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Abstract
Sustainability is a key issue for both current and future

particle accelerators. Superconducting RF cavities with high
loaded quality factors play an important role in not only low-
ering the energy demands of particle accelerators but also
the initial investment in RF amplifiers. But the narrow band-
width associated with this high loaded quality, makes the
need to minimize cavity detuning critical to maintain stable
and efficient operation. In this context, characterization of
microphonics detuning is essential, as it is a major error
source, for implementation of effective mitigation schemes
to reduce peak and rms RF power requirements.

Here we analyze SRF cavity detuning using the Con-
tinuous Wavelet Transform (CWT). Unlike conventional
Fourier-based approaches, the CWT enables localized time-
frequency decomposition, making it well-suited for identify-
ing transient features that influence cavity behavior. Apply-
ing the CWT to measured detuning signals from a TESLA
cavity at HoBiCaT testing facility at Helmholtz-Zentrum
Berlin allows us to identify dominant detuning frequencies
and track their evolution over time. The resulting time-
frequency maps offer a more comprehensive understanding
of the underlying mechanical environment and can support
the development of more robust detuning mitigation and
compensation strategies for SRF systems.

INTRODUCTION
Particle accelerators are not immune to the current po-

litical, social, and economic situation. In this regard, both
climate change and rising energy costs make sustainability
a key consideration in both existing accelerators and future
projects, [1]. Different research projects funded by the Euro-
pean Union [2, 3] are studying different strategies to tackle
this issue. One of the tasks in [2] is trying to find paths to
save energy from the RF power. More specifically in the
case of low beam loading applications, as it is also stated in
the European Roadmap for Particle Physics, [4], one major
challenge due to the very small intrinsic cavity bandwidth,
are small mechanical vibrations known as microphonics.

While active compensation via the cavity tuner is an open
field of research, [5–10], passive measures like cryoplant op-
eration optimization, vacuum pumps isolation, etc., should
always be considered in the first place, [11]. And for these
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measures to be effective, a proper characterization of the
microphonics is fundamental.

The analysis of detuning signals requires tools capable
of capturing time-dependent spectral variations. Classical
Fourier analysis provides a global description that does not
retain temporal information. To address this limitation, ex-
tensions such as the short-time Fourier transform (STFT)
introduce time localization by applying the transform over
sliding windows. However, the STFT uses a fixed window
length, leading to a trade-off between time and frequency
resolution that remains constant across all frequencies. This
can be limiting for cavity detuning signals, where slow drifts
and fast transient events may coexist.

For this reason, the continuous wavelet transform (CWT)
is used in this work, as it provides a time-frequency represen-
tation with adaptive resolution, [12].The wavelet transform
of a continuous time signal, 𝑥(𝑡), is defined as

𝑇(𝑎, 𝑏) = 1
√𝑎

∫
∞

−∞
𝑥(𝑡)𝜓∗ (𝑡 − 𝑏

𝑎 ) d𝑡, (1)

where 𝜓(𝑡)∗ is the complex conjugate of the wavelet func-
tion 𝜓(𝑡), 𝑎 is the scale parameter (inversely related to fre-
quency), and 𝑏 is the time-shift parameter of the wavelet.
This formulation represents the signal as a superposition of
time-localized contributions at different scales and positions.

Different choices of the wavelet function 𝜓(𝑡) empha-
size specific signal features; for instance, commonly used
wavelets such as Morlet or Mexican hat offer different com-
promise between time and frequency localization.

In this work, the complex Morlet wavelet is used and is
given by the following equation

𝜓(𝑡) = 1
√𝜋𝐵

𝑒2𝜋𝑖𝐹𝑡𝑒−𝑡2/𝐵 (2)

as it offers a well-defined central frequency and is particu-
larly suitable for analyzing oscillatory signals. The specific
parameters used are 𝐹 = 1.5 and 𝐵 = 2.5, where 𝐹 is the
center frequency and 𝐵 is the bandwidth parameter.

The results shown in this paper were obtained in the HoBi-
CaT facility at HZB, [13,14], using a TESLA cavity but also
briefly during the first beam commissioning of SEALab’s
photoinjector, [15, 16].

EXPERIMENT SETUP AND RESULTS
In order to measure the detuning of a cavity, the equa-

tion Δ𝑓 (𝑡) = 𝑓0
2𝑄𝐿

tan(ΔΦ(𝑡)) can be used, where Δ𝑓 (𝑡) is
the detuning, 𝑓0 the cavity’s fundamental mode’s frequency,
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TFigure 1: Detuning analysis at 𝑄𝐿 = 4.5 × 107: raw detuning signal (top left), FFT spectrum (top right), CWT scalogram

(bottom left), and integrated RMS detuning spectrum (bottom right)

Figure 2: Experiment setup at HoBiCaT for detuning mea-
surements.

𝑄𝐿 the effective loaded quality factor and Φ(𝑡) the phase
difference between the forward and transmitted signals.

Figure 2 shows the layout of the measurements setup: a
signal generator sends the 1.3GHz signal to a 15kW Solid
State Amplifier (SSA) which is followed by a motorized
three-stub tuner to externally modify the 𝑄𝐿. Then, the
transmitted signal from the pickup antenna is leveled and
amplified and mixed with the forward signal. The result is
low-pass filtered, acquired and stored. A slow piezoactuator
integral control was also added to compensate for slow drifts,
allowing capturing longer time windows.

Unfortunately, a technical problem with a getter pump
caused a vacuum event in the cavity and further on the ra-
diation on-set field was around 5MV/m. Detuning signals
were acquired under continuous wave (CW) operation at
two different loaded quality factors, 𝑄𝐿 = 4.5 × 107 and
𝑄𝐿 = 8.6 × 106, and over a time window of approximately
16 minutes each. Figures 1 and 3 show the analysis for both
𝑄𝐿 values.

At 𝑄𝐿 = 4.5 × 107 (Fig. 1), the cavity bandwidth nar-
rows to approximately 29 Hz, making the detuning signal
highly sensitive to any mechanical perturbation. The signal
spans from −5.171 Hz to 32.489 Hz and exhibits two sharp
transient detuning events at approximately 𝑡 = 120 s and

𝑡 = 480 s, which appear as short-lived broadband bursts in
the time-frequency map. The FFT is dominated by a compo-
nent near 0 Hz, reflecting slow non-stationary drifts whose
timescale is comparable to the measurement window. A
component at 41.660 Hz and weaker ones at 99.965 and
297.006 Hz are also identified.

At 𝑄𝐿 = 8.6 × 106 (Fig. 3), the wider cavity bandwidth
of approximately 151 Hz results in a less sensitive detun-
ing signal, with a range of ±10 Hz and no sharp transient
events. The reduced influence of slow drifts in this measure-
ment is reflected in the FFT, where a richer microphonics
spectrum becomes visible, with a dominant peak at 41.6 Hz
and additional components at 100, 168.3, 217.7 and 297 Hz.
The CWT confirms these as persistent narrowband features
continuously present throughout the measurement. The in-
tegrated RMS spectrum shows a gradual accumulation of
detuning contributions with clear steps at approximately
10 Hz and 40 Hz, reaching a total RMS detuning of ap-
proximately 1.9 Hz. The RMS remains comparable, as it is
dominated by persistent rather than transient contributions.

The component at 297 Hz, present in both HoBiCaT mea-
surements, is consistent with the known operating frequency
of the helium pumping system at HoBiCaT. Meanwhile, the
origin of the 41.6 Hz component also present in both mea-
suremnts is a known mechanical resonance mode, [10].

A similar setup as the one explained above was also used
during the first SEALab’s photoinjector commissioning, ex-
cluding the slow integral control. Figure 4 shows the cor-
responding analysis of the detuning signal, where impact-
like detunings were recorded, these appear in the CWT as
localized bursts. While the FFT identifies dominant com-
ponents at 100 Hz and 278.8 Hz, with weaker contributions
at 1017.3 Hz and 1320.7 Hz, the CWT reveals that some
components are not continuously present and only appear
only during the burst activity. A persistent low-frequency
component near 10 Hz is also observed throughout the full
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TFigure 3: Detuning analysis at 𝑄𝐿 = 8.6 × 106: raw detuning signal (top left), FFT spectrum (top right), CWT scalogram

(bottom left), and integrated RMS detuning spectrum (bottom right)

Figure 4: Detuning analysis at SEALab’s photoinjector at 𝑄𝐿 = 2.95 × 107: raw detuning signal (top left), FFT spectrum
(top right), CWT scalogram (bottom left), and integrated RMS detuning spectrum (bottom right)

measurement window. The integrated RMS spectrum con-
firms dominant contributions at ∼ 10 Hz and 100 Hz, with
an additional step at ∼ 1000 Hz associated with the high-
frequency transient content. It is suspected that this kind
of events are caused by the cryogenic system and and this
case illustrates particularly well the capability of the CWT to
resolve transient microphonic effects that would otherwise
be masked in a spectral analysis.

CONCLUSIONS
In this work, the CWT has been applied to SRF cavity

detuning signals measured in a TESLA cavity at HoBiCaT
and in SEALab’s photoinjector. The results demonstrate
that the CWT provides a more complete characterization of
microphonics than conventional Fourier-based approaches,
particularly in the presence of transient and non-stationary

detuning events. While the FFT identifies the frequency con-
tent of persistent components, it fails to capture the temporal
evolution of transient bursts, which appear clearly as local-
ized features in the CWT time-frequency maps. This was
especially evident in the data measured at SEALab, where
impact-like detuning events were shown to activate a 100 Hz
component only during the burst activity.

Future work will focus on improving the scalogram con-
trast through signal preprocessing prior to the CWT compu-
tation, and on extending the analysis to longer datasets and
different operating conditions. The use of accelerometers
in combination with the CWT is also planned to correlate
mechanical vibration sources with the observed detuning
features, supporting the development of more effective mi-
crophonics mitigation strategies.
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