d74
3F4.5 0 0  0  0  

4d72
3G4.5 22636 21884 3.32% 22976 1.50% 23082 1.97% 

4d72
3H4.5 37751 36996 2.00% 37413 0.89% 38072 0.85% 

4d72
3H5.5 30312 29369 3.11% 30042 0.89% 30933 2.05% 
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Table 8: Xe XI 4d8 ground state energy levels (in cm-1). 
 Exp Theor Acc,% Modified Acc,% 

4d8 3F4 0 0  0  
4d8 3F3 13140 15069 14.68 13184 0.34 
4d8 3F2 15205 15456 1.65 15219 0.09 
4d8 3P2 26670 29402 10.24 27025 1.33 
4d8 3P0 32210 37699 17.04 32410 0.62 
4d8 3P1 34610 39394 13.82 35145 1.54 
4d8 1G4 40835 45551 11.55 39917 2.25 
4d8 1D2 42900 46204 7.7 43006 0.25 
4d8 1S0 88130 99330 12.71 85587 2.89 

 
Table 9: Xe XI 4d7 5p excited state energy levels (in cm-1). 

J HEIGHTS Exp Acc,% Cowan Exp Acc,%  J HEIGHTS Exp Acc,% Cowan Exp Acc,% 
753682   704730    748359 739322 1.21 717807 733755 2.22 
764819   724612    752695 741800 1.45 720466 739322 2.62 
767530   727272    758000 744955 1.72 723565 741800 2.52 
776382   737419    763470 746445 2.23 724781 744955 2.78 
789881 792311 0.31 757151    771677 749351 2.89 728734 746445 2.43 
796489   758364    773934 752054 2.83 731322 749351 2.47 

J 
= 

0 

835707   771196 792311 2.74  774880 754860 2.58 733156 752054 2.58 
542235 742594 36.95 693853    777965 759110 2.42 738201 754860 2.26 
757317 745470 1.56 702217    781014 761266 2.53 739969 759110 2.59 
765462 752155 1.74 710994    785056 766860 2.32 745423 761266 2.13 
771635 754745 2.19 722192    790166 768773 2.71 747692 766860 2.56 
777881 758337 2.51 724441 742594 2.51  792063 773715 2.32 752379 768773 2.18 
779903 760950 2.43 730621 745470 2.03  792759 775570 2.17 754544 773715 2.54 
781248 765770 1.98 735493 752155 2.27  797858 780503 2.18 759955 775570 2.05 
785224 767369 2.27 738123 754745 2.25  801299 788465 1.60 767977 780503 1.63 
788088 775030 1.66 739352 758337 2.57  810423 795135 1.89 774072 788465 1.86 
792118 778350 1.74 745760 760950 2.04  813769 801225 1.54 781651 795135 1.73 
793228 784035 1.16 746488 765770 2.58  826715 824474 0.27 789720 801225 1.46 
795405 788396 0.88 754717 767369 1.68  830391 838289 0.95 804178 824474 2.52 
802074 791805 1.28 763654 775030 1.49  

J 
= 

3 

859482   818639 838289 2.40 
807341 808130 0.10 768242 778350 1.32  720948 695376 3.55 674946   
812504   771542 784035 1.62  729055 712223 2.31 691130 695376 0.61 
821941   788076 788396 0.04  733795 725053 1.19 703565   
841501 830260 1.34 798662 791805 0.86  737916 731458 0.88 709989   
843731   801863 808130 0.78  740340 737388 0.40 714976 712223 0.38 

J 
= 

1 

846356   810811 830260 2.40  757762 739542 2.40 718830   
691417   687857    761448 744537 2.22 721907 725053 0.44 
724852 715730 1.26 692334    763104 752285 1.42 731022 731458 0.06 
728526 721001 1.03 696514    766332 755831 1.37 733091 737388 0.59 
732116 740757 1.18 700235    773027 756016 2.20 734544 739542 0.68 
746236 746552 0.04 717679 715730 0.27  775476 763070 1.60 741653 744537 0.39 
749293 750512 0.16 718894    780864 773968 0.88 750301 752285 0.26 
753451 753795 0.05 725032 721001 0.56  786082 775775 1.31 752696 755831 0.42 
758428 756170 0.30 726551    799561   754242 756016 0.24 
761149 762105 0.13 729295    801886   761942 763070 0.15 
767927 765052 0.37 732909    804653   769559 773968 0.57 
769318 766625 0.35 735891 740757 0.66  826400   775551 775775 0.03 
773092 773315 0.03 738595 746552 1.08  

J 
= 

4 

830536   805690   
779656   741586 750512 1.20  683225 722439 5.74 677821   
780705 781822 0.14 744032 753795 1.31  732407 730345 0.28 699866 722439 3.23 
783294   746840 756170 1.25  739736 738248 0.20 709556 730345 2.93 
786437 786580 0.02 752933 762105 1.22  746958 740348 0.88 714977 738248 3.25 
789616 788145 0.19 755918 765052 1.21  763685 753352 1.35 719344 740348 2.92 
790623   760587 766625 0.79  769708 759260 1.36 731954 753352 2.92 
793917 795995 0.26 764895 773315 1.10  771325 766947 0.57 737152 759260 3.00 
798349   767897 781822 1.81  773197 767700 0.71 744858 766947 2.97 
804334 802905 0.18 774832 786580 1.52  785525 773968 1.47 751356 767700 2.18 
809562   782382 788145 0.74  814311 789029 3.10 766642 773968 0.96 
815205 828875 1.68 783192 795995 1.63  

J 
= 

5 

823737   775264 789029 1.78 
868819   808808 802905 0.73  730685   700419   

J 
= 

2 

981088   815096 828875 1.69  765587   719093   
723800 709285 2.01 694244    768696   731718   
730113 714855 2.09 699416 709285 1.41  774523   749845   
736320 725825 1.43 704967 714855 1.40  

J 
= 

6 

782724   755705   J 
= 

3 

743547 733755 1.32 712164 725825 1.92  7 775010   739827   
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The results, presented in Table 7 above were calculated in two steps.  In the first step, we 
obtained the total energies of the ion by a pure analytical method. Results of this calculation are 
presented in column 3, and their relative accuracy compared to the measurements in Ref. 23 is 
shown in column 4. As expected, the pure theoretical method does not allow us to obtain an 
accuracy of 2% for the atomic levels of such a complicated ion as Sn VIII.  We have shaded 
those levels for which the calculations are not accurate enough.  In the second step, we used the 
experimentally defined values and found that at ( ) ( )ddFddF tf

22 82.0 ⋅= , ( ) =ddFf
4  

( )ddFt
491.0 ⋅ , and ( ) ( )dd tf ζζ ⋅= 96.0  our values agree noticeably better, as shown by columns 

5 and 6 in Table 7.  In the formulas above, the subscript f means fit value, and the subscript t 
means theoretical value.  At last, we have calculated the same levels by the Cowan code, which 
despite being purely theoretical, is still utilizing scaling factors near 10%, depending upon the 
nuclear charge of the element [8].  Our calculations for the excited Sn VIII 4d6 5p1 energy levels 
are presented in Appendix B. Experimental values are taken from Ref. 23, and the fit values were 
determined as ( ) ( )ddFddF tf

22 57.0 ⋅= , ( ) ( )ddFddF tf
44 11.2 ⋅= , ( ) ( )dd tf ζζ ⋅= 44.0 , 

( ) ( )pp tf ζζ ⋅= 35.0 , ( ) ( )pdFpdF tf
22 76.0 ⋅= , and ( ) ( )pdGpdG tf

33 14.1 ⋅= .  As before, the 
theoretical values agreed with the experimental data within 5%, and once the experimental 
values are taken into account, the accuracy of our numerical simulation becomes less than 1% in 
most cases. 

In sum, our calculated results compare favorably with available experimental data and a 
Cowan-average-term Hartree-Fock code, as well as other atomic codes with relativistic 
corrections.  At the same time, the accuracy of the purely theoretical methods is not within the 
required 2%, so without the experimental values, one cannot guarantee the calculation of  
accurate EUV transitions.  We have attained an accuracy within 3-7% of our purely theoretical 
calculations for Sn ions which lack experimental energy values.  Once the energy levels are 
obtained, we can significantly improve our calculations to practically as accurate as the measured 
data.  

7. DETAILED TIN EUV TRANSITIONS 

Emission of light takes place when an atom changes from a state of higher energy to a 
state of lower energy.  Similarly, absorption results in an upward transition that is caused by the 
action of the radiation field on an atom.  The energy of a transition from state i to state j is 
formally defined as the difference of total energies of the atom or the ion in states i and j.  As 
well known from the literature [6 - 8], the following are equivalent measures of total strength of 
the spectrum line: the probability of a transition ijW , the radiation intensity of a spectrum line ijI , 
and the weighted spontaneous-emission transition probability jij Ag , expressed through the 
statistical weight of the level 12 += Jg j  and the Einstein spontaneous emission transition 
probability rate jiA .  In our study, we normally use the non-dimensional (absorption) oscillator 
strength, which is related to the line strength S  by the following expression:   
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As above, unless otherwise stated, we use atomic units. The energy of the transition ( )ij EE −  is 
given in Rydberg units, 12 +J  is the degeneracy of the initial level, and the line strength is 
defined by the matrix element of the wavefunctions of the initial and final states with the electric 
dipole operator.  

Using as before the intermediate coupling approximation, one can determine the 
wavefunctions of both states in the form of a linear combination of LS-coupled basic functions, 
where the coefficients of the components are obtained from the energy eigenvectors for the 
correspondent states.  This allows us to represent the line strength in the form of the two dot 
products of the two component vectors to the dipole-transition matrix.  Such a technique reduces 
the problem of calculating the line-strength matrix elements with uncoupled states to the matrix 
elements with the LS-coupled basis functions. The mathematical expressions for the matrix 
elements are rather complex and lengthy, so we direct the reader to the more complete theoretical 
publications [7, 24, 25].  Using traditional atomic theory notation for 6j- and 9j-symbols, 
fractional parentage coefficients, and square brackets, we only present the final expressions for 
calculation of the line strengths of typical transitions: 
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In this study, we do not have more than two open shells, the acute symbol is used for the core 
quantum numbers, the δ -function expresses the selection rule of nonchangeable spin 
momentum, and the radial integral )1(

21llP  is defined by the matrix element of the radial 
wavefunctions of participating shells: 
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Electric dipole transitions can occur only when the oscillator strength (and, 
correspondently, the line strength) in (7.1) is non-zero.  From the properties of the matrix 
element in the definition of the line strength S, it follows that a transition can occur only when 
the participating states have opposite parity, and .1,0' ±=−=∆ JJJ   The transition 0'== JJ  
is not allowed.   

In calculating the EUV radiation from tin or xenon plasma, another difficulty may take 
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place, such as accounting for the transitions from the inner shells.  As reported in recent studies 
[4], some inner levels of the ions with intermediate and heavy atomic numbers may have 
energies comparable to the ionization potential, which significantly decreases the accuracy of the 
HF method.  For example, in xenon or tin plasma with major radiating wavelength region of 
interest near 13 nm, transitions from outer shells pdd qq 544 1−−  must be considered in 
combination with the transitions fdd qq 444 1−−  and the transitions from the inner shells, such as 

156 4444 +− qq dpdp . 
The existence of semi-empirical or experimental information on atomic energy levels 

may greatly help in improving the accuracy of the ab initio simulation.  Unfortunately, such 
information for the intermediate and high-Z elements, especially their highly excited ions, is not 
fully presented in the literature [26]. For example, no Sn experimental data are available for the 
EUV region, except the work of Azarov and Joshi [23], which is not actually dedicated to the 
13.5 nm range and only deals with the ion Sn VIII and its transition 167 544 pdd − .  According 
to them, the transition has a very wide range of splitting (near 6 nm), with the major lines being 
concentrated around 22-23 nm (left figure in Fig. 5). As shown by the right figure in Fig. 5, 
results of our calculation show very good agreement in shape, width, and place of the transition. 

Figure 6 presents the results of our calculation of the EUV transitions for six tin ions, 
from Sn VIII to Sn XIII.  Details of these calculations are presented in Appendix C, and the 
summary is shown in Table 10. 

 

  
        V.I. Azarov and Y.N. Yoshi [23]                           HEIGHTS-ATOM calculation 

Fig. 5: Experimental data vs. calculation for Sn VIII 167 544 pdd −  transition 

We have determined that the 4d - 4f and 4d - 5p transitions only partly cover the EUV 
range of interest.  Among the five ions starting from Sn IX, the highest EUV emission should be 
from the Sn XI fdd 444 34 −  transition and from the Sn XII pdd 544 23 −  transition.  Similar 
results were obtained by means of the Cowan code and are presented in Fig. 7.  Despite the 
difference in the highest values of the oscillator strength, the code also predicts the partial 
coverage of the EUV range by several transitions, when the highest emission corresponds to the 
Sn X fdd 444 45 −  and Sn XI fdd 444 34 −  transitions. 
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Fig. 6: Calculation of tin EUV transitions by the HEIGHTS-ATOM code 
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Fig. 7: Calculation of tin EUV transitions by the Cowan code 
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Table 10: Summary of the tin EUV transitions. 

 Sn VIII Sn IX Sn X Sn XI Sn XII Sn XIII 
Ground Configuration 4d7 4d6 4d5 4d4 4d3 4d2 
# levels in GC 19 34 37 34 19 9 

Excited 4f Configuration 4d64f1 4d54f1 4d44f1 4d34f1 4d24f1 4d14f1 
# levels in 4f EC 346 416 346 206 81 20 
Transition array 4d7-4d64f1 4d6-4d54f1 4d5-4d44f1 4d4-4d34f1 4d3-4d24f1 4d2-4d14f1 
Total oscillator strength 6.89 5.89 4.80 3.72 2.69 1.72 
Splitting, nm 14.204-22.869 12.400-23.859 12.501-22.036 11.963-20.205 12.770-18.238 13.029-16.116 
Total transitions 2326 4521 4527 2391 590 62 
EUV transitions 0 15 63 101 41 5 

Excited 5p Configuration 4d65p1 4d55p1 4d45p1 4d35p1 4d25p1 4d15p1 
# levels in 5p EC 180 214 180 110 45 12 
Transition array 4d7-4d65p1 4d6-4d55p1 4d5-4d45p1 4d4-4d35p1 4d3-4d25p1 4d2-4d15p1 
Total oscillator strength 0.80 0.69 0.58 0.46 0.35 0.23 
Splitting, nm 15.580-27.152 12.506-46.903 11.661-22.335 11.644-25.673 11.675-16.077 11.915-13.527 
Total transitions 1456 2971 2759 1571 388 46 
EUV transitions 0 0 2 66 104 3 

 

8. DETAILED TIN EUV OPACITIES 

As discussed in Section 4, the optical emission and absorption coefficients are calculated 
within the CRE model with line splitting.  This model is based on the Hartree-Fock-Slater (HFS) 
method with both electrostatic and spin-orbit splitting of configurations and spectral lines.  
Instead of the Racah theory of angular moments for splitting the HFS configuration average 
energies into levels, we use the better approximation for the split energy levels instead, obtained 
by the relaxed core Hartree-Fock method in intermediate coupling.  In this way, the HFS data for 
the EUV ions, configurations and transitions are removed, and substituted the improved data 
directly in the CRE. This guarantees that the EUV range will be covered only by those 
transitions that we have calculated accurately by the HF method, while the other energy ranges 
will still be calculated as previously.  The size of the generated EUV optical tables is not very 
large (around 20-40 MB of disk space) due to the very narrow energy range and relatively small 
number of transitions within that range. Therefore, it is unnecessary to provide additional 
modifications of the result tables, such as group averaging, as we did previously to reduce the 
number of spectral points and the amount of required disk space.   

In Fig. 8 we present results of our computation of the Sn emission and absorption 
coefficients in the EUV range of 13.23-13.77 nm or 90.04-93.71 eV, for the typical EUV 
temperature and density ranges, such as 10-30 eV and 1016-1019 cm-3. The coefficients are very 
dense, when density is around 1017 cm-3, and become sparse when the density is higher (up to 
1019 cm-3) or lower (below 1016 cm-3).  The results of this calculation indicate that, to maximize 
the EUV output, the EUV source needs to operate within the named density range.   
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Fig. 8: Tin plasma optical coefficients in the EUV range 

CONCLUSION 

The report reviewed the major atomic and plasma methods we use within the 
comprehensive HEIGHTS-EUV package. The methods differ in accuracy, completeness, and 
complication. The ion states, populations of atomic levels, and optical coefficients, such as 
emission and absorption coefficients, are calculated by means of the combination of the HFS 
atomic model and CRE plasma model with splitting atomic levels. The accuracy of these 
methods is satisfactory to simulate the plasma magnetohydrodynamic behavior, but insufficient 
to generate the plasma spectroscopic characteristics. Significant accuracy improvement is 
achieved by using the advanced LSD HF in intermediate coupling atomic method. However, 
empirical correction of atomic energy levels is necessary to obtain the spectroscopic accuracy of 
the data and meet the 2% bandwidth requirement of leading EUV source manufacturers within 
the 13.5 nm range. The applicability of the methods is demonstrated for the tin ions and plasma. 
Detail atomic and plasma properties, such as energy levels, oscillator strengths, equation of state, 
relative ion concentrations, wide range opacities, and EUV range opacities near 13.5 nm are 
calculated, and compared with the available experimental results. The presented results are used 
by the authors in simulation the dynamics and characteristics of various EUV sources.  
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APPENDIX A 

The tables that follow present the Sn VIII – Sn XIII energies of the inner shells, 
calculated by the HEIGHTS-ATOM relaxed-core LSD HF (for each ground term), and 
configuration-average energies, calculated by the HEIGHTS-ATOM HFS (HFS), and the Cowan 
code (CHF). All energies are given in Ry.  

Table A 1: Energies of Sn VIII inner shells by various methods. 
 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d7 

2
3P 2091.31 322.66 298.60 71.54 61.71 45.34 18.70 15.06 10.26 

4
3P 2091.30 322.65 298.60 71.54 61.70 45.34 18.69 15.05 10.28 

2
1D 2091.33 322.68 298.62 71.56 61.73 45.36 18.71 15.07 10.17 

2
3D 2091.31 322.66 298.61 71.54 61.71 45.35 18.70 15.06 10.23 

2
3F 2091.32 322.67 298.61 71.55 61.72 45.35 18.70 15.06 10.21 

4
3F 2091.29 322.64 298.59 71.53 61.69 45.33 18.69 15.05 10.33 

2
3G 2091.30 322.65 298.60 71.54 61.70 45.34 18.70 15.05 10.28 

2
3H 2091.31 322.66 298.60 71.54 61.71 45.34 18.70 15.06 10.26 

HFS 2156.88 336.92 309.29 73.29 63.48 46.52 18.93 15.71 10.39 
CHF 2165.78 341.10 307.07 75.36 63.88 46.07 19.49 15.70 10.16 

 

Table A 2: Energies of Sn IX inner shells by various methods. 
 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d6 

1
0S 2093.31 324.67 300.62 73.48 63.65 47.29 20.39 16.69 11.65 

1
4S 2093.28 324.64 300.59 73.45 63.62 47.26 20.37 16.68 11.81 

3
2P 2093.27 324.63 300.58 73.45 63.62 47.26 20.37 16.68 11.85 

3
4P 2093.26 324.63 300.57 73.44 63.61 47.25 20.37 16.67 11.88 

1
2D 2093.29 324.65 300.60 73.47 63.64 47.27 20.38 16.69 11.73 

1
4D 2093.27 324.64 300.58 73.45 63.62 47.26 20.37 16.68 11.83 

3
4D 2093.26 324.62 300.57 73.44 63.61 47.25 20.37 16.67 11.89 

5
4D 2093.24 324.60 300.55 73.42 63.59 47.23 20.36 16.66 12.02 

1
4F 2093.27 324.63 300.58 73.45 63.62 47.26 20.37 16.68 11.84 

3
2F 2093.27 324.64 300.58 73.45 63.62 47.26 20.37 16.68 11.83 

3
4F 2093.26 324.62 300.57 73.44 63.61 47.25 20.37 16.67 11.90 

1
2G 2093.28 324.64 300.59 73.46 63.62 47.26 20.38 16.68 11.81 

1
4G 2093.27 324.63 300.58 73.45 63.62 47.26 20.37 16.68 11.85 

3
4G 2093.26 324.62 300.57 73.44 63.61 47.25 20.37 16.67 11.92 

3
4H 2093.26 324.62 300.56 73.44 63.60 47.24 20.36 16.67 11.94 
1
4I 2093.26 324.62 300.57 73.44 63.61 47.25 20.37 16.67 11.90 

HFS 2158.91 338.97 311.34 75.26 65.45 48.50 20.69 17.44 12.04 
CHF 2167.73 343.06 309.04 77.26 65.78 47.97 21.17 17.33 11.78 
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Table A 3: Energies of Sn X inner shells by various methods. 
 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d5 

2
5S 2095.33 326.70 302.65 75.44 65.61 49.25 22.10 18.35 13.52 

6
5S 2095.28 326.66 302.61 75.40 65.57 49.21 22.08 18.33 13.84 

2
3P 2095.35 326.72 302.67 75.46 65.63 49.27 22.11 18.36 13.36 

4
3P 2095.31 326.68 302.63 75.42 65.59 49.23 22.09 18.34 13.66 

2
1D 2095.35 326.72 302.67 75.46 65.63 49.27 22.11 18.36 13.38 

2
3D 2095.33 326.71 302.66 75.45 65.61 49.25 22.10 18.35 13.48 

2
5D 2095.33 326.70 302.65 75.44 65.61 49.25 22.10 18.35 13.53 

4
5D 2095.31 326.68 302.63 75.43 65.59 49.23 22.09 18.34 13.65 

2
3F 2095.32 326.69 302.64 75.43 65.60 49.24 22.09 18.35 13.58 

2
5F 2095.33 326.70 302.65 75.44 65.61 49.25 22.10 18.35 13.55 

4
3F 2095.32 326.69 302.64 75.43 65.60 49.24 22.09 18.35 13.59 

2
3G 2095.34 326.71 302.66 75.45 65.62 49.26 22.10 18.35 13.45 

2
5G 2095.32 326.69 302.64 75.44 65.60 49.24 22.10 18.35 13.57 

4
5G 2095.31 326.68 302.63 75.42 65.59 49.23 22.09 18.34 13.69 

2
3H 2095.32 326.69 302.64 75.44 65.60 49.24 22.10 18.35 13.57 
2
5I 2095.32 326.69 302.64 75.43 65.60 49.24 22.09 18.34 13.62 

HFS 2161.04 341.11 313.49 77.32 67.51 50.57 22.50 19.22 13.75 
CHF 2169.78 345.13 311.10 79.25 67.77 49.96 22.91 19.01 13.46 

 

Table A 4: Energies of Sn XI inner shells by various methods. 
 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d4 

1
0S 2097.52 328.90 304.85 77.54 67.71 51.36 23.90 20.09 14.93 

1
4S 2097.49 328.87 304.82 77.52 67.69 51.33 23.88 20.08 15.19 

3
2P 2097.49 328.87 304.82 77.51 67.69 51.33 23.88 20.07 15.25 

3
4P 2097.48 328.86 304.81 77.51 67.68 51.32 23.88 20.07 15.30 

1
2D 2097.51 328.89 304.84 77.53 67.70 51.34 23.89 20.08 15.06 

1
4D 2097.49 328.87 304.82 77.52 67.69 51.33 23.88 20.08 15.21 

3
4D 2097.48 328.86 304.81 77.51 67.68 51.32 23.88 20.07 15.32 

5
4D 2097.46 328.84 304.79 77.49 67.66 51.30 23.86 20.06 15.52 

1
4F 2097.49 328.87 304.82 77.52 67.69 51.33 23.88 20.08 15.23 

3
2F 2097.49 328.87 304.82 77.52 67.69 51.33 23.88 20.08 15.22 

3
4F 2097.48 328.86 304.81 77.51 67.68 51.32 23.87 20.07 15.34 

1
2G 2097.49 328.87 304.82 77.52 67.69 51.33 23.88 20.08 15.19 

1
4G 2097.49 328.87 304.82 77.51 67.68 51.33 23.88 20.07 15.26 

3
4G 2097.47 328.86 304.81 77.50 67.68 51.32 23.87 20.07 15.36 

3
4H 2097.47 328.85 304.80 77.50 67.67 51.32 23.87 20.07 15.39 
1
4I 2097.48 328.86 304.81 77.51 67.68 51.32 23.88 20.07 15.33 

HFS 2163.27 343.36 315.74 79.46 69.65 52.73 24.37 21.06 15.52 
CHF 2171.93 347.29 313.27 81.32 69.85 52.04 24.71 20.74 15.20 
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Table A 5: Energies of Sn XII inner shells by various methods. 

 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d3 

2
3P 2099.73 331.12 307.07 79.66 69.84 53.48 25.71 21.85 17.11 

4
3P 2099.73 331.12 307.07 79.66 69.83 53.48 25.70 21.85 17.17 

2
1D 2099.75 331.14 307.09 79.68 69.85 53.50 25.72 21.86 16.86 

2
3D 2099.74 331.13 307.08 79.67 69.84 53.49 25.71 21.85 17.04 

2
3F 2099.74 331.13 307.08 79.67 69.85 53.49 25.71 21.85 16.98 

4
3F 2099.72 331.11 307.06 79.65 69.83 53.47 25.70 21.84 17.30 

2
3G 2099.73 331.12 307.07 79.66 69.83 53.48 25.71 21.85 17.16 

2
3H 2099.73 331.12 307.07 79.66 69.84 53.48 25.71 21.85 17.11 

HFS 2165.59 345.70 318.08 81.68 71.88 54.97 26.29 22.95 17.34 
CHF 2174.18 349.55 315.53 83.48 72.01 54.20 26.56 22.53 16.99 

 
 
 
 

Table A 6: Energies of Sn XIII inner shells by various methods. 
 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d2 

1
0S 2102.11 333.50 309.46 81.92 72.10 55.75 27.60 23.68 18.42 

3
2P 2102.09 333.48 309.43 81.90 72.08 55.73 27.59 23.67 18.91 

1
2D 2102.08 333.48 309.43 81.90 72.08 55.73 27.59 23.67 18.93 

3
2F 2102.08 333.47 309.43 81.89 72.07 55.72 27.59 23.67 19.11 

1
2G 2102.09 333.48 309.44 81.90 72.08 55.73 27.59 23.68 18.84 

HFS 2168.01 348.13 320.52 83.99 74.19 57.30 28.26 24.89 19.21 
CHF 2176.53 351.91 317.88 85.72 74.24 56.44 28.46 24.37 18.84 
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APPENDIX B 

Table B 1: Calculation of Excited Sn VIII 4d6 5p1 Energy Levels for J = 0.5 to 7.5. 

HEIGHTS-ATOM (th) HEIGHTS-ATOM (fit)  HEIGHTS-ATOM (th) HEIGHTS-ATOM (fit)  
 Exp, cm-1 Energy, 

cm-1 Acc Energy, 
cm-1 Acc  

 Exp, cm-1 Energy, 
cm-1 Acc Energy, 

cm-1 Acc 

 583884  573525   445440 461389 3.58% 438412 1.58% 
 562919  519206    456199  432339  
 541185  512028   440430 453472 2.96% 430069 2.35% 

500368 534418 6.80% 504989 0.92%   451651  424911  
 523367  498885    439160  416616  

489629 519742 6.15% 498284 1.77%  

J 
= 

1.
5 

 428142  407587  
488019 517840 6.11% 494478 1.32%  533165 557935 4.65% 526538 1.24% 

 512587  492732   523450 547626 4.62% 514874 1.64% 
481842 509309 5.70% 480701 0.24%  512335 536816 4.78% 512414 0.02% 
477108 504634 5.77% 473882 0.68%   527495  508299  
472126 500117 5.93% 467242 1.03%   523083  504102  
471218 498509 5.79% 464876 1.35%  505728 519536 2.73% 503210 0.50% 
465949 495311 6.30% 464272 0.36%  504726 518953 2.82% 498045 1.32% 
461577 494611 7.16% 463868 0.50%  500691 516106 3.08% 496104 0.92% 
460713 493444 7.10% 462081 0.30%  498841 515045 3.25% 494151 0.94% 
454426 490821 8.01% 459414 1.10%  492383 513207 4.23% 493709 0.27% 

 478692  447917   490580 510393 4.04% 493641 0.62% 
447257 467664 4.56% 438583 1.94%  489111 510090 4.29% 491059 0.40% 
440723 454082 3.03% 428189 2.84%  486321 507815 4.42% 489120 0.58% 

 442601  415719   485655 506014 4.19% 483547 0.43% 

J 
= 

0.
5 

 333018  397768   480770 505838 5.21% 482445 0.35% 
 631480  577523   478920 502632 4.95% 480369 0.30% 

534686 576684 7.85% 525889 1.65%  476748 499066 4.68% 476790 0.01% 
519436 546492 5.21% 512905 1.26%  475671 497944 4.68% 475127 0.11% 

 539107  509584   474586 497657 4.86% 471899 0.57% 
 535729  507719   473497 494637 4.46% 470811 0.57% 

504724 525654 4.15% 504462 0.05%  469860 492985 4.92% 468674 0.25% 
501631 519677  502082   469163 492757 5.03% 467824 0.29% 
499959 516906  500127    491815  464874  
496028 511132 3.05% 495191 0.17%  464919 488818 5.14% 464416 0.11% 
495030 509260 2.87% 494291 0.15%  464306 488424 5.19% 464265 0.01% 
491031 507777 3.41% 490895 0.03%  463037 487686 5.32% 463018 0.00% 
487686 506419 3.84% 490597 0.60%  461128 487561 5.73% 461681 0.12% 
486754 506006 3.96% 486514 0.05%  458480 483930 5.55% 460279 0.39% 
480979 502776 4.53% 483837 0.59%  456344 482526 5.74% 460051 0.81% 
477124 499717 4.74% 480523 0.71%  455525 481231 5.64% 459430 0.86% 
476998 498653 4.54% 476597 0.08%  448522 478266 6.63% 458353 2.19% 
475226 494391 4.03% 468894 1.33%  446993 477250 6.77% 455867 1.99% 
473695 493731 4.23% 468424 1.11%  446190 472860 5.98% 450700 1.01% 
472802 492453 4.16% 466912 1.25%  443018 460608 3.97% 436808 1.40% 
471728 488591 3.57% 463961 1.65%  442762 454023 2.54% 430444 2.78% 
468196 487621 4.15% 463037 1.10%  438874 451703 2.92% 429691 2.09% 
467855 486471 3.98% 462116 1.23%  437418 445556 1.86% 423489 3.18% 
466132 485388 4.13% 461733 0.94%  424491 437722 3.12% 417074 1.75% 
462285 484004 4.70% 459771 0.54%  

J 
= 

2.
5 

 427930  407807  
460754 481977 4.61% 459183 0.34%   557597  526611  
458086 480948 4.99% 457751 0.07%  518072 549816 6.13% 524211 1.19% 
453056 477237 5.34% 456223 0.70%   526374  515604  
450221 475461 5.61% 452745 0.56%  508910 522933 2.76% 507783 0.22% 

J 
= 

1.
5 

446745 467179 4.57% 446135 0.14%  

J 
= 

3.
5 

504960 520877 3.15% 500794 0.83% 
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HEIGHTS-ATOM (th) HEIGHTS-ATOM (fit)  HEIGHTS-ATOM (th) HEIGHTS-ATOM (fit)  
 Exp, cm-1 Energy, 

cm-1 Acc Energy, 
cm-1 Acc  

 Exp, cm-1 Energy, 
cm-1 Acc Energy, 

cm-1 Acc 

503073 515913 2.55% 497733 1.06%  475592 494905 4.06% 482304 1.41% 
500095 514990 2.98% 496876 0.64%  475027 492628 3.71% 475159 0.03% 
493417 512400 3.85% 493332 0.02%  496026 489716 1.27% 471724 4.90% 
490476 511958 4.38% 491506 0.21%  468801 487677 4.03% 469423 0.13% 
489608 508802 3.92% 491394 0.36%  466888 484774 3.83% 467845 0.21% 
483311 508519 5.22% 488191 1.01%  465266 484395 4.11% 466120 0.18% 
482684 508047 5.25% 487167 0.93%  462784 481971 4.15% 465145 0.51% 
479577 506247 5.56% 482413 0.59%  458604 480468 4.77% 464711 1.33% 
478651 498960 4.24% 480729 0.43%  465015 477906 2.77% 462827 0.47% 
475560 498207 4.76% 476618 0.22%  455636 476373 4.55% 462236 1.45% 
474209 496793 4.76% 475006 0.17%  453389 476057 5.00% 460635 1.60% 
473750 493543 4.18% 474712 0.20%  449690 472836 5.15% 460594 2.42% 
471667 491814 4.27% 473714 0.43%  445212 468631 5.26% 459643 3.24% 
468623 489998 4.56% 469676 0.22%   453068  453318  
467779 489575 4.66% 467527 0.05%  437428 448705 2.58% 426152 2.58% 

 489453  466294   429008 439241 2.39% 416550 2.90% 
465835 486953 4.53% 465443 0.08%  

J 
= 

4.
5 

 417250  404998  
463394 485124 4.69% 464932 0.33%   528197  525273  
460431 481234 4.52% 463931 0.76%   515269  494389  
458116 480283 4.84% 461586 0.76%   510292  492923  
456976 480180 5.08% 460426 0.76%  480248 495052 3.08% 492158 2.48% 
455804 479593 5.22% 459888 0.90%  473754 493545 4.18% 488672 3.15% 
453522 478435 5.49% 459298 1.27%  470673 491572 4.44% 481519 2.30% 
450287 475619 5.63% 458111 1.74%  467078 489253 4.75% 470939 0.83% 
446786 473761 6.04% 458075 2.53%  465511 482078 3.56% 466755 0.27% 
441914 470997 6.58% 457066 3.43%  462536 480252 3.83% 465206 0.58% 
440431 451147 2.43% 429032 2.59%  458947 477950 4.14% 464518 1.21% 
435896 447785 2.73% 427582 1.91%  456734 472273 3.40% 462895 1.35% 
433539 444594 2.55% 420610 2.98%  454027 471168 3.78% 461733 1.70% 
424441 437881 3.17% 416643 1.84%  445145 469840 5.55% 460613 3.47% 

J 
= 

3.
5 

 425746  406908   443110 454030 2.46% 454017 2.46% 
515107 540772 4.98% 528461 2.59%  

J 
= 

5.
5 

 442707  416770  
507162 522380 3.00% 523207 3.16%  480421 497796 3.62% 495274 3.09% 

 518564  499472   468370 489374 4.48% 487697 4.13% 
 516928  496012   462580 480100 3.79% 465563 0.64% 

490948 511261 4.14% 495353 0.90%   473009  464119  
486066 510653 5.06% 493250 1.48%  457182 470849 2.99% 461623 0.97% 
483198 510469 5.64% 486598 0.70%  

J 
= 

6.
5 

 460326  460824  
479703 502064 4.66% 484400 0.98%   495689  490111  

J 
= 

4.
5 

 

478116 498494 4.26% 483725 1.17%  7.
5 

 472619  463285  
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APPENDIX C 

The tables that follow include the Sn IX – Sn XIII EUV transitions in the 13.5 ± 2 % nm 
bandwidth (13.23-13.77 nm). The energy of a transition is calculated as difference of total 
energies of the excited level i and the ground level j. Columns 1 and 2 contain the total energies, 
column 3 shows the total moments of the source and target levels, column 5 contains the 
transition wavelength, and the last column contains non-dimensional oscillator strength. 
 
 
 
 

Table C 1: Calculation of Sn IX 4d6-4d54f1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12269.71 12276.62 1-2 6.902232 13.20231 0.000104 

12269.27 12276.10 1-2 6.830029 13.34188 0.000018 

12269.93 12276.68 4-4 6.752693 13.49468 0.000424 

12269.27 12276.00 1-2 6.736535 13.52705 0.000107 

12269.68 12276.39 3-4 6.715597 13.56922 0.000879 

12269.93 12276.64 4-3 6.710891 13.57874 0.006395 

12269.98 12276.68 5-4 6.700022 13.60076 0.000076 

12269.70 12276.39 3-4 6.693687 13.61364 0.000300 

12269.27 12275.96 1-2 6.692024 13.61702 0.000057 

12270.01 12276.68 5-4 6.676483 13.64872 0.000121 

12270.03 12276.68 3-4 6.650419 13.70221 0.001019 

12269.98 12276.62 1-2 6.640434 13.72281 0.000015 

12270.00 12276.64 2-3 6.635490 13.73304 0.003664 

12269.68 12276.31 3-3 6.629072 13.74633 0.009445 

12269.68 12276.30 3-4 6.623991 13.75688 0.000517 

12269.68 12276.30 3-2 6.618909 13.76744 0.155425 

12270.00 12276.62 2-2 6.612253 13.78130 0.005178 
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Table C 2: Calculation of Sn X 4d5-4d44f1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12258.02 12264.91 2.5-3.5 6.891484 13.22290 0.000090 

12258.42 12265.31 3.5-2.5 6.882666 13.23984 0.000008 

12258.03 12264.91 4.5-3.5 6.880646 13.24373 0.006416 

12258.03 12264.90 4.5-5.5 6.875768 13.25313 0.000021 

12258.03 12264.90 4.5-4.5 6.870598 13.26310 0.002518 

12258.44 12265.31 1.5-2.5 6.865376 13.27319 0.000001 

12258.02 12264.88 2.5-2.5 6.861611 13.28047 0.000428 

12258.02 12264.87 2.5-1.5 6.853315 13.29655 0.000071 

12258.46 12265.31 2.5-2.5 6.843287 13.31603 0.000005 

12258.46 12265.31 1.5-2.5 6.841684 13.31915 0.000002 

12258.50 12265.31 3.5-2.5 6.808647 13.38378 0.000005 

12258.02 12264.81 2.5-3.5 6.797375 13.40597 0.000138 

12258.51 12265.31 2.5-2.5 6.795462 13.40975 0.000001 

12258.03 12264.81 4.5-3.5 6.786537 13.42738 0.003027 

12258.52 12265.31 1.5-2.5 6.782472 13.43543 0.000008 

12258.52 12265.31 3.5-2.5 6.781388 13.43758 0.000010 

12258.15 12264.92 2.5-2.5 6.771324 13.45755 0.000122 

12258.16 12264.92 3.5-2.5 6.769100 13.46197 0.000056 

12258.54 12265.31 1.5-2.5 6.765783 13.46857 0.000002 

12258.16 12264.92 1.5-2.5 6.759534 13.48102 0.000465 

12258.17 12264.92 2.5-2.5 6.755462 13.48915 0.000001 

12258.15 12264.91 2.5-3.5 6.755014 13.49004 0.000152 

12258.16 12264.91 3.5-3.5 6.752790 13.49448 0.000054 

12258.02 12264.76 2.5-1.5 6.745445 13.50918 0.000561 

12258.17 12264.91 2.5-3.5 6.739152 13.52179 0.000011 

12258.15 12264.88 2.5-2.5 6.725141 13.54996 0.000044 

12258.16 12264.88 3.5-2.5 6.722917 13.55445 0.000068 

12258.58 12265.31 2.5-2.5 6.722120 13.55605 0.000013 

12258.58 12265.31 3.5-2.5 6.720895 13.55852 0.000004 

12258.15 12264.87 2.5-1.5 6.716845 13.56670 0.000029 

12258.16 12264.88 1.5-2.5 6.713351 13.57376 0.000063 



 33

12258.03 12264.74 4.5-5.5 6.711484 13.57754 0.000071 

12258.17 12264.88 2.5-2.5 6.709279 13.58200 0.000012 

12258.16 12264.87 1.5-1.5 6.705055 13.59055 0.000001 

12258.61 12265.31 3.5-2.5 6.699278 13.60227 0.000011 

12258.61 12265.31 2.5-2.5 6.695434 13.61008 0.000001 

12258.61 12265.31 3.5-2.5 6.691390 13.61831 0.000003 

12258.63 12265.31 2.5-2.5 6.679497 13.64256 0.000002 

12258.63 12265.31 3.5-2.5 6.676075 13.64955 0.000014 

12258.63 12265.31 2.5-2.5 6.673786 13.65423 0.000002 

12258.25 12264.92 2.5-2.5 6.671947 13.65799 0.000805 

12258.64 12265.31 1.5-2.5 6.666580 13.66899 0.000002 

12258.15 12264.81 2.5-3.5 6.660905 13.68064 0.000015 

12258.65 12265.31 3.5-2.5 6.659999 13.68250 0.000012 

12258.65 12265.31 3.5-2.5 6.658693 13.68518 0.000002 

12258.16 12264.81 3.5-3.5 6.658681 13.68521 0.000006 

12258.27 12264.92 3.5-2.5 6.655962 13.69080 0.000001 

12258.25 12264.91 2.5-3.5 6.655637 13.69146 0.000034 

12258.02 12264.66 2.5-3.5 6.646327 13.71064 0.000674 

12258.17 12264.81 2.5-3.5 6.645043 13.71329 0.000003 

12258.28 12264.92 1.5-2.5 6.640648 13.72237 0.000026 

12258.27 12264.91 3.5-3.5 6.639652 13.72443 0.000739 

12258.03 12264.66 4.5-3.5 6.635489 13.73304 0.001069 

12258.29 12264.92 2.5-2.5 6.634390 13.73531 0.000192 

12258.03 12264.66 4.5-4.5 6.631867 13.74054 0.000982 

12258.68 12265.31 3.5-2.5 6.630319 13.74375 0.000006 

12258.25 12264.88 2.5-2.5 6.625764 13.75319 0.000755 

12258.30 12264.92 3.5-2.5 6.625658 13.75341 0.000123 

12258.30 12264.92 1.5-2.5 6.623227 13.75846 0.000087 

12258.68 12265.31 3.5-2.5 6.622783 13.75938 0.000003 

12258.69 12265.31 2.5-2.5 6.619029 13.76719 0.000004 

12258.69 12265.31 3.5-2.5 6.618500 13.76829 0.000006 

12258.29 12264.91 2.5-3.5 6.618080 13.76916 0.000265 

12258.02 12264.63 2.5-2.5 6.617922 13.76949 0.001654 

12258.25 12264.87 2.5-1.5 6.617468 13.77044 0.000397 
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Table C 3: Calculation of Sn X 4d5-4d45p1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12257.49 12264.43 1.5-2.5 6.940224 13.13004 0.001501 

12257.49 12264.34 1.5-1.5 6.847644 13.30756 0.000050 

12257.49 12264.32 1.5-2.5 6.825849 13.35005 0.000129 

12257.49 12264.09 1.5-1.5 6.596839 13.81350 0.000374 

 

Table C 4: Calculation of Sn XI 4d4-4d34f1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12244.80 12251.69 3-4 6.894059 13.21796 0.000055 

12244.81 12251.69 3-4 6.883747 13.23776 0.000058 

12244.88 12251.76 3-2 6.883176 13.23886 0.000508 

12244.81 12251.69 5-4 6.883083 13.23904 0.004176 

12244.88 12251.76 2-2 6.882066 13.24100 0.000015 

12244.88 12251.76 1-2 6.879515 13.24591 0.003504 

12244.91 12251.79 1-1 6.873717 13.25708 0.000053 

12244.14 12251.02 1-2 6.873667 13.25718 0.000369 

12244.51 12251.39 5-4 6.873604 13.25730 0.001224 

12244.47 12251.34 3-2 6.872004 13.26038 0.002656 

12244.47 12251.33 3-4 6.864104 13.27565 0.000305 

12244.47 12251.33 3-3 6.863995 13.27586 0.000018 

12244.83 12251.69 4-4 6.863483 13.27685 0.000253 

12244.86 12251.73 2-3 6.863419 13.27697 0.000025 

12244.90 12251.76 3-2 6.860414 13.28279 0.000159 

12244.47 12251.32 3-2 6.856421 13.29052 0.000599 

12244.90 12251.76 1-2 6.855721 13.29188 0.000322 

12244.88 12251.73 3-3 6.851211 13.30063 0.001243 

12244.88 12251.73 2-3 6.850101 13.30278 0.000491 

12244.94 12251.79 2-1 6.848238 13.30640 0.000004 

12244.91 12251.76 1-2 6.847593 13.30766 0.001264 
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12244.92 12251.76 3-2 6.836741 13.32878 0.000025 

12244.90 12251.73 3-3 6.828449 13.34497 0.002593 

12244.94 12251.76 2-2 6.822114 13.35736 0.001967 

12244.51 12251.33 5-4 6.819337 13.36280 0.017153 

12244.47 12251.29 3-3 6.818086 13.36525 0.003586 

12244.88 12251.69 3-4 6.814937 13.37142 0.000004 

12244.69 12251.50 5-4 6.812768 13.37568 0.012189 

12244.92 12251.73 3-3 6.804776 13.39139 0.000172 

12244.71 12251.50 5-4 6.793209 13.41419 0.000441 

12244.94 12251.73 4-3 6.793038 13.41453 0.000032 

12244.90 12251.69 3-4 6.792175 13.41624 0.000459 

12244.94 12251.73 2-3 6.790149 13.42024 0.000633 

12245.00 12251.79 2-1 6.788984 13.42254 0.000334 

12244.98 12251.76 3-2 6.784687 13.43104 0.000356 

12244.69 12251.47 5-5 6.778569 13.44316 0.015460 

12244.92 12251.69 3-4 6.768502 13.46316 0.000071 

12244.96 12251.73 4-3 6.764406 13.47131 0.001263 

12245.00 12251.76 2-2 6.762860 13.47439 0.000119 

12244.47 12251.23 3-2 6.757768 13.48454 0.004950 

12244.94 12251.69 4-4 6.756764 13.48655 0.000602 

12245.00 12251.76 3-2 6.756106 13.48786 0.000226 

12244.98 12251.73 3-3 6.752722 13.49462 0.000097 

12244.69 12251.44 5-6 6.751473 13.49712 0.000906 

12244.95 12251.69 5-4 6.745791 13.50849 0.003608 

12244.99 12251.73 4-3 6.741759 13.51656 0.002842 

12245.05 12251.79 2-1 6.73515 13.52983 0.000039 

12244.61 12251.34 1-2 6.733177 13.53379 0.000329 

12245.00 12251.73 2-3 6.730895 13.53838 0.000024 

12244.77 12251.50 3-4 6.728196 13.54381 0.000407 

12244.96 12251.69 4-4 6.728132 13.54394 0.000021 

12244.70 12251.43 2-3 6.727805 13.54460 0.001737 

12245.00 12251.73 3-3 6.724141 13.55198 0.002877 

12244.61 12251.32 1-2 6.717594 13.56519 0.000322 

12244.98 12251.69 3-4 6.716448 13.56750 0.000117 

12245.05 12251.76 1-2 6.710335 13.57986 0.000043 
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12245.05 12251.76 2-2 6.709026 13.58251 0.000138 

12245.05 12251.76 3-2 6.70801 13.58457 0.000025 

12244.73 12251.44 7-6 6.707233 13.58614 0.169773 

12244.99 12251.69 4-4 6.705485 13.58968 0.002073 

12245.02 12251.73 4-3 6.704517 13.59165 0.006088 

12244.80 12251.50 3-4 6.703394 13.59392 0.000145 

12244.47 12251.17 3-4 6.698364 13.60413 0.004650 

12244.69 12251.39 5-4 6.697115 13.60667 0.002026 

12244.81 12251.50 3-4 6.693082 13.61487 0.000006 

12244.81 12251.50 5-4 6.692418 13.61622 0.001374 

12245.00 12251.69 3-4 6.687867 13.62548 0.000134 

12245.07 12251.76 2-2 6.685994 13.62930 0.000014 

12245.08 12251.76 3-2 6.679984 13.64156 0.000071 

12244.71 12251.39 5-4 6.677556 13.64652 0.025702 

12245.05 12251.73 2-3 6.677061 13.64753 0.001226 

12245.05 12251.73 3-3 6.676045 13.64961 0.000421 

12244.83 12251.5 4-4 6.672818 13.65621 0.000005 

12245.09 12251.76 1-2 6.672154 13.65757 0.000005 

12245.02 12251.69 4-4 6.668243 13.66558 0.003290 

12244.47 12251.13 3-2 6.664878 13.67248 0.001852 

12245.07 12251.73 2-3 6.654029 13.69477 0.000078 

12244.77 12251.43 3-3 6.653639 13.69558 0.002406 

12244.51 12251.17 5-4 6.653597 13.69566 0.000612 

12245.08 12251.73 4-3 6.652822 13.69726 0.000255 

12245.14 12251.79 2-1 6.650296 13.70246 0.000002 

12245.08 12251.73 3-3 6.648019 13.70715 0.005865 

12244.69 12251.33 5-4 6.642848 13.71782 0.046407 

12244.47 12251.11 3-3 6.640605 13.72246 0.015694 

12244.70 12251.34 2-2 6.640342 13.72300 0.024252 

12244.69 12251.33 5-5 6.639916 13.72388 0.000491 

12245.05 12251.69 3-4 6.639771 13.72418 0.002333 

12244.83 12251.47 4-5 6.638619 13.72656 0.000071 

12245.12 12251.76 3-2 6.636858 13.73020 0.000125 

12245.15 12251.79 1-1 6.636624 13.73069 0.000243 

12245.06 12251.69 5-4 6.633555 13.73704 0.003798 
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12244.70 12251.33 2-3 6.632333 13.73957 0.004531 

12245.13 12251.76 3-2 6.630589 13.74319 0.000848 

12244.80 12251.43 3-3 6.628837 13.74682 0.000008 

12245.10 12251.73 4-3 6.626732 13.75118 0.013451 

12244.70 12251.32 2-2 6.624759 13.75528 0.014526 

12244.88 12251.50 3-4 6.624272 13.75629 0.000004 

12245.14 12251.76 2-2 6.624172 13.75650 0.000779 

12244.47 12251.09 3-2 6.624058 13.75674 0.117769 

12244.71 12251.33 5-4 6.623289 13.75833 0.002178 

12244.61 12251.23 1-2 6.618941 13.76737 0.000592 

12244.81 12251.43 3-3 6.618525 13.76824 0.002580 

12245.08 12251.69 4-4 6.616548 13.77235 0.001870 

12244.77 12251.39 3-4 6.612543 13.78069 0.001295 

 

Table C 5: Calculation of Sn XI 4d4-4d35p1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12244.87 12251.76 2-2 6.889793 13.22615 0.000571 

12244.56 12251.43 3-3 6.868948 13.26628 0.000006 

12244.82 12251.69 3-4 6.868550 13.26705 0.000226 

12244.86 12251.73 3-3 6.868095 13.26793 0.000245 

12244.87 12251.73 2-3 6.857828 13.28780 0.000018 

12244.92 12251.76 2-2 6.844043 13.31456 0.000002 

12244.86 12251.69 3-4 6.831821 13.33838 0.000156 

12244.93 12251.76 2-2 6.829306 13.34329 0.000011 

12244.56 12251.39 3-4 6.827852 13.34613 0.001513 

12244.94 12251.76 1-2 6.824630 13.35243 0.000002 

12244.92 12251.73 2-3 6.812078 13.37704 0.000015 

12244.96 12251.76 1-2 6.801678 13.39749 0.000001 

12244.93 12251.73 2-3 6.797341 13.40604 0.000109 

12244.99 12251.79 2-1 6.795518 13.40964 0.000063 

12244.56 12251.34 3-2 6.781485 13.43738 0.000179 

12245.01 12251.79 1-1 6.777861 13.44457 0.000008 

12244.73 12251.50 4-4 6.773639 13.45295 0.000054 
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12244.56 12251.33 3-4 6.773585 13.45306 0.000474 

12244.56 12251.33 3-3 6.773476 13.45327 0.000496 

12244.99 12251.76 2-2 6.769394 13.46138 0.000099 

12244.56 12251.32 3-2 6.765902 13.46833 0.000066 

12243.96 12250.72 2-2 6.758530 13.48302 0.019647 

12245.01 12251.76 3-2 6.752213 13.49564 0.000040 

12245.01 12251.76 1-2 6.751737 13.49659 0.000014 

12245.04 12251.79 1-1 6.750366 13.49933 0.000020 

12245.04 12251.79 2-1 6.749810 13.50044 0.000003 

12245.02 12251.76 3-2 6.737754 13.52460 0.000078 

12244.99 12251.73 2-3 6.737429 13.52525 0.000068 

12244.96 12251.69 5-4 6.733948 13.53224 0.000358 

12244.56 12251.29 3-3 6.727567 13.54508 0.000527 

12245.00 12251.73 4-3 6.723701 13.55287 0.000042 

12245.04 12251.76 2-2 6.723686 13.55290 0.000058 

12245.01 12251.73 3-3 6.720248 13.55983 0.000074 

12244.98 12251.69 5-4 6.709323 13.58191 0.000016 

12245.02 12251.73 3-3 6.705789 13.58907 0.000064 

12244.73 12251.43 4-3 6.699082 13.60267 0.000584 

12244.65 12251.34 1-2 6.693249 13.61453 0.000273 

12245.04 12251.73 2-3 6.691721 13.61764 0.000015 

12245.07 12251.76 3-2 6.690117 13.62090 0.000009 

12245.00 12251.69 4-4 6.687427 13.62638 0.000306 

12245.01 12251.69 3-4 6.683974 13.63342 0.000067 

12245.10 12251.79 1-1 6.681993 13.63746 0.000003 

12244.82 12251.50 3-4 6.677885 13.64585 0.002136 

12244.65 12251.32 1-2 6.677666 13.64630 0.000816 

12244.65 12251.32 1-1 6.673463 13.65489 0.000026 

12245.02 12251.69 4-4 6.670146 13.66168 0.000014 

12245.02 12251.69 3-4 6.669515 13.66298 0.000040 

12245.06 12251.73 4-3 6.669084 13.66386 0.000111 

12244.56 12251.23 3-2 6.667249 13.66762 0.006923 

12245.10 12251.76 3-2 6.660088 13.68231 0.000002 

12245.13 12251.79 1-1 6.658900 13.68476 0.000031 

12245.07 12251.73 3-3 6.658152 13.68629 0.000093 
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12244.73 12251.39 4-4 6.657986 13.68663 0.000172 

12245.10 12251.76 1-2 6.655869 13.69099 0.000046 

12245.12 12251.76 3-2 6.644018 13.71541 0.000252 

12244.86 12251.50 3-4 6.641156 13.72132 0.000184 

12245.06 12251.69 4-4 6.632810 13.73858 0.000129 

12245.13 12251.76 1-2 6.632776 13.73865 0.000036 

12245.15 12251.79 2-1 6.631860 13.74055 0.000004 

12245.13 12251.76 3-2 6.630311 13.74376 0.000049 

12245.10 12251.73 4-3 6.630109 13.74418 0.000310 

12245.16 12251.79 1-1 6.629847 13.74472 0.000008 

12245.10 12251.73 3-3 6.628123 13.74830 0.000001 

12245.13 12251.76 3-2 6.625887 13.75294 0.000002 

12245.14 12251.76 3-2 6.625016 13.75475 0.000299 

12245.16 12251.79 2-1 6.624865 13.75506 0.000059 

12245.07 12251.69 3-4 6.621878 13.76126 0.000045 

12245.12 12251.73 3-3 6.612053 13.78171 0.000006 

 

Table C 6: Calculation of Sn XII 4d3-4d24f1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12229.53 12236.42 2.5-3.5 6.893386 13.21925 0.000002 

12229.64 12236.52 1.5-1.5 6.872908 13.25864 0.000001 

12229.65 12236.52 2.5-1.5 6.872330 13.25976 0.000144 

12229.52 12236.37 3.5-4.5 6.857156 13.28910 0.000002 

12229.38 12236.22 2.5-3.5 6.835726 13.33076 0.000031 

12229.65 12236.47 2.5-2.5 6.826796 13.34820 0.000144 

12229.40 12236.22 3.5-3.5 6.819391 13.36269 0.000012 

12229.61 12236.42 4.5-3.5 6.816819 13.36773 0.001502 

12229.46 12236.28 1.5-1.5 6.815616 13.37009 0.000053 

12229.38 12236.19 2.5-2.5 6.811084 13.37899 0.000489 

12229.40 12236.21 3.5-4.5 6.808115 13.38482 0.000006 

12229.40 12236.19 3.5-2.5 6.794749 13.41115 0.000735 

12229.74 12236.52 2.5-1.5 6.776738 13.44680 0.000113 

12229.65 12236.42 2.5-3.5 6.776393 13.44748 0.000290 
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12229.60 12236.37 5.5-4.5 6.772770 13.45467 0.008908 

12229.61 12236.37 4.5-4.5 6.767768 13.46462 0.000022 

12229.53 12236.28 2.5-1.5 6.747018 13.50603 0.000093 

12229.63 12236.37 5.5-4.5 6.740409 13.51927 0.058735 

12229.46 12236.19 1.5-2.5 6.733121 13.53390 0.000259 

12229.74 12236.47 2.5-2.5 6.731204 13.53776 0.000088 

12229.38 12236.10 2.5-1.5 6.715639 13.56914 0.000748 

12229.76 12236.47 3.5-2.5 6.712212 13.57606 0.000345 

12229.81 12236.52 2.5-1.5 6.702884 13.59496 0.000012 

12229.52 12236.22 3.5-3.5 6.701986 13.59678 0.000086 

12229.52 12236.21 3.5-4.5 6.690710 13.61969 0.000009 

12229.73 12236.42 4.5-3.5 6.689327 13.62251 0.000743 

12229.53 12236.22 2.5-3.5 6.689165 13.62284 0.000025 

12229.74 12236.42 2.5-3.5 6.680801 13.63989 0.000013 

12229.84 12236.52 2.5-1.5 6.677780 13.64606 0.000169 

12229.52 12236.19 3.5-2.5 6.677344 13.64696 0.000345 

12229.53 12236.19 2.5-2.5 6.664523 13.67321 0.000085 

12229.76 12236.42 3.5-3.5 6.661809 13.67878 0.000460 

12229.86 12236.52 1.5-1.5 6.660355 13.68177 0.000045 

12229.81 12236.47 2.5-2.5 6.657350 13.68794 0.003233 

12229.87 12236.52 1.5-1.5 6.646379 13.71054 0.000005 

12229.83 12236.47 3.5-2.5 6.637821 13.72821 0.000060 

12229.46 12236.10 1.5-1.5 6.637676 13.72851 0.002329 

12229.84 12236.47 2.5-2.5 6.632246 13.73975 0.000480 

12229.64 12236.28 1.5-1.5 6.630603 13.74316 0.000001 

12229.65 12236.28 2.5-1.5 6.630025 13.74436 0.000212 

12229.89 12236.52 2.5-1.5 6.629385 13.74568 0.000011 

12229.38 12236.00 2.5-2.5 6.621366 13.76233 0.026480 

12229.86 12236.47 1.5-2.5 6.614821 13.77595 0.000238 
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Table C 7: Calculation of Sn XII 4d3-4d25p1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12229.21 12236.09 5.5-5.5 6.889494 13.22672 0.058378 

12229.34 12236.22 3.5-3.5 6.873589 13.25733 0.008973 

12229.65 12236.52 1.5-1.5 6.870590 13.26311 0.000008 

12229.55 12236.42 3.5-3.5 6.868564 13.26703 0.000957 

12229.65 12236.52 2.5-1.5 6.867963 13.26819 0.002244 

12229.21 12236.07 5.5-4.5 6.865747 13.27247 0.016528 

12229.51 12236.37 5.5-4.5 6.865665 13.27263 0.003575 

12229.56 12236.42 2.5-3.5 6.864338 13.27519 0.000011 

12229.34 12236.21 3.5-4.5 6.862313 13.27911 0.010704 

12229.24 12236.10 2.5-1.5 6.861139 13.28138 0.000048 

12229.14 12236.00 2.5-2.5 6.860717 13.28220 0.009757 

12229.57 12236.42 3.5-3.5 6.853586 13.29602 0.000320 

12229.57 12236.42 4.5-3.5 6.850612 13.30179 0.000004 

12229.43 12236.28 2.5-1.5 6.848516 13.30586 0.000017 

12229.16 12236.00 1.5-2.5 6.847643 13.30756 0.000003 

12229.63 12236.47 3.5-2.5 6.839352 13.32369 0.001630 

12229.38 12236.22 3.5-3.5 6.834203 13.33373 0.000092 

12229.24 12236.07 3.5-4.5 6.834143 13.33385 0.006647 

12229.37 12236.19 1.5-2.5 6.825507 13.35072 0.000004 

12229.65 12236.47 1.5-2.5 6.825056 13.35160 0.000016 

12229.69 12236.52 2.5-1.5 6.824887 13.35193 0.000152 

12229.38 12236.21 3.5-4.5 6.822927 13.35577 0.000185 

12229.65 12236.47 2.5-2.5 6.822429 13.35674 0.001915 

12229.46 12236.28 2.5-1.5 6.820155 13.36119 0.000007 

12229.55 12236.37 3.5-4.5 6.819513 13.36245 0.003215 

12229.66 12236.47 3.5-2.5 6.815752 13.36983 0.003481 

12229.28 12236.09 4.5-5.5 6.813038 13.37515 0.000059 

12229.57 12236.37 3.5-4.5 6.804535 13.39187 0.000037 

12229.57 12236.37 4.5-4.5 6.801561 13.39772 0.000020 

12229.72 12236.52 2.5-1.5 6.801304 13.39823 0.000894 

12229.47 12236.28 1.5-1.5 6.801297 13.39824 0.000003 
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12229.48 12236.28 2.5-1.5 6.791484 13.41760 0.000001 

12229.43 12236.22 2.5-3.5 6.790663 13.41922 0.000351 

12229.28 12236.07 4.5-4.5 6.789291 13.42193 0.003802 

12229.63 12236.42 3.5-3.5 6.788949 13.42261 0.006245 

12229.14 12235.93 2.5-1.5 6.788017 13.42445 0.003072 

12229.43 12236.22 4.5-3.5 6.784212 13.43198 0.016316 

12229.69 12236.47 2.5-2.5 6.779353 13.44161 0.000021 

12229.74 12236.52 2.5-1.5 6.779084 13.44214 0.002099 

12229.70 12236.47 3.5-2.5 6.776985 13.44631 0.008626 

12229.16 12235.93 1.5-1.5 6.774943 13.45036 0.000237 

12229.65 12236.42 4.5-3.5 6.774473 13.45129 0.001489 

12229.43 12236.21 4.5-4.5 6.772936 13.45434 0.002662 

12229.65 12236.42 2.5-3.5 6.772026 13.45615 0.000374 

12229.14 12235.91 2.5-3.5 6.770873 13.45844 0.006515 

12229.75 12236.52 1.5-1.5 6.770853 13.45848 0.000007 

12229.24 12236.00 2.5-2.5 6.766866 13.46641 0.000056 

12229.24 12236.00 3.5-2.5 6.766419 13.46730 0.009722 

12229.43 12236.19 2.5-2.5 6.766021 13.46810 0.000004 

12229.66 12236.42 3.5-3.5 6.765349 13.46943 0.002702 

12229.14 12235.91 2.5-2.5 6.765115 13.46990 0.007706 

12229.46 12236.22 2.5-3.5 6.762302 13.47550 0.008199 

12229.51 12236.28 1.5-1.5 6.762258 13.47559 0.000123 

12229.72 12236.47 2.5-2.5 6.755770 13.48853 0.000001 

12229.16 12235.91 1.5-2.5 6.752041 13.49598 0.000015 

12229.53 12236.28 1.5-1.5 6.744460 13.51115 0.000602 

12229.63 12236.37 3.5-4.5 6.739898 13.52030 0.009498 

12229.46 12236.19 2.5-2.5 6.737660 13.52479 0.000006 

12229.48 12236.22 2.5-3.5 6.733631 13.53288 0.000180 

12229.74 12236.47 2.5-2.5 6.733550 13.53304 0.001282 

12229.37 12236.10 1.5-1.5 6.730062 13.54006 0.000205 

12229.69 12236.42 2.5-3.5 6.728950 13.54229 0.000178 

12229.34 12236.07 3.5-4.5 6.726953 13.54631 0.012976 

12229.70 12236.42 3.5-3.5 6.726582 13.54706 0.000184 

12229.65 12236.37 4.5-4.5 6.725422 13.54940 0.012606 

12229.75 12236.47 1.5-2.5 6.725319 13.54961 0.000014 
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12229.70 12236.42 4.5-3.5 6.718144 13.56408 0.018115 

12229.56 12236.28 2.5-1.5 6.717970 13.56443 0.000010 

12229.66 12236.37 3.5-4.5 6.716298 13.56780 0.003112 

12229.48 12236.19 2.5-2.5 6.708989 13.58259 0.000016 

12229.72 12236.42 2.5-3.5 6.705367 13.58992 0.004396 

12229.51 12236.21 5.5-4.5 6.699219 13.60239 0.000386 

12229.78 12236.47 3.5-2.5 6.696956 13.60699 0.000624 

12229.24 12235.93 2.5-1.5 6.694166 13.61266 0.000263 

12229.38 12236.07 3.5-4.5 6.687567 13.62609 0.000058 

12229.74 12236.42 2.5-3.5 6.683147 13.63511 0.001705 

12229.70 12236.37 3.5-4.5 6.677531 13.64657 0.004265 

12229.24 12235.91 2.5-3.5 6.677022 13.64761 0.000377 

12229.24 12235.91 3.5-3.5 6.676575 13.64853 0.021338 

12229.24 12235.91 2.5-2.5 6.671264 13.65939 0.000661 

12229.24 12235.91 3.5-2.5 6.670817 13.66031 0.010699 

12229.43 12236.10 2.5-1.5 6.670576 13.66080 0.000041 

12229.70 12236.37 4.5-4.5 6.669093 13.66384 0.001371 

12229.55 12236.22 3.5-3.5 6.664343 13.67358 0.021111 

12229.53 12236.19 1.5-2.5 6.661965 13.67846 0.000003 

12229.43 12236.09 4.5-5.5 6.661323 13.67978 0.003991 

12229.86 12236.52 1.5-1.5 6.660873 13.68070 0.000968 

12229.56 12236.22 2.5-3.5 6.660117 13.68225 0.005373 

12229.34 12236.00 3.5-2.5 6.659229 13.68408 0.001049 

12229.55 12236.21 3.5-4.5 6.653067 13.69675 0.055440 

12229.57 12236.22 3.5-3.5 6.649365 13.70438 0.020415 

12229.78 12236.42 3.5-3.5 6.646553 13.71018 0.000115 

12229.57 12236.22 4.5-3.5 6.646391 13.71051 0.000039 

12229.46 12236.10 2.5-1.5 6.642215 13.71913 0.000399 

12229.55 12236.19 3.5-2.5 6.639701 13.72433 0.000015 

12229.57 12236.21 3.5-4.5 6.638089 13.72766 0.033137 

12229.43 12236.07 4.5-4.5 6.637576 13.72872 0.034227 

12229.37 12236.00 1.5-2.5 6.635789 13.73242 0.001830 

12229.56 12236.19 2.5-2.5 6.635475 13.73307 0.000007 

12229.57 12236.21 4.5-4.5 6.635115 13.73381 0.008751 

12229.28 12235.91 4.5-3.5 6.631723 13.74084 0.000058 



 44

12229.65 12236.28 2.5-1.5 6.625658 13.75341 0.000033 

12229.57 12236.19 3.5-2.5 6.624723 13.75536 0.000007 

12229.47 12236.10 1.5-1.5 6.623357 13.75819 0.000004 

12229.38 12236.00 3.5-2.5 6.619843 13.76550 0.000011 

12229.58 12236.19 1.5-2.5 6.616343 13.77278 0.000002 

 

Table C 8: Calculation of Sn XIII 4d2-4d14f1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12212.30 12219.24 5-4 6.945076 13.12087 0.028954 

12212.67 12219.41 3-2 6.740982 13.51812 0.230132 

12212.42 12219.14 1-2 6.728113 13.54398 0.040631 

12212.30 12219.00 5-4 6.704292 13.59210 0.721355 

12212.75 12219.41 2-2 6.658619 13.68533 0.012508 

12212.67 12219.32 3-3 6.655111 13.69255 0.007450 

12212.80 12219.41 3-2 6.605690 13.79499 0.113100 

 

Table C 9: Calculation of Sn XIII 4d2-4d15p1 EUV transitions. 

Lower level, Ry Upper level, Ry ji JJ −  Energy, Ry λ , nm ijf  

12212.10 12219.01 2-2 6.912305 13.18307 0.002445 

12212.13 12219.01 2-2 6.878340 13.24817 0.041117 

12212.27 12219.14 1-2 6.869359 13.26549 0.000677 

12212.27 12219.01 1-2 6.736806 13.52650 0.019506 
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