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Abstract. The paper presents the results of laser acceleration of protons from 6 um-thick aluminum
targets and 100 nm-thick ultrathin diamond-like carbon films irradiated with femtosecond laser pulses
with a peak intensity of up to 5-1020 W/cm2. It is shown that decreasing the target thickness from 6
pm to 100 nm does not lead to a significant change in the maximum proton energies, but contributes
to an increase in the angular yield and the laser energy conversion coefficient. This effect is due to an
increase in the number of protons in the low-energy part of the spectra, which is reflected in a twofold
increase in the conversion coefficient.
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1. INTRODUCTION

Modern powerful laser installations with ultra-short pulse durations make it possible to generate
radiation that, when interacting with matter, is capable of creating quasi-electrostatic fields with
intensities exceeding 1 TV/m [1]. This value is more than 10*imes exceeds the field strengths realized
in modern radio-frequency charged particle accelerators. In this regard, many researchers are
considering the possibility of using ultrashort lasers to create compact accelerators of the next
generation. It is assumed that such accelerators will find application in various scientific fields, from
studies of warm dense plasma [2, 3] to modeling beams of charged particles present in outer space
[4].

At laser radiation intensities of 10 '?-10 2! W/cm 2 with pulse durations of tens of femtoseconds,

ion acceleration to energies of ~40 MeV/nucleon occurs in a thin Debye layer of charge separation



normal to the target (target normal sheath acceleration, TNSA) [5, 6]. This layer is formed by a cloud
of "hot" electrons accelerated by laser radiation from the pre-plasma formed on the front side of the
targets. For targets less than 100 nm thick, other mechanisms begin to predominate [7-10], allowing
the production of laser-accelerated proton beams with energies up to 100 MeV [11-15].

The use of ultrathin targets requires strict control over the ratio of the main laser pulse intensity
to the intensity of spontaneous amplified luminescence, i.e., the contrast level of the laser system. This
ratio should be no worse than 10 '°:1 at 1 ps before the arrival of the main pulse. Otherwise, the
irradiated target may be destroyed before the arrival of the main pulse.

This paper presents experimental results of proton acceleration by laser pulses with peak
intensities exceeding 10 2* W/cm 2 from targets with thicknesses of 6 pm and 100 nm. A weak
dependence of maximum proton energies on the material and thickness of the irradiated targets is
shown. With a laser energy of E ,s= 0.8 J, the maximum proton energies reach ~5 MeV. An increase
in the angular yield of protons was demonstrated when using diamond-like carbon films with a
thickness of 100 nm as targets due to an increase in the number of protons in the low-energy part of

the spectrum.

2. EXPERIMENTAL SETUP

The research was performed on a Ti:Sa femtosecond laser system of the 100 TW class. Laser
pulses with a wavelength of 800 nm, energy up to 2 J, and duration of 27+2 fs were directed normal
to the target by means of an off-axis parabolic mirror f/2.5 with a focal length of 160 mm. The peak
intensity of laser radiation on the target surface reached 5-10 2° W/cm ? with 50% of the energy
contained in a focal spot with a diameter of 3 um. The experimental setup is shown in Fig. 1.

The experiments used targets made of aluminum foils with a thickness of 6 pm, as well as
ultrathin films of diamond-like carbon, DLC with a thickness of 100 nm. The choice of thickness for
the ultrathin targets was determined by technological limitations in their manufacturing. Figure 2
shows the scheme of mounting targets on an aluminum holder. To guide the working radiation onto

the surface of targets located on the same radius, reflecting mirrors were used with the alignment laser.

In experiments on proton generation from targets with a thickness of 100 nm, a system based
on a double plasma mirror was used, which improved the temporal contrast of the laser facility by 10
“times [16-20]. It is based on the effect of a self-induced plasma shutter. Laser radiation is focused on
areflective surface made of a dielectric material with a low laser reflection coefficient of ~10 . When

interacting with a pre-pulse with an intensity exceeding the ionization threshold for the given material,



a thin plasma layer forms on the mirror surface a few picoseconds before the arrival of the main laser
pulse. If the electron density of the formed solid-state plasma coincides with the critical density for
the wavelength of the incident laser radiation, there is a sharp increase in the reflection coefficient to
values close to 1. As a result, the contrast of the laser facility increases by a value equal to the ratio of
the reflection coefficients of plasma and dielectric. Typical schemes of this system are widely
described in the literature [16-20].

One of the disadvantages of the contrast enhancement system used is its relatively low energy
efficiency, which characterizes the fraction of the incident laser radiation energy reflected from the
mirror. This effect is due to scattering and absorption of laser radiation by the formed plasma. In the
described experiments, the energy efficiency of the double plasma mirror system reaches 60%. It is
also worth noting that experiments on laser-plasma acceleration of protons from aluminum foils with
a thickness of 6 um were conducted without using this system, i.e., with a lower level of laser radiation
contrast.

One of the most common methods for registering laser-accelerated proton beams is the use of
radiochromic films (Radiochromic Films, RCF) [6, 11-14, 21, 22]. However, it has a number of
significant disadvantages, such as single-use films and the need to open the vacuum chamber after
each shot to replace the recording detector.

Within the framework of the conducted research, the time-of-flight method was applied for
proton beam registration. A semiconductor silicon photodiode was used as a detector in the
spectrometer. The advantages of this method are the promptness of obtaining experimental data
without the need to break the vacuum, as well as simplicity in processing them.

The time-of-flight spectrometer (TOF) was installed normal to the target plane at a distance of
1519 mm. To protect against heavy ions, the detector's input aperture with a diameter of 1 mm was
covered with a 6 um thick aluminum filter, cutting off protons with energy less than 600 keV. The
signals from the TOF were recorded using an oscilloscope with a sampling rate of 5 GS/s. The
temporal resolution of the spectrometer was (3.3+0.1) ns, which corresponds to an energy resolution

of 0.6 MeV for protons with energies of 5 MeV.

3. DISCUSSION OF EXPERIMENTAL RESULTS

Figure 3 shows characteristic proton spectra reconstructed from TOF signals. Dependencies of
maximum energies E max and angular yield F , of protons on the laser radiation energy were also

obtained for 6 um thick Al targets, as well as ultrathin films with a thickness of 100 nm (Figures 4



and 5). The values of the angular yield F , were calculated by integrating the proton spectra over

energy (from 0.6 MeV to E max )

B 72
F= [ CNEp, (1)
b dEdQ
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where d > N/(dEdQ) is the differential energy spectrum normalized to the detector's solid angle, E is
the proton energy (MeV).

With a laser energy on target of ~1.6 J, proton beams with energies up to (8.4+1.5) MeV and an
angular yield of ~10 ' sr *! were obtained. In experiments with ultrathin targets, the laser energy on
target did not exceed 0.86 J. As a result, protons with energies up to (5.3+0.7) MeV and an angular
yield of 6:10 '°sr *! were registered. In previous experiments, we demonstrated the independence of
proton parameters from the material of the irradiated target with similar atomic numbers Z [23], which
allows for direct comparison of the obtained results.

It is worth noting that the dependence of maximum proton energies on laser energy for both
types of targets has a nearly linear character £ max~ ( E /s ) ®%, and is in agreement with the results of
other authors [24, 25].

As seen from Fig. 4, decreasing the target thickness did not change the maximum proton
energies. This effect can be explained by different contrast levels of the laser radiation. In experiments
with aluminum foils, a lower contrast level leads to the formation of a thin preplasma layer on the
front surface of the targets, which increases the efficiency of laser energy absorption by hot electrons
that form an accelerating layer on its rear side [26]. Let's compare the maximum proton energies
recorded in experiments with values given by the classical theory of plasma expansion into vacuum

[27]

E,.. =2ZT,[In20)], )
where Z ;=1 is the proton charge, T ; is the hot electron temperature, which is estimated from the
ponderomotive potential 7, = mc” (m - 1) ~ 3.9 MeV [28], where a o= 12 is the dimensionless

amplitude of the laser field for peak intensity in our experiments. The value 7 can be calculated as

t 4nZn,e’

acc

=1.373. (3)



Here ¢ 4cc= 1.3 t 1us= 35 fs [29] is the proton acceleration time, e y= 2.718, e is the electron charge,
m ;s the proton mass, 7 .o s the initial electron density on the rear surface of the target

E
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where 77 = 0.5 is the efficiency of energy absorption by electrons, E /,s= 1 J is the laser pulse energy
in the focal spot with diameter 7 .s= 3 pum, r is the radius of the proton source, which is calculated by
the formula » = r 145+ d tan(10°) [29], d = 6 um is the target thickness, ¢ 1.s= 27 fs is the laser pulse
duration, k pis the Boltzmann constant.

Substituting the obtained values into formula (2), we get an estimate of the maximum proton
energies at the level of ~8 MeV at peak laser intensity. The obtained value is in agreement with the
experimental data shown in Fig. 4. Thus, it can be concluded that in the case of aluminum targets
without the use of a plasma mirror system, charge separation effects on the rear surface of the targets
play a dominant role in the proton acceleration process.

In the case of ultrathin targets, a higher contrast level leads to the formation of a denser
preplasma layer, which prevents efficient absorption of laser energy by electrons. Comparable
maximum proton energies in this case are achieved through a two-stage acceleration: Coulomb
explosion on the front surface of the target and TNSA4 on the rear surface. The first acceleration
mechanism is realized due to the formation of a positively charged cavity under the action of light
pressure, which pushes out electrons [30-32]. The thickness of this cavity is determined by the balance
between Coulomb forces and light pressure, which ultimately leads to Coulomb explosion and proton
acceleration. Upon reaching the rear surface of the target, further acceleration of protons occurs
normal to the target due to the 7NS4 mechanism.

From the data shown in Fig. 5, it can be seen that decreasing the thickness of the irradiated
targets led to an increase in the angular yield of protons by up to 5 times. This result is due to the
increased number of protons with energies less than 2.5 MeV. When comparing the obtained results,
the assumption is used that the angular aperture of the proton beam remains unchanged when the
target thickness is reduced to 100 nm. The growth of the angular yield of protons without changing
their maximum energies with decreasing target thickness was previously observed in our experiments
on a picosecond laser system [33].

The observed effect may be due to partial destruction of ultrathin targets as a result of the

implementation of a two-stage acceleration mechanism, accompanied by Coulomb explosion on the



front surface of the target. A similar result was obtained in [34] when irradiating aluminum targets
with a thickness of 500 nm.
The conversion coefficient of laser energy into proton energy was calculated K conv, as the ratio

of the energy content in the proton beam to the energy of the laser pulse:

EanlX

Ko =(E.) [ E

0.6
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Similar to formula (1), the integration of spectra was carried out over proton energies in the range
from 0.6 MeV to E max . For the laser pulse energy on the target £ 1.~ 0.7 J, the conversion coefficient
of laser energy into protons with energies above 600 keV reaches K cony = 1.13%/sr with an energy
content in the proton beam of 8 mJ/sr when irradiating ultrathin targets and K com = 0.48%/sr with an

energy content in the proton beam of 3.4 mJ/sr for the case of 6 um Al.

4. CONCLUSION

Experiments on laser-plasma proton acceleration from 6 pm thick aluminum targets and 100 nm
thick diamond-like carbon films were conducted at the femtosecond laser facility with laser intensities
up to 5-10 2° W/cm?. Proton beams with energies up to 8.4 MeV and angular yield of ~10 ! sr ! were
registered. When reducing the target thickness from 6 pm to 100 nm, no increase in maximum proton
energies was observed. This is explained by differences in the laser contrast level and acceleration
mechanisms. In the case of ultrathin targets, proton acceleration occurs in two stages: Coulomb
explosion on the front surface of the target and subsequent acceleration by the 7TNSA mechanism on
its rear side.

Irradiation of ultrathin targets led to an increase in the angular yield of protons by up to 5 times
due to the growth of their number in the low-energy part of the spectrum. The observed effect can be
explained by partial destruction of targets at the initial stage of proton acceleration. The conversion
coefficient of laser energy into proton energy reaches 0.48%/sr for 6 um thick targets and 1.13%/sr
for 100 nm thick diamond-like carbon films with comparable laser pulse energy of approximately 0.7
J.

Proton beams characterized by increased content of low-energy particles may be of interest for
studies of submicron thickness material properties under isochoric heating to temperatures of about

1-10 eV [2, 3].
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FIGURE CAPTIONS
Puc. 1.Experimental setup scheme.
Puc. 2.Scheme for mounting targets on an aluminum disk.
Puc. 3.Characteristic proton spectra in experiments with aluminum targets and ultrathin films.
Puc. 4.Dependence of maximum proton energies on laser energy at the target.

Puc. 5.Dependence of angular yield of protons with energies above 600 keV on laser energy at the

target.
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