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Abstract

We demonstrate that tailoring the laser—target interaction at the PW-class VEGA-3 facility (by controlling the focusing
conditions, pulse duration, chirp sign and solid-target properties) enables the enhancement of ion flux, divergence and
cutoff energy for high-energy-density physics experiments. The existence of optimal pulse duration, focusing conditions,
target thickness and target material is experimentally demonstrated. We further show that a reduction in ion acceleration
efficiency under best-compression conditions leads to delayed relative depletion of the hydrogen population compared
to carbon ions, accompanied by a decrease in both ion flux and cutoff energy. For metallic targets, scintillator detectors
reveal a more divergent and deflected proton beam than that produced from thick plastic targets. The product of the
magnetic field strength and the interaction length acting on the ions is estimated to reach up to 400 MG pm, resulting in
a ring-like spatial distribution of protons generated from aluminum and copper targets.

Keywords: high-repetition-rate operation; ion beams; laser plasma; particle acceleration; petawatt laser facility; target normal sheath

acceleration
1. Introduction

The generation of ion sources is highly important today,
for example in inertial confinement fusion (ICF) fast igni-
tion (FI) schemes!'=!, proton—boron fusion*!, medicine>*
and other applications!®'?!, In particular, there is growing
interest in medical applications such as radioisotope produc-
tion for radiotherapy!®! or positron emission tomography®!,
where high-flux and high-frequency ion sources are required
to generate a sufficient number of products. Usually, such
isotopes are produced with large synchrotron systems, so
laser-driven sources could also reduce costs and allow eas-
ier implementation. They are also used to study ion stop-
ping to explain the ignition of small-margin ICF targets by
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a-particle self-heating!'?!, or to understand proton transport
in warm dense matter, particularly for isochoric heating
with protons'”!?l, The careful study of low-rate nuclear
reactions'"*">! in plasmas is also an important topic for
astrophysical research. For example, the abundance of ''B
observed in stellar atmospheres can be used to determine the
depth of stellar convection when studied in comparison to
the abundances of Li and Be!'®!.

Experiments in these fields typically require the devel-
opment of specific ion sources with extremely high flux
and total energy in a pulse with a narrow fractional energy
spreadl'’?"1 to efficiently initiate reactions. Currently, PW-
class laser facilities are widely applied for such studies (e.g.,
Refs. [17,21-23]), enabling detailed investigation thanks to
high repetition rates. However, many works focus on achiev-
ing record high energies of accelerated particles, which have
a weaker effect on related processes due to smaller effective
cross-sections”*?l and fewer particles in the high-energy
tail. The minimum laser beam energy required for the FI
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concept is related to the average proton energy, which should
be a few MeV to achieve a reasonable proton range in
deuterium—tritium (DT) fuel®!. Compared with DT reac-
tions, proton—boron fusion is expected to require even higher
ion fluxes due to the higher Lawson criterion — the fusion
cross-section is lower and peaks at higher ion energies!>*l.
Moreover, ICF requires a very high yield in a limited volume,
which implies the need to generate more efficient collimated
ion sources.

Currently, many groups are investigating the enhance-
ment of proton conversion efficiency and methods to realize
spectral and beam control®’~*3!, These include changing
the target design>’-**=°1, laser intensity or focusing prop-
erties of the drive beam on the target>3*4%4!l and the
prepulse/preplasma generation!*>**1, Most of these exper-
iments were based on the use of high-energy high-power
laser beams to generate a bright proton source through the
mechanism of target normal sheath acceleration (TNSA)*!.
However, these present-day ion sources are not yet optimized
for the intended applications, especially at high enough laser
intensities.

In our work we will discuss the generation of ion sources
and their parameters (such as flux, energies and divergence)
at PW-class laser facilities regarding the experimental con-
ditions, including laser focusing, pulse duration and chirp
parameter, laser energy, target thickness and material.

2. Experimental setup

Experimental work has been performed at the laser facility
VEGA-3 in CLPU*Y Spain. The reliability of the data
was verified by comparison with other experimental cam-
paigns performed in similar conditions”?>*"~*1. A schematic
of the experiment is presented in Figure 1. An off-axis focal
parabola (F/10) was used to focus the laser beam of VEGA-
3 with a typical diameter of 11 wm (full width at half max-
imum, FWHM) onto the solid target. The main laser beam
was attenuated in order to characterize the standard deviation
of the focal spot, which resulted in 1.1 pm (i.e., 10%) and
the pointing fluctuation, which was 70% of the focal spot.
The laser energy on the target plane was approximately 25 J
(0.83 PW); however, only up to E;. = (6.1 £ 0.3) J is within
the first Airy disk!*°!. The best compression is 28 fs. The
laser contrast was measured better than 10'° for a 100 ps
temporal window!*”>! and at full laser energy. Measurement
of the laser contrast is important for questions related to the
generation of the preplasma significantly changing the accel-
eration process”' 3. The online shot-to-shot measurement
of the laser pulse duration was implemented by means of a
single-shot second-order autocorrelator (see Section 6).

We have used two types of the targets (see Section 6
for details): a target array with the possibility to use up to
256 shots (one arm can carry two matrices with each two
arrays of 8x8 targets) without opening the chamber, and
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Figure 1. (a) General schematic of the experiment (top view). The fs
laser beam irradiates a solid target being either an array of 4x8x8 or
high-repetition-rate tape target that is able to move in the transverse and
longitudinal (XZ) directions in the horizontal plane. Protons generated
inside the cone and their divergence are measured by such diagnostics
as the TP and scintillators (alternated to the TP) coupled to a CCD. An
autocorrelator is used to control the pulse duration. (b) Example of TP
tracks, including protons and carbon ions of multiple charge states.

the tape target system described in detail in Ref. [47]. The
application of the tape target system enabled high-frequency
shooting (up to 1 Hz and 1000 shots per tape) with variable
experimental conditions as well as comparison with standard
array targets.

Basic diagnostics were the Thomson parabola (TP)
and organic scintillators (SCs, alternating configuration;
BC-400) placed from the rear side of the target irradiated
by the laser beam at 12.5°. The TP and SC were placed
normal to the target. The application of SC detectors was
important to evaluate the divergence of the proton beam and
to verify the proton flux at low and high energies. The details
are mentioned in Section 6. TP data were primarily used to
measure ion spectra, flux and proton cutoff energy from
the rear side of the target. Note that time-of-flight (TOF)
diagnostics also demonstrated measured values”>*’! similar
to the ones mentioned in this work, supporting the validity
of the measurements.

In the experiment, we have varied several parameters:
laser chirp (related to the pulse duration) and energy, target
position along the laser propagation axis (unfocusing) and
target thickness and material (which allowed us to study
the influence of a different areal density). The application
of the long focal parabola implied a high Rayleigh length
Zr ~ 475 pm. Note that here we assume a Gaussian laser
profile for the calculation of the Rayleigh length, although
the flat-top profile used in the experiment implies even larger
values. The target movement along the laser axis was taken
into account when proton deflection was calculated in the
SC. TP data were less sensitive to such a movement, giving a
correction of less than 1.5° for the largest displacement about
10Zg7>4, The influence of the laser focusing on the target
was studied by using a 7 pm thick copper target while the
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chirp scan was performed for Al targets of varied thickness
— 0.8, 3, 6 (array target) and 10 pm (tape). In addition,
a Kapton tape with the thickness of 89 pum was used to
compare results of conductive and non-conductive materials.
The choice to use a laser chirp for the comparison was due to
the possible influence of the laser spectrum (see Section 6)
on target absorption, caused by a different temporal arrival

of different wavelengths on the target.

3. Results

To compare different experiments performed at different
times, we use a temporal chirp, which refers to the intentional
stretching of laser pulses in time by varying the frequency
components (Dazzler scan) along the pulse duration. The
temporal chirp of a light pulse is usually understood as

the time dependence of its instantaneous frequency and
55,561
n

could have a strong effect on ion acceleratio

experiment, the chirp was varied in the range of (—15,+10)
yielding a pulse duration of 30—410 fs. The formula for chirp
calculation is given in Section 6, where it is shown that
C = 0 corresponds to the case of best compression, and
sufficiently high values correspond to approximately a mul-
tiplication factor of the pulse duration at best compression.
Corresponding TP results are shown in Figures 2(a) and 2(b)
for a different thickness of the Al target. Varying the target
thickness (see Figure 2 for chirp C = 0), we observe protons
with energies up to 6-10 MeV in the case of the highest
laser intensity on the target (best compression of the laser
pulse, I;=1.7 x 10* W/cm?). The typical flux measured
in the experiment (by the TP) at such parameters is higher
than 2 x 10'% protons/sr (Figure 3(a)), which corresponds
to the conversion efficiency n ~ 2% (see more details in

Section 6).

According to the TP data, we can emphasize that the
best proton yield with aluminum targets was shown for the
thicknesses of 3 and 6 pwm (Figure 3(a)), while the cutoff
energies were higher for 6 wm. In addition, we find that
C* ions also demonstrate the same feature in the total
yield regarding the chirp scan (violet points in Figure 2(b)),
indicating the influence of the pulse duration on all ion
species. Note, the total ion emissivity in Figure 2(b) is caused
by low-energetic species due to the nature of their spectra
(given below, 0.3 MeV per proton mass corresponds to the
low-energy cutoff of the TP diagnostics). It is possible to
relate the optimum values in the range of 3—6 pm with the
preplasma expansion®’!, maximum space charge field and
the electron beam size on the rear side of the target*°],
For the thinnest targets (0.8 pm, Figures 2(a) and 3(a)), we
measured the lowest flux and lowest proton energies, which
indicates that the TNSA mechanism is weakened by the
earlier breakout of the laser-induced shock wave at the rear

side, disrupting the sheath field(*-0],
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Figure 2. (a) The dependence of the energy cutoff measured by the TP
on the chirp scan for a 10 um tape Al target (black points) and 0.8, 3
and 6 pm array Al targets (other colors). A minimum of 10 shots were
averaged for each point for the tape target (given by a solid line in both
panels), with fewer statistics for the array ones. The best-compression case
corresponds to C = 0 (28 fs). Temporal chirp error bars are associated with
the autocorrelator online measurements mentioned in Section 6. (b) The
dependence of the total ion flux measured by the TP for 6 wm (target array,
red points) and 10 wm (tape target, black points) Al targets. Carbon ions
are indicated by violet diamonds. The red arrows guide the trend toward the
optimum chirp parameter, corresponding to pulse duration of 70-150 fs.
Pink triangles show the values averaged between 6 and 10 pwm thick targets.
The standard deviation of the ion flux is about 25% for the tape target,
averaging 10-20 shots per point (see Section 6), and is not given in the
graph for simplicity. Green dashed line shows an averaged value for C*+
ions in the case of 6 wm array Al targets.

The ion yield is also sensitive to the sign of the laser
chirp, wherein we find a higher emissivity for the positive
sign (compare the pink triangles in Figure 2(b) for positive
and negative values | C | > 5, giving the difference of up
to 50% of the ion flux). The latter is fully consistent with
previous worksP> where it is explained by changing the
transmission of the pulse through the plasma and the field
that is formed at the front surface of the target. However,
this effect is less visible for cutoff energies due to the quite
thick targets used. For the full laser energy, we observed that
the best yield and cutoff energy are found for the chirp of
about +5, which corresponds to about the 150 fs range. For
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Figure 3. (a) Averaged yield given in number of ions/sr for different
combinations of the target material/thickness and laser energy used in the
experiment at laser chirp C = —2. If not indicated, the full laser energy is
used. Values are averaged by more than 1020 shots. The standard deviation
of the ion flux is about 25%. Blue stars in the log scale demonstrate
the flux integrated in the specific range of proton energies of 2—15 MeV.
(b), (c) Partial current contributions of H™ and carbon ions C** measured
by the TP as a dependence on the ion velocity in the case of (b) an Al
target for different pulse durations and chirps (C = £2 for red and blue
curves) and (c) different materials at the constant chirp C = 2. A shorter
profile for the Kapton target (marked with blue dashed line) is associated
with depletion of the proton population being at the level of the noise. The
green transparent region shows an approximate range of curves for different
chirps that correspond to pulse durations of about 100-150 fs.

the thinnest target with 0.8 pwm thickness, it shows a slightly
reduced value of 75—-100 fs. The mechanism, when the cutoff
energy and/or ion flux are decreased for the shorter pulse
duration shown in Figure 2(a), can be well explained by the
fact that the accelerating force is not turned off immediately
after the laser pulse timel®*%! and so the pulse duration
affects the sheath potential and charge evolution!®*%1, This
implies that cooling of the recirculating electrons only starts
after the laser—target interaction, resulting in the acceler-
ation time being longer than the pulse temporal length
and rather dependent on the preplasma expansion or laser
contrast.

Figure 3(b) demonstrates a measured ratio of the ion emis-
sion for protons and C** ions with respect to the ion velocity
(or time of flight as in Ref. [66]). C** ions were chosen
here as a more reliable and intense source among carbon
ions (see Section 6). The ratio between protons and heavier
ions affects the sheath field structure and evolution. A higher
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proportion of protons can lead to stronger charge separation
effects and more efficient energy transfer, influencing max-
imum proton energies and beam quality*’-**1. We observe
that (i) this ratio is higher than 10 for our range of common
velocities implying a better efficiency of the H" acceleration
by the electric field'®! at all times (ions with a higher charge
to mass ratio tend to leave the interaction region first if
subjected to the same initial sheath fields!®®); (ii) it has
a saturation that is being reached toward higher velocities,
which can be associated with inability to accelerate carbon
ions at short times'°®! and the absence of protons on the rear
side of the target; and (iii) lower velocities show a rising
slope for the ratio being dependent on the pulse duration
having a maximum at the best compression (black curve).
The latter could be related to the depletion of the hydrogen
population (or growth of the carbon population) happening
at later times, due to an overall less efficient acceleration,
supporting the results in our recent works®'!. Note that H*
and C** ions of the same velocity are produced at different
times as the potential decreases'®®! and the acceleration
dynamics differentiate between species. Comparing copper
and aluminum targets at the pulse duration of 65 fs, we
observe that the minimum ratio is higher for the Cu target,
which can be related to the target conductivity, thickness
and areal density. The application of a thick non-conductive
Kapton target resulted in a shorter profile accompanied with
a visible cutoff velocity and higher H*/C** ratio in the range
of low velocities (see Figure 3(c), blue curve versus black
and red ones). The averaged ionization of C ions was slightly
lower in this case and the impact of other ion species in the
high-energy tail was negligible.

In another workP¥ based on the same experimental cam-
paign, the dependence of the cutoff energy and ion popula-
tion on the target displacement at our conditions is demon-
strated, so we do not duplicate this information. Displace-
ment of the target showed a higher emissivity close to the
tight focus; however, at longer target shifts (more than 7Zg)
we also were able to register high values. This implies a
sufficient electric field for the acceleration of low-energetic
particles although the maximum energy is reduced due to
lower laser intensities on the target®*. The local decrease in
the ion emissivity near the tight focus can be also explained
by the reducing of the efficient solid angle for the TP since
the target shift implies a slight change of the proton beam
entering the TP pinhole. The ion temperature has the oppo-
site trend*!, peaking at approximately 5Zg. This implies a
higher contribution from particles with higher energy and
for oblique angles in close proximity to the target normal
axis. However, since the TP has a very small solid angle of
detection, then to verify these conclusions we have compared
it with the SC data.

SC data for Al and Cu targets (Figure 4(a)) show the stable
presence of a ring-like emission structure!’’’'!, including
spatial regions with a reduced ion charge which can be asso-
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]
Al Target
Figure 4. Scintillator image showing distribution of protons with energy
higher than 3 MeV (maximum sensitivity in the range 3-5 MeV) for two
target materials — (a) aluminum 10 pm thick tape and (b) 89 pwm thick
Kapton tape (different image contrast with less intensity). A ring-like shape

with dimmed regions inside is observed for the cases of aluminum and
copper. For both cases, C = —2.1 or t = 65 ps.

ciated with the time and magnitude of generated magnetic!’’!

or electric fields!”?!. This effect persisted for three different
penetration energies performed by filters installed in front
of the SC — 80 and 130-pm Al filters and 12-pwm black-
dyed polycarbonate (there was less impact of secondary
electrons inside the filter) corresponding to the stopping of
3, 4 and 0.7 MeV, respectively. For the 130-um Al filter,
the emergence of the dimmed region had rather a ring-like
shape as well. This result implies a deflection of some proton
portion out of the target normal tending to a higher flux when
moving toward the laser axis (left-hand part of the image in
Figure 4(a)). The opposite direction had a slightly reduced
signal probably due to the chosen angle of observation.
Note, the stopping power of electrons generated during the
laser—matter interaction is much lower than for protons (two
orders of magnitude for 1 MeVI™7!) and easily affected by
induced magnetic fields, so we suppose they do not deposit
energy to the SC image.

The typical deflection of each proton half-angle deflection
cone (or wing further in the text) measured for Al and Cu
tape targets (e.g., Figure 5(a)) in the horizontal direction
was about 10° for energies £ > 3 MeV and is expected
to be higher for lower energetic particles’®!, since they are
scattered in a wider cone. Maximum deflection also could
be slightly higher along the other axis. We have chosen a
horizontal axis for convenience to perform a charge measure-
ment of each wing. The flux was fitted with the two-Gaussian
function extracting the integral charge, FWHM (depicted as
error bars in Figure 5(a)), central angle of the deflection
(depicted as data points in Figure 5(a)) and peak charge/pix
of the curve. Proton deflection was not significantly affected
by the laser chirp parameter, varying the latter in the range
from -8 to +8.

The charge deposition of the proton source to the SC area
was calculated (Figure 5(b)) as a total charge of the cor-
responding wing divided over FWHM, and FWHM,, being
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Figure 5. (a) Dependence of the mean proton deflection measured by the
SC in the horizontal direction toward the laser propagation axis (black
curve) or opposite direction (red curve). The deflection was determined as
a center of the Gaussian fitting for each proton half-angle deflection cone
taking a central lineout width of 5.5°. Plots also demonstrate their FWHM,
indicated as vertical continuous error bars for convenience. (b) Areal proton
charge measured after the transmission through an 80 wm Al filter and
with respect to the target displacement (solid lines, Cu 7 pm) or laser chirp
changes (dashed lines, Al 10 wm). The area is estimated as the FWHM of
the lineout in both the vertical and horizontal directions. Proton deflection
and divergence are given for proton energies £ > 3 MeV. A zero value
corresponds to a target rear normal direction.

the FWHM for the horizontal and vertical axes, respectively.
Typically, a higher FWHM was accompanied by a lower flux
in the experiments and it implies a better homogeneity of the
proton source (as in Figure 2(b) at C = 0).

Protons measured by the SC are observed to have a
decreased charge in the same way as TP data along the
chirp parameter (compare Figures 2(a) and 2(b), the black
curve in Figure 5(b), dashed curves). In the best-compression
case, they also demonstrated a broadening of the proton
irradiating cone (not shown here) and a decreasing of ion
flux. A positive sign of the chirp slightly affects the charge
(Figure 5(b), compare +6 and —6 on the top axis). This can
be explained by the simple idea that the laser propagates
longer in the preplasma ramp when the chirp is positive.
Longer propagation of the laser in the preplasma ramp
usually means a flatter sheath field and less divergent ion
beam.
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For the moderate target displacement we find a slight
movement of the proton beam (Figure 5(a)), which could
be related to the presence of a global magnetic field. It
also implies a slight decrease of the areal charge (Fig-
ure 5(b)), similar to the TP measurements”®*. However, this
analysis was performed only for small values of the target
displacement and should be extended to fully compare with
TP data. The peak value is achieved around Zr — 1.5Zg,
which is associated with a fluctuation of proton divergence
and flux. The defocusing of the target (positive numbers
of Zr correspond to a target position before the beam
waist, while negative numbers correspond to a position after
the beam waist) might slightly affect the electron density
distribution caused by the limited source size of the driving
laser focus!’”). As shown in Figure 5(b), the focusing of the
laser beam with a convergent geometry after the propagation
through the solid target has therefore a larger impact on
the electron emittance and collimation than for the opposite
divergent scheme. The latter can be related to the change of
the laser absorption and conversion into kinetic energy of
the electrons, which is in general a very complex process
and depends on many parameters including target properties,
density and preplasma scale-length!’®,

We have evaluated the magnitude of the magnetic field
on the rear side of the target in a similar way to Refs.
[72,79]. Our results indicate that the coefficient B-D ~ 200—
300 MG pm for Al/Cu targets, depending on the chirp
number and taking a mean cutoff energy affecting mostly
the SC image (4 MeV for 80-pwm Al thickness) from Figure
2(a). Here D is the proton path length in the magnetic
field with magnitude B. Particle-in-cell (PIC) simulations
(see Section 6) performed for our conditions and shown
in Figure 6 (blue line) demonstrate the emergence of the
long magnetic field from the back side of the target with a
mean magnitude of about 30 MG resulting in the coefficient
300 MG pm, which is similar to our experimental value. The
magnetic field on the rear side of the plastic target in both
the experiment and simulation is achieved at a value around
10 times lower. Note that the presence of the preplasma
(black curve) might increase the magnetic field; however, a
suppressed temporal evolution at large distances from the
target can compensate for this effect’’”), thus we consider
that the experimental values are well described by the simu-
lations. As a result, a magnetic field with the coefficient of
300 MG pm results in the spread in a 33.9° cone (half-angle)
for 0.5 MeV protons and 7.6° for 10 MeV protons, which is
fully consistent with our recent results'’®!. The data measured
by SCs indicate that the number of protons is 1.5-2 times
higher for the deflected direction than normal to the target
and can be associated with the relative time of the magnetic
field regarding the emergence of the electric field®"). Our
experimental and numerical results are well consistent with
Ref. [79], where it is shown that electrons are effectively
less magnetized for ultrashort duration lasers due to a short
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Figure 6. PIC simulations performed with the code SMILEI (see Sec-
tion 6) for the magnetic field generated from the rear side of 7 um Cu
(black squares are with 1 pm preplasma and blue dots are without) and
50 wm CH (red triangles, no preplasma) targets. The characteristics of the
VEGA-3 laser beam at maximum compression, in the first Airy disk, were
considered to be as follows: ay ~ 6, t. = 30 fs and wg = 11 wum FWHM.
Here only 10 pwm is considered from the rear side of the target due to the
possible suppression of the temporal evolution at later times!””].

plasma expansion, so that the electrons experience weaker
deflections relative to the sheath extent.

By scanning with different laser energies, we observed
a significant decrease in the cutoff energy and proton flux
(Figures 7(a) and 3(a)) when the nominal laser energy
Eps < 8 J (27 J nominal energy before the compressor
corresponds to approximately 6 J in the first Airy disk on
target). At sufficiently high nominal energies (10-27 J), the
spectra were quite similar and the total flux did not differ
dramatically; however, the effect is more pronounced at
high proton energies (see also Figure 3(a), 4-10 MeV). SC
data are not included here due to poor statistics for these
shots.

Figures 7(b) and 8 represent the results for different mate-
rials — aluminum (areal density A= 2.7 mg/cm? for the
target thickness d), copper (Ac,= 6.3 mg/cm?) and Kapton
tape (Ax= 12.6 mg/cm?). In both TP and SC data, the copper
target demonstrated the highest flux (see also Figure 3(a)),
highest cutoff energy (reaching about 13 MeV at C = —2 in
comparison with 8—11 MeV for Al targets and ~3-5 MeV for
Kapton tape at the same parameters) and a higher averaged
deflection of the proton beam (blue curve in Figure 8(a)).
In this case, SC data obtained by using a Kapton target
had a single region with no dimmed zones (Figure 4(b)).
Moreover, the proton flux for the Kapton target was three
to six times less than those for Al and Cu, while the Kapton
areal density is just twice as high as for Al, despite the fact
that the Kapton target initially contains hydrogen without
contamination.

We assume that the reduced proton flux and cutoff energy
in the Kapton case can relate to both the target volumetric
density and electron beam size from the rear side of the
target, similar to the methods used in Refs. [58,81]. A larger
density implies a longer near-critical preplasmal®!!, which
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Figure 7. (a) TP spectra measured for different laser energies using Al
targets of varied thickness. The spectra are averaged along a set of shots
at the same chirp (C = —2) and focusing parameters (zero displacement).
(b) TP spectra measured for different target materials — Kapton tape
(yellow), Al (blue and green) and Cu (orange and violet). Laser energy was
the maximum available at the moment between 23 and 27 J. Laser chirp

C = —2 was kept the same for all cases.

leads to a higher absorption 7 yielding in turn a larger sheath
potential and therefore higher cutoff energies. A large target
thickness increases the transverse sheath size, which implies
the generation of a less effective electric field®*!. Then the
resulting scaling for the proton flux can be estimated as

K~ \/% p/ (d+r), giving the highest value for the copper

target of about K ~ 2.8 x 10° g/cm* (other values are given
in Figure 8(a)). Here rp is the laser focal spot size, Z is
the ion charge and M is the ion mass in atomic mass units.
The suitability of this qualitative approach can be validated
by the comparison of these parameters with the flux and
deflection angles indicated in Figures 3(a), 8(a) and 8(b),
where a similar tendency is observed (see also Table 1).
Therefore, the effect of low proton flux in the Kapton case
can be explained by the high target thickness and low target
density leading to the generation of low effective electric
and magnetic fields (Figure 6). Consequently, in the case of
thin conductive materials, the generation of a more effective
magnetic field from the rear side of the target results in a

higher divergence of the proton beam.
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Figure 8. (a) Proton deflection of each proton wing (or total parameter
in the Kapton case) and the divergence (FWHM given as a vertical error
bar) measured by the scintillator with respect to the target normal and for
different target materials. Central lineout width of 5.5° was considered. In
addition, the parameter K mentioned in the paper is also given in g/cm®*.
(b) Peak charge/pix and FWHM of the fitting curve in the horizontal direc-
tion with respect to the target material used in the experiment. Divergence
for Al and Cu targets is given for each wing (averaged value given in blue
in (b)) and should be summed up to compare with the Kapton case. Proton
deflection and divergence are given for proton energies £ > 3 MeV.

Table 1. Short overview of some studied parameters (proton
cutoff energy, ion yield Y (in ions/sr), deflection 6 and diver-
gence FWHM) for each target material M and thickness d
combination and for the given laser duration tr. Full laser
energy is considered here. Divergence indicated as an averaged
value for each wing of Al and Cu targets should be multi-
plied twice to compare with a single-wing Kapton distribution.
Proton deflection and divergence are given for proton energies
E >3 MeV.

M d,um 1, fs ES“ MeV Y, 102 6, deg FWHM, deg

Al 10 30-300 6-13 1-25 6.8-9.7 £8.7-10.6
Al 3-6 30-300 8&-16 1.7-4.2

Cu 7 60 10-20 2-8  4.9-154 =£10.5-12.1
Kapton 89 60 3-5 0.44 1.1 15.3

“Proton cutoff energy can be underestimated due to lower sensitivity of
MCP at high energies.

4. Discussion

Our results are summarized in Table 1. The optimum laser
pulse duration is expected to be about 150-250 fs depending
on the target thickness for the current system parameters
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of the VEGA laser. In particular, this implies a required
increase in laser intensity when the target thickness is not
optimal, corresponding to a decrease in pulse duration down
to 150 fs for 10 and 0.8 pm to maximize the cutoff energy
(see Figure 2(a) for the positive chirp). The optimal pulse
duration for the proton and carbon ion flux was measured in
the range of 60180 fs and it is slightly dependent on the laser
chirp parameter (Figures 2(b) and 5(b)). At the same time the
best compression enables overall less efficient acceleration,
leading to a postponed relative depletion of the hydrogen
population compared to carbon ions (Figure 3(b)). Note that
the position of the optimum can also change due to different
laser energy used*! or laser contrast.

Placement of the target in the focal plane implies the
best energy cutoff>*!, However, a significant unfocusing of
the laser beam up to 5Zg — 7Zg allowed us to achieve a
similar or even higher ion flux with lower achievable proton
energies (Figure 7(b), compare violet and orange curves).
This could be useful for the Fl-related experiments where
particles that are too energetic can require a higher laser
energy®’l. In this case we observe a movement of the ion
emission identifiable by the SC and so it also should be
taken into account (similar to Ref. [57] where at the highest
energies, the beam is directed primarily along the laser axis,
and at lower energies it is directed along the target normal
direction). This also implies a more dramatic influence of the
beam focusing on higher energetic ions, making it possible
to increase the contribution of the low-energetic ions.

The question of the use of proper material and thickness is
also very interesting since the magnetic field is supposed to
be generated inside the target via the conductivity and scat-
tering (via areal density A). In the case of better conductivity,
it induces a better cold electron flux, and thus there is a better
collimation of the electron beam inside the target, which
leads to a stronger more point-like source of the sheath field.
In turn it yields stronger and more divergent ion beams. In
our experiment, conductive metallic targets with thicknesses
around 3-6 pm demonstrated the best proton flux and more
divergent proton beam. In this case, we observe an optimal
size for the electric field propagating inside and from the
back of the target.

5. Conclusions

In summary, the present study demonstrates that tailoring
the laser—target interaction at a PW-class facility, through
control of the focusing conditions, pulse duration, chirp
sign and target properties, enables simultaneous enhance-
ment of the ion flux and cutoff energy and affects beam
divergence. The resulting beams exhibit characteristics that
are more closely aligned with the stringent requirements
of FI, proton—boron fusion and high-yield medical and
laboratory applications, where high-repetition, high-flux and
well-collimated ion sources are essential. These findings
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highlight the importance of jointly optimizing spectral and
angular beam properties rather than pursuing only record
energies, and they motivate further integrated experimental
and numerical studies aimed at robust scaling of conver-
sion efficiency and beam quality toward application-relevant
regimes. In particular, for some applications requiring high
ion fluxes with moderate ion energies, we demonstrate the
possibility to control the ion flux by choosing the laser focus,
chirp and target material.

Our experimental platform based on a high-repetition tar-
get and detectors has been used to discover new opportunities
to scan important laser—target parameters with a high trust
level. Results can be used to achieve the best conditions
required for specific applications, for example in experiments
related to medical isotope production®?!! or ICF. Note that
other laser facilities could have discrepancies with our val-
ues due to different amplified spontaneous emission (ASE)
contrast, the optics used (such as a focusing parabola) and
other laser beam parameters. However, we expect that our
results can be extended at least to other femtosecond laser
facilities from the qualitative point of view. Moreover, our
results can be used to validate or confirm the reliability of
ion acceleration models used by other scientific groups!®41,

6. Methods

Two target systems were used. The first target system was
a tape target'***! deployed for fast refreshing and shooting
up to 1 Hz, simultaneously allowing us to study current
pulses issued by the relativistic laser interaction on the
solid target!*]. In this experimental study, the system spools
metallic tapes of copper (7 wm), aluminum (10 wm) or
Kapton tape (89 pwm) across the laser focal plane. The
positioning stability of the tape surface is better than 10%
of the Rayleigh length. Insulated rods of metal guide the
tape and extract the return current before it dissipates across
the target frame. The application of the tape target system
is restricted by using thick enough films in order to keep
their integrity. The spacing between two consequent shots
was approximately equal to 6 mm to avoid tape destruction.
The second target system consisted of a thin aluminum foil of
0.8, 3, 6 or 10 wm thickness mounted into a sandwich-type
holder of a 4x8x8 array. This array is properly motorized
in three dimensions to be correctly adjusted after every shot.
The shot-to-shot speed is limited by the manual change of the
target cell. The hole diameter and spacing were 1 and 3 mm,
respectively. The opening cone was 45°.

A commercial acousto-optic programmable dispersive fil-
ter!®! (Dazzler device of Fastlite, France) is used to modify
and control the pulse duration by adjusting the group delay
dispersion (GDD) relative to the optimum position (enabling
the shortest pulses on the target). The Dazzler is installed
after the last stretcher of the double chirped pulse ampli-
fication (CPA) system and before the amplification stages.
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Figure 9. Typical laser spectra measured at the metrology bench for several
consequent shots (mentioned in the legend) of the campaign. The intensity
for each spectrum is normalized to a range between 0 and 1.

In practice, optical signals in the hundreds of terahertz range
are then controlled by radio frequency signals in the tens of
megahertz range via a longitudinal interaction between the
polychromatic acoustic wave and the polychromatic optical
wave in the bulk of a birefringent crystal. We use the
Dazzler for two main reasons: the compressor remains steady
and it removes possible pointing issues; by changing the
Dazzler we only act on the GDD. During the experiments we
restricted the Dazzler available range in GDD to preserve the
spectrum. Figure 9 demonstrates typical laser spectra mea-
sured by a spectrometer, an Avantes AvaSpec-ULS2048L-
2-USB2, at the metrology bench for several consequent
shots of the campaign. As a result, we calculate the chirp
parameter using a typical formulal®®:

C= \/(TChirPed/ Tshortes[)z -1, 1))

where Tehirped 15 measured by the autocorrelator and Tghoreest
corresponds to the best-compression case. The ASE pedestal
and contrast were typically measured to be the same at
different Dazzler scans.

For the characterization of proton beam spectra we used a
TP consisted of a microchannel plate (MCP, Hamamatsu
F-2813 12P, with bias angle of 8°, plate thickness of L =
0.6 mm, channel diameter of d = 25 wm), electric plates
(with voltages applied up to 10 kV), a magnetic yoke (with
the equivalent square magnetic field B = 0.45 T®®"l) and
an entrance pinhole (with a diameter D = 200 pm); the
latter defines the resolution and the solid angle. The MCP
was coupled to a phosphor screen (P-43), which is imaged
with an objective lens (NIKON AF-S DX NIKKOR 18-105
mm F/3.5-5.6G ED VR) onto the chip of a charge-coupled
device (CCD) camera, Mako G-234B. The TCC (target
chamber center)-TP distance was 72 cm resulting in the
solid angle about 6 x 1078 sr. The TP was installed normal
to the target in the horizontal plane. The image resolution
was 11-15 pix/mm depending on the configuration. The
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TP images show the presence of protons and carbon ions,
with the highest contributions from C** (having a dominant
contribution®! for lower energies up to 10 MeV) and C°+
ions, while C%* and C** contributions are significantly
lower (see Figure 1). The reduction in the C3>* ionization
state compared to C>* and C** might be well explained
by different ionization mechanisms — field and collisional
ionization!®1,

The intensity calibration of the TP as well as the stability
of the proton production is demonstrated in the submitted
commissioning work!*®!. The TP spectrometer is ideal to
detect low-energy proton beams down to a low-energy cutoff
of 0.3 MeV with an energy resolution of 0.5 MeV at 10 MeV.
Standard deviation of the TP signal for shots with the same
parameters was 20%—40% depending on the specific shot
sequence. Errors in the measurement of the energy cutoff
were up to 0.4 MeV, related to the pinhole and MCP pixel
sizes. The integration of 50 shots (not shown here) with equal
laser-interaction parameters gives clear cutoff profiles simi-
lar to traces measured by image plates in the accumulation
model46:901

The overall picture of the full proton profile was achieved
by the application of SC detectors (BC-400) placed at the
distance of (52+2) mm from the TCC and installed normal
to the target. The image was captured by an objective lens,
a Sigma 70-300 mm F/4-5.6 DG APO Macro, on the chip
of a CCD camera, a Mako G-234B, resulting in the spatial
resolution of 40 wm/pix in the SC plane. It was installed at
18° in the horizontal plane and 9° in the vertical plane with
respect to the target normal outside the vacuum chamber.
The scheme was alternate to TP and TOF measurements,
blocking them fully, so we have used averaged values for 10
different shots to compare diagnostics. The positioning error
was related to the beam divergence of the alignment diode
module and was up to 0.1°.

Three different sets of SC assemblies were used. (i) An
80 wm thick Al filter was used in front of the SC corre-
sponding to the transmission of protons with energy higher
than 3 MeV and shielding from carbon ions with energy less
than 65 MeV. SC thickness was 100 pm. (ii) A 130 pm
thick Al filter stopping protons up to 4 MeV, in which the
SC had a thickness of 100 pwm as well. (ili)) A 12 pm
black-coated Pokalon filter (stopping 0.7 MeV protons and
10 MeV C ions) was installed in front of the 1.5 mm
thick SC. For the first configuration used in most of shots,
the maximum impact on the SC signal was provided by
protons in the range of 3-5 MeV. The absolute charge
on the detector was calculated by using Birks law!’®! with
the coefficients of scintillation efficiency and quenching
parameter given in Ref. [91]. SRIM code!! was used to
calculate the stopping power of the corresponding SC. The
charge measured by the SCs was consistent with a spec-
trum measured by the TP, integrating the signal over the
energy axis.
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The calculation of conversion efficiency mentioned here-
inbefore was performed based on the measured SC data. In
addition, we have used a comparison with previous results
obtained on VEGA-3!""! where the proton energy depen-
dence of the half-divergence angle was demonstrated. As a
result, for a mean proton energy of 500 keV, an ion flux of
2 x 10" protons/sr and a full solid cone of 60° (see also
Refs. [40,77]), we have about 2% of the conversion emission
in the forward direction. Note, the conversion efficiency is
supposed to be lower for higher energies due to the lower
flux and solid angle. The corresponding total proton charge
at these parameters is expected to be (2694+134) nC taking
into account error bars of the detector calibration and shot-
to-shot fluctuations in flux and divergence. The measured
charge on the SC is much less due to the filtering of low-
energy protons.

We performed two-dimensional (2D) PIC simulations to
study the influence of the target material (7 um Cu and
50 pm CH) on the proton deflection by the emerged mag-
netic fields. The simulations were performed with Sim-
ulating Matter Irradiated by Light at Extreme Intensities
(SMILEI)®? on the cluster Supercomputacién Castilla y
Leon (SCAYLE)”?l. We considered a Gaussian laser profile
to simulate the characteristics of the VEGA-3 laser with
linear polarization and a wavelength A of 800 nm, namely
a pulse duration t;, = 30 fs, a normalized field amplitude
ap ~ 6.2 and a focal spot wy = 11 wm FWHM. The total
laser energy was 6 J, corresponding to the experimental
value on the target in the first Airy disk. The laser irradiates,
under an incidence angle of 12°, a fully ionized plasma
consisting of an overdense thin copper target or an overdense
thick plastic CH target, having a density of 100n. and 50mn,
(where n. = 1.71 x 10! cm™ is the critical density for
an 800 nm laser), respectively, and a transverse width of
40 pm. The simulation box is 80 wm (respectively 128 pm)
in the x direction and 60 pwm in the transverse direction. The
magnetic field was evaluated at different time steps as the
highest value of the average field over the y-axis to avoid
false numerical points. For the case where a preplasma is
present, an exponential density profile was considered with
the characteristic scale-length of 1 wm, and having the lower
density of the profile of 0.001n.. The cell length is dx =
dy = 12.5 nm for the copper target (respectively 16 nm for
plastic) and the number of particles per cell is 20 for each
species. The particles are deleted while crossing the domain
boundaries and the fields are absorbed. Collisions between
electrons and ions (copper, carbon and hydrogen) were taken
into account in all simulations.
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