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In the present work we demonstrate acceleration of quasi monoenergetic heavy ions during the
interaction of a high-intensity short-pulse laser with multi-layer targets. The targets, consisting
of layers of High-Z (Gold) and low-Z (carbon) species a few nm thick, have been used to tailor
the energy spectra of the high-Z ion species. Au-ion bunches of energy around 500 keV with an
energy spread of less than 20% are observed. PIC simulations provide explanation for a number of
features of the experimental observations. Several behaviours, in addition to the expected sheath-
field acceleration, were found to be involved. It is found that the Au layer is pistoned outward by the
underlying Si substrate whilst simultaneously being tamped at its leading edge by the carbon overlay.
The simulations show best agreement with the experiments when the carbon layer is first rarefied
by the laser prepulse. In these cases the simulations reproduce the double-humped spectra found in
the experiment. Ion-electrostatic instabilities rapidly lead to the formation of a single trapping-like
structure in phase space of relatively long wavelength. This long-lived structure dominates the ion
acceleration and produces a double-peaked energy spectrum. It is suggested that the instability

responsible may be of the Pierce-type.

I. INTRODUCTION

The field of ion acceleration driven by intense laser
pulses is continuously growing with its primary aim be-
ing compact, cost effective and high quality ion sources.
With an increasing number of high power PetaWatt class
laser installations around the globe [1], new results per-
taining to recently explored regimes of ion acceleration
are regularly presented in the literature, addressing var-
ious aspects of the acceleration process. Laser-driven
MeV-scale ion acceleration came to prominence following
the advent of CPA lasers and laser-plasma interactions
above 10 TW [2-6]. Such ions have been suggested for
use as an igniter beam in fast ignition schemes for in-
ertial confinement fusion [7]. Whilst early experiments
were based around large Nd-glass CPA lasers with pulse
durations of around 1 ps, more recently the advent of
high intensity Ti-Sapphire lasers with pulse durations on
the order of tens of femtoseconds has demonstrated that
bright ion beams can be produced with high repetition
rate lasers that are more suited to practical applications
8]

However, there are still several challenges that need
to be addressed. These include the achievement of
precise control of the ion energy, flux and accelerated
species, shot-to-shot reproducibility, and increasing both
the average flux and the laser-to-ion conversion effi-
ciency. Many laser-driven ion acceleration mechanisms
have been proposed and investigated both theoretically
and experimentally[9]. One of the most widely stud-
ied mechanisms is Target Normal Sheath Acceleration

* Corresponding author:sbagchi@rrcat.gov.in

(TNSA) wherein ions are accelerated by the sheath field
setup by hot electrons as they leave thin foil targets
[10]. TNSA is a relatively simple, robust, easily imple-
mented scheme with good repeatability. However, the
ions accelerated through TNSA normally exhibit broad
energy distributions and the technique favours the ac-
celeration of lighter species such as hydrogen and car-
bon ions which are normally present as surface contam-
inants. In addition to TNSA there are a few advanced
acceleration mechanisms which include Radiation Pres-
sure Acceleration (RPA) [11], Collisionless Shock Accel-
eration (CSA)[12] and the Breakout Afterburner (BOA)
[13].  These mechanisms offer the possibility of accel-
erating ions to high energies with quasi-monoenergetic
features. Other schemes rely upon specific target ge-
ometries or micro-/nano-structuring, in order to modify
the ion-beam production [14-16, 22]. Although there are
several successful proof-of-principle experimental demon-
strations of these advanced acceleration schemes, the re-
peatability and consistency of these schemes are still be-
ing established. This is mainly due to the fact that these
mechanisms demand stringent conditions on laser and
target parameters which are quite challenging to achieve
on a routine basis. Another important point to be noted
here is that majority of the reported studies are mainly
focussed on lighter ions and, in comparison, studies of
heavy-ion acceleration are rare. It is important to note
here that recent experimental reports [18, 19] suggest
heavy ion acceleration using high-contrast, ultra-high in-
tensity laser pulses with ultra-thin (10 - 250 nm) metal
foils. These results are explained on the basis of coulom-
bic interactions during the expansion phase. Another
set of experiments involves onset of relativistic induced
transparency 20, 21] of the thin (100 nm to 250 nm) foil
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target under consideration and results is narrow energy
spread of lighter ions with high peak energy for specific
charged states. On the contrary, our aim here is to gen-
erate quasi-mono-energetic heavy ion beam.

The difficulty in experimentally diagnosing the de-
tailed dynamics of microscale targets driven with fs or
ps pulses has led to extensive investigation of the topic
via computer simulation [11, 23-26]. Such studies, typi-
cally based around the use of particle-in-cell (PIC) tech-
niques, are however often quite limited in the range of
physics that can be captured, and also in the spatio-
temporal scale of the problem that can be successfully
tackled, given finite computational resources. Such sim-
ulations, supported by experimental investigations, have
however enabled many aspects of the physics of laser-
driven ion production to be clarified, and have revealed
the importance of a variety of underlying mechanisms
such as Weibel instabilities, and the role of laser pre-
pulse in such interactions [27-31].

In addition to the aforementioned acceleration
schemes, there have been several theoretical and exper-
imental reports on multi-species plasma expansion pre-
dicting quasi-monoenergetic features (energy bunching)
in the ion energy spectrum. Modulations in proton en-
ergy spectra in an expanding plasma comprising two ion
species (carbon ions and protons) have been observed
[32-34]. Specifically it has been shown that in a two-
species plasma consisting of heavy and light ions, the
expansion dynamics can act to narrow the energy spread
of the lighter species. The dynamics of the accelerat-
ing electric field structure is governed by the heavy ion
species and the lighter particles behave like test parti-
cles. It has been concluded that only targets contain-
ing lighter species in the minority will result in a quasi-
monoenergetic peak in the energy spectrum of the lighter
species. Although there are several analytical and simu-
lation studies which clearly predict spectral peaks in the
lighter species energy distribution from such targets, the
extent to which this mechanism has been demonstrated
experimentally is somewhat limited. One clear experi-
mental demonstration in a spherical geometry is given
in reference [35]. In contrast to the previous work on
multi-species plasma expansion, here we present spectral
narrowing or energy bunching in heavier ion species in a
target where the heavy ion species are in the minority.
Quasi-monoenergetic Au-ion bunches with all the charge
states having similar energies were observed from layered
targets of Au and carbon deposited on a Si substrate. In-
teresting signatures of charge-exchange recombination in
multi-species expanding plasma were observed. Numer-
ical modelling and PIC simulations help to explain the
basic features of the experimental observations.

The current work is motivated by our earlier experi-
mental work on Au ion bunching from nano-composite
targets where Au nano-particles of 3-8 nm size with a
total concentration of 2- 4% by atomic weight, were ran-
domly distributed in a 120 nm thick carbon layer de-
posited on either an Aluminium or a Silicon substrate

[36]. Quasi-monoenergetic Au-ion bunches with energies
in the few 100 keV range and having an energy spread
of less than 10% were observed with all the charge states
having the same energy. Experimentally it was estab-
lished that the Au ions were accelerated by the ther-
mal pressure of the expanding hot plasma instead of by
the hot electron induced charge sheath separation field.
The heavy Au ions, being pushed by the expanding hot
plasma and restrained by the low-Z background plasma,
ultimately ended up with a reduced energy spread. The
presence of a low-Z carbon matrix was found to be essen-
tial for achieving a quasi-monoenergetic heavy ion beam.
Simply employing an Au layer inevitably yielded Au ions
with a broad energy distribution. The primary moti-
vation behind the present experiment was to verify our
earlier hypothesis regarding quasi-monoenergetic Au-ion
expansion. However, in the current, more elaborate, ex-
periment, some new and interesting physics is observed.
In the present experiment, in order to try and clearly
establish the role of the different ion species in the ac-
celeration mechanism, layered targets of Au and carbon
have been employed in place of the Au -carbon nano-
composite (AuNP-C) targets used previously.

II. EXPERIMENTAL DETAILS

A schematic of the experimental set-up is shown in
Fig. 1 (a). The experiment was performed using a 25
fs, 150 TW, Ti: Sapphire laser system. For the present
experiment the available laser energy was around 1 Joule
(40 TW). The laser is focused onto the target using an
f/3 off-axis parabolic mirror at a 45° angle of incidence,
with a resultant peak intensity of 1.5 x 10'W/em?. The
interaction chamber has been kept at a vacuum pres-
sure of 5 x 107° mbar. As mentioned earlier, the targets
used consist of high-Z (Au, 5nm) and low-Z (C, 10 -
40 nm) layers deposited on a Si substrate. The main
difference between these layered targets and the AuNP-
C nano-composite targets that were employed previously
lies in the method of deposition. In AuNP-C targets, Au
and carbon were co-sputtered and the Au was present as
nano particles (3-8 nm size) which were randomly em-
bedded in the 120 nm thick carbon matrix. However,
in the present scenario, Au and carbon are deposited in
sequence using an electron beam evaporation system op-
erating at a base pressure of 1.8 x 107% mbar. First a
thin layer of Au (5nm) is deposited onto the 1 mm thick
Si substrate, and then, on top of this, a carbon layer of
varying thickness (10, 20 and 40 nm) is deposited. The
deposition rates of the gold and carbon layers have been
kept at 1.8 nm / min and 1.2 nm /min respectively. Here-
after, a target which comprises a single layer of carbon
coated onto a single layer of Au on a Si substrate will be
referred to as a single-layer target and will be denoted
as *C/Au/Si where the asterisk indicates the front sur-
face (i.e. that upon which the laser is initially incident).
Similarly, a double-layer target implies one in which two
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FIG. 1: (a)Schematic of the experimental set
up.(b)Simple illustration of both the single- and
double-layer targets.

such layers of Au and carbon have been coated onto a Si
substrate i.e. *C'/Au/C/Au/Si. A simple illustration of
the target configuration is shown in Fig. 1 (b).

The primary diagnostics used in the experiment to
monitor jon emission characteristics was the in-house
developed Thomson Parabola Ion Spectrograph (TPIS)
which applies parallel electric and magnetic fields to dis-
perse incoming ions along parabolic trajectories as per
their charge-to-mass ratio. A micro-channel plate (MCP)
has been used as a two-dimensional detector to record
the parabolic traces of ions of different charge states si-
multaneously and on a single-shot basis. An Electron
Multiplying-CCD (EMCCD) camera having 16-bit dy-
namic range (not shown in the schematic) is then em-
ployed to record the parabolic trajectories and store them
for further post-processing.

III. EXPERIMENTAL RESULTS

A. Au-ion energy spectra from uncoated Au
targets

First, we shall concentrate on the results from a pure
Au coated substrate target i.e. there is no C layer at all.
One typical representative TPIS image along with de-
rived Au-ion energy spectrum is shown in Fig. 2. With
only an Au layer, the Au-ions energy spectra are mainly
continuous or have broad energy distributions. Another
interesting point to note here is that apart from being
continuous in nature most of the shots from simple Au
layer targets show two distinct ion populations with dif-
ferent characteristics indicating that the underlying ac-
celeration mechanisms may be different in nature.These
two populations can be easily identified by noting the
discontinuity in the corresponding parabolic traces (Fig.
2(a)) and also highlighted with the yellow dotted line also
known as a constant velocity line drawn from the origin
(neutral spot). The ion populations above and below
this line have different characteristics. In Fig. 2(b), the

Il 25000

40 60 80100
Au ion energy (keV)

FIG. 2: (a) Typical heavy Au-ion parabolic traces
recorded in TPIS using pure Au targets with no carbon
coating. The yellow dashed line drawn from the origin
indicates that the lower energy populations have the
same maximum energy. The corresponding Au-ion
energy spectra are plotted in (b).

dip in the energy spectrum which lies between these two
distinct populations is indicated by the red arrow. The
ion populations lying above the dashed line in Fig. 2(a)
comprise mostly higher charge states and have higher en-
ergies; the maximum Au ion energy increases with charge
state. This is a typical characteristic of ions accelerated
by the space-charge dominated sheath-field. For the pop-
ulation sitting below the yellow dashed line in Fig. 2(a),
which consists of low-charged states, having lower energy,
but relatively higher flux, the maximum Au ion energy is
similar from one charge state to the next. Therefore, it
is clear that two different acceleration mechanism and/or
two different sources are involved in the production of
these spectra. The lower energy populations are pro-
duced by hydrodynamic expansion. Whereas the higher
energy populations (for which Au ion energy increases
with charge state), are produced by sheath-field acceler-
ation. In these experiments, Au coating thicknesses of 5
nm, 10 nm and 20 nm were used, and all show similar
behaviour.

B. Carbon-gold single layer targets

As mentioned earlier, we studied the effect of introduc-
ing a carbon layer over the Au, on the Au ion accelera-
tion. Carbon layers of varying thickness 10 nm, 20 nm
and 40 nm were deposited on top of the 5 nm Au layer.
All other parameters were the same as those for the un-
coated Au targets. The impact of the carbon layer on
the accelerated Au ion spectra are shown in Fig. 3. The
parabolic traces recorded by the TPIS are also shown
for more insight. It is interesting to see that even a 10
nm thick carbon layer significantly affects the Au-ion en-
ergy spectrum. With further increase of the carbon layer
thickness (20 nm and 40 nm), steady reduction in the
Au-ion energy spread is observed. As in the case of the
uncoated Au targets; the Au-ion parabolic traces have
a discontinuity, indicating the formation of two distinct
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FIG. 3: Influence of the carbon layer thickness upon the
Au-ion energy spectrum. (a)—(c) show typical ion
signals recorded using the TPIS from targets with a
single layer of carbon, over a single layer of Au
deposited on Si substrate. The layer thicknesses are
mentioned for each case. The Au parabolas are discrete
indicating their bunched nature. A yellow dashed
drawn from the origin (neutral spot) in (a) is a constant
velocity line. The Au-ion energy spectrum for each case
is plotted adjacent to each image (d-f).

populations as shown in Fig. 3(a). To elaborate further,
a representative an Au-ion parabola for Au?* has been
drawn in Fig. 3(b) to show that these bunch-like fea-
tures belong to different parabolic traces and therefore
correspond to different charge states.

Therefore, here again there are two distinct Au ion
population albeit with reduced energy spread. As shown
in Fig. 3(a), the part of the Au ion population below the
yellow dashed line (constant velocity line) will be referred
to as the first bunch and those above the line will be re-
ferred to as the second bunch. The impact of the carbon
layer thickness on the quasi-monoenergetic production of
Au ions in different shots is summarized in Fig. 4. It is
clear from Figures (3) and (5) that with increase in car-
bon layer thickness, Au-ion energy spread reduces. The
first bunch appears to be more sensitive to the carbon
layer thickness while the second bunch is relatively less

Laser Intensity (W/em’) Intensity (W/em’)
20x10"  6.0x10" 1.2x10" 18x10" 1.88x10 375310 5.36x10
© Ist bunch
400f o 20d Bunch (@) (b)

Error=AE/E_* 100

!
:m-g% j gg%

Ton Centeral Energy (keV)

© First bunch
© Second bunch
200 Error=AE/E,_ *100
M 1004 §§ I3 % 3
3 i
s 15 0 “ 20 100 700
Fluence (x 10' Jiem’)

Pulse duration (fs)

Only Simple Au Coating: Au*/Si  (¢)

Multilayer coating with
Carbon on Top: C*/Au/Si 1

Relative Au ion populations (in %)

6 8 10 12 14 16 18
Au ion Charge Sates
FIG. 4: Effect of laser fluence (a) and pulse duration
(b) on Au ion bunching from single layer 40nm C*/5nm
Au/Si target. The upper horizontal axis represents the
change in laser intensity. The error bars (amplified by
100x)show the relative energy spread of the bunches
with respect their mean energies. Relative abundance
(in %) of gold ion charged states for the samples (c)
without carbon coating layer and (d) with carbon
coating layer.

sensitive. With increase in carbon coating layer thick-
ness, the energy spread of the first bunch appears to re-
ducing and the overall spread in ion energy distribution
to contained within 10 - 30 %. In comparison with recent
reports in the literature [17, 20, 21], we find this behavior
quite comparable keeping in mind that the scenarios are
entirely different in our case. Notably, as shown in Fig.
3 (d-f), in first bunch all the Au charge states have an al-
most identical energy distribution whereas in the second
bunch, the Au-ion energy distribution shifts slightly to-
ward higher energy with increased charge state. Here it
also important to note that for the *C//Au/Si targets the
recorded Au ionization states are limited to 5% whereas
for the Au/Si targets (i.e. the uncoated Au targets) the
observed ionization states were typically above 15T.

Therefore, a simple comparison between the carbon
coated and uncoated targets shows a fair degree of sim-
ilarity, except that in the former case the Au ion ener-
gies, as well as the observed charge states, are reduced.
However the proton and carbon ion spectral character-
istics remain unchanged and both exhibit continuity in
the energy distribution. The scaling of gold ion energies
with laser pulse fluence as shown in figure 4 (a and b)
also point towards a new acceleration mechanism. As
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FIG. 5: Observed Au-ion energy spread in the first and
second bunches with respect to different carbon layer
thicknesses in *C/Au/Si targets. Each data point
represents an individual shot onto a pristine sample.

discussed earlier, for the known ion acceleration mech-
anisms, the maximum ion energy scales with the laser
pulse intensity rather than its fluence. On the contrary,
we observe here that the gold ion energy scales as F044
with laser pulse fluence, a strong indication of pressure
induced hydrodynamics expansion behavior. Moreover,
the insensitivity of gold ion energies with increasing laser
pulse duration indicates that the underlying mechanism
has to be non-Coulombic in nature. This makes the
demonstrated scheme not limited to ultra-short pulsed
lasers only.

C. Results from double layer targets

The shots onto double-layer targets
(*C'/Au/C/Au/Si) also clearly exhibit energy bunching.
Similarly to single-layer targets, double-layer targets
also showed two sets of discrete bunches in many shots.
One such representative shot is shown in Fig. 6 (a).
The corresponding Au-ion energy spectrum is plotted in
Fig. 6(b). To clarify, each dot like feature in Fig. 6(a)
is actually part of a different Au-ion parabolic trace.
A parabolic trace for Au®t has been overlaid onto the
TPIS image. Also each part of the Au®*-ion population
is marked with different colour arrows and numbers to
allow us to refer to them more clearly (Fig. 6b). A
similar numbering scheme is applied to other charge
states as well. It is interesting to see that each charge
state of Au shows similar characteristics. From this
study, when considered alongside the single-layer results,
it becomes clear that the Au layers immersed at different
depths in the carbon matrix are producing bunches of

wt

Au* parabola

fon populations (arbt. unit)

1000

100
lon energy (keV)

FIG. 6: (a) Au-ion spectra recorded from double-layer
targets show two pairs of energy bunches. A parabolic
trace for Au3* is drawn to show that the bunched
structures are part of different Au-ion parabola,
corresponding to different ion states. The energy
spectra for different Au-ion charge states are plotted in
(b). The Au-ion bunch at around 500 keV, indicated by
number 4, has an energy spread of less than 20%.

clearly distinguishable energy. In the shot shown in
Fig 6, the Au-ion bunches at 0.5 MeV have an energy
spread AE/E of less than 20%. We thereby demonstrate
that such multi-layer targets can be effectively used
for accelerating heavy ions with quasi-monoenergetic
features.

IV. MODELLING AND DISCUSSION

First let us compare these results with the results ob-
tained with the Au-carbon nano-composite target used
in the previous experiment. The present experiments
clearly establish the role of the low-Z carbon layer in
obtaining quasi-monoenergetic Au ions. However here,
in addition, some interesting new features are also ob-
served. With the introduction of the carbon layer, two
distinct bunches of quasi-monoenergetic Au ions appear,
unlike in the case of the pure Au targets which mainly
show a broad energy distribution. Although there is
some shot-to-shot variation in the energy of the observed
bunches, overall it is clear that they belong to one of
the two distinct energy-bunches. This is in contrast to
the previous experimental campaign with AuNP-C nano-
composite targets. In that case most of the shots showed
a single energy bunch of Au ions (80% of total number of
shots taken) while two or multiple bunches were observed
in the remaining 20% of cases. However, in the present
case, with layered targets, the formation of two bunches
occurs in most shots. In addition the two bunches seem
to be accelerated by two different mechanisms (all the
charge states in the first bunch have exactly the same
energy whereas in the second bunch; the energy slightly
increases with charge state).

Now let’s come to the energy characteristics of the two
bunches. As mentioned earlier, a close inspection of the
observed ion traces in the TPIS and the energy spectra
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from Au/Si and *C/Au/Si targets shows a strong corre-
lation. In other words, the observation of two bunches
from the *C/Au/Si layered target seems to be linked
with the observation of two different populations in the
uncoated Au targets presented earlier.

To further elucidate the physical mechanism that un-
derpins the observations made using these targets, a
number of one-dimensional (1-D) Particle-in-Cell (PIC)
simulations are carried out. Of the different targets pre-
sented in this paper we have concentrated on the C-Au-Si
(single carbon layer) target only. In the first instance we
consider an ideal initial condition for the target follow-
ing laser irradiation, in which the target has a step-like
density profile and is heated to a uniform electron tem-
perature. We ignore any 'fast’ component to the elec-
tron distribution. This problem is simulated using the
1-D collisionless electromagnetic PIC code, ELPS. Our
baseline model (Run BL) for this configuration consists
of a carbon substrate with a density of 1 x 102m =3 (fully
ionized), a 5 nm Au layer (Z* = 40), and a 20 nm car-
bon layer (again fully ionized). Here we use Z* to de-
note the effective charge of the Au ions. All Au ions
are assigned this effective charge in these fixed ionization
simulations. The ion density for the Au layer is set at
5 x 10%%m~3 (85% of solid density). The grid consists
of 250,000 cells with a cell width of 0.2 nm (i.e. 50 mi-
cron length in total). The front of the substrate is set
at x = 25 pm. The plasma is initially neutral, with the
electrons having a single-temperature Maxwellian distri-
bution (7, = 2 keV). This simulation is run up to 380 fs.
The choice of Z* and initial temperature was informed
by the following considerations : (i) the experimentally
observed ion energies (€0, x Z*kpT.), (i) observation
of high temperatures in thin surface layers in other ex-
periments [42], and (iii) predictions of the Thomas-Fermi
model regarding the expected charge states under these
conditions. Note that it has been assumed that the short
pulse duration and thick substrate imply a limited contri-
bution from the fast electrons. Instead, it is conjectured
that strongly heated (7. = 2keV) background electrons
drive the ion acceleration. The resultant energy spec-
trum of the gold ions is shown in Fig. 7. We can see that
the energy spectrum is clearly peaked at relatively high
energy (around 350 keV), so even in this baseline sim-
ulation we find that we produce a strong 'narrow-band’
feature in the energy spectrum albeit with a large dark
current. To be clear: in this simulation (and the oth-
ers that are reported on) the principal mechanism that
is accelerating the ions is plasma expansion, or TNSA.
However the energy spectrum experiences strong modifi-
cations due to effects associated with the multi-species /
multi-component nature of the target. One argument for
why we might expect a narrow-band spectrum is based on
the established understanding of plasma expansion: the
gold forms a relatively thin inhomogeneity in the plasma
expansion, and is behind the initial plasma-vacuum inter-
face. If the gold ions were just a relatively light dopant,
and behaved as tracer particles, then they would expe-
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FIG. 7: Au-ion spectrum from the baseline (Run BL)

1D PIC simulation at 380 fs. The inset shows the same

graph with vertical axis in logarithmic (log10) scale to

reveal the large dark current associated with the peak
structure.

rience a region where the electric field has high spatial
uniformity. Thus, in the limit where the gold layer is
thin, we expect the energy spectrum to be relatively nar-
row. In this simulation none of these conditions hold
particularly well, however the spectrum is still strongly
peaked because of the pistoning effect of the substrate
ions and the tamping effect of the ions in the carbon
layer. Because these two layers so strongly influence how
the gold ions evolve, the details of the spectrum can be
quite sensitive to the exact initial conditions. Although
this baseline simulation shows one strong narrow-band
feature, it does not show the two narrow-band features
that were found in the experiment. To explore further,
we focus on the two possibilities: a) that it relates to the
details of the initial conditions, or b) that it relates to
(micro) physics not included in the baseline simulation.

In exploring the first possibility, we find that if the
outermost C layer is pre-expanded (i.e. of greater ex-
tent and lower density), which could occur due to the
effects of laser pre-pulse, then when the density was be-
tween 1 % and 10% of solid density (and increased to
200 pm thickness, with Z* = 30 for the Au ions) that
a double-peaked spectrum results (other aspects of the
simulation remain fixed with respect to the baseline con-
ditions). This deformation of the initial target profile is
consistent with the range of expected pre-pulse, based
on 1D radiation-hydrodynamics simulations performed
using the HYADES code [43]. The results of a simula-
tion with a C layer at 5% of solid density (Run Al) are
shown in Fig. 8(a) and those for a simulation with a C
layer at 2.5% of solid density (Run A2) are shown in Fig.
8(b). In all of these simulations we notice that the effect
of ion-electrostatic instabilities is dominant [40], how-
ever for these initial conditions we find that instability
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rapidly generates a single trapping-like structure in phase
space with relatively long wavelength. This long-lived
structure then dominates the energy spectrum and pro-
duces a double-peaked energy spectrum. This is shown
in fig. (9). The trapping structure forms relatively early
on (100fs), and persists for a long time (beyond 200fs),
however at late time it breaks up (300fs) leaving two ac-
cumulations in phase space that form the two peaks in
the energy spectrum. The instability responsible for this
could be the streaming or Buneman instability If the two-
stream instability is posited as the cause of this feature,
then the long wavelength of this feature requires special
explanation. The spatial and temporal inhomogeneity of
this problem mean that the textbook formulation of the
two-stream instability cannot be applied in a straightfor-
ward manner. However the wavenumber should scale as
k o wp/u, where u is the velocity of streaming ions, and
wp is the plasma frequency of the gold plasma. A long
wavelength implies fast streaming ions. The gold layer
will encounter this at early times as the fastest substrate
ions stream through it. At this time we have : w, =
10Ms~1 and u ~ 10ms ™!, so k ~ 10°m~!. This is com-
patible with the scale of the phase space structure, so the
two-stream instability might account for this. However
the isolated nature of this structure suggests that other
instabilities might be responsible, such as one similar to
the Pierce instability [37] (which is often associated with
double layer formation and ion trapping) may be respon-
sible [38]. So although the two-stream instability could
account for this spectral modification, a precise determi-
nation of the mechanism at work requires much more ex-
tensive investigation than has been performed here, and
will be the subject of future investigation.

To explore the possibility that non-inclusion of micro-
physics in the baseline simulation is responsible for the
second narrow-band feature, we consider the possibility
that recombination is responsible for such double peaked
structure formation. In order to gauge the effect that this
could have on the energy distribution, we include recom-
bination alone, without any ionization processes, which
should maximize the effect that this has. In principle,
three-body recombination, radiative recombination, and
dielectronic recombination could all contribute. Rates
for these processes can be determined from the formulae
provided by Djaoui and Rose [39]. By calculating rates
for typical conditions, we determine that dielectronic re-
combination has the fastest rate by a substantial mar-
gin. We therefore incorporate dielectronic recombination
alone into a modified version of the PIC code, using very
standard Monte-Carlo methods that are regularly used
with PIC codes [41]. A number of runs are carried out,
and here we shall report on two of these. In Run B1, we
use a 5 nm Au layer, with a 20nm C layer on top. In
Run B2 we use a 5 nm Au layer with a 40 nm C layer on
top. In all of these "B’ runs the initial ion charge is set
to Z* = 50, with all other parameters being the same as
in the baseline (BL) run. Ion energy spectra from these
runs are shown in figure 9 below.
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FIG. 8: Au-ion energy spectrum at 380 fs taken from
simulations in which carbon layer is considered
extended up to 200 nm in front of the target with
densities, a) 5% of solid density (Run A1) and, b) 2.5%
of solid density (Run A2) at 240 fs.

The spectra shown in figure 9 represent our general
findings from looking at the effect of recombination: we
still obtain a single narrow-band feature, and in some
cases there is some suggestion that there could be two
narrow-band features. However, what is observed in fig.
9(a) is not as clear as the effect observed in fig.8. It is also
inconsistent in the sense that there are substantial differ-
ences in the strength of the effect between different charge
states, and in other simulations, e.g. B2 (figure 8(b)), the
effect is completely absent. We are therefore led to the
conclusion that recombination is not responsible for the
second narrow-band feature, and that it is unlikely that
other atomic physics processes are either. The results
of PIC modelling can thus be summarised as follows :
(a) the principal mechanism of acceleration is plasma ex-
pansion, or TNSA, (b) however this is strongly modified
by processes associated with the multi-species nature of
the target, (c) one process is the pistoning effect of the
substrate ions (higher charge-to-mass ratio), (d) another
process appears to be a micro-instability which produces
a second narrow-band feature in the energy spectrum.
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FIG. 9: Portions of Au-ion phase space at (a) 50fs, (b)
100fs, and (c) 150fs in simulation A2.

V. CONCLUSIONS

Quasi mono-energetic Au-ion acceleration with differ-
ent charge states of Au has been performed using multi-
layer targets. To the best of our knowledge, this is the
first time that nano-fabricated targets have produced
such striking results with a heavy ion species. It was
established that the presence of a low-Z carbon layer
plays an important role in producing quasi monoener-
getic features in the Au-ion energy spectrum. The simu-
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FIG. 10: Au-ion energy spectrum at 380 fs in, a) run
B1, *C (20 nm) / Au (5 nm) / Si, and b) run B2: *C
(20 nm) / Au (5 nm) / Si with dielectronic
recombination model. Key: Z* = 36 — black, Z* = 35 —
red, Z* = 34 — green.

lations provide some insight regarding the experimental
observations. The formation of a quasi-monoenergetic
feature might be expected from a thin layer expanding
outward between two disparate layers, due to the unifor-
mity of the electric field experienced by such a region.
The simulations reveal a number of mechanisms at work
in addition to this. The Au layer is pistoned outward by
the underlying Si substrate whilst simultaneously being
tamped at its leading edge by the carbon overlay. The
simulations show best agreement with the experiments
when the carbon layer is first rarefied by the laser pre-
pulse. In this case the simulations reproduce the double-
humped spectra found in the experiment. In these cases
ion-electrostatic instabilities are abundant in the simula-
tions, and these instabilities rapidly lead to the formation
of a single trapping-like structure in phase space of rela-
tively long wavelength. This long-lived structure rapidly
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comes to dominate the ion acceleration and produces a
double-peaked energy spectrum. The instability respon-
sible for this could be the streaming or Buneman instabil-
ity, however the isolated nature of this structure suggests
that an instability similar to the Pierce instability may
be responsible. A precise determination of the mecha-
nism at work requires much more extensive investigation
than has been performed here and will be the subject of
future investigation. The effects of recombination were
also investigated in detail via simulation, and found not
to be significant contributing factors to the findings.
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