MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK

GARCHING BEI MUNCHEN

Electrostatic Fields and Ion Separation in

Expanding Laser Produced Plasmas

P. Mulser

IPP IV/15 March 1971

Die nachstehende Arbeit wurde im Rabhmen des Vertrages zwischen dem
Max-Planck-Institut fiir Plasmaphysik und der Europiischen Atomgemeinschafl iiber die
Zusammenarbeit auf dem Gebiete der Plasmaphysik durchgefiihrt.




IPP IV/15 P. Mulser Electrostatic Fields and Ion
Separation in Expanding Laser

Produced Plasmas

March 1971

ABSTRACT

The separation of ions of different charges in a plasma
produced by laser irradiation of a solid target is investigated
theoretically. For this purpose the equations of motion are
solved numerically for plane and spherical geometry including

the influence of the electrostatic field in the plasma.

It is shown that the expansion velocities of ions of
different charges are equal as soon as the friction between
the species is included. Thus, contrary to the suggestions of
several authors, the experimentally observed separation of
ions cannot be explained by the different forces acting upon
them in the electric field, but must be due to other effects,

e.g. to inhomogeneities of the power density in the laser spot.




INTRODUCTION

It is well known that the plasma produced by irradiating
solid targets with giant pulse lasers contains ions of diffe-
rent charge (OPOWER 1966, GREGG et al. 1966, BASOV et al. 1967,
BRIAND et al. 1967, MATTIOLI et al. 1969) (Fig. 1). Such plas-
mas are of interest because they could be used, for example, as
a source of heavy ions for accelerators (PEACOCK et al. 1970,
IRONS et al. 1970). Optical and mass spectroscopical investi-
gations of the expanding plasma cloud show that the more highly
charged the ions are the higher is their kinetic energy
(FENNER 1966, BOLAND et al. 1968, PATON et al. 1968, APOLLONOV
et al. 1970, DEMTRODER et al. 1970, PEACOCK et al. 1970).
Therefore the plasma breaks up into spatially more or less
separated ion groups of different charge numbers. For the de-
pendence of the ion energy on the charge number DEMTRODER et al.
(1970) found a very exact, and PATON et al. (1968) and BOLAND
et al. (1968) an approximate linear relation. These authors
suggest the following explanation of their results: owing to
their small mass the hot electrons have a much higher thermal
velocity than the ions; they therefore escape from the plasma
into the vacuum until a retarding voltage of the order kTe
builds up in the plasma cloud. This potential is maintained for
the duration of the laser pulse and accelerates the ions pro-

portional to their charge number.

For a currentless homogeneous plasma it is known that an
electric field can only exist in a surface layer. The depth to

which this field extends is of the order of the Debye length,



the interior of the plasma being field-free. A laser plasma
produced from a solid target, however, expands during the
heating process, so that both density and temperature are very
inhomogeneous. Therefore such a plasma may contain an electro-

static field of appreciable strength in its interior.

The aim of this paper is to calculate this internal elec-
tric field and investigate its influence on the ion separation.
Although this electric potential proves to be in excess of
7§ kTe (typically 4 kTe), the proposed explanation of the ob-
served ion separation becomes untenable as soon as the friction

between the ions of different charge is taken into account.

BASIC EQUATIONS

We consider a solid target exposed to a laser pulse of con-
stant intensity and assume that electrons and two ion species
with charge numbers Zl and 22 (Zz'> Zl) and equal masses are
produced. Recombination and charge exchange processes are ne-
glected. Heating and expansion are then described by the usual
conservation laws of gas dynamics for particle number, momentum
and energy. Allowance is made for the friction between the two
ion species. Thermal conductivity and ionization energy can be
neglected since typical laser powers in such experiments are in

the region of 101o - 1o13 W/'cm2

(GREEN 1970, MULSER 1970). The
temperature of the electron gas is Te, for the two ion species a
common temperature Ti = T1 = T2 can be assumed. The conser-
vation equations are then as follows (BRAGINSKII 1965, MULSER

1970) :
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where pl=n1kTi, the other components being expressed correspon-
dingly;
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ne,nl,n2 and ve,vl,v2 and pe,pl,p2 are the particle densities,
velocities and pressures respectively, E'the electrostatic field,

-—
QD the laser intensity, R12 the friction coefficient of the
ions which is given as (BRAGINSKII 1965)
2,2
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Friction between electrons and ions Rei can be ignored in

egs. (2) since Rei/Rlzgs G{E?)l/n. The laser energy is absorbed
(]

by the electrons due to electron-ion collisions. As a conse-

quence of these collisions part of the heat is transferred to

the ions according to the transfer coefficients T

& V2m ”-Zf 6 In Z,
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Any frictional heating of the plasma can be neglected in egs. (3).

In the expected density and temperature regime the plasma
can be treated as gquasi-neutral, i.e. ‘Zlnl+zzn2 - ne\/heqﬁ 1.

We therefore use the relation

ne =-‘Z.,ﬂ, f‘Zzﬂz (1c)

instead of eq. (l¢”). We can further simplify eq. (2¢”). The R.H.S.
contains terms that are at least of the same order as those in the
momentum equations for the ions. However, the inertia term on

the L.H.S. becomes significant only when 3; attains values of the

wiy; - w; — a ;
order of ——~ v. or —— V.. This can occur only if electron

plasma oscillations are excited. But their frequency is wpe?.arlol2

sec™t and we are interested in motions of much larger time scale
only. Therefore the inertia term of the L.H.S. in eq. (2¢”) can be

neglected and we get

V’Oe ‘f'ﬂeeE =0 (ZC)

-
That is, the E field is produced by the electron pressure and
maintains the balance with it. Since, moreover, no appreciable
current can flow in the isolated plasma cloud, the electron ve-

locity results as

Vo =i (2, +2,n, 1, ) (4)

dAve

this, in turn, being quite compatible with nm,- At = Q.

The influence of the electric field and the friction on the
ion separation can be emphasized by rearranging eqgs. (2a) and

(2b) . With the total ion number n;=n;+ny, subtracting eq. (2a)




from (2b) yields

(3‘?7— 4—@)4-#! Ro(v, -V, ) = (4.7Z.) €E f-kT{V"’ - ‘7—';';'—‘
From qualitative considerations it follows that the term kT(—‘J !?)
tends to reduce to zero, since the temperature T, and the mass m,
are equal for both ion fluids. Therefore we can ignore it for the
discussion of ion separatigP, and the above relation reduces to

‘j‘% - j-f}f-n;ii’n(ﬁ-l?)ﬂz.-z,}eé' (5)

This equation contains the separating force on the R.H.S. and
depends explicitly only on the total density n; of the ions. If
there was no friction (R12 = 0) a pronounced ion separation would
occur. However, estimates with realistic friction coefficients
show that small velocity differences already lead to a friction
term niRlz(;;Qsl) which can compensate the separating force
(Zz—zl)éE; Therefore the system (1-4) can be solved in a first
approximation using 3i=6£=;: The upper limit for the velocity dif-

ference can then be evaluated from eq. (5) omitting the inertia term.

NUMERICAL RESULTS

With the assumption of a common outflow velocity v for the
two ion species numerical solution of the system (1-4) in a one-
dimensional geometry is straightforward and yields Ti,Te,ni,v
and E as functions of space and time. Neglecting the (positive)
inertia term in eq. (5) one obtains the maximum velocity difference

Av—vz-v for a known E field

AV _(Zl)eE (6)
v n; R,V 4
Av/v was calculated for a laser with A=lo cm and constant

power density 4% = 1ol W/bm , first for the one-dimensional

plane case where the solid occupies a half-space and then for a



spherical particle with diameter r, = 1o_2 cm upon which laser
radiation is radially and uniformly incident from all sides. The

initial density of the ions in both cases was set equal to

n® = 5-1022 cm_3, and it was assumed that Z.=1, Z.=2, n,/n,=1
i 1 2 1772
and the ion mass m; = 7-10"24 g. The solid was treated as in-

compressible; this assumption speeds up the calculation without
noticeably altering the results. Figures 2a and 2b plot ni‘Te'

Ti,v, and the relative velocity difference Av/v(x) or Av/v(r) in

space at the time t = 8 nsec after the laser pulse is switched on.

=3 in the

As can be seen, a relative velocity difference of 4°1lo
plane case and 9-10—3 in the spherical case is sufficient to
balance the separating force of the electric field. These low
values justify the assumption V=V, the resulting error in the

other dynamic quantities being insignificant. At lower laser

powers the relative velocity difference is even smaller.

With the results (2a) and (2b) the Poisson equation can
be used to check the quasi-neutrality of the plasma. The maximum
relative charge difference is then found to be lZ n +22ne-nel/he
= 3*1lo 5. The influence of the thermal diffusion force on the

ion separation can also be estimated as insignificant.

The potential U from eq. (2c) is

ewx)
Uix) = —rEa‘¥ -!‘j'l Dm"mdx —-[E(x}-— )]+“fT du (7)
F nf"t‘:,
(xF plasma front). In a plasma of uniform density only the

first term of the sum on the R.H.S. remains, i.e. eU=kTe; if,



on the other hand, T is constant everywhere, the first term

e (X)
fk(x;)

tion of the two terms to the total potential may vary widely from

vanishes and the second yields eU=kTe[n . The contribu-
case to case. For an adiabatic rarefaction wave in a fully
ionized plasma, for example, the ratio of the second to the

first term is found to be 1/(y-1), whereas in an isothermal rare-
faction wave it can become arbitrarily large (y = adiabatic
exponent). In the case of laser produced plasmas the second term
of eq. (7) also makes the main contribution to the potential. In
Figs. 2a and 2b, kT is 780 and 600 eV respectively, while

e, max
3

eU on the solid surface is 3.3*1lo” and 2.7'103 eV respectively,

i.e. four times as large as kT .
g e,max

The high electric potential is maintained due to plasma
production by the laser. Once the light intensity has decayed,
the potential drops quickly with decreasing density and tempe-
rature. As long as the expansion of the plasma can still be
described hydrodynamically, the variation of the velocity diffe-
rence after the laser is switched off can be roughly estimated

assuming adiabatic expansion. If L or R is the size of the

plasma, the mean values for the plane case are niﬁv L_l, Tn1n2/3

-2/3 -5/3

~ L i Rage T_3/2"-’ L, E f--'Vpe/nir-'L and for the

3

12
spherical case n;,~ R "o T"’R-z, Ry~ R3, E“’R_3, hence

_5'/3 -3
Av nR. L L or Av RIRS




i.e. increasing expansion of the plasma hampers ion separation.
In this context it is not possible to determine the effect of
ion separation in the boundary layer where the hydrodynamic des-
cription breakes down. As long as the laser radiates, however,
the boundary layer makes up only a small fraction of the whole

plasma (MULSER 1970).

The above results which are calculated with the usual trans-
port coefficients for plasmas justify the assumption that the
electrostatic field cannot be responsible for the ion separation.
This experimentally observed effect must have other reasons,

e.g. the spatial and temporal inhomogeneity of the laser inten-
sity. In the center of the focus the ions produced are hotter

and more highly charged than on the outside (IRONS et al. 1970)
(see Fig. 1) and, moreover, ionization degree and ion energy are
higher at the maximum intensity than at the beginning and the end
of the laser pulse. In addition, for the detailed explanation of
the measured dependence of the ion energies on their charge
number ionization and recombination effects during the expansion

phase of the plasma cloud may be important.
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FIGURE CAPTIONS

Fig. 1 Laser produced plasma (schematically).

Fig. 2a Temperatures Te'Ti' ion density n;, velocity v,
electrostatic potential U and relative velocity
difference at t = 8 nsec. Plane geometry.

Fig. 2b Temperatures Te'Ti' ion density n,, velocity v,

electrostatic potential U and relative velocity diffe-

rence at t = 8 nsec. Spherical geometry.
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