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Hybrid model for the spectral density of the time development of the excitation energy
of Langmuir waves in unmagnetized plasmas
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A hybrid model has been developed for investigating the excitation of electron plasma waves in unmagne-
tized plasmas in the presence of a time-varying laser radiation field and a static Coulomb field. Energy spectral
density of the excited plasma modes has been calculated analytically in wave number time space. The model
also provides analytical expressions in a closed form for both the time-resolved and the time-averaged spectral
density of the rate of energy absorption at resonarge<{w).

PACS numbgs): 52.25-b, 52.35:-g, 52.50--b, 52.20.Hv

[. INTRODUCTION namically nonlinear electrons interacting with a beam of fast
positive iong[5], have been considered extensively in previ-
Understanding and modeling of the excitation of naturalous works. In the present paper, attention will in turn be
plasma modes via internal coupling mechanisms betweefievoted to the problem of exciting electron plasma waves in
different modes, nonlinear wave-particle interactions, andhe presence of a static Coulomb field and time-varying laser
the coupling to an external driver, are of importance inradiation field. o . _ _
plasma physical topics and related applications. Internal and N Sec. Il, the ballistic oscillator model will be introduced
external coupling processes are responsible for plasma he&Pd used in the following sections for studying the excitation
ing, driving of plasma instabilities, and acceleration of©f longitudinal plasma waves. In Sec. Ill, the model equa-
charged particles to high energies. As an example, in inerti ons will be solved for electron deflections driven by a static

uson targets nduced scaterg processs such as Ramgf SO 196 1 52 V. Seckon deteetons ver
and Brillouin instabilities are unwelcome since they prevent : ! 9

. . o will be determined, and the resonant and nonresonant spec-
an effective plasma heating and energy deposition.

Although excited longitudinal plasma modes remain con—tr‘lel densities of the _excita?ion energy of Lan_gmuir waves
' . . . . . o . will be calculated. Finally in Sec. V, conclusions will be
fined in the interaction region and will be dissipated in plas-,-canted.

mas via nonlinear mechanisms and can contribute essentiaIPy

to plasma heating, they can in some cases be of negative
character. They can contribute to the production of very hot
electrons of energies reaching values as large as 200 MeV Assuming a Lorenz gas of electrons and an immobile neu-
[1]. These electrons can preheat the fusion core and accorttalizing background of positive ions with uniform density

ingly prevent target compression to the necessary fusiod ng=nNge, Whereng,is the equilibrium density of electrons,

Il. OSCILLATOR MODEL

temperatures. and upon linearizing the equations of the electron fluid,
In laser-matter interactions, parametric processes such as

Raman, two-plasmon and Langmuir decay instabilities, all % vi >N

. ) . X +V-(ngue) =0, (D)

involve excited plasma mod¢&—4]. In magnetic fusion ap- at

plications, plasma modes can be driven resonantly via rela-

tivistic electron or ion beamb—8]. Electron plasma waves aﬁe . ﬁpe e . . .

can contribute via nonlinear resonant interaction with par- Z T (Ue V)Ue=— mne_m_(E+ UeX B), 2
ticles or waves to the generation of charged particles accel- €

erated to high energy that are trapped in the wake field of the .

wave or to the excitation of ion sound waves via the electro- V.E= Poi pe, 3

magnetic decay instability9—13]. Energy dissipation of the €o
excited waves and their interaction with the magnetic field

are of importance for plasma heating and plasma diagnostic e obtalns_ thg foII'owmg equatl'on for the de_flectlon of an
[9,14,18. electron during its flight on a stationary scattering center of a

Growth rates and conditions for excitation of longitudinal positive chargeZe:

Langmuir waves via a variety of drivers such as the beating

Pt 3 Zé 1
of two laser beamfl6-20, a sequence of laser puldex], o _vzhv*zg(; )+ w2 (1 1) =— _
nonmonochromatic microwave beafi2®], mass oscillations at2 21 pe 4megMe |r|3
of relativistic electron in an external electric field, and dy- 4

where E(F,t) is the fluctuation of an element of the Lorenz
*Email address: helga@yu.edu.jo gas of electrons and, as such, also represents the displace-
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ment or deviation of the single electrons from the equilib- Fourier transforming Eq6) in space only results in
rium position, ando . is the electron plasma frequency. Here

vy, is the electron thermal speed aftdl is the relative sepa- d25H’k(t)
ration of an electron-ion pair. T
For cold plasmas,=0), Eq.(4) was derived by Mulser

et al. and was used for determination of the stopping power i i ,
of heavy ions in plasmas and of the electron-ion collisionEduation (10) describes ink-t space an electron plasma

frequency in intense laser field3,24. It is known in the ~Wave har_monically b_ound to the static ion COl_Jlomb field.
literature as the oscillator model. We notice that E4.in-  USing o introduced in Eq(9), the general solution of Eg.
cludes the spatial variations of the electron deflection andl0 becomes,

will therefore account for the excitation of plasma waves,

and for energy transfer from the incident pump wave into ) iZe
plasma modes and particles. It includes also both the collec- Sjx(t)=Csinwt+D COkaH-m. (11
tive and noncollective dynamics of electrons that are bound 0TTeR @k

to the ion scattering centers. )

In arriving at Eq.(4) relativistic effects are ignored. This Upon applying the initial conditionsj ,(0)=0 and &) x(0)
is valid for small electron thermal and oscillation energies=0, the general solution in E411) becomes
and a small photon enerdyw, as compared to the electron
rest energy. 2iZe? sirf(wyt/2)

Let & be composed ﬁof one component parallelf((iﬁ“) 9t = €oMe kwE
and a perpendicular ong , then Eq.(4) splits into the fol-

lowing equations, The total-energy spectral densigy(t) corresponding to the
solution in Eq.(12) is given by

2

3 iZe
2 21,2 —
wpe+§Uthk )5,k(t)_ eomek

(10

2

(12

2
&aii—gvfh€25l+w§eél=0, (5) . .
e(1)= 50 5 () +5 wgd(1) 5 (1)
ﬂ_§vzﬁz5+ 25:_ii (6) 2\ 2 gjpp
gz 20 ATl T g reome |2 —2 (Z—e) Siedl2) - o)sie2d 13
Meg k2w 2

Fourier transforming Eq5) in space gives
The spectral density of the energy absorption &f¢) is

d?5, \(t 3
i—;‘() + ( w§e+—v$hk2> 8, (1)=0, (7
dt 2 dEk(t) 262 ZSinwkt Wy .
dt = en > =7Ek(0)Slnwkt (14
8. (t)=Asinw,t+B coswyt, (8) of Koo
2. 2.3 5, - it = 15
= wpet 5 vgk?, 9 = wy COt—— e ()= wi(t) ex(t), (15

where w in Eq. (9) represents the dispersion relation for awhere wi(t) gives the rate at which the spectral energy
free propagating electron plasma wave corresponding to théhanges with time and, is defined in Eq(9),
collective motion of electrons in the direction perpendicular
to the axis connecting the electron-ion pair. Upon applying ot
the initial conditionss, ,(0)=0 andé, ,(0)=0, the unique wi(t) = wicot—- (16)
solution of Eq.(7) becomess, ((t)=0. Along the relative
electron-ion separation, Eq6) for § desc.rlbes electron The time-averaged spectral density of the energy absorption
plasma waves that are bound to the scattering center and tha At .
might be driven resonantly by the driver field on its right- rale over one oscillatiom= wy ~ of thekth plasma mode is
hand side. zero ((e(t))cyc) Since a static Coulomb field does not re-
sult in an energy transfer.

As pointed out by Ranfl25], the complexity of the elec-
tron motion can be reduced by transforming to an oscillating

In this section, Eq(6) will be solved for the electron coordinate system, so that it appears as if the the ions are
displacement (t) in a static Coulomb field. The physical oscillating and the electrons are unaffected by the radiation
situation in Eq.(6) is more interesting than in E¢5) due to  field. Therefore, the ions produce a time-dependent field, in
the presence of a driver field on its right-hand side. Collecwhich the electrons scatter. The radiation field uses the os-
tive motion of electrons along the relative electron-scatteringillating ions as an intermediary to transfer energy to the
center separation can be driven by the field resonantly wheelectrons and to drive the natural plasma modes resonantly.
certain coupling conditions are satisfied. This case will be investigated in Sec. IV.

Ill. STATIC DRIVER
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IV. TIME VARYING DRIVER * il wot

In this section, Eq.(6) will be solved for the electron (1) = Asm("kHBCOS"’kH E 9i(K.Yosd— W2~ 1202

deviation§y= ¢ in the presence of an external time-varying (23)
radiation field and a static Coulomb field. The ion field on
the right-hand side. of Eq6) will play an intermediary role
in transferring the light pressure from the radiation field toAPPIYing the initial conditions,(0)=0 and 5(0)=0, Eq.
the electrons. This is essentially a three-body problem by23) reduces into
which the electrons can be accelerated or decelerated in the
ion field leading to absorptioinverse bremsstrahlungr
emission(bremsstrahlungof radiations.

It is of importance to account for the coupling between
the laser field and the scattering center, which in turn will
transmit the ponderomotive force to the electrons. Assuming

K, il wg
5k(t)— E gl( Iyzosi 'I“’Ot—COSwt—w—kSInwkt

_ 2ize? sinZ(wkt/Z)

“. coSwt
Z |2k z[gl( vyos&

a harmonic laser field of the forfa(t) = E,sinwet, and upon €oMe Koy
transforming to a frame of reference that oscillates with the
electrons, so that the ions seem to oscillate in the laser field
+9-1(KYosd 1+ Z |2 ———5 5101k Yosde" 0!

relative to the electrons, E¢6) becomes

Pop) 3 yep o, - +gf|(k,yos&e""°°‘], (24
T_ Evtthﬁ(p,t)-i-wpeé(p,t)
where the first term on the right-hand-side of E24) gives
Zé? 1 the contribution of the static Coulomb field to the total elec-
=7 > = X (A7) tron deflection (=0) and the two terms under the sum rep-
4meoMme |p+YosLOSwot| ihuti i
resent the contribution of the laser harmonitz ().
The total-energy spectral densigy(t) corresponding to
e electron deflection in E@24) is

Wherep denotes the electron posmon with respect to the i ion,,

in the oscillating frame angtosc eEO/mewO is the oscilla-
tion amplitude of the electron in the laser field. Fourier trans-

: : . m. . m
forming Eq.(17) in space gives, () = E5k(t)5:(t)+5w§5k(t)5’|f(t)
d?8g(t) 3 e’ .- ,
? wSe—’_Evtzhkz Su(t)= comik alk-Yos€oswot. _ m( 5)2 Slnz(a)kt/Z)
(18) meq kzwﬁ
Using “ [ ze\?  2mF s g o
o +|: (50_m> kz(wﬁ—lzwg)z[(wk—i_l wp)(1
iK-YosCOSwot A ailogt1 (k.G
€ ’ |:2_w I &0 (K Yosd, — oSl wgt coswyt) — 2l wowy Sinl gt sinw,t].
Eqg. (18) becomes (25)
d?sqt) * , The first term on the right-hand-side of E&5) corresponds
T w ()= > ik Yosd€! O, (19  tothe casé=0 and gives the contribution of the static Cou-
=== lomb field to the total-energy spectral density of &ib lon-
41 2 gitudinal plasma mode. This corresponds to a purely static
K, _ (R, 20 driver case discussed in Sec. Ill. The term under the sum on
91(k.Yos €gMek 1(K-Yosd 20 the right-hand-side. of Eq25) corresponds to the contribu-

tion of all laser harmonick=1 to the energy spectral density
of the kth plasma mode.

The time rate of change of the energy spectral density
e(t) is

The general solution of Eq19) is

Si(t)=Asinw,t+ B coswt

- gl(kvyosc‘) .
+|:2x w—k(SInwkHl—COkatlz), @D de(t) (Zez)zsinwkt+ - (Zez)2 2mJ?
|

dt mMeo/  KPawy €M/ K2(wi—12w?)

t _ t _
I1=f d7cosw,re' @07, I2=J drsinw,re'' @0
(22)

X[ wy €osl wpt Sinwyt —l wgsinl gt cosw,t]
(26)

Upon evaluating the indefinite integrdls and |l ,, Eq. (21)
becomes Near resonance wheb,—|wg, Eq. (26) becomes
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change of the spectral density of the excitation enesigy)

(dA ek(t))
Res is found to vary nonlinearly with time with a rate of change

7€\ 2 sinl wot Coulomb field has been discussed in Sec. Ill. The rate of
2] o)

Mmeg k2| wo

® 1 7e2\2 mJ|2 1 wi(t) = w(0)cot(wt/2). The time averaged energy absorp-
+ 2 | —| ——|lwgt+ =sin A wot tion ratee,(t) over a plasma wave periog= w, * vanishes,
=1 L eom) 2 2 ; R
@wo a result that means a static Coulomb field results in no net

(27 energy transfer to the plasma electrons.
In the presence of both a time-varying laser radiation and
Equation (27) gives an analytical expression for the time- 3 static Coulomb fields, the complexity of the electronic mo-
varying spectral density of the energy absorption rate whefion has been reduced by transforming to an oscillating co-
thekth plasma mode is driven resonantly. Time averaging ofrdinate system. In the oscillating frame the ions are oscil-

Eq. (27) over one laser oscillation gives lating and the electrons are unaffected by the radiation field.
" ) The ions will therefore produce a time-varying Coulomb
dA €(t) - ze?\?mm); ,g  field, on which the electrons scatter.
dt /.. Cyde_|:1 M) Ko, (28) In Sec. IV, Eq.(4) has been solved as an initial value

problem in wavenumber-time space for the electron devia-
The energy transfer at resonanae, (- w,) in Eq. (28 is  tion. The total spectral density of the excitation energy and
finite and free of singularities. The contribution of the staticof the energy absorption ratg(t) have been calculated.
Coulomb field over a laser period to the total spectral energyontributions of both the Coulomb and the time-varying ra-
absorption rate vanishes and only the contribution of lasediation field[Eq. (26)] have been determined.

harmonicsl =1 remains. Of interest is the determination ef(t) at resonancéas
w— wp]. Equation(27) gives an analytical expression for
V. CONCLUSIONS the time variations of the spectral density of the energy ab-

. . . ., sorption rate when thkth plasma mode is driven resonantly.
In this paper, a hybrid model based on the ballistic OSC"'The energy transfer fot,— w, is found to have a finite

Iato_rt (?[quatlc;r[lliq.tm)] h?s been develpped for stu?ymg; trlle value and is free of singularities. Upon averaging over a laser
excl a_ll_?]n 0 edecl: ron pa?m? Wi"?ﬁ n utn?wagcne |Ize bp 8Sheriod the contribution of the static Coulomb field to the
mas. 1he model accounts Tor both a static Loulomb angy,,, spectral energy absorption rate vanishes and only the

time-varying laser radiation fleldg. It provides Qna_lytlcal €X-ontribution of laser harmonidss 1 remaing Eq. (28)].
pressions for the spectral density of the excitation energy

e(t) of electron plasma waves, and the corresponding time-

resolved and time-averaged energy absorption rajéy _ ACKNOWLEDGMENTS
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