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Abstract
Conventionally, electron guns with thermionic cath-

odes or field-emission cathodes are used for research
or technological linear accelerators. RF-photoguns are
used to provide the short electron bunches which could
be used for FEL’s of compact research facilities to gen-
erate monochromatic photons. Low energy of emitted
electrons is the key problem for photoguns due to high
influence of Coulomb field and difficulties with the first
accelerating cell simulation and construction. Contrary,
plasma sources, based on the laser-plasma wakefield
acceleration, have very high acceleration gradient but
rather broad energy spectrum compare with conventional
thermoguns or field-emission guns. The beam dynamics
in the linear accelerator combines the laser-plasma elec-
tron source and conventional RF linear accelerator is dis-
cussed in this paper. Method to capture and re-accelerate
the short picosecond bunch with extremely broad energy
spread (up to 50 %) is presented. Numerical simulation
shows that such bunches can be accelerated in RF linear
accelerator to the energy of 50 MeV with output energy
spread not higher than 1 % .

Key words
Laser-plasma wakefield acceleration, beam dynamics,

longitudinal and transverse motion stability.

1 Introduction
The high brightness electron sources are usually based

on photoguns. Photojnjectors should solve a number of
tasks which sufficiently differs by the bunch parameters
and operation regimes. First class of photoguns are used
for generation of high-intensity bunches for X-FEL’s
such as European-XFEL or LSLS. In such facilities

bunches with charge ∼ 1 nC, bunch length ∼1 ps, trans-
verse emittance less than 10 mm mrad and repetition rate
up to 1000 Hz should be generated. The second class of
photoguns is used for Compact-XFEL’s and needs lower
bunch charges (not higher than 100 pC/bunch) but the
bunch length should be also shorter: 100-300 fs with
the trend to tens of fs. The third class requires bunches
with charges ∼100 pC but with high repetition rate of
10-100 kHz. The bunch charge of a photogun is limited
by quantum efficiency of cathode and non-linear effect
at the near-cathode region. The photocathode life-time
is also limited and currently amounts not higher than few
hundreds of hours for semiconductor (Cs2Te, etc.) cath-
odes. Moreover the life-time is also limited by the total
emitted charge.

One possible way to solve the problems with higher
bunch charges, shorter bunch lengths and longer life-
times is to use the plasma electron sources. As known
plasma wakefield acceleration (PWA) was proposed
many years ago by Ya.B. Feinberg [Feinberg, 1959] to
solve the problem of accelerating field limitation in con-
ventional RF structures. Two different ways to form the
plasma channel were proposed: bunch PWA (see for ex-
ample [Hogan, 2005]) and laser PWA [Tajima, 1979]. It
is necessary to use GeV-energy electron bunches to re-
alize high efficiency bunch PWA and this technique is
successfully realized experimentally. The second way
is much more popular but the results are contradictory:
simulations and experiments demonstrates very high rate
of the energy gain (up to hundreds GV/m) but the output
energy spectrum is broad (not less than 10 % for energies
of 0.1-1 GeV) and the capturing coefficient is very low
(not higher than 1-3 %). Few ways to decrease the en-
ergy spectrum which is too broad for further acceleration
in real applications: ramping, ponderomotive injection,
modulation of plasma density, non-linearities in plasma
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[Bulanov, 1998; Umstadter, 1996; Polozov, 2013; Polo-
zov, 2018]. Bunch spectrum can be decreased by the
factor 3-4 by means of these methods, but the spectrum
value of∼ 3 % for the energy∼1 GeV is ten times higher
than for standing wave RF linear accelerator.

As mentioned above we will discuss the combination
of PWA electron source with output energy of few hun-
dreds of keV and standing wave RF accelerating struc-
ture to generate the short (1 ps or less) electron bunches
with the charge of 100 pC, variable output energy of 20-
50 MeV and narrow energy spectrum less than 1 %. It is
proposed to use the cluster plasma jet with laser-plasma
acceleration for electron bunch generation with energy
above 1 MeV, length less than 1 ps and charge of 50-
200 pC [Shkurinov, 2017; Shkurinov, 2021; Semenov,
2019].

2 Beam Dynamics Simulations
It was proposed to use RF linear accelerator consists of

two sections. Both sections will be based on the biperi-
odic accelerating structure (BAS) operating on the stand-
ing wave. The first section should be used for capturing
of the bunch and to made bunch gymnastics to decrease
the energy spectrum (call it ”matching section”). Such
section will includes seven accelerating cells. Two first
cells will be bunching cells with phase velocities less
than the velocity of the light. For example, the first cell
will has phase velocity normalized to the speed of light
0.95 and the second 0.96 for the injection energy 800
keV. Note that the first accelerating cell should be half-
cell like that in photoguns (so-called ”electrical wall”).
Other five accelerating cells will be regular with phase
velocity equals 1 and the RF power coupler should be
arranged in one of these cells. The length of sections
will be 31 cm and 214 cm respectively. Both sections
operates on the frequency of 2800 MHz.

The beam dynamics simulation in the proposed lin-
ear accelerator was done by using BEAMDULAC-BL
code which was developed at MEPhI to simulate dy-
namics taking into account both quasistatic compo-
nent of the own space charge field and beam load-
ing self-consistently [Polozov, 2010; Bondarenko, 2013;
Rashchikov, 2020; Kluchevskaia, 2020]. It was shown
than the bunch generated by cluster plasma electron gun
can be efficiently captured by the first section. Simu-
lation was done for low intensity bunches with charge
100 pC/bunch, energy 800 keV, transverse emittance
3 mm mrad, bunch length 1 ps. The accelerating
field amplitude of 400 kV/cm gives the bunch energy
8.3 MeV after first section. Optimal injection phase is
equal to 3.4 rad. The output energy spectrum will be de-
fined by the parameters of the first accelerating cell as
well as by the bunch initial energy spread. Simulations
were done for different values of injection spectra from
1 % to 50 % FWHM. The main simulation results are
presented in Fig. 1 and Table 1. Phase portraits and en-

ergy spectra are shown for injection and after sections,
injection parameters are shown by red color, after 1st
section by blue, after regular section by black. It is clear
that such capturing scheme is efficient and output spec-
trum can be sufficiently reduced, bunch capturing coef-
ficient is close to 100 % and bunch is prepared for re-
acceleration in the regular section. The energy spectrum
range from 1.8 % to 5.1 % FWHM will be observed for
the bunch with the initial spectrum from 1 % to 50 %. It
should be noted that the capturing process will dramati-
cally depends from the initial bunch length and the injec-
tion energy. The first accelerating call length, phase ve-
locity and RF field amplitude should be chosen assuming
the averaged value of the electrons velocities inside this
cell. The cell parameters should be optimized for each
injection velocity. Bunches having the duration longer
than 2-3 ps will captured and accelerated with current
transmission coefficient less than 100 %. The designed
structure will be not very flexible for the bunch injection
parameters due to.

Following the beam dynamics simulation for regular
section was studied. It was shown that we may achieve
very narrow energy spectrum for the energy range of 50
MeV. It will varies from 0.1 to 1.1 % FWHM and this
result shows that the influence of injection parameters
can be decreased by means of accurate tuning of match-
ing section and injection phases (optimal phase shift be-
tween matching and regular sections will be defined as
1.6–1.7 rad). The simulated values of the output spectra
vs. injection one were also summarized in the Table 1
and phase portraits and spectra are shown in Fig. 1.

Table 1. Bunch energy spread (%) after matching and regular sec-
tions vs. injection one.

Injection Buncher Regular

1.0 1.8 0.084

10.0 2.1 0.224

30.0 3.1 0.419

50.0 5.1 1.095

The dependence of output energy from the accelerat-
ing field amplitude was studied. It was proposed that
the RF field amplitude will constant (400 kV/cm) in the
matching section and will be varied from 100 kV/cm to
400 kV/cm in the regular one. Such field amplitude vari-
ation allows to have the output energy after second sec-
tion from 20 MeV to 53 MeV. This dependence is pre-
sented in Table 2, phase portraits and energy spectra are
shown in Fig. 2. Note that the dependence of the spec-
trum vs. output energy is close to classical trend for RF
linear accelerators ∆γ/γ ∼ 1/

√
γ.
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Figure 1. Beam dynamics simulation results for the matching and the regular sections. Phase portraits and energy spectra are shown for injection
(by red color), after matching section (by blue) and regular one (by black).
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Figure 2. Bunch output phase portraits and energy spread vs. accel-
erating field amplitude for regular section.

3 Conclusion
In this paper we discussed first results of the beam dy-

namics simulation in RF linear accelerator with injec-
tion form the laser-plasma based electron gun. It was
proposed to use the cluster plasma source to generate
short (less than 1 ps) electron bunches with energy of
few hundreds of keV and re-accelerate them in conven-
tional RF linear accelerator. Such idea can be used as one
of possible compromises between photogun and LPWA:
bunches will have narrow energy spread compare with
LPWA and the plasma cathode could be considered ”
perpetual” opposed to short life-time for semiconduc-
tor photocathodes. The injection energy will be much
more higher for plasma cathode comparatively with pho-
tocathode and therefore the influence of Coulomb repul-
sion can be neglected due to. Simulation shows that the
influence of broad energy spectra of injected bunches af-
ter plasma electron source can be decreased by means of
accurate tuning of matching section and optimal choice
of injection phases. The beam energy spectrum can be
reduced to 1 % for the energy of 50 MeV.
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Table 2. Bunch output energy and energy spread vs. accelerating
field amplitude for regular section.

RF field Output Spectrum,

amplitude, kV/cm energy, MeV %

100 19.56 0.396

200 30.87 0.251

300 42.24 0.231

400 53.62 0.224
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