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Abstract: Additive manufacturing is a versatile technique that shows promise in providing quick
and dynamic manufacturing for complex engineering problems. Research has been ongoing into
the use of additive manufacturing for potential applications in radiofrequency (RF) component
technologies. Here, we present a method for developing an effective prototype load produced from
316L stainless steel on a direct metal laser sintering machine. The model was tested using simulation
software to verify the validity of the design. The load structure was manufactured by an online digital
manufacturing company, showing the viability of using easily accessible tools to manufacture RF
structures. The produced load was able to produce an S11 value of −22.8 dB at a C-band frequency of
5.712 GHz while under a vacuum. In a high-power test, the load was able to terminate a peak power
of 8.1 MW. The discussion includes future applications of the present method and how it will help to
improve the implementation of future accelerator concepts.

Keywords: direct metal laser sintering; RF load; C band

1. Introduction

Advances in additive manufacturing (AM) techniques have led to increased research
efforts into their applicability to various engineering challenges and wider adoption within
industry. Of particular interest is the ability to use AM technology to simplify the manufac-
turing process of typically complex parts. This can be exemplified through the research
being performed in the aerospace, automotive, and biomedical industries [1]. Research is
also being performed to develop engineered solutions for RF components, especially those
that require complex geometries such as in the development of terahertz RF structures [2]
and X-band klystron and terminating load structures [3,4].

We continued this research by investigating the application of AM techniques for the
creation of a C-band load. A background is given on how additive manufacturing works
and what design constraints it adds. The motivation for the study included the potential
future applications that will require the rapid development of complex high-power loads. A
methodology is outlined describing how the simulations and solid models were developed.
The results of these simulations along with the results from the tests of the realized spiral
load (shown in Figure 1) are shown and discussed.

1.1. Background

The process of additive manufacturing can be simplified to the core functionality of
laying, binding, or solidifying the layers of a given material on top of one another until a
programmed design is produced. This process can be realized through various different
mechanical methods, depending mainly on the material chosen. The common AM materials
include polymers, ceramics, metals, and composite materials. Within the realm of metal
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additive manufacturing (MAM), there are two main methods utilized for realizing MAM
parts: direct energy deposit (DED) and powder bed fusion (PBF).

Figure 1. Labeled image of printed spiral load, with interior structure shown in insert.

The use of both of these processes is popular, especially in the aerospace industry,
which accounts for over 18% of the AM industrial applications [1]. Aerospace applications
of AM have been of particular interest to researchers as there is overlap between various
other applications within the aerospace industry. PBF processes are typically used for
more complex geometries, whereas DED is used for generating lightweight structures
and performing repairs on existing components [5]. PBF processes have also been uti-
lized to produce lightweight antennas for small satellites, showing the overlap between
aerospace and research [6]. To understand how these processes can be used to generate RF
components, the DED and PBF methods must be understood.

Direct energy deposition utilizes a wire or powder feeder that allows for the stock
to be melted by an energy source as the material is extruded. The energy source can be
a laser, arc-welder, or electron beam, depending on the implementation chosen [7]. This
method results in relatively cheap and quickly produced parts but has the limitations of
low resolution and poor layer adhesion. The low resolution also inherently limits the
complexity of the parts that are possible to produce [1].

Powder bed fusion, specifically a variety of the method known as direct metal laser
sintering (DMLS), operates by utilizing a laser to sinter metal rather than using a laser to
melt particles together that typically have a single melt temperature or are covered in a
polymer binder [8]. The typical DMLS machine operates by first raising the feeder bed
so that a recoater blade can push the upper layer of the metal particles to coat the build
platform. Any excess powder that does not cover the build plate are pushed into an excess
bin on the opposite side of the build plate from the feeder bin. A laser then sinters the
particles together in the desired pattern for the given layer. The build plate then lowers,
another layer of particles is coated on top of the last layer, and the process repeats until
the part is finalized [9]. Figure 2 shows how these components are typically laid out. The
lack of the binding polymer necessary for other powder bed fusion methods also allows
for higher-resolution parts to be created [1]. Two of the major drawbacks of the DMLS
method are that its cost is higher and its print times are longer compared with those of
other methods [10].
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Figure 2. Diagram showing the common components of a DMLS machine.

During the design phase, considerations are made with regard to the general limi-
tations of current DMLS technologies and how AM processes affect the printed design.
A factor driving the solid model design due to the AM process is the issue of internal
support materials. Internal support material may be added in the event an internal cavity
has an excessive overhang due to the layer-by-layer nature of AM [11]. Unlike external
support material, internal supports are impractical if not impossible to remove once they
are printed, causing unexpected performance compared with simulations.

While limitations with DMLS exist, these limitations are reflected in most of the other
forms of additive manufacturing. DMLS also provides many advantages, as previously
mentioned, that favor its use over others methods such as DED. These advantages have led
to PBF methods being more commercially prevalent than DED methods, making it easier
to find companies that provide AM services via PBF methods [12]. Furthermore, these
identified drawbacks have been mitigated through implementable design principles.

1.2. Motivation

Previous research has been performed on the use of AM to develop components
for accelerator concepts. Of particular interest have been interim reports from research
performed by CERN demonstrating the way in which different materials and designs
affect the performance of AM X-band load structures. This research showed promising
results within the X-band range, with simulations showing the optimized waveguide
geometry in Ti-6Al-4V being−39.07 dB in the S11 at a frequency of 11.9942 GHz [4]. Several
variations of the design have been produced using different metals such as Ti-6Al-4V and
316L stainless steel. Of the eight models produced in preliminary findings, two of them
were manufactured with 316L stainless steel and performed around −20 dB in the S11
at 11.9942 GHz [13]. These results showed the potential for further development in the
utilization of this method for use within future collider and accelerator concepts.

The Cool Copper Collider (C3) is a proposed lepton-collider Higgs factory [14,15]
which has a planned center C-band frequency of 5.712 GHz [16]. By using C band instead
of the more traditional S and UHF bands seen in many high energy colliders currently, it
greatly reduces the necessary size to obtain TeV-scale accelerators [17]. By utilizing additive
manufacturing in the production process, it will allow for rapid and flexible manufacturing
of the large number of terminating loads that will be necessary for such a collider.

Proto Labs Inc., Maple Plain, MN, USA, a third-party prototype manufacturing com-
pany, was used for the fabrication of the MAM parts of the load to demonstrate the
practicality of using standard manufacturing pipelines for the creation of high-power RF
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components. As DMLS machines are expensive to procure and require additional time
and money for maintenance, using a third-party company with DMLS as part of their
standard offerings greatly reduced the barrier to entry for the research performed. The
company specifies that they are able to provide a resolution of 30 microns with tolerances
of 0.076 mm ± 1% of the nominal length [9]. Proto Labs is able to ensure the quality of the
parts produced by performing standard heat treatment per ASTM 3301 and testing sample
mechanical properties and density per ASTM E8 and B311 standards, respectively [18].

2. Methodology

The design for the load structure was based on the limitations of the chosen manufac-
turing method and two main design principles. DMLS is a flexible process, but is mainly
limited by the necessity of support material and the size of the build platform. These
limitations had to be considered throughout the design process. The first design principle
that was implemented was designing the entire assembly to be produced on a standard
DMLS machine. This limited the necessity to consider components that might complicate
the design through interfacing between additive and traditionally machined components.
The second design principle was ensuring that the designed load was broadband. This
meant that there would be no resonant structures, which typically require more precise
control of the surface imperfections.

All simulations were performed using Ansys High-Frequency Structure Simulator
(HFSS) software 2022 R1. Simulations were performed to observe the effects of the change
in each major component of the design (taper, spiral, pump-out hardware) on the overall
performance. Initial designs were based off of those conducted in the X-band [4] and
modified to better match the frequency range of the C band. The goal of these models
was to achieve an S11 value of −20 dB or lower at 5.712 GHz with a wide bandwidth.
The bandwidth was necessary to avoid problems due to the manufacturing and tuning
of the structure. The initial model generated was a straight-line, nonstandard waveguide
without any taper to a standard WR-187 waveguide. This was selected to ensure that the
nonstandard waveguide model allowed for broadband transmission of an arbitrary signal
around the C-band range.

Tapers were used to transition from the standard WR-187 waveport to the nonstandard
waveguide. Two different tapers were tested in the height dimension: a linear taper and
a sinusoidal taper. A simple linear expansion from the narrower port width to the wider
waveguide width was designed. Equation (1) defines the sinusoidal profile using the given
variables from Table 1 to show both the linear and sinusoidal taper in Figure 3a.

Table 1. Definitions of variables labeled in Figure 3a.

Variable Name Symbol Value (mm)

Port Width wwr 47.55
Port Height hwr 22.15

Waveguide Width wwg 60
Waveguide Height hwg 2

Taper Length lt 400
Waveguide Length lwg 7000

x(z) =
hwr + hwg

2
+

hwr − hwg

2
cos(

π

lt
z) , z ∈ (0, lt) (1)

Once the models for the straight waveguide without any taper and the two with
the linear and sinusoidal tapers were developed, models for their spiraled versions were
generated. The straight portion of the waveguide was modeled with sweeping a rectangular
face along a line defined by (2). Following the spiral equation of the straight waveguide,
equations were developed for the two taper versions. The interior face of each taper was
curved around the inner spirals along the line defined by (2) to match the straight models.
The outer faces of the tapers were separately defined to maintain similar behavior to the
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straight-line model. Equation (4) shows the modified version of the linear taper in the
spiral form, and (6) shows the modified version of (1) in the spiral form.{

x(t) = (R + αt) sin(2πt)
y(t) = (R + αt) cos(2πt)

t ∈ (0, tl) (2)

α = hwg + g (3)

{
x(t) = (R + hwg + (α + β)t) sin(2πt)
y(t) = (R + hwg + (α + β)t) cos(2πt)

t ∈ (0, tt) (4)

β =
hwr − hwg

tt
(5)

{
x(t) = (R + hwg + κ(t) t

tt
) sin(2πt)

y(t) = (R + hwg + κ(t) t
tt
) cos(2πt)

t ∈ (0, tt) (6)

κ(t) =
(

hwg − hwr

2

)
cos
(

π
t
tt

)
+

hwg

4
+

hwr

2
+ gtt (7)

Equations (4)–(7) define the x and y coordinates that define the lines at z(t) = 0, but we
must add (8) to add the width taper to the sinusoidal and linear height taper

z(t) =
wwg

2
−
(

wwg − wwr

2tt

)
t. (8)

Figure 3b shows how the various parameters of the spiral waveguide model were
defined within HFSS. These values were modified slightly throughout the initial simulation
runs to optimize the load performance. Table 2, wwg, and hwg from Table 1 define the
parameters that were found to balance performance and printability of the spiral load
structure.

(a) Straight line model. (b) Spiral model.

Figure 3. Diagrams of initial models used for simulations. The variables used to define the dimensions
labeled can be found in Tables 1 and 2.
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Table 2. Definitions of variables labeled in Figure 3b.

Variable Name Symbol Value Units

Gap g 1.5 mm
Initial Radius R 20 mm
No. of Turns tl 19.5 rev

Taper Turn Length tt 0.75 rev

The last development step of the model was to add the pump-out hardware into the
vacuum space model. This was an important step as it allowed the results of the simulation
to more closely match the real-world performance of the load. It also had to accommodate
the need to remove powder from the interior of the load after the printing process. The
model shown in Figure 4 includes the pump-out volume and WR-187 extension so that
there was room for a flange to be added. The design shown also minimizes the inherent
reflections caused by the slits and allows for the model to be split in two so that the final
printed model is rendered in two halves. This allows for issues related to internal support
material and powder removal to be mitigated.

Figure 4. Final spiral load vacuum model and pump-out slits within HFSS simulation software.

3. Results
3.1. Simulation Results

Using the straight waveguide model without any taper to a WR-187 port, it was then
possible to compare the performance of the two different taper designs and dimensions
described in the Methodology section. The addition of these tapers to the model and its
comparison to the simulation run without the taper are shown in Figure 5a. This plot
shows that there was very little difference between the two taper designs in the straight
load model. It showed slightly worse performance in the S11 data when the taper was
added when observing the changes at the desired center frequency of the load. This was
expected to occur and could be explained by the additional reflections caused by the taper
geometries. This was mainly due to the impedance mismatch from one side to another. It
required further investigation into the potential effects that the tapers would have once
the model was moved from a straight model to a spiral model to make a determination on
what taper to utilize in the design.

Adding the effect of the spiral load led to the ability to differentiate the effects of the
sinusoidal taper and the linear taper. Figure 5b shows a plot of these differences. The
sinusoidal taper produced an S11 value of −21.7 dB at the desired frequency of 5.712 GHz.
It performed better than the linear taper method (−19.5 dB) and similar to if had there been
no taper method utilized (−21.9 dB). For these reasons, it was decided to move on with the
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sinusoidal taper method in future simulation models as it showed better performance than
the linear taper in the S11 plot.

(a) Straight model with various tapers (b) Spiral model with various taper methods

(c) Pump-out included

Figure 5. Plots of the S11 values generated by comparing the results of various simulated models.

Following the use of the spiral load model, the final pump-out model with all of the
additional vacuum space designed for pump-out could be simulated. This was performed
to show the potential effects of the additional pump-out model on the reflections. This
difference between the non-pump-out spiral model and the model that added the pump-
out hardware can be seen in Figure 5c. The plot shows a slight variation in the S11 data
across the frequency sweep. At the desired frequency of 5.712 GHz, the plots show a close
match, with the pump-out model showing an S11 value of −21.2 dB and the model without
showing a response of −21.7 dB. This shows that the designed pump-out does not have a
significant negative impact to the performance of the spiral load.

3.2. Printed Model Results

Before the welding of the two halves of the spiral load, a cold test was performed for
initial validations of the simulations and to verify that there were no unexpected results
due to the printing process. The data for all of the cold tests were recorded on an Agilent
N5241A vector network analyzer (VNA), which was calibrated using the thru, line, reflect
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(TLR) calibration method. The initial cold test was performed by inserting the alignment
pins and clamping the two halves of the spiral load together. The spiral load was then
connected to the VNA, a photograph of which can be seen in Figure 6a. The results from
this initial cold test, before any welding or machining occurred, can be seen in Figure 7a.

(a) Initial preweld setup (b) Vacuum setup
Figure 6. Images showing the setup of the spiral load under various conditions.

These results were promising, with the initial cold test showing that at a frequency of
5.712 GHz, the load was able to perform much better than expected according to simulations
with an S11 value of −38.7 dB. This result at the specific frequency was due to the fringing
response being shifted, and the overall power absorption was more consistent with the
simulations. Following the initial cold test, the two halves were welded together, and
the instrumentation flange was kept to perform further tests on the load. Welding the
two halves together had a significant effect on the S11 curve, as shown in Figure 7b. This
resulted in an S11 value of −26.8 dB. While this was a significant difference at the specific
frequency, the overall power absorption across the spectrum was consistent.

So that the same printed load was used throughout all tests performed, the spiral
load underwent a process of removing the instrumentation flange, and high-vacuum
interfaces were added. Following this process, the spiral load was cold tested again under
atmospheric conditions to see if there was any shift in the response due to the additional
welding and brazing processes. Figure 7c shows the plot that resulted from this process
under atmospheric conditions. It can be seen that at the center frequency of 5.712 GHz,
the S11 value shifted up slightly from that of the previous cold test to a value of −25.1 dB.
The load was then attached to a vacuum pump, and an RF window was used to test the
response while under vacuum conditions. A photograph of the bench setup is shown in
Figure 6b, and the results of the test are shown in Figure 7d. Adding the RF window and
pumping the spiral load down to vacuum decreased the performance slightly to an S11
value of −22.8 dB at the center frequency of 5.712 GHz.

The spiral load was sent to Radiabeam following all of the cold tests performed at
SLAC to observe how the spiral load would perform while under high-power loading. The
load was first conditioned to prevent breakdown and damage to the spiral load structure.
Conditioning began with a 200 ns pulse width at 47 kW of power, with a repetition rate of 1
Hz. The power and repetition rate were then gradually stepped up to a rate of 20 Hz and
maximum power of 8 MW. The pulse width was then increased once the load had been
conditioned at the 200 ns pulse width to a pulse width of 400, 700, and finally 1000 ns. Once
the load had been conditioned, the load was able to terminate a peak power of 8.1 MW
with a repetition rate of 20 Hz when the pulse width was set to 700 ns. Figure 8 shows the
forward and reflected signal from the load during testing.
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(a) Initial cold test. (b) Post-weld.

(c) Vacuum hardware added, under atmospheric conditions. (d) Vacuum hardware added, under vacuum.

Figure 7. Measured S11 values of the realized load structure while under various stages of devel-
opment and atmospheric conditions. Figure 7d has a smaller bandwidth of attenuation due to the
limited bandwidth of the RF window used during testing.

Figure 8. Screen capture of oscilloscope during testing with 8.1 MW power input at a 20 Hz repetition
rate and 700 ns pulse width.

During the high-power testing, the vacuum was able to stay stable at 3× 10−7 Torr
when under a pulse width of 400 ns. The temperature of the spiral load, as measured with
a thermocouple attached to the exterior of the load, showed an increase from 22.8 ◦C to
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27.9 ◦C over the testing period. When the load was tested with the 1000 ns pulse width,
heating increased significantly. A peak temperature of 43.5 ◦C was present on the exterior
of the load, and the vacuum increased from nominal at 3× 10−7 Torr to 1.3× 10−6 Torr,
causing testing at the 1000 ns pulse width to be paused. As the load was only passively
cooled by the ambient atmosphere, a cooling fan was added and assisted in bringing down
the peak temperatures to 34.9 ◦C and stabilized the pressure to 5.6× 10−7 Torr.

4. Discussion

The results show the feasibility of utilizing additive manufacturing to produce high-
power C-band load structures. Using simulations in the initial development of the spiral
load assisted with the development of an operational solution. Two of the concerns in
using simulations when compared with the manufactured model are the effect of slight
misalignment (<0.1 mm) of the two halves and the exact location and height of the surface
roughness. The slight misalignment was due to slightly different shrinkage rates seen in the
two halves, leading to a discontinuity in the sidewalls. The surface roughness of the interior
of the load was able to be approximately, simulated but some of the regions of the load
had a rougher surface than others, dependent on the angle that it was placed at within the
DMLS machine. While these issues were present, it is understood that they had a neutral
effect in the case of misalignment and a positive effect in the case of surface roughness.

Previous research on the use of AM to produce waveguides in the 50–110 GHz range
of the RF spectrum demonstrated that the surface roughness decreases the transmission co-
efficient from smooth-wall simulations, with ∼0.2–1 dB of additional loss measured [19,20].
These studies also showed further similarity in overall results, showing that the exact
DMLS machine used has little effect on the RF performance of the produced parts. In
the study by Verploegh et al. [19], a 10 cm long waveguide produced with AlSi10Mg
powder showed a S21 transmission coefficient around 2 dB (∼−0.2 dB/cm). Similarly,
Manafi et al. [20] utilized Proto Labs to produce double-ridge waveguides and found that
the waveguides produced with aluminum powder resulted in an S21 transmission coeffi-
cient of ∼−0.25 dB/cm. More general research also supports the reliability of being able
to produce components with similar surface qualities across various machines, assuming
similar settings and powder are used [21].

While the load was able to terminate a peak power of 8.1 MW, testing on the load had to
be stopped due to concerns over the stability of the vacuum pressure and the temperature
on the external surface of the load. The increase in heat on the exterior following the
finishing of testing suggested that there was a fairly significant amount of heat being
produced on the interior walls of the spiral load, especially in the outer turns. This signifies
that much of the power loss is concentrated in the first two or three turns of the spiral
load. While it is known that the additional turns increased the overall performance, this
concentration in surface loss led to uneven heating in the load and a reduction in the
longevity of the performance of the load as vacuum pressure suffered. Future iterations
of this design will need to include an integrated cooling system, an optimized waveguide
shape to even out the surface loss concentrations, or both. These additions would allow for
higher powers to be terminated, thus expanding the ability to use such processes.

This study shows the feasibility of the use of additive manufacturing techniques for the
development of C-band load structures. The ability for additive manufacturing processes
to adapt easily to the design needs of the finalized structure allows greater flexibility in the
manufacturing process. The basic spiral load having proved the ability to perform at high
powers allows for the advancement and further optimization for the specific applications
of the load. The results show promise for the future use of this technique in the C3 concept.
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