
DEVELOPMENT OF A SPILL-STRUCTURE MANIPULATION CAVITY
AND FIRST EXPERIMENT WITH BEAM IN SIS18

K. Groß∗, R. Balß, H. Klingbeil1, U. Laier, D.E.M. Lens, J.S. Schmidt, P. Spiller, T. Winnefeld,
B. Zipfel, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany

P. Hülsmann, Deutsches Elektronen-Synchrotron, Hamburg, Germany
1also at Technische Universität Darmstadt, Darmstadt, Germany

Abstract
For several years, significant effort has been spent at GSI

to improve the time structure of the spill during slow ex-
traction in SIS18. This led to the requirement to extend
the possibilities to experimentally improve the micro-spill
structure by partially or fully capturing the beam with an RF
of more than 40 MHz. Therefore, a so-called spill-structure
manipulation cavity was designed, realized and optimized
which allows the mentioned experiments. In this contri-
bution, the design of the cavity and the challenges of its
realization are described, and measurement results concern-
ing the first experimental operation in the SIS18 synchrotron
are presented.

BACKGROUND
The spill structure has a high impact on the data rate of

physics experiments. A bad spill quality leads to low data
rates, as well as problems like saturation, failures in the read-
out electronics or traces, that can no longer be separated
for evaluation. Requirements on the time structure of the
extracted particle beam strongly depend on the application.
Fluctuations in the rate of extracted particles arise naturally
from the remaining particle distribution in the accelerator as
well as from ripples in the power supplies of the magnets. In
the past beam time two developments designed to improve
the spill quality were tested with beam in SIS18, from where
the beam was extracted over several seconds and guided
to the experiments. The macro-spill feedback [1] uses the
measured particle rate at the experiment, which is fed into
a controller acting on the RF knock out system to control
this rate over the entire spill. In addition, new excitation sig-
nals reduce the time during which the particles are exposed
to fluctuations of the magnets’ power supplies [2, 3]. The
micro-spill cavity forces the beam into an rf time structure,
which is with > 40 MHz [4] fast enough not to harm the
experiments while overwriting the unwanted fluctuations
in the millisecond-range [5]. This cavity was installed in
the SIS18 synchrotron in July 2023 and is described in the
following.

CAVITY CONCEPT
Design and Parameters

To minimize effort and costs for the pilot cavity a stocked
single-gap resonator from UNILAC [6] was modified. The
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Figure 1: Coupling loop, tuning plunger and beam pipe with
gap and shortcut (left) and rf frequency with corresponding
harmonic number over beam energy (right).

original cavity with an inner diameter of 1477.4 mm and an
inner length of 728.2 mm was designed for 108 MHz, which
is sufficiently high for our purposes. The resonator had to be
adapted to include a beam pipe in order to comply with the
vacuum requirements in the synchrotron. The cavity weighs
more than 5 t.

As shown in Fig. 1 the gap can be short-circuited by a con-
nection manually screwed into the field forming electrodes.
To disable the impedance seen by the beam in case the spill
manipulation is not needed, access to the accelerator tunnel
is required.

The spill-structure manipulation system is equipped with
amplitude and tuning loops including several modules from
the LINAC LLRF. The prototype was designed to be locally
operated during dedicated proof-of-principle experiments.
The operational parameters of the cavity system are given
in Table 1.

Table 1: Operational Properties

Frequency range 80.3 to 81.6 MHz
(low voltages down to 79 MHz)

Gap voltage amplitude 𝑈̂ 1.5 kV
(in test environment up to 25 kV)

Impedance 𝑅𝑠 (without short-circuit) ≈ 500 k𝛺

Quality factor 𝑄0 4000 to 5000

Field Simulations and Measurements
Simulations in CST MICROWAVE STUDIO® were per-

formed to predict and understand the properties of the cavity.
In the current configuration the calculated unloaded quality
factor of about 4106 shown in Fig. 2 is in good agreement
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with the measured loaded quality factor of 2460 with critical
coupling (cf. Fig. 3).

Figure 2: Loss calculation from CST with the conductivity
in S m−1.

Figure 3: Measurement of the Q factor of the cavity.

Losses found from the field simulations are discussed
in the following. The decision for a beam pipe made of
stainless steel instead of copper was a consequence of the
high losses in the gap ceramic, limiting the applicable power
and reachable gap voltage.

Impedance and Gap Voltage Amplitude
The gap voltage is not measured directly. The impedance

was derived from the field simulations and the field measure-
ment was calibrated by gamma spectroscopy. The spectrum
of bremsstrahlung radiation is shown in Fig. 4. For this mea-
surement the cavity was operated in cw for several hours
with 200 W and 400 W respectively. In the following, an ex-

Figure 4: Measurement (left) performed by E. Kozlova,
A. Sokolov, using a diamond window (right) from A. Gum-
beridze.

emplary power 𝑃c of 36 W coupled into the resonator is used,
to restrict the heating discussed in the next section. From
the impedance the gap voltage peak amplitude is calculated

to

𝑈̂(𝑃c) = √2√𝑅𝑠𝑃c = √1000 k𝛺 ⋅ 36 W = 6 kV (1)

CHALLENGES AND OPTIMIZATION
Gap Ceramic

A closer look at Fig. 2 reveals considerable dielectric vol-
ume losses 𝑃loss ≈ 40%𝑃c in the gap ceramic. This leads to
a significant initial temperature gradient ̇𝑇 when switching
on or raising the power 𝑃c. The relevant dimensions and
material properties of the ceramic gap are summarized in Ta-
ble 2. From an equilibrium temperature in the environment

Table 2: Properties of Ceramic / Frialit 99.7 hf @ 70 MHz

Length 𝑙 146 mm
Inner / outer Diameter 2𝑟𝑖 / 2𝑟𝑜 170 / 190 mm
Mass 𝑚c 3.22 kg
Relative permittivity 𝜀𝑟 9.8
Dielectric loss tangent tan (𝛿) 3.8 ⋅ 10−4

Specific heat capacity 𝑐c 900 J kg−1 K−1

the resulting initial gradient is found:

̇𝑇 = 𝑃loss
𝑚c 𝑐c

= 40% ⋅ 36 W
3.22 kg ⋅ 900 J

kg K
≈ 0.3 K

min

With Eq. (1) the losses in the ceramic can as well be esti-
mated from the volume 𝑉, length 𝑙 and the dielectric proper-
ties of the material at 80 MHz

𝑃loss = 1
2𝑉𝜔𝜀0𝜀𝑟 tan (𝛿) (𝑈̂

𝑙 )
2

= 11.6 W

which is 32% of the input power. The reason for the devi-
ation from the expected value of 14.4 W is due to the field
distribution in the partly shielded ceramic.

Tuning Range
Due to the installed beam pipe the fields are concentrated

at the beam axis. Therefore, tuning plunger and coupling
loop had to be modified in order to reach the closer gap area
as shown in Fig. 1 on the left.

The tuning range is limited by spark over from the beam
pipe. On the right of Fig. 1 the coverage of all revolution
frequencies from the injection level to highest rigidity by
the tuning range and harmonic numbers between 62 and
380 is presented. With the gap voltage limitation due to
the temperature gradient the frequency drift is small and
therefore not relevant for operation.

EXPERIMENTAL BEAM OPERATION
Setup

On November 29th, 2023 the first proof-of-principle ex-
periment was performed with 14N7+ at 300 MeV u−1. It was
divided into three parts with no beam, high and low beam
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current respectively. We started with the conditioning of
the gap ceramic which took 100 minutes. The second part
of the experiment was dedicated to beam current measure-
ments. At flattop the beam was debunched and adiabatically
rebunched before being slowly extracted. From the revolu-
tion frequency of 904.851 kHz the operating frequency of
81.436 59 MHz (12.28 ns) was derived. The last part was
used for spill measurements performed by the beam diag-
nostics department.

To get feedback from physics experiments the system was
further operated in the HADES beam time for gold ions at
200 MeV u−1 and 800 MeV u−1 as well as used by mCBM
at 1.2 GeV u−1, where the system was operated at harmonic
numbers ℎ = 104, ℎ = 70 and ℎ = 65.

Measurements and Results
Conditioning is dominated by a glow discharge in the

beam pipe going along with a disturbance of the vacuum.
The power going into the cold plasma leads to a mismatch
visible as reflected power. During that time the system was
operated cw without beam. The power coupled into the res-
onator was gradually increased to keep the vacuum pressure
and the temperature gradient constant as shown in Fig. 5
together with a photo of the luminous effect inside the beam
pipe. Conditioning is required to reach gap voltages higher
than 1.5 kV. The reason still has to be analyzed, as the ef-
fect was limited to the times, when the gap was aired in
test environment, but before each operation with the cav-
ity being installed in the accelerator. It was shown that the

Figure 5: Input power with temperature of the ceramic and
photo of the gap (bottom right) during conditioning.

beam was successfully bunched at the high harmonic in the
synchrotron. No closed-loop phase synchronization with
respect to the revolution frequency was necessary to keep the
beam bunched during extraction. Figure 6 shows a record of
the measured beam currents using a fast current transformer
and about 0.43 mA DC current.

The influence of the gap voltage amplitude, i.e. the bunch-
ing factor, and the rf frequency were analyzed. Another
measurement on March 6th showed that the time structure
remains preserved during extraction (cf. Fig. 6). Thus the
extracted beam is pushed towards the pearl chain structure
aimed for.

Figure 6: Waterfall plot of beam current (FCT) with debunch-
ing at harmonic number h=4 (bottom left) and rebunching
at h=90 (top left) and distribution of the extracted particles
over one rf period performed by T. Milosic (right).

Outlook
In the close future the prototype micro-spill system has to

be integrated into the control system and prepared for routine
operation to allow a wider range of usage. This includes
the development of an automatic short-circuit mechanism.
Furthermore, dedicated machine experiments are planned,
using the cavity for tune wobbling or empty bucket chan-
neling. Based on particle tracking simulations for different
energies and ion species as well as the mentioned measure-
ments a decision on the required gap voltage is needed for
further developments. Up to now, the gap voltage is limited
to 1.5 kV without conditioning and to maximum 6 kV with
conditioning due to thermal issues.

CONCLUSION
The spill manipulation cavity is a pillbox cavity equipped

with beam pipe and ceramic gap to meet the vacuum re-
quirements. It was installed in SIS18, tested and used for
experiments in the beam time. The micro-spill structure of
the extracted beam was successfully improved by bunching
the beam at a high harmonic not interfering with physics
experiments at GSI and FAIR.
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