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A B S T R A C T

At PSI (Paul Scherrer Institute), Switzerland, a superconducting cyclotron called “COMET” delivers proton beam
of 250 MeV pulsed at 72.85 MHz for proton radiation therapy. Measuring proton beam currents (0.1–10nA) is of
crucial importance for the treatment safety and is usually performed with invasive monitors such as ionisation
chambers (ICs) which degrade the beam quality. A new non-invasive beam current monitor working on the
principle of electromagnetic resonance is built to replace ICs in order to preserve the beam quality delivered. The
fundamental resonance frequency of the resonator is tuned to 145.7 MHz, which is the second harmonic of the
pulse rate, so it provides signals proportional to beam current. The cavity resonator installed in the beamline of
the COMET is designed to measure beam currents for the energy range 238–70 MeV. Good agreement is reached
between expected and measured resonator response over the energy range of interest. The resonator can deliver
beam current information down to 0.15 nA for a measurement integration time of 1 s. The cavity resonator might
be applied serving as a safety monitor to trigger interlocks within the existing domain of proton radiation
therapy. Low beam currents limit the abilities to detect sufficiently, however, with the potential implementation
of FLASH proton therapy, the application of cavity resonator as an online beam-monitoring device is feasible.

1. Introduction

The PROSCAN facility at PSI, dedicated for proton therapy consists
of COMET [1,2], which is a 250 MeV superconducting cyclotron fol-
lowed by a degrader (238–70 MeV) and with beamlines leading to three
gantries and a specific area for eye irradiations. The PROSCAN in-
corporates checkpoints to comply with safe operation of the beam
based on certain beam parameters such as current, position, energy etc.
This set of information is obtained using dedicated beam monitoring
systems. The beam current plays hereby a critical role as it is directly
linked to the dose-rate applied to the patient, therefore, requiring ac-
curate and precise determination during standard operation in a par-
ticle therapy facility [3]. This puts a demand on the diagnostics to
deliver highly accurate signals with minimum beam disturbance [4].
The beam current beyond the degrader is in the range of 0.1–10 nA
(where 1nA at 72.85 MHz corresponds to approximately 0.01 fC/
bunch). The beam current is predominantly measured with the help of
planar ICs [5,6] which is a beam intercepting method [7], leading to
scattering, energy loss and activation of the detector itself [8,9].

To prevent these effects from an IC, the application of a position-
independent non-invasive beam current monitor is conceived. Most of
the non-invasive beam current monitors employ either the electric or

the magnetic field of the charged particle beam [10] for detection of the
beam current on a broadband basis. Some of the already existing non-
invasive beam current monitors have been used for detection of low-
level bunch charge (down to few hundred fC), however not down to
0.01 fC or an average beam current of 1nA especially in the energy
range of 238–70 MeV.

For instance, monitors that couple to the electric field such as a
capacitive pickup of the button type in Argonne Wakefield Accelerator
(AWA) facility are limited in signal detection down to 100 fC [11].
Moreover, their signal resolution is limited by the horizontal-vertical
coupling between the individual pickups [12]. Stripline monitors pro-
vide better signal level than conventional button type monitors at the
expense of a complex mechanical realization such as in the DESY Tesla
Test Facility, Phase 2 (TTF2) for the electron linac [12].

The beam diagnostics that couple to the magnetic field of the beam
such as Fast Current Transformers (FCTs) are limited in measurement
due to their detection threshold of several tens of µA [13]. This de-
tection threshold is a result of the large bandwidth of these monitors in
the range of several kHz to almost 1 GHz. Moreover, at higher fre-
quencies these FCTs become sensitive to both beam positon with> 1%/
mm and a bunch length dependence of 1% thus affecting the signal
sensitivity as shown in [14]. Integrated Current Transformer (ICT) from
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Bergoz instrumentation [15]; provides better signal sensitivity com-
pared to conventional FCTs. However, these are limited in detection to
sub-micro ampere beam current for continuous waveform (cw) beams.

Inductive pickups, which are used for broadband bunch observa-
tions, to measure beam image current are limited by parasitic in-
ductances at low frequencies for instance at the Drive Beam Linac of the
Third CLIC Test Facility (CTF3 DBL) at CERN [16]. Wall Current
Monitors (WCM) [17], due to their broadband capability, will have a
higher thermal noise level which will limit their sensitivity to measure
low beam currents of 0.1–10nA in the PROSCAN beamlines.

In order to improve the detection threshold and the sensitivity of the
beam current measurement with broadband monitors, one can imple-
ment analog narrowband processing of the signals at a single harmonic
of the acceleration frequency. This aids in a significant reduction of the
thermal noise [12]. However, the output signal becomes bunch shape
dependent, leading to relative beam current measurements. This is a
concern for cavity measurements as well.

Cavity resonators, unlike broadband monitors, measure signal from
a single harmonic of the bunch spectrum. These cavities in their fun-
damental mode, i.e. Transverse Magnetic mode [18] are used more
commonly to measure small beam currents due to their high sensitivity
to measure in the range of few nA [10]. These are typically used as
precise position monitors in Free Electron Laser (FEL) [19] facilities
where the pulse length is typically in the order of 1 µs.

Even though cavity resonators [20–22], provide less signal in-
formation than from a typical FCT, it has been chosen as the beam
current monitor of choice as they are expected to provide significant
noise reduction and mode separation. Moreover, the quality factor of
the cavity can be made sufficiently larger compared to a typical oscil-
lating circuit and the risk related to electromagnetic interference are
significantly lower for a cavity that is traversed by the beam. These are

important design criteria due to the low signal strength in beamlines.
Here we describe a cavity resonator that has been developed [23] at

PSI. It works on the fundamental mode tuned to 145.7 MHz, which is
the second harmonic of the bunch repetition rate. In previous mea-
surements [23,24], we have studied the feasibility of the cavity re-
sonator and have validated the prototype on a stand-alone test-bench.
We will also report on the investigation of the beamline performance of
the cavity resonator as a low-current beam current monitor. The design
considerations for the cavity resonator are briefed, followed by a de-
scription of the effects of the proton beam energy spread, the mea-
surement chain, and the signal offset on the measured signal. The
measured parameters, i.e. the sensitivity and the measurement offset
are compared with expectation. This work discusses the potential ad-
vantages and disadvantages of the cavity resonator as a non-invasive
monitor for low-energy low-current proton beams. The properties of the
beam that are of interest to this paper are given in Table 1.

2. Materials and methods

2.1. TM010 cavity resonator

A dielectric-filled reentrant cavity resonator, modelled as lumped
element LC resonator, is built to measure beam currents for the
beamlines as shown in Fig. 1. This helps to keep the induced electric
and magnetic fields concentrated separately in region 2 and 3 as shown
in Fig. 1. These induced fields are governed by the outer metallic
boundary such that they sustain a discrete set of resonance frequencies
with their characteristic field distribution [22]. The fundamental mode
i.e. TMmnp = TM010 mode has its field components in the azimuthal
direction (φ) with zero (m = o) full-period variations, in the radial
direction (r) with one zero of the axial field component (n = 1) and in
the longitudinal direction (z) with zero half-period variations (p = 0).
Within a pillbox cavity, a pure TM010 mode can be excited.

The system developed at PSI is smaller (See Fig. 2) compared to a
pillbox equivalent, which helps in precise and simpler manufacturing.
Moreover, with appropriate sizing of the gap, stronger damping of the
higher order modes can be achieved. This minimizes the contribution of
these modes to measurements performed at the TM010 resonance fre-
quency [21].

Insertion of a dielectric ring made of Macor [25] in the reentrant
gap lowers the unloaded quality factor Qo of the cavity resonator. This
lowers the measurable quality factor QL whose inverse value is defined
by the sum of the individual inverses of the external quality factor Qex

Table 1
Extracted beam from the COMET cyclotron and beyond the degrader.

Beam properties Units

Extracted beam current < 1–1000nA
Energy spread ΔE/E at extraction 0.15%
ΔE/E Beyond the degrader 0.2% at 230 MeV; 2.5% at 70 MeV
Beam current beyond degrader 0.1–10nA
Beam diameter 1–20 mm
Repetition rate 72.85 MHz (T = 13.73 ns)
Bunch length and charge at degrader exit for

all energies
2 ns; ≈0.01 fC (for 1nA)

Fig. 1. 3-dimensional view of the reentrant cavity resonator (left) with markings of the inductive loops and MACOR ring. The E fields and H fields excited within the
resonator shows the separation of the capacitive (marked as 2) and inductive zones (marked as 3) in this resonator (right). The field plots show the absolute values of
the induced fields for a cavity stored energy of 1 J.
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and the unloaded quality factor Qo as given in [23]. A low measurable
quality factor helps in minimizing the detune of the TM010 resonance
frequency for small temperature changes [20].

The cavity resonator is provided with four inductive loops (two
small and two large loops), where one large loop is dedicated for beam
current measurements and the other as a resonance trombone for
tuning purposes. The pair of small loops is used for verification of the
design frequency when connection issues exist [23]. The presence of
multiple measurement ports lowers the external quality factor [26]
which results in higher output signal level as discussed in [21]

=V 2ZP q Z
Q

R
Q

eout ex 010
ex o 010

2 c
010
2

z
2

2 2

(1)

where Vout is the output voltage, for a given bunch length z (in meters)
measured over an impedance, Z = 50 Ω. Pex is the output power from
the cavity, for q as the bunch charge, at the resonance frequency 010,
whose normalised shunt impedance is (R/Qo)010 which is a figure of
merit for the shape of the cavity [20].

The expected voltage measured with a large inductive loop over
50 Ω impedance for a beam in 2 ns bunch and an average current of
1 nA is approximately 15 nV [23]. For the resonator to deliver the same
sensitivity independent of the beam energy, the resonator must be lo-
cated not further downstream of the degrader. Otherwise, with de-
creasing energy, bunch length is increased due to the degrader’s energy
spread contributions. This is expected to lower the amplitude of the
second harmonic component in the bunch, which will reduce the re-
sonator sensitivity for lower energies. Thus, to measure the beam cur-
rent in the energy range 238–70 MeV with an energy independent
sensitivity, location of the resonator should be within close proximity
from the degrader exit.

2.2. Cavity location in PROSCAN facility and effect of bunch length

The PROSCAN facility is temperature controlled (28.5 ± 0.5 °C), in
order to have stable operating conditions for its beamline elements. In
PROSCAN, delivery of multiple beam energies in the range 238–70 MeV

Fig. 2. 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).

Fig. 3. 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.

Table 2
Estimate of the second harmonic amplitude factor for a rectangular bunch
shape [33] at the resonator location for different beam energies. Bunch length
of 2 ns at the degrader exit is assumed as reference for the calculation.

Energy, MeV Energy
spread,
MeV

Momentum
spread, %

Bunch length
at resonator, ns

Second 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

S. Srinivasan, et al. Physica Medica 78 (2020) 101–108

103



is achieved by means of a carbon wedge degrader [27]. The degrada-
tion process of the beam results in growth of emittance and energy
spread [28–30]. To have the required beam quality at the patient lo-
cation, the beam is shaped by a set of collimators and an Energy Se-
lection System (ESS) that helps in reducing the energy spread. An
emittance of 30 mm mrad and ± 1.0% of momentum spread is al-
lowed to match the acceptance of beamlines and gantries [27]. The

effect of energy spread increase leads to an energy dependent decrease
in bunch amplitude and an increase in bunch length down the beamline
in the beam current. Thus at 16 m from the degrader where the cavity
resonator is positioned as marked in Fig. 3, the second harmonic of the
beam repetition rate is reduced because of these effects.

For beamline validation of the cavity resonator, multiple energies
are chosen as given in Table 2. The energy spread induced by the de-
grader at these energies is calculated as per [31] and is within accep-
table range of the measured energy spread as given in [32]. For energies
lower than 180 MeV, the ESS helps in reducing the momentum spread
to ± 1%, but at the energies 231 MeV and 201 MeV, the momentum
spread is smaller than 1% and therefore not limited by the ESS.

The bunch length at the location of the resonator is estimated from
the momentum spread for different energies. Due to the momentum
selection in the ESS, a rectangular distribution can be assumed for the
shape of the beam bunches. The amplitude of the lower spectral com-
ponents of the bunch time structure is approximated by a Sinc function
that corresponds to a Fourier transform of a square pulse. The estimate
of the second harmonic amplitude factor, A2, which is normalised to the
average beam current, is calculated [33] which decreases with

Fig. 4. Measurement chain representation from the resonator till the electronic cubicle. Two low-noise power amplifiers with gains of 35 dB and 40 dB, a passband
filter with a center frequency of 145.0 MHz (3 dB bandwidth = 8.24 MHz), Sucofeed RF cables, VME MESTRA are the measurement chain elements. The small
inductive loops are terminated with 50 Ω. Scenario 1 represents 50 Ω 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.

Table 3
Power budget of the measurement system for 1nA beam current as excitation
for the cavity resonator.

Stage measurement system elements Gain (dB) Cumulative power level
(dBm)

1 Resonator – −143.0
2 Local amplifiers +75.0 −68.0
3 ½” H&S SUCOFEED cable

50 m
−3.0 −71.0

4 VME MESTRA total
amplification

+50.0 −21.0

Fig. 5. Resonator response (ResDDC) in counts at 231 MeV for multiple beam currents. Marked are the non-linear and the linear range of the resonator response with
beam current. The dotted line represents the trend of the measurement.

S. Srinivasan, et al. Physica Medica 78 (2020) 101–108

104



increasing bunch length as given in Table 2.

2.3. Measurement chain

For the beam current measurements with the cavity resonator, a PSI
developed measurement system called VME MESTRA is used [34]. The
measurement system is configured to convert the amplitude of the
145.7 MHz RF-signal from the cavity into a proportional voltage signal.
The measurement chain as shown in Fig. 4 starts with a measurement
port i.e. a large inductive loop of the cavity resonator. The other large
inductive loop is connected to a resonance trombone for tuning cap-
abilities. The pair of the small inductive loops are terminated with
50 Ω. The cavity signal is amplified with a low-noise amplifier of 35 dB
gain [35]. The amplified signal is then bandpass filtered with a custo-
mized cavity type filter from KL microwave. The bandpass filter has its

center frequency at 145.0 MHz with a 3 dB bandwidth of 8.24 MHz. The
filtered signal is further amplified by a 40 dB gain with a FEMTO
wideband low-noise amplifier [36]. The filtered and amplified signals
from the cavity enter the main sub-system of the measurement system
whose components are:

▪ 2X 25 dB preamplifier [37]
▪ 16-bit Digitizer (ADC3110) [38] with 50.0 MSamples/s sampling
rate, maximum input power 10dBm

▪ Digital Down Converter (DDC)

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 sam-
ples/s following a decimation with a factor of 1000 from the input

Fig. 6. Resonator response for beam energies in MeV: 79 (a), 109 (b), 139 (c), 171 (d), 201 (e) and 231 (f) with linear-fit as per Eq. (4) represented in dotted lines.
Square root of the intercept and of the slope term represent measurement offset in counts and sensitivity in counts/nA. The data points are represented with one σ
deviation. The dotted line represents the linear fit.
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signal. 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. For a beam current of 1 nA at the re-
sonator location, the power budget of the measurement system is given
in Table 3.

3. Results

3.1. No beam response with and without resonator

Prior to in-beam characterization of the cavity resonator, the no
beam response is measured without resonator (scenario 1 marked in
Fig. 4) and with the resonator (scenario 2 marked in Fig. 4) in the
measurement chain. This measurement was performed when the cy-
clotron RF was switched on but with no beam traversing the through
the monitor for both the scenarios.

The measurement with no resonator and a 50 Ω termination on the
measurement cable (scenario 1, Fig. 4) was recorded as 40,000 counts
with the standard deviation of 1.26%. The measurement offset, which is
the no beam resonator response (scenario 2, Fig. 4) is recorded as
Imeasoff = 63007 counts with a standard deviation of 1.26% i.e. 800

counts. This is representative of the noise floor of the measurement
chain including the resonator and its RF interferences. The difference
between the two values is the amplitude of the RF interference in
counts.

3.2. In-beam resonator response

The resonator response is measured for beam current sweeps in the
range 0–2.5 nA for the beam energies given in Table 2. For the cali-
bration of the cavity resonator as a beam current monitor, an IC [5,6] is
used as a reference monitor, as marked in Fig. 3. The reference monitor
was chosen immediately behind the resonator in order to have same
beam current amplitude for comparison. The measured resonator re-
sponse with respect to the beam current at 231 MeV is shown in Fig. 5.
The standard deviation of the measured response at every beam current
is approximately 800 counts.

Ideally, for high beam current range as marked in Fig. 5, the relation
between the resonator response given as IResDDC in counts and the ab-
solute beam current given as Ibeam in nA is considered linear

=I kIResDDC beam (2)

where k is the resonator sensitivity whose unit is counts/nA. On the
contrary, for lower beam current range as marked in Fig. 5, the relation
between IResDDC and the Ibeam is non-linear since the IResDDC is within
the range of the measurement offset, Imeasoff. A linear relationship is
established for the lower beam current range given by

= +I I k IResDDC
2

measoff
2 2

beam
2 (3)

where the power of the measured signal (I2ResDDC) is the sum of the
individual power of the measurement offset (I2measoff) and power of the
beam current response (k2I2beam). Such a relation is possible since the
beam current response and the measurement offset are uncorrelated.

Fig. 6 represents the beam current measurement represented in
power form i.e. I2ResDDC with respect to the power of the beam current
i.e. I2beam for all energies. The linear fit is of the form as represented in
Eq. (3) where the intercept term of the linear fit equations is the power
of the measurement offset I2measoff and the slope term is square of the
resonator sensitivity i.e. k2. The measurement offset and the resonator

Table 4
Measurement summary for resonator at different energies. The fractional un-
certainty of the evaluated measurement 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 2.

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)

79 138,202 142,068 62,418
109 139,821 146,309 63,008
139 151,327 150,550 62,737
171 153,493 154,791 62,169
201 161,152 161,152 62,104
231 168,434 167,513 60,308

Fig. 7. Resonator sensitivity and measurement offset dependence on beam energy. The resonator sensivitiy decreases with energy due to energy dependent beam
current. The data points are represented with one σ deviation. Marked as dotted lines are the trend of the expected resonator sensitivity (blue) and the measurement
offset agreement with no-beam resonator response (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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sensitivity are given as square root of the intercept term and of the slope
term from Fig. 6 and are summarized in Table 4.

The measurement offset derived from the fit intercept term for all
energies is within acceptable range of the no beam resonator response
i.e. 63,007 counts. This indicates that there has been no presence of
unexpected noise contributions during the measurement.

The measured resonator sensitivity, k_meas (in units of counts/nA),
given in Table 4, decreases with beam energy as expected (i.e. expected
resonator sensitivity, k) due to an energy dependent decrease in the
beam current. This trend is clearly observable in Fig. 7. The expected
sensitivity, k, is within one standard deviation (σ) of the measured
sensitivity, k_meas, for all energies except for 109 MeV (≈3 σ) and
79 MeV (≈2 σ) which could be due to higher corrections applied for the
beam losses. The product of the second harmonic amplitude factor A2,
(from Table 2) with a normalizing term, C, provides the expected re-
sonator sensitivity, k, in Table 4. The value of the normalizing term,
C = 212042 counts/nA (C = 161152/0.76) is derived by comparing
the measured sensitivity, k_meas with A2 of 201 MeV. The reason is that
201 MeV is one of the energies where the ESS does not alter the mo-
mentum spread induced by the degrader, thus serving as a more reliable
reference for correlating.

The measurement offset and the sensitivity derived from the in-
beam measurements are considered reasonable as they are in good
agreement with the no beam measurement offset and the expected
sensitivity. Thus, the linear-fit equations given in Fig. 6 are used to
determine the lowest detectable beam current. Moreover, the mea-
surements from the cavity is considered position independent as the
position dependence is approximately 0.03%/mm measured at 60% of
the beam pipe radius. This is due to the fact the Bessel function of the
order m= 0 is independent of the radius close to the cavity center [39].
Thus, cavity resonators serve better for beam current measurement
compared to FCTs whose position dependence is> 1%/mm [14].

We defined the lowest detectable beam current by the condition
when the resonator response (i.e. ResDDC) is minimum three σ (defined
resolution) higher than their measurement offset. This condition pro-
vides the lowest detectable beam current as 0.15 nA with a resolution of
0.05 nA for all energies as derived from the fit equations given in Fig. 6.

4. Discussions

In this work, we have measured the resonator sensitivity, k_meas
and the measurement offset, Imeasoff for energies in the range
238–70 MeV. The highlight of the measurement is the good agreement
of the above measurement quantities, k_meas and Imeasoff, with ex-
pectation as seen in Fig. 7 and in Table 4. In addition, a good agreement
between the no-beam resonator response and the measurement offset
from in-beam measurements confirms that cavity response and the
measurement offset are uncorrelated.

For the resonator sensitivity, the higher expectation with respect to
measurement, especially for energies 109 MeV and 79 MeV demands
for an accurate correction for the beam losses. In other words, an ab-
solute measure of the beam current and momentum spread is necessary
to have good agreement of the sensitivity within one σ.

It is also important to remember that the measured sensitivity is
valid only for the present location of the resonator i.e. 16 m from the
degrader. Any relocation of the resonator requires for a new calibration
for each individual energy. The need to calibrate individually at mul-
tiple energies can be replaced by single energy calibration with re-
location of the resonator close to the degrader. This is because the
bunch length elongation is affected to a lower extent by the energy
spread from the degrader.

The calibration performed should be considered invariant of time
since PROSCAN is a temperature controlled environment. Thus, reliable
beam currents can be measured with the sensitivity derived from the
measurements. It is important to remember, however, these measure-
ments are relative since a calibration was performed due to the bunch

length dependence.
Beam currents down to 0.15 nA have been measured with 0.05 nA

resolution by the cavity resonator with the existing setup. Further
performance improvements of this resonator are possible with design of
the resonator as a single port or with improved electrical matching of
the measurement port in the multiport resonator. Both methods are
expected to improve the signal level by up to 50% for a given beam
current which is of interest for the application in PROSCAN.

The cavity resonator can provide beam current information for the
range 0.1–10 nA, it is delivered over an integration time of 1 s. This
limits the functionality of the resonator in patient treatments. Thus, the
cavity resonator can be used only for triggering interlocks as a beam
operation safety measure as well as controlling the operation para-
meters within the normal ranges.

However, in circumstances such as daily quality checks, high beam
current irradiation as in FLASH etc. a cavity resonator is advantageous
and could potentially replace ICs. Moreover, FLASH could pose a risk
for ICs due to space charge effect that could result in a non-linear re-
sponse from them. Thus, the use of the cavity resonator will relay all the
necessary measures [9], required for a proper functioning of the ICs.
Moreover, with the inclination towards proton FLASH therapy lately, a
cavity resonator could be used during patient treatment since the beam
currents are in the range of hundreds of nA [40]. This would lower the
integration time to a few tens of microseconds enabling on-line beam
monitoring.

5. Conclusion

In this work, we have demonstrated successful non-invasive beam
current measurements at a proton therapy facility in the range
0.1–10 nA for the energy range 238–70 MeV. This relative beam current
measurement has been achieved with a resolution of 0.05 nA with the
help of a TM010 mode dielectric-filled reentrant cavity resonator. To our
knowledge, this is the first time, non-invasive beam current measure-
ment has been achieved at a proton therapy facility such as PROSCAN.
These results indicate that cavity resonators have the potential to re-
place ICs for beam current measurements at proton therapy facilities.
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