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Abstract 
 
Discrepancies between experimental data and computer 

simulation results of picosecond highly charged beam  
photoemission are discussed. New space charge limited 
emission numerical model with positively charged ions 
arising in the cathode region and dynamically changing 
during the emission is presented. Estimates on the time 
characteristics of the charge migrating process in the sem-
iconductor region are given. The numerical results are 
compared with the results of other numerical models and 
with experimental observations at the Photo Injector Test 
facility at DESY in Zeuthen (PITZ). 

INTRODUCTION 

High brightness electron sources are key components 
necessary for the successful operation of modern free elec-
tron lasers, new sources of synchrotron radiation and lep-
ton colliders. For such facilities, it is required to have a ra-
ther high bunch charge (~nC), a very small transverse nor-
malized emittance (< 1 mm×mrad), rather short bunches 
(~ 1÷20 ps), and a small energy spread (<1 %). For exam-
ple, for the European X-ray Free Electron Laser (European 
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 operat-
ing with a Cs2Te photocathode at a high electric field on 
the cathode surface (~ 60 MV/m) and repetition rate up to 
27,000 pulses per second. Detailed studies of the photoe-
mission process are crucial for understanding the beam dy-
namics in space charge dominated photo injectors, without 
which it is difficult to achieve the high brightness. 

TEST FACILITY AND SIMULATION 

MODEL 

The Photo Injector Test facility at DESY in Zeuthen 
(PITZ) develops and optimizes high brightness photo in-
jectors for more than 20 years [1]. 

 

 Figure 1: PITZ RF gun scheme. 

 

The PITZ L-band 1.6-cell RF-gun (Fig. 1) consists of a 
1.3 GHz copper cavity operated in π-mode fed by a coaxial 
RF power coupler and supplied with a pair of focusing so-
lenoids. A molybdenum cathode plug with Cs2Te film is 
inserted in the cavity back wall using a load-lock vacuum 
system. 

For precise description of the space charge dominated 
dynamics in the RF-photogun beam measurements and 
computer simulations have been performed. Discrepancies 
between experimental data and simulation results have 
been observed for these measurements [2-3]. The results of 
experimental studies on the bunch charge production and 
transverse emittance optimization revealed that the limit-
ing current of the emitted beam obtained experimentally 
cannot be reproduced by ASTRA simulations [4] using the 
parameters of the experimental setup. The ASTRA code, 
used for these simulations, is one of the few in the world 
optimized to solve beam dynamics problems associated 
with photoemission and photoguns. In order to bring beam 
dynamics simulations closer to the experimental results the 
photoemission model for a space charge dominated regime 
has to be improved. A typical schematic of a semiconduc-
tor photocathode is illustrated by Fig. 2. 

 

Figure 2: Photocathode model. 

It consists of three regions: 1- molybdenum substrate, 2 
- Cs2Te film (< 0.1µm), 3- vacuum. Since the photocathode 
is located in a strong electric field, the penetration of the 
field into the semiconductor film should be taken into ac-
count. With a field strength of E ~ 107 V/m on the cathode 
surface, it is necessary to create the following surface 
charge density � to compensate this field inside the film: ܧ = �ଶ��0 = ��ଶ��0 , 
where N is the surface charge density, � and �଴ is the die-
lectric permittivity of the photocathode film and vacuum 
respectively, q is a particle charge. Hence, assuming ε ~10, 
we obtain the surface charge density at the cathode N ~ 
1011 cm-2. If the average concentration of carriers in a sem-
iconductor is �~ͳͲଵହcm-3 then the required number of 
charges is obtained at a thickness of ݀ = �௡ ~ͳμm. That is, 
the field penetrates to a depth that is significantly greater 
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than the thickness of the semiconductor film, i.e. the elec-
tric field easily reaches the substrate. 

In the standard steady-state photo emission model, elec-
trons generated by a laser pulse leave the cathode, and the 
magnitude of the emission current is limited either by the 
space charge field of the emitted electrons including the 
image charge (when the total electric field on the semicon-
ductor surface is equal to zero), or by the emissivity of the 
photocathode (the laser power and the cathode quantum ef-
ficiency).  

Ongoing to picosecond laser pulse durations, which are 
necessary to obtain short electron bunches, the picture 
changes. In this case the regions of the substrate and the 
semiconductor should be considered separately. The elec-
trons produced by the laser pulse are in a strong electric 
field E, which, as shown above, easily penetrates the film 
and quickly leaves it. It is easy to show that within the time 
t ~ 1 ps the electron velocities � reach � = �����௠ ≈ ͳͲ଺ m/s     

and the electrons move by the distance of the order of one 
micron, which is significantly greater than the thickness of 
the semiconductor. Since the number of free electrons in 
region 2 is limited, the rate of their influx will be deter-
mined by the difference in carrier concentrations, deter-
mined according to Fick's first law by the expression �⃗ =��⃗ = ܦ݁− ���݀ �,where � - is the charge density, D is the 
diffusion coefficient of the particle, n is the electron con-
centration. The diffusion coefficient D is related to the mo-
bility of charge carriers by the Einstein’s relation. For elec-
trons it reads as ܦ = ��� �, 
where k is the Boltzmann constant and T is the temperature. 
Since the diffusion velocity is less than the drift one, the 
positive charge will dominate in the region 2 (Fig. 2). 

Thus, the region 2 turns out to be positively charged, and 
the amount of charge will dynamically change and be de-
termined by the rate of outflow and inflow of electrons into 
the semiconductor region. The presence of such a charge 
inside the film can significantly increase a space charge 
limited emission current in the case of high charge density 
picosecond bunches. 

SIMULATION RESULTS 

The developed model is based on the 2.5 dimensional 
finite difference-time domain (FDTD) particle-in-cell 
(PIC) code SUMA [5]. This code has been tested and 
widely used to model various physical processes [6-9]. Part 
of the code responsible for the charged particles emission 
was modified according to our understanding of the physi-
cal process [10-11]. In the proposed model in the region 2 
(semiconductor film), the number of electrons arising in 
the process of photoemission is equal to the number of pos-
itive charges. As the electrons (Q-) move to the region 3, 
positive charges (Q+) will dominate in the region 2, but 
their amount will be less than the number of electrons es-

caping from the region /

( )
t

Q Q et
  . Partial compensa-

tion of the positive charge in the region 2 (defined by the 
positive charge relaxation time �) is associated with the in-
flux of electrons from neighbouring regions and is caused 
by the resulting difference in carrier concentrations.  

The time dependence of the cathode emissivity corre-
sponded to the temporal profile of the laser pulse, which 
has 21.5 ps FWHM and ~2 ps rise/fall times. 

 A transverse charge density distribution during emis-
sion is uniform up to a given radius, and then falls off ac-
cording to the Gauss's law. 

The time dependence of the electron charge emitted by 
the cathode is shown in Fig. 3. 

 

Figure 3: Emitted charge. 

The time dependence of the positive charge remained in 
the region 2 is presented in Fig. 4. 

 

Figure 4: Positive charge, remained in semiconductor. 

The presence of a positive charge in the region 2 signif-
icantly changes the emission process at a high charge den-
sity of the bunch at the photocathode. Figure 5 shows the  
shape variation of the electron bunch current emitted from 
the photocathode with increasing of the initial charge (or 
laser pulse energy) on it without taking into account (top 
row of plots) and taking into account (bottom row of plots) 
the presence of the positive charge in the region 2. 

 

Figure 5: Current pulse from the photocathode with in-

creasing charge (0.4 nC, 0.7 nC, 1.0 nC) without (top row 

of plots) and with taking into account positive charge on 

semiconductor (bottom row of plots). 

It can be seen that in the old model, which does not con-
sider the presence of a dynamically changing positive 
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charge in the region 2, with a laser pulse energy increase 
the beam current amplitude stops growing and the shape is 
distorted, which can be explained by the formation of a vir-
tual cathode. If the appearance of a positive charge in the 
region 2 (new model) is taken into account, the picture 
changes. With an increase of the laser pulse energy the 
amount of positive charge �+ increases as well, and as a 
results, the photocurrent amplitude continues to grow, and 
the bunch current profile distortion is significantly smaller. 
This behavior can be explained by the partial compensation 
of the space charge forces of the emitted electrons by the 
increased amount of positive charge in the region 2. 

 

Figure 6: Emission curves measured at PITZ (red curve) 

compared to the simulation results from ASTRA (green, 

blue and magenta curves) and from SUMA (crosses). 

 Figure 6 shows dependence of the bunch charge on the 
laser pulse energy, measured and calculated by the ASTRA 
code for different transverse laser pulse distributions [3]. 
The blue and green curves correspond to the beam �௫௬ =√�௫�� size of 0.3 mm and 0.4 mm, the magenta curve de-
picts the results of the applied transverse core+halo laser 
distribution model [12], and the red curve shows the exper-
imental curve. As it could be seen, due to the strong space 
charge effect, the ASTRA results cannot reproduce the ex-
perimentally obtained current values from the cathode. In-
creasing of the rms spot size used in ASTRA simulations 
from the experimental 0.3 mm by ~30% (to 0.4 mm) leads 
to the higher saturation level of the emission, but the sim-
ulated curve does not follow the measured one. Results of 
SUMA simulations are shown in Fig. 6 with crosses.  
Cross-check with the old emission model are in a good 
agreement with corresponding ASTRA simulations. The 
newly implemented photoemission model employing the 
positive charge within the Cs2Te photocathode film yields 
significantly better agreement with the experimental data. 

Parameter 12

4 10   is fitted for one point of the exper-
imental emission curve and fixed as a material constant in 
all further calculations. This gives us confidence in the va-
lidity of the model applied. 

Figure 7 shows experimental studies on the RF field in-
fluence on the emitted bunch charge [13] supplied with 
corresponding SUMA results on it. 

 

Figure 7: RF lunch phase influence. Ecathode,max=62 MV/m 

(red curve) and Ecathode,max=47.6 MV/m (blue curve). 

Crosses mark the SUMA calculation results. 

Figure 8 shows the beam transverse emittance evolution 
along the gun. Its strong changes are visible in the initial 
stage, when the electron velocities are not yet high and the 
space charge forces influence is most significant.  

 

Figure 8: Transverse emittance along the gun. 

CONCLUSION 

A new model of the photoemission from a semiconduc-
tor photocathode in a space charge dominated regime was 
proposed and implemented in the SUMA code. It implies a 
finite rate of the positive charge flow inside the photocath-
ode film which (partially) compensates the space charge 
field of the emitted electrons. The new model was applied 
to the experimental data from the PITZ RF photogun oper-
ated in a space charge dominated regime corresponding to 
the high brightness performance of the photoinjector. The 
results show better agreement of the newly proposed model 
with experimental data than the old model. Further inves-
tigations are ongoing. 
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