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3. Voltage calibration in double-harmonic RF system
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Accurate knowledge of the voltage and phase in an RF cavity gap is essential to preserve beam quality and to achieve efficient, precise real-time correction with LLRF feedback. Voltage 

calibration using longitudinal phase-space tomography is a well-established beam-based technique that has demonstrated remarkable precision in determining the RF voltage experienced by a 

particle bunch. In a double-harmonic RF system, beam-based voltage calibration involves minimizing a four-dimensional parameter space that depends on the phase-voltage parameters of both 

RF systems. This process can be computationally challenging, and it is often more practical to perform a sequence of two-parameter voltage measurements, referencing the higher-order cavity 

system with respect to the main one. The Super Proton Synchrotron (SPS) at CERN is equipped with 200 MHz and 800 MHz cavity systems, that operate in phase at the bunch position for a 

non-accelerating bucket. In this context, the latest beam-based voltage calibration campaign conducted in the SPS will be presented, comparing different approaches. 

Equation of the synchrotron motion in a double-harmonic RF system

෠𝑉200, ෠𝑉800, ෠𝜙𝑠, ෡Φ2 = arg min 𝐷(𝑉200, 𝑉800, 𝜙𝑠, Φ2)

The tomography-based voltage calibration involves finding the

optimal (effective) RF parameters ෠𝑉200, ෠𝑉800, ෠𝜙𝑠, ෡Φ2, such that

𝑉200, 𝑉800, 𝜙𝑠, Φ2

𝐸𝑛+1 = 𝐸𝑛 + 𝑞𝑉200[sin(𝜙𝑛 + 𝜙𝑠) +
𝑉800

𝑉200
 sin(𝑟ℎ𝜙𝑛 + 𝑟ℎ𝜙𝑠 + Φ2)]

𝜙𝑛+1 = 𝜙𝑛 +
2𝜋ℎ𝜂0

𝛽0
2𝐸0

(𝐸𝑛+1 − 𝐸0)

෠𝑉200, ෠𝑉800, ෠𝜙𝑠, ෠𝜙𝑟 = arg min 𝐷(𝑉200, 𝑉800, 𝜙𝑠, Φ2)

▪ 200 MHz and 800 MHz cavity system enabled

▪ 4th harmonic RF system consisting of 2 TWCs

operating in counterphase with respect to the main

RF system

→ Four independent variables

▪ Due to the nonlinearities of the 4th harmonic RF

system, any longitudinal oscillations are rapidly

suppressed (phase-mixing) → uncertainity on 𝑉800

can be large

▪ 6 × 200 MHz traveling wave cavities (TWC) 

in total

▪ 800 MHz cavity system disabled → 𝑉800 = 0
→ Two independent variables

෠𝑉200, ෠𝜙𝑠 = arg min 𝐷(𝑉200, 𝜙𝑠)
𝑉200, 𝜙𝑠

𝑉200, 𝑉800, 𝜙𝑠, Φ2

▪ 800 MHz cavity system as single harmonic RF system [2]

▪ Compute ෠𝑉200 and ෠𝜙𝑠 a priori, and then perform the 

calibration for the 800 MHz cavities

→ Two independent variables

▪ The bucket of the 800 MHz can be relatively small

leading to particle loss when the mismatch is introudced

→ Tomography reconstruction may not be accurate

෠𝑉800, ෡Φ2 = arg min 𝐷(𝑉800, Φ2)
𝑉800, Φ2

Not tomography-based
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Example of tomography reconstruction

in single-harmonic RF system
Calibration using a minimizer 

algorithm for the discrepancy
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Calibration using a 4-D minimizer 

algorithm for the discrepancy
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Voltage of the 200 MHz cavity system, 𝑉200

Voltage of the 800 MHz cavity system,𝑉800

Relative phase between the two RF systems, Φ2

Synchronous phase, 𝜙𝑠

Energy of the particle

Phase deviation of the particle
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▪ Tomography-based calibration confirms remarkable precision and reproducibility

▪ For the 200 MHz cavity systems, the voltage and relative phase errors vary by less than 1% and 

1 deg, respectively → not achievable with conventional RF measurements

▪ The 800 MHz cavity system can be treated independently if the uncertainty in ෠𝑉200 and ෠𝜙𝑠 are 

relatively small → propagation of the error
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Example of tomography reconstruction

in double-harmonic RF system

 Conclusions
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𝑓𝑟 𝛴𝑗=1
𝑓bin|Δ𝑃ⅈ𝑗|

𝑁𝑓𝑟
𝑁bin

Difference between the 𝑖𝑡ℎ 

measured and reconstructed 

profiles at the 𝑗𝑡ℎ bin

𝑁𝑓𝑟
:Number frames

𝑁bin: Number of bins

Scanning different 𝑉200, 𝜙𝑠

Scanning different 𝑉200, 𝑉800, 𝜙𝑠, Φ2

▪ Minimizing a 4D function can be computationally 

challenging

▪ A mismatch between the bunch and the RF 

voltage is required (i.e., dipole or 

quadrupole oscillation)

▪ Measurements of the longitudinal profiles 

were performed one cavity at a time to  

prevent the influence of imperfect phasing

▪ Alternatively, the double-harmonic RF system calibration can be performed by minimizing a 4-D

discrepancy function

→ computationally demanding
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