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Coupling between laser and the plasma oscillators 
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激光强度： 1014-1016 W/cm2 

静电波怎样被粒子阻尼？(加热) --- 线性和非线性阻尼机制 



Outline 

VII.1 无碰撞阻尼--- Landau阻尼 

VII.2 碰撞阻尼 

VII.3 线性理论限制---捕获(trapping) 

VII.4 电子等离子体波的波破（wavebreaking） 

VII.5 等离子体波的坍塌 （collapse） 



VII.1 无碰撞阻尼---Landau阻尼 
（参lecturenotes-LPI-3 等离子体基本理论描述） 



Landau 阻尼（无碰撞阻尼） 
1.8 Landau䰏ሐ

᮴⺄ᩲ䰏ሐ៪Landau䰏ሐ˖䴭⬉⊶ेՓ೼᮴⺄ᩲᚙމϟгৃҹ㹿

䰏ሐˈ䖭ህᰃ᮴⺄ᩲ䰏ሐ៪Landau䰏ሐǄ

䴭⬉⊶˖

䴲݅ᤃ㉦ᄤ˖䗳ᑺ䖰⾏䴭⬉⊶ⱘⳌ䗳ᑺǄ

݅ᤃ㉦ᄤ˖䗳ᑺ᥹䖥䴭⬉⊶ⱘⳌ䗳ᑺǄ

㗗㰥䴭⬉⊶ᑊ⬹এ⺕എˈⷨおϔ㓈ᚙᔶ

㉦ᄤ䖤ࡼᮍ⿟

䆒

“1”㸼⼎ϔ㑻ׂℷ䞣 vE

“2”㸼⼎Ѡ㑻ׂℷ䞣 vE2

)sin( tkxE Z�
k

v Z
#

)sin( tkxE
m
qx Z� ��

.

,

2

2

10

100

vvvv
xxtvxx

�� 

��� 



Landau 阻尼（无碰撞阻尼） 
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Landau 阻尼（无碰撞阻尼）- 粒子群能量转化 
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Landau 阻尼（无碰撞阻尼） 
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Energy changes for a group of particles 
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Landau 阻尼（无碰撞阻尼） - Landu damping rate 
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Landau 阻尼（无碰撞阻尼） 
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Landau 阻尼（无碰撞阻尼） 



Landau 阻尼（无碰撞阻尼） 



Landau 阻尼（无碰撞阻尼） 
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Landau 阻尼（无碰撞阻尼） 



Landau 阻尼（无碰撞阻尼） 



Landau 阻尼（无碰撞阻尼） 



VII.2 碰撞阻尼 



碰撞阻尼 

电子等离子体波最直接阻尼机制 ----- 电子-离子碰撞 

结果： 电子在电场中振荡的相干运动转化为无规的热远动 
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经典波能量阻尼率 

对于电子等离子体波： 
ω ≈ω pe ⇒ γ ≈ νei
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VII.3 线性理论限制 --- 捕获（trapping） 
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线性理论限制 --- 捕获（trapping） 



线性理论限制 --- 捕获（trapping） 
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线性理论限制 --- 捕获（trapping） 
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线性理论限制 --- 捕获（trapping） 
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VII.4 电子等离子体波的波破 （wavebreaking） 



电子等离子体波的波破 （wavebreaking） 
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电子等离子体波的波破 （wavebreaking） 
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I. INTRODUCTION

Finite amplitude waves in a plasma have been studied intensively for decades in regard to a broad range of physical
problems related to astrophysics, magnetic and inertial confinement thermonuclear fusion and in nonlinear wave
theory [1]. In particular, nonlinear plasma waves are of crucial importance for wakefield acceleration in plasma
configurations where the wakewave is generated either by laser pulses [2, 3] or by bunches of relativistic electrons
[4], for high-harmonic generation [5] and for many other aspects of laser-plasma physics [6, 7]. In order to support a
strong electric field the Langmuir wave must be highly nonlinear. In a stationary wave the limit on the field amplitude
is imposed by the wave breaking condition [8], while in a nonstationary wave in the regime beyond the wavebreaking
point the electric field can be even higher [9].
Nonlinear wave breaking exhibits one of the fundamental phenomena in the mechanics of continuous media. When

the wave amplitude approaches and/or exceeds the breaking limit the wave form becomes singular as its profile
steepens, finally leading to the formation of a multi-stream motion. Even in the simplest case of one-dimensional
electrostatic Langmuir waves in collisionless plasmas this process still attracts great interest due to its importance
both for the wave amplitude limitation [8, 10–12] and for its practical relevance to the electron injection into the
wakefield acceleration phase [9, 13]. In the application to the laser wake field acceleration attention is paid mainly to
the determination of the upper limit for the electric field [9, 12, 14–18].
Thermal effects in a warm plasma can reduce the maximum wave amplitude [9, 12, 14–18] and modify the character

of the singularity [18]. A finite plasma temperature limits the electron density in the breaking wave but in the general
case does not necessarily lead to smooth density distributions. Since the results obtained by B. Riemann in the 19th

century on the wave breaking of nonlinear sound waves (see Ref. [20], and [21]), it has been known that thermal
effects do not prevent the “gradient catastrophe”. In this case the singularity in the breaking wave corresponds to
a shock-like wave profile. Other remarkable singularities are known for nonlinear waves on a water surface which at
the breaking points become of the type of “Stokes’s traveling crested extreme wave” with the interior crest angle of
2π/3 [22, 23]. We also note here the exact solutions, known as “peakons”, of nonlinear partial differential equations
describing the waves on shallow water that have the form of a soliton with a discontinuous first derivative [24].
In the present paper we analyze the structure of the Langmuir wave breaking and show that crested Langmuir

waves in thermal plasmas have a profile with a discontinuous first derivative.

II. THE WATER-BAG MODEL FOR A RELATIVISTIC LANGMUIR WAVE IN A THERMAL PLASMA

A. Electron distribution function formed as a result of a gas multiphoton ionization

In the case of a plasma irradiated by a high intensity laser pulse the temperature is determined by the laser light
parameters for the time interval before the main pulse comes. During the interaction of a femtosecond, terawatt
laser pulse with gas targets a plasma is created via photoionization [25] by the prepulse or by the ASE (Amplified
Spontaneous Emission) pedestal. In such a collisionless plasma the electron energy is of the order of the quiver energy
in the ionizing laser field, i.e. typically in the range below keV . It is thus substantially lower than the electron energy
in the main laser pulse, which is typically in the MeV range, that excites the wake plasma wave (e.g., see Fig. 1, where
a typical electron distribution function formed as a result of optical field ionization of the gas target by an ultrashort
laser pulse is shown, [26]). Being limited by the quiver energy, the electron distribution function is not Maxwellian
and can be adequately described by a simple water-bag model, which is otherwise considered to be too artificial and
restrictive. We note that the water-bag electron distribution function has been used in Refs. [9, 12, 15–17].

B. Basic equations

Following Ref. [10] , we consider the electron phase space (x, p) shown in Fig. 2, which corresponds to the support
of the electron distribution function fe(p, x, t).
The electron distribution function is constant

fe(p, x, t) = constant (1)

within the region with borders marked by p+(x, t) and p−(x, t), while fe(p, x, t) = 0 outside this region. Here the
constant is proportional to the ratio of the electron density and the momentum width. The electron distribution
function can also be expressed via the unit step Heaviside functions:

fe(p, x, t) = constant× θ(p− p−(x, t)) θ(p+(x, t)− p), (2)

3

FIG. 1. Electron distribution function fe(pz) (arb. units) formed as a result of optical field ionization of the gas target by
a 40 fs laser pulse with dimensionless amplitude eE/meω0c = 0.1, which is the tunneling regime of γK ≪ 1 [25]. The fe
dependence is on the normalised electron momentum pz/mec along the laser polarization direction.

where θ(x) = 0 for x < 1 and θ(x) = 1 for x > 1.
The evolution of the distribution function is described by the Vlasov-Poisson system of equations

∂tfe + v∂xfe − E ∂pfe = 0, (3)

∂xE = 1− ne, (4)

where all the variables are written in a dimensionless form normalised in a standard way in which the time and space
units are ω−1

pe and cω−1
pe , the momentum and the velocity are normalised on mec and c, the unit for the electric field,

E(x, t), is meωpec/e, with ωpe = (4πn0e2/me)1/2 being the Langmuir frequency, e and me are the electron charge and
mass, and n0 is the density of ions which are assumed to be at rest. The electron velocity is equal to v = p/(1+p2)1/2

, and ne(x, t) is the electron density normalised on n0. Global charge neutrality is assumed. Eq. (3) describes the
incompressible motion of the distribution fe in phase space.

FIG. 2. Electron phase space in a single water-bag model. The electron distribution function is constant fe(p, x, t) = ge within
the region with borders marked by p+(x, t) and p−(x, t), while fe(p, x, t) = 0 outside this region.

Calculating the first momentum of the distribution function we find that the electron density is related to the
bounding curves p+(x, t) and p−(x, t) as

ne(x, t) =

+∞
∫

−∞

fe(p, x, t)dp = ge [p+(x, t) − p−(x, t)], (5)

where ge is a numerical constant (see Eq.(1)) that gives the ratio between the dimensionless electron density ne(x, t)
and the dimensionless momentum width ∆p(x, t) ≡ p+(x, t) − p−(x, t), and is determined by the value of this ratio
at t = 0.
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FIG. 1. Electron distribution function fe(pz) (arb. units) formed as a result of optical field ionization of the gas target by
a 40 fs laser pulse with dimensionless amplitude eE/meω0c = 0.1, which is the tunneling regime of γK ≪ 1 [25]. The fe
dependence is on the normalised electron momentum pz/mec along the laser polarization direction.
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pe , the momentum and the velocity are normalised on mec and c, the unit for the electric field,

E(x, t), is meωpec/e, with ωpe = (4πn0e2/me)1/2 being the Langmuir frequency, e and me are the electron charge and
mass, and n0 is the density of ions which are assumed to be at rest. The electron velocity is equal to v = p/(1+p2)1/2

, and ne(x, t) is the electron density normalised on n0. Global charge neutrality is assumed. Eq. (3) describes the
incompressible motion of the distribution fe in phase space.

FIG. 2. Electron phase space in a single water-bag model. The electron distribution function is constant fe(p, x, t) = ge within
the region with borders marked by p+(x, t) and p−(x, t), while fe(p, x, t) = 0 outside this region.

Calculating the first momentum of the distribution function we find that the electron density is related to the
bounding curves p+(x, t) and p−(x, t) as

ne(x, t) =

+∞
∫

−∞

fe(p, x, t)dp = ge [p+(x, t) − p−(x, t)], (5)

where ge is a numerical constant (see Eq.(1)) that gives the ratio between the dimensionless electron density ne(x, t)
and the dimensionless momentum width ∆p(x, t) ≡ p+(x, t) − p−(x, t), and is determined by the value of this ratio
at t = 0.

波与粒子发生非线性共振（即强捕获）的场的振幅在热等离子体中是显著减小的 
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Wave Breaking
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Wave breaking E-field

2D wave breaking

Bulanov et al. 
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电子等离子体波的坍塌（collapse） 

强等离⼦子体波倾向于逐渐串级到⽐比较⼤大的波数或者向较短定标⻓长度塌缩是湍流的重要性质 
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