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Abstract

The Beam Coupling Impedance (BCI) is a crucial aspect
in the world of accelerator physics, as it describes the electro-
magnetic interactions between charged particle beams and
the accelerator structure. The measurement and quantifica-
tion of BCI is an essential requirement to assess and mitigate
its impact, particularly when introducing new components
or addressing issues in existing devices. The stretched Wire
Method is a well-established technique for BCI evaluation,
although it has well-known limitations particularly evident
when dealing with cavity-like structures. In such cases, the
estimates obtained below the cut-off frequency of the beam
pipe can be inaccurate, where this frequency range holds
particular relevance for many accelerator applications. To
overcome these recognized limitations, an alternative bench
measurement technique has been identified and thoroughly
examined. This novel approach has been subjected to com-
prehensive testing in both virtual and real measurements,
with a particular focus on a pillbox cavity.

INTRODUCTION

The Beam Coupling Impedance (BCI) characterizes the
electromagnetic interaction between a particle beam and the
accelerating structure. Its crucial role as a driving factor
for collective effects and its importance in ensuring beam
stability and quality is widely acknowledged [1]. Hence,
maintaining under control the impedance budget of an ac-
celerator and effectively implementing mitigation strategies
when necessary become paramount. This requires an accu-
rate estimate of the BCI. While the ideal approach involves
the direct excitation of the device with the beam, practi-
cal constraints often require the development of alternative
methods to account for beam effects.

Various bench methods are currently employed, such
as the well-established technique of the stretched Wire
Method [2] or the Bead-pull Method [3,4]. However, their
limitations are well-known and studied. For example, the
Wire Method yields inaccurate results below the cut-off fre-
quency of the beam vacuum chamber [5]. Moreover, stretch-
ing a wire may be not straightforward or safe in operational
terms, especially when dealing with complex devices, such
as collimators with small jaw apertures or intercepting de-
vices (i.e. crystals), with a significant risk of damaging the
component itself. Consequently, there is the need for the
development of new techniques to overcome these limita-
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tions. One promising solution, named the Wireless Method,
is currently under investigation and it is described in [6, 7],
where an exact formula for determining the longitudinal
beam coupling impedance of accelerator beam chambers has
been validated. In this paper, we complement its feasibility
and potential extension to resonant structures, as previously
discussed in [8], by summarizing the bench measurements
conducted, for the first time, on a pillbox cavity, serving as
a proof of concept of the proposed Wireless Method.

STANDARD BENCH IMPEDANCE
METHODS FOR RESONANT
STRUCTURES
In this section, we provide an overview of the standard

bench methods employed for beam coupling impedance mea-
surements with their limitations.

The Stretched Wire Method

The stretched Wire Method [2] implies the insertion of a
metallic wire along the beam axis of the Device Under Test
(DUT) as shown in Fig. 1, simulating the Electro-Magnetic
(EM) field excitation produced by the relativistic beam. The
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Figure 1: Schematic of the Wire Method setup.

longitudinal beam coupling impedance is related to the
measured scattering parameters through the following for-
mula [2]:

DUT DUT
Z) = -7, 1n -2 1+1nS21 1)
© 7 SREF | n SREF |

where Z. is the characteristic impedance of the Transverse
Electro-Magnetic (TEM) coaxial line (DUT and stretched
wire). The SZD1UT is the transmission scattering parameter
of the DUT (e.g. with the stretched wire inside). The SKEF
is the reference transmission scattering parameter referring
to the case in which the impedance source is removed (i.e.

using a straight beam-pipe with the stretched wire). The
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introduction of the stretched metallic wire along the device
modifies the EM boundary conditions of the original DUT.
This allows the propagation of TEM modes with zero cut-off
frequency, resulting in the undesired detuning of the DUT
resonant frequencies and the introduction of additional
losses. This phenomenon is particularly evident below the
cut-off frequency of the beam pipe, as demonstrated in [5].
Consequently, the method provides inaccurate results for
resonant structures within this frequency range.

The Bead-pull Method

For resonant structures, an alternative technique is the
bead-pull method, as described in [3,4,9]. This method relies
on a perturbation introduced by a small object that samples
the field in the cavity, which can be correlated with the
change in resonant frequency. Furthermore, this frequency
shift can be linked to the shunt impedance of the cavity,
allowing the reconstruction of the BCI using the resonator
model [10]. The relative frequency shift Af with respect
to the intrinsic resonant frequency fr can be written as
follows [9]:

Af fAV [1r 10| Ho|? — €-€0|Eg|*] dV
v, (ko[ Ho 2 + ereo|Eo?)dV

2

where, the first integration is over the volume AV of the
perturbing bead, and the second is over the volume Vj of
the unperturbed cavity. E¢ and Hy represent the fields of
the unperturbed cavity. The constants u, and €, are the
relative magnetic permeability and electric permittivity of
the bead material, respectively. The method requires exciting
the appropriate beam impedance resonances of the DUT,
particularly the Transverse-Magnetic (TM) resonances. This
can be achieved using a coaxial probe setup, as depicted in
Fig. 2 [9].
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Figure 2: Schematic of the Bead-pull Method setup.

From the frequency shift one can compute the shunt
impedance Rg through the following equation [4]:

Af(z
Rs = 47TkaSL / \J ©)

where D is the length of the cavity, Qy is the unloaded qual-
ity factor of the cavity and kg, is the calibration constant
of the bead, dependent only on the geometry and the mate-
rial of the bead. Nonetheless, calibrating the bead involves
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numerous simulations [4] or measurements on a reference
cavity [3]. Furthermore, employing this approach requires
the use of a pulling system which may not be convenient or
straightforward to implement, particularly in the framework
of a portable general-purpose setup.

THE NEW WIRELESS METHOD

Over the years the attention has increasingly shifted to-
wards the development of a Wireless Method to address the
aforementioned limitations. In this section, we delve into the
concept, its implementation in real bench measurements and
the corresponding results when applied to a pillbox cavity.

The Idea and Concept

The Wireless Method aims to address the constraints of
the existing approaches by providing a technique that does
not require the modification of boundary conditions. The
main concept revolves around exciting the DUT using a TM
wave. This approach links the BCI, related to the energy
loss of the electromagnetic wave propagating in the structure,
to the transmission scattering parameter of the TM mode.
The relationship has been thoroughly explored and validated
both analytically and through simulations for resistive wall
beam chambers in previous works [6, 7].
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Figure 3: Schematic of the Wireless Method setup.

For resonant structures, a similar approach has proven
effective in virtual measurements, as detailed in [8]. Here,
the TM mode is excited employing a coaxial probe setup
placed on the beam axis of the DUT, as shown in Fig. 3. Af-
terwards, the transmission scattering parameter S (12) can
be linked to the BCI using the following equation, similarly
to the resonant Wire Method in [11]:

DUT
SZ] )

Zrym |, _
REF
SZ]

2

Z=-

“

where Z7), is the TM mode impedance (which can be an-
alytically computed or directly measured), SQDIUT refers to
the 2-Port DUT, while the SXE¥ refers to the corresponding
reference structure without the impedance source (e.g. a
smooth reference beam pipe). However, the excitation of the
probe acts as an external coupling circuit, which could po-
tentially perturb the DUT, if its coupling contribution is not
adequately controlled and accounted for. Therefore, control-
ling the probe penetration is crucial to mantain a good signal
to noise ratio while avoiding perturbations of the actual DUT
resonances. This can be be addressed by also considering

THPC53

MC5.D04 Beam Coupling Impedance Theory, Simulations, Measurements, Code Development 3125

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-THPC53

MC5.D04 Beam Coupling Impedance Theory, Simulations, Measurements, Code Development

3125

THPC: Thursday Poster Session: THPC

THPC53

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


=gz Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

15th International Particle Accelerator Conference,Nashville, TN

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-THPC53

|

y =
lllllllu’ \[
/—

Figure 4: Bench measurement setup for the wireless method. The DUT is a pillbox cavity. Two coaxial probes with straight
pin (electric probe) are placed on the longitudinal axis of the DUT (i.e. the beam-axis). The probes are connected to the
input port of a Vector Network Analyzer (VNA) able to measure scattering parameters.

the reflection scattering parameters, employing a standard
technique commonly used in radio-frequency measurements,
as explained in [9].

The Bench Measurements for a Pillbox Cavity:
Experimental Results

The bench measurements with the Wireless Method are
conducted using the setup shown in Fig. 4. The longitudi-
nal BCI expected for the pillbox cavity shown in Fig. 4 is
computed with the Wake Field (WF) solver of CST Studio
Suite® [12] and the results are compared with the measured
impedance obtained by applying the proposed method in
Fig. 5. The agreement between the Wireless Method and the
expected values is highly promising, underlining the advan-
tage compared to the standard stretched WM, as discussed
and demonstrated in [8]. Specifically, the Wireless Method
provides a good determination of the resonant frequency
and the quality factor, as summarized in Table 1. Further-
more, the real and imaginary part of the impedance are also
obtained with good accuracy for most of the resonances, the
relative error remaining always below 10%.

Table 1: Resonant frequencies, quality factors, and shunt
impedance of the pillbox cavity in Fig. 4: comparison be-
tween measured and expected data.

(a) Measured (b) Expected
fr [GHz] Q Rs [kQ]  fr [GHz] Q Rs [kQ]
2.424 770 36.7 2.425 750 33.3
3.900 1050 9.0 3.897 1073 9.8

4.320 780 2.7 4.324 830 3.0

CONCLUSION

A Wireless Method to compute the longitudinal beam
coupling impedance of a resonant structure using the TM
wave excitation of the DUT is presented. A real bench mea-
surement setup is implemented, exploiting the coaxial probe
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Figure 5: Longitudinal impedance spectrum: comparison
between bench measurements data with the Wireless Method
(blue curves) and CST simulations (red curves). Figure Sa
is the impedance spectrum below the beam pipe cut-off
frequency, Fig. 5b is a zoom on some specific resonances.

as the TM excitation. The setup allows for a direct determi-
nation of frequencies and quality factors of the impedance
resonances from the scattering parameters, offering clear
advantages over the standard stretched Wire Method. More-
over, from these raw data, the shunt impedance is inferred
using the wireless formula, facilitating the reconstruction
of the beam coupling impedance spectrum in the frequency
range of interest. The results demonstrate a preliminary
proof-of-concept of the Wireless Method, demonstrating
good agreement with expected values and highlighting its
advantages over the wire method. Further testing on more
complex structures is currently underway, aiming to validate
and refine the methodology.
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