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Parametric study of ion acceleration in a one-dimensional plasma expansion
using the particle-in-cell simulation
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The one-dimensional expansion of a plasma off a planar wall into a vacuum is studied using particle-in-cell
computer simulation. Particular emphasis is put on the acceleration of ions in the plasma. Energy transfer from
the electronic to the ionic subsystem, the energy spectra of the ions, and the center-of-mass motion of the ion
cloud are monitored. Various parameters that influence the acceleration process are studied: the presence of
several ion charge states, of neutrals, the effects of a binary mixture of ions, and of a thermal nonequilibrium
between ions and electrons.
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I. INTRODUCTION These previous simulatiorj$4,15 treated a strongly ide-

After laser ablation off a surface, a plasma cloud forms in2/iz€d model situation: The plasma is assumed to be fully
front of the surface and expands into the vacuum above f#onized, and to contain only a single ion species in the singly
[1-3. This basic phenomenon of plasma expansion haéomzed charge state._These. idealized condltlons allowed
raised the interest of researchers as soon as the first lag@fit€ @ general analysis of this model problem since by the
ablation experiments have been performegd]. mtroductl_on of scaled variables a_complete numerical soll_J-
Measurements—taken both with nanosecd@g,g and tion of this problem could be obtained. However, the condi-
femtosecond-las€i7,8] pulses—show that the energy distri- tions in a realistic plasma-expansion experiment may deviate
bution of the ions in the expanding plasma cloud extends té" several respects from the idealized assumptions of the pre-
surprisingly high energies, and may reach several 100 oyious investigations. In the present paper, we therefore want
1000 eV. In other words, they may reach values that are & relax these strict assumptions and introduce various
factor of 100 or 1000 larger than the equivalent of reasonablplasma processes during the expansion process into our
material surface temperatures, e.g., the boiling or criticakimulation: the presence of two ion charge states, the emis-
temperature. sion of two ion species with different masses, the effect of

Theoretical analyses of the expansion process are oftegollisions with neutrals, and, finally, we allow for the elec-
based on a hydrodynamic modeling, in which assumptiongron component to possess a higher kinetic energy upon
on the equilibrium nature of the process enter. Only in thesmission off the surface than the ion species. By considering
last decade, numerical efforts have become more wideeach of these processes one at a time, and by comparing the
spread, often, however, with an emphasis on modeling thgesults to those of the idealized simulaticas a reference
particular situations encountered in a specialized experimeriasg it will be possible to trace—at least qualitatively—the
without a general analysis. We note, however, that alreadjhfluence of various plasma processes on the expansion dy-
the early kinetic analysis of Gureviatt al. [9] was able o namics. Our interest shall focus on the energy conversion
show the existence of electrostatic acceleration mechanisngom the electronic to the ionic system and the concomitant
in the expanding flow, and could hence demonstrate thajrocesses leading to ion acceleration during expansion. Of
these mechanisms are able to accelerate ions up to the initighrticular interest will be the preferential acceleration
electron velocity; we also note another early simulafib®  mechanisms operating in systems containing different ion
which exemplified the role of the expansion-front space-species or charge states.
charge field. Our results may be used to discuss available data on ion

Very recently, the well-known particle-in-clPIC) com-  energy distributions measured in expanding laser-induced
puter simulation algorithmil1-13 was applied to study spe- plasmas. However, a comparison to these data must of ne-
cific aspects of the plasma-expansion dynanii$15. It cessity be of a qualitative nature, due to several restrictions
allowed to monitor ion and electron distribution functions jn our model.
during the early phases of plasma expansion. By the self- (i) Due to computer time restrictions, our simulations ex-
consistent calculation of the time-varying shape of the ionend only to a time up td4—12 after ablation, wherer
and electron clouds, as well as the space-charge generatgéinotes the laser pulse length. Thus our results are restricted
electrical f|3|d, a detailed anaIySiS of the ion aCCEIeratior‘:o the ear|y phases of expansion’ and hence to the processes
mechanism and the conversion of electron thermal energy tgccurring in the vicinity of the ablating wall. In experiment,
directed ion energy became possible. data are however taken usually far away from the wall and at

later times.
(i) Laser interaction with the expanding plasma offers an
*Electronic address: urbassek@rhrk.uni-kl.de; URL: http://important channel to heat the plasma and to allow for ion
www.physik.uni-kl.de/urbassek/ acceleration to high energies. While this process can in prin-
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ciple be included in the simulatiofl6,17 we did not at- rameters as given in Sec. Il. In particular, the plasma consists

tempt to do so in the present stage of investigations. Thisf a single ion species, in its singly ionized charge state; the

feature makes our simulations applicable in particular to ulelectron and ion temperatures upon emission from the sur-

trafast laser ablation on the picosecond or femtosecond timiace are equalT.=T,=T,. Emission lasts for a period

scale, where laser heating of the plasma will be of minor=10Q;, wheret;=\Megy/nye’ is the ion plasma period. We

importance[18]. follow plasma expansion up to a timer.4This system has
(i) In any realistic plasma, a multitude of collisional been intensively studied in the pdd#4,15.

processes will be operative simultaneously; we mention the Figure 1 summarizes the main characteristics of the sys-

(three-body, radiative, and dielectropiecombination, col- tem. In Fig. 1a), we display the time evolution of th@or-

lisional excitation and ionization processes, elastic andnalized energies in the system. To define these, we start

charge-exchange collision processes, and radiative energyith the energy conservation

loss by bremsstrahlunfl,2,19,20. The importance of each

of these processes needs to be assessed for the particular > E,(t) + Efeg(t) = kBTOE NL(1), (2

experiment to be described, while we wish to study the ge- v v

neric physics of ion acceleration in an expanding plasm

where v indicates the particle specigés, electronsi, ions
rather than simulate a specific experiment. v P pecies, - )

andN,(t) andE,(t) denote the number and kinetical energy
(in flow direction away from the surfagerespectively, of
Il. SYSTEM AND SIMULATION particles of specieg at timet. The potential energy of the

Atotal number ofN, singly charged iongmassM, charge field, Eseig, IS given by

+e) and of Ny electrons(massm, charge <€) are desorbed 1

from a planar surface between tine0 and. To be spe- Erieia = 5 f p(X)D(x)dx, 3

cific, all simulation results will be presented for the case of

Al (M=27.0 ami), i.e., M/m=4.9x 10*. Before and after where p(x) is the space-charge density afdx) is the po-

this period of time, no desorption takes place, while duringtential at pointx. Equation(2) has its origin in the fact that
this time the desorption flux is constant. We assume the elego energy is lost in the system, while each particle that enters
tron and ion current densities to be of the same magnifude the system by emission from the wall introduces on the av-
in order to leave the ablation target electrically neutral. Weerage an energlgsT, in flow direction. Introducing the nor-
furthermore assume that the phase space derfgity  malized energies per particle

=0,v,t) of the ions immediately after desorption outside the

surface is given by the half-Maxwellian distribution € = 1E (4)
" kgToN,
fo(x= 0,0,0) = g \| — exp(— M”Z) >0, (1) o eld anore
oX="u,u,1) =Ng ks To kaTo)" v , and the normalized field energy
for 0<t<r Hereuv is the velocity perpendicular to the S = 5)
surface. FurthermoreT, is the surface temperaturkg is field keTo SN,
Boltzmann’s constant, anay is the number density of ions v
immediately outside the surface. We note that the average
ion velocity in the direction perpendicular to the surface isth€ energy balance, E@), then reads
vo=V2kgTo/ M, and it isJ=eny. For the electrons we also s
assume a half-Maxwellian, i.e., thermal, emission distribu- &N,
tion with identical temperatur&,. _ _ ¥ €fe1d = €t (6)
Since the ablation target does not charge up, its electrical > N,
potential® stays constant; thus we may setx=0)=0 at all v

times. This means in particular that we assume all particlegpis defines theénormalized total energye,, Energy con-

that return to the surface to ref_lect from it. servation, Eq(2), predictse,=1. Figure 1a) proves that our
We employ the PIC algorithn{11-13 to solve the  ginylation well fulfills this criterion.

cpupled pl.asma—expansipn problem f_ormulated above. Tech- \va observe that at the end of the emission ph&se,
nical details of the application of this code to the plasmagecrons have transferred a considerable part of their energy
emission and expansion problem have been published €Isgs i jons, Later on they transfer almost all their remaining
where[14,19. The simulations follow the plasma expansion gnerqy to the ions. This constitutes the energy source for ion
up to timet=4r. acceleration. Figure(l) displays the ion densitg;(x) at the

end of the emission phase 7 and att=4r. At t=7, an ex-

Ill. RESULTS ponentially decreasing density profile is observed with a
relatively sharply defined ion front at=6v,r. After the
emission phase, the ion cloud separates from the wall and

As a reference case, we present the simulation results olexpands into vacuum. Figuré&c) displays the motion of the
tained for the expansion of a fully ionized plasma with pa-center of mass of the cloud into vacuum. The dynamics of

A. Reference case
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FIG. 1. Characteristics of the reference simulatio®. Time
evolution of normalized energy per particle, E4). (b) lon density
distribution at timeg=7 andt=4r. (c) Time evolution of the posi-
tion of the centers of magg(t)) of the ion and electron cloud&d)
Space dependence of the electrical field at titvesandt=4r. (e)
lon velocity distribution, Eq.(9), at time t=4r compared to the
field-free case.
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the center of the electron cloud is included as well. Electrons
initially move with high speed into vacuum until they are
forced back by the electrostatic field developing between the
separated ion and electron clouds. Then a quasineutral
plasma develops, in which the center of the electron and ion
clouds jointly move away from the surface. Note the change
in slope at time=r7. It is not an artifact of the simulation, but
results from the fact that the mass of the cloud continually
grows until timet=7, and then stays constant.

Figure Xd) shows the electrical field above the wall at
the end of the emission phade,r, and att=47. We use as

unit of the field
] 2 |kgTgn
50:)\_0:_ BOO’ (7)
D T €

y= 2o ®

me

where

and A =1ekTy/nge? is the Debye length of the system. An
estimate of the electrical field may be derived from a self-
similar hydrodynamic mod€l15,21. For the parameters of
our plasma, it predicts a field maximum &ft=7)=0.1&,, in

fair agreement with the simulation.

Note that the field maximum occurs at the location of the
ion front, x=6vy7. At later times, the field has almost van-
ished within the expanding plasma cloud and has survived
only at the location of the ion front, i.ex=28v,7 at time
t=4r.

Finally, Fig. X(e) presents the velocity distribution of the
ions at timet=4r. We define it as

F(v,t)=f f(x,v,t)dx (9

and normalize it tofF(v,t)dv=1. It measures the velocity
distribution of ions averaged throughout the simulation vol-
ume at this time. In order to characterize the acceleration
process, we compare the distribution to the velocity distribu-
tion as obtained by a field-free flow, which applies, when the
action of all electrical fields is disregarded. With the emis-
sion distribution, Eq(1), it is

Fo(v) =vrfy(x=0,v,t) (10)

for t= 7. Due to the absence of fieldSy does not change in
time after emission.

It is observed that already at this early time, considerable
ion acceleration has occurred, such that the population of
high-energy ions, which are in th@ront of the plasma
cloud, is strongly enhanced. Certainly, for times4r, fur-
ther ion acceleration will happen at the ion frgéi.

B. Two ion charge states

In this simulation, we consider the ion cloud to consist of
two charge states, a singly charged and a doubly charged ion
species, denoted by indices 1 and 2, respectively. They are
emitted from the wall with current densitieg and J,, re-
spectively. With the electron curredg, it holdsJ;+J,=Jy in
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e . a) We conclude that the acceleration of doubly charged ions
flo & . is considerably more pronounced than that of singly charged
3} & _--—""""77°7 ions. This is a consequence of the action of the space-charge

N P field, which couples more strongly to the doubly charged
ve e e e e em em e s ions. We note that such a charge segregation in expanding
) le 777 plasmas, where highly charged ions attain higher energies
than low-charged ions, has already been found in very early

experimental investigations on laser-induced plasfga®3

4 but continues until today to be a subject of intense experi-
mental researclb,25,24.

b) C. Different ion species

In this simulation, we study the ablation of a stoichio-
metric mixture of a heavyh) and a light(¢) species with
massedM;,=107.9 amu and,=10.8 amu, respectively. The
ion masses were chosen to be those of silver and boron,

e Syt respectively, with a mass ratio 8,/M,=10. The emission
o iii‘ié o currents are chosen equal~J,, such that equal amounts of
0.8 — speciesh and specie¢ are emitted.
0 ! ,[/2 8 4 Figure 3a) shows the average particle and field energies.
T We see that the light species is considerably more strongly
. c) accelerated than the heavy species, and at timkr, it is
e i 6(/6h:1.98.
— refease The origin of this preferential acceleration can be seen by

t=dr

comparing Figs. @) and 3d). Figure 3b) displays the den-

sity distribution of light and heavy particles at the end of the

emission phasd=7. The ion front of the heavy species is at

around 2.by7, while that of the light species is at 94,

that is, a factor of roughly 3.8 further expanded. This is

9 1o mainly a consequence of the fact that at equal temperatures,
the light species will have @10 times larger velocity than
the heavy species. But besides this rather trivial mass effect,

FIG. 2. Characteristics of an expansion containing two ionthese data also indicate a slight preferential acceleration of

charge statega) Time evolution of normalized energy per particle, the light species, which we shall analyze further below.

Eqg. (4). (b) Time evolution of the ratio of the average energy of a  |n Fig. 3(c) we show the total ion charge density+n;,

doubly charged ion to a singly charged ion. The ratio of the emisgng compare it to the electron density The double-layer

sion currenf[s]zlJl serves as parametee) lon velocity distribution,  strycture close to the expansion fronixat v, is distinctly

Eq. (9), at timet=4r, compared to the reference case. visible. Note, however, the strong curvature of the ion den-

sity at the position of the heavy-ion front=2v,7. Here,

order to guarantee electrical neutrality of the expanding!ight deviations from quasineutrality develdgarely visible
plasma. In this particular simulation, we choakeJ,, i.e., N this scalg, which will establish a space-charge field in this

double as many singly ionized ions are emitted as doubly€gion. o _ _
ionized ions. The electrical field at timé=, Fig. 3d), shows a double-

Figure 2a) shows the time evolution of the particle and peak structure. Thg strongest maximum occurs in_the region
field energies in the system. We observe that the field energyf the furthermost ion front, i.e., the front of the light par-
and the electron energy decay to zero on similar time scaledcles. A second maximum has developethin the heavy-
as in the reference case, Figajl But furthermore, we ob- 100 cloud,x=1vo7, while the field at the front of the heavy
serve that the energy is transferred considerably more effparticles is, if anything at all, decreased. As a consequence,
ciently into the doubly charged than into the singly chargedght particles are subject to a stronger field since they are
ion system. The ratio of average ion energies at the end giituated closer to the overall expansion front. Note, however,
the simulation amounts ta,/e;=1.87. We repeated the that the field strengths are everywhere diminished with re-
simulation for other values of the ion currents off the wall, SPect to that of the reference case, Fig)1
cf. Fig. 2b). For J,/J;=4(1/4) we found el¢ Figure 3e) displays the normalized energy spedfE)
=1.80(199. This is a moderate dependence, which, how-Of the two particle species, which are obtained from the ve-

ever, indicates that a dilute doubly charged species is mor@City spectraF(v), Eq. (9), by
efficiently accelerated. 1
Figure 2c) displays the velocity distribution. While sin- F(E) = F(v)dE/d : (11
gly charged ions follow closely the reference case, doubly v
charged ions show a strong enhancement in the population aihd normalizing tg'F(E)dE=1. Due to the initially strongly
energetic ions. These now extend up to velocitiedy . different velocities of the light and heavy ions, it is advisable
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FIG. 3. Characteristics of the expansion of a plasma containin
a mixture of a light(¢) and a heavy(h) ion species.(a) Time
evolution of normalized energy per particle, £4). (b) Space de-
pendence of the light- and heavy-ion densities at time, com-
pared to the reference case, Figh)l (c) Space dependence of the
total ion densityn,+n, compared to the electron density at time
t=r. (d) Space dependence of electrical field at time, compared
to the reference casée) Energy distributions of light and heavy
ions at timet=4r, Eq. (11), compared to the reference case.
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to study energy rather than velocity spectra. This figure
clearly shows the preferential acceleration of light particles
at the expense of heavy particles. Light particles are found at
high energiesE=5E,, with more than one order of magni-
tude higher probability than heavy particles.

In summary, the coupled expansion of two ion species
with different masses in a plasma shows quite a complex
behavior. For isothermal emission, the light ions have a
higher velocity and are hence situated at the expansion front.
Since the accelerating space-charge field is strongest here,
the light species is preferentially accelerated. We note that
experiments on plasma expansion of such two-component
systems have been performed; such systems can be studied
by laser ablation of compound targets. These experiments
find indeed that thevelocity of the lighter species is larger
than that of the heavy species; however, #€mergyis not:
Thus, for example, in an experimdi26] on the nanosecond-
laser ablation of binary WCu targets, the average velocities
v; for i=Cu, W have been measured angl/vyw=1.4 has
been found, corresponding to a ratio of average kinetic ener-
gies ofEc /Ew=0.7. It seems that frictionlike collision pro-
cesses, which tend to assimilate tredocitiesof the various
particle species, are decisive to understand these experimen-
tal results. The effect of collisions will hence be discussed in
Sec. I D.

D. Collisions with neutrals

In this simulation we assume that apart from ions and
electrons, also neutral®) are emitted from the wall at the
same temperaturd, We assumel,=J;=J,. In order to
couple neutrals to the charged species, we introduce elastic
ion-neutral collisions. Collisions between ions and neutrals
are treated using the PIC/Monte Carlo concg#] while
collisions among neutrals are ignored. The cross section is
chosen in accordance with RgR7] as a(roughly) energy-
independent hard-sphere cross section. In our approach,
where times are scaled with velocities withvg, and the ion
density with ng, the cross sectionr is chosen such that
ngovor=1.14. For computational reasons we perform the
simulation only until timet=27, until which time particles
have performed on the average 5.4 collisions.

Figure 4a) gives the time evolution of the energy per
particle. The total energy now has risen to the value;gf
=2 (in comparison ta;,=1 in the reference cagesince now
the lateral degrees of freedom—with an average energy of
1kgT, for each particle—have to be included. As in the ref-
erence case, we observe a quick energy transfer from elec-
trons to ions. Additionally a slow energy transfer from the
ionic species to the neutrals can be seen. A closer inspection

hows that the energies perpendicular to the flow of ions and
ieutrals are strongly coupled and decay identically. In flow
direction, however, ions keep constantly accelerating by the
electrical field. Part of this energy is transferred to the neutral
system, but ions are always faster than neutrals and, as a
consequence, ahead of neutrals. This feature is clearly shown
in Fig. 4b), where the centers of mass of the electronic,
ionic, and neutral subsystems are shown. The change in
slope visible at timé= 7 has the same origin as described in
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af__ . a) might be realized in a strongly nonequilibrium ablation, such
e o as in intense laser ablation processes, where eleatndrish
3 —- « e e — are directly energized by the laser ligihtay be emitted with

considerably higher energies than ions. We note that the elec-
tron and ion energies upon emission, and even more so their
-------- distributions, are not available experimentally; hence our as-
. sumption of a half-Maxwellian distribution and a ratio of
o Lo 1:100 of the ion to electron temperatures is meant as a model
0.0 05 1.0 1.5 scenario in order to investigate the effects resulting from
such a nonequilibrium emission distribution.
. b) Figure %a) shows the time evolution of the average ener-
3| — i 1 gies per particle. We see that in the long run, also here all
’ e electron energy is given to the ion system. The time needed
for the transfer is, however, definitely longer than in the ref-
S erence case. Therefore, we extended the simulatioh to
1p . =127 in order to get a complete picture of the events hap-
Moo _,,;:fj" pening. In Fig. $b) we show the same quantities for the case
ole="" where emission keeps going until time4r. At this time,
0.0 0.5 1.0 1.5 20 electron and ion energies seem to have attained stationary
tir values—electrons have kept only 20.3 % of their initial en-
FIG. 4. Characteristics of plasma expansion including ion-&"9Y _and tra_ns_ferred 79'0% to the_lon system, Wh'l_e the
neutral collisions(a) Time evolution of normalized energy per par- "émainder still is stored in the potential energy of the field.
ticle, Eq.(4). (b) Time evolution of the position of the centers of  We also note that the field energy becomes quite huge; in
mass(x(t)) of the ion, electron, and neutral clouds. the early phase of the expansion, it contains more than 60 %

of the energy initially present in the system. This is a sign of
a strong space-charge field acting as the means of ion accel-
[eration.

n
[}

<X>/VgT

Fig. 1(c). Electrons and ions are strongly coupled by the
electrostatic fields after this time. The coupling to the neutra Figure §c) shows the ion density distribution at tinte

system—while accelerating the neutrals, cf. Figy4-is not  _ The position of the ion front has moved considerably out
strong enough to guarantee complete entrainment of the neu- P _ . . . y
Into vacuum tox=17vy7, evidencing the strong ion accel-

tral cloud with the plasma such that, in the course of time, ration. Note, furthermore, that the exponential decay of the
the neutral cloud lags behind the quasineutral plasma cloud. RPN ’ P y
s : ion density in the reference case has changed to a rather
We conclude that collisions between the ion and the neu;

tral system introduce a sort of friction in the system, Whichbroad plateau extending froxe=(4-13vo7, while the ion

decelerates ions and accelerates neutrals. It depends, %‘?n;.'ty tmT:]he ;IOS? wcmgly (.)f :Ee surfelatcef ?EOWS a ste_l_ep
course, on the exact size of the collision cross section, tgradient. This density profiie is the result of the ion equili-

determine how strong any “velocity slip” between the ion ration with the quickly expanding fast electron cloud; in

and neutral species may develop. These processes, Whigpﬁ”p:rocess th(;lon C;.Olfg 1S s;retchgad':quémlt;).vacuur.g.
will continue on time scales exceeding that of our simula- e space-charge field is shown in Figdp Itis consid-

: ; ; _erably stronger than the field in the reference case. In order
g;gég?gii%ejgtﬁﬁ%ggd previously with the help of hydro to include this field in the same plot as the reference field, we

Experiments in which the energy distributions of both use the unit
neutrals and ions are measured are rare. An outstanding ex-

ample is given in Ref[29] on the laser ablation of a Cu }30:% (12)
target. Here it was found that the average energy 6fides Ap

rapidly with the laser intensity; this finding is interpreted to .

result from the ambipolar acceleration of Cions in the with

expanding plasma—in agreement with our analysis. At the kT

same time, a moderate increase of th@ @locity with laser by = _e,O, (13)

intensity is found and interpreted to be due to energy transfer e
from the ionic component to the neutral component. In addi- . . . .
tion to elastic collisions, the action of resonant charge ex-that Is, by replacing the ion tgmperatuT@ in Eq. (7) by
change and three-body recombination collisions was postute=100Teq; thus £,=100,. Besides the overall strength of

lated to aid in the energy transfer; these latter processes haife field, three features deviate from the reference oape:
been neglected in our model approach. Trivially, the position of the field maximum is shifted to

larger distances, in agreement with the shift of the ion front;
(ii) the decay of the field into the vacuum is distinctly slower
than in the reference case; this is due to the increased mobil-

We simulate a system, in which electrons are emitted withity of the hot electrons, which carry space charge and conse-
a temperatureT, o=100T, off the wall. Such a situation quently electrical field away from the surfaq@éi) a second

E. Hot electrons
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field maximum builds up in the vicinity of the surface. This
is due to the vastly different electron and ion speeds, which
render plasma neutralization difficult close to the surface.

Figure He) gives the ion velocity spectrum. This figure
most clearly shows the very efficient ion acceleration that
has happened due to the interaction with the hot-electron
cloud.

The prominent result of this simulation is the fact that
electrons are able to give their energy very quickly to the
ions. This is accomplished by a simple and universal mecha-
nism, i.e., the establishment of a space-charge field. Even
drastic energy differences between the electron and ion sub-
system are thus quickly equilibrated, such that the energy is
transferred almost exclusively to the ion system. Since elec-
trons get their energy easily from the laser field, our simula-
tion exemplifies how, by heating the electron system, energy
is quickly transferred to the ionic system.

IV. SUMMARY AND CONCLUSIONS

(1) We investigated the electrostatic mechanism of ion
acceleration in the one-dimensional expansion of a plasma
off a planar wall into a vacuum. The accelerating electro-
static fields are located mainly at the ion front. Here an elec-
trical double layer is formed as a consequence of the high
electron speed that carries electrons far out into the vacuum
in front of the ion cloud.

(2) This basic mechanism can be influenced by various
plasma processes. We investigate a few of these, concentrat-
ing on one at each time.

(3) lons of different charge state will be accelerated in
proportion to their charge. This trivial effect results in a spa-
tial segregation of the different charge states and a stronger
acceleration of highly charged ions.

(4) Spatial segregation will also occur in a plasma con-
sisting of a binary mixture of ions with different mass. If
both species have been desorbed from the wall with identical
temperature, the lighter species will expand more quickly
into the vacuum and hence become separated from the
heavier species. This spatial segregation will lead to a stron-
ger acceleration of the light species, since the space-charge
field is concentrated on the ion expansion frisge item(1)
abové, and hence on the light species.

(5) If the plasma is not fully ionized, collisions with neu-
trals will convey part of the ion energy to the neutral system,
thus decelerating the ions. This is a frictionlike mechanism,
which may eventually lead to an adjustment of ion and neu-
tral velocities, thus counteracting spatial segregation. If ions
of different mass, or of different charge state, are present in

FIG. 5. Characteristics of plasma expansion with a hot electroth€ plasma cloud, due to the frictionlike interaction with the

component(a) Time evolution of normalized energy per particle, Neutral component, also their respective velocities will as-
Eq. (4). (b) Analogous to(@), but with a prolonged emission phase Similate. This effect counteracts the specific acceleration pro-

continuing untilt=4r. (c) Space dependence of the ion density atcesses mentioned in iteni3) and(4) above.

time t=7, compared to the reference case, Fig)1(d) Space de- (6) We finally examined the evolution of a plasma cloud,
pendence of the electrical field at timesr andt=47. The unit of  in which the electron component desorbs from the surface
the field&, equalsE,, Eq.(7), for the reference case, but is SG%BD with a higher velocity than the ionic component. Due to the
Eq. (12), for the hot-electron simulation in order to make the field Strong electrostatic coupling of the two subsystems, energy
values comparabldg) lon velocity distribution, Eq(9), at timet  transfer from the electronic to the ionic system is very effi-
=47, compared to the reference case. cient and fast. Within a few ten periods of the ion plasma
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frequency, the electrons transfer almost all their energy to th&ations describe only the very first phase of plasma expan-
ions. sion, where the expansion can be modeled as one dimen-
(7) This latter model can be considered agaher sim-  sjonal. Thus, processes occurring later in the fl@vlower
plistic) model of plasma expansion due to intense laser interplasma density in a three-dimensionadiverging flow, or
action with a surface, in which electrons and ions are emitteginder the interaction with the laser light are excluded from
without being in thermal equilibrium, and the electron ener-qyr consideration.
gies by far exceed the ion energies.
(8) The simulations presented in this paper are meant to
give an overview over processes occurring during plasma ACKNOWLEDGMENT
expansion. The list of processes included is not complete,
and furthermore several of the above mentioned processes Support by the Deutsche Forschungsgemeinschaft is
can be operative simultaneously. We also note that our simwgratefully acknowledged.
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