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Nonlinear features of two-plasmon decay in a long-scale-length plasma

D. R. Dimitrijević* and M. S. Jovanovic´
Department of Physics, Faculty of Sciences and Mathematics, University of Nisˇ, P. O. Box 224, 18001 Nisˇ, Yugoslavia
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A transparent model of two-plasmon decay in a spatially homogeneous or long-scale-length plasma, repro-
ducing the main experimentally observed nonlinear features, is presented. Secondary coupling between the
plasma waves and the ion-acoustic waves, including their frequency mismatch, proves to be the principal
saturation mechanism of the instability. The wave amplitude time evolution and spectra as well as the hot-
electron generation properties are compared to the experimental data.
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I. INTRODUCTION

Two-plasmon decay~TPD! is a nonlinear parametric in
stability of a large amplitude electromagnetic wave, wh
decays into two electron plasma waves at the quarter-cri
density@1,2#. The main cause of the sustained interest in t
instability, especially relative to laser-plasma fusion appli
tions, is its potential for generating suprathermal~hot! elec-
trons, capable of preheating the laser fusion pellet@3,4#.
These hot electrons are accelerated through the mecha
of electron trapping by the plasma waves to energies de
mined by the phase velocity of the plasmon (Th;mvph

2 /2).
Since it can be of the order of the speed of light, the de
mental effect of the instability can become quite consid
able. The initial, linear phase of this instability has been st
ied in detail during recent decades, providing us with fai
correct concepts of the linear growth rate and homogene
and inhomogeneous instability thresholds, as well as its
terplay with other parametric instabilities@5–10#. There are,
however, numerous questions concerning the nonlinear
ture of TPD that need further study.

The aim of this paper is to offer a transparent model
TPD in a spatially homogeneous or long-scale-length plas
that includes a number of its most prominent nonlinear f
tures: pump depletion, nonlinear coupling with ion mod
including the frequency mismatch between secondarily
duced waves, hot-electron generation, and both collisio
and noncollisional sink terms in the equations for plas
waves and hot electrons, providing saturation in a station
or quasiperiodic regime.

The paper is organized as follows. In Sec. II, the physi
model is introduced that describes the temporal evolution
the slowly varying amplitudes of the waves taking part in t
process, supplemented by the equations for hot-electron
eration. The model equations are simulated using the ap
priate numerical scheme and the corresponding results
presented and discussed in Sec. III. Finally, brief conclusi
of the present work are given in the Summary section.

II. PHYSICAL MODEL

We consider propagation of a linearly polarized hig
intensity laser radiation in a preformed long-scale-len
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plasma, i.e., an inhomogeneous plasma with character
density scalesL of hundreds to thousands of vacuum las
wavelengths. In such plasmas a number of parametric de
instabilities occur, particularly if the laser intensities are w
above the linear instability thresholds for these proces
@1,2#. We address our interest here to two-plasmon dec
which implies a nonlinear coupling of a transverse pum
wave to two electron plasma waves~plasmons!, whose fre-
quencies and wave vectors satisfy the well-known match
conditions (v0 ,k0)5(v1 ,k1)1(v2 ,k2). Since the
daughter-wave frequenciesv1 and v2 are near the electron
plasma frequencyvp , the occurrence of the TPD instabilit
is clearly localized to a region near the quarter-critical de
sity, namely, at somewhat lower densities if the electr
plasma temperature is taken into account. An important it
in plasma instability studies is the mechanisms leading
growth saturation. Many experimental and simulation stud
@5,8,11–14# have indicated an efficient coupling of th
plasma wave electrostatic energy to shorter-wavelength
density fluctuations (vs ,ks). We will assume that the mos
efficient is a secondary process in which the induced
wave couples to the two daughter plasma waves@8,13#, so
that the matching conditions (vs ,ks)5(v1 ,k1)2(v2 ,k2)
are satisfied to the best possible extent. It is clear that
secondary coupling is not perfect and the corresponding
quency mismatchDv5v21vs2v1 should be taken into
account when writing down the equations of the system e
lution. Thus, the starting equations for the slowly varyi
amplitudes of the coupled waves, from the fluid and Ma
well equations, read

~] t1v0•“ !E052Adn1dn2 ,

~] t1v1•“1n1!dn15AE0dn2* 1A1dn2dns ,
~1!

~] t1v2•“1n2!dn25AE0dn1* 2A1dn1dns* ,

~] t1cs•“1n2!dns52A2E0dn1dn2* ,

wherev0,1,2 are the group velocities of the pump wave a
daughter plasma waves, respectively,cs is the ion sound
speed,E0 is the pump wave amplitude,dn1,2 is the density
fluctuation amplitudes assigned to the plasma waves, andn1,2
are their damping rates combined from the collisional a
Landau damping rates, including the influence of the h
©2002 The American Physical Society08-1
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electron population on the electron plasma wave~EPW! Lan-
dau damping@15#. The coupling coefficients are given by th
expressionsA5ek'(k1

22k2
2)/4mvpk1k2 , A15evpuk1•k2u/

2mve
2k1k2ks , and A25eks

2csuk1•k2u/2mvp
2k1k2, wherevp

is the electron plasma frequency.
Next, we derive the equations for the hot-electron gene

tion rate, assuming that the temporal gain of hot-elect
energy density equals the energy taken away from the pla
waves by their collisionless damping:

dWh /dt5nLWEPW, ~2!

wherenL is the Landau damping rate, and the energy de
ties deposited in a hot-electron component and a pla
wave are given as

Wh5nh~mvph
2 /2!, WEPW5~e2/2«0k2!udnu2. ~3!

From Eqs.~2! and ~3! we finally obtain the equations fo
hot-electron generation by the two daughter EPW’s:

dnh1,2/dt5~nL1,2/n0!udn1,2u22gh1,2nh1,2 ~4!

where we have introduced a sink term in whichgh stands for
the hot-electron collisional damping rate.

Assuming that the instability operates only in a we
localized region near the quarter-critical density, we can n
search for the time-dependent local solutions for the slo
varying amplitudes. The neglect of convective terms in E
~1! is justified provided the leading frequency in the Four
spectrum strongly dominates the valuevg /L, wherevg is the
largest among the four wave group velocities. We proc
with normalizing the above equations by introduction of t
dimensionless amplitudes a5E0(t)/E0(0), N1,2,s
5dn1,2,s(t)/n0, as well as the time variablet5v0t and the
frequency mismatchV5Dv/v0. Thus the final set of equa
tions describing the temporal evolution of the process ta
the form

da/dt52B0N1N2 ,

dN1 /dt5B1aN2* 2C1N2Ns exp~ iVt !2G1N1 ,

dN2 /dt5B2aN1* 1C2N1Ns* exp~2 iVt !2G2N2 , ~5!

dNs /dt5C3N1N2* exp~2 iVt !,

dh1,2/dt5~a/vp!n1,2uN1,2u22Gh1,2h1,2,

where the coupling coefficients are

B05a3k'~k1
22k2

2!/2k1
2k2

2,

B1,25k'~k1
22k2

2!/8ak2,1
2 ,

C1,25a3ukW 1•kW 2u/4be
2k2,1

2 ks ,

C35beAZm/Miks
3ukW 1•kW 2u/4k1

2k2
2

and
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a5vp /v0 , be5ve /c5ATe~keV!/511,

ve designating the electron thermal velocity corresponding
the electron plasma temperatureTe . The electron-ion mass
ratio is taken to beZm/Mi51/3600 in our simulations. The
wave vectors of all the waves are normalized ask5ck/v0
and can easily be obtained from the geometry of the in
bility for the case of the most unstable modes@7#:

k1,25
1

2
@~122a!/3be

26A~12a2!~122a!/3be
2#,

k'5
1

2
A~122a!/3be

22~12a2!, ~6!

ks5ukW 12kW 2u.

Clearly, the wave vectors as well as the scattering ang
for the optimal case of maximum instability at given plasm
density depend only ona and be . Nonoptimal instability
increments would yield negligible values of density fluctu
tions and therefore have not been considered. The dam
rates for plasma waves (G1,2) and for hot electrons (Gh1,2)
are normalized tov0. Note that the relations~6! impose the
plasma temperature limit for the occurrence of TPD at
plasma density n0 : Te(keV)<170.33(122An0 /ncr)/(1
2n0 /ncr). For example, the latter condition gives a lim
around 20 keV forn050.245ncr .

III. RESULTS AND DISCUSSION

On the basis of the system of differential equations~5! we
first consider the evolution of the waves involved in the p
cess, when a very long constant intensity laser pulse pro
gates through a homogeneous or nearly homogene
plasma. A typical set of physical parameters is utilized:
laser intensity parametera50.03, corresponding to an inten
sity of 1015 W cm22 for the 1 mm laser, plasma densityn0
50.246ncr , and electron temperatureTe50.2 keV. The
temporal behavior of the two daughter plasma wave am
tudes as well as of the ion-acoustic wave amplitude is sho
in Fig. 1. The time axis is labeled in picoseconds for physi
clarity. We can see in Fig. 1~a! that the maximum fluctuation
amplitude N1 of the first plasma wave, with larger wav
vector, exceeds 20% at the initial stage of the process
saturates after a short time, of the order of a picoseco
which corresponds to times of the order of 10 ps when C2
lasers are utilized. This saturation occurs simultaneou
with the ion fluctuation amplitude reaching its maximu
value, somewhat below 1% for our simulation paramete
These facts stand in a very good agreement with recent
perimental evidence@7#. However, theN1 amplitude de-
creases slowly in time because a part of its energy exp
ences a flow to the other plasma wave modeN2. Another
reason for this amplitude reduction, as will be shown later
the fact that Landau damping of this mode is mainly resp
sible for hot-electron generation, and the hot electrons ca
away a part of the wave energy. On the other hand, Fig. 1~b!
clearly shows that the second plasma wave does not ex
ence any significant change of the initially saturated am
tude, corresponding to maximum density fluctuations
8-2
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NONLINEAR FEATURES OF TWO-PLASMON DECAY IN . . . PHYSICAL REVIEW E66, 056408 ~2002!
nearly 18% of the equilibrium plasma density.
Another interesting aspect of the plasma wave behavio

observed by deeper insight into the microscopic evolution
the picosecond scale@see the enlarged time pattern insi
Fig. 1~a!#. A superficial oversight of the figure reveals at lea
two characteristic frequency modes, which differ by two
ders of magnitude. The higher frequencies are clearly rela
to the ion fluctuations, as may be seen by comparison
Figs. 1~a! and 1~c!, while the lower frequencies are due
inclusion of the frequency mismatchDv, and are absent in
the case of perfect matching. Unlike the case of the comp
dynamics ofN1, the second plasma wave exhibits a re
tively simple periodic behavior, with an increasing period
oscillations. The cause of this effect is a slow decrease of
laser pump amplitude, not shown here, which leads to red
tion of the TPD growth rate, and consequent decrease o
slope of theN2 amplitude variation. After a transient time o
about 300 ps a recognizable quasiperiodic dynamics w
two main characteristic frequencies in the amplitude evo

FIG. 1. Time evolution of the coupled plasma waves~a! and~b!,
and the ion-acoustic wave~c!, for the parametersa50.03, n0

50.246ncr , Te50.2 keV.
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tion is established. The microdynamics of this wave mode
more regular than that ofN1. The maximum amplitude of the
ion-acoustic wave reaches a value of about 0.6% at the in
stage, and is even less at further stages of the process.
ertheless, even such relatively low values of the ion fluct
tions turn out to be sufficient to procure saturation of t
instability and to sustain the whole process. The latter f
has already been noticed by earlier authors@7,14#, and it
justifies the introduction of secondary coupling betwe
electron and ion modes.

As the forward propagating plasma wave exhibits a co
plex physical behavior, our attention has been focused on
frequency spectra of this mode for various laser and plas
parameters. First, we produce spectra corresponding
slowly varying wave envelopes, from data corresponding
those given in Fig. 1~a!. A deeper inspection of the amplitud
oscillation patterns reveals that typical oscillation periods
of the order of a fraction of a picosecond, whereas the la
period for the present wavelength is only about 3 fs. Th
the fact that the dominant oscillation frequency of the EP
amplitude is of the order of 1022v0 justifies our assumption
that the amplitude changes slowly in time. It is also possi
now to evaluate the adequacy of our neglect of the conv
tive terms in Eqs.~1!; namely, this dominant frequency i
obviously much greater than the ratio of the maximum gro
velocity in the system and the characteristic plasma sc
length. For example, for millimeter-scale-length plasmas,
dominant oscillation frequency is greater than this ratio
two orders of magnitude.

For comparison and estimation of the effect of the para
eter variation, we give in Fig. 2~a! the spectra for the param

FIG. 2. Frequency spectra of the forward-propagating plas
wave slowly varying amplitude, for the parameters~a! a
50.02, Te50.2 keV; ~b! a50.03, Te50.2 keV; ~c! a
50.02, Te50.35 keV. For all the casesn050.246ncr .
8-3
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eters a50.02, n050.246ncr , and Te50.2 keV. Then we
change the laser intensity toa50.03 @Fig. 2~b!# and the
plasma temperature toTe50.35 keV in Fig. 2~c!. Two char-
acteristic spectral lines are clearly distinguishable, as
pected on the basis of the previous discussion. The m
spectral line in Fig. 2~a! lies at a frequency just abov
;0.006v0, while the second one is not clearly defined
frequency and seems to be composed of two very close c
ponents with frequencies about 0.011v0. Figure 2~b! clearly
reveals blueshifts in the spectra with increasing laser in
sity. However, while the lower-frequency line experienc
just a slight, hardly observable shift, the corresponding bl
shift of the second spectral line proves to be much larger
proportional to the pump strengtha. We can verify by in-
spection that the third line appearing in Fig. 2~b! is just a
combination frequency, generated by beating of the first
lines. In this way we conclude that we still do not have thr
incommensurate frequencies in the system, which would
an indication of the route to chaos. In other words, the
namics retains its quasiperiodic character for realistic ph
cal parameters. So the general conclusion is that the rich
and complexity of the scattering process physics incre
rapidly with laser intensity, followed by spectral line broa
ening and more and more pronounced modulation. T
maximum saturation amplitudes of both plasma waves
the ion-acoustic wave have the same dependence. All t
effects are easily understandable having in mind that the
ficiency of the primary nonlinear coupling process increa
with increasing pump intensity, owing to the fact that t
growth rate of TPD is proportional to the electron quiv
velocity, leading to more rapid variations of the plasma wa
amplitude.

Further analysis of the data presented in Fig. 2 reve
that the complexity of the frequency spectra, as well as
spectral line width and line modulation, increase with t
temperature of the bulk plasma. With further increase of
temperature, the spectrum would become broader and es
tially continuous, with no pronounced frequencies. All th
illustrates the pronounced role of thermal electron motion
TPD physics, which makes theoretical predictions unrelia
for the case of higher plasma temperatures.

Next we consider the frequency spectra generated on
basis of the complete wave function of the plasma wa
obtained by multiplying the slowly varying amplitudes b
the corresponding phase factors exp(iv1,2t), wherev1,2 are
the exact frequencies of the daughter EPW’s. These are m
convenient for comparison with the experimentally obtain
ones than the spectra shown in Fig. 2. Two such spe
displayed in Fig. 3 correspond to the parameters of
slowly varying amplitude spectra shown in Figs. 2~a! and
2~b!. The two main peaks appearing in the figures are ob
ously generated from the highest peaks in Figs. 2~a! and
2~b!, in convolution with the phase function exp(ivt), and
they are supposed to be each other’s mirror images. H
ever, the generated spectra are clearly asymmetric, w
comes from the complex quasiperiodic dynamics of
plasma waves involved in the coupling process. It is an
tremely difficult task to follow the plasma wave dynami
directly in the laboratory, although this was achieved
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laser-plasma experiments by Baldis and Walsh and so
other researchers, by using the Thomson scattering me
@11,13,16#. As for the plasma waves from TPD, it has be
much more usual to draw conclusions indirectly, by obse
ing the (3/2)v radiation orv/2 radiation from the plasma
@14,17,18#. Odd-integer half harmonics are supposed to
generated by nonlinear coupling between the incident la
light of frequencyv and the plasma waves induced by TP
or Raman scattering in the quarter-critical region, whose
quency is aboutv/2. We believe that there exists a clos
correspondence between the plasma wave spectra and
perimentally observed (3/2)v spectra. The main features o
the latter spectra are their asymmetry and a strong de
dence of the separation between red- and blueshifted p
on the laser and plasma parameters. Thus, in the experim
of Figueroaet al. @19# this separation appears proportional
the square root of laser intensityI, i.e., proportional to the
earlier introduced parametera. This is just what we observe
in Figs. 3~a! and 3~b!, in which separations between pea
stand in the ratio 2:3, corresponding to the laser parame
used (a50.02 and 0.03, respectively!. Another important
fact is the separation dependence on the plasma temper
Te . Researchers usually assume that this separation is
portional to plasma temperature, which is derived from
standard theory of (3/2)v radiation generation@2,14,20#.
However, according to our model the separation is expec
to scale asTe

1/2, because the leading frequency in the sp
trum ~Fig. 2! is supposed to be closely related to the io
acoustic frequency, which is proportional to the square r
of the electron temperature. Thus, we offer an alterna
explanation of the origin of the asymmetry and other pe
liarities of the (3/2)v spectra. In this scheme, of the tw
TPD-induced plasma waves, only the one more unstabl
Langmuir decay~the one with largerk) contributes to the
eventual (3/2)v or v/2 spectra.

We now turn to analysis of the hot-electron generat
process, described by the last equation of the system~5!. As
expected, our simulations indicate that the number of
electrons generated during the process, as well as their

FIG. 3. Frequency spectra of the forward-propagating plas
wave fast wave function, for the parameters of Figs. 2~a! and 2~b!.
The dashed line designates the EPW fiducial forn050.246ncr .
8-4
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NONLINEAR FEATURES OF TWO-PLASMON DECAY IN . . . PHYSICAL REVIEW E66, 056408 ~2002!
eration rate, is strongly affected by both laser and plas
parameters.

In Fig. 4~a!, the temporal evolution of the normalized ho
electron density is displayed for the case of the plasma d
sity n050.246ncr and electron temperatureTe50.2 keV.
The laser intensitya takes the values 0.02, 0.03, 0.04, a
0.05 ~curves 1–4, respectively!. Clearly, both the numbe
and the generation rate of hot electrons increase with l
light intensity. The explanation is straightforward: TP
growth rate increases with increase of the pump intens
thus leading to faster growth of the EPW amplitudes. Lar
amplitude EPW’s then accelerate larger numbers of reso
electrons to their phase velocities. Initially, the hot-electr
number growth is linear; however, when the EPW-induc
electron density fluctuation exceeds 10%, a sink mechan
based on hot-bulk electron collisions, begins to oper
causing efficient hot-electron generation saturation. For
present parameters, which are typical for a class of T
experiments, the number of generated hot electrons satu
at values between fractions of a percent and a few perce
respect to bulk electrons. This result is quite in accorda
with the present, not very rich, experimental evidence. E
perimentally, hot electrons are rarely counted direc
@19,21#. More frequently an indirect method is used, bas
on detection of x rays launched by the decelerated elect
@3,4,22#. Related calculations show that the hot-electron fr

FIG. 4. The hot-electron density versus time for the followi
parameter sets:~a! Te50.2 keV, n050.246ncr , anda50.02, 0.03,
0.04, and 0.05~curves 1–4!; ~b! Te50.35 keV, n050.245ncr ~1!,
Te50.4 keV, n050.245ncr ~2!, Te50.4 keV, n050.244ncr ~3!,
andTe50.5 keV, n050.244ncr ~4!, all for a50.04.
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tion ranges between 0.1% and 10%, which justifies the
sults of the presented model.

In Fig. 4~b!, the temporal evolution of hot-electron den
sity for a range of plasma densities and temperature
shown, corresponding to the same laser intensitya50.04,
revealing the hot-electron generation dependence on t
parameters. We see that even during the laser pulse the n
ber of hot electrons generated may reach its maximum
then slowly decrease, owing to the fact that the collisio
sink term exceeds the generation rate. It is also observed
the increase in temperature as well as the approach to
quarter-critical density reduce the hot-electron generat
namely, in both cases more bulk electrons are shifted tow
greater energies, thus reducing the number of resonant e
trons among which hot electrons are recruited. In ot
words, the hotter or denser the plasma, the smaller the w
vector. This leads to a lower value of the Landau damp
rate, resulting in a decreased number of generated hot e
trons.

IV. SUMMARY

An attempt was made to develop a simple, transpar
nonlinear model of TPD in a long-scale-length plasma,
cluding a number of the most prominent plasma nonline
ties. The model is made for the case of maximum TP
growth rate, under the assumption that all the amplitudes
the waves participating in the process vary slowly in tim
and that all the convective terms may be neglected, beca
the dominating frequency in the slowly varying amplitud
spectrum greatly exceeds the ratio of the maximum gro
velocity in the system and the characteristic plasma sc
length.

Our simulations confirm the assumption that coupling
the EPW’s generated in the primary process of TPD with
ion-acoustic waves provides an efficient saturation mec
nism for the instability, despite relatively small amplitudes
these ion fluctuations. Due to the nonresonant nature of
secondary coupling between the EPWs and the ion-acou
wave, a frequency mismatch is introduced, which proves
contribute to the rich dynamics of the process. It leads to
frequency lines shifting and broadening, as well as an
crease of their complexity, and the appearance of new s
tral lines corresponding to lower-frequency oscillations. T
increase of the pump strength causes increased complexi
the corresponding spectra, as well as spectral line broade
and more pronounced modulation, due to the increase of
primary nonlinear coupling efficiency. The same effect
achieved by an increase of the plasma electron tempera

An attempt has been made to explain the experiment
observed asymmetry and other peculiarities of the spect
of (3/2)v radiation, which is tightly related to the TPD pro
cess. The separation dependence of the spectral line spli
in the frequency spectra is found to depend on the plas
temperatureTe and the separation is expected to scale
Te

1/2.
The hot-electron density and generation rate are foun

be strongly dependent on the plasma and laser parame
8-5
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due to the sensitivity of the Landau damping rate to th
parameters. As expected, the number and generation rat
the hot electrons increase with laser light intensity, for co
stanta andTe , owing to the fact that the TPD growth rat
increases with the pump intensity. At the same time th
decrease with increasing bulk electron temperature and
s

,

.

an

v.

s
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sity, for constanta, due to the decrease of the number
resonant electrons from which the hot electrons are recrui
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