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Abstract

Ion acceleration resulting from the interaction of 11 fs laser pulses of ~35 mJ energy with
ultrahigh contrast (<10~'%) and 10" W cm~2 peak intensity with foil targets made of various
materials and thicknesses at normal (0°) and 45° laser incidence is investigated. The maximum
energy of the protons reached ~1.4 MeV accelerated in the laser propagation direction and
~1.2 MeV in the opposite direction from a formvar target. The energy conversion efficiency
from the laser to the proton beam is estimated to be as high as ~1.4% at 45° laser incidence
using a 51 nm thick Al target. The high laser contrast indicates the predominance of vacuum
heating via Brunel’s effect as an absorption mechanism involving a tiny pre-plasma at the target
front. The experimental results are in reasonable agreement with theoretical estimates, where
proton acceleration from the target front side in the backward direction is well explained by the
Coulomb explosion of a charged cavity formed in a tiny pre-plasma, while forward proton
acceleration is likely to be a two-step process: protons are first accelerated in the target
front-side cavity and then further boosted in energy through the target back side via the target
normal sheath acceleration (TNSA) mechanism.

Keywords: laser plasma ion acceleration, few-cycle laser interaction with matters,
laser plasma ion acceleration scenarios
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1. Introduction

At the dawn of the field, it was possible to accelerate protons
and ions above MeV energies with large-scale laser systems
firing only a few times an hour. So far, the highest laser-to-
ion conversion efficiency has been demonstrated with sub-
ps laser pulses [1]. Laser systems with pulse durations of a
few tens of femtoseconds provide the necessary peak intens-
ity, but with a lower pulse energy and a higher repetition rate
[2]. Various experiments [3—7] and theoretical studies [8—13]
have investigated the acceleration mechanisms on thin targets
and optimised the ion yield. Such laser-driven ion beams have
demonstrated their credibility for applications in a wide range
of areas, e.g. probing of fields in plasmas [14], generation
of directional neutron sources [15], isochoric heating of solid
matter [16], and radiobiology [17, 18]. Recent developments
in sub-50 fs laser systems have made it possible to optimise
ion acceleration [19, 20] and start building beamlines dedic-
ated in particular to the medical use of laser-accelerated ions
[21-23].

The advances in laser technology have led to the gener-
ation of laser pulses with durations of only a few optical
cycles. Due to the very short pulse duration as well as the
extreme beam quality, it has become possible to reach relativ-
istic intensity in the focus with a few tens of mJ pulse energy.
At such low energy, few-cycle laser systems are capable of
operating at kHz repetition rate over 24/7 with high reliability
[24]. This is accompanied by the development of kHz repeti-
tion rate target systems, such as gas jets [25] and thin liquid
leaves [26], offering an opportunity to generate stable electron
[27] and ion beams [28] and, possibly, gamma rays. These
could be highly beneficial for medicine, industry, science, and
homeland security [29]. For example, high repetition rate ion
sources can serve as input beams for diverse accelerator sys-
tems, meeting the requirements of high current, low and high
charge state, and low emittance [30]. Deuterons accelerated
to energies above 0.5 MeV at kHz repetition rate can gener-
ate a large flux of neutrons per second via a D(d,n) reaction.
Radioisotope production with kHz repetition rate is another
potential application for nuclear pharmacology [31, 32]. Apart
from an early work [33] and a recent study [34] with some-
what lower intensity on a bulk target, experimental results on
ion acceleration with few-cycle relativistic pulses are yet to be
disseminated.

In this paper, we discuss our recent experimental findings
with the use of ultrahigh contrast, few-cycle laser pulses of
relativistic intensity on diverse target materials, thicknesses,
and angles of incidence. The measurements show new fea-
tures in the ion acceleration scenario. The maximum energy
for protons was measured to be just above 1 MeV, being far
less affected by the target material (metal or dielectric) and
thickness than expected from present ion acceleration theories
[8—13]. Atalaser incidence angle of 45°, the properties of pro-
ton emissions from the rear and the front of the target surface
were similar. The cut-off energy was, however, about half of
that at normal laser incidence on the target. We also provide

quantitative explanations for the novel features observed in the
given ion acceleration scenario.

2. Experimental setup

In the experiments, the charged particles were generated
by irradiating foil targets with the SYLOS Experimental
Alignment (SEA) Laser at the ELI-ALPS facility in Szeged,
Hungary [24]. In the experiments (figure 1(a)), p-polarised,
11 fs laser pulses of ~35 mJ energy were focused using an
f12.5 off-axis parabolic mirror. The power-weighted central
wavelength of the broadband structured pulse spectrum is
846 nm. The spatial energy distribution of the laser pulse in
the focal plane was measured by a 16-bit CCD camera with
an optical magnification close to 50x (figure 1(b)). The cent-
ral spot with a size of 2.9 ym x 3.5 um (FWHM) contains
36% of the total energy. Hence, the peak intensity driving
the interaction is 7 = 10" W cm™2. It is worth mention-
ing that the measured ultrahigh contrast <10~!% (figure 1(c))
is still conservative due to the bandwidth limitation of the
third-order cross-correlator (Sequoia by Amplitude Tech.).
Since the standard thicknesses of the non-linear crystals sup-
port a bandwidth of half of the SEA laser pulse, the laser
pulse peak intensity and, hence, the temporal contrast is
underestimated. As a consequence, the contrast is expected
to be approximately eight times higher than that shown in
figure 1(c).

The foil targets of different materials, namely carbon (C),
diamond-like-carbon (DLC), formvar ((CH,CH (OH) |,,), and
aluminium (Al), were irradiated at incidence angles of 0° and
45° with respect to the target normal. The target thickness ied-
varying in the range of 5 nm — 9 pym. A target alignment sys-
tem consisting of an infinity-corrected long working distance
objective located along the axis of the incident laser beam was
used to visualise the laser focal spot and position the target
in the same focal spot. The targets were positioned with an
accuracy of 5 pum at the laser focal plane [35], which ensured
high reproducibility and reliability of the experimental
data.

The ion spectra were measured in a single laser shot with a
calibrated Thomson spectrometer [36] located along the rear
or front surface target normal direction, later called the for-
wards (FWD) and backwards (BWD) directions, respectively.
The collection of ions below a solid angle of 30 nsr ensured the
measurement of well-resolved ion spectra within the energy
range of the spectrometer E;/Z = 0.025 + 2 MeV/nucleon.
Typically, a magnetic field of (0.27 £ 0.01) T and an elec-
tric field of up to 3 kV cm~! were applied. The energy res-
olution of the spectrometer at high energies (above 0.5 MeV)
was AE/E; ~ 5%. The ions were detected by an multichannel
plate (MCP) detector coupled to a phosphor screen. Our partic-
ular interest is the ion spectrum, from which the maximum ion
energy as well as the number of ions can be obtained. Typical
measured ion spectral traces are shown in figure 2, along with
the corresponding evaluated proton spectrum.
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Figure 1. (a) Schematic of the experiment. Laser incidence angle on targets Tgl and Tg2 is 45° and 0°, with respect to target normal,
respectively. The Thomson spectrometers located along the target normal directions measured the ions from Tgl in Tgl-FWD and
Tg1-BWD directions, and from Tg2 in Tg2-FWD direction. (b) The laser pulse intensity distribution (in arbitrary units) in focal plane,
measured with a magnification 50x has a size 2.9 um X 3.5 um (FWHM). (c) The measured temporal contrast of the laser pulse.
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Figure 2. (a) A typical CCD picture of measured ion spectra from a 26 nm formvar target, as an example, and (b) the evaluated proton

spectrum (the background is subtracted).

3. Experimental results

At an incidence angle of 45° on the target, the maximum pro-
ton energies observed in the FWD and BWD directions versus
the target thickness and materials are shown in figures 3(a) and
(b), respectively. Protons with the highest cut-off energy of
around 1.4 MeV are accelerated from 26 nm and 660 nm thick
formvar targets. Another noticeable feature here is that the
acquired maximum energy of protons from the other targets
with thicknesses from 2 ym down to 20 nm weakly depends on
the target thickness. In FWD (figure 3(a)), the measured max-
imum proton energy (1.2 +0.3 MeV) is found to be around
200 nm, slightly decreasing to about 0.8 MeV for the thinnest
(5 nm) and the thickest (9 pum) targets. In BWD (figure 3(b)),
the proton energies are somewhat lower (compared to that in
FWD); nevertheless, in both cases, the formvar targets show a
higher proton cut-off energy compared to other target mater-
ials. In FWD, the proton energy from the formvar target is
only about 1.2 times higher than in BWD, while for the other
target materials the difference is almost twice. It is worth
mentioning that symmetric proton emission in the FWD and
BWD directions was also observed in [37] with a peak intens-
ity similar to ours. However, their pulse duration and energy
were ~6 times longer and ~18 times higher than those of

our experiment, being very far from the few-cycle regime. In
a few-cycle regime of ultrahigh clean pulse the asymmetric
behaviour we observed suggests some peculiar features of pro-
ton acceleration. The implications on the acceleration condi-
tions, including pre-plasma effects on the front and back of the
target, are discussed in a further chapter of this paper.

In figures 3(c) and (d), the number of protons emitted in
a 30 nsr solid angle along the FWD and BWD directions is
shown. The number of particles is integrated above 100 keV up
to the cut-off energy. It is worth noting that it is not always the
spectrum with the highest cut-off energy that shows the highest
particle yield. In figures 3(c) and (d) the measured highest pro-
ton yield is about 10° protons within a factor of 2—4, while the
target thickness varies by several orders of magnitude.

At a 0° angle laser incidence on the target, the maximum
proton energies versus the target thickness observed in the
FWD direction are shown in figure 4(a) for different foil mater-
ials. Here, compared to a 45° laser incidence (figure 3), the
energies are over a factor of two lower, while the integrated
number of protons is an order of magnitude lower. The excep-
tion is the formvar target, where the integrated number of pro-
tons is about the same as at 45° laser incidence. However, it
shows a similar dependence of the cut-off energy to 45° laser
incidence, with a slight decrease at the thinnest and the thickest
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Figure 3. (a), (b) The maximum energy of protons and (c), (d) highest number of protons versus thickness of the target emitted in FWD (a),
(c) and BWD (b), (d) directions are shown at 45° laser incidence angle on different target materials.
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Figure 4. (a) The maximum energy of protons and (b) the highest number of protons versus thickness emitted by the target in FWD
direction are shown at 0° laser incidence angle on the target for different target materials.

targets and a similar tendency to be almost independent of the
target material. Such a weak dependence of the proton cut-off
energy on the target thickness may indicate that under our con-
ditions, the electron transport and electron dynamics inside the
target do not play a significant role in the ion acceleration pro-
cess. This suggests that the dominant role in ion acceleration is
played by processes at the target front, where the laser energy
is transferred to hot electrons in a similar way for all the invest-
igated target thicknesses.

Figure 5 shows the emitted ion spectra in FWD for five
successively increased thicknesses of Al target at the same
laser irradiance and at a 45° laser incidence angle on the tar-
get. An interesting phenomenon is that the carbon ions are
mostly observed for the thinnest targets with a dominance of
C**. The ion charge-state density gradually decreases when

the target thickness is increased, while the maximum energy
of ions remains virtually unchanged. For thicker targets, the
number of carbon ions drops well below the detection limit
(limited by the solid angle of reception of the Thomson spec-
trometer) and only protons are detected. This may be due to
the scattering of ions accelerated from the charged cavity as
they propagate through the target: the thicker the target, the
more the ions scatter.

In the spectra of BWD accelerated ions, this phenomenon
was not observed. Carbon ions with a dominance of C** were
present in all cases. At a 0° laser incidence angle, it is difficult
to make a clear statement since at this geometry, the particle
number dropped by about an order of magnitude. Hence, the
changes we see could be related to the low number of detected
particles.
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thicknesses with the highest proton cut-off energy.
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Figure 6. The spectral energy content in the proton beam from Al targets at different thicknesses for FWB and BWD directions at 45° laser

incidence and for FWD at 0° incidence.

4. Conversion efficiency

From the measured number of particles in the ion spectra
(figures 3(b), (d), and 4(b)) and the measured divergence of
the proton beam of 5° (see [38]), one can derive the spec-
tral energy content in the proton beam. The assumption that
the divergence of the proton beam is the same for all target
thicknesses is rather conservative as the proton beam diver-
gence may increase as the target thickness decreases. The
figure 6 shows the spectral energy content in the proton beam
for an Al target, the one with the most systematic change of
target thickness, both in FWD and BWD directions at 45°
(figures 6(a) and (b)), and in FWD direction at 0° angle of
incidence (figure 6(c)). It is noteworthy that at 45° laser incid-
ence in the FWD direction (figure 6(a)) there is a plateau in
the energy content in the beam with energies of 0.2 MeV—
0.8 MeV for 51 nm, 188 nm, and 2 pum thick targets. For the
thinnest (25 nm) and the thickest (9 pm) targets there is a clear
maximum at around 0.2 MeV. The plateau was not observed
in BWD at 45° (figure 6(b)) nor FWD at 0° laser incidence
(figure 6(c)). Instead, the energy content in the beam had a
maximum of about 0.2 MeV for all thicknesses besides the
9 pm target, where the energy content was an order of mag-
nitude lower (figures 6(b) and (c)).

On the whole, all this indicates a highly efficient transfer of
laser energy to the target and acceleration of ions. On the basis
of the energy content of the beam shown in figure 6, a con-
servative estimate can be given for the conversion efficiency
of laser energy to protons. Figure 7 shows the conversion
efficiency of laser energy into protons with energies above

=8
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S = 15}
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g 2
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°© >
§ 2
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g e °
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10" 10° 10° 10*
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Figure 7. Dependence of the conversion efficiency of laser energy
into protons with energies above 100 keV on the thickness of Al
targets in FWD direction at a 45° laser incidence angle (derived
from figure 6).

100 keV to the cut-off for Al targets, depending on the target
thicknesses. Here, we assumed that the divergence of the
proton beams is independent of the proton energy within the
measured energy range, in agreement with [39, 40]. There is
a clear maximum, reaching ~1.4% at a 51 nm thick target.
However, the optimum target thickness can be given with some
uncertainty due to the target thickness steps.

It is known that the target thickness, L, should be properly
matched to the laser intensity distribution, which includes both
the peak intensity and pre-pulse level, in order to obtain the
maximum ion energy. Earlier numerical models showed that
protons can be accelerated to the highest energies at the tar-
gets of optimum thickness and density [9-11, 13] with a clear
trend of increasing ion energy with decreasing target thickness
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to the nanoscale. This has also been proven by experiments
with multi-Joule, very high contrast laser pulses [41, 42]. For
target thicknesses at which relativistic self-induced transpar-
ency occurs near the laser peak [43], the protons acquire a high
energy. In the experiments, the target thickness and laser pre-
pulse were found to be key factors for the high conversion effi-
ciency of ~4% at 10! W cm~2 [6], or, for optimisation of the
source properties [3]. Hence, the proper selection of foil tar-
get optimum thickness for certain laser parameters results in
a very promising increase in the proton energy. We emphas-
ise that a scale length of pre-plasma, which appears due to the
finite laser intensity contrast ratio (figure 1(c)), enhances the
laser energy absorption and particle acceleration [42, 44, 45]
unless, of course, it destroys a thin target. It is worth noting
that even in the case of ‘ideal’ contrast, there is a pre-pulse of
natural origin associated with the temporal profile of the laser
pulse, e.g. with a Gaussian pulse profile, so the pre-plasma
expansion starts at the rising edge of the pulse from already
Iy ~ 10'© W cm~2 at about 30 fs before the maximum intens-
ity is reached on the target. It determines the appropriate target
thickness for the most efficient acceleration.

In accordance with figure 1(b), plasma production at
the front of the Al target, which requires an intensity of
IOZIOIO W cm~2, takes place at ¢t > ty~—(3-2) ps before the
maximum laser intensity arrives at the target. With an expan-
sion velocity of ¢; ~ (1-2) x 10* m s~! [46], a pre-plasma
with a characteristic scale length of L,, = ¢s#o ~ 30 nm in the
form of a density ramp, oc exp (x/L,p) , appears in front of the
target. It consists of a mixture of Al and hydrocarbon contam-
inant ions naturally present in the ~3 nm layer [47].

If the target thickness L < L, then the target evaporates
before the femtosecond laser pulse arrives. Therefore, for an
Al target with thickness L < 30 nm, the efficiency of ion
acceleration is expected to decrease drastically as we see in
figure 7, where destruction of the foil likely takes place for tar-
gets thinner than the 50 nm optimal thickness. For dielectrics,
the threshold of plasma production is an order of magnitude
higher (Iy ~ 10" W cm~2) and £y ~ 1 ps, which makes it pos-
sible to use even thinner foil, up to L < 10 nm, as in the case
of the formvar target (see figure 4). In this respect, our results
are in agreement with those obtained in [42], where for a laser
pulse intensity of ~10?! W cm~2 at 1], the proton energy still
increased as the dielectric target thickness decreased to 30 nm
when the laser pre-pulse was removed prior #y) ~ —1 ps.

5. Discussion

5.1 45° laser incidence on the target

During the incidence of ultrashort and ultrahigh-contrast laser
pulses on a target with a step-like density profile, the laser
energy is transferred to the electrons mainly due to the so-
called vacuum heating via the Brunel effect [48,49] and v X B
heating [50]. For a moderately relativistic pulse (with a stand-
ard dimensionless laser field amplitude, eEro/mwioc = ap~2,
where Ejg, wyro are the laser field and laser field frequency,

and e, m are the electron charge, and mass, respectively) the
Brunel effect dominates. This is consistent with the higher
laser-to-ion energy conversion efficiency in our experiment
(see figure 6) for the oblique rather than the normal incidence
case (see also [34]). Even if the size of the density ramp at the
target surface is smaller than the electron quivering amplitude
under Brunel’s effect, such tiny pre-plasma as Ly, ~ 30 nm
makes a considerable contribution to electron heating/acceler-
ation in both the laser field (E;) and electrostatic field (E,; ),
which determines the nature of the nonlinear Brunel effect
[51]. Indeed, effective electron acceleration/heating forms a
well-pronounced electron cloud around the thin target with
dominance in the FWD direction. Hence, formed charge sep-
aration field most effective accelerates ions from the target rear
in the FWD direction that is called target normal sheath accel-
eration (TNSA) mechanism. We consider it as the source of
FWD accelerated protons in our experiment.

5.1.1 BWD accelerated ions. ~ We consider the acceleration
mechanism proposed in [52] to explain experimental findings
at the interaction of a relativistic intense laser pulse with a solid
target with a step-like density profile. This is attributed to the
formation of a positively charged cavity in the form of a pan-
cake at the target front via the laser light pressure pushing elec-
trons out. The thickness of this cavity is given by the balance
of the Coulomb force and the light pressure force, E; g = E¢j.,
which determines the Coulomb explosion of the cavity and
acceleration of protons. The mechanism was recently applied
to a tiny pre-plasma at a solid target surface, where a charged
cavity is formed in the domain of laser light reflection [34].
We estimate the maximum energy of BWD accelerated pro-
tons, £,,, from the exploding cavity, as the work done by the
cavity Coulomb field to move protons out of the cavity,

Em 2 eEelgt. lace, (D

where [, is the entire acceleration length and Ey 4 , in accord-
ance with [53,52], is estimated as £;0. One can assume that the
maximum possible acceleration length is /,.. ~ R, where R is
the laser focal spot radius, since at a distance longer than R, the
accelerating Coulomb field drastically drops due to the trans-
ition from a 1D to a 3D geometry. However, for a too short
laser pulse, the accelerating field disappears before ions reach
the distance ~ R, because the laser light pressure terminates
at the end of the pulse, destroying the positively charged cav-
ity. Correspondingly, the acceleration length can be approxim-
ated as lyec ~ (v)7 ~ (v,,/2) T, where we assume the ions are
initially at rest. Here, 7 is the pulse duration and <v> is the
characteristic velocity of the expanding ion front, which can
be estimated as v,,/2, where v,, = (25,,,/M)1/2 and M is the
mass of the proton.

Substitution of the value /,ec ~ (v)7 in equation (1) gives
the proton acceleration length as

c m 2
lage ™ —— =1 2
acc wLOM(WLOT) i 2
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which takes place in the case of short enough and/or rather
weak laser pulses, i.e. under the following condition:

Roope M
wioT < 4| 10 2 3)
c mag

For this condition, the maximum proton energy equation (1)
gained over the length equation (2) reads

Em ™~ mC” ((ZQUJL(]T)Z%, 4)

while for the longer or/and stronger laser pulses, when oppos-
ite to equation (3) inequality holds, the cut-off energy reaches
its maximum value:

2 R(.UL()
Em = mcagy

&)

Based on equations (4) and (5), a simple interpolation for-
mula for the estimation of the maximum proton energy from
the exploding laser created cavity can be proposed:

e o mcay 0 R
" c l,‘+R7

(6)
This is an easy-to-use estimate for the arbitrary laser pulse dur-
ation. Here, [;(7) is given by equation (2).

As the laser field amplitude decreases with the pulse dura-
tion, ag o< 1/+/7, we conclude from equations (4)—(6) that for
a given light energy fluence (Py) there is an optimum pulse
duration for which the cut-off energy is maximum, which is
defined by the equality /;(7) ~ 2R, or in the explicit form

i & cREMPw3, o
o= 271'62@0 '

Correspondingly, for a given laser pulse energy and dur-
ation, equations (4)—(6) make it possible to understand the
optimal radius needed to reach the maximum cut-off energy
em- In this case, the tightest focus seems to be the most optimal.
However, this is true only until the focusing reaches the dif-
fraction limit, 2R ~ )¢, because in this limit it is likely that
the complex multicomponent structure of the electromagnetic
laser field will destroy the cavity. Finally, we note that for short
laser pulses, when condition equation (3) holds, the laser-to-
proton conversion efficiency is independent of the laser intens-
ity, while for long pulses the square root dependence of ion
energy equation (5) (see [52]) results in a square root decrease
in the conversion efficiency, o 1/ /I, with the laser intensity.

In our case of a very short laser pulse of moderate intens-
ity, we are at the limit of applicability of equation (4). For
ap ~2 and 7 ~ 11 fs, the maximum energy of the BWD accel-
erated protons is €, ~0.7 MeV, which is in good agreement
with measurements (figure 3(b)).

5.1.2. FWD accelerated protons.  Naturally, the first mech-
anism to investigate is TNSA caused by laser-produced hot
electrons. The TNSA mechanism [53] is widely considered
as isothermal backside plasma expansion. However, for very
short, few-cycle pulses, the effect of electron cooling must
be taken into account. The cooling starts after the end of
the laser pulse and reduces the acceleration efficiency. The
TNSA mechanism should be applied to the standard situ-
ation of a two-component electron plasma consisting of laser-
produced hot electrons and cold target electrons with effect-
ive energies (‘temperatures’) and densities, T} or and 7y or ¢,
correspondingly [54]. If the hot electrons dominate in the
plasma energy density, n,T, > n.T,, the maximum proton
energy during acceleration reads

2
t
em=Ty|In| —+

2
(’) w1, ®)
70 70

where 79 = Apn/cp, ¢, = \/T/M, and Apy, is the Debye length
of hot electrons. In equation (8) it is assumed that the hot elec-
tron temperature does not change, which is, strictly speaking,
only true during the laser pulse. On the other hand, after the
pulse terminates, the temperature of hot electrons drops over
time as oc1/(1+#/73), i.e. proton acceleration lasts for 7y
after the end of the laser pulse.

Thus, taking into account that the energy gain by the proton
lasts ~ 7 4 79, equation (8) is transformed to

2

2
e, ~Ty|In| 1+ + <1+T) 1|, ©
70 70

i.e. as a function of the pulse duration, the ion energy
cut-off demonstrates a In%7 increase. However, for long
pulses, almost regardless of the further increase in 7, the
ion energy approaches the maximum possible cut-off energy:
em =~ Tpln? (2R/Mpn) since even at very long laser pulses the
effective acceleration length is limited by the size of the focal
spot radius.

To estimate the cut-off energy using equation (9),know-
ledge of hot electron characteristics (7}, ny) is required.
On this path, we will follow a simple, often used
approach. We apply the ponderomotive estimate for

Ty = mc*(\/1+a}/2 —1) =~ 370 keV [36] and estimate
n, from the energy flux balance Tyn,v, = nly, where 7 is
the laser energy absorption coefficient and vy, is the charac-
teristic electron velocity (close to the speed of light), v, =
c(2+2¢) /(e +1), e=Tw/me?, and &(m,/n)(vy/c) =
na(z) /2. Thus, the characteristic hot electron density reads as
np/ne =nal (e +1) /2eV/2e + 2.

In our experiment, 17 ~ 20% in agreement with [55, 56],
which gives the following estimate of nj, ~ 0.7n, to be used
in the calculation of Apy included under the logarithm in
equation (9). Weak logarithmic dependence on 1 makes it pos-
sible to estimate €, with reasonable accuracy even with some
uncertainty in 7, i.e. €, ~ 0.5 MeV. Note that the rather low
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TNSA energy is a consequence of the short duration of the
laser pulse, 7/79=~0.5, which differs from the standard TNSA
situation where 7 > 7.

It is very likely that the significantly high proton energy
measured FWD (see figure 3(a)) indicates the decisive con-
tribution of the Coulomb explosion of the front-side charged
cavity, which accelerates ions in both the BWD and FWD dir-
ections. Such a scenario can explain the higher energy of pro-
tons accelerated FWD due to possible two-step acceleration:
protons first accelerate from a cavity and then further acceler-
ate by TNSA. A specialised experiment, for example, with a
preliminary cleaning of the backside contaminant, would help
to bring complete clarity to this issue.

5.2. 0° laser incidence on the target

At normal laser incidence on the target, v X B heating domin-
ates the energy transfer process over Brunel’s absorption. For
our moderate laser intensity of ag ~2, and very short pulse dur-
ation, the generation of weakly relativistic hot electrons (v <
c) at the step-like plasma—vacuum interface prevents effect-
ive electron heating. The temporally Gaussian rising edge of
the laser pulse creates insufficient electron pre-plasma, and the
electrons oscillate along the target surface with slight domin-
ance in the FWD direction. This leads to a very small field
amplitude on the target surface, in proportion to the ratio of
the skin depth and laser wavelength ~ ~'/2w;q Jwep (Where
wro and wep are the laser field and electron plasma frequen-

cies, respectively, and v = /1 + a3 /2 is the relativistic para-
meter). As a result, the measured proton energy is half of that
compared to 45° laser incidence on the target (figures 3(a) and
4(a)). At oblique laser incidence, the absorption is relevant
to the p-component of a laser field, and its overlapping with
short pre-plasma increases with the angle of incidence (6) as
Lyp/ cos . Therefore, one should expect an enhancement of
proton acceleration with the increasing € until almost grazing
incidence. This will require further experimental verification
for angles 6 > 45°.

6. Summary

To summarise, ion acceleration experiments were carried out
with few-cycle relativistic laser pulses at intensities of about
10" W cm™2 and very high temporal contrast. The meas-
urements of energies of ions accelerated from different target
materials with different electron and hydrogen densities (C,
DLC, formvar, and Al foil targets) and thicknesses ranging
from 5 nm to 9 pm at laser incidence angles of 0° and 45°
to the target normal showed a weak dependence on the tar-
get thickness. The measured maximum energy of the protons
was ~1.4 MeV accelerated laser propagation direction and
~1.2 MeV in the opposite direction from the formvar target.
From the measured number of particles, the spectral energy
content of the proton beam was derived, showing a slowly
decaying plateau over a wide energy range for FWD acceler-
ated protons at a 45° angle of laser incidence. A conservative
estimate of the laser energy conversion efficiency to protons

showed a clear maximum dependence on the target thickness,
reaching the highest value of ~1.4% at a 51 nm thick Al tar-
get. The existence of an optimum thickness was explained by
the proper match of the foil target thickness to the laser pulse
parameters. For an Al target, the ion acceleration efficiency
drops sharply for thinner targets compared to the efficiency at
the optimal thickness of 50 nm, when foil destruction is likely
to begin (for example, at 20 nm, the acceleration efficiency
decreases by a factor of five) before the femtosecond laser
pulses arrive at the target. Indeed, the selection of a target suit-
able for certain laser parameters is very promising for increas-
ing the interaction efficiency. The experimental results are in
reasonable agreement with theoretical estimates, where proton
acceleration from the target front side in the BWD direction is
well explained by the Coulomb explosion of a charged cavity
formed in a tiny pre-plasma, while FWD proton acceleration
is likely to be a two-step process, as the protons first accel-
erate from a front-side cavity and then further accelerate by
backside TNSA.

As an outlook, the measured characteristics of FWD accel-
erated protons demonstrate that the use of CD instead of CH
would make it possible to accelerate deuterons to energies
required for fusion neutron production from, e.g. the same CD-
catcher. Once the target allows for the use of the kHz repetition
rate SYLOS laser at ELI-ALPS, it would be a prototype for
a 2.45 MeV neutron source. Additionally, the implantation of
protons with an energy of ~1 MeV generated by a high repeti-
tion rate laser can also be used in semiconductor technology as
a new technique to obtain free-standing semiconductor films
with thicknesses in the range of 10-20 pm [57].
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