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Universal scaling laws in nanoplasmonics of laser-ionized nanospheres

V. Leshchenko ,1,2,* A. Camacho Garibay ,1 B. Smith,1 P. Agostini,1 and L. F. DiMauro1

1Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA
2NeXUS facility, Institute for Optical Science, The Ohio State University, Columbus, Ohio 43210, USA

(Received 9 March 2024; accepted 2 July 2024; published 18 July 2024)

Over the last decade, strong-field nanoplasmonics has emerged as a field for which subwavelength localization
of light plays a crucial role. We present universal scaling laws for ion cutoff and anisotropy in laser-nano-
sphere ionization and experimentally demonstrate that the wavelength dependence of the local nanoscale field
enhancement can be deduced by measuring the ion anisotropy. The results open new directions in studies of
nanotargets by detecting angular-dependent charge particle distribution.
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I. INTRODUCTION

Nanostructures have fundamental importance to a broad
range of phenomena in nature as they display characteristics
between isolated atoms and condensed matter systems, giving
rise to unique phenomena [1,2]. In the context of strong-field
physics, nanostructures are important due to their capability
to enhance electric fields in well-defined spaces much smaller
than the optical wavelength of the driving laser [3]. While
future applications trend to complex shapes, like nanoneedles
or nanoantennae [3], nanospheres remain as important fun-
damental targets for basic research. They can be produced
in a controlled way with relative ease, and their symmetry
facilitates interpretation. The promise of novel developments,
such as realizing ultrafast light-wave driven nanelectronics,
continue propelling fundamental research of the interaction
between strong lasers and nanometric systems [2]. In addition
to fundamental studies, there are a broad range of applications
[4,5], which would profit from a comprehensive description
of laser-induced polarization and ionization of nanoparticles
and nanoclusters in a form that can be directly used for the
development of, e.g., sensors. Previous fundamental studies
summarized in the following few paragraphs were mostly
focused on the investigation of one nanocluster property or
parameter. Therefore, we derive universal scaling laws for ion
cutoff and anisotropy that enable the development of novel
techniques to measure nanocluster size, permittivity, and
polarizability.

A plethora of different spherical nanotargets have been in-
vestigated during the past decades, including dielectric [3,6],
metallic [2,3,6,7], and noble-gas nanoclusters [2,6,8], pro-
viding valuable fundamental insight as well as promising
applications. For example, they can be used for the genera-
tion of high-energy electrons [2,3,7], multiply charged ions
[2], as well as high-frequency photons [9,10]. Many results
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observed in rare gases were successfully interpreted through
ionization theories based on the nanoplasma model [8,11,12].
As current experimental capabilities allow us to move away
from popular 0.8 µm pulses and explore longer wavelengths,
this model appears to be insufficient to describe the interac-
tion [13,14]. Thus, extending strong-field nanophotonics and
nanoplasmonics into the middle-infrared (mid-IR) spectral
range is fundamental to further our understanding and guide
technological developments.

Here, we study strong-field interactions of argon nan-
oclusters with intense ultrashort optical pulses encompasing
the visible (VIS), near-infrared (NIR), and mid-IR spec-
tral ranges. The fundamental importance of the local field
enhancement is experimentally confirmed in the measured
wavelength dependence of angular-resolved ion emission
from laser ionized argon nanoclusters. In addition, we derive
universal scaling laws for ion anisotropy and energy cutoff
that are in perfect agreement with the results of both experi-
ments and molecular dynamics (MD) simulations.

The objective of this work is to reveal the nature of
two distinctive features of the ion distribution from laser-
ionized nanospheres. The scaling of the ion energy cutoff and
anisotropy as a function of cluster and laser parameters are
presented in Secs. III and IV, respectively. Although these two
characteristics are extracted from the same data set, they show
distinctively different scaling with laser and cluster parame-
ters. The nature of this difference is discussed in Sec. V.

II. EXPERIMENTAL SETUP

Our home-built Ti:Sapphire laser system, providing 0.8 µm
wavelength pulses with 60-fs pulse duration and 5.6-mJ en-
ergy at 1-kHz repetition rate, is used to drive the experiment
shown schematically in Fig. 1. Linearly polarized optical
pulses with >1 µm wavelengths are generated with an optical
parametric amplifier (OPA) (HE-TOPAS, Light Conversion),
while those <0.8 µm are obtained as the second harmonic of
OPA or Ti:Sapphire pulses generated in a beta barium borate
(BBO) crystal. Argon van der Waals nanoclusters are ob-
tained through a solenoid-driven (Even-Lavie [15]) pulsed gas
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FIG. 1. Scheme of the experimental setup. The broad range of
wavelengths of the optical pulse is enabled by using OPA, the direct
output of the Ti:Sapphire laser, and their second harmonic. Nan-
oclusters are generated with a pulsed nozzle and skimmed before
entering the interaction zone where they are ionized by the optical
pulse, and the kinetic energy of the generated ions is detected with a
TOF spectrometer.

nozzle with 150 µm diameter whose size is controlled via
valve backing pressures up to 30 bar. The cluster jet is
skimmed before entering the interaction region where, after
exposure to the laser, the emitted ions and their kinetic en-
ergies are detected in a time-of-flight (TOF) spectrometer.
Note that clusters with radius larger than 2 nm, as in our
experiments, have a shape very close to spherical [16,17]. The
interested reader can find additional details on the experimen-
tal setup in a previous publication [14]. Note that we do not
discriminate ion charge states in the standard configuration of
the setup; thus, most of the data presented here are for ion
kinetic energy integrated over all ion states.

Figure 2 shows a typical ion energy spectra, where the
blue curve represents ions emitted along the laser polariza-
tion, while the orange one corresponds to those emitted in
an orthogonal direction. Throughout the paper, we define the
anisotropy as the ratio of the mean energies of ions emitted
along and orthogonal to the laser polarization

A = 〈K〉‖
〈K〉⊥ , (1)

FIG. 2. Typical measured ion spectra. Both (a) and (b) are
measured with 1.3 µm optical pulse of 50 fs pulse duration and
900 TW/cm2 intensity. (a) has logarithmic energy scale, while
(b) has a liner scale. Otherwise, (a) and (b) present the same results.
The blue (orange) curves correspond to results measured along (or-
thogonal to) the laser polarization.

where K is the ion kinetic energy. The mean energy is defined
as 〈K〉 = ∫

KY (K )dK/
∫

Y (K )dK , where Y is the measured
ion yield, e.g., in Fig. 2. In the following discussion the ion
energy cutoff is defined as the kinetic energy at which the
normalized yield (see Fig. 2) is crossing the 10−4 level. It cor-
responds to the threshold beyond which the ion yield quickly
drops.

III. ION CUTOFF SCALING

Over the last few decades, the duration and intensity of the
optical pulse were shown to impact the electron kinetic energy
and x-ray yield in the laser-nano-sphere ionization [18,19].
The influence of intensity is usually attributed to inverse
Bremsstrahlung (IBS) [11], an essential process to explain
the enhanced absorption for longer pulses where the system
can reach the plasma resonance condition [20]. In addition,
larger nanotarget size increases both the mean and cutoff en-
ergy of the emitted electrons and ions [21,22]. Although most
experiments (which were performed at 0.8 µm) are consistent
with calculations based on the nanoplasma model [11], re-
cent measurements of electron emission at longer wavelengths
display clear deviations associated with subcycle strong-field
dynamics that provides a universal scaling law of their cutoff
[22]. However, a systematic discussion of a unified scaling law
of ion kinetic energy, especially as a function of wavelength,
is still missing. In the following, we present a systematic
scan of different laser and cluster parameters and derive an
expression describing a unified scaling law of the ion cutoff in
laser-ionized cluster expansion.

Figure 3(a) presents our experimental results on the depen-
dence of the ion energy on the pulse intensity and wavelength,
for a fixed pulse duration (50 ± 10 fs) and 7-nm average
cluster radius. As demonstrated in Fig. 3(b) all plots follow the
same trend when it is rescaled to the dependence on (intensity
× number of optical cycles in the pulse). This result is in
perfect agreement with IBS plasma heating. The IBS heating
rate is given by [11]

∂U

∂t
= 9ω

8π

Im[ε]

|ε + 2|2 |E (t )|2, (2)

where U is the cycle-averaged energy absorbed by the
nanoplasma, E0 is the electric field amplitude of the pulse, and
ε the permittivity of the plasma. The electric permittivity of
the system can be calculated using the Drude approximation
as follows:

ε = 1 − ω2
p

ω(ω + iν)
, (3)

where ωp = √
4πn is the plasma frequency (in atomic units),

ν the collision frequency between electrons and ions in the
plasma, and n is the plasma density. The universal scaling is
understood when Eq. (2) is integrated and expressed as

U = 9

4
|E0|2

∫ ∞

−∞

Im[ε]

|ε + 2|2 f (N ) dN, (4)

implying that the total absorbed energy is proportional to the
number of cycles, provided that the term Im[ε]/|ε + 2|2 does
not overall depend strongly on the pulse frequency [here we
explicitly introduce the pulse envelope as the function of the
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FIG. 3. (a) Measured dependence of the ion cutoff on intensity
and wavelength of optical pulses. For all wavelengths, the pulse
duration is about 50 fs. The averaged cluster radius is measured to
be 7 nm. (b) Same, but the X scale is normalized to intensity divided
by wavelength (more precisely, it is the product of intensity and the
number of optical cycles (Ncycles) in the pulse duration, where the
slight difference in the pulse duration for different wavelengths is
taken into account).

number of optical cycles f (Ncycles)]. In the context of the
nanoplasma model, this constraint implies that the collisional
frequency has to obey the relation ν ∝ n

ω
very closely for a

wide range of wavelengths (see Appendix A for more details).
It should be noted that the cutoff slope is not linear with in-

tensity, as one may expect from Eqs. (2) and (4). This responds
to the fact that the deposited energy is converted not only into
plasma heating, but also into further collisional ionization (as
evidenced by higher ionic charge states at higher intensity,
as can be seen in Appendix B). The ionization potential for
increasingly charged ions grows almost linearly for electrons
located in the valence shell, but further ionization (q > 8)
shows a pronounced jump in the required energy, tampering
with the way energy is distributed among these channels.
Note also that the shape of the ion spectra does not have any
significant dependence on either laser intensity or wavelength,
and the ratio between ion cutoff and ion mean energy stay
constant, as reflected in the right scale in Fig. 3(b).

We continue our study with a less explored parameter,
namely, the laser pulse duration. Measured and simulated
dependence of the ion cutoff on the pulse duration and fluence

FIG. 4. Dependence of the cutoff on the pulse duration and
fluence for (a) 2 µm, (b) 1.5 µm, and (c) 0.8 µm.“sim” indicates
MD-simulation results; “exp” stands for experimental results.

is presented in Fig. 4. The results demonstrate that the ion
cutoff indeed scales according to the product of intensity and
pulse duration, i.e., the fluence, as expected from Eq. (2).
However, the results for 800 nm also indicate that deviations
from that scaling do occur. These are caused by intrapulse res-
onances mentioned in previous works [21], when the plasma
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has enough time to expand within the laser pulse duration to
reach critical density and cause enhanced resonant absorption
at the tail of the pulse. It is a similar effect to resonances in
double pulse ionization discussed in our previous paper [14],
further supported by the shared feature between spectra for
longer pulses and for resonance conditions in the double pulse
experiment (see Appendix C for more details).

The absolute value of the ion cutoff energy can be com-
pared with estimates based on the cluster Coulomb explosion
model [23] even though it is derived for a two orders of mag-
nitude higher laser intensity. In the optical intensity regime
relevant to our experiments, the build up of the positive net
charge in a nanoplasma is caused by the escape of the fastest
portion of electrons with enough kinetic energy to overcome
the potential barrier of the nanoplasma (it is the so-called
electron outerionization discussed, e.g., in our previous pa-
per [14]). For example, in the performed MD simulations
at 800 nm, 60 fs, 0.7 PW/cm2, the total net charge of the
nanoplasma at the end of the optical pulse is Q = +3800 e,
which corresponds to 8-keV ion kinetic energy in a sim-
ple Coulomb explosion model: QZe2/r (Z is the maximum
ion charge state, which is 10 in the discussed conditions as
presented in Appendix D; r is the cluster radius) [23]. The
estimate is in reasonable agreement with the experimental
and MD-simulations results, which have almost a factor of
3 higher cutoff that is caused by neglecting plasma hydrody-
namic pressure and inhomogeneous charge distribution in a
simplified Coulomb explosion model [23].

The cluster size is a parameter that was found to be im-
portant in our experiments, yet absent in Eq. (2). The cluster
size is experimentally controlled by the backing pressure of
the gas jet and measured via Rayleigh scattering and inter-
ferometry [14,24] (see Appendix in [14] for more details).
A linear trend of the increased cutoff with the cluster size
is easily identifiable in our experimental results presented in
Fig. 5. Note that the average ion charge state also has linear
dependence on the cluster size [see Fig. 11(a)], and the scaling
of the cutoff with the cluster size follows the increase of the
averaged ion charge state [see Fig. 11(b)]. This dependence is
in full agreement with the expected scaling of the ion kinetic
energy in a thermalized plasma at the end of its expansion [25]

Kions = (Z + 1)kTe, (5)

where Z is the ion charge; Te is the electron temperature. The
plasma electron temperature has almost no dependence on the
cluster size, as shown in previous publications [22].

In summary, the kinetic energy of ions from the expansion
of nanoplasmas created by laser ionized nanoclusters scales
according to the following relation:

Kcutoff
ions ∝ f (I )τRcl/λ, (6)

where I , λ, and τ are the laser intensity, wavelength, and pulse
duration, respectively; Rcl is the radius of the nanosphere.
f (I ) is a function describing the unified intensity dependence,
which approximately scales as

f (x) ≈
{

1.2x0.9 − 1, for x < 20 PW/cm2 × Ncycles

8.5x0.33 − 5, for x > 20 PW/cm2 × Ncycles,
(7)

where x = I × Ncycles.

FIG. 5. (a) Measured dependence of the ion cutoff on the cluster
size. Dashed lines are linear fits to the data of the same color. All
results are taken at the same intensity (within about 5% absolute
accuracy) of 800 TW/cm2 and identical pulse duration of 50 ± 10 fs.
(b) Same as (a) but the cutoff is normalized to the value at 4-nm
cluster radius.

IV. ION ANISOTROPY SCALING

The anisotropy of the ion kinetic energy distribution has
distinctively different dependence on experimental parame-
ters compared to the cutoff, as discussed in this section. In
particular, we identified that anisotropy has a much more
direct correspondence to the local field enhancement in nanos-
tructures, making the results relevant to a broad range of
nanophotonics and nanoplasmonics phenomena.

Previous studies on ionic emission anisotropy were limited
to a small parameter range [13,26,27], restricting the under-
standing, interpretation, and theoretical description of the phe-
nomenon. Just recently a thorough study with varying pulse
wavelength was performed [13] and provided new insight. We
present here a thorough analysis of ionic emission anisotropy
and its theoretical interpretation by scanning over an even
larger parameter space. Our conclusions, therefore, are sup-
ported by a uniquely large set of experiments with varying
pulse wavelength, intensity, pulse duration, and target size.

The measured dependence of ion anisotropy with respect
to wavelength and intensity of the optical pulse is presented
in Fig. 6. At first glance, no obvious scaling can be identified
in Fig. 6(a). However, the previously observed [13] rescaling
of I × λ reveals a universal scaling as shown in Fig. 6(b). Our
interpretation of the experimental results is supported by MD
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FIG. 6. (a) The measured dependence of the ion anisotropy on
intensity and wavelength of optical pulses. For all wavelengths, the
pulse duration is about 50 fs. The averaged cluster radius is measured
to be 7 nm. (b) Same as (a), but the X scale is normalized to intensity
times wavelength.

simulations, and both are presented side-by-side in Fig. 7.
Note that the anisotropy in simulations is evaluated using
the same approach as in experiments. Like measurements,
simulation results collapse into a single line when scaled
according to the I × λ. The slightly higher slope observed in
the simulation is due to the absence of focal volume averaging
caused by the need to reduce computational costs. Including
full focal averaging in simulations will inevitably lead to a
better agreement [13].

The next parameter, which was important for the cutoff
scaling, is the pulse duration. Anisotropy is largely unaffected
by the pulse duration and only depends on the pulse intensity
as shown in more detail in Appendix B (Fig. 12). At first
glance, these results seem to contradict previously reported
data [26] regarding the ion anisotropy dependence on the
pulse duration. However, those results were obtained by main-
taining an approximately fixed pulse energy, such that shorter
pulses imply higher pulse intensities. Therefore, there is a
general agreement between both results as the measured trend
in that study is determined by the intensity drop for stretched
pulses and consistent with our observations for pulses longer
than 30 fs.

FIG. 7. Comparison of ion anisotropy in experiments and MD
simulations. “sim” stands for simulations; “exp” stands for experi-
mental results.

The nanocluster radius was another parameter important
for the ion cutoff. The experimental results of the cluster size
scan are shown in Fig. 8. The systematic trend of increasing
anisotropy for larger nanospheres agrees with previous results
[26]. However, the dependence is very week, so that doubling

FIG. 8. (a) Measured dependence of the ion kinetic energy
anisotropy on the cluster size. All results are taken at the same
intensity (within about 5% absolute accuracy) of 800 TW/cm2 and
identical pulse duration of 50 ± 10 fs. (b) Same as (a) but the
anisotropy is normalized to the value at the cluster radius of 4 nm.
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the cluster size results in just a few-percent-increase of the ion
anisotropy. Thus, ion anisotropy has negligible dependence on
the nanocluster size, at least in the parameter range accessible
in our experimental setup.

In summary, the anisotropy in the kinetic energy of ions
from laser-ionized nanoclusters scales according to the fol-
lowing relation:

A ∝ Iλ, (8)

while the cluster size and pulse duration have no discernible
effect.

V. DISCUSSION

Our results show that the anisotropy and cutof energy have
quite different scaling [see Eqs. (6) and (8)], the first shows a
proportionality with the wavelength and the second with the
laser frequency. Moreover, cutoff has a clear dependence on
the pulse duration (and more generally the number of cycles)
and the cluster size, unlike the anisotropy. These differences
are clear indicators of a very different physical origin of
the cutoff and anisotropy, therefore providing a glimpse into
different parameters of the nanostructure, important for the
characterization and development of applications.

Specifically, the measured cutoff scaling is appropri-
ately described by the well-known process of inverse
Bremsstrahlung heating [Eq. (4)], which is in agreement
with previously published results [11,21,28]. Ion anisotropy,
however, was previously attributed to different mechanisms
such as polarization enhanced ionization or “charge flipping”
[26,29,30], based on assumptions involving inhomogeneous
forces arising in a homogeneous system. Recently, the basics
of the inhomogeneous system charging were resolved by ex-
periments with tunable wavelength [13]. However, a complete
understanding requires to address the anisotropy dependence
on other laser parameters, which has not been done previously.

As mentioned earlier, local field enhancement plays an
important role in nanophotonics and nanoplasmonics, as ion-
ization is initially driven by strong-field ionization effects that
are highly sensitive to the laser field. The electric field at the
surface of a sphere with size smaller than the wavelength of
the incident field (which is perfectly satisfied in our experi-
ments) can be described within Rayleigh’s quasistatic dipole
approximation [31,32]

Eout = E0 + ε − 1

ε + 2
[3n(n · E0) − E0], (9)

where E0 is the incident laser field, Eout is the electric field
at the sphere surface, n is a unit vector normal to its surface,
and ε is the electric permittivity. Figure 9(a) shows the cor-
responding dependence of the surface field inhomogeneity on
the wavelength for different values of the collision frequency
ν. In combination with the experimentally measured linear
dependence of the mean ion charge state on the field strength
of the laser pulse [see Fig. 9(b)] and Eq. (5) relating ion cutoff
to the ion charge, local field enhancement clearly explains
the linear wavelength dependence of anisotropy observed in
both experiment and simulation. Thus, the dependence of
anisotropy on the wavelength is determined by the inhomo-
geneous surface field around the nanotarget.

FIG. 9. (a) Electric field enhancement [Eq. (9)] at the surface of a
cluster (the estimate is done for the cluster density of 2 × 1022cm−3,
corresponding to the density of Ar clusters, and the electron-ion
collision frequency of ν = 5 × 1015 (blue line), following the typical
values from previous papers [11,19]); in addition, results for ν =
2 × 1015 (orange line) and ν = 2 × 1016 (green line) are shown to
demonstrate that the dependence is linear in a broad range of param-
eters. (b) Measured dependence of the mean ion charge state on the
laser field strength. (Experimental conditions: 800 nm wavelength;
60 fs pulse duration; 7 nm Ar cluster size).

However, Eq. (9) and Fig. 9 do not explain the measured
dependence of anisotropy on the laser intensity since the field
anisotropy is independent of the laser field strength in the
first approximation. Nonetheless, the intensity dependence of
anisotropy can be explained by MD simulations, which show
very good agreement with experiments. In particular, the
analysis of the instantaneous plasma temperature distribution
indicates another source contributing to ion anisotropy. As can
be seen in more detail in Appendix D, plasma temperature
is inhomogeneous inside the nanoplasma on the early
expansion stages, which is not a big surprise since the electric
field creating and heating the plasma is inhomogeneous
[Eq. (9) and Fig. 9] and the plasma thermalization does not
happen instantaneously. Thus, in addition to the already
mentioned anisotropy in the ion charge state and charge
density [13], there is plasma temperature anisotropy, both of
them grow with laser intensity as shown in Fig. 10, perfectly
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FIG. 10. Parameters contributing to the intensity dependence of
the ion anisotropy. (Black stars) MD-simulation results for 1.3 µm
pulses [same data set as in Fig. 12(c)]. (Orange rhombuses) The
anisotropy of the ion charge state calculated as the ratio of mean
ion charge along and orthogonal to the laser polarization. (Green
circles) Same but for the electron temperature (defined as the mean
electron kinetic energy). (Blue triangles) Product of the previous two
contributions.

explaining the trend observed in both experiments and MD
simulations.

Another important parameter that can be extracted from the
results is the plasma electric permittivity. Using the Drude’s
expression [Eq. (3)] and Eq. (9), the ratio of electric fields at
the pole of the nanosphere (along the laser polarization) with
respect to that acting on the equator can be computed by the
following, remarkably simple expression:

|Epole|
|Eequator| = |ε|, (10)

where Epole is the electric field at the poles (along the laser
polarization) and Eequator is the electric field at the equator
(orthogonal to the laser polarization). Furthermore, assuming
over the barrier ionization (OBI) is the dominant mechanism,
and that ionization potentials for sequential charge states
evolve roughly linearly for outershell electrons, it follows that

|ε| ≈ 〈q〉pole

〈q〉equator
, (11)

where 〈q〉 is the average ion charge state (see Appendix E
for further details). It then follows that the ion anisotropy
measurement can be used to evaluate the electric permittivity
of spherical nanotargets, and potentially, for more complex
nanotargets.

VI. CONCLUSION

In conclusion, our results show that the wavelength depen-
dence of local nanoscale field enhancement in nanospheres
can be experimentally traced by the measurement of ion
anisotropy in strong-field ionization of nanoclusters. Our re-
sults prove that the angular-dependent measurement of ion
energy distribution (in the presented case, averaged energy

and 0 vs 90 degrees energy anisotropy) provides access to
both macroscopic (averaged over the nanostructure) and local
nanoscale nanocluster parameters. Ion anisotropy is deter-
mined by the local nanoscale field enhancement, while the ion
cutoff (as well as average) energy is determined by inverse
bremsstrahlung, which follows macroscopic, cycle-averages
parameters of the nanoplasma and the optical pulse. The
performed scans of the dependence of ion anisotropy and
cutoff on a broad range of accessible experimental parameters
enables the derivation of universal scaling laws for both of
them [Eqs. (6) and (8)].

The obtained results open new directions in studies of
nanotargets by detecting angular-dependent charge particle
distribution. They rule out a large number of hypotheses
describing the ionization of nanoclusters and provide a com-
prehensive explanation and universal scaling laws, which are
supported by experimental results, molecular dynamics simu-
lations, and simplified models. The obtained universal scaling
laws should facilitate the development of diagnostics tools and
sensors related to the measurement of nanotarget size, electric
permittivity, and polarizability [5].

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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APPENDIX A: DEPENDENCE OF THE AVERAGED ION
CHARGE ON THE CLUSTER DIAMETER

Figure 11 presents the dependence of the averaged ion
charge state and the ratio between the ion cutoff and the charge
state. These results are in full agreement with the expected
scaling of the ion kinetic energy in a thermalized plasma at
the end of its expansion [25], see Eq. (5).

APPENDIX B: ANISOTROPY DEPENDENCE
ON THE OPTICAL PULSE DURATION

As presented in Fig. 12, ion anisotropy has almost no
dependence on the pulse duration at fixed fluence and only
depends on the pulse intensity in both both experimental and
simulations results.

APPENDIX C: WAVELENGTH DEPENDENCE
OF THE INVERSE BREMMSTRAHLUNG HEATING RATE

As noted in the main text, the IBS heating rate, when
expressed in terms of the number of cycles [Eq. (4)], all
dependence on the wavelength can be gathered in the scaled
rate σ̄ , which we define as

σ̄ = Im[ε]

|ε + 2|2 . (C1)
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FIG. 11. (a) Measured averaged ion charge state as a function
of the cluster radius. (b) Ratio between the ion cutoff shown in
Fig. 5(a) and the charge state in (a). The almost perfectly horizontal
line proves linear relation between the charge state and the cutoff, as
indicated in Eq. (5).

Using the plasma electric permittivity from the Drude model,
the scaled rate can be written as follows:

σ̄ = ω2
pων

ω2
p

(
ω2

p − 6ω2
) + 9ω2(ω2 + ν2)

. (C2)

Clearly, the scaled rate is a function of both the driving wave-
length ω, the time-dependent plasma frequency ωp, and the
collision rate ν, such that finding a universal stable behav-
ior appears complicated. This is further exacerbated as the
collision frequency ν, despite its fundamental importance,
is a majorly unknown quantity with multiple dependencies,
ranging from the ionic charge state to the electronic temper-
ature. However, some insight is gained if we introduce the
reduced plasma frequency ω̄p = ωp/ω and reduced collision
frequency ν̄ = ν/ω, allowing us to write the scaled rate as

σ̄ = ω̄2
pν̄

ω̄4
p − 6ω̄2

p + 9(1 + ν̄2)
. (C3)

By inspecting Eq. (C3) it can be concluded that in order
for σ̄ to slowly evolve over a wide range of frequencies (in
particular when ωp 
 ω, i.e., ω̄p 
 1), it is required that ν̄

closely behaves as a second degree polynomial of ω̄p. This,
in turn, implies that, at least on the leading order, ν = kω2

p/

FIG. 12. Dependence of the anisotropy on the pulse duration for
(a) 2 µm, (b) 1.5 µm and (c), 1.3 µm. The results in (a) also include
MD simulations.

ω = kn/ω. While such a simple expression might be surpris-
ing, it intuitively reflects the fact that the probability of the
electron interacting with an ion is proportional to an effective
interaction volume covered by the electron on each cycle.
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FIG. 13. Scaled heating rate σ̄ as a function of the relative den-
sity for different values of the proportionality factor k. The scaled rate
converges rapidly to its asymptotic value for red detuned frequencies.

Therefore, the collisional frequency has to be proportional to
the ionic density and its oscillation amplitude or dipole mo-
ment (which is implied to scale inversely with ω). Figure 13
shows the scaled heating rate as a function of ω̄p or different
values of the proportionality factor k. The asymptotic value
for red-detuned pulses (large np/ncrit) is quickly reached and
reads

σ̄ω̄p→∞ = k

1 + 9k2
, (C4)

achieving a maximum value of σ̄ max
ω̄p→∞ = 1/6 for k = 1/3.

APPENDIX D: CHARGE-STATE-RESOLVED
MEASUREMENTS

As mentioned in the discussion of Fig. 3 the change in the
slope of the dependence of the ion cutoff on the optical pulse
intensity is attributed to reaching ionization of the second
electron shell of argon (which is equivalent to appearing of
ion charges of 9+ and higher). That statement is based on
the charge-state-resolved experimental results. Charge state
resolution is enabled by applying an accelerating potential to
the interaction region, which is done by applying voltage to
field plates surrounding the interaction region. It is essentially
equivalent to performing a mass-spectrum experiment. An
example of the charge-resolved experimental data is shown
in Fig. 14(a). The information obtained from this data on the
maximum detected ion charge state is presented in Fig. 14(b).
It presents the same data on the cutoff as in Fig. 3(b) with the
addition of the charge state information.

APPENDIX E: EVIDENCE OF RESONANCE
LASER-PLASMA INTERACTION FOR LONG

PULSES AT 800 nm

As mentioned in the discussion of Fig. 4, the deviation
in the scaling for longer pulses at 800 nm should be caused
by approaching the intrapulse plasma resonance conditions.
The hypothesis is supported by the experimental results pre-
sented in Fig. 15. Figure 15(a) presents an ion spectra from
our previous paper [14] at the resonance pump-probe delay
when the second pulse interacts with the plasma at resonance
density (which enhances the plasma absorption). There is a

FIG. 14. (a) Example of charge resolved spectra (800 nm, 60 fs,
0.4 PW/cm2, 7-nm cluster size, along the laser polarization, 2000-V
acceleration potential). (b) Charge-resolved cutoff.

clear modification of the shape of the ion spectrum. In the
resonance case there is a long plateau with a sharp roll off
close to the cutoff, while the ion yield has no pronounced
plateau but drops exponentially up to the cutoff in the non-
resonant single-pulse ionization case. The results from this

FIG. 15. (a) Example of spectra for pump alone and a resonance
pump-probe spectra from [14] (pump: 800 nm, 60 fs, 0.25 PW/cm2;
probe: 1200 nm, 60 fs, 0.1 PW/cm2; 7-nm Ar cluster size, spectrum
is measured along the laser polarization). (b) Examples of ion spectra
(along the laser polarization) for fixed fluence of 50 J/cm2 but varied
pulse duration. Pulse parameters: 800 nm, 0.8 PW/cm2 at 60-fs
duration.
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FIG. 16. Example of the (cycle-everaged) electron temperature
distribution in the plasmonic nanosphere (laser-ionized nanocluster)
calculated in MD simulations. The color represents temperature in
eV (locally averaged over the area with 0.4-nm radius). The pro-
jection of the slice through the center of the nanosphere is shown,
with the laser polarization oriented vertically. Simulation parameters:
1.3 µm wavelegnth, 0.6 PW/cm2 pulse intensity, 60 fs pulse duration.
The presented snapshot is taken at 30 fs after the peak on the pulse.

paper in Fig. 15(b) show a very similar trend. At 60-fs pulse
duration, the ion energy distribution has no plateau similar to
the single pulse case in Fig. 15(a). However, at longer pulse
duration, the spectrum in Fig. 15(b) develops a plateau, and
the shape of the ion spectrum clearly resembles the resonance
case in Fig. 15(a). It is a clear indicator of intrapulse resonance
for longer pulses and shorter wavelengths when the universal
scaling of the cutoff is not strictly valid anymore.

APPENDIX F: ANISOTROPY
OF ELECTRON TEMPERATURE

As explained in the discussion section, the dependence of
the anisotropy on the intensity of optical pulses is governed by
the the plasma temperature anisotropy (which, in turn, causes
the charge state anisotropy discussed in [13]). Figure 16
presents an example of the electron temperature distribution
in a spherical nanoplasma obtained in MD simulations.

APPENDIX G: ANISOTROPY OF ELECTRIC
FIELD ENHANCEMENT

Figure 17 shows instantaneous electric field electric field
around the cluster and demonstrates the field enhancement at
the poles of the nanosphere by the factor of about 6, which
is in almost perfect agreement with the analytically predicted
value for a 1.3 µm optical pulse (Fig. 17). The result also
agrees with previous studies, e.g., [19].

APPENDIX H: ELECTRIC FIELD STRENGTH, ION
CHARGE STATE INHOMOGENEITY,

AND ELECTRIC PERMITTIVITY

The dipole response of the system has been shown to be
responsible for the creation of preferential sites for ionization
to take place. This is due to the local field enhancement

FIG. 17. Amplitude of instantaneous electric field in MD simu-
lations normalized to the field of the laser pulse. The projection of
the slice through the center of the nanosphere is shown, with the
laser polarization oriented vertically. Simulation parameters: 1.3 µm
wavelegnth, 0.6 PW/cm2 pulse intensity, 60-fs pulse duration. The
presented snapshot is taken at (a) the peak on the pulse and (b) half
of the optical period later.

and suppression that said dipole field exerts at different re-
gions of the cluster surface. As our study spans a wide
range of parameters, the dipole response of both the neu-
tral system and the evolving nanoplasma and its dependence
with respect to wavelength and plasma density become rel-
evant. Using Rayleigh’s approximation [Eq. (9)] we can
compute the electric field at the pole and at the equator as
follows:

Epole = E0 + 2
ε − 1

ε + 2
E0, (H1)

Eequator = 3

ε + 2
E0, (H2)

where the later also corresponds to the homogeneous field
inside the cluster. These two fields being collinear, the ratio

013117-10



UNIVERSAL SCALING LAWS IN NANOPLASMONICS OF … PHYSICAL REVIEW A 110, 013117 (2024)

of their strengths is readily computed as

Epole

Eequator
= 1 + 2 ε−1

ε+2
3

ε+2

= ε. (H3)

It should be noted that, as ε is complex, in general these
two fields are not in phase. Knowing the field strengths we
can proceed to estimate its impact on ionization and surface
ionic states. Assuming over the barrier ionization (OBI) is
the dominant ionization mechanism, the critical field (that
removes the potential barrier) is

Ec(q) =
(
Iq

p
)2

4q
, (H4)

where Iq
p is the ionization potential for an ion with charge q.

Naturally, it follows that the sequential removal of electrons
requires increasingly higher field strengths, which is reflected

on increasing values of their ionization potentials. While the
ionization energy can evolve in a complex manner, it can be
approximated to be linear with respect to the ionic charge
Iq

p = qI1
p (with I1

p being the ionization potential of the neutral
atom) for electrons in the valence shell. Therefore, the critical
electric field is approximately

Ec(q) ≈ q

(
I1

p

)2

4
. (H5)

This result allows us to estimate the charge state along the
cluster surface, and along Eq. (H3) we obtain

|ε| ≈ 〈q〉pole

〈q〉equator
. (H6)

Therefore, the wavelength dependence of the anisotropy can
be understood, at least partially (see Appendix D), as a
consequence of different ionic charge states induced by the
frequency-dependent electric permittivity of the system.
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