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Abstract

Additive manufacturing ("AM" or "3D printing") has be-

come a powerful tool for rapid prototyping and manufactur-

ing of complex geometries. A 433 MHz IH-DTL cavity has

been constructed to act as a proof of concept for additive

manufacturing of linac components. In this case, the internal

drift tube structure has been produced from 1.4404 stainless

steel using AM. We present the concept of the cavity as well

as Ąrst results of vacuum testing, materials testing and low

level rf measurements. Vacuum levels suicient for linac

operation have been reached with the AM linac structure.

INTRODUCTION

Additive manufacturing (AM) of metal parts may provide

an interesting new way to manufacture accelerator compo-

nents. As technology is evolving, the quality and accuracy

of parts manufactured this way is improving. Recently, a

number of studies on the topic of AM for linear accelera-

tor components have been published [1Ű5]. Based on these

promising results, we aim to evaluate the suitability of AM

parts for direct manufacturing of normal conducting linac

structures. To that end, a reproduction of the beam pipe

vacuum tests in [2, 3] was performed [6, 7]. Motivated by

these successful preliminary experiments, a prototype cavity

with a fully printed drift tube structure was constructed. The

cavity is designed to be UHV capable and includes cooling

channels reaching into the stems of the drift tube structure

for power testing with a pulsed 30 kW rf ampliĄer.

Prototype Design and Concept

The prototype cavity was designed for a resonance fre-

quency of 433.632 MHz, which is a harmonic of the GSI

UNILAC operation frequency [8]. In combination with a

targeted proton beam energy of 1.4 MeV this scenario allows

for a compact accelerator at the limits of feasibility and is

therefore a good benchmark for the new approach. The in-

ternal drift tube structure is fully 3D printed from stainless

steel (1.4404), see Fig. 1a. Due to the lower complexity of

the cavity frame and lids, they are manufactured by CNC

milling of bulk stainless steel. Printing those parts would

not be cost eicient.

The cavity is just 22 cm wide and 26 cm high (outer walls),

with a length of 20 cm on the beamline (Ćange to Ćange). A

center frame acts as the foundation for the cavity. This 7 cm

high center frame provides the precision mount points for
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the girder-drift tube structures and end-drift tubes. While

the end-drift tubes are mounted in vacuum, the girders have

a vacuum sealing surface at the bottom. Two half shells are

mounted on the top and bottom of the center frame. The

cavity is equipped with four CF40-Flanges for vacuum, rf-

coupler and tuner, as well as metal sealed KF40 Ćanges for

the beamline and smaller ports for diagnostics. Rf simula-

tions show that the bulk of the rf losses during the operation

of this cavity is concentrated on the drift tube structure and

the cavity frame. Therefore, water channels are included in

the girders up to the drift tubes and also in the center frame.

A 3D CAD view of the full construction is shown in Fig. 1b.

(a) (b)

Figure 1: Overview of the cavity geometry and printed parts.

(a) 3D printed girder drift tube structure. (b) Cross section

of the assembled cavity model.

RF Simulations

The cavity design was optimized for a frequency of

433.632 MHz. To minimize the need for support struc-

tures during the manufacturing process, the shape of the

girder-drift tube structure was optimized to reduce over-

hang. Simulations of electromagnetic Ąelds in the cavity

were performed with the CST Microwave Studio eigen-

mode solver. From the idealized design model, the sim-

ulated dissipated power for the efective acceleration voltage

of �� � � = 1 MV is ����� = 24.82 kW. With an inner wall

length of 146 mm, this corresponds to an efective shunt

impedance of �� � � = 287.13 MΩ/m1, showing the high ef-

Ąciency of such an IH-type structure.

EXPERIMENTS

Since the Ąrst construction of the cavity in late 2020/early

2021, several experiments have been conducted to evaluate

1 The stated value in [6] was much too low, due to a typo.
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certain aspects of the cavity suitability for linac operation.

The following sections will explore the diferent experiments.

Additional information on water Ćow measurements, prelim-

inary vacuum tests and printed material properties can be

found in [6, 7].

Printed Material Properties

To assess the material properties, a printed stainless steel

pipe with KF40 Ćanges was sent to a materials testing

lab. Surface roughness was found to be in the order of

�� = 16.05 − 37.52 µm dependent on location and orienta-

tion of the measurement. Material porosity was determined

to be 0.04 % by optical analysis of material cross-sections

(see e.g., Fig. 2a,c).

(a) untreated cut (b) etched cut

(c) untreated cut (d) etched cut

Figure 2: Prepared cross sections of printed KF40 pipe

wall material (bright areas = steel). The top images show a

cross-section of the pipe wall, the bottom images show the

region around the KF 40 Ćange. Courtesy of GSI Darmstadt,

pLinac project.

Larger cavities in the material were found on the outside

of the Ćange, especially in the areas, where the Ćange ex-

tends outward from the pipe. The pipe was printed standing

upright and therefore this area was not supported by bulk

material during the printing process. Within the bulk mate-

rial of the pipe, no large cavities were found. The melt-pool

structure of the bulk material, which is caused by the manu-

facturing process, can be seen in the etched cross-sections

in Fig. 2b,d.

Full Cavity Vacuum Tests

The cavity was fully assembled in early May 2021 (see

Fig. 3). For Ąrst vacuum tests, the cavity was attached to

a turbo-molecular pump (Pfeifer HiPace80) via one of the

top CF40 Ćanges. A vacuum gauge (Pfeifer PKR261) was

used to measure and log the cavity vacuum. The cavity lids,

as well as the girder drift tube structures were sealed using

1.5 mm aluminum wire. Following the publication of [6],

where a chamber pressure of 1.19×10−6 mbar was reached,

the cavity was disassembled and some revisions to sealing

surfaces, as well as additional provisions for a dedicated

pre-vacuum system were made.

Figure 3: Top view of the cavity during Ąrst assembly with

installed drift tube structure.

New Vacuum measurements were performed in early 2022

and a pressure of 1.4×10−7 mbar was reached. This demon-

strates, that even direct vacuum sealing surfaces can be man-

ufactured with 3D printing. Of course, the surface has to

be milled Ćat after printing, as the surface roughness of a

raw printed part would not suice. At this vacuum level,

high power rf experiments are possible. Further improve-

ments of the vacuum are expected from heat treatment to

speed up outgassing. This pump-down curve from the latest

measurement is shown in Fig. 4.

Figure 4: Pumpdown curve of the fully assembled cavity

after revision and reassembly in 2022. Peak at 20 h corre-

sponds to opening of the dedicated pre-vacuum valve.

Polishing and Copper Plating

The initial batch of AM IH-structures has been polished in

a slide grinding machine. The results are promising, however

for the current geometry there are some areas that cannot

be reached by the granule particles as well as the Ćat sides.

Consequently, a new geometry is currently being designed

to mitigate these issues. Following the surface polishing,

the structures have been copper plated with an approximate
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Figure 5: First iteration of AM stainless-steel IH-structures after polishing and galvanic copper-plating.

layer thickness of 50 µm. Optical inspection shows a very

clean result of the copper plating (see Fig. 5). Vacuum and

rf tests with the copper plated components are planned to
assess the quality of the copper layer.

Low-Level RF Tests

Table 1: Comparison of RF Simulation and Measurement

Parameter Simulation Measurement

���� 433.445 MHz 433.524 MHz

�0 (steel) 1321 1132

�0 (copper) 8715 -

�� � � (copper) 241.2 MΩ/m -

Low-level rf measurements were performed with a net-

work analyzer to conĄrm the frequency and Q-factor of

the cavity without any copper plating. For comparison,

CST simulations were performed with the Ąnal design CAD

geometry of the components, to get as close to the manu-

factured cavity as possible. Simulations were performed

with an electrical conductivity of ��� = 5.8 × 10
7

S/m and

�1.4404 = 1.3 × 10
6

S/m for copper and stainless steel re-

spectively.

Table 1 compares the simulation results with the per-

formed measurements. At critical coupling, the measured

resonance frequency is only 79 kHz higher than simu-

lated. The measured unloaded quality factor of the cavity

�0 = 1132 is also reasonably close to the simulated value of

�0 = 1321 for stainless steel. Calculating the quality factor

for stainless steel relies on the actual conductivity value of

the steel used during manufacturing an can therefore only

be approximated based on spec-sheets.

NEXT STEPS

Next up are low-level rf measurements with the printed

copper plated IH-structures. After these measurements, the

cavity lids and center frames will also be copper plated soon.

Finally, the structure will be tested at full power with a 30 kW

pulsed rf ampliĄer.

Girder Design Improvements

A Ąrst design improvement was done in late 2021 by

the inclusion of a dedicated pre-vacuum system. Currently,

the overall shape of the girder-drift tube structures is being

improved to achieve several goals:

• improved printing performance,

• improved polishing results,

• rf performance improvements.

A Ąrst draft of this improved geometry is shown in Fig. 6.

The smooth transitions improve the polishing performance,

as well as reduce peak Ąelds during copper plating and op-

eration. A set of the improved structures will be printed

soon.

Figure 6: Improved geometry for the AM IH-structure.

CONCLUSION

Most recent vacuum tests showed, that a cavity pressure

of 1.4×10−7 mbar could be reached without issue. First low-

level rf measurements conĄrmed the operating frequency

and also showed good agreement for the stainless-steel Q-

factor of the cavity. Overall, the current results show promise

for the reality of 3D printed linacs in the near future. The

project aims to further investigate the pros and cons of this

technology.
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