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Abstract. Laser-driven acceleration of protons up to energies of 3.5 MeV and with a beam half-angle
divergence of 10° has been observed by irradiating multi-layer targets of different thickness and
material with 70 fs, 600 mJ, Ti:Sa laser pulses. The experimental results suggest that target rear-
surface coating with hydrogen rich material may significantly enhance the accelerated proton yield and

collimation. The observations are in a qualitative agreement with the numerical results obtained with a
Particle-In-Cell (PIC) code.
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Laser-driven acceleration of protons up to energies of 3.5 MeV and with a beam half-angle diver-
gence of 10° has been observed by irradiating multi-layer targets of different thickness and material
with 70 fs, 600 mJ Ti:Sa laser pulses. The experimental results suggest that target rear-surface
coating with hydrogen rich material may significantly increase the accelerated proton yield and col-
limation. The observations are in a qualitative agreement with the numerical results obtained with
a Particle-In-Cell (PIC) code.

I. INTRODUCTION

The advent of the Chirped Pulsed Amplification (CPA) technique! started a new era in the experimental investiga-
tion of laser-matter interactions by giving the opportunity of generating sub-picosecond pulses of hundreds of joules.
Once focused, such pulses allow irradiation intensities above 102! W /cm? to be reached. Consequently, a wide variety
of unprecendented physical phenomena can be observed. Among these phenomena, laser-driven ion acceleration is
attracting a great interest? 2. In fact, it is now established that bunches of heavy, positively charged particles of high
energy (> 1 MeV) can be generated via laser irradiation of thin foils.

The recent growth of the attention of the scientific community towards this topic reflects the extremely diversified,
relevant applications in which high energy ion beams can play a significant role, among which hadron theraphy!3 2!,
Inertial Confinement Fusion (ICF)?22% and proton imaging?* 27 are worth mentioning. In this context, laser-driven ion
acceleration is a promising opportunity, in particular because of the extremely low emittance (< 0.004 mm rad) and
the small half-angle divergence (= 10°), together with the high values of the currents (> 1 kA) typically characterizing
such laser-accelerated beams?®29,

Moreover, the idea of a laser-based ion accelerator is extremely interesting because of the significantly smaller
environmental and economical impact of a laser driven acceleration with respect to conventional particle accelerators.

In the typical setup of an ion-acceleration-oriented experiment the laser pulse is focused onto a metallic or plastic
film, i.e. on a one-layer target, and this results in the acceleration of both the foil ions and protons originating from
hydrocarbon contaminants which - if not properly removed - are always present on both target surfaces3°.

Today, both experiments and numerical simulations agree on the mechanism of ion acceleration which is expected
to take place in the case of tens of um foils, which is referred to as TNSA (Target Normal Sheath Acceleration)3!35.
In particular, such mechanism predicts that the protons are preferentially accelerated due to their more favourable
charge-to-mass ratio compared to other ion species. These studies also show that the most energetic particles are
accelerated from the rear side - i.e. non-irradiated side - of the target and that massive production high energy protons
with one-layer, tens-of-um targets is predominantly achieved when high intensity, picosecond-scale laser pulses are
used. These conditions can only be achieved at large scale laser facilities where multi-tens of Joule laser pulses are
available. On the other hand, basic acceleration can be studied even at much shorter pulse duration, achievable with
much smaller (table-top) laser systems.

We performed an experiment in which a multi-TW laser system was used to study laser interaction with foil targets
and to investigate charged particle acceleration. In that experiment a detailed characterization of electron acceleration
was carried out and a preliminary description is given elsewhere3. Here we report on the production of energetic
(MeV) protons with multi-layer targets of different material, with and without rear-side coating. Our study, while
confirming experimental results on proton acceleration obtained in similar configurations, also shows that hydrocarbon
based target rear-coating can enhance performance of laser-driven proton acceleration.

This paper is organized as follows. In Sec.II we describe the experimental setup used. In Sec.III we present the
results obtained, which are subsequently discussed in Sec.IV, where results obtained with a numerical PIC code are
also presented. Finally, conclusions of our study are given in Sec. V.
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FIG. 1: Schematic layout of the experimental setup showing the laser beam, the target position and the Radiochromic film
stack behind the target.

II. DESCRIPTION OF THE EXPERIMENTAL SETUP

A schematic layout of the experimental setup is presented in Figurel. The experiment was performed at the
I0Q-Jena facility using the Ti:Sa, 10 Hz, JETI laser capable of delivering up to 600 mJ in 70 fs pulses. An f/1.2
off-axis parabola with an angle of incidence of 45° was employed to focus the laser pulses down to 5 pm? focal
spot, thus allowing an intensity of 5 x 10! W /ecm? to be achieved, corresponding to a normalized vector potential

ap = eAp/mec? ~ 4.8, e and m, being the electron charge and mass, respectively, A the laser vector potential, and
¢ the speed of light.

TABLE I: Slab composition (first column) and compound eventually used to assembly the sandwich or deposited on the target

rear side (i.e. non-irradiated) surface (second column) in the shots which are relevant for the analysis presented in the present
work.

Target composition® Compound
(a) 5 pm Ti none
(b) 10 pm Fe 4+ 1.5 um Mylar + 10 pm Ti lacquer
(b’) 10 pm Cu + 1.3 pm TiO2 + 10 pum Fe no-lacquer
(c) 10 um Fe lacquer®

%The target side which is laser-irradiated is the first one listed in every row.
bThe spray was deposited on the non-irradiated side of the target (rear surface).

Targets consisting of either (coated or uncoated) single layer or sandwiches of different Z materials of total thickness
ranging from 5 pm to 70 pum were used. A list of specifications of the target configurations taken into account in this
work is given in Table I. We note that a commercial lacquer, a material usually characterized by a high content of C
and H (e.g. R = (CH3)14CHj3), was used for either layer assembling or rear-surface target coating.

Particle detection was carried out using a stack of Radiochromic Films (RCF), which were shielded from electro-
magnetic radiation by a 20 um thick Al foil. The RCF set was placed behind the target at a distance of 7 mm.

III. EXPERIMENTAL RESULTS

Figure 2 shows the densitometer scan of the first three films of the RCF stack, after irradiation of the case (a)
target. According to this figure, the signal generated by charged particles impinging on the detector consists of a
main filament-like pattern superimposed on a much more uniform, smooth background visible on the entire exposed
circular area of the RCF. The latter signal is also visible on several films deeper in the stack and could be attributed
to energetic (MeV) electrons as described in®. In contrast, the main signal was only detected on the first three
films shown here and originates from protons or ions. As for the identification of the ion type, since the RCF is only
sensitive to the dose released in the active film?®7, additional information is needed to distinguish between particles
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FIG. 2: Raw densitometer scan of the first three films of the RCF stack in the case of irradiation of a 5 um thick Ti target,
corresponding to case (a) in Tablel.

with different charge-to-mass ratio. As we will see, particles other than electrons have been identified as protons on
the basis of the modelling presented in Sec.IV.

Figure 3 shows the first RCF after irradiation of a case (b) target. The pattern obtained in this case is dramatically
different from the one in Figure 2. In fact, a much more regular (circular) and uniform pattern is found with
a significant reduction of the diameter if compared to the overall transverse size of the pattern of Figure 2. A
uniform background due to energetic electrons similar to the one of Figure 2 is also visible in Figure3. In contrast,
measurements performed using a similar sandwich target (case b’ of Table I), but assembled using standard deposition
techniques, did not exhibit a detectable proton yield. In other words, these results strongly suggest that in our case,
proton emission is affected by the presence of the lacquer which appears to lead to a significant increase in the proton
yield.
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FIG. 3: Left: Raw densitometer scan of the first film of the RCF stack in the case of a 10 ym Fe + 1.5 pym Mylar + 10 pm
Ti target assembled with lacquer, corresponding to case (b) in Table I. The plot on the right shows the lineout along the line
indicated by the two arrows on the left image.

Following this observation, we used a target (case ¢) consisting of a 10 pm thick Fe film lacquer-coated on the rear
side and irradiated on its clean side. Figure4 shows the scan of the first RCF obtained in this configuration. Clearly,
the pattern of the proton generated dose is much similar to the one of Figure3. A comparison of the lineouts taken
along the diameters of the patterns of Figure 3 and Figure 4 clearly shows that the proton signal in the latter case is
much stronger.

The weaker proton signal observed in the case of a sandwich target can be explained by assuming that in the case of
Figure 3, protons accelerated from the each layer of lacquer have to propagate through the remaining target layer(s)
of Mylar and Ti. As a consequence, partial absorption of less energetic protons will occur before detection takes place,
with a consequent reduction of the dose in the RCF.

In the case of Figure4, no additional target layers are present beyond the coating layer. Therefore, no absorption
occurs before protons reach the RCF stack where dose is released. These circumstances appear to be consistent
with the above assumption that protons originate from the layer of lacquer used either for rear target coating or for
sandwich target assembling. A quantitative analysis is in progress to further elucidate this point.

Additional enlightening information on the conditions in which proton acceleration is observed in our experimental
conditions can be obtained by observing the rear-surface coating after the shot. In fact, in some cases, the coating is
found to be ablated in a small circular region around the laser generated hole. A closer look to this ablated region
shows that its shape resembles very closely the shape of the pattern of the proton signal on the RCF.

These details are clearly visible in the image of Figure 5 that shows the target front surface and the target rear-
surface after two consecutive shots in two different positions. The front side image shows two almost identical patterns
with the laser drilled hole in the centre and an annular region of approximately 2.9 mm of diameter all around. The
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FIG. 4: Raw densitometer scan of the first RCF in the case of irradiation of a 10 pm thick Fe target coated with the lacquer
on its rear surface, corresponding to case (c) in TableI. The data shown correspond to shot 1 in Fig. 5. The plot on the right
shows the lineout along the line indicated by the two arrows on the left image.

coated rear-surface shows one case (upper-left on image b) in which the coating was ablated irregularly and over a
much larger area than the annular region visible on the front side. Surprisingly, in the other case (lower-right), the
coating was ablated in a much regular way and in a very small region. The diameter of this region is 1.9 mm, which
is approximately half of the diameter of the dose released pattern of Figure 4 which was measured to be 4.3 mm. As
we will discuss below, these geometrical details are consistent with a ”projection” on the plane of the RCF of the
ablated disk of material (ions), assuming a laminar particle beam expansion with a divergence of approximately 10°.

Front Shot 2 Rear

4.5cm

(a) Shot 1 (b)

FIG. 5: Pictures of the target showing the front (irradiated) side (panel (a)) and the rear (non-irradiated) side (panel (b)) of
the 10 pm thick, lacquer rear-coated Fe film after two shots.

An exciting possible conclusion of these preliminary observations is that the entire ”disk” of the coating material
behind the target was ablated and accelerated forward as schematically depicted in Figure 6. Clearly, our RCF based
detection technique only allowed us to detect relatively energetic particles like protons, due to their higher charge-
to-mass ratio. From this component we can possibly infer the dynamics of ablation of the entire disk of material. .
Further investigation and additional calculations are needed to support this conclusion. In the following we describe
the results of a preliminary modelling of our proton acceleration data which provides a basic identification of the main
physical conditions occurring in our experiment.
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FIG. 6: Schematic layout of the geometric-optic-based procedure adopted to infer the proton beam divergence and source point
after laser irradiation of a lacque rear-coated target.



IV. MORE DATA AND DISCUSSION OF THE EXPERIMENTAL RESULTS

As anticipated above, we inferred the typical proton beam emission half-angle 6 by analyzing both the target
rear surface shown in Figure 5 and the dose pattern on the RCF of Figure 4. In particular, we assumed the
proton beam to be essentially laminar, which is a reasonable approximation due to the extremely low emittance
(< 0.004 mm rad) typically characterizing laser-accelerated ions?2?, and consequently applied the rules of geometrical
optics, as schematically shown in Figure6. We thus obtain 6 = 10°, which is fully consistent with other previously
published results®®. This calculation is equivalent to assuming a virtual point-like proton source located at a distance
of roughly 12 mm in front of the non-irradiated side of the target. The assumption of a virtual source is consistent
with other earlier experimental observations®®.

A further characterization of the proton source has been carried out with the help of the radiographic image of
the Ta grid shown in Figure7, and has allowed us to infer the typical energy range of the protons produced in
our experiment. In particular, the lower energy range U, has been deduced by observing that the protons were
transmitted through the 20 pum thick Al foil placed in front of the RCF stack. Therefore, by using the numerical code
SRIM*® we find Ui, ~ 1.2 MeV. The higher proton energy has been inferred by observing that, as can be clearly
seen in Figure7, the protons transmitted through the Al foil were not capable of penetrating the full diameter of a
single Ta wire, which is equal to d = 35 um. Therefore, according to additional calculations performed using the code
SRIM, the upper value to the proton energy is found to be Upax = 3.56 MeV.
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FIG. 7: Left: Raw densitometer scan of the first RCF showing the proton beam pattern after transmission through a 35 um
thick Tantalum grid with a 100 gm mesh period. The proton beam was produced by irradiation of a 10 ym thick Fe target with
rear-side lacquer coating, corresponding to case (c) in TableI. The data correspond to shot 2 in Figure 5. Right: magnification
of the central region of the image on the left.

In order to achieve a basic understanding of the above experimental results, we performed numerical, PIC
simulations?'. The simulations are 3D in the particles velocities and 1D in the cartesian coordinates. The target
is modeled as a fully ionized, quasineutral, Ti bulk plasma. A thinner layer of fully ionized, hydrogen plasma is added
on the rear side - i.e. the non-irradiated side - in order to model hydrogen rich coating.

The electron density profile, qualitatively sketched in Figure8, ramps up from 0 to 110 n., with n. the critical
density which, for the 800 nm wavelength considered here, equals to n. ~ 1.74 x 10?! cm™3, in 2 gm so as to model
the preplasma which is expected to be created by the laser prepulse. Then, the plasma density is constant for a length
which is equal to the target thickness plus the contaminant layer thickness, and finally abrouptly falls to zero in a
step-like fashion.

In both the preplasma and in the target region the electrons are locally neutralized by a fully ionized (Z = 22, A =
48), Ti background of density equal to five times the critical density. Furthermore, in the contaminant layer the
electrons are locally neutralized by a proton background (Z = 1, A = 1) of density equal to that of the negatively
charged particles. The laser is assumed to be gaussian in time with a 70 fs pulse duration FWHM (Full Width at
Half Maximum) and with a peak intensity of 5 x 10 W/cm?, and it impinges normally on the target side on which
the plasma presents the density ramp, i.e. from left to right when referring to Figure 8.

In the model simulations the thickness of the Ti foil and of the contaminant layer were 5 pm and 20 nm, respectively.
The quantity we were particularly interested in was the energy range of the forward emitted protons, which could
provide a reference value for comparison with the above experimental results. In order to ensure sufficient statistical
confidence to such a numerically obtained quantity we define the numerical max proton energy as the energy U, m
such that 95 % of the protons in the simulation acquire an energy less than Up .

According to our PIC simulations, we find that, U, m ~ 4.4 MeV, which is therefore consistent with the above
reported experimental value of 3.56 MeV. In a similar way, we find that the maximum energy of the Ti ions we obtain
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FIG. 8: Schematic diagram showing the main features of the electron density profile used in the PIC simulations.

from the simulations is Uj m =~ 60 MeV. According to the numerical code SRIM the stopping range of 60 MeV ions
in alluminium is roughly equal to 13 pm, which is definitely smaller than the thickness of the Al foil used in our
experiment. Therefore, we can be confident that the heavy particle signal observed on the RCF was not due to Ti
ions. More accurate modelling with a fully 3D code run of a more realistic target is in progress to obtain a more
realistic simulation of our experiment.

V. CONCLUSIONS

Proton production in the energy range between 1 MeV and 3.5 MeV and with a beam half-angle divergence of 10°
has been achieved by irradiation of multi-layer targets of different thickness and material using a table-top, 70 fs,
600 mJ Ti:Sa laser. Both the type and the energy range and of the detected charged particles have been identified
by comparison of experimental data with preliminary numerical, PIC simulations. In addition, our results strongly
suggest that rear target coating with a proton rich material like lacquer significantly increases the proton yield and
enables a control of the uniformity and collimation of the proton beam, even in a small scale laboratory environment,
making it possible to conceive compact proton sources from a fully optical energy driver.
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