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Abstract 

We investigate a transverse RF kick induced by the 
transition between rectangular waveguide and coaxial line 
of the RF coupler in the 1.6-cell L-band normal conduct-
ing (NC) RF gun at the Photo Injector Test Facility at 
DESY, Zeuthen site (PITZ). A three-dimensional electro-
magnetic simulation shows the disturbed RF field distri-
butions in the fundamental accelerating mode. Based on 
the 3D RF field map, an electron beam based characteri-
zation and quantification of the coaxial coupler RF kick in 
the PITZ gun is simulated. The current status of the inves-
tigation is presented. 

INTRODUCTION 
As a high brightness photoelectron source required for 

the operation of TESLA technology based FELs, the 1.6-
cell 1.3-GHz NC RF gun at PITZ has been used at 
FLASH [1] and the European X-ray Free Electron Laser 
(XFEL) [2]. The RF power in the PITZ gun is supplied by 
a 10 MW multi-beam klystron. The power is coupled 
from the input waveguide (WG) via the door-knob transi-
tion into the rotationally symmetric coupler and the gun 
cavity. This is illustrated in Fig. 1. For a thorough de-
scription of the PITZ gun and its supporting RF system, 
the interested reader is referred to [3-6]. 

 
Figure 1: Sketch of the PITZ gun with coaxial RF cou-
pler: 1-gun cavity, 2-door-knob transition, 3-cavity axis, 
4-RF feeding direction, 5-main solenoid, 6-bucking sole-
noid, 7-cathode, 8-end of coaxial line and 9-reference 
position of WG port for simulations. Note that this sketch 
is rotated by 90 degrees compared to the computational 
model used in the follow-up simulations. 

The rotationally symmetric coupler at PITZ is designed 
as a coaxial input coupler that couples to the gun cavity 
on the cavity axis [7-8]. The axial symmetry of the cavity 
thus stays undisturbed. Compared to the conventional 
input coupler aside the cavity [9], the asymmetric elec-
tromagnetic modes are strongly suppressed. This inhibits 
the emittance growth due to the RF field distortions 
caused by these asymmetric modes. The evanescent di-
pole modes, however, are not avoidable to be generated at 
the door-knob transition (see 2 in Fig. 1). The dipole 
modes may not be fully decayed till the end of the coaxial 
line and thus can disturb the cylindrical symmetry of the 
fundamental mode. The induced RF field asymmetries 
may create a transverse kick onto the electron bunch [10-
11]. This occurs, more specifically, when the bunch is 
leaving the cavity through the inner conductor of the 
coaxial line (see 8 in Fig. 1). To first clarify the RF field 
asymmetries, three-dimensional electromagnetic field 
simulations are performed using CST Microwave Stu-
dio® (CST-MWS®) [12]. 

RF FIELD ASYMMETRY 
The RF field in the gun is simulated using the frequen-

cy domain solver in CST-MWS®. To enable excitation, a 
standard WG port condition is applied at the boundary of 
the input WG. Based on a so-called mono-frequency 
excitation method, two principal matching conditions 
(i.e., broadband matching from WG to coaxial line and 
narrowband matching from coaxial line to cavity) are 
satisfied by slightly tuning the length of the inner conduc-
tor. This results in a reflection coefficient lower than -30 
dB at the WG port position. The RF field is then calculat-
ed under such optimized conditions of the gun at its reso-
nance frequency. Surface losses are taken into account. 
Based on the field simulation, a 3D RF field map is also 
extracted for later particle tracking simulations in AS-
TRA [13]. 

In Fig. 2, the RF field asymmetries are exemplarily vis-
ualized in the close vicinity of the coaxial coupler. One 
can recognize these asymmetries from the electric and 
magnetic field strength variation around the inner conduc-
tor, as well as from the on-axis zero-crossing positions of 
the fields. ___________________________ 
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(a) Cut-plane view of E-vector 

 
(b) Cut-plane view of H-vector 

Figure 2: Illustration of the local RF field asymmetries. 
The colour maps are adjusted for a better visualization. 

Figure 3 shows the distribution of the transverse mag-
netic field component (Hx) along the cavity axis. Note 
that the magnetic field starts to rise at about the end of the 
gun cavity. It reaches the peak value somewhere in the 
transition between the end of the coaxial line and the 
cavity. The field distribution is decaying into the inner 
conductor of the coaxial line. Furthermore, the field is 
compared to the same field component calculated by a 
simulation without the door-knob transition and the rec-
tangular waveguide in the computational model. One can 
see that the resulting Hx component in this case is almost 
zero. For this comparison, the maximum accelerating 
electric field in both cases are normalized to 60 MV/m.  

In our simulation frame, such an existing horizontal 
magnetic component (red curve) can kick the electron 
bunch vertically. In order to know the correlation of the 
vertical kick with time, particle tracking simulations are 
performed at different RF phases of the gun using an 
extracted 3D RF field map. 

Figure 3: Distribution of the magnetic field component 
along the cavity axis and the comparison with the same 
field calculated by a simulation without the door-knob 
transition and the rectangular waveguide in the computa-
tional model. Different curves in colours represent gradu-
al steps for mesh refinements in the simulations. 

BEAM-BASED CHARACTERIZATION OF 
THE RF KICK  

The kick characterization is conducted by scanning the 
RF start-phase of the gun in particle tracking simulations. 

The beam centroid is initially placed at the center of the 
cathode plane. It is tracked through the gun cavity till 
close vicinity of the door-knob transition. The whole 
calculation domain is covered by the RF field map.  

In Fig. 4, the particle offset from the axis on the trans-
verse plane and corresponding transverse momentum are 
calculated at different longitudinal positions along the 
cavity axis. A vertical kick is identified starting from the 
transition of the full cell of the gun to the coaxial line (see 
(d) in Fig. 4). The kick strength is, furthermore, depend-
ing on the start-phase of the gun. At the Maximum Mean 
Momentum Gain (MMMG) phase (i.e., 40 degrees), this 
leads to a transverse kick of about 0.65 mrad. A vertical 
offset of 55 µm is found at 0.3 meters downstream from 
the photocathode. However, there is almost no considera-
ble kick in the horizontal direction for a large range of the 
RF phase w.r.t. the MMMG phase of the gun. 

 

Figure 4: Off-center distance on the transverse plane and 
corresponding transverse momentum of the beam centroid 
for the RF start-phases. 

In Fig. 5, the kick strength and the particle offset from 
the axis at z = 0.3 m are plotted as a function of the gun 
phase. The red star denotes the MMMG phase of the gun. 
Note that, a nominal electron bunch of 20 ps FWHM (full 
width half maximum) at PITZ corresponds to about 10 
degrees gun phase at the resonant frequency of 1.3 GHz. 
Consequently, the head and tail of the electron bunch may 
see a kick slope (see (b) in Fig. 5) due to the time depend-
ency of the RF kick. This results in a kick difference of 
about 0.05 mrad around the MMMG phase at a RF power 
level of 6.5 MW in the gun. However, the presence of the 
imperfect solenoid fields may further complicate the 
beam dynamics in a nonlinear manner. 

Figure 5: Vertical displacement at z = 0.3 m and kick 
strength as a function of the gun phase.  
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MULTIPOLE-EXPANSION BASED 
QUANTIFICATION OF THE KICK 

To clarify the multipole composition and quantify their 
strengths in the integral kick, the transverse momentum of 
the beam particle is presumably decomposed in a dipole 
component, a normal and a skew quadrupole component 
according to 

                    ௑ܲ ൌ ଴ܲ௫ ൅ ሺܭோி ൅ ேሻܺܭ ൅  ௌܻ              (1)ܭ

and 

                    ௒ܲ ൌ ଴ܲ௬ ൅ ሺܭோி െ ேሻܻܭ ൅  ௌܺ.             (2)ܭ

Here,	ܺ and ܻ are the particle offsets from the axis at the 
location of the integral kick, respectively. The terms ௑ܲ 
and ௒ܲ represent the particle transverse momenta in the 
horizontal and vertical direction, respectively. The param-
eters	 ଴ܲ௫ and ଴ܲ௬ characterize the dipole kick while ܭோி 
describes the RF focusing strength of the cylindrical 
symmetric mode. The values ܭே and ܭ௦ denote the nor-
mal and skew quadrupole kick strength, respectively.  

The kick strengths of the multipole components in (1-2) 
are quantified based on the tracking simulations for a grid 
of macroparticles initially placed on the cathode plane 
(see Fig. 6). These particles are tracked through the gun 
cavity passing by the end of the coaxial coupler till the 
door-knob transition. The whole calculation domain is 
covered by a 3D RF field map. The simulation results are 
shown in Fig. 7. The integral transverse RF kick at z = 0.3 
m is plotted as a function of the vertical and horizontal 
displacements at z = 0.18 m for all the simulation parti-
cles. A vertical kick is seen in Fig. 7 (b). The transverse 
momentum in Fig. 7 (a) and (d) is nearly linear propor-
tional to the displacement at the kick location.  

Figure 6: Beam centroid positions on the cathode plane 
used in the simulations for kick quantification. 

Figure 7: Particle tracking simulation results for multipole-
expansion based quantification of the integral kick. 

Based on the simulation results in Fig. 7, the multipole-
expansion forms (1-2) are numerically fitted. This renders 
a pronounced vertical dipole kick ሺ ଴ܲ௬ሻ of 4.576 keV/c. 
The horizontal dipole kick strength ( ଴ܲ௫ሻ is almost zero. 
For the normal quadrupole component, the kick strength 
-ே is estimated as 1.0e-5 keV/c/µm. The skew quadruܭ
pole component is calibrated by ܭௌ as 5.0e-6 keV/c/µm. 

Furthermore, to cross-check the kick quantification, an 
electron bunch of 20 ps is used for tracking simulations, 
instead of beam centroids. Fig. 8 shows the vertical kick 
strength as a function of the longitudinal position for the 
electron bunch distribution at z ≈ 0.33 m (blue dots). To 
visualize the kick variation in time, the whole bunch is 
treated slice by slice (dashed black lines). Within each 
slice, the mean kick strength is calculated. The inset pro-
vides a closer look at the trend of the kick slope along the 
bunch. One can see that the mean kick strength is 0.65 
mrad, and also that the bunch tail sees higher kick 
strength than the head by about 0.05 mrad. This is con-
sistent with the results shown in Figs. 4 and 5.  

Figure 8: Bunch distribution at z ≈ 0.33 m in terms of the 
vertical kick strength versus z-positions. 

SUMMARY AND OUTLOOK 
In this paper, RF fields with rotational symmetry dis-

turbed by the transition from the input rectangular wave-
guide to the coaxial coupler of the PITZ gun are shown. 
The resulting RF kick to the electron bunch is vertical and 
time-dependent. The latter characteristic can introduce a 
kick slope along the bunch. The integral kick is, further-
more, quantified in the form of its multipole components 
using the results of particle tracking simulations. This 
gives a main vertical dipole kick of about 0.65 mrad at the 
MMMG phase of the gun for a gun RF power of 6.5 MW. 
A small normal and skew quadrupole component is found 
to be 1.0e-5 and 5.0e-6 keV/c/µm, respectively. Further 
studies are foreseen to investigate the impacts of the kick 
on beam dynamics when space charge effect is included. 
Note that, to explain the asymmetries in measured trans-
verse phase spaces of the electron bunch at PITZ, other 
effects, such as the imperfect solenoid symmetry are also 
under investigation [14-16]. 
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