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The energy distribution of electrons and ions emerging from the interaction of a few-cycle Gaussian laser
pulse with spherical nanoclusters is investigated with the aim of determining prospects for accelerating
ions in this regime. It is found that the direct conversion of laser energy into dense attosecond electron
nanobunches results in rapid charge separation and early onset of Coulomb-explosion-dominated ion dy-
namics. The ion core of the cluster starts to expand soon after the laser has crossed the droplet, the fastest
ions attaining 10 s of MeV at relativistic intensities. The current investigation should serve as a guide for
contemporary experiments, i.e., using state-of-the-art few-cycle ultraintense lasers and nanoclusters of
solid density. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921667]

I. INTRODUCTION

Ton acceleration by short-pulse, high-intensity lasers has
been actively pursued for the last 15 years following the land-
mark experiments detecting MeV protons from gold foils with
PW-class laser systems at the turn of the millennium.'™ Since
then, despite enormous progress in laser technology and
targetry, the maximum ion energies achieved have remained
stubbornly below expectations: proton energies up to 50 MeV
(Ref. 4) and to more than 60MeV have been recently
recorded” with laser systems on paper capable of producing
proton beams with many 100s of MeV. One problem with
these sources has been their generally broad (Maxwellian-
like) energy spectrum, which is not favorable for many poten-
tial applications demanding a quasi-monoenergetic beam with
1% bandwidth or better.® These limitations have spawned a
host of schemes for improving the energy and quality of ion
beams such as: mass-limited targets,’ radiation pressure accel-
eration,® light-sail,9 and Break-Out-Afterburner (BOA).10

Of these numerous regimes of ion acceleration, a number
involve laser-cluster interaction, the idea being that mass-
limited targets are more conducive to creating high degrees of
charge separation and so result in larger accelerating fields.
Early work with rare gas clusters had the purpose of finding
suitable conditions for hydrodynamical expansion or Coulomb
explosion of multicharged clusters irradiated by intense lasers
(1015 W/em? <1< IOZOW/cmz).“’12 Deuterium  molecular
clusters were typically used to determine experimental condi-
tions for complete outer ionization and electron expulsion,'?
with a corresponding maximum attainable ion energy of a few
hundreds of keV. The proton energy spectrum from laser-
irradiated hydrogen clusters in an intermediate regime between
hydrodynamical expansion and Coulomb expansion has been
studied in Ref. 14. In Ref. 15, the regime of Coulomb explo-
sion for hydrogen droplets has been studied in more detail,
finding more intermediate energy spectra shapes for ions.

A general threshold intensity for expelling all the elec-
trons can be found which predicts maximum proton energies
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of the order of MeV and above. Such energies represent the
necessary step for making the laser-cluster configuration com-
petitive with other ion acceleration mechanisms. In Refs. 16
and 17, fast ion spectra for laser-illuminated micron-sized
spheres are compared to equivalently irradiated targets with
different geometry. It is found that when the dimension of the
target does not exceed the laser focus size, rounded targets
can enhance the energy of the accelerated ions. Experimental
work carried out recently at MBI in Berlin, where water drop-
lets of 20 um diameter were illuminated by short laser pulses
of 35 fs duration and I = 10" W/cm?, obtained backward and
forward emission and maximum ion energies up to 1.5 MeV
(Refs. 18 and 19).

Extending these previous works, we investigate whether
two-cycle ultraintense pulses are also able to extract high-
energy ions from submicron solid-density clusters and we
compare our results with the results from longer pulse inter-
actions similar to those so far used in experiments. The re-
mainder of this paper will be structured as follows: First, a
summary of the previous results for electron acceleration in
this regime will be given, in order to describe the general
physical context in which the ion dynamics starts to
take hold. Then, the applicability of known models of the
three main regimes of ion acceleration will be explored and
evaluated by means of varying the droplet size and the laser
intensity. These are, respectively, Coulomb explosion, iso-
thermal expansion—equivalent to Target Normal Sheath
Acceleration (TNSA), and finally, the more challenging in-
termediate regime. Further discussion on the possibility of
shock generation for small droplets and relatively high inten-
sity precedes final conclusions.

Il. ELECTRON DYNAMICS

We have performed 2D simulations with EPOCH parti-
cle-in-cell code,” using a sphere of pre-ionized hydrogen
plasma with 100 n. density containing 34 x 10° particles,
placed at the center of a 20 um X 20 um box with open

© 2015 AIP Publishing LLC
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boundaries. The simulations have been run sufficiently long
to determine the characteristic time for the ion cloud expan-
sion, which is typically 200 fs after the start of the
interaction.

We have considered clusters whose radius is much
smaller than the laser focus, namely, 100-200 nm, and com-
pared their dynamics with a cluster of 1 ym radius, that is, of
the same size of the focus. For the latter, a ten times higher
resolution statistics has been used, so that the number of par-
ticles was 340 x 10, and the box was enlarged up to 40 um
x 40 um. The laser is modeled as a tightly focused linearly
polarized 2-cycle Gaussian pulse, with a duration of 5 fs; the
focus size was chosen to be 1 um, while the laser wavelength
was 800 nm. The intensity of the laser was varied between 5
% 10'® and 10*! W/cmz, in order to infer scaling laws for the
emitted particles’ energies and to identify any transitions in
the cluster ion dynamics.

The electrons are expelled from the nanodroplet during
the first 10 fs after the onset of the interaction with the laser,
and their dynamics depends on both the droplet size and the
laser intensity (see Refs. 21 and 22). Such a dependence is in
contrast to what has been previously obtained in the study of
low-density helium droplets irradiated by 16-cycle laser
pulses by Liseykina et al.,*> where Mie theory determines
the directional emission of the electrons independently of the
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laser intensity. For droplets whose size is much smaller than
the laser focus, namely, with a radius ranging from 100 to
500 nm, overcritical dense electron plasma regions which
can be identified as isolated nanobunches are emitted every
half-cycle, following two symmetric directions with respect
to the x axis (whereas the laser is polarized along y axis) in
good agreement with ponderomotive scattering model pre-
dictions.** Immediately after emission, these bunches travel
together with the transmitted portion of the laser pulse,
which for the smaller droplets constitutes most of the wave
energy, since reflection and diffraction are minimal. This is
evident from the plots of the transmitted energy density (Fig.
1), which when superimposed on the electron number den-
sity show the spatial coincidence of electron nanobunches
and field null points.

Subsequently, the orientation of the bunches changes in
time due to further interaction of the outgoing electrons with
the ponderomotive force of the transmitted electromagnetic
wave in vacuum. Conversely, the laser field itself is per-
turbed by the current formed by the emitted electrons. The
final detectable emission angle (determined in the near field)
turns out to be both size and intensity-dependent, showing a
strong deviation from optical Mie theory for relativistic
intensities (see Ref. 21). Droplets whose size is comparable
to the laser focus, namely of 500 nm radius or bigger, exhibit
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FIG. 1. Energy density and electron number density (superposed) for a 100 nm droplet (up) and a 1 um droplet (down) in a temporal sequence from left to
right, namely: at the beginning of the interaction with the laser pulse moving from left to right (t = 5 fs after the initial hit), during the interaction (t = 15 fs),
and after the interaction (t = 25 fs). The jet color scale is valid for energy density, whereas the electron number density is represented by a logarithmic Y1OrBr

color scale.
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electron dynamics strongly affected by the optical phenom-
ena depicted in Fig. 1. A larger droplet is seen by the laser
wave as an opaque obstacle, and therefore, the pulse is both
reflected and diffracted; the electron emission pattern is then
more complicated, showing the superposition of an intense
flux along the directions predicted by Mie theory and of the
proper nanobunches production. Both for the small and the
big droplet case, Fig. 1 shows how the energy density
decreases in the transmitted pulse while this is traveling in
the vacuum, and no high energy density peak is observed, in
contrast with what happens with reflected pulses from thin
foils. This is more evident in the case of the 1 um droplet,
which shows a reflected pulse of appreciable field strength—
that is, of the same order as of the transmitted one—at the
end of the laser-bunch interaction. More details of these
processes can be found in Refs. 21 and 22.

lll. ION DYNAMICS

In order to investigate ion dynamics properly, the new
and challenging regime exposed by the two-cycle pulse has
been compared to the already explored case of a 40 fs pulse.
In low-density He droplets, interacting with 40 fs pulses a
directional ion emission has been observed, following Mie
predictions> for the local electric field enhancement on the
surface, leading to a dominant electron emission angle. In
the cases studied here with solid density droplets, no direc-
tional emission of the ions is observed because the electron
bunches themselves have negligible influence on the ion
motion. The electron bunches are emitted along the direc-
tions predicted by the model in Ref. 22 every half cycle of
the laser; therefore, the electron dynamics can be considered
to be almost of the same kind for a short and long pulse. In
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both cases, an underdense electron cloud remains behind to-
gether with the expanding ions at least for the first 100 fs of
interaction. However, the two-cycle laser pulse allows a
faster dynamic for the electron bunches, which leave the
droplet within 10 fs, thus decoupling the main electron emis-
sion mechanism from the ion motion. Also, a 5 fs laser is
less efficient in removing the electron cloud. After the
bunches have escaped in vacuum, a hot electron cloud is
formed around the cold ion core. The ions start to expand in
the ambipolar field created by the surrounding negative
charge at about t =50 fs after the interaction with the laser.
The energy spectra of the ions in Fig. 2 exhibit an inter-
mediate shape between thermal and Coulomb explosion,
apart from intensities much greater than 10%°W/cm?. This
means that such TNSA ions exhibit peculiar behaviors which
are worth investigating in more detail. We therefore review
the theoretical treatments available for the two extreme cases
of Coulomb explosion vs. thermal expansion before intro-
ducing a hybrid model which better describes the intermedi-
ate regime. This will allow us to better distinguish the
resulting situations in the parameter space of interest.

A. Coulomb explosion

The condition stated by Sakabe et al.'> for expelling all
of electrons from the cluster can be here invoked for
Coulomb explosion, and reads as

>1/2 ( R

- (8712@211) i _ 3y Zn 0
3mc? T \5x10%2%cem3 lum)’

Using the parameters of interest here, namely, Z=1 and
R =100nm, it turns out that the threshold for the value of
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dimensionless amplitude a = eE/mwc is ay=6.3, which
means that for I=5 x 10*W/cm? the Coulomb regime
should be entered. This transition is visible in Fig. 4, where
the maximum ion energy in the case of interaction with a 5
fs and a 40 fs pulse, respectively, tends to reach similar val-
ues at intensities close to 10%' W/cm?. The slight difference
in final energies can be explained by assuming, analogously
to the study in Ref. 13, that a sufficiently small hydrogen
cluster will be characterized by the explosion time

@

where m,, and n, are the proton mass and number density
(n,=1.72 x 10%cm ™), respectively. This characteristic
time is required for the droplet to double its radius R, inde-
pendently of the value of R itself, and can be used for clus-
ters which cannot be ionized to high charge state, such as
hydrogen. Using our parameters, one can estimate Tcy, ~
6.5 fs, which means that our two-cycle laser pulse is just
below the threshold duration for the expulsion of most of the
electrons together with the bunches. In fact, the final ion
energy is close, but not equal to the maximum attainable one
which is characteristic of the interaction with longer laser
pulses.

The ion spectra in Fig. 2 represent instead the intermediate
expansion regime that we are most interested in. Previous
work on ion acceleration from mass-limited targets by
Limpouch et al.'®'” dealt with the interaction of a relativistic
laser pulse with large droplets of radius ~4/, and estimated
the average energy of hot electrons accelerated at the target
front size as equivalent to the ponderomotive potential, namely

&p = mecz()}L - 1)1 L = \/1 + a(z) = \/1 +0.7 x Ilgj‘Laﬂmz’
3)

Here, y, is the relativistic gamma factor of electron oscilla-
tion in the laser field, I3 is the laser intensity in units of
1018W/cm2, and /A un is the laser wavelength in microns.
According to this treatment, the hot electron temperature
scales as ~I'%. Such a dependence is shown for our parame-
ters in Fig. 3, together with the simulation results for differ-
ent droplet sizes.

B. Isothermal expansion (TNSA)

In Fig. 3, a fit has been calculated over the hot electron
energy spectrum considering a number of particles ranging
from 10% to 10°, and a set of characteristic temperatures has
been found spanning over the laser intensities and droplet
sizes. The resulting behavior only approximately follows the
I'? dependence predicted by Eq. (3) over the droplet sizes
considered but with a marked inverse correlation with radius.

In the case of pure isothermal expansion, we can define
the characteristic acceleration time 7,; ~ f;, where 7, is the
laser pulse duration. An estimate for the cutoff energy of the
ions can be obtained by means of an asymptotic treatment of
the self-similar solution to the hydrodynamics equations for
the ion fluid® in the quasi-neutral isothermal approximation.'’
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FIG. 3. Dependence on laser intensity of the characteristic temperature in
the hot electron cloud surrounding the ion core soon after the bunches’ emis-
sion, for different droplet sizes, against the ponderomotive energy formula.

In this context, cylindrical geometry is assumed. By integrat-
ing the equations of motion of an individual ion in the field
obtained by unifying asymptotic calculations at early and later
times, one gets for the maximum ion energy the following
expression:

Eim ~ Zsehlnz (Csqu/rdh + (Cslef/}"dh)z + 1) , 4)

where 74, ~ (&,/4me’n,,'/?) is the hot electron Debye ra-
dius. The results of formula (4) have been compared to the
simulation data for both small and bigger droplets in Fig. 4.
From the density output, it has been inferred that the density
of the electron cloud surrounding the ion core ranges
between the critical density and ten times its value.

C. Intermediate regime

In Fig. 4, the maximum ion energies determined from
simulations for the 5 fs and 40 fs pulse are presented. In the

100 T T T T T T T T T T T T

Energy (MeV)
S

TN T

simulation ion energy (100nm. 5 fs)
simulation ion energy (100nm, 40 s)
- simulation ion energy (200nm. 5fs)
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FIG. 4. Dependence of maximum ion energy on laser intensity and on pulse
duration, for different droplet sizes, against the hydrodynamical model. For
the sake of simplicity, the comparison between maximum attainable ion
energy with the 2- and 16-cycle laser pulses is only shown for a 100 nm
droplet. In all cases, energy values are measured 200 fs after the start of the
laser-cluster interaction.
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case of the longer pulse, the behavior of E, .« is similar to
the I'”* dependence predicted for a rare gas cluster in Ref.
13. By contrast, the 5 fs laser pulse exhibits a growth approx-
imately as ~I?* until it reaches the pulse duration independ-
ent Coulomb explosion value for laser intensities just above
10*' W/ecm?. For pulse intensities between 2 x 10*' W/cm?
and 5 x 10*' W/cm?, the simulation points corresponding to
the short pulse case start to overcome the corresponding
ones related to the long pulse interaction. Therefore, one
could infer that at even higher intensity there could be a gain
in energy with the two-cycle laser pulse.

A completely analytical model for the hydrodynamical
expansion of a spherical cluster has been developed by
Murakami and Basko?® and subsequently used for practical
calculations in the context of the interpretation of experi-
ments with laser-illuminated water droplets. Such a treat-
ment has been developed to address the problem of ion
acceleration during the self-similar expansion of finite-size
non-quasi-neutral plasmas into vacuum, and is based on con-
structing a self-similar solution for the hydrodynamical
equations under the assumption of an asymptotic linear
velocity-radius relation. For the complete set of equations
and similarity relations, the reader is referred to Ref. 26.

The corresponding physical system of the cluster expan-
sion after the interaction with a laser field has two character-
istic scale lengths, namely, the plasma size R(f) and the hot

electron Debye length Ap(z) = \/T./4nn.e?. If R(¢) and
/p(t) evolve coherently in time, that is, if the ratio between
them is kept constant as a single and invariant dimensionless
parameter, namely

R 4me’ny 1/2
A=—=Ry|——— 5
)vD 0< TeO ) ’ ( )

then a self-similar solution for the cluster expansion can be
found. Defining u. =Zm./m; as the electron-ion mass-over-
charge ratio, for A > 1, and u. < 1, the self-similar solution
for the ion front position ¢ is the same for all geometries
(linear, cylindrical, spherical) and reads

& = W(0.5A%), (6)
where W(x) is the inverse of the function x = Wexp(W), also
called as the Lambert W function. Asymptotically, W(x) ~ x
for x < 1 and W(x) =~ In(x/In x) for x > 1.

The maximum ion energy is then determined by the fol-
lowing formula:

éi,max = giOéj%a @)

where the bulk ion energy ¢ in the spherical case can be
expressed as

&ip = ZZT(,(). (8)

Finally, the ion distribution function is in the following
form:

dN[ N,'() & 1 &
SR . 9
de o \ o A2+eXp( > ’ ®
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TABLE 1. Analytical value of A as it can be inferred by formula (7) after
evaluating Lambert function with standard numerical approximation, for a
100 nm droplet hit by a laser at different intensities. The corresponding max-
imum energy of the ions is of the order of MeV, showing a nearly stationary
behavior.

1 (W/em®) Ey (MeV) A & Ej max (MeV)
5% 10" 1.6 3.49 1.44 2.3
1 x 10" 3.0 1.44 0.5 1.74
5 x 10" 5.6 1.05 0.38 2.12
1 x 10% 7.0 0.94 0.32 2.24
3 x 10% 13.0 0.69 0.19 2.47

where Njo is the total number of cluster heavy ions. For
A < 1, there is a pure Coulomb explosion case. For our pa-
rameters, A ~ 1; therefore, we have an intermediate case
between thermal expansion and Coulomb explosion. For a
big parameter A, the function (10) has a local maximum at
Eimax = ZTeO-

In practical cases with spherical geometry, a suitable
estimate for the validity of the limit (7) is A > 50. In cylin-
drical geometry, the restriction is A > 5. In our case, how-
ever, simulations indicate that the temperature averaged over
the electron cloud is of the order of a few MeV, which means
that one must expect A~ 1. For example, taking KgTeo
=0.8MeV, no=172 x 10*?cm™> (or 10 n.) and R,
= 100nm=10""cm, a straightforward calculation in cgs
units yields (e =4.8 x 10" statC, 1 MeV =1.6 x 10 %erg)
A =3.49. Correspondingly, one has W(0.5A%)=1.44 and
Eimax= 2.3MeV, which is fairly within the expected order
of magnitude (see Fig. 4). However, further calculations
show how the Lambert function approximation (7) fails in
determining the maximum ion energy dependence on the
laser intensity (see Table I).

The results in Table I can be explained in a straightfor-
ward way, if one better analyzes the hydrodynamical equa-
tions in Ref. 26. The analytical treatment allows one to find a
solution in terms of known mathematical function in the fol-
lowing cases: A > 1, . < 1 (all geometries), A < 1
(linear and planar geometries), A < pu°'* (spherical

10

10°} |
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4
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]
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FIG. 5. Electron and ion logarithmic density plots for a 100 nm droplet hit
by a I=10*"W/cm? laser pulse at t =70 fs after the start of the interaction.
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FIG. 6. Phase plots and energy spectrum (top right) for a 100 nm droplet
struck by a I=10*"W/cm? laser pulse, at t =70 fs after the laser interaction.
The energy spectrum (blue) is superposed to the curve corresponding to the
formula (10), calculated using the actual energies of the single particles in
the simulation.

geometry). For the intermediate case when A = 1, no analyti-
cal solution exists.

In Fig. 5, the electron and ion densities are plotted at the
time t="70 fs after the start of the interaction. The bunches
are clearly visible, and the ion and electron densities take on
forms qualitatively similar to those described by the
Murakami and Basko model. However, the energy spectrum
is not well described by formula (10), as one can see in Fig.
6. After this time, the expansion causes a complete superpo-
sition of the ion and electron densities, thus changing the
physical picture with respect to this model.

In Fig. 7, we can observe the electron and ion tempera-
tures at such time.

IV. DISCUSSION: MULTIDIMENSIONAL EFFECTS
AND SHOCK FORMATION

In order to get a more detailed picture of the subse-
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regarding, respectively, a 100nm (Figs. 8 and 9) and a
1 um (Figs. 10 and 11) droplet hit by a laser pulse of inten-
sity I =10?W/cm?, first for the short and then for the long
pulse. A two-cycle laser pulse appears to be able to leave in
the ion cloud an imprint of early surface plasma waves,
which can be still seen 60 fs after the beginning of the inter-
action. Such periodic density perturbations have been thor-
oughly investigated for a pure ionized hydrogen droplet in
Ref. 27 for nonrelativistic intensities. In our simulations,
instead, they appear to be washed out soon after the initial
phase of the expansion; their early existence is shown in the
2D density plots in Figs. 8 and 10.

For a 16-cycle laser pulse, such waves are naturally
levelled out by the action of the electromagnetic field cross-
ing the expanding cloud, whereas the ion expansion begins
while the latest electron bunches are still being extracted by
the laser (see Figs. 9 and 11). For the smallest droplets (up
to 500 nm radius), the expansion is accompanied by the for-
mation of a shock located at the outer shell, as in Fig. 10.
The shock acceleration is responsible for the highest proton
energies, while the TNSA ions show a nearly isotropic
emission, as observed in Ref. 7. This is peculiar of spherical
mass-limited targets, which exhibits a very different behav-
ior from planar shaped ones. The generation of ion-
accelerating shocks in slabs has been thoroughly investi-
gated in Ref. 28; the behavior of shock shell formation in
nanoclusters has been previously examined in Ref. 29. In
Ref. 7, a more detailed numerical analysis is performed, but
it is limited to micron-sized spheres whose diameter is big-
ger than the laser focus and whose density is only a few
times the critical one (although the simulations are com-
pared with experiments using analogous targets with solid
density). Following this treatment, we can extend the gen-
eral formula for the velocity of a shock propagating outside
a target irradiated by a high-intensity laser to our problem.
The formula was used already in earlier work by Wilks
et al.* to describe hole-boring in ultraintense laser-plasma

quent expansion, the ion and electron densities have been interactions
analyzed separately making use of both 2D graphs and 1D 12 "
profiles (see Figs. 8—11). In particular, the intermediate v_da (me ne (10)
case between thermal and Coulomb expansion is shown, c V2 \m n; ’
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where a; = aqof (r) is the radius-dependent laser amplitude
for our Gaussian pulse. Taking a; = ap = 6.83 (I=10"W/
cmz), we get v = 0.35¢, which is a remarkable velocity for
the shock shell, enough to accelerate ions to MeV energies
as with planar mass-limited targets. The ion cloud crosses
the open boundaries of the 20 um box at about 250 fs after

x(micron)

the start of the interaction, and the radial density profile
clearly shows the motion of the shock shell towards these
boundaries (see Fig. 10, right side). Similar to what happens
in Ref. 29, the size of the sphere plays a role in the shock for-
mation and propagation: in clusters whose radius is close to
the laser focus extension shock acceleration is no more the
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prevalent mechanism for the ion of gaining energy, and only
the hydrodynamic expansion is responsible for that both at
early and later times (see Fig. 11).

V. CONCLUSIONS

We have investigated the existence of scaling laws
for the maximum energies of both electron and ion clouds
emitted quasi-isotropically by ultraintense laser irradiated
droplets of different sizes. Furthermore, we have com-
pared our results in the case of a two-cycle and a 16-
cycle laser pulse, and we have shown that the gain in the
final ion energy is not proportional to the pulse length;

instead, the two-cycle pulse leads to a stronger scaling of
the ion energies with laser intensity, saturating at the
point when the electrons are completely stripped from the
cluster. Finally, we have fitted our simulation data making
use of the already existing models for depicting the tran-
sition from thermal expansion at the lowest laser inten-
sities, up to Coulomb explosion at the highest. It is found
that, for the smallest droplets (R =~ 100 — 500 nm), the
highest energies can be obtained both in the case of a
two-cycle and of a 16-cycle laser pulse. Both cases are
interesting, because the maximum ion energies achievable
with a 2-cycle pulse shows a dependence ~I*°, which
corresponds to a steeper ascent than in the long pulse
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pm radius droplet hit by a laser pulse
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rithmic and goes up to 100 n..
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case, and on the other side the 16-cycle pulse is able to
generate a shock shell propagating at the outer surface
where the most energetic protons are sitting. The energies
of the ions emitted by the 100nm droplet by means of
the shock generation mechanism are larger than those
which could be obtained by the action of the ambipolar
field mechanism only, as for the bigger droplets with R ~
0.5 — 1 um. However, the energy scaling exhibited by the
two-cycle laser pulse as in Fig. 4 is steeper and more
favorable in terms of the number of particles accelerated
at the highest intensities (>10*' W/cm?) examined here.
As there are currently a number of high-intensity few-
cycle laser systems being developed, we hope that this
study will motivate experimental interest in ion accelera-
tion in this regime.
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