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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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[. INTRODUCTION [15-17, or at the rear surface, through the self-consistent
electrostatic accelerating field. There is no definitive answer
Recent experiments have demonstrated the possibility tto the question of the spatial origin of the ions, since experi-
accelerate ions to high energies through the interaction of amental observations by different groups do not converge yet
intense and short laser pulse with a thin solid target. Thes® a unique and coherent pictures,18. It is likely that the
ion beams have attractive and peculiar characteristics, sugharticular experimental condition@bove all, the prepulse
as high collimation, high particle flux, and a short time du-and target surface propertjgday a fundamental role. How-
ration. Several possible applications of these laser-producegler, in some experimenfd3,19 it has been demonstrated
ion beams have been suggested: they have already been ussthmbiguously that physical processes on the rear surface
as a diagnostic tool in laser-plasma interaction experimentare particularly important.
[1]; they also reveal themselves useful in the implementation Theoretically, the problem of ion acceleration on the rear
of the fast ignition concept, with high energy beams of lightsurface in laser-solid experiments has been first described in
ions generated in laser-solid interactifid—4], in material terms of quasineutral plasma expansion in vacygm21].
sciencg 5], as injectors for ion acceleratdr8,7] and for the  In these descriptions the plasma is assumed to have a single-
production of short-lived isotopes for medical diagnosticstemperature electron population in thermodynamical equilib-
[8,9], and in the hadron theragy0,11]. rium. However, in the subpicosecond regime, the inertia of
Laser-solid interaction experiments at the 100 TW powelions is important and the assumption of quasineutrality must
level produce up to 18 protons with the energy spectrum be abandoned in order to give a better description of the
ranging from a few MeV to a few tens MeM2-14. Me-  process. Nonquasineutral plasma expansion has been consid-
tallic as well as insulator targets were used, with a thicknessred in Refs.[22—28 within the hypothesis of a single-
range from a fewwm up to more than 10@m. Two types of temperature electron population. Two-temperature electron
laser pulses have been used in these experiments: eithdistributions have been considered in R¢&2—-33 with the
single-shot pulses of a picosecond duration and energy of thessumption of the plasma quasineutrality.
order of 100 J or much shorter pulses of the order of a few The experiments on ultraintense and ultrashort laser pulse
tens of femtoseconds with energy of about 1 J. The seconiteraction with solid targets evidence that the electron popu-
type of pulses is more interesting for applications since suckation produced at the rear target surface can be characterized
lasers are less expensive, more compact, and can operateleast by two temperatures, one describing the presence of
with the repetition rate of the order of 1 Hz or more. It is hot electrons accelerated by the laser field, while the other
important for the various applications mentioned above tgefers to the much colder electron distribution of the target
understand the role of target and laser parameters in the pretectrons. The hot electron component is created directly by
cess of ion acceleration in order to control the characteristicthe laser pulse in the plasma plume at the front surface of the
of ion beams. target. It forms a beam propagating normally to the target
The origin of the observed accelerated ions and theurface with the divergence between 3° and 15°. The density
mechanism of acceleration are still the matters of debatenf this electron population is of the order of the critical den-
lons are created and accelerated either at the front surfacsity (107°-10* cm™3) and its temperature is of the order of
directly illuminated by the laser, as argued in R¢i2] and  the laser ponderomotive potential-MeV for the relativis-
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tically intense pulseslt contains up to 20%-30% of the laser n,_, depend on the spatial coordinatewhile their tempera-
energy. . ) tures,T,, and T, are constants. The electrons follow Boltz-
The free motion of this hot electron beam through thepann distributionsng e = Non(e EXPEH Tra), Whereng,
eh(c) ' '0h(c) (c) 0Oh(c)
target requires the presence of a return current which locally e unperturbed hdtold) electron densities. The electro-

compensates the flow of the h@nd fasf electron compo-  giatic potentiakp satisfies the Poisson equation
nent. The return current in metallic targets is provided by the

conduction electrons which are put in motion by the electric 2p=4me(Nept Nec—ZNY), (1)

field generated by the fast electrons. In insulators, the back-

ground free electron population is created by field and therwhere Z is the effective ion charge state in the solid. The
mal ionization. Since the density of the background electrorquasineutrality of the unperturbed plasmg,+ no.=Zny;,
population in both cases is of the order of the solid densitysets the boundary conditions for the electric field and the
that is, much bigger than the fast electron density, the repotential in the solid ax— —%: dy¢p(—)=d(—*)=0. At
quired velocity for current neutralization is small and theirthe vacuum side, there are no particles and no electric field,
temperature is much lower than that of the hot electronsthat is,d,¢ () =0. We note, incidentally, that the choice of
However, this cold and dense electron population can b8&oltzmann electron distributions implieg(<)— —o and
ohmically heated by the return currgid4]. results in a divergent final kinetic energy for a particle in

In this paper, we investigate the features of the electrosuch a field. This is a source of problems in the quantitative
static field created by a two-temperature electron populatioestimate of the final energy of accelerated ions. This issue is
at the rear side of a solid target. As compared with previousliscussed in more detail elsewh¢g¥,36].
analytical treatments, our aim is to study in more detail the According to Eq.(1), inside the target, fox<0, the elec-
electric field on the rear surface of a solid thin film createdtrostatic potential is described by the following Poisson-
by a propagating relativistic electron beam. We also develofBoltzmann equation:
an analytical model of heating of the cold electron popula- ) pu =
tion by the return current and analyze the consequences of Iy p=4me(none®” Th+nge®¥Te—Zny;). (2
these processes on the ion acceleration.

The paper is organized as follows. In Sec. Il the electro
static field at the rear surface of the target is found and th
role of the two electron populations is analyzed. In Sec. Il | 2 2_ _ _
our model is completed by an analytical description of the Nan(dxp)"=2[expp + abexp¢/b) = (1+ab) (1+a)¢(]é)
Ohmic heating of the background electron population in a
metal. The effects of a two-Maxwellian electron distribution where p=e¢/T,, is the dimensionless potential and,,
and Ohmic heating of the cold population on ion acceleration= (T, /47n,.e%)Y? is the unperturbed hot electron Debye
are discussed in Sec. IV. Section V is devoted to concludingength. The solution of Eq3) is then found in implicit form
remarks and summary.

By defining the paramete@=ng./ng, andb=T./Ty, one
gan write the first integral of Ed2):

@(x) de
Il. THE CHARGE SEPARATION EFFECTS L(o, [expp+abexp ¢/b)—(1+ab)—(1+a)p]*?
Generation of high energy electrons by the laser pulse X
interacting with a thin solid foil breaks plasma quasineutral- =—\2 o (4)
ity and generates a strong electric field at the rear side of the dh
target. where ¢(0) is the (dimensionlesselectrostatic potential in

In this section we present an analytical one-dimensionaj—q, to be determined. Moreover, far from the plasma sur-
model describing the electrostatic field at the solid-vacuungee the arguments and ¢/b are “sufficiently small,” and
interface generated by two-electron populations with differ-gne can expand the exponentials in E4). up to second-

ent thermal energies, each following the Boltzmann distribugger terms; therefore, the explicit solution of the problem is
tion. Certain aspects of this model are also discussed in Refgng:

[35], where it is considered as the initial plasma state for

Vlasov-Poisson numerical simulations of the plasma expan- V2 y
sion. e~e@(0)exp| 1+ ol ol (5)
dh
A. Electric field equations Outside the plasma, fok>0, the Poisson-Boltzmann
Here we consider a plasma constituted by the cold ion§duation for the dimensionless potentiareads
and two-electron populations with different thermal energies )\Sh&igo:expceraexp( olb), 6)

and look for the self-consistent electrostatic fi&lek — d, ¢
generated in this system. The ions are supposed to be colghich admits the first integral

and at rest with a step-function density distribution, that is,

n;=ng for x<0 andn;=0 for x>0, where thex axis is )\gh(axgo)zz2[exp<p+abexp(<p/b)] (7
directed normally to the target surface. We assume that the

densities of both electron populations, hot and calg,and  and the consequent implicit solution
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| h d@ 22 @

o(0) LeXpo+abexp @/b) 172 V< N, 8l

Taking the limitsa—0 andb—1 in Egs.(4) and(8), which
correspond physically to consider a single-temperature elec- ¢l
tron population, we recover the results given in R¢&3]
and[28]. 5
The electrostatic potentiap(0) and the electric field
E(0) atx=0, where the latter reaches a maximum, can be
determined by requiring the continuity of the potential and of 3t
the electric field, inx=0. Solving the system fog(0) and
dy¢(0), obtained by evaluating Eq&) and(7) atx=0, one 2r
gets for the potential at the solid-vacuum interface

1+ab PocPon
1+a ©)

¢(0)=— _
FIG. 1. Maximum value of the electric field(0), normalized

_ o ) ) to Th/egn, as a function of the cold-to-hot electron pressure ratio
and using the definitions @ andb, the dimensional form of Poc/Pon: for ab=1, E(0)~+2, while the behavior fomb

this result reads >1 is approximately given bﬁ(O)%\/ 2/e)ab.

2 D If the hot pressure is greater than the cold pressure, that is,
ThNon+ TeNoe SR 0" ab<1, the maximum electric field is approximately given
ep(0)=— =- =—(Toe), b
Non+ Noc N y
O«
a=h,c Th 1 b Th

where the unperturbed hot and cold electron pressgs, |n the opposite limit,a<1, the maximum electric field
and pgc, have_ beer_l introduced and the mean eIec_tfon temyould beE(0)— v2/e(T,/e\yp), recovering again the one-
perature(To.) is weighted on the unperturbed densities.  temperature resul23,28 (note the difference, in the last and

The maximum electric fiel@&(0) is now given by following expressions, between the Nepero's number e and
the electric charge).

Th 1+ab 1+ab)|? In the opposite case, when the cold pressure is greater
E(0)=12 e}\dh{ex;{ b b+ab +abexp< b+ab than the hot pressurab>1, we can approximat&(0) as
(11)
2 ) T 2T,
This equation is written in terms of the physical quantities E(0)= e ehagn Y eeng’ 13

and ab, which are the ratio between the two electron tem-
peratures and the ratio between the two unperturbed electromhere we have introduced the unperturbed cold electron De-
pressures, respectively. bye length\ 4= (T /4mny.e?) Y. We see from these expres-
Below we aim to analyze the main features of the self-sions that in this regime the maximum field is dominated by
consistent electrostatic field. In particular, we are interestethe parameters of the cold population: in particular, it de-
in the dependences of the maximum value and spatial prgeends only on the cold electron pressasile, for a given
files of this electric field on the “cold” and “hot” electron Vvalue of the cold electron pressupg., it does not depend
physical parameterdéemperatures and pressures appreciably on the cold electron temperatuigg.
Finally, if the cold and hot electron pressures are of the
same orderab~1, the maximum electric field is roughly

B. Dependence of the maximum electric field -
given by

on the electron parameters

The maximum value of the resulting electric field is given Th
by Eg. (11). We assume that the hot electron temperature is E(0)~ V2 th' (14)
much greater than the cold electron temperature and vice
versa for the electron density, that 81 anda>1, which  In Fig. 1 the maximum value of the electric fiee{0), nor-
correspond to laser pulse interaction with solid targets. Let umalized toT, /e\yp, iS shown as a function of the electron
study the following three physical regimes: hot pressureressure rati@b.

much greater than cold pressurab&l); cold pressure The performed study demonstrates that it is possible to
much greater than hot pressumebgé1); hot and cold pres- increase the maximum electric field by the cold electron
sures of the same ordealf~1). pressure boost for a given hot electron pressure, because
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FIG. 2. Electric field profile€(x), normalized toT, /e, for FIG. 3. Electric field profile€(x), normalized toT,,/e\ 4, for

cold-to-hot electron temperature ratlo=T./T,=0.01 and for  cold-to-hot electron pressure ratih=po./po,= 10 and for cold-
cold-to-hot electron pressure rat&h=po./Pon=1 (dotted ling,  to-hot electron temperature ratw=T,/T,=0.01 (solid line) and
ab=10 (dashed ling andab=100(solid line). Thex coordinate is  h=0.1 (dashed ling The x coordinate is normalized to thieot
normalized to thecold electron Debye length . corresponding to  electron Debye length yy,.

ab=10.

The cold electron population might have a sufficient en-
roughly E(0)~\8m(Ng.Tc+NonTh). This could be ergy to invade appreciably also the region outside the target.
achieved by energy exchange between the two electromhus it influences the spatial structure of the electric field
populations, where a small decrease in the hot electron tenover a distance of a few cold Debye lengths. We have seen in
perature may significantly increase the cold one, and the col8ec. Il B that under these conditions there is an increase in
electron pressure as well. This scenario is explored in théhe maximum value achieved by the electric field, that is, the
following section. field peaks up around the solid-vacuum interface, as it is
evident in Figs. 2 and 3. Outside the target, at a distance
exceeding few cold Debye lengths, the electric field structure
is then dominated by the hot population. In this last region,
one can derive an approximate analytical solutionE¢xk)

Let us now consider the spatial characteristics of the selfstarting from Eq.(8), neglecting the terms due to the cold
consistent electrostatic fiel&(x) is given by Eqgs(4) and  population. Omitting the termabexp(g/b) in the square root
(8), inside the target and in vacuum, respectively. Again weof Eq. (8), after integrating one has
consider the limithh<1 anda>1, and study how the field
profile varies by changing the pressure of the two electron
populations. e=—2In exg — ¢(0)/2]+

In Figs. 2 and 3, the electric field is shown as a function ‘/—)‘dh
of the spatial coordinate. The cold electron population de-
termines the spatial penetration of the electric field inside th
solid target: by rising the cold pressure for a given hot elec-
tron pressure and a given temperature rdéod conse- E(x)=12 Th 1 (16)
quently reducing\4.), although the peak field increases as eNgh eXF[—<p(o)/2]+x/\/§)\dh'
shown in Fig. 1, the field drops more and more sharply,
almost exponentially, inside the target from the maximumin particular, around the solid-vacuum interface, considering
value to zero over a few cold electron Debye lengths, as it i9nly the contribution from the hot electrofighat is, in the
clearly evident in Fig. 2. Equatiofb) justifies explicitly this region after few cold electron Debye lengthss\4.), Eq.
fact. Indeed, the field inside the target, derived by the ap(16) gives
proximated explicit solution given in E@5), has the follow-

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

é:orrespondingly, the electric field is

ing behavior: T, b1l+ab Th
) EN‘/EMGXF](_EbJrab —>\/§e)\dh, (17)
E(x)~exp{— , (15
Ndc where the last limiting value holds always, provided that

<1 anda>1. Figures 2 and 3 illustrate the features of the
even if we must observe that the approximation coming fromself-consistent electric field for the case where the cold elec-
the expansion of the exponential is not always good, vergron pressure is greater than the hot electron pressure. In
close to the plasma surface. particular, the correctness of Eq43)—(17) is clearly seen.
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It follows from this analysis that it is important to know (beingj the fast electron current densityone findsE~
the temperature and the pressure of the cold electron popu- 5j, and the Ohmic heating rate ig2.
lation because these quantities significantly influence both The temporal evolution of the background electron tem-
the maximum value of the electric field on the rear surface operature is described by the Fourier equation with the Ohmic
the solid thin target and its spatial extension. To this aim, éeating sourcg37]. The heat conduction time scale depends
model for the cold electron population heating in metal tar-on the background electron thermal conductivtyand heat
gets is presented in the following section. capacity per unit volume&(T,). Then the heat conduction

time is given by

lll. THE MODEL OF BACKGROUND thear~L?Ce/ ke, (19

ELECTRON HEATING wherelL is a characteristic length of the system—the trans-

The effici f th tor f the | verse scale-length of the fast electron beam. One can assume
e efficiency of the energy transfer from the laser-y ;g length to be of the same order of the laser pulse focal

triggered hot electrons to the electric field and, consequentlyéepo,[’ that is, about 1@m. At room temperatureT =T, ,

the efficiency of successive ion acceleration depends on tl}heat is then of the order of tens of picoseconds, for typical

eff|C|en.cy .Of the cold electron h_eajmg due to the Currem'\/alues of thermal conductivity and heat capacity in metals
neutralization in the targdB4]. This is because of the cold for example, for aluminunty,. .10 ps). Moreover, the co-
’ eat . ’

electron pressure boost that, according to the results of Se ficient of thermal conductivityc, depends orT,. As we

gétlir;r$;$§?ﬁes t?ees?lzr:glg:‘]?heec::fofgeeleezlcet(r:(t)rrgc f(')elgl'a![::)r?::\j/grcgovyill see in greater detail below, in metals the femtosecond
sider the hea?in of the backaround electrrc))nz in a metal tar_egime is characterized by strong electron-lattice nonequilib-
g 9 jum and in these conditiong, decreases with electron tem-

get by the return current appeared as the plasma responserlo

the laser-triggered fast electron flux. We describe an analytiperature aJ, “ [38], resulting in a heat conduction timg,

cal model for the heating process in Secs. Il A and Il B of the order of microseconds, for electron temperatures of the
while a numerical example for aluminum target is presentecﬁ)rder of the Feff‘“ temperaturl: in metals. Consequently,_
in Sec. Il C. thermal conduction effects are expected to be even less im-
portant when the electron temperatdigincrease due to the
Ohmic heating is accounted for. This conclusion is also in
A. Basic equations agreement with recent numerical simulati¢89,4Q.

When a beam of fast electrons enters a target, it creates Ge.nerally speaking, the electrical resistivifydepends on
electric and magnetic fields which strongly affect electron .0th 1on apd eIeptron temperatures. However, thgre IS no
transport. Hot electrons can propagate through metals béj-'reCt heating of lons by the return current a_md the_ lon heat-
cause conduction electrons are put in motion by the fields"Y due to electron-ion energy exchange is negligible be-

which cause a return current to appear, providing both charg%?tjhse 'focgag?gternsst“c dt|mseo|s Eggi;?g:?tﬁg F(’; mehezto?;
and current neutralization. Background electrons are the € scop ur study. So w ! : peratu

ohmically heated due to the finite electrical resistivity of the 0 be the room temperature d}Jrlng the heating process. With
these assumptions the equation for the background electron

target. ‘ A d
To evaluate the heating of the background electron popu_empera ure reads
lation, we start following an approach proposed by Davies Co(Te) i Te=n(To)j2 (20)

[37]. We will describe the response of the cold target elec- . _ .
trons to the fast electron beam current by means of the basic In order to derive analytical scalings for the electron heat-

Ohm’s law ing by the return current, we will assume a general power-
_ law dependence of both the electrical resistivity
E=njc, (18 p
7= (Tl Ty) (21
whereE andj. are the electric field and the current density and the heat capacity
inside the target, respectively, andits electrical resistivity, Co(Te) =C(To /TP (22)

which for simplicity is regarded as a scalar quantity. In this

way, we are not describing the transient process of currerdn the electron temperaturg,. Here, 5, and C, are the
neutralization, initially provided by the displacement current,electrical resistivity and the electron heat capacityTat
and we are also neglecting plasma oscillations damped by T, , respectively. We choosg, as the temperature at the
collisions in the time scale of the plasma period of cold elec-nitial time t=t,. From Egs.(20)—(22) we obtain an ordi-
trons. It has already been notggi7] that the time scales for nary differential equation for the electron temperature, which
these processes are extremely short, typically less than 1 fsan be analytically solved for a given time dependence of the
One can also simplify the full Maxwell equations. The mag-hot electron current density. Because our model is not in-
netic diffusion time is a characteristic time scale for the re-tended to be comprehensive, but rather to be restricted to a
turn current decay. In metals, this is a relatively slow pro-discussion of some new effects, we consider the simplest
cess, of the order of many tens of picosecori@d]. casej = const. With this position, forr— <1, one finds the
Assuming the complete current neutralization, ijgs —j, following solution:
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Y Ce,

2
7kl ’ 293)

Te() =Ty 1+~ 2 (-t

1+

where y=1/(1-a+ B). For a— B=1, instead of the alge- B=1 B=1 =0 B=0
braic dependence of E(23), one has the exponential law for
the electron heating: /

7
Te:TkeXF{ﬁ(t_tk)}- (249 Na I I I v

Note that in the limit3— 0 we recover the solutions found
by Davies[37], who did not consider a possible temperature

dependence of the electron heat capaity.
a=-3/2

B. The heating of cold electrons by the return current >
Ty T T T.. T,
Let us now look in some details at the temperature depen-
dence of heat capacity and electrical resistivity, starting from FIG. 4. Qualitative dependence of the cold electron heat capac-
the former,C.(T.). At temperatures well below the Fermi ity C. and of the electrical resistivityy on the electron temperature,
temperature, the conducting electrons are described as a fragcording to our model. The four domains of variations of the cold
degenerate gaS, W|th a resultant heat Capac|ty Vary|ng ”rﬁlectron temperature, considered in the text, are shown.

early with the electron temperature. In particular, for a de-

generate free electron gas we hgué| Tg
Ve.e™ AT (28
7T2 F
e
Caed Te)= 2 Tg fle- @9 In the case of equilibrium between the electrons and the

lattice, i.e., wherl;=T,, electron-phonon collisions are the
Above T, electrons behave approximately as a classicatiominant process and electron-electron collisions can be ne-
ideal gas, and the heat capacity in this case is no longeglected. However, the laser-solid interaction on femtosecond

dependent on the electron temperature, time scales is a strongly nonequilibrium procg38,42. The
, ions remain much colder than the electrons, due to the rela-
Cig=32Ne. (26) tively long electron-ion relaxation time, of the order of tens

of picosecondg42]. For this reason, at the subpicosecond
We characterize this behavior by splitting the electron temtime scale, the e|ectron_phonon scattering process gives a
perature range into two different domains, setting in@4  temperature independent contribution to the electrical resis-
B=1 for T,<Tg and choosing the ideal valyg=0 for T, tivity. This is why at the initial stage of the heating process
=Tg. Note that in this way the corresponding heat capacitythe electrical resistivity iy, the resistivity at room tem-
at room temperaturé,, is about three times less than the peratureT,,,. The electron-electron collisions are more and
correct value given by Eq25). The temperature scaling of more frequent with increasing,. From Eqs(27) and(28),
the heat capacity is summarized in Fig. 4. one finds that the two collision frequencies ,, and ve.

We turn now to the electrical resistivity. It is propor-  become equal at the temperat(ig8]
tional to the electron collision frequendie., inversely pro-

portional to the electron relaxation timdhe cold solid-state T,=(goTiTp)¥2 (29
resistivity is mainly due to the electron-phonon scattering

process, resulting in a linear dependence of the electric\bove the temperatur&, , the electron-electron collisions
resistivity on the ion temperaturd; (provided thatT, dominate, i.e., they contribute mainly to the electron relax-
=Tp, whereT, is the Debye temperature of the conductoration time and, consequently, to the electrical resistivity.
[41]). The electron-phonon collision frequeney_,, is es-  INCreases up to a maximum valug,a, and then saturates.

timated ad41] This occurs when the electron mean free path becomes of the
order of an interatomic distand@2,43. Correspondingly,
T max €@n be deduced from E8) with T,=Tr. Using the
Vepn=0o7 - (27)  free electron gas modéd1] and Eq.(28), one obtains
wheregg is a numerical factor of the order of unity. Another _ Me E (30)
contribution to the total electron relaxation time comes from Tmax ne2 b’

e
electron-electron collisions. The Fermi liquid theory of elec-

trons in metalg§41] predicts that the electron-electron colli- Indeed, it corresponds to the electrical resistivity where the
sion frequencyr... depends quadratically on the electron relaxation time is taken to be equal to the plasma period of
temperaturel o, and it can be estimated as the background electrons. At higher temperatures, the elec-
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trons behave like an ideal hot plasma, and the electron col- Vmax >
lision frequency is governed by the Spitzer |544]: Te(t)=Tg| 1+ m(t—tfz) : (36)
|
4 1IZZe“mene This linear increase of the electron temperature holds until
VSpitzer:§(2 ALY @D the timet;3, whenT.=T,, ,
(MeTe)

. L . CiaTe [ Ths
where Z is the ionization degree and Anis the Coulomb tg=tip+ ——— 1. (37)
logarithm. From Eq(31), the electrical resistivity decays as Mmad®\ TF

T. %2, The collision frequency given by Eq31) is of the
order of the plasma frequency at the temperatiig ,
which is of the order of 1D:. In the interval T-<T,
<T,, , the plasma electrons are in the strongly coupled non

Finally, in the last domain, fof=T,, , a— B=—13/2,
and, again from Eq(23), one finds the solution for the heat-
ing of an ideal hot electron plasma,

degenerate state. Following R¢#2], in this interval we 5 Va2 2/5

consider the electrical resistivity to be a constant. The tem- To(t)=T,, |1+ > F(t—tfs) ; (38

perature scaling of the electrical resistivity is summarized in id Tk

Fig. 4. : ; ;
gAccording to the present model, four different tempera—the final temperatur e, will be reached at the time

ture domains characterize the behavior of the background 2 CigTos [ Torin) 52

electrons, as indicated in Fig. 4. In the first domain, where tin=tiz+ = > ( ) —1]. (39

Tm=T.<T,, conducting electrons are degenerate. Corre- 5 Vmad T

spondingly, the heat capaciy is a linearly increasing func- . .
tion of the electron temperature and the electrical resistivityh -[0 concludelthetpiies'er;tatlon of tthﬁlhgatlng mod]ce[[;]/veQOtE
7 is almost constant, equal to its room-temperature valudhat one can also take into account the increase of the back-

7. In this regiona=0 and =1, and, according to Eq. ground electron density due to thern{abllisiona) ioniza-

(23), the temporal evolution of the electron temperature istion, with an appropriate choice of the paramegerHow-

given by (in this T, range.t,=0) ever, this will not change qualitatively the results.

Mrm) 2
CimTrm

) 1/2 C. A numerical example-Al target
t ’

Te(t)ZTrm( 1+2 (32

In order to make quantitative estimates of the background
electron heating in a metal by the return current induced by

this solution is valid until the time;;, at whichT, becomes the current of fast electrons, we apply the model presented in

equal toT, , this section to the case of aluminufAl). This material is
widely used in laser-solid experimeri&3] and its physical
1C..T T.\2 characteristics are well known. It has the background elec-
__ rmt*rm * _ : 023 —3 d tl |
tey 5 et 1]. (33)  tron density of 1.&10” cm °, and consequentlyTg is
rm) rm about 11.6 eV. According to the free electron gas model, we

can fit the experimental value of the room electrical resistiv-

In the second domain, fof, <T.<Tg, the electrons are ity (7,,~2.5x10 % ohmcm) by choosing the constagg
still degenerate, i.e., the heat capacity is still a linear function=3 in Eq. (27). Then, from Eq.(29), electron-electron col-
of T, but the electrical resistivity is quadratically increasing lisions become the dominant scattering process ifirthe
with the electron temperature, due to electron-electron collinonequilibrium regimeT,>T;) at the electron temperature
sions, thena=2 in Eq. (21). Correspondinglya—B=1, T,6=0.95eV. The estimate for the maximum value of the
then, from Eq(24), the electron temperature is now given by electrical resistivity given by Eq30) is in fairly good agree-
ment with the experimental measurements of2.2
X 10~ * ohm cm[43]. We also choos@&,, =100 eV[42,43
as the electron temperature above which the electrical resis-
tivity » is governed by the Spitzer law. Finally, we estimate
whereC,, =C, (T, /Tym). This solution is valid till the time ~ the fast electron current density gs-nopec; for nop
t;,, for which To=T, =10 cm ™3, we havej=5x 10" A/lcm?. Assuming the hot

electron mean energy of 1 MeV, this current corresponds to
C.T. /T the fast electron energy flux of>510'7 W/cn?. It can be
tp=tr+ *__’;m(_F) _ (35)  obtained with the laser intensity of 2&.0'® W/cn?, assum-
Meml T, ing the conversion efficiency of 20%.
By using these parameters, one can estimate the time evo-

The third domainT<T.<T,, , is characterized by the lution of the background electron temperature. It takes about
constant ideal heat capaci€y, Eq. (22), and the constant a few femtoseconds to reach, ~1 eV, about~15 fs to
maximum electrical resistivity¢=0). Sincea—B=0, T,  reachTg~10 eV, and~40 fs to achievel ., ~100 eV. So
is linearly increasing with time, Eq23), that is, background electrons should be heated up~tb00 eV in

T(t)=T, ex 70} (t—try)
e * C*T* fl

: (34
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about 60 fs by the return current originated by the fast eleclattice. In the one-temperature case, the electric field is much
trons flowing in the solid metal target. This time is much lessmore symmetric with respect to the target surface and it falls
than the time scales typical for processes such as electron-i@town over some Debye lengths, [see, for example, the
relaxation or thermal conduction, as previously discussed. approximate explicit solution inside the target, E§). with
Moreover, one can use E@9) to estimate the time re- a=0]. Then, taking into account the presence of a two-
quired by the background electrons to be heated up to semperature electron population, the penetration of the self-
given temperature. For example, the temperature 500 e¥onsistent electric field inside the solid target is greatly re-
would be reached after 1 ps, while after 6 ps the electron duced if compared with the one-temperature case-Q). It
temperature would be-1 keV. This estimate qualitatively can potentially detactdepending on its strengtlonly a few
agrees with the temperatures reported in the numerical simuulk layers.
lations[39,40. This time must be compared with the dura- The maximum electric field is of the order of several
tion of the fast electron current, which is ultimately relatedMV/ um. It largely exceeds the effective electric field re-
also to the duration of the laser pulse. Moreover, after a fevguired to detach an ion from the atomic layer, which is of the
picoseconds, some of the effects neglected might becomarder of the ion binding energy in the solid few e\) di-
significant, slowing down the heating process. For a pulse ofided by the ion charge and the interatomic distance, that is,
hundred of femtoseconds, we can estimate the final coldoughly ~0.02 MV/um. It also exceeds the threshold for
electron temperature to be of the order of 500 eV-1 keV, thidield ionization. Another source of ionization are the colli-
last value being an upper limit, above which in any case aions of heated background electrons.
more accurate treatment of the heating process would be nec- We conclude that the self-consistent electric field at the
essary. On the other hand, if the pulse duration is shéater rear surface is sufficient to detach and ionize the ions in few
few tens of femtosecongisthe duration of the fast electron target atomic layers. Typically, a single layer contains about
current is shorter as well, and the heating of the background0'® ions/cnf. Taking into account the angular spread of the
population is expected to be less effective. In accordanckot electron beamg, we can estimate the transverse exten-
with the proposed scenario, for Al one can infer a final backsion of the hot electron cloud on the rear surfaceRas

ground electron temperature of the order-0100 eV. ~d/2+1tan@, whered is the laser focal spot diameter ahd
is the target thickness. Assuming 100 um and 0=25°,
IV. DISCUSSION: TWO-TEMPERATURE EFFECTS we find Re~50 um. This estimate oR, agrees with the
ON ION ACCELERATION results of recent optical measurements of the rear side of the

arget[45]. The number of ions detached from a single layer

We have shown that, depending on the relative value 0i\/ould be of the order of ¥ 10*, and then the total number
the cold and hot electron pressures, the resulting self:

f ions detached by the electric field from a few layers would
consistent electric field, generated at the rear side of the fog y y

tarcet be sianificantly infl 4 f h e about several times ¥0
arget, can be signiicantly influenced irom the presence o Sincel 4>+ T, We should expect that a stronger heating
the cold electron population. If the cold pressure is suffi-

of the cold electron population should result in a larger num-

piently high to be comparat_)le with the hqt electran PreSSUr€yqr of pulk layers detached. As discussed in Sec. Ill B and
its most remarkable effect is the production of a peak in thfgelow, the cold electron temperature increases with the pulse

electric field, localized near the vacuum solid interface, an ; : .
T . : . F [ Id el f
extended inside and outside the target over few cold Debygura’uon or example, assuming a cold electron density o

3 A3 _ . g
lengths. These features are important for ion detachment an out 161_ cmf io)(;dC:/O.zhr']Im W'tfothf C°"?'f ('al'leftiollz t\(/em
acceleratior 34]. peratureT; 0O eV, while\y=0.7 nm if T.=1 keV.

Therefore the number of accelerated ions should increase
with the laser pulse duration.

Consider now the early dynamics of the electric field after

The first stage of the ion acceleration process in laserthe detachment of the first target layers. One can reasonably
solid interaction must consist in the creation of ions and inassume that during the time of the order of the pulse dura-
their detachment from the solid. These ions originate frontion, the energy of the hot electron populatiirectly de-
the bulk solid and/or from a lower-density proton-rich layer livered by the laser pulgeis approximately constant. The
(typically several atomic layerf contaminants and impu- Structure of the self-consistent electric field does not consid-
rities, always present in these experimdin®, 14, if no spe-  erably change, as long as the number of ions accelerated
cial measure to clean the surfaffey resistive or chemical remains smaller than the total number of hot electrons. How-
heating is undertakerj18,17. ever, the peak of the electric fiefd/hich is initially localized

In order to better understand the physical processes irgt the solid-vacuum interfag¢moves backwards,” inside
volved, let us first consider the “clean” situation, in which the target as more and more layers are detached. It moves
no contamination layer is present, and look for the consewith a velocity of the order of the ion-acoustic velocity,
quences following from our model. We know from our pre- in which the electron temperature is of the order of the mean
vious analysis that in the two-electron temperature systenglectron temperaturé€Tl ) as defined in Eq(10). Then, the
the electric field on the rear side can penetrate the targetistanceAx the electric field penetrates into the target is the
falling down almost exponentially over a few cold Debye maximum betweercgt, (t, being the laser pulse duration
lengths\ 4., EQ.(15), which is a very short distance, com- time) and the cold electron Debye length.. Consequently,
parable with the distance between the atomic layers in thé& defines the number of layers detached. Since in solid tar-

A. lon detachment and ionization

026411-8
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getsa=ng./ngp>1, (Tpe) is aboutT,,/a when the hot elec- B. lon acceleration
tron pressure is greater than the cold electron pressure, while Note, first of all, that the maximum electric field value in

its value is aboubT,=T, in the opposite situation. What- e gne-temperature case, where the effect of the heated bulk
ever the case, we can assume {fiB,) is at most~keV.  ga0ons are not considered H60) = \2/e(T,, /ehg;) while,
Co_nsequentl);, for most _materlals, the ion-acoustic velocity is,om our analysis, the maximum electric field produced by a
typ(;callZ ~.10thcm/ S'b W'ttr]: short pulsegtens (;flfe][nto;sec- two-temperature distribution is never less théﬁTh/e)\dh

onl 9 hx 'Z ;nfa ciu ew ngAnometers, while for onger(provided thata>1). The difference is almost a factor 2.

bu se?( unA ref S erphosoelzcton)?] X ::gn € evendtetﬂs na-t' What is more important, this value might be enhanced if the
nometers. As far as the detachment 1S concerned, th€ MOUQUY, 4 ejectron pressure is greater than the pressure of the laser
of the electric field inside the target during the pulse d_urat|o enerated fast electrons. Hence, the finding of the conditions
can change the order of magnitude of the layer thicknes here the cold electron heating is most effective, is of prac-

detached \;vhe_tnh It(;]ng pulses Ere useq. Th'g’ 'Ss'n qual'tlat'vetical interest. Both target design and laser parameters seem to
agreement wi e recent observations by Speteal. be important in this context. In metals, the cold electron

[46]. densi . . ) .
. . ensity can be considered approximately as a given quantity.
We can lnow qgglltatlvely ﬁesﬁ”%e th? efffeck':s of the cony may grow due to thermal ionization, but more slowly than
tamination layer. Since usually the density of the contaminay,, |4 glectron temperature. Then, the pressure increases

tion Iaygr IS 'F’WGf t'han solid density, the effective charge ,Ofmainly due to the heating process, as long as the fast electron
contaminant ions is also low and then, at least as a firs{,rent js present in the target. A lower limit for its duration
approximation, one can assume that they do not alter thg he pulse duration. Therefore, in experiments with long
structure of the electric field described in Sec. Il. Thus, thepulses(hundreds of femtosecoridghe order of magnitude
contaminant layer is simply “superimposed” on the cleanof the heating time should be picoseconds. An estimate for
system, and the maximum electric field is then localized a.the background temperature in these Conditionsy for alumi-
the solid-contaminant interface. As already noted, the connum, is~1 keV and consequently the ratio between the cold
taminant layer contains always protons: being the lighteand hot electron temperatures is of the ordebefT./T,

ions, protons are the first to be accelerated. If their number is- 10~ 2. The density of conduction electrons, at this tempera-
enough to significantly screen the electrostatic field, they inture is of the order of 18 cm™2, due to thermal ionization.
hibit the acceleration of the heavy bulk ions, present in theThen, the ratica of the densities turns out to be of the order
target(and also the heavy ions from the contamination layerf or greater than-10%, if we assume a value for the mean
itself). Let us assume a value for the contaminant layer denhot electron density of about 1cm™2.

sity of the order of 17 cm™ 3. For the same parameters used  Thus, for long enough pulses the background electron
before (=100 um and#=25°, R;~50 um) the number of pressure is of the same order as or even greater than the hot
protons per unit length of the contamination layer is aboutlectron pressure. Correspondingly, the presence of the very
10t-10" cm™1. With a layer thickness of about 10 nm, the localized and enhanced peak of the electric field should af-
total number of protons in the contamination layer should bdect the detachment and ionization process, and also the ac-
about 16102 With the aim of estimating their effects, one celeration of ions. First, the increased electric field results in
must compare these numbers with the total number of haa more effective layer detachment; second, more layers can
electrons, which is typically of the order of several timesbe detached; third, the presence of the peak distribution af-
10*3, depending on the parameters of the system. From thedects the temporal evolution of the acceleration, providing an
simple evaluations we conclude that, in order to completelyinjector” capable of accelerating the ions over a very short
“screen” the target, the contamination layer should be atdistance(nm) up to energies of the order of few keV.

least of the order of several tens of nanometers, that is, On the contrary, for shorter pulségw tens of femtosec-
thicker than the value usually assumed in the experimentend9 the heating of the background population should be
(even if it is not exactly known This is why one expects less effective. Assuming again that the fast electron current
that for usual experimental conditions, the detachment andnd the pulse duration are of the same order, in aluminum we
acceleration of the bulk ions from the target are importanexpect a final temperature of the order-e100 eV. In these

complementary processes. conditions the background electron pressure does not exceed
The target itself can contain protofitypically if plastic  the hot electron pressure.
targets, constituted of H and C, are usela this case we In order to quantitatively estimate the maximum ion en-

expect the total number of protons accelerated to be severalgy, the knowledge of the temporal evolution of the electric
times, in order of magnitude, the number obtained in similarfield profile is required28,35. Moreover, as already pointed
conditions but with metallic targets, assuming there are n@ut in Sec. Il A, even in the stationary isothermal model of
protons inside the target in this last case. This behavior wa®n expansion, some physical “truncation mechanism” has
observed in experimentgl3], namely, with similar laser to be introduced in order to avoid the divergent behavior of
pulse parameters and target thickness, using a CH targettie electrostatic potential at infinity. Nevertheless, some gen-
was measured a number of protons of abouk38' while  eral conclusions about ion acceleration can be derived.

with an Au target, the protons measured were five times less, Let us consider the typical situation of multispecies ion
even if the maximum proton energies obtained were similacomposition of the target, where ions with various charge
in both cases. states are present, in particular, protons and heavier ions
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from the contaminant layer and/or the bulk material. Theture electron population. The heating of the background elec-
acceleration time, .. is the same for all ion species. It can be tron population due to the presence of a return current in the
limited by two mechanisms. First, if the total number of system is included in the model.

protons is large enough, they can alter the charge density The electric field is significantly influenced by the cold
distribution with their motion. This happens in the time takenelectron population: first, this population determines the pen-
by a proton to move across a hot Debye lengébout etration .of the electric field inside the target, which occurs
1 um). For a MeV proton this time is of the order of 0.2— Overa distance of a few cold e_:lectron Debye lengths; second,
0.5 ps. The heavier ions are less important because protofisthe cold electron pressure is greater than the hot electron
are more rapidly accelerated due to their lighter mass. Se@ressure, the maximum value o_f the electric field increases.
ond, the ion acceleration can be terminated also because of The cold electron pressure increases due to the Ohmic
the energy depletion of the hot electron population, th@eat!ng induced t_>y the return current in the target. Since the
source of the electric field on the rear surface. After the lasef€ating process is related to the presence of the return cur-
pulse terminates, the hot electrons loose their energy by adi&€nt: it is more effective for longer pulses. According to our
batic cooling expansion or by collisions. According to the estimations for a standard Al tz_irget, using very short laser
numerical simulationd47], this happens in a picosecond pulsgs(tens of femtosecongishe flnal_cold electron tempera-
time scale. The faster time scale associated with these prddre is of the order of 100 eV, while a temperature of the
cesses determines the upper limit for the ion acceleratioRder of keV is achievable for a hundred femtoseconds
time t,.. at the rear surface, which should be no more than &#UlSes.

few picoseconds, according to our estimates. We have shown that these properties can significantly in-
During the timet,.., every ion species acquires a mo- fluence the ion detachment, the ionization, and finally the ion

mentump; ~Zef'*E(t)dt, and consequently the final en- acceleration. Thesg processes are shown to be controlled by
o 0 " . means of the heating rate of the background electrons. In
ergy & = pj/2m;, wherem; is the ion mass. From these con- o qer t5 increase this heating rate, a search for target mate-
siderations we conclude that final ion energies are relatefl|s \yith extraordinary resistivity and presenting an anoma-
and, in particular, the ratio between ion and proton maximuni,s|y fast heating seems to be an interesting issue, with the
energies should scale @8/A;, whereA;=m;/my is the ion  4in of providing an efficient ion acceleration, especially with
mass number. This scaling seems to agree with the observanqt |aser pulses. Together with the relevant target design,
tions[14,16. this may have a fundamental significance and potential ap-

_ Finally, the formation of a localized peak in the electric yjications in the implementation of ion accelerators driven
field profile also reveals itself as an important issue in theOy table-top lasers.

double-layer mechanism of laser-induced ion acceleration” |, order to build a more satisfactory theory on ion accel-

[35,48. In this approach, a foil of heavy ions is coated on thegration when an ultraintense and ultrashort laser pulse inter-
rear side with a thin layer of light iongtypically, protons — acts with a thin solid target, it is important to investigate
which provides the charge separation. During the accelergsantitatively the effects of other phenomena, such as the
tion of the light ions, heavy ions may be assumed at rest ang,|q played by possible front-surface acceleration mecha-
the desired proton energy spectrum is controlled by means Qfisms, and, in the framework of the rear acceleration pro-
the variation of the layer thickness. The presence of a localzesses deviation from the stationary descriptibme de-
ized electric field peak influences the choice of the ion layetengence of the hot electron temperature and time evolution
thickness since we have seen that it would extend over feW he accelerating field the effects related to a multidimen-
cold electron Debye lengti{several nanometeisnside and  gjgnal geometry(divergence of the ion beam, role of the
outside the target. The different electric field profile influ- self-generated magnetic figldthe electron recirculation in

ences also the final ion energy spectrum. Then, in this casg,e thin foil, and the consequences of a nonstepwise initial
in order to produce a narrow proton energy distribution, thg, distribution.

coating thickness should be less than a few cold Debye

lengths.
ACKNOWLEDGMENTS

V. CONCLUSIONS M.P. wishes to acknpwlgdge the hospitality of the Centre
Lasers Intense et Applicatiof€ELIA), where most of the
In this paper we have developed an analytical theorywork was carried out, and of the University of Bordeaux 1
which presents the description of the self-consistent electrdfor supporting his visit to France. Part of this work was car-
static field(the sheathfield) in a target with a multitempera- ried out in the framework of INTAS Project No. 01-0233.

[1] M. Borghesiet al,, Phys. Plasma8, 2214 (2002. [5] F.P. Boody, R. Hoepfl, and H. Hora, Laser Part. Beam443

[2] M. Roth et al,, Phys. Rev. Lett86, 436 (2001). (1996.

[3] V.Yu. Bychenkovet al,, Plasma Phys. Re7, 1017(2002. [6] H. Haseroth and C.E. Hill, Rev. Sci. Instruiiz, 1328(1996.

[4] M. Temporal, J.T. Honrubia, and S. Atzeni, Phys. Plas®ias [7] K. Krushelniket al, IEEE Trans. Plasma S@8, 1184(2000.
3098(2002. [8] M.I.LK. Santalaet al., Appl. Phys. Lett.78, 19 (2002.

026411-10



CHARGE SEPARATION EFFECTS IN SOLID TARGH. ..

[9] K. Nemotoet al, Appl. Phys. Lett.78, 595 (2001J).

[10] S.V. Bulanov and V.S. Khoroshkov, Plasma Phys. R&p453
(2002.

[11] E. Fourkalet al., Med. Phys29, 2788(2002.

[12] E.L. Clark et al,, Phys. Rev. Lett84, 670(2000.

[13] R.A. Snavelyet al, Phys. Rev. Lett85, 2945(2000.

[14] M. Allen et al, Phys. Plasmag0, 3283(2003.

[15] A. Maksimchuket al, Phys. Rev. Lett84, 4108(2000.

[16] E.L. Clarket al,, Phys. Rev. Lett85, 1654(2000.

[17] M. Zepf et al, Phys. Rev. Lett90, 064801(2003.

[18] M. Hegelichet al., Phys. Rev. Lett89, 085002(2002.

[19] A.J. Mackinnonet al, Phys. Rev. Lett86, 1769(2001).

[20] A.V. Gurevich, L.V. Pariiskaya, and L.P. Pitaevskii, Zh. Eksp.
Teor. Fiz.49, 647 (1965 [Sov. Phys. JETR2, 449(1966)].

[21] C. Sack, and H. Schamel, Phys. R&p6, 311 (1987).

[22] M. Widner, I. Alexeef, and W.D. Jones, Phys. Fluiti§ 795
(1971

[23] J.E. Crow, P.L. Auer, and J.E. Allen, J. Plasma PHy%.65
(1975.

[24] J.S. Pearlman and R.L. Morse, Phys. Rev. Léf), 1652
(1978.

[25] J. Denavit, Phys. Fluidg2, 1384(1979.

[26] A.V. Gurevich and A.P. Meshcherkin, Zh. Eksp. Teor. F9,
1810(1981) [Sov. Phys. JETB3, 937(1981)].

[27] Y. Kishimoto, K. Mima, T. Watanabe, and K. Nishikawa, Phys.
Fluids 26, 2308(1983.

[28] P. Mora, Phys. Rev. Let@0, 185002(2003.

[29] L.M. Wickens, J.E. Allen, and P.T. Rumsby, Phys. Rev. Lett.

41, 243(1978.
[30] L.M. Wickens, and J.E. Allen, J. Plasma Ph$8, 167 (1979.

[31] A.V. Gurevich, D. Anderson, and H. Wilhelmsson, Phys. Rev.

Lett. 42, 769 (1979.

PHYSICAL REVIEW E 69, 026411 (2004

[32] M.A. True, J.R. Albritton, and E.A. Williams, Phys. Flui@d,
1885(198)).

[33] V.F. Kovalev, V.Yu. Bychenkov, and V.T. Tikhonchuk, Pis’'ma
Zh. Eksp. Teor. Fiz74, 12 (200)) [JETP Lett.74, 10 (200D ];
Zh. Eksp. Teor. Fiz122 263 (2002 [JETP95, 226 (2002].

[34] V.T. Tikhonchuk, Phys. Plasmd&s 1416(2002.

[35] V. Yu. Bychenkov, V. N. Novikov, D. Batani, and V. T. Tikhon-
chuk (unpublished

[36] M. Passoni and M. Lontano, Laser Part. Beaftus be pub-
lished.

[37] J. R. Davies, Phys. Rev. &, 056404(2003.

[38] A.P. Kanavin, I.V. Smetanin, V.A. Isakov, Y.V. Afanasiev, B.N.
Chichkov, B. Wellegehausen, S. Nolte, C. Momma, and A.
Tunnerman, Phys. Rev. B7, 14698(1998.

[39] J. J. Honrubigunpublished

[40] L. Gremillet, G. Bonnaud, and F. Amiranoff, Phys. PlasrBas
941 (2002.

[41] N. W. Ashcroft and N. D. MerminSolid State PhysicéHolt,
Richart and Winston, New York, 197:6A. A. Abrikosov, Fun-
damentals of the Theory of Meta(blorth-Holland, Amster-
dam, 1988.

[42] K. Eidmann, J. Meyer-ter-Vehn, T. Schlegel, and S. Huller,
Phys. Rev. B62, 1202(2000.

[43] H.M. Milchberg R.R. Freeman, S.C. Davey, and R.M. More,
Phys. Rev. Lett61, 2364(1988.

[44] L. Spitzer, Jr.,Physics of Fully lonized Gasdsnterscience,
New York, 1956.

[45] J.J. Santost al, Phys. Rev. Lett89, 025001(2002.

[46] I. Spenceret al, Phys. Rev. B67, 046402(2003.

[47] D.W. Forslund and J.U. Brackbill, Phys. Rev. Let8, 1614
(1982; T. Zh. Esirkepoet al, Pis’'ma Zh. Eksp. Teor. FiZ0,
80 (1999 [JETP Lett. 70, 82 (1999]; H. Ruhl et al,, Fiz.
Plazmy27, 387 (2001 [Plasma Phys. Re[27, 363 (2001 ].

[48] T.zh. Esirkepowet al., Phys. Rev. Lett89, 175003(2002.

026411-11



