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Abstract

Precisely determining the gap voltage and phase in an
RF cavity is essential for the calibration of the LLRF feed-
backs. Following the conventional approach, measured RF
power is converted into gap voltage, assuming a given shunt
impedance. However, power and impedance evaluations can
both have large uncertainties. Alternatively, the voltage can
be obtained precisely with a technique based on longitudi-
nal phase-space tomography. From a set of bunch profiles,
tomography reconstructs the bunch distribution in the lon-
gitudinal phase-space. The quality of the reconstruction
strongly depends on the RF voltage and therefore allows
to derive its absolute value. In this paper we describe the
tomography-based voltage measurements performed in the
CERN PSB and SPS, where this method allowed to detect
significant voltage errors for the main RF systems. After
applying the correction factors in the LLRF, 1% accuracies
were reached. We report here also the remarkable results
achieved by using this technique to calibrate the voltage of
the SPS higher-harmonic cavities at 800 MHz, as well as
their relative phases with respect to the 200 MHz cavities.

INTRODUCTION

The knowledge of the gap voltage in an RF cavity is impor-
tant for several reasons. Firstly, the RF voltage is necessary
to calibrate the LLRF feedbacks, e.g. for beam-loading com-
pensation. Secondly, analytical beam dynamics studies can
provide accurate estimates only if the accelerator parameters,
including the RF voltage, are known with sufficient precision.
Thirdly, an accurate evaluation of the RF power transmitted
into the cavity can be obtained, allowing to determine the
performance of the cavity or possible issues.

However, measuring the RF voltage with conventional
techniques can be difficult. One method consists of measur-
ing indirectly the RF power driven into the cavity. This power
is then converted into gap voltage assuming a certain shunt
impedance. However, power and impedance measurements
of high-frequency cavities can be affected by significant er-
rors. In addition, the cavity model to convert the power into
voltage introduces another source of uncertainty.

Beam-based techniques to measure the RF voltage ana-
lyze the longitudinal profiles of an oscillating bunch. The
beam intensity is generally kept as low as possible, since col-
lective effects induce an additional voltage in the cavity. The
measurements are generally performed with beam-related
loops of the LLRF system deactivated, to avoid damping the
desired bunch oscillations and also to simplify the analysis.

The precision of synchrotron frequency measurements is
limited, due to their dependence on the oscillation amplitude.
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A more evolved beam-based technique for RF voltage mea-
surements uses the longitudinal phase-space reconstruction
by tomography [IH5]]. Given a set of bunch profiles (Fig. [T]
left), tomography can reconstruct the bunch distribution in
the longitudinal phase-space (Fig. 2] bottom). Tomography
is an iterative algorithm, and at each step the weighted dif-
ference (discrepancy, D) between reconstructed and input
profiles usually decreases. The discrepancy is given by
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where N, is the number of profiles given as input to tomog-
raphy, Np;, is the number of bins per profile, and AP; ; is
the difference between the i*" measured and reconstructed
profiles at the j'# bin. For a sufficiently large number of
iterations (typically below 100), the discrepancy in Eq. (T)
converges to an asymptotic value D (Fig.[2] bottom), which
indicates the quality of the phase-space reconstruction.
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Figure 1: Evolution of bunch profiles measured at PSB flat-
bottom, programmed V,, = 7.5 kV for the cavity in sector
S13 of ring 4 (left). Reconstructed bunch profiles (right).
The optimal voltage and phase used for tomography derive
from the voltage measurement shown in the top plot of Fig. E}

The accuracy of a tomographic reconstruction strongly
depends on the knowledge of the RF voltage, Vi and of
the phase of the bucket center, ¢s. Hence, the asymptotic
discrepancy, D, can be considered a function of the voltage
and bucket position. The measurement of the RF voltage and
phase using tomography consists in determining Vi and @
which minimize the discrepancy function (Fig.[2] top). This
technique, already used at CERN in 1998 for the RF cavities
of the PS accelerator [6]], has been extensively applied since
2021 to measure with high precision the RF voltage of the
PSB and SPS cavities [[7,/8[]. Moreover, tomography-based
measurements allowed to determine the relative RF phases
of the SPS cavities with remarkable accuracy.
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Figure 2: Tomography-based voltage measurement using as
input the bunch profiles shown in the left plot of Fig.[I](top).
The voltage error is —18%. The minimum discrepancy is
found with a function-minimizer algorithm (grey curve), and
alternatively by computing D, on a rectangular grid. Phase-
space distribution corresponding to the first profile (bottom).
The time and energy projections of the reconstructed dis-
tribution are plotted in orange. The reconstructed bunch
profile overlaps the measured one, which is shown in black.
The magenta curve represents the discrepancy as a function
of the number of algorithm steps. The optimal voltage and
phase are assumed for the tomographic reconstruction.

VOLTAGE MEASUREMENTS FOR THE
PSB CAVITIES

Setup of the beam measurements

The PSB has four superposed rings with three identical
RF cavities each, in sections S5, S7 and S13. At injection
energy (Exin = 160 MeV) and in each ring, the RF voltage
of the main /4 = 1 harmonic (f;f = 1.0 MHz) was measured
separately in the three cavities in S5, S7 and S13. To check
the linearity, the programmed voltages were 4 kV, 5 kV,
6 kV and 7.5 kV. For each combination of ring, cavity and
programmed voltage, at least three cycles were measured to
verify the reproducibility of the results.

The beam measurements started at injection and extended
for the entire flat-bottom duration. The bunch injected from
the Linac4 had a rectangular shape in the longitudinal phase
space (Fig. 2} bottom), therefore, being not matched to the
RF bucket in the PSB, when rotating in phase space this
distribution caused strong bunch length (quadrupole) os-
cillations (Fig. [T} left). The bunch intensity was kept as
low as possible, i.e. below 8 - 10'° ppb, to limit the influ-
ence of collective effects. The LLRF servo loops needed for
beam-loading compensation in the cavities were kept active,

however dedicated tests showed that their effect on the volt-
age measurements was negligible. Beam phase and radial
loops were disabled during the measurements to remove
their influence.

To study the dependence of the voltage errors on the RF
frequency, measurements were also taken at extraction en-
ergy (Exin = 2 GeV, fir = 1.8 MHz). The programmed
voltages were the same as for the measurements at injection.
To excite quadrupole bunch-oscillations, RF voltage jumps
were programmed before the start of the flat-top. In addition,
large dipole oscillations were induced by opening the phase
loop before the start of the measurements. Longitudinal shav-
ing of the bunch along the ramp allowed to obtain relatively
low bunch intensities at flat-top (below 3 - 10'? ppb).

Results

The first voltage measurements were performed in early
2021, and they were repeated four times in 2022 (Fig. [3).
The voltage errors summarized in Fig. 3] vary between —5%
and —18%. The cavities in S7 provide the lowest voltage
errors in all rings, whereas the cavities in S13 give the largest
errors, except in ring 2. The variation of the voltage errors
over time is in general small for a given cavity, and the largest
errors are usually observed with the measurements at flat-
top. The small error bars in Fig. [3|(spread for different RF
voltages) indicate that the linearity is excellent, as relative
errors are essentially independent of the absolute voltage.
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Figure 3: Evolution of the voltage errors over the years
for the cavities in S5 (blue), S7 (red) and S13 (green), in
all the four PSB rings, at flat-bottom (FB) or at flat-top
(FT). The error bars associated to each set of measurements
indicate the spread due to the different programmed voltages
tested. At least three cycles were recorded for a given set of
parameters, with cycle-to-cycle variations in voltage errors
usually within +1% (not shown in the plots).



In 2022, validation tests were performed by applying in
the LLRF the correction factors obtained from the voltage
measurements. In each ring, the beam measurements were
repeated using the three cavities together. As expected, the
voltage errors decreased from —13% to essentially zero.

Dependence of the voltage error on errors in de-
sign energy and transition gamma

The accuracy of tomography-based voltage measurements
depends on the knowledge of the Lorentz factor at transi-
tion, v, and of the dipole magnetic field acting on the bunch,
B. To quantify these dependencies, longitudinal beam dy-
namics simulations with collective effects and assuming
measured beam parameters were performed with the CERN
BLonD code [9]]. In the simulations, an RF voltage of 7.5 kV
was assumed, whereas the transition gamma and the design
magnetic field were set to expected values, i.e. y; = 4.05,
B = 0.232 T at injection energy, B = 1.13 T at flat-top.
The simulated bunch profiles were used as input for the vir-
tual voltage measurements, and errors in design magnetic
field and transition gamma were intentionally introduced to
determine their impact on the reconstructed RF voltage.

Figure[d] (left) shows the voltage-error inaccuracies at flat-
bottom, as a function of relative errors in transition gamma,
Yt.err and in design kinetic energy, Exin,err- In relative units
and in first approximation, the voltage errors increase linearly
as a function of the kinetic energy error with a proportional-
ity factor of 1.4, and they also increase linearly as a function
of the transition gamma error with a factor of 0.2. A similar
analysis at flat-top (Fig. 4] right) reveals larger factors of
4.2 and 3.0, respectively for the errors in kinetic energy and
transition gamma. This indicates that the voltage measure-
ments should be performed at flat-bottom to obtain better
accuracies.
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Figure 4: Voltage errors as a function of the error in the
design kinetic energy, and also as a function of the transition
gamma error, which is reported in the bottom-right box for
each curve (left). The voltage errors are obtained by perform-
ing virtual voltage measurements at PSB flat-bottom, with
simulated profiles as input. In the BLonD simulation, the
assumed and expected kinetic energy and transition gamma
are respectively 161 MeV and 4.05. The dependencies of the
voltage errors are reported in the top-left box. Voltage errors
as a function of the errors in kinetic energy and transition
gamma at flat-top, assuming in simulation a kinetic energy
of 2.02 GeV and a transition gamma of again 4.05 (right).

In the PSB, the expected uncertainty in the design mag-
netic field is about 0.1 mT. Since the contribution of the
dipole-magnets’ bending radius to the uncertainty is consid-
ered to be negligible, the kinetic energy is expected to be
accurate within 0.1% and 0.02%, respectively at flat-bottom
and at extraction energy. The uncertainty in the transition
gamma is less well known. Note that a rounded value of
v¢ = 4.1 has been assumed for the voltage measurements
reported in Fig.[3] If the actual value of the transition gamma
is indeed 4.05, then an error of 1% has been introduced. Tak-
ing into account the proportionality factors reported above,
this should lead to voltage-error underestimations of 1% and
3%, respectively at injection and extraction energies (yellow
lines in Fig.[d)). In such a case, the results shown in Fig.[3|
should be adjusted accordingly. This would lead to an even
better voltage-error agreements at injection and extraction
energies for the cavities in S7.

VOLTAGE MEASUREMENTS FOR THE
SPS FUNDAMENTAL CAVITIES

Setup of the beam measurements

The SPS has six accelerating traveling-wave RF cavities,
which are enumerated from 1 to 6 in the order of the beam
direction. Each of these cavities operates at 200 MHz and is
composed of either 33 (C1, C2, C4, C5) or 44 (C3, C6) cells.
Beam measurements were performed at injection (26 GeV/c)
and flat-top momentum (200 GeV/c) for each of the six cavi-
ties individually. The natural phase and energy mismatch of
the bunch injected from the PS, combined with an intentional
phase shift programmed in the SPS, excited large bunch os-
cillations at flat-bottom. For the measurements at 200 GeV/c,
an RF phase jump before the start of the flat-top led to strong
dipole oscillations of the beam. The programmed voltages
were 950 kV and 1.6 MV, respectively for each 33-cell and
44-cell cavity.

A dedicated bunch with low intensity (4 - 10° ppb) and
short bunch length (1.2 ns) was injected into the SPS. The
beam loops were turned off, but it was necessary to keep
the One Turn Delay Feedback (OTFB) for beam-loading
compensation enabled, since its set point defined the voltage
reference. Nevertheless, virtual voltage measurements with
simulated profiles showed that the impact of the OTFB on
the voltage errors is negligible at the given bunch intensity.

Results

The first voltage measurements for the 200 MHz cavi-
ties were performed in 2021, and errors up to 20% were
found (Fig.[3] top). A careful check revealed the presence
of inaccurate settings for the variable attenuators used to
calibrate the voltage in the cavities. These settings were
due to errors in power estimates. Refined electrical volt-
age calibrations were performed in early 2022. Afterwards,
tomography-based voltage measurements indicated resid-
ual voltage errors within 6%, confirming that the electrical
measurement campaign was successful. In early 2023, the



correction factors obtained from the tomography-based volt-
age measurements were applied in the LLRF system. The
voltage errors measured with beam in 2023 were within just
1% with respect to the programmed voltage, which is an
exceptional result. It is worth highlighting the excellent re-
producibility within the same year of the voltage errors, as
well as the small cycle-to-cycle spread.
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Figure 5: Evolution of the voltage errors (top) and relative
phases (bottom) for the six SPS cavities. The beam mea-
surements performed at flat-bottom (26 GeV/c) or at flat-top
(200 GeV/c) are identified respectively with ‘FB’ and ‘FT".
In the bottom plot, the RF phase for the C1 cavity is arbitrar-
ily set to zero as reference. For each set of measurements,
the error bar indicates the spread due to cycle-to-cycle vari-
ation.

The phase alignment among the six cavities was per-
formed in 2021 and 2022. Tomography-based phase mea-
surements revealed cavity misalignments of 8° and 2°, re-
spectively in 2021 and 2022 (Fig. 5] bottom). No phase
alignment was needed in 2023, since the cavities were still
aligned within 2°.

Dependence of the voltage error on errors in de-
sign momentum and transition gamma

As described above for the PSB case, the voltage-error
inaccuracies as a function of errors in design momentum and
transition gamma were evaluated also in the SPS by perform-
ing virtual voltage measurements with simulated profiles. At
flat-bottom, the approximately linear dependencies have pro-
portionality factors of 0.4 and 3.5, respectively for relative
errors in momentum and transition gamma. The dependen-
cies are roughly linear also at 200 GeV/c, with a factor of
1.0 for errors in momentum, and of 2.0 for relative errors in
transition gamma. Therefore, voltage measurements should

be performed at flat-bottom or at 200 GeV/c, depending on
the expected uncertainties.

In measurements, the design magnetic field is expected
to be accurate within 0.3 mT. The uncertainty in momen-
tum is of 0.3% and 0.03%, respectively at injection energy
and at flat-top. The uncertainty in transition gamma is not
well known, although it is expected to be lower than 1%.
Indeed, taking into account the proportionality factors re-
ported above, an error of 1% in transition gamma would lead
to voltage errors at flat-top consistently smaller by 1.5% than
the ones at flat-bottom, but this does not occur (Fig. |§L top).
Assuming for instance an error of 0.5% in transition gamma,
the voltage errors would be accurate within just 2% and 1%,
respectively at flat-bottom and at 200 GeV/c.

VOLTAGE MEASUREMENTS FOR THE
SPS HIGHER-HARMONIC CAVITIES

Voltage measurements in a double-RF system

In the SPS, an RF system operating at 800 MHz is used
together with the accelerating one to increase the stability
of the accelerated bunches. The relative phase between the
two RF systems is chosen so that the bunch length decreases
compared to the single-RF case (bunch shortening mode).
The two 800 MHz traveling-wave cavities Clggo and C2gqo,
enumerated with 1 and 2 in the order of the beam direction,
are composed of 37 cells each. Tomography-based mea-
surements in a double-RF system allowed to determine the
voltage, Vrm of each 800 MHz cavity, as well as the relative
phase, @1, between the 200 MHz and 800 MHz RF systems.

In a double-RF voltage measurement, the discrepancy
depends on Vif,1, @5, Vif2 and ¢12. Therefore, the goal is
to minimize it as a function of these four parameters. This
can be computationally challenging, also because the algo-
rithm for function minimization can get stuck in one of the
many local minima of the four-dimensional parameter space.
Alternatively, a given four-parameter voltage measurement
can be replaced by a sequence of two-parameter voltage
measurements. The first of these takes as input profiles mea-
sured in single RF and provides as output Vrf’l and @s. These
optimal parameters are needed as an input for the second
two-parameter voltage measurement, which provides Vrf’z
and @1, starting from profiles recorded in double RF.

Results

Voltage measurements in the double-RF system were per-
formed for the first time at flat-bottom in 2022, and they
revealed voltage errors of 18% and 14%, respectively for
Clgoo and C2gy (Fig.[6} top). These errors were confirmed
by performing beam measurements also at 200 GeV/c, in
single and double-RF system (Fig. [7). In early 2023, the
correction factors obtained from the tomography-based volt-
age measurements were applied in the LLRF system. Beam
measurements were then repeated, and they revealed voltage
errors within just 2% (Fig. [6] top), which is a remarkable
result. The contribution of collective effects on the volt-
age errors was again estimated by performing virtual volt-



age measurements using simulated profiles. As Fig.[6](top)
shows, this contribution can be neglected.
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Figure 6: Evolution of the voltage errors for the SPS
800 MHz RF cavities (top) and of the relative phase er-
rors for the 200 MHz and 800 MHz RF systems (bottom).
The measurements at flat-bottom (26 GeV/c) or at flat-top
(200 GeV/c) are identified respectively with ‘FB’ and ‘FT".
The measurements performed in a double-RF system in
bunch shortening or lengthening mode are respectively de-
noted with ‘BS’ and ‘BL’. The measurements in the 800 MHz
single-RF system are identified with ‘1R’. The red and blue
curves represent the uncorrected results, whereas the other
two curves indicate the voltage errors after removing the
collective-effects contribution, which is estimated by per-
forming virtual voltage measurements. The error bars indi-
cate the spreads due to cycle-to-cycle variation.

In 2022, the calibration of the relative phase between the
200 MHz and 800 MHz RF systems was performed by eval-
uating the bunch-profile tilt as a function of the programmed
relative phase. The more precise tomography-based mea-
surements revealed relative phase errors between 8° and 14°
for the pair of RF cavities C1 and Clggo (Fig.[6} bottom). In
early 2023, tomography-based measurements revealed rela-
tive phase errors of 23° for each 800 MHz cavity, therefore
relative phase corrections of 23° were applied in the LLRF
system. The beam-based measurements were repeated, and
relative phase errors within just 2° were found, which demon-
strates the precision of the technique. Figure[6|(bottom) also
shows that the estimated contribution of collective effects
on the phase errors is small.
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Figure 7: Evolution of bunch profiles measured in 2022
at 200 GeV/c, with Clgg alone (top left) as well as with
the pair of RF cavities C1 and Clggyy (bottom left). The
programmed voltage for Clggg is V,, = 800 kV. The voltage
measurements (right) use as input the bunch profiles shown
in the corresponding left plots. The voltage error for Clggg
is —18% in both cases.

CONCLUSION

Determining the exact gap voltage in an RF cavity can
be difficult using the conventional approaches. A more ac-
curate technique, based on beam-profile measurements and
tomographic reconstructions, has been used at CERN to
measure the RF voltages and phases of all the PSB and SPS
RF cavities.

Tomography-based voltage measurements in the PSB ini-
tially revealed voltage errors up to 18%. Applying the cor-
rection factors in the LLRF system, the voltage errors are
reduced to less than 1%. In the SPS, first beam measure-
ments for the 200 MHz cavities revealed voltage errors up
to 21%. Refined electrical voltage calibrations were able
to bring these errors down to 6%. The corrections from
tomography-based voltage measurements were applied in
the LLRF, and the voltage errors reduced to less than 1%. A
very good phase alignment of the 200 MHz cavities could
also be achieved. First beam measurements in a double-RF
system revealed voltage errors up to 18% for the 800 MHz
cavities, as well as relative-phase errors of about 10°. In
2023, after having applied the corrections, voltage and rela-
tive phase errors were below 2% and 2°, respectively.

Given their precision, tomography-based voltage measure-
ments are expected to become the baseline choice for voltage
and phase measurements in all the synchrotrons at CERN.
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