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ABSTRACT We present results on hot electron and energetic ion
(keV–MeV) generation from polished and nanostructured metal-
lic surfaces excited by p-polarized, femtosecond laser pulses
in the intensity range of 1×1015–1.5×1017 W cm−2. A clear
enhancement in the hard X-ray spectrum from nanoparticle-
coated surfaces is observed, indicating ‘hotter’ electron pro-
duction in nanoparticle-produced plasma until the intensity of
2×1016 W cm−2 is reached. Contrary to the existing percep-
tion, we find that the hotter electrons do not lead to hotter ion
emission. The total ion flux and the ion energy integrated over
the 4–1400 keV energy range are found to be enhanced by 50%
and 16%, respectively, for nanostructured targets in comparison
to those from polished targets. 55% enhancement in yield is ob-
served for ions at the lower end of the energy range, while hotter
ions are actually found to be suppressed by ∼ 40%. The surface
modulations present on the nanoparticle-coated targets are ob-
served to reduce the maximum energy of the ions and showed an
intensity-dependent increase in the divergence of the ion beam.

PACS 79.20.Ds; 68.47.De; 61.80.Ba; 61.82.Bg; 42.65.Re

1 Introduction

The interaction of intense, ultra-short, femtosec-
ond laser pulses with matter leads to the production of hot
plasma, a rich source of hard X-rays, ‘hot’ electrons and fast
ions. Huge electromagnetic fields induced by the laser pulse
in the plasma can accelerate electrons and ions to produce col-
limated beams of bright and high-energy particles [1–5]. The
ability to generate high accelerating fields, particle currents
and current densities of ultra-short duration from these com-
pact laser-driven particle beams has potential applications in
various domains of science, technology and medicine [6–9].
When an intense laser pulse interacts with the target, rapid
ionization occurs at the beginning of the laser pulse and the
electrons in the plasma then absorb the light by a variety of
collisional as well as collisionless mechanisms like reson-
ance absorption (RA), vacuum heating (VH), etc. [10, 11].
The electrons which gain energy through these mechanisms
form a distinct ‘hot’ bunch well separated in energy from the
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colder electrons in the bulk plasma. Ion acceleration occurs
when the hot plasma expands and an electric field is cre-
ated due to charge separation. Ion acceleration in plasma with
multiple electron temperatures has been explored in differ-
ent experimental situations and also in extensive numerical
simulations [12–15].

Efficient coupling of laser energy into the short-lived
plasma plays a crucial role in ‘hot’ electron generation. En-
hanced coupling of laser energy to the plasma has been
achieved by the creation of a preplasma before the arrival
of the main pulse, by modifying target composition in the
case of clusters [16] or microdroplets [17] and by the intro-
duction of sub-laser-wavelength surface modulations on solid
targets [18–21]. Surface modulations can give as much as
80% coupling of laser energy, leading to generation of ‘hot-
ter’ electrons manifested in terms of ‘harder’ X-rays. Based
on the existing understanding of ion emission processes that
hotter electrons should lead to hotter ions [2–5, 13, 14], in this
paper we address a very important question – can ion energies
be similarly increased by similar optimization of the target
properties? We present a systematic study of the influence of
the surface modulations created by nanoparticle coating on
a metal surface on the characteristics of the keV hard X-rays
and ions in the keV–MeV energy range from a femtosecond
laser produced plasma.

2 Experimental arrangement:
X-ray and ion diagnostics

The schematic of the experimental setup is shown
in Fig. 1. The experimental chamber is pumped by a turbo mo-
lecular pump (Varian V-301, 250 l/s) supported by a dry pump
(Alcatel 610 l/s). The base pressure of the chamber is close
to 10−8 Torr. The motorized x–y–θ–z stage assembly, where
z is the laser propagation direction and θ is the rotation angle
about the y (vertical) axis, enables the scanning of the target
across the laser beam, so that the laser pulse always hits a fresh
target region. It can also move the target across the laser focus
to adjust the focal spot intensity at fixed laser energy. The tar-
get is a polished copper block (50×50×5 mm), half of which
is coated with a 0.3-µm layer of ellipsoidal copper nanoparti-
cles (CuNP) with an average size of 15 nm and an aspect ratio
of 1.5. The nanoparticles are deposited using a high-pressure
dc magnetron sputtering technique [22]. The crystallite size
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FIGURE 1 Schematic diagram of
the experimental setup. The insets
show the processed AFM images of
(a) a CuNP-coated surface and (b) a
polished Cu surface. The big humps
in the AFM pictures correspond to
clusters of nanoparticles. The aver-
age size of the nanoparticles is de-
termined from X-ray diffraction tech-
niques and found to be 15±2 nm

is determined from the Scherrer broadening of the Cu [111]
X-ray diffraction line. The areal density of the nanoparticles
is close to 30% of the solid density. The partially coated tar-
get ensures exactly the same laser and detector conditions for
measurements from the coated and uncoated portions of the
surface.

The targets are irradiated with focused 50-fs, p-polarized
laser pulses from a 806-nm, 10-Hz, Ti:sapphire laser (Thales
Laser, Alpha 10) with a contrast ratio of 106 : 1 for the fs
to the ns pedestal. The laser is focused on to the target by
a gold-coated off-axis parabolic mirror (OAP), in an f/4
focusing geometry at 23◦ with respect to the target nor-
mal. The focal spot size (FWHM) measured by the equiva-
lent imaging method is 10 µm, giving a peak intensity of
1 ×1015–1.5 ×1017 W cm−2. Throughout the measurement
the laser fluctuations were ensured to be within 5%. With all
the components inside, the base pressure inside the vacuum
chamber is ∼ 10−6 Torr. The time of flight (TOF) assembly
is differentially pumped in order to keep the channel elec-
tron multiplier (CEM) at a steady pressure of 10−7 Torr for
its proper operation without any damage due to unwanted
avalanche processes.

The hard X-ray spectra in the 20–200 keV range are meas-
ured for a total of 3000–4000 laser shots using a NaI(Tl) scin-
tillation detector kept in the plane of incidence at 45◦ to the
target normal. It is shielded by 1-cm-thick lead bricks to elim-
inate stray radiation and calibrated using a Cs137 radioactive
source. The detector is gated in time with the laser pulse and
the signal is collected in a time window of 30 µs, to ensure
nearly background-free acquisition. The signal from the de-
tector was amplified and then fed to a multichannel analyzer
through an analog to digital converter. The BK-7 window of
the vacuum chamber sets a low-energy cutoff at about 12 keV
for the observed emission and the bremsstrahlung tempera-
ture fits presented are done using the data above 50 keV, where
the transmission is close to 100%. The X-ray count rate is kept
less than 0.1 per laser shot by proper detector positioning and
placing suitable lead apertures in front of the detector. This
was necessary to prevent radiation pile up.

The energy spectrum of the ions emitted normal to the tar-
get surface was measured using a conventional ion time of
flight technique, with a channel electron multiplier placed at
a distance of 97 cm from the laser focus. The solid angle for
ion collection was 26 msr. The arrival times of the charged
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particles at the detector were recorded with a 1-GHz dig-
ital storage oscilloscope. A large-area Faraday cup (FC)
(230 cm2), placed at a distance of 35 cm from the target sur-
face, was used to collect all the emitted charged particles
from the plasma in order to obtain the total ion flux. The FC,
made of 11-µm-thick aluminium foil, was biased at −300 V.
A nickel mesh was placed in front of the FC biased at a volt-
age of −500 V to repel the secondary electrons. It is to be
noted that the FC stops all the heavier ions, while transmitting
higher-energy electrons [23, 24].

3 Results

The bremsstrahlung (hard X-ray) spectra from both
the polished Cu and the CuNP-coated surfaces at the input in-
tensity of 3 ×1016 W cm−2 are shown in Fig. 2. The hot elec-
tron distribution in a Cu plasma is a single Maxwellian with
a temperature of 9.3 ± 1.1 keV, whereas the CuNP plasma
shows a bi-Maxwellian electron distribution with tempera-
tures 9.5 ± 1.7 keV and 33.9 ± 6.4 keV, indicating the pres-
ence of hotter electrons in the plasma due to the enhanced
coupling of laser energy into the NP-coated surface via sur-
face plasmons when compared to the polished surface [18–
20]. The integrated energy of X-rays emitted in the range of
30–200 keV for polished Cu and NP surfaces is 2.9 ×10−9 mJ
and 7.05 ×10−9 mJ, respectively. The ratio of total X-ray
yield from a CuNP-coated surface to that from the pol-
ished Cu surface at different input laser energies correspond-
ing to the intensities in the range of 0.9–3.6 ×1016 W cm−2

is shown as the inset in Fig. 2. At a lower intensity the
bremsstrahlung yield from nanoparticles is four times larger
than that of the polished surface. With the increase in intensity
the yield relatively decreases, but even at the highest intensity
(3.6 ×1016 W cm−2) used in the experiment the yield from
a nanoparticle-coated surface is around 50% higher than the

FIGURE 2 Bremsstrahlung spectra from polished Cu and CuNP on pol-
ished copper at a laser intensity of 3×1016 W cm−2. The inset shows the
ratio of total X-ray yield from the CuNP and Cu surfaces with laser energy.
The line in the inset figure is a guide for the eye

polished surface. We discuss the reason for this decrease later
in the paper.

Under our experimental conditions, the hot electrons are
generated mainly by RA [10, 11]. The hot electron tempera-
ture, Thot, can be estimated [25] as Thot = 14T 0.33

c (Iλ2)0.33,
where Tc is the background electron temperature in keV, I the
laser intensity in 1016 W cm−2 and λ the wavelength in µm.
For a Tc of 150 eV (estimated for our intensities), we obtain
a Thot of 9.2 keV. This temperature is close to that observed
for the polished target and the lower of the two components
observed in the nanoparticle-coated targets and agrees with
earlier measurements [18–20, 28]. The hotter component of
33.9 keV is attributed to local field enhancements of the laser
light or alternately surface plasmon excitation facilitated by
the nanoparticle coating [18–21].

Figure 3 shows n(E)–E spectra of ions generated from Cu
(solid lines) and CuNP (dashed lines), where n(E) is the num-
ber of ions emitted within the energy range of E to E +dE
at three different input intensities with corresponding time of

FIGURE 3 n(E)–E spectra of ions emitted from CuNP (solid red) and
Cu (dashed black) surfaces at input laser intensities of (a) 0.9×1016,
(b) 3.5×1016 and (c) 1×1017 W cm−2, respectively. The insets show the
TOF spectra of polished Cu and CuNP. It is clearly seen that the CuNP TOF
spectra always consist of multiple ion distributions except at the highest laser
energy. The protons are found on zooming on to the TOF spectra. The proton
population is found to be of the same order in both cases
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flight spectra as insets. Both the n(E)–E and the TOF spec-
tra clearly show the differences in energies observed from the
polished Cu and NP-coated surfaces. At a lower input inten-
sity of 0.9 ×1016 W cm−2, the polished Cu surface shows two
main features representing two different ion species around
65 ± 15 and 240 ± 25 keV energy, while the CuNP surface
gives three distinct peaks with energies of 25 ±10, 45 ±10
and 320 ±20 keV (Fig. 3a). On increasing the input intensity
to 3.5 ×1016 W cm−2, the two peaks for Cu merge, giving
a single distribution of the ions in the 280 ±60 keV energy
range. In contrast, for CuNP, the three-energy distribution
evolves into a two-peak feature indicating the presence of two
sets of ions of energies 54 ±8 and 280 ±40 keV. Above the
intensity of 4 ×1016 W cm−2 the ion energy spectrum from
CuNP starts showing a single peak similar to that of Cu with
almost the same energy distribution (Fig. 3c at an intensity of
1 ×1017 W cm−2). This indicates that the nanoparticle coat-
ing becomes damaged at the higher intensity, an observation
in agreement with our earlier studies [29].

Below an intensity of 4 ×1016 W cm−2, where the NP
coating remains intact, the ion energy spectra from Cu
and CuNP show an interesting feature. The total ion flux
(∫ n(E)dE) from the NP-coated surface is higher than that
from the Cu in the 4–75 keV ion energy range (region A)
compared to the flux in the 75–1400 keV range (region B)
(Fig. 4a), while in the 4–1400 keV range the ion flux from
the NP surface is higher by 55%. Similarly, the total ion en-
ergy (∫ En(E)dE) in the 4–75 keV range has increased by
52% for CuNP surfaces compared to Cu surfaces, while in the
75–1400 keV range they have reduced by 60%. Also, in the
total range of 4–1400 keV ion energy, the total ion flux and
the ion energy in the full energy range are larger by 50% and
16%, respectively, from CuNP targets compared to Cu targets
(Fig. 4b). The mean ion energy (ratio of total ion energy to the
number of particles; ∫ En(E)dE/ ∫ n(E)dE) from the CuNP
surface has increased by 5(±0.5)% in the low-energy range
and has reduced by 10(±1.0)% in the high-energy range,
compared to that from the polished Cu surface. While the total
ion energy in the entire energy range increases by 16%, the
mean ion energy reduces by 20%, due to the enhanced flux of
low-energy ions.

Figure 5 shows the variation of the maximum energy per
ion (Emax) with Iλ2(Wcm−2 µm2) for both types of target, in
the intensity range 2 ×1015–1 ×1017 W cm−2 µm2. The max-
imum ion energy from the Cu plasma increases from 0.6 to
3.6 MeV with increasing laser intensity. In the intensity range
of 2 ×1015–3.5 ×1016 W cm−2 µm2, the maximum ion ener-
gies from the CuNP surface range between 0.5 and 2.0 MeV
indicating a reduction of around 18% in the energetic ion
emission from the CuNP plasma. The maximum ion energy
(Emax) measured in the sub-relativistic-intensity regime can
be estimated from the hot electron temperatures using the
scaling established by Clark et al. [15] and Zhidkov et al. [13].
For self-similar plasma expansion the maximum ion energy
is theoretically estimated to follow Emax ∝ Th ∝ (Iλ2)0.33−0.5.
On the other hand, experiments in the intensity regime of
1015–1017 W cm−2 lead to a scaling of Emax ∝ (Iλ2)0.4. The
observed Emax from Cu and CuNP plasmas scale as (Iλ2)0.4,
in agreement with these earlier reports [13, 15]. Above the
input intensity of 3.2 ×1016 W cm−2, Emax from CuNP sur-

FIGURE 4 Ratio of (a) total ion flux and (b) total ion energy from CuNP
to polished Cu in 4–75 keV (region A), 75–1400 keV (region B) and over
4–1400 keV (full) energy ranges as a function of input laser intensity. The
down arrow on the x axis represents the laser intensity until which the
nanoparticles definitely survive (see text for details). Lines in the figure are
guides for the eye

faces start approaching that from the Cu surface and above an
intensity of 4 ×1016 W cm−2, the cutoff ion energy from the
CuNP plasma is almost the same as that for Cu. This indicates
damage to the NP coating, in agreement with our previous
results [29]. The Emax are observed to be lower than the cor-
responding values from a polished surface up to an intensity of
3.8 ×1016 W cm−2.

It is clear that more laser energy is coupled to hot elec-
trons in the case of the NP-coated surface. This excess energy,
however, does not become transferred to ions. Ion emission
from the NP-coated surface becomes preferentially enhanced
in the low-energy regime and the highest ion energy actually
decreases for the NP-coated surface. This is in contradiction
to the usual expectation that the generation of hotter electrons
should lead to hotter ion emission [12, 13].



BAGCHI et al. Fast ion beams from intense, femtosecond laser irradiated nanostructured surfaces 171

FIGURE 5 Maximum ion energies (per ion) measured from Cu (solid cir-
cles) and CuNP (open circles) as a function of input laser intensity for
p-polarized pulses. The solid black line shows the scaling of maximum ion
energy following (Iλ2)0.4. The inset shows the initial result of the charge-
resolved spectra. More experiments are in progress

FIGURE 6 (a) Total charge accumulated by FC from Cu and CuNP plasma;
(b) ratio of total ion flux collected using CEM and FC as a function of input
laser intensity. Lines in the figure are guides for the eye

To obtain a measure of the overall ion yield, we measured
the total ion currents from the two types of target at a loca-
tion much closer to the target, using a large-area Faraday cup
(FC) subtending a solid angle of 2.36 Sr to the plasma focus.

Figure 6a shows the total charge present in the plasma accu-
mulated by the FC from Cu and CuNP surfaces. The ratio of
the total ion flux from the CuNP to the Cu surface reduces
from 45% to 10% as measured by the CEM with increasing
laser input intensity, while the flux measured using the FC in-
creases to almost 40% in the case of CuNP targets compared to
polished Cu targets (Fig. 6b). The ion yields collected far from
the plasma (by the CEM) are anticorrelated with the yields
measured close to the target using a FC. The increase in the
ratio of the FC signals (qCuNP/qCu) in contrast to that from
the CEM points towards the increasing divergence of the ion
emission with increasing laser intensity.

4 Discussion

To understand our experimental observations, first
consider the ion emission from a smooth/unstructured (pol-
ished Cu) surface. The hot electrons produced by the in-
tense laser, together with the colder electrons, form a two-
temperature plasma. The two-temperature plasma gives rise
to a sheath formation at a point in the density profile across
which the ions are accelerated and these emerge as the hot
ions [12]. The field developed across the sheath is Eaccl =
kBTe/e [max (Ln, λD)], where Ln is the local scale length
of the expanding plasma and λD is the Debye length [2–5].
The model assumes isothermal expansion which may not be
strictly valid, but the general features are well reproduced
even under this approximation. As per existing belief [12, 13,
15], hotter electrons produced from the nanoparticle-coated
targets should lead to more energetic ions. Our observations
are contrary to this. Let us revisit the observed reduction in
the maximum ion energies as measured by the TOF technique
and the increase in the ion flux measured by the large-area
FC closer to the target. What can be the possible reasons for
these? One can argue that the protons generated from the
NP target could be preferentially enhanced in their energy
and the heavier copper ions are therefore unable to benefit
from the increased hot electron temperature. From the TOF
spectra we found that the protons are not enhanced. The pro-
ton energy distributions as well as the yields obtained from
both surfaces by high-resolution TOF spectra are very simi-
lar and this rules out a difference in proton emission as the
cause for the decrease in the energy of Cuq+ from nanostruc-
tured surfaces. Another possibility of diminishing ion energy
from the nanostructured surfaces may be due to the role of
inherent laser prepulses originating in the process of pulse
amplification. It is known from the experimental studies that
the prepulses can influence the plasma properties in a way
that diminishes ion energies [32–34]. But, in this experi-
ment it is ensured that the prepulse is 10−6 times weaker
than the main laser pulse. As the maximum laser intensity
of the main pulse used is about 1017 W cm−2, the prepulse
intensity will be too small to make an impact on the nanos-
tructures, ensuring that the main laser pulse actually interacts
with the undistorted structured surface. The third explana-
tion is that the electrostatic sheath responsible for accelerating
the ions is severely disturbed due to the enhanced local fields
generated by NP-coated surfaces, leading to a divergent ion
beam. This argument is worth more exploration, as indicated
below.
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Firstly, the nanoparticle coating causes significant devia-
tion from the assumption of planar (∼ 1D) expansion, clearly
evident in our Faraday cup measurements of the divergence
(the nanoparticles are ‘smearing out’ the ions). It is well
known that in multidimensional expansion the maximum en-
ergy is lower than that in the one-dimensional (1D) case [35].
It is well known from the experimental and theoretical inves-
tigations that surface modulations greatly enhance the surface
enhanced Raman scattering (SERS), second-harmonic gen-
eration and electron production from solid and cluster tar-
gets [16, 18–21]. For an individual ellipsoid the geometrical
enhancement factor commonly called the ‘lightning rod’ fac-
tor LR can be expressed as LR = 1 − ξQ

′
(ξ)/Q(ξ), where

ξ = [1− (b/a)]−1/2 and Q(ξ) = (ξ/2) ln[(ξ −1)/(ξ +1)]−1.
The parameters ‘a’ and ‘b’ are the major and minor axes of
the ellipsoid. Because of this geometric factor the electric field
in the vicinity of the voids is largely enhanced and therefore
produces a layer of preplasma in the case of nanostructured
surfaces compared to polished surfaces. Thus, the nanopar-
ticles act as the first sources of the plasma because of the
enhanced laser intensities in the immediate vicinity of each
particle. The plasma is likely to expand away from these hot
nanospots with significant nonplanarity, guided mainly by the
initial shape of these ellipsoidal particles and these can pre-
vent charge build up and disturb sheath formation resulting
in lower sheath voltage and hence lower ion energy. If we
take the critical plasma density (1021 cm−3) and Th = 9.3 keV,
the Debye length is 17 nm, which is the same size as the
nanoparticles. The actual Debye length for colder tempera-
tures achieved on the rising edge of the laser pulse is much
smaller. The effective Debye length is thus larger and leads to
reduced electric fields. It is well known that the basic require-
ment for RA to occur is the presence of a component of the
incident electromagnetic field along the plasma density gradi-
ent at a proper scale length [10, 11]. We believe that the modu-
lated plasma density profile originated because the nanostruc-
turing makes coupling of laser to plasma more conducive by
providing the appropriate scale length [26, 27] and hence pro-
duces hotter plasma. Numerical simulations and experiments
show that particle emission occurs normal to the surface and
hence nonplanar plasma expansion thus gives rise to increased
beam divergence. Divergent ion and proton beams from laser-
produced plasmas due to the increased scale length caused by
surface modulations have been observed [36, 37]. All these
arguments are supported by our recent observations of the
survival [29] of these nanoparticles at intensities as high as
2 ×1016 W cm−2. We are in the process of investigating the re-
duction in the maximum ion energy as well as multispecies
ion acceleration using two-dimensional particle-in-cell (PIC)
simulations [30, 31], to obtain a better idea of the plasma ex-
pansion from the nanoparticle-coated surface.

The present study is significant because it shows that hot
electron generation need not cause hotter ion emission. We
point out that, in general, optimization of each signal from the
plasma requires an understanding of the actual dynamics of
the process. In our case, hot electron generation is enhanced
by the local field enhancements which increase the effective
light intensity. This process takes place on the time scale of the
laser pulse (tens of fs). The ion acceleration, however, depends
on a subsequent process, namely the plasma expansion and

energy exchange. We believe that this is significantly modified
by the same nanoparticles in a counteracting manner and leads
to an enhanced number of ions in the low-energy range until
75 keV and reduces the high-energy ions above 75 keV. The
reduction in high energy ion emission coupled with enhance-
ment of X-ray emission is very promising for moving towards
debris-free and high-brightness hard X-ray sources [38].

5 Conclusion

In summary, we have reported the role of surface
modulations in the energetic ion emission from ultra-short in-
tense laser produced plasmas. This study clearly points out
that though the surface modulations considerably enhance the
coupling of laser energy into the plasma, they do not necessar-
ily lead to emission of ‘hotter’ ions; a result in contradiction
with current wisdom. The difference in flux measurements
near to and far away from the target indicates increased an-
gular spread in ion emission from nanoparticle-coated targets.
This indicates the complications involved in ‘sheath’ layer
formation as well as ion acceleration. It is important to un-
derstand the underlying physics through more experiments
and numerical simulations [39]. For a more detailed analysis
of the ion acceleration from the nanostructured targets, over
and above the conclusions made in this study, it would be im-
portant to measure the charge-resolved spectrum. The initial
results of the charge-resolved measurement are shown in the
inset of Fig. 5. Even in this low resolution the proton trace is
clearly visible and a few of the charged states of copper la-
beled as Cuq+ ions are also identifiable. We are carrying out
further experiments to improve the experimental resolution
with the aim of obtaining charge state resolved studies under
varying surface modulations and laser conditions.
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