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Abstract
It is important to verify both by simulation and experi-

ments the wakefields in superconducting radio frequency
(SRF) cavities, which can degrade the electron beam quality
considerably or impose excessive heat load if left undamped.
In this paper, we investigate the Higher Order Mode (HOM)
spectra of the 3.9 GHz SRF cavities, which are assembled in
a cryogenic module and are used to linearize the longitudinal
phase space of the electron beam in the injector of the Eu-
ropean XFEL. The HOM spectra are significantly different
from the ones from a single cavity due to the coupling of the
modes amongst cavities. The measurements not only pro-
vide direct input for the beam dynamics studies but also for
the beam instrumentation utilizing these modes. The mode
spectra are also investigated with a number of numerical
simulations and the comparison with measurements shows
favorable agreement.

INTRODUCTION
The E-XFEL (European X-ray Free Electron Laser) is

a free electron laser facility based on the superconducting
accelerating technology, which enables the generation of
27000 X-rays pulses per second for various experiments [1].
The facility is approximately 3.4 km long and contains 97
accelerating superconducting cryomodules. Each module
hosts eight superconducting TESLA (TeV Energy Super-
conducting Linear Accelerator) [2] cavities that operate at
approximate 20 MV/m to accelerate the electron beam up to
17.5 GeV for the X-ray production. In order to reach a kA
beam current for the later X-ray production in the undulator
line, three magnetic bunch compressors are used [1].

At the injector part of the E-XFEL, there is a cryomodule
hosting eight 3.9 GHz cavities which are used to linearize the
longitudinal beam phase space for better bunch compression
[3]. The module is shown in Fig. 1 and technical details can
be found in [3, 4].

When an electron beam traverses a superconducting ac-
celerating cavity, it excites electromagnetic fields, which
can be decomposed into a series of modes, resonant elec-
tromagnetic fields that oscillate with distinctive frequencies
and field distributions. Among them, HOMs (Higher Order
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Figure 1: The third harmonic module with eight cavities
inside at the injector of the E-XFEL.

Modes) are the modes with frequencies higher than the ac-
celerating mode. These modes are in general detrimental to
the electron beam quality and can greatly influence the beam
dynamics and cause excessive heat load for the cryogenics
if left unchecked [1, 5]. Therefore, they have to be damped
via specially designed RF couplers [2, 6].

On the other hand, these modes can be used for the beam
instrumentation such as beam position monitoring [7, 8],
beam phase monitoring [9], cavity tilt inference [10] devel-
oped for the TESLA 1.3 GHz cavities. The beam position
monitors have also been developed for the four 3.9 GHz
cavities for FLASH (Free Electron Laser in Hamburg) [11].

These 3.9 GHz cavities are a down scaled version of the
1.3 GHz cavities. The wakefield effect is more severe and
complicated than for the 1.3 GHz cavities [11]. Therefore
extensive measurements were made to ensure that all modes
in the first few dipole bands are damped sufficiently. On the
other hand, this guarantees that the signal level is sufficient
to drive a beam monitor.

Numerical simulation is required in order to understand
the electromagnetic mode behavior, which also provides
reference for the experimental measurements. The direct
simulation of eight cavities would require significant sim-
ulation memory and computation power. Therefore two
techniques that try to reduce the computation efforts are
developed. The method based on the so-called State Space
Concatenation (SSC) is reported in [12]. The results based
on the Generalized Scattering Matrix (GSM) are reported
here. These methods significantly reduce the computation
memory and time and make the simulation feasible on a
desktop class computer.
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We first present the simulation of 3.9 GHz cavities based
on GSM method. It is then followed with the experimental
measurements. A conclusion and outlook section ends the
paper.

SIMULATION OF THE 3.9 GHz CAVITY
CHAIN

For the 3.9 GHz cavities, the HOM frequencies are mostly
above the cut-off frequency of the connecting beam pipe and
therefore most of them are able to travel to the nearby cavi-
ties. This necessitates the simulation of all eight cavities as
a chain. However, a direct simulation would require a signif-
icant amount of computational power and memory. Two sets
of numerical codes have been developed and employed in the
time domain (SSC [12]) and frequency domain (GSM [13])
in order to study the eight coupled cavities. Both codes
have achieved reasonable agreements with experiments. The
GSM method is employed here. The fundamental idea be-
hind this code is to decompose a large structure into several
basic blocks. The transmission properties can be simulated
individually and accurately for each block. By combining all
the unit studies, we can retrieve the electrical properties of
the large structure. A 3.9 GHz cavity is decomposed into one
end-cup with fundamental coupler (FP) and HOM coupler 1
(HOM1), eight mid-cups, and one end-cup with HOM cou-
pler 2 (HOM2). These basic components are shown in Fig. 2.
The details of the simulation can be found in reference [13].

Figure 2: Computational blocks for GSM [13].

A transmission spectrum was obtained by cascading the
results for each component defined in Fig. 2. The spectrum
is compared with a simulation for a cavity without decom-
position as in Fig. 3. Both spectra resemble each other very
well.

The chain of eight coupled cavities (see Fig. 4) is then
simulated in a similar way [13]. Based on the transmission
spectrum, the external quality factor for all the modes are cal-
culated and found to be below 104, which indicates sufficient
damping.

Figure 3: Comparison of transmission spectrum (S21) of a
single cavity based on GSM (S21, cascaded) and direct sim-
ulation (S21, FullStructure) [13]. The frequency is defined
as ω/2π.

EXPERIMENTAL MEASUREMENTS OF
THE 3.9 GHz CAVITIES

The cavity chain is schematically shown in Fig. 4.
The cavities installed in the module are named: 3HZ010,
3HZ005, 3HZ012, 3HZ013, 3HZ008, 3HZ007, 3HZ004 and
3HZ011. For simplicity only their number is shown in the
figure. These cavities underwent several tests after fabri-
cation: measurements of the fundamental 3.9 GHz mode,
tuning of the HOM couplers, vertical test [14]. The HOM1
coupler and the power coupler are always upstream with
respect to the HOM2 coupler.

Figure 4: Chain of eight coupled 3.9 GHz cavities.

We have measured the HOM spectra for both single and
coupled cavities from HOM1 to HOM2 with a vector net-
work analyzer of type HP8720c at a fine step. The cavi-
ties were measured both in the normal and superconducting
states. The spectra for 3HZ010 are shown in Fig. 5. When
the cavity is cooled from room temperature to 2 K, there is
an approximate 10 MHz shift to higher frequencies. The
spectra at 2 K were analyzed to extract the mode frequencies
(based on Eq. (1)) and the associated quality factors. The
resonant peaks in the spectra can be described by Lorentz
distributions:

y =
∑
i

a0i

1 +
(
f− f0i
∆ fi

)2 , (1)

where i is the mode index, a0i the peak amplitude, f0i the
central frequency and ∆ fi the half width at half maximum
of the peak. The quality factor can be calculated with Qi =
f0i

2∆ fi . The results are summarized in Fig. 6. Most of the
modes have quality factors below 104, indicating a sufficient
damping. The analysis has been done for all the cavities
and they show quite similar damping. The comprehensive
results and the comparison with simulations will be reported
in a later publication.
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Figure 5: Spectra of 3HZ010 in three experimental states: in
superconducting at 2 K; at room temperature with vacuum;
at room temperature but filled with argon.

Figure 6: Summary of mode frequencies and external quality
factors Qext for cavity 3HZ010 in superconducting state. (a)
First and second dipole band (b) fifth dipole band.

For the transmission spectra of the coupled cavity chain,
the measurements were performed from HOM1 to HOM2
along the chain (see Fig. 4). When the transmission was
measured for a certain pair of HOM couplers, the rest of the
couplers were terminated with 50 Ω loads. The spectra were
recorded for the frequency range of 4-5.6 GHz with a step
of 5 kHz and for 9-9.1 GHz with a step of 300 Hz.

Figure 7 shows a summary of the HOM spectra. The cav-
ities are tuned and the whole module is in superconducting
state (at 2 K). It can be clearly seen that the spectrum gets
more and more complicated due to the coupling to succeed-
ing cavities. In principle, each mode in a cavity splits into
eight modes if we view the string of cavities as a super-cavity
structure. The bandpass structure becomes finer and finer as
more cavities are coupled. The transmitted power from the
first to the last HOM coupler shows approximately −40 dB
attentuation. Besides, the measurements confirmed that,
as expected, several modes at 9-9.1 GHz do not propagate.
These are planned to be used for local measurement of the
beam position in each cavity, while propagating modes in
4-5.6 GHz range can be used for measurements in the whole
module.

These measurements together with the experience at
FLASH [11] provide the basis for the instrumentation of

Figure 7: Transmission spectra for the cavity chain in Fig.4:
010 represents cavity 3HZ010; 010+005 for the transmission
from cavities 3HZ010 to 3HZ005 etc.

the HOMs as beam position monitor or for beam steering
along the module. However, dedicated beam time would
be helpful to finely tune the slice of spectra that couples
more strongly to the electron beam and thus provides higher
resolution.

CONCLUSION AND OUTLOOK
We presented HOM spectra studies for eight coupled 3.9

GHz cavities through experimental measurements and nu-
merical simulation. The simulated spectra captured the cou-
pling mechanism and faithfully represent the transmission
spectra of eight cavities with some discrepancies. These
come from many factors. The major ones are potentially:
We replaced the connecting bellows with waveguides in the
simulation in order to reduce the computational load; the
frequency step was 500 kHz for simulations but 5 kHz for the
experiments; the actual cavity shape is not precisely known
due to the production imperfections and preprocessing af-
ter the cavity fabrication aforementioned. All modes are
sufficiently damped.

In general, the frequency range of 4.2-5.6 GHz can be used
for beam position prediction in the whole module and the
range of 9-9.1 GHz can be used for beam position prediction
for each cavity. The associated electronics target these two
frequency ranges.
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