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Investigation of laser-driven proton acceleration using ultra-short,
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We report optimization of laser-driven proton acceleration, for a range of experimental parameters
available from a single ultrafast Ti:sapphire laser system. We have characterized laser-generated
protons produced at the rear and front target surfaces of thin solid targets (I5nm to 90 um
thicknesses) irradiated with an ultra-intense laser pulse (up to 102 W - cm~2, pulse duration 30 to
500 fs, and pulse energy 0.1 to 1.8J). We find an almost symmetric behaviour for protons
accelerated from rear and front sides, and a linear scaling of proton energy cut-off with increasing
pulse energy. At constant laser intensity, we observe that the proton cut-off energy increases with
increasing laser pulse duration, then roughly constant for pulses longer than 300 fs. Finally, we
demonstrate that there is an optimum target thickness and pulse duration. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4789748]

I. INTRODUCTION

High-power laser technology improvements since the
1980s today permit focused intensities up to the range of
102! W - cm 2. Thus, existing laser facilities allow the scien-
tific community to explore fundamental physics and applica-
tions promising for society, using laser-matter interactions
in the ultra-relativistic regime. Among these applications,
sources of electromagnetic radiation'” and energetic par-
ticles®* are now sufficiently mature that they could comple-
ment current conventional sources such as synchrotrons or
accelerators.

Acceleration of energetic ions by laser-plasma interac-
tions, through the production of hot electrons and the genera-
tion of very strong ambipolar fields, dates back to
nanosecond CO, laser-plasma studies in the 1970s. Hot elec-
tron sheath production depends on large values of ;. X 22
(where I,,,, is the laser peak intensity on target, and /4 is the
laser wavelength), and on steep plasma gradients, both of
which were produced in nanosecond interactions at 10 um
wavelength, ponderomotively steepened.”® The impact of
hot electrons in driving the expansion of ions was quantified
as well, with the use of pairs of foils.”

In the last ten years, energetic ion beams have been pro-
duced from thin metallic foils irradiated by ultra-intense
ultra-short laser pulses.®'° Laser-driven ion beams take
advantage of acceleration in the huge electric fields that can
be obtained in a plasma. Fields exceeding several TV/m can
be obtained, which is well beyond the breakdown-voltage,
which limits conventional accelerators (~100 MV/m). The
source is very compact, as with such fields, ions can be
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accelerated to MeV energies over a mere few micrometers.
These ion beams also exhibit outstanding characteristics:
low emittance,11 low divergence,12 and short bunch-
duration. These properties are of interest in fundamental
plasma research such as proton-radiography,'? warm dense
matter generation,'* or ion-driven fast ignition."> They also
bode well for applications-experiments in areas such as iso-
tope production,'® or hadron therapy.'” However, further
progress is needed on the beam divergence, output current,
and maximum energy (i.e., cut-off energy), to improve the
prospects for applications.

At the laser intensities currently available, and for most
typical laser-matter interaction conditions, ions are primarily
accelerated by the so-called target normal sheath accelera-
tion (TNSA) process. In this mechanism, relativistic elec-
trons are produced by the laser pulse at the laser-irradiated
(front) surface. Penetrating freely through the target, these
energetic electrons establish space-charge sheath fields at
both surfaces, which then pull ions outward in both direc-
tions,'® as illustrated in Figure 1. As long as plasma gra-
dients on target surfaces remain sufficiently steep (i.e., scale
lengths remain small),'® the ambipolar sheath is nearly pla-
nar, the electric-field vectors are well defined, and the beam
of accelerated ions has its smallest emittance. Where the
plasma has significantly evolved from the surface, the aspect
ratio of the sheath changes, and the increased divergence
means both a reduced maximum ion energy and an increased
beam emittance. Where the number of energetic electrons is
a small fraction of the total, Debye shielding in the dense
plasma of the foil means that ions are extracted only from a
thin region near the surface. When no specific cleaning of
the surface has been performed, it is protons which are pre-
dominantly accelerated, because of their low charge-to-mass

© 2013 American Institute of Physics

Downloaded 17 Apr 2013 to 142.150.190.39. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4789748
http://dx.doi.org/10.1063/1.4789748
http://dx.doi.org/10.1063/1.4789748
mailto:fourmaux@emt.inrs.ca
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4789748&domain=pdf&date_stamp=2013-01-29

013110-2 Fourmaux et al.

Main laser pulse
A =800 nm
=30fs -,
. Etaser =3 J

Plasma mirror

Thin foil target

\_

TOF Q DO EE——

o 9 TOF

.

. 4
Rear side Spectralon Front side
Forward direction Diffiser  gackward direction

FIG. 1. Experimental set-up depicted in the laser plane-of-incidence. The
main laser pulse is incident at 45°, on both the plasma mirror and the target,
P-polarized for both. Charged-particle TOF diagnostics are positioned on the
target surface normal-axis, measuring both front- and rear-side accelerated-
proton beams. The target reflectivity is measured with the help of a Spectralon
diffuser located in the specular beam path.

ratio.?’ These originate from hydrocarbon contaminants that
are naturally adsorbed on target surfaces, in a matter of sec-
onds, even under moderate vacuum. Using TNSA, the maxi-
mum proton cut-off energy that has been achieved to date
with a high power laser system is 67 MeV,?' and the associ-
ated conversion efficiency is on the order of 1-2%.%

Alternatively to TNSA, other acceleration mechanisms
have been identified and studied: radiation pressure accel-
eration (RPA)*2’ and break-out afterburner (BOA).2%~3°
In contrast to TNSA, by these mechanisms, the laser
energy is efficiently transferred to the ions within the tar-
get volume itself. In the RPA process, the light-pressure of
a linearly polarized laser pulse exceeding 102 W -cm™2,
less for circularly polarized light, delivered onto an ultra-
thin foil, accelerates the foil under the focal spot as a
plasma slab. In the BOA process, beyond a laser intensity
of 5x 10" W -cm™2, the laser directly penetrates a nor-
mally over-dense target, because it appears under-dense in
the relativistic regime. Strong volumetric heating of virtu-
ally all plasma electrons enables the accelerated ions to
reach high energies. These mechanisms require very
demanding laser pulse characteristics, in context of
present-day technologies: for example, ultra-high laser
intensities, and ultra-high intensity contrast-ratio between
the laser pulse itself and any irradiance delivered in
advance of the pulse.

In this paper, we concentrate on TNSA as the main
acceleration mechanism for the current laser conditions. We
analyze several strategies that have the potential to increase the
maximum ion beam energy in the ultra-high intensity regime.
We concentrate on ion acceleration using high-repetition-rate
femtosecond Ti:Sapphire laser since these are the common
commercial table-top laser system and are promising for
widespread applications. Indeed, small footprint size, mod-
erate cost, and high repetition rate are important parameters
to push forward the relevance and the competitiveness of
laser driven proton beams.

Phys. Plasmas 20, 013110 (2013)

In Sec. II, the laser configuration and the experimental
set up are described. Section III reports on ion beams pro-
duced from the rear and the front sides of thin targets. We
analyze the proton energy cut-off behaviour as the laser
pulse-energy is modified while keeping the laser pulse-
duration constant. The evolution of maximum proton-energy
as a function of laser-pulse duration is also determined,
keeping laser intensity constant. We demonstrate that, as pre-
dicted for lower intensity and longer pulse duration,*
proton-beam cut-off energy depends linearly on pulse energy
as pulse duration is kept constant, and logarithmically on
pulse duration as laser intensity is kept constant. Section III
concludes with a discussion of the trade offs to be made
between laser intensity and pulse duration, in order to opti-
mize absorption, control hot-electron number, electron tem-
perature, and evolved-plasma scale-length, all ultimately to
maximize proton energy temperature.

Il. EXPERIMENTAL SET-UP
A. Laser system

Experiments were performed using the 100-TW-class
laser system at the Advanced Laser Light Source (ALLS) fa-
cility located at INRS-EMT.?" This Ti:Sapphire-based laser
system has a central wavelength of 800nm and a 55nm
bandwidth that allows compression of the pulse down to 25
fs duration full width at half maximum (FWHM). A deform-
able mirror coupled to a Shack-Hartmann wavefront sensor
is mounted in vacuum after the pulse compressor to correct
aberrations that originate in the laser chain. Using an f/3 off-
axis parabola, the beam is focused to 5.6 = 0.4 um diameter
(FWHM), with 30% of laser energy delivered within this
diameter.

To increase the laser pulse temporal contrast between
the peak intensity and the nanosecond-timescale pedestal or
prepulse, a saturable absorber is used before injection of the
laser pulse into the regenerative amplifier (this is achieved
just before the stretcher). It supports a contrast ratio close to
10'° for times up to 20 ps before the peak intensity.** Since
a laser-pulse nanosecond pedestal or pre-pulse both inhibit
proton acceleration from thin targets, their energy should be
kept as low as possible. To further suppress pre-irradiation,
an anti-reflection-coated planar plasma-mirror is placed in
the path of the converging f/3 beam, 7 mm before final focus.
This produced a laser fluence of ~50J - cm~2 on the plasma
mirror surface. The measured net reflectivity using the
plasma mirror is 60% for the laser pulse at nominal energy,
but less than 0.5% for low-intensity light, before optical
breakdown. From this, we infer an improvement in the laser-
pulse intensity-contrast ratio of around 10%. Based on the
measured form of the intrinsic pulse of our system, and
assuming a breakdown-intensity of 2 x 10" W -cm™2, our
plasma mirror should be able to inhibit by 2 orders of magni-
tude the rising edge of our laser pulse, for times prior to
~1 ps before the peak of the laser pulse.*”

Given our plasma mirror reflectivity, the maximum
laser energy on target is nominally Ej,, = 1.8J. With a
standard laser pulse-duration T, ~ 30fs, peak intensity
on target is close to i = 10°W - cm™2 during these
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experimental series. For a convenience of the set-up, and
in order to maximize laser-plasma absorption, the laser
angle-of-incidence on target is fixed at 45° and P-
polarization is used (see Fig. 1).

B. Diagnostics

In the target schematic of Fig. 1, we define the target
front side as being the irradiated side and label the non-
irradiated side as the target rear side. The forward direction
we take to be along the direction of propagation of the laser
main beam, and the backward direction the opposite
direction.

In order to measure the energy of protons beams
directed from both front and rear surfaces of the target after
laser irradiation, two time-of-flight (TOF) spectrometers are
placed along the target normal axis, fore and aft of the target.
These served to characterize ion energy distributions, on a
single-shot basis, in both the forward and the backward
directions. The TOF spectrometer consists of a long evac-
uated tube leading to a plastic fast scintillator (EJ-212, 1 mm
thick, 0.9 ns typical rise time) exposed to a 90° off-angle
photomultiplier tube (PMT).** The scintillator is protected
by a light-tight Al filter (2 um thick). The distance from tar-
get to scintillators is 1.8 and 2.1 m, directed at the target
front and rear sides, respectively. We use a fast digital oscil-
loscope (bandwidth 500 MHz) to record the PMT signal, pro-
ducing a resolution better than 7% in proton energy
measurements, for energies up to 15 MeV. In order to mea-
sure the highest energy protons, which are emitted into a nar-
row cone along the target normal axis,*> the TOF diagnostic
axis is carefully aligned to the target normal axis.

To characterize the plasma generation, several diagnos-
tics are used. The expansion of the critical-density, following
irradiation, is characterized from shadowgraphy. For this, a
low energy (~100 wJ) 40 fs, 800 nm, probe pulse with timing
adjustable relative to the main laser pulse is used. This probe
pulse propagated in the main laser pulse plane of incidence,
at 90° angle-of-incidence (i.e., grazing along the target sur-
face), and light transmitted through the plasma profile is
imaged using a lens and CCD camera, and an interference
filter centered at 800nm. The reflection efficiency for the
main laser pulse from the target is measured from diffuse
reflection of laser light striking a Spectralon™™ diffuser set to

Phys. Plasmas 20, 013110 (2013)

intercept the specularly reflected beam, and recorded by a
calibrated CCD.

For targets, we used 15 and 30-nm-thick etched silicon
nitride (SiN) membranes, to ensure the best flatness. An alu-
minum coating of variable thickness is sometimes deposited
on top of the 30nm thick membrane, yielding total thick-
nesses ranging from 30nm to 1 um. The targets are aligned
at best focus with precision better than 10 um, less than a
Rayleigh range for the focussed beam (~90 um). Hereafter,
target thickness refers to total thickness, membrane and any
coating, together. For targets thicker than 1 pum, commer-
cially available aluminum foils are used.

lll. RESULTS AND DISCUSSION

A. Experimental characterization of laser-plasma
interaction

Shadowgrams of plasma formation (Figure 2) show that
plasma expansion is generated from both front and rear sides
essentially simultaneously, for thinner targets (less than
2 um) and its expansion velocity (0.1 um/ps) corresponds
roughly to the ion acoustic velocity in a quasineutral plasma,
which for a mean temperature of 100eV is ~0.03 yum/ps.

Using the Spectralon diffuser, we were able to measure
the reflection efficiency of the main laser pulse as function of
the pulse duration (with fixed energy pulse). In Figure 3(a),
we see that the reflectivity of the target is maximized for a
pulse of about 100 fs. Longer than this duration, a long-
scale-length plasma has evolved, and more-efficiently
absorbs the laser. Shorter than 100 fs, the reflectivity
decreases. This may be due to high ponderomotive force,
non specular reflection, or energy conversion in harmonics.

Finally, we have looked at the sensitivity of the maxi-
mum proton energy to laser-alignment problems and focus-
ing of the laser beam. We measure the proton cut-off energy
as a function of the best focusing distance from the target
position (with fixed energy and pulse duration). The corre-
sponding intensity range assuming a smooth focal spot is
indicated on the upper horizontal axis. We see in Figure 3(b)
that a defocusing of 100 um of the laser-spot results in a
reduction of 25% of the maximum proton cut-off energy,
while for defocusing of 300 um, the cut-off energy is reduced
by 30%. The Rayleigh range is 90 um. As mentioned before,

FIG. 2. Shadowgraphy of a series of tar-
gets of different thicknesses ranging
from 90 um down to 1 um. Shadowgra-
phy probe pulse arrives 1ns after laser
irradiation by a 100 fs laser pulse of in-
tensity 5.7 10" W - cm 2. The red arrow
shows the main laser pulse incident
direction (front side is on the left for ev-
ery shadowgraph image). The magnifi-
cation is identical for all images.
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FIG. 3. (a) Reflectivity of a 120nm Al target irradiated with a 1.8 laser
pulse vs pulse duration. (b) Proton cut-off energy for a 120 nm Al target and
30 fs laser pulse vs defocusing laser position. Results are obtained when
using a plasma mirror. Front side protons are indicated with red squares,
rear side accelerated protons with black diamonds.

the alignment precision is 10 um; thus, the alignment preci-
sion influence on the determination of the proton cut-off
energy can be neglected.

B. Dependence of proton-energy cut-off on laser
energy, pulse duration, and target thickness

Figure 4 shows the variation of proton beam cut-off
energy for both, front-side and rear-side protons, when modi-
fying either the laser energy (with fixed laser pulse duration,
see Fig. 4(a)) or pulse duration (with fixed laser intensity,
see Fig. 4(b)). In both cases, the target thickness is 120 nm.
Figure 4 shows that protons accelerated in the forward and
the backward directions have a very similar cut-off energy,
as already demonstrated by Ceccotti er al.:*® under high
temporal-contrast conditions, there is no pre-pulse inducing

Phys. Plasmas 20, 013110 (2013)
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FIG. 4. (a) Cut-off energy for accelerated protons from the target front and
rear side versus on-target laser energy using a 30 fs pulse duration. The con-
tinuous lines correspond to the linear fit (red line for front side and black
line for rear side). (b) Cut-off energy for accelerated protons from the target
front and rear side versus laser pulse duration. Laser intensity is kept con-
stant and equal to 6.1 x 10! W - cm~2. The continuous lines correspond to
power-law fit (red line for front side and black line for rear side). In both fig-
ures, the target thickness is 120 nm.

plasma expansion and the two target sides are both planar at
the arrival of the main pulse. Therefore, we can suppose that
protons are accelerated in both directions by a similar planar
charge separation.

In Fig. 4(a), we see that the cut-off energy for the beam
of ions increases linearly with laser pulse energy when using
a constant ultra-short laser pulse of 30 fs. This linear trend,
which is shown on Fig. 4(a) for front-side and rear side pro-
tons, is in good agreement with previous results obtained at
other facilities in similar conditions. For example, in Zeil
et al.,”” the maximum proton energy obtained (17 MeV) is
higher than what could be obtained here due to a higher
encircled energy in their focal spot and a smaller focal spot
diameter, leading to their higher on-target intensity
(6 x 102 W - cm~2). Moreover, results obtained in our con-
ditions and shown in Fig. 4(a) differ significantly from trends
observed elsewhere, using longer-pulse duration, for which
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the maximum proton energy is seen to vary as the square
root of the laser energy (with fixed laser pulse duration).
This shows that proton acceleration is more dependent on
the laser beam energy for short (<100 fs) laser pulses.

In the subsequent results, we take use of this observed
linear dependence of maximum proton-energy on the laser
energy to artificially correct for shot-to-shot fluctuations in
laser pulse energy, which is of the order of 15%. In this, we
recast our data to first order, from the systematic dependence
of proton cut-off energy on laser-pulse energy: whenever a
shot is higher or lower than 1.8J, we correspondingly
rescaled the measured proton cut-off energy-value down or
up, respectively. This is internally consistent, and the result-
ing correction in the proton energy measured values is below
10%.

In Figure 4(b), the proton beam cut-off energy is plotted
as a function of laser pulse duration, keeping the laser inten-
sity constant and equal to 6.1 x 10" W.cm™2. We can
observe that the proton beam cut-off energy increases with
the laser pulse duration up to a few hundreds of fs, after
which it becomes nearly constant. The obtained result is in
agreement with Fuchs er al.,*? and with models of expansion
into vacuum of isothermal plasma driven by a hot electron
component.®® In these models, the maximum proton energy
produced can be described as:

Epax =2 X ThorlIn(ty + (7 + 1)),

ilace . . . . .
ﬁ is the normalized ion acceleration time,
exp

and T, is the hot electron temperature that drives the rear-
surface plasma expansion. f, is normalized using the ion

where 7, =

_ 1Zixer xng1l/2
plasma frequency wy; = [ 5]

respectively, the ion charge number and the mass, e is the
electron charge, € is the electric permittivity in vacuum, and
n.o is the hot-electron density. The finite acceleration time
t.cc 18 the time over which ion acceleration is considered to
take place, after which electrons cool down and acceleration
stops. One can approximate that the acceleration time is
linked to the laser pulse duration by 7, ~ 1.3 X Tj45,, When
using a long laser pulse lasting a fraction of a picosecond
(~0.3 ps). >

For shorter laser pulses duration, it is more appropriate
to consider’”*" that 7, o (Tiaser + tmin), Where t,,;, is the
energy exchange time between electrons and protons.*' This
exchange time depends on laser intensity and target thick-
ness because it depends on the hot electron energy and the
bounce frequency of the hot electrons between the target
surfaces. This energy exchange time has been estimated to
be at least 60 fs, and perhaps as large as 100 fs.**** These
estimations have been made using a 1D isothermal model for
plasma expansion. Although a 1D isothermal model is a
rather simple approximation to the actual 3D behaviour,
which is at first isothermal and then later adiabatic,'? it has
been shown to be quite suitable to model experimental
results of proton acceleration in the TNSA mechanism and
for laser pulse-durations lasting 40 fs to 10 ps.?**?

Figure 5 shows the observed proton cut-off energy as a
function of the target thickness, for the target front- and

, where Z; and m; are,
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FIG. 5. Proton beam cut-off energy versus target thickness. The maximum
energy is shown for two different pulse durations (30 fs and 100 fs). Plotted
proton energies are rationalized to E., = 1.8J, as described in the text.

rear-side (Figs. 5(a) and 5(b), respectively). The proton cut-
off energy is found for a laser pulse duration of 30 fs (full
dots) and 100 fs (empty dots), while keeping E,,., fixed, and
permitting /., to change. As shown in Fig. 5, as the target
thickness is reduced, the maximum proton-energy increases
for both proton directions (forward and backward), and this
for two different laser pulse-durations. This shows that
laser-accelerated hot electrons contribute more efficiently to
proton acceleration when targets are thinner: since their lon-
gitudinal transit within the target is shorter, they lose less
energy when recirculating within the target.”>** The elec-
trons can bounce back and forth between the target front and
rear sheaths for longer times in thinner targets, thereby
increasing the effective sheath density that is setting up the
electrostatic potential driving the acceleration mechanism.
Moreover, when going to ultra thin targets, laser-plasma
absorption is more efficient due to target decompression,
which allows more efficient volume-heating of the electrons,
and ultimately an improvement of the proton beam cut-off
energy. It should be noted that our laser pulse contrast ratio
in this experiment is high enough to permit the use of ultra
thin targets as thin as 15 nm.

Although there are shot-to-shot fluctuations of the pro-
ton cut-off energy, the trends observed in Fig. 5 for particles
accelerated in the forward and backward directions do not
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seem to differ significantly. However, one can observe that
the proton maximum energy is generally higher for particles
traveling in the backward direction (i.e., against the imping-
ing laser beam). This result could be explained by pondero-
motive pressure on the irradiated side, inhibiting the plasma
expansion and keeping the sheath more confined than on its
rear side, which may lead to greater proton acceleration.

Interestingly, Figure 5 does not exhibit any abrupt
change in the maximum energy of protons accelerated from
both sides of the target, when varying the target thickness,
but instead rather a smooth drop-off with increasing target
thickness. This suggests that we do not see a qualitative tran-
sition from TNSA, dominant for thick targets, to other poten-
tial mechanisms (RPA** or BOA®7%) that could dominate
for ultra-thin targets. Notably, the similarities of plasma gen-
eration from front and rear sides, seen in shadowgraphy, are
also preserved, going from thin to ultra-thin targets. It might
be expected that RPA and BOA could lead to bulk move-
ment of plasma forward, through the rear side and onward.

We still observe in Figure 5 that the maximum energy
of protons accelerated from the target rear and front side is
not significantly decreased when increasing the laser pulse-
length, although fixing the laser pulse-energy at 1.8 J implies
a reduction of the on-target laser intensity. Note that this
case is different from the one shown in Fig. 4(b), where the
laser pulse duration is varied while keeping the laser inten-
sity constant (i.e., the laser pulse-energy is deliberately
increased or decreased accordingly). From this, we can
deduce that using the highest intensity level, i.e., the shortest
pulse duration, does not necessarily yield the highest proton
beam energy.

To study the impact of laser pulse duration in more
detail than 30 fs versus 100 fs, we systematically varied the
laser pulse duration (while holding the pulse energy constant,
as in Fig. 5), using a single target-thickness of 120 nm. The
results are given in Figure 6 for the target front-side and the
target rear-side (Figs. 6(a) and 6(b), respectively). In Fig.
6(a), we observe a smooth maximum for the proton cut-off
energy versus laser pulse duration. This trend appears for
electrons accelerated in the backward direction, when using
a pulse duration of 100 * 50 fs. This behaviour is not
observed in the forward direction (Fig. 6(b)), and in this
case, the proton energy is not significantly higher for the
shortest laser pulse duration. Similar results, albeit at lower
laser intensity, are detailed in Flacco er al.,* and suggest an
optimal laser pulse duration and target thickness for these
laser conditions. In previous works, this optimum is a com-
promise between supplying the highest possible laser inten-
sity and the efficiency with which that intense light can be
coupled into the laser-produced plasma.*>**® Indeed, on one
hand, when there is a large plasma gradient on the target
front-side (as characteristic of long-pulse laser irradiation),
typical mechanisms of absorption include inverse Brems-
strahlung, and parametric processes that deposit energy into
relatively few electrons at low density and at greater distance
from the solid foil, and bulk of electrons. Brunel absorption
is not an important mechanism. On the other hand, for the
shortest pulses and with ultra-high laser contrast, the plasma
has little time to expand at all. Brunel absorption is again
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FIG. 6. Proton beam cut-off energy as a function of the laser pulse duration.
The targets thickness is 110 nm. The reported proton cut-off energy is nor-
malized to E,z, = 1.8J.

minimized, and Fresnel reflection at the abrupt discontinuity
is increased. Again, little energy is coupled into the electrons
needed to populate the sheath needed for TNSA. A descrip-
tion of absorption processes at high intensity, and with dif-
ferent scale-lengths can be found in Geindre ef al.*7*®

The plasma gradient that exists on the target surface is
not only of importance for laser-plasma coupling and laser
absorption. It is in itself a crucial parameter in the proton
acceleration TNSA mechanism."? Indeed, the charge separa-
tion, which drives the proton acceleration, is proportional to
(Mpor X T,m,)l/ 2 when the plasma scale length /, is below the
hot electron Debye length 4,.°® However, it is reduced to %
when [/, > J4."%% This is the case for long laser pulse dura-
tions, which induce longer gradient plasmas. Another effect
associated with long laser pulse durations is that later in the
laser pulse, the cold electrons generated by the laser reduce
the effect of hot electrons establishing the ambipolar poten-
tial. In this sense, long laser pulses, which inject in the
plasma a proportion of electrons late in time, will be less effi-
cient for proton acceleration.
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For very thin targets, it is important to notice that the
issues related to plasma gradients become less of a concern
since the effective electron sheath density is higher than for
a thick target, due to refluxing. This high electron density,
produced by the fast longitudinal electron recirculation,
decreases the Debye length on the target surfaces. Hence,
relative to such short Debye length, high plasma gradient
lengths cannot be tolerated without being detrimental to pro-
ton acceleration.

IV. CONCLUSION

We report the investigation of laser-driven proton accel-
eration, for a range of experimental parameters available
from a single ultrafast Ti:sapphire laser system. When using
ultra-short laser pulses, the optimum proton acceleration that
can be produced by TNSA will result from a compromise
between laser absorption, laser intensity and target surfaces
expansion. This compromise is related to the electron tem-
perature and the laser absorption, i.e., laser-plasma coupling
and plasma expansion in the acceleration sheath. We show
that using such laser system, optimization is achieved using
a target thickness close to 30 nm, and 100 fs laser pulse dura-
tion combined with the maximum available laser energy.
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