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Laser radiation propagating in a laser-produced plasma, in the presence of a self-generated magnetic
field Bg can decay into an electron Bernstein wave and a sideband Langmuir wave. Near the critical
density, the laser may be linearly mode converted into a Langmuir wave, which may parametrically ex-
cite an electron Bernstein wave and a Langmuir wave. Inhomogeneity in the By field determines the
convective threshold for resonant and quasimode decay processes. In a plasma with electron tempera-
ture T,~0.5 keV and a By field scale length of ~100 um the power threshold at a 1-um wavelength
turns out to be 10'> W/cm?. Above the threshold the growth rate is of the order of 3 X 10'! s™! for a reso-
nant decay and 10'! s™! for a nonresonant quasimode decay.

PACS number(s): 52.40.Nk, 52.35.Hr, 52.40.Db, 52.35.Mw

I. INTRODUCTION

Strong self-generated magnetic fields have been ob-
served in laser-produced plasmas [1-3]. The generation
of these fields has been attributed to a variety of mecha-
nisms, e.g., nonzero Vrn X VT, where Vn and VT are den-
sity and temperature gradients, respectively [4], thermal
Weibel instability [5], pondermotive force [6-8], and
electromagnetic two stream instability [9]. The fields are
nonuniform and their magnitude increases with the inten-
sity of the laser.

The existence of self-generated magnetic field in a
laser-produced plasma allows a variety of collective
modes of space charge oscillations, e.g., Bernstein modes,
lower hybrid mode, upper hybrid mode, etc. These
modes may be driven parametrically unstable by the laser
and may play an important role in laser energy absorp-
tion and heat transport. Tripathi and Sharma [10] have
examined three wave parametric decay instability of laser
radiation into lower hybrid and upper hybrid modes, ion
acoustic and upper hybrid modes, fast ion wave and plas-
ma wave, in a uniform magnetoplasma. Sharma [11] has
studied the resonant decay instability of plasma waves
into electron Bernstein waves. Simon [12] has recently
studied the parametric excitation of Bernstein modes in a
laser-produced plasma where sideband waves are taken as
electromagnetic modes. This process has been proposed
as a probable scenario for observed high reflectivity of
laser light from underdense plasmas. Baton et al. [13]
have recently observed enhancement of reflectivity of 1
pum, 1-ps pulse from a tenth critical density plasma, from
a value of 10~ % at 5X 10 W/cm? to 0.1 at 10'® W/cm?.
For intensities between 10'® and 107 W/cm? a saturation
level of 10% is established. The theoretical interpreta-
tion of data in terms of stimulated Brillouin scattering
(SBS) requires nonthermal noise, orders of magnitude
higher than the thermal noise level. Similar difficulties
exist in the interpretation of data from experiments with
8-10 ps and nanosecond pulses [14,15]. Further, the
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Thompson scattering spectra of waves in the ion acoustic
range of frequency reveals that high-amplitude waves ex-
ist at frequencies w, up to w~2w, where w, is the usual
ion acoustic frequency generated in a SBS process,
w0, ~2koc, =2wyc, /c.

Simon suggested that some of these observations may
be attributed to the excitation of Bernstein waves. The
power threshold for laser decay into a Bernstein wave
and an electromagnetic wave sideband is seen to be lower
than that for SBS. At 1 MG magnetic field the Bernstein
mode frequency (of the order of electron cyclotron fre-
quency) is an order of magnitude higher than that of the
ion acoustic wave produced in a SBS process. However,
Simon has ignored the inhomogeneity of the magnetic
field, which may cause much stronger detuning of the
three wave decay process involving a Bernstein wave
than a density gradient. This will enhance the power
threshold for decay into a Bernstein wave. Parametric
decay into a heavily damped Bernstein quasimode may be
an important channel in such a situation. Recently La-
baune et al. [16] have reported exciting experimental re-
sults on large-amplitude ion acoustic waves produced via
SBS in an underdense laser-produced plasma. At intensi-
ties I >2X 103 W/cm? they observed, in addition to an
ion acoustic mode, an electrostatic mode with frequency
o~ 10w,. The frequency w increases with laser intensity.
It is probable that this mode is a Bernstein wave whose
frequency depends on electron cyclotron frequency,
hence, on plasma temperature and laser intensity.

In this paper we estimate power thresholds for three
wave parametric decay of laser radiation into a Bernstein
modes and quasimodes due to inhomogeneities in plasma
density and ambient magnetic field. In a dense plasma,
near the critical layer, we examine the parametric decay
of a linearly mode converted Langmuir wave into a Bern-
stein mode/quasimode and a Langmuir wave sideband.
It may also undergo a four wave parametric process.

In Sec. II we study the parametric processes in the un-
derdense region. In Sec. III we study the parametric in-
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stability of linearly mode converted Langmuir wave, in-
cluding finite wave number of the pump wave. A discus-
sion of results is given in Sec. IV.

II. DECAY IN THE UNDERDENSE REGION

Consider the propagation of a laser pump wave
through an underdense plasma of electron density ng % and
electron temperature T, having a dc magnetic field Bg||2,

- = cko XE, 0
E,=9E,exp[ —i(wgt —kx)], BO:T , (1)
0

where ko=(wy/c)(1—w?/0})? ©,=(4mnle’/m)'"?,
—e and m are electromc charge and mass, respectively,
and we have assumed o, =(eB,;/mc)<<w, The pump
wave provides an oscillatory velocity to electrons,
vy =eE,/miw, that couples a low-frequency electron
Bernstein mode with electrostatic potential
o= ¢exp[—z(cut—-k -X)], and an_ electromagnetlc wave
sideband with electric field E, =E, exp[ —i(w,t —k;%)].
The linear dispersion relations for the decay waves are

I,(b)e™?
0= 0 | T e 2 k702, /207
~o [1+1(be "], )
and
3=k? 2+a) R (3)

respectively, where b =k?v% /2w?. The Bernstein mode
in the case of quasimode decay is heavily cyclotron
damped. The phase-matching conditions w;=o—w,
kl—k ko give

1
k_ c[(wo Cl)])

—20? =2V (0y— 0, 0,—0,) cosd;]'/*, @)

here 6, is the angle between k, and ko.
the sideband waves exert a ponderomotive force

F, —eV¢ on the electrons at (w,k), where
é,=—Vp- ‘E 1/2iw,. The ponderomotive force and the
self—con51stent fields at (w, k) produce an electron density
perturbation n,

The pump and

k2

n =Z7;Xe(¢+¢p) ,
where Y, is the electron susceptibility at w,k:
Zm;
k%%

@

1+ Sz I(b)e~® (5)

Xe™
kzvth s

kzvth

In the following we shall restrict ourselves to w~w,
hence only s =0, s =1 terms of the summation need to be
retained. The ion density perturbation could be written
as n;=—(k?/4me)y;¢, where Y;=—w}; /o* is the ion
susceptibility. Substituting for » and n; in Poisson’s
equation, we obtain
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€d=—Xx.%, , (6)

where e=1+ Xe +x;. The density perturbation at (w,k )
couples with vo to produce nonlinear current density
Ji JNL = = —1lnevy. When JN 1 is used in the wave equation
one obtains

io,(1+x;)
DIEIZ*—%]CZU;(#, 7)

where D, =wl— a)p—k and we have assumed that
k, E0~O Using Egs. (6) and (7) we obtain the nonlinear
d1spers1on relation

D, =x,(1+x;)kvyl2/4 . (8)

We solve Eq. (8) in two cases.

A. Resonant decay

Expressing w=w,,+iy where o, is the frequency at
which €=0 and D, at w,,=w,—w®, is simultaneously
zero, one obtains the growth rate

(14+x;k?[vo|?
43€/0wdD | /3w,

(1+ i)zszv |2
z4)§ 0 ibIe ©
woﬁ)p

2

For 1.06 pum, 10'® W/cm® Nd:Glass laser, nd=10%
cm 3, T,=0.5 K eV, B,~1 MG the growth rate turns
out to be y ~3X 10! s71. Figures 1 and 2 show the vari-
ation of growth rate with density and magnetic field, re-
spectively. Growth rate increases with magnetic field but
decreases as we move towards critical density.

B. Resistive quasimode decay

If one allows a finite k, then the Bernstein wave could
be cyclotron damped for o ~w_ ~k,v,,, and it goes over
to a quasimode. In that case the growth rate can be ob-
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FIG. 1. Normalized growth rate vs plasma density for reso-
nant decay in underdense plasma.
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FIG. 2. Normalized growth rate vs magnetic field for reso-
nant decay in underdense plasma.

tained from Eq. (8) by expanding o =w+iy, o;=w,, +iy
where w;, =w—w, is the zero of D,
_ k2|vol2(1+X,')2 1
L4 43D, /3w,
k2 oolM(14x;)? k2iF 10
16koc 2(012) ’
where
- 2(02 Ei
kW2 e2+e?’
20 wle™® w—w, |
€= 2’; 1 2Vrexp .
k vth kzvth kzvth
and
2 Vawle™®
€ =1+—2 [1—Ije o+ —"1—
k Vih k zVth

Xexp

(5l

0.6wle % /(0—w,)
T [(1—0.30Ie /0, —0,)*+(0.60l e " /o—w,)?]

For w—ow,.=k,vy,

For the parameters similar to the resonant decay case we
get growth rate ¥ ~10'! s™!. The growth rate scales as
T}/*, with plasma temperature T, .

C. Effect of plasma inhomogeneity

The plasma inhomogeneity localizes the region of para-
metric interaction and introduces convection losses. Let
the density nJ and Bg field profiles in the plasma be

=No(1+x/L,), By=Bgy(1+x/Ly). The threshold
condition for resonant decay instability can be written as
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2
|Vgx Vg1, (8/0%)(k, —k

=1,
lx_kOx)l

which gives

2
|U0|TH > 2
c? koLghI e~

For 1.06 um, Nd:glass laser, Lz ~100 um, T,=0.5 keV,
Bg~1 MG, n)~10% cm ™ the threshold power Py is
1.5X 10" W/cm®. The threshold power Pry~w, and
Pry~1/T}2

In the case of quasimode decay w, is a function of x,
the condition for heavy cyclotron damping
o—w.(x)=k,v,, is satisfied only locally. As one moves
away from this region Im(—1/€) decreases rapidly, with
typical half-width ~x,, and the instability threshold may
be written as

VYXo/Vg1x = 1

|U0|"2m -1 @0
C2 - 4 (CO_COC )kOLB ’

The threshold power minimized for w—w,~w.I1e”
For 1.06 um, Nd:glass laser, Ly ~100 um, Bg~1 MG,
n3~10% cm 3 threshold power Pry ~ 10'® W/cm?.

III. DECAY NEAR THE CRITICAL LAYER

Now we examine the decay of a linearly mode convert-
ed Langmuir wave,

do=0oe , (11)

where wo=w12,+k(2,vfh and vy, =V'T,/m, T, is electron
temperature. The pump waye provides an oscillatory ve-
locity to electrons, vy=eE,/miw, where E,=—Vd,,
and couples a low-frequency electron Bernstein wave of
potential ¢ =¢ exp[ —i(wt —k-X)], and a sideband Lang-
muir wave of potential ¢,=¢,exp[—i(wt —k; X)]
where 0, =w,—, k, =k, —k,, and

—i(ogt —kgx)

k=[(a)(2,—w12,)/c2+(w%—

—2\/((00

a)’% )/U%h

]1/2 .

—o, (@, —,)/(vyc) cosd,

The pump and the sideband waves exert a ponderomotive
force Fp :eV¢ on the electrons at (w,k) where
&, = (Vo -k /2w,)¢1 The ponderomotive force and the
self-cons1stent field at (w,k) produce an electron density
perturbation n and ion dens1ty perturbation n;:

n=[k>/(4m)]x.(¢+¢,), n;=—[k*/(4me)]x;$, respec-
tively. Substituting for n in the Poisson equation we ob-
tain

€d=—X.%, > (12)

NL

where €e=1+Y,+x;. Nonlinear electron density n7{ - at

(w1, k 1) can be obtained from the equation of contlnulty
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3 +V- Envo =0,
kl o k
nI;IL_ ¢ ¢p

2w, 4me
Substituting n " in the Poisson’s equation we get

k2 k03
€1¢1:?

¢, (13)

2&)1

where €,=1 —(a) +k%2)/w?. Equations (12) and (13)
yield the nonllnear dispersion relation

Xe(1+x:)K |vol* 1

=— , 14

€ 4 D, (14)
where D= cul-—(co + _;Uth) Had we considered the
upper  sideband coz,k2 also (where w,=w+tw,,

k,=k +k0) then the above equation would have 1/D,
on the rlght -hand side replaced by 1/D,+1/D,
where D, = a)z—(w +k22).

A. Resonant decay

Solving Eq. (14) around the simultaneous zeros of €
and D, one obtains the growth rate for resonant three
wave decay,

2:_ Xek2|!)0|2
14 83 /0wde, /0w,
_ (1+x, k2w |?

2
8awowy

@ ble 0. (15)

For wy=2X10"° rad/s, ky~3wy/c, vy/c~0.1 (this may
correspond to laser power density ~10'> W/cm? if one
assumes 10% of laser power conversion into the Lang-
muir wave), n3~10?! cm™3, T,=0.5 keV, Bg~1 MG,
y~5X10"s7L

B. Resistive quasimode decay

In the case of a quasimode decay, the growth rate can
be obtained from Eq. (14) by expanding o=w-+iy,
®,=w,,t+iy where 0, =w—w, is the zero of D,

k2[vol*xe
4aD1 /aa)l
k2|v |2 kzvt}l 5

e
160; @

1

Y= e

(16)

For 1.06 um, Nd:glass laser, n3~10?! cm™3, T,=0.5
keV, Bg~1 MG the growth rate turns out y ~2X 10"
—1
sl

C. Effect of plasma inhomogeneity

Assuming the density n) and By field profile of the
plasma be n3=Ny(1+x/L,), B¢=Bg(1+x/Lg). Fol-
lowing a similar analysis to the preceding section, the
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threshold condition for resonant decay instability can be
written as

3
4v 00

c? 7 w?bLgc?

lvo‘2 >

a7n

For 1.06 um, Nd:glass laser, n)~10*! cm™3, T,~0.5
keV, B¢~1 MG, Lz ~100 um, the threshold power is
Py =7X10" W/cm?. Pry~w, and P1y~1/T}/% The
threshold condition for the quasimode decay is

2
|U0|TH > 1600k
C2 - kzkzvthLB

(18)

For parameters similar to the case of resonant decay the
threshold power is Py ~ 1015 W/cm?.

IV. DISCUSSION

In the presence of a 1 MG self-generated magnetic field
of scale length Ly ~100 pm a Nd:glass laser of power
density >7X 10" W/cm? is likely to cause the excitation
of Bernstein waves via three wave parametric process.
The power thresholds for resonant and nonresonant de-
cay processes are primarily determined by the inhomo-
geneity in the magnetic field and are comparable to each
other. Above the threshold, the growth rate at 10'¢
W/cm? is of the order of 3X 10! s™! for a resonant decay
and 10'! s™! for a nonresonant decay in the underdense
region. Near the critical layer the growth rate is of the
order of 5X 10!' s™! for a resonant decay and 10'' s™! for
a nonresonant quasimode decay at power density of 10"’
W/cm?. In the presence of an inhomogeneity in the mag-
netic field, the power threshold for resonant decay in un-
derdense region is 6 times more as compared to critical
density region whereas for a quasimode decay it is 10%
W/cm? near the critical layer.

For the parameters of Labaune et al.’s experiment,
nd~0.1n,, Ap=1.05 um, L, ~1000 pm, T,~0.4 keV,
¢, ~107 cm/s, w,=2kyc,~1.2X10'? if one assumes
B;~0.7 MG, Lpz~L, then one obtains v~ 10w, and
threshold power turns out to be 5X10* W/cm?. This
power is an order of magnitude larger than the one re-
ported in the experiment. If there are turning points for
the electron Bernstein wave then the instability could
have a much lower threshold. This could happen when B
field has a parabolic profile with ». The experiment has
indicated that the frequency w of the low-frequency mode
increases with the intensity of the laser. This may be due
to the fact the frequency of the Bernstein wave increases
with the magnetic field hence with the laser intensity.
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