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Abstract 
The results of numerical PIC-simulation of accelerated 

positron bunch focusing in the plasma dielectric wakefield 
accelerator are presented. The wakefield was excited by 
drive electron bunch in quartz dielectric tube, embedded in 
cylindrical metal waveguide. The internal area of dielectric 
tube has been filled with plasma different transverse den-
sity profiles, created in capillary discharge, with the vac-
uum channel along waveguide axis. Results of numerical 
PIC simulation have shown that it is possible a simultane-
ous acceleration and focusing of test positron bunch in the 
wakefield. The dependence of transport and acceleration of 
positron bunch on size of vacuum channel is studied. 

INTRODUCTION 
The dielectric wakefield accelerator (DWA) is the prom-

ising applicant at construction electron-positron collider in 
TeV power range [1-5]. 

Despite the possibilities of obtaining high rates of wake-
field acceleration shown theoretically and experimentally, 
one problem which is not solved completely remains. It 
consists in stabilization of the transverse motion of the 
drive and accelerated bunches and, thus, in receiving the 
accelerated particles bunches with small emittance. This 
DWA shortcoming can lead to beam breakup instability 
(BBU) [6]. 

To improve bunch transport and their stability we pro-
posed to fill the drift channel of DWA with plasma of cer-
tain density [7-10] (PDWA). The reason of improvement 
of transverse stability consists in excitation in the drift 
channel of the plasma wave possessing the focusing prop-
erties [7, 8, 11, 12]. For improvement of transportation of 
the drive and accelerated bunches the vacuum channel in 
radially inhomogeneous plasma can be used [13]. 

Although the first analytical studies have shown the pos-
sibility of focusing accelerated positron bunches in 
PDWA [7, 8], a full numerical simulation, taking into ac-
count the self-consistent dynamics of the drive electron and 
accelerated positron bunches, taking into account the group 
velocity effects [14], has not yet been carried out. 

It should be noted that transport of positron bunches re-
mains a challenge in PWFA studies [15-17]. In the present 
work positron bunch acceleration by wakefield of drive 
electron bunch in PDWA and its focusing in radially inho-
mogeneous plasma with the vacuum channel is investi-
gated. 

PROBLEM DEFINITION 
In our researches the dielectric tube with inner radius 𝑎 

and outer 𝑏, inserted into cylindrical metal waveguide was 
used. The internal area of dielectric tube between radiuses 𝑟௣ଵ and 𝑎 was also filled by plasma. Thus, there was vac-
uum tube of radius 𝑟௣ଵ around the system axes. 

 
Figure 1: Schematic type of longitudinal section of the 
plasma dielectric wakefield accelerator of positrons. 

The drive electron bunch of cylindrical form with radius 𝑟௕ଵ passed through the slowing-down structure along its 
axis and excited wakefield. Through certain delay time 𝜏ௗ௘௟ 
after the drive bunch the positron bunch with absolute 
value of charge by 60 times smaller, than at the drive was 
injected in system along its axis. Structure with the drive 
electron and witness positron bunch we call the plasma di-
electric wakefield accelerator of positrons (PDWAP). The 
schematic type of PDWAP longitudinal section is shown in 
Fig. 1. Where the pink cylinder shows the drive electron 
bunch, the violet cylinder shows the positron bunch. With 
blue color the area filled with plasma, and orange the die-
lectric tube are depicted. 

The parameters used in calculations are specified in Ta-
ble 1. 

For plasma density dependence on radius we use de-
pendence received numerically by N. A. Bobrova et al. for 
the model of capillary discharge [18]. On vacuum-plasma 
border at 𝑟 ൌ 𝑟௣ଵ stepped 𝑛௣ሺ𝑟ሻ behaviour as functions of 
radius r was supposed (see Fig. 2), where 𝑛௣ሺ𝑟ሻ models for 
two cases are shown: the plasma cylinder which is com-
pletely filling the internal area of dielectric tube (dotted 
line) and the plasma cylinder with inner radius  𝑟 ൌ 0.4 mm (continuous curve). 
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Table 1: Parameters of the Waveguide, Drive and Witness 
(Test) Bunches, Used in Calculations 

Inner radius of dielectric tube, a 0.5 mm 
Outer radius of dielectric tube, b 0.6 mm 
Inner radius of the plasma cylinder, rp1 0÷0.5 mm 
Waveguide length, L 8÷24 mm 
Dielectric permittivity, ε 3.75 (quartz) 
Energy of bunches, E0 5 GeV 
Drive electron bunch charge –3 nC 
Witness (test) positron bunch charge 0.05 nC 
Size of longitudinal root-mean-square de-
viation of drive bunch charge, 2σ (Gauss-
ian charge distribution) 0.1 mm 
The full length of drive bunch used at 
PIC-simulation 0.2 mm 
Size of longitudinal root-mean-square de-
viation of witness (test) bunch charge 0.05 mm 
The full length of witness bunch 0.1 mm 
Drive electron bunch diameter, 2rb1 0.9 mm 
Test positron bunch diameter, 2rb2 0.7 mm 
Paraxial plasma density at rp1 = 0 2×1014 cm-3 

 

 
Figure 2: Models of plasma density dependence on radius. 

RESULTS OF 2.5-DIMENSIONAL  
PIC-SIMULATION 

At numerical simulation by means of the 2.5D PIC code 
created by us we studied wakefield topography and dynam-
ics of electron and positron bunches at their motion in the 
drift chamber. For each model of plasma density depend-
ence on radius we investigated multiple choices with the 
different initial inner plasma cylinder radius 𝑟௣ଵ changing 
in the range from 0 to 0.5 mm. 

In Fig. 3 snapshots of the Lorentz force components op-
erating on test positron in PDWAP for 𝑡 = 26.69 ps are 
shown for case 𝑟௣ଵ = 0 (that is, for continuous filling the 
drift channel with plasma). The dotted line has shown the 
test bunch position. It can be seen that in the chosen posi-
tion of the accelerated bunch it is possible to accelerate and 
focus the bunch simultaneously. 

For illustration of influence of paraxial vacuum tube ra-
dius 𝑟௣ଵ on focusing and acceleration of test bunch in Fig. 4 
has shown the phase space combined with dependences of 
longitudinal 𝐹௭ሺ𝑧ሻ and transverse forces 𝐹௥ሺ𝑧ሻ at 𝑟 =0.35 mm for the same time as in Fig. 3 at different 𝑟௣ଵ val-
ues: a) 𝑟௣ଵ = 0.5 mm, b) 𝑟௣ଵ = 0.35 mm,  
c) 𝑟௣ଵ = 0.2 mm and d) 𝑟௣ଵ = 0. 

 

 
Figure 3: Color maps and level lines for transverse 𝐹௥ሺ𝑟, 𝑧ሻ 
(above, a) and longitudinal 𝐹௭ሺ𝑟, 𝑧ሻ (below, b) component 
of Lorentz force, acting on test positron. 

 
Figure 4: Phase space energy – longitudinal coordinate, 
combined with dependences of longitudinal and transverse 
forces for different 𝑟௣ଵ values and also energy change of 
the accelerated and drive bunches. 

The test bunch delay 𝜏ௗ௘௟ = 6.34 ps was chosen such as 
to provide the bunch acceleration in the third local maxi-
mum of the longitudinal force 𝐹௭. For the cases b), c) and 
d) this delay also provided the transverse focusing by the 
transverse force 𝐹௥. This time was chosen basing on the 
simulation of the wakefield excitation at the absence of a 
test bunch (unloaded field) in the case of a channel com-
pletely filled with plasma and was the same for all cases. 

Let's notice that case a) corresponds to plasma absence 
in the drift channel, and case d) corresponds to its full fill-
ing with plasma. By blue color energy of the accelerated 
positron bunch, by red color energy of drive electron bunch 
are shown. 

As appears from the graphs on Fig. 4a) for lack of 
plasma in the drift channel the transverse force 𝐹௥ does not 
arise. Thereof there is no focusing of test bunch also. 

When 𝑟௣ଵ = 0.35 mm (case b) the negative transverse 
force 𝐹௥ focusing the positron bunch is the greatest. When 𝑟௣ଵ = 0.2 mm and 𝑟௣ଵ = 0 (cases c and d) the negative 
transverse force value is slightly less than in case b. Hence 
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the best focusing of positron bunch must observe in the 
case when 𝑟௣ଵ = 0.35 mm. 

 
Figure 5: a) Bunch radius 𝑅௠௔௫ of test positron bunch and 
b) its energy gain 𝛥𝐸 and energy loss of drive electron 
bunch versus the radius of the vacuum channel 𝑟௣ଵ. 

The behavior of the radii of the drive and accelerated 
bunches 𝑅௠௔௫ with variation of the vacuum channel radius 𝑟௣ଵ from 0 to 0.5 mm for different waveguide lengths L: 
8 mm, 16 mm and 24 mm at the times 𝑡: 26.69 ps, 53.38 ps 
and 80.07 ps (every time corresponds the time when the 
drive bunch has reached the structure end), respectively is 
shown in Fig. 5a) (above). As appears from the curves 
shown in Fig. 5a) at 𝑟௣ଵ increase from 0 to 0.35 mm causes 
the improvement in the test bunch focusing, whereas with 
a further increase in 𝑟௣ଵ up to 0.415 mm the focusing be-
comes worse. When 𝑟௣ଵ > 0.415 mm and test bunch 
moves in the vacuum channel, i.e. when the plasma tube is 
outside of test bunches, focusing is absent. 

Figure 5b) (below) shows the energy gain of test bunch 
(blue curves) and energy loss of drive bunch (red curves) 
versus the radius 𝑟௣ଵ of the vacuum channel for the same 
lengths and times as in Fig. 5a). With 𝑟௣ଵ increase the test 
bunch energy decrease that is connected with bunch drift 
out from the optimum phase of the longitudinal accelerat-
ing force 𝐹௭ (see Fig. 4). 

To explain the behavior of the transverse size of the test 
bunch, shown in Fig. 5a), let us analyze the behavior of the 
plasma electrons in the drift channel. Figures 6a) and 6c) 
show the plasma electron densities 𝑛௣௘ሺ𝑟, 𝑧ሻ for the time 𝑡 = 26.69 ps at 𝑟௣ଵ = 0 and 𝑟௣ଵ = 0.35 mm, accordingly. 
Figures 6b) and 6d) depict the corresponding plasma ion 
densities 𝑛௣௜ሺ𝑟, 𝑧ሻ. 

As it appears from the plots in Fig. 6, the drive bunch 
electrons push out the plasma electrons to the periphery of 
the drift channel. As a consequence, the excess of plasma 
ions is formed behind the drive bunch. These ions attract 
the plasma electrons pushed out by the drive, and the last 
ones turn to the waveguide axis. Here it should be noted 
that the plasma ion density during the delay time of the test 
bunch 𝜏ௗ௘௟ = 6.34 ps remains practically the same. 

 
Figure 6: Plasma electrons density (above) and plasma ion 
density (below) for 𝑟௣ଵ = 0 (a) (at the left) and 𝑟௣ଵ = 0.35 mm (on the right). The red and blue-white rec-
tangles show positions of drive and test bunches. 

The above described processes lead to the formation of 
the region with an excess plasma electrons density where 
the test positron bunch is present. Surplus of electrons pulls 
positrons in the axis direction. In addition to this the plasma 
ion excess located over positron bunch push positrons in 
the same direction. It leads to test bunch focusing. In the 
case of full plasma filling of the drift channel, at 𝑟௣ଵ = 0 
(see Figs. 6a) and 6b)) the excess plasma electron density 
is partially compensated by ions that leads to weakening of 
focusing. 

CONCLUSION 
Results of numerical PIC-simulation research of wake-

field excitation and self-consistent dynamics of the charged 
particles in the plasma-dielectric cylindrical slowing-down 
structure of terahertz frequency range for model of the 
plasma received as a result of capillary discharge with a 
nonuniform transverse profile in waveguide are provided. 

The carried-out numerical simulation has confirmed pre-
dictions of the analytical theory, having shown acceleration 
of test positron bunch with its simultaneous focusing. 

It is shown that the vacuum channel in the plasma im-
proves focusing of the accelerated positron bunch. There 
exists the optimum vacuum channel radius. When the 
plasma tube surrounds test positron bunch focusing quickly 
decreases with growth of the vacuum channel radius. 

The best acceleration of the test bunch happens in case 
when plasma completely fills the drift channel, however at 
that there is not the most optimum test positron bunch fo-
cusing. 
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