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Abstract

®

CrossMark

Using radiation-hydrodynamic simulations, we investigate the properties of ion emission from a
plasma generated by irradiating tin droplets with Aj,er = 2 um-wavelength laser light. Two
cases are considered: first a ‘short pulse’ (27 ns-long) case with laser intensity jaser ~ 10" W
cm ™2 that can be readily benchmarked with present experimental systems. Then, a ‘long pulse’
case is studied, in which the droplet is irradiated until it is fully vaporized, which takes

~ 150 ns. The kinetic energy-resolved ion spectra in both cases feature a high-energy peak on
the order of keVs. At lower kinetic energies the spectra are substantially different: the short
pulse spectrum exhibits much higher ion numbers due to plasma cooling at the end of the pulse,
which is not present in the long pulse case. The following quantities of interest are analyzed:
angle-dependence of the peak kinetic energy, total kinetic energy, and total ion number, as well
as intensity-dependence of the kinetic energy peak. To provide a measure of non-fluid behavior
of the expanding plasma, we calculate the local Knudsen number; though the obtained values
are significant, the kinetic energy data are found to be reliable, and can be extrapolated to larger

distances.

Keywords: EUV, nanolithography, lasers, ions, plasma expansion, radiation hydrodynamics,

ion energy distribution

1. Introduction

High-volume industrial manufacturing of integrated circuits
relies on extreme ultraviolet (EUV) photolithography [1]. In
this process, EUV light is used to print nanometer-scale pat-
terns on silicon wafers. This light is generated by firing laser
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the title of the work, journal citation and DOI.

pulses on tin targets made from microdroplets; the resulting
laser-produced plasma (LPP) radiates intensely in the EUYV,
specifically in a narrow wavelength band peaked near 13.5
nm [2-4]. This peak crucially coincides with the 13.5+ 1%
nm ‘in-band’ optimal reflectance window of Mo/Si multilayer
mirrors [5], which are used in the nanolithography process to
shape and transport the EUV light.

Chosen for its high power, the CO, gas laser (laser
wavelength Ajr = 10.6 um) has set the current industrial
standard for EUV generation [6]. However, recently the use
of Apaser = 2 pum laser light, such as from Tm:YLF solid-state
laser systems, has drawn interest as a potential contender [7,
8]: it promises advantages such as higher wall-plug efficiency
[9], improved pulse-shaping capabilities, and scalability to

© 2025 The Author(s). Published by IOP Publishing Ltd
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high powers and repetition rates [10]. Both simulations and
experiments show that 2 um-driven plasmas are capable of
achieving conversion efficiencies (CEs—the in-band EUV
energy, radiated in the laser-facing 27 hemisphere, relative to
the laser energy) comparable to CO,-driven plasmas [11-15].

Additionally, 2 pm-wavelength solid-state systems have
been designed that can generate pulses with near-1 J energy
for pulse lengths exceeding 100ns [16]. Such pulses would
enable continuous EUV generation until complete vaporiza-
tion of the droplet. The use of long pulses circumvents the need
to first shape the droplet into a flat disk using a ‘pre-pulse’,
[17] thus improving per-shot energy, avoiding tin waste from
target shaping, and the general challenges associated with tin
target shaping. In our previous paper [15], this Ajger = 2 um
long pulse irradiation scheme was explored for the first time
through radiation-hydrodynamic modeling using the RALEF-
2D code [18]. In light of practical limits on source étendue,
[6] we imaged the shape of the source, quantified EUV out-
put, and studied droplet motion over the course of the ablation
process. Whereas a laser intensity fjuser = 0.7 x 10! Wem™2
was previously identified as CE-optimal [13], a higher intens-
ity Jaser = 1.4 x 10" Wem™2 proved to significantly enhance
in-band energy yield with little loss in CE: we found per-shot
in-band energies of 28 mJ in the 27 sr solid angle spanned by
the collector mirror for long pulse irradiation of 30 ym dia-
meter droplets.

Fast ions leaving the plasma are one of the limiting factors
in EUV source design as they can damage or coat EUV optical
instruments, thereby irreversibly decreasing efficiency over
time [6]. Ion emission has therefore been the subject of numer-
ous studies using both solid and liquid tin targets (see Poirier
et al [19], Brandstitter et al [20] and references therein.)
These studies used Ajyser = 1.064 pm Nd: YAG laser light (with
Gaussian pulse lengths Tj,5er < 24 ns) to create the plasmas. In
addition, debris mitigation schemes have been proposed and
implemented with the goal of slowing down and removing ions
from the source vessel. Buffer gases [21, 22] and/or magnetic
fields [23] are often used for this purpose.

As a direct follow-up to the de Lange et al [15] study, we
now investigate the emission of highly energetic ions from a
Alaser = 2 pm LPP using RALEF-2D simulations. Knowledge
of the ion kinetic energy distribution is essential for determin-
ing the feasibility of a long pulse EUV source, and currently
only simulations can provide this. We will first explore a ‘short
pulse’ case (Tiaser = 27 ns) that can be realized, for instance,
with an optical parametric oscillator system [24]. We then
study a ‘long pulse’ case (Tiaser ~ 150 ns) which serves to guide
future experiments involving Ho: YAG or Tm:YLF lasers.

The paper is structured as follows: in section 2, we describe
the setup of the simulations (the parameters used, and how the
ion emission is measured). Section 3 covers the short pulse
simulation. Then, in section 4, we consider a long pulse case,
where the droplet is irradiated up to complete vaporization.
We recount the laser-heating dynamics observed for a tem-
porally Gaussian-shaped pulse [25], and extend this to long,

temporally flat pulses. We present the energy-resolved ion
spectrum, the angular variation of ion emission, the total kin-
etic energy per solid angle, as well as the intensity and angle-
dependence of the peak energy. Lastly, we present lineouts of
the Knudsen number, and argue that ion data measured at the
edge of the mesh (ry,esn = 10 mm) can be compared to experi-
mental data recorded at larger radii ~ 1 m.

2. Simulation parameters

Simulations are performed using the two-dimensional
radiation-hydrodynamics code RALEF-2D [18]. Details of
the code and its application to Ajsr = 2 um-driven plasmas
are given in our previous papers [13, 15]. The ‘short pulse’
case consists of the following parameters: the spatial profile is
an idealized flat top with 85 ym diameter, while the temporal
profile is constant, with Tj,5er = 27 ns (full width at half max-
imum (FWHM) pulse duration) and a 2 ns ramp-up and ramp-
down time (black curve in figure 1). The total energy in the
pulse is 155mJ, or an average intensity of fjzeer = 1.0 x 10'!
W cm~2. We also employ experimentally relevant temporal
profiles [14] in our simulations (orange curves in figure 1). The
bright orange curve represents a ‘mean’ profile obtained by
averaging many experimental laser profiles. The pulse energy
is also 155 mJ. The two lighter curves correspond to intensity
profiles one standard deviation below and above the mean
profile, with pulse energies of 144.5 and 165.5mJ respect-
ively. This establishes a margin of error on shot intensity that
may arise due to experimental beam instabilities. The droplet
diameter in all short pulse cases is 40 ym.

The ‘long pulse’ case is nearly identical to the simulations
performed in de Lange et al [15], where a tin droplet with
diameter 30 pm is irradiated by a laser pulse with intensity
Daser = 1.4 x 10" W cm~2 and diameter 60 um. This beam is
flat in both space and time, and is active for the duration of the
simulation (7jaser = 1000 ns). It is given a 5 ns ramp-up time,
as it was found that the discontinuity of an instantaneous flat
top profile causes numerical artifacts in the ion energy distri-
bution. To avoid stochastic effects and reduce computational
complexity, refraction of laser light is neglected, except for the
test case shown in figure 2(b).

Ion data are collected at the edge of the spherical simula-
tion domain (ryesn = 10 mm). The ‘detector’ records cumulat-
ive energy- and angle-resolved ion numbers in 1° increments
at fixed times. In figures 2 and 3, angle-specific data are recor-
ded at 30° and averaged over a range of +5°.

As the simulation progresses and material is being ablated,
the droplet accelerates. The computational mesh is set to slide
along with the center of mass, so that the droplet and the
high-temperature, EUV-emitting plasma zone at the critical
surface remain in the highly resolved mesh region. For the
Daser = 1.4 x 10" Wem™2 case, the droplet vaporizes at t =
tvap = 157 ns (we define the vaporization time fy,, as the time
that the local density everywhere is below 1 g cm™3) [15].
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Figure 1. Beam profiles used in the simulations. All curves are
normalized by the intensity of the flat top profile (black curve). Both
the flat top and the mean experimental pulse (orange) have an
energy of 155 mJ. The shaded experimental profiles have energies of
165.5 and 144.5 m], respectively one standard deviation above and
below the mean experimental profile.

Mesh sliding is disabled at # = ty,,; in this time, the droplet
moves 0.52 mm, which incurs an angular error of no more than
3° with respect to the original detector position.

3. Short pulse simulation

The works of Hemminga et al [25] and Poirier ef al [19] have
elucidated characteristics of laser-driven ion emission through
simulations and experiments. These concerned the irradiation
of tin droplets by an Nd: YAG laser (Ajyser = 1.064 pm), with
a temporally Gaussian-shaped pulse (7gwym = 10ns), and
intensities on the order of 10'°-10'"" W cm~2. They repor-
ted absolute ion numbers per kinetic energy per solid angle,
d2NAE—1dQ 1, as a function of kinetic energy. In their data,
they identified a strongly anisotropic ion emission, as well as
an energy-resolved peak at ~2 keV for a 60 mJ pulse energy
case.

With our short pulse case, we aim to provide a benchmark
for the long pulse case suitable for comparison with future
experiments. The results, shown in figure 2, represent a nor-
malized (denoted by an asterisk ) kinetic energy distribution
d>N*dE~'dQ2~!. The spectrum generated by the flat top pro-
file is shown in black. Generally, this spectrum resembles the
results of Hemminga et al: a peak at 4.1keV, a sharp drop-
off at higher energies, and a tail of low ion numbers at lower
energies (<3 keV).

To understand the features of this spectrum, as well as the
long pulse spectrum presented in figure 3 below, one must con-
sider the ablation dynamics that give rise to it. Hemminga et al
explain that the peak in their ion energy spectrum is formed
by two ‘bursts’ that emerge during the ablation process and
interact at late times. Rather, we will argue that this should be
thought of as a continuous process.

10

Ion kinetic energy (keV)

Figure 2. The ion kinetic energy spectrum for the short pulse case
with Laser = 1.0 x 101 W em ™2, measured at an angle of 30°,
averaged over +5°. Black curves represent data using the flat top
profile; the peak value of the black curve in (a) is used for
normalization of the spectra. Orange curves represent the
experimental profiles presented in figure 1. (a) The two orange
transparent curves represent data for the pulse profiles £1 standard
deviation. (b) The dotted curves represent the results for simulations
that include the effects of laser light refraction. The insets show the
same data with linear—linear axes.

The Gaussian-shaped pulse employed by Hemminga et al
has a temporal profile with 7wy = 10ns, such that peak
intensity is reached at 15 ns. Between O and 15 ns, the laser
intensity is rising, which gradually increases the plasma tem-
perature, the pressure gradient, and thus the velocity of the
emitted ions. Later, higher-energy ions collide with the earlier,
lower-energy ions, causing the ions to accumulate. Over time,
this accumulation reaches an asymptotic kinetic energy of
2 keV per particle, which forms the peak of the spectrum.

The low-energy tail seen in figure 2 is produced at the end of
the irradiation process: when the laser is turned off, the plasma
rapidly cools, and the ions that have not yet reached the critical
surface are ablated without being propelled to a high kinetic
energy. The subsequent radial expansion leads to an asymp-
totic v = d/t speed profile [25, 26]. Slower ions (kinetic energy
<1keV) emerge from inner, denser regions of the plasma, and
are therefore detected in larger numbers.

We tested the sensitivity of the spectra to variations of a typ-
ical temporal beam profile: see figures 1 and 2(a). The spec-
trum from the average experimental profile is similar in shape
to the flat top case, but the peak is shifted to lower energies
by about 0.2 eV; this is due to the lower steady-state intens-
ity at > 6ns. The two lighter curves, representing intensity
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data one standard deviation above and below the mean, have a
shape similar to the mean experimental profile, with the peak
kinetic energy increasing with laser energy.

Furthermore, we considered the effect of refraction for the
flat top and the experimental mean profile (dotted curves in
figure 2(b)). Refraction effects cause highly localized, rapidly
fluctuating hot spots, and create hydrodynamic self-focusing
instabilities [27]. As seen in our previous paper, the inclu-
sion of refraction leads to notable changes in droplet mor-
phology and in-band EUV production [15]. Figure 2(b) shows
that both ‘refraction’ cases predict the peak to be 0.5keV
higher than the respective ‘no refraction’ cases. This is because
the self-focusing instabilities increase the plasma hot spot
temperature [28].

4. Long pulse simulation

4.1. Energy-resolved ion spectrum

Figure 3 shows the energy-resolved ion numbers for the long
pulse case. Virtually all ions are detected in a peak around
5.3keV. The evolution of the peak over time is shown in
the inset. The lowest curve, shown in green, represents the
spectrum at t=110ns after the activation of the laser: this
is approximately the time of flight for the ions to reach the
detector. The other curves (orange, cyan, purple, red, and
black) represent spectra at 140, 170, 200, 230, and lastly
260 ns: the arrival time of the last high-energy ions. The width
of the peak is caused by emission anisotropy over the 10°
width of the detector and non-steady state effects. That is, ion
flow varies over time and ions of different velocities are sweep-
ing over the detector, resulting in a widening of the peak.

The inset also provides a visual comparison between ion
numbers of the long pulse (black) and short pulse (gray) case.
The total ion emissions per solid angle dNdQ2~! is given by the
area under the curve. In this plot it becomes clear that, despite
the large discrepancy between the two curves at E <3 keV,
these low-energy ions are in fact a negligible contribution to
the total dNdS2~!. Virtually all ions are found in the peaks, and
the long pulse has produced more ions, as expected.

We will now compare the spectra of the two cases and dis-
cuss their physical origin. For both the short and long pulse
case, the size of the peak depends on the amount of ablated
tin. Longer pulses are able to ablate more material and there-
fore produce a larger ion peak. Intensity differences notwith-
standing, one can think of these spectra as lying on a con-
tinuum of laser pulse durations: Hemminga’s case is located
on the low end (10 ns), the long pulse case on the high extreme
(tvap = 157 ns), and the short pulse case is located in-between
(27 ns). The pulses considered in this study are longer and
have a constant intensity, sustaining a hot plasma for a longer
time than the Gaussian case. This leads to a steady-state out-
flux of constant kinetic energy by which a narrow peak grows
over time, until either the laser pulse stops, or the droplet is
vaporized.

Once the droplet has been fully vaporized, lower-energy
(<4.8 keV) ions are detected in relatively small numbers. This
is quantitatively different from the short pulse cases discussed

d’N"dE~'dQ™"! (norm.)
=)

10

Ion kinetic energy (keV)

Figure 3. The ion kinetic energy spectrum for a long pulse with
Naser = 1.4 X 10" W cm ™2 recorded at an angle of 30 &= 5°. The
inset shows the ion peak with linear axes; the colored curves
represent the spectrum recorded at different times: the green curve is
the cumulative spectrum recorded at 110 ns, followed by increments
of 30 ns, up to 260 ns (black). The dashed curve (only in the inset) is
the ion kinetic energy spectrum measured at 78°. The light gray
curve is the flat top case shown in figure 2, and is used to normalize
all data in this plot.

in the previous section: 100 x fewer ions are emitted at 2 keV
for the long pulse case, and this ratio only increases for lower
kinetic energies. This difference arises because, in the long
pulse case, the droplet is fully vaporized: the low-pressure
expansion seen in the short pulse case (which is made up of
the sub-peak energy ions) is thus absent.

To visualize the hydrodynamic transition from ablation to
post-ablation, we have plotted in figure 4 the ion velocity and
ion number density for the short pulse and long pulse cases at
23 ns and 33 ns post-ablation, respectively. In the short pulse
case, ions are emitted at a high density for as long as the laser is
on. When the laser is turned off, the ion density falls; due to the
temperature drop, this is paired with a decrease in ion speed,
and thus in kinetic energy. As such, the ions contributing to the
peak can be distinguished from those in the low-energy tail.
Furthermore, since the droplet is not fully vaporized, a liquid
remnant is left behind.

In the long pulse case, the laser has fully vaporized the
droplet, forming a very low-density region. A decrease in velo-
city in this region (compared to earlier times) is also observed.
During ablation, the velocity is remarkably constant along
radial lineouts, which forms the well-defined ion peak. We
note that the densities appear low relative to the short pulse
case, for two reasons: (i) the long pulse case uses a smal-
ler droplet, leading to less ablated mass per unit of time, and
(ii) ablation causes the droplet to shrink over time, leading to
diminished ablation at late times.

Lastly, we briefly comment on the effect of changing
the laser wavelength. Restricting the discussion to laser-
on-droplet scenarios, Basko, Novikov, and Grushin have
shown that for short wavelength lasers (e.g. A\jager = 1, 2 pm),
absorption occurs over an extended region in the underdense



Plasma Sources Sci. Technol. 34 (2025) 125013

S JJdelangeetal

o

W
n; (10" ions cm™3) S

S

S

z (mm)

Long pulse, =180 ns

1.00

~~
0757

v(10°ms

<
[}
G

0.00

)

4
9
I

o
wn
S

f=]
o
W
n; (10" ions cm™3

o
=3
S

z (mm)

Figure 4. 2D color plots of the tin plasma for (a) short pulse case at = 60 ns; 33 ns after the laser has been turned off, and (b) long pulse
case at = 180 ns; 23 ns after the droplet has been vaporized. The top half shows particle speed, with the arrows indicating the magnitude
and direction of the flow velocity. The bottom half shows ion number density. Densities in black exceed the scale maximum.

corona [29]. Conversely, for long wavelength lasers (such
as 10.6 um CO, lasers), laser absorption is confined to a
narrow region in front of the critical surface. This results
in a higher hot spot temperature for long-wavelength lasers
compared to short-wavelength lasers (for the same intens-
ity), and therefore a higher ion kinetic energy. Additional
RALEF-2D simulations that we have performed confirm this
hypothesis.

4.2. Angle-resolved ion spectrum

Having presented the ion spectrum for the long pulse case at
one specific angle, we now consider general angular behavior.
Three relevant quantities are shown in figure 5 for angles «
in the range 0°-90°, comprising the angular span of a col-
lector mirror. Firstly, the solid black curve shows Epeqx (cv), the
energy corresponding to the peak of the ion spectrum, which
is given as a discrete set of values due to the code’s energy
binning method. It is maximal for o < 20° (Epeak = 5.7 keV)
and gradually decreases for larger angles. For angles up to 60°,
the ion spectrum has a single peak. Spectra taken at angles lar-
ger than 60° exhibit the formation of a second, lower-energy
peak; this slower-moving secondary tin outflux arises due to
expansion from a highly-deformed droplet at late times [15].
For angles o > 70°, the lower-energy peak grows taller than
the higher-energy peak, resulting in the discrete drop in Epeax
seen in figure 5. This double peak can be seen in the inset
of figure 3: the dashed curve represents the spectrum taken at
« = 78°, where this effect is most pronounced. Beyond 70°,
Epeax values decrease monotonically.

The red curve in figure 5 represents the normalized ion
number per solid angle, dN*d2~", which is obtained from the
particle fluxj = m;11 pv, where mg;, is the average mass of a tin
atom (118.7 atomic mass units), p is the mass density of the
plasma and v is its speed. The mesh edge is a spherical surface

8 ”—h\’-\.,\ —
—~ * _4 !
= L dE"dQ] g
%6- —\fz\,all\' \8/
2 P
2 3
[} *
.2 2
5] =
g 7
X
o * 10—1 1 %}
o dN " dQ *Z

<

0 ' ' ; - . 0

0 15 30 45 60 75 90

Angle (°)

Figure 5. Angular data for a long pulse with ljyer = 1.4 X 10"w
cm™2: The peak kinetic energy Epeax (black, left axis), the angular
ion number emission dN*dQ ™! (red, right axis), and the angular
kinetic energy emission dE*dQ2 ™! (blue, right axis). The latter
quantities are normalized with respect to the values at 30°, and for
legibility are normalized to 1 and 4, respectively. The dashed blue

curve is the product of Epeqx and dNndQ .

dA that can be expressed as a solid angle: dA = 12, d©2. The
angular ion distribution is then obtained by integrating over
I ns intervals:

% = [ mgn PVresndr (1)

This quantity is nearly constant up to 65°, indicating near-
isotropic ion emission. The secondary tin outflux can be
observed for angles o > 65°, at which point ion numbers start
to increase, breaking the nearly-isotropic trend. We show in
blue the normalized total ion kinetic energy per solid angle
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Figure 6. Peak kinetic energy as a function of laser intensity

(laser = 0.7, 1.4, 2.1, 2.8, 3.5x 10" W cm ™ for 6 different detector
angles. A power law fit to the data is obtained through the
least-squares method, with the formula for each curve given in the
legend.

dE*dQ !, likewise defined:

dE 1
@ :/Epv3 meshdtv

with the asterisk again indicating normalization. dE*dQ ! is
largest for angles o ~ 25°, which is also observed in the work
of Poirier et al [19] Due to the sharply peaked nature of the
ion spectrum, the total energy per solid angle can be estimated
from dNdQ2~! and Epeak:

@)

26 (0) % Fene () 55 (@), G

This yields the dashed blue curve. It follows dE*dQ~! with
an overestimation of a few percent, and a notable divergence
at 60°. As explained above, this is the angle whereat a second
peak in the spectrum emerges, invalidating the assumption of
a sharply peaked spectrum in this range. The features of the
dE*dQ~! curve can thus be explained as the combined effects
of increases in dN*dQ)~! and decreases in Epeax withincreasing
angle.

Next, we consider the effect of laser intensity on the ion
energy spectrum. Laser intensity has a strong influence on the
position of the energy peak, as demonstrated by Poirier et al
in an experimental setting (Ajuger = 1.064 pm, Trwpy = 10 ns)
[30]. Figure 6 shows the peak energy as a function of laser
intensity for angles 15°-90°. The relationship between these
two quantities can be fit to a power law, whose prefactors and
exponents are given in the plot legend.

For angles 15°-60°, the power law exponent lies between
0.74 and 0.77. Angles 75° and 90° are given for complete-
ness, but it must be noted that these data feature the afore-
mentioned peak shift due to the slower-moving secondary tin

outflux. For the 75° case, the lower-energy peak is dominant
for laser = 2.8-3.5 x 10" W cm~2, but not for 0.7-2.1x 10"!
W cm™~2. For the 90° case, the lower-energy peak dominates
at all energies. This peak shift is the reason why the exponent
for this angle is significantly smaller than the 15°-60° cases.
The obtained exponents can be understood from power law
relations, as was shown in Poirier et al [30]. Their derivation
is repeated here. The bulk kinetic energy of an ablated plasma
scales with the plasma temperature 7 and average charge state
Z according to [31]:
Eyin x ZT. 4)
The average charge state can be approximated by a power
law in temperature based on the Thomas—Fermi model [32];
for tin specifically [29], z oc 7%, Using the scaling relation for
electron temperature 7, o< 1?5:‘; (Basko, Novikov and Grushin
[29]), or T, o<1?a'55er (Kawasaki et al [33, 34]), one obtains a
power law dependence of kinetic energy on laser intensity as

.70(0.80
Ein o< 0o, ©)
according to Basko (Kawasaki), which agrees with our numer-

ically derived results.

4.3. Knudsen number

Lastly we investigate the validity of the fluid dynamics frame-
work in our simulation, and whether the ion kinetic energies at
distances beyond rpesh = 10 mm can be inferred. The 10 mm
mesh radius was chosen to minimize angular error in the detec-
tion of ions over the course of the droplet’s 0.5 mm displace-
ment. However, at such distances from the origin, the ion dens-
ity n; may become too low to properly treat the plasma as a
fluid. The fluid dynamics approach requires that the mean free
path length Ay, be small compared to the characteristic hydro-
dynamic length scale:

)\mfp

——— =Kn.
n1/|Vn1\

(6)

This ratio is known as the Knudsen number, Kn; it quanti-
fies whether a gas behaves as a continuum (Kn < 0.01) or as
free molecules (Kn > 1) [35]. We obtain the mean free path
length from the electron—ion interaction time, as electron—ion
collisions are the main mechanism of plasma interaction [36]:

_ 6V273/2e3  Jme (kBTe)3/2
In Ae*Z2n; '

)

Tei

Here ¢ is the vacuum permittivity, m. is the electron
mass, 7. is the electron temperature, e is the elementary
charge, and is the average ion charge state. InA is the
Coulomb logarithm as used in RALEF-2D, whose definition
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Figure 7. Lineouts of the Knudsen number (equation (6)) at t =

140 ns. The lineouts begin at the droplet center of mass

(z=0.329 mm) and emanate radially at angles oo = 0°, 30°, and 60°
(red, blue, and green curves, respectively).

follows Spitzer [37]:

~1/2
e W@n>

kT,
A:3%9B;AD( S +0.945847—2
e mee

47T€0

®)

In this equation, £ is the reduced Planck constant and Ap
is the combined Debye length for electrons and ions, assum-
ing the ion temperature and the electron temperature are equal

(Ti = Te):
5()kBTe
Ap = | B 9
P\ @+ )ne? ©)

It follows that App = vinTei, Where vy, is the local thermal
electron velocity given by vy, = (3kzT./m.)'/?. With these
relations, the Knudsen number can be calculated from local
RALEF-2D data. Figure 7 shows lineouts of the Knudsen
number taken at t = 140 ns, for o« = 0°, 30°, and 60°. At this
time, ions have reached the mesh edge and the droplet is still
being ablated. As the plasma expands into the vacuum, it
reaches values for Kn on the order of 0.1 within » =0.5 mm.
This lies between the two Knudsen number regimes mentioned
above (continuum and free molecules). The Knudsen number
generally increases with increasing radial distance.

The rather large values obtained for Kn call into question
the treatment of the plasma as a fluid at distances beyond the
millimeter scale. Fortunately, the increase in ion velocity mid-
flight is weak. For instance, an ion at t=30ns, r=0.5 mm
on the 0° lineout experiences a velocity gain of 2% by the
time it reaches r = 10 mm. This means that pressure gradi-
ents in the 0.5-10 mm range have little effect on the ion kin-
etic energy. Because of the weak pressure gradients and high

Knudsen number (which implies free expansion), the ion spec-
tra presented in this work are representative of spectra meas-
ured at distances ~ 1 m, typical for experiments [25].

5. Conclusion

We have quantified ion emission from Ay = 2 pm-driven
tin plasmas using radiation-hydrodynamic simulations. Two
cases have been studied: a 27 ns-long ‘short pulse’ case and
a ‘long pulse’ case which involves full vaporization of the
droplet (#yap ~ 150 ns). The ion kinetic energy spectra in both
cases exhibit two features: first, the peak, which is the res-
ult of steady-state laser ablation. Its intensity scales with the
duration of the laser pulse. Second, the low-energy ion tail,
which features low ion numbers. In the short pulse case, these
ions are ablated at the end of the laser pulse while the plasma
cools rapidly. In the long pulse case, the lower-energy range
is suppressed as virtually all tin ions originate from a high-
temperature plasma zone and thus attain high kinetic energies.

The angular dependence of spectrum-derived quantities is
studied: the peak ion kinetic energy is maximal along the
laser axis, and decreases as a function of the detector angle
a. The emergence of a second, lower-energy peak causes a
discrete fall in peak kinetic energy at « ~ 70°. This second
peak is caused by a slower-moving secondary tin outflux ori-
ginating at late times. The angular ion emission dN*dQ2~! is
approximately isotropic but increases for « > 70°. The angu-
lar energy emission dE*dQ~! is maximal at o~ 25° and
slightly decreases for larger angles.

An angle-resolved scan of the peak kinetic energy for dif-
ferent intensities displays a power law relationship in agree-
ment with scaling relations found in the literature. Laser
intensity is thus a practical way of changing the peak kinetic
energy.

Calculations of the local Knudsen number reveal large val-
ues on the mm scale (Kn ~ 0.1 at r=0.5 mm). While this
suggests that hydrodynamic modeling beyond the mm scale
is not physically meaningful, the near-free expansion at large
distances validates directly comparing simulated spectra with
experimental ones.
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