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Abstract

Additive Manufacturing (AM) has the potential to in-
crease the performance of radio frequency (rf) cavity res-
onators while cutting manufacturing costs. To leverage this
potential, AM processes and potentially post-processing
techniques must be tailored to cavity requirements. Ad-
ditionally, conventional manufacturing’s quality assurance
methods must adapt to the AM case requiring numerous stud-
ies on additively manufactured test bodies. We introduce a
compact rf cavity design, enabling cost-effective and precise
studies of the surface conductivity of test bodies. The test
body is mounted on a dielectric holder inside a cylindrical
rf cavity made of aluminum. The geometry of the test body
corresponds to a rod which allows simple and cost-effective
production, post-processing and evaluation. The test body’s
surface conductivity is extracted from a measurement of the
quality factor (Qg) of the cavity. Depending on the geometry
of the test body, Qg values of over 10,000 can be achieved
for copper test bodies. Thereby, the test body is responsible
for up to two-thirds of the total cavity loss. Studies will be
presented demonstrating the precision of surface conduc-
tivity determination via Q-measurement and the impact of
uncertainties in test body position and geometry

INTRODUCTION

Conventional manufacturing of RF cavity resonators is ex-
pensive and design constraints limit performance [1,2]. Stud-
ies show that additive manufacturing (AM), especially Laser
Powder Bed Fusion (L-PBF), have the potential to produce
higher-performing cavities at lower costs [3—11]. For exam-
ple, optimized cooling channels can improve cooling effi-
ciency. However, after printing, AM cavities show higher sur-
face roughness than conventionally manufactured ones, de-
creasing surface conductivity (os). Current post-processing
techniques aim to reduce this roughness to achieve desired
quality factors (Qop) [8, 11]. Nevertheless, predicting the
surface roughness-og relationship remains challenging, ne-
cessitating direct 0y measurements on whole AM cavities
or cavities with AM manufactured complex internal geome-
tries [3,4, 8].

These geometries are time-consuming and expensive to
produce. Moreover, these complex geometries make it dif-
ficult to compare different post-processing methods and to
characterize the part’s surface. We propose a test cavity setup
for rapid, precise os evaluation on simple test bodies. The
symmetrical geometry of the test bodies allows uniform post-
processing and straightforward roughness analysis. Hence,
this setup enables an efficient comparison of post-processing
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Figure 1: Test cavity a) mounted and connected to the VNA
and b) in individual parts

methods and an optimization of the RF cavity manufacturing

process without the need for complex and costly geometries.

A cost-effective and uniform generation of an empirical data
set can be achieved for the development of a Roughness-Qg
methodology.

MATERIALS AND METHODS

The test cavity setup is shown in Fig. la. Two bolted
aluminum half-shells form the actual cavity. Each half-shell
is equipped with an SMA connector for coupling of the rf
signal. The disassembled test cavity is shown in Fig. 1b. The
test body, mounted on a holder made of PTFE, is located in
the center of the test cavity. In this study, three test bodies
are examined: one made of oxygen-free copper annealed
for 3 hours at 530 °C, one made of oxygen-free copper that
was not annealed, and one additively manufactured from
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Figure 2: S;; simulated with CST and measured with the
VNA in the range of 2.5 GHz to 4.5 GHz.

AlSijpMg in the as-printed condition. Hereinafter referred
to as AOFC, OFC and ASM.

Qy is determined using a vector network analyzer (VNA)
through a S;; measurement under weak coupling conditions
(B << 1). The simulations were conducted using the 3D EM
software CST Studio Suite (CST), employing the frequency
domain solver. The surface conductivity of the test body is

given by
o
s == ey
> nfu

where f is the rf frequency, u is the magnetic permeability,
and o is the electrical bulk conductivity of the test body
(e.g., 58 MS/m for annealed copper). For f =2.73 GHz as
simulated for the TMy;9 mode, os corresponds to approx.
2320 S. The aluminum halves were screwed together with a
torque of 5 Nm for each measurement. In the longitudinal
direction, the test body position was aligned using calipers.

RESULTS

Figure 2 shows the signal transmitted through the cavity
from Port 1 to Port 2 (S;1) as a function of the excitation
frequency f for the AOFC test body (o of 58 MS/m). The
VNA measurement and the CST simulation are plotted in
orange and blue, respectively. The Qg of the TMg19, TMo11
and TMy;, mode simulated with CST are 11700, 12517, and
11302, respectively. The corresponding Q¢-values measured
with the VNA are 10830 + 30, 11200 + 30, and 10300 + 30.
The measured Qg values are therefore between 7 % and
10 % lower than simulated. For the TMy;o mode, the empty
cavity (without holder and test body) shows a simulated and
measured Qg of 14100 and 12800 + 30, respectively. Figure
3 shows the simulated resonance curves of the cavity modes
with test body in detail. In addition, the orange line shows
the resonance curves for a 50 % reduced o of 29 MS/m
simulated with CST, resulting in a reduction of the Q¢ of
the individual modes by 10 %, 1 %, and 2 %.
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Figure 3: Resonance curves of the TMy;9, TMg11 and TMy;»
modes simulated with CST in detail. In blue and orange for
o =58 MS/m and o = 29 MS/m, respectively.
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Figure 4: Q¢ of the TMy;9 mode in dependence of the test
body’s os. Simulated values marked with blue and asso-
ciated fit curve in red. In orange, the measured Qg for the
annealed AOFC test body.

The dependence of TMy;9 mode’s Qg on s is shown
in Fig. 4. The blue data points represent the relationship
simulated with CST. The measured Qg for the TMg;¢9 mode
with the AFCO test body is shown in orange. The fit function
for the simulated values corresponds to

Qo = —0.00061246 - 0% +6.193 - o5 +341.9,  (2)

and is shown in red.

Figure 5 shows how Qg of the TMy;¢p mode responds to a
deviation (A) of the longitudinal positioning (Ax), the diame-
ter (Ad) or the length (Al) of the test body, respectively. The
dashed blue line represent the measurements for different
longitudinal test body positions (Ax). A Ax of 1 mm reduces
Qo by approx. 0.5 %. A Ad and Al of 0.4 mm results in a
Qp reduction of approx. 2.0 % and 0.8 %, respectively.

Figure 6 shows the measured Sy; as a function of f around
the TMg;0 mode for the AOFC test body, the OFC test body,
and the ASM test body. The measured Q¢ values for these
test bodies are 10830 + 30, 9320 + 30 and 6190 =+ 30 respec-
tively.
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Figure 5: Impact of deviation (A) in longitudinal positioning
(Ax), diameter (Ad) and length (Al) of the test body on Qg
of the TMy;9 mode.
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Figure 6: S»; measured arround the TM(;¢p mode for the
ASM, OFC and AOFC test body, respectively.

DISCUSSION

As seen in Fig. 3, the measured TMyj9, TMy;1, and TMy;2
modes are clearly identifiable and well-separated from each
other. The CST simulation with reduced o identifies the
TMyp19 mode as most suitable for the measurements, as it’s
Oy is most sensitive to os-changes.

The fit function giving the dependence of Qg on the sur-
face conductivity os (see Fig. 4) is used to derive the o5 of
other test bodies. However, the measured Q( of the TMyo
mode is reduced by 8 % to 10 % compared to the simulated
Qo. This reduction between simulation and measurement
applies as well to the empty cavity. We are therefore of the
opinion that the loss in Q¢ can be attributed to the contact
resistance, surface roughness and the alloy composition of
the aluminum cavity halves. To derive the unknown os of
other test bodies, we decided to adjust the fit function to:

Qo = —0.00061246 - 0'§ +6.193-05-500, (3)
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which corresponds to the measured Q¢ for the TMy;9 mode
for the AOFC (cf. Fig. 4) or a reduction of the ordinate
intercept by approximately 7 %o.

Figure 3 shows that the test body can be positioned with
an accuracy of less than 0.25 mm in longitudinal direction,
resulting in a relative uncertainty of at most 0.1 % in Q.
Relative changes of the test body diameter or longitudinal
dimension have a higher impact as Qy compared to relative
changes in positioning. Therefore it is important to consider
that each post-processing method results in some material
removal. Previous studies indicate that up to 300 um must be
removed from AM cavities to achieve the desired Qg [8,9].
This could result in a Q¢ uncertainty of approx. 3 %.

However, [7] showed that the expected material removal
can be anticipated, achieving geometric accuracy of up to
10 pum, and therefore a Qg uncertainty of less than 0.3 %.
The influence of larger geometric deviations can always
be estimated by measuring the test body and subsequently
adapting the fit function with CST simulated results. The
error in Qg measurement due to the VNA is estimated to be
+30 (approx. 0.3 %). Therefore, we assume that the com-
bined measurement uncertainty from positioning accuracy,
geometric deviation and VNA is

V0.1%2 +0.3%2 + 0.3%2 + 0.3%?2 ~ 0.6% . “)

For the two measured Q values of the test bodies OFC,
and ASM (see Fig. 6), the fit function and error estima-
tion yield surface conductivities os of (1969 + 12) S, and
(1230 + 8) S, respectively. This corresponds to bulk conduc-
tivity o of (40.18 £0.49) MS/m and (15.68 +0.20) MS/m.
Since the setup was calibrated with AOFC, its os matches
the literature value. The reduction in og of OFC compared
to AOFC corresponds to approx. 15 %. The ASM shows a
reduction of approx. 47 % compared to the AOFC. However,
especially for AM samples, a precise analysis of the test ob-
jects is necessary for a quantitative evaluation. For example,
density variations during printing can lead to a reduction
in o. The high surface roughness resulting with AM and
potential chemical impurities further influence og [8,9, 12].

CONCLUSION

The presented test cavity setup allows for evaluating the
surface conductivity o of a test body with a measurement
uncertainty of under 1 % without the need for costly and
complex test cavities or other geometries. Instead, the sym-
metrical geometry of the test body ensures uniform post-
processing and simplifies the analysis of surface roughness.
Compared to other setups for similar tasks, such as 1/4 res-
onators [13], the test body has no electrical connection to the
cavity, eliminating any measurement uncertainty that could
arise from the quality of such a connection. Therefore, the
test cavity setup enables an easy and qualitative comparison
of different post-processing methods and the acquisition of
an empirical dataset for a Roughness-Qg model.
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