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ABSTRACT

An ablation crater depth estimation model, founded on the concept of an ionizing bleaching wave, has been developed for metal targets
irradiated by an extreme ultraviolet (EUV) laser. Two EUV capillary discharge lasers operating at a wavelength of 46.9 nm were focused onto
targets of gold, aluminum, and copper using two different experimental setups to maximize the laser fluence range. The experimental
ablation craters were measured using an atomic force microscope, and the depths were compared to the ionizing wave model. The model
depends on the dominant ion charge of the ablated plasma, which was measured experimentally using the low fluence setup with a time-of-
flight mass spectrometer. The measured ablation depths and ion charges at low fluences are in agreement with the model. The ablation crater
depths in the higher fluence range confirmed the trends predicted by the model, showing potential to expand its use to other materials and
fluence ranges.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0212133

The development of varied extreme ultraviolet (EUV) sources,
such as free-electron lasers and capillary discharge lasers,1 has led to
applications in lithography,2 nano-machining,3 and the production of
warm dense plasmas.4 EUV radiation operating at a wavelength of
13.5 nm is particularly vital to the production of semiconductor devi-
ces.5 EUV sources have been incorporated into mass spectrometers for
material characterization at the nanoscale by taking advantage of the
EUV laser’s high absorptivity and efficient photoionization.6–8

EUV lasers interact with materials via direct photo-ionization,
which produces cooler, denser plasmas than optical/IR/UV laser inter-
actions. The strongly coupled warm dense plasmas are important in
inertial confinement fusion experiments. As the fuel pellet is com-
pressed, the material will pass through plasma densities and tempera-
tures in the warm dense plasma regime. Many astrophysical plasmas
also exhibit the physics of warm dense plasmas, particularly in cool
dense stars and planetary cores.

Additionally, EUV lasers offer a route toward sub-micrometer
ablation that is not possible with optical lasers. The short wavelength
of EUV lasers allows for a reduction in the diffraction limit, resulting

in a reduction in the achievable focal spot diameter. The shorter wave-
length also means an increase in critical density, enabling the laser to
penetrate further into a solid density material.

With the increase in applications for EUV sources, a deeper
understanding of EUV interactions with solid materials is needed.
Previous work has investigated the plasma properties of EUV and
optical wavelength interactions with metal and plastic targets.9–11

Here, we investigate the trends in ablated crater depths and the
resulting time-of-flight (TOF) mass spectra in metals over a range of
laser fluences using an EUV capillary discharge laser that operates at
a wavelength of 46.9 nm.12 The experimental results are used to
establish a model for estimating the ablation depth for metal targets
based on the characteristics of the material and the ionization of the
resulting plasma.

The model predicts the ablation crater depth in solid targets
when irradiated with an EUV capillary discharge laser, according to
the level of ionization of the plasma produced at 46.9nm. This is
achieved using two experimental setups shown in Figs. 1 and 2. The
ion charge to mass ratio is measured at low fluence experimentally by
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TOF mass spectrometry, and the ablation crater depth is measured
post-shot using an atomic force microscope for all fluence ranges.

In the interaction of focused EUV laser pulses with solid targets,
the laser pulse is absorbed at the target, photoionizing atoms and mol-
ecules. This is because the critical electron density in the EUV laser-
created plasma is an order of magnitude larger than when ablating
with optical lasers.13

The critical density, ncrit , is defined as follows:

ncrit ¼
e0mx2

e2
(1)

�
1:11� 1021

k2ðlmÞ
cm�3; (2)

where k is the wavelength in micrometers. An optical laser with a
wavelength of 1lm has a critical density of 1.1�1021 cm�3, whereas
an EUV laser operating at 46.9 nm has a critical density of
5� 1023 cm�3. The higher critical density significantly modifies the
laser interactions with solid targets because a solid material of ioniza-
tion level Z, atomic mass M, and density q (g cm�3) with proton mass
mH , has a free electron number density, nsolid , which is given by the fol-
lowing equation:

nsolid ¼
Z q

MmH
¼

Z

M

q

1:67
1024 cm�3: (3)

Equation (3) shows that a solid target with a low ionization level will
produce densities much higher than the critical density of an optical
laser. Optical lasers cannot penetrate through a solid-density plasma
due to the low critical density. The higher critical density of the EUV
radiation allows the laser pulse to penetrate through an ablated plasma

plume of near-solid density and continue interacting with the target
material throughout the duration of the pulse, thus changing the way
in which the radiation interacts with the target.

A study by Tallents et al.14 modeled x rays with photon energies
of 750 eV generated by free-electron lasers and 89 eV photons gener-
ated by a laboratory-based EUV laser ablating iron and carbon targets.
This study assumes that the x-ray and EUV radiation interact with the
target as an ionizing wave. An ionizing wave is assumed when the inci-
dent photon energy is near or slightly above an absorption edge. The
EUV radiation quickly ionizes the target so the absorption edge of the
material is shifted to a higher energy, and the target becomes transpar-
ent or bleached. The energy density required for ionization to occur,
Ebleach, can be calculated from the energy required to remove sufficient
electrons so that the ionization energy shifts above the photon energy.
It is assumed that a small thickness, Dx, of the target is ablated in a
time, Dt (i.e., the laser pulse duration), by the focused laser intensity, I,
so that

IDt ¼ EbleachDx: (4)

Rearranging Eq. (4) gives the velocity, vbleach, of the ionizing wave
through the target

vbleach ¼
Dx

Dt
¼

I

Ebleach
: (5)

By integrating the intensity of the ablation with respect to
time, the fluence, F ¼

Ð

Idt, and crater depth, D ¼
Ð

vbleachdt, are
calculated as

D ¼

ð

Idt

Ebleach
¼

F

Ebleach
: (6)

The value for Ebleach is given by

Ebleach ¼ Hablation þ Et þ Eion; (7)

where Hablation is the latent heat of ablation, Et is the thermal energy of
the ions, and Eion is the energy required to ionize ablated material to a
determined degree of ionization. The thermal energy of the ions, Et , is
given by

Et ¼
3

2

ðZi þ 1Þq

Amp
kBT; (8)

where Zi is the ion charge, q is the mass density, A is the atomic mass,
and mp is the mass of a proton. The temperature T for the evaluation
of Et andHablation is assumed to be equal to the peak temperature asso-
ciated with a determined ionization.

The ionization energy, Eion, is given by

Eion ¼
q

Amp

� �

X

Ed; (9)

where Ed is the ionization energy in eV for each degree of ionization.
The depth of ablation is then given by

D ¼
F

Hablation þ Et þ
q

Amp

� �

P

Ed

: (10)

FIG. 1. A schematic of the EUV discharge laser for high fluence ablation. A spheri-
cal multi-layer mirror reflects the laser output onto a solid target. Fluences on target
with this arrangement ranged from 20 up to 120 J=cm2.

FIG. 2. A schematic of the EUV TOF setup used for low fluence ablation and ioniza-
tion measurements. Two gold-coated toroidal mirrors are used to guide and colli-
mate the beam to illuminate the zone plate that focuses the laser onto the target.
The ions produced in the laser-created plasma are accelerated into the TOF region
and subsequently detected by a microchannel plate (MCP). Fluences on target with
this arrangement ranged from 0.1 up to 6 J=cm2.
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In this study, the ionizing wave model is used to estimate ablation
crater depths for targets of gold, aluminum, and copper using an EUV
laser operating at a wavelength of 46.9 nm, which is then compared to
experimental data. For low fluence laser interactions, the appropriate
ion charge achieved in the ablation process is measured using TOF
mass spectrometry of the expanding plasma plume. The ablation
plasma typically has a range of ion charges, the most dominant of these
is compared to the ionizing wave model. Results have shown that
when compared to ablation crater depths at high fluence, the model
can also be applied. Recombination can decrease the ionization level
detected by the mass spectrometer, suggesting that a lower ionization
level is suitable for the model, as the recombination energy is converted
into expanding motion.

To enable EUV irradiation of solid targets over a wide range of
fluences, two different focusing arrangements were employed using (i)
large reflective mirrors and an laser system with maximum energy
(50lJ), for high fluence irradiation (10–120 J=cm2), and (ii) a Fresnel
zone plate (outer diameter of 500lm, numerical aperture of 0.12, and
10% efficiency when operated in the first order6) using a laser with
maximum energy of 10lJ, for low fluence irradiation (0.1–6 J=cm2).
The two EUV capillary discharge lasers used in this study, developed
at Colorado State University (CSU) by Rocca et al.,12,15 use Neon-like
Argon ions (i.e., Ar8þ) as the lasing medium, resulting in an operating
wavelength of 46.9 nm (26.4 eV photon energy),16 with pulse duration
of 1.2ns, and rep-rates of 1–10Hz. Gold, aluminum (Goodfellow,
thickness 0.02mm), and copper (Goodfellow, thickness 0.02 and
500nm deposited on a silicon substrate) targets were ablated with sin-
gle EUV laser shots. The resulting crater profiles were measured with
an atomic force microscope. Lineouts of the craters are shown in
Fig. 3. These targets were chosen as they present a range of different
optical properties for metals.

The EUV laser setup, used to ablate targets at high fluences,
focuses the EUV beam with a single spherical mirror, coated with
either a scandium silicon (Sc/Si) multi-layer (45% reflectivity) or an

unprotected gold coating (8% reflectivity), as shown in Fig. 1. The
annular profile of the EUV capillary discharge laser6,15,17 allows for
on-axis focusing onto a target positioned in the annulus of the beam
without significantly obstructing the beam path. An on-axis spherical
mirror minimizes astigmatism and reduces spherical aberrations, pro-
ducing a near-diffraction limited focal spot with minimal loss of the
incoming laser radiation from a target blocking the beam. The EUV
discharge laser energy ranges from 16 to 30 lJ. The average energy at
the target is 11.5lJ using the Sc/Si mirror and 2lJ using the Au-
coated mirror.

The lower fluence data were collected using the EUV capillary
discharge laser connected to a time-of-flight mass spectrometer
(Fig. 2), also developed at CSU.6–8 The EUV TOF allows for mass-to-
charge ratio analysis of the ablated ions from the sample area. The
EUV laser is guided and collimated by two gold-coated toroidal mir-
rors set at grazing incidence. The EUV laser is focused onto the sample
using a Fresnel zone plate (FZP) with 0.12NA and operated in first
order. The FZP has a very high quality focus and gives nanoscale
diffraction-limited focal spots.6–8 A 6kV potential between the target
and the ground grid is used to accelerate the ions into the TOF spec-
trometer. Ions enter the field-free region of the TOF tube and are
deflected by a reflectron to image on a multichannel plate. The reflec-
tron doubles the ion’s flight path, resulting in better separation of ion
packets.6

The EUV laser energy on the EUV TOF setup is measured using
an aluminum inline detector.18 The laser energy is attenuated and con-
trolled with an argon gas cell located immediately after the capillary
laser output. The gas cell is isolated from the target vacuum as the laser
pulse passes through a small aperture with differential pumping.
Control of the laser’s energy allows for control of sample ablation. The
EUV transmission through the cell shows an exponential dependence
as a function of argon pressure.18 The EUV TOF uses a version of the
EUV discharge laser with a maximum pulse energy of 10lJ.15

Combined with the optical transmission of 1:5� 10�3 from the mir-
ror reflectivity and the efficiency of the zone plate, the laser energy
reaching the sample ranges from 15 to 4.5 nJ. The fluence for each
shot was determined using the measured pulse energy and the mea-
sured ablation area, with the approximation that the fluence is con-
stant over the ablated area. Ablation profiles from single laser shots
were measured post-shot using an atomic force microscope (AFM),
with the target fixed at the FZP’s 2.14mm focal length. Mass spectra
were recorded for each laser shot using the low fluence setup (Fig. 2)
and used to identify the ion charge of the different metals.6–8

Equation (10) can be used to estimate of the depth of ablation
craters obtained in Au, Al, and Cu at different fluences based on the
corresponding material properties and degree of ionization. Post-
ablation analysis using an AFM gives an ablation crater depth and
width for the corresponding mass spectrum data. From this, we can
calculate the energy density of each laser shot on target. The energy
density can be compared to Ebleach in order to estimate the level of ioni-
zation of the ablated plasma. The energy density of the target material
as it is ablated can be estimated using the following equation:

U ¼
Elaser

Vab
; (11)

where U is the energy density in J=cm3, Elaser is the laser energy on tar-
get in J, and Vab is the volume of ablated material in cm. Figures 4–6

FIG. 3. 1D profiles of ablation craters from single shots on aluminum (blue), gold
(red), and copper (purple) focused using a scandium silicon multi-layer mirror with a
radius of curvature 100mm.
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show the energy density as a function of fluence for gold, aluminum,
and copper. This can be compared to the assumed ionization
employed in the bleaching wave model as indicated in Figs. 8–10.

Figure 7 shows mass spectra for gold (a), aluminum (b), and cop-
per (c) averaged over 100 single shots at fluences of 5.6, 5.2, and
3.2 J=cm2, respectively, using EUV TOF. Peaks are identified for Au1þ,
Au2þ, Al1þ, Al2þ, and Cu1þ, indicating that in the lower fluence range,
there is an ionization level of up to 2þ for gold and aluminum and 1þ
for copper. The data in Figs. 7(a) and 7(b) show that at lower fluences,
the ablating plasma consists of 1þ and 2þ ions.

Figures 8–10 plot the resulting ablated crater depths as a function
of the EUV laser fluence on each of the three target materials.

The experimental ablation depth results in Fig. 8 show an abla-
tion depth agreement between low fluence experimental data and the
model when Au1þ is the dominant ionization level. The mass

FIG. 4. The plasma energy density determined from the experimental ablation vol-
ume as a function of experimental fluences for gold targets. The required energy
densities to ionize Au1þ, Au2þ, and Au3þ are labeled.

FIG. 5. The plasma energy density is determined from the experimental ablation
volume as a function of experimental fluences for aluminum targets. The required
energy densities to ionize Al1þ , Al2þ , Al3þ and to ablate Al2O3 (red) are labeled.

FIG. 6. The plasma energy density is determined from the experimental ablation
volume as a function of experimental fluences for copper targets. The required
energy densities to ionize Cu1þ , Cu2þ , and Cu3þ are labeled.

FIG. 7. Mass spectra averaged over 100 single shots for (a) gold, showing Au1þ at
197 and Au2þ at 98.5, with a fluence of 5.6 J=cm2. (b) Aluminum, showing Al1þ at
27 and Al2þ at 13.5 with carbon at 12 and oxygen at 16, with a fluence of
5.2 J=cm2. (c) Copper, showing two isotopes of Cu1þ at 63 and 65, with a fluence
of 3.2 J=cm2.
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spectrometry results in Fig. 7(a) indicate that there is a smaller number
of Au2þ ions produced at lower fluence, agreeing with the ablation cra-
ter profiles measured at those laser fluences. The model has predicted
that as the laser fluence is increased, it is expected that the number of
Au2þ ions also increases and becomes the dominant level of ionization.
The high fluence ablation crater data match the model for higher ioni-
zation levels, indicating that at higher fluences, Au2þ becomes the
dominant level of ionization. This is confirmed by comparing the
energy density to Ebleach, where low fluence shots do not meet
the required energy to ionize to Au2þ, but the higher fluence shots do
meet these energy requirements (see Figs. 4–6). The experimental

ablation crater depth (see Fig. 8) shows a good correlation with the
estimated depths for Au1þ at lower fluences (<5 J=cm2), and Au2þ

and Au3þ at higher fluences (>8 J=cm2).
The EUV TOF mass spectrometry data in Fig. 7(b) show that the

aluminum is ionized up to Al2þ for a fluence of 5.2 J=cm2. The experi-
mental data in Fig. 9 for fluences of >20 J=cm2 show that the plasma
consists of a mixture of Al1þ and Al2þ ions. The depth of shots with
fluences less than 20 J=cm2 is slightly lower than what is estimated by
the bleaching wave model caused by the aluminum oxide layer, which
formed on the surface of the target. Figure 9 also shows the fluence
required to ablate Al2O3 (blue dash). This has been calculated using
the lattice enthalpy of Al2O3. The experimental data in Fig. 9 show
that a thin layer of Al2O3 can reduce the depth of EUV ablation of alu-
minum as the energy to ablate Al2O3 exceeds the energy required to
ionize and ablate pure aluminum to Alþ. This has a greater effect at
lower fluences where there will be a higher ratio of Al2O3 to Al in the
amount of material ablated.

The copper ablation results in Fig. 10 show that as the fluence
increases the experimental ablation depths are best fitted with an
assumed higher ion charge. Experimental results below 5 J=cm2 are
most similar to the ionization wave for Cu1þ, which is confirmed in
Fig. 7(c) at a fluence of 3.2 J=cm2. At slightly higher fluences, from 9 to
15 J=cm2, the depths imply a dominant ion charge closer to Cu2þ, and
for fluences above 30 J=cm2, the experimental results imply dominant
ionization closer to Cu3þ for the wave model. This is in agreement
with the energy density, with fluences >10 J=cm2 ionized up to Cu2þ

and>20 J=cm2 ionized up to Cu3þ.
The investigation presents experimental results into the ablation

of metal targets of gold, aluminum, and copper using an EUV capillary
discharge laser at a wavelength of 46.9 nm. Data were recorded using
two laser systems, a high fluence system (Fig. 1) using a high energy
EUV capillary discharge laser and large reflective optics to ablate the
metal targets. The low fluence system (Fig. 2) has a lower energy EUV
capillary discharge laser system focused using a Fresnel zone plate, the
mass-to-charge ratio of the ions produced in the ablation plasma is

FIG. 8. Ablation depths as a function of fluence on target measured for a gold tar-
get. Ionization wave model predicted ablation depths are superimposed, assuming
an ablated plasma ionized to Au1þ (yellow), Au2þ (purple), and Au3þ (green).

FIG. 9. Ablation depths as a function of fluence on target measured for an aluminum
target. Ionization wave model predicted ablation depths are superimposed, assuming
an ablated plasma ionized to Al1þ (yellow), Al2þ (purple), and Al3þ (green), and
assuming Al2O3 ablates (blue dash coinciding closely with the Al

3þ ionization.).

FIG. 10. Ablation depths as a function of fluence on target measured for a copper
target. Ionization wave model predicted ablation depths are superimposed, assum-
ing an ablated plasma ionized to Cu1þ (yellow), Cu2þ (purple), and Cu3þ (green).
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measured using a time-of-flight mass spectrometer. The low fluence
data show that the dominant level of ionization of the plasma and the
ablation crater depth is in agreement with the traveling wave model
developed by Tallents et al.14 The higher fluence data show that with
increasing fluence, the trend of the ablation crater depth follows that
estimated by the model, thus, an estimation of the dominant level of
ionization within the plasma can be made. The degree of ionization
used in the model fits to the ablation depth measurements and is con-
sistent with the energy density of ablated plasma, assuming all the laser
energy is absorbed in the ablated volume. This work has confirmed the
relationship between the laser fluence, crater depth, and plasma com-
position, enabling future studies into alternative target materials and
fluence ranges.
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