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A universal power-law scaling 7 « E%* in the correlation between the average ion charge state 7 and
kinetic energy E in expanding laser-driven tin plasmas is identified. Universality here refers to an
insensitivity to all experimental conditions: target geometry, expansion direction, laser wavelength, and
power density. The power law is accurately captured in an analytical consideration of the dependence of the
charge state on temperature and the subsequent transfer of internal to kinetic energy in the expansion. These
analytical steps are individually, and collectively, validated by a two-dimensional radiation-hydrodynamic
simulation of an expanding laser-driven plasma. This power-law behavior is expected to hold also for dense
plasma containing heavier, complex ions such as those relevant to current and future laser-driven plasma

light sources.

DOI: 10.1103/PhysRevLett.133.125101

Introduction—The characterization and manipulation of
high-energy ions bred in laser-produced plasmas (LPPs)
form a broad field of inquiry. For instance, the irradiation
of tens-of-nanometers-thin targets with high-intensity laser
radiation (I > 10'® Wem™2) generates massive electric
fields ~TVm~! that can drive particle acceleration to
kinetic energies ~100 MeV [1-3]. Advancing our control
of such particle beams (e.g., their energy spectrum and
spatial distribution) may propel developments in fusion
research [4], warm-dense-matter studies [5], and biomedi-
cal research [6,7]. A comprehensive understanding of
plasma expansion dynamics is also crucial for studies
utilizing lower-intensity laser light, such as laboratory
investigations of magnetic reconnection [8], nuclear exci-
tation studies [9,10], thin film deposition [11-13], and
plasma-based light sources [14-16].

A key observable in plasma expansion studies is the
charge-state-resolved ion kinetic energy distribution
d*N./dEdQ, which quantifies the number of ions N, of
charge state z per unit kinetic energy E per solid angle Q.
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This distribution encodes a wealth of information on the
fundamental processes occurring in the (expanding) plasma,
and is relevant to numerous scientific fields and techno-
logical applications. In the pertinent example of LPP
extreme ultraviolet (EUV) light sources for nanolithogra-
phy, high-energy ions emanating from the dense plasma
may damage sensitive optical components in lithography
machines if not properly mitigated [17]. A detailed under-
standing of the strongly anisotropic ion kinetic energy dis-
tribution [18-20] is thus key for designing strategies, e.g.,
using buffer gas flow, to mitigate high-energy ions [21-24].

Once the ion kinetic energy distribution is known,
important relations can be deduced, such as the relation
between average charge state (Z) and kinetic energy or,
equivalently, the location of the maxima of the distributions
(zmax) 1N Kinetic energy space. Experiments show that, on
average, higher charge states exhibit higher kinetic energies
[25,26]. Put simply, the highest charge states are bred in the
hottest and densest (and therefore highest-pressure) plasma
regions, and spatial gradients in the electron pressure Vp,
drive ion acceleration [27]. Although the recombination of
free electrons with ions occurs throughout the expansion,
complete neutralization of the plasma is typically inhibited
by the strong density reduction inherent to the expansion.
This effect is known as charge-state freezing [28,29].
Remarkably, given all the complex processes that can
occur in the expansion, both z,,, and Z typically increase
rather smoothly with increasing E. While such a correlation
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has been identified for plasma produced from a wide range
of elements under various conditions [30-36], its origin
lacks a clear consensus and quantitative formulation in
terms of basic plasma parameters.

In this Letter, we report on the identification of a universal
power-law scaling 7z o« E®* of the average ion charge state 7
with kinetic energy E in experiments on expanding laser-
driven tin plasmas. The law is universal in the sense that it
holds true irrespective of target geometry (tin droplet and
disk targets), laser parameters (power density and laser
wavelength), or expansion direction. The power law orig-
inates from a simple analytical relation between the average
charge state (in hot and dense plasma regions) and the local
plasma temperature, a claim that is supported by a two-
dimensional radiation-hydrodynamic simulation of an
expanding LPP. Our conclusions are furthermore shown
to be more broadly applicable to dense plasmas containing
heavier, complex ions that (i) exhibit a smooth increase of
ionization potential with charge state z (open 4d subshell
ions, for instance) and (ii) are produced in conditions close to
local thermodynamic equilibrium (LTE).

Experiments and power-law behavior—In the first series
of experiments, plasma expansion from laser-irradiated tin
microdroplet targets was investigated. This choice was
motivated by their role in LPP EUV sources for nano-
lithography and metrology applications [16,37]. A simpli-
fied schematic of the experiment is shown in Fig. 1(a) (see
Ref. [38] for additional details). In these experiments,
Nd:YAG laser pulses of wavelength 1 = 1.064 pm and in-
tensity / ~ 10" W cm™2 were incident on 27-pm-diameter
tin microdroplets. Both the spatial and temporal laser pro-
files were Gaussian shaped with full-width-at-half-
maximum values of 100 pm and 10 ns, respectively.
Absolutely calibrated, charge-state-resolved ion kinetic
energy distributions were recorded using a four-grid
retarding-field analyzer (RFA) [39] positioned under an
angle a = 30° with respect to the incident laser beam axis.
The detector was placed a distance d =~ 420 mm away from
the droplet target. The measured charge-state-resolved
distributions are shown in Fig. 1(b). The charge-state-
integrated distribution, obtained by summing the charge-
state-resolved distributions, is shown by the black
dashed line.

A few important observations can be made from Fig. 1(b)
directly. First, the peak in the charge-state-integrated dis-
tribution located near 2 keV originates from a fast-moving
blast shell formed in the early stages of the expanding
plasma [20,27]. Second, a clear shift of the z-specific
distributions to higher kinetic energies with increasing z
is observed. From these distributions, the kinetic-energy-
dependent average charge state Z is calculated and is shown
by the smooth red solid curve. This curve overlaps with the
maxima of the charge-state-resolved distributions z,,.
(represented by open markers), but presents instead a
continuous distribution over the entire detected energy
range. Third, and perhaps most remarkable, z exhibits a
power-law-like dependence on E of the form Z oc E%4.
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FIG. 1. (a) Simplified schematic of the experimental setup. Ion
kinetic energy distributions were recorded using a four-grid RFA
placed under an angle a = 30° with respect to the incident laser
beam axis and positioned a distance d =~ 420 mm away from the
LPP. (b) Charge-state-resolved distributions are shown as colored
lines, and the black dashed line represents the charge-state-
integrated distribution. The solid red curve represents the average
charge state z, and the open colors indicate the maxima of the
charge-state-resolved spectra z,,, €N (note that the z = 8+
distribution here does not feature a clear single maximum, and
thus is omitted). (c) 112 Z traces from experiments involving three
droplet diameters (17, 27, and 35 pm), various laser intensities,
multiple observation angles, and two laser pulse durations.
Datasets labeled with a dagger (T) used a Gaussian laser pulse
of duration 8 ns (10 ns otherwise). A collective power-law fit of
7 = 0.3E%* to the data is shown by the black dotted line.

To elucidate whether this power law is a more general
phenomenon, we performed a second, more extensive
series of experiments. The parameter space was extended
to include three droplet sizes (17, 27, and 35-pm diameter)
and laser intensities in the range 1=0.4—-40x 10'Wcm™>
[38]. The ion kinetic energy distributions were recorded
under seven observation angles a = 30, 41, 64, 90, 120,
139, and 150°. Allin all, 112 Z traces are shown in Fig. 1(c).

125101-2



PHYSICAL REVIEW LETTERS 133, 125101 (2024)

Remarkably, the power-law dependence of Z on E holds
irrespective of laser energy, droplet size, or detection angle.
A global fit through these data, shown by the black dotted
line, gives a relation of the form z = 0.3E%*. Before
expanding the scope of our experimental investigations
further, we turn our attention to explaining the physical
origin of this power law.

Analytical considerations and radiation-hydrodynamic
simulation—It is instructive to first consider basic analyti-
cal arguments. The average charge state 7 established in hot
and dense plasma regions originates from a complex
interplay of density- and temperature-dependent collisional
and radiative processes [40]. Although its calculation is
best done using atomic kinetics modeling, simplified
approaches can, in certain circumstances, yield accurate
estimates [41]. For instance, starting with the Saha equation
for ionization balance, and assuming that the ionization
potential scales with the square of the charge state, Drake
[42] derives a simple relation of the form 7 ~ V/T. A similar
power-law dependence is also predicted by the Thomas-
Fermi (TF) model [43] (see the Supplemental Material
[44]), which, as shown in Ref. [48], predicts for tin plasmas
Z o T in the mass density and temperature ranges 10™* <
p <1072 gecm™ and 10 < T < 100 eV, respectively. The
TF model is a semiclassical statistical theory of the atom
that can provide reliable predictions for Z for heavy ions
away from closed-shell configurations [41], e.g., the
current case of complex open-shell ions. We note that
detailed comparisons of full-scale atomic calculations (see
review in Ref. [49]) with the TF model support the 7 o< 7°6
scaling. Next, following Murakami and Basko [50], we
posit that the obtainable kinetic energy of the species scales
with the product zT’; the kinetic energy at the sonic surface
(that is, where the flow speed is equal to the sound speed c;)
is E,, = mj,c2/2 =2T/2, and the asymptotic (time
t — oo0) “bulk” kinetic energy of a spherical, adiabatic ex-
pansion takes the form E;, = 4E; = 2zT [50]. Combining
these relations with the aforementioned z o« 7% scaling
yields the relationship z o« E*#, which has the same power
0.4 as that deduced from the experimental data presented in
Fig. 1(c).

To further investigate the origin of this power law, we
performed a two-dimensional axisymmetric radiation-
hydrodynamic simulation of a laser-driven plasma expan-
sion using the RALEF-2D code [51-53]. This code solves
the equations of single-fluid, single-temperature hydro-
dynamics accounting for processes of thermal conduction,
radiation transport, and laser energy deposition. We have
utilized this code extensively in our previous studies on
laser-plasma interaction [20,27,54], and we refer the reader
to these works for additional details. Of importance to the
current work is the calculation of cell-specific, density- and
temperature-dependent Z values. Following our previous
studies, we calculated z according to the TF model as per
the Frankfurt equation-of-state model [55-57]. As the code
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FIG. 2. (a) Two-dimensional RALEF-2D simulation results
showing kinetic energy E (upper panel) and density p (lower
panel) of the expanding plasma. Presented data correspond to 20 ns
after laser pulse initiation. The shaded area in the inset illustrates
the fraction of the total laser energy added to the system up to this
time. The laser pulse propagates from left to right as indicated by
the black arrow. (b) Z vs T, (c) ZT vs E, and (d) Z vs E scalings
obtained at different distances d from the center of the simulation
mesh (black to green color scale; see top legend) at an observation
angle a = 30° with respect to the x axis. Selected experimental
data from Fig. 1(c) (35 pm-diameter droplet case) are overlaid as
transparent gray lines. The red dashed line in panel (b) represents a
single collective power-law fit to the data, and the red dashed lines
in (c) represent power-law fits for each presented trace.

utilizes a single-fluid, single-temperature approach, quasi-
neutral plasma expansion is driven by gradients in the
pressure Vp = V(p, + pion) < V(nionkpT[z + 1]), which
is determined in large part by the average charge state Z
(Pion and n;,, are the ion pressure and ion density,
respectively). We note that in the single-fluid picture, a
straightforward connection exists between the concepts of
pressure and electric field £ via & = —(en,)~'Vp, [58,59].
The simulation results presented in the following represent
the Nd: YAG-laser illumination of a 27 pm-diameter droplet
with a laser pulse energy of 97 mJ.

In Fig. 2(a) we show a two-panel color map of the kinetic
energy E (upper panel) and mass density p (lower panel) of
the plasma 20 ns after initiation of the laser pulse. This time
frame corresponds to a few nanoseconds after the maxi-
mum intensity of the Gaussian laser pulse, as illustrated in
the inset of the lower panel. As in our previous works
[20,27], we note the existence of a high-kinetic energy
(E~2 keV) blast shell of radius ~0.5 mm, which is
ultimately responsible for the high-energy ‘“hump”
observed in the experimental ion kinetic energy distribution
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shown in Fig. 1(b). Its presence or absence however does
not impact the following.

To investigate the validity of the simplified analytical
approach relating z with E described above, we place
imaginary “ion detectors” in our computational mesh at
various distances d from the center of the droplet at an
angle a = 30° with respect to the x axis, i.e., the laser axis.
We then record 7 at the detector at each instant in time, and
finally integrate the simulation results over the full ex-
pansion time (1 ps) to investigate a potential correlation
between 7 and E as a function of radial distance d (d ranges
from 60 to 900 pm). Figure 2(b) shows the results of the in-
mesh detection approach in terms of the correlation
between Z and 7, which is found to follow a power law
(red dashed line) to high accuracy at all distances.

Next, we compare in Fig. 2(c) the quantities z7 and E.
The correlation is shown to indeed follow a common power
law E « ZT as indicated by straight-line fits to the data (red
dashed lines), with prefactors that reduce with increasing
distance d. This change in prefactor can be understood in
terms of the continuous exchange between internal and
kinetic energy throughout the expansion. At peak intensity,
the kinetic energy at the sonic surface (d =20 pm) is
E,, = 7T /2~ 375 eV, which translates to a final kinetic
energy of £~ 2 keV as seen in Fig. 2(c). This value is in
reasonable agreement with the aforementioned bulk kinetic
energy of an adiabatic expansion E, = 27T =~ 1.5 keV.
Finally, in Fig. 2(d) we present the sought-after correlation
between Z and E overlayed with a selection of experimental
results (transparent gray lines). The power-law behavior
immediately stands out and is found to accurately repro-
duce the experimental data at distances between 120 and
300 um. Here, as in Fig. 2(c), the prefactor of the power
law from the simulations decreases with increasing distance
d. At a certain distance d ~ 300 pm the simulation drops
below the experimental correlation, which reflects the
fact that our simulations cannot reliably predict the ave-
rage charge state; the TF model cannot reproduce non-
equilibrium effects associated with charge-state free-
zing [28,29,60]. We now want to demonstrate that beyond
d ~300 pm, (dZ/dt)garprop > (dZ/dt) ey~ On the one
hand, our RALEF-2D simulations indicate a dz/dr of
several 108 s=! for d = 100-300 pm. On the other hand,
Badnell et al. [61] and, separately, Fu et al. [62] demon-
strated that dielectronic recombination (DR) is the domi-
nant recombination mechanism in these conditions, with
DR rate coefficients at the level of, for example,
~1071% ¢cm?/s for z = 4+. The RALEF-2D TF-model-
implied rate can thus be “supported” by DR at an electron
density of 10'® e¢=/cm?, the isosurface of which lies
approximately 100 pm from the droplet surface. At
10'7 ¢~ /cm?, however, with its isosurface near 300 pm,
the dz/dr rate implied by RALEF-2D is 1 order of
magnitude higher than can be supported by DR, the
dominant recombination mechanism. At this point, the
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FIG. 3. 7 traces recorded in a large parameter space (see the

Supplemental Material [44]). The datasets are separated into four
categories: (i) 1 pm-wavelength main pulse (MP) only (light gray
lines), (ii) 2 pm-wavelength MP only (gray lines), (iii) combined
1 pm prepulse (PP) and 2 pm MP (dark gray lines), and
(iv) 10 pm-wavelength (CO, MP (green lines)). The averaged
7 trace is shown as the pink line. A power-law fit to this trace (not
shown) gives a relation 7 o E037.

TF model breaks down, and given the fast drop in density
with increasing distance, charge state freezing will ensue.
The agreement between simulation and experiment is
strikingly good for d = 120-300 pm and underpins the
validity of the proposed relation 7 o« E%4.

Generalization—Having explained the origin of the
experimentally observed power-law behavior z &« E%* both
from simplified analytical arguments and numerical sim-
ulation, one can now ask whether the scaling holds over a
broader range of experimental conditions. In Fig. 3 we
present data taken from various LPPs (see Table S1 in the
Supplemental Material [44]), ranging from plasma gener-
ated with various drive laser wavelengths (1, 2, and
10.6 pm-driven plasmas), over plasma generated from
droplet as well as preshaped disk targets, to CO,-laser-
driven plasma (of much lower density [17]) similar to those
currently used in the industry. The averaged Z trace,
represented by the pink line, also shows clear power-
law-like behavior. Clearly, we see that power-law behavior
is common to all of these plasmas, the origin of which
traces to a relation linking average charge state to plasma
temperature 7 o 709,

This realization invites an extension to dense plasmas of
elements heavier than Sn. TF calculations (see the
Supplemental Material [44]) of such elements, and spe-
cifically to conditions where open 4 f/4d subshell ions are
produced, also exhibit power-law relations of the form
Z o T, a surprising universality of the relation. The heavy
elements Gd and Tb are of prime interest for beyond-EUV
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lithography (at 6.7 nm) where the light originates from
transitions within complex open 4d and 4f subshell ions
(e.g., charge states 18-274) [63-65]. Plasmas containing
highly charged Au, Pb, and Bi ions (charge states up to
40+) are candidate light sources for biological imaging in
the water window region (2.3-4.4 nm) [66,67]. Based on
the 7 « 7% scaling, we propose that the Z o< E%* (the
power exponent deriving from 0.6/1.6 ~ 0.4) relation holds
for the complete “quasi-Moseley” curve [68], which relates
An =0, n =4 —n =4 emission wavelength to element,
ranging from tin (13.5 nm) to bismuth (4 nm).

Conclusions—We have presented a universal power-law
scaling z o E%* in the correlation between the average ion
charge state z and kinetic energy E in the expansion of
laser-driven tin plasma. Our observation is explained from a
simple analytical relation supported by a radiation-
hydrodynamic simulation of an expanding laser-driven
plasma. The analytical approach indicates that power-law
behavior is expected from laser-produced tin plasma over a
wide range of experimental parameters, which is strongly
supported by data taken from numerous experiments
including those of CO,-laser-driven plasmas of relevance
to the industrial setting. Identical power-law type behavior
is generically predicted for dense, laser-driven plasma from
a wide range of elements that are relevant for current and
future laser-driven plasma light sources. We may further
generalize to expect power-law relations between average
charge state and kinetic energy for plasmas that are
sufficiently dense containing ions with complex structures,
i.e., open-shell atomic systems. This enables the prediction
of the scaling of ion energies over a wide range of
applications and separately simplifies the operation of
complex ion charge-energy detectors after having estab-
lished the sole prefactor in the power-law relation. We may
expect departures from the power-law relation in the case of
departures of the underlying 7 7% scaling, for example
near closed atomic subshells. Non-LTE conditions may
separately lead to deviations; however, the existence of
effective temperatures [69—71] may extend the validity of
the power-law relation to such conditions.
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