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Acceleration by the wakefield in the plasma can provide compact sources of relativistic electron beams of high 

brightness. Free electron lasers and particle colliders, using plasma wakefield accelerators, require high efficiency 

and beams with low energy spread. In this paper, we investigated by numerical simulation the focusing of Gaussian-

kind bunches by a passive plasma lens depending on their length. We have shown that for a homogeneous focusing 

field and to prevent loss of energy from bunches, the presence of an electron bunch-precursor is necessary. This 

plasma lens decreases the energy spread of bunches, since the first front of the bunch, which is of more energy, is in 

decelerating field, and its back front, which is of smaller energy, is in accelerating field. In addition, we investigated 

the evolution of the bunches with time to visually demonstrate the effect of the plasma lens in the wakefield 

accelerator. 

PACS: 29.17.+w; 41.75.Lx 
  

INTRODUCTION 

Advanced plasma wakefield accelerators can support 

accelerating gradients to 100 GV∕m [1–3]. Traditional 

conventional accelerators can support accelerating 

gradient no more than 100 MV∕m [4]. Advanced plasma 

wakefield experiments [1–3] have demonstrated 

perspective of this method of electron acceleration to 

many GeV energy. This is why the plasma wakefield are 

developed (see [5–33]).  

But characteristics of accelerated electron beam in 

plasma wakefield are not sufficiently applicable. 

Therefore, advanced way to essentially improve the 

accelerated electron bunch quality is the usage of 

electron bunches, produced by traditional well-

developed RF accelerators.  

The bunch focusing is especially important in multi-

cell plasma accelerators and after accelerating cell 

before the transport channel [34–42]. The investigation 

of this process is important especially for the bunch of 

the finite length and inhomogeneous charge profile and 

for a sequence of bunches with any distance between 

bunches. We investigate by numerical simulation 

wakefield plasma lens for focusing of bunches and train 

of Gaussian bunches with bunch-precursor depending on 

their lengths, gaps, charges for stable electron beam 

propagation in a plasma. We demonstrate that bunch-

precursor is needed for more uniform focusing and so 

that the witness does not loss energy creating a plasma 

lens. The plasma lens reduces the energy spread of 

bunches, since the head of the bunch, which has more 

energy, loses energy, and its tail, which has less energy, 

accelerates. We demonstrate that in the linear case it is 

possible to ensure focusing of bunches with a length 

greater than the wavelength, while in the blowout case 

only short bunches whose length is less than the length 

of the bubble can be used. 

We present results of numerical simulation of plasma 

wakefield excitation. The numerical simulation has 

performed with 2.5D code LCODE, which considers the 

beam electrons as ensembles of macroparticles. We 

demonstrate influence of currents and spatial 

distribution of bunches and influence of plasma 

parameters on wakefield excitation in a plasma lens with 

wakefield excited by electron bunches injected from the 

RF accelerator with high quality. 

We consider the bunch, where electrons are 

distributed according to Gaussian in the transverse 

direction. We use the cylindrical coordinate system (r, z) 

and draw longitudinal and transversal electric fields at 

some z as a function of the dimensionless time τ=ωpt 

and =Vbt-z, where Vb is the bunch velocity. Time is 

normalized on electron plasma frequency ωpe
-1

, distance 

– on c/ωpe, bunch current Ib – on Icr=mc
3
/4e, fields – on 

mcωpe/e. e, m are the charge and mass of the electron, c 

is the light velocity.  

1. PLASMA PASSIVE LENS EXCITATION 

IN LINEAR REGIME 

Let us consider the case of injection of rather rare 

bunches, when the bunch repetition rate is much less 

than the electron plasma frequency ωb<<ωpe. In this 

case, as one of the options, we consider the case when 

the plasma is not renewed between two main bunches. 

Let us first consider bunches-homogeneous-

cylinders. Consider both short (their length ℓb is less 

than half wavelength) ℓb<λ/2, also intermediate length of 

bunches ℓb=λ/2 and long bunches ℓb>λ/2 (ℓb=2λ, 3λ) 

with one precursor-bunch. The length of the precursor-

bunch is equal to half wavelength ℓbp=λ/2, and half 

particle density relative to the main bunch nbp=nb/2. We 

note right away that the precursor-bunch can be replaced 

similar to the replacement of the spent driver-bunch, 

since the precursor-bunch, unlike the main bunch, loses 

energy and focuses inhomogeneously. Thus, without 

plasma renewal, uniform focusing of the main bunch(es) 

(chain bunches) takes place without energy loss. In this 

case, the precursor-bunch loses energy to create a 
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focusing field and is inhomogeneously focused. 

Therefore, as noted earlier, the precursor-bunch can be 

replaced similar to the replacement of the used driver-

bunch. And this is not a disadvantage, but rather an 

advantage compared to using a plasma lens in blowout 

regime without a precursor-bunch. This advantage is 

determined by the fact that: 

1) when the bunch itself forms a plasma lens in the 

blowout regime without a precursor bunch, the main 

bunch loses an energy (inhomogeneously) to create a 

plasma lens, and also; 

2) in this case, the leading edge of the main bunch is 

focused inhomogeneously. Then the energy spread of 

the bunch increases. In the plasma lens considered here, 

two advantages are realized in the linear regime. The 

minimum possible energy is spent not by the main bunch 

itself, but by the precursor-bunch, which can then be 

removed from the system similar to the spent driver-

bunch. The precursor-bunch is for focusing main bunch. 

Moreover, after the main bunch, one can place a 

follower-bunch that will take back energy and after it is 

removed from the system, together with the precursor-

bunch and driver-bunch, this energy can be recovered 

from the follower-bunch. 

Let us consider first short bunches. For example, we 

consider first the case of using rare bunches-thin-needles 

with a length of each of them equal to a quarter of the 

wavelength ℓb=λ/4 with one bunch-precursor and 

without plasma renewal. From figure one can see that a 

fairly uniform focusing field is formed for bunches. 

For uniform focusing of the second main bunch, it 

must be placed in a small accelerating field (Fig. 1). 

 
Fig. 1. Ez(ξ), Fr(ξ), Bφ(ξ), ξ =ct-z, the homogeneous 

precursor-bunch (of length ℓpr=λ/2 and density 

npr=nb/2, nb is the density of the main bunches) and two 

rare main bunches, the length of each of them equals to 

a quarter wavelength ℓb=λ/4, move in plasma from right 

to left. The density of bunches decreases along the 

radius according to Gaussian dependence. The radius 

of bunches is equal to 0.1. The current of bunch equals 

0.310
-3

. The relativistic factor of bunches is equal 

 to 1000 
 

In the case of bunches-thin-needles at ℓb=λ/2 with 

one precursor-bunch and without plasma renewal, a 

rather uniform focusing field is formed for the bunches 

(see Fig. 1). In this case, the first main bunch is at Ez=0 

(Fig. 2). I.e., it only focuses and does not exchange 

energy with the plasma. However, in order to form a 

uniform focusing field for the second far-lagging bunch, 

it has to be placed in such a phase that its leading edge 

enters a small accelerating field and its trailing edge 

enters a small decelerating field (see Fig. 2). 

 
Fig. 2. Ez(ξ), Fr(ξ), Bφ(ξ), the homogeneous precursor-

bunch (of length ℓpr=λ/2 and density npr=nb/2, nb is the 

density of the main bunches) and two rare main 

bunches, the length of each of them equals to a half 

wavelength ℓb=λ/2, move in plasma from right to left. 

The density of bunches decreases along the radius 

according to Gaussian dependence. Parameters of 

bunches are identical to Fig. 1 
 

Now we consider a long main bunch with a 

precursor-bunch (Fig. 3). The precursor-bunch can be 

separated from the main bunch. But for now, we 

consider the case when the main bunch touches the 

precursor-bunch. In the case of a long main bunch-thin-

needle at ℓb=2λ with a precursor-bunch, a fairly uniform 

focusing field is formed for the main bunch (see Fig. 3). 

The precursor-bunch loses energy to create a focusing 

field and is inhomogeneously focused. The main bunch 

is in Ez=0 (see Fig. 3). I.e., it only focuses and does not 

exchange energy with the plasma. 
 

 
Fig. 3. Ez(ξ), Fr(ξ), Bφ(ξ), the homogeneous precursor-

bunch (of length ℓpr=λ/2 and density npr=nb/2, nb is the 

density of the main bunches) and two rare main 

bunches, the length of main bunch equals to two 

wavelengths ℓb=2λ, move in plasma from right to left. 

The density of bunches decreases along the radius 

according to Gaussian dependence. Parameters of 

bunches are identical to Fig. 1 
 

Now we consider Gaussian-like bunches. In the case 

of rare Gaussian-like bunches-thin-needles with their 

lengths ℓb=λ (at the base of the bunch) with one 

precursor-bunch (Fig. 4) and without plasma renewal, a 
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focusing field is formed for the bunches, for the first 

main bunch, a focusing field flat top (see Fig. 4). In this 

case, the central parts of the main bunches are in Ez=0. 

I.e., the central parts of the main bunches are only 

focused and do not exchange energy with the plasma. 

However, the fronts of the main bunches exchange 

energy with the wakefield. Namely, the leading edges of 

the main bunches lose energy, and their trailing edges 

accelerate. With a certain selection of parameters, this 

will lead to a decrease in the energy spread of the main 

bunches. Therefore, there is no need for other ways to 

reduce the energy spread of bunches. 
 

 
Fig. 4. Ez(ξ), Fr(ξ), Bφ(ξ), the Gaussian precursor-bunch 

(of length ℓpr=λ at the base of the precursor and density 

npr=nb/2, nb is the density of the main bunches) and two 

rare main Gaussian (in all directions) bunches, the 

length of each of them equals to a wavelength (at the 

base of the bunch) ℓb=λ, move in plasma from right to 

left. Parameters of bunches are identical to Fig. 1 
 

Let us show that this method of reducing the energy 

spread of the main bunches can be controlled. For 

example, we consider the main bunches in view of 

homogeneous cylinders of length λ with semi-Gaussian 

fronts of length λ/2 (Fig. 5). One can see that one can 

control the decelerating wakefield on the first front of 

main bunch and one can control the accelerating 

wakefield on the back front of main bunch. 
 

 
Fig. 5. Ez(ξ), Fr(ξ), Bφ(ξ), the Gaussian precursor-bunch 

(of length ℓpr=λ at the base of the precursor and density 

npr=nb/2, nb is the density of the main bunches) and two 

rare main inhomogeneous Gaussian-kind bunches, the 

length of each of them equals to two wavelengths (at the 

base of the bunch) ℓb=2λ, move in plasma from right to 

left. Each front of the main is semi-Gaussian of length 

λ/2. The main part of the main bunch is homogeneous of 

length λ. Parameters of bunches are identical to Fig. 1 

Also, to demonstrate the adjustment of the energy 

spread of the main bunch, we consider the main bunch 

in view of homogeneous cylinders of length 2λ with 

semi-Gaussian fronts of length λ/2 (Fig. 6). 
 

 
Fig. 6. Ez(ξ), Fr(ξ), Bφ(ξ), the Gaussian precursor-bunch 

(of length ℓpr=λ at the base of the precursor  

and density npr=nb/2, nb is the density  

of the main bunches) and two rare main inhomogeneous 

Gaussian-kind bunches the length of each of them 

equals to three wavelengths (at the base of the bunch) 

ℓb=3λ, move in plasma from right to left.  

Each front of the main is semi-Gaussian of length λ/2. 

The main part of the main bunch is homogeneous of 

length 2λ. Parameters of bunches  

are identical to Fig. 1 

2. EVOLUTION OF BUNCHES WITH TIME 

Now let us briefly discuss the action of passive 

plasma lens. In this section we will show the evolution 

of bunches in time (Figs. 7–12). 

 

Fig. 7. Radius evolution of cosine Gaussian-kind 

bunches with time. Density of the second bunch  

in two times bigger than the density of the first one.  

The length of each of them equals to one wavelength  

(at the base of the bunch) ℓb=λ.  

Bunches move in plasma from right to left.  

The radius of bunches is equal to 0.1.  

The current of bunch equals 0.310
-3

.  

The relativistic factor of bunches is equal to 5 
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Fig. 8. Radius evolution of unitary precursor and 

unitary main bunches with time. Density of the 

precursor-bunch with ℓpr=λ/2 is npr=nb/2, nb is the 

density of the main bunch. The length of main bunch is 

ℓb=3λ/2. Bunches move in plasma from right to left. 

Parameters of bunches are identical to Fig. 7 

 
Fig. 9. Radius evolution of cosine Gaussian-kind 

precursor (of length ℓpr=λ at the base of the precursor 

and density npr=nb/2, nb is the density of the main 

bunch) and main semi cosine-kind bunch with time. The 

length of main bunch is 4λ (at the base). Central part is 

unitary with length 3λ, each front is semi cosine-kind 

with length λ/2. Bunches move in plasma from right to 

left. Parameters of bunches are identical to Fig. 7 

 
Fig. 10. Radius evolution of unitary precursor and two 

rare main unitary bunches. Bunches move in plasma 

from right to left. Density of the precursor bunch with 

ℓpr=λ/2 is npr=nb/2, nb is the density of the main bunch. 

The length of main bunches is ℓb=λ/2. Parameters of 

bunches are identical to Fig. 7 

 
Fig. 11. Radius evolution of unitary precursor and two 

rare main unitary bunches. Bunches move in plasma 

from right to left. Density of the precursor bunch with 

ℓpr=λ/2 is npr=nb/2, nb is the density of the main bunch. 

The length of main bunches is ℓb=λ/4. Parameters of 

bunches are identical to Fig. 7 

 
Fig. 12. Radius evolution of cosine-kind precursor 

(of length ℓpr=λ at the base of the precursor and density 

npr=nb/2, nb is the density of the main bunch) and main 

semi cosine-kind bunch with time. The length of main 

bunch is 2λ (at the base). Central part is unitary with 

length λ, each front is semi cosine-kind with length λ/2. 

Bunches move in plasma from right to left. Parameters 

of bunches are identical to Fig. 7 
 

From Figs. 7–12 one can see that between τ=20 and 

τ=30 bunches start to defocusing. From this follows that 

for maximal efficiency of wakefield accelerator we have 

to create a capillary discharge with length that equals to 

length of passive plasma lens (that is determined by 

focusing time of the bunch). 

CONCLUSIONS 

So, we demonstrated that precursor-bunch is needed 

for more uniform focusing and so that the witness does 

not loss energy to create a plasma lens. The plasma lens 

reduces the energy spread of bunches, since the head of 

the bunch, which has more energy, loses energy, and its 

tail, which has less energy, accelerates. We demonstrate 

that in the linear case it is possible to ensure focusing of 

bunches with a length greater than the wavelength. 
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ПАСИВНА ПЛАЗМОВА ЛІНЗА, ЩО ЗМЕНШУЄ ЕНЕРГЕТИЧНИЙ РОЗКИД  

ГАУСCОПОДІБНИХ ЗГУСТКІВ 

І.В. Демиденко, В.І. Маслов
 

Прискорення кільватерним полем у плазмі може забезпечити компактні джерела релятивістських 

електронних пучків високої яскравості. Лазери на вільних електронах та колайдери частинок, де 

використовуються плазмові кільватерні прискорювачи, вимагають високої ефективності і пучків з низьким 

розкидом за енергією. У цій роботі ми числовим моделюванням дослідили фокусування пасивною 

плазмовою лінзою гаусcоподібних згустків у залежності від їх довжини. Ми показали, що для формування 

однорідного фокусуючого поля і щоб запобігти втраті енергії згустками є необхідною наявність 

електронного згустка-передвісника. Ця плазмова лінза зменшує енергетичний розкид згустків, оскільки 

перший фронт згустка, який має більшу енергію, знаходиться у гальмівному полі, а його задній фронт, який 

має меншу енергію, знаходиться у прискорювальному полі. Окрім цього, ми дослідили еволюцію згустків з 

часом для наочної демонстрації дії плазмової лінзи у кільватерному прискорювачі.  
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