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Abstract. Based on the positive results of the 0.63 m unmodulated 325 MHz Ladder-RFQ
prototype from 2013 to 2016 [1, 2], a modulated 3.3 m Ladder-RFQ (s. Fig. 1) has been designed
and built for the acceleration of up to 100 mA protons from 95keV to 3.0 MeV at the FAIR
p-Linac [3, 4]. In this paper, we will show the results of manufacturing as well as low level RF
measurements of the Ladder-RFQ including flatness and frequency tuning.

1. Introduction

The idea of the Ladder type RFQ came up in the late 1980s [5, 6] and was realized successfully for
the CERN Linac3 operating at 101 MHz [7] and for the CERN antiproton decelerator ASACUSA
at 202 MHz [8].

Due to its higher symmetry against a classical 4-Rod-RFQ), this Ladder-RF(Q development
allows to realize high RF frequencies at very low dipole field contributions across the aperture.
The Ladder-RFQ prototype was high power tested at the GSI test stand [9]. It accepted three
times the RF power level needed in operation[10, 2]. That level corresponds to a Kilpatrick
factor of 3.1, tested with a pulse length of 200 us. The 325 MHz RFQ is designed to accelerate
protons from 95keV to 3.0 MeV according to the design parameters of the proton linac for
the FAIR project. This particular high frequency creates difficulties for a 4-ROD type RFQ,
which triggered the development of a Ladder-RFQ with its higher symmetry. The results of
the unmodulated prototype have shown, that the Ladder-RFQ is a suitable candidate for that
frequency. For the present design duty cycles are feasible up to 5%. The technical design and
tendering of the RFQ have been successfully completed in 2016 [10]. Manufacturing and copper-
plating of the tank have been succeeded in September 2018. We will show the finalization of
assembly after manufacturing as well as low level RF measurements. The final machining step
for both flatness and frequency tuning has been finished in April 2019.

2. Design and Manufacturing

The mechanical design consists of an inner copper ladder structure mounted into an outer
stainless steel tank. The tank is divided into three parts - the lower and upper shells and a
middle frame. The lower shell of the tank carries and fixes the position of the inner resonating
ladder structure. Due to manufacturing reasons, the ladder structure is divided into two lower
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Figure 1. Isometric view of the 3.3m modulated Ladder-RFQ. Solid copper carrier-rings
guarantee the electrode positioning as well as the RF contact. The ladder structure consists
of bulk copper components. Any brazing or welding processes were avoided for the assembly of
the main components.

and two upper half-ladder elements, which are precisely aligned via guide pins. The half-
ladders themselves are machined from solid copper blocks. Between the half-ladder elements, the
electrodes are precisely fixed via carrier-rings [11]. Those carrier-rings furthermore guarantee a
seamless RF connection between the electrodes and the ladder structure.

The RF features are mainly determined by the resonating structure, while the dimensions
of the tank have no significant influence on the frequency. Based on the successful high power
tests of the unmodulated prototype, we decided to develop a beam dynamics for a vane-vane
voltage of 88kV. For details of the final beam dynamics and error studies, see [12, 13]. The
basic physical and mechanical parameters of the Ladder-RFQ results are shown in Table 1.
Furthermore, the thickness of the tank walls inside the entrance and exit flange of the RFQ
has been reduced to 10 mm within the flange diameter of 100 mm (CF100). That allows an
integration of preceding and following components like a cone or steerer to reduce an emittance
growth caused by additional drifts. Additionally, the effect of gap fields between the electrodes
and tank wall has been studied to improve the overall beam dynamics [14].

Manufacturing of the tank components, consisting of an upper tank shell, middle frame and
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Table 1. Main RF and geometric parameters of the modulated Ladder-RFQ.

No. of RF cells 55
Q-Value (simulated) 6800
Loss (with sim. Q) 675 kW
Shunt Impedance (sim.) 40 kQm
Vane-Vane Voltage 88.43kV
Frequency 325.224 MHz
Repetition Rate 4Hz
Pulse Duration 200 s
Total Length 3410 mm
Cell Length 40 mm
Spoke Height 280 mm
Spoke Width 150 mm
Electrode Length 3327 mm

Figure 2. Electrodes mounted into the carrier-rings on the lower half-ladder structure.

lower tank shell, started in September 2017. The tank components have been completed in
April 2018 [15]. The copper structure has been machined in parallel and finalized in 08/2018 (s.
Fig. 2). The electrodes have been completed in September 2018. Fig. 3 depicts the Ladder-RFQ
during assembly, after installation of the electrodes and rings, prior to closing the tank.
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Figure 3. Assembly of the electrode and carrier rings mounted into the lower and upper
half-ladders. The ladder structure itself is aligned and placed onto the lower tank shell.

3. RF Measurements

Manufacturing and first RFQ assembly have been completed in September 2018. The measured
resonance frequency was 338.04 MHz, which is 0.1% above simulations. Before using aluminum
wires as an RF sealing, the Q-Value reached 4600, which is 65% [16]. After inserting RF
sealings and tightening the tank, the quality factor increased to 5700 (approx. 81% of the
simulation). The screws between the half ladders as well as rings and electrodes have not been
silver-plated yet. The bead pull measurements before tuning the flatness have been compared
with simulations. Subsequently, the final cell heights of the ladder structure were determined
by simulations including the modulation at a very high precision level and mesh number. By
increasing the heights of the ladder structure in cells No. 5 to 51 the frequency is matched to
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Figure 4. Flatness after tuning.
relative on-axis flatness is 1%.
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The Figure 5. Detailed comparison of the
flatness before and after tuning.

its final value of 325.224 MHz for operation. Furthermore, the flatness is optimized by adjusting
the heights of the outer ladder cells at the low and high energy end (cells No. 1-4 and 52-
55) individually. The relative deviation of the electric field along the beam axis is < +2.5%
including peaks at the entrance and exit. Along the mid beam-axis the flatness remains below
+0.5% (s. Fig. 4). A comparison of the flatness before and after tuning is shown in Fig. 5. In
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Figure 7.
tuners.

Figure 6. Tuning Range of 10 static tuners. Tuning Range of 2 movable

April 2019 the cell heights of the ladder structure have been CNC machined to their final value.
The frequency after that tuning process is 324.87 MHz. Considering an increase of 100 kHz in
vacuum a frequency jump of approx. 250kHz is needed to match the operation frequency. The
possible frequency tuning range has been studied with prototype tuners made of aluminum. In
total up to ten static plungers and two movable motor plungers are used. All tuners act as
inductive plungers. The static plungers are able to increase the frequency up to 1 MHz linearly
without affecting the quality factor (s. Fig. 6). During operation the movable plungers may
correct the frequency by up to +300kHz within their maximum stroke of 100 mm (s. Fig. 7).
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4. OUTLOOK

The next steps in 2019 are further measurements studying the influence of the plungers on
the flatness. Furthermore, the inductive coupling strength will be measured to define the
final coupling loop. In mid 2019 the water cooling channels of the ladder structure will be
finalized and the FAT is envisaged in the third quarter of 2019. Afterwards, the Ladder-RFQ
can be completely assembled to start conditioning of the RFQ and high power RF tests. After
completion of the p-Linac building and installing the source together with LEBT the Ladder-
RFQ can be tested with beam.
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