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Abstract The laser intensity dependence of the recoil energies from the Coulomb explosion of small argon
clusters has been investigated by resolving the contributions of the individual charge states to the ion recoil
energy spectra. Between 10'* and 10'° W/ch, the high-energy tail of the ion energy spectra changes its
shape and develops into the well-known knee feature, which results from the cluster size distribution, laser
focal averaging, and ionization saturation. Resolving the contributions of the different charge states to the
recoil energies, the experimental data reveal that the basic assumption of an exploding homogeneously
charged sphere cannot be maintained in general. In fact, the energy spectra of the high-g show distinct
gaps in the yields at low kinetic energies, which hints at more complex radial ion charge distributions

developing during the laser pulse impact.

1 Introduction

Recent developments in ultrafast laser technology pro-
vide opportunities to study light—matter interactions in
the regime, where the energy absorption depends on the
field strength rather than on the photon energy. Laser-
produced plasmas from optically ionized solid density
matter have been widely explored over the past years as
potential sources for energetic particles [1] and short-
wavelength radiation [2]. Small particles can be uti-
lized as a replacement for solid targets as they provide
debris-free conditions in the experiment as well as yet
retain solid-like properties. Measurements on clusters
are appealing since they act as nm-sized model systems
to study basic issues of strongly non-linear many-body
interactions with light [3-5], such as the impact of col-
lective effects on the charging dynamics [6-8]. Emission
of highly energetic ions in various charge states [9,10]
and fast electrons [11] was observed from laser-heated
clusters. Moreover, the control of fast electron emission
on the attosecond timescale through modification of the
collective oscillations of the nanoplasma by two-color
laser field has been reported [12].

The ionization dynamics of rare gas clusters are in
the focus of experimental studies [10,13-19]. To date,
only a few experiments aimed to resolve the underly-
ing charge-state distributions upon exposure to strong
optical laser fields [10,13,14]. In these measurements,
however, laser intensities above 1016 W/cm? have been
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utilized, which is about two orders of magnitude higher
than the atomic barrier suppression intensity thresh-
old Igss [20]. Igss can be taken as a measure for the
onset of extreme cluster charging [21]. The threshold
regime is appealing since one can expect to resolve,
e.g., the transition from a partially to a fully ionized
plasma.

Experimental data of the Coulomb explosion of clus-
ters were analyzed by Islam et al. [22], to explain
the recoil energy spectra of laser-exposed clusters on
the basis of an analytical model. Compared to other
approaches [23-30], the model is strongly simplified.
But as a key benefit, different contributions, such as
cluster size distribution, laser intensity distributions in
the focus, and ionization saturation can be separated.
That allows visualizing their impact on the experimen-
tal recoil energy spectra.

In the model, the cluster is represented as a uni-
formly charged sphere of constant density and the clus-
ter explosion occurs solely due to Coulomb repulsion
forces. The corresponding ion recoil energy spectrum is
shown in Fig. 1 (black solid line). The yield increases
with recoil energy Er up to a maximum energy Ep,.x.
The low-velocity ions originate from the center of the
cluster, whereas ions with Fr = FE,.x are released
from the surface. In the experiment, however, the spec-
tra differ for several reasons: (i) the size distribution
of the clusters in the interaction region and (ii) expo-
sure of clusters to different intensities due to the spatial
profile of the focused laser beam. The resulting energy
spectrum calculated by considering a log-normal clus-
ter size distribution and a Gaussian laser beam profile
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Fig. 1 Ion recoil energy spectra of homogeneously charged
Arn clusters calculated according to the model of Islam et
al. [22]. Black solid line: single-sized clusters exposed to
a given laser intensity. Blue dashed line: including a log-
normal cluster size distribution and a Gaussian laser beam
profile. Red dash-dotted line: taking ionization saturation
into account. Note that the energy spectra are presented on
double-logarithmic scales

is shown in Fig. 1 (blue dashed line). Large volumes
in the focus illuminated by intensities lower than the
maximum laser intensity lead to a steep decrease of the
yields with energy. The volumetric weighting reflects
in a strong contribution of low-energy ions to the spec-
trum. The cluster size distribution results in recoil ener-
gies exceeding Fp,,x. Finally, consideration of ionization
saturation leads to a high-energy cut-off (knee-feature,
see Fig. 1 (red dash-dotted line). The simplified model-
ing can reasonably fit different experimental data [31—
36], but the considerable change in the energy spec-
trum due to the impact of target and laser conditions
permits to draw conclusions from the resulting spec-
trum on the single cluster ion recoil energy distribu-
tion.

In the present work, we extend former studies by
resolving the impact of the different ion charge states
on the recoil energy spectra. The intensities of the laser
pulses were chosen to monitor the development of the
energy spectra with respect to the phenomenon of ion-
ization saturation. The analysis will be conducted in
two steps. To put the results into the context of previ-
ous measurements and the predictions of the model, the
individual findings on the recoil energy spectra and the
charge-state distribution are presented first. The exper-
imental data show that ionization saturation limits the
maximum ion recoil energies already at laser intensities
of 105 W /cm?. In the second step, the analysis of the
charge-state resolved energy spectra will uncover that
with respect to the highest ¢, the simplified assumption
of an expanding homogeneously charged sphere made
in the model cannot be retained.
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Fig. 2 Experimental setup to measure charge-state selec-
tive ion recoil energy spectra from the Coulomb explosion
of argon clusters, according to [37]

2 Experimental setup

The experimental setup to obtain charge-state resolved
ion recoil energy spectra from the Coulomb explosion
of clusters is schematically shown in Fig. 2. Briefly,
argon clusters of mean size N = 3800 are produced
by supersonic expansion using a pulsed Even—Lavie
valve [38]. About 40 cm behind the nozzle, the parti-
cles are exposed to intense 180fs near-infrared laser
pulses (A = 793nm). The laser radiation is focused
by a lens (f = 30cm) to a spot diameter of 30 pym.
An attenuator, based on a A/2 plate and a pair of
Brewster type polarizers, allows to adjust the intensity
between 10410 W/cm?. In the interaction region,
a charge-state resolving ion energy analyzer (CRIEA)
is installed [37]. Energetic fragments emitted from the
Coulomb explosion are collimated by two slit aper-
tures and pass through a region with a homogeneous
magnetic field, and detected by a time- and position-
sensitive delay-line detector. The commissioning of the
detector system includes a calibration with respect to
the actual ion impact position. For this purpose, a spe-
cially prepared mask is attached in front of the detector.
From the resulting spatially and temporally resolved
signals, charge-state resolved ion recoil energy spectra
are extracted.

Compared to other charge-state resolving energy ana-
lyzers used in the field like Thomson parabola [35]
or time-of-flight spectrometers with magnetic deflec-
tion [10], CRIEA features (i) a high transmission since
slit apertures are used instead of pinholes. (ii) A high-
energy resolution even for MeV ions, as instead of the
spacial deflection the ion time-of-flight is evaluated. (iii)
A delayline detector system, which is characterized by
an extended dynamic range with respect to camera-
based systems and the capability to record data on a
shot-to shot basis. (iv) A significant reduction of resid-
ual gas signals since no extraction fields are used. For
more detailed information on the CRIEA design and the
procedure to obtain time-of-flight deflection histograms
from the delayline detector events, we refer to [37].

A typical time-of-flight—deflection histogram recorded
at a laser intensity of I, = 7.3-101* W/cm? is shown in
Fig. 3. Charge states from ¢ =1 to 9 contribute to the
spectrum. The signals from Ar?™ for each ¢ form a line
due to the different recoil energies Fr. Summing up the
yields for given g gives the corresponding abundance.



Eur. Phys. J. Spec. Top. (2021) 230:3989-3995

N,=3800
3
30} 2
B g=1
£
c 20+
K]
E ,(’P
B 1oL
g 10
ok Yield [arb. u.]
||
1 1 IO :
10 20 30

Time of flight [ps]

Fig. 3 Time-of-flight deflection histogram, obtained from
argon clusters with a mean size of N = 3800 exposed to laser
pulses having peak intensities of 7.3-10'* W /cm?. The signal
strength is represented by a color scale. Due to different
charge states, signals from Ar?" (¢ =1-9) form lines with
different slopes

Thus, the ion charge-state distribution (CSD) after the
Coulomb explosion of the clusters can be obtained. The
dependence of the total ion yields as function of time-
of-flight tTor allows to determine the charge integrated
ion recoil energy spectrum (IRES), whereas the tror of
each Ar?" is used to extract the charge-state resolved
ion energy spectra (CR-IRES).

3 Results and discussion

Charge-state integrated recoil ion energy spectra cor-
responding to selected laser intensities are presented in
Fig. 4 (top panels) on a double logarithmic scale. At
4 - 10" W/cm?, the IRES spreads from zero to about
Foax =2keV. Up to about 100eV the signal is almost
constant and falls off rapidly at higher energies. When
increasing the pulse intensity to 10> W/cm?, the recoil
energies reach values up to 18 keV. Hence, doubling the
intensity leads to a nearly tenfold increase in the max-
imum recoil energy Epax.

The substantial increase in Er between 4-101* W /cm
and 1 - 10 W/em? can be traced back to resonant
charging due to plasmonic excitations [6,39]. In the
nanoplasma formation, charging of the cluster induces
an ion pressure which triggers the Coulomb explosion of
the system. The rapid inner and outer ionization [40]
shifts the corresponding Mie plasmon to energies far
higher than the laser frequency. In the later expansion,
the Mie frequency lowers as a result of the decreasing
ion density. Only for the higher laser intensities, the
expansion rate is sufficient that the collective mode can
effectively adapt to the frequency of the driving laser
field. Thus, the efficient charging of the nanoplasma
reflects in a substantial increase in E'r. Since the ratio
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Fig. 4 Ion recoil energy spectra (top panels) and charge-
state distributions (bottom panels) at selected laser peak
intensities Iy, = 4.4-10"* W/cm? (left) and 1.0- 10" W/cm?
(right). The IRES are presented on double logarithmic
scales. Note the different energy ranges. The CSD shows
an enhanced signal near ¢ = 7 at 1.0-10'® W/cm? providing
evidence for charge-state saturation

between inner and outer ionization reduces with size,
we expect that small clusters are mainly responsible
for the increase of the recoil energies.

In addition to the increase of E .y at higher intensi-
ties, the envelope of the IRES changes substantially, as
shown in Fig. 4, top right. Up to about 8keV the yield
follows an exponential fall off. But between EFr = 8 and
20keV, the yield decreases by several orders of mag-
nitude, giving a pronounced knee feature. Additional
information on the development of the TRES can be
obtained from an analysis of the charge-state distribu-
tions, see Fig. 4 (bottom panels). At 4-10'* W /cm?, the
CSD extends up to ¢ = 7 with a maximum at around
q = 2, which suggests that ionisation saturation hardly
plays a role. Therefore, the corresponding ITRES has
to be compared to the result of the model calculation
shown in Fig. 1 (blue dashed line). Qualitatively, the
calculation reproduces the experimental result. How-
ever, at low kinetic energies, the IRES, shown in Fig. 4
(top left), differs from the theoretical result. The differ-
ence can be attributed to the reduced detection proba-
bility of the multichannel plate detector for ions with a
low kinetic energy [41].

Tons with charge states up to ¢ = 9 contribute to
the TRES at the higher fluence, see Fig. 4 (bottom
right). But the shape of the CSD changes, too. Up to
g = 4, the Ar?" yields are almost constant, followed
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by a steep increase, a maximum at Ar’* and a marked
drop beyond. The development of the CSD represents
an indication of ionization saturation. For Ar, the cor-
responding feature is expected to stand out through
a kink in the CSD at ¢ = 8 due to the pronounced
increase of the ionization potential caused by the 3523p5
shell closing. The underlying charging mechanism, i.e.,
laser-assisted electron impact ionization, requires signif-
icantly higher energies and thus leads to a strong reduc-
tion of the efficiency to produce higher charges states
(¢ > 8). Hence, for a range of higher laser intensities,
no change in the maximum charge state is expected.
The anticipated behaviour is in principle reproduced
by the measurements. The distribution, however, peaks
at ¢ = 7, whereas the yield of Ar®* is reduced rela-
tive to Ar’t. We treat this as an indication of three-
body recombination (TBR) [42] during the nanoplasma
disintegration [29]. Taking ionization saturation into
account, the shape of the energy spectrum shown in
Fig. 4 (top right) qualitatively matches the result of
the model, see Fig. 1 (red dash-dotted line).

So far the data have been analyzed by considering
either the IRES or the CSD. The ion energy analyzer,
however, enables us to extract charge-state resolved ion
recoil energy spectra, as shown in Fig. 5 for both laser
intensities. In general, none of the spectra is similar
to the IRES, as presented in Fig. 4. For Ar't, the
recoil energies range from zero up to about 1keV. With
increasing ¢, the spectra develop into distinct peaks
with the maxima shifting towards higher Er. Notably,
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no ions with low recoil energies are detected for higher
charge states. In addition, the energy spectra overlap
for given g, although the laser intensities differ by more
than a factor of two. Most likely, this effect arises as
a result of focal averaging [43]. When increasing the
laser power an additional volume is illuminated by the
higher I, while the volume illuminated by lower inten-
sities remains constant. Hence, if ions of selected Ard*
are not emitted from regions of higher Iy, no change
in the yields is expected. The corresponding behavior
is observed for Ar't to Ar®t, see Fig. 5, which sug-
gests that these charge states are produced mainly in
the low-intensity regions of the focus. For ¢ =4-7, focal
averaging may be responsible for the peaks obtained at
around 1 keV, as the position of the maxima are similar
at both intensities.

Whereas the CR-IRES of Ar'T-Ar3* show strong
contributions from slow-moving ions, the spectra beyond
exhibit pronounced low-energy cut-offs. For example,
the spectrum of Ar™" taken at I, = 4.4 - 1014 W/cm?
shows recoil energies up to Epa.x =3.1keV. At the
same time, the energy distribution exhibits a sudden
onset of the signal at Ey,;,, =600eV. This behavior and
the development of the distinct peaks with increasing
q cannot obviously be represented as being the sum
of g-dependent recoil energy spectra stemming from
homogeneously exploding charged spheres as assumed
n [22]. Since ions at the surface of the cluster gain
the highest kinetic energy, the experimental observa-
tion implies that the higher charged ions reside predom-
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inantly near the cluster surface. Since cluster ionization
is mainly caused by laser-assisted electron impact ion-
ization, an excessive charging of surface atoms com-
pared to the interior is not expected. Hence, to repro-
duce the experimental results, non-trivial spatial charge
distributions have to be assumed. Inhomogeneities of
the spatial charge distribution as a result of the oscillat-
ing quasifree electron cloud may be responsible for the
effect [32,44,45]. But an impact of the electron motion
has only been observed for the highest recoil energies
[32]. Plasmon-induced charge fluctuations can, there-
fore, be ruled out to explain the small contribution of
low energy ions in the spectra of Ar?™.

Most probably, TBR is responsible and plays an
essential role in the temporal development of the
charge-state distribution [29,46]. Initially, laser-assisted
avalanche charging of the cluster produces ions in
high-charge states. However, in the expansion of the
nanoplasma, ions primarily near the cluster core recom-
bine with quasi-free electrons, whereas for Ar¢* near
the plasma surface, TBR is less effective. This results
in a spatial imbalance of the charge-state distribution,
i.e., surface ions will have a higher charge state and
experience a larger Coulomb pressure.

Note, that the CSD spectrum comprises information
about the contribution of electron—ion recombination
to the final ion charge state. Hence, the full expansion
period is mapped without temporal resolution. In con-
trast, the CR-IRES spectra are sensitive to the period
when the ions accumulate most of their kinetic energy,
which roughly ties to the laser pulse duration. The low-
energy cutoffs indicate that TBR contributes markedly
from the very beginning of the interaction. Although
the nanoplasma temperatures during the laser pulse
impact are expected to be high, hence suppressing
TBR, the CR-IRES suggests that recombination has
to be taken into account on all timescales. A related
computational study on the recoil energy distributions
is appealing to obtain more detailed information. Con-
ducting corresponding simulations, however, is beyond
the scope of the contribution.

The charge-state distribution of larger argon clusters,
ie. Ary, N = 36000 at intensities of 7 - 105 W /cm?
has been studied by Rajeev et al. [41]. The authors
obtained an envelope of the CSD similar to the one
observed in the present work at I, = 10> W/cm?, but
the CSD shift and peaks at ¢ = 8 due to the larger
size and the higher pulse intensity. Hence, the observed
trend is found to be in accordance with our measure-
ments. However, in contrast to our study, those experi-
ments show no signals from the lower charge states, i.e.,
q <4. With respect to the slight increase in the inten-
sity conditions, the absence of ions in low g-states in the
CSD remains surprising. Irrespective of the chosen laser
intensity, one would expect to obtain ion signals from
the lower charge states due to focal averaging. Hence, to
resolve the contradictory results e.g., intensity-selective
scanning experiments have to be conducted [47]. In view
of the need to finally compare the results to molecular
dynamics calculations, such a treatment is appealing
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since the simulations are typically conducted at only a
single laser intensity [48].

Finally, the resulting spectra have to be linked to sim-
ulations on Argoooo [49]. At I, = 10® W/cm?, the cal-
culations show that the CSD peaks at ¢ = 6, whereas at
3-10'5 W /em? the maximum of the distribution shifts to
q = 7. The computational result concurs with our find-
ings. However, the corresponding energy spectra show
that the knee energy exceeds the experimental value
obtained in the present work by more than a factor
of four. As a possible cause, a lower plasma electron
temperature T, could be responsible as TBR strongly

depends on T, i.e., (T{g/2) [50]. Further, the size of the
argon particles may play a role. According to the model
of Islam, the lower knee-energy can be explained by
the smaller clusters exposed to the laser field. In addi-
tion, one can expect that as function of cluster radius,
the average nanoplasma charge state decreases. Hence,
intensity-dependent measurements in this regime are
then again appealing, since, e.g., the CSD has been
found to be quite sensitive to small changes in laser
power. Moreover, the CR-IRES results will allow for a
more in-depth analysis.

Conclusions

Recoil ion energy distributions from the Coulomb
explosion of small Ar clusters exposed to strong laser
pulses have been studied by charge and energy-resolved
spectroscopy. The recoil energy spectra taken at the
highest laser intensities of 101> W/ cm? exhibit a high-
energy cut-off. The corresponding charge-state distri-
bution indicates that the feature stems from ionization
saturation. The envelope of the recoil energy spectrum
can be well described by a model, which takes into
account ionization saturation as well as details of clus-
ter size and laser intensity distributions. At lower laser
intensities, the in-depth information provided by resolv-
ing the contributions of the individual charge states to
the ion energy spectra reveal distinct low-energy gaps
for the higher charge states. Since the ions gain a sub-
stantial fraction of their recoil energy within a short
period of time, the charge-state-resolved energy spectra
are sensitive to the nanoplasma condition in the early
expansion period. The experiments give evidence that
the corresponding charge-state distribution developing
during the laser pulse impact has to be assumed to be
inhomogeneous to match the experimental results. The
presence of low-energy gaps points out the relevance
of three-body recombination already during the laser
pulse impact.
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