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The critical surface can be unstable to coherent rippling perturbations due to the action of nega-
tive pressure induced by the random magnetic field associated with ion-acoustic turbulence. The
negative magnetic pressure occurs if there exists a preferential orientation of the random magnetic
field (anisotropy of the ion-acoustic turbulence) when the nonpotential component of the magnetic
pressure more than compensates the potential part.

I. INTRODUCTION

Resonant absorption is particularly significant in exper-
iments where short-duration ( = 10 "—10 ' s) high-
intensity laser pulses irradiate laser-produced plasmas. In-
verse bremsstrahlung becomes negligible in this situation
due to the small volume of underdense plasma, while
parametric processes in the vicinity of the critical density
are detuned due to plasma-density-profile modification in-
duced by the ponderomotive force. The portion of laser
energy absorbed by the target then depends on the
geometry of both the focusing optics and the target and
on the polarization of the incident wave. If for any reason
rippling of the critical surface occurs, it favors resonance
absorption and then even those "rays" which were nor-
mally incident upon the plasma without the ripples can be
resonantly absorbed at the rippled critical surface The.
aim of our paper is to describe one possible mechanism
which can be responsible for rippling of the critical sur-
face.

As early as 1956 Sagdeev' showed that a plasma vacu-
um boundary supported by an electromagnetic standing
wave is unstable to perturbations of the surface-wave type.
Extensive numerical simulations by Valeo and Esta-
brookz i show the effect of self-trapping of the radiation
in media which have a nonlinear index of refraction, re-
sulting in a sausage type of instability. More recently Wee
Woo et a/. investigated rippling of a very steep density
profile (u &A,o where u is the scale length of the plasma
density gradient and A,o the vacuum wavelength of the in-
cident radiation) due to four-wave processes when the in-
cident wave is scattered into two electromagnetic waves
generating ion-acoustic waves to enhance the rippling.
The presence of ripples is claimed to be indirectly proved
by Nishimura et a/. They have observed a modulation of
the angular dependence of the reflected laser light from a
plasma for an s-polarized laser beam and applied
Sagdeev's' approach to an instability of the critical surface
which after being rippled is considered as a grating. The
effect of resonant absorption at a rippled critical surface
has been investigated by Kruer and Estabrook, Cairns,
and David and Pellat. In the last work the effect is also
discussed of generation of a spontaneous magnetic field

B-V n X V T due to crossing of the density and tempera-
ture gradients where the modulation of the density gra-
dient is due to rippling of the critical surface. David and
Pellat have then combined the effects of rippling and of
the magnetic field to compute the coefficient of resonant
absorption by a magnetized plasma at a rippled critical
surface.

In those experiments where the laser energy is mostly
absorbed in a narrow region around the critical density, a
B-field-generating thermal instability can arise when the
initially isothermal surface of the absorption region is
coherently rippled giving rise to a magnetic field of ther-

moelectric origin B-V'n &VT. Then, the local tempera-
ture T increases due to B dependence of the tensor of
thermal conductivity.

In the case considered in this paper, rippling of the crit-
ical surface is investigated induced by a negative pres-
sure' (line-of-force stress) of an anisotropic random mag-
netic field associated with ion-acoustic turbulence. This
treatment is thus partially complementary to that of Mora
and Pellat" where an isotropic random magnetic field
generated due to short-wavelength ion turbulence was dis-
cussed, resulting in a ponderomotive-force term which is
purely of potential character.

II. THEORY

I.et us consider the situation of one-dimensional laser-
produced plasma flow where the intensity of laser radia-
tion is above the threshold for a parametric decay instabil-
ity so that an ion-acoustic turbulence results in random
density fluctuations which can be a source of random
magnetic fields. As for a characteristic frequency co of
the ion sound

where v.
~ is a characteristic hydrodynamic time, one can

separate the fast and slow time scales and consider the
time dependence due to slow hydrodynamic flow in the
problem as a parameter.

We shall assume the plasma conductivity in the region
investigated in its usual form,
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COp V

N +
and thus also o.~~ &&1, where v is the electron collision
frequency, co» (4m——e n, plm, )' the electron plasma fre-
quency, e and m, the electron charge and mass, and n, p

the electron density. The last assumption neglects the dis-
placement current and permits us to write the following
equation for the magnetic field

= VX(vXB)j

(B1n//By) '
& (d/co)'~, (B 1n//Bz) '

& (d/co)'~

and

( I
8

I ) /Srrn, T, « 1,
where ( ) denotes ensemble average, then the spon-
taneous magnetic field 8 coherent with V», P becomes

B=Biexp(icot), Bi——(0, (8i)», (8i),),
where

elle
Vn, X VT, —V X(d V XB)+~(8'), cnq d Te BQ(8i )» =i /(x, y, z)

en, pco
' '

dx Bz
'

where

d =c v/co» (3)
cn, dT, By(8 i ),= i — /(x, y, z)en~ ' ' dx By

is a diffusion coefficient, v is the plasina flow velocity, c
the speed of light, and T, the electron temperature.

We assume that before the ion-acoustic turbulence was
switched on the plasma fiow had been one dimensional
along the x axis, with plasma density

n, =n, p(x),

plasma temperature

T, = T,(x),
flow velocity

v =vp(x),

and dc magnetic field (see Appendix)

Introducing a randomly orientated wave vector

k=(0, k», k, )—:Vga (10)

of the ion-acoustic waves, one can write the random mag-
netic field in a compact form

F= —7T, (12)

Bi i ——P/(x, y,z)k && VT, ,
ene

and now to average means averaging over the ensemble of
kp ——k/I k I.

As shown by Vainshtein, ' the random magnetic field
gives rise to a net force acting on a plasma

Bp——0.
If we assume that b denotes the size of the region

around the critical density where the ion-acoustic tur-
bulence is efficiently excited, then the effect of magnetic
field diffusion can be neglected when

where the elements of the stress tensor T are

1
Tij ( 2 ij5ij Aij ), ltj —x~y~z

4m

and where A,j is a correlation function

(13)

b, & (d/co)'i

as well as the effect of plasma flow when

COAQUp .

(4) A,j ——Re((8i);(8 i)j)
taken at the same point.

Let us assume that

(14)

Then assuming electron density n, to consist of a regu-
lar part n, p(x) and a random part n, (x,y, z;t) so that

n, (x,y, z;t) =n, p(x)+ni(x, y,z;t),

ni(x, y, z;t) =n,/(x, y, z)cti(y, z)e'"',
I P I

=1

where /is an envelope function of the fluctuations, P a
random function, and n, stands for the critical density
relevant to the laser light driving the ion-acoustic tur-
bulence.

Assuming that the introduced function/(z, y, z) is slow-
ly varying with y and z, in comparison to both the correla-
tion length of the fluctuations and characteristic length of
magnetic field diffusion, i.e.,

~p=Bi/I Bi
I

(15)

possesses a preferred direction of orientation. A reason
for that can be, for example, an anisotropy of the ion-
acoustic turbulence due to inhomogeneity of the back-
ground plasma [n, p n, p(x)]——Also, .in the condition
when the pump amplitude only just exceeds the threshold
of the instability driving the ion waves, ion-acoustic tur-
bulence is anisotropic. For example, if the instability was
the parametric decay of the incident wave, the ion-
acoustic waves are generated mainly with the wave vectors
parallel to the E; vector of the incident wave. ' However,
for laser fusion experiments at high irradiance intensities,
the radiation pressure induces a plasma-density profile
steepening in the vicinity of the critical density and, con-
sequently, the threshold intensity for the parametric pro-
cesses is increased. Therefore, there is a whole range of
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the laser light intensities which are above but close to the
threshold for the parametric instability.

In the plasma irradiation configuration considered here
we set

Kp=(0, Kpy& Kpg)

and, specifically, assuming that the ion-acoustic tur-
bulence was driven by a parametric decay of the normally
incident wave with an electric vector E;=(O,O, E;), then

the introduced wave vector k will be preferentially orient-
ed in the z direction' and, consequently, Ko preferentially
in the y direction. Then, the correlation function A,i can
be written as'

netic field has coherent modulation in the y or z direction.
Then the last term in (19) which is of nonpotential charac-
ter, is turned on and can even dominate the first potential
term.

Introducing the coherent modulation of the plasma-
density fluctuations in the direction of Kp specifies the en-
velope function /

g(x,y,z) =/(x, y),
where y is a slowly varying parameter if

8 ((ky/.

with

(5' +PKpiKp& ) &3+p
(16)

Ey ——(p —1) G (p,x,y)
1

8' Bg
(20)

Such a modulation gives rise to the negative pressure act-
ing in the y direction

1+p)0 .

The case p=0 corresponds to the isotropic case. Thus,
the introduced constant p represents a degree of prefer-
ence of the direction Kp.

Then, as kpj. V T, and kp ——1, the self-correlation func-
tion becomes

C2n2 2

( ~8i
~

}=
z g (x,y, z)((kpX VT, )')

e neOCO

2 2
cn, k dT,

(x,y, z)
eneoto

' '
dx

Consequently,

cn, k dT,
(&i) (8 i) 3+p en, pep dx

X ( 5ij +PKpiKoi ) &

keePing in mind that KplE'
~ ~

kp.

Thus, the ponderomotive-type force F arising due to the
presence of the random magnetic field becomes

I'i = — G (p,x,y,z)(1+pK o; )
1 2.

8m i3xs

p) 1/Kpi ——1 .

At the beginning of our analysis we introduced the en-

velope function/of the plasma-density fluctuations local-
ized in the vicinity of the critical density. For ion-
acoustic turbulence driven by the parametric decay insta-
bility, this function /expresses how accurately the three-
wave matching conditions (Manley-Rowe) are fulfilled.
Clearly, for a plasma-density profile monotonic in the x
direction in the region investigated, this envelope function
must have a single maximum somewhere below but close
to the critical density n, . Thus, omitting the modulation
in the y direction, the dispersion properties of the waves
involved in the three-wave decay process imply an implicit
dependence of the function /on plasma density

/(x)=/(n, (x)) .

For plasma density n, &n,~t&n, below an optimum
density for the three-wave process, the function /is then
an increasing function of the plasma density

n, ) )0, ne (nopt
n

Now, introducing a long scale modulation in the y direc-
tion one sets

1
pKO; Koi G (p,x,y,z),

4m. Bxj

cn, k dT,
G(p, x,y, z) —= g(x,y,z)

3+p enepco dx

(19) /(x y) =/(n. o(x)+n(y))

where we assume
~

n
~

&&n, .
In further calculations we shall approximate the func-

tion /by

g(x,y) =g I [n,o(x)+n(y)]/n, j

Assuming no macroscopic coherent modulation (inhomo-
geneity) of the energy density of the random magnetic
field in they or z direction

G(p, z y, t)=G(p, x),

where q is a dimensionless constant and

a )0 for n, &n,&t12'= '

0!+ (0 for pie )n opt
(22)

the last term in (19) yields no contribution as long as Kp is
perpendicular to the x axis.

A completely different situation appears when the mag-

+e =~eO+n

In fact a=a(n, ) with a—+0 as n, ~n,~, However. , as-
suming

~

n
~

&&n„approximation of a by the two con-
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stants retains the basic features of the physics of the pro-
cess investigated.

Inserting (21) into (19), the y component of the force

density F becomes
' 2c+

n, o(x ) +n (y)
Fy ——p

a
J'

Py
(23)

nc

where

p, —1 cknq de
8ir p+ 3 en, oto dx

(24)

«

icosi

&co

when the coherent perturbation which has been introduced
is a relatively slow process. Then, the linearized set of hy-

drodynamic equations for density and velocity perturba-
tions n, U reads

Bn BU
+n, o

——0,
Bt y

1 BU neO
'2a —1

—1n,

(26)

neo—Cy
nc

Bn
nc

where Z is the degree of ionization, m; the ion mass, and
we have assumed that the plasma behaves as an adiabatic
gas with thermokinetic pressure

p =C(n/n, )i',

where C is a dimensional constant C =p (n =n, ). The last
assumption is consistent with the long-wavelength charac-
ter of the coherent plasma-density modulation.

Setting

U(y, t) -exp[i (cot —sy)],

one obtains the following dispersion relation co=co(s) for
the perturbation being considered:

1/2
neoeO

co = —2Pa
n,

s . (27)+Cy
nc neOWi

With the plasma-density fluctuations turned off (P—=0),
relation (27) represents ion-acoustic waves. On the other
hand, in the cold plasma limit C~O, this relation (27)
corresponds to an analog of Alfven waves where the elas-

tic force is due to random magnetic field (p- (8 i }).
As can be seen from (27), the oscillations under investi-

gation can be unstable if

n +nopt ~

Further, let us examine n(y) as a perturbation in the plas-
ma hydrodynamics and investigate its time evolution as-

surning

n(y) =n(y, t) =n exp[i(cot —sy)], s «k .

%'e will restrict our treatment to the case

a=ca & 0,
and if

2Pa
nc

263
neo

)Cy
nc

y

(28)

As shall be shown next, for plasma parameters in laser
fusion experiments, the random magnetic field amplitude
is usually well above the threshold and one can write

z
pa s, (30)CO~ —l

nepmi

k &s &d/[6 (ZPa /n, om;)'~ ] . (31)

However, it still remains to evaluate the constants g,a, and b, and the magnitude of electron temperature gra-
dient in the region considered.

An estimate of the amplitude of the plasma-density
fluctuations

can be made on the basis of ion-trapping arguments. '4 If

W=e n, P /2T,

is the energy density of ion waves in the regime where the
instability is saturated and p their potential, then'~

g=e4/~. & 4 [(1+k'~D) '" 3~&/~e1'=—n~ (32)

where T; ~&T, is the ion temperature and k the wave
number of the ion-acoustic mode with the highest growth
rate.

If, as assumed, the ion-acoustic turbulence was driven
by the parametric decay instability, then the width 6 of
the region where the three-wave process is effective can be
estimated on the basis of matching conditions. As shown
by Kaw and Dawson, ' the mismatch coo —mL between the
frequency coo of the pumping wave and that of excited
Langmuir wave col should not be out of range

which is not in contradiction with (8) since a »1 as
shown later. The last relation (28) defines a threshold
value for the random magnetic field energy density (or
threshold value for amplitude of the plasma-density fluc-
tuations rt) for the instability to arise. Note that this in-
stability saturates due to the fact that a~O as n~n, ~, .
Thus, the maximum amplitude of the excited waves n is
n =n,~,

—n, o(xp) where x =xo is the plane where the
perturbation has been initiated. As both co and co satisfy
the ion sound-type dispersion relation, the last threshold
condition (28) together with our assumption

~

co
~

&co
mean that our theory is applicable to the case
s «kD=2ir/AD (AD the Debye length) which is con-
sistent with our initial assumption s «k & kD. The lower
limit on s is imposed by the effect of the magnetic field
diffusion, which is unimportant if

(29)

i.e., coo —col. -(1.7+0.5)kc, . (33)
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Otherwise the growth rates are negligibly small (c, the
speed of sound). For a given plasma-density gradient with
a characteristic length

&ep dX 7g 0
—

pg

g(x,y) =/(n )=g(n /n, )

then, as b./u &~ 1, the constant a can be estimated as

a =u/b, =(m;/Zm, )'~ kalk,
where k corresponds to a mode with the highest growth
rate' (i.e., k=0. 1kB).

The last quantity that remains to be determined is a
temperature gradient in the region considered. This can
be done on the basis of simple energy balance arguments

I n, vTl dT, /dx
I
=~Ip (34)

when the heat-flux density equals the absorbed radiation-
flux density. Here vT ——(T, /m, )', I, is the electron
mean free path, M the absorption coefficient, and Ip the
intensity of incident radiation. Such a procedure is possi-
ble if the major portion of the laser light is absorbed in a
narrow region around the critical density, i.e., if either the
short-pulse regime is considered where inverse brems-
strahlung as a volume effect is negligible compared to res-
onance absorption, or the long-pulse regime when Io is
above the threshold for nonlinear mechanisms of absorp-
tion which then can dominate inverse bremsstrahlung in
the bulk of the underdense plasma.

Finally, the growth rate
I

co
I

of the instability being
considered in its linear stage can be written as follows:

1/2
Col V

ecs&c Te

X WIp

1/2 ] 1/2

kD/k s, (35)

where g is given by relation (32) and we have replaced co

by ke, .
The range of wave numbers s of the long scale density

modulations where the present theory is applicable is de-
fined by conditions (2S) and (31), ie.

co=kc, )
I

co
I

(36)

s &s;„=d/[b. (ZI3a /n, pm; )' ] .

Defining the upper boundary s ',„of the wave number
range of the validity of our theory by

0.1kDc, =
I
oI(s =smax)

I

at the critical density, the relation (33) places restriction
on the width b, as follows

5/m=2(Zm, /m;)'~ k/kp, k (kD .

If 5 is assumed to be a half-width of the envelope func-
tion

one obtains (for u=kp, 11=0.1, M=0.2, and p»1) in
units of cm

s ' a„=10"Ta(Ipl, p)

s;„=2X10 T, (Ipkp)

where [T,] =keV (i.e., T, is given in units of keV),
[Ipk,p]=10' Wpm cm, and [A.p]=pm. Thus for a Nd
laser and Io ——10' Wcm, T,=1 keV, g=0.1, @~~1,
and u A,p,

S ',„=10

S;„=2g104

in units of cm, while for a CO& laser, Ip-10'2 W/cm2
and T,=1 keV, s ' „remain the same, however,

in units of cm ' due to a significant decrease of diffusion
of the magnetic field. Simultaneously, in the framework
of the present theory the maximum value of the growth
rate cu of the instabilii;y becomes

co=
I
co,„ I

=
I
co(s =s ',„) I

=10I3Ap ' s ', [Ap] =pm

for the set of plasma and radiation parameters considered
here.

As laser pulse durations of current interest are ~~ 10
s, the initial assumptions a~I, &~1 and o &~a were not
violated as well as the assumption Ioh & vp-10 cm s ' of
a negligible effect of plasma flow on the established mag-
netic field.

The upper limit s' „introduces a minimum charac-
teristic length A, ;„=-2Irs ',„of the coherent modulation
of the "critical" surface for which the results of our
theory are still valid. However, to neglect the magnetic
field diffusion also in the y direction, as we did, one must
be sure (as mentioned previously) that

X;„)(d /
I
co,„ I

)
'i' .

This condition implies a new value s "„which for the
plasma and radiation parameters considered above is
s ",„&s',„. For lower radiation intensities, for example,
it can be s "„~s',„and thus the actual upper boundary
of validity of the present theory is obviously

Smax m n(S max' max)

The actual radiation intensity scaling of s;„and s „
depends on the intensity scaling of the electron tempera-
ture and this in turn can significantly differ from one ex-
perimental situation to another. Thus, while simple
steady-state arguments of balance of a heat flux and ab-
sorbed intensity yield T, -Io, in our experiments, ' us-

ing short- (20-ps) duration Nd laser pulses, we observe a
very weak dependence as T, Ip (Ilote tllat T is tile
temperature of the cold electron component).

III. CONCLUSIONS

Concluding, one can summarize the results together
with the basic assumptions as follows: It has been shown
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that the critical surface can be unstable to coherent rip-
pling perturbations due to the action of negative pressure
induced by the random magnetic field associated with the
ion-acoustic turbulence. The necessary condition for the
random magnetic field pressure to become negative is a
dominance of the so-called line-of-force stress. ' This
nonpotential component of the magnetic pressure can
more than compensate the potential part and thus make
the net magnetic pressure negative if there exists a pre-
ferential orientation of the random magnetic field. As the
required anisotropy of the random magnetic field is
directly related to anisotropy of its pump, i.e., of the ion-
acoustic turbulence, one would expect to observe this ef-
fect in the linear stage of the ion-acoustic instability. This
means that the pump of the ion-acoustic instability must
operate above but close to the relevant threshold.

We have chosen the parametric decay instability as a
source of the ion-acoustic turbulence in a laser-produced
plasma. A major difference between this and the alterna-
tive return-current driven instability is that the turbulent
region is spatially localized in the vicinity of the critical
density which makes it easier to treat the problem analyti-
cally.

Because the ion™acoustic waves generated by the
parametric decay instability in its linear stage are
launched in the direction of the electric field E; =(O, O, E; )

of the incident laser radiation, the random magnetic field

Bi is parallel to 8;=(O,B;,0). In that case, it is the
coherent rippling in the y direction which is potentially
unstable. While initially we have made an assumption of
the presence of a coherent perturbation (noise) of the criti-
cal surface in the y direction, this can, in fact, be generat-

ed parallel to B; by the incident wave via another instabili-
ty of the four-wave type. As shown in Ref. 4, the op-
timum (with lowest threshold) wave number s of the rip-
ples due to this four-wave process on a steepened plasma-
density profile is s=0.85sp (sp the wave number of the in-
cident laser light) and is independent of the temperature
T„at least in the range investigated. Consequently, the
instability discussed in Ref. 4 and the one discussed here
can reinforce each other.

ACKNOWLEDGMENT

The author wishes to acknowledge useful discussions
with B.Luther-Davies.

APPENDIX

Neglecting plasma flow and magnetic field diffusion

[see (8)], Eq. (2) for a net magnetic field 8 reads

B=Bp+Bi, (A3)

where Bp is the regular part and Bi represents the fluctua-
tions.

Since from symmetry considerations

(Bi)„=0, (Bp)„—=0,

BBp

Bt
', (V. , XV(8,.8, ))

4&en~ p

(A4)

aB,
dt

Vni X V T, — ~ Vni X VBp, (A5)
en, p 87Ten~p

where only the part of Bi being coherent with V ni has
been considered. Further, since

n i —exp(icot),

then also

Bi —exp(itot)

and Bp has a dc component plus higher harmonics Nco

(N&2) driving multiple harmonics of Bi through the
nonlinear terms in (A4) and (A5). Further, we will restrict
our discussion to a dc component of Bp and Bi oscillating
at the fundamental frequency to. In that case Eq. (A4) be-
comes

( Vni X V(Bp Bi))=0,
where

(A6)

Bi—— Vni X VT, + & Vni X VBp . (A7)
ene @co 8menep

Also, since the source term in (A4) must be parallel to Bp,
then Bp——(O,Bp,0). Thus, after inserting (A7) into (A6)
and making use of the following property of the random
fluctuations [see (7) and (10) for /=/(x)]

Bni 8 ni Bni r} ni
Bx Bz Bz BxBz

one obtains the following equation for the dc magnetic
field Bp.

'2

(
n ] dBp dT~

+8p — ——0
Bz dx dx

Bp=Bp(x) ( IBiI'&=( IBi(x) I'&

Eq. (Al) can be split into two equations for the regular
and random parts of the magnetic field as follows:

aB
Bt

V n, X V T, , V n, X VB'—. (Al)
en,

'
8~en,

which possesses an obvious solution

Bp ——a (dT, /dx)

ne =n~o+ n )

one has, formally, to write the net magnetic field as

(A2)

After introducing the plasma-density fluctuations
n i (x,z; t) on its background n, p(x) so that

where a is a dimensional constant. However, since B~ and
hence also Bp should both vanish when dT, /dx~O, the
constant a must be a=O and consequently Bp=O and
therefore the nonlinear term W(B ) in Eq. (3) can be omit-
ted.
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