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Abstract

The High Charge State Injector (HLI) at the GSI

Helmholtz Centre for Heavy Ion Research in Darmstadt,

Germany, is one of the two injector linacs for the Universal

Linear Accelerator (UNILAC) and is also planned to serve

as dedicated injector for a proposed superconducting CW

linac for heavy element research [1]. Within the scope of an

intended CW upgrade of the HLI front end [2], a replace-

ment for the existing 4-rod RFQ is desirable since its stable

operation and performance is severely impeded by mechani-

cal vibrations of the electrodes and a high thermal sensitiv-

ity [3]. With the aim of suppressing mechanical vibrations

and providing efficient cooling considering high power CW

operation, a completely new and improved 4-rod design was

developed with a focus on structural mechanical simulations

using ANSYS [4,5]. In order to validate the simulated RF

performance, thermal behavior and structural mechanical

characteristics, a 6-stem prototype was manufactured. Ini-

tial low power RF measurements and basic piezo-"-actuated

mechanical investigations were done and the anticipated

properties could be confirmed prior to planned high power

RF tests and further mechanical vibration studies.

INTRODUCTION

The existing HLI-RFQ, which was commissioned in 2010,

suffers from mechanical vibrations of the electrodes that are

excited by the edges of the RF pulses [3]. This causes severe

modulated RF power reflections that limit the achievable

performance and impede stable operation. The critical vi-

brational modes of the structure were identified by vibration

measurements with a laser vibrometer and from a structural

mechanical analysis using ANSYS [6]. This showed that

in particular radial modes, oscillating perpendicular to the

beam axis, are easily excited by the electric forces of the

quadrupole field configuration and lead to significant fluctu-

ations of the overall capacitance. In addition to the structural

susceptibility towards mechanical vibrations, the existing

HLI-RFQ is also highly sensitive to changes in thermal load,

which in conjunction with the vibration problem makes it

also difficult to reach stable CW operation.

In order to overcome both problems, a completely newly

revised 4-rod RFQ design for an RF frequency of 108 MHz

was developed at IAP [4, 5], based on the already proven

design concepts of the RFQs for FRANZ and MYRRHA. In

order to validate the simulated mechanical and RF charac-

teristics, a 6-stem prototype was manufactured by NTG [7]

∗ work supported by BMBF (Contr. No. 05P15RFRBA) and HIC for FAIR
† koser@iap.uni-frankfurt.de

(see Fig. 1 and Fig. 2) and delivered to IAP in November

2017. Prior to conditioning and planned high power tests,

initial RF and mechanical measurements were done. The

results are in good agreement with both the simulated RF

parameters and the anticipated mechanical behavior.

Figure 1: Rendered sectional view of the 6-stem prototype

with transparent tank.

Figure 2: Topview of the 6-stem prototype (photo taken by

NTG [7]).

RF MEASUREMENTS

The RF measurements were done with a network analyzer

and a provisional coupling loop at the open tank. For fre-

quency and flatness tuning five dummy tuning plates were

used and no dynamic plunger tuner was mounted. The RF

resonance frequency was measured for different positions of

the tuning plates, being the distance from the tank bottom

to the upper side of the plates while all five plates were kept

at the same height at all times. The measured values differ

insignificantly little (due to the open tank and the absence of

a plunger tuner) from the simulations for the entire design
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frequency range from 93 MHz to 123 MHz, corresponding

to 108± 15 MHz. For the measurement of the voltage dis-

tribution and dipole ratio a 1 pF perturbation capacitor was

used, which can be attached between two electrodes with a

mounting bracket as depicted in Fig. 3.

Figure 3: Perturbation capacitor (1 pF) on PEEK mounting

bracket.

The dipole ratio is calculated according to Eq. 1 [8] with

Uu and Ud being the voltages between the upper and lower

electrode pairs, respectively, and ∆ fu and ∆ fd being the cor-

responding frequency shifts due to the perturbation capaci-

tance. The voltage deviation (Eq. 2) is calculated from the

frequency shift ∆ f in the respective RF cell and ∆ freference

in a reference cell.

dipole ratio =
Uu − Ud

Uu

=

√

∆ fu −
√

∆ fd
√

∆ fu
(1)

voltage deviation = 1 −

√

∆ f

∆ freference

(2)

90 100 110 120 130 140 150
-3,0

-2,5

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

d
ip

o
le

 r
a

ti
o

 [
%

]

frequency [MHz]

 RF cell 1

 RF cell 2

 RF cell 3

 RF cell 4

 RF cell 5

 simulation (avg.) 

108

Figure 4: Measured dipole ratio in different RF cells as

function of the frequency and comparison with simulation.

As shown in Fig. 4, for the first three RF cells the mea-

surements match the simulated values nicely, whereas for

cells 4 & 5 this is not the case. Overall the dipole ratio is

very low (< 0,5 %) across the entire design frequency range

and the overcompensation increases only insignificantly for

much higher frequencies up to 150 MHz. The voltage dis-

tribution along the upper electrodes (flatness) is depicted in

Fig. 5 and shows an unexpected tilt for cells 4 & 5. These

deviations are probably due to a mechanical misalignment

of the electrodes that can even be visually recognized on

closer inspection.
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Figure 5: Measured voltage distribution along the upper

electrodes (flatness) for different tuning plate positions (all

at same height) / frequencies.

The measurements of the quality factor Q with weak and

critical coupling yielded a value of 4000, which is 60 % of

the simulated (6700) and 80 % of the expected value (5000,

75 % of the simulation).

MECHANICAL MEASUREMENTS

First mechanical investigations were done with a piezo-

actor/sensor system, which was mounted through the ISO-

F 63 diagnostic flanges as depicted in Fig. 6. The frequency

spectra of the resonance response were calculated by ap-

plying fast Fourier transform to the sensor signal. Because

the mechanical eigen oscillations especially of the piezo-

actor mounting structure itself severely derange the mea-

sured spectra, dismounting the piezo-actor and introducing

the excitation by tapping the structure with a rubber-tipped

hammer instead yields much more accurate and comprehen-

sible response spectra.

Figure 6: Piezo-sensor on inter-stem electrode segment

mounted through an ISO-F 63 flange.
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Figure 7: Measured frequency spectra of the electrode vibra-

tion amplitude for differently located excitations and com-

parison with simulated modes (black dashed lines) and mea-

sured resonances of the piezo mounting structure (gray lines,

see Fig. 8).

250 300 350 400 450 500 550 600

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

a
m

p
lit

u
d

e
 (

re
l.
)

f [Hz]

 excitation: horizontal 

 excitation: vertical

3
0

5
.8

3
4

8
.5

388

3
9

4

3
8

2

4
6

6

4
7

5

Figure 8: Measured frequency spectra for the vibration of

the piezo mounting structure for horizontal and vertical ex-

citation with the piezo pressed against the electrode.

The resonance response spectra at an inter-stem electrode

segment for different excitations are shown in Fig. 7 and con-

tain besides modes of the actual RFQ structure, as expected

from the ANSYS simulations, several other response peaks.

By comparison with the yielded spectra for excitations di-

rectly applied to the piezo mounting structure (see Fig. 8),

these modes can mostly be identified as eigen oscillations

of the mounting structure itself. Under exclusion of the

presumable mounting structure modes, the experimentally

obtained mode spectrum is in fairly good agreement with

the structural mechanical simulations.

A major improvement over the piezo-based response mea-

surement technique would be the use of a non-contacting

sensor, e.g. like a laser vibrometer, that does not mechani-

cally interfere with the investigated structure.

SUMMARY & OUTLOOK

A 6-stem prototype of a newly revised 4-rod CW RFQ de-

sign was manufactured and is currently being investigated at

IAP. In initial measurements the from preceding simulations

anticipated most important RF and structural mechanical

properties could be validated. Only the value of the mea-

sured quality factor is roughly 20 % lower than expected,

which requires further investigations. Nevertheless the origi-

nal design requirement for a power consumption of less than

35 kW/m still seems achievable. A more precise alignment

of the electrodes with ensuing new low power RF measure-

ments seems desirable as well as the use of a laser vibrometer

for more sophisticated structural mechanical investigations.

Conditioning and high power tests of the prototype are cur-

rently in preparation.
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