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REENTRANT CAVITY RESONATOR AS A BEAM CURRENT MONITOR 

(BCM) FOR A MEDICAL CYCLOTRON FACILITY* 

S. Srinivasan†, P.-A. Duperrex, J. M. Schippers 

Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Abstract 

At PSI, a dedicated proton therapy facility, with a super-

conducting cyclotron, delivers 250 MeV beam energy, 

pulsed at 72.85 MHz. The measurement of beam currents 

(0.1-10 nA) is generally performed by ionisation chambers 

(ICs), but at the expense of reduced beam quality, and scat-

tering issues. There is a strong demand to have accurate 

signal with a minimal beam disturbance. A cavity resona-

tor, on fundamental resonance mode, has been built for this 

purpose. The cavity, coupled to the second harmonic of the 

pulse rate, provides signals proportional to the beam cur-

rent. It is installed in a beamline to measure for the energy 

range 238-70 MeV. Good agreement is reached between 

the expected and measured sensitivity of the cavity. The 

cavity delivers information for currents down to 0.15 nA 

with a resolution of 0.05 nA when integrated over one sec-

ond. Its application is limited to a machine-safety monitor 

to trigger interlocks, within the existing domain of the pro-

ton therapy due to the low beam current limits. With new 

advancements in proton therapy, especially FLASH, the 

cavity resonator's application as an online beam-monitor-

ing device is feasible. 

INTRODUCTION 

In proton radiation therapy at PSI, proton beams of low 

intensities (0.1-10 nA) are traditionally measured with 

ICs [1]. We face a strict regulation of their use due to scatt-

tering issues. A non-invasive BCM, is modelled as a 

lumped element LC circuit, such that its fundamental mode 

of resonance is at 145.7 MHz as described in [2]. The in-

duced electric and magnetic fields are concentrated in the 

capacitive (region 2) and the inductive zones (region 3) of 

the BCM, as shown in Figure 1. Here, we report on its 

beamline measurements for the energy range 238-70 MeV.  

BCM LOCATION  

The proton therapy facility, PROSCAN, is a tempera-

ture-controlled environment (28.5±0.5 °C), to have stable 

operating conditions for its beamline elements. The energy 

degradation (238-70 MeV), is achieved with the help of a 

degrader [3], which results in growth of emittance and en-

ergy spread [4-6]. An Energy Selection System (ESS), 

along with a pair of collimators, maintains the beam quality 

at patient location by limiting the energy spread. An elon-

gation of the proton bunch length and an energy dependent 

decrease in the bunch amplitude downstream of the de-

grader is the consequence. This affects the BCM’s sensi-

tivity as it is coupled to the second harmonic of the pulse 

repetition rate, which is located at sixteen meters from the 

degrader exit as shown in Figure 2.  

A Sinc function normalised to average beam current and 

at multiple energies is given in Table 1, represents the 

BCM’s expected second harmonic amplitude factor, A2, 

proportional to the sensitivity. 

 

 

Figure 1: Cut-section of the reentrant cavity resonator (XX and YY) with dimensions correpsonding to TM010 frequency 

at 145.7 MHz. Region 1, 2 and 3 represent the inner coaxial (or beam tube), dielectric filling in the reentrant gap 

(capacitive zone), and the outer coaxial (inductive zone). The E fields and H fields excited within the resonator shows the 

separation of the capacitive (marked as 2) and inductive zones (marked as3) in this resonator (right). 
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Table 1: Estimate of the Second Harmonic Amplitude Factor for a Rectangular Bunch Shape [7] at the Resonator Location 

for Different Beam Energies. Bunch length of 2 ns at the degrader exit is assumed as reference for the calculation. Only 

for energies lower than 180 MeV, the ESS helps in minimising the momentum spread to ± 1%. Energy spread is calculated 

as per [8] and is within acceptable range of the measurement as given in [9]. 

Energy, 

MeV 

Energy Spread, 

MeV 

Momentum 

Spread, % 

Bunch Length at  

Resonator, ns 

2nd Harmonic Amplitude 

Factor (A2) 

79 4.4 1.0 3.24 0.67 

109 4.2 1.0 3.08 0.69 

139 3.9 1.0 2.97 0.71 

171 3.3 1.0 2.91 0.73 

201 2.7 0.84 2.71 0.76 

231 1.7 0.70 2.56 0.79 

 

 

Figure 2: Location of the cavity resonator in the 

PROSCAN layout. Marked are the COMET cyclotron, 

degrader selection, ESS for momentum spread, bending 

magnets, cavity resonator and the IC which is used as beam 

current reference. 

MEASUREMENT CHAIN 

A PSI developed measurement system, VME MESTRA, 

as shown in Figure 3, is used for beam current measure-

ments [10]. The measurement system is configured at 

145.7 MHz and starts with a large inductive loop of the 

BCM. The other large inductive loop is connected to a res-

onance trombone for tuning capabilities. The pair of the 

small inductive loops are terminated with 50 Ω.  

The cavity signal is amplified with a low-noise ampli-

fier [11] and bandpass filtered with a customized cavity 

type filter from KL microwave. The centre frequency of 

the bandpass filter is 145.0 MHz with a 3dB bandwidth of 

8.24 MHz. The filtered signal is amplified further with a 

FEMTO wideband low-noise amplifier [12]. This signal is 

digitized with the help of a 16-bit Digitizer [13] at 

50.0 MSamples/s. The digitized signal is down-converted 

through a Field Programmable Gate Array (FPGA) on the 

Digital Down Converter (DDC). The DDC results in an 

output signal, Res DDC, with 50 k samples/s. The DDC 

filters the input noise power of the digitized signal with its 

18 kHz (3 dB) bandwidth in order to get a high attenuation 

for the stop band and a flat pass band. The signal integra-

tion time of the measurement chain is one second.  

RESULTS 

No Beam System-response 

Prior to beam measurements, the no beam response of 

the system is measured without the BCM and with the 

BCM (scenario 1 and 2 in Figure 3) with the cyclotron RF 

turned on. The measurement without the BCM and with the 

BCM were recorded as 40000 counts and 63007 counts re-

spectively, with a standard deviation of 1.26%. This value 

is the measurement offset, Imeasoff, that represents the noise 

floor of the measurement chain and its RF interference.  

 

 

Figure 3: Measurement chain representation from the resonator until the electronic cubicle. The small inductive loops are 

terminated with 50 Ω. Scenario 1 represents 50Ω on the input of the measurement chain represents Stage 2-4. Scenario 2 

represents the resonator connected to the measurement chain represents Stage 1-4. 
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Table 2: Measurement Summary for Resonator at Different Energies. The fractional uncertainty of the evaluated meas-

urement offset and the resonator calibration factor are derived from the in-beam measurements through error propagation. 

The value of the normalizing term, C=212042 Counts/Na. A2, is taken from Table 1. 

Proton Beam 

Energy (MeV) 

Measured Resonator 

Sensitivity, k_meas 

(±1.35%) (Counts/nA)  

Expected Resonator 

Sensitivity, k (=A2*C) 

(Counts/nA) 

Measurement Offset, 

Imeasoff (±1.26%) 

(Counts) 

79 138202 142068 62418 
109 139821 146309 63008 
139 151327 150550 62737 
171 153493 154791 62169 

201 161152 161152 62104 
231 168434 167513 60308 

Beam Measurements 

The BCM response is measured for beam current sweeps 

in the range 0-2.5 nA at different energies. The calibration 

of the BCM is performed with respect to an IC as shown in 

Figure 2, immediately behind the BCM to have similar 

beam current values. For the low beam current range a lin-

ear relationship exists between the beam current power and 

the measured signal power, which is given by  

 
2 2 2 2

Re sDDC measoff beamI I k I= +   (1) 

where the individual power of the measurement offset 

(I2
measoff) and the power of the beam current response 

(k2I2
beam) are uncorrelated, with k as the BCM sensitivity. 

The measurement results are summarised in Table 2 and 

are in good agreement with the expected sensitivity and the 

measurement offset from the no beam response. The meas-

urement from the BCM is considered position independent 

as its position dependence is 0.03%/mm measured at 60% 

of the beam pipe radius.  

The lowest detectable beam current, is 0.15 nA, which is 

defined by a signal level higher than the measurement off-

set by three σ. The resolution derived from the measure-

ment is 0.05 nA.  

The cavity BCM will be used as a beam operation safety 

monitor as well as in controlling the operation parameters 

within the normal ranges. With recent trend towards 

FLASH therapy, the cavity BCM can be used for online 

beam monitoring as the beam current is in the range of hun-

dreds of nA [14]. 

CONCLUSION 

In this work, to our knowledge, we have demonstrated 

the first successful non-invasive beam current measure-

ments at a proton therapy facility in the range 0.1-10 nA.  
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