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a b s t r a c t

We propose a three-dimensional fully electromagnetic numerical approach for the simulation of RF photoinjectors
for coherent light sources. The basic idea consists in incorporating a self-consistent photoemission model within a
particle tracking code. The generation of electron beams in the injector is determined by the quantum efficiency
(QE) of the cathode, the intensity profile of the driving laser as well as by the accelerating field and magnetic
focusing conditions in the gun. The total charge emitted during an emission cycle can be limited by the space
charge field at the cathode. Furthermore, the time and space dependent electromagnetic field at the cathode may
induce a transient modulation of the QE due to surface barrier reduction of the emitting layer. In our modeling
approach, all these effects are taken into account. The beam particles are generated dynamically according to
the local QE of the cathode and the time dependent laser intensity profile. For the beam dynamics, a tracking
code based on the Lienard–Wiechert retarded field formalism is employed. This code provides the single particle
trajectories as well as the transient space charge field distribution at the cathode. As an application, the PITZ
injector is considered. Extensive electron bunch emission simulations are carried out for different operation
conditions of the injector, in the source limited as well as in the space charge limited emission regime. In both
cases, fairly good agreement between measurements and simulations is obtained.

1. Introduction

RF photoinjectors can provide highly charged electron beams with
very low transverse emittance [1–8]. This is a crucial property, in
particular, for coherent light sources since the radiated light intensity
tends to grow near-quadratically with decreasing beam emittance [9].
Therefore, the optimization of injector operation in terms of increasing
beam current while at the same time reducing its transverse emittance
is an important task in linear accelerator design. This task includes,
in the first place, the characterization of the electron beam with
respect to a large number of machine parameters such as photocathode
material, spot size and intensity of the cathode-illuminating laser pulse,
longitudinal beam profile, accelerating field strength, solenoid current
and many others.

Photoinjector characterization studies are typically done by numer-
ical simulations. Several particle tracking tools are available and are
commonly used for this purpose (cf. [5,10–19]). However, so far no
suitable numerical model can incorporate the photoemission process
with sufficient accuracy to resolve the complex beam dynamics in the
close vicinity of the cathode. In other words, it is not possible to predict
from first principles the beam current produced by the photocathode for
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different injector operation conditions. The knowledge of this current is,
however, the first prerequisite for all beam tracking and space charge
field simulations in the injector and further down in the accelerator
chain. A common assumption used in conventional simulations is that
the emission current profile is identical with the intensity profile of the
laser pulse applied at the cathode. However, the QE of the photocathode,
and thus the emission current depends also on the local space charge
and RF fields at the cathode (see details in Section 4). This is due to
the modulation of the effective work function of the emitting layer by
the electric fields applied on the cathode (Schottky-like effect). The
space charge field at the cathode is determined itself by the emission
current and, furthermore, by the dynamics of the emitted particles in the
vicinity of the photocathode. In photoinjectors, the particle dynamics
immediately after their emission is characterized by an extremely fast
transition from the non-relativistic to the highly relativistic regime.
This makes space charge and beam tracking simulations in this region
particularly difficult. The problem is, thus, multifaceted and it requires
a numerical model which is able to cope with all of these effects. In
the following, we will introduce a simulation approach dealing with
these beam dynamics and particle emission issues for RF photoinjectors
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Fig. 1. Sketch of the PITZ RF gun. Left: Exterior view. Right: Cut-plane view depicting the 1.6-cell cavity and the RF waveguide system.

operated in the source limited as well as in the space charge limited
emission regime. We will refer primarily to the PITZ photoinjector of
DESY [1–3]. For this injector, a large database of measurements exists
which can be used to assess the validity of our simulations.

The paper is organized as follows. In Section 2, a motivation for
this work is given by describing the discrepancies arising between
conventional beam dynamic simulations and measurements for the PITZ
photoinjector at DESY in Zeuthen [20,21]. In Section 3, the particle
tracking codes used in the photoemission studies are described. These
include a Lienard–Wiechert (LW) based tracking code [13,22] and a
fully electromagnetic Particle-In-Cell (PIC) code [14]. The photoemis-
sion models used in the simulations are introduced in Section 4. In
Section 5, simulation results are presented. These results are compared
with corresponding measurements for different operation conditions of
the PITZ photoinjector.

2. The PITZ photoinjector

The main motivation for this investigation is a number of discrep-
ancies between simulations and measurements, which were observed
for the photoinjector of the European XFEL at the Photo Injector Test
Facility at DESY in Zeuthen (PITZ) [20–24]. A sketch of the RF photogun
employed at PITZ is shown in Fig. 1. Its main components are a 1.6-
cell copper cavity operated at 1.3 GHz and a magnetic focusing system.
The electron beam is generated at the back-plane of the gun cavity by
illuminating a cesium-telluride photocathode with short laser pulses. A
peak accelerating field of up to 60 MV/m is applied in the cavity. As a
result, electron bunches are accelerated immediately after their emission
up to nearly the speed of light within a distance of a few millimeters from
the cathode. We will not go into further details on the PITZ gun and its
operation parameters. For a thorough description, the interested reader
is referred to [1–3].

For the characterization of injector current, two typical measure-
ments are performed. One is the measurement of the emitted bunch
charge (𝑄𝑡𝑜𝑡) as a function of the cathode laser launch phase (𝜙𝑙) for
a given laser pulse energy (𝑊𝑙). The other one is the bunch charge
measurement for different laser pulse energies while keeping the laser
launch phase constant. In the measurements, Faraday cups (FCs) and
integrating current transformers (ICTs) are used. These are located at
about 0.78 and 0.935 m downstream of the cathode, respectively. The
ICTs can measure the total charge in the electron bunch with a precision
of about 30 pC whereas the FCs have a charge resolution of up to 2 pC.

A typical phase scan for the PITZ gun is shown in Fig. 2 (see
also [20,21]). The gun phase is measured with respect to the maximum
mean momentum gain (MMMG) phase. Thus, each gun phase corre-
sponds to a different accelerating field strength applied on the cathode

Fig. 2. Measured and simulated bunch charges for different gun phases of the
PITZ injector. A flat-top laser pulse of 20 ps length and a RMS spot size of 0.3 mm
are applied. Two laser pulse intensities are considered, denoted by LT = 100%
and LT = 62%, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

during the bunch emission phase. At the nominal phase (0◦ w.r.t.
MMMG) and for a RMS laser spot size (XYrms) of 0.3 mm the charge
of the emitted bunch amounts to 1 nC. The phase scan measurements
are performed for two different laser pulse intensities. For a laser
transmission (LT) of 100%, the emitted charge depends mainly on the
accelerating electric field gradient at the cathode plane, where the
laser intensity is no longer a limiting factor. Thus, the bunch charge
measured in this case (top black curve) represents the space charge
saturation limit of the gun at the corresponding accelerating field
strength. In comparison, a laser transmission of 62% is defined such in
the experiments that a nominal bunch charge of 1 nC can be extracted
at 6◦ w.r.t. MMMG phase of the gun. For the lower laser intensity with
LT = 62% (green curve) and for gun phases between 0 and 50◦ the
bunch charge is nearly constant with respect to the gun phase. In this
region, the injector is apparently operated in the source limited regime.
In this case, the emitted charge depends only on the laser intensity and
on the QE of the cathode, but not on the accelerating field strength at
the cathode.

Also in Fig. 2, conventional beam dynamics simulation results ob-
tained from ASTRA [15] (pink, yellow and blue curves) are compared
with the measurement data (black and green curves). Since the pho-
toemission process is not explicitly modeled, the charge produced by
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Fig. 3. Bunch charge measured at the ICT1 (𝑧 = 0.95 m) as a function of the
representative cathode laser pulse intensity for XYrms = 0.3 mm and the MMMG
gun phase. The red and blue curves correspond to the measured and simulated
charge, respectively. Note, furthermore, that in the simulation, the input bunch
charge provided at the cathode, 𝑄0, was assumed to grow proportionally with
laser pulse intensity, and thus chosen to represent the cathode laser intensity as
shown on the horizontal axis of the figure. For a source limited emission, the
emitted bunch charge is identical with the input charge at the cathode. Thus, the
linear run of the curve at lower laser intensities does not represent a simulation
result but, rather, the assumption used in it.

the cathode is not known a priory and must be provided as an external
parameter to the simulation. Thus, the source limited case (LT = 62%)
cannot be reproduced exactly in the simulation. Using a fixed input
charge 𝑄0 = 1.1 nC in the simulation, results in the yellow curve shown
in the figure. If the input charge provided at the cathode is increased to
𝑄0 = 1.774 nC, some of the emitted particles will be pushed back by the
space charge field of the bunch, and will then be absorbed in the cavity
wall. The remaining particles are injected into the cavity. Their charge
represents the space charge saturation limit of the gun corresponding to
the case LT = 100%. This limit is depicted by the pink curve in Fig. 2.

We observe that the simulated space charge limit is systematically
lower than the measurement. At the nominal gun phase, the bunch
charge obtained in the simulation for LT = 100% and a RMS laser spot
size of 0.3 mm is about 0.85 nC. This charge is about 15% lower than
the measured value. Moving towards higher gun phases, the difference
between the simulated and measured space charge limit becomes even
larger. In some previous studies [20,21,24], the RMS spot size was
artificially increased to 0.4 mm in order to obtain the correct value of 1
nC for the total bunch charge at the nominal gun phase. The blue curve
in Fig. 2 depicts the charge extracted from the gun for XYrms = 0.4 mm
assuming that the total charge provided by the cathode is exactly 1.1
nC. However, this assumption barely shifts the discrepancy to other gun
phases.

Another comparison between measurement and simulation is shown
in Fig. 3 [23]. In the figure, the extracted bunch charge is shown for
different laser pulse intensities while keeping the RF gun phase fixed to
the MMMG phase and the laser spot size to 0.3 mm. The source limited
region at lower laser intensities and the space charge limited region at
higher intensities, respectively, are clearly recognized. Again, the charge
saturation level predicted by the simulation (blue curve) is lower than in
the measurement. Moreover, the measured charge continues to increase
slightly even for higher laser pulse intensities.

3. Tracking codes

A commonly used approach in beam dynamics simulations is based
on a quasi-static approximation for the electromagnetic fields. The

Fig. 4. Comparisons of the total emitted bunch charge between EM-PIC (CST-
PS) simulation, LW simulation and UMAF simulation for a RMS cathode laser
spot size XYrms = 0.3 mm. The maximum RF field gradient is about 60 MV/m.
A flat-top temporal profile of the cathode laser pulse is applied (about 21.5 ps
FWHM). Convergence of EM-PIC simulations are checked using improved mesh
resolutions, 𝑑𝑧 = 20, 10 and 5 μm. 𝑑𝑧 represents the minimum mesh step in the
longitudinal direction. This results in overlapping dotted blue, green and red
curves. 𝑄0 is the initial bunch charge injected at the cathode.

space charge field is computed in the rest frame of the bunch and is,
then, Lorentz-transformed to the laboratory frame, where the particle
positions and momenta are updated in every time step of the simulation.
This approach is used in tracking codes such as Astra [15], Parmela [16],
Impact-T [17], GPT [18] and others. In the following, we will refer to
this approach as the Uniform Motion in the Average Frame (UMAF)
approximation. This is because, for the space charge field calculation, all
the particles in the bunch are assumed to have the same kinetic energy.

A more accurate tracking approach is based on the Lienard–Wiechert
(LW) solution for the electromagnetic field of a charged particle in
arbitrary relativistic motion. In this approach, the full particle trajectory
is stored. This trajectory is, then, used in the computation of Lienard–
Wiechert fields. The numerical accuracy is only dependent on the
number of simulation particles and on the tracking time step. This
method is implemented, e.g., in the code TREDI [19] and in [25,26].
For the purpose of this investigation, we have implemented a new
parallelized LW tracking code (cf. [13] for a detailed description). This
code is, furthermore, extended to include the emission models described
in Section 4.

A third simulation tool used in the following is CST Particle Studio®
(CST-PS) [14]. CST-PS is an electromagnetic PIC (EM-PIC) code based
on the solution of the full Maxwell equations on the grid. In Fig. 4, using
CST-PS and the LW code, the total emitted bunch charge is calculated
and compared to the simulation results with the UMAF approach. As
shown, the bunch charge calculated by the UMAF approach (dashed
blue curve) is limited at below 1 nC for a RMS cathode laser spot size of
0.3 mm. However, no such space charge emission limitation is observed
in the full electromagnetic CST-PS and LW simulations (dotted curves
and orange curve) for extracting the same bunch, as the full nominal
bunch charge of 1 nC can be extracted from the emission process.
Previous experiments have shown, furthermore, that it is possible to
create a charge packet of 1 nC from the injector for a cathode laser
spot size of 0.3 mm using same gun operation conditions [21–23]. This
suggests that the UMAF simulation may underestimate the total bunch
charge. Note in addition that, CST-PS as well as the UMAF based codes
do not provide a dedicated emission model for the photocathode. Thus,
we only use the LW approach for comparing simulation results with the
measurement data in Sections 4 and 5.

4. Source limited emission

The modeling of the source limited emission regime is based on the
classical photoemission theory for the QE of the cathode [27–37]. For
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metals the Fowler–Dubridge model reads [31,32]:

𝑄𝐸𝐹 = 𝜂
(

ℎ𝜐 −𝛷𝜔
)2, (1)

where ℎ𝜐 is the photon energy, 𝛷𝜔 is the cathode work function and 𝜂 is
a parameter characterizing the cathode. For semiconductors, the Spicer
model [27–30] is given by,

𝑄𝐸𝑠 =

(

ℎ𝜐 −𝛷𝜔
)1.5

(

ℎ𝜐 −𝛷𝜔
)1.5 + 𝛾

. (2)

Here, 𝛷𝜔 is defined as the sum of the energy band gap 𝐸𝑔 and the
electron affinity 𝐸𝑎, where the latter is measured from the conduction
band minimum [33,34]. The term 𝛾 is the fitting parameter to the
measurement data.

A more recent model for the QE of semiconductor cathodes is the
Jensen model [34–37]:

𝑄𝐸𝐽 =

(

1 − 𝑅𝜔
)

√

1 + ℎ𝜐−𝛷𝜔
𝐸𝑎

2
(

𝑝0 + 1
)

(

1 + 𝐸𝑎
ℎ𝜐−𝛷𝜔

)2
. (3)

Here, 𝑅𝜔 represents the reflection factor and 𝑝0 is a free parameter
determined by fitting to the experimental data. The term 𝛷𝜔 is denoted
as the sum of the energy band gap 𝐸𝑔 and the electron affinity 𝐸𝑎.

Note that each of the models Eqs. (1)–(3) involves at least one
free parameter describing the combined effects of surface reflectivity,
collision frequency and escape probability of the photoelectrons in
the emitting layer (see [27–32,35–37]) for a detailed description of
these models). These parameters depend on the material and surface
properties of the cathode and, therefore, can only be determined
experimentally.

The cathode QE is affected by two more specific mechanisms. The
first one concerns the modification of the work function due to the strong
electromagnetic fields applied on the cathode [38,39]. The total electric
field at the cathode is given by the RF field in the gun, 𝐸𝑟𝑓 , and by the
space charge field of the bunch, 𝐸𝑠𝑐 . The applied RF field is reduced
by the space charge field lowering the total electric field at the cathode.
Taking into account these two contributions, the effective work function
of the cathode will be lowered by

𝛥𝛷𝑓
(

𝑟⊥, 𝑡
)

=

√

𝑞3

4𝜋𝜀0

[

𝐸𝑟𝑓
(

𝑟⊥, 𝑡
)

+ 𝐸𝑠𝑐
(

𝑟⊥, 𝑡
)]

, (4)

where 𝑟⊥ is the radial coordinate on the cathode plane. Obviously,
the QE of the cathode becomes now time and space dependent. Thus,
the emitted bunch charge distribution does not necessarily follow the
intensity of the laser pulse applied on the cathode.

A second nonlinear effect is due to the accumulation of trapped
electrons within the band-bending region for semiconductor cathodes at
higher laser intensities. This charge accumulation at the cathode surface
reduces the level of band-bending, resulting in an increase of electron
affinity [40]. Consequently, the effective work function is increased and
the QE of the cathode is reduced. This effect is sometimes referred as the
surface charge limit [41]. We model this effect by introducing a second
modification of the effective work function as

𝛥𝛷𝑝
(

𝑟⊥, 𝑡
)

= 𝑘
[

𝐼
(

𝑟⊥, 𝑡
)]𝑛, (5)

where 𝐼 is the transient laser intensity and 𝑘 and 𝑛 are model parameters.
In [40], a non-linearity coefficient 𝑛 = 0.5 is suggested.

Putting these contributions together, the effective work function of
the cathode is modified as

𝛷′
𝜔
(

𝑟⊥, 𝑡
)

= 𝛷𝜔 − 𝛥𝛷𝑓
(

𝑟⊥, 𝑡
)

+ 𝛥𝛷𝑝
(

𝑟⊥, 𝑡
)

. (6)

Note also that, apart from the QE of the cathode, this modification of
the work function will, furthermore, influence the energy distribution of

Fig. 5. Schematic of the photocathode characterization procedure. 𝑡𝑒𝑛𝑑 is the
total emission time, 𝑄𝑚𝑒𝑠 is the measured total bunch charge used as reference.

the emitted particles. We use a linear modulation of the particles kinetic
energy given by

𝐸𝑘𝑖𝑛
(

𝑟⊥, 𝑡
)

= 𝐸𝑝 −𝛷′
𝜔
(

𝑟⊥, 𝑡
)

, (7)

where 𝐸𝑝 is the final state energy of the emitted electron [42,43]. Thus,
in addition to the emission charge, the space charge field affects also
the initial particle energy distribution at the cathode.

4.1. Incorporation in beam dynamics simulations

Given a model for the QE of the emitting layer Eqs. (1)–(3) and the
laser intensity profile, 𝑃𝑙(𝑟⊥, 𝑡), the charge produced by the cathode at
time 𝑡 within a small time interval 𝛥𝑡 is given by

𝑑𝑄
(

𝑟⊥, 𝑡
)

= 𝛥𝑡∬𝑠
𝑞
𝑃𝑙

(

𝑟⊥, 𝑡
)

ℎ𝜐
𝑄𝐸

(

𝑟⊥, 𝑡
)

𝑑𝑆, (8)

where 𝑞 is the electron charge and 𝑠 denotes the emission area and
ℎ𝜐 is the photon energy. This expression can be easily evaluated in
beam dynamic simulations with 𝛥𝑡 being the time step used for particle
tracking.

In order to apply Eq. (8), however, the free model parameters in
Eqs. (1)–(3) characterizing the cathode must be determined first. The
cathode characterization procedure is exemplarily shown in Fig. 5. This
procedure consists in an iterative fitting of the unknown parameters to
one or more measurement data for the total emitted bunch charge. Start-
ing with guess values for the model parameters, a tracking simulation
using Eq. (8) is performed. The resulting total bunch charge is contrasted
to the measured value and the emission parameters are corrected. This
procedure is repeated until the simulated charge matches the measured
value. The resulting model parameters characterize the given cathode
and can be used in beam dynamics simulations for different injector
operation conditions.

The application of this procedure for the PITZ photoinjector is shown
in Fig. 6. The simulations are performed for different gun operation
conditions. Three different cesium-telluride cathodes are considered.
The square point in each curve is used as reference for the cathode char-
acterization, respectively. All other data points are computed directly by
the simulations. The resulting comparisons of the total emitted bunch
charge between measurement and simulation are showing the validity
of the emission model for a large range of laser energies.
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Fig. 6. Emitted bunch charge versus laser pulse energy for three different
cathodes.

4.2. Transient QE modulation

Given the cathode parameters, the bunch current during an emission
cycle can be calculated using Eq. (8) and the time and space dependent
electromagnetic field data within the emission area. The resulting bunch
current for a PITZ cathode is shown in Fig. 7 (red curve). The blue curve
in the figure shows the transient modulation of the overall QE of the
cathode resulting from the field effect Eq. (4).

As seen in the figure, the QE of the cathode is initially higher than
its integral value. This is due to the work function reduction induced by
the accelerating field at the cathode, which is on the order of 0.26 eV
for an accelerating gradient of 46 MV/m. Somewhere in the middle of
the bunch the accelerating field is partially compensated by the build-
up of space charge fields at the cathode. The space charge field effect
continues to grow towards the tail of the bunch, thus, causing a further
reduction of the QE. After the emission is completed, the QE of the
cathode tends to increase again as the effect of space charge fields
diminishes. As a result of this transient QE modulation, the temporal
current profile of the bunch is no longer identical with that of the
laser pulse. In this considered case, the deviation of the local current

Fig. 7. Transient bunch current and modulation of the cathode QE due to surface
barrier reduction of the emitting layer for a temporally flat-top laser profile
(approx. 18 ps FWHM) at the cathode. The maximum accelerating electric field
gradient is about 46 MV/m.

density from the flat-top laser profile is approximately 10%. It should
be also noted, that the response time of the semiconductor photocathode
(Cs2Te) would slightly broaden or shorten the current profile depending
on the RF phase. Such effect may depend also on the duration of
the cathode laser pulse and material properties of the cathode. To
take into account this effect into emission modeling, experimental
characterization and determination of the cathode response time have
to be performed in the near future.

A similar QE modulation effect is observed in the transverse plane.
Fig. 8 shows computed QE maps at two different time instants during
emission. A transverse flat-top distribution of a cylindrical cathode driv-
ing laser pulse is applied. The QE map is assumed to be homogeneous
in the beginning of emission. Note that this transverse QE modulation
is only due to the space charge field of the bunch at the position of
the cathode. As shown, the electrons at the edge of the emission area
tend to spread stronger due to the transverse space charge fields than
the electrons in the central area. This lowers the particle line density
in the longitudinal direction at the outer cylinder shell compared to
the inner cylinder shell. Therefore, the longitudinal space charge forces
at the outer cylinder shell are relatively reduced. This effect leads to
the QE variation between the center and the edge of the emission area
by approximately 9% (right figure) at the end of the emission for the
extraction of 1 nC bunch charge using a RMS cathode laser spot size of
0.4 mm.

Fig. 8. Transient modulation of the cathode QE on the transverse plane of emission at different time instants. The total emission time is about 30 ps. Left figure:
𝑡 = 16 ps; Right figure: 𝑡 = 30 ps. The time instants are in respect to the starting time-clock of the emission process, 0 ps.
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Fig. 9. Comparisons of total emitted bunch charges between LW simulation and
measurement. The RF gun power is about 1.5 MW and the cathode-illuminating
laser pulse has a temporal Gaussian profile of about 1.5 ps (RMS). The black
curve represents the measurement data for a cathode with an integral QE of
8.5%. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

5. Comparisons with measurements

In Fig. 9, simulation results of the total emitted bunch charge using
the LW approach (as introduced in Section 3) are compared with the
measurement data (black curve) for the PITZ gun. The green and blue
curves correspond to the usage of the Spicer (Eq. (2)) and the Jensen
(Eq. (3)) emission models, respectively. As shown, the charge extraction
behavior described by the two models agrees well over the full range of
cathode laser pulse energies. For laser pulse energies lower than 45 nJ,
the simulated bunch charges are also in rather good agreements with
the measured ones. This means, the incorporation of emission models
with the LW approach can systematically predict the charge production
in the source limited regime. Some discrepancies, however, arise as
approaching to the space charge dominated regime. The measured curve
slightly rises as the cathode laser pulse energy is further increased. This
is neither observed in simulations nor described by the emission models.
It can be resulted from the effect of surface charge limit [40,41] and/or
the imperfect temporal and/or transverse distributions of the cathode-
illuminating laser pulse applied in the experiments [44].

In Fig. 10, the LW simulations (red, blue and green curves) show
improved agreements with the measurement data in comparisons to
the conventional UMAF simulations (orange curve). The impact of
nonlinear surface charge limit effects (as described in Section 4) on
the charge extraction mechanism is also demonstrated. Two approaches
are exemplarily applied for the modification of cathode work function
resulting from (Eq. (5)). The first approach (blue curve) uses a power
index of 0.5 which is the same as given in [40]. The second one
(red curve) suggests an alternative index of 0.3. The coefficient k is
determined by fitting to the measurement data (black curve). As shown,
using the same coefficient k, the latter approach renders an improved
agreement with the measurement data. This nonlinear effect may be
explained by the time and driving laser intensity dependencies of the
cathode work function. The increase of the total work function decreases
the effective QE of the cathode, lowering the portion of the total bunch
charge that can be extracted from the bunch head. This results in, during
first moments of the emission, a relatively lower local space charge
density in the close cathode vicinity. More charges can be extracted due
to a reduced longitudinal space charge field at the cathode surface. In
such a nonlinear manner, the overall emission can be slightly enhanced
for extracting the remaining bunch from the cathode.

Fig. 10. LW simulations with nonlinear surface charge limit effects on and
comparisons with the measurement data. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

6. Conclusion

In this paper a three-dimensional fully electromagnetic numerical
algorithm is proposed for the simulation of RF electron beam photoin-
jectors. Self-consistent particle emission models are incorporated within
a Lienard–Wiechert (LW) approach. This made possible a dynamic
electron beam generation according to the time and space dependent
electromagnetic fields at the cathode and the time dependent cathode-
driving laser intensity profile. The transient modulation of the cathode
QE during the emission process is demonstrated according to the effect
of surface barrier reduction of the emitting layer. As an application,
extensive electron bunch emission simulations are performed for the
PITZ injector considering various machine and beam parameters in
the source limited and in the space charge limited emission regime,
respectively. Fairly good agreement between measurement and sim-
ulation is achieved. Further studies are foreseen on the impacts of
imperfect transverse and/or temporal distributions of the cathode-
driving laser pulse on the charge extraction mechanism. Moreover, the
semiconductor photocathode response time needs to be experimentally
determined and the impacts of the cathode response time on dynamic
process of the photoemission have to be systematically investigated in
the near future. In addition, a simulation method is proposed in the
Appendix for estimating the space charge emission limitation in the gun.
Simulation results are presented in comparison to the measurement data
for the PITZ gun.
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Appendix. A simulation method for estimating space charge emis-
sion limitation

A so-called charge iteration method is introduced to estimate the
total emitted bunch charge 𝑄𝑏 when the gun is operated at or close
to space charge emission limitation. A simulation scheme is given in
which the cathode laser pulse produces just the maximum charge that
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Fig. 11. The total emitted bunch charge as a function of the gun phase w.r.t.
the phase of MMMG for a RMS laser spot size of 0.3 mm. The maximum RF field
gradient is 60 MV/m. A temporally 21.5 ps flat-top prole of the laser pulse is
applied. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

can be emitted from the cathode until the space charge limitation is
reached. Using different gun phases, we start the simulation with a large
initial bunch charge injected at the cathode 𝑄0 (e.g., 2 nC), and check if
any macroparticles are pushed back to the cathode when the emission
process is terminated. If this is the case, then we repeat the emission
simulation with a lower initial 𝑄0. This procedure is repeated iteratively

Fig. 12. Simultaneous variation of multiple gun operation parameters for the
measurements of the total bunch charge over the gun phase. The parameter
XYrms represents the RMS size of the cathode laser spot, while 𝑃𝑟𝑓 denotes the
RF power in the gun. The laser transmission coefficient (LT ) characterizes the
relative laser intensity at the cathode.

until the full bunch charge injected at the cathode 𝑄𝑏 can be emitted (𝑄𝑏
= Q0). In this regime, the gun is operated at or close to the space charge
limit. As for simulation tool, the PIC solver of CST-PS [14] is used. A
series of bunch emission simulations are performed and compared with
measurements for the PITZ gun [20,21,23].

Fig. 13. Comparisons of the emitted bunch charge between the measurements and the CST-PS simulations under variable experimental conditions of the gun. XYrms
represents the RMS laser spot width. 𝑃𝑟𝑓 represents the RF gun power. LT indicates the laser transmission coefficient. Cases 1 to 6 correspond to the measured curves
in Fig. 12, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Experimental parameters for the six measurements in Fig. 12.

Case RMS laser spot size (mm) Gun RF power (MW) Laser transmission coefficient (%)

1 0.302 6.5 57.0
2 0.312 6.0 52.6
3 0.327 5.4 48.2
4 0.341 5.0 43.8
5 0.361 4.6 39.5
6 0.381 4.0 35.1

Fig. 11 shows the total bunch charge collected at the first Integrating
Current Transformer (𝑧 = 0.9 m) from the measurement (black curve) by
scanning the gun operation phase for a cathode laser spot size of 0.3 mm
(RMS). The measured bunch charge is observed to be close to the space
charge limit at each gun phase. As shown, the simulation results (red
curve) agree well with the measurement data. Note in addition that, for
gun phases higher than 40◦, most particles get lost on the beam tube
rather than at the cathode [45,46].

Fig. 12 shows a set of measurements of the total emitted bunch
charge over the gun operation phase w.r.t. the phase of MMMG [20,21].
Simultaneous variations of cathode laser spot sizes, RF gun power
levels and laser transmission coefficients are applied in six cases. The
experimental parameters used in these measurements are shown in
Table 1. Note that, the laser transmission coefficients are set to keep the
laser pulse energy same for each case. As shown, the parameter settings
result in a quite similar charge extraction behavior. The emission process
is space charge limited for the gun phases between −60 and 0◦. For the
flat region between 0 and 50◦, the total bunch charge does not strongly
depend on the gun phase. This indicates the source limited emission. All
the measurements in Fig. 12 are compared with the CST-PS simulations
in Fig. 13. As shown, the black curves represent the measurement data,
while the red curves show the space charge limits calculated by the
simulations. In addition, the pink curves indicate the charge extraction
behavior when the gun is operated with the laser pulse energies below
the space charge limit for gun phases between 0 and 50◦.
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