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Charge separation effects in solid targets and ion acceleration with a two-temperature
electron distribution
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The electrostatic field at the solid-vacuum interface generated by two electron populations with different
thermal energies, each following a Boltzmann distribution, is analytically derived from the Poisson equation
and studied in terms of plasma parameters. In particular, the effect of the pressure of each of the two popula-
tions on the amplitude of the electric field and on its spatial extension is described. In order to evaluate the cold
electron temperature, an analytical model for the Ohmic heating of the background electron population by laser
generated fast electrons is developed and the consequences on ion detachment, ionization, and acceleration
processes in laser-solid experiments are discussed. The efficiency of ion acceleration is shown to be controlled
by the heating rate of the background electrons.
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I. INTRODUCTION

Recent experiments have demonstrated the possibilit
accelerate ions to high energies through the interaction o
intense and short laser pulse with a thin solid target. Th
ion beams have attractive and peculiar characteristics, s
as high collimation, high particle flux, and a short time d
ration. Several possible applications of these laser-produ
ion beams have been suggested: they have already been
as a diagnostic tool in laser-plasma interaction experime
@1#; they also reveal themselves useful in the implementa
of the fast ignition concept, with high energy beams of lig
ions generated in laser-solid interaction@2–4#, in material
science@5#, as injectors for ion accelerators@6,7# and for the
production of short-lived isotopes for medical diagnost
@8,9#, and in the hadron therapy@10,11#.

Laser-solid interaction experiments at the 100 TW pow
level produce up to 1013 protons with the energy spectrum
ranging from a few MeV to a few tens MeV@12–14#. Me-
tallic as well as insulator targets were used, with a thickn
range from a fewmm up to more than 100mm. Two types of
laser pulses have been used in these experiments: e
single-shot pulses of a picosecond duration and energy o
order of 100 J or much shorter pulses of the order of a
tens of femtoseconds with energy of about 1 J. The sec
type of pulses is more interesting for applications since s
lasers are less expensive, more compact, and can op
with the repetition rate of the order of 1 Hz or more. It
important for the various applications mentioned above
understand the role of target and laser parameters in the
cess of ion acceleration in order to control the characteris
of ion beams.

The origin of the observed accelerated ions and
mechanism of acceleration are still the matters of deb
Ions are created and accelerated either at the front sur
directly illuminated by the laser, as argued in Refs.@12# and
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@15–17#, or at the rear surface, through the self-consist
electrostatic accelerating field. There is no definitive answ
to the question of the spatial origin of the ions, since expe
mental observations by different groups do not converge
to a unique and coherent picture@15,18#. It is likely that the
particular experimental conditions~above all, the prepulse
and target surface properties! play a fundamental role. How
ever, in some experiments@13,19# it has been demonstrate
unambiguously that physical processes on the rear sur
are particularly important.

Theoretically, the problem of ion acceleration on the re
surface in laser-solid experiments has been first describe
terms of quasineutral plasma expansion in vacuum@20,21#.
In these descriptions the plasma is assumed to have a si
temperature electron population in thermodynamical equi
rium. However, in the subpicosecond regime, the inertia
ions is important and the assumption of quasineutrality m
be abandoned in order to give a better description of
process. Nonquasineutral plasma expansion has been co
ered in Refs.@22–28# within the hypothesis of a single
temperature electron population. Two-temperature elec
distributions have been considered in Refs.@29–33# with the
assumption of the plasma quasineutrality.

The experiments on ultraintense and ultrashort laser p
interaction with solid targets evidence that the electron po
lation produced at the rear target surface can be characte
at least by two temperatures, one describing the presenc
hot electrons accelerated by the laser field, while the ot
refers to the much colder electron distribution of the tar
electrons. The hot electron component is created directly
the laser pulse in the plasma plume at the front surface of
target. It forms a beam propagating normally to the tar
surface with the divergence between 3° and 15°. The den
of this electron population is of the order of the critical de
sity (1020–1021 cm23) and its temperature is of the order o
the laser ponderomotive potential (;MeV for the relativis-
©2004 The American Physical Society11-1
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tically intense pulses!. It contains up to 20%-30% of the lase
energy.

The free motion of this hot electron beam through t
target requires the presence of a return current which loc
compensates the flow of the hot~and fast! electron compo-
nent. The return current in metallic targets is provided by
conduction electrons which are put in motion by the elec
field generated by the fast electrons. In insulators, the ba
ground free electron population is created by field and th
mal ionization. Since the density of the background elect
population in both cases is of the order of the solid dens
that is, much bigger than the fast electron density, the
quired velocity for current neutralization is small and th
temperature is much lower than that of the hot electro
However, this cold and dense electron population can
ohmically heated by the return current@34#.

In this paper, we investigate the features of the elec
static field created by a two-temperature electron popula
at the rear side of a solid target. As compared with previ
analytical treatments, our aim is to study in more detail
electric field on the rear surface of a solid thin film creat
by a propagating relativistic electron beam. We also deve
an analytical model of heating of the cold electron popu
tion by the return current and analyze the consequence
these processes on the ion acceleration.

The paper is organized as follows. In Sec. II the elect
static field at the rear surface of the target is found and
role of the two electron populations is analyzed. In Sec.
our model is completed by an analytical description of
Ohmic heating of the background electron population in
metal. The effects of a two-Maxwellian electron distributio
and Ohmic heating of the cold population on ion accelerat
are discussed in Sec. IV. Section V is devoted to conclud
remarks and summary.

II. THE CHARGE SEPARATION EFFECTS

Generation of high energy electrons by the laser pu
interacting with a thin solid foil breaks plasma quasineutr
ity and generates a strong electric field at the rear side of
target.

In this section we present an analytical one-dimensio
model describing the electrostatic field at the solid-vacu
interface generated by two-electron populations with diff
ent thermal energies, each following the Boltzmann distri
tion. Certain aspects of this model are also discussed in
@35#, where it is considered as the initial plasma state
Vlasov-Poisson numerical simulations of the plasma exp
sion.

A. Electric field equations

Here we consider a plasma constituted by the cold i
and two-electron populations with different thermal energ
and look for the self-consistent electrostatic fieldE52]xf
generated in this system. The ions are supposed to be
and at rest with a step-function density distribution, that
ni5n0i for x<0 and ni50 for x.0, where thex axis is
directed normally to the target surface. We assume that
densities of both electron populations, hot and cold,neh and
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nec , depend on the spatial coordinatex, while their tempera-
tures,Th andTc , are constants. The electrons follow Bolt
mann distributionsneh(c)5n0h(c)exp(ef/Th(c)), wheren0h(c)
is the unperturbed hot~cold! electron densities. The electro
static potentialf satisfies the Poisson equation

]x
2f54pe~neh1nec2Zni !, ~1!

where Z is the effective ion charge state in the solid. T
quasineutrality of the unperturbed plasma,n0h1n0c5Zn0i ,
sets the boundary conditions for the electric field and
potential in the solid atx→2`: ]xf(2`)5f(2`)50. At
the vacuum side, there are no particles and no electric fi
that is,]xf(`)50. We note, incidentally, that the choice o
Boltzmann electron distributions impliesf(`)→2` and
results in a divergent final kinetic energy for a particle
such a field. This is a source of problems in the quantitat
estimate of the final energy of accelerated ions. This issu
discussed in more detail elsewhere@27,36#.

According to Eq.~1!, inside the target, forx,0, the elec-
trostatic potential is described by the following Poisso
Boltzmann equation:

]x
2f54pe~n0heef/Th1n0ce

ef/Tc2Zn0i !. ~2!

By defining the parametersa[n0c /n0h andb[Tc /Th , one
can write the first integral of Eq.~2!:

ldh
2 ~]xw!252@expw1abexp~w/b!2~11ab!2~11a!w#,

~3!

where w[ef/Th is the dimensionless potential andldh
5(Th/4pnohe

2)1/2 is the unperturbed hot electron Deby
length. The solution of Eq.~3! is then found in implicit form

E
w(0)

w(x) dw

@expw1abexp~w/b!2~11ab!2~11a!w#1/2

52A2
x

ldh
, ~4!

wherew(0) is the ~dimensionless! electrostatic potential in
x50, to be determined. Moreover, far from the plasma s
face the argumentsw andw/b are ‘‘sufficiently small,’’ and
one can expand the exponentials in Eq.~4! up to second-
order terms; therefore, the explicit solution of the problem
found:

w'w~0!expF S 11
a

bD 1/2 x

ldh
G . ~5!

Outside the plasma, forx.0, the Poisson-Boltzmann
equation for the dimensionless potentialw reads

ldh
2 ]x

2w5expw1aexp~w/b!, ~6!

which admits the first integral

ldh
2 ~]xw!252@expw1abexp~w/b!# ~7!

and the consequent implicit solution
1-2



le

b
o

em

m
tr

lf
te
pr

en
e
vi

t u
ur

t is,
n

-
d
and

ater

De-
-
by
e-

the

n

to
on
ause

tio

CHARGE SEPARATION EFFECTS IN SOLID TARGETS . . . PHYSICAL REVIEW E 69, 026411 ~2004!
E
w(0)

w(x) dw

@expw1abexp~w/b!#1/252A2
x

ldh
. ~8!

Taking the limitsa→0 andb→1 in Eqs.~4! and~8!, which
correspond physically to consider a single-temperature e
tron population, we recover the results given in Refs.@23#
and @28#.

The electrostatic potentialw(0) and the electric field
E(0) at x50, where the latter reaches a maximum, can
determined by requiring the continuity of the potential and
the electric field, inx50. Solving the system forw(0) and
]xw(0), obtained by evaluating Eqs.~3! and~7! at x50, one
gets for the potential at the solid-vacuum interface

w~0!52
11ab

11a
~9!

and using the definitions ofa andb, the dimensional form of
this result reads

ef~0!52
Thn0h1Tcn0c

n0h1n0c
52

(
a5h,c

p0a

(
a5h,c

n0a

52^T0e&,

~10!

where the unperturbed hot and cold electron pressures,p0h
and p0c , have been introduced and the mean electron t
peraturê T0e& is weighted on the unperturbed densities.

The maximum electric fieldE(0) is now given by

E~0!5A2
Th

eldh
H expF2bS 11ab

b1abD G1abexpS 11ab

b1abD J 1/2

.

~11!

This equation is written in terms of the physical quantitiesb
and ab, which are the ratio between the two electron te
peratures and the ratio between the two unperturbed elec
pressures, respectively.

Below we aim to analyze the main features of the se
consistent electrostatic field. In particular, we are interes
in the dependences of the maximum value and spatial
files of this electric field on the ‘‘cold’’ and ‘‘hot’’ electron
physical parameters~temperatures and pressures!.

B. Dependence of the maximum electric field
on the electron parameters

The maximum value of the resulting electric field is giv
by Eq. ~11!. We assume that the hot electron temperatur
much greater than the cold electron temperature and
versa for the electron density, that is,b!1 anda@1, which
correspond to laser pulse interaction with solid targets. Le
study the following three physical regimes: hot press
much greater than cold pressure (ab!1); cold pressure
much greater than hot pressure (ab@1); hot and cold pres-
sures of the same order (ab'1).
02641
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If the hot pressure is greater than the cold pressure, tha
ab!1, the maximum electric field is approximately give
by

E~0!>A2
Th

eldh
Fexp

1

2 S b

b1abD G→A2
Th

eldh
. ~12!

In the opposite limit,a!1, the maximum electric field
would beE(0)→A2/e(Th /eldh), recovering again the one
temperature result@23,28# ~note the difference, in the last an
following expressions, between the Nepero’s number e
the electric chargee).

In the opposite case, when the cold pressure is gre
than the hot pressure,ab@1, we can approximateE(0) as

E~0!>A2

e
ab

Th

eldh
5A2

e

Tc

eldc
, ~13!

where we have introduced the unperturbed cold electron
bye lengthldc5(Tc/4pn0ce

2)1/2. We see from these expres
sions that in this regime the maximum field is dominated
the parameters of the cold population: in particular, it d
pends only on the cold electron pressure~while, for a given
value of the cold electron pressurep0c , it does not depend
appreciably on the cold electron temperatureTc).

Finally, if the cold and hot electron pressures are of
same order,ab'1, the maximum electric field is roughly
given by

E~0!;A2
Th

eldh
. ~14!

In Fig. 1 the maximum value of the electric fieldE(0), nor-
malized toTh /eldh , is shown as a function of the electro
pressure ratioab.

The performed study demonstrates that it is possible
increase the maximum electric field by the cold electr
pressure boost for a given hot electron pressure, bec

FIG. 1. Maximum value of the electric fieldĒ(0), normalized
to Th /eldh , as a function of the cold-to-hot electron pressure ra

ab5p0c /p0h ; for ab&1, Ē(0)'A2, while the behavior forab

.1 is approximately given byĒ(0)'A(2/e)ab.
1-3
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roughly E(0)'A8p(n0cTc1n0hTh). This could be
achieved by energy exchange between the two elec
populations, where a small decrease in the hot electron t
perature may significantly increase the cold one, and the
electron pressure as well. This scenario is explored in
following section.

C. Dependence of the electric field spatial profile
on the electron parameters

Let us now consider the spatial characteristics of the s
consistent electrostatic field.E(x) is given by Eqs.~4! and
~8!, inside the target and in vacuum, respectively. Again
consider the limitsb!1 anda@1, and study how the field
profile varies by changing the pressure of the two elect
populations.

In Figs. 2 and 3, the electric field is shown as a funct
of the spatial coordinatex. The cold electron population de
termines the spatial penetration of the electric field inside
solid target: by rising the cold pressure for a given hot el
tron pressure and a given temperature ratio~and conse-
quently reducingldc), although the peak field increases
shown in Fig. 1, the field drops more and more sharp
almost exponentially, inside the target from the maximu
value to zero over a few cold electron Debye lengths, as
clearly evident in Fig. 2. Equation~5! justifies explicitly this
fact. Indeed, the field inside the target, derived by the
proximated explicit solution given in Eq.~5!, has the follow-
ing behavior:

E~x!;expS x

ldc
D , ~15!

even if we must observe that the approximation coming fr
the expansion of the exponential is not always good, v
close to the plasma surface.

FIG. 2. Electric field profilesĒ(x), normalized toTh /eldh , for
cold-to-hot electron temperature ratiob5Tc /Th50.01 and for
cold-to-hot electron pressure ratioab5p0c /p0h51 ~dotted line!,
ab510 ~dashed line!, andab5100 ~solid line!. Thex coordinate is
normalized to thecold electron Debye lengthldc corresponding to
ab510.
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The cold electron population might have a sufficient e
ergy to invade appreciably also the region outside the tar
Thus it influences the spatial structure of the electric fi
over a distance of a few cold Debye lengths. We have see
Sec. II B that under these conditions there is an increas
the maximum value achieved by the electric field, that is,
field peaks up around the solid-vacuum interface, as i
evident in Figs. 2 and 3. Outside the target, at a dista
exceeding few cold Debye lengths, the electric field struct
is then dominated by the hot population. In this last regi
one can derive an approximate analytical solution forE(x)
starting from Eq.~8!, neglecting the terms due to the co
population. Omitting the termabexp(w/b) in the square root
of Eq. ~8!, after integrating one has

w>22 lnFexp@2w~0!/2#1
x

A2ldh
G .

Correspondingly, the electric field is

E~x!>A2
Th

eldh

1

exp@2w~0!/2#1x/A2ldh

. ~16!

In particular, around the solid-vacuum interface, consider
only the contribution from the hot electrons~that is, in the
region after few cold electron Debye lengths,x*ldc), Eq.
~16! gives

E'A2
Th

eldh
expS 2

b

2

11ab

b1abD→A2
Th

eldh
, ~17!

where the last limiting value holds always, provided thatb
!1 anda@1. Figures 2 and 3 illustrate the features of t
self-consistent electric field for the case where the cold e
tron pressure is greater than the hot electron pressure
particular, the correctness of Eqs.~13!–~17! is clearly seen.

FIG. 3. Electric field profilesĒ(x), normalized toTh /eldh , for
cold-to-hot electron pressure ratioab5p0c /p0h510 and for cold-
to-hot electron temperature ratiob5Tc /Th50.01 ~solid line! and
b50.1 ~dashed line!. The x coordinate is normalized to thehot
electron Debye lengthldh .
1-4
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It follows from this analysis that it is important to know
the temperature and the pressure of the cold electron p
lation because these quantities significantly influence b
the maximum value of the electric field on the rear surface
the solid thin target and its spatial extension. To this aim
model for the cold electron population heating in metal t
gets is presented in the following section.

III. THE MODEL OF BACKGROUND
ELECTRON HEATING

The efficiency of the energy transfer from the las
triggered hot electrons to the electric field and, conseque
the efficiency of successive ion acceleration depends on
efficiency of the cold electron heating due to the curr
neutralization in the target@34#. This is because of the col
electron pressure boost that, according to the results of
II, increases the amplitude of the electric field. In order
estimate the pressure of the cold electron population we c
sider the heating of the background electrons in a metal
get by the return current appeared as the plasma respon
the laser-triggered fast electron flux. We describe an ana
cal model for the heating process in Secs. III A and III
while a numerical example for aluminum target is presen
in Sec. III C.

A. Basic equations

When a beam of fast electrons enters a target, it cre
electric and magnetic fields which strongly affect electr
transport. Hot electrons can propagate through metals
cause conduction electrons are put in motion by the fie
which cause a return current to appear, providing both cha
and current neutralization. Background electrons are t
ohmically heated due to the finite electrical resistivity of t
target.

To evaluate the heating of the background electron po
lation, we start following an approach proposed by Dav
@37#. We will describe the response of the cold target el
trons to the fast electron beam current by means of the b
Ohm’s law

E5h j c , ~18!

whereE and j c are the electric field and the current dens
inside the target, respectively, andh its electrical resistivity,
which for simplicity is regarded as a scalar quantity. In th
way, we are not describing the transient process of cur
neutralization, initially provided by the displacement curre
and we are also neglecting plasma oscillations damped
collisions in the time scale of the plasma period of cold el
trons. It has already been noted@37# that the time scales fo
these processes are extremely short, typically less than
One can also simplify the full Maxwell equations. The ma
netic diffusion time is a characteristic time scale for the
turn current decay. In metals, this is a relatively slow p
cess, of the order of many tens of picoseconds@37#.
Assuming the complete current neutralization, i.e.,j c'2 j ,
02641
u-
th
f
a
-

-
ly,
he
t

c.

n-
r-
to

ti-
,
d

es

e-
s,
ge
n

u-
s
-
ic

nt
,
by
-

fs.
-
-
-

~being j the fast electron current density!, one findsE'
2h j , and the Ohmic heating rate ish j 2.

The temporal evolution of the background electron te
perature is described by the Fourier equation with the Oh
heating source@37#. The heat conduction time scale depen
on the background electron thermal conductivityke and heat
capacity per unit volumeCe(Te). Then the heat conduction
time is given by

theat'L2Ce /ke , ~19!

whereL is a characteristic length of the system—the tra
verse scale-length of the fast electron beam. One can ass
this length to be of the same order of the laser pulse fo
spot, that is, about 10mm. At room temperature,Te5Trm ,
theat is then of the order of tens of picoseconds, for typic
values of thermal conductivity and heat capacity in met
~for example, for aluminumtheat;10 ps). Moreover, the co
efficient of thermal conductivityke depends onTe . As we
will see in greater detail below, in metals the femtoseco
regime is characterized by strong electron-lattice nonequ
rium and in these conditionske decreases with electron tem
perature asTe

22 @38#, resulting in a heat conduction timetheat

of the order of microseconds, for electron temperatures of
order of the Fermi temperatureTF in metals. Consequently
thermal conduction effects are expected to be even less
portant when the electron temperatureTe increase due to the
Ohmic heating is accounted for. This conclusion is also
agreement with recent numerical simulations@39,40#.

Generally speaking, the electrical resistivityh depends on
both ion and electron temperatures. However, there is
direct heating of ions by the return current and the ion he
ing due to electron-ion energy exchange is negligible
cause its characteristic time is longer than 10 ps, which is
of the scope of our study. So we consider the ion tempera
to be the room temperature during the heating process. W
these assumptions the equation for the background elec
temperature reads

Ce~Te!] tTe5h~Te! j 2. ~20!

In order to derive analytical scalings for the electron he
ing by the return current, we will assume a general pow
law dependence of both the electrical resistivity

h5hk~Te /Tk!
a ~21!

and the heat capacity

Ce~Te!5Ck~Te /Tk!
b ~22!

on the electron temperatureTe . Here, hk and Ck are the
electrical resistivity and the electron heat capacity atTe
5Tk , respectively. We chooseTk as the temperature at th
initial time t5tk . From Eqs.~20!–~22! we obtain an ordi-
nary differential equation for the electron temperature, wh
can be analytically solved for a given time dependence of
hot electron current density. Because our model is not
tended to be comprehensive, but rather to be restricted
discussion of some new effects, we consider the simp
casej 5const. With this position, fora2b,1, one finds the
following solution:
1-5
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Te~ t !5TkF11
hkj 2

gCkTk
~ t2tk!Gg

, ~23!

whereg51/(12a1b). For a2b51, instead of the alge
braic dependence of Eq.~23!, one has the exponential law fo
the electron heating:

Te5TkexpF hkj 2

CkTk
~ t2tk!G . ~24!

Note that in the limitb→0 we recover the solutions foun
by Davies@37#, who did not consider a possible temperatu
dependence of the electron heat capacity@41#.

B. The heating of cold electrons by the return current

Let us now look in some details at the temperature dep
dence of heat capacity and electrical resistivity, starting fr
the former,Ce(Te). At temperatures well below the Ferm
temperature, the conducting electrons are described as a
degenerate gas, with a resultant heat capacity varying
early with the electron temperature. In particular, for a d
generate free electron gas we have@41#

Cdeg~Te!5
p2

2

Te

TF
ne . ~25!

Above TF , electrons behave approximately as a class
ideal gas, and the heat capacity in this case is no lon
dependent on the electron temperature,

Cid5 3
2 ne . ~26!

We characterize this behavior by splitting the electron te
perature range into two different domains, setting in Eq.~22!
b51 for Te,TF and choosing the ideal valueb50 for Te
>TF . Note that in this way the corresponding heat capac
at room temperaturet rm is about three times less than th
correct value given by Eq.~25!. The temperature scaling o
the heat capacity is summarized in Fig. 4.

We turn now to the electrical resistivityh. It is propor-
tional to the electron collision frequency~i.e., inversely pro-
portional to the electron relaxation time!. The cold solid-state
resistivity is mainly due to the electron-phonon scatter
process, resulting in a linear dependence of the electr
resistivity on the ion temperatureTi ~provided that Ti
>TD , whereTD is the Debye temperature of the conduc
@41#!. The electron-phonon collision frequencyne2ph is es-
timated as@41#

ne-ph>g0

Ti

\
, ~27!

whereg0 is a numerical factor of the order of unity. Anothe
contribution to the total electron relaxation time comes fro
electron-electron collisions. The Fermi liquid theory of ele
trons in metals@41# predicts that the electron-electron col
sion frequencyne-e depends quadratically on the electro
temperatureTe , and it can be estimated as
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2

\TF
. ~28!

In the case of equilibrium between the electrons and
lattice, i.e., whenTi5Te , electron-phonon collisions are th
dominant process and electron-electron collisions can be
glected. However, the laser-solid interaction on femtosec
time scales is a strongly nonequilibrium process@38,42#. The
ions remain much colder than the electrons, due to the r
tively long electron-ion relaxation time, of the order of te
of picoseconds@42#. For this reason, at the subpicoseco
time scale, the electron-phonon scattering process give
temperature independent contribution to the electrical re
tivity. This is why at the initial stage of the heating proce
the electrical resistivity ish rm , the resistivity at room tem-
peratureTrm . The electron-electron collisions are more a
more frequent with increasingTe . From Eqs.~27! and~28!,
one finds that the two collision frequenciesne-ph and ne-e
become equal at the temperature@38#

T* .~g0TiTF!1/2. ~29!

Above the temperatureT* , the electron-electron collision
dominate, i.e., they contribute mainly to the electron rela
ation time and, consequently, to the electrical resistivity.h
increases up to a maximum valuehmax and then saturates
This occurs when the electron mean free path becomes o
order of an interatomic distance@42,43#. Correspondingly,
hmax can be deduced from Eq.~28! with Te.TF . Using the
free electron gas model@41# and Eq.~28!, one obtains

hmax5
me

nee
2

TF

\
. ~30!

Indeed, it corresponds to the electrical resistivity where
relaxation time is taken to be equal to the plasma period
the background electrons. At higher temperatures, the e

FIG. 4. Qualitative dependence of the cold electron heat cap
ity Ce and of the electrical resistivityh on the electron temperature
according to our model. The four domains of variations of the c
electron temperature, considered in the text, are shown.
1-6
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trons behave like an ideal hot plasma, and the electron
lision frequency is governed by the Spitzer law@44#:

nSpitzer5
4

3
~2p!1/2

Ze4mene

~meTe!
3/2

lnL, ~31!

where Z is the ionization degree and lnL is the Coulomb
logarithm. From Eq.~31!, the electrical resistivity decays a
Te

23/2. The collision frequency given by Eq.~31! is of the
order of the plasma frequency at the temperatureT** ,
which is of the order of 10TF . In the interval TF,Te
,T** , the plasma electrons are in the strongly coupled n
degenerate state. Following Ref.@42#, in this interval we
consider the electrical resistivity to be a constant. The te
perature scaling of the electrical resistivity is summarized
Fig. 4.

According to the present model, four different tempe
ture domains characterize the behavior of the backgro
electrons, as indicated in Fig. 4. In the first domain, wh
Trm<Te,T* , conducting electrons are degenerate. Co
spondingly, the heat capacityCe is a linearly increasing func
tion of the electron temperature and the electrical resisti
h is almost constant, equal to its room-temperature va
h rm . In this regiona50 andb51, and, according to Eq
~23!, the temporal evolution of the electron temperature
given by ~in this Te range,tk50)

Te~ t !5TrmS 112
h rmj 2

CrmTrm
t D 1/2

; ~32!

this solution is valid until the timet f 1, at whichTe becomes
equal toT* ,

t f 15
1

2

CrmTrm

h rmj 2 F S T*
Trm

D 2

21G . ~33!

In the second domain, forT* <Te,TF , the electrons are
still degenerate, i.e., the heat capacity is still a linear funct
of Te , but the electrical resistivity is quadratically increasi
with the electron temperature, due to electron-electron co
sions, thena52 in Eq. ~21!. Correspondingly,a2b51,
then, from Eq.~24!, the electron temperature is now given b

Te~ t !5T* expF h0 j 2

C* T*
~ t2t f 1!G , ~34!

whereC* 5Crm(T* /Trm). This solution is valid till the time
t f 2, for which Te5TF ,

t f 25t f 11
C* T*
h rmj 2

lnS TF

T*
D . ~35!

The third domain,TF<Te,T** , is characterized by the
constant ideal heat capacityCid , Eq. ~22!, and the constan
maximum electrical resistivity (a50). Sincea2b50, Te
is linearly increasing with time, Eq.~23!, that is,
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Te~ t !5TFF11
hmaxj

2

CidTF
~ t2t f 2!G . ~36!

This linear increase of the electron temperature holds u
the timet f 3, whenTe5T** ,

t f 35t f 21
CidTF

hmaxj
2 S T**

TF
21D . ~37!

Finally, in the last domain, forTe>T** , a2b523/2,
and, again from Eq.~23!, one finds the solution for the hea
ing of an ideal hot electron plasma,

Te~ t !5T** F11
5

2

hmaxj
2

CidT**
~ t2t f 3!G2/5

; ~38!

the final temperatureTe f in will be reached at the time

t f in5t f 31
2

5

CidT**
hmaxj

2 F S Te f in

T**
D 5/2

21G . ~39!

To conclude the presentation of the heating model we n
that one can also take into account the increase of the b
ground electron density due to thermal~collisional! ioniza-
tion, with an appropriate choice of the parameterb. How-
ever, this will not change qualitatively the results.

C. A numerical example-Al target

In order to make quantitative estimates of the backgrou
electron heating in a metal by the return current induced
the current of fast electrons, we apply the model presente
this section to the case of aluminum~Al !. This material is
widely used in laser-solid experiments@43# and its physical
characteristics are well known. It has the background e
tron density of 1.831023 cm23, and consequentlyTF is
about 11.6 eV. According to the free electron gas model,
can fit the experimental value of the room electrical resis
ity (h rm'2.531026 ohm cm) by choosing the constantg0
53 in Eq. ~27!. Then, from Eq.~29!, electron-electron col-
lisions become the dominant scattering process in Al~in the
nonequilibrium regimeTe@Ti) at the electron temperatur
T* .0.95 eV. The estimate for the maximum value of t
electrical resistivity given by Eq.~30! is in fairly good agree-
ment with the experimental measurements of;2.2
31024 ohm cm@43#. We also chooseT** 5100 eV@42,43#
as the electron temperature above which the electrical re
tivity h is governed by the Spitzer law. Finally, we estima
the fast electron current density asj ;n0hec; for n0h
51020 cm23, we havej .531011 A/cm2. Assuming the hot
electron mean energy of 1 MeV, this current corresponds
the fast electron energy flux of 531017 W/cm2. It can be
obtained with the laser intensity of 2.531018 W/cm2, assum-
ing the conversion efficiency of 20%.

By using these parameters, one can estimate the time
lution of the background electron temperature. It takes ab
a few femtoseconds to reachT* ;1 eV, about;15 fs to
reachTF;10 eV, and;40 fs to achieveT** ;100 eV. So
background electrons should be heated up to;100 eV in
1-7
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about 60 fs by the return current originated by the fast e
trons flowing in the solid metal target. This time is much le
than the time scales typical for processes such as electron
relaxation or thermal conduction, as previously discusse

Moreover, one can use Eq.~39! to estimate the time re
quired by the background electrons to be heated up t
given temperature. For example, the temperature 500
would be reached after;1 ps, while after 6 ps the electro
temperature would be;1 keV. This estimate qualitatively
agrees with the temperatures reported in the numerical s
lations @39,40#. This time must be compared with the dur
tion of the fast electron current, which is ultimately relat
also to the duration of the laser pulse. Moreover, after a
picoseconds, some of the effects neglected might bec
significant, slowing down the heating process. For a puls
hundred of femtoseconds, we can estimate the final c
electron temperature to be of the order of 500 eV–1 keV,
last value being an upper limit, above which in any cas
more accurate treatment of the heating process would be
essary. On the other hand, if the pulse duration is shorte~a
few tens of femtoseconds!, the duration of the fast electro
current is shorter as well, and the heating of the backgro
population is expected to be less effective. In accorda
with the proposed scenario, for Al one can infer a final ba
ground electron temperature of the order of;100 eV.

IV. DISCUSSION: TWO-TEMPERATURE EFFECTS
ON ION ACCELERATION

We have shown that, depending on the relative value
the cold and hot electron pressures, the resulting s
consistent electric field, generated at the rear side of the
target, can be significantly influenced from the presence
the cold electron population. If the cold pressure is su
ciently high to be comparable with the hot electron pressu
its most remarkable effect is the production of a peak in
electric field, localized near the vacuum solid interface, a
extended inside and outside the target over few cold De
lengths. These features are important for ion detachment
acceleration@34#.

A. Ion detachment and ionization

The first stage of the ion acceleration process in las
solid interaction must consist in the creation of ions and
their detachment from the solid. These ions originate fr
the bulk solid and/or from a lower-density proton-rich lay
~typically several atomic layers! of contaminants and impu
rities, always present in these experiments@12,14#, if no spe-
cial measure to clean the surface~by resistive or chemica
heating! is undertaken@18,17#.

In order to better understand the physical processes
volved, let us first consider the ‘‘clean’’ situation, in whic
no contamination layer is present, and look for the con
quences following from our model. We know from our pr
vious analysis that in the two-electron temperature syst
the electric field on the rear side can penetrate the ta
falling down almost exponentially over a few cold Deb
lengthsldc , Eq. ~15!, which is a very short distance, com
parable with the distance between the atomic layers in
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lattice. In the one-temperature case, the electric field is m
more symmetric with respect to the target surface and it f
down over some Debye lengthsld @see, for example, the
approximate explicit solution inside the target, Eq.~5! with
a50]. Then, taking into account the presence of a tw
temperature electron population, the penetration of the s
consistent electric field inside the solid target is greatly
duced if compared with the one-temperature case (nc50). It
can potentially detach~depending on its strength! only a few
bulk layers.

The maximum electric field is of the order of sever
MV/ mm. It largely exceeds the effective electric field r
quired to detach an ion from the atomic layer, which is of t
order of the ion binding energy in the solid~a few eV! di-
vided by the ion charge and the interatomic distance, tha
roughly ;0.02 MV/mm. It also exceeds the threshold fo
field ionization. Another source of ionization are the col
sions of heated background electrons.

We conclude that the self-consistent electric field at
rear surface is sufficient to detach and ionize the ions in
target atomic layers. Typically, a single layer contains ab
1016 ions/cm2. Taking into account the angular spread of t
hot electron beam,u, we can estimate the transverse exte
sion of the hot electron cloud on the rear surface asRe
'd/21 l tanu, whered is the laser focal spot diameter andl
is the target thickness. Assumingl 5100 mm and u525°,
we find Re'50 mm. This estimate ofRe agrees with the
results of recent optical measurements of the rear side of
target@45#. The number of ions detached from a single lay
would be of the order of 731011, and then the total numbe
of ions detached by the electric field from a few layers wou
be about several times 1012.

Sinceldc}ATc, we should expect that a stronger heati
of the cold electron population should result in a larger nu
ber of bulk layers detached. As discussed in Sec. III B a
below, the cold electron temperature increases with the p
duration. For example, assuming a cold electron density
about 1023 cm23, ldc.0.2 nm with the cold electron tem
peratureTc of 100 eV, while ldc.0.7 nm if Tc51 keV.
Therefore the number of accelerated ions should incre
with the laser pulse duration.

Consider now the early dynamics of the electric field af
the detachment of the first target layers. One can reason
assume that during the time of the order of the pulse du
tion, the energy of the hot electron population~directly de-
livered by the laser pulse! is approximately constant. Th
structure of the self-consistent electric field does not con
erably change, as long as the number of ions acceler
remains smaller than the total number of hot electrons. Ho
ever, the peak of the electric field~which is initially localized
at the solid-vacuum interface! ‘‘moves backwards,’’ inside
the target as more and more layers are detached. It m
with a velocity of the order of the ion-acoustic velocitycs ,
in which the electron temperature is of the order of the me
electron temperaturêT0e& as defined in Eq.~10!. Then, the
distanceDx the electric field penetrates into the target is t
maximum betweencstp (tp being the laser pulse duratio
time! and the cold electron Debye lengthldc . Consequently,
it defines the number of layers detached. Since in solid
1-8
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getsa[n0c /n0h@1, ^T0e& is aboutTh /a when the hot elec-
tron pressure is greater than the cold electron pressure, w
its value is aboutbTh5Tc in the opposite situation. What
ever the case, we can assume that^T0e& is at most;keV.
Consequently, for most materials, the ion-acoustic velocit
typically ;107 cm/s. With short pulses~tens of femtosec-
onds!, Dx is then about few nanometers, while for long
pulses~hundreds femtoseconds!, Dx can be even tens na
nometers. As far as the detachment is concerned, the mo
of the electric field inside the target during the pulse durat
can change the order of magnitude of the layer thickn
detached when ‘‘long’’ pulses are used. This is in qualitat
agreement with the recent observations by Spenceret al.
@46#.

We can now qualitatively describe the effects of the co
tamination layer. Since usually the density of the contami
tion layer is lower than solid density, the effective charge
contaminant ions is also low and then, at least as a
approximation, one can assume that they do not alter
structure of the electric field described in Sec. II. Thus,
contaminant layer is simply ‘‘superimposed’’ on the cle
system, and the maximum electric field is then localized
the solid-contaminant interface. As already noted, the c
taminant layer contains always protons: being the ligh
ions, protons are the first to be accelerated. If their numbe
enough to significantly screen the electrostatic field, they
hibit the acceleration of the heavy bulk ions, present in
target~and also the heavy ions from the contamination la
itself!. Let us assume a value for the contaminant layer d
sity of the order of 1022 cm23. For the same parameters us
before (l 5100 mm andu525°, Re'50 mm) the number of
protons per unit length of the contamination layer is ab
1017-1018 cm21. With a layer thickness of about 10 nm, th
total number of protons in the contamination layer should
about 1011-1012. With the aim of estimating their effects, on
must compare these numbers with the total number of
electrons, which is typically of the order of several tim
1013, depending on the parameters of the system. From th
simple evaluations we conclude that, in order to complet
‘‘screen’’ the target, the contamination layer should be
least of the order of several tens of nanometers, that
thicker than the value usually assumed in the experime
~even if it is not exactly known!. This is why one expects
that for usual experimental conditions, the detachment
acceleration of the bulk ions from the target are import
complementary processes.

The target itself can contain protons~typically if plastic
targets, constituted of H and C, are used!. In this case we
expect the total number of protons accelerated to be sev
times, in order of magnitude, the number obtained in sim
conditions but with metallic targets, assuming there are
protons inside the target in this last case. This behavior
observed in experiments@13#, namely, with similar laser
pulse parameters and target thickness, using a CH targ
was measured a number of protons of about 3.531013, while
with an Au target, the protons measured were five times l
even if the maximum proton energies obtained were sim
in both cases.
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B. Ion acceleration

Note, first of all, that the maximum electric field value
the one-temperature case, where the effect of the heated
electrons are not considered, isE(0)5A2/e(Th /eldh) while,
from our analysis, the maximum electric field produced b
two-temperature distribution is never less thanA2Th /eldh

~provided thata@1). The difference is almost a factor 2
What is more important, this value might be enhanced if
cold electron pressure is greater than the pressure of the
generated fast electrons. Hence, the finding of the condit
where the cold electron heating is most effective, is of pr
tical interest. Both target design and laser parameters see
be important in this context. In metals, the cold electr
density can be considered approximately as a given quan
It may grow due to thermal ionization, but more slowly tha
the cold electron temperature. Then, the pressure incre
mainly due to the heating process, as long as the fast elec
current is present in the target. A lower limit for its duratio
is the pulse duration. Therefore, in experiments with lo
pulses~hundreds of femtoseconds!, the order of magnitude
of the heating time should be;picoseconds. An estimate fo
the background temperature in these conditions, for alu
num, is;1 keV and consequently the ratio between the c
and hot electron temperatures is of the order ofb5Tc /Th
;1023. The density of conduction electrons, at this tempe
ture is of the order of 1024 cm23, due to thermal ionization
Then, the ratioa of the densities turns out to be of the ord
of or greater than;104, if we assume a value for the mea
hot electron density of about 1020 cm23.

Thus, for long enough pulses the background elect
pressure is of the same order as or even greater than th
electron pressure. Correspondingly, the presence of the
localized and enhanced peak of the electric field should
fect the detachment and ionization process, and also the
celeration of ions. First, the increased electric field results
a more effective layer detachment; second, more layers
be detached; third, the presence of the peak distribution
fects the temporal evolution of the acceleration, providing
‘‘injector’’ capable of accelerating the ions over a very sho
distance~nm! up to energies of the order of few keV.

On the contrary, for shorter pulses~few tens of femtosec-
onds! the heating of the background population should
less effective. Assuming again that the fast electron curr
and the pulse duration are of the same order, in aluminum
expect a final temperature of the order of;100 eV. In these
conditions the background electron pressure does not ex
the hot electron pressure.

In order to quantitatively estimate the maximum ion e
ergy, the knowledge of the temporal evolution of the elect
field profile is required@28,35#. Moreover, as already pointe
out in Sec. II A, even in the stationary isothermal model
ion expansion, some physical ‘‘truncation mechanism’’ h
to be introduced in order to avoid the divergent behavior
the electrostatic potential at infinity. Nevertheless, some g
eral conclusions about ion acceleration can be derived.

Let us consider the typical situation of multispecies i
composition of the target, where ions with various cha
states are present, in particular, protons and heavier
1-9
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from the contaminant layer and/or the bulk material. T
acceleration timetacc is the same for all ion species. It can b
limited by two mechanisms. First, if the total number
protons is large enough, they can alter the charge den
distribution with their motion. This happens in the time tak
by a proton to move across a hot Debye length~about
1 mm). For a MeV proton this time is of the order of 0.2
0.5 ps. The heavier ions are less important because pro
are more rapidly accelerated due to their lighter mass. S
ond, the ion acceleration can be terminated also becaus
the energy depletion of the hot electron population,
source of the electric field on the rear surface. After the la
pulse terminates, the hot electrons loose their energy by a
batic cooling expansion or by collisions. According to t
numerical simulations@47#, this happens in a picosecon
time scale. The faster time scale associated with these
cesses determines the upper limit for the ion accelera
time tacc at the rear surface, which should be no more tha
few picoseconds, according to our estimates.

During the timetacc , every ion species acquires a m
mentumpi'Ze*0

taccE(t)dt, and consequently the final en
ergyEi5pi

2/2mi , wheremi is the ion mass. From these co
siderations we conclude that final ion energies are rela
and, in particular, the ratio between ion and proton maxim
energies should scale asZ2/Ai , whereAi[mi /mp is the ion
mass number. This scaling seems to agree with the obse
tions @14,16#.

Finally, the formation of a localized peak in the electr
field profile also reveals itself as an important issue in
double-layer mechanism of laser-induced ion accelera
@35,48#. In this approach, a foil of heavy ions is coated on t
rear side with a thin layer of light ions~typically, protons!
which provides the charge separation. During the accel
tion of the light ions, heavy ions may be assumed at rest
the desired proton energy spectrum is controlled by mean
the variation of the layer thickness. The presence of a lo
ized electric field peak influences the choice of the ion la
thickness since we have seen that it would extend over
cold electron Debye lengths~several nanometers!, inside and
outside the target. The different electric field profile infl
ences also the final ion energy spectrum. Then, in this c
in order to produce a narrow proton energy distribution,
coating thickness should be less than a few cold De
lengths.

V. CONCLUSIONS

In this paper we have developed an analytical the
which presents the description of the self-consistent elec
static field~thesheathfield! in a target with a multitempera
s
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ture electron population. The heating of the background e
tron population due to the presence of a return current in
system is included in the model.

The electric field is significantly influenced by the co
electron population: first, this population determines the p
etration of the electric field inside the target, which occu
over a distance of a few cold electron Debye lengths; seco
if the cold electron pressure is greater than the hot elec
pressure, the maximum value of the electric field increas

The cold electron pressure increases due to the Oh
heating induced by the return current in the target. Since
heating process is related to the presence of the return
rent, it is more effective for longer pulses. According to o
estimations for a standard Al target, using very short la
pulses~tens of femtoseconds! the final cold electron tempera
ture is of the order of 100 eV, while a temperature of t
order of keV is achievable for a hundred femtosecon
pulses.

We have shown that these properties can significantly
fluence the ion detachment, the ionization, and finally the
acceleration. These processes are shown to be controlle
means of the heating rate of the background electrons
order to increase this heating rate, a search for target m
rials with extraordinary resistivity and presenting an anom
lously fast heating seems to be an interesting issue, with
aim of providing an efficient ion acceleration, especially w
short laser pulses. Together with the relevant target des
this may have a fundamental significance and potential
plications in the implementation of ion accelerators driv
by table-top lasers.

In order to build a more satisfactory theory on ion acc
eration when an ultraintense and ultrashort laser pulse in
acts with a thin solid target, it is important to investiga
quantitatively the effects of other phenomena, such as
role played by possible front-surface acceleration mec
nisms, and, in the framework of the rear acceleration p
cesses, deviation from the stationary description~time de-
pendence of the hot electron temperature and time evolu
of the accelerating field!, the effects related to a multidimen
sional geometry~divergence of the ion beam, role of th
self-generated magnetic field!, the electron recirculation in
the thin foil, and the consequences of a nonstepwise in
ion distribution.
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