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eWe study the ele
tron a

eleration by driven ele
tron plasma waves. The model 
onsistsof the Zakharov equations for the ele
tron plasma and ion a
ousti
 waves driven by anexternal periodi
 for
e. A modi�
ation of the ele
tron distribution fun
tion is a

ounted forin the quasilinear approximation. The simulations de�ne the saturation levels and spe
tra ofele
tron plasma and ion a
ousti
 waves and 
hara
terize the shape of the ele
tron distributionin fun
tion of the wave number and the amplitude of the pump.The saturation of ele
tron plasma wave (EPW) amplitudes is an important issuein many plasma appli
ations. It is espe
ially important in the 
ontext of inertial 
on-�nement fusion by lasers, as wave-parti
le intera
tions 
an a

elerate ele
trons to highenergy that indu
es a preheat of the fusion fuel and redu
es the target gain. One ofthe me
hanisms that 
an generate EPWs is the Langmuir de
ay instability (LDI) thatinvolves the de
ay of a the primary EPW into another EPW, propagating in the oppo-site dire
tion, and an ion a
ousti
 wave (IAW), propagating in the laser dire
tion. Thisinstability 
an be driven by the Langmuir waves produ
ed by the stimulated Ramans
attering (SRS), the two plasmon de
ay, and the ion a
ousti
 de
ay instability. In thepresent work, an external driver is 
hosen as a sour
e of primary EPW.The 
uid equations and the generalized Zakharov models have been used for a longtime to study a nonlinear evolution of the SRS [1, 2℄. The Zakharov equations [3℄ 
andes
ribe the wave-wave pro
esses that result in a 
as
ade of the EPW energy to low wavenumbers as well as the modulational instability and nu
leation pro
esses that result ina formation of 
oherent wave pa
kets and their subsequent 
ollapse in self-generateddensity wells. However the 
uid model ignores the wave-parti
le intera
tions that mayseverely underestimate the saturation level. Vlasov or parti
le-in-
ell (PIC) simulationshave been used for a more 
omplete des
ription of the problem. However, these kineti
simulations are very time 
onsuming and have diÆ
ulties in studying weak instabilitiesand a long time behavior be
ause they are for
ed to resolve very small (ele
troni
) spatialand temporal s
ales.A quasilinear-Zakharov (QLZ) model was explored in Ref. [4℄ in order to a

ountfor the wave-wave and wave-parti
le pro
esses simultaneously without using PIC simu-lations. This is a 
uid model, whi
h in
ludes kineti
 e�e
ts by 
oupling the Zakharovequations to the ele
tron quasilinear di�usion equation. Although this model has alimited domain on appli
ability due to the random phase approximation for the EPWspe
trum and the linear treatment of the IAW response, it is simple and 
exible enoughto investigate the pro
esses in large time and spatial s
ales and to a

ommodate addi-tional physi
al e�e
ts.In this paper, we use the QLZ model with an external periodi
 driver for studies ofan ele
tron a

eleration in a broadband spe
trum of EPWs. The Langmuir wave ele
tri
�eld E is enveloped over the ele
tron plasma frequen
y, !pe = (4�e2n0=me)1=2, where n0is the average ele
tron density. It depends of the ele
tron distribution fun
tion via theLandau damping term and 
ouples to the IAW density perturbations:2i (�tE + �e �E) + 3 �2xE = ÆnE + kpS eikpx� 32 ik2pt: (1)
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Here we use the dimensionless units where the length is measured in the Debye lengths,�De = vthe=!pe, the time in !�1pe , the ele
tron energy in Te, the density in n0, the ele
tri
�eld in p4�n0Te, and the energy density in n0Te. The sour
e of the amplitude S drivesthe primary Langmuir wave with the wave number kp.The density perturbation, Æn, is des
ribed by a linear IAW equation (without disper-sion and with a �xed Landau damping) and it is 
oupled to the Langmuir �eld by theponderomotive for
e:�2t Æn+ 2�i � �tÆn� �(1 + 3=�)�2xÆn = 14� �2x jEj2 (2)where � = Zme=mi and � = ZTe=Ti. The Landau damping terms �e and �i are knownin the Fourier spa
e. The EPW damping�̂e(k; t) = �� (2kjkj)�1�vFe(v = 1=k; t)depends on the ele
tron distribution fun
tion Fe(v; t), whi
h is spatially averaged overthe length of the simulation domain L. The IAW damping �̂i(k) is �xed and is 
al
ulatedfor Maxwellian distribution fun
tions:�̂i(k) = jkjp(1 + 3=�) ��=8 �p�+�3=2e�3=2��=2� :The evolution of the ele
tron distribution fun
tion is des
ribed by the quasilinearequation �tFe = �v(D �vFe); D(v; t) = (4jvjL)�1jÊ(1=v; t)j2: (3)Be
ause of strong Landau damping the di�usion 
oeÆ
ient D(v; t) is zero for suÆ
ientlysmall velo
ities, v < 2 � 3, therefore the quasilinear di�usion involves only the tail ofele
tron distribution. This allows us to negle
t the bulk ele
tron heating and 
onsider a
onstant ele
tron temperature in the Zakharov equations.The QLZ system 
onserves the total number of ele
trons, Ne = R dv Fe, and in
reasesthe ele
tron entropy, H = � R dv Fe lnFe, dtH > 0. The variation of the total energydensity of the system, dt(WE +We) = P , depends on the deposited power,P = kp(2L)�1 Z dx Im�E�Seikpx� 32 ik2pt�where WE = (2L)�1 R dx jEj2 is the EPW energy density and We = 12 R dv v2Fe is theele
tron kineti
 energy.The initial ele
tri
 �eld and density perturbation in the Zakharov equations are set tozero. The initial ele
tron distribution fun
tion is assumed to be a Maxwellian one and weassume periodi
 boundary 
onditions. We use a time-splitting spe
tral approximation fornumeri
al solution of the QLZ equations. On ea
h time step �t we solve �rst (1) without
oupling term ÆnE by the Fourier spe
tral method. Then we solve (2) and a

ount forthe 
oupling term in (1). To evaluate the ele
tri
 �eld E at the new time step, weapproximate the integral of ÆnE on the interval �t by the trapezoidal rule. Equation(3) is dis
retized with an impli
it di�eren
e s
heme by using an ad-ho
 velo
ity meshgrid.The driver ex
ites the primary EPW at k = kp. The amplitude of this wave growsuntil it ex
eeds the LDI threshold. It is a resonant three-wave intera
tion that transfers
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the energy from unstable EPW into the ba
kward propagating EPW at k1 = �kp + Ækand the IAW at kia = 2kp�Æk. Here Æk = (2=3)p�, a

ounts for the energy transmittedto the IAW.As the s
attered wave EPW1 grows, it be
omes suÆ
iently energeti
 to a
t as a pumpfor se
ond 
as
ade of LDI. This pro
ess 
ontinues for a few steps and ea
h time the EPWwave number is redu
ed by the amount Æk. This 
as
ade spreads the wave energy tolower wave numbers. Su
h a weak EPW-IAW turbulen
e has been observed in numeri
alsimulations of the Zakharov equations [1, 2℄. If there is a suÆ
ient dissipation at the lowwave numbers, the primary instability 
an be saturated and the wave-parti
le intera
tionis weak. If the dissipation in the domain of small wave numbers is insuÆ
ient, the energybuilds up at long wavelengths. This provokes the modulational instability that assumesthe energy transport toward smaller s
ales by means of spatially 
ollapsing wave pa
kets.The modulational instability and the EPW 
ollapse are both manifestations of a strongLangmuir turbulen
e.The 
ollapse 
auses an energy transfer up to large wave numbers, where the wave-parti
le intera
tion provides a suÆ
ient dissipation to saturate the primary instability.This implies that the absorbed energy is transferred to ele
trons, 
hanges their velo
itydistribution and the Landau damping. The perturbations of the distribution fun
tionspread towards larger velo
ities and may modify 
ompletely the initial spe
trum of theEPW turbulen
e. The purpose of the present study is to obtain an asymptoti
 state ofthe ele
tron distribution and the EPW and IAW energy spe
trum and investigate howthis energy partition between these two subsystems depends on the wavelength and theamplitude of the driver.One example of evolution is shown in �gures 1 and 2. The system is driven witha 
onstant sour
e of the amplitude S = 5 � 10�3 and we 
onsider three wave numberskp = 0:09, 0:14 and 0:24. Other parameters su
h as the mass ratio, � = 1=2000 andthe temperature ratio is � = 10 remain �xed. The length of intera
tion box, L � 2000,was adjusted to satisfy the periodi
 boundary 
onditions for the driver. We use 512 gridpoints with the Fourier mode spa
ing �k = 2�=L � 3� 10�3.Figure 1 shows the time history of the dimensionless mean EPW energy density, and
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Figure 1: The time history of the spatially averaged Langmuir wave energy (left) WE and the meanele
tron energy We (right) for S = 2� 10�3 and kp = 0:09.the mean ele
tron kineti
 energy density, We =We � 1=2.In a �rst stage between t = 0 and t = 2000 we have a linear growth where the external
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Figure 2: The time history of the deposited power (left) P and the energy spe
trum of a

eleratedele
trons (
rossed right), solid line represents the initial Maxwellian distribution.pump ex
ites the primary EPW with jEj = kp�De �St. The stage between t = 2000 andt = 3000 
orresponds to the 
onve
tive saturation where the EPW energy density growsas jEj2 � t.The third stage begins when the primary EPW ex
eeds the LDI threshold. We have a fewLDI 
as
ades during the 
ara
teristi
 time s
ale �t = 1=
LDI where 
LDI = 14pkpp�is the LDI growth rate. On this time s
ale, the quasilinear di�usion has a tenden
y to
atten the ele
tron distribution and the wave-parti
le pro
ess begins. Then the ele
tronsare a

elerated, what implies that the Landau damping term in
reases. So the EPWenergy density strongly de
reases and we have an asymptoti
 saturation at !pet = 6000.In the 
ontrary, the ele
tron kineti
 energy does not 
hange during the �rst two stagesand demonstrates a qui
k jump at the moment of the �nal saturation of the EPW energy.Su
h a lower level saturation of WE and a steady growth of We are due to a 
ombinationof wave-wave and wave-parti
le pro
esses.In 
on
lusion, the wave-parti
le intera
tions make an important 
ontribution to theEPW energy density saturation. That implies that wave-parti
le intera
tions wouldde
rease the SRS re
e
tivity.Finally, by 
hara
terizing the shape of the ele
tron distribution, we 
an determine theslope of the hot ele
tron tail and determine the number of the a

elerated ele
trons.Referen
es[1℄ T. Kolber, W. Rozmus, and V. T. Tikhon
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