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Coulomb explosion effect and the maximum energy of protons accelerated by high-power lasers
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The acceleration of light iongrotons 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
(protong depends on the physical characteristics of a heavy-ion I@fectron-ion mass ratio and effective
charge state of the iopndn our theoretical model, the hydrodynamic equations for both electron and heavy-ion
species are solved and the test-particle approximation for the light(mosong 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 ultraintense pulses. In Refl7] the authors described the
electric field structure created by two populations of elec-

The problem of the interaction of ultrahigh-intensity laser h followi | distributi ith diff
pulses with plasmas has attracted considerable interest duetLQnS' each following a Boltzmann distribution with different

its promising applications in a variety of areas such as thdn€rmal energies. The effects of charge separation have been
aken into account by solving Poisson equationih two-

generation of hard x rays, neutrons, electrons, and hight- I st the el .
energy ions. The laser-accelerated ion beams have specifgMPerature electron componerfisr the electrostatic poten-

characteristics, such as high collimation and high particlé'® ql(ijstribfu_tionhinside Ithelfoil(where ipnﬁ_ﬁrel_pr_eSQMnci
flux, which make them very attractive for possible applica-?hu.tSI eo 't(‘;]" lgre on ﬁ/qe ?ctrtotnhs tre_f,l)_jeh e |{|n|tat|onlé)
e o e et . e S Sl 1 DSt it ity boves
the production of short-lived isotopes for medical d'agnosucstimation of ion energies knowledge of the temporal evolution
[4], and hadron therapyb,6].

; . : . of the electric field profile is required. In this respect the
Many previous experimental studigg-9] have been di-  yoaiment suggested in RétL8] offers a possibility for ob-

rected toward the understanding of different mechanisms ining the spatiotemporal evolution of the self-consistent

fast proton-ion generation during the interaction of ultrahigh-g|ecirostatic field, leading to an estimation of the maximum
intensity laser pulses with thin solid structures. Metallic asgnergy that ions can acquire in the field.
well as insulator targets were used with a thickness ranging There are several examples of efficient proton-ion accel-
from a few um to more than 10@m. The origin of the  eration under the condition of strong charge separation. One
observed ions and the mechanism of their acceleration stithf them is the Coulomb explosion of an ion clusf&g]. A
remain matters of debate. The ions are either created andser pulse interacting with the target expels electrons, thus
accelerated at the front surface directly illuminated by thecreating a strong electric field inside the foil, which plays a
incident laser{7] or at the rear surface, where accelerationkey role in the ion acceleration process. In other c426k
occurs through the electrostatic field, generated by the spacprotons are accelerated by the electric fiétiche indepen-
charge separatiofi0,11]. It is likely that the particular ex- den} of the ionized target and their dynamics can be de-
perimental conditiongthe influence of the laser pedestal andscribed by using the test-particle approximation approach.
the target propertieswvill determine the acceleration scheme, The multilayer target system and, more specifically, the two-
although in some experimen8,12] it has been unequivo- layer one are perfect examples of this particular acceleration
cally shown that proton acceleration occurs at the back suischeme. In this structure the first layer consists of heavy ions
face of the target. of massm;, and specific ionization statg and the second
The initially proposed theoretical model for ion accelera-layer (attached to its back surfaceonsists of ionized hydro-
tion at the back surface of the target heavily relied on thegen. Under the action of the laser ponderomotive force, elec-
notion of quasineutral plasma expansion into vaccuntirons escape from the target, leaving behind a charged layer
[13,14]. In this model the accelerating electric field is gener-of heavy ions. If the ion mass is much larger than that of the
ated due to space-charge separation in a narrow layer at tipgoton, the dynamics of the ion clustéoulomb explosion
front of the expanding plasma cloud, which is assumed to bés usually neglected during the effective acceleration time of
neutral. In the interaction of ultrashort and ultraintense laseprotons. During this time period, the electric field of the ion
pulses with a solid structure, the assumption of quasineutrakluster is considered to be time independent and one is left
ity must be abandoned. The results of computer simulationgith the problem of proton acceleration in a stationary, but
[15,16] suggest that the interaction of petawatt laser pulsespatially inhomogeneous electric field.
with plasma foils leads to the formation of extended regions In reality, however, the proton acceleration time is rela-
where plasma quasineutrality is violated, a factor that has ttively long (t~100/w,¢) and the influence of both the self-
be taken into account when considering ion acceleration bgonsistent electron dynamics and the ion cluster explosion
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Heavy ions_ Figure 1 shows the schematic diagram of the double-layer
z target. The system consists of Qun-thick high-density
A\ (Ne=6.4x 10°?cm3) heavy-ion foil with a 0.16am-thick

low-density (n,=2.8x 10?°cm™3) 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 theaxis with a dimensionless am-

%\ plitude a=eEy/ mewc=30, which corresponds to a laser peak

Laser pulse

—

intensity of 1.9< 10?* W/cn?¥ for a laser wavelength of
=0.8 um. The laser pulse was Gaussian in shape with length
(duration and width (beam diameterof 15\ and 8\ [full

FIG. 1. Schematic diagram of the laser-target system. The targ®¥idth at half maximum(FWHM)], respectively, which cor-

consists of a high-density heavy-ion slab with a low-density hydro-f€Sponds to approximately a 890-TW system.
gen layer attached to its back surface. In Fig. 2 the spatial distribution dE, (longitudina) and

E, (transverspcomponents of the electric field is presented

q he electric field fi d q A | hatt:40/wpe. Even though the target thickness is much larger
renders the electric field time dependent. As a result, taiuan the collisionless skin dep#i=c/ w,., the incident pulse

maximum proton energy becomes a function of the physicalyits into reflected and transmitted components due to the
properties of the clustefe.g., ion mass, charge state relativistic decrease of the electron plasma frequei2ey.

In this paper, we investigate the influence of the cluster'sag g result, a part of the laser energy goes through the over-
characteristics on the accelerating electric field and the maxiyitical density target. The longitudinal electric field, which
mum proton energy using particle-in-c¢éPIC) simulations  accelerates protons, extends over large spatial distances on
of laser interaction with a double-layer target. In Sec. Ill, wepoth sides of the target. This field is created by the expanding
present a theoretical model of electric field evolution thate|ectr0n cloud accelerated in the forward and backward di-
accounts for the influence of the Coulomb explosion effectyections by the propagating laser pulse. Figure 3 shows the
The model is based on a solution of one-dimensid&l)  energy distributions ofa) electrons,(b) protons, and(c)
hydrodynamic equations for electron and ion componentsheavy ions at=32/w,, for different values of the structural
The results obtained within the realm of this model explainparameter of the substratg=z;m,/m. It can be seen that
the correlation between the physical parameters of the heavyhe electron and heavy-ion energy spectra resemble a qua-
ion layer on the one hand and the structure of the electrigjthermal distribution whereas the proton energy spectrum
field and maximum proton energy on the other. has a quasimonoenergetic shape with a characteristic energy
depending on the value ¢f In Ref.[25] 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

A 2D PIC numerical simulation cod®1,22] was used to the target, both the heavy atoms in the first layer and the
describe the interaction of a high-power laser pulse with &ydrogen atoms in the second are ionized; a plasma sand-
double-layer target. The PIC simulation is an indispensabl&vich structure is thus created, consisting of the high-
tool allowing the characteristic features of laser interactiondieavy-ion plasma and the ionized hydrogen “attached” to its
with plasmas to be revealed, specifically in cases where thkack surface. Under the action of the ponderomotive force,
contribution of nonlinear and kinetic effects makes the mul-some electrons are expelled from the plagimahe forward
tidimensional analytical approach extremely difficult. In this and backward directionsthus producing a longitudinal elec-
paper we consider the acceleration of protons in the interadric field that accelerates the thin layer of protons. If the
tion of a laser pulse with a double-layer target. The calculanumber of protons in this layer is sufficiently small, the lon-
tions were performed in a 2048512 simulation box with  gitudinal electric field is not significantly perturbed. Under
grid sizeA=0.04 um and total number of simulated quasi- this condition the protons are accelerated by the electric field
particles 4x 10°. Periodic boundary conditions for particles created between the charged heavy-ion layer and the fast
and electromagnetic fields have been used. In order to minelectron cloud20]. In this case a thinner proton layer results
mize the influence of the boundary conditions on the outin a narrower energy spread of the accelerated protons. This
come of the simulations the maximum simulation time wasis due to the fact that at any given time the protons in a
set to 80k~ 225 fs, wherew,, is the electron plasma fre- narrow slab experience almost the same accelerating electric
guency averaged over the simulation box. Several types dfeld. This peculiarity in the proton dynamics can also be
targets with different electron-to-ion mass ratios and ionizaseen from the spatial distributions of the particles shown in
tion states have been investigated. It is worth noting that th&ig. 4 for (a) electron, (b) proton, and platinum-ionz;
ionization state of ions should be calculated from the solu=4,m/m,=195 densities in the(x,y) plane. At timet
tion to the wave equation for a given multielectron system in=32/w,, the proton layer is already detached from the high-
the presence of an ultrahigh-intensity laser pulse, a difficulZ target and travels almost undistorted in a forward direction.
task for any system with two or more electrd28]. There- At the same time, the heavy-ion layer is expanding at a much
fore, the ion charge state is considered to be a parametgtower rate due to its greater mass. The characteristic re-
rather than a calculated value in this work. sponse time of ions is on the order of ion plasma frequency

Hydrogen

Il. RESULTS OF COMPUTER SIMULATIONS

036412-2



COULOMB EXPLOSION EFFECT AND THE MAXIMUM .. PHYSICAL REVIEW E 71, 036412(2009

450.00

400.00

350.00

300.00

Y/A

250.00

200.00

150.00 -400.0

100.00

FIG. 2. Distribution of (a) the longitudinal
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1/wpi:\/m/47-re2nozi2, wheren, is the ion density. Once the other words, a more robust ion expansion leads to a more
electrons have left the target, the ion layer begins to expandfficient proton acceleration. At first, this result seems some-
under the action of the Coulomb repulsive forces. Everwhat counterintuitive since ion expansion is accompanied by
though the ion response time is longer than that of protonsa reduction of the longitudinal electric fielgthat electric

its dynamics will inevitably influence the longitudinal elec- field energy partly transforms into the kinetic energy of the
tric field, thus affecting the acceleration of the proton beamexpanding ionsand should presumably lead to lower proton
As one can see from Fi@ a larger value of the parameter energies. A simple estimation of the maximum proton energy
x=Zm./m; results in a more effective proton acceleratian can be ascertained from the picture suggested in [Réf.
nearly 50% increase for carbon substrate compared to thehere the longitudinal electric field of the charged layer of
platinum one, assuming the same ionization si&ted). In heavy ions is approximated by that created by a charged
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FIG. 3. Energy distributions ofa) electrons,(b) protons, andc) heavy ions at=32/wy for three different values of the structural
parametery. wpe=~3.57X 101 s7%,

ellipsoid with its major semiaxis equal to the transverse dithe target with some of them performing a rather compli-
mension of the targdR, and its minor semiaxis equal td?2l cated oscillatory motion(see next section This effect
is the thickness of a targetin this case the longitudinal greatly reduces the total charge density in the foil, thus sub-
electric field and the electrostatic potential have the formstantially lowering the maximum proton energy estimated by
[26] Eq. (3). Naturally, Eq.(3) can not explain the dependence of
) the proton energy on the ion mass and ionization state of the
E.(x) = 8menZilRgy 1 0 foil (for a given initial electron density The combination of
X 3 (RE-12+x?)’ both the Coulomb explosion of the target and the electron
dynamics in a self-consistent electric field renders the field
2 = 2 time dependent in contrast with the simplified model offered
% arcta{ VRG- ! ] 2) by Eq. (1). Logically, the dependence of the maximum pro-
SV’RS -2 ton energy on the target parameters can only come from the

influence of the ion motion on the longitudinal electric field.

'I_'he maximu_m klnetlc_energy that a proton acquires in thISFigure 5 shows the electric field profile as a function of the
field equals its potential energy at the surface of the targelyisiance from the target in the longitudinal directitthat

Under the assumption that the target thickness is much le%ﬁrection of proton acceleratiomt t=32/w,, for three dif-

than its transverse dimension one obtains ferent ion-to-proton mass ratios, but otherwise the same ion-
&~ 2wZ,nyRy. (3) izati(_)n state oTZi_:4. As one can see the electric field struc_—
ture is such that its magnitude at the surface of the expanding
This estimation gives an upper limit to the maximum protonheavy-ion layer(the point where the electric field starts de-
energy, which can be attained under the assumption that adreasing with distangencreases with the ion magsecause
electrons escape from the target, acquiring enough kinetiof the less efficient conversion of the field energy into the
energy to overcome the attractive electric fiéo that they kinetic energy of ions On the other hand, farther away from
never return to the targetin reality, however(for laser in-  the target the electric field exhibits an opposite trend in
tensity used in our simulationsonly a small fraction of which its value decreases with increasing ion-to-proton mass
electrons escape the target. The rest remain in the vicinity afatio. Since a layer of protons quickly leaves the surface of

d(x) =
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the target(before any significant target expansion ocgurs the influence of the Coulomb explosion effect on the struc-
the field distribution beyond the foil will ultimately deter- ture of the accelerating electric field. Since the interaction of

mine the maximum proton energy. a high-intensity laser pulse with plasma constitutes an ex-
tremely complicated physical phenomenon, we will consider
Ill. FORMULATION OF THE PROBLEM a somewhat simplified physical picture that could allow us to

clarify certain aspects related to the evolution of the longitu-
Let us consider the problem of proton acceleration in thedinal electric field.
self-consistent electric field created by the expanding elec- We assume that electrons are initially located inside the
tron and heavy-ion clouds. Our specific goal is to evaluatdarget with a flat density distributiom,=2Z;n,6(1/2-|x|),
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tion of x at t=32/w,, for three different ion-to-proton mass ratios

1200

p. are the electron velocity and momentum related through
the expressiom,=cp,/ (m2c?+p3)*2 In Eq. (4d) we assume
nonrelativistic ion kinematics during the course of the Cou-
lomb explosion.

In order to solve Eqsi4) we switch from the Euler vari-
ables(x,t) to those of the Lagrangexy,t) [29], wherex, is
the electron fluid element coordinate t&t0. Both sets of
coordinates are related through the following expression:

X(Xo,t) = Xo + £c(Xo, 1), (5

where &,(Xg,1) is the displacement of the electron fluid ele-
ment from its initial positionx, at timet. In the new vari-

and the same ionization stal=4. wpe~3.57X10s™ and A gples Eqs(4) read

=4x108m.

whereng o=Z;ny and #(x) is the Heaviside unit-step function.
Under the action of a high-intensity short laser pulse, the
electrons gain longitudinal relativistic momentusg,. This
momentum in general is a function of the initial electron
positionx;(0). For the sake of simplicity we assume a model,
in which half of the electronglocated in the interval € x
<I1/2) gains momentunpeo from the laser pulse and the
other half(located in the interval H2<x<0) gains nega-
tive momentum P, o. 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”

Reli) = 1a6.) =i, 0) 22,

ﬁ’be(X@ t)

ot

M, X o) % _

== eﬁE(XO!t) y

v
at IX IXo

Jv;
&_tl - (Ue_ Ui)

i % _ Zieg
X IX

Xy X

E(Xo,1),

(6a)

(6b)

(60)

(6d)

JIE %,

[27,28. This assumption constitutes a considerable simplifi- =97 _ 47Te<Ziﬁi(Xo,t) _ﬁe(XO-O)%))r (60)

cation in the description of the initial electron fluid momen-

AXg X

tum distribution. Nonetheless, it should properly describe the

relevant physical mechanisms of electric field evolution.

A. Self-consistent evolution of electron cloud

where the tilde is used to designate functions in the new
variables(xg,t); ve.=0&/dt andv; are the electron and ion
fluid velocities, andig(xy,0)=ny(x,0) is the initial electron

The expansion of plasma into the vacuum can be dedensity. As one can see, the form of the hydrodynamic equa-
scribed by using one-dimensional hydrodynamic equation§0NS for the glectron fluid component |s_greatly S|mpl!f|ed in
for electron and ion components. As mentioned earlier, it idhe new variables, whereas the equations for the ions are
assumed that the proton layer does not perturb the generaté@mewhat more complex compared to those expressed
electric field. In this case the equations of hydrodynamics fothrough variablegx,t). Because of the smaliness parameter

both components are

‘9_ne+ d(Neve) -

, 4
ot X (43
e IPe_ _

P + Ve PVl eE(x,t), (4b)
oni , d(nwy) _ 0 (40)
at X '

) (4c)

gt Ulox T m

x=Zm/m <1, the ion motion in Eqs(6) is considered a
perturbation to the zeroth-order solution, which corresponds
to the case of motionless ions. The solution to E§swith
vi=0 and T(Xy,t)=n(x,0)=nyA(1/2—|x|) was obtained in
Ref.[18] and for the case of constant initial electron momen-
tum distribution are given by the expressions

( I I

5 Xo; 5 <Xt &

~ I
E(XO!t) == 47TeZnO4 ge(XOJ‘)i |X0 + fe| < 5’ (7)

|
— ==X, Xot&e<-T,
5 "X %o &e 5

\
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p
* |
pe,0005<21‘i£t>, tsT,0<xO+§e<§,
Pe(Xot) = 9 l (8a)
2 %0) e Kk(Xo) [ | t>r*,x0+§e>|—,
Pe,o CO + 5~ X0~ Ueol | 2
. ' Ue’0F Ue’o 2 ’
w t
. pe
1 . P, oSN -
— arctan , t<r,
—))
pe wpet
m’c? +p? _cod
e e0
- r
] I
E(x D)~ —=x, |o (8b)
| c 2
——x_ |+ m’c? + p° cod
\ 2 (x) ©ee v
K 0 e,Oy
[ 2
— 2 Pl Kk(x) [ t>7,
_ 2 2 —_x -
J mc”+| p,,Co + X~ Vgl ,
ve,Oy ve,O 2
I
K(Xo) = 4’7Tzie2n0 E - Xo ’
[
where 7 = (1/2=Xg) /ve o(ve=C) is the transit time during I c
which electrons are inside the targét<x<1/2) andI'(pe) E =l —-=-x |+
is a parameter that depends only on the initial electron mo- ™ \ o (X))
mentumpg. Its value is found from the numerical solution 0
of Eq. (6b) for the case when electrons are inside the target |
and its simple analytical forn(peo)=[1+a(peo/Mec)?]® is L
shown in Fig. 6. Equationg8) describe only the electrons X “e
that satisfy the following condition: 292 9 2
X m’c?+p° cof|l ——— [-mc
I'( )i arctar[M] > L X : " Vool :
pe,O Wpe MeC 2 0 e0

which ensures that an electron reaches the boundary of tand decreases afterwards. Eventually the electron fluid ele-
y k}ﬁent returns to the target and reappears on the other side.

target(some electrons tha_t are initially located deeply insideThus the general dynamics of the electron component can be
the target may not reach its surfack should be noted here described as an oscillatory motion around the target. The

that Egs.(8a) and (8b) are somewhat different from those return time or the period of oscillations depends on the initial

published in Ref[18] due to accounting for the finite time sition xq of the fluid element. Electrons that initially are

required for electrons to leave the target. As one can see, gfcc))ser to the boundary of the plasma sIb/2—xo)— O]

time have longer return times. The presence of this asynchronicity
I I in the electron fluid motion quickly leads to a “mixing” of
Peo 2 X0 | @pe 2 %o the initially (set by the initial conditions‘ordered” electron
tmax=—__, CO + ) trajectories. After a few tens of plasma period cycles the
Kk(Xo) veol Ueo

electron phase space and density distributions evolve in such
the electron fluid displacement reaches the maximum valuea way that the majority of electrons are localized around the
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G
T

target, considerably shielding its charge. Figure 7 shows the:
phase-spacé) and density(b) distributions of electrons at
time t=150/wp, obtained from 1D PIC simulations. As men-
tioned earlier, the initial condition for the electron momen-
tum distribution wage,o(x)=sgn(x)é(1/2~-|x|)10m.c. Figure
7(a) also shows the 1D PIC simulation results of the electron s\
phase-space distribution for the case when laser dynamics is
included. As one can see, the “idealized” model of the initial : 5
electron momentum distribution adopted in this work leads | N AEINIE! L
to almost the same final electron phase-space distribution ag, '* 200 20 o 30 400 450
that calculated with the laser pulse present. The late-time

phase-space distribution clearly shows the formation of an FIG. 7. Electron phase-space spectr(an for the “idealized”
electron cloud concentric with the expanding ion layer hav-nitial electron momentum distributiofeft) at t=150/w,e and that
ing a rather broad momentum distribution. One can also seeglculated with the laser pulse preséght) att=300/wp density
an electron structure at a distance from the target propagatirfiistributions(b) for electrons(solid line) and ions(dotted ling at
away from it with velocity nearly equal to, ;. These are the 1=150/wpe The initial electron momentum distributiorp,

particles that have originated at a front of the electron cloud® 10meC for (0<x<1/2) and pg=-10mc for (-1/2<x<0). wpe
(%] —1/2). =4x10*standA=7.5x10"7" m.

N(X) [Number of particles|

X(XOit) =Xo + gi(XOvt) . (9)

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

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

The Coulomb explosion of the target, which leads to th
gradual expansion of the ion layer, renders the ion density

time dependent. According to E@4e), the change in ion ﬁi(xo,t):ni(x,t):ﬁi(xo,O)ﬂ—XO, (10a
density will inevitably influence the longitudinal electric X

field profile. The electric field distributiofsee Eq.(7)] cal-

culated in the previous section assumes an infinite ion mass PEXot)  Zie~

(x=0). Therefore, in order to find out how the field structure ot2 = HEin(XO*t)* (10b)
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 9Ein _ AmeZF(x0,0), (109

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 thewhereE;, denotes the electric field inside the target. For a flat
previous section, it is advantageous to work in a Lagrangénitial density distributiori(xo, 0)=no6(1/2~|xg|), the solu-
representation, where the connection between both coordiion of Egs.(10) has the form

nates is expressed through the ion fluid element displace-
ment:

%o

Ein(Xot) = 4menyZixo, (119
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w2 Using the Lagrange displacement for the electrons given
&) :X—Zp—etzxo- (110 py Eq.(13) we integrate Eq(14) to arrive at
As seen from Eq(11a, the electric field vanishes in the v t_lﬁg
middle of the target and linearly incread@sabsolute valug ~ &0
away from it. Using Eq(11b) and relation(9) one can ex- E(xo.t) = 4mZieny 5 %o~ AL +C() |,
press the electric field and the ion density through the Euler 1 +—£"e—

variables(x,t) to give
whereF=(1+p,/mc?)*2 and C(t) is an arbitrary function

ni(x,t):%a I——Lzz , (129  of time appearing as a result of indefinite integration. Its
1+ X@pet 2 1+ X@pd form can be found from the requirement that whgnO, the
2 electric field has to be equal to that given by Ef. There-
fore, the structure of the electric field at the front of electron
A7 eIvX | 2 42 cloud is
En(xt) = —o0 .y < —(1 +ﬁ&>, (12b) s 2
N Xwpd 2 2 (v ‘- Iwget ))(wget
2 ~ | O aF ) 2
E(oD) = 4nZen| - —Xo+ 20
| | XL 1 4+ X%e
EqulX,t) = i47TZierb§, x| > 5 1 +—2E’— : 2

(15

As one can see, the incorporation of the ion motion into the
Equation(12a describes the evolution of 1D ion slabs under hydrodynamic description of both components renders the
the action of the Coulomb repulsive foré€oulomb explo-  |ongitudinal electric fieldat the front of expanding electron
sion). cloud) dependent on the physical parameters of the ions. The
As mentioned earlier, the simulation results suggest tha@ependence is such that a larger value of the parameter
the maximum kinetic energy of the accelerated protons igesults in larger electric field; for relativistic electrong,t
determined by the structure of the longitudinal field beyond>|w'23et2/(4|:) for t< 7~ 1000/wpe. This increase in the field

the surface of the target. Therefore we are interested in thgirength will inevitably lead to higher proton energy, which
spatio temporal evolution of the electric field near the frontyas also observed in the 2D PIC simulaticisee Fig. 3.

of the expanding electron cloud. The initial conditions for one must note, however, that E4.5) was obtained under
these electrons ang,—1/2 and their displacemerit(xo,t)  the assumption that electrons do not return to the target. As

(120

for 112 <X+ &(Xo, 1) takes the form we discussed in the previous section, the majority of elec-
W2 2 | trons will eventually come back, performing complicated os-
EXo ) = Vet - 5—=5 = — %] (13)  cillatory motion around the slab. The presence of these elec-
e\ %o 0 2 \32\ o 70 . . :
2(1+ peo) trons will shield part of the total charge in the target,
mgc2 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-
IEnain intact.

Equation(13) was obtained from the solution, E(Bb), in
the limit1/2 -x,— 0 and together with the definitiai®) con-
stitutes the inversion procedure, which allows one to go bac
to Euler coordinategx,t) and determine the electric field
structure(in x,t coordinatepat the front of the electron cloud IV. CONCLUSIONS

as presented in Refl18]. The calculated field distribution,

however, does not reflect the influence of the ion motion. In  Using PIC simulations and a hydrodynamic analytical
order to obtain the contribution of ions, one has to go on tgnodel, we have investigated the proton acceleration during
the next order in the expansion of the electric field in thethe interaction of petawatt laser pulses with double-layer tar-
smallness parametgrby substituting the density distribution gets. The main purpose of this work is to quantitatively un-

function from Eq.(12a into Eq. (6): derstand the role the heavy-ion slab plays in the efficiency of
_ the proton acceleration—more specifically, the influence of
JE 1 I Xo+ &(Xo,t) the Coulomb explosion effect on the longitudinal electro-
(9_)(0 = 4meZng Y2 2 6 2 Y212 1 static field. As electrons are expelled from the target, a strong
1+ 1+ electrostatic field is generated in the region between the tar-

2 get's surface and the front of the expanding electron cloud.

Aéo(Xo,t) | | The spatial and temporal evolution of this field is determined

+T 0 5%, for 5 <Xo+ &e(Xo.t). by both the ion dynamics inside the targéhe Coulomb

explosion and the self-consistent electron dynamics outside
of it. PIC simulation results suggest that more robust ion
(14 expansion leads to more energetic protons. The simulated

036412-9
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longitudinal electric field profile exhibits a trend in which a  There are several important issues that are not included in
larger value of a parametgr=2;m,/m; leads to larger values the present analysis. As already mentioned, the ionization
of the electric field in the region beyond the target’s surfacestate of ions is treated as a parameter, rather than a calculated
This increase in the field strength will ultimately lead to value. On a qualitative level it is feasible to ascertain that for
more energetic protons. Up to 50% difference in the maxig given laser intensity, the substrates with larger atomic
mum proton energy was observed for the carbon substraigasses can be ionized to higher ionization states. Whereas in
versus that made of platinum, but otherwise the same ionizasyger to quantitatively predict which substrate will maximize
tion state. With the help of a simplified 1D hydrodynamic e nroton energy, one needs a reliable calculation method
model, we obtain the electric field profile at the front of the ¢, he effective atomic ionization state. In this respect the
expanding electron cloud and find that indeed taking intq, by Augstet al. [23] (carried out for noble gasses oply

account f[he ion motion in the hydrodynar_nlc descrlptl_on .Of an be used as a possible starting point to further investigate
electron-ion plasma leads to an increase in the electric fiel ther elements

strength in the region beyond the surface of the target. One Another issue that has not been taken into account in the

Important point, however, 1S related to the.rolcla of the eIeC'simulations is related to the collisional effects. The electron-
trons in the overall evolution of the electric field. If there

ion collisions in the presence of laser light lead to inverse

Were_no_electrons present, the electric field |nS|d_e the e bremsstrahlung heating of the electron component, introduc-
panding ion target would be lower for substrates with larger.

values of the structural parameter whereas its maanitude "9 20 extra mechanism for absorption of the light. Colli-
) ) P ver g . sional effects may also be important in the description of
outside the target’s surface would be the same, irrespecti

Vi . . ;
of the value ofy, as can be seen from Eq4.2b) and (120, Kormal and anomalous skin effects, thus influencing the frac-

This would eventually lead to lower eneraies for the accel_tion of laser light that gets transmitted through the target.
y 9 The final point we would like to mention is related to the

erated protons, which contradicts the simulation results aaimensionality of the considered problem and how it might

well as.the analytlgal predictions. Thu;, the observed "Naffect the present results. It is known that 2D PIC simula-
crease in the magnitude of the electric field beyond the tar:

et's surface is a result of the combined dvnamics of both thtions are quantitatively different from those in 3D due to the
9 y Bifference in the form of the Coulomb interaction potential
ion and electron components.

We would also like to briefly touch on the issue of between the elementary charggg~Inr in 2D versusd

~1/r in 3D). One ramification of this salient point lies in a

whether theoretically predicted dependence of the final PrO: ot that the maximum proton energy predicted by 2D simu-

ton energy on thg substrgte st(uctgral parameter has berf\ ions is overestimated compared with the 3D simulation
observed in experimental investigations. There have been fodel. Another important question is whether the predicted

Eiurﬁ_beorwgr Iea)l(speergmglr:satlicsgjsdl\zselIoglsp:r?ggmiccA?J()ersgg-n b)ﬂependence of the maximum proton energy on the substrate
gn-p ' ' structure parametey will be observed in 3D simulations.

strates were used. The resulting proton energy differed b)éince both the 1D theoretical model and 2D simulations pre-

not only its maximum value, but also the shape of energydict the existence of this feature, one is led to a conclusion

d|_str|but|ons. Different experiments had different t".jlrgmthat this effect will be present in 3D modeling, a proof of
thicknesses, prepulse contrast ratios, and peak laser intensiz

. o M ) . ' ) which is left for our future investigations.

ties, making it virtually impossible to unequivocally link the

measured proton spectrum to the chara_cterlstlcs of the sub- ACKNOWLEDGMENTS
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