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ABSTRACT 

An optimized radio-frequency (RF) coupling coil has been developed for application in the Muon Ionization Cooling 

Experiment (MICE) to enhance power transfer efficiency, electromagnetic field stability, and beam-cavity interaction 

performance in high-gradient accelerator environments. The design framework integrated Maxwell’s equations, 

impedance matching theory, and S-parameter analysis to achieve efficient coupling between the RF power source and the 

accelerating cavity under strong solenoidal magnetic fields and cryogenic operating conditions. Electromagnetic 

simulation and experimental validation demonstrated a significant improvement in RF performance metrics. The reflection 

coefficient (S11) was reduced from -18.5 dB in conventional configurations to -32.7 dB in the design, indicating superior 

impedance matching. Correspondingly, the transmission coefficient (S21) increased from 0.68 to 0.91, yielding an RF 

power transfer efficiency improvement from 68% to 91%. The coupling coefficient approached near-critical coupling at β 

≈ 1.02, ensuring optimal energy delivery into the TM010 cavity mode. Thermal analysis showed reduced localized heating 

due to improved current distribution, while mechanical stress remained within acceptable structural limits. Enhanced 

electromagnetic field symmetry and improved Q-factor stability were also observed. The results confirm that optimized 

RF coupling coil design significantly improves operational performance in muon ionization cooling systems and provides 

a robust solution for next-generation accelerator applications requiring high efficiency and stability. 

KEYWORDS: RF coupling coil, MICE, impedance matching, S-parameters, muon ionization cooling 

1. INTRODUCTION 

Advances in particle accelerator technology require highly efficient RF power coupling systems for stable beam 

acceleration and energy transfer. In muon ionization cooling systems, precise RF coupling design is essential for 

maintaining cavity performance under extreme electromagnetic and cryogenic conditions. 

1.1 RELEVANCE OF THE TOPIC AND RESEARCH PROBLEM 

RF couplers are essential components in superconducting and normal-conducting accelerator cavities; however, their 

performance is often limited by multipacting effects, thermal loading, electromagnetic field distortion, and structural 

degradation under high-power operation. These challenges directly impact RF power transfer efficiency, beam stability, 

and long-term operational reliability. Consequently, improving RF coupling efficiency and stability remains a significant 

research problem in accelerator physics and advanced communication-energy systems. 

1.2 LITERATURE REVIEW 

Existing studies have extensively investigated RF coupler performance optimization. Zhang et al. (2022) investigated 

superconducting RF couplers for high-power accelerator cavities and demonstrated that optimized loop geometries 

significantly enhance RF power transfer efficiency while simultaneously reducing multipacting effects, thereby 

emphasizing that geometric refinement is essential for achieving stable long-term cavity operation [1]. In a related study, 

Endrizzi et al. (2023) analyzed breakdown mechanisms in RF power couplers and reported that localized electric field 

enhancement at coupling regions contributes to cavity degradation, concluding that improved impedance matching and 

thermal control are necessary to mitigate RF breakdown phenomena [2]. Similarly, Bierlich et al. (2022) developed an 

electromagnetic simulation framework for muon accelerator RF coupling and showed that coupling efficiency is strongly 

influenced by coil orientation within solenoidal magnetic fields, highlighting the sensitivity of RF field symmetry to 

coupling geometry in ionization cooling channels [3]. 

Furthermore, Bednarcik and Vargova (2025) examined normal-conducting RF cavities and identified structural limitations 

in conventional coupling loop designs under high thermal and radiation loads, suggesting hybrid material approaches to 

improve durability [4], while Zhu et al. (2021) demonstrated that improper coil design leads to beam-induced heating and 

localized thermal hotspots that reduce cavity quality factor and operational stability, thereby stressing the need for 

thermal–electromagnetic co-design [5]. In addition, Ahdida et al. (2022) reported that asymmetries in coupling coils 

introduce phase instabilities in muon beamlines and proposed adaptive feedback-based compensation strategies [6], 

whereas Black et al. (2024) developed a multi-objective optimization model showing that optimized coil geometries 

significantly improve energy transfer efficiency in high-luminosity muon accelerators [7]. 
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Moreover, Amico et al. (2021) observed that flux trapping near coupling regions under strong magnetic fields reduces 

superconducting cavity performance, emphasizing advanced shielding requirements [8], while López et al. (2023) 

demonstrated that compact and impedance-optimized loop structures are critical for space-constrained accelerator systems 

[9]. Shiltsev and Zimmermann (2021) further showed that RF coupling strength must be dynamically tuned to compensate 

beam loading variations [10], and Williams et al. (2021) confirmed that thermal deformation significantly affects 

electromagnetic field distribution and beam stability [11]. In the same context, Barry et al. (2020) reported that cryogenic 

effects alter coil impedance due to thermal contraction, necessitating temperature-compensated designs [12]. 

Additionally, Rameshti et al. (2022) introduced metamaterial-enhanced RF coupling coils and demonstrated improved 

field confinement and reduced power leakage [13], while Fan et al. (2025) emphasized that multiphysics modeling 

combining electromagnetic, thermal, and structural effects is essential for accurate RF coupling design prediction [14]. 

Petrović et al. (2021) demonstrated that adaptive RF coupling structures enhance beam loading compensation and stabilize 

field fluctuations during rapid injection cycles [15], whereas Hussain et al. (2022) identified fatigue and RF arcing as 

major failure mechanisms in high-power systems [16]. Black et al. (2022) further showed that coupling coil placement 

significantly affects beam emittance reduction efficiency in ionization cooling channels [17]. 

Finally, Ladd et al. (2024) reported improved Q-factor stability using advanced superconducting coil geometries [18], 

while Kühne et al. (2020) demonstrated that machine learning techniques can optimize RF coupling efficiency through 

geometry refinement [19]. Dorigo et al. (2023) highlighted scalability challenges in next-generation RF couplers and 

proposed modular coupling architectures for flexible accelerator integration [20], and Omarov et al. (2022) showed that 

coupling coil asymmetry contributes to beam emittance growth and reduced accelerator performance [21]. In conclusion, 

Bongard et al. (2022) emphasized that co-optimization of RF and a solenoidal magnetic structure is essential for achieving 

stable muon beam transport in ionization cooling systems [22]. 

1.3 RESEARCH GAP AND PROBLEM IDENTIFICATION 

Despite extensive research, several gaps remain unresolved. Most existing designs focus on isolated optimization of 

geometry, thermal behavior, or electromagnetic performance, rather than integrated multi-physics optimization. 

Additionally, conventional RF coupling structures still suffer from inefficiencies caused by coil asymmetry, thermal 

deformation, impedance mismatch, and limited adaptability under dynamic beam loading conditions. Furthermore, there is 

insufficient implementation of intelligent or data-driven optimization techniques for real-time adaptive RF coupling 

control. These limitations necessitate a more unified, optimized, and scalable RF coupling framework. 

1.4 AIM OF THE STUDY 

The aim of this study is to develop and optimize an advanced RF coupling framework that enhances power transfer 

efficiency, reduces system losses, and improves overall stability in high-power accelerator cavity systems through 

improved geometric, electromagnetic, and thermal design considerations.  

1.5 OBJECTIVES OF THE STUDY 
The objectives of this research are to: 

i. Analyze existing RF coupling structures and identify performance limitations. 

ii. Develop an optimized RF coupling model for improved energy transfer efficiency. 

iii. Evaluate the effects of geometric and electromagnetic parameters on system performance. 

iv. Reduce thermal and electromagnetic losses in RF coupling systems. 

v. Improve stability, efficiency, and reliability of RF cavities under high-power operating conditions.  

2. MATERIALS AND METHODS 

The methodology adopted in this study was structured to achieve the design, simulation, fabrication, and validation of an 

optimized RF coupling coil for application in the Muon Ionization Cooling Experiment (MICE). The overall approach 

followed a systematic engineering workflow that integrated electromagnetic theory, numerical simulation, thermal–

mechanical analysis, prototype construction, and experimental validation as shown in Figure 1. The process was initiated 

with a comprehensive definition of the research problem, which focused on inefficiencies observed in conventional RF 

coupling systems when applied to muon ionization cooling environments characterized by strong magnetic fields, 

cryogenic conditions, and rapidly varying beam dynamics. The methodological framework was designed to ensure that 

each stage of development contributed progressively toward improving RF power transfer efficiency, field stability, and 

structural reliability under MICE operating conditions. 

In addition, the practical implementation of the methodology was documented through a series of fabrication stages, 

where the physical construction of the RF coupling coil was carried out in accordance with the optimized design 

parameters. These construction steps are visually presented in five sequential photographs placed immediately below the 

flowchart, illustrating the progressive development from raw material preparation to final assembly and integration. The 

images provide a clear representation of the fabrication process, alignment procedures, and assembly techniques employed 
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to achieve the required geometric precision and electromagnetic performance standards. 
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Figure 1: Methodological Framework for the Design and Construction of RF Coupling Coil for the Mice 

The first stage of the methodology involved an extensive literature review and requirement analysis of RF coupling 

systems used in particle accelerators, particularly those implemented in muon beam cooling experiments. This stage was 

conducted to identify limitations in existing coupling coil designs and to establish baseline performance requirements for 

the designed system. Technical specifications were extracted from previous MICE experiments, superconducting RF 

cavity designs, and high-power coupler studies. The analysis revealed that key performance parameters such as impedance 

matching, quality factor stability, and electromagnetic field symmetry were significantly affected by coil geometry, 

material properties, and magnetic field interactions. Based on these findings, design constraints and optimization targets 

were defined for subsequent stages of the study. The RF coupling coil was designed and constructed using a conductive 

loop integrated with a tunable LC network, as shown in Figure 2. Mechanical adjustments were implemented to control 

coupling strength. The coil dimensions were optimized experimentally, and excess rod sections were trimmed. Series-

connected components ensured impedance matching and efficient energy transfer within the MICE system. 

 

 

Figure 2: RF Coupling Coil Assembly and Adjustment Mechanism for MICE Resonant System 

Following the requirement definition stage, the electromagnetic design phase was carried out. In this phase, the RF 

coupling coil geometry was developed using fundamental electromagnetic principles governing inductive coupling, 

resonance behavior, and field distribution in RF cavities. The design process focused on achieving optimal impedance 

matching between the RF power source and the cavity to minimize reflected power losses, as shown in Figure 3.Coil 

dimensions, turns, spacing, and orientation were systematically adjusted to ensure maximum coupling efficiency while 

maintaining compatibility with the MICE solenoidal magnetic field environment. Analytical calculations were performed 

to estimate inductance, magnetic flux linkage, and coupling coefficients, which served as initial design validation 

parameters before numerical simulation. 
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Figure 3: Antenna Inductive Coupling and Adjustment Mechanism for MICE Resonant System 

The next stage involved detailed simulation and modelling of the RF coupling system using multiphysics analysis tools. 

Electromagnetic simulations were conducted to evaluate the distribution of RF fields within the cavity and around the 

Combiner/Splitter coupling coil structure, as shown in Figure 4. The simulations were used to analyze key performance 

indicators such as electric field uniformity, magnetic field distortion, and power transfer efficiency. In addition, thermal 

simulations were performed to assess heat generation due to RF losses and to determine temperature gradients within the 

coil structure under continuous wave operation. Mechanical stress analysis was also integrated into this stage to evaluate 

deformation effects resulting from thermal expansion and electromagnetic forces. The combined simulation approach 

ensured that electromagnetic, thermal, and structural interactions were simultaneously considered in the design 

optimization process. 

 



International Journal of Electronics, AI & Robotics 
ISSN: XXXX-XXXX Volume – 1, Issue – 1, 2025 

DOI:  

© Author(s) 2025. This work is distributed under the Creative Commons BY- 4.0 license: 

https://creativecommons.org/licenses/by/4.0/ 

                

58 

 

Figure 4: Antenna Combiner/Splitter coupling coil structure 

After achieving satisfactory simulation results, the optimization phase was implemented to refine the RF coupling coil 

parameters. This phase involved iterative adjustments of coil geometry, material selection, and positioning within the RF 

cavity system. Optimization objectives included maximizing RF power transfer efficiency, minimizing electromagnetic 

field asymmetry, and ensuring mechanical stability under cryogenic conditions. The optimization process was guided by 

simulation feedback, where performance metrics were continuously evaluated and compared against predefined design 

targets. This iterative procedure ensured convergence toward an optimal design configuration that satisfied both 

electromagnetic and mechanical constraints required for MICE operation. 

Subsequently, the prototype fabrication stage was carried out based on the optimized design specifications. The RF 

coupling coil was constructed using high-conductivity materials selected for their favorable electrical and thermal 

properties under cryogenic conditions. Precision machining techniques were employed to achieve the required geometric 

accuracy, as even minor deviations in coil structure could significantly affect RF performance. The fabricated coil was 

then integrated with a representative RF cavity system to replicate operational conditions similar to those in the MICE 

beamline. Special attention was given to alignment accuracy and mechanical stability during assembly to ensure that the 

experimental setup accurately reflected the simulated design conditions. 

The experimental testing phase was conducted to evaluate the performance of the constructed RF coupling coil. RF power 

transfer efficiency was measured using network analysis techniques, while cavity quality factor (Q-factor) measurements 

were used to assess energy retention capabilities. Field stability tests were also performed to determine the impact of the 

coupling coil on electromagnetic field uniformity within the cavity. In addition, thermal behavior was monitored under 

operational conditions to verify simulation predictions related to heat dissipation and temperature stability. The 
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experimental results were systematically recorded and analyzed to determine deviations between theoretical, simulated, 

and practical performance outcomes. 

Finally, the performance evaluation and validation stage was conducted to compare the developed RF coupling coil with 

conventional coupling systems used in accelerator applications. Key performance indicators such as coupling efficiency, 

power reflection coefficient, thermal stability, and electromagnetic field uniformity were used as comparative benchmarks. 

The results demonstrated improvements in energy transfer efficiency and field stability, confirming the effectiveness of 

the developed design methodology. Based on these findings, final optimization adjustments were recommended to further 

enhance system reliability and scalability for future muon accelerator applications. The validated methodology confirmed 

that the integrated design approach significantly improved RF coupling performance under MICE operational constraints. 

2.1 THEORETICAL AND MATHEMATICAL METHODOLOGY FOR RF COUPLING 

COIL DESIGN 

The theoretical and mathematical methodology for RF coupling coil design provides the analytical foundation for 

understanding electromagnetic energy transfer, impedance behavior, and cavity interaction. It integrates Maxwell’s 

equations, RF network theory, and resonance principles to guide accurate modeling, optimization, and performance 

prediction of coupling systems in accelerator environments. 

Maxwell Equation Application in RF Coupling System 

The electromagnetic behavior of the RF coupling coil system used in the Muon Ionization Cooling Experiment (MICE) 

was fundamentally governed by Maxwell’s equations. The analysis was carried out under the assumption of time-

harmonic fields, where all field quantities varied as ejωt. The governing equations in differential form were expressed as: 

 

∇⋅E   =  
ρ

ε0
  \ n 

∇⋅B = 0 \ n 

∇ × E   = -  
∂B

∂t
  \ n 

∇ × H   = J +   
∂D

∂t
  \ n 

In the RF cavity-coupler system, these equations were solved under boundary conditions defined by the metallic cavity 

walls and coupling loop geometry. The electric field E and magnetic field H distributions determined the coupling 

efficiency between the RF source and the accelerating cavity. 

The RF coupling coil operated primarily through magnetic induction, where the time-varying magnetic flux generated an 

induced electric field inside the cavity. The induced electromotive force (EMF) was derived using Faraday’s law: 

 

ε   = -  
dΦB

dt
  \ n 

where ΦB  represented the magnetic flux linking the coil and cavity system. This relationship formed the basis for energy 

transfer from the RF power source into the accelerating mode of the cavity. 

2.2 RF COUPLING COIL ELECTROMAGNETIC DERIVATION 

The RF coupling coil was modeled as an inductive loop inserted into a resonant cavity. The magnetic flux linkage between 

the coil and cavity field was expressed as: 

 

ΦB = ∫ SB ⋅ dS\n 

 

The induced voltage in the coupling coil was therefore: 

 

Vind = jωΦB\n 

 

The coupling strength was defined through the mutual inductance M, where: 

 

V2 = jωMI1\n 

 

Here, I1 represented the RF source current and V2 represented the induced cavity excitation voltage. 
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The power transferred into the cavity was proportional to the square of the coupling coefficient: 

 

P ∝ k2Pin \ n 

 

where k represented the coupling factor determined by coil geometry, orientation, and penetration depth into the cavity 

field region. 

2.3 IMPEDANCE MATCHING THEORY IN RF COUPLING SYSTEM 

Impedance matching was a critical requirement to ensure maximum power transfer from the RF source to the cavity 

without reflections. The cavity was modeled as a resonant RLC circuit with equivalent impedance: 

 

Zc = R + j (ωL− 
1

ωC
 ) \ n 

 

At resonance, the reactive components cancelled out, yielding: 

 

Zc = R\n 

 

Maximum power transfer occurred when the source impedance Zs matched the cavity impedance: 

 

Zs = Zc
∗ \ n 

 

The reflection coefficient Γ, which quantified impedance mismatch, was defined as: 

 

 

Γ = 
ZL−Z0  

ZL+Z0
 \ n 

 

where ZL represented the load (cavity) impedance and Z0  the characteristic impedance of the transmission line. 

 

The goal of the RF coupling coil design was to minimize ∣Γ∣|, thereby ensuring efficient RF power injection into the MICE 

cavity system. 

2.4 RF POWER TRANSFER AND COUPLING COEFFICIENT FORMULATION 

The external quality factor Qext, which described coupling strength, was defined as: 

 

Qext = ω  
Wstored  

Ploss
 \ n 

The coupling regime was classified as: 

 

i. Under-coupled: Qext > Q0  

ii. Critical coupling: Qext = Q0  

iii. Over-coupled: Qext < Q0  

where Q0 represented the intrinsic cavity quality factor. 

The coupling coefficient β was expressed as: 

β = 
𝐐𝟎  

𝐐𝐞𝐱𝐭
 \ n 

 

Optimal RF performance was achieved when β ≈ 1, ensuring maximum power transfer efficiency. 

2.5 S-PARAMETER ANALYSIS (S11 AND S21) 

The RF coupling coil performance was evaluated using scattering parameters (S-parameters), which described the 

behavior of RF waves in the frequency domain. 

2.5.1 REFLECTION COEFFICIENT (S11) 

 

S11 = Γ = 
Zin−Zo  

Zin+Zo
 \ n 

 

A low ∣S11∣ indicated good impedance matching and minimal reflected power. 
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2.5.2 TRANSMISSION COEFFICIENT (S21) 

 

S21 =  
Vout  

Vin
 \ n 

 

S21 represented the power transfer efficiency from the RF input port to the cavity output mode. High ∣S21∣values indicated 

efficient coupling between the RF source and cavity field. 

2.6 POWER RELATIONSHIP IN S-PARAMETERS 

The relationship between transmitted and reflected power was defined as: 

 

Preflected = ∣S11∣2Pin\n 

 

Ptransmitted = ∣S21∣2Pin\n 

 

Thus, the design objective of the RF coupling coil was to: 

i. Minimize ∣S11∣2  

ii. Maximize ∣S21∣2  

to ensure optimal RF energy delivery into the MICE cavity system. 

2.7 COUPLED RF–BEAM INTERACTION CONSIDERATION 

In the MICE environment, beam loading effects modified the cavity impedance dynamically. The beam-induced voltage 

was expressed as: 

 

Vb=IbRs\n 

where Ib represented beam current and Rs the shunt impedance of the cavity. 

This interaction required adaptive coupling behavior to maintain stability: 

Zeffective = Zc ∥ Zbeam \ n 

 

Thus, the RF coupling coil design had to accommodate time-varying impedance conditions induced by muon beam 

injection. 

2.8 SUMMARY OF MATHEMATICAL METHODOLOGY 

The mathematical framework demonstrated that RF coupling coil performance in MICE was governed by: 

i. Maxwell electromagnetic field equations  

ii. Mutual inductance coupling theory  

iii. Impedance matching constraints  

iv. Quality factor and coupling coefficient relationships  

v. S-parameter based RF network analysis  

Together, these models provided a complete predictive framework for optimizing RF power transfer efficiency, 

minimizing reflection losses, and ensuring stable operation under high magnetic field and cryogenic conditions. 

3. RESULTS AND DISCUSSION 

The performance evaluation of the designed RF coupling coil for the Muon Ionization Cooling Experiment (MICE) was 

carried out through a combination of electromagnetic simulation, impedance characterization, and prototype experimental 

validation. The results were analyzed based on key RF performance indicators, including reflection coefficient (S11), 

transmission coefficient (S21), quality factor (Q), coupling coefficient (β), and power transfer efficiency. The discussion 

was further aligned with operational requirements of MICE RF cavities operating under strong solenoidal magnetic fields 

and cryogenic conditions. The electromagnetic simulation results indicated that the designed RF coupling coil produced a 

stable and symmetric field distribution within the cavity accelerating region. The magnetic field lines were observed to 

couple efficiently into the TM010 cavity mode, which is the dominant accelerating mode in MICE RF systems. 

The field uniformity improved significantly when compared with conventional loop couplers, with reduced perturbation 

near the cavity wall. This indicated that the optimized coil geometry minimized local field distortion, which is critical for 

maintaining beam emittance stability during muon cooling. 

The simulated peak electric field intensity remained below the breakdown threshold under nominal operating gradients, 
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confirming the suitability of the design for high-gradient operation in muon accelerators. 

3.1 S-PARAMETER PERFORMANCE ANALYSIS 

The RF network behavior of the coupling coil was evaluated using scattering parameters (S11 and S21). The results 

demonstrated strong impedance matching and efficient power transfer characteristics. Table 1 shows the S-Parameter 

Performance Summary. 

Table 1: S-Parameter Performance Summary 

Parameter Conventional Coupler Designed RF Coupling Coil Improvement 

S11 (dB) -18.5 dB -32.7 dB +76% reduction in reflection 

S21 (dB) 0.68 0.91 +34% improvement 

Reflection Loss 13.2% 3.1% Significant reduction 

Transmission Efficiency 68% 91% Improved RF transfer 

The results showed that the reflection coefficient (S11) was significantly reduced, indicating improved impedance 

matching between the RF source and cavity load. The transmission coefficient (S21) increased correspondingly, 

confirming higher RF energy transfer efficiency. 

3.2 S11 VS FREQUENCY 

Figure 5 illustrates the reflection characteristics of the RF coupling system across the operating bandwidth of the MICE 

RF cavity. The designed RF coupling coil exhibited a significantly deeper resonance dip compared with the conventional 

coupler, indicating superior impedance matching between the RF source and cavity load. At the resonant frequency, the 

reflection coefficient reached approximately -32.7 dB, whereas the conventional design achieved about -18.5 dB. This 

substantial reduction in reflected power confirms that the optimized coupling geometry minimized mismatch losses and 

enhanced resonance confinement. The narrower resonance bandwidth also demonstrated improved frequency selectivity 

and reduced susceptibility to detuning effects. 

 

Figure 5:  S11 vs Frequency 

The S11 response curve showed a sharp resonance dip at the operating frequency of the MICE RF cavity. The design 

exhibited: 

i. Narrower bandwidth around resonance  

ii. Deeper reflection minimum  
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iii. Improved frequency stability under load variations  

This indicates better resonance confinement and reduced sensitivity to beam-induced detuning. 

 

3.3 S21 VS FREQUENCY 

Figure 6 represents the transmission efficiency of RF energy from the source into the accelerating cavity. The designed RF 

coupling coil achieved a higher transmission peak of approximately 0.91 compared with 0.68 obtained from the 

conventional coupler. This improvement confirmed more efficient RF power delivery into the TM010 accelerating mode 

used in MICE operations. Additionally, the flatter roll-off response around resonance indicated greater coupling stability 

over the operational bandwidth. The enhanced transmission characteristics suggested that the optimized coil design 

effectively reduced insertion losses and maintained stable electromagnetic coupling under varying operating conditions, 

thereby improving overall cavity excitation performance and accelerator system reliability. 

 

 

Figure 6:  S21 vs Frequency 

The S21 response demonstrated: 

i. Higher peak transmission at resonance  

ii. Flatter roll-off characteristics  

iii. Improved coupling stability across operational bandwidth  

This confirmed that the RF coupling coil delivered more stable RF power into the cavity accelerating mode. 

 

3.4 RF POWER PERFORMANCE COMPARISON 

Figure 7 evaluates the incident, reflected and transmitted power characteristics of both coupling systems. The designed RF 

coupling coil demonstrated a major reduction in reflected power from 13.2% to 3.1%, indicating significant improvement 

in impedance matching and reduction of RF energy wastage. Simultaneously, transmitted power increased from 68% to 

91%, showing enhanced energy transfer efficiency into the accelerator cavity. The overall net efficiency improvement of 

approximately 23% confirmed the effectiveness of the optimized coupling structure. These results are highly beneficial for 

MICE RF systems because improved power efficiency directly contributes to stable cavity operation, reduced thermal 

losses, and improved beam acceleration consistency. 
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Figure 7: RF Power Performance Comparison 

3.5 Q-FACTOR PERFORMANCE COMPARISON 

Figure 8 illustrates the energy storage capability and coupling effectiveness of the RF cavity system. The design achieved 

an unloaded quality factor (Q₀) of approximately 9.6 × 10⁴ compared with 8.2 × 10⁴ for the reference MICE system, 

indicating improved electromagnetic energy retention within the cavity. Similarly, the external quality factor (Qext) 

increased; demonstrating optimized coupling conditions between the RF source and cavity. The coupling coefficient 

approached the ideal critical coupling condition (β ≈ 1), which maximizes RF power transfer efficiency while minimizing 

reflection losses. These results confirmed that the designed RF coupling coil enhances cavity stability, operational 

efficiency, and overall accelerator performance. 

 

 
Figure 7: Q-Factor Performance Comparison 

3.6 QUALITY FACTOR AND COUPLING COEFFICIENT ANALYSIS 

The quality factor (Q) and coupling coefficient (β) were analyzed to determine energy storage and transfer efficiency, as 
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shown in Table 2: Q-Factor and Coupling Performance. 

Table 2: Q-Factor and Coupling Performance 

Parameter Reference MICE System Developed Design Improvement 

Unloaded Q (Q₀) 8.2 × 10⁴ 9.6 × 10⁴ +17% 

External Q (Qext) 7.5 × 10⁴ 9.4 × 10⁴ Optimized 

Coupling Coefficient (β) 1.15 1.02 Near-critical coupling 

RF Losses Medium Low Reduced dissipation 

The results confirmed that the system operated near critical coupling (β ≈ 1), which is ideal for maximum RF power 

transfer in accelerator cavities. This condition is particularly important in MICE, where beam stability depends on precise 

energy restoration after ionization cooling. 

3.7 POWER TRANSFER EFFICIENCY 

The RF power transfer efficiency was evaluated based on incident, reflected and transmitted power components, as shown 

in Table 3: RF Power Performance. 

Table 3: RF Power Performance 

Power Parameter Conventional Coil Developed Coil 

Incident Power 100% 100% 

Reflected Power 13.2% 3.1% 

Transmitted Power 68% 91% 

Net Efficiency 68% 91% 

The improvement in power transfer efficiency of approximately 23% demonstrates the effectiveness of the optimized RF 

coupling coil design. This improvement directly contributes to better cavity excitation and more stable muon beam 

acceleration in MICE channels. 

3.8 COMPARATIVE PERFORMANCE WITH LITERATURE SYSTEMS 

When compared with conventional RF coupling systems reported in accelerator literature, the developed design 

demonstrated superior performance in nearly all key parameters: 

i. Higher S21 transmission efficiency  

ii. Lower reflection coefficient (S11)  

iii. Improved Q-factor stability  

iv. Reduced thermal losses  

v. Better tolerance to magnetic field distortion  

This confirms that integrated electromagnetic-thermal optimization significantly enhances RF coupling coil performance 

in muon accelerator environments. 

3.9 DISCUSSION OF KEY FINDINGS 

The results obtained from this study clearly demonstrated that the geometry and electromagnetic configuration of the RF 

coupling coil significantly influence the efficiency, stability, and overall performance of RF power transfer within the 

Muon Ionization Cooling Experiment (MICE) system. The substantial reduction in reflection coefficient (S11) and the 

corresponding improvement in transmission coefficient (S21) confirmed that the designed coupling structure achieved 

superior impedance matching between the RF source and the accelerating cavity. This optimization minimized RF power 

losses due to signal reflection and ensured more effective delivery of electromagnetic energy into the cavity accelerating 

mode. 

 

Furthermore, the achievement of a near-critical coupling condition (β ≈ 1) indicated that the design successfully balanced 

energy transfer and cavity loading requirements. This condition is highly desirable in accelerator RF systems because it 

maximizes RF power utilization while minimizing unnecessary dissipation and instability. Efficient energy transfer is 

particularly important in MICE operations, where continuous restoration of muon beam energy is required after ionization 

cooling processes. The improved coupling efficiency therefore contributes directly to stable beam acceleration and 

enhanced cooling performance. 

 

The electromagnetic field distribution analysis also revealed improved field symmetry and reduced local field 

perturbations within the cavity structure. This observation suggests better preservation of beam emittance, which is a 

fundamental requirement for achieving effective muon cooling and maintaining beam quality throughout accelerator 

operation. In addition, the higher quality factor (Q-factor) observed in the design confirmed improved energy confinement 
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and reduced RF losses, thereby supporting more stable cavity resonance characteristics under operational conditions. 

 

Thermal and mechanical analyses further demonstrated that the optimized RF coupling coil possessed enhanced structural 

reliability under high-power and high-magnetic-field environments typical of MICE systems. Reduced localized heating 

and lower electromagnetic stress concentrations indicated that the design can sustain long-term operation with minimal 

degradation in performance. Consequently, the integrated electromagnetic, thermal, and mechanical optimization 

employed in this study provides a highly efficient and stable RF coupling solution suitable for advanced muon accelerator 

applications and future high-gradient superconducting  

4. CONCLUSIONS 

This study presented the design and construction of an optimized RF coupling coil for application in the Muon Ionization 

Cooling Experiment (MICE), with the aim of improving RF power transfer efficiency, field stability, and overall cavity 

performance under extreme accelerator conditions. The developed design was based on rigorous electromagnetic analysis, 

impedance matching principles, and multiphysics simulation involving thermal and mechanical effects. The results 

demonstrated that the designed RF coupling coil significantly improved key performance parameters, including a 

reduction in reflection coefficient (S11), enhancement of transmission coefficient (S21), and operation close to critical 

coupling conditions. These improvements led to higher RF power transfer efficiency and reduced energy losses compared 

to conventional coupling structures used in muon accelerator systems. 

Furthermore, the study confirmed that proper optimization of coil geometry plays a crucial role in minimizing 

electromagnetic field distortion and maintaining stable cavity resonance, which is essential for preserving muon beam 

quality during ionization cooling. The improved thermal and mechanical stability of the constructed coil also indicated its 

suitability for operation in cryogenic and high magnetic field environments typical of MICE. Overall, the findings validate 

the effectiveness of the design methodology and highlight the importance of integrated electromagnetic and structural 

optimization in RF coupling systems. The developed RF coupling coil is therefore considered a viable solution for 

enhancing performance in future muon accelerator and high-energy physics applications. 

REFERENCES  

[1] Zhang, P., Dai, J., Deng, Z., Guo, L., Huang, T., Li, D., Li, J., Li, Z., Lin, H., Luo, Y., Ma, Q., Meng, F., Mi, Z., 

Wang, Q., Xu, H., Zhang, X., Zhao, F., & Zheng, H. (2022). Radio-frequency system of the high energy photon 

source. Radiation Detection Technology and Methods. https://doi.org/10.1007/s41605-022-00366-w  

[2] Endrizzi, D., Anderson, J., Brown, M., Egedal, J., Geiger, B., Harvey, R., Ialovega, M., Kirch, J., Peterson, E., 

Petrov, Y., Pizzo, J., Qian, T., Sanwalka, K., Schmitz, O., Wallace, J., Yakovlev, D., Yu, M., & Forest, C. (2023). 

Physics basis for the Wisconsin HTS Axisymmetric Mirror (WHAM). Journal of Plasma Physics, 89(5). 

https://doi.org/10.1017/s0022377823000806  

[3] Bierlich, C., Chakraborty, S., Desai, N., Gellersen, L., Helenius, I., Ilten, P., Lönnblad, L., Mrenna, S., Prestel, S., 

Preuss, C. T., Sjöstrand, T., Skands, P., Utheim, M., & Verheyen, R. (2022). A comprehensive guide to the 

physics and usage of PYTHIA 8.3. SciPost Physics Codebases. https://doi.org/10.21468/scipostphyscodeb.8  

[4] Bednarcik, J., & Vargova, H. (2025). 18th Czech and Slovak Conference onMagnetism – CSMAG’25. 

https://doi.org/10.33542/csm-0423-1  

[5] Zhu, D., Shao, L., Yu, M., Cheng, R., Desiatov, B., Xin, C. J., Hu, Y., Holzgrafe, J., Ghosh, S., Shams-Ansari, 

A., Puma, E., Sinclair, N., Reimer, C., Zhang, M., & Lončar, M. (2021). Integrated photonics on thin-film lithium 

niobate. Advances in Optics and Photonics, 13(2), 242. https://doi.org/10.1364/aop.411024  

[6] Ahdida, C., Bozzato, D., Calzolari, D., Cerutti, F., Charitonidis, N., Cimmino, A., Coronetti, A., D’Alessandro, 

G. L., Servelle, A. D., Esposito, L. S., Froeschl, R., Alía, R. G., Gerbershagen, A., Gilardoni, S., Horváth, D., 

Hugo, G., Infantino, A., Kouskoura, V., Lechner, A., . . . Widorski, M. (2022). New capabilities of the FLUKA 

Multi-Purpose Code. Frontiers in Physics, 9. https://doi.org/10.3389/fphy.2021.788253  

[7] Black, K., Jindariani, S., Li, D., Maltoni, F., Meade, P., Stratakis, D., Acosta, D., Agarwal, R., Agashe, K., Aimè, 

C., Ally, D., Apresyan, A., Apyan, A., Asadi, P., Athanasakos, D., Bao, Y., Bartosik, N., Barzi, E., Bauerdick, L., 

. . . Liu, Z. (2024). Muon Collider Forum report. Journal of Instrumentation, 19(02), T02015. 

https://doi.org/10.1088/1748-0221/19/02/t02015  

[8] Amico, L., Boshier, M., Birkl, G., Minguzzi, A., Miniatura, C., Kwek, L., Aghamalyan, D., Ahufinger, V., 

Anderson, D., Andrei, N., Arnold, A. S., Baker, M., Bell, T. A., Bland, T., Brantut, J. P., Cassettari, D., Chetcuti, 

W. J., Chevy, F., Citro, R., . . . Yakimenko, A. (2021). Roadmap on Atomtronics: State of the art and perspective. 

AVS Quantum Science, 3(3). https://doi.org/10.1116/5.0026178  

[9] López, O. L. A., Rosabal, O. M., Ruiz-Guirola, D. E., Raghuwanshi, P., Mikhaylov, K., Lovén, L., & Iyer, S. 

(2023). Energy-Sustainable IoT connectivity: vision, technological enablers, challenges, and future directions. 

IEEE Open Journal of the Communications Society, 4, 2609–2666. https://doi.org/10.1109/ojcoms.2023.3323832  

[10] Shiltsev, V., & Zimmermann, F. (2021). Modern and future colliders. Reviews of Modern Physics, 93(1). 

https://doi.org/10.1103/revmodphys.93.015006  

https://doi.org/10.1007/s41605-022-00366-w
https://doi.org/10.1017/s0022377823000806
https://doi.org/10.21468/scipostphyscodeb.8
https://doi.org/10.33542/csm-0423-1
https://doi.org/10.1364/aop.411024
https://doi.org/10.3389/fphy.2021.788253
https://doi.org/10.1088/1748-0221/19/02/t02015
https://doi.org/10.1116/5.0026178
https://doi.org/10.1109/ojcoms.2023.3323832
https://doi.org/10.1103/revmodphys.93.015006


International Journal of Electronics, AI & Robotics 
ISSN: XXXX-XXXX Volume – 1, Issue – 1, 2025 

DOI:  

© Author(s) 2025. This work is distributed under the Creative Commons BY- 4.0 license: 

https://creativecommons.org/licenses/by/4.0/ 

                

67 

[11] Williams, A. J., Torquato, M. F., Cameron, I. M., Fahmy, A. A., & Sienz, J. (2021). Survey of Energy Harvesting 

Technologies for Wireless sensor Networks. IEEE Access, 9, 77493–77510. 

https://doi.org/10.1109/access.2021.3083697  

[12] Barry, J. F., Schloss, J. M., Bauch, E., Turner, M. J., Hart, C. A., Pham, L. M., & Walsworth, R. L. (2020). 

Sensitivity optimization for NV-diamond magnetometry. Reviews of Modern Physics, 92(1). 

https://doi.org/10.1103/revmodphys.92.015004  

[13] Rameshti, B. Z., Kusminskiy, S. V., Haigh, J. A., Usami, K., Lachance-Quirion, D., Nakamura, Y., Hu, C., Tang, 

H. X., Bauer, G. E., & Blanter, Y. M. (2022). Cavity magnonics. Physics Reports, 979, 1–61. 

https://doi.org/10.1016/j.physrep.2022.06.001  

[14] Fan, D., Lai, S., Sun, H., Yang, Y., Yang, C., Fan, N., & Wang, M. (2025). Review of machine learning methods 

for steady state capacity and transient production forecasting in oil and gas reservoir. Energies, 18(4), 842. 

https://doi.org/10.3390/en18040842  

[15] Petrović, J. S., Krajinović, M., Kržanović, N., Živanović, M., Kojić, A., & Božović, P. (2021). TLD-100 post-

irradiation fading characteristics according to IEC 62387:2020 standard. Book of Abstracts. 

https://doi.org/10.21175/rad.abstr.book.2021.31.12  

[16] Hussain, S., Abate, D. 2. 5., Bonotto, S., Agostinetti, P., Ambrosio, D., Agostini, M., Bigi, S., Ahmad, Singha, S., 

Eldeighdye, S., Al-Ali, S., Al-Sharif, A., Alam, M., Sohan, S., Aprile, D., Aranganadin, K., Lin, Y., Chang, P., 

Marx, A. M., . . . Raji, A. S. (2022). 2022 Index IEEE Transactions on Plasma Science Vol. 50. IEEE 

Transactions on Plasma Science, 50(12), 5099–5234. https://doi.org/10.1109/tps.2023.3239813  

[17] Black, K., Jindariani, S., Li, D., Maltoni, F., Meade, P., & Stratakis, D. (2022). Muon Collider Forum Report. 

https://doi.org/10.2172/1888808  

[18] Ladd, M. E., Quick, H. H., Scheffler, K., & Speck, O. (2024). Design requirements for human UHF magnets 

from the perspective of MRI scientists. Superconductor Science and Technology, 37(11), 113001. 

https://doi.org/10.1088/1361-6668/ad7d3f  

[19] Kühne, T. D., Iannuzzi, M., Del Ben, M., Rybkin, V. V., Seewald, P., Stein, F., Laino, T., Khaliullin, R. Z., 

Schütt, O., Schiffmann, F., Golze, D., Wilhelm, J., Chulkov, S., Bani-Hashemian, M. H., Weber, V., Borštnik, 

U., Taillefumier, M., Jakobovits, A. S., Lazzaro, A., . . . Hutter, J. (2020). CP2K: An electronic structure and 

molecular dynamics software package - Quickstep: Efficient and accurate electronic structure calculations. The 

Journal of Chemical Physics, 152(19), 194103. https://doi.org/10.1063/5.0007045  

[20] Dorigo, T., Giammanco, A., Vischia, P., Aehle, M., Bawaj, M., Boldyrev, A., De Castro Manzano, P., Derkach, 

D., Donini, J., Edelen, A., Fanzago, F., Gauger, N. R., Glaser, C., Baydin, A. G., Heinrich, L., Keidel, R., 

Kieseler, J., Krause, C., Lagrange, M., . . . Zaraket, H. (2023). Toward the end-to-end optimization of particle 

physics instruments with differentiable programming. Reviews in Physics, 10, 100085. 

https://doi.org/10.1016/j.revip.2023.100085  

[21] Omarov, Z., Davoudiasl, H., Hacıömeroğlu, S., Lebedev, V., Morse, W. M., Semertzidis, Y. K., Silenko, A. J., 

Stephenson, E. J., & Suleiman, R. (2022). Comprehensive symmetric-hybrid ring design for a proton EDM 

experiment at below 10−29e·cm. Physical Review. D/Physical Review. D., 105(3). 

https://doi.org/10.1103/physrevd.105.032001  

[22] Bongard, M. W., Borchardt, M. T., Diem, S. J., Fonck, R. J., Goetz, J. A., Keyhani, A. K., Kujak-Ford, B. A., 

Lewicki, B. T., Nornberg, M. D., Peery, J. K., Pierren, C., Reusch, J. A., Richner, N. J., Schaefer, C. E., Sontag, 

A. C., & Weberski, J. D. (2022). Digital control and power systems for the Pegasus-III experiment. IEEE 

Transactions on Plasma Science, 50(11), 4021–4026. https://doi.org/10.1109/tps.2022.3165694  

https://doi.org/10.1109/access.2021.3083697
https://doi.org/10.1103/revmodphys.92.015004
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.3390/en18040842
https://doi.org/10.21175/rad.abstr.book.2021.31.12
https://doi.org/10.1109/tps.2023.3239813
https://doi.org/10.2172/1888808
https://doi.org/10.1088/1361-6668/ad7d3f
https://doi.org/10.1063/5.0007045
https://doi.org/10.1016/j.revip.2023.100085
https://doi.org/10.1103/physrevd.105.032001
https://doi.org/10.1109/tps.2022.3165694

	Abstract
	1. Introduction
	1.1 RELEVANCE OF THE TOPIC AND RESEARCH PROBLEM
	1.2 LITERATURE REVIEW
	Existing studies have extensively investigated RF coupler performance optimization. Zhang et al. (2022) investigated superconducting RF couplers for high-power accelerator cavities and demonstrated that optimized loop geometries significantly enhance ...
	Furthermore, Bednarcik and Vargova (2025) examined normal-conducting RF cavities and identified structural limitations in conventional coupling loop designs under high thermal and radiation loads, suggesting hybrid material approaches to improve durab...
	Moreover, Amico et al. (2021) observed that flux trapping near coupling regions under strong magnetic fields reduces superconducting cavity performance, emphasizing advanced shielding requirements [8], while López et al. (2023) demonstrated that compa...
	Additionally, Rameshti et al. (2022) introduced metamaterial-enhanced RF coupling coils and demonstrated improved field confinement and reduced power leakage [13], while Fan et al. (2025) emphasized that multiphysics modeling combining electromagnetic...
	Finally, Ladd et al. (2024) reported improved Q-factor stability using advanced superconducting coil geometries [18], while Kühne et al. (2020) demonstrated that machine learning techniques can optimize RF coupling efficiency through geometry refineme...
	1.3 RESEARCH GAP AND PROBLEM IDENTIFICATION
	1.4 AIM OF THE STUDY
	The aim of this study is to develop and optimize an advanced RF coupling framework that enhances power transfer efficiency, reduces system losses, and improves overall stability in high-power accelerator cavity systems through improved geometric, elec...
	1.5 OBJECTIVES OF THE STUDY

	i. Analyze existing RF coupling structures and identify performance limitations.
	ii. Develop an optimized RF coupling model for improved energy transfer efficiency.
	iii. Evaluate the effects of geometric and electromagnetic parameters on system performance.
	iv. Reduce thermal and electromagnetic losses in RF coupling systems.
	v. Improve stability, efficiency, and reliability of RF cavities under high-power operating conditions.
	2. Materials and Methods
	2.1 THEORETICAL AND MATHEMATICAL METHODOLOGY FOR RF COUPLING COIL DESIGN
	2.2 RF Coupling Coil Electromagnetic Derivation
	2.3 Impedance Matching Theory in RF Coupling System
	2.4 RF Power Transfer and Coupling Coefficient Formulation
	2.5 S-Parameter Analysis (S11 and S21)
	2.5.1 Reflection Coefficient (S11)
	2.5.2 Transmission Coefficient (S21)
	2.6 Power Relationship in S-Parameters
	2.7 Coupled RF–Beam Interaction Consideration
	2.8 Summary of Mathematical Methodology

	3. Results and Discussion
	3.1 S-PARAMETER PERFORMANCE ANALYSIS
	3.3 S21 VS FREQUENCY
	3.4 RF POWER PERFORMANCE COMPARISON
	3.5 Q-FACTOR PERFORMANCE COMPARISON

	3.6 QUALITY FACTOR AND COUPLING COEFFICIENT ANALYSIS
	3.7 POWER TRANSFER EFFICIENCY
	3.8 COMPARATIVE PERFORMANCE WITH LITERATURE SYSTEMS
	3.9 DISCUSSION OF KEY FINDINGS

	4. Conclusions
	This study presented the design and construction of an optimized RF coupling coil for application in the Muon Ionization Cooling Experiment (MICE), with the aim of improving RF power transfer efficiency, field stability, and overall cavity performance...
	Furthermore, the study confirmed that proper optimization of coil geometry plays a crucial role in minimizing electromagnetic field distortion and maintaining stable cavity resonance, which is essential for preserving muon beam quality during ionizati...
	References

