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Abstract

In the main linac (ML) of the KEK-cERL, two
superconducting cavities with high loaded Q (Q,= 1x107)
are operated in continuous wave (CW) mode. It is
important to control and suppress the microphonics
detuning owing to the low bandwidth of the cavities. We
evaluated the background microphonics detuning by the
low level radio frequency system during the beam
operation. Interestingly, a “field level dependence
microphonics” phenomenon was observed on one of the
cavities in the ML. Several frequency components were
suddenly excited if the cavity field is above a threshold
field (~3 MV/m). We found that this threshold field is
probably related with the cavity quench limits despite the
unclear inherent physical mechanism. Furthermore, in
order to optimize the cavity resonance control system for
better microphonics rejection, we have measured the
mechanical transfer function between the fast piezo tuner
and cavity detuning. Finally, we validated this model by
comparing the model response with actual system
response.

INTRODUCTION

At KEK, a compact energy recovery linac (cERL) was
constructed to study the feasibility of the future 3 GeV ERL
based light source in 2009 [1]. It is a 1.3 GHz
superconducting (SC) facility that operated in continuous-
wave (CW) mode. In the main linac (ML) of the cERL, two
nine-cell cavities (ML1 and ML2) were installed for
energy recovery [2]. These two cavities have a high loaded
Q (Qy) of about 1x107, with the corresponding cavity half-
bandwidth (wos) of about 65 Hz. The lower bandwidth
makes the cavity phase very sensitive to the microphonics
detuning. A low level radio frequency (LLRF) system is
usually required to reduce the microphonics effects.

Figure 1(a) compares the cumulative microphonics
detuning as a function of the vibration frequency of the ML
cavities in the past 5 years (indicated by different colors).
In 2015, a 50 Hz component caused by scroll pumps was
observed in both cavities (especially ML2). This
components were disappeared after inserting a rubber sheet
under the pumps. From 2016 to 2019, we have observed
that the microphonics conditions gradually deteriorated in
the ML1 cavity. Roughly, the RMS micrphonics detuning
in 2019 (blue) is 2.5 times of the detuning in 2016 (red).
On the other hand, such a phenomenon was not observed
in the ML2 cavity. Figure 1(b) shows the corresponding RF
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stability (left: ML1, right: ML2) in the past 5 years. After
2016, according to Fig. 1(b), the RF stabilities for ML1
cavity were, unfortunately, getting worse due to the
deteriorated microphonics conditions. Whereas the
stabilities of ML2 cavity always performed well due to its
similar microphonics conditions in the past five years.

In view of this situation, we have investigated the
background microphonics of these two cavities carefully.
Interestingly, a “field level dependence microphonics”
phenomenon was observed in cavity ML1 [3]. We found
that if the cavity field in the ML1 is larger than a threshold
filed of 3 MV/m, several high frequency components were
suddenly excited. This threshold field is probably related
with quench limits according to the experimental results.
Furthermore, in order to optimize the current resonance
control, we measured the transfer function (TF) model
between the piezo tuner and the cavity detuning, and then
demonstrated the validation of the model in the beam
commissioning. This paper will present our studies in 2019.
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Figure 1: Five years comparison of (a) cumulative RMS
detuning (in a function of vibration frequency) and (b)
amplitude and phase stabilities (under feedback operation)
of the ML1 (left) and ML2 (right). The cavity voltages in
each operation are also marked in Fig. 1(b).

LLRF SYSTEM

Figure 2 shows the digital LLRF systems (indicated by
red block) and frequency tuner system (indicated by blue
block) of the ML cavities. The detailed information of
these two systems can be found in [4-5] and [6],
respectively. The phase differences ( Ap ) between cavity
pick-up and cavity incident (Pf) are calculated in both two
systems. In LLRF system, this Ap will be further filtered



by a first order low-pass filter with 2.5 kHz bandwidth to
reduce the background noise. The microphonics detuning
Aw is then calibrated based on the Ag by the equation

Aw=w,s-tan(Ap), (1

where wo s represents the half-bandwidth of the cavity. In
the tuner system, the Ag is first regulated by an integral (/)
controller and then combined with a feedforward model
(FF2 in Fig.2). This combined signal will finally drives a
piezo tuner which tune the cavity resonance frequency.
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Figure 2: Schematic of the digital LLRF system (indicated
by red block) and frequency tuner system (indicated by
blue block) of the cERL ML cavity.

MICROPHONICS OF ML CAVITIES

In 2019, the operational field of ML1 was limited to
6 MV/m due to the degradation of the cavity performance
[2]. We found that some high frequency components such
as 680 Hz and 890 Hz were excited under 6 MV/m
operation (see the accumulative RMS detuning plot at
Fig.1). However, these components were disappeared
when we operate the ML1 with lower field (e.g. 2 MV/m).
It seems that the microphonics detuning is related with the
field level in the ML1. To evaluate whether there is a field
dependence of the microphonics detuning, we gradually
increased the cavity voltage (V;) by changing the set value
of the LLRF system under feedback (FB) operation (see
Fig. 2). The field-detuning map was then obtained by
performing Fourier analysis of Aw under different cavity
field.

Figure 3 shows the measured field-detuning maps of
MLI (upper) and ML2 (lower) cavities. The color code
here represents the detuning spectrum power. Interestingly,
an unexpected boundary, corresponding to a threshold V.
of approximately 3.1 MV, was observed in the map of the
ML1. Noted that the relationship between V. and the cavity
field (FEauc) is expressed as V. [MV]=1.038 [m]XExc
[MV/m], i.e. the value of V. and E, is almost same in our
cavity [7]. In the field-detuning maps of the ML2, such a

“field dependence microphonics” phenomenon did not
appeared.

We scanned this field-detuning maps by several times
under different LLRF conditions (switching on/off the
LLRF FB control loops or the frequency tuner feedback
loop). The threshold voltage was reproduced almost on the
same value for all of these cases. We therefore ruled out the
possibility of the FB loops that caused the “field
dependency microphonics” phenomenon. On the other
hand, we found the value of the threshold voltage is
probably related with quench limits. The cavity quench
limit field of ML1 was increased from 5.9 MV/m to 6.3
MV/m by the pulse (PS) aging processing. It is interesting
to see that the threshold field was also increased from 3.0
MV/m to about 3.2 MV/m. After one week beam operation,
we observed that the quench limits level was reduced
slightly, as well as the corresponding threshold field.
Table 1 has summarized the quench limits field and the
corresponding threshold field under different stage [3].
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Figure 3: Field-detuning maps of ML1 (upper) and ML2
(lower) cavity. The color in the figure presents the intensity
of the microphonics detuning. A threshold voltage of 3.1
MYV appeared on the map of the ML1.

Table 1: Threshold Field versus Quench Limit Field

Cavity Conditions Threshold Eacc  Quench Limits
Before PS aging 3.0 MV/m 5.9 MV/m
After PS aging 3.2 MV/m 6.3 MV/m
After one week 3.1 MV/m 6.1 MV/m

operation

TRANSFER FUNCTION MEASUREMENT

In the current frequency tuner system based on [
controller, the bandwidth of the closed system is less than
several Hz. However, as shown in Fig. 3, the microphonics
components are distributed from DC to several hundred Hz.
That is to say, the current / controller is not capable of
suppressing the microphonics detuning. To achieve a better
performance of the tuner FB system, advanced control
method such as active compensation method with adaptive
finite impulse response filter or active noise control
method are candidate approaches [8-9]. In such methods,



prior measurement of the tuner TF model is necessary (or
helpful) for the controller design.

The TF model of piezo tuner system with N modes is
given by [8]

N 2
H(s)=| hoy> el o @
s+l S st 428 0,5+ @]

The parameter M is the steady state gain and 7 a time
constant of a low-pass filter. The parameter 7, represents
the group delay of the system. The parameters w;, M) and
¢ represent the frequency, magnitude, and damping
constant of the k™ mode, respectively.

In cERL, inspired by the successful experience of a
disturbance observer (DOB)-based method in the LLRF
field control system [5], we also estimated the possibility
of extending this method to the tuner control system in
2016 [6]. A tuner system model is also required in the
design of the DOB-based controller. However, due to the
time limitation in the beam commissioning, we did not
have enough time to measure the complete TF model of the
tuner system at that time. We only considered that the tuner
system is a simple first-order model [see the first order
model in (2)] with a group delay, and then used this
simplified model for controller design. The experiment is
not fully successful due to the oscillation of a 340 Hz
mechanical mode [6].

In 2019, we have measured the tuner TF by exciting the
tuner system with the sinusoidal signal from FF2 (see the
yellow block in Fig. 3). The response of the cavity detuning
was then calculated by LLRF system. We recorded the
response of the tuner system from 5 Hz to about 340 Hz
which covers the main vibration components. The
frequency step is set to 1 Hz, and for each frequency point,
up to 5 seconds measurements was conducted to achieve a
steady state response.

The amplitude and phase response of the tuner system of
ML1 (blue) and ML2 (red) are shown Fig. 4. From the
amplitude response of ML1, a 340 Hz mechanical mode is
easily found. This mode is in good consistence with the
result in Ref. [6]. In addition, for ML1 tuner system, the
steady state gain M, is approximately 2.6 according to
Fig. 4. This result is also in good agreement with the result
in Ref. [6], which has a M, of 2.7. By fitting a linear curve
to the phase response plot, we can identified the system
group delay of 0.11 ms by the slope of the linear curve. The
other parameters in each mechanical mode can be
identified by modern system identification method.

To validate the identified TF model, we have compared
the response of the TF model and actual tuner system in the
MLI1 cavity. Firstly, we operated the tuner system and
LLRF system with the open-loop. In the next step, we
excited the tuner system with two types of signals, type-A
and type-B. In the case of the type-A, the excited signal is
a 50 Hz square wave signal with amplitude ;. In the case
of the type-B, the excited signal is a 20 Hz square-wave
with the amplitude 4-a;. Finally, we measured the
corresponding cavity detuning response of this two cases.

Figure 5(a) has compared the response of the type-A signal
of the actual system (indicated by blue color) and the TF
model (indicated by red color). Similarly, Figure 5(b)
compared the responses of the type-B signal. The results
are in good agreement in both of these two cases.
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Figure 4: Tuner amplitude (upper) and phase (lower)

response as a function of exciting frequency of ML1 (blue)

and ML2 (red).
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Figure 5: Comparison of the square-wave response of the
transfer function model (red) and actual tuner system
(blue). We have applied two types of square wave. (a)
Type-A, 50 Hz and amplitude = ai, (b) Type-B, 20 Hz and
amplitude = 4-a;.

SUMMARY

The microphonics detuning is increased in the past five
years in one of the ML cavities. After investigating the
cavity back-ground microphonics carefully, a “field level
dependency microphonics” phenomenon was observed.
Several components were suddenly appeared if the cavity
field is above a threshold field of 3 MV/m. This threshold
field is probably related with the quench limits although
the internal mechanism is still not well understood.
Furthermore, we have measured the TF model of the tuner
system, and then validate the model by comparing the
model response with the measured system response. For
the future work, we will optimize our tuner control with the
identified TF model.
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