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Abstract

The Photoinjector Test Facility at DESY, Zeuthen site
(PITZ), was established to develop and optimize electron
bunch sources for superconducting linac-based free elec-
tron lasers like FLASH or the future European XFEL.
The successful operation of such FELs requires electron
bunches of very low normalized transverse emittance of the
order of 1 mm mrad at a charge of 1 nC. One key issue for
obtaining low-emittance electron bunches is the possibil-
ity to influence the electron bunch properties by varying
the photocathode laser pulse characteristics. This contribu-
tion focuses on the discussion of deviations from the opti-
mum transverse shape of a circular flat-top. Different types
of modulations are added to the flat-top and the resulting
change in transverse emittance will be discussed based on
beam dynamics simulations.

INTRODUCTION

Temporal and transverse photocathode laser pulse shap-
ing is a key issue of generating ultra-low emittance elec-
tron bunches in an rf photoelectron source using cathodes
with a response time much shorter than the laser pulse du-
ration. Besides the ellipsoidal electron bunch shape [1]
which requires very special laser systems [2] or accelera-
tion schemes [3], it is believed that a very good laser pulse
shape for generating low emittance bunches is a temporal
flat-top with short rise- and fall-times together with a circu-
lar flat-top transverse profile (beer can-shape). The tempo-
ral laser pulse shape is usually produced by employing an
appropriate laser pulse shaper, e.g. a birefringent filter net-
work [4], while the transverse flat-top can be generated by
cutting-off the tail parts of a magnified transverse Gaussian
shape using a circular aperture and a subsequent imaging
of the remaining, almost flat-top center part onto the pho-
tocathode.
While the optimum transverse laser spot size is a compro-
mise between cathode emittance and space charge forces,
the influence of deviations from the perfect circular flat-
top shape of the emitted electrons on the bunch emittance
is presented in this paper. These deviations in the trans-
verse electron density distribution can be due to two rea-
sons: firstly, the transverse shape of the laser pulse used
for extraction of the electrons is not a circular flat-top and
secondly, the photocathodes quantum efficiency is not ho-
mogeneous across the surface. Similar investigations were
done at ENEA (Frascati) for a different setup using another
simulation code [5, 6]. During the simulations presented in
this paper, the temporal shape of the laser pulse was chosen
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to be a flat-top with 20 ps duration (FWHM) and 2 ps rise-
and fall-times and the bunch charge was 1 nC throughout
these investigations. It will be shown that a single max-
imum in the center results in the lowest transverse emit-
tance.
The first section describes the machine setup that was as-
sumed for the simulations. The second section introduces
the mathematical models of the deviations added to the
transverse flat-top while in the last part the results are dis-
cussed.

SIMULATION PARAMETERS

The setup consist of a 1.6-cell gun cavity operated at
1.3 GHz and a maximum electric field at the cathode of
60 MV/m. The electron bunch is emitted by a cathode
assumed to have zero response time. The initial kinetic
energy of the electrons is set to 0.55 eV. A solenoid mag-
net located 27.6 cm downstream of the cathode focuses the
electron bunch and allows for emittance compensation. Its
field at the cathode is compensated by a bucking solenoid.
With the described setup, simulation were done using the
particle-in-cell (PIC) code ASTRA [7]. Here, the electron
bunch density distribution at emission is defined by an ini-
tial particle distribution. This distribution was modified on
purpose to model the transverse inhomogeinities.
Before the simulations were done for the various trans-
verse imperfections, the machine parameters were found
which produce the smallest emittance for a flat-top trans-
verse distribution. The lowest transverse emittance of
0.86 mm mrad was found at 3.24 m downstream of the pho-
tocathode and the corresponding values of the machine pa-
rameters are summarized in Table 1. For this case, the evo-
lution of the transverse emittance as well as the transverse
beam size are depicted in Figure 1. Note, that the actual
values differ from those obtained in simulations which in-
clude a further accelerating cavity.

parameter value

gun phase w.r.t. phase of
max. mean mom. gain 0 degrees
solenoid peak field 234 mT
laser spot diameter 1.9 mm

In the simulations, one million macroparticles were used
to model the electron bunch. This number was a compro-
mise between computation speed and optimal modeling of
the modulations introduced on the transverse laser profile

INVESTIGATIONS ON THE IMPACT OF MODULATIONS OF THE
TRANSVERSE LASER PROFILE ON THE TRANSVERSE EMITTANCE

AT PITZ

Table 1: Machine Parameters for Lowest Emittance
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Figure 1: Evolution of transverse emittance (black line) and
beam size (red line) for the optimum case.

which require a large number of grid cells and therefore a
large number of macroparticles.
Since some of the modulations introduced on the trans-
verse distribution are not cylindrically symmetric, a three-
dimensional grid routine must be used instead of the de-
fault two-dimensional one. However, the used computer
code does not support modeling the emission from the cath-
ode using the 3D-algorithm. For this reason, a compromise
was found by tracking the electron bunches using the 2D-
algorithm until the cathode effects like mirror charge can
be neglected. This occurs approx. 7.5 cm downstream of
the cathode. Subsequently, the simulation was continued
using the 3D-routine.
Using this procedure, the different cathode distribution
modulation types and depths were tracked up to the ref-
erence position at 3.24 m at which the transverse emittance
was evaluated and compared to the one obtained for the
beer can-shape.
Since the pure 2D-tracking for the cylindrically symmetric
distributions and the mixed tracking for the others result
in slightly different emittance values, the results are given
as emittance change relative to the value obtained for the
perfect flat-top in each case.

MODULATION TYPES

In the simulations, the modulations were added to the
actual transverse profile by adjusting the charge of the
macroparticles in the initial particle distribution according
to the applied model. The modulation types which were
added to the circular flat-top transverse distribution can
be divided into radially symmetric (equation 1) and non-
radially symmetric distributions (equations 2 and 3). The
charge-scaling formulae are summarized in the following
equations.

q∗ = q · [1 + d · cos (k · r)] (1)

q∗ = q · [1 + d · cos (kx)] [1 + d · cos (ky)] (2)

q∗ = q · [1 + d · sin (kx)] [1 + d · sin (ky)] (3)

Figure 2: Transverse distributions used in the simulations:
equation 1 (left), equation 2 (center) and equation 3 (right).
In each graph, the distributions for fs=1.0 and d=0.3 are
displayed.

In these equations, q is the initial charge of the macroparti-
cle, d describes the modulation depth, r =

√
x2 + y2 is the

distance from the center and k is wavenumber defined by
k = fs · 2π/D with fs being the number of full transverse
modulations and D = 1.9mm the diameter of the trans-
verse distribution. In Figure 2 the corresponding shapes
are displayed.
For the case of equations 1 (left in Figure 2) and 2 (middle
in Figure 2), negative modulation depths result in different
distributions and are therefore treated independently. Af-
ter applying formulae 1-3 the overall bunch charge was re-
scaled to 1 nC.
The simulations were performed for fs = 0.5, 1.0, 2.0 and
3.0 full oscillations as well as for modulation depths of d =
0.05, 0.1, 0.2, 0.3 and 0.5.

SIMULATION RESULTS AND
DISCUSSION

In Figures 3 - 7 the results of the simulations are shown.
In each graph, the different numbers of oscillations are dis-
played with different colors: fs = 0.5 (black), fs = 1.0
(green), fs = 2.0 (blue) and fs = 3.0 (red).
The main results are:

• The larger the number of oscillations, the lower is
their impact on the transverse emittance.

• The larger the modulation depth, the stronger is the
detrimental effect on the transverse emittance. This
is true for all cases except those modulation models
which introduce a single maximum in the center of
the transverse distribution. Here, a minimum of the
transverse emittance can be observed for modulation
depths between 0.2 and 0.3.

• For a large number of oscillations, the emittance in-
crease becomes similar for analog shapes (model 1 for
d < 0 and d > 0; model 2 and 3)

• The largest increase of transverse emittance can be
found for model 3 which imposes a modulation where
the geometric center and the center of mass do not co-
incide.

The circular flat-top was chosen because it generates lin-
ear radial space-charge forces Fr(r) ∝ r (for the case of
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an infinitely long cylinder) which can be compensated us-
ing a linear lens like a solenoid. Here, it was shown that a
single maximum in the center of the transverse distribution
can deliver a transverse emittance which is approx. 15 %
smaller than for the beer-can shape. There are two reasons.
Firstly, this distribution has the same diameter as the origi-
nal circular flat-top but a smaller rms beam size σx, which
results in a reduced cathode emittance. This contribution
can be estimated using the formula

εcath = σx ·
√

2Ekin
3m0c2

(4)

which was derived in [8]. Here, Ekin = 0.55 eV is the ini-
tial kinetic energy of the electrons, m0 is the electrons rest
mass and c is the speed of light. Using the rms beam size
of the transverse distribution producing the smallest emit-
tance, the cathode emittance amounts to 0.388 mm mrad
compared to 0.402 mm mrad for the flat-top case. Sec-
ondly, the fact that the radial space charge forces have a
nonlinear component is over-compensated by the fact that
more charge is located near the center which causes a re-
duction of the total emittance.

Figure 3: Simulation results for model (1) and d > 0.

Figure 4: Simulation results for model (1) and d < 0.

Figure 5: Simulation results for model (2) and d > 0.

Figure 6: Simulation results for model (2) and d < 0.

Figure 7: Simulation results for model (3).

SUMMARY AND OUTLOOK

In this paper, it was shown how deviations from the
circular flat-top transverse distribution influence the trans-
verse emittance. It was found that a single maximum in the
center of the transverse distribution can result in an emit-
tance reduction of approx. 15 %. These results must be
confirmed by dedicated experimental investigations. Fur-
thermore, the studies should be extended to cover small
bunch charges to achieve a full knowledge about tolerable
imperfections depending on the space charge density.

WEPB07 Proceedings of FEL2010, Malmö, Sweden

408 FEL technology I: Injector and Linac



REFERENCES

[1] I.M. Kapchinsky and V.V. Vladimirsky, Proceedings of the
International Conference on High Energy Accelerators and
Instruments, CERN, Geneva, 1959, p. 274

[2] C. Limborg-Deprey, ”Laser Shaping in Photoinjectors for
High Brightness Beams”, talk at ICFA, Erice, Italy, 2005

[3] S.B. van der Geer, M.J. de Loos, O.J. Luiten, ”Pancakes
versus Beer-cans in Terms of 6D Phase-space Density”,
EPAC’08, Genoa, Italy, MOPC036, p. 151

[4] I. Will and G. Klemz, ”Generation of flat-top picosecond
pulses by coherent pulse stacking in a multicrystal birefrin-
gent filter”, Optics Express 16 No. 19, 2008, p. 14922

[5] M. Quattromini, L. Giannessi, C. Ronsivalle, ”Spectral Anal-
ysis of Charge Emission Spatial Inhomogeinities and Emit-
tance Dilution in RF Guns”, FEL’04, Trieste, Italy, TU-
POS12, p. 411

[6] M. Quattromini, L. Giannessi, C. Ronsivalle, ”Emittance
Dilution due to 3D Pertubations in RF Photoinjectors”,
EPAC’04, Lucerne, Switzerland, THPLT054, p. 2607

[7] http://www.desy.de/˜mpyflo
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