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The acceleration of light ionssprotonsd through the interaction of a high-power laser pulse with a double-
layer target is theoretically studied by means of two-dimensional particle-in-cell simulations and a one-
dimensional analytical model. It is shown that the maximum energy acquired by the accelerated light ions
sprotonsd depends on the physical characteristics of a heavy-ion layerselectron-ion mass ratio and effective
charge state of the ionsd. In our theoretical model, the hydrodynamic equations for both electron and heavy-ion
species are solved and the test-particle approximation for the light ionssprotonsd is applied. The heavy-ion
motion is found to modify the longitudinal electric field distribution, thus changing the acceleration conditions
for the protons.
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I. INTRODUCTION

The problem of the interaction of ultrahigh-intensity laser
pulses with plasmas has attracted considerable interest due to
its promising applications in a variety of areas such as the
generation of hard x rays, neutrons, electrons, and high-
energy ions. The laser-accelerated ion beams have specific
characteristics, such as high collimation and high particle
flux, which make them very attractive for possible applica-
tions in controlled nuclear fusionf1,2g, material sciencef3g,
the production of short-lived isotopes for medical diagnostics
f4g, and hadron therapyf5,6g.

Many previous experimental studiesf7–9g have been di-
rected toward the understanding of different mechanisms of
fast proton-ion generation during the interaction of ultrahigh-
intensity laser pulses with thin solid structures. Metallic as
well as insulator targets were used with a thickness ranging
from a few mm to more than 100mm. The origin of the
observed ions and the mechanism of their acceleration still
remain matters of debate. The ions are either created and
accelerated at the front surface directly illuminated by the
incident laserf7g or at the rear surface, where acceleration
occurs through the electrostatic field, generated by the space-
charge separationf10,11g. It is likely that the particular ex-
perimental conditionssthe influence of the laser pedestal and
the target propertiesd will determine the acceleration scheme,
although in some experimentsf9,12g it has been unequivo-
cally shown that proton acceleration occurs at the back sur-
face of the target.

The initially proposed theoretical model for ion accelera-
tion at the back surface of the target heavily relied on the
notion of quasineutral plasma expansion into vaccum
f13,14g. In this model the accelerating electric field is gener-
ated due to space-charge separation in a narrow layer at the
front of the expanding plasma cloud, which is assumed to be
neutral. In the interaction of ultrashort and ultraintense laser
pulses with a solid structure, the assumption of quasineutral-
ity must be abandoned. The results of computer simulations
f15,16g suggest that the interaction of petawatt laser pulses
with plasma foils leads to the formation of extended regions
where plasma quasineutrality is violated, a factor that has to
be taken into account when considering ion acceleration by

ultraintense pulses. In Ref.f17g the authors described the
electric field structure created by two populations of elec-
trons, each following a Boltzmann distribution with different
thermal energies. The effects of charge separation have been
taken into account by solving Poisson equationsswith two-
temperature electron componentsd for the electrostatic poten-
tial distribution inside the foilswhere ions are presentd and
outside of itswhere only electrons resided. The limitation of
this approach lies in the fact that it inherently provides a
time-independent description, whereas for a quantitative es-
timation of ion energies knowledge of the temporal evolution
of the electric field profile is required. In this respect the
treatment suggested in Ref.f18g offers a possibility for ob-
taining the spatiotemporal evolution of the self-consistent
electrostatic field, leading to an estimation of the maximum
energy that ions can acquire in the field.

There are several examples of efficient proton-ion accel-
eration under the condition of strong charge separation. One
of them is the Coulomb explosion of an ion clusterf19g. A
laser pulse interacting with the target expels electrons, thus
creating a strong electric field inside the foil, which plays a
key role in the ion acceleration process. In other casesf20g,
protons are accelerated by the electric fieldstime indepen-
dentd of the ionized target and their dynamics can be de-
scribed by using the test-particle approximation approach.
The multilayer target system and, more specifically, the two-
layer one are perfect examples of this particular acceleration
scheme. In this structure the first layer consists of heavy ions
of massmi and specific ionization stateZi and the second
layer sattached to its back surfaced consists of ionized hydro-
gen. Under the action of the laser ponderomotive force, elec-
trons escape from the target, leaving behind a charged layer
of heavy ions. If the ion mass is much larger than that of the
proton, the dynamics of the ion clustersCoulomb explosiond
is usually neglected during the effective acceleration time of
protons. During this time period, the electric field of the ion
cluster is considered to be time independent and one is left
with the problem of proton acceleration in a stationary, but
spatially inhomogeneous electric field.

In reality, however, the proton acceleration time is rela-
tively long st,100/vped and the influence of both the self-
consistent electron dynamics and the ion cluster explosion
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renders the electric field time dependent. As a result, the
maximum proton energy becomes a function of the physical
properties of the clusterse.g., ion mass, charge stated.

In this paper, we investigate the influence of the cluster’s
characteristics on the accelerating electric field and the maxi-
mum proton energy using particle-in-cellsPICd simulations
of laser interaction with a double-layer target. In Sec. III, we
present a theoretical model of electric field evolution that
accounts for the influence of the Coulomb explosion effect.
The model is based on a solution of one-dimensionals1Dd
hydrodynamic equations for electron and ion components.
The results obtained within the realm of this model explain
the correlation between the physical parameters of the heavy-
ion layer on the one hand and the structure of the electric
field and maximum proton energy on the other.

II. RESULTS OF COMPUTER SIMULATIONS

A 2D PIC numerical simulation codef21,22g was used to
describe the interaction of a high-power laser pulse with a
double-layer target. The PIC simulation is an indispensable
tool allowing the characteristic features of laser interactions
with plasmas to be revealed, specifically in cases where the
contribution of nonlinear and kinetic effects makes the mul-
tidimensional analytical approach extremely difficult. In this
paper we consider the acceleration of protons in the interac-
tion of a laser pulse with a double-layer target. The calcula-
tions were performed in a 20483512 simulation box with
grid sizeD=0.04mm and total number of simulated quasi-
particles 43106. Periodic boundary conditions for particles
and electromagnetic fields have been used. In order to mini-
mize the influence of the boundary conditions on the out-
come of the simulations the maximum simulation time was
set to 80/vpe<225 fs, wherevpe is the electron plasma fre-
quency averaged over the simulation box. Several types of
targets with different electron-to-ion mass ratios and ioniza-
tion states have been investigated. It is worth noting that the
ionization state of ions should be calculated from the solu-
tion to the wave equation for a given multielectron system in
the presence of an ultrahigh-intensity laser pulse, a difficult
task for any system with two or more electronsf23g. There-
fore, the ion charge state is considered to be a parameter
rather than a calculated value in this work.

Figure 1 shows the schematic diagram of the double-layer
target. The system consists of 0.4-mm-thick high-density
sne.6.431022 cm−3d heavy-ion foil with a 0.16-mm-thick
low-density sne.2.831020 cm−3d hydrogen layer attached
to its back surface. The target was positioned in the middle
of the simulation box with the laser pulse entering the inter-
action region from the left. The electric field of the laser
pulse is polarized along they axis with a dimensionless am-
plitudea=eE0/mevc=30, which corresponds to a laser peak
intensity of 1.931021 W/cm2 for a laser wavelength ofl
=0.8 mm. The laser pulse was Gaussian in shape with length
sdurationd and width sbeam diameterd of 15l and 8l ffull
width at half maximumsFWHMdg, respectively, which cor-
responds to approximately a 890-TW system.

In Fig. 2 the spatial distribution ofEx slongitudinald and
Ey stransversed components of the electric field is presented
at t=40/vpe. Even though the target thickness is much larger
than the collisionless skin depthd=c/vpe, the incident pulse
splits into reflected and transmitted components due to the
relativistic decrease of the electron plasma frequencyf24g.
As a result, a part of the laser energy goes through the over-
critical density target. The longitudinal electric field, which
accelerates protons, extends over large spatial distances on
both sides of the target. This field is created by the expanding
electron cloud accelerated in the forward and backward di-
rections by the propagating laser pulse. Figure 3 shows the
energy distributions ofsad electrons,sbd protons, andscd
heavy ions att=32/vpe for different values of the structural
parameter of the substrate,x=Zime/mi. It can be seen that
the electron and heavy-ion energy spectra resemble a qua-
sithermal distribution whereas the proton energy spectrum
has a quasimonoenergetic shape with a characteristic energy
depending on the value ofx. In Ref. f25g it is shown that in
a double-layer target geometry a high-quality proton beam
can indeed be generated. When a laser pulse interacts with
the target, both the heavy atoms in the first layer and the
hydrogen atoms in the second are ionized; a plasma sand-
wich structure is thus created, consisting of the high-Z
heavy-ion plasma and the ionized hydrogen “attached” to its
back surface. Under the action of the ponderomotive force,
some electrons are expelled from the plasmasin the forward
and backward directionsd, thus producing a longitudinal elec-
tric field that accelerates the thin layer of protons. If the
number of protons in this layer is sufficiently small, the lon-
gitudinal electric field is not significantly perturbed. Under
this condition the protons are accelerated by the electric field
created between the charged heavy-ion layer and the fast
electron cloudf20g. In this case a thinner proton layer results
in a narrower energy spread of the accelerated protons. This
is due to the fact that at any given time the protons in a
narrow slab experience almost the same accelerating electric
field. This peculiarity in the proton dynamics can also be
seen from the spatial distributions of the particles shown in
Fig. 4 for sad electron, sbd proton, and platinum-ionsZi

=4,mi /mp=195d densities in thesx,yd plane. At time t
=32/vpe the proton layer is already detached from the high-
Z target and travels almost undistorted in a forward direction.
At the same time, the heavy-ion layer is expanding at a much
slower rate due to its greater mass. The characteristic re-
sponse time of ions is on the order of ion plasma frequency

FIG. 1. Schematic diagram of the laser-target system. The target
consists of a high-density heavy-ion slab with a low-density hydro-
gen layer attached to its back surface.
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1/vpi=Îmi /4pe2n0Zi
2, wheren0 is the ion density. Once the

electrons have left the target, the ion layer begins to expand
under the action of the Coulomb repulsive forces. Even
though the ion response time is longer than that of protons,
its dynamics will inevitably influence the longitudinal elec-
tric field, thus affecting the acceleration of the proton beam.
As one can see from Fig. 3 a larger value of the parameter
x=Zime/mi results in a more effective proton accelerationsa
nearly 50% increase for carbon substrate compared to the
platinum one, assuming the same ionization stateZi =4d. In

other words, a more robust ion expansion leads to a more
efficient proton acceleration. At first, this result seems some-
what counterintuitive since ion expansion is accompanied by
a reduction of the longitudinal electric fieldsthat electric
field energy partly transforms into the kinetic energy of the
expanding ionsd and should presumably lead to lower proton
energies. A simple estimation of the maximum proton energy
can be ascertained from the picture suggested in Ref.f20g
where the longitudinal electric field of the charged layer of
heavy ions is approximated by that created by a charged

FIG. 2. Distribution of sad the longitudinal
sExd and sbd the transversesEyd components of
the electric field in thesx,yd plane att=40/vpe.
The target is initially located atx/D=1025.
vpe<3.5731014 s−1, andD=4310−8 m.
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ellipsoid with its major semiaxis equal to the transverse di-
mension of the targetR0 and its minor semiaxis equal tol s2l
is the thickness of a targetd. In this case the longitudinal
electric field and the electrostatic potential have the forms
f26g

Exsxd =
8pen0ZilR0

2

3

1

sR0
2 − l2 + x2d

, s1d

fsxd =
4pen0ZilR0

2

3ÎR0
2 − l2

arctanFÎR0
2 − l2

x
G . s2d

The maximum kinetic energy that a proton acquires in this
field equals its potential energy at the surface of the target.
Under the assumption that the target thickness is much less
than its transverse dimension one obtains

E < 2pZie
2n0lR0. s3d

This estimation gives an upper limit to the maximum proton
energy, which can be attained under the assumption that all
electrons escape from the target, acquiring enough kinetic
energy to overcome the attractive electric fieldsso that they
never return to the targetd. In reality, howeversfor laser in-
tensity used in our simulationsd, only a small fraction of
electrons escape the target. The rest remain in the vicinity of

the target with some of them performing a rather compli-
cated oscillatory motionssee next sectiond. This effect
greatly reduces the total charge density in the foil, thus sub-
stantially lowering the maximum proton energy estimated by
Eq. s3d. Naturally, Eq.s3d can not explain the dependence of
the proton energy on the ion mass and ionization state of the
foil sfor a given initial electron densityd. The combination of
both the Coulomb explosion of the target and the electron
dynamics in a self-consistent electric field renders the field
time dependent in contrast with the simplified model offered
by Eq. s1d. Logically, the dependence of the maximum pro-
ton energy on the target parameters can only come from the
influence of the ion motion on the longitudinal electric field.
Figure 5 shows the electric field profile as a function of the
distance from the target in the longitudinal directionsthat
direction of proton accelerationd at t=32/vpe for three dif-
ferent ion-to-proton mass ratios, but otherwise the same ion-
ization state ofZi =4. As one can see the electric field struc-
ture is such that its magnitude at the surface of the expanding
heavy-ion layersthe point where the electric field starts de-
creasing with distanced increases with the ion masssbecause
of the less efficient conversion of the field energy into the
kinetic energy of ionsd. On the other hand, farther away from
the target the electric field exhibits an opposite trend in
which its value decreases with increasing ion-to-proton mass
ratio. Since a layer of protons quickly leaves the surface of

FIG. 3. Energy distributions ofsad electrons,sbd protons, andscd heavy ions att=32/vpe for three different values of the structural
parameterx. vpe<3.5731014 s−1.
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the targetsbefore any significant target expansion occursd,
the field distribution beyond the foil will ultimately deter-
mine the maximum proton energy.

III. FORMULATION OF THE PROBLEM

Let us consider the problem of proton acceleration in the
self-consistent electric field created by the expanding elec-
tron and heavy-ion clouds. Our specific goal is to evaluate

the influence of the Coulomb explosion effect on the struc-
ture of the accelerating electric field. Since the interaction of
a high-intensity laser pulse with plasma constitutes an ex-
tremely complicated physical phenomenon, we will consider
a somewhat simplified physical picture that could allow us to
clarify certain aspects related to the evolution of the longitu-
dinal electric field.

We assume that electrons are initially located inside the
target with a flat density distributionne=Zin0usl /2−uxud,

FIG. 4. Spatial distributions of thesad elec-
tron, sbd proton, and platinum-ion densities in the
sx,yd plane att=32/vpe. The target is initially
located atx/D=1025.vpe<3.5731014 s−1, and
D=4310−8 m.
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wherene,0=Zin0 andusxd is the Heaviside unit-step function.
Under the action of a high-intensity short laser pulse, the
electrons gain longitudinal relativistic momentumpe,0. This
momentum in general is a function of the initial electron
positionxis0d. For the sake of simplicity we assume a model,
in which half of the electronsslocated in the interval 0,x
, l /2d gains momentumpe,0 from the laser pulse and the
other half slocated in the interval −l /2,x,0d gains nega-
tive momentum −pe,0. This model is somewhat descriptive of
the electron fluid motion due to its interaction with the laser
pulse where the forward-moving particles correspond to
those that are accelerated by the ponderomotive force, while
the backward-moving electrons are extracted in the opposite
direction due to the process known as “vacuum heating”
f27,28g. This assumption constitutes a considerable simplifi-
cation in the description of the initial electron fluid momen-
tum distribution. Nonetheless, it should properly describe the
relevant physical mechanisms of electric field evolution.

A. Self-consistent evolution of electron cloud

The expansion of plasma into the vacuum can be de-
scribed by using one-dimensional hydrodynamic equations
for electron and ion components. As mentioned earlier, it is
assumed that the proton layer does not perturb the generated
electric field. In this case the equations of hydrodynamics for
both components are

]ne

]t
+

]sneved
]x

= 0, s4ad

]pe

]t
+ ve

]pe

]x
= − eEsx,td, s4bd

]ni

]t
+

]snivid
]x

= 0, s4cd

]vi

]t
+ vi

]vi

]x
=

Zie

mi
Esx,td, s4dd

]E

]x
= 4pefZinisx,td − nesx,tdg, s4ed

wherene andni are the electron and ion densities andve and
pe are the electron velocity and momentum related through
the expressionve=cpe/ sme

2c2+pe
2d1/2. In Eq. s4dd we assume

nonrelativistic ion kinematics during the course of the Cou-
lomb explosion.

In order to solve Eqs.s4d we switch from the Euler vari-
ablessx,td to those of the Lagrangesx0,td f29g, wherex0 is
the electron fluid element coordinate att=0. Both sets of
coordinates are related through the following expression:

xsx0,td = x0 + jesx0,td, s5d

wherejesx0,td is the displacement of the electron fluid ele-
ment from its initial positionx0 at time t. In the new vari-
ables Eqs.s4d read

ñesx0,td = nesx,td = ñesx0,0d
]x0

]x
, s6ad

] p̃esx0,td
]t

= − eẼsx0,td, s6bd

]ñi

]t
− ve

]x0

]x

]ñi

]x0
+

]sñivid
]x0

]x0

]x
= 0, s6cd

]vi

]t
− sve − vid

]vi

]x0

]x0

]x
=

Zie

mi
Ẽsx0,td, s6dd

]Ẽ

]x0

]x0

]x
= 4peSZiñisx0,td − ñesx0,0d

]x0

]x
D , s6ed

where the tilde is used to designate functions in the new
variablessx0,td; ve=]je/]t and vi are the electron and ion
fluid velocities, andñesx0,0d=nesx,0d is the initial electron
density. As one can see, the form of the hydrodynamic equa-
tions for the electron fluid component is greatly simplified in
the new variables, whereas the equations for the ions are
somewhat more complex compared to those expressed
through variablessx,td. Because of the smallness parameter
x=Zime/mi !1, the ion motion in Eqs.s6d is considered a
perturbation to the zeroth-order solution, which corresponds
to the case of motionless ions. The solution to Eqs.s6d with
vi =0 and ñisx0,td=nsx,0d=n0usl /2−uxud was obtained in
Ref. f18g and for the case of constant initial electron momen-
tum distribution are given by the expressions

Ẽsx0,td = − 4peZin05
l

2
− x0,

l

2
, x0 + je,

jesx0,td, ux0 + jeu ,
l

2
,

−
l

2
− x0, x0 + je , −

l

2
,

s7d

FIG. 5. Longitudinal electric field profileExsx,Ly/2d as a func-
tion of x at t=32/vpe for three different ion-to-proton mass ratios
and the same ionization stateZi =4. vpe<3.5731014 s−1 and D
=4310−8 m.
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pesx0,td < 5pe,0 cosSvpet

G
D , t ø t* ,0 , x0 + je ,

l

2
,

pe,0 cos1S l

2
− x0Dvpe

ve,0G
2 +

ksx0d
ve,0

S l

2
− x0 − ve,0tD,

t . t* ,x0 + je .
l

2
,

s8ad

j
e
sx

0
,td <





G

c

v
pe

arctan3 p
e,0

sinSv
pe

t

G
D

Îm
e

2c2 + p
e,0

2 cos2Sv
pe

t

G
D4 , t ø t* ,

S l

2
− x

0D +
c

ksx
0
d
1!m

e

2c2 + p
e,0

2 cos21S
l

2
− x

0Dv
pe

v
e,0

g
22

1 −!m
e

2c2 + 3p
e,0

cos1S
l

2
− x

0Dv
pe

v
e,0

g
2 +

ksx
0
d

v
e,0

S l

2
− x

0
− v

e,0
tD4

2

2 ,
t . t* ,

s8bd

ksx0d = 4pZie
2n0S l

2
− x0D ,

wheret* <sl /2−x0d /ve,0sve,0<cd is the transit time during
which electrons are inside the targets0,x, l /2d andGspe,0d
is a parameter that depends only on the initial electron mo-
mentumpe,0. Its value is found from the numerical solution
of Eq. s6bd for the case when electrons are inside the target
and its simple analytical formGspe,0d=f1+aspe,0/mecd2gb is
shown in Fig. 6. Equationss8d describe only the electrons
that satisfy the following condition:

Gspe,0d
c

vpe
arctanF pe,0

mec
G .

l

2
− x0,

which ensures that an electron reaches the boundary of the
targetssome electrons that are initially located deeply inside
the target may not reach its surfaced. It should be noted here
that Eqs.s8ad and s8bd are somewhat different from those
published in Ref.f18g due to accounting for the finite time
required for electrons to leave the target. As one can see, at
time

tmax=
pe,0

ksx0d
cos3S l

2
− x0Dvpe

ve,0G
4 +

l

2
− x0

ve,0
,

the electron fluid displacement reaches the maximum value

j
max

=S l

2
− x

0D +
c

ksx
0
d

35!m
e

2c2 + p
e,0

2 cos23S
l

2
− x

0Dv
pe

v
e,0

G
4 − m

e
c6

and decreases afterwards. Eventually the electron fluid ele-
ment returns to the target and reappears on the other side.
Thus the general dynamics of the electron component can be
described as an oscillatory motion around the target. The
return time or the period of oscillations depends on the initial
position x0 of the fluid element. Electrons that initially are
closer to the boundary of the plasma slabfsl /2−x0d→0g
have longer return times. The presence of this asynchronicity
in the electron fluid motion quickly leads to a “mixing” of
the initially sset by the initial conditionsd “ordered” electron
trajectories. After a few tens of plasma period cycles the
electron phase space and density distributions evolve in such
a way that the majority of electrons are localized around the
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target, considerably shielding its charge. Figure 7 shows the
phase-spacesad and densitysbd distributions of electrons at
time t=150/vpe obtained from 1D PIC simulations. As men-
tioned earlier, the initial condition for the electron momen-
tum distribution waspe,0sxd=sgnsxdusl /2−uxud10mec. Figure
7sad also shows the 1D PIC simulation results of the electron
phase-space distribution for the case when laser dynamics is
included. As one can see, the “idealized” model of the initial
electron momentum distribution adopted in this work leads
to almost the same final electron phase-space distribution as
that calculated with the laser pulse present. The late-time
phase-space distribution clearly shows the formation of an
electron cloud concentric with the expanding ion layer hav-
ing a rather broad momentum distribution. One can also see
an electron structure at a distance from the target propagating
away from it with velocity nearly equal tove,0. These are the
particles that have originated at a front of the electron cloud
sux0u→ l /2d.

B. Coulomb explosion and the electric field structure beyond
the target’s surface

The Coulomb explosion of the target, which leads to the
gradual expansion of the ion layer, renders the ion density
time dependent. According to Eq.s4ed, the change in ion
density will inevitably influence the longitudinal electric
field profile. The electric field distributionfsee Eq.s7dg cal-
culated in the previous section assumes an infinite ion mass
sx=0d. Therefore, in order to find out how the field structure
changes with the expanding ion layer, one needs to obtain the
spatial and temporal evolution of ion density. Its develop-
ment is governed by the action of the electric field inside the
target. Under the assumption that the electrons have left the
target, the self-consistent ion evolution can be found from
the solution to the 1D ion hydrodynamic equations. As in the
previous section, it is advantageous to work in a Lagrange
representation, where the connection between both coordi-
nates is expressed through the ion fluid element displace-
ment:

xsx0,td = x0 + jisx0,td. s9d

The ion hydrodynamic equations in the Lagrange coordinates
have the following form:

ñisx0,td = nisx,td = ñisx0,0d
]x0

]x
, s10ad

]2jisx0,td
]t2

=
Zie

mi
Ẽinsx0,td, s10bd

]Ẽin

]x0
= 4peZiñisx0,0d, s10cd

whereEin denotes the electric field inside the target. For a flat
initial density distributionñisx0,0d=n0usl /2−ux0ud, the solu-
tion of Eqs.s10d has the form

Ẽinsx0,td = 4pen0Zix0, s11ad

FIG. 6. The numerically obtained parameterG approximated by
the simple expressionGsp̃e,0d=s1+ap̃e,0

2 db, wherea=0.691s4d, b
=0.2481s2d, and p̃e,0 is the normalized electron initial momentum.

FIG. 7. Electron phase-space spectrumsad for the “idealized”
initial electron momentum distributionsleftd at t=150/vpe and that
calculated with the laser pulse presentsrightd at t=300/vpe; density
distributionssbd for electronsssolid lined and ionssdotted lined at
t=150/vpe. The initial electron momentum distributionpe,0

=10mec for s0,x, l /2d and pe,0=−10mec for s−l /2,x,0d. vpe

=431014 s−1 andD=7.5310−7 m.
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jisx0,td = x
vpe

2

2
t2x0. s11bd

As seen from Eq.s11ad, the electric field vanishes in the
middle of the target and linearly increasessin absolute valued
away from it. Using Eq.s11bd and relations9d one can ex-
press the electric field and the ion density through the Euler
variablessx,td to give

nisx,td =
n0

1 +
xvpe

2 t2

2

u1 l

2
−

uxu

1 +
xvpe

2 t2

2
2 , s12ad

Einsx,td =
4pZien0x

1 +
xvpe

2 t2

2

, uxu ø
l

2
S1 +

xvpe
2 t2

2
D , s12bd

Eoutsx,td = ± 4pZien0
l

2
, uxu .

l

2
S1 +

xvpe
2 t2

2
D .

s12cd

Equations12ad describes the evolution of 1D ion slabs under
the action of the Coulomb repulsive forcesCoulomb explo-
siond.

As mentioned earlier, the simulation results suggest that
the maximum kinetic energy of the accelerated protons is
determined by the structure of the longitudinal field beyond
the surface of the target. Therefore we are interested in the
spatio temporal evolution of the electric field near the front
of the expanding electron cloud. The initial conditions for
these electrons arex0→ l /2 and their displacementjesx0,td
for l /2,x0+jesx0,td takes the form

jesx0,td < ve,0t −
vpe

2 t2

2S1 +
pe,0

2

me
2c2D3/2S l

2
− x0D . s13d

Equations13d was obtained from the solution, Eq.s8bd, in
the limit l /2−x0→0 and together with the definitions5d con-
stitutes the inversion procedure, which allows one to go back
to Euler coordinatessx,td and determine the electric field
structuresin x,t coordinatesd at the front of the electron cloud
as presented in Ref.f18g. The calculated field distribution,
however, does not reflect the influence of the ion motion. In
order to obtain the contribution of ions, one has to go on to
the next order in the expansion of the electric field in the
smallness parameterx by substituting the density distribution
function from Eq.s12ad into Eq. s6ed:

]Ẽ

]x0
= 4peZin03 1

1 +
xvpe

2 t2

2

u1 l

2
−

x0 + jesx0,td

1 +
xvpe

2 t2

2
2F1

+
]jesx0,td

]x0
G − uS l

2
− x0D4, for

l

2
, x0 + jesx0,td.

s14d

Using the Lagrange displacement for the electrons given
by Eq. s13d we integrate Eq.s14d to arrive at

Ẽsx0,td = 4pZien01 l

2
− x0 −

ve,0t −
lvpe

2 t2

4F

1 +
xvpe

2 t2

2

+ Cstd2 ,

whereF=s1+pe,0
2 /me

2c2d3/2 andCstd is an arbitrary function
of time appearing as a result of indefinite integration. Its
form can be found from the requirement that whenx=0, the
electric field has to be equal to that given by Eq.s7d. There-
fore, the structure of the electric field at the front of electron
cloud is

Ẽsx0,td = 4pZien01 l

2
− x0 +

Sve,0t −
lvpe

2 t2

4F
Dxvpe

2 t2

2

1 +
xvpe

2 t2

2
2 .

s15d

As one can see, the incorporation of the ion motion into the
hydrodynamic description of both components renders the
longitudinal electric fieldsat the front of expanding electron
cloudd dependent on the physical parameters of the ions. The
dependence is such that a larger value of the parameterx
results in larger electric field; for relativistic electrons,ve,0t
. lvpe

2 t2/ s4Fd for t,t,1000/vpe. This increase in the field
strength will inevitably lead to higher proton energy, which
was also observed in the 2D PIC simulationsssee Fig. 3d.
One must note, however, that Eq.s15d was obtained under
the assumption that electrons do not return to the target. As
we discussed in the previous section, the majority of elec-
trons will eventually come back, performing complicated os-
cillatory motion around the slab. The presence of these elec-
trons will shield part of the total charge in the target,
reducing its effective charge density. This leads to an over-
estimation of the contribution of ion motion, but its depen-
dence on the physical characteristics of the target should re-
main intact.

IV. CONCLUSIONS

Using PIC simulations and a hydrodynamic analytical
model, we have investigated the proton acceleration during
the interaction of petawatt laser pulses with double-layer tar-
gets. The main purpose of this work is to quantitatively un-
derstand the role the heavy-ion slab plays in the efficiency of
the proton acceleration—more specifically, the influence of
the Coulomb explosion effect on the longitudinal electro-
static field. As electrons are expelled from the target, a strong
electrostatic field is generated in the region between the tar-
get’s surface and the front of the expanding electron cloud.
The spatial and temporal evolution of this field is determined
by both the ion dynamics inside the targetsthe Coulomb
explosiond and the self-consistent electron dynamics outside
of it. PIC simulation results suggest that more robust ion
expansion leads to more energetic protons. The simulated
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longitudinal electric field profile exhibits a trend in which a
larger value of a parameterx=Zime/mi leads to larger values
of the electric field in the region beyond the target’s surface.
This increase in the field strength will ultimately lead to
more energetic protons. Up to 50% difference in the maxi-
mum proton energy was observed for the carbon substrate
versus that made of platinum, but otherwise the same ioniza-
tion state. With the help of a simplified 1D hydrodynamic
model, we obtain the electric field profile at the front of the
expanding electron cloud and find that indeed taking into
account the ion motion in the hydrodynamic description of
electron-ion plasma leads to an increase in the electric field
strength in the region beyond the surface of the target. One
important point, however, is related to the role of the elec-
trons in the overall evolution of the electric field. If there
were no electrons present, the electric field inside the ex-
panding ion target would be lower for substrates with larger
values of the structural parameterx, whereas its magnitude
outside the target’s surface would be the same, irrespective
of the value ofx, as can be seen from Eqs.s12bd ands12cd.
This would eventually lead to lower energies for the accel-
erated protons, which contradicts the simulation results as
well as the analytical predictions. Thus, the observed in-
crease in the magnitude of the electric field beyond the tar-
get’s surface is a result of the combined dynamics of both the
ion and electron components.

We would also like to briefly touch on the issue of
whether theoretically predicted dependence of the final pro-
ton energy on the substrate structural parameter has been
observed in experimental investigations. There have been a
number of experimental studies of proton acceleration by
high-power lasers. Plastic as well as metallicsAl, Aud sub-
strates were used. The resulting proton energy differed by
not only its maximum value, but also the shape of energy
distributions. Different experiments had different target
thicknesses, prepulse contrast ratios, and peak laser intensi-
ties, making it virtually impossible to unequivocally link the
measured proton spectrum to the characteristics of the sub-
strates used in the investigations. Thus, in order to be able to
observe the effect described in this paper, one needs to assure
that the same laser pulse characteristics and target thick-
nesses are used.

There are several important issues that are not included in
the present analysis. As already mentioned, the ionization
state of ions is treated as a parameter, rather than a calculated
value. On a qualitative level it is feasible to ascertain that for
a given laser intensity, the substrates with larger atomic
masses can be ionized to higher ionization states. Whereas in
order to quantitatively predict which substrate will maximize
the proton energy, one needs a reliable calculation method
for the effective atomic ionization state. In this respect the
work by Augstet al. f23g scarried out for noble gasses onlyd
can be used as a possible starting point to further investigate
other elements.

Another issue that has not been taken into account in the
simulations is related to the collisional effects. The electron-
ion collisions in the presence of laser light lead to inverse
bremsstrahlung heating of the electron component, introduc-
ing an extra mechanism for absorption of the light. Colli-
sional effects may also be important in the description of
normal and anomalous skin effects, thus influencing the frac-
tion of laser light that gets transmitted through the target.

The final point we would like to mention is related to the
dimensionality of the considered problem and how it might
affect the present results. It is known that 2D PIC simula-
tions are quantitatively different from those in 3D due to the
difference in the form of the Coulomb interaction potential
between the elementary chargessf, ln r in 2D versusf
,1/r in 3Dd. One ramification of this salient point lies in a
fact that the maximum proton energy predicted by 2D simu-
lations is overestimated compared with the 3D simulation
model. Another important question is whether the predicted
dependence of the maximum proton energy on the substrate
structure parameterx will be observed in 3D simulations.
Since both the 1D theoretical model and 2D simulations pre-
dict the existence of this feature, one is led to a conclusion
that this effect will be present in 3D modeling, a proof of
which is left for our future investigations.
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