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Abstract

We present a new experimental setup for high-order harmonic generation in laser-produced plasmas, allowing the generation
of coherent VUV and EUV light, as well as characterisation of the laser-produced plasmas by studying the emitted harmonics.
We have successfully generated high-order harmonics in laser-produced Al, Ni, Ag, In, and Sn plasmas. Large differences in
harmonic spectra and signal yields have been observed for these different targets. Harmonics up to order 25, corresponding
to a wavelength of 62.4 nm and photon energy of 19.9 eV, have been measured with tin plasmas. Scanning laser parameters
and delay between pump and fundamental laser pulses allows us to optimise the harmonic yield and observe the temporal

dynamics of the laser-produced tin plasma.

1 Introduction

Next-generation nanolithography devices make use of
extreme ultraviolet (EUV) radiation, emitted by a laser-
produced plasma (LPP) in tin, to print nanometer-sized fea-
tures on semiconductor wafers. Such LPPs are created by
illuminating a target with intense laser radiation that ablates
part of the target surface and forms a plasma. The properties
of such LPPs are heavily dependent on the incident laser
parameters. Additionally, the EUV radiation which is emit-
ted by this plasma strongly depends on the plasma proper-
ties. A thorough understanding of the plasma dynamics and
its influence on optical emission is therefore an important
subject of study.

Many efforts have been spent in understanding the fun-
damental physics of EUV emission from tin LPPs, as well
as the laser-matter interaction leading to the deformation of
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micrometer-sized tin droplets to more suitable EUV source
targets [1, 2, 3]. The UV and EUV emission spectra of tin
LPPs generated by lasers of various wavelengths have been
measured to optimise the spectral purity and conversion
efficiency of laser light to in-band EUV radiation [4, 5, 6].
Ion and debris studies have also been carried out to gain
fundamental knowledge on the plasma conditions in the LPP
EUYV source, and to extend the industrial lifetime of collector
optics close to the LPP [7, 8, 9].

High-order harmonic generation (HHG) in the LPP by
an auxiliary femtosecond laser may serve as a new method
to gain time-resolved information from the LPP expanding
in the vacuum, since the nonlinear HHG process is highly
sensitive to variations in plasma density. The highest achiev-
able photon energy in the single atom response of HHG
is given by the cutoff energy E. = 3.17 - Up + Ip, where
Up = 9.33738 - 1075 - I[PW /cm?] - A2[nm] is the pondero-
motive energy of the electrons in the drive laser field with
intensity I and central wavelength 4, and I, is the ionisation
potential of the generation medium. The cutoff energy scales
with the ionisation potential /,, meaning that HHG spectra
are also sensitive to the different ionic charge states in the
LPP.

The concept of generating high-order harmonics (HHs)
in LPPs started in 1992 by generating HHG in rare-gas like
ions with high ionisation potentials to increase the cutoff
energy [10]. Although these initial experiments did not lead
to an increase of the cutoff energy due to mismatches in the
phase between driving laser and its harmonics as well as
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defocusing effects caused by the presence of free electrons,
large progress in terms of HH yield and extending the cut-off
energy has been made in the field of LPP-based HHG since
then. Many elements have served as targets to generate HHs
in LPPs with various yields in HH strength and spectra [11,
12, 13, 14]. The highest-order harmonic generated in Mn
LPPs from a secondary plateau region was H107 and high
conversion efficiencies up to 5 - 107 for the 11-19th har-
monics have been achieved in Zn LPPs [15]. Additionally,
contrary to HHG in noble gases, the resonant enhancement
of single HHs, where the strength of a single HH in the
plateau region is enhanced up to two orders of magnitude
compared to its neighboring HHs, has been observed in
plasma HHG [16, 17, 18]. Such resonantly enhanced HHs
with high flux and narrow bandwidth have great potential
for diffraction-based experiments such as coherent diffrac-
tive imaging.

Although significant progress has been made in this field,
experiments that focus on the influence of plasma composi-
tion on HHG have remained scarce. For this purpose, HHG
experiments in more controlled LPPs with control over the
plasma density and ionisation degree are needed. In this
work, we present a new setup that allows systematic studies
of the spatial and temporal properties of controlled LPPs
from various targets. Conversely, this setup is capable of
controlling the plasma formation to maximise the harmonic
yield for various different targets. We present bright HHG in
various LPPs and showcase the impact of changing plasma
generation laser parameters on the HHG spectra. Firstly, we
give a full description of the experimental setup. Secondly,
the results for HHG in various LPPs, as well as the dynamics

Experimental chamber
Fundamental beam
Wavelength: 1560 nm
Pulse Length: 180 fs
Energy up to 6 mJ

EUV light
(HH)

- FC
- RFA

Fig. 1 A schematic of the vacuum setup, consisting of an interaction
chamber where the plasma and high-order harmonics are generated,
and an EUV spectrometer to analyze the high-order harmonics. A
aperture, L1: f = 300 mm lens, L2: f = 1000 mm lens, M insertable
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on diagnostics:

of HHG in tin plasmas are presented, followed by the discus-
sion, outlook, and a conclusion.

2 Experimental setup for plasma-based
high-order harmonic generation

The experimental setup for the generation and detection of
HHG in LPPs consists of two major components, being the
interaction chamber and the EUV spectrometer. A sche-
matic of the vacuum system is shown in Fig. 1.

In the center of the interaction chamber, a solid metal
target is mounted on a 4-dimensional translation stage
(XYZR). The pump beam that creates the plasma is a high-
energy Nd:YAG laser system with arbitrary sub-nano-
second pulse shaping capability [19]. This laser system
outputs pulses with a flattop beam profile, a central wave-
length of 1064 nm, pulses up to 1 us duration with a shap-
ing resolution of 0.43 ns and pulse energy up to 450 mJ at
a repetition rate of 100 Hz. It is loosely focused to a spot
size of 450 um (e~2 diameter) on the target. For most of the
experiments, the shortest possible pulse length of 430 ps is
used to generate the LPP. In this case, the pump energy E,
is varied between 0.5 and 20 mJ, depending on the target.
Longer 60 ns pulses were also used to create quasi-static
LPPs where the plasma charge state composition could
be tuned by varying the laser energy. In this latter case,
similar pump energies of 5 mJ and 10 mJ were sent on the
target to generate the plasma.

The solid target in the center of the interaction chamber
is partially ablated with every pump pulse, leaving a crater
at the surface of the target. When this crater becomes too

EUV spectrometer

UVv/VIS
Spectrometer

mirror, FW filter wheel, FC faraday cup, RFA retarding field energy
analyser, TM toroidal mirror, 7G transmission grating, BD beam
dump, C EUV camera
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deep, the laser-target interaction geometry changes result-
ing in a plasma that is less suitable for generating HHs as
has been previously observed by Hutchison et al. [20].
Therefore, the target is translated in the horizontal and
vertical (Y and Z) direction to a fresh spot after every
burst of 157 pump pulses. The EUV camera then acquires
the HHG signal from the final 150 shots as the first seven
pump pulses remove the native oxide layer from the tar-
get surface. Besides the crater formation process, debris
from the plasma is slowly coating the outside walls of
the vacuum chamber. This debris takes up to a few mil-
liseconds to fully expand into the vacuum chamber, well
before the next pulse arrives in the experiment. Part of the
LPP debris ends up at the pump laser viewport, although
we find that the high-intensity laser pulses drive a self-
cleaning process, causing every consecutive laser pulse to
remove most debris from the viewport again.

Additionally, the distance between the target and the
fundamental beam can be varied by translating the target
in the X direction up to 2 mm. As this translation is much
smaller compared to the focal length of 1000 mm, the effect
on the generated plasma is negligible. Together with the
delay between the pump and fundamental pulses, this allows
us to probe the expanding plasma plume both spatially and
temporally.

2.1 lon diagnostics

To get an indication of the ion charge states that are pre-
sent in the plasma, a Faraday cup (FC) and a retarding field
energy analyser (RFA) are mounted on the experimen-
tal chamber at a small 9° angle with respect to the pump
beam. The FC measures ion time-of-flight (TOF) currents,
but is insensitive to specific charge states. In combination
with the distance between the target and the FC, the kinetic
energy distribution of the ions can be obtained from these
TOF measurements. Similar to the FC, the RFA also meas-
ures ion TOF currents, although it discriminates ions with
E,../z < Ug,, where E,;, is the kinetic energy of the ion, z
its charge state, and Uy, the voltage applied to the retarding
field plate in the RFA. Thus by scanning the voltage applied
to the RFA, such kinetic energy distributions can be obtained
for all the charge states that enter the detector [21]. It should
be noted that the actual charge state composition and their
kinetic energy distributions might be different inside the
plasma compared to the measured ions at the ion detec-
tors, because of recombination processes in the expanding
plasma. Nevertheless, significant differences in measured
charge states and kinetic energies at the detectors provide
evidence of a changed plasma composition.

2.2 High-order harmonic generation

After a delay Az with respect to the start of the pump pulse,
the fundamental pulse is sent through the plasma to generate
the high-order harmonics. This delay can be electronically
varied without the need of an optical delay line, ensuring
identical alignment for all delays. The fundamental or har-
monic driving laser for this setup is a high-energy optical
parametric chirped-pulse amplifier (OPCPA) system deliver-
ing ultrashort pulses down to 180 fs at a central wavelength
of 1.55pum, with pulse energies up to 10 mJ at a repetition
rate of 100 Hz [22]. After spatial filtering with an 800 pm
aperture to clean up the beam profile, up to 8 mJ of funda-
mental pulse energy reaches the experiment of which typi-
cally up to 6 mJ is actually sent into the experimental cham-
ber. It is focused into the plasma plume with a 300 mm lens
to a spot size of 115 pm (e~? diameter), resulting in a laser
peak intensity up to 6 - 10'* W/cm? in the plasma plume to
generate the HHs.

2.3 EUV spectrometer

As the HHs travel collinear with the fundamental beam, the
EUYV spectrometer is mounted in the line of sight of the fun-
damental beam. A retractable mirror M can be inserted into
the beamline to send the fundamental beam and its low-order
harmonics out of the vacuum chamber. Here the alignment
of the fundamental beam through the experimental chamber
can be monitored with the aperture pair A1 and A2. The
overlap between the plasma and the fundamental beam can
then be optimised by maximising the third harmonic genera-
tion (THG) signal measured by the UV/VIS spectrometer as
this signal is much stronger than the HHs and the acquisition
time of the UV/VIS spectrometer is significantly shorter.
Since the divergence of the HHs is typically lower than that
of the fundamental beam, part of the fundamental beam is
clipped by the final aperture A3 while transmitting most of
the HH beam. A filter wheel (FW) is mounted behind the
final aperture A3. This particular filter wheel can hold up
to five different filters for transmitting the HHs in a specific
spectral range while blocking the fundamental beam.
Within the EUV spectrometer chamber, a toroidal mirror
under a grazing incidence angle of 7.5° is used to image the
HH generation point onto the EUV camera (C) plane, with
a demagnification of 1.8 to increase the spectral resolution.
A grating mount holding up to three transmission gratings
is placed between the toroidal mirror and the detector plane.
The distance between the gratings and the detector plane
equals 170 mm. These gratings are home-fabricated in col-
laboration with the AMOLF Nanolab cleanroom facility. For
the fabrication, we sputter coat a 100 nm-thick gold layer on
top of a free standing silicon nitride film with a thickness of
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50 nm and a square clear aperture of 500 um (Ted Pella). A
binary grating containing several support structures is then
patterned into the gold-coated film by means of a focused
ion beam (FIB). For the current experiments, a transmission
grating with a line density of 1000 mm™' is mounted in the
holder to disperse the frequency components of the HHs and
the EUV plasma emission.

To measure harmonics in the wavelength range above
70 nm, no suitable metal filters are available, and therefore
we measure these HHs without any filter in the beamline.
Since the EUV camera is unable to handle the intensity of
the fundamental IR beam, a beam dump (BD) is placed
between the transmission grating and the EUV camera to
block the Oth and -1st diffraction order. The remaining 1st
order is transmitted to the EUV camera. Finally, the dis-
persed HHs and the plasma emission are collected and meas-
ured by an EUV camera (Greateyes GE 2048 512 BIUV3).
This detector is mounted on a rotational stage, centered
around the transmission grating. This allows us to conveni-
ently rotate the camera to capture different spectral regions
while keeping the distance between the grating and the EUV
camera constant. Angles up to 18° with respect to the 0
order can be reached in both directions. In combination with
the 1000 mm~' grating, this spectrometer allows us to meas-
ure a total wavelength span between 6 nm and 300 nm, while
we can measure a range of 160 nm with a resolution around
I nm in a single camera position. This resolution is limited
by the clear aperture of the transmission grating and the
imaging aberrations introduced by the toroidal mirror. The
expected spectral widths of the HHs lie between 0.8 nm and
3 nm, and our spectrometer resolution is therefore sufficient
to resolve the bandwidth of most HHs.

3 Results

To explore the capabilities and limitations of the setup, we
first study HHG for various generation media. We then pro-
ceed to show the possibility for this experimental setup to
function as a spatially and temporally resolved plasma diag-
nostic. Finally, we show the degree of control we can exert
on the LPPs to systematically study the dependence of the
HHG signal on the plasma composition.

3.1 HHGin various LPPs

In Fig. 2, we show the optimal HH spectra generated in LPPs
from five different metals, namely aluminium, nickel, silver,
indium, and tin. The motivation for these five materials lies
in the differences in atomic weight and their differences in
first and second ionisation potentials. An overview of the
atomic numbers Z, the masses, and the ionisation potentials
for all targets can be found in Table 1.

@ Springer

Table 1 Overview of atomic masses and ionisation potentials of the
materials used for LPP-based HHG

Target V4 Mass (U) IstIp (eV) 2nd Ip (eV)
Aluminium (Al) 13 26.98 5.98 18.8

Nickel (Ni) 28 58.69 7.63 18.2

Silver (Ag) 47 107.9 7.57 21.49
Indium (In) 49 114.8 5.79 18.9

Tin (Sn) 50 118.7 7.34 14.6

ITonisation energies obtained from [23]

Measured HHG spectra for all tested elements are dis-
played in Fig. 2. The bottom panel in each measurement
shows a camera image from which the static background
signals from the fundamental beam and pump beam have
been subtracted. All these results are averages of recordings
at 21 separate spots on the target, with 150 laser shots on
each spot. The remaining background signal in the images
can be attributed to the remainder of the fundamental beam
and the HHs in the Oth order which are scattered from the
beam dump onto the EUV camera. The top panel in each
graph shows the vertically integrated signal from the cen-
tral 15 pixels around the HHG signal on the EUV camera
image after further subtracting the sum of 15 vertical pixels
located 50 pixels below the HH signal to reduce the broad
background signal contribution.

A first observation from Fig. 2 is that the HHG spectra
vary strongly for different elements, and require significantly
different laser parameters to optimize HHG spectrum and
flux. The optimum HH spectrum obtained in aluminium
plasma was generated with a pump energy of 8 mJ, a funda-
mental energy of 4 mJ and a delay between the two pulses of
30 ns. The highest-order harmonic detected in these experi-
ments is H17 at a wavelength of roughly 92 nm or a photon
energy of 13.6 eV. Noticeably, the strength of H7 is much
brighter than that of its neighbouring harmonics, including
the fifth harmonic. This observation might hint at a reso-
nance enhancement effect, although further experiments are
needed to verify this.

The pump energy and fundamental energy required to
drive optimal HHG in nickel plasmas is similar to that of the
aluminium case, namely 6 mJ and 4 mJ, respectively. Also
the optimal delay of 30 ns is virtually identical to the alu-
minium case. The signal strength of the HHG in the nickel
plasma is however more than two orders of magnitude lower
compared to HHG in aluminium plasmas. The harmonic
cutoff for HHG in nickel is also lower as the highest-order
harmonic detected is H13.

For the case of silver, again similar laser energies were
needed to drive HHG in the plasma plume. The optimum
energies for pump and fundamental pulses were found to
be 8 mJ and 2.5 mJ, respectively. Highest HHG yields were
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Fig.2 Typical HHG spectra for the a Al, b Ni, ¢ Ag, d In and e Sn
targets. Experimental conditions can be found in the subfigure insets.
All bottom panels show EUV camera images after subtraction of
pump and fundamental background contributions. All top panels

observed around a delay of 90 ns. The fundamental beam
was more strongly absorbed in the silver plasma compared
to the other targets. Additionally, the HHG spectrum shows a
lower HO intensity compared to the intensities of harmonics
seven and eleven. This might be explained by the presence of
the 4d°5p to 4d°7s spectral line of Ag II at 172.4 nm. How-
ever, other spectral lines can also be found in the vicinities
of H7 and H11, while these harmonics seem to be absorbed
less. Another possible explanation for the weaker H9 might
be that the HH spectrum is cutoff at H9 while H11 is reso-
nantly enhanced, although more research is needed to con-
firm this.

40 60 80 100 120 140 160
Wavelength (nm)

show vertically integrated spectra. Note that the HHG spectra for In
and Sn have been acquired at a different EUV camera angle, shifting
the spectral range of the spectrometer

Typical HHG spectra in indium reach up to H17 with the
highest signal strength for the low-order harmonics at pump
and fundamental energies of 4 mJ and 2.5 mJ, respectively.
For a lower pump energy of 2 mJ, faint H19 and H23 signals
are also observed. Contrary to the HHG signals observed in
previous materials, In HHG spectra show a more plateau-like
behaviour up to H19, similar to expected spectra from con-
ventional HHG in noble gases. The optimal delay between
pump and fundamental pulses was found to be 140 ns.

The highest-order harmonics up to H25 were generated in
tin plasmas. For these HHG spectra, a relatively low pump
energy of 2 mJ was needed in combination with a funda-
mental energy of 4 mJ and a delay of 150 ns. The harmonic
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strength of H9 is comparable to that of H9 generated in alu-
minium, although the spectrum extends to much higher pho-
ton energies up to 19.9 eV. The HH intensity drops fast from
HO to H15, but a plateau region is observed up to H21, after
which the HH intensity drops steeply again. Unfortunately,
the harmonic spectrum has its cutoff below the expected
resonance at a wavelength of 47.1 nm or photon energy of
26.3eV [18].

Overall, large differences are observed in the material-
dependant HHG spectra. These differences cannot simply be
explained with the differences in atomic weights between the
targets as high signal strengths are observed for both light
elements such as aluminium as well as for heavier elements
such as indium and tin. Furthermore, low signal strengths
have also been observed for both the lighter nickel as well
as the heavier silver target. Also the first and second ioni-
sation potentials of the target do not seem to have a direct
correlation with the HH strength. As most of the observed
HH photon energies (except for tin) remain below the sec-
ond ionization potential of the generation medium, a likely
explanation is that most of the HHs are generated by neutral
atoms rather than ions in the plasma.

3.2 HHG as plasma diagnostic

By varying the pump and fundamental laser energies as well
as the delay between the two laser pulses, the HHG yield can
be optimised, as the influence of these parameters on the
local plasma properties results in different phase matching
conditions. Vice versa, the HHG spectra at specific funda-
mental energies may therefore contain information on the
plasma properties in which the HHs are generated. Figure 3
shows the tin LPP HH yield dependencies on pump energy
and fundamental energy. From the pump energy scan, it can
be seen that both the high-order harmonics and the low-order
harmonics behave similarly, although the higher-order har-
monics show a more pronounced decrease in signal strength
at pump energies of 4 mJ and 6 mJ, hinting at slight differ-
ences in phase matching conditions between the high-order
harmonics and the lower-order harmonics. Scanning the
fundamental energy shows a steep increase in HH signal
between 1 mJ and 2 mJ, after which this growth flattens
resulting in stable HHG for higher fundamental energies.
The HH signal scales more strongly for the higher-order
harmonics. The brightness of H21 varies by more than two
orders of magnitude, while the signal from the lower-order
harmonics varies by only one order of magnitude.

This difference between lower-order and higher-order
harmonics can be visualised even better with individual 2D
intensity maps per harmonic for the full energy scan range,
as shown in Fig. 4. The grey scales of these plots are indi-
vidually normalised. Note that the signal strength of H21
is nearly two orders of magnitude lower than that of HO.
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Fig.3 a Pump energy scan for HHG intensity in tin plasmas at fun-
damental energy of 5 mJ and b fundamental energy scan for HHG
intensity in tin plasmas at pump energy of 2 mJ

The harmonic yield for H9 and H13 vary less strongly as
a function of pump and fundamental energies compared to
H17 and H21.

From these plots it can be concluded that the bright-
ness of all HHs peaks around pump and fundamental pulse
energies of 10 mJ and 6 mJ, and that the higher-order HHs
exhibit another local maximum at pump and fundamental
energies of 2 mJ and 4 mJ, respectively. However, back-
ground signals due to e.g. scattered THG also increase for
higher pump energies, which complicates background sub-
traction for the highest energies. The resulting lower signal
to noise ratio is visible in the larger error bars for the highest
pump energies in Fig. 3 a.

Scanning the delay between pump and fundamental
pulses allows us to examine the temporal expansion dynam-
ics of the tin LPP into the vacuum. The HH intensities as a
function of delay are plotted in Fig. 5. The distance between
the fundamental beam and the target is optimised for har-
monic yield by barely grazing the target in this delay scan.
The estimated distance between the target and the funda-
mental beam waist is roughly 150 pm. At short delays, no
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Fig.5 Observed HH intensity as a function of time delay between
pump and fundamental pulses, for HHG in tin LPP generated with
0.43 ns-long, 2 mJ pump pulses, at a fundamental pulse energy of
4mJ

HH signal is observed since the LPP has not expanded far
enough into the vacuum to reach the fundamental interac-
tion region. In the first 100 ns, the HH signal grows nearly
exponentially as the LPP is expanding into the vacuum and
enters the interaction region. The intensity of all harmonics
peaks around a delay of z = 80ns for this particular target-
fundamental distance. After the optimum delay, the LPP
expands even further into the vacuum and the medium den-
sity decreases, eventually becoming too low to efficiently
generate HHs. In this expansion phase, the HH signal decays
exponentially with delay. The decay rate of the HH intensi-
ties is largely identical for all HHs. We therefore conclude
that in the present conditions, the main parameter that influ-
ences the yield for HHs up to order 23 is the density of the
medium rather than phase matching effects.

3.3 Controlling the laser-produced plasma
(changing charge state composition)

All of the above results have been measured with the short-
est Gaussian pump pulse length of 0.43 ns. However, the
pump laser for these experiments has unique pulse shaping
capabilities that allow us to control the generation of the
LPP with high accuracy. We exploit this capability by also
studying LPP for a longer and square pump pulse with a
duration of 60 ns.

For these longer pump pulses, changing the laser energy
will influence the charge state composition in the LPP [24].
This allows us to see the effects of the charge state composi-
tion in the LPP on the HHG spectra. As a proof of principle,
we have generated HHs in LPPs pumped with 5 mJ and
10 mJ pump laser energies. The ion kinetic energy distribu-
tions dQ/dE measured at various set retarding voltages U,
for these two cases are plotted in Figs. 6 a and b, respec-
tively. Although these plots show the kinetic energy distribu-
tions of the ions flying off the plasma, no information about
the neutrals can be extracted from these measurements. As
the ratio between neutrals and ions would be valuable infor-
mation relating to the HHG phase-matching, this ratio is
subject to further study. Note that the voltages shown are
set retarding voltages and the actual voltages applied to
the retarding grid may vary slightly because of the limited
resolution of the HV supply. At 5 mJ pump energy there
is mainly one smooth curve visible, meaning that the LPP
mostly contains only singly charged tin ions. At 10 mJ pump
energy a double-peaked structure appears, which indicates
the presence of both singly and doubly charged tin ions.
Additionally, the measured ion current per kinetic energy
is higher in the 10 mJ case, as more mass is ablated which
results in a higher LPP density. Finally, the maximum kinetic
energy of the ions produced with a 10 mJ pump beam is 2-3
times higher than those produced with a 5 mJ pump beam.
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Fig.6 Kinetic energy distributions of ions detected with a retarding field energy analyzer for a 5 mJ pump energy and b 10 mJ pump energy.
Different curves correspond to the set retarding voltages Ug,, on the retarding grid
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We have generated HHs in these two distinct LPPs as
a function of pulse delay to compare the dependence of
the cutoff energy, the harmonic yield, as well as the tem-
poral dynamics. The optimal HHG spectra for both pump
energies are shown in Figs. 7 a and b, respectively. With
the 60 ns pump pulses at 5 mJ energy, the measured HH
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intensity is roughly four times lower compared to the HH
signal generated in the LPP pumped with 0.43 ns pulses.
For this low pump energy case, the observed HHG spec-
trum remains quite bright and harmonics up to order 23 are
observed, which is comparable to the shorter pump pulse
case. Similar observations on the HHG cutoff with respect to
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the pump pulse length have been made by Ganeev et. al [25].
For these longer pump pulses, the pump laser energy has a
more pronounced effect on the HH cutoff and intensity. Only
HHs up to order 19 were observed when using 10 mJ, 60 ns
pump pulses, whereas the highest observed harmonic for
the 10 mJ, 0.43 ns pump beam was H23. The observed HH
signal strength is significantly lower at 10 mJ pump energy
compared to the 5 mJ case. One reason for this decrease in
HH signal is the increased fundamental absorption in the
higher-density LPP. This increased absorption also leads to
a temperature rise in the LPP, resulting in a higher ionisation
fraction and increased EUV-UV emission, which appears as
a multitude of spectral lines that form a background to the
measured HHG signals in Fig. 7b.

The HH intensities as a function of delay pumped with the
60 ns-long pulses of 5 mJ and 10 mJ are shown in Figs. 7 ¢
and d, respectively. The blue shaded curves display the nor-
malised temporal shape of the pump laser. The slowly decay-
ing tail of these curves can be attributed to the electronic
response of the photodiode rather than the actual pump
intensity. The pump-to-fundamental time-delay depend-
ence of the HHG also shows markedly different behaviour
for the 5 mJ and the 10 mJ pump energies, as can be seen in
Figs. 7 ¢ and d. At 5 mJ pump energy, the HH signal starts
rising after roughly 30 ns delay time. This HHG onset delay
is much longer compared to the 0.43 ns pump pulse cases
where HH signal appears from delays of 7 = 10ns onwards.
After a steep increase up to roughly 60 ns, the signal keeps
growing until it peaks around 160 ns. Afterwards, as the
plasma expands into the vacuum its density decreases, lead-
ing to a decrease in HH intensity as well.

For the Ep = 10 mJ case, the fundamental pulse leads
to a more rapid heating of the LPP, resulting in an appar-
ent signal increase in the first tens of nanoseconds as seen
in Fig. 7d, which however is mainly caused by incoherent
background emission from the plasma rather than actual
harmonics. The actual HH signal appears above this back-
ground after a delay of 130 ns after which it peaks around
260 ns. The decrease in signal strength for the 10 mJ case is
much slower compared to the 5 mJ case. Weak HH signals
were observed up to delays of 1.6 ps, whereas at 5 mJ pump
energy the maximum delay for which HH signals remained
visible was 1.0 ps.

4 Discussion and outlook

The highest-order harmonics generated in our five different
targets remained well below values reported in literature [12,
14, 16, 17]. Considering the maximal ponderomotive energy
from the peak intensity of the fundamental laser pulses
Up =45 eV for a pulse energy of 4 mJ, much higher-order
harmonics could be expected, although plasma effects such

as electron defocusing are likely to reduce the actual peak
intensity in the plasma. In addition, phase matching effects
may be expected to dominate the observed HHG spectrum
rather than the single-atom response: free electrons in the
plasma and the additional ionization in the leading edge of
the relatively long fundamental pulse can therefore also be a
cause for the observed HHG cutoff. To this end, it is simplis-
tic but insightful to consider the barrier suppression intensity
above which atoms or ions are further ionised [12], which
would lead to the generation of significant amounts of free
electrons that generally inhibit phase matching. In the case
of aluminium, the barrier suppression intensity above which
all neutral Al will be ionised is 1.0 - 10"*W/cm?. At a central
wavelength of 1560 nm, this corresponds to a ponderomotive
energy of Up = 2.24 eV. From this, the single atom response
predicts a cutoff energy of E- =3.17- Up + Ip = 13.2eV,
which is 16.5 times the photon energy of the fundamental.
As this number nearly matches the highest-order harmonic
observed with a photon energy of 13.6 eV, it seems reason-
able to assume that the observed HHs are generated from
neutral Al atoms rather than ions.

Continuing this reasoning, the expected cutoff energies
for neutral nickel, silver, indium and tin are 13.1 eV, 10.7 eV,
7.6 eV and 10.1 eV, respectively. These cutoff energies are
calculated gssuming a barrier suppression intensity scaling
of Fpg = ;= [26]. The observed HH cutoff energies in our
experiments were 10.4 eV, 8.8 eV, 15.2 eV and 20 eV for Ni,
Ag, In and Sn, respectively. From this simple model, we can
expect to generate HHs mostly in neutrals for Al, Ni and Ag
LPPs, while HHs from singly charged ions can be generated
in In and Sn LPPs. However, the harmonic cutoffs for In
and Sn do not scale according to a single-atom law with the
second ionisation potential either, making it apparent that
phase matching still dominates HHG in these elements. In
general, a better model is needed to predict whether the HHs
are generated from neutrals or ions. Furthermore, shorter
fundamental pulses are likely to improve HHG yield as well.

In our energy scans with the HHG in Sn LPPs, we observe
variations in HHG signal strength that allow optimizing the
yield of individual HHs. For now the observed variations
in HHG spectra are too small to consider this a quantitative
plasma diagnostic, although we obtained a bright HH signal
up to H25.

The delay scans measured with both the 0.43 ns-long
pump pulses and the 60 ns-long pump pulses show large dif-
ferences in HHG spectra. Especially the differences between
the two pump energies for the 60 ns-long pulses are very
pronounced, whereas this effect was much less noticeable
for the 0.43 ns pump pulses. This difference is probably due
to the more efficient plasma heating for the 60 ns pulses,
leading to an overly dense plasma for efficient HHG.

While the available parameter space especially in terms
of pump pulse properties is much larger, the present set of
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experiments already showcases the capabilities of our LPP-
based HHG setup. The present experiments clearly show
some characteristics of the expanding LPPs generated by
laser pulses of two different pulse lengths. More advanced
experiments on HHG in LPPs generated with various tem-
poral laser shapes in combination with ion diagnostics will
be performed in future experiments, to systematically char-
acterise these LPPs and optimise HHG yield. Through these
experiments, we aim to provide a better understanding of the
generation mechanisms and dominant charge states involved
in the HHG process.

5 Conclusion

We have shown a new experimental setup capable of suc-
cessfully generating HH radiation of a fundamental laser
with a central wavelength of 1560 nm in various LPPs.
Large differences in both HH yield and harmonic cutoff
energy have been observed which cannot be explained by
only considering differences in atomic number and the first
and second ionisation potentials of the target species. HHG
in aluminium LPPs has shown a very bright H7 compared
to neighbouring harmonics H5 and H9, which may hint to
the presence of a resonance enhancement. HHG in tin LPPs
has shown the highest-order harmonic of H25 with a bright
overall harmonic yield. Energy scans for pump and funda-
mental lasers have shown differences in harmonic yield and
differences in phase matching for different harmonics. A
delay scan with the 0.43 ns-long pump pulse has shown an
increase in HH yield as the plasma expands into the interac-
tion region, after which the further expansion dilutes the
LPP to densities where no efficient HHG is possible. Finally,
very different LPP expansion dynamics were observed for
the 60 ns-long pump pulses with low and high energy com-
pared to the 0.43 ns-long pump pulses.
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