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Abstract: Compared to conventional manufacturing, additive manufacturing (AM) of radio frequency (RF)
cavities has the potential to reduce manufacturing costs and complexity and to enable higher performance.
This work evaluates whether normal conducting side-coupled linac structures (SCCL), used worldwide
for a wide range of applications, can benefit from AM. A unit cell geometry (SC) optimized for 75 MeV
protons was developed. Downskins with small downskin angles « were avoided to enable manufac-
turing by laser powder bed fusion without support structures. SCs with different « were printed and
post-processed by Hirtisation (R) (an electrochemical process) to minimize surface roughness. The
required accuracy for 3 GHz SCCL (medical linacs) is achieved only for « > 45°. After a material
removal of 140 pm due to Hirtisation (R), a quality factor Qg of 6650 was achieved. This corresponds
to 75% of the Qg simulated by CST®. A 3 GHz SCCL concept consisting of 31 SCs was designed. The
effective shunt impedance ZT? simulated by CST corresponds to 60.13 MTQ and is comparable to the
ZT? of SCCL in use. The reduction in ZT? expected after Hirtisation (R) can be justified in practice by
up to 70% lower manufacturing costs. However, future studies will be conducted to further increase

Qo-

Keywords: additive manufacturing; cavity; linac; 3D printing; side-coupled cavity linac; pure copper;
Laser Powder Bed Fusion (LPBF); Selective Laser Melting (SLM); Gradient Model; RF losses; surface
roughness model

1. Introduction

Particle accelerators are sophisticated devices used to accelerate charged particles,
such as electrons or protons, to high energies, respectively velocities up to cg [1]. They play
a crucial role in diverse scientific disciplines, including particle physics, nuclear physics,
and accelerator-based research. Additionally, they find practical applications in medical
treatments like radiation therapy for cancer, industrial material analysis and processing,
and advanced imaging techniques [1-5]. Linear particle accelerators (hereinafter: linacs)
account for the largest share of the more than 35,000 particle accelerators worldwide [6].
The fundamental components of most linacs are radio frequency (RF) cavities (hereinafter:
cavities). Cavities are structures made of highly conductive materials (e.g., aluminum,
copper, their alloys, or superconductors) that enclose an open volume. If an electromagnetic
sinusoidal alternating signal (RF signal) with a frequency corresponding to the resonance
frequency fr defined by the cavity geometry is coupled into the cavity, high-grade electro-
magnetic (EM) fields result in the cavity. Thus, electric field components of up to around
100 MY can be generated in cavities to efficiently accelerate charged particles [1].
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To realize maximum acceleration, cavities usually have complex internal geometries,
such as drift tubes, to shield the particle from unwanted field phases and concentrate the E-
field on the beam axis. Additionally, cavities are equipped with cooling channels to ensure
stable operation of the cavity at high input powers [1]. Using conventional machining,
cavities can often only be produced in individual parts due to these complex geometries.
However, optimum electrical conductivity and vacuum suitability are essential. Therefore,
the individual parts must be joined using processes such as brazing, electron beam welding,
etc. The manufacture of most modern cavities requires the precise sequential execution
of several machining and joining steps. The conventional manufacturing process limits
the freedom in design and is a major source of potential defects. It limits the realization of
new innovative cavity concepts for a new generation of resource-saving linacs with higher
performance (less energy consumption, longer operating times, etc.) [6-9]. In addition,
depending on, e.g., particle type, particle velocity, and required beam current, different
cavity geometries are used for each application, but also within one accelerator structure.
Cavities are therefore always single pieces or, at best, small series. As a result, cavities and
therefore the conventional manufacturing process account for up to 25% of the investment
cost of linacs.

Additive manufacturing (AM) or 3D printing offers several advantages over conven-
tional manufacturing processes. AM enables the production of more complex geometries
that were previously not feasible. This design freedom results in optimized components
with improved performance characteristics. AM eliminates the need for expensive tooling
and molds and reduces material waste. In addition, AM enables decentralized, on-demand
production and accelerates product development cycles through rapid prototyping [10,11].

As a result of continuous improvements since the 1980s, additive manufacturing
processes are now being considered for the manufacturing of RF cavities. Cavity prototypes
already fully or partially manufactured by AM include a radio frequency quadrupole cavity
(750 MHz) [12,13], an interdigital H-mode cavity (433 MHz) [14,15], superconducting
cavities (up to 11.2 GHz) [16,17], a quarter-wave cavity resonator (6 GHz) [18], and a 3 GHz
drift tube cavity (DTL prototype) that we presented in 2022 [19,20]. All presented prototypes
demonstrate the enormous potential of AM for cavity fabrication and motivate further
studies. In particular, the behavior in high-gradient operation needs to be investigated so
that AM can finally be used to manufacture high-gradient cavities.

Due to the geometrical accuracy of around 20 pm, the low surface roughness in the
range of 10 pm (R;), and high thermal as well as electrical conductivity (>99% IACS), laser
powder bed fusion (L-PBF or PBF-LB) currently seems to be an attractive option for the
fabrication of normal conducting cavities from pure copper [21,22]. The L-PBF process can
be briefly described as follows: 1. A thin layer of powdered material, here consisting of
pure copper, is spread over a building platform. 2. A high-power laser, normally with
a wavelength of 515 nm (green) or 1064 nm (IR) melts the powder at positions defined
by a CAD file. 3. The molten powder solidifies and bonds to the underlying selectively
melted layers at the illuminated positions. 4. The build platform is lowered by the layer
thickness, and the process starts again with step 1 until the entire geometry is printed.
The unbound powder is then removed, leaving behind the solidified structure. One of
the biggest disadvantages of L-PBF is that support structures are required to prevent
overhanging, also called downskin sections (¢ < 45°), from deforming during printing into
the loose powder bead. They provide temporary stability and enable the production of
high-quality parts with complex geometries by anchoring the cantilevered sections to the
build platform or previously printed layers. Figure 1 schematically shows this principle
on four printing layers (brown) forming an overhang. The angle a ~ 45° between the
downskin surface and the building platform (black) allows a high-quality print in (a). For
smaller angles & < 45° (b), an irregular and rough downskin surface results. The same
downskin surface as in (b) can be printed in (c) due to the support structures (in blue).
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Figure 1. Illustration of four printed layers (brown) forming an overhang with an angle « between it
and the building platform (black). (a) A large a allows for high-quality prints. (b) Layer deformation
increases as « decreases. (c) Support structures (blue) are needed to ensure print quality with a
small a.

However, removing support structures from centimeter-sized GHz cavities is a com-
plex task or, in some cases, may not be feasible at all. To maintain print quality in terms
of geometrical accuracy and surface roughness, our approach is to design self-supporting
cavity geometries in which all overhangs are formed upwards in the printing direction or
are supported from below (“arch structures”) [23].

In the following, we discuss and evaluate how a biperiodic side-coupled linac (SCCL)
structure can be realized in a self-supporting design. The main task herein is to adapt the
cavity geometry to the needs of both, optimize performance as an accelerator structure,
and overcome the limitations for downskin surfaces in the L-PBF process. First, a single
cavity (SC) geometry was developed by CST Microwave Studio® (CST) simulations, which
can be manufactured by AM. Using green laser L-PBE, two sets of SCs were fabricated
with different downskin angles. Studies of geometric accuracy, surface roughness, and RF
properties were performed on set 1 to evaluate what angle is feasible for our target SC with
a resonance frequency fr of 3 GHz. To reduce the surface roughness and thus increase the
surface conductivity, set 2 was post-processed by the electrochemical process Hirtisation
(R) [24]. Subsequently, geometrical accuracy, surface roughness, and RF properties of
set 2 were evaluated to study the influence of post-processing. Finally, a rudimentary
concept of a 3 GHz biperiodic side-coupled linac (SCCL) composite of 32 of the elaborate
SCs is presented. The SCCL is characterized by CST simulations and compared with a
conventionally manufactured SCCL.

2. Principle of a Side-Coupled Cavity Linac

We briefly summarize the basic principle of a biperiodic side-coupled linac structure
(SCCL) to introduce our object of study and a few figures of merit. The energy gain of a
particle passing through N, single cavities is given in first order by [1]:

AW = g+/NcLZT2P cos ¢. (1)

Here, L. refers to the length of the single cavities, ZT? to the effective shunt impedance
per unit length, P to the RF power consumption of the whole multi-cell structure, ¢ to a
stable accelerator phase, and g to the particle’s charge. Since AW is proportional to /N,
for a given P, accelerators are usually composed of many SCs [5]. In order to reduce RF
equipment and losses, SCs are usually coupled to multi-cell structures. A simple multi-cell
structure is a periodic on-axis coupled structure consisting of N. = 5 T My pillbox SCs,
shown, for example, in Figure 2. If the SCs are tuned to each other, a number of 4 modes
with the corresponding eigenfrequencies

0, = 0
T /T+kcos (nq/n)

(2)

are possible in the multi-cell structure. Here, w( represents the resonant frequency of
the SCs, k is the coupling factor, and g is {0, 1, ..., n}, while n corresponds to N. — 1. The
quantity ~! describes the phase shift per SC. Figure 2a shows the distribution of the electric
field in the five-cell structure for the corresponding five modes. The correlation between the
eigenfrequencies and the phase shift per SC is shown by the dispersion curve in Figure 2b.
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Figure 2. (a) Periodic on-axis coupled structure of five SCs with the five specific modes. In green, the
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E-field distribution of the modes is displayed. (b) Dispersion relation between eigenfrequencies and
phase shift per SC.

Keeping k constant, the frequency distance % of the modes becomes increasingly
smaller as the number of SCs rises. Since the 7 mode has the largest frequency distance to
its neighbor modes, it is often favored for multi-cell structures for the sake of operational
stability [1].

Continuous acceleration of a particle requires its synchronism with the phase of the 7
mode; therefore, the distance between two excited cells must be %A (see Figure 3a) with
B = ZC;—(’]’, A= JE—I‘: with v, the particle velocity, cy the speed of light, and fg the frequency of
the RF signal. However, since every second cell does not contribute to the acceleration of
the particle in a periodic on-axis structure, it is not possible to achieve a high effective shunt
impedance per unit of length ZT? (see Figure 3a). A solution to this problem is the SCCL
(see Figure 3b). It consists of accelerator cells (ACs), which are optimized for a maximum
ZT? and (in the ¥ case) field-free coupling cells (CCs), which are designed to be as compact
as possible. Therefore, by moving the field-free cells away from the beam axis, the effective
shunt impedance can be doubled in comparison to the on-axis coupled structure.

(a) (b) F—E&£E4

BA/2

EEEED

Figure 3. (a) Periodic on-axis coupled structure in 5 mode. (b) Side-coupled cavity structure (SCCL)

in which the field-free cells were removed from the beam axis, thus increasing the effective shunt
impedance per unit of length ZT?.

Since the SCCL combines the frequency stability of the F mode with the high ZT? of
the 7r mode, it is one of the most widely used multi-cell structures. It is used for acceleration
of electrons as well as ions at velocities of B € {0.3,1} in a wide variety of accelerator
facilities with different operating frequencies (fr) as shown, e.g., in [1,25-28].
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3. Materials and Methods
3.1. Cavity Design and Electromagnetic (EM) Simulation

A quadrant of the longitudinal section through a typical rudimentary geometry of
a single accelerator cell of an SCCL structure is shown in Figure 4a. It should be noted,
however, that it is only referred to as “typical” because it reflects the standard cell geometry
for CCL structures in the widely used Poisson Superfish cavity design software. There are
smaller or larger geometry deviations in practice. In the case of a printing direction parallel
to the beam axis, either the left or the right cone would show downskin angles, & << 45°,
which would require support structures to preserve print quality. Therefore, only a printing
direction perpendicular to the beam axis can be considered. As shown in Figure 4b, our
rudimentary design can be manufactured with L-PBF without support structures. To be
self-supporting perpendicular to the beam axis, angle O 4 is introduced to avoid overhangs
on the cavity shell. The radii R, and R, are introduced to obtain a continuous contour.

(a) (c)

Label | Cavity dimension

L Cavity length

D Cavity diameter

g Gap length

S Septum thickness

Rb Bore radius

D g Rm’ Inner nose radius
2

— 5 R

2 o Ry, | Outer nose radius
© Rci Inner corner radius
-
£ :
e~ Rm Outer corner radius

F Flat length

CA Cone angle

OA Outer angle

H Ro Outer radius
N
2

K

= § Particle beam direction g
2 _ 2

Figure 4. Quadrant of the longitudinal section through an AC of an SCCL structure as (a) traditional
geometry and (b) L-PBF optimized geometry. Table (c) summarizes the relevant geometric parameters.

The angles C4 and Oy4 are crucial for the performance of an SCCL (see Section 4.1).
Therefore, in this work, we evaluate five different single-cavity geometries that differ only
in the angles O, and C,, corresponding to 25°, 30°, 35°, 40°, and 45° for the individual
cavities, to test which minimum downskin angle can be accepted. To reduce printing effort,
the diameter D of the cells was reduced to 46.5 mm (fg > 3 GHz), and the length L of the
cells was set to 19 mm (Bproton = 0.38 in 5 mode) for the evaluation. This corresponds to a
proton energy of about 75 MeV in the SCCL case. To keep the gap length ¢ and D constant,
the fr of the five cavities was not optimized to a specific value. Table 1 summarizes the
geometric parameters of the five single cavities.

Table 1. Geometric and key RF parameters of the five single cavities.

L 19.0 mm R,i 1.0 mm Ca 25°,30°,...,45°
D 46.5 mm Ruo 1.0 mm Ogp 25°,30°,...,45°
g 4.0 mm R 2.0 mm R, 1.0 mm

S 3.0 mm Reo 2.0 mm

Ry 3.0 mm F 0.0 mm

It should be mentioned that a detailed optimization of the cavity geometries does not
take place in the presented work since, for example, the geometry of the nose cone varies
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strongly depending on the cavity dimension and on other parameters such as the RF pulse
duration. However, except for the modifications necessary for printing, the geometry of
the presented single cavities is comparable to single cavities used as part of 3 GHz SCCL
structures in linac-based proton therapy systems [25,28]. Some parameters, such as Ry,
R,;, F, and Ry, are identical.

All electromagnetic (EM) simulations for this work were performed using the eigen-
mode solver or frequency domain solver of the 3D EM analysis tool CST Microwave
Studio® [29]. In terms of material, we always assume the annealed copper included in CST
with an electrical conductivity of 5.8 x 107 % (International Annealed Copper Standard,
IACS).

3.2. Additive Manufacturing

In order to study the effect of different C4 and O4 on the geometric accuracy and the
surface roughness, two SC sets were printed, each with the respective angles C4/0 4 of 30°,
35°,40°, and 45°. A TruPrint1000 Green Edition equipped with green laser (A = 515 nm)
was used to print the SCs. The beam spot diameter at the laser focus point measures 210 pm.
The pre-set pure copper manufacturing technological parameters and algorithms were
used for the manufacturing process. The utilized process parameters are those investigated
by Gruber et al. [22], which have demonstrated relative densities exceeding 99.9% and
electrical conductivity surpassing 100% IACS for pure copper on the same machine. We
used PureCu gas-atomized spherical-shaped copper powder from the company m4p as raw
material. The chemical composition of the powder is Cu (99.95%), Ag (<0.01%), Bi (<0.01%),
Pb (<0.01%), O (0.023%), and a residue (0.01%). The grain size distribution corresponds to
d10 = 19 pm, d50 = 26 pm, and 490 = 36 pm.

3.3. Post-Processing Procedure

In order to reduce the surface roughness and thus increase Qp, various processes have
been proposed and tested in the past for the post-processing of printed cavities [12,20]. Due
to our positive results in previous studies [20], we concentrate in this paper on the process of
Hirtisation (R) developed by RENA GmbH [24]. Hirtisation (R) is a combination of different
chemical/electrochemical processes. In contrast to, e.g., Chemical Mechanical Planarization
(CMP) or processes using the abrasive fluidic medium, there are no mechanical processes
included. In our case, the chemical process media Cu-Auxilex (R) and Cu-Delevatex (R)
were used. Four Hirtisation (R) cycles were performed on cavity set 2. The first three cycles
aimed for a material removal (MR) of 70 pm, while the last cycles aimed for MR = 140 pm.
Whether the desired MR was achieved was evaluated by comparing the cell length L before
and after each cycle. One 70 pm cycle lasted approximately 30 min. During the process, the
SCs are completely immersed in the process bath. The orientation of the SCs corresponds
to the orientation during printing. The gas bubbles resulting from the chemical processes
can therefore easily escape through the holes provided for the coupling and pickup loop
(see holes in Figure 5a).

3.4. RF Measurements

In this work, the resonant frequency fr and the unloaded quality factor Qy of the cavi-
ties are evaluated. fr is measured to draw conclusions about the geometric manufacturing
accuracy and thus to assess the frequency range in which cavities can be manufactured
using AM (see Section 3.5). The unloaded quality factor Qp = % of a cavity compares
the power loss P per RF cycle with frequency 271f = w in the cavity walls with the energy
W stored in the cavity. Therefore, Qg describes the ability of the cavity to store energy
and thus the potentially achievable E-field strength in the cavity. fr and Q-factor Qp were
determined using a Siglent SNA5012A vector network analyzer (VNA) and a coupling loop
probe (CLP) via a reflection measurement (S11). The VNA was calibrated to the end of the
CLP. All measurements refer to the TMy;¢p mode of the respective SCs.
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3.5. Evaluation of Dimensional Accuracy

The geometric accuracy of the SCs is assessed by three different methods.
Method 1: fg is proportional to %, where L corresponds to the inductance, and C
corresponds to the capacitance of a cavity. Looking at the E-field distributions in Figure 6, it
becomes clear that, e.g., the capacitance of the cavity is mostly determined by the distance
and the shape of the nose cones. Since each geometrical deviation causes a change in
L and C, measuring fr cannot be used to infer a deviation at a specific location in the
cavity. Rather, the measurement of fr allows a statement about the absolute accuracy. By
comparison with the simulated fg, a first estimation can be made whether AM can be used
in the respective frequency range. Since the extent of the change of the resonance frequency
Afr depends on the relative change of the individual dimensions, a deviation of, e.g., 20 pm
of ¢ has a greater effect on fr than the same deviation of D. Therefore, we illustrate Afg in
the following by Ag. This comparison is based on % =021 % simulated by CST.

Method 2: The SCs are cut into halves, which are subsequently examined with a
Keyence VR-5000 wide-area 3D measurement system using the structured light method
with 12x magnification and an automatic stage. The 3D data are compared with the SC
CAD file, and a false color plot of the deviations Z is generated. Although the measurement
accuracy of £4 pm with image stitching is not sufficient to evaluate small deviations, it is
possible to visualize a general trend.

Method 3: To evaluate the geometric accuracy of the nose cone as the part with the
highest demands on geometric accuracy, the prominence / of the nose cone tip above the
cavity wall was assessed using the Keyence VR-5000 in 40 x magnification mode. According
to the cell design, h corresponds toh = L/2 — S/2 — ¢/2 = 6 mm. h was determined as
shown in Figure 5b. The cavity walls perpendicular to the beam axis (blue shaded area in
Figure 5b) were used as a reference surface. The nose cone tip was found by extracting the
bore center (red dot) from the scan data and creating a measurement circle (yellow) with a
diameter of 8 mm. Therefore, the prominence / corresponds to the distance between the
circle and the reference plane.

(b)

Printing direction

Figure 5. (a) Positions for S; measurement on the nose cone (red) and on the side wall of the cavity
(green). (b) Measurement principle for /.

3.6. Evaluation of Surface Roughness

We characterize the surface roughness with the surface parameters of area root-mean-
square average S;, adapted from ISO 25178 and S;,, which is exactly like S, but with an
additional high-pass filter.

This decision was made based on the following considerations. Qy is inversely pro-
portional to the surface resistivity, which, for a smooth surface (S; << 9), is given by
Rgp = %. Here, o denotes the electrical conductivity (for pure copper, around 5.8 x 107 I%),
and & denotes the skin depth, after which the current density drops to 1 due to the skin
effect (6 ~ 1.1 pm for fr = 3 GHz). The surface resistance increases with the surface
roughness, which can be taken into account by a loss enhancement factor # > 1 through
the relationship Rs = # - Rgp [18]. The most common models to estimate # for accelera-
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tor design are certainly phenomenological models, such as the Hammerstad model [30].
Here, the roughness of the surface is approximated by triangular parallel trenches as they
appear in conventional machining. This approximation allows # to be estimated by the
root-mean-square average profile height R, but fails for additive manufactured surfaces,
which usually have an isotropic, Gaussian distributed roughness. Physical models such
as the “Snowball” model or the Multilevel Hemispherical Model and other approaches
that, for example, measure the surface using atomic force microscopy and then simulate the
resistance with CST Studio, require long computation times or the precise measurement of
the surface texture and are hardly applicable to complex cavity geometries. Furthermore,
these models do not take into account how the internal inductance L;, which is influenced
by the surface properties of the conductor, changes the surface impedance [31].

(a) (b)
E-field — 25° B-field — 25° E-field — 45° B-field — 45°

E[V/m] B [A/m]

8.38-10° 434-10°

40-10°
7.5-10°

36-10° —
65-10°

32105 —
55-10° 28-105

108

45105 24105 ]

20-10° —
35-10° —

16-10° —
25-10° — 12105
15-10° 0.8-10°

0.4-10°
0.5-10°

0 0

Figure 6. Distribution of electric (E) and magnetic (B) fields in the longitudinal section of the (a) 25°
and (b) 45° single cavity.

Our approach is to use the Gradient Model developed by Gold et al. [31], which
describes the propagation of electromagnetic waves along rough surfaces and takes into
account the influence on L;. The model shows good agreement in the simulation of printed
circuit board (PCB) transmission lines up to 100 GHz, and only R, is required for its
application. Since additive manufactured surfaces have an isotropic surface, it can be
assumed that the roughness of a line in the first iteration corresponds to that of a surface
(e.g., Ry =~ S;). Moreover, even if the surfaces are not isotropic, it is not necessarily the case
that the direction of the current flow corresponds to the measurement direction of R;. To
overcome this limitation and gain statistics at the same time, we evaluate S, instead of R;.

The evaluation of the surface texture parameters is performed with the Keyence
VK-X3000 laser scanning microscope. The 20x lens in the extra-long working distance
version was used. As shown in Figure 5a, the roughness of the cells is determined at five
locations on the cavity surface. Red and green text marks the measurement locations on the
nose cone and cavity sidewall, respectively. Locations 1 and 3 represent an upskin and a
downskin surface, respectively. Positions 3, 4, and 5 are located on a normal surface relative
to the building platform. An area of around 4 mm? was evaluated at the measurement
locations. The recorded surface profiles were post-processed by the functions Noise removal
(level “High”) and Missing data removal. A low-pass filter (A;-Filter) with a wavelength
As =2.5 um and a form correction operator (F-Operator) with a wavelength of Ay = 130 pm
were applied.

Moreover, a high-pass filter (A.-Filter) with the wavelength A, was used to remove
the process specific waviness from the corrected surface. In [31], it is stated that surface
variations appearing with A >> § can be neglected for AC impedance. Thus, we decided to
define A, as the copper powder size d50, to Ac = d50 = 26 um. S, is therefore determined
between the wavelength limits A5 and A, (S-L surface).
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4. Results
4.1. Single-Cell EM Simulations

In the following, we evaluate how the RF characteristics of the single cavities for L-PBF
depend on the angles O 4 and C4. The distribution of the electric (E) and magnetic (B) fields
in the longitudinal section is shown in Figure 6 for the (a) 25° and (b) 45° single cavity.

For linac-based proton therapy systems, a breakdown rate (BDR) of 10~° % is
targeted. The unit bpp/m indicates the number of breakdown events (b) per RF pulse (pp),
normalized to one meter (m) of cavity structure. To predict the high-gradient performance
and thus the BDR, the quantities El’g—fg", Hg:}”" ,and SCE’—’S“’( can be analyzed. Here E 5y and Hyax
denote the maximum E- and H-field in the cavity, Ey the average acceleration gradient,
and Sc juax the maximum value of the modified Poynting vector S. = Re{S} + g, - Im{S}.
The weighting factor g is considered to be 0.2 [32,33]. To realize this BDR in cavities at
an RF pulse length of 2.5 ps (flattop) and resonance frequencies < 5 GHz, E#‘;X < 4.63,

HE—;}”" < 2.80 %, and SCE’—’;” < 0.63 % are mandatory [34]. Table 2 summarizes the key RF
parameters of the five single cavities studied. All cavities would achieve the desired BDR.

Table 2. Key RF parameters of the five single cavities.

Csand Oy 25° 30° 35° 40° 45°
fr [MHz] 3931 3992 4064 4150 4260
Qo 8574 8550 8481 8331 8100
ZT? [MA] 63.4 61.8 59.7 56.9 53.3
By 3.07 3.14 2.99 2.92 2.97
Bpex [ 4] 1.63 1.77 1.53 1.95 1.95
Segus [ A ] 0.56 0.55 0.55 0.54 1.95

Figure 7 shows the effective shunt impedance per length ZT? normalized to the ZT? of
the 25° SC as a function of C4 and Oy, respectively. It can be seen that the normalized ZT?
decreases for increasing angles C4 and O4. For example, if C4 and thus O4 are increased
from 25° to 45°, the normalized ZT? is reduced by about 18%.

r.]
/

Z,, 17 (25deg)[
=
[C=}
7/
7

0.84 ~ 1

0.82 ' ) ) *

25 30 35 40 45
CA and Oh [deqg]

Figure 7. ZT? normalized to the ZT? of the 25° SC as a function of C4 or Oy4.
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4.2. Dimensional Accuracy after Printing

In this section, we evaluate which angles C4 and O4 (see Figure 4) can be realized
and how they affect geometrical accuracy. Figure 8 shows the two manufactured cell sets
of the respective angles C4 and O4 of 30°, 35°, 40°, and 45°. Due to strong defects and
deformations on the downskin surfaces, the structure with C4 = O4 = 25° could not be
manufactured, which is why it was excluded from further study. The holes on the top side
of the struts, which are also found on the bottom side, are intended for the insertion of the
RF coupling loop probes.

Figure 8. Cell pairs of the respective angles C4 and O 4 of 30°, 35°, 40°, and 45°.

Figure 9 illustrates the fr analysis of the individual additively manufactured SCs.
The deviations Afg of the measured fr from the fr simulated by CST are indicated by
circles (blue) and triangles (green) for the first set and second set of SCs, respectively. The
values marked with an asterisk (black) correspond to the Afr between the two SC sets.
The values marked with a cross (red) represent the maximum frequency tuning achievable
with conventional tuning devices, as used in proton therapy linac SCCL structures. These
values were scaled from an analysis of the tuning characteristics of 3 GHz SCCL cells [34].
From a geometric perspective, a Afr of 4.2 MHz corresponds to a gap length ¢ deviation of
about 20 um for an fr of 4 GHz. In the case of a SCCL, all SCs must be tuned to a certain
resonant frequency to produce a continuous dispersion relation. For this, the geometrical
deviations of all cells must lie within the possible tuning range. As can be seen in Figure 9,
this requirement is only fulfilled with C4 = O4 = 45°.

2

1”é:::::;::;:.‘.‘.‘.’.’.‘.’.’.‘

«see3G e tunable A fR

- A <-~-§----:‘_\fnset1
@ N ol A set 2
. } Afgset! - set 2
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=
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¥
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Figure 9. Circles and triangles indicate A fr of the measured and simulated fr for the first (blue) and
second (green) SC set, respectively. The asterisks (black) correspond to the Afg between the two SC
sets. The crosses represent the maximum possible frequency tuning.
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In order to evaluate the achieved manufacturing accuracy in more detail, set 1 of the
SCs was cut to open the structures. Figure 10 shows one half of each cut SC. In particular,
the 30° SC shows significant deformation and “drop formation” on the downskin faces.

(a) Co/O, = 45° (b) C4/O, = 40° (c) C4/O, = 35° (d) Co/O, = 30°

Figure 10. One half of each cell with the respective angles C4 and O4 of 30°, 35°, 40°, and 45°.

Figure 11 shows the height deviation Z between CAD data and the surface data
measured with the Keyence VL-700 optical 3D scanner of both halves of the cut-open cell.
The geometric accuracy decreases with decreasing angles of C4 and O4. For C4 = O4 < 35°,
a Z of >0.25 mm results for large regions on the downskin surface of the nose. Only for
Cyq = Oy = 45° is an accuracy of ~40.05 mm achieved over almost the entire geometry.
The geometry of the aperture, although printed without a support structure, shows virtually
no deformation. This is because small radii of curvature in the range of a few millimeters
can be considered to be self-supporting.

Printing direction

Figure 11. Difference Z between measured surface and CAD data of the individual SC halves (halve
a and halve b).

The measured prominence 4 of the nose cone is shown in Figure 12 for both sides
of the cut SC set 1. The x-coordinate represents the length of the circle path, where
x = 0 corresponds to the yellow arrow at “12 o’clock” on the yellow circle in Figure 5b. As
expected, the dominant deviations from the planned / = 6 mm can be found for all cells
at the nose cone’s downskin surface with respect to the printing direction (see printing
direction in Figure 5a). Figures 11 and 12 indicate that the b-side of the cells seems to have
more serious deviations than the a-side.

Table 3 shows the average prominence / and the deviation from the planned g. For
aCy =0y = 45°, a g of 4.02 mm results. The deviation from the planned g corresponds
to a Afg of about 4.2 MHz, which is just within the tunable range. We therefore conclude
that the 45° cells can be printed with the accuracy required for SCCL structures with an
fR < 4 GHz.



Instruments 2023, 7, 56

12 of 23

6.5

h [rmm]

35

x [mm]

15

25

Figure 12. The prominence & for different angles C4 and O 4 and sides of the cut-open cells. The
x-coordinates are located on the yellow circle shown in Figure 5b. x = 0 corresponds to the yellow

arrow, and the measurement direction corresponds to the direction of the arrow.

Table 3. Average 1 in dependence of C4 and O 4.

CalOa h-Side a h-Side b Ag
45° 6.00 mm 5.98 mm 0.02
40° 5.95 mm 5.98 mm 0.07
35° 5.87 mm 5.57 mm 0.56
30° 5.69 mm 5.39 mm 0.92

4.3. Surface Roughness after Printing

As demonstrated with previous cavity prototypes, the L-PBF process results in a
surface roughness of S; > 10 um, which greatly reduces the measured vs. simulated Qo
(Qom and Qqs, respectively) [19]. The measured Sy and Sy, at locations 1-5 are shown
in Table 4. Roughly, S, ranges from 18 pm to 30 pm, and S;, ranges from 3 pm to 6 pm
for all SCs. S; and S, are practically identical for all locations in the case of the 45° SC.
There are also no remarkable differences between the individual SCs. This is mainly due to
the applied F-Operator and A-Filter. These define geometric inaccuracies such as those
found on the downskin of the nose cone, in particular the 30° SC, as waviness instead

of roughness.

Table 4. Measured S and S, at locations 1-5 after printing.

Cp and Oy 30° 35° 40° 45°

Sq [um]-Loc. 1 21.57 19.49 23.79 29.60

Sq [pm]-Loc. 2 24.60 26.51 23.89 24.96
Sg [um]-Loc. 3 18.54 21.90 20.94 28.70
Sq [pm]-Loc. 4 27.46 21.72 23.38 26.33
Sg [um]-Loc. 5 23.75 21.44 23.96 25.43
Sga [pm]-Loc. 1 5.25 5.91 3.69 4.84
Sga [pm]-Loc. 2 5.58 484 5.07 4.20
Sga [pm]-Loc. 3 3.47 420 3.94 4.08
Sqr [um]-Loc. 4 3.63 3.80 4.30 5.24
SM [um]-Loc. 5 417 3.74 4.66 5.33
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Figure 13 shows the measured surface at location 4. The high surface roughness
results mainly from incompletely melted powder grains that form the outermost layer of
all non-treated work pieces manufactured by means of L-PBE.

92.697 um
80 pm

40 pm

—40 pm

—84.486 pm

Figure 13. Surface at location 4 after printing.

4.4. Dimensional Accuracy after Post-Processing

Figure 14 shows the cut SCs of set 2 after finishing (Hirtisation (R)). Compared with
the SCs after printing (Figure 10), the surface of the structures appears much smoother and
shinier. Figure 15 shows a comparison of the CAD data with the measured surface data Z of
the two halves of the set 2 SCs. As with the set 1 SCs, the geometric accuracy decreases with
decreasing angles of C4 and O 4, respectively, and a maximum deviation on the order of
+0.25 mm is seen at the nose cone in the case of C4 = O4 < 40°. However, compared to set
1, even the SC with C4 = O = 45° does not show a uniform geometry (material removal).
Instead, all SCs show a waviness perpendicular to the printing direction and irregularities
below and above the nose cone, as marked for SC half 45° — a and 30° — b. The orientation
of the SCs during Hirtisation (R) corresponds to the printing direction to ensure that the gas
generated during Hirtisation (R) escapes through the CLP holes. Therefore, the trenches of
the waviness and the irregularities most likely result from the ascent behavior and paths of
the gas bubbles and the associated reduction of material removal on the inner surfaces of
the SCs.

(@) Co/O, = 45° (b) Co/O, = 40° (c) Ca/O, = 35° (d) Co/O, = 30°

Figure 14. One half of each cell with the respective angles C4 and O4 of 30°, 35°, 40°, and 45° after
Hirtisation (R).

The measured prominence h of the nose cone is shown in Figure 16 for both sides of
the cut SCs of set 2. The dominant deviations from the planned # = 6 mm can again be
found at the nose cone’s downskin surface, concerning the printing direction. As with the
untreated SCs (compare Figures 11 and 12), the b-side of the cells appears to have more
significant degradation, reinforcing the suspicion of asymmetry in the printing process.

Table 5 shows the average prominence i For a C4 and Oy of 45°, a g of 4110 4 0.083 mm
results. The deviation from the planned g corresponds to an A f of about 16 MHz. However,
it is likely that more material was removed at the tips of the nose cone geometry by the
Hirtisation (R) process than at the cavity wall due to their prominence.
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Printing direction

Waviness

Figure 15. Difference Z between measured surface and CAD data of the individual SC halves (halve
a and halve b) after Hirtisation (R).
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Figure 16. The prominence / for different angles C 4 /0O 4 and sides of the cut-open SCs after Hirtisa-
tion (R). The x-coordinates are located on the yellow circle shown in Figure 5b. x = 0 corresponds to
the yellow arrow. The measurement direction corresponds to the direction of the arrow.

Table 5. Average 1 in dependence of C4 and O 4 after Hirtisation (R).

CalOg h-Side a h-Side b Ag
45° 5.96 mm 5.93 mm 0.11
40° 5.94 mm 5.93 mm 0.13
35° 5.83 mm 5.67 mm 0.50
30° 5.64 mm 5.15 mm 1.21

Figure 17 shows the resulting fr shift relative to fr after printing the SCs as a function
of the material removal MR. For the first 70 pm of MR (1st Hirtisation (R) cycle), the change
in resonant frequency is >40 MHz for all cells. The following cycles influence the resonance
frequency less. In the L-PBF process, there is always a transition area between completely
melted material and powder that has not been completely melted. The contour of a printed
component therefore always offers a large interaction surface (see Figure 13). The large
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initial effect of cycle 1 is therefore probably because this first layer can be removed very
efficiently compared with dense material. The substantial deviation of the 30° SC from the
others after the first cycle can probably be explained by the fact that small downskin angles
C4 and O4 generally result in many irregularities, which also offer a large interaction
surface for Hirtisation (R). However, Afr also increasingly differs between 35°, 40°, and 45°
SCs starting from MR = 70 pm. After MR = 350 um, Af of, e.g., 45° and 35° SCs differs
by 13 MHz, which could not be corralled by tuning devices anymore. All SCs were treated
together in the same Hirtisation (R) process. Therefore, further optimization is needed for
the post-processing approach.
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Figure 17. Frequency shift A fr relative to the resonant frequency fr after printing of the individual
SCs of set 2 as a function of the material removal by Hirtisation (R).

4.5. Qo and Surface Roughness after Post-Processing

The purpose of post-processing the SCs is to minimize the surface roughness and thus
maximize Q.

The measured S; and Sy, at locations 1-5 after Hirtisation (R) are shown in Table 6. S,
ranges from 1 pm to 2 pum for all samples and locations. 5,3 ranges from 0.2 ym to 0.4 pm.
Again, the roughness S; and S, are practically identical for all cells with different C4 and
Oa. However, the 5;) measured on the nose cone (Loc. 1-3) are higher than on the cavity
wall (Loc. 4 and 5).

Table 6. Measured S, and S, at locations 1-5 after Hirtisation (R).

CalOg 30° 35° 40° 45°
Sq [mm]-Loc. 1 1.31 1.01 0.83 1.23
Sq [pm]-Loc. 2 1.14 0.84 1.00 1.99
Sq [pm]-Loc. 3 1.83 1.02 0.98 1.85
Sq [nm]-Loc. 4 0.94 0.68 0.75 1.85
Sq [pm]-Loc. 5 1.11 0.91 0.76 1.14
Sga [pm]-Loc. 1 0.30 0.38 0.34 0.34
Sgr [pm]-Loc. 2 0.40 0.27 0.31 0.36
Sga [pm]-Loc. 3 0.60 0.38 0.33 0.37
Sga [pm]-Loc. 4 0.26 0.29 0.22 0.21
Sgr [pm]-Loc. 5 0.31 0.20 0.27 0.20
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Figure 18 shows an example of the measured surface at location 4. Compared to the
untreated surface shown in Figure 13, the post-processed sample is clearly smoother and
shows no extreme peaks or powder adhesions. Note that the dimension of the color scale
of Figure 13 is a factor of 10 larger than the color scale of Figure 18.

8.849 um

—4 pm

—8.393 um

Figure 18. Surface at location 4 after Hirtisation (R).

Figure 19 shows the measured quality factor (Qgps) normalized to the quality factor
simulated by CST (Qgs) as a function of the material removal MR for the different SCs
of set 2. To allow a geometry-independent comparison, the void volume of each SC was
increased by the respective MR in all directions for the simulation of Qgs. The %]TM of
the SCs obtained in the individual steps from printing to Hirtisation (R) step 4 is almost
identical. By removing 140 pum of material, it was possible to increase Qpps from between
20-25% to 72-75% of the simulated value Qps. The subsequent two Hirtisation (R) steps
(up to MR = 350 pm) show no further effect on Q.
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Figure 19. Measured quality factor (Qpps) normalized to the quality factor simulated by CST (Qqs) as
a function of the material removal MR for the different SCs.

In black, Figure 20 shows Qps as a function of the cavity surface roughness S;,
predicted by the gradient model. The prediction by the Hammerstad model [30] is shown
in blue. The simulations were performed using CST Microwave Studio [31]. The single
measurement points indicate the Qop;/ Qs values of the SCs with C4 = O4 of 30°, 35°, 40°,
and 45°. Additionally, the values after additive manufacturing (set 1) and after maximum
material removal MR = 350 pm (set 2) are marked by points and crosses, respectively.
Before Hirtisation (R), the Qgpr/ Qos of all SCs are consistent with the model within the
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measurement error. The Qop1/ Qgs after Hirtisation (R) do not match the gradient model,
except for the 30° SC. The mean values of Qops/ Qos after Hirtisation (R) are reduced by
about 8% to 18% compared to the gradient model. Since the skin depth J varies with the
frequency, the predictions of the two models also vary for the different SCs. However, this
variation is negligible compared to the size of the plotted points, which is why only one
line is shown for each of the two models.
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Figure 20. Simulated Qps and measured Qom/Qos in dependence of S;). In blue and black, Qgs
predicted by the gradient model and Hammerstad model are displayed, respectively. The single
points show the measurements for SC set 1 and set 2 after and before Hirtisation (R), respectively.

4.6. Self-Supporting 3 GHz Biperiodic Side-Coupled Linac Concept

In this section, a rudimentary, self-supporting 3 GHz biperiodic side-coupled linac
concept (SCCL concept) is presented and evaluated by simulations. The concept is compa-
rable to the 3 GHz CCL modules used in proton therapy linac facilities. Figure 21 shows
the vacuum volume of the 304 mm long SCCL concept, consisting of 16 ACs and 15 CCs.

Figure 21. Vacuum volume of the self-supporting 3 GHz biperiodic side-coupled linac concept.

To achieve a self-supporting structure, the ACs and CCs are shaped comparably to the
self-supporting single cavities developed in the previous sections. Figure 22 shows the unit
cell of the CAD file as used for the CST simulations in (a) perspective, (b) a section of the
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perspective, (c) the half CC side, and (d) the half AC side. Due to the high manufacturing
accuracy, an angle of C4 = O4 = 45° was preferred. The cell diameter D was increased to
69.5 mm to increase fg roughly to 3 GHz. The final frequency tuning of the accelerator and
coupling cavities is done by varying the gap length g. All other geometrical parameters are
adopted from the developed self-supporting single cavities (see Table 2). Therefore, the
SCCL concept is designed for accelerating protons with an initial energy of about 75 MeV

in 7 mode.
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Figure 22. Unit cell of the SCCL concept as used for the CST simulations; (a) perspective, (b) a section
of the perspective, (c) the half CC side, and (d) the half AC side.

Using CST Microwave Studio, the g of the individual cells was optimized to reach the
7 mode at fr ~ 2998 MHz, resulting in the dispersion curve shown in Figure 23.

Phase advance
0 w2

5 10 15 20 25 30
Maode number g

Figure 23. Dispersion curve of the SCCL concept.

The optimized gap lengths of the CCs and ACs are approximately 4.289 mm and
4.158 mm, respectively. Exceptions to this are the two outermost ACs, whose gap length
corresponds to approximately 4.062 mm. This is because the two outermost ACs are
each coupled to only one CC instead of two as the other ACs are. The coupling aperture
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corresponds to an ellipse with a length of its major axis of 12 mm. The coupling aperture
is located symmetrically to AC and CC in the unit cell, resulting in a minor axis length
of 6.68 mm. The coupling coefficient obtained by the coupling aperture corresponds to

approximately k = % = 2.5% (cf. Figure 23). The E-field distribution of the 7
mode in the whole SCCL concept is shown in Figure 24a. Figure 24b shows the E-field
distribution on the beam axis, with the maxima of the field distribution across the gaps of

each AC.
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Figure 24. (a) E-field distribution of the 7 mode. (b) E-field distribution of the 7 mode on the z axis.

5. Discussion

In this work, our previously presented approach for designing cavities that can be
manufactured using additive manufacturing techniques is used to develop a first concept of
a biperiodic side-coupled linac (SCCL). Basic single cavities (SCs) with different downskin
angles (C4 and O4) were simulated by CST and manufactured from pure copper using
green laser L-PBF to evaluate this approach. The main achievements are as follows.

The normalized ZT? decreases with increasing downskin angles (C4 and O4). An
increase from 25° to 45° corresponds to a reduction in ZT? by about 18%. Small angles
should therefore be preferred (see Section 4.1).

The TruPrintl000 Green Edition enables additive manufacturing of SCs with
Cyq = O4 > 35°. However, only the SC with C4 = O,y = 45° achieves the geometric
accuracy required for frequency tuning, with an fg > 3 GHz. This is especially evident
by comparing the measured and simulated fg of the cells (compare Section 4.2). Through
optical measurements of the nose cone height and a CAD geometry comparison on the
cut SCs, it can be seen that the downskin surface of the nose cone geometry in particular
becomes less stable with decreasing C4 and O4. Nevertheless, in theory, the geometric
deviations remain constant for all geometry sizes using L-PBE. With decreasing fr, however,
higher geometrical deviations can be accepted, which probably allows for AM of larger
cavities, even with smaller angles.
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In addition to S; (ISO 25178), the quantity S,, was introduced to evaluate the SCs’
surface roughness (see Section 3.6). Compared to S;, an additional high-pass filter (A.-Filter)
was applied, with A = 26 pm for S;,. This corresponds to the mean powder diameter
(d50). The measured S, of the SCs after printing is in the range of 3 pm to 6 pm.

To minimize surface roughness and thus maximize Qp, the second set of SCs was
post-processed by four Hirtisation (R) steps, removing approximately a total of 350 um of
material. The SCs show a wavy pattern after Hirtisation (R) (see Figure 14). The trenches
of this wave pattern most likely result from the rising of gas bubbles during Hirtisation
(R). However, Figure 17 shows that Hirtisation (R) makes it possible to tune the resonance
frequency of a single cell. Over the last cycle, the resonant frequency shifts by about
0.21 l\glnz in the case of the 45° cell, and a one-minute process time results in 2.3 pm of
material removal. Therefore, it can be assumed that the resonance frequency can be set
more accurately than 1 MHz using an iterative Hirtisation (R) approach. It remains to be
investigated whether the same amount of material is removed by Hirtisation (R) for all SCs
in an SCCL. Compared to the roughness after printing, S; and S, are reduced by a factor
of 15-20 by Hirtisation (R) (compare Table 4).

Figure 19 shows that, for the cavities manufactured, Qs could not be achieved by
Hirtisation (R). After removing 140 um of material, Qo) was increased from 20-25% to
72-75% of Qqs. Further material removal of up to MR = 350 pm could not further increase
Qom- The Qopm of all SCs obtained in the individual steps from printing to Hirtisation (R)
step 4 are almost identical. The print quality of the downskin surface of, e.g., the 30° SC and
the 45° SC differs significantly, however, which becomes obvious, e.g., for the downskin
of the nose cone in the 30° case. This implies that the assumption that long wavelength
variations of the surface (A >> J) do not influence the RF conductivity is correct and
that the form correction of the surface for determining surface roughness has at least no
negative influence.

The comparison between the measured Qgys and the Qg predicted by the gradient
model shows a broad agreement before Hirtisation (R) (see Figure 20). This can be seen as
a first strong indication that the combination of the gradient model and our filter approach
to characterize the surface roughness (S;,) could allow a straightforward prediction of
Qom from simple AM samples by measuring S;,. However, compared to the prediction
from the gradient model, the mean values of Qo after Hirtisation (R) are reduced by
about 8-18% (see Figure 20). This could, for example, indicate that the filter settings for
the measurement of the surface roughness are not yet optimal or that impurities such as
hydrogen, hydrocarbon, or carbon deposition during Hirtisation (R) reduce Qop. It is
also possible that the conductivity of the material after Hirtisation (R) only reaches the
conductivity of IACS after a baking procedure.

If the gradient model is assumed to be valid, a Qg greater than 95% of the achievable
Qo (according to CST simulations) is only possible for an S, of less than 100 nm. At least for
the SC presented here, this roughness level could not be achieved by means of Hirtisation
(R). Whether the manufacturing process can be further optimized must be evaluated in
further studies. Additional post-processing processes, such as MMP Technology (R), may
also be applied.

Based on the SC findings, a basic self-supporting 3 GHz biperiodic side-coupled
linac concept was developed in Section 4.6. The SCCL concept is designed for acceler-
ating protons with an initial energy of about 75 MeV in 7 mode. Due to the manufac-
turing accuracy required for an fr of 3 GHz, the 16 ACs and 15 CCs are based on the
Cyq = O4 = 45° SC (see Figure 21). However, the SCCL concept is not fully optimized.
Rather, it is a first study to evaluate whether AM enables the fabrication of an SCCL
structure. Requirements for beam current, accelerator voltage, breakdown rate, etc. have
a significant influence on the geometry of the nose cone (including the bore hole, etc.)
and therefore on the effective accelerating voltage. Therefore, a final optimization of the
geometry to maximize the effective shunt impedance ZT? to produce efficient and compact
accelerator systems is only reasonable if a specific application is in focus. Moreover, ACs
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and CCs are assumed to be identical. For example, the EM field in the CCs can be further
optimized by optimizing the nose cones in the CCs. In addition, the transverse dimensions
of the SCCL concept can certainly be reduced in the future by reducing the transverse CC
dimension compared to the AC dimension, as is the case in most conventional SCCL systems.

Nevertheless, a rudimentary comparison with the 3 GHz SCCL modules used in
proton therapy linac facilities underlines the potential of the SCCL concept. The ZT?
simulated by CST corresponds to 60.13 % for a transit time factor of T = 0.881 (75 MeV
protons). With an input power of 1 MW (peak), the 304 mm long SCCL concept would
increase the proton energy by about 4.2 MeV. This corresponds to the same performance of
comparable, traditionally manufactured SCCL modules [28,35]. Nevertheless, it should
be noted that T was calculated for a particle energy of 75 MeV. When passing through
the structure, the particle gains energy (AW), which leads to a slight decrease in T and
thus ZT?, if the cell length (L) remains constant. However, the AM process allows each
cell to be manufactured with an optimal cell length in terms of particle energy without
additional cost or effort. Although this can also be done in traditional manufacturing, it is
often avoided for cost reasons, as (small) series production of the individual parts of the
single cavities becomes practically impossible.

Like Qom, ZT? would be reduced by about 18% compared to the simulation after
Hirtisation (R) (see Figure 19). This results in a 10% decrease in AW. To achieve the same
particle energy, accelerator structures manufactured according to the approach presented
here would have to be longer and/or supplied with more input power. However, as we
showed in previous studies, AM has the potential to reduce cavity manufacturing costs by
up to 70% [19]. Since cavity structures are responsible for a large part of the investment
costs of accelerator facilities, the reduced performance could potentially be compensated
by the significant reduction in manufacturing costs in many cases.

Outlook

The manufacturing approach of the L-PBF process in combination with electrochemical
post-processing will be further optimized. Figures 11 and 12 indicate that the b-side of
the single cavities seems to have more serious deviations than the a-side. This indicates a
systematic asymmetry in the L-PBF process, which should be investigated in more detail.

The effect of Hirtisation (R) on geometry and material properties needs to be analyzed
in more detail. The waviness caused by Hirtisation (R) (see Figure 14) is most likely due
to rising gas bubbles on the cavity walls. Furthermore, the measurements of & indicate
that uniform material removal is not guaranteed (compare Figures 15 and 17). Both effects
are significantly influenced by the flow and rising direction of the process liquids and gas
bubbles and may be minimized by rotating (moving) the geometry during the process.
How and whether this is possible remain to be investigated.

Moreover, we plan to perform studies to further validate the gradient model and
improve the roughness filter settings. In addition, the impact of bake-out processes on Qg
will be investigated.

High power RF tests (high gradient tests) are the most important outstanding studies
from the perspective of the intended usage in high-performance linacs. For this reason, we
are also currently constructing a high-gradient test bench based on a 3 GHz magnetron—
modulator combination. In preparation for the tests, we are planning to investigate how
wave guides and vacuum flanges can be attached to AM cavities. Earlier prototypes have
already shown that threads can be cut in AM copper that allow flanges to be attached
directly to the cavity using an O-ring seal. A pressure of 2 x 1077 mbar was achieved,
which is perhaps already sufficient [19,36].

Finally, the first SCCL multi-cell structures will be printed soon to determine how
the achieved manufacturing accuracy affects the coupling between the individual ACs
and CCs.
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