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A B S T R A C T   

In light of the potential interest of Interdigital H-mode (IH) cavities for accelerating carbon ion beams beyond 5 
MeV/u, we are reviewing the key geometric elements of the regular cells and end cells to optimize performance 
in terms of power efficiency, achievable voltage, and dipole field correction.   

1. Introduction 

In the last decade, several countries have shown interest in equipping 
their healthcare infrastructure with accelerator systems for cancer 
therapy through hadron irradiation. Certainly, hadron therapy provides 
greater precision in tumor irradiation, reducing damage to surrounding 
healthy tissue and improving the quality of life for patients. Specifically, 
the use of heavier ions such as carbon ions offers more promising per
formance against radioresistant tumors than proton therapy techniques, 
which are currently experiencing a significant increase in adoption. In 
the accelerators of these facilities, typically based on synchrotrons but 
also with current developments in cyclotrons, the beam characteristics 
and irradiation performance are largely determined by the injector. 

Injectors represent a key section of any proton or ion beam accel
erator complex, as they are the starting segment where beam particles 
are produced and arranged for the main system. That can be either a 
synchrotron [1], another linac [2], or even a cyclotron [3]. The first RF 
component of this section is always the Radiofrequency Quadrupole 
(RFQ) to initiate the temporal structure of the beam. Considering that a 
great part of the RF power that feeds the RFQ is used to confine the beam 
along, the use of more efficient RF structures for acceleration becomes 
necessary once the appropriate time structure is achieved. It has already 
been studied that H-mode resonant cavities [4,5] are well-suited to 
cover an accelerating segment between long-established RFQ and high-β 

structures. Particularly, Interdigital H-mode Drift Tube Linacs (IH-DTL) 
offer excellent performance for ion velocities below 15% of the speed of 
light [6]. 

One easily finds in the literature accelerator facilities for various 
applications that use IH-DTL structures, which are particularly 
employed in the injection of heavy ion beams [7–13]. As regards 
hadrontherapy linacs, IH cavities are more commonly operated for 
carbon ion beams rather than protons. Two layouts, based on different 
approaches to work out the beam dynamics, are used in existing facil
ities. The first one can be found in Japanese facilities such as 
NIRS-HIMAC, GHMC, SAGA-HIMAT, and i-ROCK [14,15], and it is 
based on “Alternating-Phase Focusing” (APF) dynamics configuration. 
The second one, based on the “Combined Zero-Degree Structure” 
(KONUS) design, has been the reference design for the injectors at HIT, 
CNAO, SPHIC, MIT and MedAustron [16]. Both KONUS and APF solu
tions are consolidated in linear injectors where maximum transmission 
of high-current beams is required. 

The pursuit of compactness in these accelerators has always been a 
clear motivation towards more cost-effective manufacturing and a 
reduction in the footprint of the installation, making it feasible to be 
implemented near densely populated urban areas, where hadron ther
apy services are meant to be exploited. It is well-known that the use of 
high RF frequencies aims in this direction, while also seeking to enhance 
the efficiency of their electrical consumption with a commitment to 
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sustainability. The resonance frequency of existing IH-DTLs, to this date, 
is of the order of 200–217 MHz, corresponding to a cavity diameter size 
of 400 mm. A recent design for the XiPAF proton medical facility, 
working at 325 MHz, demonstrated a reduction of the cavity diameter to 
216 mm [17,18]. However, an extremely compact design was proposed 
at 750 MHz by TERA Foundation and CERN as part of TULIP and 
CABOTO linac projects [6], for proton and carbon ion beams respec
tively, with a cavity size starting at only 120 mm. 

The progress discussed here on an optimized IH-DTL structure design 
is part of a national collaboration between industrial companies and 
research centers aimed at optimizing the early acceleration phase of a 
carbon ion accelerator for hadron therapy, either to be integrated into 
the injector of future synchrotrons or as the initial segment of an all- 

linac facility. The collaboration also includes, among other studies, the 
development of electron gun prototypes for a C6+ ion EBIS source [19] 
and the manufacturing of the recently designed high-frequency RFQ at 
CERN [20], which is expected to provide ion energies of up to 5 MeV per 
nucleon. The initial portion of the RFQ, which would reach 2.5 MeV/u, 
is scheduled to complete its production and undergo commissioning at 
CERN premises in 2024 [21]. The work we are concerned with aims to 
extend the beamline to reach 10 MeV per nucleon using compact IH-DTL 
cavities operating at 750 MHz. This frequency is particularly convenient 
to be matched between the 750 MHz RFQ and a future extension with 
well-established Side-Coupled DTLs (SCDTL) at 3 GHz [22] that boost 
the energy beyond 10 MeV/u. 

Driven by the goal of optimizing the IH geometry, this research 

Fig. 1. Section view of a 10-cell IH model (a), provided as an example to detail the dimensional parameters of the regular cells (b–d) and the end cells with un
dercut (e). 
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focuses on electromagnetic simulations that enable the characterization 
of the dimensions for this specific frequency and provide essential 
reference properties for a comprehensive beam dynamics design. The 
article is outlined as follows. In Section 2, we will describe all the 
components that make up the geometry of a regular cell of the RF cavity 
and highlight the relevant parameters for optimization. The efficiency 
optimization study over the auto-inductive region of the cell will be 
described in Section 3, and the characterization of the field limits in the 
capacitive gap between drift tubes will be analyzed in Section 4. In 
Section 5, several proposals for geometry modifications will be pre
sented to correct the dipole kick field across the gap. We will also 
dedicate an analysis, in Section 6, to optimization possibilities focused 
on the ends of the IH cavities. Lastly, Section 7 will summarize the 
conclusions and future plans. 

2. The RF cell 

The simulated models in this study can be applied to other IH-type 
structures with similar resonance frequencies, designed to accelerate 
charged particles at speeds between 10 and 15% of the speed of light, as 
determined by the length of their cells. In the specific case under 
consideration, the analysis is designed for C6+ ion beams with energies 
ranging from 5 to 10 MeV/u, currents on the order of 0.2 mA in 5-μs 
pulses, and a repetition rate of 200 Hz. The expected beam from the ion 
source and the RFQ in the immediately previous stage has a normalized 
transverse emittance (r.m.s.) below 0.030 π mm⋅mrad and an r.m.s. 
transverse beam size around 0.22 mm in both directions [20,21]. Fig. 1 
displays various section views of a compact IH-DTL cavity example 
designed to operate in the H11(0) mode at 750 MHz. The RF simulations 
carried out in the first part of this article were made considering a single, 
regular, βλ/2-long cell and applying cell-to-cell “perfect-H″ boundary 
conditions, which means forcing the continuity of the tangential 
component of the magnetic field. Commercial software, CST Microwave 
Studio [23], was used for the evaluation of eigenmode electromagnetic 
fields. 

An example of one regular cell, as it is simulated in electromagnetic 
solvers, is depicted in Fig. 1(b–d). The model is inspired by that pro
posed in Ref. [6]. The cavity outer profile is defined by flat walls, 
motivated by the same reasons for machining simplicity as adopted for 
the 750 MHz RFQ [20]. The preference for reshaping to round walls for 
the sake of greater efficiency will be discussed in the following section. 
The horizontal and vertical sizes of the cavity are named Dh and Dv, 
respectively. The four corners of the cavity are made of 45-degree cuts, 
which define the M dimension allowing for the space foreseen for RF 
auxiliaries. The geometries of the stems and drift tubes are also 
parameterized by several dimensions noted in Fig. 1. Given the large 
number of parameters, selecting the optimal set of dimensions is a 
complex task. Regarding the drift tubes, a narrow aperture of 5 mm is 
adopted, according to the beam dynamics studies of the previous ac
celeration stage. The wall thickness is set at 2 mm, in agreement with an 
ultra-precision machining capabilities with tolerances of ±0.05 mm, a 
common value in analogous cavities [13,18]. This parameter, critical for 
thermal deformations under high-power conditions, has been previously 
verified, according to the low duty cycle of the structure [24]. This 
compact arrangement guarantees favorable shunt impedance while 
upholding efficient transmission of ion beams within the structure. The 
tubes are held by a 6 mm-sized connection to the stems, and the junction 
between adjacent stems is made through elliptical arcs. The remaining 
parameters have been investigated in the subsequent sections, with a 
particular focus on two distinct regions. One pertains to the outer cavity 
profile, which impacts the auto-inductive regime and involves the 
magnetic field and RF currents through the walls. The second region 
refers to the capacitance between drift tubes and involves the electric 
field for acceleration. 

3. Efficiency in auto-inductive region 

On metallic surfaces that are not perfect conductors, the electro
magnetic fields penetrate the material to a certain depth, resulting in a 
dissipated power density within the walls: 

dP
dA

=
1
2

RsH2
s (1) 

where Rs is the surface resistance of the cavity (7.1 m Ω for copper at 
750 MHz), and Hs is the magnetic field on the surface, which can be 
considered uniform on the cavity profile at first-order approximation. 
Equation (1) reveals that one would need to reduce the area of the 
copper walls enclosing the cavity to reduce the dissipated power in the 
cell. This is confirmed in simulations for different profiles parameterized 
by Dv, Dh and M (see Fig. 2). The RF power losses increase at a rate of 
0.13 W per additional mm2 of copper surface at a nominal effective 
voltage of 120 kV and, consequently, the effective shunt impedance ZTT 
decreases. Generally, there is an increment of ZTT when reducing the 
vertical size Dv of the cavity, but this must be compensated horizontally 
with wider Dh in order to retune the resonance. 

The reduction of Dv is limited at a certain level by other parame
terized dimensions of the stems, such as Rellipse, as it is obvious that the 
cavity size cannot be smaller than the stem size. In Fig. 3(a), the vari
ation of ZTT was evaluated for different proportions of Dv and Rellipse. 
This could not be assessed for values of Dv below the mentioned limit 
and, for this reason, the trend of increasing ZTT is cut. It is found optimal 
to maximize Rellipse so that the ellipse edge which describes the stem 
shape ends on the corresponding ridge. That is: 

Ropt
ellipse = hridge − rst (2) 

where rst is the small rounding of 1.5 mm at the ridge edge. As one 
can note in Fig. 1(d), the optimum dimension of Rellipse agrees with the 
minimum possible surface area of copper of the vane-stem that produces 
the H field in the auto-inductive region. 

We find the size of the lateral wall, indicated by the M dimension, to 
be critical for the optimization. This flat wall, for both left and right 
sides, is intended to allocate power couplers, vacuum ports and tuners, 
thus a minimum width of 38 mm will be required as it was designed for 
the RFQ [20]. In Fig. 3(b), the effective shunt impedance is analyzed as a 
function of M, and establishing the optimal Ropt

ellipse in each case. ZTT is 
consistently larger as the lateral wall width shrinks. For this reason, it is 
found convenient to restrict the M dimension to its minimum possible 
value of 38 mm. 

Based on the same principle of area reduction to improve ZTT, we 
studied the effect on rounding the walls of the outer profile of the cavity, 

Fig. 2. Relation between dissipated power and copper surface area per unit of 
cell length (left), extracted from single-cell simulations with different profiles at 
a fixed resonant frequency (750 MHz). Power is scaled to a corresponding 
effective gap voltage of 120 kV. Three selected profiles of the auto-inductive 
region are represented (right). 
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yet still leaving two 38 mm-wide, flat walls at both laterals reserved for 
RF auxiliaries. Two new rounded models are shown in Fig. 4(b and c) for 
a single, 25.16 mm-long cell, compared to the one with flat walls. The 
first one maintains the ridge at the base of the stems, and the second does 
not have a ridge. The dimensions of the stems are the same in all cases in 
order to make a suitable comparison of the effect of the outer profile, 
although the horizontal size of the cavity Dh has been adjusted to tune 
the cavity at the same resonant frequency. Alternative geometries with 
round profiles were also explored in a previous study [25]. 

The effective shunt impedance results are presented in Table 1. On 
one hand, a noticeable decrease in shunt impedance is observed if the 
ridge is removed. On the other hand, maintaining the same ridge results 
in a marginal increase when rounding the walls. However, this efficiency 
enhancement is insufficient, and the option with flat walls is favored due 
to considerations of machinability. 

4. Field limits in capacitive-gap region 

In this section, we explore the capacitive-dominated region of the IH 
cell. That is the space between drift tubes with opposed charges that 
generates the voltage for the beam acceleration. The electric field profile 
across the gap on the centered axis is represented in Fig. 5. If the cavity 
size (Dv or Dh) is altered but the shape and dimensions of the drift tubes 
remain fixed, we verify that the resonant frequency moves but the 
electric field is practically unchanged. The gap size determines the 
capacitance across the drift tubes; thus, shorter gaps are related to 
smaller resonant frequencies than larger ones. For this reason, we can 
consider that the influence on the beam dynamics is much stronger by 
the dimensions of the gap and drift tubes rather than the frequency 
tuning of the whole cell. 

As the gap size increases, the transit time factor drops following, in 
good approximation, the typical trend of a sine-cardinal function [26]. 

Limited by the minimum length of each drift tube that is supported by 
the stem, it is evident that the gap size can be wider for longer cells. This 
allows for achieving greater voltages across the gap if the same average 
gradient is conserved since it implies that a smaller accumulation of 

Fig. 3. Shunt impedance as a function of cavity size Dv for different values of (a) Rellipse and (b) M.  

Fig. 4. Models with (a) flat walls, and round walls (b) with a ridge, and (c) without a ridge at the outer profile of the cavity.  

Table 1 
Shunt impedance and horizontal size of three outer profiles under study. In all 
cases, the cell length is 25.16 mm and vertical size is 90 mm.   

Dh [mm] ZTT [M Ω/m] 

Flat walls 104.74 330.63 
Round walls with ridge 97.02 331.71 
Round walls without ridge 96.78 324.16  

Fig. 5. Axial and transverse field on the centered axis of a standard 23.085 mm 
IH cell. 
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electric field is produced in the vicinities of the drift tubes. The voltage 
restriction, at 750 MHz, is given by Kilpatrick’s field limit on the copper 
surface due to vacuum arcs [27], corrected above by an acceptable but 
safe bravery factor of 2, and it is set by design to a maximum field of 
50.6 MV/m. 

Simulations have been performed in CST for different cell lengths 
and gap sizes. Maximum effective voltages, including transit time factor, 
have been evaluated under surface field considerations and shown in 
Fig. 6(a). In general, this voltage reaches a steady plateau for gaps that 
use above 40% of the cell’s total length. The shortest cells, corre
sponding to carbon ion speeds of β ≃ 0.10 (5 MeV/u), can drive up to 
126 kV, while the longest cells, for β ≃ 0.15 (10 MeV/u), up to 149 kV. 

A refinement of the drift tube shape grants a smaller peak field, 
thereby allowing for a greater voltage. For instance, a wider rounding of 
the drift tube edges is needed to soften the electric field on the copper. 
Fig. 6(b) shows how the voltage limit can be increased by making the 
rounding of the outer edge rout larger, while the rounding of the inner 
edge rin is not relevant. 

5. Dipole electric field correction 

Structures with very small apertures, and high-frequency regimes, 
require special attention to the beam dynamics, which is strongly 
affected by small errors in geometry dimensions. In addition, the 
asymmetry with opposing stems introduces a very significant transverse 
component of the electric field. Benedetti et al. [6] proposed the miti
gation of such dipole kick by adjusting the length of the first and last 
cells of the RF tank. In this study, we consider several proposals for 
geometrical modifications of the drift tubes that aim at either reducing 
or compensating the transverse electric fields. Simulations of the elec
tromagnetic fields were performed in CST [23], and calculations of 
different figures of merit were compared for each model. 

We recall Fig. 5, which represents the axial (z) and transverse (y) 
components of the electric field along the ideal particle path through a 
single-cell model of 23.085 mm, corresponding to an ion speed of β =
0.12. The transverse voltage, responsible for deflecting the beam, entails 
8.4% of the total axial voltage in a single cell. The goal of this study is to 
reduce the deflecting effect by modifying the standard drift tube ge
ometry close to the gap. 

Four variations of the drift tubes are analyzed in this study, as shown 
in Fig. 7. For the sake of a fair comparison, the gap and the stem di
mensions are the same as in the standard cell. One dimension of the new 
feature is used as an optimization parameter to minimize the transverse 
deflection. 

A common choice of dipole correction is adding small bulges at the 
edges of the drift tube [4,10] that compensate for the electric field 
orientation from the accumulated charge in the stems. This bulge, shown 

in Fig. 7(a)–is modeled as a 2 mm thick circular disk, with a larger 
diameter than the drift tube, but off-centered, so that it makes a tangent 
point on the side of the connection with the stem bar. Based on the same 
principle as the circular disk, a racetrack shape is adopted to reduce the 
bulging material on the laterals of the drift tube. As it can be seen in 
Fig. 7(b), one arc of the racetrack is matched to the drift tube contour, 
and the center of the second arc is displaced by an offset. 

For the third variation, instead of machining bulges, the whole drift 
tube is designed so that the aperture where the beam travels is off- 
center. In our model, shown in Fig. 7(c), we keep the aperture and the 
stem connection in the same position as the standard cell, but we 
introduce an offset for the cylinder axis that defines the copper-made 
drift tube. 

The last variation introduces a slant in opposing faces at the edges of 
the drift tubes [5], as depicted in Fig. 7(d). In this way, we intend to 
compensate for the asymmetry of the inverted stems and reorient the 
electric field lines across the gap. 

The dipole correction strategy consists of finding the zero of the in
tegral of the transverse field component normalized to the axial voltage: 

Vy

Vz
=

∫
Ey(z) dz

∫
Ez(z) dz

(3) 

For circular and racetrack features, the disk height is used as the 
optimization parameter; for the off-centered aperture approach, we use 
the drift tube height; and for the slant faces, we optimize the angle of 
opposing faces with respect to the original. The results of Vy/Vz as a 
function of the optimization parameter are represented for all drift tube 
variations in Fig. 8. One finds monotonous trends where zero-crossing 
separates between positive (the field is oriented upwards) and nega
tive (downwards) deflection. Since the new shape changes the capaci
tance between tubes, the resonant frequency is shifted by a few MHz. 
This is tuned back to the nominal value (750 MHz) by adjusting the size 
of the outer profile of the cavity, which only affects the auto-inductive 
region. 

The electric fields on the beam axis have been evaluated for the 
optimized variations (Fig. 9). The geometries with bulges and with off- 
center apertures achieve very low levels of transverse field across the 
gap, offering a fairly uniform profile with ripples of about 100 kV/m. 
Contrastingly, the field profile produced by the slanted faces variation 
shows three peaks of alternating field direction in the y-axis, although 
the net voltage due to the transverse field is still zero. It is noted that the 
maximum peak is half of the standard one. 

The effect of the field shape caused by the angled faces variation is 
simulated for a single C6+ ion entering the cell on a centered axis with no 
angle, and a velocity of β = 0.12, by solving d p→/dt = q E→. The ion 
trajectory, depicted in Fig. 10, describes a very small deflection at its 
halfway point and gets corrected at the exit back to zero offset position 

Fig. 6. Maximum voltage across the gap that can be achieved for (a) different cell lengths and gap sizes of an IH cell, and (b) different roundings of drift tube edges in 
an IH cell length of 23 mm and gap size of 9.2 mm, considering a maximum surface electric field of 50.6 MV/m. 
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and angle, which is the optimum for entering the following cell. 
To compare the performance and suitability of each variation that 

suppresses the electric dipole component, we analyze in Table 2 a series 
of figures of merit. 

The size of the cavity (Dv and Dh) is adjusted to tune the resonant 
frequency to 750 MHz. Adding more material to the drift tubes, as is the 
case for the first three variants, increases the electric capacitance and 
decreases frequency. For this reason, the size of the cavity needs to be 
from 6 to 9 mm smaller. When only introducing a small slant on drift 
tube faces, electric capacitance is barely altered. The transit time factor 
(T) is nearly identical for all cases, which is mainly dominated by the gap 
size. 

We do find a large diversity in the results of the effective shunt 
impedance, a relevant indicator of the power efficiency performance of 

the RF cavity. The circular disk feature degrades efficiency by 25% while 
removing lateral material with a racetrack shape achieves a little less 
degradation (19%). The worst performance is given by the off-centered 
aperture version, which loses 30% of shunt impedance. The slant faces 
variation represents the least modification of the geometry, thus the 
smallest degradation of ZTT is accomplished (1%). This performance 
makes the latter a promising candidate to be applied to a full IH struc
ture. 

The field enhancement factor (η) is defined here as the ratio between 
the peak electric field on the copper surface and the average on-axis 
gradient. Most of the models show an increase in the peak surface 
field. Aiming at the maximum surface field of 50.6 MV/m, the proposed 
variations allow for a maximum effective axial voltage (VzT) above 136 
kV. The nominal voltage in design for the 23.085 mm long cell presented 
here is 120 kV, still below the potential breakdown limits on dipole- 
corrected models. 

6. End cells 

In pursuit of a complete RF design for a 750 MHz IH-DTL, the end 
cells of the structure are analyzed and optimized differently from the 
periodicity of the individual cells. To ensure the magnetic field lines of 
the H11 dipole mode close upon themselves, transitioning to E-mode, a 
cut is made on the ridges holding the stems at both ends [4]. This 
feature, denominated undercut, has a negative impact on the overall RF 
power loss in the cavity. Over the undercut surface, there is a higher 
concentration of magnetic field lines and currents, leading to increased 
power dissipation density. In addition, the voltage across the end gap is 
smaller than in the other gaps, therefore the overall shunt impedance of 
the structure is certainly degraded. 

Fig. 1(e) shows the model used for simulating the RF fields in CST 

Fig. 7. Four proposals of drift tube modifications for electric dipole compensation: (a) circular disk, (b) racetrack disk, (c) off-centered aperture and (d) slant faces.  

Fig. 8. Optimization curves of four variations for Vy/Vz minimisation.  
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Studio at the end of the cavity. It consists of three gaps, in which two of 
the cells, namely #1 and #2, have a regular geometry as described so 
far. The end cell, referred to as #0, comprises a conducting lid wall, half 
of a drift tube attached to it, and the opposing half stem of the adjacent 
cell. Two trapezoidal undercuts are modeled with proper roundings of 
the edges, whose geometry is parameterized in the figure by their length 
Lcut , their height hcut , and their angle θcut subtended with respect to the 
base surface of the ridge. The open face of the third cell is assigned a 
Perfect-H boundary condition. The elliptical arcs connecting the stems 
are adjusted to ensure the mechanical feasibility of the end stem held at 
a certain distance from the ridge. For the next stem, we have removed 
the final elliptical arc as expected in a regular cell, and it terminates at a 
vertical wall, as it has been observed to result in lower RF losses due to 
reduced copper surface [28]. The effective shunt impedance, averaged 
over the voltages along the three cells and the power dissipated by the 
whole assembly, drops to 250 M Ω/m, compared to the 375 M Ω/m 
achieved for a regular cell of the same length. This degradation high
lights the desirability of using IH tanks with a large number of cells to 

mitigate the effect of the ends. 
Two approaches have been adopted to study the optimization pos

sibilities. First, we have analyzed, as shown in Fig. 11, the effect on 
losses of varying the undercut dimensions, but keeping the rest of the 
cell dimensions fixed. One of the three parameters is chosen to tune the 
eigenmode frequency at 750 MHz, in this case, the cut length Lcut. Ac
cording to the results, shorter cuts with larger angles are clearly 
preferred to reduce losses. This behavior is confirmed when we increase 
the size of the cavity in the vertical direction Dv; the detuning of the 
resonance is compensated by a shorter undercut, resulting in a higher 
overall shunt impedance. Widening the cavity only at the ends is a 
strategy in line with the method proposed in Ref. [29] for side-cell 
coupling through the ends of H-mode cavities. 

Secondly, we have investigated the effect of the end cell #0 length 
and the end gap size. We see no meaningful effect of the undercut shape 
on the voltage across the gap of the end cell. Fig. 12 shows the electric 
field profiles on the z-axis at different cell and gap #0 dimensions. With 
a 9 mm gap, the effective axial voltage across the end gap is 67 kV, 
compared to the reference 120 kV in the immediately following cells. 
Reducing the gap size to just 4 mm produces a greater gradient, but also 
increases the effective voltage to 11 kV due to the transit-time factor 
enhancement. Despite this gain, the shunt impedance remains unaf
fected, as it also results in more losses. And, although the length of the 
end cell does not affect the voltage, a slight improvement in ZTT can be 
seen for shorter lengths as it defines less surface for RF currents through 
the outer profile walls. 

7. Conclusions 

In pursuit of a highly efficient performance of the introduced 750 

Fig. 9. Axial (a) and transverse (b) electric field profile for the standard cell and presented four variations. Fields are scaled to an axial effective voltage of 120 kV.  

Fig. 10. Particle trajectory comparison between the standard cell and the 
angled faces variation, for an effective axial voltage of 120 kV. 

Table 2 
Figures of merit on standard cell and variations.  

Model Dv , Dh 
[mm] 

T ZTT [M 
Ω/m] 

η (VzT)max [kV]

Standard 91.1 0.902 361 7.8 149 

Circular disk 83.6 0.907 271 8.1 143 
Racetrack disk 85.2 0.905 291 8.6 136 
Aperture off- 

centre 
82.3 0.907 257 7.4 158 

Slant faces 90.8 0.903 358 8.4 140  

Fig. 11. RF power losses over three simulated end cells at 120 kV effective 
voltage for the inner cells #1 and #2. 
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MHz IH cavity, an effort has been made here to parameterize most of the 
dimensions of a single cell, as well as for the undercut features of the end 
cells. Reducing the area of copper that holds the RF currents is the key to 
lower power losses, thus we have explored different profiles of the 
cavity. The approach of rounding the walls of the IH tank is slightly 
beneficial to electricity consumption costs, however at the expense of a 
somewhat higher degree of complexity in its fabrication. Nonetheless, 
the outer profile of the cavity does not require the tightest tolerances, as 
it does for the drift tubes, since any undesired machining errors are 
intended to be corrected with external tuning tools. It should also be 
mentioned that the efficiency enhancement achieved in this study makes 
no special relevance in the choice of the power source (typically IOTs or 
solid-state amplifiers), considering that the maximum available power 
will be safely foreseen to be well above the required input power. 

Concerning the gap region of the IH cells, we have a better under
standing of the field limits we may encounter during high-power oper
ation as a function of the gap and cell dimensions. Breakdown 
occurrences are foreseen to be worrisome, especially for the shortest 
cells of the IH when having voltages above 120 kV. This has been taken 
into account when introducing geometry modifications for dipole kick 
correction. Among the proposed variations, the variation with slant 
faces is a promising feature that will be considered in the future as it 
shows the lowest impact on machining and power efficiency. 

As a result of the findings from this conceptual study, the intention is 
to produce a first cavity prototype, in a short 16-cell version for 5 MeV/u 
carbon ions, as a consolidation of the activities of the national collabo
ration between Spanish industry companies and CIEMAT, funded by the 
IKERTU project. Achieving this milestone would represent the first-time 
validation of the feasibility of such a high resonance frequency in these 
types of cavities, thereby taking advantage of their high power effi
ciency. The company Added Value Solutions (AVS) is currently under
taking the mechanical design, assembly, alignment, and testing of the 
cavity, while EGILE will be responsible for the ultra-high precision 
machining of drift tubes and stems. Preliminary studies of the thermo- 
mechanical behavior of this structure have already been conducted to 
estimate the necessary cooling [24]. The dimensions analyzed 
throughout this manuscript have been taken into account in the me
chanical design when assessing the required manufacturing tolerances, 
with particular attention to those involving the capacitive regions to 
generate the desired voltage across the gaps. Especially for 
high-frequency structures, dimensional errors lead not only to a loss of 
power efficiency compared to the original design but also to an imbal
ance of voltages along the different cells. Therefore, metrological char
acterization and tuning of the structure are necessary. The ultimate goal 
is to conduct prototype commissioning at low power in 2024 using 
bead-pull measurements on the available testing bench at CIEMAT for 
tuning and the characterization of gap voltages, quality factor, and shunt 
impedance. Additionally, the performance of the cavity at high power 

regimes will also be assessed. 
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