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Abstract

Due to the large variety of beam patterns considered for
the superconducting proton linac (SPL) at CERN it is likely
that the frequencies of some higher order modes (HOM)
are close to machine lines during operation. Hence, in the
interest of developing a method to shift HOM frequencies
away from machine lines, we study the influence of cavity
detuning and retuning (e.g. by field flatness tuning and fre-
quency tuning during operation) on HOMs. The sensitivity
of HOMs with respect to the fundamental mode was stud-
ied for a mono-cell and for five-cell high-beta SPL cavities
operating at 704.4 MHz. First, the variation of the HOMs
during the flat-field tuning was measured. In this process,
several detuning and retuning cycles were made to estimate
the range of residual HOM frequency shifts. Secondly, the
effect of the frequency tuner on the HOMs is presented and
finally the frequency shifts of all modes due to the cool-
down.

INTRODUCTION

The SPL linac [1] is composed of two types of five-
cell cavities (geometrical beta = 0.65/1.00) operating at
704.4 MHz in pulsed mode. As the linac allows a large
variety of beam patterns, HOMs may easily drive instabil-
ities. Thus, they have to be damped or shifted away from
machine lines in order to avoid a resonant build-up. This
paper focuses on the latter option and discusses its possibil-
ities and limits for the high beta SPL cavities [2]. We study
the influence of cavity detuning and retuning on HOMs
as well as their sensitivity with respect to the fundamen-
tal mode using the tuning bench shown in Figure 1.

For the sake of simplicity, only the modes with the high-
est R/Q (Table 1) are shown. The tuning bench allows to
compress and to lengthen the SPL mono-cell [2] and each
cell of the five-cell cavity individually. In order to lengthen
the mono-cell or the end cells of the multi-cell cavity, the
setup shown in Figure 1 needs to be changed. One or
both tuning wall(s) have to be connected to the beam pipe
flanges, which leads to a traction not only of the cell but
also of the beam pipe. Thus, the measurements of deforma-
tion between compression and traction are not comparable
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Figure 1: Setup of the tuning bench for a 5-cell SPL cavity.

in these cases as we measure deformations always via the
cavity length (see displacement sensors in Fig. 1). A direct
measurement of the cell deformation using displacement
sensors at the cell irises was not possible.

In the following we present the detuning and retuning
tests carried out with a mono-cell made of niobium and a
five-cell cavity made of copper. Afterwards the frequency
shift of HOMs during a tuner test is discussed and finally
the effect of cool-down on the mode spectrum.

Table 1: Modes with High R over Q Values for the High-beta
SPL Cavity [3, 4]

Monopole modes Dipole modes

Type f[MHz] R/Q[] | Type fMHz] R/Q. []
TMo10m 704.4 566 TE1113/56m 915 57
TMo114/57 1322 39 TE1114/57 950 60
TMop117 1331 140 TMi103/57 1014 36
TMo21 2087 10 TM;i104/57 1020 25
TMo21 2090 21 Hybrid 1409 20
TMgaam 2449 9

MONO-CELL CAVITY

The cavity was first compressed plastically by 0.23 mm
using the setup in Figure 1 (tuning walls at the irises of the
cell). The value of 0.23 mm corresponds to the pressure
limit of the tuning bench at that time. Afterwards, the cell
was lengthened plastically (tuning walls fixed at the beam
pipe flanges) until the original frequency was restored. The
results of the complete compression and traction cycle are
depicted in Figure 2. Due to the different setup, the defor-
mation is not equal to the cell deformation in the traction
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range because the beam pipe underlies stresses, too. There-
fore we have chosen the frequency shift of the fundamental
mode (TMyo) for the x-axis instead of the deformation.
After retuning, the fundamental mode had a residual fre-
quency difference of only 20 kHz whereas the interesting
HOMs were still shifted by several hundreds of kHz and
even up to 1.6 MHz for the TMg;; mode. Only the TM g
dipole mode was less sensitive to deformations.
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Figure 2: Frequency shift of HOMs for the SPL mono-cell
during detuning (compression) and retuning (traction) in
comparison to the frequency shift of the TMy;9 mode.

FIVE-CELL CAVITY

The following tests were carried out on a SPL five-cell
cavity made of copper [2] with an initial field flatness of
1.3 %. The tests were performed only for the three middle
cells to avoid any change of the setup between compres-
sion and traction in contrast to the mono-cell test. Each
cell was detuned and retuned several times, increasing the
detuning step-wise up to a maximum of 1.5 mm plastic de-
formation. The tuning bench is equipped with a bead pull
system to measure field flatness and to determine the re-
quired change in resonance frequency for each cell in or-
der to tune the fundamental mode [5]. It turned out that
the field flatness recovers well inside a range of 2 % to 3 %
after detuning and retuning the same cell even for deforma-
tions up to 1.5 mm. The mode spectrum was measured at
all detuned and retuned states, allowing conclusions about
mode sensitivities and frequency shifts due to deformations
as discussed in the following.

Mode Sensitivity

The frequency of modes up to 2.5 GHz as a function of
plastic cell deformation in the considered detuning range
(£1.5mm) consistently showed a linear behavior. Thus,
the mode sensitivity can be expressed by the gradient
Af/Al. In Figure 3, the sensitivities are depicted for cell
number two and three. The important HOM bands as well
as the fundamental band are highlighted. As expected the
sensitivity differs from cell to cell dependent on the mode
of a band. For example the TE;;; 4/57 mode is resistant
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against deformations of cell three as the field is mainly
concentrated in all other cells whereas the corresponding
7w mode changes twice as much as the fundamental mode.
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Figure 3: Mode sensitivity of the five-cell SPL cavity made
of copper for plastic deformations a) on cell number 2 and
b) on cell number 3. The important bands are highlighted
in dark blue.

Cycles of Detuning and Retuning

Figures 4 and 5 show the residual frequency shift of se-
lected modes after retuning as a function of the prior cell
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Figure 4: Residual frequency shift of HOMs for the SPL
five-cell cavity after retuning cell 2 as a function of its prior
detuning. The fundamental mode is highlighted in red.
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Figure 5: Residual frequency shift of HOMs for the SPL

five-cell cavity after retuning cell 3 (a) and cell 4 (b) as a
function of their prior detuning. The fundamental mode is
highlighted in red. The deformation was measured via the
cavity length.

deformation. Hence, one data point corresponds to a com-
plete detuning-retuning cycle. Initially the field flatness of
the tuned cavity was 1.3 %. Due to the detuning and retun-
ing of the single cells, this value changed throughout the
test series (0.3% — 3.1 %), which explains the different
starting values for the field flatness in the following three
tests.

For the first test with cell 2 (Fig. 4) a jump in field flat-
ness from 0.3 % to 2.9 % correlates with a significant shift
of HOM frequencies. The measurements on cell number
three showed a per se worse but overall more stable field
flatness in a range of 2.5% to 3.2% (Fig. 5a). In most
cases the largest HOM frequency shifts took place already
after the very first detuning and tuning cycle with a plastic
cell deformation of £0.5mm. As expected, higher mode
sensitivity yields higher residual frequency shifts (e.g. the
TE;1; 3/57 mode at 917.3 MHz which concentrates most
of its energy in cell number three shifts the most in Figure
5a). Similar results were also obtained from cell number
four but with a better field flatness within a range of 1.5 %
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to 1.9 %. For cells three and four a possible residual HOM
frequency shift of up to 30kHz was measured. For cell
number two shifts of up to 60 kHz were recorded. Further-
more one can derive a preference which cell to choose in
order to shift the frequency of a distinct HOM as summa-
rized in Table 2.

Table 2: Cell Preferences for De- and Retuning Cycle

Monopole modes Dipole modes
Type f [MHz] Cell(s) Type f [MHz] Cell(s)
TMo114/5m 1322 2,4 TE1113/5m 915 3
TMo117 1331 2,34 TE1114/57 950 2.4
TMo21 2087 2,4 TMi103/57 1014 2,4
TMoa22m 2449 2.4 TMi104/57 1020 2,3

Finally, the procedure was extended to a coupled defor-
mation of cells two and three. In this case the detuning
was only done by compression as the hydraulic cylinders
connected to the tuning walls reached almost their max-
imum elongation in the default position. During the test
the field flatness was less controllable and ranged between
2.4% and 3.6 %. Nevertheless, the results shown in Fig-
ure 6 depict a certain drift of the HOMs while maintain-
ing the fundamental mode frequency in the same order as
for the single cell deformations when considering a corre-
sponding amount of prior detuning.
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Figure 6: Residual frequency shift of HOMs for the SPL
five-cell cavity after retuning cell 2 and 3 together as a
function of their prior detuning. The fundamental mode
is highlighted in red. The deformation was measured via
the cavity length.

COLD TUNER TEST

The frequency shift during cold tuner operation was
tested at warm. The cold tuner shown in Figure 7 has been
developed by CEA Saclay [6] and is supposed to correct
frequency drifts of the fundamental mode by elastic de-
formations. During the test, the cold tuner operated only
in the compression mode as it is foreseen later inside the
cryostat. The measurements were carried out on a multi-
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Figure 7: Tuner setup with a five-cell SPL cavity installed
on a frame which replaced the helium tank for the test.

cell SPL cavity made of niobium (No. 3 [2]) which was
compressed by up to 1.8mm. The HOM spectrum up to
2.1 GHz was measured at several deformation states. The
frequency shift of all investigated modes increased or de-
creased (dependent on the mode) always linear and allows
to compare the modes by the gradient Af/Al (Fig. 8).
The frequency of most of the HOMs decreases for increas-
ing compression in contrast to the fundamental band. The
first and third dipole band are more than twice as sensitive
as the TMy;p modes whereas the sensitivity of the TMy;;
band at 1.3 GHz is only 10 % higher than the sensitivity of
the TMy;o band. In pulsed machines, where cavities are
subject to Lorentz force detuning and its active compensa-
tion (either by RF power or by fast piezo tuners), also the
HOMs will change their frequencies during each RF pulse.
This effect will certainly reduce the resonant build-up of
HOM power in cavities and may make the use of HOM
couplers obsolete.
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Figure 8: Mode sensitivity of a five-cell SPL cavity made
of niobium (No. 3) obtained from the tuner test. The
cavity was deformed several times in a range of 0 mm to
—1.8mm. The important bands are highlighted in dark
blue.

MODE SHIFT DURING COOL-DOWN

Several vertical cold tests have been performed for two
SPL five-cell cavities in 2015 [7]. During the tests the
HOM spectrum was measured at 2 K and 4 K as well as dur-
ing the warm-up phase starting from 40 K (Fig. 9). How-
ever the measurements between 40K and 80 K were very
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Figure 9: Frequency drop of the fundamental mode during
warm-up which reflects the behavior of all modes. The first
measurement is at 2 K. The bars correspond to the 3 dB
bandwidth of the mode at the different temperatures.

noisy, most likely due to a very inhomogeneous tempera-
ture distribution over the cavity surface. Starting from 80 K
the mode drift versus temperature rise is reproducible. Fig-
ure 10 summarizes the frequency shifts due to the warm-
up from 2K to 293 K which is proportional to the mode
frequency. For example, the frequencies of modes in the
TMyo band are lowered by almost 1 MHz during cool-
down whereas the frequencies of dipole modes in the TE;
band drop by up to 1.6 MHz.
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Figure 10: Frequency shift due to thermal contraction for
modes up to 2.5 GHz during cool-down, or respectively
warm-up.

CONCLUSIONS

We presented several tests to analyze the dynamic mode
spectrum of different 704.4 MHz SPL cavities. Frequency
shifts due to elastic and plastic cell deformation have been
analyzed and compared between the modes. Most HOMs
appear to be more sensitive than the fundamental mode
though this behavior cannot be generalized. For example
during the tuner operation the TM;;y modes appear to be
less sensitive than the fundamental mode (Fig. 8) while
some seem to be more sensitive during the plastic defor-
mation of single cells (Fig. 3). Thus, it is not possible to
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compare directly single-cell with multi-cell deformations.
It depends how much field is concentrated in the deformed
area.

The detuning-tuning cycles of inner cells resulted in
residual frequency shifts for the HOMs up to 30 kHz after
retuning from a prior cell deformation of 1.5 mm. From
the tests with the single-cell cavity one can conclude that
detuning-tuning cycles on the end-cells yield larger resid-
ual frequency shifts. In general, higher sensitivities result
in higher residual frequency shifts after retuning.

The cold tuner is able to shift the HOM frequencies by
hundreds of kHz. Using the results in Figure 8 one can esti-
mate and predict the frequency shifts during the cold tuner
operation. We also note that in pulsed machines, HOM
frequencies will move during the RF pulses due to Lorentz
force detuning and its compensation measures. This should
reduce the build-up of HOM power in the cavities.

The frequency shift during cool-down to 2K depends
linearly on the mode frequency and starts with 1 MHz for
the fundamental band.

OUTLOOK

Since single-cell detuning and retuning can only be done
on undressed cavities, it is important to measure the HOM
shifts which are introduced by the welding of the helium
tank. This assessment together with a mode sensitivity
analysis of cold-tuning a dressed cavity are foreseen soon
after the welding of the tanks. At that point a plastic defor-
mation of a dressed cavity and subsequent retuning would
be a valuable exercise to assess whether HOM frequencies
can still be shifted.
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