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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. Achieving both conditions can be ensured by the formation of identical fields for 

all accelerating bunches and identical fields for all decelerating bunches by controlled selection of bunch currents 

and their spatial distribution for a given plasma wave. We demonstrate such optimal bunch currents and their spatial 

distribution in the linear regime in a plasma accelerator with wakefield excited by electron bunches injected from 

the RF accelerator with high quality.  

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 [3] have demonstrated 

perspective of this method of electron acceleration to 

many GeV energy. This is why the plasma wakefield 

are developed (see [5-37]).  

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.  

Applications (particle collider and FEL) of plasma-

wakefield accelerators require small emittance and high 

efficiency. These demand plateau formation on both the 

accelerating field for witness-bunch and the decelerating 

fields for driver-bunches by controlled bunch loading of 

the excited plasma wave with controlled current shaping 

[29, 30, 38, 39]. It has been proposed to use the beam 

loading effect (see [29, 30]) to compensate the energy 

spread of an electron beam in plasma wakefield 

accelerators. 

In this paper, we report on numerical simulation of 

wakefield excitation by short-train of resonant driver-

bunches and following pairs of witness-driver-bunches. 

We consider the plateau formation by driver-bunches on 

decelerating field and the plateau formation by witness-

bunches on accelerating field. The plateau formation is 

important to improve electron bunches quality. 

Combining the previous results [40] we found optimal 

conditions for creation of a sequence of witness-driver-

bunches pairs after the short-train of resonant driver-

bunches with plateau on corresponding wakefield. 

We present results of numerical simulation of 

plasma wakefield excitation by short-train of resonant 

driver-bunches and following witness-driver-bunches 

pairs, the plateau formation by driver-bunches on 

decelerating field and the plateau formation by witness-

bunches on accelerating field. The numerical simulation 

has performed with 2.5D code LCODE [41, 42], which 

considers the electrons of the beam as ensembles of 

macroparticles, and the electrons of the plasma as a cold 

electron fluid. We demonstrate such optimal bunch 

currents and their spatial distribution in the linear 

regime in a plasma accelerator 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 along the radius. We use the cylindrical 

coordinate system (r, z) and draw longitudinal electric 

and azimuthal magnetic fields at some z as a function of 

the dimensionless time τ=ωpt or =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. PLATEAU FORMATION ON THE 

DISTRIBUTION OF A DECELERATING 

WAKEFIELD BY AN ELECTRON DRIVER-

BUNCH AND ON THE DISTRIBUTION OF 

AN ACCELERATING WAKEFIELD BY AN 

ELECTRON WITNESS-BUNCH, 

ACCELERATED IN PLASMA 

To begin with, we consider wakefield excitation in 

plasma by short-train of resonant driver-bunches and 

following witness-bunch and plateau formation by 

driver-bunches on the decelerating wakefield and by 

witness-bunch on the accelerating wakefield Ez() 

(Fig. 1). 

As we can see, after the witness-bunch the wakefield 

returns to its state before the fifth driver-bunch. This 

fact opens an opportunity to create infinite sequence that 

consists of driver-witness-bunches pairs with plateau on 

corresponding wakefield. 
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Fig. 1. The on-axis wakefield excitation Ez by short-

train of resonant driver-bunches and acceleration of 

following witness-bunch, and plateau formation on 

Ez() by short-train of resonant driver-bunches and 

following witness-bunch. Density of plasma electrons ne 

on the axis is shown by gray as a function of the 

coordinate  along the plasma. The length of bunches is 

equal to 0.19 of wavelength. The radius of bunches is 

equal to 0.3. The maximum current of bunch-driver is 

equal to Ib=1.18·10
-2

. The maximum current of bunch-

witness is equal to Ib=1.14·10
-2

. The relativistic factor 

of bunches is equal to 1000 
 

 

Fig. 2. The off-axis wakefield excitation Ez by short-

train of resonant driver-bunches and acceleration of 

following witness-bunch, and plateau formation on 

Ez() by short-train of resonant driver-bunches and 

following witness-bunch. The off-axis focusing force Fr 

is shown by orange. The off-axis azimuthal magnetic 

field B is shown by red as a function of the coordinate 

 along the plasma.  

The parameters are identical to Fig. 1 

As seen on the figure (Fig. 2) all electron driver- and 

witness-bunches are fully in focusing but 

inhomogeneous fields. The greater its charge along the 

bunch, both for driver-bunches and for witness-bunch, 

the stronger the focusing force. Since the velocity of 

bunches approximately equals to light velocity, the 

azimuthal magnetic field distribution shows the spatial 

distribution of bunches’ charge densities/currents. As 

we can see, all electron bunches except the first one 

have triangle form.  

 

 

 

2. INVESTIGATION OF THE PLATEAU 

FORMATION IN A PLASMA BY AN 

ELECTRON WITNESS-BUNCHES ON THE 

DISTRIBUTION OF AN ACCELERATING 

WAKEFIELD AND BY AN ELECTRON 

DRIVER-BUNCHES ON THE 

DISTRIBUTION OF A DECELERATING 

WAKEFIELD EXCITED BY INFINITE 

PERIODIC TRAIN OF PAIRS DRIVER  

AND WITNESS-BUNCHES 

Now, we consider the wakefield excitation by short-

train of resonant driver-bunches and following sequence 

of witness-driver-bunch pairs and plateau formation by 

short-train of resonant driver-bunches and following 

sequence of witness-driver-bunch pairs on the 

corresponding wakefield Ez() (Fig. 3). 

 
Fig. 3. The on-axis wakefield excitation Ez by short-

train of resonant driver-bunches and following 

sequence of witness-driver-bunch pairs, and plateau 

formation on Ez() by short-train of resonant driver-

bunches and following sequence of witness- and driver-

bunches. Density of plasma electrons ne on the axis is 

shown by gray as a function of the coordinate  along 

the plasma. The parameters are identical to Fig. 1 
 

 
Fig. 4. The off-axis wakefield excitation Ez by short-

train of resonant driver-bunches and following 

sequence of witness-driver-bunch pairs, and plateau 

formation on Ez() by short-train of resonant driver-

bunches and following sequence of witness- and driver-

bunches. The off-axis focusing force Fr is shown by 

orange. The off-axis azimuthal magnetic field Bf is 

shown by red as a function of the coordinate  along the 

plasma. The parameters are identical to Fig. 1 
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In this case, after the last driver-bunch field returns 

to its state before the fifth driver-bunch. This fact proves 

initial prediction about possibility of creation of infinite 

sequence that consists of pairs of driver-witness-

bunches with plateau on corresponding wakefield. 

Fig. 4 gives us the same information as a Fig. 2 in 

previous section. 

In Fig. 5 one can see spatial distribution of density 

of this short-train of resonant driver-bunches and 

following sequence of witness-driver-bunch pairs. In 

Fig. 6 one can see spatial distribution of plasma electron 

density, perturbed by this short-train of resonant driver-

bunches and following sequence of witness-driver-

bunch pairs. 
 

 
Fig. 5. The beam electron density as a function of the 

coordinate  along the plasma and the coordinate r in 

the radial direction 
 

 
Fig. 6. The plasma electron density as a function of the 

coordinate  along the plasma and the coordinate r in 

the radial direction 

3. CONCLUSIONS 

Such parameters of the infinite periodic train of 

driver – witness pairs have been obtained under which 

identical accelerating wakefield for accelerated bunches 

is formed, and identical decelerating wakefield for all 

bunches, which excite wakefield, is formed by 

controlled selection for an excited plasma wave bunch 

currents and their spatial distribution. We demonstrate 

such optimal bunch currents and their spatial 

distribution in the linear regime in a plasma accelerator 

with wakefield excited by electron bunches injected 

from the RF accelerator with high quality.  

REFERENCES 

1. W.P. Leemans, A.J. Gonsalves, H.S. Mao, et al. 

Multi-GeV Electron Beams from Capillary-

Discharge-Guided Subpetawatt Laser Pulses in the 

Self-Trapping Regime // Phys. Rev. Lett. 2014, 

v. 113, p. 245002. 

2. A.J. Gonsalves, K. Nakamura, J. Daniels, et al. 

Petawatt Laser Guiding and Electron Beam 

Acceleration to 8 GeV in a Laser-Heated Capillary 

Discharge Waveguide // Phys. Rev. Lett. 2019, 

v. 122, p. 084801. 

3. I. Blumenfeld, C.E. Clayton, F.J. Decker, et al. 

Energy doubling of 42 GeV electrons in a metre-

scale plasma wakefield accelerator // Nature, 

Letters. 2007, v. 445, p. 741-744.  

4. E. Esarey, C.B. Schroeder, W.P. Leemans. Physics 

of laser-driven plasma-based electron accelerators // 

Rev. Mod. Phys. 2009, v. 81, p. 1229-1285. 

5. K.V. Lotov, V.I. Maslov, I.N. Onishchenko, et al. 

Homogeneous Focusing of Electron Bunch 

Sequence by Plasma Wakefield // Problems of 

Atomic Science and Technology. 2012, N 3, p. 159-

163.  

6. V.I. Maslov, I.N. Onishchenko, I.P. Yarovaya. 

Plasma Wakefield Excitation, Possessing of 

Homogeneous Focusing of Electron Bunches // 

Problems of Atomic Science and Technology. 2013, 

N 1, p. 134-136.  

7. V.I. Maslov, I.N. Onishchenko, I.P. Yarovaya. 

Fields excited and providing a uniform focusing of 

short relativistic electron bunches in plasma // East 

European Journal of Physics. 2014, v. 1, N 2, p. 92-

95.  

8. K.V. Lotov, V.I. Maslov, I.N. Onishchenko, et al. 

Transformer Ratio at Interaction of Long Sequence 

of Electron Bunches with Plasma // Problems of 

Atomic Science and Technology. 2011, N 3, p. 87-

91.  

9. V.I. Maslov, I.N. Onishchenko, I.P. Yarovaya. 

Transformer Ratio at Excitation of Nonlinear 

Wakefield in Plasma by Shaped Sequence of 

Electron Bunches with Linear Growth of Charge // 

Problems of Atomic Science and Technology. 2012, 

N 4, p. 128-130. 

10. K.V. Lotov, V.I. Maslov, I.N. Onishchenko. 

Transformer Ratio in Wake-Field Method of 

Acceleration for Sequence of Relativistic Electron 

Bunches // Problems of Atomic Science and 

Technology. 2010, N 4, p. 85-89. 

11. V.I. Maslov, I.N. Onishchenko, I.P. Yarovaya. 

Wakefield Excitation in Plasma by Sequence of 

Shaped Electron Bunches // Problems of Atomic 

Science and Technology. 2012, N 6, p. 161-163.  

12. I.P. Levchuk, V.I. Maslov, I.N. Onishchenko. 

Transformer Ratio at Wakefield Excitation by 

Linearly Shaped Sequence of Short Relativistic 

Electron Bunches // Problems of Atomic Science and 

Technology. 2015, N 6, p. 37-41. 

13. V.I. Maslov, I.N. Onishchenko, I.P. Yarovaya.  

Transformation ratio at excitation of nonlinear wake 

field in plasma by shaped sequence of electron 

bunches with linear growth of charge // Problems of 

Atomic Science and Technology. 2012, N 4, p. 126.  

14. V.I. Maslov, O.M. Svystun, I.N. Onishchenko, 

V.I. Tkachenko. Dynamics of electron bunches at 

the laser–plasma interaction in the bubble regime // 

Nucl. Instr. and Meth. in Phys. Res. A. 2016, v. 829, 

p. 422. 

15. K.V. Lotov, V.I. Maslov, I.N. Onishchenko, et al. 

2.5D simulation of plasma wakefield excitation by a 

nonresonant chain of relativistic electron bunches // 

Problems of Atomic Science and Technology. 2010, 

N 2, p. 122-124. 

16. K.V. Lotov, V.I. Maslov, I.N. Onishchenko, et al. 

Mechanisms of Synchronization of Relativistic 

Electron Bunches at Wakefield Excitation in Plasma 

// Problems of Atomic Science and Technology. 

2013, N 4, p. 73-76. 

17. R. Assmann, E. Gschwendtner, K. Cassou, et al. 

High-gradient plasma and laser accelerators // CERN 

Yellow Reports: Monographs 1. 2022, p. 91.  

https://www.scopus.com/authid/detail.uri?authorId=56213987000
https://www.scopus.com/authid/detail.uri?authorId=7004149490
https://www.scopus.com/authid/detail.uri?authorId=40661939700
https://www.scopus.com/record/display.uri?eid=2-s2.0-84865464536&origin=resultslist&sort=cp-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-84865464536&origin=resultslist&sort=cp-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-84865464536&origin=resultslist&sort=cp-f
https://www.scopus.com/sourceid/19700182270?origin=resultslist
https://www.scopus.com/sourceid/19700182270?origin=resultslist
https://www.scopus.com/authid/detail.uri?authorId=56213987000
https://www.scopus.com/authid/detail.uri?authorId=36093606100
https://www.scopus.com/authid/detail.uri?authorId=7004149490
https://www.scopus.com/authid/detail.uri?authorId=57898177400
https://www.scopus.com/record/display.uri?eid=2-s2.0-84963717217&origin=resultslist&sort=cp-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-84963717217&origin=resultslist&sort=cp-f
https://www.scopus.com/sourceid/29067?origin=resultslist
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=JcP4SbQAAAAJ&sortby=pubdate&citation_for_view=JcP4SbQAAAAJ:1lhNe0rCu4AC


 

ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. №3(145)             111 

18. S. Diederichs, C. Benedetti, M. Thévenet, E. Esarey, 

J. Osterhoff, et al. Self-stabilizing positron 

acceleration in a plasma column // arXiv preprint 

arXiv:2206. 2022, 11967.  

19. S. Diederichs, C. Benedetti, E. Esarey, M. Thévenet, 

J. Osterhoff, et al. Stable electron beam propagation 

in a plasma column // Physics of Plasmas. 2022, 

v. 29 (4), p. 043101.  

20. C. Benedetti, S.S. Bulanov, E. Esarey, et al. Linear 

collider based on laser-plasma accelerators // arXiv 

preprint arXiv:2203.08366. 2022. 

21. A. Pukhov, O. Jansen, T. Tueckmantel, et al. Field-

reversed bubble in deep plasma channels for high-

quality electron acceleration // Phys. Rev. Lett. 2014, 

v. 113 (24), p. 245003. 

22. T. Tajima, J.M. Dawson. Laser Electron Accelerator 

// Phys. Rev. Lett. 1979, v. 43, p. 267. 

23. T. Tajima. Laser Acceleration in Novel Media // 

Eur. Phys. J. Spec. Top. 2014, v. 223, p. 1037. 

24. T. Tajima, K. Nakajima, G. Mourou. Laser 

Acceleration // Rivista del Nuovo Cimento. 2017, 

v. 40, p. 33. 

25. T. Tajima. Laser acceleration and its future // Proc. 

Jpn. Acad. Ser. B. 2010, v. 86, p. 147.  

26. V.A. Balakirev, I.V. Karas', G.V. Sotnikov. 

Wakefield excitation by a relativistic electron bunch 

in a magnetized plasma // Plasma Physics Reports. 

2001, N 26(10), p. 889-892.  

27. N.I. Ayzatsky, A.N. Dovbnya, V.A. Kushnir, et al. 

Electron resonant high-current accelerator for 

research of collective acceleration methods // 

Plasma Phys. 1994, v. 20, N 7,8, p. 671-673. 

28. V.M. Kuklin. One-dimensional moving bunches of 

charged particles in plasma // Ukr. Phys. J. 1986, 

v. 31, N 6, p. 853-857.  

29. S. Romeo, M. Ferrario, A.R. Rossi. Beam loading 

assisted matching scheme for high quality plasma 

acceleration in linear regime // Phys. Rev. Accel. 

Beams. 2020, v. 23, p. 071301.  

30. T. Katsouleas, S. Wilks, P. Chen, T.J.M. Dawson, 

J.J. Su. Beam Loading in Plasma Accelerators // 

Particle Accelerators. 1987, v. 22, p. 81-99.  

31. S.V. Bulanov, F. Pegoraro, A.M. Pukhov, 

A.S. Sakharov. Transverse-Wake Wave Breaking // 

Phys. Rev. Lett. 1997, v. 78, N 22, p. 4205-4208.  

32. V.M. Tsakanov. On collinear wakefield acceleration 

with high transformer ratio // Nucl. Instr. and Meth. 

in Phys. Res. A. 1999, v. 432, p. 202-213. 

33. E. Esarey, S. Sprangle, J. Krall, A. Ting. Overview 

of Plasma-Based Accelerator Concepts // IEEE 

Trans. Plasma Sci. 1996, v. PS-24(2), p. 252.  

34. S.S. Baturin, A. Zholents. Upper limit for the 

accelerating gradient in the collinear wakefield 

accelerator as a function of the transformer ratio // 

Phys. Rev. Accel. Beams. 2017, v. 20, p. 061302. 

35. M.A. Shcherbinin, I.O. Anisimov. Short Cylindrical 

Electron Bunch Dynamics and Wake Fields` 

Excitation in Plasma with the External Magnetic 

Field // Problems of Atomic Science and 

Technology. 2015, N 4(98), p. 124-128. 

36. A. Picksley, A. Alejo, J. Cowley, et al. Guiding of 

high-intensity laser pulses in 100-mm-long 

hydrodynamic optical-field-ionized plasma channels 

// Phys. Rev. Accel. Beams. 2020, v. 23, p. 081303. 

37. J. Cowley, C. Thornton, C. Arran, et al. Excitation 

and Control of Plasma Wakefields by Multiple Laser 

Pulses // Phys. Rev. Lett. 2017, v. 119, p. 044802.  

38. V.I. Maslov et al. Numerical Simulation of Plateau 

Formation by an Electron Bunch on the Distribution 

of an Accelerating Wakefield in a Plasma // 

Problems of Atomic Science and Technology. 2020, 

N 6, p. 47. 

39. K.V. Lotov, V.I. Maslov, I.N. Onishchenko. Long 

sequence of relativistic electron bunches as a driver 

in wakefield method of charged particles 

acceleration in plasma // Problems of Atomic Science 

and Technology. 2010, N 6, p. 103. 

40. V.I. Maslov, R.T. Ovsiannikov, D.S. Bondar, et al. 

Plateau Formation on Accelerating Wakefield for 

Electron-Witness-Bunch and on Decelerating 

Wakefield for Driver-Bunches in a Plasma // 

Problems of Atomic Science and Technology. 2021, 

N 6(136), p. 52. 

41. K.V. Lotov. Simulation of ultrarelativistic beam 

dynamics in plasma wakefield accelerator // Phys. 

Plasmas. 1998, v. 5, N 3, p. 785-791. 

42. A.P. Sosedkin, K.V. Lotov. LCODE: A parallel 

quasistatic code for computationally heavy problems 

of plasma wakefield acceleration // Nucl. Instr. and 

Meth. in Phys. Res. A. 2016, v. 829, p. 350-352.

 

  Article received 20.02.2023 

ОДНАКОВІ ГАЛЬМУЮЧІ КІЛЬВАТЕРНІ ПОЛЯ ДЛЯ ЗГУСТКІВ, ЩО ЗБУДЖУЮТЬ ПОЛЕ,  

ТА ОДНАКОВІ ПРИСКОРЮЮЧІ КІЛЬВАТЕРНІ ПОЛЯ ДЛЯ ЗГУСТКІВ,  

ЩО ПРИСКОРЮЮТЬСЯ, ДЛЯ ЇХ ПЕРІОДИЧНОГО ЛАНЦЮЖКА 

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 по енергії. Досягнення обох умов може бути забезпечене формуванням однакових полів для всіх 

згустків, що прискорюються, та однакових полів для всіх згустків, що гальмуються, шляхом 

контрольованого підбору для даної плазмової хвилі струмів згустків та їх просторового розподілу. Ми 

демонструємо такі оптимальні струми згустків та їх просторовий розподіл у лінійному режимі у плазмовому 

прискорювачі зі збудженням полів електронними згустками, які інжектуються з ВЧ-прискорювача при 

високій їх якості.  
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