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Abstract

Atomic populations in non-local thermodynamic equilibrium (non-LTE) plasmas often fol-

low Boltzmann distributions at temperatures different from the electron temperature. We study
the emergence of these so-called effective temperatures in open-N shell tin ions created in laser-
produced plasmas relevant for extreme ultraviolet lithography. Configuration populations are cal-
culated using the Los Alamos suite of atomic structure and population kinetics codes. We iden-
tify the collisional-radiative processes that dominate population transfer for hundreds of config-
urations in Sn''*— Sn'** jons in a range of plasma conditions. Our calculations reveal that the
configuration populations are well-described by Boltzmann distributions at a single effective tem-
perature. We attribute this behavior to the spontaneous emission process and the unique atomic
structures of tin ions. We also show that a simple two-level model can reliably predict these effec-
tive temperatures.

1. Introduction

Accurate modeling of the radiative properties of hot plasmas requires detailed information on the struc-
ture and spectra of (typically) complex ions and knowledge of how these species interact with plasma
electrons, photons, and ions. Consider, for example, the bound-bound contribution to the opacity of a
medium &, at photon frequency v. This quantity, which governs radiation flow in plasma environments
[1, 2], takes the form:

HUZPAZUZ [”i_gig]‘_lnj}~ (1)

i<j

Here, p is the mass density of the plasma, o is the cross section for photoabsorption between
energy levels i and j, g is the degeneracy of level i, n; is its population density (simply ‘population’
in the following), and the sum runs over all levels (in all charge states {) separated by an energy hv.
In the case of open-shell ions, this summation may have to include a huge number of levels (e.g.
millions or more [3]) and billions of transitions [4] to obtain a reliable description of the radiative
properties of the plasma.

Deriving the populations n; involves calculating the rate at which population enters and leaves each
level due to collisional and radiative processes in the plasma [5, 6]. This population flow is described
mathematically by a system of collisional-radiative (CR) rate equations:
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Here, Rfi is the rate at which population is transferred from level j to level i due to a collisional
or radiative process ‘p. Plasmas in which collisional processes dominate radiative ones are said to be
in a state of local thermodynamic equilibrium (LTE). In LTE, the charge state populations are gov-
erned by the Saha equation, and the level populations are determined by the Boltzmann distribution
nj/n; = gjexp(—Ej/kT.)/gi» where Ej; = Ej — E; is the energy difference between levels j and i, kg is
Boltzmann’s constant, and T, is the electron temperature (we omit kg in equations that follow) [7].
Importantly, in LTE, one does not need to solve the CR rate equations to obtain the level populations;
the Saha—Boltzmann (SB) relations suffice. This fact greatly simplifies the building of detailed, level-
resolved LTE opacities for benchmarking purposes [8—13] as well as for stellar interior modeling [14-18].
For plasmas not in LTE, the more general ‘non-LTE’ situation, atomic populations are generally derived
by solving equation (2).

The present study has multiple goals. The first is to evaluate, using equation (2), the populations of
atomic configurations in open-N shell tin ions created in laser-produced plasmas (LPPs). Our primary
interest in these plasmas stems from their use as extreme ultraviolet (EUV) radiation sources in com-
puter chip manufacturing [19-21]. Opacities, emissivities and equation-of-state properties (collectively
known as ‘material’ properties [22]) constitute basic input for radiation-hydrodynamic (rad-hydro) sim-
ulations of EUV light sources [23]. Improving the accuracy and completeness of tin material properties
will undoubtedly increase the predictive capabilities of these simulations [23, 24]. The second goal of our
study is to identify the CR processes that dominate population transfer between atomic configurations
in these plasmas. The third goal of our study is to explain why our calculated non-LTE populations fol-
low Boltzmann distributions at temperatures different from the electron temperature, at so-called effec-
tive temperatures. We show that a simple, two-level model gives very good predictions for these effective
temperatures. Importantly, one can use these effective temperatures to generate (approximate) non-LTE
material properties using LTE calculations.

2. non-LTE calculations

Before explaining the details of our calculations, we first describe the EUV radiation generated in laser-
produced tin plasmas. Under optimal experimental conditions [25], the EUV spectrum consists of an
intense emission feature centered near a wavelength of 13.5 nm [21, 26, 27]. In a recent paper [4], we
conjectured that transitions from multiply-excited states of the form 4p™4d"4f1 — (4p™ 14d"T14f1 +
4pm4ad = 4f1+1) in Sn!'t — Sn'** jons are largely responsible for this radiation. Taking Sn'** as an
example, we have m + n+ g =8 and the transition array 4p®4daf — (4p°4d*4f + 4p°4f*) originates from
two such doubly excited configurations [28]. While recent theoretical works support our hypothesis
[29-32], its confirmation will ultimately rely on charge-state resolved measurements of transitions from
multiply-excited states [33]. This remains an open challenge in tin-ion spectroscopy.

From an atomic structure perspective, the combination of open 4p,4d and 4f subshells generates a
huge number of energy levels, so large that one cannot solve equation (2) to obtain level populations
even with modern CR codes [3]. That said, level-resolved calculations are essential for deriving accu-
rate spectra given the presence of strong configuration-interaction effects in these systems [34-37]. It is
these competing aspects of tractability and accuracy that makes challenging the accurate calculation of
tin opacities.

Our approach to this problem, presented in [2] and submitted to the EUV Light Sources Code
Comparison Workshop [38], is to exploit the concept of effective temperatures in non-LTE plasmas [7,
39—44]. In plasmas with Maxwellian-distributed free electrons, it is very often the case that populations
derived from equation (2) follow Boltzmann distributions at temperatures different from the electron
temperature T.. These temperatures are generally known as effective temperatures. Their emergence can
be traced to the spontaneous emission process, whose non-negligible role in non-LTE plasmas essentially
modifies the Boltzmann distribution from one at T, (LTE conditions) to one at Te (non-LTE condi-
tions) [44]. In 1993, Busquet [45] described a method for approximating level-resolved, non-LTE opacity
spectra using effective temperatures. The method involves identifying a so-called ‘ionization tempera-
ture’ Te for which an LTE calculation reproduces the average charge state (Z) of a non-LTE calculation
performed at T.. Assuming that the non-LTE populations are well-described by a Boltzmann distribu-
tion at Tef, one then approximates a non-LTE opacity at T, using an LTE opacity calculation at Tg. We
adopted this approach in [2] to derive opacity spectra for Sn'>* and Sn!** ions in two sets of plasma
conditions: p =2 x 107* g cm™> with (i) T. = 36 eV and (ii) T. = 33 eV and a Planckian radiation field
with radiation temperature T; = 21 eV. The present work extends our investigation of effective tempera-
tures to (i) more ions and (ii) a wider range of plasma conditions.
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Figure 1. Reduced configuration populations In(n¢/gc) as a function of Ec/x for Sn!**. Our calculations give x = 383.8 eV.
The plasma conditions are T = 45 eV and p = 2 x 10* g cm™> where x = (i) —2 (light purple), (ii) —3 (green) and (iii) —4
(dark purple). The case numbers, i.e., (i), (ii) and (iii) are indicated in the plot. Yellow solid lines show first-order polynomial
fits to the reduced configuration populations. To improve the readability of the plot (specifically; to avoid dataset crossings), the
reduced configuration populations in cases (i) and (ii) have been multiplied by factors of 125 and 25, respectively. Care must
therefore be taken in interpreting the populations shown in this plot.

The calculations presented in the current work follow those described in [2]. We calculate non-LTE
populations using the Los Alamos CATS [46, 47] and ATOMIC [48, 49] codes in configuration-average
(CA) mode. In the CA mode, levels are grouped into configurations, configuration-to-configuration
rates R, .= > jecr 2oiec gjgg,lRﬁ are derived (g =3¢ g is the total statistical weight of config-
uration C’), and a CR rate equation is solved for each configuration [7]. Our atomic model includes
(i) all single-electron excitations from principal quantum number n =4 to n = 10, (ii) double excita-
tions from n =4 to n =5, and (iii) a limited number of trebly excited configurations (see table 1 in
[2] for a list of configurations). The atomic model for Sn'4t, for example, includes 714 configurations
with Y -gc =4.798 x 10°. The following atomic processes are included in the calculations: spontaneous
emission (se), electron-impact excitation (ce), electron-impact de-excitation (de), electron-impact ioniza-
tion (ci), three-body recombination (tbr), radiative recombination (rr), autoionization (ai) and dielec-
tronic capture (dc). Cross-sections for ce are calculated using the plane-wave Born approximation imple-
mented in the CATS code, and ci cross-sections are calculated using the GIPPER code [50]. We do not
consider the photon-driven processes of photoabsorption, photoionization, stimulated emission or stim-
ulated recombination. As such, there are no inverse processes associated with the spontaneous emission
or radiative recombination processes; they are unbalanced processes. As will soon be made clear, it is this
unbalanced aspect from which effective temperatures emerge. Inspired by the case studies at the EUV
Light Sources Code Comparison Workshop [38], we choose mass densities in the range p =2 x 10* g
cm~? with x = —2, -3 and —4 and electron temperatures T. = 30 and 45 eV. The calculations presented
in this work do not include the effects of continuum lowering on the atomic structure. This decision
was based on an additional CR calculation we performed that included continuum lowering (imple-
mented via the Stewart—Pyatt formalism [51]) for the highest density case, where we found that the
average charge state changed by as little as 0.5.

3. Results

3.1. Reduced configuration populations

In figure 1 we present plots of the logarithm of the ‘reduced configuration populations’, In(nc/gc), as
a function of the ionization potential (x )-normalized configuration-average energy Ec/x for Sn'*.
Our calculations give x = 383.8 eV. The plasma conditions are T, = 45 eV and p =2 x 10 g cm > for
x= (i) —2 (light purple), (ii) —3 (green), and (iii) —4 (dark purple). The case numbers, i.e., (i), (ii)
and (iii), are indicated in the plot. We define T as the product of x with the negative-inverse of the
slope of the line of best-fit through the reduced configuration populations. The solid yellow lines rep-
resent first-order polynomial fits to the reduced configuration populations. Denoting the free-electron
density by n. and the fractional population of Sn'** ions by P{:", the plasma conditions give [r,

rac

(em™3),(2), Pt &~ (i) [1.3 x 10%,12.8,0.19], (ii) [1.5 x 10%°,14.9,0.25] and (iii) [1.4 x 10"%,14.2,0.43].
To improve the readability of the plot (specifically; to avoid dataset crossings), the populations in cases

(i) and (ii) have been multiplied by factors of 125 and 25, respectively.
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Figure 2. Fractional contribution of collisional ionization to population outflux, f‘fci, for Sn'4*. The plasma conditions, cases and
color scheme are the same as that shown in figure 1.

The key take-away from figure 1 is the near-linear dependence of In(nc/gc) on Ec/x in all three
cases. Linearity is especially strong in case (i), where we find that T = 44.6 eV = T,; the plasma is thus
close to LTE conditions. While the deviation between the configuration populations and the line of best-
fit through them increases with decreasing density (the plasma becomes ‘more non-LTFE’), the accuracy
of the fits remain very good. We find that T~ 42 and 32 eV in cases (ii) and (iii), respectively. Even
in the strongly non-LTE conditions associated with case (iii), a single effective temperature works well
in describing the population distribution across the entire ion. This single-temperature description how-
ever starts to break down for free-electron densities below 1, = 10'* cm™>. CR calculations we have per-
formed at free-electron densities of 7, = 10! and 10'® cm™> reveal groups of configurations following
their own temperature law. It is very likely that these represent the so-called ‘superconfiguration temper-
atures’ studied in [7, 44]. Work is in progress to better understand the emergence of these temperatures
at low n, values. One goal of the present paper is to understand why a single effective temperature works
so well in describing the configuration population distributions in the present cases. We also investigate
the following questions:

1. What CR processes dominate population transfer between configurations?
2. What radiative channels are responsible for the emergence of effective temperatures?

3. Why does a single effective temperature work so well in describing the reduced configuration popula-
tion distributions?

4. Can we predict Tes a priori, that is without solving equation (2) and performing fits to the reduced
configuration populations?

3.2. CR processes

Our answer to the first question above starts with an analysis of the CR processes that act to depopu-
late each configuration. In the following, we let I'Y. = nc Y, RY,, denote the population outflux from
configuration C arising from one of the six processes {se, ce, de, ci, i, dc}. Furthermore, let T'Y. denote the
fractional contribution of process p to population outflux:

P
7 e . (3)
PE+TE+TE+TE4+TE+TE

From its definition, f‘% is independent of n¢ and is normalized according to Zp f‘% = 1. Let us
now look at some examples. In figure 2 we plot the fractional contribution of collisional ionization to
population outflux, ffci, for each configuration in Sn'** for cases (i), (ii) and (iii) (we adopt the same
color scheme as in figure 1. Case numbers are again indicated in the plot). Be it either from bound
(Ec/x < 1) or autoionizing configurations (Ec/x > 1), collisional ionization plays a negligible role.
Essentially, the large ionization potential of Sn!** (383.8 V) means that collisional ionization from
low-lying configurations can only be mediated by electrons with kinetic energies much greater than
T.. However, these electrons have a relatively low population in these plasmas. Collisional ionization
from autoionizing configurations is simply dwarfed by autoionization and collisional excitation and de-
excitation processes (see below).
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Figure 3. Same as figure 2 but for F‘g and F‘é‘. The labels represent the following configurations: (a) 4p°4d, (b) 4s4p®4d, (c)
4p*ad?, (d) 4p°4f, (e) 4p°5s, (f) 4s4p>4d?, (g) 4s4p®4f, (h) 4p>4d° and (i) 4p*4d4f. Diamonds represent the fractional contri-
bution of dielectronic capture to population outflux, and circles represent the fractional contribution of autoionization to popu-
lation outflux.

0.8+

0.21
0

Figure 4. Same as figure 2 but for D&+,

The autoionization process is only relevant for configurations with Ec/x > 1. We present in figure 3
the fractional contribution of autoionization to population outflux, f”C’ This is the dominant ioniza-
tion channel for most configurations in case (iii). The situation is more complicated for cases (i) and
(ii), as here collisional excitation and de-excitation processes become increasingly relevant with increas-
ing density (this can be confirmed by examining the quantity f‘CCeere = f“ce + f‘dce presented in figure 4).
Only two configurations in case (i), for instance, have T'% > 0.5. While configurations with Ec/x < 1
cannot autoionize, they can lose population via the dielectronic capture (dc) mechanism (the inverse
process of autoionization). Levels associated with the doubly excited 4p°4d4f configuration in Sn'** can,
for instance, be populated via dc from the 4p°'S, level of Sn!**. The diamonds in figure 3 represent the
fractional contribution of dc to population outflux, f‘é‘. This is the dominant outflux channel for the
ground-state configuration as well as a number of excited configurations labeled in the figure: (a) 4p°4d,
(b) 4s4p®4d, (c) 4p*4d?, (d) 4p>4f, (e) 4p°5s, (f) 4s4p>4d?, (g) 4s4p®4f, (h) 4p>°4d° and (i) 4p*4d4f. In
terms of the ground and 4p°4d configurations, I'% exhibits a very weak dependence on density in all
three cases. While this is also true for configurations (b) - (i) in cases (i) and (ii), a noticeable reduction
in f“é‘ occurs for case (iii). At these low densities, the CA spontaneous emission rate becomes compara-
ble to rates associated with collisional processes; see figure 5 below. From figure 3 we also learn that dc
is not the dominant outflux mechanism for most configurations with 0.5 < E¢/x < 1.

We are now left with three processes to examine: spontaneous emission, collisional excitation, and
collisional de-excitation. The latter two processes are, of course, inverses of each other, and our omitting
an external radiation field in the calculations makes the se process an unbalanced one. It is precisely this
unbalanced aspect from which effective temperatures emerge, for if we were to pump the plasma with
a Planckian radiation field at T, = T, then it would be in a state of full thermodynamic equilibrium.

In figure 5 we present the fractional contribution of spontaneous emission to population outflux, fsce
Notice the exceedingly large spread of TS values in each case: some close-lying configurations differ in
['%¢ value by more than an order-of-magnitude.
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Figure 5. Same as figure 2 but for I'g.
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Figure 6. Quenching parameter Qc = ['¢/T'“ as a function of Ec/x for Sn'** in case (iii). The yellow-filled circles have their
configuration labeled beside them.

The contribution of spontaneous emission to population outflux in cases (i) and (ii) is relatively
small: the maximum values of f‘sce lie below 0.01 and 0.1, respectively. It must therefore be that colli-
sional excitation and de-excitation processes dominate population outflux for most configurations with
0.5 < E/x <1 in these cases. This can be confirmed by again examining figure 4. Another important
aspect of figure 5 is the near-uniform, order-of-magnitude increase in f‘sc“ comparing cases (i) and (ii).
This trend continues to case (iii) with the important caveat that the spontaneous emission rates are now
comparable to (if not greater than) the rates for collisional excitation and de-excitation.

The above paragraphs provide a detailed answer to the question of what CR processes dominate pop-
ulation transfer between configurations. Similar conclusions can be drawn for Sn''*— Sn!** jons (see
figures 7-15 in the appendix).

3.3. Radiative channels

Our answer to the question of what radiative channels are responsible for the emergence of effective
temperatures starts with the definition of a new quantity Q¢ = I'¢/ f’cce”le. We call this quantity the
‘quenching parameter’; it simply tells us how important the spontaneous emission process is compared
to collisional excitation and de-excitation processes. We present this quantity in figure 6 for case (iii),
where we have labeled nine low-lying configurations with large Q¢ values (yellow circles). In the follow-
ing paragraph, we examine the various channels through which the levels associated with these configu-
rations can decay.

Not much needs to be said about the lowest-lying excited configuration 4p°4d. Its 'P; level [52]
undergoes a strong electric-dipole (E1) transition to the 4p°'S, level. Levels associated with the next
highest-lying configuration in the figure, 4s4p®4d, can decay to levels of the aforementioned 4p>4d con-
figuration through 4s — 4p transitions. Moving to higher excitation energies we encounter the two close-
lying configurations 4p*4d* and 4p>4f. Again, certain levels admit strong E1 transitions to levels of the
aforementioned 4p°4d configuration. Given their close proximity in energy, strong mixing between their
levels will occur in a CI calculation, and transitions from these configurations are best described as a

6
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mixed 4p°4d — (4p*4d® + 4p>4f) array. Configurations formed by imposing a vacancy in the 4s sub-
shell of these excited configurations, 4s4p>4d* and 4s4p®4f, also admit large Qc values. These levels can
decay to levels of the 4s4p®4d configuration. Moving to even higher excitation energies we encounter
the trebly excited 4p>°4d® and doubly excited 4p*4d4f configurations. Again, we expect their levels to
undergo strong mixing in a CI calculation, and that the dominant decay pathway is to levels of the
4p*4d® configuration.

The radiative channels described above are ultimately responsible for the emergence of effective tem-
peratures in these plasmas. They all involve An = 0 transitions of the form 4s — 4p, 4p — 4d or 4d — 4f.
Importantly, the excited configurations 4p™~'4d" 147 and 4p™4d"~'4f7"! have very similar CA ener-
gies. What is more, the energy difference between upper and lower configurations is near-independent of
excitation order. For example,

Eypssa — Eaps = Egprae — Egpsga = Eqprap — Eqprae = 75 €V.

This observation will play an important role in the following section where we explain why a single
effective temperature works so well in describing the configuration population distributions. However,
before proceeding there we answer one final question: are the radiative channels shown in figure 6 also
relevant for other charge states? The answer, at least for Sn''*— Sn'** ions, is yes (see figures 7-9 and
figures 12—17 in the appendix). We now have a complete answer to the question of what radiative chan-
nels are responsible for the emergence of effective temperatures.

3.4. Effective temperatures
We now return to the topic of effective temperatures. We wish to answer two questions: (i) why does a
single effective temperature work so well in describing the reduced configuration population distribu-
tions shown in figure 1?2, and (ii) is it possible to predict Teg analytically, that is, without resorting to fits
of the reduced configuration populations derived from the solution of equation (2)?

The works of Bowen [53], Busquet [42], and Hansen et al [43] investigated ways to make ana-
lytic predictions for Teg. The method adopted in those studies is to reduce the multi-level (or multi-
configuration) kinetics description to a two-level one, either between the ground levels of adjacent
charge states [53] or to levels in the same ion [42, 43].

Here we describe the second approach, where population flow between the two levels (labeled 1’ and
2’ in the following) is driven by collisional excitation, collisional de-excitation, and spontaneous emis-
sion. Using van Regemorter’s formula for the collisional de-excitation cross section [54], the collisional
de-excitation rate takes the form Rg‘f =1.6x 10*5nef21gE2‘11T§1/2 [53] (Ey; is in eV), where E,; is the
energy separation between the levels, f,; is the oscillator strength for the transition and g is the effective
Gaunt factor for the transition. Using the principle of detailed balance [7] to write R, in terms of R
, and taking RS, = 4.3 x 107, E3, [53], we derive the following formula for the ratio of the populations

of the upper and lower levels:
—1
—E BT
flzgzexp( 21) 1+C 21_e ' (4)
noog T neg

The second term inside the square bracket is the ratio of the spontaneous emission rate to the col-
lisional de-excitation rate R, /R, from which the constant C = 2.69 x 10'? eV~7/2 cm™> emerges.
Equation (4) naturally recovers the Boltzmann distribution in the high density, low-temperature limit,
i.e,, in LTE conditions. Supposing that the ratio of the reduced populations is governed by an effective
temperature T2, that is (1,8, ')/ (mg; ') = exp(—Ex /T%) = exp(—Ex /Te)(1 +CE§1TQ/2/(neg))—1, one
can write the effective temperature in the following form:

1 1 1
= +—1In

1+
Te*ff Te Ey

(5)

neg

CE, TV 2]

This equation tells us that T is always less than T, and that the spontaneous emission processes
is responsible for the emergence of effective temperatures in the two-level model. This is also true for
multi-level/configuration/superconfiguration population kinetics models [44].

We now check if equation (5) provides accurate predictions for T in the cases studied in the
present work. To do this, we must treat configurations as single energy levels. We first consider pop-
ulation flow between the 4p® and 4p°4d configurations in Sn'**. In case (iii), these two configura-
tions accumulate approximately 95% of the total ion population. Taking E;; = Eypssq,4ps = 75 €V, and

7
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§=0.6+0.28In[1 + (0.562 + 1.4F) /(F + 1.4F ?)] = 0.72, (F = Ey /T.) [43, 55, 56] (this form for g

is appropriate for An = 0 transitions), we find T = 31.4 eV. This is quite close to a value of 32.5 eV
obtained from the slope of the line drawn between the reduced configuration populations for these two
configurations (recall that T = 32.1 is obtained for the entire ion). Choosing g = 0.8, slightly larger
than that given by the formula above, brings T and T, into excellent agreement with each other.
Possible reasons why the two-level model works so well for Sn'** are that (i) the lower configuration
only has one level (1S;) and (ii) almost all of the oscillator strength is concentrated in the 'S, —! P,
transition [52]. Thus, our ‘approximating’ the upper configuration as a single level is perhaps not too
erroneous.

We are now in a position to explain why a single effective temperature works so well in describing
the reduced configuration population distributions. The reason lies in the fact that the relevant radia-
tive channels involve An = 0 transitions where the energy separation between adjacent excitation orders
is nearly constant. To demonstrate this, consider again the two-level model with the lower ‘level’ being
4p°4d (previously the upper level) and the upper level being either 4p*4d? or 4p°4f. Taking g = 0.8 and
Ey = Egpragp apsaa = 75 €V gives T ~ Tegr (taking Eyy = Eypsafapsaq ~ 83 eV gives TG ~ 31 eV). Extending
the two-level model to the even higher-lying 4p°4d° and 4p*4d4f configurations will give TJ ~ Tesr.
Thus, it is regularities in the atomic structure that promote the emergence of a single effective temper-
ature governing the reduced configuration population distributions. We will study the situation for even
lower free-electron densities in a future work.

We will now go a step further and investigate the situation for charge states other than Sn'**. In
figures 7-9 we present the quantities T'% T'% T and Q¢ for Sn''*, whose ground state configuration
takes the form 4p®4d°. Importantly, many of the conclusions we have already drawn for Sn'** are appli-
cable to Sn''T. This is also true for the Sn'** and Sn'** ions (see figures 12—17 in the appendix). These
ions are more complex than Sn!** due to their open-4d subshell ground-state configurations. The ions
Sn'>* and Sn'éT are also more complex than Sn'4* given their open 4p-subshell ground-state configu-
rations. Thus, the ions adjacent to Sn'** are an excellent testing ground for the applicability of the two-
level model.
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Figure 10. Circles represent effective temperatures derived from fits to the reduced configuration populations for charge states
S+ — Sn'®+ . The plasma conditions correspond to Te = 45 eV and p = 2 x 10* g cm > with x = (i) —2 (light purple cir-
cles), (ii) —3 (green circles), and (iv) —4 (dark purple circles). The solid lines correspond to the predictions of equation (5) with
Eat = By =1 gpoqg for Sn'' — Sn** fons and Exi = Eyju—1yg 4 for Sn'*T— Sn'* ions.

We have derived effective temperatures for Sn''*— Sn'®* ions for cases (i), (ii) and (iii). As in the
Sn'** case, we find that a single effective temperature very well describes the reduced configuration pop-
ulation distributions. Effective temperatures derived from fits to the reduced configuration populations
are shown as circles in figure 10. Solid lines are the predictions of equation (5), where we have taken
Ey1 = Eypsagi—1 appaan for S0 — SnP* jons and Ey; = Eypn—14g 4pn for Sn'**— Sn'®* jons. These energies
were also used to derive charge state-specific g values. It is clear from figure 10 that the two-level model
gives very accurate predictions for Teg for all charge states in cases (i) and (ii). The agreement worsens
for case (iii), which is likely due to the growing non-LTE nature of the plasma with decreasing n.. This
disagreement can be remedied by using a constant value of g = 0.8 for the Gaunt factor for all ions.

To test the applicability of the two-level model closer to LTE conditions, we performed a second
set of calculations where we lowered the electron temperature to T. = 30 eV. The results, presented in
figure 11, clearly show that the two-level model gives excellent predictions for Teg for all charge states in
all three cases. Using a constant value of g = 0.8 overestimates the effective temperature by approximately
1 eV for all ions in case (iii).

To conclude the above discussion, we have found that (i) the effective temperatures are near-
independent of charge state, and (ii) they can be predicted with very good accuracy using equation (5).
One can use this information to approximate non-LTE material properties using LTE computations. This
approach would overcome many of the limitations associated with using inline, highly simplified non-
LTE models in rad-hydro simulations [22].

4, Future work

All of the calculations presented in this work were performed for optically thin plasmas; that is, we do
not consider the photon-driven processes of photoabsorption, photoionization, stimulated emission
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Figure 11. Same as figure 10 but for T. = 30 eV and for Sn'°* — Sn'>* ions.

or stimulated recombination in our model. Accounting for photoabsorption and photoionization pro-
cesses in a CR model requires knowing (i) the radiation field driving these processes and (ii) their cross
sections. Photoabsorption cross sections are proportional to the absorption oscillator strength of the
transition, which, for Sn ions, are strongest in the aforementioned narrow wavelength interval around
13.5 nm (~92 eV). Photoabsorption rates, which are found by integrating the photoabsorption cross
section over the photon energy-normalized, angular-averaged radiation field, are very likely dominated
by photons in this narrow wavelength interval.

Our previous work [2] found that pumping a T, = 33 eV plasma with a T, = 21 eV Planckian radia-
tion field did not spoil the emergence of an effective temperature (we found Teg = 27 eV). Even for this
Planckian radiation field, it is very likely that only photons in the narrow wavelength interval around
13.5 nm make a significant contribution to photoabsorption rates. Because the radiation field inside an
EUV source is dominated by intense emission in this wavelength interval, we believe that effective tem-
peratures will also emerge in plasmas driven by ‘realistic’ radiation fields. Work is in progress to con-
firm this hypothesis. Other means of studying photon-driven processes could include (i) introducing a
radiation field into the two-level model (which would introduce the processes of photoabsorption and
stimulated emission) or (ii) reducing the spontaneous emission rate, an approach sometimes taken in
zero-dimensional kinetics codes to emulate the effects of optical depth through so-called ‘escape factors’
[57, 58].

Another very promising approach for generating radiation-field-dependent non-LTE material prop-
erties is the linear response method (LRM) [22]. Its primary application to-date has been to generate
material property data for simulations of high-temperature, strongly non-LTE gold hohlraum plasmas
[22, 59].The basic idea of the LRM is as follows. First, one generates material properties using a lim-
ited set of ‘reference’ radiation fields relevant for the application, e.g., for the inertial confinement fusion
hohlraum simulations presented in [22], Planckian radiation fields (as well as ones modified to contain
additional radiation in the 2 — 3 keV photon range) were employed. In the following, we call the mate-
rial properties generated with these reference radiation fields ‘reference material properties’. In the sec-
ond step of the LRM, one perturbs the radiation field at each photon frequency, recalculates the material
properties using this radiation field, and constructs derivatives of the material properties with respect
to the radiation field at each photon frequency. With all of this information, one can construct mate-
rial properties for an arbitrary radiation field by Taylor expanding the reference material properties (the
aforementioned derivatives appear in this Taylor expansion). The tabulated nature of the LRM allows for
using detailed, non-LTE material properties in rad-hydro simulations that cannot be provided by inline
atomic models. Howard A. Scott was the first to apply the LRM to tin LPP conditions [60]. We intend
to continue this line of research in the future.

Finally, one can ask whether the notion of effective temperatures extends to even shorter-wavelength
light source plasmas, such as gadolinium or bismuth plasmas of interest to beyond-EUV lithography
near 6.7 nm [61] and biological imaging in the water window region (2.3—4.4 nm) [62], respectively.
The charge states responsible for emission at these wavelengths are higher than the 13.5 nm-emitting
tin ions; ions in the neighborhood of Pd-like Gd'®* and Bi*’* are relevant [63, 64]. Synthesizing these
ions in plasmas with free-electron densities similar to the tin case necessitates even higher electron tem-
peratures. If effective temperatures do exist in these systems, we expect them to be substantially smaller
than T.. Let us estimate the effective temperature for a gadolinium plasma using equation (5). Taking
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T. =110 eV [65], E;; = 183 eV (the energy separation between the 4d'°'S; and 4d°4f' P, levels in
Gd'"¥* (66, 67]), ne = 10" cm~> and g = 0.8, we have T =~ 38 eV, nearly a factor of three smaller than
T.. Proof of the existence (or absence) of effective temperatures will, however, ultimately rely on solving
the system of CR rate equations.

5. Conclusions

We have presented a comprehensive study of configuration population distributions and CR processes
in tin plasmas relevant for EUV lithography. Calculations were performed with the Los Alamos CATS
and ATOMIC codes. It was found that the configuration populations follow Boltzmann distributions at
temperatures different to the electron temperature. We attribute the emergence of these effective temper-
atures to the unbalanced spontaneous emission process, whose importance grows with decreasing free-
electron density. It was found that a simple, two-level model gives accurate predictions for the effective
temperatures. We attribute this to two facts: (i) the dominant radiative channels are all An =0 tran-
sitions and (ii) the transition energy is near-independent of excitation order. Avenues for future work
were also presented.
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Appendix

The first part of this appendix contains plots of T'%, T'%, and T'%¢ for Sn'>* (figures 12 and 13) and
Sn'** (figures 14 and 15). The fractional population of charge state g+ in all three cases, Pt s

frac’

(PLI P2t PET) — (1) (0.09,0.26,0.36), (ii) (1073,0.01,0.08) and (iii) (1072,0.02,0.17) The following

frac 7~ frac 7~ frac
observations are common to all plots:

e Dielectronic capture is the dominant outflux mechanism for the ground-state configuration as well as
a few excited configurations. Its dependence on density is generally rather weak.

e The fractional contribution of autoionization to population outflux, f‘g, is largest for case (iii).

o The fractional contribution of spontaneous emission to population outflux, fsce, increases with
decreasing free-electron density.

We also present the quenching parameter Qc for Sn'** (figure 16) and Sn'** (figure 17) ions in case
(iii). As was the case for Sn'*T, the radiative channels associated with 4p — 4d and 4d — 4f transitions
admit large Q¢ values. An additional observation can be made: with increasing ionization, the Q¢ val-
ues associated with the 4p°4d"™! and 4p*4d"*2 configurations decrease, while those associated with
4p%4d"~'4f and 4p°4d"4f configurations increase.
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Figure 12. Same as figure 3 but for Sn'>*. Our calculations give x = 256.6 eV.
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Figure 13. Same as figure 5 but for Sn'2+.
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