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ABSTRACT
We study the role of thermal conduction in laser-produced tin plasma sources of extreme ultraviolet (EUV) light using
radiation-hydrodynamic simulations. Adopting the flux-limited Spitzer–Härm approach, we investigate the sensitivity of the
electron temperature, electron density, net in-band emissivity, and conversion efficiency to the choice of flux limiter for plasmas
driven by two laser wavelengths: 𝜆laser = 10.6 and 2 μm. For plasmas driven by 𝜆laser = 10.6 μm laser light, the plasma properties are
highly sensitive to flux limiters in the range 0.01 ≤ 𝑓 ≤ 0.2, which originates from the choice of heat flux (either Spitzer–Härm or
free-streaming) adopted in the simulations. The conversion efficiency is found to increase sharply from 2% to 5% with increasing 𝑓
in this range owing to the increased population of EUV-emitting charge states in the plasma. By quantifying the Knudsen number,
we find that SH theory is not valid in the underdense corona in these plasmas. Plasmas driven by 2 μm-wavelength lasers are, on
the contrary, largely insensitive to the choice of 𝑓 given the higher electron densities and dominance of the free-streaming heat
flux. We find that Spitzer–Härm theory is valid in these plasmas.

1 | Introduction

An accurate description of energy-transport processes in
laser-produced plasmas (LPPs) is essential for predicting and
understanding the outcomes of experiments [1–6]. Thermal
conduction is one such process, whose theory was put on a
firm foundation in the work of Spitzer and Härm [7] more than
70 years ago. Core to Spitzer–Härm (SH) theory is the treatment
of distant encounters in the plasma using a diffusion term in
the Boltzmann equation [8], which leads to the well-known
expression for the heat flux QSH = −𝜅SH∇𝑇𝑒 where 𝜅SH is the SH
thermal conduction coefficient and 𝑇𝑒 is the electron temperature
[9]. The theory is built on the assumption that the length scale
of electron temperature variations 𝐿𝑇 = 𝑇𝑒∕|∇𝑇𝑒| is much larger
than the electron mean-free-path 𝜆𝑒 = 𝑇 2

𝑒
∕
(
4𝜋𝑛𝑒𝑧ion𝑒

4 lnΛ
)
,
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where 𝑒 is the elementary charge, 𝑛𝑒 is the free-electron density,
𝑧ion is the average charge state of the plasma and lnΛ is the
Coulomb logarithm [10]. The Knudsen number 𝐾𝑛 ≡ 𝜆𝑒∕𝐿𝑇

is thus a measure of the validity of the theory; values as low
as 𝐾𝑛 ≲ 0.01 are required given the long mean free paths of
high-velocity electrons that govern heat transport [1, 11].

In situations where the Knudsen number is larger or closer
to 0.01, for example, in steep temperature gradients encoun-
tered in direct- [12] and indirect-driven [13] fusion plasmas, heat
transport is no longer a local, diffusive process. High-velocity
electrons, with their long mean free paths, easily stream down
the temperature gradient and deposit their energy in a region
often far removed from where ∇𝑇𝑒 is large; this is known as
non-local heat transport. It has been consistently shown [14, 15]
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that SH theory underestimates the heat flux in this “down-
stream” region and overestimates the heat flux where ∇𝑇𝑒 is
large. A proper description of non-local heat transport requires
a kinetic approach where the electron distribution function
is obtained by numerically solving the Vlasov-Fokker-Planck
(VFP) equation [11, 14, 16]. Solving this equation in two or
three-dimensions is, however, very computationally expensive,
especially if one wants to incorporate laser absorption or atomic
kinetic processes in the model [17]. To circumvent these chal-
lenges, reduced non-local transport models were developed for
use in hydrocodes, such as the convolution kernel approaches
of Luciani-Mora-Virmont (LMV) [15], Schurtz-Nicolai-Busquet
(SNB) [18], and Manheimer-Colombant-Goncharov (MCG) [19].
Recent years have witnessed significant activity in benchmark-
ing these models against VFP simulations [13, 20–24]. That said,
their implementation in large-scale radiation-hydrodynamic
(RH) codes still leads to unfavorably long computation times [24].

As a result, RH codes very often implement SH theory together
with a correction procedure. One approach is to use a dynamic
heat flux 𝑄 that takes the smaller of two values: the SH heat flux|QSH| ≡ 𝑄SH or the flux-limited free-streaming flux [12, 25–27],

fQFS = fn𝑒𝑇𝑒

√
𝑇𝑒∕𝑚𝑒. (1)

This condition is typically written 𝑄 = min
(
𝑄SH, fQFS

)
. The free

streaming flux 𝑄FS represents an upper bound to the heat flux,
derived in the assumption that the energy density (∝ 𝑛𝑒𝑇𝑒) flows
at the thermal velocity 𝑣th =

√
𝑇𝑒∕𝑚𝑒. It is typically much larger

than the heat flux obtained from kinetic simulations, a difference
that is reconciled in hydrocodes by multiplying 𝑄FS by a factor 𝑓
known as the flux limiter. Appropriate values for 𝑓 are typically
inferred from comparisons with kinetic simulations or exper-
imental measurements [12, 25]. The high-flux model adopted
in inertial confinement fusion simulations uses 𝑓 = 0.15, for
instance [23, 24, 28] (time dependent flux limiters have also been
considered [29–31]).

The goal of the present work is to elucidate the role of ther-
mal conduction in an industrial application of laser-driven plas-
mas: extreme ultraviolet (EUV) light sources for semiconduc-
tor device manufacturing [32–34]. These plasmas are generated
by firing CO2 lasers (laser wavelength 𝜆laser = 10.6 μm) onto tin
targets. While the plasma radiates across all wavelengths, the
most intense emission is concentrated in a narrow wavelength
band centered at 13.5 nm [34, 35], which coincides with the
reflective wavelengths (the 13.5 ± 0.135 nm “in-band” region)
of molybdenum/silicon multilayer mirrors [36]. Atomic transi-
tions from multiply excited states in Sn11+ –Sn14+ ions are the
source of this EUV radiation [37–40]. These ions are bred at
electron densities near the critical electron density [27] for CO2
laser light 𝑛𝑐 ≈ 1021𝜆−2

laser cm−3 ≈ 1019 cm−3 and at temperatures
𝑇𝑒 ≈ 30–50 eV [41, 42]. While CO2 lasers form the backbone of
industrial EUV sources, there is growing interest in the use of
solid-state Tm:YLF laser systems [43] (𝜆laser = 2 μm) to drive the
plasma. Not only do these laser systems exhibit high electrical
efficiencies and favorable pulse-shaping capabilities, the tin plas-
mas they generate can produce high EUV energies and conver-
sion efficiencies (CEs—the ratio of in-band energy radiated in the
laser-illuminated half-sphere to the laser energy) [44–50]. Given
the inverse square dependence of 𝑛𝑐 on 𝜆laser, 2 μm wavelength

laser light can propagate to much higher electron densities than
10.6 μm laser light. As a result, the EUV-emitting charge states
are bred at densities approximately an order of magnitude higher
in the 2 μm case than the 10.6 μm one.

Unlike the field of laser fusion, however, very little attention has
been paid to the role of thermal conduction in EUV source plas-
mas. Studies invoking RH codes have either assumed a fixed value
for the flux limiter 𝑓 = 0.1 (such as in works using the codes
Star-1D [51], Star-2D [52], RALEF-2D [53, 54], and RHDLPP
[55]) or have implemented solely SH theory [56, 57]. The goal of
the present work is to build a clearer picture of thermal conduc-
tion in EUV source plasmas. We provide answers to the following
questions:

1. Is SH theory a valid assumption in 𝜆laser = 10.6 and
2 μm-driven EUV source plasmas?

2. How do plasma properties (e.g., electron temperature and
electron density) depend on the choice of flux limiter?

3. Is the conversion efficiency (CE) sensitive to the choice of
flux limiter?

The paper is structured as follows. In Section 2 we describe the
thermal conduction model implemented in our RALEF-2D sim-
ulations as well as the simulation parameters that were adopted.
An analysis of the simulation results is presented in Section 3,
where we focus on clarifying the sensitivity of the plasma prop-
erties and CE to the flux limiter. An outlook is presented in
Section 4, where we discuss experimental and theoretical stud-
ies that could benchmark our simulation results, as well as
potential modifications to thermal conduction brought about by
the Langdon effect [58, 59]. Finally, we conclude the work in
Section 5.

2 | Thermal Conduction and Its
Implementation in RALEF-2D

We have performed simulations of laser-produced tin plasmas
using the RALEF-2D radiation-hydrodynamics code [60]. The
code solves the equations of single-fluid, single-temperature
hydrodynamics accounting for the processes of laser energy depo-
sition, thermal conduction, and radiation transport. It has found
extensive application in modeling EUV source plasmas, from
quantifying laser-induced droplet propulsion [61, 62], to pre-
dicting ion kinetic energy distributions [63, 64], to character-
izing the radiative properties of EUV sources [41, 46, 53, 65].
The code does not implement the Langdon effect [58, 59], the
phenomenon where inverse bremsstrahlung absorption drives
free electrons into non-Maxwellian distributions (we discuss in
Section 4 what this may mean for the results presented in this
work).

2.1 | Thermal Conduction in RALEF-2D

We first recall the expression for the heat flux in SH theory:

QSH = −𝜅SH∇𝑇𝑒. (2)
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The thermal conduction coefficient 𝜅SH is given by

𝜅SH = 20
( 2
𝜋

)3∕2 𝑇
5∕2
𝑒√

𝑚𝑒𝑒
4𝑧ion lnΛ

ϵ𝛿𝑒, (3)

Here 𝑧ion is the average charge state defined as 𝑧ion = 𝑛𝑒∕𝑛𝑖 where
𝑛𝑖 is the ion density. The quantities ϵ and 𝛿𝑒 are correction fac-
tors that account for induced electric fields and electron–electron
scattering, respectively [66]. They are given by

ϵ𝛿𝑒 =
15𝜋
256

45𝜁 + 433𝜁2

9 + 151𝜁 + 217𝜁2 , 𝜁 = 1
4
√

2

𝑧ion lnΛei

lnΛee
. (4)

Here, lnΛei and lnΛee are the electron-ion and electron–electron
Coulomb logarithms, respectively. In a single-fluid framework,
𝑇𝑖 = 𝑇𝑒 and we can write lnΛei ≈ lnΛee. This leads to the follow-
ing expression for the thermal conduction coefficient:

𝜅SH = 375
128

√
𝜋

1 + 433
180

√
2
𝑧ion

1 + 151
36
√

2
𝑧ion + 217

288
𝑧2

ion

𝑇
5∕2
𝑒√

𝑚𝑒𝑒
4 lnΛ

. (5)

In plasmas with high electron densities and low temperatures,
this expression should be modified to account for the effects of
electron degeneracy and electron-atom scattering.

The modified expression implemented in the RALEF-2D code is
written [67]

𝜅e =
375

128
√
𝜋

𝑧̃𝑖 +
433

180
√

2
𝑧̃2
𝑖

1 + 151
36
√

2
𝑧̃𝑖 +

217
288

𝑧̃2
𝑖

×
𝑧ion𝑇𝑒𝑇̃

3∕2
𝐹√

𝑚𝑒𝑒
4
[
𝑧ion𝑧̃𝑖 ln Λ̃ +𝐾ea𝑇̃

3∕2
𝐹
𝑇

1∕2
𝐹

max
(
0, 1 − 𝑧ion

)] , (6)

where

𝑧̃𝑖 = max
(
1, 𝑧ion

)
=

{
𝑧ion, 𝑧ion ≥ 1,
1, 𝑧ion < 1.

(7)

The corrections introduced in Equation (6) are relevant in regions
close to the target surface. The term max

(
0, 1 − 𝑧ion

)
in the

denominator of Equation (6) “activates” the contribution of
electron-atom collisions to thermal conduction. These collisions
are less efficient at transferring heat than electron-ion collisions,
and thus the thermal conduction coefficient is reduced when
electron-atom collisions are present. The quantity 𝐾ea = 𝜎ea∕𝑒4,
where we take a fixed value for the electron-atom scattering
cross-section 𝜎ea = 10−15 cm−2. The Fermi temperature 𝑇𝐹 intro-
duced in Equation (6) is given by

𝑇𝐹 =
√
𝑇 2
𝑒
+
(2

3
𝐸𝐹

)2
, (8)

where 𝐸𝐹 = ℏ2

2𝑚𝑒

(
3𝜋2𝑛𝑒

)2∕3 is the Fermi energy. In a degenerate
plasma (one in which electrons are described by Fermi-Dirac
statistics instead of Maxwell-Boltzmann statistics), plasma trans-
port is governed by electrons at the Fermi surface. The quantity

𝑇̃ 𝐹 =
√
𝑇 2
𝑒
+
(
𝛽ec𝐸𝐹

)2 where 𝛽ec = 0.34 is a parameter that yields

the correct value of 𝜅e in the limit of 𝑇𝑒 ≪ 𝐸𝐹 for a degenerate
Lorentzian plasma [66–68].

As will be discussed in detail in Section 3.1, the most impor-
tant correction in our work is the Coulomb logarithm ln Λ̃
for electron-ion collisions. The RALEF-2D code implements an
interpolation expression proposed in Reference [69] of the form

ln Λ̃ = ln

[
1 +

Λ
(
𝑔ec + Λ

)
1 + Λ +

(
6.5𝑔ecΛ

)−1

]
, (9)

where choosing 𝑔ec = 4.5 recovers the experimental value of the
thermal conduction coefficient of liquid tin [67]. The argument of
the Coulomb logarithm, Λ, is given by (page 19 of [67], equation
4.77)

Λ ≈ 3.4
𝑇𝑒

𝑒2

[
𝜆−2
𝐷

(
𝑧2

ion + 0.95ℏ2𝑇𝑒∕𝑚𝑒𝑒
4)]−1∕2

, (10)

where ℏ is the reduced Planck’s constant and the Debye length

𝜆𝐷 =
[
4𝜋𝑛𝑒𝑒2

(
1+𝑧ion
𝑇𝑒

)]−1∕2
. When degeneracy effects are taken

into account, the FS flux is modified [67] according to,

𝑄FS = 𝑛𝑒𝑇𝑒

(
𝑇𝐹

𝑚𝑒

)1∕2

. (11)

The RALEF-2D simulations in this work use 𝜅𝑒 for the thermal
conduction coefficient, and a comparison with 𝜅SH is presented
in Section 3.1 below.

2.2 | RALEF-2D Simulation Parameters

We simulate laser irradiation of 40 μm diameter tin droplets with
spatially constant laser profiles of 85 μm in width. The temporal
profiles are box-shaped with a rise time of 2 ns and have a sharp
cut-off at 27 ns as shown by the red curve in Figure 1. The other
quantities shown in Figure 1 are the reflected power 𝑃ref (green),

FIGURE 1 | Temporal variation of input laser power 𝑃las (red),
reflected power 𝑃ref (green), in-band power 𝑃in−band (orange), absorbed
power 𝑃abs (blue), radiated power 𝑃rad (violet), and escaped power 𝑃esc

(black), for 𝜆laser = 10.6 μm and 𝐼laser = 1.3 × 1010 W cm−2. The magenta
line marks the time 𝑡 = 7 ns at which the analysis is performed.
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FIGURE 2 | Spatial distribution of electron temperature for flux
limiter values (a) 𝑓 = 0.01 and (b) 𝑓 = 0.1 for 𝜆laser = 10.6 μm and 𝐼laser =
1.3 × 1010 W cm−2. The images represent a snapshot of the plasma 7 ns
after the laser is turned on. The black contour is the critical electron
density surface (𝑛𝑐 ≈ 1019 cm−3) and the red circle depicts the boundary
of the droplet at 𝑡 = 0 ns. The 85 μm width of the laser profile is indicated
by the purple box.

in-band power 𝑃in−band (orange), absorbed power 𝑃abs (blue),
radiated power 𝑃rad (violet), and escaped power 𝑃esc = 𝑃las −(
𝑃abs + 𝑃ref

)
(black). Two laser wavelengths 𝜆laser = 10.6 and 2 μm

are considered, each having an intensity of 𝐼laser = 1.3 × 1010 and
7 × 1010 W cm−2 respectively. This choice is based on an exper-
imentally motivated scaling [53] of the optimal CE with laser
intensity of the form 𝐼laser =

(
1.4 × 1011)∕𝜆laser W cm−2.

Following the initial plasma formation phase, the reflected
laser power, the absorbed laser power, and in-band emission
are constant in time, indicating that the plasma has entered a
quasi-steady-state regime [53, 65] at 𝑡 ∼ 7 ns. The time it takes
the plasma to reach a quasi-steady-state depends on the hydro-
dynamic timescale 𝑡ℎ ∼ 𝑅∕𝑐𝑠 [65] where 𝑅 is the characteris-
tic radius of the sonic surface and 𝑐𝑠 is the sound speed in the
corona. For CO2-driven plasmas, the sonic surface lies closer to
the critical surface [65]. At 𝑅 ≈ 40 μm, 𝑇𝑒 ≈ 20 eV and 𝑧ion ≈ 6
(parameters in the vicinity of the critical surface for the 𝑓 = 0.01
case shown in Figure 2), 𝑡ℎ ≈ 4 ns. This value is commensurate
with the time t ≈ 7 ns for the plasma to reach a quasi-steady-state
regime. In Figure 2 we present two-dimensional profiles of elec-
tron temperature for 𝜆laser = 10.6 μm irradiation of tin droplets for
simulations that use a flux limiter of (a) 𝑓 = 0.01 and (b) 𝑓 = 0.1.
The 𝜆laser = 2 μm cases are shown in Figure 3. The images repre-
sent “snapshots” of the plasma 7 ns (shown by the magenta line
in Figure 1) after the laser is turned on (steady-state conditions
are established by this time). The laser propagates from left to
right, and the purple box indicates the 85 μm width of the flat-top
laser profile. The red circle indicates the boundary of the droplet
at 𝑡 = 0 ns, and the black contour represents the position of the
critical electron density surface 𝑛𝑐 ≈ 1021𝜆−2

laser cm−3. Comparing

FIGURE 3 | Same as Figure 2 for 𝜆laser = 2 μm irradiation for 𝐼laser =
7 × 1010 W cm−2 and nc ≈ 2.8× 1020 cm−3.

panels (a) and (b) in both cases, we see that smaller values of
𝑓 yield higher electron temperatures, especially near the criti-
cal electron density surface. The electron density profile in the
𝜆laser = 10.6 μm case is also strongly modified, as evidenced by
the shape of the critical electron density surface. As will soon
become clear, this behavior originates from different values for
the heat fluxes that are adopted in the simulations. In the remain-
der of this publication, we will present our results in the form of
one-dimensional spatial profiles of plasma quantities taken along
the 𝑧 axis; they will be referred to as “lineouts.” This will enable
a clearer, more quantitative comparison of plasma parameters
and gradients that are difficult to discern from two-dimensional
color maps.

3 | Results

Before proceeding with a detailed analysis of the simulation
results, we first compare the thermal conduction coefficient
implemented in the RALEF-2D simulations, 𝜅𝑒, with the SH one
𝜅SH.

3.1 | Corrections to the Thermal Conduction
Coefficient

In Figure 4a we plot a lineout of the ratio 𝜅SH∕𝜅e (red
curve) for 𝜆laser = 10.6 μm irradiation and 𝑓 = 0.01. In the
high-temperature region (𝑧 < −42 μm), 𝜅SH∕𝜅𝑒 ≃ 1 as expected.
With increasing 𝑧, 𝑛𝑒 increases (see Figure 5d below), 𝑇𝑒 and 𝑧ion
decrease, and 𝜅SH∕𝜅𝑒 increases. Neither 𝑇𝐹 nor 𝑇̃ 𝐹 is responsible
for this increase; they both lie atop the 𝑇𝑒 curve as seen in
Figure 4a. The close agreement between the temperatures occurs
because the corrections are insignificant in this region. The Fermi
energy𝐸𝐹 for the electron densities in this region are of the order
𝐸𝐹 ∼ 0.02 − 0.14 eV, much smaller than the electron temperature

4 of 11 Contributions to Plasma Physics, 2026
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FIGURE 4 | Spatial variation of (a) the ratio 𝜅SH∕𝜅e (red; solid), 𝑇𝑒
(cyan; dashed-dotted), 𝑇𝐹 (black; dashed), 𝑇̃ 𝐹 (orange; dotted), 𝑧ion (blue;
solid) and (b) lnΛ (pink; solid) and ln Λ̃ (black; solid) for 𝜆laser = 10.6 μm
irradiation and 𝑓 = 0.05.

𝑇𝑒 ∼ 10 − 40 eV. Consequently, from Equation (8), 𝑇𝐹 ≈ 𝑇𝑒. The
same reasoning applies to 𝑇̃ 𝐹 . The three temperatures only begin
to diverge in the dense, cooler region near the droplet sur-
face (not shown in Figure 4), where the corrections included in
Equation (6) become relevant. Therefore, the temperatures 𝑇𝐹
and 𝑇̃ 𝐹 can be ruled out as the cause of the increase in 𝜅SH∕𝜅𝑒. It
is actually the modified Coulomb logarithm ln Λ̃ that is the cul-
prit. In Figure 4b, we plot this quantity alongside lnΛ, where
it is evident that they start to depart from each other at exactly
the point where 𝜅SH∕𝜅𝑒 increases. In fact, if 𝑇𝑒 = 𝑇𝐹 = 𝑇̃ 𝐹 and
𝑧ion > 1, then 𝜅SH∕𝜅𝑒 = ln Λ̃∕ lnΛ. This explains the increase of
𝜅SH∕𝜅𝑒 with increasing 𝑧.

3.2 | The Role of the Flux Limiter

We now investigate the sensitivity of the heat flux 𝑄 =
min

(
𝑄SH, fQFS

)
, the plasma properties, and the CE to the choice

of flux limiter 𝑓 .

3.2.1 | 10.6 𝛍m-Driven Plasmas

In Figure 5a we plot the magnitude of the heat flux𝑄 for 𝑓 = 0.05
(red), 𝑓 = 0.1 (blue) and 𝑓 = 0.3 (green). Since the chosen heat
flux is 𝑄 = min

(
𝑄SH, fQFS

)
, two distinct line styles are used to

highlight the regions where the heat flux is governed by𝑄 = 𝑄SH
(Equation 2, solid lines) and where it is governed by 𝑄 = fQFS
(Equation 11, dashed lines). For 𝑓 = 0.3, the heat flux is𝑄 = 𝑄SH
everywhere for 𝑧 > −115 μm. For 𝑓 = 0.05 and 𝑓 = 0.1, we see
that 𝑄 = 𝑄SH for 𝑧 > −45 μm and 𝑧 > −50 μm, respectively, and
also where sharp dips appear in the profile. These sharp dips are
present where 𝑇𝑒 (see Figure 5b) reaches its global maximum and

FIGURE 5 | Lineouts of various quantities taken along the 𝑧-axis: (a)
the heat fluxes 𝑄SH (solid lines) and fQFS (dashed lines), (b) electron
temperature 𝑇𝑒, (c) average charge state 𝑧ion, (d) electron density normal-
ized by the critical electron density 𝑛𝑒∕𝑛𝑐 , and (e) Knudsen number 𝐾𝑛

for 𝑓 = 0.05 (red), 0.1 (blue), and 0.3 (green) for 𝜆laser = 10.6 μm irradi-
ation with 𝐼laser = 1.3 × 1010 W cm−2. The dashed line in plot (c) repre-
sents the average charge state 𝑧ion evaluated using the power-law relation
𝑧ion = 22.5 𝑇 0.6 [65].

thus ∇𝑇𝑒 and 𝑄SH attain small values. Perhaps the most impor-
tant takeaway from this plot is that for 𝑧 < −75 μm, the heat flux
for the 𝑓 = 0.05 and 𝑓 = 0.1 cases are significantly smaller than
the 𝑓 = 0.3 case. This is important for the analysis of the plasma
properties below.

In Figure 5b,d we present lineouts of the electron tempera-
ture 𝑇𝑒 and critical density-normalized electron density profiles
𝑛𝑒∕𝑛𝑐 , respectively. The temperature profiles peak where the laser
deposits most of its energy: just in front of the critical elec-
tron density 𝑛𝑐 ≈ 1019 cm−3 (which corresponds to 𝑛𝑒∕𝑛𝑐 = 1 in
Figure 5d). Presented in Figure 5c are lineouts of the average
charge state 𝑧ion for the three flux limiter cases. The dashed line
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represents the power-law relation 𝑧ion = 22.5 𝑇 0.6 [65] for the
𝑓 = 0.3 case, which aligns very well with the RALEF-2D data.
For 𝑧 < −70 μm, the temperature profile and 𝑧ion in the 𝑓 = 0.05
case decreases more rapidly with decreasing 𝑧 than the 𝑓 = 0.1
and 𝑓 = 0.3 cases. For regions where 𝑛𝑒∕𝑛𝑐 > 1, the temperature
profile in the 𝑓 = 0.05 case exhibits a steeper gradient than in the
𝑓 = 0.1 and 0.3 cases; a similar observation was made in the work
of Colombant et al. [70]. For a given 𝑧 < −50 μm, 𝑛𝑒∕𝑛𝑐 is small-
est in the 𝑓 = 0.05 case. We attribute this to differences in the
nature and magnitude of the heat fluxes shown in Figure 5a. The
lower heat fluxes in the 𝑓 = 0.05 and 0.1 cases result in lower
energy and mass transport into the underdense region compared
to the 𝑓 = 0.3 case. In Figure 5e we plot the Knudsen number
𝐾𝑛 = 𝜆𝑒∕𝐿𝑇 . The dips correspond to regions where ∇𝑇𝑒 ≃ 0, as
𝑇𝑒 reaches a maximum and thus 𝐿𝑇 = 𝑇𝑒∕|∇𝑇𝑒| becomes large.
For all 𝑓 values shown in Figure 5, the criterion 𝐾𝑛 ≲ 0.01 is vio-
lated in the majority of the underdense region. While SH theory
is not implemented in the 𝑓 = 0.05 and 0.1 cases (because 𝑄 =
fQFS), the large temperature gradient may enhance the effects of
non-local heat transport that may not be accurately reflected by
the free-streaming flux. What is more worrisome is that SH theory
is (i) implemented and (ii) violated in a large part of the under-
dense corona (𝑧 < −65 μm) for the 𝑓 = 0.3 case. This casts doubt
on the reliability of the heat flux model employed in these simula-
tions. This reinforces the need for non-local modeling of thermal
conduction in these plasmas.

3.2.2 | 2 𝛍m-Driven Plasmas

We now turn our attention to the 𝜆laser = 2 μm case. In Figure 6
we present lineouts of the same quantities as that shown in
Figure 5 for 𝑓 = 0.01 (red), 𝑓 = 0.05 (blue), and 𝑓 = 0.1 (green).
The much higher densities in the 𝜆laser = 2 μm case lead to
much higher free-streaming fluxes𝑄FS ∝ 𝑛𝑒𝑇

3∕2
𝑒 compared to the

𝜆laser = 10.6 μm case (the higher temperatures near the critical
surface further amplify 𝑄FS in this region). This means that very
small values of𝑓 are needed for𝑄 = min

(
𝑄SH, fQFS

)
= 𝑄SH. Sim-

ilar to the 𝜆laser = 10.6 μm case, the peak temperature in the lower
flux limiter case (𝑓 = 0.01) is higher than the larger flux lim-
iter cases (𝑓 = 0.05 and 0.1), and the densities in the corona are
approximately a factor two higher in the latter. Unlike the 𝜆laser =
10.6 μm case, however, the temperature profile in the𝑓 = 0.1 case
(where 𝑄 = 𝑄SH) is much steeper for densities larger than 𝑛𝑐 .

Increasing 𝑓 beyond 0.01, as shown in Figure 6 for 𝑓 = 0.05
and 𝑓 = 0.1, essentially pushes fQFS closer to 𝑄SH. The 𝑇𝑒, 𝑛𝑒∕𝑛𝑐 ,
and 𝐾𝑛 profiles are very similar among the 𝑓 = 0.05 and 0.1
cases. Importantly, all cases (including 𝑓 = 0.01) exhibit 𝐾𝑛 ≲

0.01, meaning that SH theory is valid in all cases. This places con-
fidence in the thermal conduction modeling we conducted in our
previous works [46, 53].

3.2.3 | Impact of Flux Limiter on Thermal
Conduction and Net Radiated Power

Having established how the flux limiter alters the plasma profiles,
we now examine how it influences the thermal conduction and
radiative properties of the plasma. To do this, we compare the 1D
profiles (taken along the 𝑧-axis) of the net radiated power 𝜁rad

FIGURE 6 | Same as Figure 5 for𝜆laser = 2 μm irradiation with 𝐼laser =
7 × 1010 W cm−2 where 𝑓 = 0.01 (red), 0.05 (blue), and 0.1 (green). The
solid line in (a) corresponds to 𝑄SH and the dashed line corresponds to
fQFS.

and the quantity −𝜕𝑄∕𝜕𝑧 normalized to the laser input power.
−𝜕𝑄∕𝜕𝑧 determines whether a given region of plasma receives
or transfers energy through conduction, which motivates com-
paring it directly against the net radiated power. 𝜁rad is the net
radiated power per unit volume, integrated over the entire emis-
sion and absorption spectrum. A positive value of 𝜁rad indicates
emission; and negative value indicates absorption.

In Figure 7 we present the comparison of 𝜁rad with −𝜕𝑄∕𝜕𝑧, for
𝑓 = 0.05 and 0.1 for 𝜆laser = 10.6 μm. The dotted vertical lines rep-
resent the critical electron density surface position in each case.
The dashed lines show−𝜕𝑄∕𝜕𝑧;−𝜕𝑄∕𝜕𝑧 is negative wherever the
rate at which the temperature gradient change in space is nega-
tive, i.e., 𝜕2𝑇 ∕𝜕𝑧2 < 0 (e.g., close to the peak temperature) and is
positive wherever 𝜕2𝑇 ∕𝜕𝑧2 > 0.

Increasing the flux limiter from 𝑓 = 0.05 to 0.1 results in a notice-
able broadening of the 𝜁rad profile, which we attribute to the
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FIGURE 7 | Spatial variation of net radiated power 𝜁rad (solid lines)
and the quantity −𝜕𝑄∕𝜕𝑧 (dashed lines) normalized to laser input power
for flux limiter values 𝑓 = 0.05 (in red) and 𝑓 = 0.1 (in blue) for 𝜆laser

= 10.6 μm and 𝐼laser = 1.3 × 1010 W cm−2. The dotted vertical lines repre-
sent the positions of the critical electron density in each case.

increase in plasma density at ever-larger distances from the target
surface (see Figure 5d). The effect on −𝜕𝑄∕𝜕𝑧 is a shifting of the
profile to a narrower axial region and a corresponding enhance-
ment of the maximum values.

Closer to the critical surface (−60 μm ≤ 𝑧 ≤ −50 μm), −𝜕𝑄∕𝜕𝑧
develops a sharp, localized negative feature, indicating a narrow
region of strong conductive cooling. This coincides with the loca-
tion where 𝑇𝑒 reaches its global maximum (see Figure 5b), where
∇𝑇𝑒 ≈ 0 and 𝑄SH correspondingly collapses to a local minimum,
producing the sharp dip in 𝑄 already identified in Section 3.2.1.

Near the peak of net emission (𝑧 ≈ −50 μm), −𝜕𝑄∕𝜕𝑧 rises
sharply and becomes comparable in magnitude to 𝜁rad. This coin-
cides with the transition of𝑄 from the flux-limited free-streaming
regime (𝑄 = fQFS) back to 𝑄 = 𝑄SH (Section 3.2.1). Beyond the
peak, the two quantities remain similar in magnitude, as both the
conduction and radiation depend on the same decrease in 𝑇𝑒 and
𝑧ion towards the cooler and denser plasma near the droplet.

These results show that conduction and radiation do not con-
tribute equally throughout the plasma. Radiation dominates the
underdense corona, while conduction becomes locally important
wherever 𝑄 develops sharp features: near the temperature peak
and near the𝑄SH∕fQFS transition, close to the critical surface. We
further discuss the influence of the flux limiter on the radiative
properties of the plasma in the following section.

3.2.4 | Impact of Flux Limiter on the Net In-Band
Emission, Optical Depth and Conversion Efficiency

In this section, we first quantify how the flux limiter influ-
ences the net in-band emissivity. Figures 8 and 9 show the net
in-band radiated power per unit volume 𝜁in−band, normalized
by the input laser power, at 𝑡 = 7 ns for different 𝑓 values and
for 𝜆laser = 10.6 μm [53]. The solid olive contour represents the
critical electron density surface, and the dashed lines represent
regions of constant average charge state 𝑧ion. Regions of net
emission—located near the critical surface—are shown in red,
while regions of net absorption appear in blue. Consistent with

FIGURE 8 | Spatial distribution of in-band power normalized to laser
input power 𝜁in−band for flux limiter values (a) 𝑓 = 0.05 and (b) 𝑓 = 0.1
for 𝜆laser = 10.6 μm and 𝐼laser = 1.3 × 1010 W cm−2. The images represent
a snapshot of the plasma 7 ns after the laser is turned on. The dashed
black contours show the average charge state 𝑧ion with increments of 1.
The solid olive contour is the critical electron density surface (𝑛𝑐 ≈ 1019

cm−3).

the simulation results in Reference [53], the net-emission zone
forms behind the critical surface.

Focusing on Figure 8, we see that the region of net in-band emis-
sion is narrower in the 𝑓 = 0.05 case than in the 𝑓 = 0.1 case.
This can be understood by examining the average charge state of
the plasma 𝑧ion, variations of which ultimately boil down to vari-
ations in 𝑇𝑒 and 𝑛𝑒. Recall that the optimal average charge states
for in-band emission lie in the range 𝑧ion ∈ [10, 14] [37, 38] and
that 𝑧ion scales with 𝑇𝑒 according to [65, 71] 𝑧ion ∝ 𝑇 0.6

𝑒
. Compar-

ing the 𝑓 = 0.05 and 𝑓 = 0.1 cases in Figure 8, we see that the
charge states responsible for optimal EUV emission are bred in a
narrower region in the 𝑓 = 0.05 case. This narrowing originates
from the steepness of the temperature profiles associated with
the smaller flux limiter values (see Section 3.2.1). The regions of
optimal 𝑧ion are nearly identical in the 𝑓 = 0.2 and 0.5 cases; see
Figure 9. This is because the heat flux saturates at the classical
SH value 𝑄 = 𝑄SH throughout the plasma and the profiles cease
to change with increasing 𝑓 . For 𝜆laser = 2 μm, only minor differ-
ences appear in the net in-band emissivity at small 𝑓 values due
to the different heat fluxes governing the plasma profiles, which
give rise to slightly different temperature and density profiles (see
Figure 6).

To have a simplified picture of the 2D profiles shown in Figure 8,
we present the lineouts of 𝜁in−band (dashed lines), in Figure 10.
The profiles in Figure 10 are spatially shifted relative to their
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FIGURE 9 | Same as Figure 8 for (a) 𝑓 = 0.2 and (b) 𝑓 = 0.5.

FIGURE 10 | Lineouts of optical depth 𝜏𝜈 (solid lines) and net
in-band power normalized to laser input power 𝜁in−band (dashed lines) for
flux limiter values 𝑓 = 0.05 (red) and 0.1 (blue) for 𝜆laser = 10.6 μm and
𝐼laser = 1.3 × 1010 W cm−2. The spatial coordinate is shifted by the posi-
tion of the critical surface 𝑧critical such that 𝑧 − 𝑧critical = 0 corresponds to
the critical electron density surface.

respective critical surfaces 𝑧critical, such that 𝑧 − 𝑧critical = 0 corre-
sponds to the critical surface position. In addition, we have shown
the optical depth 𝜏𝜈 (solid lines) in Figure 10, evaluated in the
in-band region. Optical depth 𝜏𝜈 is the integral of the absorp-
tion coefficient 𝛼𝜈

(
𝑧′
)
: 𝜏𝜈(𝑧) = ∫ −∞

𝑧
𝛼𝜈
(
𝑧′
)
𝑑𝑧′ [46]. The optical

depths for 𝑓 = 0.05 and 𝑓 = 0.1 are very similar in the region
where the two 𝜁in−band profiles overlap. However, in the region
just behind the critical surface where the 𝑓 = 0.1 case exhibits
stronger net emission, the optical depth is larger for 𝑓 = 0.1 than
for 𝑓 = 0.05. This is due to enhanced 𝑛𝑒 and 𝑧ion in this region
for the 𝑓 = 0.1 case, consistent with the broader emission zone
as seen in Figure 8.

We are now in a position to quantify the sensitivity of the conver-
sion efficiency (CE) of the plasmas to the flux limiter. In-band
radiation that intercepts the collector mirror (located in the

FIGURE 11 | Dependence of CE on 𝑓 for 𝜆laser = 10.6 μm.

laser-illuminated half-sphere) is directed into the EUV scanner
for use in lithography, and the CE quantifies the efficiency of
this process. The results are presented in Figure 11. Here we see
that the CE for the 𝜆laser = 10.6 μm case increases sharply from
CE≈ 2% for 𝑓 = 0.01 to CE≈ 5% for 𝑓 = 0.2, a significant varia-
tion in the context of EUV production. We attribute this behavior
to the widening of the net in-band emission region with only a
minimal increase in optical depth, as shown in Figures 8–10. The
2 μm case exhibits a near-constant CE≈ 5% for all 𝑓 values.

4 | Outlook

The key learnings to distill from the above discussion are that
(i) 2 μm-driven plasma properties are largely insensitive to the
choice of 𝑓 , especially for 𝑓 > 0.1 where 𝑄 = 𝑄SH everywhere,
and (ii) 10.6 μm-driven plasma properties exhibit a strong sensi-
tivity to 𝑓 given the lower values of 𝑄FS as a result of the lower
plasma densities (as compared to the 𝜆laser = 2 μm case). This
latter finding begs the following question: what is an appropriate
value of 𝑓 for 𝜆laser = 10.6 μm-driven plasmas? It would be very
instructive to compare our results to VFP simulations [21, 22]
or RH codes that implement non-local heat transport models
[23, 24]. Experimental measurements of the heat flux are the
“holy grail” for benchmarking simulations [1, 2], and knowledge
of spatially and temporally-resolved temperature and density
profiles from Thomson scattering experiments can help elimi-
nate certain 𝑓 values, such as was done in the recent work of
Farmer et al. [23, 24]. Experimental measurements of electron
temperatures and densities in laser-driven tin plasmas have been
reported in recent years [72–74], albeit for geometries different
to those studied in the present work. That said, experimental
measurements of this nature can serve as an excellent testing
ground for thermal conduction models.

Finally, we wish to comment on the Langdon effect and what
our omitting it in the simulations could mean for the results
presented in this work. The Langdon effect is the phenomenon
where inverse bremsstrahlung absorption distorts the electron
distribution function into one that resembles a super-Gaussian
function of the form 𝑓𝑒(𝑣) ∝ exp

[
−
(
𝑣∕𝑣𝑚

)𝑚], where 𝑚 is the
order of the super-Gaussian, 𝑣2

𝑚
≡ 3Γ(3∕𝑚)

Γ(5∕𝑚)
𝑣2

th, and Γ is the gamma
function [75]. Compared to an (equilibrium) Maxwellian dis-
tribution at the same temperature, a super-Gaussian distribu-
tion exhibits fewer low- and high-velocity electrons, and larger
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numbers of near-thermal electrons. Mora and Yahi [76] and oth-
ers [77, 78] have shown that this suppression of high-velocity
electrons can lead to a significant reduction in thermal conduc-
tion. As described by Huo et al. [79], the expression for the heat
flux should be modified to account for gradients in 𝑛𝑒 and 𝑚 as
follows:

𝑄∗ = −
(
𝐶𝑇 𝜅SH∇𝑇𝑒 + 𝐶𝑛𝜅SH𝑇𝑒

∇𝑛𝑒
𝑛𝑒

+ 𝐶𝑚𝜅SH𝑇𝑒
∇𝑚
𝑚

)
. (12)

We recently quantified the corrections 𝐶𝑇 , 𝐶𝑛, and 𝐶𝑚 for EUV
light source conditions [59]. Considering 𝜆laser = 10.6 μm-driven
conditions near the critical surface (where the laser deposits most
of its energy [41]), we have 𝐼laser𝜆

2
laser ∼ 1012 W cm−2 μm2 and

0.2 ≲ 𝑧ion∕𝑇𝑒 ≲ 0.3, which gives 𝑚 ∼ 2.3, 0.75 ≲ 𝐶𝑇 ≲ 0.8 and
−0.6 ≲ 𝐶𝑚 ≲ −0.55 (𝐶𝑛 ≈ 0 [59]). With the corrections𝐶𝑇 and𝐶𝑚

being of opposite sign, and our not knowing the magnitude of
the ∇𝑚∕𝑚 term (it is likely to be small, however), it is difficult to
say how large the corrections to the thermal conductivity will be.
Neglecting for a moment the ∇𝑚∕𝑚 term, the correction 𝐶𝑇 will
bring 𝑄∗ closer to fQFS, which means that fluctuations in plasma
parameters may be seen for an even wider range of 𝑓 values. It
should be mentioned that Shaffer et al. [78] have recently pro-
posed a compact model, supported by VFP simulations, to eval-
uate corrections to 𝜅SH when non-Maxwellian distributions are
present in the plasma. For 𝜆laser = 2 μm-driven plasmas, 𝑚 ∼ 2
due to the lower value of 𝐼laser𝜆

2
laser, and thus one would expect

corrections due to non-Maxwellian electrons to be smaller than
in the 𝜆laser = 10.6 μm case. A proper evaluation of the effects of
non-Maxwellian electrons on thermal conduction in EUV source
plasmas will be pursued in future work.

5 | Conclusions

We have investigated thermal conduction in laser-driven tin plas-
mas using the flux-limited Spitzer-Harm approach. While strictly
a “local” approach, the method provides a simple means of lim-
iting the unphysically high heat fluxes encountered in RH sim-
ulations when SH theory breaks down, that is, in the presence
of strong temperature gradients. Our primary goal was to quan-
tify the sensitivity of plasma properties, specifically the electron
temperature, density, and CE to changes in the flux limiter for
𝜆laser = 10.6 and 2 μm-driven tin plasmas. Plasma properties for
the 𝜆laser = 10.6 μm-driven case exhibited a strong sensitivity to
simulations that use 𝑓 ≤ 0.2. Increasing 𝑓 beyond 𝑓 = 0.01, we
found that (i) the temperature profiles became less steep near the
critical electron density, (ii) the electron density in the under-
dense corona increased, and (iii) the CE increased sharply. We
attribute this behavior to differences in the SH and free-streaming
heat fluxes, the smaller of the two being implemented in the
simulations. A complementary analysis of the net in-band emis-
sion and in-band optical depth 𝜏𝜈 reveals that the reduced CE
at lower flux limiter values arises from the narrowing of the
optimal-charge-state emission zone. Finally, we found that SH
theory is violated in large parts of the underdense corona for all
𝑓 values.

Plasmas driven by 𝜆laser = 2 μm laser light exhibit much higher
electron densities than the 𝜆laser = 10.6 μm case. As such, the
free-streaming flux 𝑄FS ∝ 𝑛𝑒𝑇

3∕2
𝑒 is significantly larger than the

SH one, meaning that very small values of 𝑓 ∼ 0.01 − 0.05
are required for 𝑄 = min

(
𝑄SH, fQFS

)
= 𝑄SH. Plasma properties

obtained from simulations with 𝑓 = 0.05 and 0.1 were found to
be very similar. The 𝑓 = 0.01 profile exhibited an enhanced tem-
perature near the critical surface and lower electron densities in
the corona. The CE was found to be remarkably constant for all
flux limiter values, which is due to the similar temperature and
density profiles in all cases. We also found that SH theory is valid
for all values of 𝑓 . Finally, we identified experiments that could
help identify appropriate values of 𝑓 for 𝜆laser = 10.6 μm plasma
simulations, and we also briefly discussed the Langdon effect in
the context of the current work.
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