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ABSTRACT

Radio frequency cavities are among the most challenging and costly components of an accelerator facility. They are usually manufactured
in individual parts, which are then joined by complex processes, e.g., several brazing steps. 3D printing has become an alternative to these
conventional manufacturing methods due to higher cost efficiency, freedom in design, and recent achievement of high print quality for pure
copper. A fully functional 3 GHz drift tube linac (DTL) prototype was 3D printed in one piece, made from pure copper by selective laser
melting (SLM). To achieve a higher surface quality, the DTL geometry was optimized for the SLM process. The DTL design is related to the
design of the DTL part of the side-coupled DTL modules used in linac-based proton therapy facilities. The quality factor (8750) and the shunt
impedance per unit length (102%0) of the printed prototype are already comparable to traditionally manufactured DTL structures and can

be further enhanced by surface treatments.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0068494

I. INTRODUCTION

More than 30000 electron and ion accelerator facilities are
operated worldwide for a wide variety of applications.” Well-known
examples include linear accelerators, cyclotrons, and synchrotrons
for fundamental physics research or for applications such as radio-
therapy for the treatment of tumors.”* The basic components for
many of these facilities are radio frequency (RF) structures. They
are used as RF cavities for accelerating particles as passive compo-
nents, e.g., for transmitting RF power (waveguides), and in RF power
amplifiers (klystron amplifiers). Their production is usually quite
complicated. For example, normal conducting cavities with com-
plex internal geometries, such as drift tubes and cooling channels,
cannot be manufactured in a single step. For this reason, indi-
vidual parts are manufactured, which are subsequently joined by
brazing or other processes in order to realize, for example, the low-
est possible surface resistance and, if necessary, vacuum tightness
or complex cooling channels.”* The manufacturing process of RE
structures often requires many of these subsequently executed pre-
cision soldering/brazing steps. This limits the freedom in design and
is a major source of potential defects. Combined with the fact that

RF structures are often prototypes, one-offs, or small batches, the
manufacturing process of these structures accounts for a large part
of the main expense in building an accelerator facility.” Therefore,
manufacturing processes that allow new degrees of freedom in res-
onator design and the creation of more efficient or less expensive
components are the subject of the current research worldwide.

3D printing or additive manufacturing techniques,'’ which
have been continuously improved since 1980, are attracting increas-
ing attention for the manufacturing of RF structures. Compared
to traditional manufacturing processes, their unique advantages are
the greater freedom in design and time saving. On the other hand,
critical points for 3D printing of such structures are the shape accu-
racy, the surface quality, and limitations in the choice of materials.
Thus, only a few years ago, the potential of 3D printing for RF
components was considered rather low."" Nevertheless, research
continued on the 3D printing topic and due to the low importance of
shape accuracy for broadband devices (e.g., waveguides), prototypes
were successfully manufactured and tested in this field." " So far,
attempts to print cavity resonators have concentrated almost exclu-
sively on superconducting structures as presented in Refs. 14-16,
although normal conducting structures are much more common.
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The reason for this is that normal conducting cavities are usually
made of copper, which is not well suited as a material for 3D print-
ing due to its high thermal conductivity, high melting point, and
high reflection to laser light near IR (normally used in laser based
machines).!” Nevertheless, due to the high potential of 3D print-
ing with high-purity copper for almost all industrial sectors due
to its excellent electrical and thermal properties, significant effort
and progress have been made in recent years. Finally, the electron
beam melting (EBM) 3D printing technique was optimized to print
high-purity copper with density, electrical conductivity, and ther-
mal conductivity (nearly) equivalent to wrought copper.'® However,
EBM is not yet widespread in the business-to-business or customer
segment, which means that researchers have to put a lot of effort
into developing a printing process suitable for the desired struc-
ture, which is a great challenge and requires cooperation with other
institutions. First attempts to print a prototype of a normal con-
ducting klystron output cavity with EBM are currently in progress
at the Stanford Linear Accelerator Center (SLAC) and North Car-
olina State University. To date, however, this research project has
only been presented in a newspaper article published by SLAC
itself."” Two years ago, selective laser melting (SLM) was estab-
lished as a further 3D printing process to print high-purity copper
with high quality.”’ The advantages of SLM compared to EBM are
a slightly better surface quality and shape accuracy. Besides, com-
mercial platforms allow easy access to SLM technology and promise
consistently high quality.”’ The disadvantage of the SLM process
is that overhanging structures above a certain dimension must be
printed with additional support structures in order to maintain the
print quality and shape accuracy. The printed support structures
have to be removed again after the printing process, which is a
challenge especially for small cavities or difficult accessible inter-
nal geometries. Internal geometries that are difficult to access and
which were supported during printing often have reduced surface
quality due to the limited post-processing options. Cavities must
therefore be designed in such a way that the support structures
can be easily removed after printing or support structures can be
avoided.

This work shows for the first time a drift tube linear accel-
erator (linac) prototype [drift tube linac (DTL) prototype] with
a cavity printed entirely from pure copper comparable in perfor-
mance and properties to traditionally fabricated structures currently
in use. To show the potential for research and industry, a drift
tube linac structure was chosen, which is comparable to the drift
tube linac part of the Side Coupled Drift Tube linacs (SCDTLs)
used in prototypes for proton radiotherapy linac systems as cur-
rently being developed by ENEA™*" (TOP-IMPLART project) or
AVO-ADAM S.A** (LIGHT project). The DTL prototype is
designed with CST Microwave Studio™”° to operate at a reso-
nance frequency of ~2998 MHz. The cavity cells are operated in
the fundamental TMo10-mode, and the standing wave mode is 27.
Furthermore, the printed DTL prototype will be used as a buncher
unit in a currently planned preclinical minibeam irradiation facility,
which consists basically of a tandem pre-accelerator and a 3 GHz
linac post-accelerator.”® The buncher unit optimizes the longitudi-
nal phase space of a 16 MeV proton tandem beam (DC) to the phase
space accepted by the post-accelerator and thus increases the particle
transmission through the post-accelerator by a factor of 3. The unit
cell length of the cavity of the DTL prototype is therefore adapted

ARTICLE scitation.org/journal/rsi

to 16 MeV protons. The maximum transmission through the post-
accelerator is achieved for an axial voltage (buncher amplitude) of
42 kV. To demonstrate that the printing process can be transferred
completely to an industrial supplier, SLM was chosen for produc-
tion. The main task is to adapt the cavity geometry to the needs
of both, optimum performance as an accelerator structure and to
overcome the limitations of the SLM process as discussed earlier.

Il. MATERIALS AND METHODS
A. Design of the DTL prototype

The cavity design of the DTL prototype and thus the electro-
magnetic (EM) field distribution in the cavity are elaborated with
CST Microwave Studio® (CST).%* The specific resonance frequency
of ~2998 MHz is achieved in an iterative process by repeatedly modi-
fying the cavity geometry using the CAD program SolidEdge®”” and
subsequently calculating the resonance frequency using the Eigen-
mode Solver, which is provided by CST. The initial geometry for
this process is roughly based on the DTL structure developed by
ENEA and used in the TOP-IMPLART project as part of the second
Side Coupled Drift Tube Linac (SCDTL-2) module.””” The unit
cell length of the DTL prototype is adjusted to a proton energy of
16 MeV (B = 7 = 0.182). This cavity geometry was chosen for the
following two reasons:

1. The DTL prototype can thus be used as a 3 GHz buncher
unit in a planned preclinical proton minibeam irradiation
facility, which basically consists of a tandem Van de Graaff
pre-accelerator and a linear post-accelerator.”® The buncher
unit increases the transmission through the post-accelerator
by a factor of 3 by adjusting the 16 MeV proton tandem beam
to the longitudinal accepted phase space of the linac.

2. A 3 GHz buncher unit with a comparable traditionally man-
ufactured cavity has already been realized,” allowing a com-
parison between 3D printing and traditional manufacturing.
The traditionally manufactured cavity is further referred to as
the reference cavity, and its longitudinal section and transver-
sal section are shown in Figs. 1(a) and 1(b), respectively. A
section of stem and drift tube is shown in Fig. 1(c). As the DTL
prototype, the reference cavity is adapted from the drift tube
part of the second Side Coupled Drift Tube Linac (SCDTL-2)
structure of the TOP-IMPLART-LINAC.” The cavity consists
of five DTL unit cells. For use in the preclinical irradiation
facility, the cavity geometry of the SCDTL-2 structure (inser-
tion energy 16.5 MeV) was optimized for 16 MeV. Ports are
provided for excitation as well as pickup loop and a vari-
able as well as a fixed copper tuner. The exact prescribed
resonance frequency of 2.997 92 GHz is obtained at a temper-
ature of 42 °C. To achieve and maintain this temperature, the
stems and corpus are traversed by cooling channels. All parts
of the reference cavity [stems with drift tubes, corpus parts,
and CF flanges] are joined vacuum-tight by brazing. The fully
assembled buncher unit (reference DTL cavity) is shown in
Fig. 1(d).

Figure 2 shows the developed printable cavity geometry of
the DTL prototype and the negative of the cooling channels going
through the cavity according to the suggestions in our patent.”’

Rev. Sci. Instrum. 93, 023304 (2022); doi: 10.1063/5.0068494
© Author(s) 2022

93, 023304-2


https://scitation.org/journal/rsi

Review of
Scientific Instruments

ARTICLE scitation.orgljournal/rsi

Tcm C-C

TSSO

SN

© —nf
E

1. Drift tubes 7. Pickup loop port
Stems 8. Aperture
Cooling system 9.  Excitation loop
Excitation loop port 10. Variable copper tuner

Variable copper tuner port 1.  Fixed copper tuner

o g r w N

Fixed copper tuner port 12.  Pickup loop

FIG. 1. (a) Longitudinal and (b) transversal sections of the traditionally manufactured reference DTL cavity. (c) Section of stem and drift tube with integrated cooling channels.

(d) Fully assembled 3 GHz buncher unit.

The cavity walls and four drift tubes, each supported by only one
stem, form five DTL unit cells. The length of a unit cell is 18.2 mm.
Accesses are provided for pickup and excitation loop, variable cop-
per tuner, and fixed copper tuner. To increase the frequency stability,
linear accelerators are often operated at a constant temperature
using a cooling system integrated into the cavity geometry. In our
layout, the coolant is directed through individual channels to each
stem, flows through one side of each stem to the drift tubes, flows
around the drift tubes, and is returned through the other side of
the stems. The individual cooling channels of the stems are con-
nected by large supplying channels. The minimum cross section of
the cooling system is 32 mm?. This is about a factor of 1.5 larger
than the cooling system of a comparable DTL structure from the
TOP-IMPLART project.” The design with only one stem per drift
tube with an integrated cooling system was chosen to illustrate

the potential of 3D printing that increases the freedom of design.
Single stem designs are difficult to realize with these cavity dimen-
sions using traditional manufacturing methods. This is mainly due
to the difficulty in controlling the brazing process as it was also used
for the reference cavity. However, a one-stem geometry promises
higher performance due to lower EM-field interference compared
to two-stem designs. For example, for the DTL modules of the
TOP-IMPLART project, a 15% reduction in shunt impedance was
simulated for a geometry with two stems instead of one stem per
drift tube.® The developed DTL geometry is self-supporting during
the SLM process, which is why there is no need for additional sup-
port structures. Thus, a high surface quality can be achieved even
without reworking the inner geometry. The geometry modifica-
tions that enable the self-supporting printing process are mainly the
drop-shaped form of the cavity at the top, the arch structure below
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FIG. 2. (a) Front section and (b) longitudinal section of the cavity geometry of the DTL prototype. The red boxes A, B, and C indicate the parts of the geometry where the
surface roughness R; is measured. (c) Negative of the cooling system that passes through the cavity of the DTL prototype (3) with a stem cut open for illustration (2).

the drift tubes, and the arch-shaped ceilings of the cooling chan-
nels. The largest overhangs of a traditional DTL structure are, thus,
avoided, which greatly increases the print quality. The most impor-
tant design parameters of the DTL prototype and the reference cavity
are summarized in Table I. In order to characterize the geometric
modifications required for the printing process, two dimensions are
specified for the cavity diameter, which are also displayed in Fig. 2.
The shunt impedance of the reference cavity was determined using a
Q3D magnetic spectrograph and the 16 MeV proton beam from the
tandem Van de Graaff accelerator at the Maier-Leibnitz Laboratory
in Garching. The measurement setup, the results, and the calcula-
tion of the uncertainty have already been published.”® Within the
measurement uncertainties, simulated and measured quality factor
and shunt impedance of the reference cavity agree. It can therefore
be assumed that the cavity designed for 3D printing would achieve
the simulated values (see Table I) if it were manufactured using tra-
ditional methods. The geometric accuracy describes the maximum
deviation of the geometric dimensions of the reference cavity after

the brazing process compared to the assumed dimensions in the CST
simulation. It was not determined on the reference cavity itself, since
its dimensions do not allow measurement of the internal geometry
after brazing. Instead, it is assumed that the reference cavity achieves
the same geometric accuracy as other cavities with the same geom-
etry made by the same manufacturer.”” The surface roughness was
determined due to the same geometric limitation on the outer sur-
face of the cavity. The specified value results from the averaging of
three individual measurements at different positions on the outer
surface. Since the inner and outer surfaces were machined with the
same milling tool by the same computer numerical control (CNC)
milling machine, it can be assumed that they are identical.

B. Manufacturing of the DTL prototype

The cavity of the DTL prototype was ordered from PROTIQ
GmbH?"' via their online marketplace. It was fabricated from pure

copper (minimum copper mass fraction: 99.9%, specific electrical
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TABLE |. CST-simulated and measured design parameters of the reference DTL cavity (fz ~ 2998 MHz) as well as the
simulated parameters of the 3D printed cavity. The two cavity diameters of the 3D printed cavity are specified in Fig. 2.

Reference cavity

3D printed cavity

Simulation Simulation Measurement
Quality factor Q, 13017 10600 10350 + 530
Shunt impedance per unit length Ry, [MT] 138 117 106 + 13
Cavity diameter D (mm) 60.0/87.9 62.0
Drift tube diameter d (mm) 12 12
Aperture radius v (mm) 2 2
Overall length L (mm) 91.1 91.1
Gap length a (mm) 6.14 6.24
Geometrical accuracy a (ym) ~10
Averaged surface roughness R, (um) <1

conductivity: 58 m thermal conductivity: 400 ﬂ, and density:

8.9 - ) by selectlve laser melting. The cavity was printed perpen-

dlcular to the beam axis (z axis) and parallel to the stems. For
mounting the rubber-sealed vacuum CE-flanges for pickup and exci-
tation loop, variable copper tuner, and fixed copper tuner, as well as
for the valves of the cooling system (G1/4"), threads were cut. The
contact surfaces of the rubber seals with the cavity were milled plane
in order to increase the vacuum tightness. For comparison with
the traditionally manufactured reference cavity, the average surface
roughness R, of the inner cavity surfaces is to be determined. How-
ever, R, cannot be measured directly on the internal geometry of
the DTL prototype without destroying it. Therefore, three samples
were cut out of the existing printed test geometries, comparable to
the red marked geometry parts A, B, and C of the DTL prototype in
Fig. 2. Subsequently, the averaged surface roughness R, of the indi-
vidual samples was determined with the aid of a 3D laser confocal
scanning microscope (KEYENCE VK-X3000). Since, according to
the CST simulation, the highest current density is localized on the
stem surface (A), its roughness is of particular interest.

C. RF performance measurement

The performance of the DTL prototype is characterized by the
unloaded quality factor Q, and the shunt impedance per unit length
(L), R..”" Qp was determined by measuring the —3 dB bandwidth of
the resonance curve. To determine Ry, the E-field distribution along
the beam axis of the DTL prototype was evaluated for the fundamen-
tal mode (TMo10) by pulling a small dielectric object (perturbation
body) attached to a thin string through the cavity (bead- pullmg
measurement).’”” According to the cavity perturbation theory,”*
the change in the resonance frequency is a function of the electric
and magnetic field strength at the location of the perturbation body
and the characteristics of the perturbation body itself. The amplitude
of the electric field |Ey(z)| (normalized to the power loss of the cavity
\/P) can be calculated as

IEo(Z)I

2, (1)

3
R
£

where Q, is the unloaded quality factor of the DTL prototype, wo
is the resonance angular frequency of the DTL prototype without
perturbation body, and Awy is the angular frequency shift due to
the perturbation at position z. The perturbation body is character-
ized by the constant ;. The perturbation body consists of aluminum
oxide and is cylindrical (V = 1 mm?). The string is made of nylon
and has a diameter of 0.25 mm. «; was determined by measur-
ing the E-field distribution of the reference cavity (fr ~ 2998 MHz)
with known Ry (see Table I) using the same bead-pulling setup
to (=5.5+1.5)-107! AST‘“Z. Finally, R; can be determined by an
integration of the normalized E-field to

R = (fOLE%” dz) % @)

The uncertainty on «; results from the propagation of the uncer-
tainty of the reference cavity’s Ry (+13 MTO) and of the frequency
measurement error of +10 kHz using the correlations from Egs. (1)
and (2).

Ill. RESULTS
A. Basic properties of the DTL prototype

Figure 3 shows the printed DTL prototype assembled with the
vacuum flanges, the valves of the cooling system, the excitation loop,
the pickup loop, the fixed copper tuner, and the motorized vari-
able copper tuner. A cavity pressure of about 2 - 1077 mbar was
achieved for the DTL prototype within a few hours using standard
equipment to obtain a high vacuum. The cooling system was fun-
damentally tested whereby no defects were identified. A flow rate of
roughly 2 1 min~" was measured for a pressure difference of 1 bar
between the two valves of the cooling system. For the minimum
cross section of the cooling system, this results in a flow velocity of
roughly 1 m s™'. Using the tuning rods, the planned resonance fre-
quency of 2998 MHz was achieved at a room temperature of 22 °C.
Due to the dimensions of the DTL prototype, the geometric accu-
racy cannot be measured without destroying its cavity. However,
the variable tuning rod allows a maximum variation of the resonant
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FIG. 3. Front view (a) and rear view (b) of the fully equipped printed DTL prototype.

frequency of around 2 MHz. CST simulations show that changing
the cavity diameter by around 60 ym or the length of all gaps by
around 20 ym would result in the same variation of the resonance
frequency. It can therefore be assumed that the average accuracy of
the geometry is less than 60 ym. Such values were expected since an
accuracy of around 50 pm is typical for the selective laser melting
process.”” However, it is imaginable that larger variations of single
sub-geometries and the associated shift in resonant frequency are
canceled out by “counteracting” geometric variations. Further stud-
ies are therefore required to assess the reproducible accuracy with
which cavities can be produced using the SLM process. The averaged
surface roughness R, of sub-geometries of the printed DTL proto-
type (red marked geometries A, B, and C in Fig. 1) is determined as
described in Sec. II. R, was determined at the stem (A), at the cav-
ity top (B), and at the cavity bottom (C) to be 11, 42, and 24 ym,
respectively.

B. RF performance of the DTL prototype

The measured unloaded quality factor Q, of the printed DTL
prototype is 8750 + 484. The standing wave ratio (SWR) at the
excitation loop during the measurement was 1.1. As described in
Sec. I1 C, the shunt impedance per unit length R; of the printed DTL

4
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FIG. 4. Electric field distribution along the beam axis (|E(z)|) as measured for
the fundamental TMg1o-Mode (dots) and corresponding fit for the determination of
the shunt impedance per unit length (dashed line).

prototype was determined using the bead-pull method. Figure 4
shows the normalized E-field amplitude along the z axis as mea-
sured for the TMoio-Mode (dots) and an input power of 7.5
dBm. The corresponding fit for the integration of the normalized
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electric field distribution is plotted as a dashed line. The measure-
ment error of the maximum field amplitudes was determined to be
+2.5% by measuring the maximum field amplitudes of the five gaps
in five separate measurements over a period of 5 h. Thereby, the
thermally induced variation of the resonance frequency (15 kHz)
contributes ~1.9%. Similar to the DTL parts of the SCDTL structure
of the TOP-IMPLART project, a thermal drift results in the resonant
frequency drift of 2—; ~ 46 I%Z.}“ Using Eq. (1) and assuming that
the measurement error of the frequency is +10 kHz, the variation
of the resonance frequency (+15 kHz) corresponds to a temperature
variation of ~+0.3°. Due to the non-automated measuring process,
the measurement of the normalized E-field amplitude along the z
axis requires a measuring time of about 3 h. Thereby, similar tem-
perature variations are expected, since the cavity temperature varies
with the room temperature due to the not yet existing chiller sys-
tem. Comparing the normalized E-field distribution over the five
gaps, the variation of the maximum amplitude is ~+5% to the aver-
age. After quadratic substitution of the measurement error resulting
from the thermal drift, the variation of the maximum field ampli-
tudes between the gaps is ~+4.7% to the average. This variation of
the maximal gap amplitudes most likely results from geometrical
inaccuracies. Simulations show that this field variation corresponds,
for example, to a variation of the gap length of ~0.3 mm. However,
the variation of the maximum field amplitude is below the variation
of £5% required, e.g., for comparable structures of the TOP-linac
and can therefore be accepted.”” The measurements to determine the
error of the maximum field amplitudes also allow an evaluation of
the spacing between the maximum field amplitudes and thus the unit
cell length. These are determined to be 18.3, 18.4, 18.2, and 18.3 mm
with an error of about 0.2 mm. The measured cell lengths thus cor-
respond to the design value of 18.2 mm within the measurement
uncertainties. Using Eq. (2) and the integration of the normalized
electric field distribution, Ry was determined to be (102 + 14) %
The error on Ry is determined via relations (1) and (2). Thereby,
the known measurement error of the frequency, the uncertainties
on a5, and the variation of the maximum field amplitude are taken
into account.

The presented printed DTL prototype has been operated at a
maximum input power P of 1 kW (pulse length: 5 ys and repe-
tition rate: 200 Hz) by using an existing solid-state amplifier over
4 h. Here, thermal changes were compensated by a feedback control
loop via the variable tuning rod. In all test measurements, no signifi-
cant rapid changes of the standing wave ratio (SWR) at the excitation
loop or in the quality of the vacuum occurred, which would indi-
cate multipactor effects or breakdown phenomena (electrical dis-
charges, such as vacuum arcs). Using the equation U = \/R.-L-P,
the input power of 1 kW results in an axial integrated voltage U of
~(96 + 6) kV. This results in a maximum E-field strength of roughly
3.5 % for the specified gap length of 5.55 mm. Considering the
corresponding transit time factor of ~0.71 for 16 MeV protons, a
buncher amplitude of ~(68 +5) kV results for the planned pre-
clinical proton minibeam irradiation facility. As part of the TOP-
IMPLART " or LIGHT project,” similar linac structures are pow-
ered by klystron amplifiers via waveguides with a few hundred kW
(5 us @ 200 Hz). Whether the surface quality of the shown DTL pro-
totype limits high gradient operation as in the TOP-IMPLART or
LIGHT project (>40MY) remains to be evaluated by similar studies

m
as described in Ref. 38.
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IV. DISCUSSION

A. Comparison with a traditionally manufactured
structure

The performance of the 3D printed DTL prototype is compared
with the traditionally manufactured DTL structure adapted from the
TOP-IMPLART SCDTL-2 module. Each drift tube of the reference
structure is supported by two stems. Both stems are comparable in
volume and position to the one stem of the printed DTL prototype.
The measured Q, and Ry, as well as the dimensions of the reference
structure are also shown in Table I.

The accuracy of the SLM printing process is sufficient to pro-
duce a DTL cavity of the type shown, achieving a specific resonance
frequency without post-processing. However, it should be men-
tioned that the geometric accuracy of the 3D printed cavity is
reduced by a factor of 6 compared to the traditionally manufactured
cavity. This reduction may no longer be compensated by a tuning
rod for cavities with a resonant frequency significantly higher than
3 GHz.

The measured Q, of the DTL prototype is reduced by about
33% compared to the CST simulation (and thus to the expected
values) and about 15% compared to the traditionally manufactured
reference cavity (see Table I). For Ry, a reduction of 26% was mea-
sured compared to the simulation (and thus to the expected values)
and 4% compared to the traditionally manufactured reference
cavity (see Table I). The calculated axial voltage achieved with an
input power of 1 kW is by far sufficient to use the printed DTL
prototype as a buncher unit for the planned preclinical irradiation
facility. The results show that 3D printing is already an alternative
to traditional techniques for the manufacturing of DTL structures
that are not operated at high E-field strengths (>3.5 %) Due to
the manufacturing costs reduced by a factor of 3 (compared to the
reference cavity), the slightly reduced performance of the printed
cavity can be potentially compensated in many cases by using
more powerful RF sources or additional/larger linac structures.
Naturally, it must be taken into account here that a 26% stronger
RF source or more/larger structures to compensate for the 26%
reduction in shunt impedance (compared to the simulation) will
also incur costs. It should be emphasized that these promising
results were achieved because the 3D printing process allows the
production of DTL structures with only one stem per drift tube
without great effort. The performance differences (Q, and Rp)
between the simulation and measurement for the 3D printed
structure most likely result from the rather high surface roughness
(Ra>11 ym) and associated Ohmic RF power losses in the 3D
printed cavity walls. Compared to the traditionally manufactured
cavity, where there is no difference (within the uncertainties)
between simulated and measured Q, and Ry, respectively, R, of the
3D printed cavity is increased by more than a factor of 10. Especially
when operating at high frequencies, enhanced surface roughness
increases RF power losses and favors breakdown phenomena.’”
Further improvement of the structure is therefore focused on
reducing surface roughness through optimized parameters for
additive manufacturing of copper and post-processing of the
inner cavity surface. Examples of such post-machining approaches
include mass finishing, chemical etching, chemical-mechanical
polishing, electropolishing, or magnetically driven abrasive
polishing.””*
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B. Potential of 3D printing for RF cavities

The fundamental potential of 3D printing for the production of
cavity geometries was demonstrated using a DTL geometry. In addi-
tion to the reasons explained in Sec. I1 A, the DTL geometry was also
chosen because DTL cavities are among the most frequently used
structures for accelerator systems. This illustrates that the poten-
tial of 3D printing processes is not limited to special application
cases. Although more research is needed to match (or exceed) the
RF performance of traditionally manufactured structures, the real-
ized single-stem geometry with integrated cooling channels already
demonstrates the significantly greater design freedom of the 3D
printing process. A variety of cavity geometries are used worldwide
for a wide range of tasks, whereby the RF performance is not neces-
sarily the only limiting factor. Due to the complexity of the subject,
an overview of the potential improvements that can be achieved
through the use of 3D printing processes for various cavity applica-
tions cannot be given in this study. Nevertheless, some examples of
design possibilities that are not or only with difficulty realizable with
conventional manufacturing processes and applications for cavities
are given in the following. The gain in geometric design freedom
enables, among other things: (1) The realization of completely new
cavity geometries. (2) The possibility to manufacture already known
concepts (e.g., spiral resonators) in smaller dimensions and at the
same time much more filigree than currently possible. (3) Finer
meshed cooling systems, which can be integrated closer to the sur-
face of the cavity’s inner walls, allowing for more efficient and stable
operation. In addition to the geometric design freedom, another
advantage of 3D printing is the ability to manufacture parts from a
combination of different materials (in the case of SLM metals) with-
out much effort. Thus, the so-called multi-material printing allows
us to use thermal, electromagnetic, or other material properties tar-
geted and locally, which leads to the following considerations: (1)
Certain sections of the geometry could be thermally decoupled by
incorporating an area of thermally poorly conducting material, such
as stainless steel (possibly as a non-dense honeycomb print). The
temperature of areas with high current density could thus be greatly
reduced to lower the thermal resistance, while the outer cavity body
would remain at room temperature. (2) In addition, only the geom-
etry parts that are thermally or electrically relevant, such as the inner
cavity surfaces, could be printed from, e.g., copper and the rest of
the cavity body from, e.g., stainless steel. Thus, for example, it would
be possible for high-frequency cavities to achieve high RF perfor-
mance due to the skin effect, while at the same time improving the
mechanical properties of the cavity body.

The examples given above are only to be seen as suggestions
for future research and must therefore first be evaluated for fea-
sibility. Nevertheless, in addition to the DTL prototype presented,
they clearly illustrate the potential of 3D printing technology for the
manufacturing of cavity structures.

V. CONCLUSION

Selective laser melting, although in some detail inferior to elec-
tron beam melting, has recently started to provide good access for
the research community through its commercial distribution. For
the first time, a drift tube linac prototype has been manufactured
with the cavity entirely 3D printed from high-purity copper using

ARTICLE scitation.orgljournal/rsi

selective laser melting. Compared to a similar structure produced
with traditional manufacturing methods and to CST simulations,
the resulting performance is only slightly reduced. At the same
time, production costs are reduced by a factor of 3 through the
use of 3D printing. It is expected that the production costs of 3D
printing may be reduced by a similar factor also for producing
such structures in series. Material consumption and printing costs
can be further reduced by recalculating the material thicknesses
of the walls under the condition of stable mechanical and electro-
magnetic performance. The cavity geometry modifications to avoid
post-processing steps (such as removal of support structures) can
also be applied to other RF cavity types (side coupled drift tube linac,
coupled-cavity linac, etc.) and dimensions. Although the DTL pro-
totype still needs to be tested at E-field strengths >3.5 ™V the results
show that 3D printing is already an alternative to conventional man-
ufacturing methods for cavity structures in many cases. For the first
time, it is now possible to print a wide variety of prototypes and
maybe even entire accelerators from high-purity copper. Together
with the high freedom in structural design, the possibilities of multi-
material printing, and the potential to drastically reduce the cost of
manufacturing, it may revolutionize the field of manufacturing RF
cavities.
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