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Nonlinear features of two-plasmon decay in a long-scale-length plasma
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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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[. INTRODUCTION plasma, i.e., an inhomogeneous plasma with characteristic
density scaled of hundreds to thousands of vacuum laser
Two-plasmon decayTPD) is a nonlinear parametric in- wavelengths. In such plasmas a number of parametric decay
stability of a large amplitude electromagnetic wave, whichinstabilities occur, particularly if the laser intensities are well
decays into two electron plasma waves at the quarter-criticalbove the linear instability thresholds for these processes
density[1,2]. The main cause of the sustained interest in thig1,2]. We address our interest here to two-plasmon decay,
instability, especially relative to laser-plasma fusion applicawhich implies a nonlinear coupling of a transverse pump
tions, is its potential for generating supratherrttedt) elec-  \ave to two electron plasma wavgsasmon whose fre-
trons, capable of preheating the laser fusion pdi8&4].  quencies and wave vectors satisfy the well-known matching
These hot electrons are accelerated through the mechanitgngitions ©o.Ko) = (w1,Ky) +(wy.,k,).  Since  the
of_ electron trapping by thg plasma waves to energies deteﬁaughter-wave frequencies, and w, are near the electron
mined by the phase velocity of the plasmd, ¢-mvpy/2).  plasma frequency,, the occurrence of the TPD instability
Since it can be of the order of the speed of light, the detriig clearly localized to a region near the quarter-critical den-
mental effect of the instability can become quite consider—sity, namely, at somewhat lower densities if the electron
able. The initial, linear phase of this instability has been StUd'pIasma temperature is taken into account. An important item
ied in detail during recent decades, providing us with fairlyjn plasma instability studies is the mechanisms leading to
correct concepts of the linear growth rate and homogeneougowth saturation. Many experimental and simulation studies
and mhor_nogeneous |nstab_|l|t_y thre_s_h.olds, as well as its INf5 81114 have indicated an efficient coupling of the
terplay with other parametric instabiliti¢s—10|. There are, plasma wave electrostatic energy to shorter-wavelength ion
however, numerous questions concerning the nonlinear Nensity fluctuations d,k<). We will assume that the most
ture of TPD that need further study. efficient is a secondary process in which the induced ion
The aim of this paper is to offer a transparent model ofyye couples to the two daughter plasma wai&43], so
TPD_in a spatially homogeneous or Iong-_scale-leng_th plasmg st the matching conditionsw(,ks) = (@1,K1) — (@2,K,)
that includes a number of its most prominent nonlinear feazre satisfied to the best possible extent. It is clear that this
tures: pump depletion, nonlinear coupling with ion modessecondary coupling is not perfect and the corresponding fre-
including the frequency mismatch between secondarily in< uency mismatch w= w,+ w— w; should be taken into
duced waves, hot-electron generation, and both collisionalccount when writing down the equations of the system evo-
and noncollisional sink terms in the equations for plasmgytion. Thus, the starting equations for the slowly varying
waves and hot electrons, providing saturation in a Stat'onar)émplitudes of the coupled waves, from the fluid and Max-

or quasiperiodic regime. well equations, read

The paper is organized as follows. In Sec. I, the physical
model is introduced that describes the temporal evolution of (dy+Vo- V)Eg=—AdNn,dn,,
the slowly varying amplitudes of the waves taking part in the
process, supplemented by the equations for hot-electron gen- (9i+Vy-V+vq) 6ny=AEyn% + A, 8n,éng,
eration. The model equations are simulated using the appro- 1)
priate numerical scheme and the corresponding results are (9y+Vy- V4 1,) 8Ny = AEySn* — A, 80y on

presented and discussed in Sec. lll. Finally, brief conclusions
of the present work are given in the Summary section. (3i+ - V + 1) SNg= — AyE N, 6n% |
Il. PHYSICAL MODEL -

sic © wherev ; , are the group velocities of the pump wave and
We consider propagation of a linearly polarized high-daughter plasma waves, respectivaty,is the ion sound
intensity laser radiation in a preformed long-scale-lengthspeedE, is the pump wave amplitudein, , is the density
fluctuation amplitudes assigned to the plasma wavesyagnd

are their damping rates combined from the collisional and

*Email address: dimke@junis.ni.ac.yu Landau damping rates, including the influence of the hot-
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electron population on the electron plasma wéxeW) Lan- a=w,lwg, Be=velc=To(keV)/511,
dau damping15]. The coupling coefficients are given by the P

expressionsA=ek, (k?— k%)/4mwpklk2, Ar=ewylky kol Ve designating the electron thermal velocity corresponding to
2mvf,k1kzks, and A2=ek§cs|kl~k2|/2mwf,k1k2, where o, thg e!ectrEn plasbman;e“r;eei?égfo% .The elgctmln-_lon m_le_lﬁ,s
is the electron plasma frequency. ratio is taken to b& i= in our simulations. The

Next, we derive the equations for the hot-electron generalv@Ve Vectors of all the waves are normalizedwkasck/ wg
nd can easily be obtained from the geometry of the insta-

tion rate, assuming that the temporal gain of hot-electro ility for the case of the most unstable mod@$
energy density equals the energy taken away from the plasma

waves by their collisionless damping:

1 2 2 2
K12=5[(1-2a)/382 \(1- a?)(1-2a)I35¢],
dWh/dt:VLWEpw, (2)

wherey is the Landau damping rate, and the energy densi- KLZE\/(l_za)/gﬁg_(l_QZ), (6)
ties deposited in a hot-electron component and a plasma 2
wave are given as - -
) Ks=|K1— K3|.
Wh=np(mupi/2),  Wepw=(€%/2e0k?)[on[%  (3) Clearly, the wave vectors as well as the scattering angles
for the optimal case of maximum instability at given plasma
density depend only om and B.. Nonoptimal instability
increments would yield negligible values of density fluctua-
_ 2 tions and therefore have not been considered. The dampin
ANy o/ dt= (w1 2/N0)[ N1 J“ = Y1 ha,2 (4) rates for plasma waved'( ;) and for hot electronsI{; ) P
where we have introduced a sink term in whighstands for ~@ré normalized tawo. Note that the relation) impose the
the hot-electron collisional damping rate. plasma temperature limit for the occurrence of TPD at the
Assuming that the instability operates only in a well- plasma density ng: Te(keV)=<170.33(1-2yno/ne)/(1
localized region near the quarter-critical density, we can now™ Mo/Ncr). For example, the latter condition gives a limit
search for the time-dependent local solutions for the slowlyaround 20 keV fomg=0.245, .
varying amplitudes. The neglect of convective terms in Egs.
(1) is justified provided the leading frequency in the Fourier
spectrum strongly dominates the valug/L, wherev 4 is the On the basis of the system of differential equatitBswe
largest among the four wave group velocities. We proceedirst consider the evolution of the waves involved in the pro-
with normalizing the above equations by introduction of thecess, when a very long constant intensity laser pulse propa-
dimensionless amplitudes a=Egy(t)/Eo(0), Ni,s gates through a homogeneous or nearly homogeneous
= 0Ny ,4(t)/ng, as well as the time variable= wot and the  plasma. A typical set of physical parameters is utilized: the
frequency mismatcli) = A w/wq. Thus the final set of equa- laser intensity parameter=0.03, corresponding to an inten-
tions describing the temporal evolution of the process takesity of 10> W cm™2 for the 1 um laser, plasma density,
the form =0.2461,,, and electron temperatur€,=0.2 keV. The
temporal behavior of the two daughter plasma wave ampli-
da/d7=—BoN1Ny, tudes as well as of the ion-acoustic wave amplitude is shown
in Fig. 1. The time axis is labeled in picoseconds for physical
clarity. We can see in Fig.(&) that the maximum fluctuation
amplitude N, of the first plasma wave, with larger wave
vector, exceeds 20% at the initial stage of the process and
saturates after a short time, of the order of a picosecond,
which corresponds to times of the order of 10 ps when,CO
lasers are utilized. This saturation occurs simultaneously
dhyo/d7=(alwp) vy N1 d*—Thi Ny o, with the ion fluctuation amplitude reaching its maximum
value, somewhat below 1% for our simulation parameters.
These facts stand in a very good agreement with recent ex-
_ 3 2 204 2 2 perimental evidencd7]. However, theN; amplitude de-
Bo= "k (k]— K5)I2Kk7K5, S . .
creases slowly in time because a part of its energy experi-
ences a flow to the other plasma wave madtle Another
reason for this amplitude reduction, as will be shown later, is
the fact that Landau damping of this mode is mainly respon-

From Egs.(2) and (3) we finally obtain the equations for
hot-electron generation by the two daughter EPW's:

IlI. RESULTS AND DISCUSSION

le/dT: BlaN’; - ClNstquiQt)_rlNl,
dN2/dT: BzaN’J\:+C2NlN§ EX[X—IQ'[)—FZNZ, (5)
dNg/d7=C3NyN% exp(—iQt),

where the coupling coefficients are

_ 22 2
Bq,= K (K]— K2)/8aK2’1,

Cy1o= | k1 15| 14BEKS 1Kcs, sible for hot-electron generation, and the hot electrons carry
away a part of the wave energy. On the other hand, Flg. 1
C3=BeNZMM, k| k- k|l 4K2 K3 clearly shows that the second plasma wave does not experi-
ence any significant change of the initially saturated ampli-
and tude, corresponding to maximum density fluctuations of
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1097 =0.02, T,=0.35 keV. For all the caseg,=0.246, .
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more regular than that &f;. The maximum amplitude of the
ion-acoustic wave reaches a value of about 0.6% at the initial
stage, and is even less at further stages of the process. Nev-
ertheless, even such relatively low values of the ion fluctua-
o 1(\)0 200 3(;0 4(\)0 500 _tions t_u.rn out to be sqﬁicient to procure saturation of the
[ [ps] instability and to sustain the wholg process. The Iatte_r fact
has already been noticed by earlier authpfsl4], and it

FIG. 1. Time evolution of the coupled plasma wavasand(b), ~ Justifies the introduction of secondary coupling between

and the ion-acoustic wavéc), for the parametere=0.03, ng electron and ion modes.

t tion is established. The microdynamics of this wave mode is
0.000

-0.005

=0.246,, T,=0.2 keV. As the forward propagating plasma wave exhibits a com-
plex physical behavior, our attention has been focused on the
nearly 18% of the equilibrium plasma density. frequency spectra of this mode for various laser and plasma

Another interesting aspect of the plasma wave behavior iparameters. First, we produce spectra corresponding to
observed by deeper insight into the microscopic evolution orslowly varying wave envelopes, from data corresponding to
the picosecond scalgsee the enlarged time pattern inside those given in Fig. @&). A deeper inspection of the amplitude
Fig. 1(a)]. A superficial oversight of the figure reveals at leastoscillation patterns reveals that typical oscillation periods are
two characteristic frequency modes, which differ by two or-of the order of a fraction of a picosecond, whereas the laser
ders of magnitude. The higher frequencies are clearly relategeriod for the present wavelength is only about 3 fs. Thus,
to the ion fluctuations, as may be seen by comparison othe fact that the dominant oscillation frequency of the EPW
Figs. 1@ and Xc), while the lower frequencies are due to amplitude is of the order of 1Gw, justifies our assumption
inclusion of the frequency mismatchw, and are absent in that the amplitude changes slowly in time. It is also possible
the case of perfect matching. Unlike the case of the complerow to evaluate the adequacy of our neglect of the convec-
dynamics ofN,, the second plasma wave exhibits a rela-tive terms in Egs(1); namely, this dominant frequency is
tively simple periodic behavior, with an increasing period of obviously much greater than the ratio of the maximum group
oscillations. The cause of this effect is a slow decrease of theelocity in the system and the characteristic plasma scale
laser pump amplitude, not shown here, which leads to redudength. For example, for millimeter-scale-length plasmas, the
tion of the TPD growth rate, and consequent decrease of thdominant oscillation frequency is greater than this ratio by
slope of theN, amplitude variation. After a transient time of two orders of magnitude.
about 300 ps a recognizable quasiperiodic dynamics with For comparison and estimation of the effect of the param-
two main characteristic frequencies in the amplitude evolueter variation, we give in Fig.(2) the spectra for the param-
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etersa=0.02, ng=0.246.,, and T,=0.2 keV. Then we

change the laser intensity @=0.03 [Fig. 2(b)] and the
plasma temperature f,=0.35 keV in Fig. Zc). Two char-
acteristic spectral lines are clearly distinguishable, as ex-
pected on the basis of the previous discussion. The main
spectral line in Fig. @) lies at a frequency just above
~0.006v,, while the second one is not clearly defined in o/ w
frequency and seems to be composed of two very close com-
ponents with frequencies about 0.@4;l Figure Zb) clearly
reveals blueshifts in the spectra with increasing laser inten-
sity. However, while the lower-frequency line experiences
just a slight, hardly observable shift, the corresponding blue-
shift of the second spectral line proves to be much larger and
proportional to the pump strengtlh We can verify by in- 0.50 0.52
spection that the third line appearing in FigbRis just a w/
combination frequency, generated by beating of the first two _
lines. In this way we conclude that we still do not have three F'CG: 3. Frequency spectra of the forward-propagating plasma
incommensurate frequencies in the system, which would bl%/ave fast wave function, for the parameters of Figs) and 2b).
an indication of the route to chaos. In other words, the dy- he dashed line designates the EPW fiducialrigr-0.2461c, .
namics retains its quasiperiodic character for realistic physi-
cal parameters. So the general conclusion is that the richneiser-plasma experiments by Baldis and Walsh and some
and complexity of the scattering process physics increas@ther researchers, by using the Thomson scattering method
rapidly with laser intensity, followed by spectral line broad- [11,13,18. As for the plasma waves from TPD, it has been
ening and more and more pronounced modulation. Th&uch more usual to draw conclusions indirectly, by observ-
maximum saturation amplitudes of both plasma waves anild the (3/2)» radiation orw/2 radiation from the plasma
the ion-acoustic wave have the same dependence. All thesé4,17,18. Odd-integer half harmonics are supposed to be
effects are easily understandable having in mind that the egenerated by nonlinear coupling between the incident laser
ficiency of the primary nonlinear coupling process increase§ght of frequencyw and the plasma waves induced by TPD
with increasing pump intensity, owing to the fact that theOr Raman scattering in the quarter-critical region, whose fre-
growth rate of TPD is proportional to the electron quiverguency is abouw/2. We believe that there exists a close
velocity, leading to more rapid variations of the plasma wavecorrespondence between the plasma wave spectra and ex-
amplitude. perimentally observed (3/2) spectra. The main features of
Further analysis of the data presented in Fig. 2 revealthe latter spectra are their asymmetry and a strong depen-
that the complexity of the frequency spectra, as well as thélence of the separation between red- and blueshifted peaks
spectral line width and line modulation, increase with theon the laser and plasma parameters. Thus, in the experiment
temperature of the bulk plasma. With further increase of thef Figueroaet al.[19] this separation appears proportional to
temperature, the spectrum would become broader and esséhe square root of laser intensityi.e., proportional to the
tially continuous, with no pronounced frequencies. All this earlier introduced parametar This is just what we observe
illustrates the pronounced role of thermal electron motion inn Figs. 3@ and 3b), in which separations between peaks
TPD physics, which makes theoretical predictions unreliablégtand in the ratio 2:3, corresponding to the laser parameters
for the case of higher plasma temperatures. used @=0.02 and 0.03, respectivglyAnother important
Next we consider the frequency spectra generated on th@ct is the separation dependence on the plasma temperature
basis of the complete wave function of the plasma waveJ.. Researchers usually assume that this separation is pro-
obtained by multiplying the slowly varying amplitudes by portional to plasma temperature, which is derived from the
the corresponding phase factors exp{.t), wherew, , are ~ standard theory of (3/2) radiation generatiorf2,14,20.
the exact frequencies of the daughter EPW’s. These are mokéowever, according to our model the separation is expected
convenient for comparison with the experimentally obtainedo scale asTé’Z, because the leading frequency in the spec-
ones than the spectra shown in Fig. 2. Two such spectrium (Fig. 2) is supposed to be closely related to the ion-
displayed in Fig. 3 correspond to the parameters of thecoustic frequency, which is proportional to the square root
slowly varying amplitude spectra shown in Figga2and of the electron temperature. Thus, we offer an alternative
2(b). The two main peaks appearing in the figures are obviexplanation of the origin of the asymmetry and other pecu-
ously generated from the highest peaks in Fig®) 2and liarities of the (3/2)» spectra. In this scheme, of the two
2(b), in convolution with the phase function expft), and TPD-induced plasma waves, only the one more unstable to
they are supposed to be each other’s mirror images. How-angmuir decay(the one with largek) contributes to the
ever, the generated spectra are clearly asymmetric, whickventual (3/2p or w/2 spectra.
comes from the complex quasiperiodic dynamics of the We now turn to analysis of the hot-electron generation
plasma waves involved in the coupling process. It is an exprocess, described by the last equation of the sy$&nAs
tremely difficult task to follow the plasma wave dynamics expected, our simulations indicate that the number of hot
directly in the laboratory, although this was achieved inelectrons generated during the process, as well as their gen-
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. ' ' ' tion ranges between 0.1% and 10%, which justifies the re-
sults of the presented model.

In Fig. 4(b), the temporal evolution of hot-electron den-
sity for a range of plasma densities and temperatures is
shown, corresponding to the same laser intenaity0.04,
revealing the hot-electron generation dependence on these
parameters. We see that even during the laser pulse the num-
ber of hot electrons generated may reach its maximum and
then slowly decrease, owing to the fact that the collisional
sink term exceeds the generation rate. It is also observed that

200 300 400 the increase in temperature as well as the approach to the
I [ps] quarter-critical density reduce the hot-electron generation;

\ ! ! namely, in both cases more bulk electrons are shifted toward
greater energies, thus reducing the number of resonant elec-
trons among which hot electrons are recruited. In other
words, the hotter or denser the plasma, the smaller the wave
vector. This leads to a lower value of the Landau damping
rate, resulting in a decreased number of generated hot elec-
trons.

0.02

0.00 —
0 100

0.02 : L

< 0.01

IV. SUMMARY

0.00 —
0 100

260 360 400 An attempt was made to develop a simple, transparent,
I [ps] nonlinear model of TPD in a long-scale-length plasma, in-
cluding a number of the most prominent plasma nonlineari-

FIG. 4. The hot-electron density versus time for the following ties. The model is made for the case of maximum TPD
parameter setsa) Te=0.2 keV,no=0.246,,, anda=0.02, 0.03,  gyowth rate, under the assumption that all the amplitudes of
0.04, and 0.03curves 1-4 (b) Te=0.35 keV, ng=0.24%1; (1), {he waves participating in the process vary slowly in time
Te=0.4 keV, no=0.2451;, (2), Te=0.4 keV, ng=0.24%c: (3). 44 that all the convective terms may be neglected, because
andTe=0.5 keV, no=0.244, (4), all for a=0.04. the dominating frequency in the slowly varying amplitude

spectrum greatly exceeds the ratio of the maximum group
eration rate, is strongly affected by both laser and plasmaelocity in the system and the characteristic plasma scale
parameters. length.

In Fig. 4(a), the temporal evolution of the normalized hot-  Our simulations confirm the assumption that coupling of
electron density is displayed for the case of the plasma derihe EPW’s generated in the primary process of TPD with the
sity np=0.2461,, and electron temperatur€,=0.2 keV. ion-acoustic waves provides an efficient saturation mecha-
The laser intensitya takes the values 0.02, 0.03, 0.04, andNism for the instability, despite relatively small amplitudes of
0.05 (curves 1—4, respectively Clearly, both the number these ion fluctuations. Due to the nonresonant nature of the
and the generation rate of hot electrons increase with laséecondary coupling between the EPWs and the ion-acoustic
light intensity. The explanation is straightforward: TPD Wave, & frequency mismatch is introduced, which proves to

growth rate increases with increase of the pump intensitfont”bme to the rich dynamics of the process. It leads to the

thus leading to faster growth of the EPW amplitudes. Large;requency lines shifting and broadening, as well as an in-

amplitude EPW'’s then accelerate larger numbers of resonaftcooc of their comp_IeX|ty, and the appearance of new spec-
tral lines corresponding to lower-frequency oscillations. The

eIecttr)ons to t?ﬁ Ir plhase _Vﬁ locities. lmr:'a"ﬁ'htheEg(\)/:l'?lzcuon'ncrease of the pump strength causes increased complexity of
number growth 1S linear, however, when the "INduCeqG,q corresponding spectra, as well as spectral line broadening

electron density fluctuation exceeds 10%, a sink mechanisnémd more pronounced modulation, due to the increase of the

based on hot-bulk electron collisions, begins to Operateprimary nonlinear coupling efficiency. The same effect is

causing efficient hot-electron generation saturation. For thg pieved by an increase of the plasma electron temperature.
present parameters, which are typical for a class of TPD ap attempt has been made to explain the experimentally
experiments, the number of generated hot electrons saturatggserved asymmetry and other peculiarities of the spectrum
at values between fractions of a percent and a few percent igf (3/2)w radiation, which is tightly related to the TPD pro-
respect to bulk electrons. This result is quite in accordanceess. The separation dependence of the spectral line splitting
with the present, not very rich, experimental evidence. Exin the frequency spectra is found to depend on the plasma
perimentally, hot electrons are rarely counted directlytemperatureT, and the separation is expected to scale as
[19,21). More frequently an indirect method is used, basedrY?2,

on detection of x rays launched by the decelerated electrons The hot-electron density and generation rate are found to
[3,4,22. Related calculations show that the hot-electron frache strongly dependent on the plasma and laser parameters,
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due to the sensitivity of the Landau damping rate to theseity, for constanta, due to the decrease of the number of
parameters. As expected, the number and generation ratesresonant electrons from which the hot electrons are recruited.
the hot electrons increase with laser light intensity, for con-

stanta and T, owing to the fact that the TPD growth rate ACKNOWLEDGMENT
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