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Superconducting radio-frequency (SRF) cavities are one of the most important elements in modern
particle accelerators as they are used for beam acceleration, bunch manipulation, bunch focusing and
defocusing, etc. Nevertheless, the availability of these complex structures prior to their installation in
the accelerator is limited, either due to a lack of a real cavity or due to the time needed for the experiment
setup (vacuum, cryogenics, cabling, etc.), and thus it can block or delay the development of new algo-
rithms such as low level RF control, quench detection, etc. In this paper, we present a hardware virtual
cavity to be used in hardware-in-the-loop simulations. The system implements a cavity electrical model
for the transmitted and reflected voltages and more advanced features such as mechanical vibration
modes driven by Lorentz-force detuning or external microphonics, hard quenches, and the Q-slope.
As viewed from the RF input and output, this virtual cavity acts like a real SRF cavity and can replace
such a system in early-stage debugging and operation of ancillary control systems.© 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5041079

I. INTRODUCTION

The utilization of superconducting radio-frequency (SRF)
cavities for particle acceleration is spreading not only in large
scale accelerators like the LHC,1 European XFEL,2 or the
LCLS-II,3 but also in smaller facilities like ELBE,4 MESA,5

BESSY-VSR,6 and bERLinPro.7 Regardless of the kind of
facility that uses the SRF technology, the cavities are an
extremely expensive item. Moreover, the equipment needed to
test them, such as cryomodules with the subsequent cryogenic
and ultra-high vacuum installation, the bunker for radiation
protection, and a clean room for the proper cavities’ manip-
ulation, is not always available in the early stages of system
development. Additionally once this equipment is installed,
the time to test control algorithms is very limited. This lack
of available time to use real cavities is a major drawback
when designing control algorithms, such as low level RF
control algorithms, microphonics compensation, and machine
protection techniques.

A solution to overcome this issue is to perform hardware-
in-the-loop simulations, i.e., to replace the actual cavity by
an electronics system that mimics its behavior in terms of its
response to a drive signal. This idea, very extended for the
model-based development, was first proposed in Ref. 8, where
the RF model with the detuning caused by three mechanical
vibration modes was implemented in an Field Programmable
Gate Array (FPGA) using Very High Speed Integrated Circuit
Hardware Description Language (VHDL) code. In Ref. 9, the
cavity equivalent circuit for the in-phase (I) and in-quadrature

a)Electronic mail: pablo.echevarria@helmholtz-berlin.de

(Q) base-band components was implemented in an FPGA.
Both of these implementations are based on discontinued
hardware; thus, their use and further developments are not
possible.

In this work, a virtual cavity implemented in off-the-shelf
National Instrument’s hardware using the Labview visual pro-
gramming interface is presented. As in Ref. 8, the RF model
of the cavity is implemented in an FPGA, but in this case, five
mechanical eigenmodes were included in addition to extra fea-
tures such as the hard quenching of the cavity and the so-called
Q-slope (i.e., the quality factor of the cavity depends on the
amplitude of the RF field). The range of the cavity’s parameters
is wide and easily changed by the operator via a graphical user
interface (GUI). For example, the resonance frequency of the
cavity can vary from some hundreds of MHz to up to 1.75 GHz,
making it possible to use the virtual cavity for modeling from
Helmholtz Zentrum Berlin’s (HZB) quadrupole resonator10 to
a BESSY-VSR cavity.6 The range of quality factors and loaded
quality factors of the cavity allows for the implementation of
cavities ranging from under coupling to highly over coupled
conditions, etc.

The organization of this is work is as follows. In Sec. II,
the electrical model of a SRF cavity is described and its imple-
mentation is presented in Sec. III. Section IV presents the addi-
tional features included in the virtual cavity such as quenches,
field dependent Q0, and the mechanical resonance modes.
Section V also presents the results on the dynamic trans-
mitted and reflected voltages as a function of drive signal
together with the results of quenches, the field dependent Q0,
and mechanical vibrations features. Section VI explains the
limitations of the virtual cavity and proposes future work to

0034-6748/2018/89(8)/084706/8 89, 084706-1 © Author(s) 2018
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overcome them. Section VII shows the applications where this
virtual cavity has already been used or is planned to be used.
Finally some conclusions are given in Sec. VIII.

II. ELECTRICAL CAVITY MODEL

It is well known that a superconducting cavity can be mod-
eled using an equivalent electric circuit11 where the power
amplifier and beam are represented as current generators, the
fundamental power coupler as a transformer, and the cav-
ity as an RLC-circuit. Figure 1 shows the equivalent circuit
of the fundamental mode of a cavity connected to an RF
power source, where V cav represents the transmitted voltage
to the cavity and V ref represents the reflected voltage sent
to the circulator in order to protect the RF power source.
The circuit components are defined in terms of the cavity
parameters √

L
C
=R/Q, (1)

ω0 =
1
√

LC
, (2)

R/Q=
Rsh

Q0
=

2R
Q0

. (3)

In this case, R is the equivalent circuit resistance whose
relationship to the shunt impedance is11 Rsh = 2R according to
the accelerator physics definition. The ratio of the transformer,
m, can be given in terms of coupling factor of the fundamental

power coupler β, m=
√

R
βZ0

. The behavior of the RF envelope

of the transmitted voltage without beam can be calculated by
the following equation:

d
dt

Vcav =

(
−ω1/2 −∆ω
∆ω −ω1/2

)
Vcav +

(
RLω1/2 0

0 RLω1/2

)
Iamp

m

(4)

with ω1/2 =
ω0

2QL
, RL being the load resistance, RL =

R
1+β , and

∆ω being the difference between the driving frequency and the

RF resonance frequency, ∆ω = ω0 − ω. Vcav =
(
V r

cav, V i
cav

)T

and Iamp =
(
Ir
amp, I i

amp

)T
are the real and imaginary parts of the

cavity voltage and RF power source current, respectively. In
order to be implemented in a digital device, this equation can

be discretized as follows:

Vcav(k + 1)=

[
Ts

(
−ω1/2 −∆ω
∆ω −ω1/2

)
+ 1

]
Vcav(k)

+

[
Ts

(
RLω1/2 0

0 RLω1/2

)]
Iamp

m
, (5)

where T s is the sampling period and k is the time step. The
calculation of the reflected voltage is done using

V ref(k)=
Vcav(k)

m
−

Z0Iamp(k)

2
. (6)

III. DIGITAL IMPLEMENTATION

In order to do the hardware implementation, a commer-
cial off the shelf device by National Instruments was chosen,
which allows for easy sharing of the Labview code with other
institutions. This device consists of a PXIe chassis,12 a chas-
sis controller running Windows,13 an FPGA module,14 and an
analog adapter module.15

The signal of the RF module feeds one of the two inputs
of the analog adapter module. Then this signal is sent to the
FPGA module where it is sampled at a maximum sampling fre-
quency of 100 MHz with 14 bit precision and fed to a Virtex-5
FPGA. The digitized signal is IQ-demodulated, and then,
I and Q components are used as inputs for Eqs. (5) and (6)
which are implemented in the FPGA. As the FPGA uses fixed
point arithmetic, the input has to be converted into this numeric
representation. The chosen decimal point is such that the max-
imum power at the input port (4 dBm) is converted into an
Iamp with an amplitude of 8 A, which means an RF input of
3.2 kW.

The cavity parameters are sent to the FPGA module
through the chassis back-plane by the Windows controller
where an operator can insert them using a GUI. The possible
parameters are Q0, Qext, R/Q, ∆f, f RF, and TS, which are used
to calculate the factors to be sent to the FPGA and some other
parameters to be shown to the operator as β = Q0

Qext
, QL =

Q0
1+β ,

Tfall =
2QL
ω0

, ω1/2 =
ω0

2QL
, etc.

Once Vcav and V ref are calculated in the FPGA, they are
IQ-modulated to reconstruct the original input’s frequency.
The user can select which variables are sent to the 16 bit DAC
and therefore to the analog adapter module’s outputs. The wide
range of values of Vcav and V ref can result in an output that
is too low to be resolved for certain cavity parameter settings.
In order to improve the dynamic range of the DAC, the user

FIG. 1. Equivalent circuit model for a
cavity accelerating a particle beam and
connected via a coupler antenna to an
RF power source.
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can also do a digital shift to select which 16 bits of the internal
representation of the signals are sent to the analog adapter
module. The maximum possible Vcav is 67 MV due to the
selected internal numeric representation.

IV. ADDING REALISTIC SRF RESONATOR
PROPERTIES

In the presented virtual cavity, the block that implements
the cavity model for the transmitted and reflected voltage
[Eqs. (5) and (6)] in the FPGA gets, by default, the param-
eters from the Windows controller. But the Virtex-5 FPGA
has enough resources to allow the implementation of some
additional algorithms to include many real-life features of
SRF cavities. These include field dependent quality factors,
quench behavior, microphonics, and the cavity mechanical
response as well as Lorentz-force detuning. Figure 2 shows
the block diagram of the system, where the electrical model
of the cavity gets the parameters directly from the controller
or from the built-in blocks that implement the quenches, the
field dependent Q, and the mechanical vibrations driven by
Lorentz force detuning and external microphonics. The details
of the implementation of these realistic behaviors are given in
Subsections IV A–IV C.

A. Hard quench

Cavities can quench due to various mechanisms such as
defect heating or H exceeding the critical field. As a result, the
Q0 of the cavity rapidly drops to a value typical of a normal
conducting one. This process, known as hard quench, has been
implemented in the FPGA.

The components V r
cav and V i

cav are used to calculate the
amplitude of the voltage inside the cavity in real time, and if
this value is above a threshold set by the operator in the GUI,
theω1/2 is set to the maximum allowed by the implementation
which means Q0 ≈ 175 000 for high Qe at f RF = 1.3 GHz (see
Sec. VI). If the quench condition is met, it will not be possible

FIG. 2. Block diagram of the implemented system.

to set a high voltage until the button “Thermal Recovery” is
pressed by the operator.

B. Q-dependent field

Real superconducting cavities have a field dependent Q0.
At high fields, the quality factor shows a degradation, the so-
called Q-slope, which can be a limit to high gradients.16 In
order to emulate this behavior or any other field dependence,
a piecewise curve can be implemented (Fig. 3). The operator
can divide the cavity voltage in up to nine regions (this number
can be easily increased if needed) and then define the Q0 for
those regions.

The Windows controller sends this information to the
FPGA where a selector is implemented. This component uses
the amplitude of the cavity voltage and the implemented look-
up table to decide in real time in which region it lies and sends
the corresponding parameters to the cavity model block. It also
sends this information back to the controller to show the new
theoretical parameters of the cavity in the GUI.

C. Mechanical response

A full cavity unit composed of the superconducting cavity,
the helium vessel, and the tuner forms a mechanical structure
with characteristic vibration eigenmodes. When one or several
of these eigenmodes are excited, the mechanical vibration of
the system changes the geometry of the cavity which leads
to a shift of the resonant frequency. This vibration can be
excited by two independent mechanisms: the Lorentz-force
pressure made by the electromagnetic field inside the cav-
ity and microphonics caused by helium pressure fluctuations,
deterministic narrow band noise sources as vacuum pumps,
stochastic background noise, etc. The eigenmodes, indepen-
dent of the mechanism causing them, can be described by three
parameters: the resonance frequency, the quality factor, and
the coupling factor.8 For the Lorentz force case, the detuning
introduced by one eigenmode is described by

d
dt

(
∆ωm(t)
∆ω̇m(t)

)
=

(
0 1
−ω2

m−
ωm
Qm

) (
∆ωm(t)
∆ω̇m(t)

)
+

(
0

−Kmω
2
m

)
E2

cav, (7)

where ∆ωm(t) is the detuning, ωm, Qm, and Km are, respec-
tively, the natural frequency, the quality factor, and the cou-
pling factor of the driven force of the eigenmode, and Ecav is
the electric field in the cavity. The microphonics mechanism
is described by a similar equation where the electric field is
replaced by the voltage of the piezo elements of the mechanical
tuner.17

FIG. 3. Piecewise implementation of the Q-slope.
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After a proper discretization, Eq. (7) is implemented in the
FPGA using five blocks in parallel to simulate five different
mechanical modes. The operator can introduce the necessary
parameters in the graphical interface and choose which input
is fed to the mechanical modes: the squared amplitude of the
voltage in the cavity, a signal coming from the Windows con-
troller with simulated microphonics, or the sum of both of
them.

V. VALIDATION OF THE MODELING
A. Results for the transmitted voltage

In order to test the implementation of the cavity model,
an RF signal generator was used to send a pulsed 25 MHz
signal to the input of the analog adapter module. A second
signal generator, synchronized with the first one, was used to
generate the external 100 MHz clock source, and finally, the
two analog outputs were connected to an oscilloscope.

First the V r
cav and V i

cav were chosen to be sent to the scope
in order to check the temporal behavior of the transmitted
voltage. After scanning the phase of the clock source to max-
imize V r

cav and setting the proper digital shift for each case,
the values for T fall, defined as 2QL/ω0, and the values of Vmax

cav

without detuning, defined as RLω1/2
Iamp

m , shown in Table I, are
found. It can be seen that the virtual cavity’s parameters are
close to the theoretical ones calculated by the operator’s GUI.
Figure 4 compares the output extracted from the scope for
the two first cases in Table I using a 500 ms pulse input with
the theoretical response. It can be seen that there is a good
match between the virtual cavity’s output and the theoretical
prediction.

TABLE I. Measured and theoretical fall time and maximum voltage without
detuning as a function of Qext for Q0 = 5 × 1010, r/Q = 1000 Ω, ∆f = 0 Hz,
and f RF = 1.3 GHz.

Tfall Vmax
cav

Qext Meas. Theo. Meas. (MV) Theo. (MV)

5 × 106 1.13 ms 1.22 ms 2.66 2.68
5 × 107 12.0 ms 12.23 ms 8.22 8.48
5 × 108 117 ms 121.2 ms 25.46 26.57
5 × 1010 5.9 s 6.121 s 66.84 68.04

FIG. 4. Oscilloscope’s readouts of the V r
cav component for the first two param-

eters from Table I using a 500 ms pulse input signal (solid lines) versus the
theoretical response (dashed lines).

FIG. 5. Oscilloscope’s readouts of V r
cav (upper plot) and V i

cav (lower plot)
components for Q0 = 5 × 1010, Qext = 5 × 107, r/Q = 1000Ω, f RF = 1.3 GHz,
and ∆f = 50 Hz using a 200 ms pulse input signal (solid lines) compared with
the theoretical results (dashed lines).

In order to check the behavior of the virtual cavity with a
predefined detuning, a detuning value of 50 Hz was applied.
Figure 5 shows the results taken from the oscilloscope for V r

cav
and V i

cav compared with the theoretical ones.
Finally, to check that the IQ modulation works properly,

the transmitted voltage was sent to one of the analog outputs.
The result is a 25 MHz signal modulated by V r

cav and V i
cav, as

it is seen in Fig. 6.

B. Results for the reflected voltage

The behavior of the reflected voltage depends on the cou-
pling18 defined as β = Q0

Qext
. To test the performance of the

virtual cavity, the IQ-modulated reflected voltage was sent to
the second output of the analog adapter module:

• When the cavity is critically coupled (β = 1), the
reflected voltage presents two equal spikes at the begin-
ning and the end of the pulse and in between settles to
zero (Fig. 7).
• When the cavity is over-coupled (β > 1), after the first

spike, the reflected voltage presents a zero-crossing and
the final spike is higher than the first one (Fig. 8).

FIG. 6. Transmitted voltage for Q0 = 5× 1010, Qext = 5× 1010, r/Q = 1000Ω,
f RF = 1.3 GHz, ∆f = 0 Hz, and a pulse length of 30 s. The frequency of the
signal is 25 MHz.
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FIG. 7. Reflected voltage with β = 1.

FIG. 8. Reflected voltage with β = 100.

• When the cavity is under-coupled, there is no zero-
crossing after the first spike. The final spike, which
is lower than the initial one, equals the steady state
reflected voltage when β = 1/3 (Fig. 9). With β < 1/3,
there is a step down when the pulse ends.

FIG. 9. Reflected voltage with β = 1/3.

FIG. 10. Quench response for three different limits of the cavity’s voltage
(15, 20, and 25 MV) with a 500 ms RF pulse input.

C. Results for the quench

The correct functioning of the quench feature has been
checked setting different cavity voltage limits in the controller
for a given set of cavity’s parameters. Figure 10 shows the
quench behavior for a cavity with Q0 = 5 × 1010, Qext =
5 × 108, r/Q = 1000 Ω, f RF = 1.3 GHz. It can be seen that
when the cavity voltage reaches the limit set by the user, it
drops drastically to that of a normal conducting cavity.

D. Results for the Q-dependent field

In order to test the correct behavior of this feature (Subsec-
tion IV B), the exponential decay curve of the cavity voltage
when the input is switched off is analyzed.19 Figure 11 shows
this curve for a cavity with Qext = 5 × 108, r/Q = 1000 Ω,
f RF = 1.3 GHz and three regions for Q0: 5 × 1010 below 6 MV,
1 × 109 between 6 MV and 11 MV, and 1 × 108 above. By cal-
culating the slope of the natural logarithm of the decay curve
at the three different regions, the half bandwidth of the cavity
can be found. Table II shows the measured half bandwidths
compared to the theoretical ones.

FIG. 11. Decay curve of a cavity with three Q-slope regions after switching
off the input.

TABLE II. Measured and theoretical half bandwidths of the virtual cavity
output with three different Q-regions.

ω1/2

Meas. (rad/s) Theo. (rad/s)

V cav > 11 MV 50.508 49.009
6 MV < V cav < 11 MV 12.753 12.252
V cav < 6 MV 8.311 8.5765
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FIG. 12. The effect of the Lorentz force detuning coupled with a 50 Hz
mechanical mode in the amplitude in a cavity with Q0 = 5 × 1010, Qext =
5 × 107, and f RF = 1.3 GHz.

E. Results for the mechanical response

First the Lorentz force driven mechanical detuning was
checked. Figure 12 shows the effect of a single mechanical
mode of f m = 50 Hz, Qm = 300, and Km = 0.9 on the amplitude
of a cavity driven by a 100 ms pulse. It can be seen how the
amplitude of the voltage in the cavity is modulated by the 50
Hz detuning signal.

The mechanical response driven by microphonics was
tested using a step signal as the input of the mechanical modes,
and the cavity electrical and mechanical parameters were set to
mimic the behavior of the bERLinPro photoinjector.20 In order
to compare the results of the virtual cavity with the results of
the real cavity, the same setup was used: the virtual cavity
was connected to a Phase-Locked Loop (PLL) and the cavity
detuning was plotted in an oscilloscope.

It is worth mentioning that this step-wise microphon-
ics simulates a hit received by the cavity due to slug flow
in the cryogenic plant,21 as has been observed in the SRF
photoinjector for bERLinPro.22 Figure 13 shows the detuning
of the virtual cavity configured as the bERLinPro photoin-
jector when receiving step-wise microphonics. This can be
compared to the beating seen in the real photoinjector due to
the slug flow, as it is shown in Fig. 14. Figure 15 shows the
Fourier transform of the detuning of the virtual cavity, where

FIG. 13. Cavity detuning measured using a PLL of the virtual cavity config-
ured as the bERLinPro photoinjector when receiving step-wise microphonics.

FIG. 14. Beating in the SRF Photoinjector measured at HZB due to the slug
flow.

FIG. 15. Fourier transform of the detuning of the virtual cavity configured as
a bERLinPro photoinjector.

the mechanical modes introduced through the virtual cavity’s
user interface can be clearly seen.

VI. LIMITATIONS OF THE HARDWARE

The main limitation of the presented virtual cavity is that
as an FPGA is used for the implementation, fixed point rep-
resentation is the most suitable way to manipulate data. Thus,
some quantization errors are introduced in the cavity parame-
ters’ data representation and therefore into the virtual cavity’s
dynamics. In this sense, the parameter with the biggest impact
in the cavity’s dynamics is ω1/2, whose bit representation has
been chosen to allow up to 24 krad/s half bandwidth with a
precision of around 3 mrad/s. This means that, for example,
at f RF = 1.3 GHz, the minimum QL is around 1.75 × 105 and
the maximum is around 5 × 1011. It also means that the closer
the QL is to the upper limit, the bigger the quantization error
is (around 6% at f RF = 1.3 GHz and QL = 5 × 1011).

The utilization of a rather old FPGA also has a direct
impact on the features that can be implemented. For instance,
the number of multiplier blocks limits the number of mechan-
ical eigenmodes to a maximum of five. It is planned to migrate
the project to a newer hardware23 with a more powerful FPGA
that will allow us to implement more mechanical modes,
to emulate the effect of the beam loading, implement more
passband modes, etc.
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The quench response can also be improved to approxi-
mate better the real behavior, where the drop of Q0 follows a
decay curve which takes few milliseconds, and the resonant
frequency ω0 is shifted due to the difference between the pen-
etration depth in the superconducting state and the skin effect
in the normal conducting state. This means that after a quench,
the values ofω1/2 and ∆ω have to be fed into the cavity model
from a look-up table.

Regarding the microphonics, currently only two pos-
sible types are implemented: white noise, which is imple-
mented using a predefined Labview block that allows to
choose between uniformly or Gaussian-distributed pseudoran-
dom patterns,24 and step-wise microphonics. It is planned to
include the possibility of choosing real recorded microphonics
to emulate more realistic situations.

Finally the sampling speeds of the ADCs and DACs make
it compulsory to use down- and up-converters to shift the fre-
quency of the signals from RF to the intermediate frequency
and vice versa.

VII. EXAMPLES OF APPLICATIONS

In order to use the virtual cavity to debug the actual control
hardware and algorithms, the virtual cavity has been connected
to an up/down converter to generate a 1.3 GHz signal. Cur-
rently it is being used to debug the utilization of a Kalman
filter for the cavity detuning estimation.25 For such a purpose,
five mechanical modes have been selected driven by step-type
microphonics, and the up-converted output has been connected
to the µTCA chassis that will be used for the bERLinPro LLRF
(low level RF) control.20

The virtual cavity is not only limited to applications in
LLRF control algorithms debugging but can be used for a wider
range of debugging. For instance, its quench feature has been
used to debug a quench detection software that was later used
in a quadrupole resonator.26

Due to its flexibility and the wide range of the parameters,
the virtual cavity becomes a very useful tool as well for teach-
ing superconducting radio-frequency science and technology.
For example, the graphical user interface can be modified to
hide some parameters to allow the students to measure the
loaded quality factor through the decay time, the Q versus
field curve, etc.

VIII. CONCLUSIONS AND FURTHER DEVELOPMENTS

The flexibility of the presented virtual cavity allows the
emulation of the electrical model of several types of supercon-
ducting cavities, together with some advanced features like
quenching, field dependent Q, Lorentz force detuning, and
mechanical modes driven by the Lorentz force or by external
microphonics. Currently it is being used to debug LLRF con-
trol algorithms for the bERLinPro Energy Recovery Linac and
BESSY-VSR and it is planned to be used in the Accelerator
Physics program of the University of Siegen. It is also fore-
seen to be used to test the LLRF operation including piezo
controls,27 which will need to implement the behavior of the
piezo elements of the cavity tuners coupled to its mechanical

response. The microphonics source in the Windows controller
is also planned to be extended to allow the possibility of send-
ing not only step-type perturbations or white noise but, for
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