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Abstract

A ns Nd:Yag laser, at intensity of 10'® W/cm? is employed to generate carbon and aluminum non-equilibrium plasmas at a
temperature of about 33 eV accelerating ions at energies of the order of 130 eV per charge state. The ion emission occurs
manly along the normal to the target surface and can be detected using ion collectors employed in time-of-flight
configuration. The application of magnetic field along the axe of the ion emission permits to focalize the ion emission
enhancing the detected ion current. The formation of electron traps, due to the magnetic force lines, drives the ion
acceleration improving their kinetic energy. Different applications can make use of these results to increase the flow of
charged particles and their energy employing appropriate static magnetic fields, as it will be presented and discussed.
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1. INTRODUCTION

High-intensity lasers interacting with solid targets generate
photons, electrons, and ion streams from plasma in
vacuum. The electron and ion energies depend strongly on
the laser parameters (pulse energy, wavelength, pulse dura-
tion, intensity, etc.), on the irradiation conditions (spot size,
incidence angle, focal position with respect to the target po-
sition, etc.), and on the target properties (composition, geom-
etry, physical properties, etc.). It is possible to accelerate ions
from about 100 eV per charge state up to values higher
than 10 MeV per charge state using laser intensities from
10" W/cm? up to intensities of the order of 10%° W/cm?, re-
spectively (Macchi et al., 2013; Torrisi et al., 2015; Torrisi
et al., 2016).

In this paper, low-intensity laser, with nanosecond pulse
duration, and 10'°w / cm? intensity, are studied overall for
the realization of laser ion sources (LIS) that permits to pro-
duce any type of ion at charge states up to about 10+ with
Boltzmann energy distributions, adapt to be injected in suc-
cessive acceleration steps, such as in post-acceleration sys-
tems for superconductor cyclotron accelerators (Gammino
et al., 2003). Also pulse laser deposition (PLD) technique
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can be performed with similar lasers to deposit thin films
on substrates generating high film adhesion thank to the
ion implantation effects of energetic particles accelerated
form the laser—matter interaction (Torrisi et al., 2001).

The ion emission occurs along the normal to the target sur-
face and generally their angular emission is large, depending
on the target physical properties’, and increasing with in-
versely proportionality to the ion mass and charge state
(Thum-Jager & Rohr, 1999; Laska et al., 2002). Thus,
large emission of protons and light elements occurs reducing
the useful ions to be directed toward a post-acceleration
system of a LIS. At these regimes the proton angular emis-
sion is higher than *+45° and the ion component direct
along the normal direction is reduced at values of the order
of pA/0.1 msr. Due to this ion divergence, in order to in-
crease the light ion emission toward the axis of the accelerat-
ing system, it is useful to use an axial magnetic deflection
field, which permits to reports the ions toward the axis in-
creasing the extractable current during a repetition rate of
the laser pulse, as reported in literature (Torrisi et al., 2007).

In this paper, an approach is presented based on an ion op-
tical system consisting of rings permanent magnets of
0.035 T each in their center, in which the laser-irradiated
target is immersed. Simulations programs, based on the
COMSOL code (Comsol, 2017), and experimental data dem-
onstrated that the light ion focalization, for protons, carbon,
and aluminum ions occur in a very reproducible and
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predictable manner. This approach uses permanent magnets
that do not need to be replaced, hence allowing the applica-
tion in upcoming high-energy, high-repetition rate lasers.

The LIS emittance undergoes a significant enhancement
for axial magnetic field applications of the order of 0.1 T
or more, in agreement with literature.

2. EXPERIMENTAL SET-UP

A Nd:Yag laser operating at 1064 nm wavelength, with 3 ns
pulse duration, with a spot of 0.5 mm? surface and intensity
of 10'° W/cm?, operating in single pulse or in repetition rate
up to 10 Hz, was used for our experiment. The focalization
lens is placed externally to the vacuum chamber
(10~® mbar pressure) and the laser goes inside though a
quartz window. The incidence angle is 45° and the investigat-
ed ion emission occurs along the normal to the target surface
as reported in the scheme of Figure la and in the photo of
Figure 1b.

Vacuum Chamber a)

Ton Collector

® .

Fig. 1. Scheme of the experimental setup (a) and photographs of the vacuum
scattering chamber with the magnets (b).
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The irradiated targets were sheets, 2 cm? surface and 1 mm
thickness, of glassy carbon and pure aluminum. The plasma
diagnostics was performed with an ion collector (IC) with
secondary electron suppression grid, acting such as a Faraday
cup, connected in time-of-flight (TOF) approach to a fast
storage oscilloscope (Tektronix TDS5104B, 1 GHz, 5 GS/
s), placed at a target distance of 142.5 cm. The oscilloscope
acquires using as trigger the laser pulse on a time scale of the
order of 4 ps/division and a signal yield of the order of
10 mV /division.

The maximum particle energy Eyp.x Was calculated using
the measured TOF at the faster detected ion signal through

the equation:
1 L\
=——m-|— 1
2" (TOF) ’ M

where m is the ion mass and L the flight distance.

The used permanent magnets were ring shaped constituted
by ferrite. A single magnet has an outer diameter of 100 mm
and an internal of 60 mm, with a thickness of 20 mm, a
scheme, and a photo of one magnet is reported in Figure 2a
and 2b, respectively. The produced magnetic field, experi-
mentally measured with a Gaussmeter (Hirst GMOS), is
axial with a value of 0.12 T on the magnet surface and of
0.035 T at its center. The axis of the magnets is positioned
along the normal to the target surface, in correspondence
of the laser spot position.

The experiments were conducted as following:

EMax

1. target without magnets (B = 0 T);

2. configuration FB: 1 magnet front-target-magnets back
(1, 2, or 4 back). The target is positioned in the rear
of the first magnet and followed by other magnets,
from 1 up to 4 back magnets (producing a total field
from 0.071 up to 0.12 T).

Thus, the maximum number of applied magnets was five, of
which one in front of the target (always present) and from
one up to four placed axially in the rear side of it. A comparison
of the obtained results with and without the magnetic field was
performed irradiating in the same experimental conditions.

The experimental results were compared with those ob-
tainable using the simulation code COMSOL (Comsol,
2017), giving the ion and electron trajectories emitted from
the target by fixing their angular emission and mean
energy and applying the external axial magnetic fields.

The IC plasma diagnostics was employed to characterize
the laser-generated plasma in terms of temperature and den-
sity. Moreover, indications on the charge state and ion accel-
eration, in the non-equilibrium plasma, were studied using
the Coulomb—Boltzmann-shifted (CBS) velocity distribution
f) (Torrisi, 2016):

m \3/2 2
f (V) _ A(znkT) v3ef[(m/2kT)(vak7vc) ]7 (2)


https://doi.org/10.1017/S0263034617000015

204 L. Torrisi and G. Costa

B=012T
B,=0.035T

100 mm

c)

0.025 - Glassy Carbon
d..=1425m

Yield (V)

TOF (us)

Fig. 2. Design of a single ring magnet (a), photographs of a magnet (b), and IC-TOF spectra comparison for glassy carbon plasma emis-
sion using different axial magnetic fields (c).

where A is a constant of normalization, v is the ion velocity, m The second is the adiabatic plasma expansion velocity:

the ion mass, kT the plasma temperature, v, the adiabatic

plasma expansion in vacuum velocity and v. the Coulomb Vg = \/E “4)
velocity. The total ion velocity along the normal direction "

to the target surface has three components: the first is the where y is the adiabatic coefficient. The third component is
thermal velocity: the Coulomb velocity:

= 2T @) vo= 2%, )
m m
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where z is the ion charge state, e the electron charge, and V,
the potential applied to the acceleration distance producing
the electric field driving the ion acceleration.

The TOF ion spectra deconvolution process can be per-
formed using the CBS approach, permitting to evince the dif-
ferent ion charge states composing the main ion peak and
evaluating the plasma temperature and acceleration potential.

NIST data base was used for the calculation of the ioniza-
tion potentials of the ions of the plasma (Nist, 2017).

2. RESULTS

The first analyzed spectra were acquired irradiating glassy
carbon targets in single pulse and detecting the emitted
ions as a function of the magnetic field produced by the dif-
ferent magnets placed one in front and, from one up to four,
in back to the target. The results of the TOF measurements
are reported in the comparison plots of Figure 2c.

Spectra indicate that the maximum yield of carbon ions in-
creases with the applied magnetic field growing from about
4 mV at B= 0T up to about 27 mV using the configuration
FB (1 magnet front-target-4 magnets back). This means that
the magnets enhance the axial ion emission toward the IC de-
tector producing a sort of axial ion focalization. The peak
shape indicates that all the emitted carbon ion species are en-
hanced and that a little amount of hydrogen, as contaminant,
increases also with the applied magnetic field.

This increment, both in terms of maximum yield intensity
(mV) than in terms of total yield (area subtended by the ion
peak), is a linear function of the applied magnetic field, as
reported in the plot of Figure 3 for C and Al maximum ion
yields.

The little proton peak starts at about 9 ps in absence of
magnets and at about 6.5 ps in presence of the maximum
magnetic field, corresponding to a kinetic energy of about

40

(%] [\ ] (%] [95]
o w o [4,]
1 L L 1

AY
AY
Ay
AY
\
AY
.

iy
[}
1
Y
b
"

Glassy Carbon

=
o
1

Maximum ion peak intensity (mV)
b
M,

(8]
1

o

0.04

0.06

L

0.08

Magnetic field (T)

0.10

0.12

Fig. 3. Maximum ion peak intensity versus applied magnetic field.
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130 and 250 eV, respectively, indicating that the presence
of the magnetic field not only produces yield increment but
also energy increment, which in the case of protons is
about 92%.

The carbon ion peak starts at about 15 ps in absence of
magnets and at about 11 ps in presence of magnets, corre-
sponding to a kinetic energy of about 563 and 1047 eV, re-
spectively, indicating that the presence of the magnetic
field not only produces yield increment, but also energy in-
crement, which in the case of carbon ions is about 86%.

The energy released by the plasma to the protons, due
mainly to Coulomb interactions in the charge separation
zone, represents the conferred energy per charge state of
the plasma acceleration. Thus dividing the maximum
carbon energy for that of the maximum proton energy we
obtain a ratio value of 4, indicating that the faster carbon
jons are the C**. Decreasing the charge state the carbon
ion decreases in energy assuming the value of about
140 eV for C'*. This ion energy distribution produces the
long tail of the carbon ion peak in the TOF spectrum,
which is more elongated due to C,H, groups produced in
the hot plasma, according to literature (Torrisi et al., 2003).

According to the Lotz theory of the ionization cross sec-
tion, the ion charge state should have a distribution decreas-
ing with the charge state, so the fast C** ions present in the
plasma will be lower with respect to that of the slower C'*
(Shirkov & Zschornack, 1996). Moreover, to being the ioni-
zation potential of C IV of 64.5 eV, and that of C V of
392 eV, according to NIST ionization potential database
(Nist, 2017), this means that plasma should contain electrons
with a maximum energy between 65 and 392 eV. Assuming
the maximum electron energy to be of about 150 eV and that
they have a Boltzmann distribution, the mean energy of the
plasma should be about one third of this maximum value,
that is, of about 50 eV and the corresponding plasma temper-
ature of about: kT =2E/3 =33 ¢eV.

The second analyzed spectra were acquired irradiating alu-
minum targets in single pulse and detecting the emitted ions
in TOF approach as a function of the axial magnetic field pro-
duced by the different magnets placed in front and in back
(FB) of the target. The results of the TOF measurements
are reported in the comparison plots of Figure 4.

Spectra indicate that the maximum yield of aluminum ions
increases with the applied magnetic field growing from about
13 mV, using the configuration B =0 T, up to about 36 mV
for the FB configuration (I magnet front -target-4 magnets
back). This means that magnets focalize, enhancing the
axial ion emission directed toward the IC detector. The
peak shape indicates that all the emitted aluminum ion spe-
cies are enhanced and that a little amount of hydrogen, less
than for glassy carbon, is present as contaminant.

Similarly to glassy carbon, the aluminum ion yield in-
creases, both as maximum intensity (mV) than as total
yield (area subtended by the ion peak). The increment is a
linear function of the applied magnetic field, as reported in
the plot of Figure 3 for the maximum intensities. This plot
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Fig. 4. IC-TOF spectra comparison for aluminum plasma emission using
different axial magnetic fields.

demonstrates that the Al ion yield is higher with respect to
carbon both in absence of magnetic field than in presence
of it. One of the causes of this result is due to the different
evaporation temperature, very high in the carbon (4830 °C)
with respect to the aluminum one (2450 °C). The lower evap-
oration temperature of Al reduces its ablation threshold and
permits to produce a major Al ablation and vapor pressure
than for C.

The aluminum ion peak starts at about 16 ps in absence of
magnets and at about 14 ps in presence of the maximum
magnetic field, corresponding to a kinetic energy of about
1113 and 1455 eV, respectively, indicating that the presence
of the magnetic field not only produces yield increment, but
also energy increment, which in the case of aluminum ions is
about 30%, thus resulting more contained with respect to the
glassy carbon case. Although for Al the proton emission is
less evident with respect to C a little proton signal is visible
in the spectra occurring at about 9.5 and 6.5 ps without and
with the maximum applied magnetic field, respectively. Such
TOFs correspond to the energy of 120 and 250 eV for the
case without and with the magnetic fields, respectively, indi-
cating proton acceleration similar to the case of the glassy
carbon target. Dividing the maximum aluminum energy by
the proton energy it is deduced a maximum Al charge state
of about 6+. This means that the maximum electron
energy should be within the ionization potential of Al V
and Al VI, which is 154 and 190 eV, respectively (Nist,
2017). Thus in this case, it is possible to assume that the max-
imum electron energy is little higher than for carbon plasma,
in fact it is of about 200 eV, corresponding to a mean Boltz-
mann energy of about 66.7 eV and that the plasma tempera-
ture is of the order of kT =2E/3 = 44 eV.

The kinetic energy enhancement versus the applied axial
magnetic field intensity is reported in Figure 5a for Al and
C ions, while in Figure 5b for protons coming from the Al
and C plasmas. The enhancement is linear with the applied
value of the axial magnetic field.
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Fig. 5. Maximum ion energy (a) and maximum proton energy (b) for carbon
and aluminum plasmas versus applied axial magnetic field.

A confirm of the given temperatures and of the supposed
number of charge states in C and Al laser-generated plasma
comes from the deconvolution of the IC spectra using the
CBS function given in Eq. (2). Figure. 6 shows two typical
examples of IC spectra deconvolution relative to the carbon
plasma (a) and to the aluminum plasma (b) obtained with
the maximum axial magnetic field application of 0.12 T.
The spectrum relative to carbon plasma shows the deconvo-
lution of hydrogen and of four charge states of carbon ions
with a width of the Boltzmann distributions corresponding
to a mean temperature of 33 eV.

The spectrum relative to aluminum plasma shows the de-
convolution of six charge states of aluminum ions with a
width of the Boltzmann distributions corresponding to a
mean temperature of 44 eV.

The COMSOL code (Comsol, 2017) permitted to simulate
the ion focalization due to the presence of the magnets, as re-
ported in Figure 7 for the case of Al ions emitted with the an-
gular distribution given by literature, without magnetic field
application (a) and with the 0.071 T magnet application (b).
Simulations are agreed with the experimental enhancement
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Fig. 6. IC-TOF spectra deconvolution using the CBS function for ion emis-
sion from glassy carbon (a) and aluminum (b) plasmas.

of ion yield measured for Al and for C plasmas, due to a mag-
netic focalization toward the IC detector. Such focalization
enhances the ion current of about a factor 6.6 for the C
ions and of about 2.8 for Al ions for a maximum magnetic
field application of 0.12 T. This result, obtained both exper-
imentally and by simulation code, indicates that the magnetic
focusing decreases with the atomic mass of the deflected ions
and that a higher magnetic field should be applied to focalize
heavy ions toward the IC placed axially at 1.425 m from the
target.

The result of the ion energy increasing by applying the
magnetic field can be explained by the electron traps gener-
ation due to the magnetic fields in front of the target that
drives the plasma ion acceleration, as already presented in
our previous work (Torrisi et al., 2007). The magnets, in
fact, modify the trajectories of the electrons emitted from
the plasma producing some zones of electrons accumulation
at high density near to the target surface that influences the
spatial Coulomb forces interacting with the emitted ions.
Such density, of course, is a function of the time and of the
space and reaches the maximum value at a time, from the
laser pulse, depending mainly on the electron yield emission,
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Fig. 7. COMSOL simulation of the Al ion emission from the laser-irradiated
target without (a) and with the 0.071 T applied axial magnetic field (b).

energy distribution and applied axial magnetic field. The
COMSOL simulation program permits to generate the trajec-
tories of the electrons emitted from the plasma without and
with the magnetic field application. Figure 8 shows an exam-
ple of electron trajectories simulation emitted from the Al
plasma (a) and of their density as a function of the time
from the laser shot (b) and of the localization space from
the target surface (c).

The simulation is obtained for 30.000 electrons (N,) with
an average energy (E.) of 50 eV and a magnetic field of
0.097 T. It is possible to observe that the maximum density
occurs at about 25 ns from the laser pulse and that the trap
is localized at about 2.5 cm distances from the target surface,
that is, at the end of the magnetic ring placed in front of the
target. The electron density is maintained high for times of
about 100 ns from the laser shot, permitting to accelerate
also slow ions emitted from the plasma. At 20 ns from the
laser shot its maximum value is maintained high at about
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Fig. 8. COMSOL simulation of the Al electron emission from the used
0.097 T axial magnetic field (a), electron density versus time from the
laser shot at 2.5 cm distance from the target (b), and electron density at
20 ns from the laser shot versus distance from the target surface (c).

4 cm from the target and decreases strongly at larger
distances.

Of course by changing the electron energy the maximum
density will change intensity, position and occurring time,
for example, decreasing the mean electron energy to 10 eV
the simulations indicate that the trap will increase in intensity
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and will be localized at about 2.5 cm after a time of 50 ns
from the laser shot.

4. DISCUSSION AND CONCLUSIONS

The subject presented in this paper is of special interest not
only for the Physics of base discussed around the laser—matter
interaction and plasma production, but overall for the many
useful applications that can be improved applying suitable
magnetic fields to enhance the flux and the energy of the emit-
ted ions. For example, LIS can inject more ions toward the ac-
celerator system (Gammino et al., 2003), PLD of may enhance
the film thickness growth rate (Torrisi et al., 2001), nuclear re-
actions occurring in laser-generated plasma may enhance their
yield (Torrisi et al., 2013), target-normal-sheath-acceleration
regime may focalize accelerated ions (Borghesi, 2014), and
the use of multiple ion implantation technique can improve
the implanted doses (Cutroneo et al., 2016).

Of course the enhancements will depend strongly on the
applied magnetic fields in intensity and in geometry.

The performed work is not intended to be exhaustive or
conclusive, on the contrary it is intended to be preliminary
and adapts to stimulate further studies to optimize the axial
and transversal magnetic fields that may be applied to ions
emitted from a source to increase the emittance, change the
ion and electron angular spreads, and modify the particle
energy, thank to spatial and temporal localized electron traps.

Our experiment was only demonstrative and limitative be-
cause only two kind of light ions, carbon, and aluminum,
were used. It should be extended to heavy ions, to higher mag-
netic fields with different spatial distributions and to higher laser
intensities, such as we are operating with a work in progress.

Moreover, in our experiments further studies are need to tray
different magnetic fields, applied both axially and transversally,
to study the angular distribution modifications of the ions by
applying the magnetic fields as a function of their energy, to
simulate the ion trajectories, to calculate the real flight distances
under magnetic field to arrive to the final detector and to study
the effects using repetitive laser pulses generating near
continuum ion currents. The ion focalization here presented in-
creases up to 6.6 times the ion current, but, of course, it is pos-
sible to optimize more the focalization to reach higher values.
Analogously the electron traps can be created more near to the
target surface to enhance the plasma electric field driving the
ion acceleration. Moreover, the applied magnetic field must be
also optimized to be adapted to higher laser intensities and to dif-
ferent ion species emitted from laser-generated plasmas, so that
similar results can be obtained with laser intensities above
10" W/cm? at which more energetic acceleration occurs.
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