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Abstract
The emission of a short high charged electron bunch

in a radiofrequency gun was simulated. The numerical
model is supplemented by a positive charge arising and
dynamically changing during emission in the cathode re-
gion. The numerical results are compared with experi-
mental data.
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1 Introduction
High brightness electron sources are key components

necessary for the successful operation of modern free
electron lasers, new sources of synchrotron radiation and
lepton colliders. For such installations, it is necessary to
have a rather high bunch charge (∼ units nC), a very
small transverse normalized emittance (<1 mm mrad),
rather short bunches (∼ 1-10 ps), and a small energy
spread (<1 %) after radiofrequency (RF) gun. For ex-
ample, for a European X-ray Free Electron Laser (Euro-
pean XFEL) photo gun, electron bunches with a charge
of 1 nC / bunch and a normalized transverse emittance
< 0.9 mm mrad should be generated by an RF gun oper-
ating on a Cs2Te photocathode with a high electric field
on the cathode surface (∼ 60 MV/m) and repetition rate
up to 27,000 pulses per second. For the lepton version
of the CERN Future Circular Collider (CERN FCC-ee),
it is necessary to create bunches with a charge of up to
∼ 6nC with a pulse duration of ∼ 1 ps for injection and
conversion of electrons into positrons. Detailed studies
of the photoemission process are crucial for understand-
ing the beam dynamics with the predominant influence
of the space charge in photo injectors, without which it
is difficult to achieve the above results.

2 Simulation Model and Results
Existing models of photoemission from metal and

semiconductor photocathodes are associated with
“single-particle” emission, which neglects collective
effects. To bring theoretical understanding closer to
experimental observation, one should take into account
these collective effects at all stages of photoemission, as
well as nonlinear effects that affect beam formation.

The aim of this work is to create a photo injec-
tion model in the space charge dominated regime and
at presence of strong electromagnetic fields. The
developed model is based on 2.5 dimensional finite
difference-time domain (FDTD) particle-in-cell (PIC)
code SUMA [Rashchikov, 1990]. This code has been
tested and widely used to model various physical pro-
cesses [Rashchikov and Didenko, 1991; Rashchikov et
al., 2011; Polozov and Rashchikov, 2018; Rashchikov
and Shikanov, 2019]. Part of the code responsible for
the charged particles emission was rewritten according
to our understanding of the physical process.

For comparison, we used the results obtained in the
Photo Injector Test Facility at DESY, Zeuthen (PITZ)
both in the computer simulation and in experiment
[Krasilnikov et al., 2012; Chen et al., 2018; Krasilnikov
et al., 2019; Li et al., 2019]. We simulated only first 0.6
cell of PITZ L-band normal conducting 1.6 cell RF gun
with a Cs2Te photocathode (Fig. 1).

The photocathode will be arranged in 0.6 cell’s side-
wall, therefore accelerating field on the sidewall’s sur-
face must be as high as possible. That is the reason
of making 0.6 cell length. The gun consists of a 1.3
GHz copper cavity operated in π-mode with RF field
60 MV/m on the cathode and 42 degrease optimal phase
with respect to the bunch head. The laser pulse tem-
poral profile was chosen as the flattop one with 21.5 ps
FWHM (full width at half maximum) and rise/fall times
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Figure 1. The general scheme of PITZ RF gun

of ∼2 ps. Transverse beam space charge distribution as
and at [Li et al., 2019] was chosen as uniform inside the
radius of beam shaping aperture and then decreased with
radius according to the Gauss law.

The analysis of discrepancies between the results of
calculations and experimental data, mainly based on the
results obtained in PITZ, as well as taking into account
the extensive experience of previous calculations of elec-
tron and ion sources, allowed us to draw the following
conclusions. The discrepancies in measured and sim-
ulated emission curves – extracted from the photocath-
ode charge versus photocathode laser pulse energy (input
charge) Fig. 2, might be easily explained by appearance
of positive charge near the cathode surface during the
emission process. The explanation for this appearance
may be as follows.

Figure 2. Dependence of the accelerated bunch charge on the photo-
cathode laser pulse energy, measured and simulated for various trans-
verse laser distributions (Fig. 5 from [Krasilnikov et al., 2019])

Firstly, the electrons, which arise in the surface layer
of the photocathode semiconductor due to the energy of
the laser pulse, are quickly removed by a strong RF field
that has penetrated the surface layer, the depth of which

is less than the skin layer. With such field gradients, the
rate of electrons exiting from the surface layer of the
laser-irradiated region of the semiconductor can signif-
icantly exceed their inflow. This leads to the appearance
of a positive charge, the magnitude of which is propor-
tional to the magnitude of the emitted current, and is de-
termined by the difference in the rates of exit and influx
of electrons into the studied region.

Secondly, ions are generated through electron impact
ionization of residual gas [Qiang, 2010]. Taking into
account the energy value, at which the maximum ion-
ization cross section is reached (∼50-100 eV) and slow
motion of ions, this may be the next reason for the ap-
pearance of a positive charge in the immediate vicinity
of the cathode.

Part of the code SUMA, responsible for photoemis-
sion, was modified in a way to simulate the appearance
of the positive charges in the cathode region and there
further dynamics. At each time step, the value of the pos-
itive charge increases in proportion to the emitted charge
and decreases exponentially with a rate proportional to
the rate of electron influx into the simulated region. The
calculation results are presented in Fig. 3.

Figure 3. Figure 3. Dependence of the accelerated bunch charge on
the photocathode laser pulse energy, measured and simulated for var-
ious transverse laser distributions (SUMA results). Red and magenta
curves corresponds to bunch radius 0.3 and 0.4 mm respectively with-
out taking into account ions fields. Green curve corresponds to bunch
radius 0.3 mm with taking into account ions fields

Fairly good agreement is seen in the behavior of the
curves on both figures. The red and magenta curves of
Fig.3 represent the simulation results without taking into
account the appearance of a positive charge in the cath-
ode region ( correspond to magenta and green curves on
Fig. 2). The green curve in Fig. 3 computed by im-
proved simulation model and is in good agreement with
the PITZ measurements (red curve in Fig. 2).

Fig. 4 illustrates of the emitted current pulse shape
variation with bunch charge growth without taking into
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Figure 4. Emitted current pulse shape variation with bunch charge
growth ( 0.6,1.0,1.4 nC respectively) without (top three pictures) and
with taking into account the appearance of a positive charge in the
cathode region (three bottom pictures)

account (top three pictures) and taking into account the
appearance of a positive charge in the cathode region
(three bottom pictures).

It can be seen that without taking into account the influ-
ence of a positive charge in the cathode region (top three
pictures), with increasing laser power, the current ampli-
tude ceases to grow, and the shape is distorted, which is
associated with the formation of a virtual cathode.

Taking into account the influence of a positive charge
in the cathode region (three bottom pictures), the pic-
ture changes. With increasing laser power, the current
amplitude continues to grow, and the shape is distorted
slightly, which can be explained by partial compensation
of the space charge forces of the emitted electrons by the
field of the arising positive charge.

3 Conclusion
In this paper we have described the preliminary results

of computer simulation of PITZ photo gun emission, us-
ing an advanced photo emission model. Comparison of
the obtained results with the experimental and calculated
PITZ data allows us to speak about the correctness of the
assumptions introduced into the model. Nevertheless, it
should be noted that this is only preliminary results and
the model requires further improvement.
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