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Since it is possible to form laser pulses with a frequency much larger than the frequency of visible light, Prof. 

T.Tajima proposed using such pulse to accelerate the particles at its injection into the crystal. Here, the wakefield 

excitation in the metallic-density plasma and the electron acceleration by laser pulse are simulated. The accelerating 

gradient has been obtained approximately 3TV/m. It is shown that, as in ordinary plasma, with time beam-plasma 

wakefield acceleration is added to laser wakefield acceleration. 

PACS: 29.17.+w; 41.75.Lx 

INTRODUCTION 

The accelerating gradients in conventional linear ac-

celerators are currently limited for technical reasons to 

~100 MV/m [1], partly due to breakdown. Plasma-based 

accelerators have the ability to sustain accelerating gra-

dients which are several orders of magnitude greater 

than that obtained in conventional accelerators [1, 2]. As 

plasma in experiment is inhomogeneous and nonstation-

ary and properties of wakefield changes at increase of 

its amplitude it is difficult to excite wakefield resonantly 

by a long sequence of electron bunches (see [3, 4]), to 

focus sequence (see [5-9]), to prepare sequence from 

long beam (see [10-12]) and to provide large transform-

er ratio (see [13-19]). In [4] the mechanism has been 

found and in [20-23] investigated of resonant plasma 

wakefield excitation by a nonresonant sequence of short 

electron bunches. Due to the rapid development of laser 

technology and physics [1, 2, 24-36] laser-plasma-based 

accelerators are of great interest now. Over the past dec-

ade, successful experiments on laser wakefield accelera-

tion of charged particles in the plasma have confirmed 

the relevance of this acceleration [23-28, 32, 37]. Evi-

dently, the large accelerating gradients in the laser 

plasma accelerators allow to reduce the size and to cut 

the cost of accelerators. Another important advantage of 

the laser-plasma accelerators is that they can produce 

short electron bunches with high energy [24]. The for-

mation of electron bunches with small energy spread 

was demonstrated at intense laser-plasma interactions 

[38]. Electron self-injection in the wake-bubble, gener-

ated by an intense laser pulse in underdense plasma, has 

been studied by numerical simulations (see [29]). Pro-

cesses of a self-injection of electrons and their accelera-

tion have been experimentally studied in a laser-plasma 

accelerator [39].  

The problem at laser wakefield acceleration is that 

laser pulse quickly destroyed because of its expansion. 

One way to solve this problem is the use of a capillary 

as a waveguide for laser pulse. The second way to solve 

this problem is to transfer its energy to the electron 

bunches which as drivers accelerate witness. A transi-

tion from a laser wakefield accelerator to plasma wake-

field accelerator can occur in some cases at laser-plasma 

interaction [40].  

With newly available compact laser technology [41] 

one can produce 100 PW-class laser pulses with a sin-

gle-cycle duration on the femtosecond timescale. With a 

fs intense laser one can produce a coherent X-ray pulse. 

T. Tajima suggested [42] utilizing these coherent X-rays 

to drive the acceleration of particles. Such X-rays are 

focusable far beyond the diffraction limit of the original 

laser wavelength and when injected into a crystal it in-

teracts with a metallic-density electron plasma ideally 

suited for laser wakefield acceleration [42].  

In [43-48] it has shown that at certain conditions the 

laser wakefield acceleration is added by a beam-plasma 

wakefield acceleration. In this paper laser wakefield 

acceleration in a plasma of metallic-density, the maxi-

mum accelerating gradient in such a new medium, the 

transition to the regime of joint laser wakefield accelera-

tion and beam-plasma wakefield acceleration are nu-

merically simulated. 

1. PARAMETERS OF SIMULATION 

Fully relativistic particle–in–cell simulation was car-

ried out by UMKA 2D3V code [49]. A computational 

domain (x, y) has a rectangular shape. λ is the laser 

pulse wavelength. The computational time interval is 

τ = 0.05, the number of particles per cell is 8 and the 

total number of particles is 15.96×106. The simulation 

of considered case was carried out up to 800 laser peri-

ods. The period of the laser pulse is t0 = 2π/ω0. The s-

polarized laser pulse enters into uniform plasma. In y 

direction, the boundary conditions for particles, electric 

and magnetic fields are periodic. The metallic plasma 

density is n0 = 1.8×1022 cm-3. The critical plasma densi-

ty nc = meω0
2/(4πe2). The laser pulse is defined with a 

"cos2" distribution in longitudinal direction. The pulse 

has a Gaussian profile in the transverse direction. The 

longitudinal and transverse dimensions of the laser 

pulse are selected to be shorter than the plasma wave-

length. Full length at half maximum equals 2λ and full 

width at half maximum equals 8λ. a0=eEx0/(mecω0) = 4, 

Ex0 is the electric field amplitude. Coordinates x and y, 

time t, electric field amplitude Ex and electron plasma 

density n0 are given in dimensionless form in units of λ, 

2π/ω0, mecω0/(2πe), meω0
2/(16π3e2). 

2. RESULTS AND DISCUSSION 

We first consider the wakefield excitation by two la-

ser pulses. The wakefield bubbles have been formed. It 

has been shown that after time, smaller than approxi-

mately 175 laser periods the laser wakefield accelera-

tion is added by plasma wakefield acceleration. In Fig. 1 

one can see that 1st electron bunch, self-injected and 

accelerated after the 2-nd laser pulse in the 3-rd bubble, 
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at this time became the driver. However, in the 3rd 

wake bubble new bunch is already self-injected by the 

maximum accelerating xE .  

At this time 1-st bunch in 1-st wake bubble is al-

ready under the effect of an almost zero xE , and after 

some time it will become a driver. I.e. in Fig. 1 one can 

see that 1-st bunch, self-injected and accelerated after 

1st laser pulse in 1-st wake bubble, at this time is still 

accelerated  but already in a small xE , because it almost 

reached the middle of bubble. 

In Fig. 1 one can see that the accelerating field 

reaches the maximum value at the time t = 132t0 and 

this value is equal to arb. un.

xE 0.13508 . In the dimen-

sions this accelerating field is equal to 
V/m

xE 2.75TV / m .  

Later, this new self-injected bunch is initially accel-

erated by three drivers: two laser pulses and the second 

electron bunch, and later by four drivers: two laser puls-

es, 1-st electron bunch in 1-st bubble and 1-st electron 

bunch in 3-rd bubble. 

 

Fig. 1. Wake perturbation of plasma electron density ne 

and longitudinal wakefield Ex (red line) excited by two 

identical laser pulses at the time t = 175t0 

 

Fig. 2. ne and off-axis transverse wake force FEy–Bz 

(red) excited by two laser pulses at the time t = 175t0 

 

Fig. 3. ne, Ex (red line) excited by laser pulse at t=325t0 

In Fig. 2 one can see that the 1-st self-injected elec-

tron bunch in the 1-st wake bubble after the 1st laser 

pulse  and  the  1-st self-injected  electron  bunch  in  the  

3-rd wake bubble after the 2-nd laser pulse are under the 

effect of focusing wake force. 

It is necessary to take into account the fact that after 

the 1st laser pulse in the 2-nd bubble along its axis, a 

dense electron needle was formed, which provides a 

defocusing force along the 2-nd bubble.  

We now consider the wakefield excitation by one la-

ser pulse. In Fig. 3 one can see that the 1st bunch self-

injected and accelerated after the laser pulse in the 1-st 

wake bubble at this time already became a driver and it 

is decelerated by xE . However, at the end of the 1st 

wake bubble a new bunch has already self-injected and 

it has moved towards the bubble in its middle. 

In the case of wakefield excitation by one laser 

pulse, the maximum value of the accelerating wakefield 

in the normalized units is . . 0.12641arb un

xE . In the di-

mensions this accelerating wakefield is equal to 
V/m

xE 2.57 TV / m . 

From Fig. 4 one can see that 1-st and 2-nd self-

injected electron bunches in 1-st wake bubble are under 

the effect of focusing wakefield.  

 
Fig. 4.  ne and F Ey – Bz (red line) excited by laser 

pulse at the time t=325t0 

CONCLUSIONS 

So, numerical simulation demonstrates the transition 

from the laser-wakefield acceleration in metallic-density 

plasma to extra beam-driven wakefield acceleration, 

providing additional acceleration of electron bunch. At 

interaction of two identical laser pulses with metallic-

density plasma at some time 2-nd self-injected witness-

bunch in 3-rd bubble is initially accelerated by three 

drivers: two laser pulses and the 1st electron bunch in 

3rd bubble, and later by four  drivers: two  laser  pulses,  

1-st electron bunches in 1-st and 3-rd bubbles. At single 

laser interaction with metallic-density plasma at some 

time the accelerated 1-st bunch in 1-st bubble becomes a 

driver and it together with the partially dissipated laser 

pulse provides further acceleration of witness.  

At wakefield excitation by the laser pulse or by two 

identical laser pulses in a metallic-density plasma, elec-

trons are accelerated in electric fields which approxi-

mately equal several teravolts per meter. 

It is necessary to investigate the effect of wakefield, 

excited due to internal bounded electrons (similar to 
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wakefield in dielectric), on the investigated wakefield, 

excited due to free electrons of conductivity.  
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ВОЗБУЖДЕНИЕ КИЛЬВАТЕРНОГО ПОЛЯ ЛАЗЕРНЫМ ИМПУЛЬСОМ В ПЛАЗМЕ 

МЕТАЛЛИЧЕСКОЙ ПЛОТНОСТИ 

Д.С. Бондарь, В.И. Маслов, И.П. Левчук, И.Н. Онищенко 

Поскольку можно формировать лазерные импульсы с частотой, значительно большей частоты видимого 

света, проф. T. Tajima предложил использовать такой импульс для ускорения частиц при инжекции его в 

кристалл. Здесь промоделировано возбуждение в плазме металлической плотности кильватерного поля и 

ускорение электронов лазерным импульсом. Получен темп ускорения около 3 ТВ/м. Показано, что, как и в 

обычной плазме, со временем к лазерному кильватерному добавляется пучковое кильватерное ускорение.  

ЗБУДЖЕННЯ КІЛЬВАТЕРНОГО ПОЛЯ ЛАЗЕРНИМ ІМПУЛЬСОМ У ПЛАЗМІ МЕТАЛЕВОЇ 

ЩІЛЬНОСТІ 

Д.С. Бондарь, В.І. Маслов, І.П. Левчук, І.М. Оніщенко 

Оскільки можна формувати лазерні імпульси з частотою, значно більшою частоти видимого світла, проф. 

T. Tajima запропонував використовувати такий імпульс для прискорення частинок при інжекції його в крис-

тал. Тут промодельовано збудження в плазмі металевої щільності кільватерного поля і прискорення елект-

ронів лазерним імпульсом. Отримано темп прискорення близько 3 ТВ/м. Показано, що, як й у звичайній 

плазмі, з часом до лазерного кільватерного прискорення додається пучково-плазмове кільватерне приско-

рення. 


