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Abstract. Cyclotron-based proton beams are widely used in research with medical applications due to their
capability to deliver bunched beams with a broad range of bunch charges. One of the most critical
components in beam diagnostics is the beam position monitor (BPM), which must accurately measure the
beam’s position while minimizing disturbance to the beam. At Kutaisi International University (KIU), a
superconducting synchro-cyclotron (S2C2) provided by Ion Beam Applications (IBA) will be dedicated
exclusively to research, supporting diverse experiments that benefit from proton bunched beams of different
intensities. To accommodate these experiments, the construction of a compact beamline is planned. In this
work, we present the electromagnetic design study of an electrostatic BPM that can operate effectively
within the physical and operational constraints of a new beamline. © 2025 Bull. Georg. Natl. Acad. Sci.
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Introduction

Beam Position Monitors (BPMs) are crucial diagnostic tools to effectively manipulate particle beams, by
providing precise beam position. However, achieving sufficient signal levels from low-intensity bunched
beams can be challenging. The minimum beam current for which a BPM yields usable position information
(the detection threshold) is fundamentally limited by electronic readout noise and manufacturing errors.

In the case of the IBA superconducting synchro-cyclotron (S2C2) (Kleeven et al., 2013, Pearson et al.,
2013) at Kutaisi International University (KIU), the extracted proton beam consists of short pulses ~ g5
at a repetition rate of ~1 kHz. The average extracted beam current is of the order of only a few tens of
nano amperes. These parameters correspond to low bunch charges (of the order of 10" t0 1071°C per
pulse) and pose a significant challenge for beam position detection.

Capacitive pickups (button-style BPMs) are a convenient choice for this application due to their
simplicity, compactness, and ultrahigh vacuum compatibility. A capacitive BPM consists of conductive
'button' electrodes mounted flush with the beam pipe inner wall. As a charged bunch passes, image charges

are induced on the buttons, generating a voltage signal proportional to a fraction of the displacement and

© 2025 Bull. Georg. Natl. Acad. Sci.
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intensity of the beam. The fraction of the image current of the beam intercepted by a given button (and
therefore the signal amplitude) depends on the electrode size, the position of the beam relative to it, and the
transfer impedance (Marcellini et al., 1998).

This work presents a simulation-based design study of a capacitive BPM for the S2C2 beamline at KIU.
The goal is to determine the optimal button electrode size that yields the sufficient sensitivity to beam
position across the expected range of bunch charges and offsets. Sensitivity here refers to the BPM's output
voltage response per unit of beam displacement and charge. The study is conducted by simulation tools,

therefore we focus on studying trends and identifying a viable design range.

General Considerations

Table. General parameters for IBA S2C2 (Pearson et al., 2013)

Parameter Description Value
Size yoke/pole radius 1.25m/0.5m
weight 50 tons
Magnetic field central/extraction 57T/50T
Beam pulse rate/length 1000 Hz/ 7 f's
RF system frequency 93 - 63 MHz
voltage 10kV
Maximum energy 250 MeV

The button electrode primarily responds to the electric field of the beam. An electrostatic monitor can
typically be represented by an equivalent circuit that includes a current generator with the same value as
the fraction of intercepted image current, which is then shunted by the electrode capacitance to ground. To
connect the button to the detector circuit, a short length of modified coaxial cable with a characteristic
impedance of R, is used, and an R, resistor terminates it.

It is worth noting that the circuit model delivers satisfying results with only minor corrections necessary
for a circular button geometry and relativistic beam velocities, i.e., TEM-like (transverse electromagnetic)
field pattern. If the beam is accelerated to a non-relativistic velocity, f <1, as for cyclotrons, the electric
field cannot be described by a TEM wave anymore. Instead, the field pattern has a significantly longitudinal
extension because the electric field propagation is faster than the beam velocity (Shafer, 1994). However,
for higher beam velocities, i.e., for > 0.3, the electric charge distribution squeezes approaching a layer
TEM wave, so the circuit model should provide good approximation in our case (Shafer, 1992, Kowina et
al., 2009).

When the beam is centered, the transfer impedance, which is the complex ratio of the voltage induced
by the beam at the external termination to the beam current, can be expressed as:
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here, by the frequencies @, and @, represent: @, =1/R,C, and @, =c/2r, where C, is the button

capacitance to ground, r is the radius of the button, c¢ is the speed of light, and b is the radius of the beam
pipe. The coverage factor, ¢, is also defined in terms of » and b, as ¢ =r/4b (Bilanishvili et al., 2024).
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The frequency response is classified as high-pass, and two separate regimes can be distinguished for
low frequency (& < @, ) and high frequency (@ > @, ), respectively:
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At low frequencies, the electrode behaves like a time differentiator. The transfer impedance mainly
depends on the load resistance Rjand geometrical factors b and r, and is largely unaffected by the

capacitance C,, .

At high frequencies, the response is purely resistive, meaning that the electrode voltage is proportional
to and in phase with the beam current. The transfer impedance scales inversely with the button capacitance
and depends on the same geometrical factors, but not on R,.

It is possible to shape the response for a given frequency range by adjusting the load resistor. For
instance, increasing the value of the load resistor shifts the corner frequency @, towards a lower value, thus
extending the low-frequency response, without affecting the high-frequency response as long as the
capacitance remains the same. To enhance the response at high frequencies, the capacitance can be reduced,
but this causes the corner frequency @ to shift towards a higher value, which is a drawback.

The absolute value of the transfer impedance,

12, ()| = ¢R, [ﬂ] ol o

o ) 1+(o/0)

increases quadratically with the button radius, making a larger radius preferable for higher sensitivity across
all frequencies. Enhancing the electrode surface improves the overall response, but increasing capacitance
reduces the response at high frequency, while decreasing capacitance has the opposite effect. To reduce the
low-frequency corner of the differentiator response, the load resistor value must be increased. However,
these parameters are interdependent, increasing the radius may result in a linear or quadratic increase in
capacitance, depending on the design. It is not feasible to increase the button radius beyond a certain limit,
as the longitudinal coupling impedance scales as s
7, (0)= ¢[ﬁsz .
@,

The expression underestimates the coupling impedance, as it only considers the fields that contribute to
the output signal formation. Numerical simulations have revealed other modes that do not dissipate their
power in the external termination, such as the TE, -like mode (transverse electric), which has a wavelength
close to the mean perimeter of the annular cut created by the button and beam pipe walls. A smaller button
radius is required to shift the frequency of the first parasitic mode towards higher frequencies, avoiding
high power losses in the button BPM. The annular cut also contributes to the coupling impedance, which

can be estimated analytically at low frequencies,

_ Zoa)(r+w)3
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The coupling impedance is heavily dependent on the button radius, as evidenced in the last equation,
where Z,, represents the free space impedance, and by w size of the gap between the button and vacuum

chamber wall is denoted.

Modelling and Simulations

The layout of the simulated BPM structures is displayed in Fig. 1. The structure consists of the button

electrode, vacuum chamber, and the part that adjusts from button electrodes to the coaxial line.

Fig. 1. Different perspectives of the structure for the wakefield simulations.

Each button electrode has a radius of 14 mm at the annular cut with the vacuum chamber and a gap of
1 mm with the beampipe wall. The bunch length used in the wakefield (When a charged particle travels
across the vacuum chamber of an accelerator, it induces electromagnetic fields, which are left mainly behind
the generating particle. These electromagnetic fields act back on the beam and influence its motion and are
called wakefields.) simulations is 30 mm traveling along the structure's central axis. The BPM coaxial parts
match the impedance of a 50 Ohms. A glass ring for vacuum insulation is located near the button region. It
has a dielectric constant of about 6. The figures of the structure included in this paper are original, produced
by the author and used as the geometry for all simulations carried out in this study.

The simulations are done in the time and frequency domains, which consists of two kinds of
calculations, namely wakefield and port transmission calculations respectively.

In the wakefield calculation, a Gaussian beam is introduced in the z-direction, leading to the generation
of electromagnetic fields at the BPM structure (Forck et al., 2009). These fields then influence the particle
beam. To prevent the reflection of electromagnetic waves at the beam entrance and exit planes, waveguide
boundary conditions are imposed. At the end boundary of the coaxial line, an outgoing waveguide port is
considered to determine signal transmission.

To evaluate the coupling impedance of a button, one can either use the wakefield or its Fourier
transform. The latter allows us to identify potential resonant modes that the particle bunch excites in the
BPM. The resolution of narrow resonances in the impedance spectrum is directly proportional to the number
of sampling points used in the wakefield calculation (Wendt, 2018). Therefore, we compute the wakefield
up to s = 3 m, where s represents the bunch coordinate.

In order to estimate the transfer and coupling impedance of the button we have simulated structure also

with the measurement method based on a coaxial wire put along with the beam tube.
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Fig. 2. Left: wire structure; right: helix structure.

Figure 2 displays the geometries used in the simulations to calculate the S-parameters. Two different
methods were employed: simulations with only wire and with wire that is wrapped by conducting helix, to
mimic the lower beta field patterns (Wang et al., 2024). The transfer impedance vs frequency can be found
from the values of the scattering matrix elements. By computing the transfer impedance at the coaxial line
port as a function of frequency, we can determine the signal strength picked up by the BPM as the beam
traverses the corresponding section of the vacuum chamber (ANSYS Inc., n.d., Dassault Systémes, n.d.).
The images of the structure are original, produced by the author and used as the geometry for all simulations
carried out in this study.

Results

Figure 3 presents comparison of the transfer impedance Z, and S parameters for the structures with

wire and helix respectively. Figure 4 shows the real imaginary parts of the longitudinal beam-coupling
impedance Z, (a)) obtained from the wakefield simulation over the 0-20 GHz range. A broad inductive
plateau is observed up to about 2.5 GHz; above which a series of narrow resonances becomes visible. The
first pronounced higher-order mode (HOM) appears at f =~ 2.8 GHz with a peak impedance of = 60 Q.

Higher modes at 4.8 GHz and 9.9 GHz exhibit successively lower coupling impedances.

S parameters [dB]
3

‘ - - 8, — helix W
-80 ‘ 821 - wire i
| . S21 — helix
——ReZ, -wire -100 —8,, —wire
——Re Zb - helix =~ S:31 - helix
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Fig. 3. Left: transfer impedance comparison for the wire and helix structures; right: different S-parameter comparison
for wire and helix structures.
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Fig. 4. Real and imaginary parts of the beam coupling impedance.

To compare the wakefield results, the structure was also simulated with the classical stretched-wire
method and with a wire wrapped in a conducting helix to emulate sub-relativistic field patterns. Figure 4
shows the real part of longitudinal beam-coupling impedance up to first trapped higher-order mode, 2.5GHz
on a logarithmic scale for:

o wakefield post-processing (solid blue);
e wire technique (dashed red).

The curves overlap within acceptable tolerance over the entire band.

Finally, Figure 6 displays a two-dimensional map of the BPM vertical A/Z output voltage as a function
of beam offset (-10 mm < y < 10 mm. The contours are nearly linear within T4 mm.
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Fig. 5. Comparison of real part of the beam coupling Fig. 6. Reconstructed vertical beam position calculated
impedance calculated by wakefield simulations and using ‘delta-over-sum’ algorithm from signal registered
from S-parameters. in vertical buttons for zero horizontal beam
displacement.

Conclusion

The simulations based on finite element methods are very helpful to test different BPM approaches. A 3-
dimensional visualization of the field propagation allows to understand complex processes which simplifies
optimization of BPM design. Button electrodes with 14 mm radius for the 25 mm radius vacuum chamber

can deliver sufficient position sensitivity for provided proton beams.
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	Abstract. Cyclotron-based proton beams are widely used in research with medical applications due to their capability to deliver bunched beams with a broad range of bunch charges. One of the most critical components in beam diagnostics is the beam position monitor (BPM), which must accurately measure the beam’s position while minimizing disturbance to the beam. At Kutaisi International University (KIU), a superconducting synchro-cyclotron (S2C2) provided by Ion Beam Applications (IBA) will be dedicated exclusively to research, supporting diverse experiments that benefit from proton bunched beams of different intensities. To accommodate these experiments, the construction of a compact beamline is planned. In this work, we present the electromagnetic design study of an electrostatic BPM that can operate effectively within the physical and operational constraints of a new beamline. © 2025 Bull. Georg. Natl. Acad. Sci.
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	Introduction
	Beam Position Monitors (BPMs) are crucial diagnostic tools to effectively manipulate particle beams, by providing precise beam position. However, achieving sufficient signal levels from low-intensity bunched beams can be challenging. The minimum beam current for which a BPM yields usable position information (the detection threshold) is fundamentally limited by electronic readout noise and manufacturing errors. 
	In the case of the IBA superconducting synchro-cyclotron (S2C2) (Kleeven et al., 2013, Pearson et al., 2013) at Kutaisi International University (KIU), the extracted proton beam consists of short pulses  at a repetition rate of 1 kHz. The average extracted beam current is of the order of only a few tens of nano amperes. These parameters correspond to low bunch charges (of the order of  to C per pulse) and pose a significant challenge for beam position detection. 
	Capacitive pickups (button-style BPMs) are a convenient choice for this application due to their simplicity, compactness, and ultrahigh vacuum compatibility. A capacitive BPM consists of conductive 'button' electrodes mounted flush with the beam pipe inner wall. As a charged bunch passes, image charges are induced on the buttons, generating a voltage signal proportional to a fraction of the displacement and intensity of the beam. The fraction of the image current of the beam intercepted by a given button (and therefore the signal amplitude) depends on the electrode size, the position of the beam relative to it, and the transfer impedance (Marcellini et al., 1998).
	This work presents a simulation-based design study of a capacitive BPM for the S2C2 beamline at KIU. The goal is to determine the optimal button electrode size that yields the sufficient sensitivity to beam position across the expected range of bunch charges and offsets. Sensitivity here refers to the BPM's output voltage response per unit of beam displacement and charge. The study is conducted by simulation tools, therefore we focus on studying trends and identifying a viable design range. 
	General Considerations
	Table. General parameters for IBA S2C2 (Pearson et al., 2013)
	Parameter
	Description
	Value
	Size
	yoke/pole radius
	1.25 m/ 0.5 m
	weight
	50 tons
	Magnetic field
	central/extraction
	5.7 T/ 5.0 T
	Beam pulse
	rate/length
	1000 Hz/ 7 s
	RF system
	frequency
	93 - 63 MHz
	voltage
	10 kV
	Maximum energy
	250 MeV
	The button electrode primarily responds to the electric field of the beam. An electrostatic monitor can typically be represented by an equivalent circuit that includes a current generator with the same value as the fraction of intercepted image current, which is then shunted by the electrode capacitance to ground. To connect the button to the detector circuit, a short length of modified coaxial cable with a characteristic impedance of  is used, and an  resistor terminates it. 
	It is worth noting that the circuit model delivers satisfying results with only minor corrections necessary for a circular button geometry and relativistic beam velocities, i.e., TEM-like (transverse electromagnetic) field pattern. If the beam is accelerated to a non-relativistic velocity, , as for cyclotrons, the electric field cannot be described by a TEM wave anymore. Instead, the field pattern has a significantly longitudinal extension because the electric field propagation is faster than the beam velocity (Shafer, 1994). However, for higher beam velocities, i.e., for , the electric charge distribution squeezes approaching a layer TEM wave, so the circuit model should provide good approximation in our case (Shafer, 1992, Kowina et al., 2009).
	When the beam is centered, the transfer impedance, which is the complex ratio of the voltage induced by the beam at the external termination to the beam current, can be expressed as:
	here, by the frequencies  and  represent:  and , where  is the button capacitance to ground,  is the radius of the button,  is the speed of light, and  is the radius of the beam pipe. The coverage factor, , is also defined in terms of  and , as  (Bilanishvili et al., 2024).
	The frequency response is classified as high-pass, and two separate regimes can be distinguished for low frequency  and high frequency , respectively:
	 .
	At low frequencies, the electrode behaves like a time differentiator. The transfer impedance mainly depends on the load resistance and geometrical factors  and , and is largely unaffected by the capacitance . 
	At high frequencies, the response is purely resistive, meaning that the electrode voltage is proportional to and in phase with the beam current. The transfer impedance scales inversely with the button capacitance and depends on the same geometrical factors, but not on . 
	It is possible to shape the response for a given frequency range by adjusting the load resistor. For instance, increasing the value of the load resistor shifts the corner frequency  towards a lower value, thus extending the low-frequency response, without affecting the high-frequency response as long as the capacitance remains the same. To enhance the response at high frequencies, the capacitance can be reduced, but this causes the corner frequency  to shift towards a higher value, which is a drawback.
	The absolute value of the transfer impedance,
	,
	increases quadratically with the button radius, making a larger radius preferable for higher sensitivity across all frequencies. Enhancing the electrode surface improves the overall response, but increasing capacitance reduces the response at high frequency, while decreasing capacitance has the opposite effect. To reduce the low-frequency corner of the differentiator response, the load resistor value must be increased. However, these parameters are interdependent, increasing the radius may result in a linear or quadratic increase in capacitance, depending on the design. It is not feasible to increase the button radius beyond a certain limit, as the longitudinal coupling impedance scales as ,
	 .
	The expression underestimates the coupling impedance, as it only considers the fields that contribute to the output signal formation. Numerical simulations have revealed other modes that do not dissipate their power in the external termination, such as the -like mode (transverse electric), which has a wavelength close to the mean perimeter of the annular cut created by the button and beam pipe walls. A smaller button radius is required to shift the frequency of the first parasitic mode towards higher frequencies, avoiding high power losses in the button BPM. The annular cut also contributes to the coupling impedance, which can be estimated analytically at low frequencies, 
	.
	The coupling impedance is heavily dependent on the button radius, as evidenced in the last equation, where represents the free space impedance, and by w size of the gap between the button and vacuum chamber wall is denoted. 
	Modelling and Simulations
	The layout of the simulated BPM structures is displayed in Fig. 1. The structure consists of the button electrode, vacuum chamber, and the part that adjusts from button electrodes to the coaxial line. 
	/
	Fig. 1. Different perspectives of the structure for the wakefield simulations.
	Each button electrode has a radius of 14 mm at the annular cut with the vacuum chamber and a gap of 1 mm with the beampipe wall. The bunch length used in the wakefield (When a charged particle travels across the vacuum chamber of an accelerator, it induces electromagnetic fields, which are left mainly behind the generating particle. These electromagnetic fields act back on the beam and influence its motion and are called wakefields.) simulations is 30 mm traveling along the structure's central axis. The BPM coaxial parts match the impedance of a 50 Ohms. A glass ring for vacuum insulation is located near the button region. It has a dielectric constant of about 6. The figures of the structure included in this paper are original, produced by the author and used as the geometry for all simulations carried out in this study.
	The simulations are done in the time and frequency domains, which consists of two kinds of calculations, namely wakefield and port transmission calculations respectively.
	In the wakefield calculation, a Gaussian beam is introduced in the z-direction, leading to the generation of electromagnetic fields at the BPM structure (Forck et al., 2009). These fields then influence the particle beam. To prevent the reflection of electromagnetic waves at the beam entrance and exit planes, waveguide boundary conditions are imposed. At the end boundary of the coaxial line, an outgoing waveguide port is considered to determine signal transmission. 
	To evaluate the coupling impedance of a button, one can either use the wakefield or its Fourier transform. The latter allows us to identify potential resonant modes that the particle bunch excites in the BPM. The resolution of narrow resonances in the impedance spectrum is directly proportional to the number of sampling points used in the wakefield calculation (Wendt, 2018). Therefore, we compute the wakefield up to s = 3 m, where s represents the bunch coordinate. 
	In order to estimate the transfer and coupling impedance of the button we have simulated structure also with the measurement method based on a coaxial wire put along with the beam tube.
	/   
	Fig. 2. Left: wire structure; right: helix structure.
	Figure 2 displays the geometries used in the simulations to calculate the S-parameters. Two different methods were employed: simulations with only wire and with wire that is wrapped by conducting helix, to mimic the lower beta field patterns (Wang et al., 2024). The transfer impedance vs frequency can be found from the values of the scattering matrix elements. By computing the transfer impedance at the coaxial line port as a function of frequency, we can determine the signal strength picked up by the BPM as the beam traverses the corresponding section of the vacuum chamber (ANSYS Inc., n.d., Dassault Systèmes, n.d.). The images of the structure are original, produced by the author and used as the geometry for all simulations carried out in this study.
	Results
	Figure 3 presents comparison of the transfer impedance  and S parameters for the structures with wire and helix respectively. Figure 4 shows the real imaginary parts of the longitudinal beam-coupling impedance  obtained from the wakefield simulation over the 0-20 GHz range. A broad inductive plateau is observed up to about 2.5 GHz; above which a series of narrow resonances becomes visible. The first pronounced higher-order mode (HOM) appears at f ≃ 2.8 GHz with a peak impedance of ≈ 60 Ω. Higher modes at 4.8 GHz and 9.9 GHz exhibit successively lower coupling impedances.
	/
	Fig. 3. Left: transfer impedance comparison for the wire and helix structures; right: different S-parameter comparison for wire and helix structures.
	/
	Fig. 4. Real and imaginary parts of the beam coupling impedance.
	To compare the wakefield results, the structure was also simulated with the classical stretched-wire method and with a wire wrapped in a conducting helix to emulate sub-relativistic field patterns. Figure 4 shows the real part of longitudinal beam-coupling impedance up to first trapped higher-order mode, 2.5GHz on a logarithmic scale for:
	 wakefield post-processing (solid blue);
	 wire technique (dashed red).
	The curves overlap within acceptable tolerance over the entire band.
	Finally, Figure 6 displays a two-dimensional map of the BPM vertical Δ/Σ output voltage as a function of beam offset (-10 mm  y  10 mm. The contours are nearly linear within 4 mm.
	Conclusion
	The simulations based on finite element methods are very helpful to test different BPM approaches. A 3-dimensional visualization of the field propagation allows to understand complex processes which simplifies optimization of BPM design. Button electrodes with 14 mm radius for the 25 mm radius vacuum chamber can deliver sufficient position sensitivity for provided proton beams. 
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Introduction

Beam Position Monitors (BPMs) are crucial diagnostic tools to effectively manipulate particle beams, by providing precise beam position. However, achieving sufficient signal levels from low-intensity bunched beams can be challenging. The minimum beam current for which a BPM yields usable position information (the detection threshold) is fundamentally limited by electronic readout noise and manufacturing errors. 









In the case of the IBA superconducting synchro-cyclotron (S2C2) (Kleeven et al., 2013, Pearson et al., 2013) at Kutaisi International University (KIU), the extracted proton beam consists of short pulses  at a repetition rate of 1 kHz. The average extracted beam current is of the order of only a few tens of nano amperes. These parameters correspond to low bunch charges (of the order of  to C per pulse) and pose a significant challenge for beam position detection. 

Capacitive pickups (button-style BPMs) are a convenient choice for this application due to their simplicity, compactness, and ultrahigh vacuum compatibility. A capacitive BPM consists of conductive 'button' electrodes mounted flush with the beam pipe inner wall. As a charged bunch passes, image charges are induced on the buttons, generating a voltage signal proportional to a fraction of the displacement and intensity of the beam. The fraction of the image current of the beam intercepted by a given button (and therefore the signal amplitude) depends on the electrode size, the position of the beam relative to it, and the transfer impedance (Marcellini et al., 1998).

This work presents a simulation-based design study of a capacitive BPM for the S2C2 beamline at KIU. The goal is to determine the optimal button electrode size that yields the sufficient sensitivity to beam position across the expected range of bunch charges and offsets. Sensitivity here refers to the BPM's output voltage response per unit of beam displacement and charge. The study is conducted by simulation tools, therefore we focus on studying trends and identifying a viable design range. 



General Considerations

Table. General parameters for IBA S2C2 (Pearson et al., 2013)

		Parameter

		Description

		Value



		Size

		yoke/pole radius

		1.25 m/ 0.5 m



		

		weight

		50 tons



		Magnetic field

		central/extraction

		5.7 T/ 5.0 T



		Beam pulse

		rate/length

		

[bookmark: MTBlankEqn]1000 Hz/ 7 s



		RF system

		frequency

		93 - 63 MHz



		

		voltage

		10 kV



		Maximum energy

		

		250 MeV











The button electrode primarily responds to the electric field of the beam. An electrostatic monitor can typically be represented by an equivalent circuit that includes a current generator with the same value as the fraction of intercepted image current, which is then shunted by the electrode capacitance to ground. To connect the button to the detector circuit, a short length of modified coaxial cable with a characteristic impedance of  is used, and an  resistor terminates it. 





It is worth noting that the circuit model delivers satisfying results with only minor corrections necessary for a circular button geometry and relativistic beam velocities, i.e., TEM-like (transverse electromagnetic) field pattern. If the beam is accelerated to a non-relativistic velocity, , as for cyclotrons, the electric field cannot be described by a TEM wave anymore. Instead, the field pattern has a significantly longitudinal extension because the electric field propagation is faster than the beam velocity (Shafer, 1994). However, for higher beam velocities, i.e., for , the electric charge distribution squeezes approaching a layer TEM wave, so the circuit model should provide good approximation in our case (Shafer, 1992, Kowina et al., 2009).

When the beam is centered, the transfer impedance, which is the complex ratio of the voltage induced by the beam at the external termination to the beam current, can be expressed as:







 	 

























here, by the frequencies  and  represent:  and , where  is the button capacitance to ground,  is the radius of the button,  is the speed of light, and  is the radius of the beam pipe. The coverage factor, , is also defined in terms of  and , as  (Bilanishvili et al., 2024).





The frequency response is classified as high-pass, and two separate regimes can be distinguished for low frequency  and high frequency , respectively:







 .









At low frequencies, the electrode behaves like a time differentiator. The transfer impedance mainly depends on the load resistance and geometrical factors  and , and is largely unaffected by the capacitance . 



At high frequencies, the response is purely resistive, meaning that the electrode voltage is proportional to and in phase with the beam current. The transfer impedance scales inversely with the button capacitance and depends on the same geometrical factors, but not on . 





It is possible to shape the response for a given frequency range by adjusting the load resistor. For instance, increasing the value of the load resistor shifts the corner frequency  towards a lower value, thus extending the low-frequency response, without affecting the high-frequency response as long as the capacitance remains the same. To enhance the response at high frequencies, the capacitance can be reduced, but this causes the corner frequency  to shift towards a higher value, which is a drawback.

The absolute value of the transfer impedance,



,



increases quadratically with the button radius, making a larger radius preferable for higher sensitivity across all frequencies. Enhancing the electrode surface improves the overall response, but increasing capacitance reduces the response at high frequency, while decreasing capacitance has the opposite effect. To reduce the low-frequency corner of the differentiator response, the load resistor value must be increased. However, these parameters are interdependent, increasing the radius may result in a linear or quadratic increase in capacitance, depending on the design. It is not feasible to increase the button radius beyond a certain limit, as the longitudinal coupling impedance scales as ,



 .



The expression underestimates the coupling impedance, as it only considers the fields that contribute to the output signal formation. Numerical simulations have revealed other modes that do not dissipate their power in the external termination, such as the -like mode (transverse electric), which has a wavelength close to the mean perimeter of the annular cut created by the button and beam pipe walls. A smaller button radius is required to shift the frequency of the first parasitic mode towards higher frequencies, avoiding high power losses in the button BPM. The annular cut also contributes to the coupling impedance, which can be estimated analytically at low frequencies, 



.



The coupling impedance is heavily dependent on the button radius, as evidenced in the last equation, where represents the free space impedance, and by w size of the gap between the button and vacuum chamber wall is denoted. 



Modelling and Simulations

The layout of the simulated BPM structures is displayed in Fig. 1. The structure consists of the button electrode, vacuum chamber, and the part that adjusts from button electrodes to the coaxial line. 



[image: ]

Fig. 1. Different perspectives of the structure for the wakefield simulations.



Each button electrode has a radius of 14 mm at the annular cut with the vacuum chamber and a gap of 1 mm with the beampipe wall. The bunch length used in the wakefield (When a charged particle travels across the vacuum chamber of an accelerator, it induces electromagnetic fields, which are left mainly behind the generating particle. These electromagnetic fields act back on the beam and influence its motion and are called wakefields.) simulations is 30 mm traveling along the structure's central axis. The BPM coaxial parts match the impedance of a 50 Ohms. A glass ring for vacuum insulation is located near the button region. It has a dielectric constant of about 6. The figures of the structure included in this paper are original, produced by the author and used as the geometry for all simulations carried out in this study.

The simulations are done in the time and frequency domains, which consists of two kinds of calculations, namely wakefield and port transmission calculations respectively.

In the wakefield calculation, a Gaussian beam is introduced in the z-direction, leading to the generation of electromagnetic fields at the BPM structure (Forck et al., 2009). These fields then influence the particle beam. To prevent the reflection of electromagnetic waves at the beam entrance and exit planes, waveguide boundary conditions are imposed. At the end boundary of the coaxial line, an outgoing waveguide port is considered to determine signal transmission. 

To evaluate the coupling impedance of a button, one can either use the wakefield or its Fourier transform. The latter allows us to identify potential resonant modes that the particle bunch excites in the BPM. The resolution of narrow resonances in the impedance spectrum is directly proportional to the number of sampling points used in the wakefield calculation (Wendt, 2018). Therefore, we compute the wakefield up to s = 3 m, where s represents the bunch coordinate. 

In order to estimate the transfer and coupling impedance of the button we have simulated structure also with the measurement method based on a coaxial wire put along with the beam tube.

[image: ]   

Fig. 2. Left: wire structure; right: helix structure.



Figure 2 displays the geometries used in the simulations to calculate the S-parameters. Two different methods were employed: simulations with only wire and with wire that is wrapped by conducting helix, to mimic the lower beta field patterns (Wang et al., 2024). The transfer impedance vs frequency can be found from the values of the scattering matrix elements. By computing the transfer impedance at the coaxial line port as a function of frequency, we can determine the signal strength picked up by the BPM as the beam traverses the corresponding section of the vacuum chamber (ANSYS Inc., n.d., Dassault Systèmes, n.d.). The images of the structure are original, produced by the author and used as the geometry for all simulations carried out in this study.



Results





Figure 3 presents comparison of the transfer impedance  and S parameters for the structures with wire and helix respectively. Figure 4 shows the real imaginary parts of the longitudinal beam-coupling impedance  obtained from the wakefield simulation over the 0-20 GHz range. A broad inductive plateau is observed up to about 2.5 GHz; above which a series of narrow resonances becomes visible. The first pronounced higher-order mode (HOM) appears at f ≃ 2.8 GHz with a peak impedance of ≈ 60 Ω. Higher modes at 4.8 GHz and 9.9 GHz exhibit successively lower coupling impedances.



[image: ]

Fig. 3. Left: transfer impedance comparison for the wire and helix structures; right: different S-parameter comparison for wire and helix structures.



[image: ]

Fig. 4. Real and imaginary parts of the beam coupling impedance.



To compare the wakefield results, the structure was also simulated with the classical stretched-wire method and with a wire wrapped in a conducting helix to emulate sub-relativistic field patterns. Figure 4 shows the real part of longitudinal beam-coupling impedance up to first trapped higher-order mode, 2.5GHz on a logarithmic scale for:

· wakefield post-processing (solid blue);

· wire technique (dashed red).

The curves overlap within acceptable tolerance over the entire band.







Finally, Figure 6 displays a two-dimensional map of the BPM vertical Δ/Σ output voltage as a function of beam offset (-10 mm  y  10 mm. The contours are nearly linear within 4 mm.[image: ]	[image: ]

Fig. 5. Comparison of real part of the beam coupling 	Fig. 6. Reconstructed vertical beam position calculated 
impedance calculated by wakefield simulations and 	using ‘delta-over-sum’ algorithm from signal registered 
from S-parameters.					in vertical buttons for zero horizontal beam

displacement.







Conclusion

The simulations based on finite element methods are very helpful to test different BPM approaches. A 3-dimensional visualization of the field propagation allows to understand complex processes which simplifies optimization of BPM design. Button electrodes with 14 mm radius for the 25 mm radius vacuum chamber can deliver sufficient position sensitivity for provided proton beams. 
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შ. ბილანიშვილი

ქუთაისის საერთაშორისო უნივერსიტეტი, ქუთაისის ადრონული ცენტრი, საქართველო

(წარმოდგენილია აკადემიის წევრის ა. კვინიხიძის მიერ)

ციკლოტრონის მიერ გენერირებული პროტონული სხივები ფართოდ გამოიყენება კვლევითი და სამედიცინო დანიშნულებით, მათ მიერ ფართო დიაპაზონში ცვალებადი მუხტის მქონე პულსირებული ნაკადის მიწოდების უნარის გამო. სხივის დიაგნოსტიკის ერთ-ერთი მნიშვ-
ნელოვანი კომპონენტია სხივის პოზიციის მონიტორი (BPM), რომელმაც ზუსტად უნდა გაზო-
მოს სხივის პოზიცია და, ამავდროულად, მინიმუმამდე დაიყვანოს სხივის შეშფოთება. ქუთაისის საერთაშორისო უნივერსიტეტში (KIU), Ion Beam Applications (IBA)-ს მიერ მოწოდე-
ბული ზეგამტარი სინქროციკლოტრონი (S2C2) ექსკლუზიურად კვლევითი ამოცანებისთვის იქნება განკუთვნილი და მოემსახურება განსხვავებული ინტენსივობის პროტონული სხივების გამოყენებით ჩატარებულ სხვადასხვა ექსპერიმენტს. ამ ექსპერიმენტების ჩასატარებლად დაგეგმილია კომპაქტური სხივური არხის აშენება. წინამდებარე ნაშრომში წარმოდგენილია ელექტროსტატიკური BPM-ის ელექტრომაგნიტური დიზაინის კვლევა, რომელიც ეფექტუ-
რად იმუშავებს და შეესაბამება ახალი სხივური არხის ფიზიკურ და ოპერაციულ შეზღუდვებს.
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