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Creation of highly charged gold ion beam through collisional ionizations
in a dense gold plasma driven by a femtosecond petawatt laser
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Numerical investigations of the ionization mechanisms in the high-temperature high-density gold plasma
formed by a high-contrast high-intensity laser pulse interacting with gold foil are performed to investigate
high-efficiency gold ion acceleration with few petawatt (PW)-level laser systems, aiming at producing =10
MeV/u gold beams required to serve as an alternative to the front end of a conventional heavy-ion accelerator
complex such as an ion source, linac, and drift tube linac. Short-pulse high-intensity laser pulses with a peak
intensity of a few times 10*> Wem™2, which is not strong enough to expel Au L-shell electrons by laser field
ionization, are shown to sufficiently resistively heat up the target bulk temperature so that collisional ionization
by electrons in the plasma can expel L-shell electrons. The resultant highly charged Au ions (~ + 72 £ 4) are
exposed to the sheath field and accelerated to higher energies of ~20 MeV/u.

DOI: 10.1103/8k98-6q48

I. INTRODUCTION

The laser-driven heavy-ion acceleration scheme is at-
tractive for many fields of potential applications, such as
heavy-ion accelerators [1,2], fission-fusion reactions [3], fu-
sion research [4], and the generation of the warm dense matter
[5]. Recent drastic improvements in laser technology have
enabled the increase in the laser peak intensity to more than
10> Wem™2 [6]. This has brought about the capability of
acceleration of not only high-energy light ions but also heavier
ones by the laser-driven ion acceleration scheme [7,8].

If heavy ions are highly charged in the early stage of
the acceleration and exposed to the strong acceleration field,
they can be efficiently accelerated. However, it is difficult
to achieve this condition even if special care is taken with
the target [7,8] because the ionization potential of the inner
shell electrons of heavy ions is very high, i.e., ~8 keV for M
shell, ~20 keV for L shell, and ~100 keV for K shell, for
gold atoms. Even a laser pulse from a petawatt (PW)-class
laser system with an intensity of 10! (10?2) Wem™2 cannot
expel all the electrons in the M shell (L shell) by laser field
ionization process alone.

However, considering the fact that the ionization potential
density (pressure) of solid gold is Py, ~ 5 petapascal (PPa)
and the laser energy density of even a PW-class laser with an
intensity of 10>! Wem™2 exceeds 30 PPa, the laser pulse, in
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principle, can heat a solid Au to the energy density sufficiently
higher than the ionization pressure and remove the electrons
from a gold atom by other ionization processes, for example,
electron/photon impact ionizations.

Investigations on the contributions of different ionization
mechanisms to the accelerated heavy-ion beams have been
carried out [7-10]. Nevertheless, the way to achieve high-
efficiency acceleration of the heavy-ion beam is still not
clear. Afshari et al. [10] pointed out that electron impact
ionization contributes significantly to make highly charged
gold ions whose charge states have Z > 70 in the plasma
by a picosecond laser pulse with a peak intensity of several
times 10 Wem™2 interacting with a gold target; however,
the charge states of the accelerated gold ions to high energies
are relatively lower, such as ~50. These highly charged gold
ions are only accelerated up to a few MeV/u [8].

This is because a longer time is necessary for the gold ions
in the plasma with relatively low density to be highly charged
than the lifetime of the strong sheath field. To make the
highly charged plasma within the lifetime of the sheath field,
a high-contrast short-pulse laser is suitable [9], because it can
potentially input the laser energy and heat up the target before
it expands, maintaining both a high sheath field strength and
high collisional ionization rate.

In this paper, we numerically investigate the ionization
mechanisms in a high-temperature high-density gold plasma
formed by a high-contrast high-intensity laser pulse interact-
ing with a 200-nm gold target. Aiming to produce a gold
ion beam over 10 MeV/u energies, which is required for
serving as an alternative to the front end of a conventional
accelerator system such as an ion source, linac, and drift
tube linac, high-efficiency gold ion acceleration schemes are
investigated with a few PW-level femtosecond laser system.
We demonstrate that short-pulse high-intensity laser pulses
with a peak intensity of a few times 10> Wem ™2, which is not
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https://orcid.org/0009-0008-6922-9096
https://orcid.org/0000-0001-6314-5424
https://orcid.org/0000-0002-7231-0206
https://orcid.org/0000-0002-2823-1842
https://orcid.org/0000-0003-2093-7100
https://orcid.org/0000-0001-8143-0827
https://ror.org/020rbyg91
https://ror.org/035t8zc32
https://crossmark.crossref.org/dialog/?doi=10.1103/8k98-6q48&domain=pdf&date_stamp=2025-08-29
https://doi.org/10.1103/8k98-6q48
https://creativecommons.org/licenses/by/4.0/

MASAYASU HATA et al.

PHYSICAL REVIEW RESEARCH 7, 033200 (2025)

Qsimf X
[EH 9sim,c 1
70 | UBsiL / ;X E

9Bs,sheath
65 F  Yeollbulk

Charge-state

1x10%°

1x10%! 1x10%? 1x10%3

Intensity [W/cm2]

FIG. 1. Average charge state behavior of accelerated gold ions
against the laser intensity. The blue and sky blue lines indicate the
charge states achieved by the ionizations of laser field and rear
sheath field using BSI model, respectively. The red line indicates
the charge states achieved by the collisional ionization assuming
resistively heated thermal electrons ionize the gold ions with an
ionization potential equal to the thermal electron energy. The green
cross and orange square show the results from particle-in-cell (PIC)
simulations (Gsim.f» ¢sim.c) €Xplained later in the text. The points show
the average charge state of ions whose energies exceed 80% of the
maximum energy.

strong enough to expel L-shell electrons around the Au ions
by laser field ionization, can effectively heat up the target bulk
temperature high enough such that the collisional ionization
process can expel the L-shell electrons if we can maintain a
sufficiently high target density. The resultant highly charged
Au ions (~ + 72 +4) are exposed to the sheath field and
accelerated to higher energies of ~20 MeV/u.

II. IONIZATION MECHANISMS AND ACHIEVABLE
CHARGE STATES

Which ionization mechanism dominates in the gold plasma
produced by short-pulse few-PW class laser system strongly
depends on the intensity of the incident laser pulse. Figure 1
shows the prediction for the achievable ionization states of
the gold ions with the function of the laser intensity by the
simple models explained below. Here, we assume the 45-fs
laser pulses within intensity range of 1.0 x 10%° to 1.0 x
10?* Wem ™2 are irradiated on 200-nm-thick gold targets. The
blue and sky blue lines indicate the charge states achievable by
the ionizations of laser field amplitude E; = /2I; /€pc with
the laser intensity 7, the permittivity of vacuum ¢y, and the
speed of light ¢ and rear sheath field using barrier suppression
ionization (BSI) model [11], where the electric field Egg; re-
quired to ionize an ion with charge state Z — 1 and ionization
potential in electron volts (eV) Ipy) to charge state Z is
obtained by the following equation: Egg; = 1.7 x IOSI,%[eV] /Z
[V/m]. The rear sheath field strength E; under 1D geometry
condition is evaluated by the formula E; = E;«/1n1/2 [9],
where the conversion efficiency from the laser to hot electrons
11 is assumed to be 0.5.

On the other hand, the collisional ionization process is
ongoing in the hot gold plasma heated by the resistive heating
process. Under the conditions of 1D geometry and sufficient
relativistic laser intensity ag >> 1, the resistively heated up
bulk electron temperature of the target satisfies the relation

_ (5 plnAy?F\*
Te’\' _UOH_J/t , (1)
3 n;

where InA is the Coulomb logarithm, 7; is the bulk ion density
normalized by the critical density n,,, T, is the bulk electron
temperature normalized by m,c?, 7 is the heating time nor-
malized by the laser oscillation period, y is the relativistic
factor of hot electrons, 17y = e>wy / (4w egm,.c?) is a constant,
and we here estimate based on the ponderomotive scaling
[12] as ¥ = (1 4 n1a3/2)"/%. The red line in Fig. 1 indicates
the charge states achieved by the collisional ionization in this
way, assuming resistively heated thermal electrons ionize the
gold ions with an ionization potential equal to the thermal
electron energy, namely, Ip ~ T,. Here, we assume InA ~ 5,
n = 0.5, 1; = 34 as the solid gold ion density, and 7 = 17 as
the typical pulse duration of J-KAREN-P laser (i.e., 45 fs for
800 nm wavelength). When the laser intensity is sufficiently
high (ag > 1), the relation y o 11/2 provides a good approx-
imation. Under this condition, if either the Coulomb logarithm
InA or n; doubles, the required laser intensity is halved.
Conversely, if either is halved, the required laser intensity
doubles. In the simulations presented later, the laser absorp-
tion rate, which corresponds to the laser coupling efficiency to
electrons, ranges from 39% to 59%. The Coulomb logarithm,
which depends on the plasma state, typically varies within the
range 5-10. Therefore, although the required laser intensity
may shift by a factor of two depending on these parameters, it
does not exhibit drastic changes.

As can be seen in Fig. 1, the ionization potential is pro-
portional to the power of 1/2 of the electric field in the BSI
model and to the power of 4/5 of the laser electric field in
the relativistic limit (ag > 1) for collisional ionization, so that
even ions with higher ionization potentials can be ionized by
collisional ionization when the laser intensity is increased.
Therefore, for ions with large atomic numbers and large
ionization potentials, collisional ionization at high laser inten-
sities can be used to achieve high degree of ionization. In the
case of solid gold targets, collisional ionization by resistively
heated bulk electrons becomes dominant over ionization by
the laser field at intensities above 10> Wem =2,

Conversely, ions with small atomic numbers have such low
ionization potentials that they can be completely ionized by
electric field ionization at relatively low laser intensities. The
BSI model shows that carbon, for example, is fully ionized at
~6 x 10'® Wem™2. In this low-intensity regime, collisional
ionization due to resistively heated bulk electrons occurs in-
efficiently. However, collisional ionization by fast electrons
may still play a significant role, owing to their relatively low
energies at such intensities. These effects should be taken
into account when modeling ionization dynamics under low-
intensity laser conditions.

In the case of gold ions, the laser field ionization process
might bring us the highest gold charge state in the plasma at
laser intensities below a few times 102! Wem™2. However, the
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laser field ionization is usually dominant in the preplasma in
front of the target and the highly charged ions by the laser
field ionization are not exposed to the sheath field at the rear
side of the target if the target is kept opaque. This condition is
confirmed by the particle-in-cell (PIC) simulations, which will
be described later in the paper. Therefore, the collisional ion-
ization process dominates over any other ionization processes
in the gold ion plasma until the laser intensity is high enough
such that the target density is comparable to the relativistic
critical density of the laser (in our case, the laser intensity
of more than a few times 102 Wem ™2, which will be also
confirmed by the PIC simulation later in this paper). If we can
make good use of the collisional ionization process, we might
be able to achieve highly efficient gold ion acceleration. To
achieve this, we need to setup the strong acceleration field at
the right timing and right place, which we will examine by the
PIC simulations in the following sections.

III. SIMULATION SETUP

We use the PICLS-2D code that includes binary collisions
among charged particles, dynamic ionization processes in gas
and solid density plasmas, and radiation processes [13-16].
In the code, a binary collision model is implemented to ap-
propriately account for interactions between charged particles
of different weights and has been extended to the relativistic
regime [14]. The model is further enhanced to incorporate the
effects of bound electrons, enabling accurate treatment of col-
lisions in partially ionized plasmas [13]. The ionization model
incorporates both field ionization and collisional ionization,
calculating time-dependent ionization probabilities and de-
termining ionization events using random numbers. For field
ionization, the method follows the approach proposed by Kato
etal. [17], while collisional ionization is treated using the Lotz
formula [18]. Ionization potentials are taken from NIST data
[19], and potential lowering effects are accounted for using
the Ecker-Kréll model [20]. PICLS calculates radiation losses
due to free-free and bound-bound emissions [13]. The free-
free, bound-bound, and bound-free emissivity for solid gold
are precomputed by using the FLYCHK code [21] with the
same methods as in Ref. [13] and incorporated into the model.
Compared to detailed atomic codes, the FLYCHK code is sim-
pler and more robust, though its accuracy is relatively limited.
In this study, FLYCHK results were used as a zeroth-order
approximation. For more precise calculations, it is necessary
to employ detailed atomic codes such as the Flexible Atomic
Code [22] or HULLAC [23]. In the current calculation, the
electron temperature range is extended up to 11 keV. It is also
confirmed that the bound-free is always more than an order
of magnitude lower than free-free and bound-bound; thus we
ignored it in the radiation model. The radiation transport is
not incorporated for the current simulation because the tar-
get thickness is thinner than the attenuation length of ~keV
X-rays. Additionally, the radiative damping effects are not
negligible for the high intensity of more than 10> Wcm ™2,
as pointed out in Ref. [24]. Radiative damping, also known
as radiation reaction, refers to the effect in which a charged
particle experiences a recoil force due to its own emitted
radiation. This effect becomes significant when the particle
undergoes strong acceleration. Although the effects depend
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FIG. 2. The temporal profile of the normalized laser intensity in
the simulations. The inset shows the whole temporal profile mea-
sured in the experiment. A portion of the experimentally obtained
profile is selected out and used in the PIC simulation.

on various conditions, we considered the radiation damping
effects. Among the several models available for describing
radiation damping, this study adopts an approach based on the
Lorentz-Abraham-Dirac (LAD) equation, incorporating terms
up to the second order into the simulation [15].

A relatively thick gold target (Z = 79) is irradiated by the
short-pulse high-contrast laser pulses to investigate how the
transition of the dominating ionization mechanisms is as a
function of laser intensity. We use the plasma mirror (PM)
cleaned temporal profile of the J-KAREN-P laser system
[25]. Figure 2 shows the measured temporal profile of the
J-KAREN-P laser system, which is used in the simulations.
The inset shows the measured whole temporal profile. The
laser pulse has a contrast level of 10'° 2 ps before the main
pulse peak. The peak intensity of the laser is varied from
1.3 x 102, 2.0 x 10%', 3.2 x 10?2, and 1.3 x 10?* Wem ™2
(the corresponding ag are 7.8, 31, 122, and 252 where ag
is the normalized laser intensity described as (eEL)/(m.wyc)
or [e/21/(€pc)]/(m.wrc)) assuming that the laser temporal
contrast curve is kept the same. The central wavelength and
spot diameter are set to 800 nm and 1.5 um (FWHM), respec-
tively. The target consists of a prepulse-made gold preplasma,
gold bulk plasma, and contaminants. Assuming fairly small
preplasma made by PM cleaned high-contrast laser, the pre-
plasma has an exponential ion density profile in the target
normal direction with a scale length of 28 nm from the density
of 0.003 to 30n,, where ne, = (wjm,)/(4me*) means the crit-
ical density of the laser with the laser frequency wy, electron
mass m,, and elementary charge e. The gold bulk plasma
has a flat density profile with a solid density of 34n., and a
thickness of 200 nm. The contaminants are made of hydrogen
and carbon and have a flat profile with a density of 3.3n. and
a thickness of 10 nm, representing a contaminant with 1 nm
thickness at solid density (= 33n,,;) where the line density is
retained by reducing the density and increasing the thickness.
The number of the ions per cell is set to 10 for all species.
The atomic numbers of gold, carbon, and hydrogen are 79,
6, and 1, respectively. The initial charge state of the target
is set to 1 for hydrogen and 2 for all the other ion species.
The sizes of the cell and time step are set to 10 nm and
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FIG. 3. The spatial density profiles of (i) electrons, (ii) gold ions, (iii) carbon ions, and (iv) protons at the laser peak irradiation timing
(t = 0 fs) in the case of the intensities of (a) 1.3 x 10%, (b) 2.0 x 10?!, (c) 3.2 x 10%?, and (d) 1.3 x 10?>* Wem™2. The laser propagates along
the x-axis from the left boundary. Only panel (d-iv) is a zoomed-out view to trace the accelerated protons; the dashed region is the same box

size as in the other figures.

33.4 as, respectively. The simulation box size is (L, L,) =
(65 um, 60 um). The target is tilted at a 45° angle. A linearly
P-polarized laser beam is injected from the boundary in the
negative x direction, and it is focused onto the surface of the
bulk plasma at an oblique incidence angle of 45°. We adopt the
absorbing boundary condition for the electromagnetic fields
and the reflection boundary condition for particles except for
fast electrons with a Lorentz factor of more than 2, since they
move out from the interaction region and rarely return during
the simulation time. Under these conditions, we performed the
simulation from 0.77 ps before the main pulse peak arrives at
the target surface until 1.23 ps after that timing.

IV. RESULTS AND DISCUSSION

Figure 3 shows spatial density profiles of (i) electrons,
(i) gold ions, (iii) carbon ions, and (iv) protons at the
laser peak irradiation timing (+ =0 fs) for each laser
intensity. The laser propagates along the x-axis from the
left boundary and focuses the target surface at (x, y) =
(30 um, 30 um) with an incidence angle of 45°. The target
maintains a high electron density above 1000n at the
timing of main pulse irradiation with intensities below
3.2 x 10> Wem ™2, as shown in Figs. 3(a-1), 3(b-i), and 3(c-1)

because the relativistic critical densities for the intensities
of 1.3 x 102, 2.0 x 10?', and 3.2 x 10?2 Wem™2 are 7.7,
31, and 122n,,, respectively. The transmitted laser energies
after the interaction for the cases of intensities below
3.2 x 10> Wem™2 are less than 1.02% of the intrinsic laser
energy. In contrast, the electron density at the focus decreases
~250n,, at the peak of the pulse for the highest intensity case
of 1.3 x 10*> Wem™2, where the electron density is getting
close to the relativistic critical density 244n.,. Therefore, the
relativistically induced transparency is triggered and the laser
penetrates through the target; thus the transmitted laser energy
reaches 35.6%.

Ions with a higher charge-to-mass ratio are accelerated
faster by the electric field and travel farther in a shorter time.
Such features, i.e., that the protons are accelerated more effi-
ciently than carbons, are shown in the whole intensity range
of our simulations. Especially, in the highest intensity case,
the protons fly away from the target surface, expanding in
much larger area than that of the other cases at the timing
of laser peak [Fig. 3(d-iv)]. In general, ions originating from
the contaminant layer shield the acceleration electric field
and prevent the ions from the bulk of the target from being
efficiently accelerated. The shielding becomes effective in the
case of lower intensity of the laser because the ions from
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FIG. 4. Ton energy spectra 170 fs after the laser peak irradiation in the case of the intensities of (a) 1.3 x 10%°, (b) 2.0 x 10!, (c) 3.2 x 10?,
and (d) 1.3 x 10?* Wem™2, where 0° and 45° indicate the directions of the laser propagation and target normal, and only ions within plus or
minus 22.5° from each direction are measured. The time after 170 fs is just before the fastest proton reaches the boundary of the simulation

box for the intensity of (d) 1.3 x 10> Wem™2.

contaminant layer are still near around the target during the
lifetime of the acceleration field. In the lowest intensity case,
only the ions from the contaminant layer are accelerated at
the laser peak, and the gold ions hardly move from its initial
position [Fig. 3(a-ii)].

Figure 4 shows ion energy spectra in the case of the in-
tensities of (a) 1.3 x 10%, (b) 2.0 x 10%!, (c) 3.2 x 10?2, and
(d) 1.3 x 108 Wem™2 att = +170 fs, where 0° and 45° indi-
cate the directions of the laser propagation and target normal,
and only ions within plus or minus 22.5° from each direction
are measured. Here, t = +170 fs is just before the fastest pro-
ton reaches the boundary of the simulation box for the highest
intensity of 1.3 x 102 Wem ™2 [Fig. 4(d)]. Only contaminant
ions are accelerated at the intensity of 1.3 x 10 Wem™2 as
shown in Fig. 4(a), which is also confirmed in Fig. 3(a-ii). This
is mainly because the gold ions are not highly ionized and
are not exposed to the sheath field, while the strength of the
acceleration field is still high. The maximum accelerated gold
ions in the lowest intensity case have an energy of only 0.24
MeV/u (0.023¢) even at the final time of the simulation. Gold
ions are accelerated > MeV/u energy range with the laser
intensities above 2.0 x 102! Wem™2. The whole contaminant
layer is detached far away from the target before the arrival of
the main pulse to the target surface; thus only gold ions from
the bulk of the target are accelerated by the strong sheath field
established by the main pulse for the cases of laser intensities
of 3.2 x 10*2 and 1.3 x 10** Wem ™2, which was also clearly
demonstrated in our previous experimental investigations with
relatively lower laser intensity irradiated on a silver target [9].

Tons are mostly accelerated toward target normal direction in
all intensity ranges of the current simulations. The component
of accelerated ions in the laser propagation direction increases
at the intensity of 1.3 x 10> Wem™2, but still the target nor-
mal component is dominating. Note that the spectral peaks
seen for the intensity of 1.3 x 10> Wem™2 [Fig. 4(d)] are
caused by the spatially nonuniform acceleration field feature,
which is a result of the target density deformation by the rising
edge of the laser itself. Even though the ions show peaks in the
spectra, they are accelerated in a variety of directions such that
they might not be suitable for applications.

Figure 5 shows the energy spectra and average charge
state of gold ions and their proportion of final ionization
processes recorded at 340 fs after the laser peak irradiation
for the intensities of (a) 2.0 x 10%', (b) 3.2 x 10%, and (c)
1.3 x 102 Wcem™2, where the black line indicates energy
spectra, and dark violet and green lines indicate average
charge state of gold ions finally ionized by field and collision,
respectively.Violet and light green colors in the bar graphs
indicate the ratio of field and collisional ionization events,
respectively. The time after 340 fs is just before the fastest
gold ion reaches the boundary of the simulation box for the in-
tensity of 1.3 x 10>* Wem ™2 [Fig. 5(c)]. Here, only gold ions
with a traveling direction of —45° to 135° are measured, with
respect to the laser propagation direction as 0° and rear surface
normal oriented at 45° (see Fig. 3, where 0° corresponds to
the positive x-direction and 45° corresponds to the direction
pointing diagonally downward to the right). The figure for
the intensity of 1.3 x 10°® Wem™2 is not shown because
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FIG. 5. The energy spectra and average charge state of gold ions and their proportion of final ionization processes 340 fs after the laser
peak irradiation for the intensities of (a) 2.0 x 10!, (b) 3.2 x 10%?, and (c) 1.3 x 10> Wem™2, where the black line (Na,) indicates energy
spectra, dark violet ({ggeq)) and green ({g.on)) lines indicate average charge state of gold ions finally ionized by field and collision, respectively,
and violet and light green colors in the bar graphs indicate proportions of field ionization and collisional ionization, respectively. The time after
340 fs is just before the fastest gold ion reaches the boundary of the simulation box for the intensity of (c) 1.3 x 10?> Wem™2. Here, only gold
ions with a traveling direction of —45° to 135° are measured when the laser and rear surface normal directions are 0° and 45°, respectively.
The figure for the intensity of 1.3 x 10?° Wem ™2 is not shown because no gold acceleration occurred, as shown in Fig. 2(a).

efficient gold acceleration does not happen [Fig. 3(a)]. The
bulk temperature was low to ionize the bulk gold ions effi-
ciently [Fig. 6(a)].

At the intensity of 2.0 x 10! Wem™2 [Fig. 4(a)], the
final ionization process for high-energy accelerated gold ions
is dominated by field ionization in the sheath field at the
target rear side, while the ratio of collisional ionization in-
creases as the energies of the accelerated gold ions lower.
Our previous study has shown that highly charged ions are
accelerated by the sheath field when the resistively heated area
of the hot plasma, in which atoms are collisionally ionized to
high-charge states, reached the target rear surface within the
duration of the sheath field lifetime [9]; see Figs. 5(b) and
5(c) for this case. At low intensities, a large number of highly
ionized gold ions are produced in the target bulk by collisions

50

25

< Te,keV>

28 30 32 28 30

[Figs. 6(e) and 6(f)]. These ions are extracted by the sheath
field after the field weakens, thus not accelerated to high
energies. The average charge states are 451 for collisional and
sheath field ionization processes (also shown in Fig. 1, green
cross and orange square). According to the BSI model [11],
the required sheath fields to ionize gold ions with the charge
states of +51 and +52 are 29 and 79 TV/m, respectively.
The observed peak sheath field is 78.1 TV/m, which explains
the low average ionization states around 451, resulting in the
limited energy about a few MeV/u of gold ions.

At the laser intensity of 3.2 x 10?> Wem™2, the recorded
final ionization process for high-energy accelerated gold ions
is dominated by collisional ionization, and contributions of
collisional and field ionization processes are comparable for
low-energy accelerated gold ions. The average charge state
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FIG. 6. Spatial profiles of (a)—(d) the bulk electron temperature and (e)—(h) average gold ion charge state at the laser peak irradiation timing
(t = 0 fs) for the intensities of (a) and (e) 1.3 x 10%, (b) and (f) 2.0 x 10?!, (c) and (g) 3.2 x 10?2, and (d) and (h) 1.3 x 10?* Wem™2. Here,
the bulk temperature is obtained by averaging electrons with energies below 100 keV. Regions with no electrons or where all electrons exceed

100 keV are set to zero temperature.
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of the finally field-ionized gold ions accelerated to higher
energy (up to ~15 MeV/u) stays at +51. Actually, there are
some gold ions ionized by the sheath field to 465 (i.e., the
peak sheath field is 147 TV/m) but they are further ionized
by the collisions to even higher charge states. The target bulk
temperature is heated up to 45 keV at the time of main pulse
interaction [Fig. 6(c)] and collisional ionization in the high-
temperature plasma produced many high-charge-state gold
ions. The average charge state of the collisionally ionized ions
is around 460 with the energies of 3—15 MeV/u and up to
79 with higher energies. The achieved charged state by colli-
sional ionization (+79 at maximum and +72 + 3 when taking
the average of ions with energies within 20% of the highest
energy) is well above that achieved by the field ionization
(~+ 51). Both field-ionized and collisionally ionized ions
are accelerated by the sheath field depending on their charge
to mass ratio; thus the collisionally ionized ions gain higher
energies. The results are consistent with the simple analytical
estimate that the collisional ionization in a plasma heated up
to high temperature can have an important role for the highly
charged gold acceleration shown in Sec. II (Fig. 1).

At the high intensity of 1.3 x 102> Wcem™2, the final
ionization process for high-energy accelerated gold ions is
dominated by collisional ionization, and collisional and field
ionization processes have a comparable effect for the acceler-
ated gold ions to moderate-energy range. A bit later than the
timing of main pulse peak, the target becomes relativistically
transparent and the laser pulse can penetrate deep inside the
target. As a result, gold ions are ionized by the laser field to
+73, and higher charge states up to +79, i.e., full ionization,
are generated by collisions in the resistively heated target bulk
[Fig. 6(h)]. The average ionization degree due to collisional
ionization is higher, reaching full ionization. Even though
the relativistic transparency is triggered, the main accelera-
tion mechanism for the gold ions is observed to be Target
Normal Sheath Acceleration (TNSA). Because of achieved
high-charge states, the maximum energy of the accelerated
gold ions is ~70 MeV/u.

At high laser intensity, radiative losses due to free-free
and bound-bound transitions might affect the acceleration
performance. However, even at the highest laser intensities,
the radiation losses were less than 0.001% of the injected
laser energy, and its effect on the bulk electron temperature,
and thus on the collisional ionization rate, was negligibly
small. The radiative losses via radiative damping were larger
than those of the free-free and bound-bound emissions, but
only 0.11% and 0.85% at 3.2 x 10?2 and 1.3 x 10> Wem ™2
laser intensities, respectively; thus the effect of the radiative
damping was not so large in the present simulations.

V. SUMMARY

The laser intensity dependence of the final ionization
mechanism of accelerated ions in the TNSA scheme with a
200-nm gold target is investigated. The final ionization mech-
anism for energetic ions is dominated by collisional ionization
as the laser intensity increases. At the lower laser intensity
of 1.3 x 102° Wem ™2, the acceleration of gold is completely

suppressed, as the contaminants cannot be entirely removed
within the duration of the sheath field, thereby shielding the
sheath electric field from the bulk gold. At the relatively
low laser intensity of 2.0 x 10> Wem™2, the sheath field is
capable of almost completely expelling the contaminant layer,
allowing for the acceleration of the bulk gold. However, due to
insufficient resistive heating and collisional ionization within
the duration of the sheath field, the acceleration of gold to
high-charge states and high energies is predominantly driven
by field ionization induced by the sheath electric field. When
the laser intensity is high, the heating proceeds sufficiently at
the rear surface within the lifetime of the acceleration field and
highly charged ions are extracted and accelerated. However,
at the highest laser intensity, the laser becomes relativistically
transparent around the peak of the pulse and the contribution
of the laser field ionization increases; nevertheless, collisional
ionization is still dominating.

We have demonstrated that short-pulse high-intensity laser
pulses with a peak intensity of few times 10*> Wem™2 can
resistively heat up the target bulk temperature high enough
such that the collisional ionization process can expel L-shell
electrons with an ionization potential of ~20 keV levels, if
we can keep the target density sufficiently high. The resul-
tant highly charged Au ions (~ 4 72 £ 4) are exposed to the
sheath field and accelerated to higher energies of ~20 MeV/u,
which satisfies the requirement of the injector for a heavy-ion
accelerator complex.

The understanding of the detail ionization mechanisms
obtained in the current paper paves the way for controlling the
production of highly charged high-energy heavy-ion beams
by short-pulse high-intensity laser systems. This knowledge
is useful for the realization of a next-generation injector for
compact heavy-ion accelerators.
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