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ABSTRACT

In this paper, we present the mechanisms of ionization of a thin gold film irradiated by a high-intensity, short-pulse laser in the range of
I ¼ 1020�22 W=cm2 and the associated acceleration of multiply charged gold ions. A numerical one-dimensional simulation using an
extended particle-in-cell code, which includes atomic and collisional relaxation processes, indicates that two types of acceleration, hole-
boring radiation pressure acceleration (RPA) and target normal sheath acceleration (TNSA), contribute to the generation of highly charged
ions with kinetic energies on the order of 10MeV/u. In each acceleration, a longitudinal electrostatic field excited by different mechanisms
dominantly ionizes atoms to higher charge states and accelerates them to the vacuum region from the rear surface, which is opposite the
front surface irradiated by the laser field. The field ionization process dominantly ionizes high energy ions to the high charge state, while a
large number of ions with energy <1MeV=u are ionized by an electron impact ionization process. In TNSA, a multiply charged ion gener-
ated at the rear surface is accelerated to the maximum energy although the ion with the highest charge state is generated at the front surface
in RPA. However, the existence of contamination, such as water vapor, suppresses the ion energy of TNSA to less than that of RPA since the
sheath field readily accelerates the protons and oxygen prior to the acceleration of the gold ions. Our derived theoretical scaling describes
the maximum ion energy for each charge state in the cases with and without contamination using the relationship between the longitudinal
electrostatic field profile near the rear surface and the classical tunnel field ionization model.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5140493

I. INTRODUCTION

Ion acceleration utilizing high-intensity laser interaction with a
solid film has been studied for various applications, such as ion beam
radiography,1–5 ion beam therapy,6,7 and fast ignition using a proton
beam.8,9 In this scheme, proton acceleration has been studied inten-
sively, as it has the highest charge-to-mass ratio among all atoms, lead-
ing to the generation of high energy ions. In experiments based on the
above scheme, protons contained in water vapor attached on a film
surface are accelerated to high energies on the order of sub-10MeV/u
within a short time (’ 1ps) and within a small area (’ 10lm).

In similar experiments using higher intensity lasers, not only pro-
tons but also heavier ions with nearly fully stripped charge states,
which originate from the bulk material constituting the film (e.g.,
carbon,10 aluminum,11 and iron12), have also been observed with high
energies on the order of sub-10MeV/u. These results indicate that the
scheme for accelerating protons is worthwhile to be extended to a

scheme for accelerating bulk heavier ions with high charge states,
which is relevant to a broader class of applications in addition to
proton acceleration, such as a highly charged heavy ion injector for
nucleus–nucleus collisions13,14 and nuclear transmutation15,16 and
extraction and acceleration of short-lived exotic nuclei.17,18

For either proton acceleration or heavy ion acceleration, the gen-
eration of high energy electrons plays an important role in regulating
ion acceleration to high energies.19,20 Namely, as the laser intensity
increases to above I ¼ 1:36� 1018=kðlmÞW=cm2, where the acceler-
ated electron energy reaches the relativistic regime, the accelerated ion
energy also increases significantly.21–23 The generation of high energy
electrons is ascribed to the ion acceleration by the electric sheath field,
which is referred to as target normal sheath acceleration (TNSA).24,25

In TNSA, high energy electrons accelerated by the laser field around
the front surface of the film induce a quasi-static electric field around
the rear surface due to charge separation. The sheath field accelerates
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ions to high energies.26,27 Direct ion acceleration from the front sur-
face also takes place and becomes an important process for regulating
ion energies emitted from the rear side, especially for higher laser
intensities as mentioned above. Namely, a quasi-static electric field is
induced around the front surface of the film toward the inside due to
electrons being pushed by the laser ponderomotive force, which also
accelerates ions toward the inside. This mechanism is nearly identical
to the hole-boring radiation pressure acceleration (RPA),28–30 which is
proposed for ion acceleration using ultra-thin films.

These two mechanisms are considered to be the basis even when
the scheme is extended to heavy ion acceleration, as it is also achieved
by an induced quasi-static longitudinal electric field. However, in
heavy ion acceleration, the ionization process is of particular impor-
tance since the interaction is initiated from the neutral state and/or
lower charged states due to the laser prepulse component, and it
proceeds with different time scales depending on the mechanism (e.g.,
ionization by the laser field and ionization by electron impact).
Namely, the resultant electron energy distribution, which regulates the
generation of the quasi-static electric field, sensitively depends on the
complex ionization process. In addition, multiple charge state distribu-
tions generated by laser interaction complicate the acceleration mecha-
nisms due to the difference in the charge to mass ratios. These features
suggest that a fully self-consistent treatment including all of the above-
mentioned elementary processes is required to analyze both ionization
and acceleration of heavy ions through laser interaction.

In this paper, using the particle-based integrated code (EPIC),31

we study the interaction between a high-intensity laser in the range of
I ¼ 1020�22 W=cm2 and a gold (Au) film and the resultant accelera-
tion dynamics of Au ions with different charge states. The EPIC is a
particle-in-cell code that includes key ionization processes, such as
field ionization and electron impact ionization. All collisional effects
among the same and different species of charged particles (e.g., elec-
trons and different charge state ions) are incorporated using a Monte
Carlo scheme. As a result, it is possible to simulate the complex gener-
ation process of heavy ion plasma irradiated by a high-intensity laser,
which exhibits highly nonlinear and non-stationary dynamics.

Based on the PIC simulation, we investigate the effect of the two
above-mentioned acceleration mechanisms (TNSA from the rear side
and hole-boring RPA from the front side) on the multiple ion charge
distributions through the ionization processes. Two ion groups accel-
erated by each mechanism evolve differently in the vacuum region of
the rear side, leading to different charge distributions. For the TNSA,
which works on the rear side, we successfully derive the theoretical
scaling of the maximum ion energy for each charge state. However,
the energy distribution is found to be sensitively influenced by the
existence of contamination such as water vapor (H2O).

This paper is organized as follows: In Sec. II, we present physical
principles underlying the models used in the EPIC to describe the ioni-
zation and relaxation processes. In Sec. III, we present the one-
dimensional simulation results in the case of a laser intensity of
I ¼ 1021 W=cm2 and discuss the fundamental properties for ioniza-
tion and acceleration. In Sec. IV, we discuss the dependence of the
accelerated maximum ion energy on the irradiated laser intensity,
while in Sec. V, we examine the effect of the contamination layer on
the ion energy distributions. In Sec. VI, we derive the scaling model
for the maximum ion energy of each charge state and compare it with
simulation results. In Sec. VII, we discuss the effect of collisional

ionization and three-body recombination on ion acceleration. We pro-
vide conclusions in Sec. VIII.

II. SIMULATION MODEL INCLUDING IONIZATION AND
RELAXATION PROCESSES

In this section, we describe the model used in the EPIC, which
includes a collisional relaxation process and an ionization process. We
also discuss the parameters used in the present simulation for studying
the interaction between a high-intensity laser and a thin film consist-
ing of a heavy atom. We select Au with atomic number Z¼ 79. Its
electron configuration is [Xe] 4f 145d106s1, where [Xe] is the electron
configuration of xenon. Two processes for ionization are considered in
this code: field ionization and electron impact ionization. The effect of
three-body recombination estimated by the post-process calculation is
discussed in Sec. VII and is found to be negligibly small.

Ionization of a heavy high-Z material irradiated by a high-
intensity laser exhibits more complex features than those exhibited by
a low-Z material. Ionization sensitively depends on the bound energy
specific to the atom, which is densely packed in a high-Z atom and
exhibits wider bandgaps associated with the jump of the principal
quantum number n. This feature can be observed from the ionization
energy distribution of the Au atom for the charge state q (i.e., Uq),
which is illustrated in Fig. 1. The dashed lines in Fig. 1 represent the
ionization energy for the outermost charge state for each principal
quantum number n. The figure also represents the corresponding
laser intensity that ionizes the gold atom due to the field ionization
estimated from Ithr ¼ 1:0� 109U4

q q
�2 W=cm2,32 which represents

the threshold value for the laser intensity that ionizes all electrons to a
higher charge state than the corresponding principle quantum number
n. For a laser intensity of I � 1021 W=cm2, which is the typical value
in this study, the achieved ionization state is estimated to be q¼ 65
(3p). However, the process is more complex since both the electron
impact ionization and the ionization due to various fields in the mate-
rial regulated by the surrounding plasma lead to multiple charge distri-
butions and corresponding ion energy distributions.

To include the ionization process in the particle-in-cell code, a
Monte Carlo scheme is employed by evaluating the cross section for
each process, that is, the ADK model33 for field ionization and the

FIG. 1. Ionization energy for each charge state Uq of Au up to q¼ 79. A dashed
line represents the ionization energy of the outer-shell electron for each principal
quantum number n and the corresponding threshold laser intensities Ithr (W=cm2).
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BEB model34 for electron impact ionization. These ionization pro-
cesses are incorporated with collision processes between the same spe-
cies (e.g., electron–electron and ion–ion with the same charge state q)
and different species (e.g., electron–ion and ion–ion with a different
charge state q� q0), which are based on the pairing method.35,36 The
scattering angle in the collision between the same species is estimated
from the binary collisional process based on the collisional frequency
in Spitzer thermal theory,37

�e�i ¼
4pnq2e4

m2
ec

2v3e
ln

kD
bmin

� �
; (1)

where n is the ion density, ve is the electron velocity, c is the relativistic
factor for ve, andme is the electron mass. kD is the Debye length, which
is approximated by a mesh size, and bmin is the minimum impact
parameter, which approximated to h=cmeve from Planck constant h as
the de Broglie wavelength. Here, we extend the Coulomb logarithmic
term for the collision between an electron and a partially charged ion
as follows:

�e�i ¼
4pne4

m2
ec

2v3e
q2 ln

kD
aq
þ q2max ln

aðqmax�1Þ
bmin

þ
Xqmax�1

q0¼qþ1
q02 ln

aðq0�1Þ
aq0

2
4

3
5;
(2)

where aq is the Bohr radius estimated by ionization potential,
aq ¼ 2Uq=qe2. It is noted that q is the outer charge state. In bmin< aZ,
qmax is determined by the fully ionized state, qmax ¼ Z, where Z is the
ion atomic number. In aq00þ1 < bmin < aq00 , qmax is determined by a
partially ionized state, qmax ¼ q00. This approach can reproduce tran-
sient (non-stationary) plasma dynamics in a self-consistent manner, in
which ion charge state distributions change rapidly under the influ-
ence of a high-intensity short-pulse laser. Specifically, for a heavy ion
acceleration from a substrate high-Z film such as gold, the collisional
relaxation process and the resultant collisional ionization play an
important role to decide the plasma parameters of the bulk density
and the temperature.

We have calculated the interaction between a thin gold film and
a short-pulse laser using the EPIC, whose configurations are the same
as those used in Ref. 30. Namely, the simulations were performed in
the one-dimensional domain of �3:2 lm � y � 16:8 lm in the y-
direction. A linearly polarized short-pulse laser with electric and mag-
netic fields in the x- and z-directions, respectively, is irradiated along
the y-direction by an antenna placed at y ¼ �3:1lm near the LHS
boundary.

The Au film with constant density n1 is set at y1 � y � y2, where
y1 ¼ 0:0 lm, such that y2 corresponds to the effective thickness of the
film. A pedestal (pre-plasma) with a density that gradually increases
from n0 to n1 as nðyÞ ¼ n1 expð�ðy1 � yÞ=LpÞ in y0 � y � y1 is
assumed, where Lp ¼ 0:08 lm. Here, the density at the front (i.e.,
n0 ¼ nðy0Þ ¼ pn1) is determined by p ¼ 10�3. The density of the Au
film is selected to be the real value given by n1 ¼ 6:0� 1022 cm�3.
The number of the macro-ion particles is set to 500/mesh. The corre-
sponding macro-electron number is q� 500/mesh with the same
particle weight to the ion.

The laser wavelength is k‘ ¼ 0:8 lm, and the corresponding
cut-off density in the non-relativistic limit is given by nc ¼ 1:74
�1021 cm�3. The laser pulse width is selected to be s‘ ¼ 40 fs with a

Gaussian form exp ½�4ðt � tpÞ2=s2‘ �, where tp ¼ 80 fs, which is the
time at which the laser intensity reached a peak value. The maximum
laser intensity is typically set to I ¼ 1:0� 1021 W/cm2, which corre-
sponds to a0ð� eA0=mc2Þ ¼ 21:9 in normalized units. The mesh
number and width in the y-direction are Ny ¼ 4000 and Dy ¼ 5:0
�10�3 lm, respectively. To describe the collisional ionization in the
high-density plasma, a small time step is required. In Dt > 0:6Dy=c, it
was confirmed that the numerical divergence takes place in our test
simulations. Therefore, we set the time step Dt ¼ 0:1Dy=c, which also
satisfies the Courant–Friedrichs–Lewy (CFL) condition Dt < Dy=c.

III. SIMULATION RESULTS OF IONIZATION AND
ACCELERATION

In this section, we show the simulation results of the ionization
dynamics and the acceleration of the multiply charged ions in the laser
interaction with the Au film. Figure 2(a) illustrates the temporal evolu-
tion of each energy averaged over the system, specifically the field
energy Ef, including the electrostatic and electromagnetic components,
the electron kinetic energy Ee, the ion kinetic energy summed over all

different charge states Eið¼
P79

q¼1 E
ðqÞ
i Þ (where E

ðqÞ
i is the ion energy

for the charge state q), the energy Et defined by Et ¼ ðEf þ Ee þ EiÞ,

FIG. 2. (a) Solid lines represent the temporal evolution of field E/f, electron energy
Ee, and ion energy Ei/. Dotted lines represent the temporal evolution of field ioniza-
tion loss Uf and electron impact ionization loss Uim. Et represents the total energy
Et ¼ Ef þ Ee þ Ei . (b) Time history of ion abundance for each subshell (s, p, d,
and f) of each principal quantum number n.
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the ionization energy due to the field Uf ð¼
P79

q¼1 U
ðqÞ
f Þ, and the elec-

tron impact Uimð¼
P79

q¼1 U
ðqÞ
im Þ. Figure 2(b) illustrates the temporal

evolution of ion abundance in each subshell (s, p, d, and f) of each
principal quantum number n. As the low-power pedestal of the laser
field (i.e., I < 1016 W=cm2) hits the film, the outer shell electrons (i.e.,
those of 6s and 5d states) are ionized, leading to ions with Au1 �Au11.
As the laser intensity increases to the peak value at t¼ 100 fs (i.e.,
1021 W=cm2), ionization proceeds further, leading to Au12 � Au20.
Then, both Et and Ef are dropped down since the reflected laser field
escapes to the outside of the simulation box from the left-hand bound-
ary. Free electrons produced by these ionization processes directly
interact with the laser and obtain energy (i.e., Ee). The energy saturates
after the peak of laser irradiation, t ’ 100 fs, and then gradually
decreases, as seen in Fig. 2(a). The ion energy Ei increases to be higher
than the electron energy (i.e., Ee) at t ’ 160 fs, while both energies Ei
and Ee lead to almost constant values at a later time t¼ 500 fs. It is
noted that the field energy, Ef, is not completely diminished but sur-
vives transiently, exhibiting a weaker damping (i.e., nearly exponential
damping), as seen in 160 fs < t < 220 fs in Fig. 2(a). This results from
the formation of electrostatic sheath fields due to high-energy electrons
around the front and rear sides of the film. The increase in Ei results
from the acceleration of multiply charged ions due to the sheath fields,
whose details are discussed in Sec. IIIA. It is also noted that ioniza-
tions to 4d, 4p, and 4s states continue after the laser irradiation, lead-
ing to the 3d state (Au52 � Au61) at t¼ 500 fs, as illustrated in Fig.
2(b). A small number of 3p and 3s states (Au62 � Au69) are produced
during the laser irradiation of t ’ 100 fs while keeping almost con-
stant values at later times.

At t ¼ 500 fs, when each energy saturates, the total absorption
ratio is estimated by Etðt ¼ 500 fsÞ=WL ¼ 0:21, where WL is the irra-
diated laser energy. The ratios of the field ionization energy, Uf

ðt ¼ 500 fsÞ=WL, and electron impact ionization energy, Uim

ðt ¼ 500 fsÞ=WL, are only 8:0� 10�4 and 4:0� 10�3, respectively.
Thus, the effect of ionization loss is negligible for both the plasma
absorption energy and the ion acceleration mechanism. However, the
temporal evolution shows each ionization process. The field ionization
saturates at t ¼ 90 fs, which corresponds to the time at which the laser
reaches the peak intensity, while electron impact ionization continues.
Therefore, both ionization components have an important role to deter-
mine the charge state of the accelerated ions.

Figure 3 represents the ratio of the ionization components of the
field (a) �Nq

f ¼ Nq
f =Nion and the electron impact (b) �Nq

im ¼ Nq
im=Nion

at t ¼ 500 fs when the ionization saturates, where Nq
f ;im are the ion

abundance ionized by the field (f) and impact (im) for each charge
state q and Nion is the total ion number. The ratios are divided into
four groups from the initial location of the film as follows: (i)
0:0lm � y < 0:2 lm, (ii) 0:2lm � y < 0:4 lm, (iii) 0:4lm � y
< 0:6 lm, and (iv) 0:6lm � y < 0:8 lm. As seen in Fig. 3(a), ioniza-
tion to q¼ 18 (5s) is dominantly determined by the field even on the
inside of the film. This is due to the ionization wave co-propagating
with the electrostatic field excited by high energy electron bunches.
Around t¼ 30 fs, the laser intensity irradiated on the front surface of
the film reaches the electron relativistic regime in which the electrons
are accelerated over MeV. Then, the high energy electrons start to
propagate toward the inside as the bunch and excite the electrostatic
field on the propagation front. This field ionizes the ions inside of the

film before the collisional ionization takes place since the mean free
path of the accelerated electron bunches with the energy over MeV is
much longer than the film thickness (� 0:8 lm). The electron bunch
continues to be injected every half period of the laser oscillation, and
the electric field ionizing the ions inside of the film keeps a certain
amplitude to ionize the whole ions over q¼ 18 (5s). The detail mecha-
nism of the field ionization inside the material is also discussed in
Ref. 31. However, the field ionization decreases for the higher charge
states, and the ratios of the inside parts (ii) and (iii) saturate to q¼ 30
(4f) and q¼ 29 (4f), respectively. A few numbers of ions on the front
side (i) are ionized to a higher charge state to q¼ 69 (3s) since the laser
field directly interacts with the film surface. The field ionization on the
rear side (iv) also proceeds to a high-charge state q¼ 67 (3d) due to
the excitation of the sheath field on the rear surface of the film. These
results indicate that ionization to a high-charge state of n¼ 3 proceeds
around both surfaces through different field ionization dynamics. On
the other hand, most of the ions are ionized to q ¼ 18 (5s)-54 (3s) by
the electron impact in the entire region, as seen in Fig. 3(b). The total
ratio of the electron impact is much larger than that of the field. In the
interaction, when the laser pulse hits the surface of the film, the field
starts to ionize the plasma first. Both the energy and the density of the
generated electron increase with the increase in the irradiated laser

FIG. 3. Ionization ratio generated by (a) the field and (b) electron impact at
t ¼ 500 fs. Here, the ratios are divided into four groups from the initial location
of the film: (i) 0:0lm � y < 0:2lm, (ii) 0:2 lm � y < 0:4 lm, (iii) 0:4lm � y
< 0:6 lm, and (iv) 0:6lm � y < 0:8lm.
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intensity. After the electron energy becomes high enough to further
ionize the gold ions, the collisional ionization subsequently starts to
proceed in the inside of the film target. Therefore, the electron impact
ionization starts later than the field ionization, which is driven imme-
diately by the laser irradiation.

The acceleration mechanisms from both surfaces generate high
energy and highly charged ions. Figure 4 represents the phase space of
the ion momentum y � py=Mic and the spatial distributions of the ion
charge density qni, which are categorized by the spatial film region of
(i), (ii) þ (iii), and (iv) at the representative times. In the phase space,
two types of ion acceleration processes take place from the front and
rear surface. From the front surface, the ions start accelerating toward
the inside via hole-boring RPA at t ¼ 106:7 fs, and the ion momen-
tum then increases to py=Mic ¼ 0:05. It is noted that the ions are not
only accelerated in the þy direction from the front surface but also
expanded in the �y direction due to the sheath field. These ions for
py � 0 ballistically propagate to the inside of the film, keeping the
accelerated ion speed. When the ions are emitted from the rear surface
of the film, the local density of the accelerated ions is larger than that
of (iv). Therefore, secondary charge separation takes place on the
accelerated ion front of (i) behind the expanded ions of (iv), and the
electric field then re-accelerates the ions to py=Mic ¼ 0:07. In addi-
tion, the ions around the rear surface are also accelerated to the right-
hand side vacuum area via TNSA. The ions continue to be accelerated
as long as the sheath field survives, as illustrated in Fig. 2(a). At
t¼ 206.8 fs, the peak momentum of (iv) increases to py=Mic ¼ 0:15,
which corresponds to roughly twice the energy of (i). These accelera-
tion mechanisms are closely related to the ionization process for the
accelerated ions. The details of the ionization and energy distribution
for each mechanism are discussed in Secs. IIIA and IIIB, respectively.

A. Hole-boring RPA with the ionization process

To discuss the acceleration from the front surface, we show the
charged ion distributions nðn;lÞi for the region of (i) þ (ii) þ (iii) on a

logarithmic scale, which is categorized by principal quantum number
n and subshell l ¼ ðs; p; d; f Þ, and the electric field for the laser propa-
gation direction Ey on a linear scale in Fig. 5. The ions near the front
surface are ionized following the laser profile, which forms a standing
wave consisting of the incident and reflected laser components. The
highest charge state q¼ 69 (3s) is generated in front of the cut-off

FIG. 4. Spatial distributions of ion phase space and ion charge density. The ion density is categorized by the initial location on (i), (ii) þ (iii), and (iv) as indicated by red, black,
and blue lines, respectively.

FIG. 5. Spatial ion distributions of (i) þ (ii) þ (iii) for each ion state (n, l) on a loga-
rithmic scale and the electric field for laser propagation direction Ey represented by
gray shading on a linear scale.
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surface. Then, the laser ponderomotive force pushes the electrons into
the inside of the film and excites the electrostatic field Ey as balancing
to that. Although the charge-to-mass ratio of q¼ 69 (3s) is the highest
value in this case, the peak amplitude of Ey is located around the distri-
bution of 3p and preferentially accelerates the ions with 3p to the
inside. When the ponderomotive force starts to decrease after the
laser peak amplitude, the direction of Ey changes to �y as a result of
losing the force balance, as indicated in Fig. 5(b). Therefore, the
accelerated ions are separated and propagate to the inside as an ion
bunch with multiple charge states of q ¼ 32 (4d)-69 (3s). When the
ions reach the rear surface, only the front part of the ions with 3p
and 3s is re-accelerated and co-propagates with the sheath field, as
seen in Fig. 5(c).

Figure 6 represents the ion energy distribution for each n, l at
240 fs when the acceleration saturates. It is noted that the energy distri-
bution is observed in the spatial region of y> 0 to evaluate the ion
acceleration in the þy direction. The ion distribution is clearly sepa-
rated to the low-energy part of the bulk ions (Ei � 2:0� 10�3 Mev=u)
and the high-energy part of the accelerated ions (Ei � 1:0
�10�2 Mev=u). In the high-energy part, the charged ions from q¼ 32
(4d) to q¼ 69 (3s) overlap in the region of 10�2 � Ei � 100 MeV/u.
The ion energy of q¼ 67 (3p) reaches the maximum value (i.e.,
10:2MeV=u), which is slightly larger than that of q¼ 69 (3s).

B. TNSA with the ionization process

Figure 7 illustrates the spatial ion density nðn;lÞi of (iv) and the
longitudinal electric field Ey on a logarithmic scale. When the laser
amplitude reaches the peak value, the electrostatic sheath field also
reaches the maximum amplitude (i.e., Ey ¼ 0:5TV=cm) at the rear
surface of the film. The sheath field ionizes the ions to q¼ 67 (3p) and
accelerates them to the vacuum area. The location of the peak sheath
amplitude co-propagates with the accelerated ion front so that the spe-
cific ions with q¼ 67 (3p) continue to be accelerated as long as Ey
becomes negligibly small. Ions with lower charge states are also ionized
behind the ion front. However, the lower charge distributions remain
behind the sheath field with the propagation of the ion front. The

acceleration time of these ions becomes shorter than that of the ion
front. On the other hand, the small electric field Ey, which is excited by
bulk electrons at a cold temperature (i.e., Te ’ keV), remains near the
rear surface of the film. The field continues to accelerate the ion, keep-
ing the charge states in n¼ 4. When the ions accelerating from the
front surface pass through the rear, the sheath field begins to propagate
with them. Thus, the ions behind the expanded front are also
re-accelerated along with the ballistic ion propagation of RPA.

Figure 8 represents the ion energy distribution for each state
(n, l) of (iv) on a logarithmic scale. The charge distributions of
the accelerated ions are separately distributed within the range of

FIG. 6. Ion energy distribution of (i) þ (ii) þ (iii) for each ion state (n, l) at 240 fs.

FIG. 7. Spatial ion distributions of (iv) for each ion state (n, l) and longitudinal elec-
tric field Ey on a logarithmic scale.

FIG. 8. Ion energy distribution of (iv) for each ion state (n, l) at 240 fs.
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0:1� 10Mev=u. In this distribution, the energy of the highest charge
state of (iv) [i.e., q¼ 67 (3p)] reaches 22:2Mev=u, which is approxi-
mately two times higher than that from the front side (i). The distribu-
tion of q ¼ 55 (3d)-62 (3p) is in the range of 1� 10Mev=u, which is
considerably smaller than that of q¼ 67 (3p) even without the depen-
dence of the charge-to-mass ratio.

IV. DEPENDENCE OF LASER INTENSITY FOR EACH
IONIZATION AND ACCELERATION

For different laser intensities, the maximum ion energy from the
rear surface �i;rear in TNSA is also larger than that from the front sur-
face �i;front in hole-boring RPA. Figure 9 represents the maximum ion
energies, �i;front and �i;rear, for the representative laser intensities,
respectively, where the highest charge state in each case is represented
in each plot. Here, theoretical models proposed by Passoni et al.26 and
Sentoku et al.28 are compared to the simulation results by assuming
the highest charge state simulated in each mechanism. The ion acceler-
ation from the front surface takes place after the laser field ionizes the
ions to the highest charge state, as discussed in Sec. III. Thus, even if
the constant charge state is substituted according to the scaling law, it
reveals a similar dependence of the simulation results. However, the
ion energy in the simulation results is slightly larger than the predicted
energy due to re-acceleration coupled with the electric sheath field
near the rear surface. Furthermore, a multiply charged ion from the
rear surface is accelerated to a higher energy than that from the front
surface in each case. From these simulation results, the energy scaling
of the maximum ion energy �i;rear is estimated as I0:533, which exceeds
the scaling of �i;front (i.e., I0:473). For this acceleration, the simulation
result decreases to 60� 80% of the theoretical scaling. This is because
the charge states near the rear surface are lower than the highest value
until the sheath field with the peak amplitude ionizes them.

V. EFFECT OF THE CONTAMINATION LAYER FOR
ACCELERATED AU ENERGY

A contamination layer of water vapor (H2O) is expected to be
attached to the film surface, and proton acceleration is caused by

this layer. On the front surface of the film, the contamination is peeled
to the outside region by the direct laser interaction so that it is negligi-
ble for RPA. However, the energy of the sheath field generated on the
rear surface is wasted in accelerating the contamination [i.e., proton
(p) and oxygen (O)], and the acceleration energy of the Au ion
decreases. In this case, the proton has the highest charge-to-mass ratio
ðZ=MÞp even in the fully ionized state of the other ions [i.e., ðZ=MÞp
’ 2:0ðZ=MÞO ’ 2:5ðZ=MÞAu]. The contaminated atoms also tend to
be fully ionized compared with the Au atom, which has higher ioniza-
tion potentials. Thus, both the field ionization degree and the accelera-
tion energy of Au decrease through the energy transfer to p and O,
which are readily accelerated from the rear surface by the sheath field.
Figure 10 illustrates the ion energy distribution of Au from the front
surface AuðrearÞ and rear surface AuðrearÞ, as well as the distributions of
p and O, which are initially located in front of the rear surface with a
thickness of 10:0 nm (a) and 20:0 nm (b). In case (a), the proton
energy reaches 31:0MeV=u, which is the highest value in all ions.
Most of the protons are also accelerated to over 20:0MeV=u and con-
tinue propagating in front of the ion distribution including O and Au.
On the other hand, the ion energy of O is less than that of p due to the
difference of the above-mentioned charge-to-mass ratio and reaches
22:8MeV=u with a fully ionized state. The maximum energy of
AuðrearÞ decreases to 5:6MeV=u, which corresponds to approximately
1/4 of that in the case of the pure gold film. Furthermore, the highest

FIG. 9. Dependence of the maximum ion energies of TNSA (solid square) and
hole-boring RPA (solid circle) on the laser intensity. The theoretical models pro-
posed by Passoni et al. and Sentoku et al. are represented by empty squares and
empty circles, respectively.

FIG. 10. Ion energy distribution of Au from the front surface AuðfrontÞ and rear sur-
face AuðrearÞ and the distributions of p and O, which are initially located on the rear
surface with a thickness of (a) 10:0 nm and (b) 20:0 nm.
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charge state of AuðrearÞ also decreases to q¼ 58 (3d) from q¼ 67 (3p)
due to the Debye screening of the electric sheath field behind the
contamination layer. The maximum energy from the front surface
AuðfrontÞ is 10:6MeV=u, which is the same as the energy without con-
tamination. In Fig. 10(b), AuðrearÞ decreases to half the value of that in
case (a) (i.e., 2:7MeV=u). The maximum charge state corresponding
to that decreases to q¼ 51 (4s). Even if the contamination thickness
becomes larger than 20:0 nm, the energy distribution of AuðfrontÞ is the
same as seen in Fig. 10(b). Therefore, both the ionization level and ion
energy from the rear surface become less than those from the front
surface.

VI. SCALING MODEL OF ION ENERGY WITH EACH
CHARGE STATE IN TNSA

While the ion front with a high charge state is accelerated to the
maximum energy in TNSA, the ions with a lower charge state are also
accelerated. To describe the maximum ion energy for each charge
state, we consider simplified scaling based on the electric field based
on the tunnel ionization formula

Eq ¼
U2
q

4qe3
; (3)

whereUq is the ionization energy of charge state q and e is the electron
elementary charge. The ionization model is also illustrated in Fig. 1 as
the relationship between laser intensity and ionization potential for
charge state q. This formula also represents the upper limit of the
accelerating electric field for an ion with q (i.e., Elim;q < Eqþ1). Around
the rear surface, the charge state inside the film is determined follow-
ing the Debye screening of the sheath field (i.e., EyðyÞ ¼ Epe�ðls�yÞ=kD ),
as illustrated in Fig. 11. Here, ls corresponds to the film thickness, Ep
is the peak amplitude of the sheath field on the rear surface, and kD
½¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=ðe2neÞ

p
� is the Debye length inside the film. The number of

ions ionized by the field ionization is small compared with that ionized
by the impact ionization. Therefore, the Debye length around the rear
surface kD is approximated to a constant value based on the average
electron temperature and average charge density. In this field profile,
the ion velocity vqðtÞ is calculated from the equation of motion
described by

vqðtÞ ¼
qe
Mi

ðsq

0
dtEyðyÞ; (4)

where Mi is the ion mass and sq is the acceleration time. For the ion
peak energy with q, the ions locate closely behind the qþ 1 region at
initial and receive the electric field with almost Eqþ1. The ions are
emitted co-propagating with the sheath field from the order of the
high charge state. Therefore, the accelerating electric field for q is writ-
ten by EyðtÞ ¼ Eqþ1eð�ðvqþ1�vqÞt=kdÞ. Here, we assume that the ions
with q are accelerated until the relative distance reaches the Debye
length, i.e.,

ðvqþ1ðtÞ � vqðtÞÞsq ¼ kD: (5)

The spatial location of q is close to that of qþ 1 so that the electric field
for q and qþ 1 is assumed to be the same value. Thus, the acceleration
length for the maximum ion energy of q is approximated from Eqs.
(2) and (3) as follows:

vqðtÞsq ¼
vqðtÞ

vqþ1ðtÞ � vqðtÞ
kD ’ qkD: (6)

Here, the acceleration time is significantly shorter than the time at
which the electric field amplitude weakens with ion expansion. For
maximum ion energy, the ion with q is located at the interface between
the distributions of q and qþ 1. Thus, the electric field is approxi-
mated as a constant value based on Eqþ1 during the acceleration time
sq, i.e., Eq;max ¼ Eqþ1=2. Then, the maximum ion energy of q is given
by

�
q
i;max ¼

q
Mi

ðvqsq

0
dyEyðyÞ ’

1
2
q2kDEqþ1: (7)

It is rewritten for the ionization energy using Eq. (1),

�
q
i;max ¼

1
2

q
4e3

kDUqþ1: (8)

This reveals the maximum ion energy for each charge state in that the
field ionization is dominant.

Figure 12 presents the simulation results of the maximum ion
energies at laser intensities of I ¼ 1020; 1021; and 1022 W=cm2 and the
scaling formula (6). Here, the charge dependence of the ion energy is
compared in the cases without a contamination layer (a) and with
10 nm thickness (b). Debye lengths for I ¼ 1020; 1021; and
1022 W=cm2 are 26.1 nm, 26.8 nm, and 25.2 nm, which are calculated
from the simulation results of the average temperature and average
electron density, respectively. Here, kD is approximated to 26.0 nm
for the modeling. In case (a), the ions on the expanded front are pre-
dominately accelerated to higher energy above the scaling formula
(6). This is because the front with the sheath field continues to be
accelerated beyond the acceleration length assumed in Eq. (3).
Behind the ion front, ions with a lower charge state are also acceler-
ated according to the upper limit of each ionization potential as the
relation (6). Even for different laser intensities, the maximum ion
energy for the lower charge state is explained by this formula, as illus-
trated in Fig. 12(a). In case (b), this scaling explains the charge
dependence of the maximum ion energy, including the maximum
ion energy, as illustrated in Fig. 12(b). The protons and oxygen ions
are accelerated ahead of the Au ions by the initial locations in front
of the Au film and the higher charge to mass ratio than that of Au.
Then, the front of the sheath field co-propagates with the proton
expansion so that the acceleration length described by Eq. (3) is

FIG. 11. Schematic representation of Debye screening of the sheath field and
charge distributions around the rear surface of the film.
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applicable to the highest energy of the accelerated Au ions. However,
for a laser intensity of I ¼ 1020 W=cm2, the ion energy becomes less
than the scaling (6). This is because that the field amplitude acceler-
ating the ions is smaller than the amplitude predicted by the field
ionization, and the ionization type changes the electron impact.

For a lower-Z atom, when the ions are ionized to a fully ionized
state, the ion energy becomes higher than the energy expected by this
scaling. For a lower laser intensity and a longer pulse duration, the
ions remain on the film surface in a longer time, and the collision can
address the ionization to the higher charge state of the accelerated ion.
The applicable range of the charge state in this modeling is expected to
decrease in order from the lower charge state, which is ionized by the
collision. Therefore, this scaling model is limited in the following con-
ditions: (1) the accelerated ions are not a fully ionized state, (2) the
outer charge state of the accelerated ion is ionized by the field process,
and (3) the ion acceleration time corresponding to the laser pulse
duration is short enough to assume that the Debye length around the
rear surface is constant before the collisional ionization takes place.

VII. COLLISIONAL EFFECT AND THREE-BODY
RECOMBINATION

To investigate the collisional effect for ion acceleration, we com-
pare the spatial distributions of the ions ionized by the field and the

electron impact. These ion distributions, which are categorized by
each ionization component for the outer charge states of the ions, and
the average ion energy hEiðyÞi are shown in Fig. 13. The time of
these results is chosen to be t ¼ 500 fs when the ion acceleration and
ionization process mostly saturate in the cases of both Il ¼ 1:0
�1020 W=cm2 (a) and Il ¼ 1:0� 1021 W=cm2 (b). It is noted that
each component is unrelated to the previous ionization process of
each ion. In case (a), the ions ionized by the electron impact are dis-
tributed in the range of y ¼ 0:0 lm� 2:0lm, which is behind that
ionized by the field. The average ion energy of the electron impact
component reaches only hEii ’ 5:8� 10�2 MeV=u, while the maxi-
mum ion energy reaches hEii ’ 4:0MeV=u. In case (b), the region of
the electron impact component extends to y ¼ 3:5 lm, and the aver-
age energy increases to hEii ’ 7:2� 10�1 MeV=u. In both (a) and
(b), these energies are approximately two orders of magnitude smaller
than the maximum ion energy. In the time scale in which the ions
hardly expand from the rear surface, the electric sheath field Ey ionizes
the higher charge state before electron impact ionization occurs.
When the electron impact ionizes to a higher charge state, which is
estimated to be approximately ðneverim;ðn¼3ÞÞ�1 ’ 800 fs, the acceler-
ated ions are already expanded to the vacuum region at such irradiated
laser intensities.

At the later time, the three-body recombination process proceeds
in a high-density plasma composed of heavy atoms. For estimating
this effect for ion acceleration, the ratio between the three-body
recombination and electron impact ionization is evaluated by the
Saha–Boltzmann equation38 as follows:

rR

rI
¼ ne

gq
gqþ1

h3

ð2pmeTeÞ3=2
exp

Uq

Te

� �
; (9)

FIG. 13. Spatial distributions of the ion density ionized by the field (blue line) and
electron impact (red line) and the average ion energy (black line) in the case of (a)
Il ¼ 1:0� 1020 W=cm2 and (b) Il ¼ 1:0� 1021 W=cm2.

FIG. 12. Maximum ion energies for each charge state at laser intensities of I ¼ 1020;
1021, and 1022 W=cm2 and the scaling formula (6). The charge dependence of the ion
energy is compared in case (a) without contamination and (b) with a 10 nm contamina-
tion thickness.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 033108 (2020); doi: 10.1063/1.5140493 27, 033108-9

VC Author(s) 2020

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://scitation.org/journal/php


where rR and rI are the three-body recombination rate and ionization
rate for charge state q, respectively, h is Planck’s constant, and gq is the
statistical weight, which corresponds to degeneracy for the state q.
Here, the post-process estimation is calculated from the simulation
results of the electron density and electron temperature in the moving
frame of the average ion velocity for each spatial mesh. Figure 14
shows the spatial distributions of the average ratio of each quantum
number as rR=rn

I ðyÞ and the electron temperature TeðyÞ at t ¼ 500 fs
in the case of Il ¼ 1:0� 1020 W=cm2 (a) and Il ¼ 1:0� 1021 W=cm2

(b). At this time, all ions are already ionized more than n¼ 4 in both
cases; thus, this estimation is only applied for n¼ 3 and n¼ 4. In case
(a), the average electron temperature is approximately Te ¼ 4:0 keV,
and the recombinations of both quantum numbers affect only
rR=r

n¼3;4
I ðyÞ ’ 0:1, even in the film region (0lm � y < 0:8lm).

The ratios drastically decrease with ion expansion to rR=r
n¼3;4
I

’ 10�9 (0:8lm � y).
In case (b), the average electron temperature in the film region

increases to hTei ¼ 30:0 keV. Thus, both ratios of n¼ 3 and 4
decrease to rR=r

n¼3;4
I ’ 4:0� 10�3, which indicates that electron

impact ionization becomes dominant by increasing the irradiated laser
intensity. In the outside region (y � 0:8 lm), the average electron
temperature exponentially increases to Te ¼ 400:0 keV, which is
nearly identical to that in case (a). The ratios of both are only
rR=r

n¼3;4
I ’ 10�8. Considering that each ion ionized by the electron

impact propagates to y ¼ 2:0 lm and y ¼ 3:5 lm, as illustrated in
Fig. 13, the recombination effect is sufficiently small to be negligible
for the accelerated mechanism.

VIII. CONCLUSION

In this paper, we investigate the ionization process and accelera-
tion mechanism of Au ions from a substrate film interacting with
relativistic high intensity (I ¼ 1020 � 1022 W=cm2) and a short-pulse
(sl ¼ 40 fs) laser by using particle-in-cell simulations, which include
field ionization and electron impact ionization. In these cases, RPA
and TNSA are dominant in emitting highly charged Au ions (q> 50)
with high energy (’ 10MeV=u) from the front and rear surfaces of
the film, respectively. The electrostatic field excited in each mechanism
ionizes the atoms to a high charge state through field ionization
dynamics and accelerates these ions to the rear side vacuum area. The

accelerated ion energies are characterized by the charge-to-mass ratio
and spatial distributions of the multiple charge states corresponding to
the electric field profile. These properties are discussed in Sec. III and
summarized as follows.

In RPA, for a laser intensity of I ¼ 1021 W=cm2, the laser field
directly ionizes the atoms to a charge state q¼ 69 (3s). Then, the elec-
trostatic field balancing the laser ponderomotive force accelerates the
charged ions to the inside of the film. These ions ballistically propa-
gate, keeping their charge state to the rear surface. Then, ions bunch-
ing from q¼ 32 (4d) to q¼ 69 (3s) are emitted with an energy range
of 0:01MeV=u–5:0MeV=u. The front of the ion bunch is re-
accelerated by the sheath field on the rear surface, and the maximum
ion energy reaches 10:8MeV=u.

In TNSA, for a laser intensity of I ¼ 1021 W=cm2, the sheath
field excited on the rear surface of the film ionizes the atoms to q¼ 67
(3p). Then, the field accelerates them to 22:2MeV=u. The maximum
ion energy of q¼ 67 (3p) is much larger than that of the lower charge
state, even without the dependence of the charge-to-mass ratio. This is
because the peak amplitude of the sheath field co-propagates with the
front of the accelerated ion distribution with q¼ 67 (3p).

From the dependence of the maximum ion energy on the irradi-
ated laser intensity, it is determined that the energy scaling of TNSA
(i.e., I0:533) is larger than that of hole-boring RPA (i.e., I0:473) only in
the case of the pure gold film. However, the energy distribution is
found to be influenced by the existence of contamination, such as
water vapor (H2O). In this case, the attachment of a layer with the
thickness over 10 nm at the rear surface suppresses the acceleration of
the Au ions and reverses the relation of the ion energies from both sur-
faces since the sheath field readily accelerates the protons and oxygen,
as discussed in Sec. V.

For TNSA, we successfully derive the theoretical scaling of the
maximum ion energy for each charge state, as discussed in Sec. VI.
It is based on the electric field of the classical tunnel ionization
formula as the upper limit of the field accelerating the ions. In addi-
tion, it correctly describes the simulation results of the maximum
ion energies in the range in which the field ionization dominantly
takes place.

For the laser intensities of I ¼ 1020 � 1022 W=cm2, it is found
that the accelerated ions are mainly ionized by field ionization, while
electron impact ionization takes place only in the film region. Thus,
the collisional and recombination processes are negligible for the accel-
erated high-energy ions in the present case, as discussed in Sec. VII.
However, at a lower laser intensity such as I < 1019 W=cm2 and lon-
ger pulse duration, the electron impact ionizes atoms to high-charge
states, as well as those of the field ionization. With such a collision, the
energy loss due to the bremsstrahlung emission is not negligible to
evaluate the resultant ionization and the ion acceleration. In addition
to these collisional effects, at a higher energy laser field, the shock wave
acceleration is expected to contribute both the ionization and the ion
acceleration. It is interesting to study heavier ion acceleration with
more complex atomic processes and acceleration mechanisms, and we
plan to discuss these properties in a subsequent paper.
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FIG. 14. Spatial distributions of rR=rn
I ðyÞ averaged for every quantum number as a

red line (n¼ 3) and a blue line (n¼ 4) and the average electron temperature TeðyÞ
as a black line around the rear surface in each case of (a) I ¼ 1:0� 1020 W=cm2

and (b) I ¼ 1:0� 1021 W=cm2.
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