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Abstract

A simple model in two dimensidns is developed andiso1ved analytically
taking into account the electric and magnetic fields in laser produced
plasmas. .The electric potential in fhis model is described by the non-
Tinear differentigl equation

Yy -0,

axe 9% ’
P = e¢/T, where e¢ is. the electric potential energy and T -is the.tempefature :
in energy units. The hhysicé] branch ¢ < 1, défined by the electron density

n = ny expy boundary conditions n(x = 0) = const and n(x = +») =0,

wwintnodueesmawtypicalmeiectrostaticmdoublew1ayen+mlThemétationary-soJutionwummwwwmwmwuw

of this model is consistent for -0.1 < ¥ < 1, with electron temperature *
in the KeV region and a.ratio of the electric (E).to magnetic (B) fields

of [E/10% v/cml/[B/MGauss] ~ 1.
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1. INTRODUCTION

The rotating magnetized star model suggested by Biermann (1950) was
applied by Stamper et al. (]971) to ]aser produced plasmas and large scale
magnetic fields were predicted. The presence of megagauss.magnetic‘fie1ds
have been since confirmed'experimenté11y;(Stamper et al., 1978; Raveﬁ et al.,
1978; Briand et al., 1985) in laser produced plasmas. A Tlarge variety.of
theoretical models can produce these large magnetic fie]ds,(Max;‘1982);

- In particular, large scale toroidal magnetic Fields (sée F}g:;T) can'bé/
Qenerated if there is a nonzero angle between the2]oca1_e]ectron density

(n) and temperature (T) gradients, i.e. the Vn x VT mechanism (Stamper

et al.,.1971). . Moreover, the same structure and magnitude for self- . .~

generated magnetic fields can be explained by hot electron ejection from
the laser focal spot (Kolodner and Yablonovitch, 1979) or from the existence
‘of an anisotropic electron pressure (Mora and Pellat, 1981). Furthermore,
there are mechanisms which. suggest Targe magnetic fields with small spatial
scales, ranging from a few 1aser'wéve1engths to an electron mean free path.
These small scale magnetic fields cén be produced by the rddidtiOn‘pﬁéssure
due to laser light absorption{resonance absorptiongystémper and deman,
1973; Stamper, 1975; Stamper, 1976). Similar structure ¢f magnetic fields-
can be caused by thermélxinstab11ity (Tidman‘énd Shanny, 1974) or by |
Weibel instabilities (Ramani and Laval, 1978). .A11 fhé models suggested
~above are:causing maghetic fields in the megagauss range and have a
significaht effect on the’physics of laser produced plasmas. In particular,

the thermal transport inhibition, the lateral transport and the fast plasma




blowoff can be related to the existence of these Targe magnetic fields
(Forslund and Brackbill, 1982; Yates et a].;.1982; Max et al., 1978).

Laser produced plasmas have in general very high values of B = 8nnT/BZ,
the thermal* to magnetic energy-ratio, therefore the magnetic field doeé not
dom1nate the hydrodynamics like in magnetic conflned fusion devices. In
ﬁpart1cu1ar the ion Larmor rad1us is large compared with the typ1ca1 scale
lengths such.as the laser wavelength. Therefore in 1aser-p1asma 1nter—
~action it is crucial to understand the generat1on of electric fields in-
the plasma. It turns out that 1nhomogene1t1es in dens1ty and/or in
temperatures have electric fields which can modify s1gn1f1cant1y_the tnermal,-

conductivity:and can affect the plasma behavior (Hora, 1985; Hora et 61.,

]984C1céh1t_e] . 1eta11984) Evenw1 thau t]aser 1rrad1at1on, g

e]ectr1c field strengths between the 1rrad1ated pe]]et
corona of KeV ‘temperature and ‘the co1d pellet interior, can exceed 106 V/cm;
- and therefore can drast1ca11y reduce the thermal transport (Lalousis and
Hora 1983). | |

A major breakthrough in understanding the electric fields in laser
produced p]asma:waé the introduction of .a genuine fwo'fluid_COde for o
eiectrons and jons coupled by the Poisson equation (Lalousis and:Hora,
- 1983), so that the Space charge quaéi—neutraTity is not assumed _The'
idea to use a fu]]y genera1 hydrodynam1c code for electrons and ions

require very extensive computer time. The time steps have to be much

* ' . .
The temperature is expressed in energy units, so that Boltzmann's constant

is taken KB = 1.




less than the shortest Langmuir oscillation time given by the plasma

15 sec

frequency for the H%ghest occurring eTectron density (e.g. about 10~
for a Nd Taser produced plasma). By.the'use of this hydrocode it was shown
that the interaction of high intensity light with an expanaing p1asma surface
produces’stréng electric fields through the existence of electrical double
1ayefs (Hora et al., 1984). | |
Double Tayers, which consist of two thin adjacent regions of opposite
excess charges,;have Bgen obserVed in a variety of laboratory plasmas -
(Hershkowitz, 19855 Sato et al., 1981; Stenzel et al., 1981; Towen and
Lindberg; 1980 Levine aﬁd Crawford, 1980). These regions of posifive and

negative charges are, in general, separated by distances of the order of

" “several Debye Tengths and induce a Targe potential drop which can accelerate
: particies to high energies. The existence of.thé electric fields in,pTasma'
surfaces have been measured directly by electron beam probes (Mendel and
Ohlsen, 1975) and indirect}y‘from'the non-Tinear force'accelerated'fons
(Donaldson et al., 1979). A systemétﬁé expérimentvdone at SOREQ (Eliezer
and Ludmirsky, 1983; Ludmirsky et a].,11985) measuked double layers in |
laser produced plasmas. These experiments shoW'tHat tﬁe first part of a
laser produced expanding plasma is positively charged followed by a negative
p1asma.c10ud within the tempdra1 resolution ofll.nSéc. This phenomenon was
explained (Hora et al., 1984) by the generation of cavitons and the
ponderomotive force action. The caviton structure in the plasma creates_
an inverted double layek in contréry to a freely éxpanding plasma which
has first a negative and then a"pbsitive cﬁarge (Hora, 1975; A]fVéh, 1981;

1984). The SOREQ experiments were calibrated in situ and theréfore any




regular double layer can preﬁede the inverted double Tlayer, only within.
a shorter time'than the‘experimenta1~reso]ution.(i nsec). The existende
of strong electric fields via the generation of double Tayers can accelerate
~ ions and electrons on one side of.the plasma while stopping faster electrons
moving inside the target on the'othé{’Side of the plasma. In ‘addition,
doubie layers might strongly influence the p]aéma density profile, which
in turn can influence tﬁe laser abSorption process and transport phenomena.
‘Moreover, . these e]ectriC'fields can play an important ro}e in the f6rmafion
and perpetuation of wave instabiiities. | | o

Large magnetic and'e]ectrostétic:fie1d5'were éonfirmed experimentally

in laser produced plasmas. Most of the two fluid models and numerical

~ simulations are one dimensional due to the compTexity and the time'con-~ T

suming computer codes.. iMoreover, the extension of the genuine two fluid.
code of Lalousis and Hora (1983) to two (or three) dihensions in order to
incorporate the magnetic fiéTdS“as weli,'seems.to be a very difficult and
'comp1ex task. Therefore any step;towardéusuchlah achievement'is important
“and-in particular, modest énalytica].éa1cuTat10ns'in two'.dimensions might -
be useful. In this paper we'discuss'analytica]ly,a‘simp1e”mbae1 in.two'
dimenéions which’takééwinto-acgount the existence of'strong magnefic and
e]ectrosfatic fields 1in 1aservproducéd.p1asmas. In chapter. two the model
is introduced and the stationary state is discuséed. A new nori-linear.
differential equatian ahd'itsto1uIipn_is'derived. “Chapter 3 concludes

this paper with a short summary of the results and a discussion.




2.. THE MODEL

The two dimensional geometry is defined in a plane x - y perpendicular
to the direction of the magnetic field B, which is chosen to be in the z

direction. In this case the magnetic field is only a function of x and y

- SY: S '
. since Vv« B._ 57 = 0. Thus,

B=Bxy)I , | | | (1)

where Z is a unit vector.. We choose: the- laser irradiation in the x direc- -

tion, (see.Fig. 1), énd:assume énﬂinvariance under .rotation about'this-"
"laser axis. .In this cése one can write the §et of two fluid equations,
..one. for the e1ectron fluid and_the second. for the ion fluid, coupled by .
the Maxwell equat1ons in the x - y plane. In part1cu]ar .the e]ectr1c
field E “the potential ¢, the pressure gradient VP and the temperature
gradient VT are. functions of (x,y) only and can be described by

Eoy) = B R+ E, T = Folxy) | (2)

> §E_A 3P o : e e e e
VP(x,y) X Xt .y:y . (3)

where X, énd\? are ‘unit vectors in x and y direction. The thermal
diffusion process' leads. to almost constant temperature in the subcritical
density'plasma.in the laser direction where the thermal diffusivity is.

‘high (see e.g., Key, 1980).. Therefore we assume:

iy =8y . - )

lesa




This geometry ;an'be applied to laser produced plasmas by considering a
series of x - yvp1anes'wh§ch are symmetric under rotations about the X
axis (see Fig. 1). |

The Targé magnefic fields (B ~ 100 KGauss to 2 MGauss) which were
measured in the corona‘of.thé Taser pfoduced plasmas have been inferred
from_Faraday—rotatfoh.diagnostics to have a toroidal structure like that
described in Fig. 1 (Stémper et al., 1978; Raven et al., 1978). A

simp]ified'équétion goverhing'the deveiopment of these magnetic fields is

o | | |
8= -c ITL 4 T (V). — | (%)

" where c is the speed of light, U is the electron.flow velocity, e, nand T~

are the e]ectron-gharge, number density and temperature pressure,
respectivéTy. Eq. (B)Mfs‘an approximation to the comp]ete'magnetic field
;expression'as obtained from the genera]fzed Ohm'S‘Iaw (Braginskii, 1965)
which tékes’a]so;info account the resistive diffusioh, the.magnetic
pressuké'and the thermal force.

“We describe the étationary.electron fluid by.the following simple set .~

of equations:
ve(nd) =0 - (6)

which describes the mass cdnservation,

of=<i¥

xB) +P =0 , . (7)

_en(E +

the momentum conservatien equation, and




il

VP nT (8)

the equation of state of an ideal gas. Moreover, we assume the Boltzmann

distribution for the electrons

n'=ny exp(ee/T) : | (9)

and a phenomenological ‘electron temperature distribution

T(y) = Tg exp(-y/Ly) - | ()

The electric field component in the laser direction, Ex’ which is the

dominant component of the electric field, is:assumed to have a similar x

_;dependence,asmthemmagnetjcwfie1d¢wnamelymMNLWMMme“mmmm_mwmwwmw,,W.HM.TWEHMHWFU“HWHWHT,

E, (x:y) = aly)B(x.y) . | - ()

In this model we actually are using the weaker relation

1 ¥
Ey X

~

(12)

wo|—
[s> 2 ko))
x|

rather than the‘méreirestrictive constraint given'by €q. (11).. Equations
(6)-- (12) describe the electron fluid.

The stationéry jon fluid is described by the following equations:

Ve (nv,) = 0- - | : (13)
where,nb and'vi are the ion density (backgrouhd) and velocity, respectively,
B ‘. X ‘ o
2 > i -+ > ) ‘ ‘
nbM(V1° V)vi = nbze(E + 7;—XAB).- ZVP, A (14)




M and z are the fon mass and electric charge, respectively, while Pi is

the jon pressure,

P..=nT (15)

i i
Equations (13) - (15).describe the mass and the momentum conservations, and
the equation of state for the fon fluid with a temperature Ti'

- The two fluids, the electron and the jon, are coupled in their

stationary state by the stationary Maxwell equations:

V-E = 4we(nb-—‘n) | ' | (16)
,'.“v’-'§4= 0 (17)

] %)XE: : (]8)
vxB =T | . (19)

| . _ _ | | L
~ where the current density 3‘15 given by the ion current ji and the electron

>
current Jo»
- - >
= zen Vv, - env. . . | (20)
We analyze now. the stationaryzequationsvwhich describe the electron

fluid. Using eqs. (4), (9) and (10) in the two dimensional geometry

defined at the beginning of this section, one gets

ety (21)
T . .
E enE. ¢ ‘

-> - _ —_X-/\ y -_d)—- ~

Vn = -en =X + — [EyLT 1} y . | (22)
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These two relations together with the equation of state (5) yield the
electron pressure gradient

> ~ ~ nT gg . 1 ~ '

VP = -enEx X + {EF (T - ]] - enEy} y . (23)
' SubstitUtiﬁg this pressure gradient into the equation of motion (7) we get

the electron fluid ve]oéity,
vV = (eq) - T)C vV =0 . (24)

X eLTB. | . y

Using now the continUity equation (6) together with egs. (22) and (24),

- the following relation is obtained

5
T4 2 ax  ?

X e
which can be rewritten by using eq. (11) or eq. (12),"

: 2 dE,
E =(1_§§>_JL 1 % . ' (26)
.X T -e2¢ Ex'ax

Defining the dimensionless quantity v,

p=2 | (27)

we derive from eq. (26) a non-linear differential equation which describes

the electric potential in the plasma

¥ +——‘]W" =0 (28)

where
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C oL S
LA X T
v (29)
- aXZ - T 3X

Substituting 1 -9 ='Z'eq. (28) reduces to z''/z' = 2'72 - 7" which can
be immediately integrated, so that the x dependence (in the Taser irradiance

directibn)'of the potential w(x,y) is defived,

o= Ei(1 - 9) Fely) for w<1 | S (30)
1) ' . :
Eog(p-1) +8y) for v>1 , (31)

wwwﬁé;é-[6w;”Lb(y)ﬁ¥gm£Héf§Eéfé“Téﬁé{ﬁwﬁéﬁéﬁé£é};méhd Ehé.ékﬁbﬁéﬁf{51m_mwmwpmw".“muwumm

integrals Ei and E; are defined by (Gautschi and Cahill, 1972)

Z t

Ei(Z) = J e at | >0 | (32)
B

E,(Z) = J ert (33)
z

3. RESULTS AND .DISCUSSION

The x dependence of ¢, for ¢ < 1 is plotted in Fig. 2. Since the
electron density must have a (finite) constant value for x + 0 and must

vanish asymptotically for x + =, we have to:neg]ect-our(so]utionnfor v > 1,
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and to consider it nonphysical. The x-component of the electrostatic field
(and of the magnetic field by using eq. (11)) is obtained from eq. (29)
and (30), ' |

ek, _Q

T

o ety - 1) - -

and this solution is given in Fig. 3. They component of the electric
field is also derived from eq. (30),
eE .
___l.= —]-—_-a— . ’
T {L ]W Lo . (35)

T W

__The_electron density n is given by eq. (9), and the ion density profile can
be expressed in terms of the dimensionless potential y by using the Poisson

eq. (16),

n>=.n0 s _ : (36)
0 oy + 32y < ) oty - 20 - 2 [ B e
np = g={eew + 7 v(1 - v) exp(2y - 2).- g |- gy) ¥f ~

where AD-is the Débye length defined at a density Ny

s —— . o (38)

The last term in eq. (37), which is proportional to 3E_/3y can be neglected

| o YT BE, o,
for electric fields satisfying Ey'<< EX'(or more.precisely 7ﬁ¥'<< 7ST')'

The structure of the electrical double layer charges is derived from egs.
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(36) and (37) and the resu]t.is plotted in Fig. 4 (we neglect the aEy/ay
contribution). This model shows. that the first part of a faser prodﬁced
expanding p1a§ma (towards the laser irradiation) is negatively charged
followed by a positive plasma cioud. Thié “standard”'doub1e layer (Hora,
1975) is derived in our mode mainly because we neglect the non-linear
pondefomotive fdnces and the creation'of caviton structures (Hora et al.,
1984).-
The electron fluid velocity is given by eq. (24). Using the solution

for.y and the relation (11), we get

L

V= -0 [%aexp(1 -9 o (39)

From eq. (11), o can be numerically estimated from the experimental
measurements of Ex'and B, and in particular the following relation seems
to be uséfu], | |

- o (EX-/loi6 V/cm) -

om |

_ 108 |
o =10 {secj " ~(B/MGauss) (40)

so that for typical laser produced pTasma-experiments (Eiieier and
Ludmirsky, 1983; Stahper:et-a].;_197é; Raven et a1., 1978) one has
0 v 108 cm/sec. | | |

The physical so1ufion for the potential is derived in this model for
-0 < % 1. However, .the lower bound Iimit is determined from the assumption .
" made by using the equation of'motibn (7). In this equation we neglected so

far the term (@w'$)3; therefare in order for our stationary solution to

be consistent, one has to require that the (3- 3)3 terms are small, namely,
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N 2 L ‘ o '
(\e/ V)V =0L2_,_|:g exp(] ...q}),<< 1 (4])
EVVXB VT T
> > 2 (L)2 4 o
ilié%l!m o E?'[IQ} exp(2 - 29) << 1 ‘ _ (42)
RS Vo VT .
o .

where m is the electron mass and

V% = %-: 4.2+ 107 (T/ev)? [ (43?

sec]

For a density scale Iength L0 of the same order as'the temperature scale

length L T Ly = Lo eq.v(42) gives -the stricter vaTués for the Tower limit

0

of the w In part1cu1ar assum1ng T 1000 eV E = 10 v/cm and B 1 MGauss

we obta1n in our. mode] a physical va11d1ty doma1n g1ven by

-0.1 59y = §$;< 1 .. ' (44)

. . ' | ’
oB _A4m . _ A1 g 2 - S -
by T 2 ix T 7 (272 enga - Zenyy 1x) o (4s)
X a X i ,eaLg o : '

The ion current in the-y direction is much smaller than the dominant

electron current in the x=direction.” In particular

e -y 2.72 LOJ 2

Q

by & [.‘,“b : "ﬂj {2 L1 ] (47)
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where the density fluctuations

2 k '
n.-n A (A2
%H-E-J%;——-= —%—w(1 - ) exp(2yp - 2) 5 0.1 .191 . (48)
0 0 -LO Co 9y :
or xD v 1007 LO " 10,u and a v 107 cm/sec, we get
0 4
Js - ' , L
.Y ¢ 1072 - (50)
J o
e .

To summarize, we derive a simple model where the electric potential

is described by the non-linear differential equation (28) with the solution

'given_by eq. (30). The physical branch (¢ < 1) introduces a typical

double Tayer with an electron c]oqd.Teading,ahead 6f the ion c]oudj(gee

Fig. 4). This phenomenon is known to happen when there are not pondérqmotive
forces and cavitohvstﬁuctures.A Thé-magnetic f{e]d,.and the electric field

in thé-x-direétion,'is;maximum at ¥ =0 (see Fig. 3) where the e]ectrdn 

density is about 1/3.its maximum value, in good.agreement wfth

experimental data,
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Figure Captions

The description of the two dimensional geometry in x - y‘plane

with typical density, temperature and magnetié field profiles.

The .dependence of the dimensionless potential ¢ on the x

coordinate (i.e., the laser jrradiation direction).

The main component of the electric fie]d,,EX, and the magnetic'

field B described as a function of the potential .

The structure of the electrostatic double layer charges.
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