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Abstract

:

In this paper, a complete three-dimensional (3D) RF model of the cyclotron coaxial resonator—including the coaxial sliding shorts, the “Liner” vacuum chamber, the coupler, the trimmer, and the high RF voltage “Dee” structures—has been developed. An eigenmode analysis was used to simulate the tuning of the resonator in the operating frequency range of 15–48 MHz obtained by two movable sliding shorts and a trimmer. A driven analysis has been performed in order to compute the    |   S 11   |    parameter (or impedance matching) of the cavity excited by a movable coaxial power coupler. The numerical simulations have been performed using the different peculiarities of two commercial tools, COMSOL Multiphysics and CST microwave studio. Experimental validation of the developed model is presented. The evidence of an unwanted electric field component, orthogonal to the accelerating field, was discovered and a mitigation is also proposed. The impact of the proposed modification was evaluated by using a 3D beam dynamics code under development in the framework of the Superconducting Cyclotron upgrade ongoing at INFN-LNS.
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1. Introduction


The K-800 Superconducting Cyclotron—in operation for more than 25 years at INFN-LNS—is a three-sector compact machine with a wide operating range, able to accelerate heavy ions, with values of q/A from 0.1 to 0.5, to energy from 2 to 100 AMeV [1]. Up to now, the maximum beam power for nuclear physics experiments has been of about 100 W. Following the recent request of users aiming to study rare processes in nuclear physics [2,3], an upgrade program is ongoing with the main objective to increase the beam power up to about 10 kW [4,5,6,7]. The RF system has been going through many improvements [8,9] and moreover, the vertical gap between the Dees of the RF cavities is planned to be increased from the present 24 mm up to 30 mm by renewing the existing liners and trim coils [10]. This modification results in the length reduction of the conical connection between the stem (inner coaxial) and the Dees. In this framework, the present paper describes a numerical study of the INFN-LNS cyclotron RF cavities, which allows simultaneously investigating the current configuration and evaluating furthers variations which could play a role in the above-cited upgrade. Moreover, the electromagnetic field results presented in this work will be provided to a novel 3D particle dynamics code. RF modeling and simulations of this kind of cavities are present in literature [11,12,13,14,15,16,17]. In this work, the electromagnetic simulations have been carried out through two commercial simulation softwares, COMSOL Multyphysics 5.4 [18] and CST Microwave Studio 2020 [19], using both the “eigenmode” and “driven” solvers. In Section 2, the RF parameters such as resonant frequency, impedance matching, and quality factor have been calculated and compared with experimental measurements. The excellent agreement observed confirms the quality and reliability of the developed numerical model. In Section 3 the beam-dynamics have been analyzed through a properly developed tracking code. Since, with the planned upgrade, the beam power will increase by two orders magnitude, the fraction of beam losses shall be drastically decreased to keep low the power losses. For this reason, the amplitude of parasitic electric field components—that could result in an unwanted transversal kick of the accelerated particles [15] and increase of the beam size—has been evaluated, and a mitigation is proposed and verified by beam dynamics analysis.




2. Rf Model: Simulation Results vs. Experimental Measurements


2.1. Model Geometry, Materials, Mesh, and Boundary Conditions


The RF design of the INFN-LNS superconducting cyclotron, presented elsewhere [20,21], is based on three vertical half-wave ( λ /2) coaxial resonators, placed 120   ∘   apart along the median plane (i.e., the area where particle acceleration occurs) and operating in the frequency range of 15–48 MHz. In the median plane, an accelerating high voltage electrode, named “Dee” for its shape, is connected to the shorted inner conductor lines (“Dee-stem”). The grounded outer conductor, called “Liner”, is the wall of the vacuum chamber region. In the gap between the RF oscillating high-voltage Dee and the grounded Liner, an accelerating electric field is formed with an intensity inversely proportional to the distance between facing surfaces. For the sake of simplicity, only one of the three identical RF cavities is considered in our model. A picture of the accelerating vacuum chamber is shown in Figure 1. It is composed by the upper and lower liner (only the inferior one is shown) and the inner part of the cryostat. The RF cavities including coaxial stem and Dees are installed in the valley of the liner. The 3D geometry of the actual RF cavity adopted in our model is shown in Figure 2. It is fully comprehensive of all the RF details and it has been derived from the mechanical drawings, including the variations done along the years.



The simulated RF cavity geometry includes the inner coaxial, the sliding shorts, the Dee-stems, the Dee, the RF power coupler, the trimmer, and the Liner internal region here represented as a transparent blue object. The model also includes three alumina insulating parts which are designed to provide the separation between air and vacuum pressure side: two of them are placed between the outer and the inner coaxial Dee-stem, and the other one is placed in the coupler. Both the Comsol and CST models have been designed resembling the real machine capability to move the position of the sliding shorts and trimmer for frequency tuning and of the coupler for the impedance matching. In such a way it was also possible to have an extensive comparison between measurements and model results as shown in the next sections both in terms of range of operating frequency and power coupling condition. The cavity model has been simulated with same settings in CST and COMSOL: the internal volume material was set as “vacuum” while a proper dielectric constant was used for the three alumina volumes. The copper conducibility was used for metal boundary conditions (“impedance boundary condition” [18]) on the conductive parts of the model. A representation of the employed mesh is visible in Figure 3 for the cavity full model. A detailed view of the Dee and the coupler are also shown. It is worth noting that the mesh properly follows the different size-scales of the geometries. A fine-mesh region was added in the Dee and coupler region where it is expected high gradient and intense electric fields will occur.




2.2. Eigenmode Results


Eigenmode simulations have been performed by using CST Microwave Studio. To properly accelerate particles, the cavity operates in the fundamental TEM mode of the coaxial cavity, whose vector plot along the structure median plane is visible in Figure 4. As expected, the maximum amplitude corresponds with the contours of the Dee. Since the plot is a snapshot taken at a particular (and arbitrary) fixed phase, the electric field arrows in one side of the Dee (beam entrance) have opposite directions with respect to the other side of the Dee (beam exit). Actually, if the magnetic field is properly tuned, the RF field phase will be synchronized to the revolution period of the particle; in this latter case, the electric field arrows direction will be inverted in the time the particle travel from one side to the other, again providing acceleration to the beam both at the entrance and at the exit side.



The red arrows (high intensity) show that the electric field has a dominant accelerating component in-plane. However, corresponding to the center of the Dee, an orthogonal component is present at a lower intensity (blue arrows) which pushes the beam up and down transversely to the median plane and never acts as an accelerating component. The TEM mode resonance frequency of the cavity can be tuned by moving the top and bottom sliding shorts. Further fine tuning of the operating frequency (in the KHz range) can be performed by using the movable trimmer. The cavity resonant frequencies obtained in simulation at different position of the sliding shorts result in excellent agreement with the measured frequencies (see Figure 5) obtained by connecting the coupler port of the coaxial cavity to a Vector Network Analyzer (VNA).




2.3. Driven Results


In this section we describe driven RF simulations in order to analyze wave propagation, coupling and impedance matching thanks to the    |   S 11   |   -parameter evaluation at the RF power coupler port. A tunable capacitive coupler is used to couple the RF power from the coaxial feeder line to the cavity. In our driven RF simulation, the input port is a coaxial surface at the bottom part of the coupler design (see Figure 6). A detailed view of the electric field in the region close to the coupler is shown in Figure 6: it is possible to see the high electric field corresponding with the two gaps between the Dee and the Liner walls. Around the coupler tip, the electric field corresponds to the surface facing the Dee and in the small gap between the coupler and its supporting flange on the bottom part of the Liner. Because of this small gap and high electric field gradient, a finer meshing of this region is crucial for the quality and accuracy of the power coupling simulation.



The coaxial-to-cavity impedance matching is obtained by varying the distance d between the movable coupler tip and the cavity median plane (see Figure 6). The coupling capacitor has a stroke of 50 mm in the interval from   d = 96   mm to   d = 146   mm. The optimal coupler-to-median plane distance, which gives the best impedance matching, depends on the cavity operating frequency. The behavior of the system has been well-reproduced by our model exemplified with fixed shorts position giving a resonant frequency of   33.7416   MHz. In Figure 7 the simulated    |   S 11   |   -parameter variation can be analyzed when the coupler is moved along its entire stroke with steps of 2.5 mm. It is relevant to notice that the trend of the S-parameter by moving the coupler is in accordance with the experimental behavior.




2.4. Impedance Matching Procedure


The impedance matching in the real machine operation is done in three steps: first, the sliding shorts are placed corresponding to the desired resonant frequency; after, the coupler is moved to find the best coupling (minimum of    |   S 11   |   -parameter). Finally, since the insertion of the coupler changes slightly the resonant frequency, the trimmer is moved to finely tune the resonant frequency at desired value. A comparison between the experimental and simulated optimum coupler position was carried out (see Figure 8).



For frequencies lower than 25 MHz, the coupling is constrained to the 50 mm stroke limitation (corresponding to   d = 96   mm). While the simulations allow a global optimization able to find the absolute best working point into the three-dimensional space parameters (shorts, coupler, and trimmer position), in the real machine operation also slight differences on the shorts position can result in few millimeters of dispersion and in    |   S 11   |   -parameter local minima values where, however, the matching still remains very good (  < − 15   dB). The maximum discrepancy between the average of experimental data and the simulated value is only about 8.5 mm at 33.7 MHz. Figure 7 shows that when moving the coupler 7.5 mm from the best position, the matching is still very good since    |   S 11   | goes from   − 35   dB to about   − 20   dB.




2.5. Quality Factor


The unloaded quality factor   Q 0   has been determined from the 3 dB bandwidth measurement made with a Vector Network Analyzer (VNA). As expected also from other analyses in literature [15,16,22,23], the measured quality factor is less than the simulated values due to many factors: sliding contact, losses to brazed and welded joints, temperature increase, surface oxidation and cleaning, etc. A mismatch ranging from 16 to 30% is shown in Figure 9.





3. Analysis of Cavity Asymmetry Effects on Beam-Dynamics


Typically, any cyclotron RF cavity design has a vertical symmetry with equal half upper and lower structures. The symmetry of the cavity and the TEM fundamental mode operation ensures the best condition for electric field distribution in the beam region, parallel to the middle plane. However, the “real” machines—such the INFN-LNS compact cyclotron under investigation in this work—have some intrinsic limitations. The coupler is located on the bottom side of the Dee and the trimmer in the upper side. These elements break the symmetry of each RF cavity. Before of the present work this asymmetry was not quantitatively evaluated and the operation was driven by experimental evidence. In the following, to be able to evaluate the amplitude of the two components of interest, we used the expression   E ‖  =      E x r   2  +    E x i   2  +    E y r   2  +    E y i   2     to extract the module of the component parallel to the middle plane, and the expression   E ⊥  =      E z r   2  +   E z r   i 2      to extract the module of the component orthogonal to the middle plane. The superscript r and i identify the real and imaginary parts of the solution, respectively. The electric field component   E ⊥   orthogonal to the median plane, introduced by this asymmetry, was computed and presented in Figure 10. The color-scale of Figure 10 has been cut to 250 V/m to better identify the amplitude in the region of interest.



Thanks to a beam dynamics code we are developing for the upgrade of our cyclotron, we can estimate the effects of this unwanted electric field component on the beam dynamics. The code has been developed in Matlab, importing the magnetic field and the RF field maps from comsol, then computing the beam trajectory using the relativistic Boris mover approach [24].



Before to use the electric field in the beam-dynamics code, its amplitude needs to be normalized in order to obtain the magnitude correspondent to the acceleration of the beam of interest. We consider the evolution of an oxygen beam with atomic mass of 18 and a charge state of   6 +   that is accelerated with a resonant frequency, here considered to be 33.7416 MHz (second harmonic acceleration mode), up to an energy of 45 MeV/A. The dynamics are computed from an inner radius of 11 cm up to the extraction diameter of 86 cm. The beam envelope related to the vertical plane, shown in Figure 11, is characterized by a sinusoidal fluctuation of the beam size and center. This sinusoidal motion is typical of a harmonic oscillator; the restoring force is provided by the cyclotron magnetic field focusing strength, and the excitation force is the orthogonal electric field component.



In Figure 12 a detailed beam dynamics analysis is carried out to reveal the correlation between the beam center transverse position and the transverse electric field component (  E z  ) strength encountered by the beam itself. The cyclotron magnetic field (  B z  ) is shown to easily identify when the beam travels across the RF cavity, corresponding to a lower magnetic field strength (the so-called “valleys”). The electric field component parallel to the middle plane (  E  x y   ) is shown to precisely identify the acceleration gap cross. This correlation shows that the orthogonal electric field component increases with the distance from the middle plane. The effect of this component will growth with the foreseen upgrade which will increase the beam current and the beam size.



The analysis of the transverse electric field component, shown in Figure 13 along two RF cavities crossings, reveals a complex electric field structure with a sequence of alternated (up and down) kicks. Transverse component change orientation during the cross of each acceleration gap. This is clearly shown in Figure 10, where the zero electric field region is located in correspondence with the accelerating gap center. Due to the second harmonic acceleration mode, when the beam crosses the RF cavity center the phase of the RF field crosses zero and the orientation of the electric field changes. Integrating the electric field component orthogonal to the middle plane, during the beam crossing of each RF cavity (yellow line in Figure 13), we estimate the provided beam momentum associated to this transverse force. It is possible to see that the sum of the four transverse kicks is not zero and is of the same sign and amplitude for each RF cavity.



Coaxial Sliding Shorts Asymmetric Position


The presented asymmetry and its effect on beam dynamics is compatible with the current use of the cyclotron. However, one of the major requests of the planned upgrade is to reduce as much as possible the beam losses and energy spread of the extracted beam. For this scope, a mitigation for the transverse electric field has been searched. We are presenting here a simple mitigation that does not require any mechanical changes on the accelerator machine. The solution here proposed is to introduce an asymmetry in the sliding shorts position that counteracts the effects of the electric field asymmetry introduced by the presence of the coupler and the trimmer. Starting from the symmetric shorts condition (length of 556 mm for 33.7416 MHz), the upper one has been extracted at 55 mm while the lower one has been inserted at 50 mm, as shown in Figure 14.



The parasitic electric field component produced in the standard, symmetric sliding shorts, configuration was already presented in Figure 10. Same electric field analysis has been performed for the “asymmetric shorts” configuration. The electric field produced by the latter configuration is reported again in Figure 15 for easier comparison with the same color range scale of Figure 16 to simplify the comparison. Thanks to the applied asymmetry, it can be observed that the undesired electric field parasitic component corresponding with the center of RF cavity has been reduced to negligible values.



It is worth noticing that the applied asymmetry keeps unaltered the accelerating field component   E ‖  , parallel to the middle plane, as it is possible to see in Figure 17a,b.



With the tracking code, we can estimate the improvement in beam dynamics. The standard configuration produces 2 mm amplitude oscillation of the beam center for the first half of the acceleration time (Figure 11), with a beam size in the extraction region of about 10 mm. With the asymmetric sliding shorts configuration (Figure 14), the beam center amplitude oscillation is reduced by a factor of four and the beam size in the extraction region is reduced within range of 15–20% (see Figure 18) with respect to the standard operation condition, reported again in Figure 19 for easier comparison.



Reducing the amplitude of the electric field component orthogonal to the middle plane, the amplitude of the oscillation, as visible in Figure 20, is consequently reduced, while the 0.5 us oscillation period is not modified because it is related to the beam inertia and the magnetic focusing effect, which remain unchanged. The reduction in beam oscillation amplitude results is correlated to the reduction of the transferred momentum (shown in Figure 21) by a factor 4.





4. Conclusions


In this paper we presented the numerical simulations and RF measurements of the INFN-LNS K-800 Superconducting Cyclotron RF cavity. Simulations using CST Microwave Studio and COMSOL allowed a better understanding of the RF behavior and a detailed analysis of all electric field components produced. The obtained agreement between measured and computed parameters could allow to use the numerical tool for future RF cavity modification in order to help the commissioning the RF system. The full structure electromagnetic model here presented, used as an input for the new beam-dynamics code under development at INFN-LNS, allowed the study of the beam acceleration process and permitted understanding and resolving the field asymmetry problem described in Section 3. In the future this could help to reach the relevant increase of beam power, in the scope of the ongoing cyclotron upgrade.
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Figure 1. Accelerating vacuum chamber. It is composed by the upper and lower liner (only the inferior one is visible) and the inner part of the cryostat. The RF cavity including the coaxial stem and Dees are installed in the valley of the liner. 
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Figure 2. Superconducting cyclotron RF cavity model. Main components are indicated. NOTE: ceramic isolators between inner and outer coaxial are not visible. 
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Figure 3. Mesh of the model. Top right: Dee supported by inner coaxial Dee-stem. Bottom right: external part of the coupler. 
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Figure 4. Electric field vector-plot of the fundamental TEM mode plotted along the cavity median plane; the green arrow represents the beam direction of motion. Note: arbitrary electric field normalization has been applied. 
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Figure 5. Sliding short distance from the median plane vs. TEM mode frequency. Eigenmode simulations performed with CST (red dots) are compared with experimental measurements (blue dots). 
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Figure 6. Vertical (  y z   plane) cut showing the electric field intensity in the proximity of the coupler used for RF injection. The distance d between the coupler tip and the median plane is indicated. Note: arbitrary electric field normalization has been applied. 
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Figure 7.    |   S 11   |   –parameter curves, for the cavity operating at    f 0  ≃ 33.74   MHz, obtained by varying the distance of the coupler capacitor from the median plane. The red curve shows the best matching found when   d = 123.5   mm. From right to left the movable coupler tip has been inserted into the cavity, with steps of 2.5 mm, starting at   d = 146   mm and reaching   d = 96   mm. 






Figure 7.    |   S 11   |   –parameter curves, for the cavity operating at    f 0  ≃ 33.74   MHz, obtained by varying the distance of the coupler capacitor from the median plane. The red curve shows the best matching found when   d = 123.5   mm. From right to left the movable coupler tip has been inserted into the cavity, with steps of 2.5 mm, starting at   d = 146   mm and reaching   d = 96   mm.



[image: Applsci 11 05995 g007]







[image: Applsci 11 05995 g008 550] 





Figure 8. Impedance matching condition for various resonant frequencies: absolute best coupler position found with the model (green dots), and coupler position used during twenty-five years of machine operation (blue dots). The dashed black line highlights the maximum limit of the coupler stroke. 
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Figure 9. Cavity unloaded quality factors   Q 0   vs. frequency. Blue curve refers to simulations while red curve reports measured values. 
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Figure 10. Magnitude of the electric field component   E ⊥   orthogonal to the median plane. 
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Figure 11. Beam transverse envelope for the standard operation condition. 
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Figure 12. Details of beam transverse displacement evolution, magnetic field and electric field components during the first part of the acceleration inside the cyclotron. 
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Figure 13. Details of electric field components and transverse momentum provided to the beam for two consecutive RF cavities. 






Figure 13. Details of electric field components and transverse momentum provided to the beam for two consecutive RF cavities.



[image: Applsci 11 05995 g013]







[image: Applsci 11 05995 g014 550] 





Figure 14. Asymmetrical sliding shorts position to counteract the asymmetry introduced by the coupler. 
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Figure 15. Magnitude of the electric field component   E ⊥   orthogonal to the median plane. 
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Figure 16.   E ⊥   produced by the asymmetric sliding short configuration at 33.7416 MHz. 
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Figure 17. Electric field component   E ‖   parallel to the middle plane produced by the actual geometry (a) vs. the asymmetric sliding short configuration (b) at 33.7416 MHz. 
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Figure 18. Beam transverse envelope of non-symmetric sliding shorts. 
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Figure 19. Beam transverse envelope for the standard operation condition. 
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Figure 20. Details of beam transverse displacement evolution, magnetic field and electric field components during the first part of the acceleration inside the cyclotron. Asymmetric shorts configuration. 
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Figure 21. Details of electric field components and transverse momentum provided to the beam for two consecutive RF cavities. Asymmetric shorts configuration. 
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