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Abstract: One of the main characteristics of the Goubau line is that it supports a low-loss, non-
radiated surface wave guided by a dielectric-coated metal wire. The dominant mode of the surface
wave along the Goubau line is a TM01 mode, which resembles the pattern of the electromagnetic
fields induced in themetallic beampipewhen the charged particle beampasses through it. Therefore,
the Goubau line can be used for the preliminary bench test and performance optimization of the
beam diagnostic instruments without requiring charged particle beams from the accelerators. In this
paper, we discuss the basic properties of the Goubau line for testing beam diagnostic instruments and
present the initial test results for button-type beam position monitors (BPMs). The experimental
results are consistent with the theoretical estimations, which indicates that Goubau line allows
effective testing of beam diagnostic equipment.
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1 Introduction

In the 19th century, a variety of transmission lines to propagate electromagnetic surface wave had
been investigated to enhance the transmission performance [1–3]. In particular, Sommerfeld’s
single wire line [4] which is a cylindrical transmission line with finite conductivity, features an
electromagnetic surface wave travelling with low loss along the long propagation length. In order to
excite the surfacewave on thewire and propagate it to the receiver, a surfacewave launcher is needed.
However, the radial surface wave component generated on the Sommerfeld line extends very far
from the conductor. Therefore, the launcher for the surface wave excitation should be extremely
large [5]. In order to overcome this disadvantage, Goubau [6] gave a solution for minimizing the
field extension using a dielectric coating on the single conductor. Thus, the surface wave launcher
became significantly smaller compared to the Sommerfeld line, and low-loss propagation over long
distances was made possible [7, 8].

We note that one of the characteristic features of the surface wave generated along the Goubau
line is that the dominant mode of the surface wave is TM01 mode [9]. This mode is similar to the
field pattern radiated by the charged particle beam inside the beam pipe. Hence, the electromagnetic
surface wave travelling along the Goubau line can be used for emulating the signal from the charged
particle beam. Therefore, it is expected that the Goubau line can be applied to test beam diagnostic
instruments without requiring real particle beams from the accelerators. In addition, the operation
frequency of the Goubau line is up to several GHz. In other words, the Goubau line can cover
the GHz regime which cannot be easily achieved by simple single-wire setup due to impedance
mismatching problems.

There have been several demonstrations for the usefulness of the Goubau line for testing
beam diagnostic instruments. Characterizations of BPMs and current transformers have been
performed by Thomas Jefferson National Accelerator Facility and Bergoz Instrumentation [10, 11]
Also, a coupling impedance measurement has been reported in refs. [12, 13]. In addition to the
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applications using the Goubau line, fundamental characteristics of the Goubau line have been
investigated at Bergoz Instrumentation [14]. However, the detailed description of Goubau line
characteristics for testing beam diagnostic instruments has been somewhat limited. In this paper,
we present the fundamental characteristics of the Goubau line system such as S-parameters and
signal generation along the Goubau line, and look into the possibility of its application for testing
various beam diagnostic instruments such as beam position monitor, beam phase probe, and beam
charge/current monitor.

2 Theoretical backgrounds

Figure 1. Schematic viewof theGoubau line system including surfacewave launchers and coaxial cable ports.

The Goubau line is made of a single dielectric coated conductor as shown in figure 1, where
inner radius of the conductor and outer radius of the dielectric are denoted as a and b, conductivity
of the conductor wire is σc, and relative permittivities for each layer of air, dielectric, and conductor
are εa, εd, and εc, respectively. In the followings, Collin’s description of the surface wave will be
briefly summarized [15].

In order to get the surfacewave solutions from theMaxwell’s equations, some special conditions
are needed. From Stratton [16], it is shown that the fundamental TE mode and higher modes along
the wire are negligible because those modes rapidly decrease within short distances from the
center of the wire. Therefore, we can use the assumption that there is an azimuthal symmetry
(i.e., ∂/∂θ → 0) [17]. In the cylindrical coordinates, electromagnetic field equations from the
Maxwell’s equations can be expressed as eqs. (2.1), where φ is a radial function, k0 = ω

√
µ0ε0,

and k2
a = k2

0 − β
2 in the air region r > b and k2

a = εdk2
0 − β

2 in the dielectric region a < r < b,
respectively.

Ez = φ(r)e−j(βz−ωt). (2.1a)

Er = −
jβ
k2
a

dφ
dr

e−j(βz−ωt). (2.1b)

Hφ = −
jωε
k2
a

dφ
dr

e−j(βz−ωt). (2.1c)

d2φ

dr2 +
1
r

dφ
dr
+ k2

aφ = 0. (2.1d)
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The general solutions of eq. (2.1) can be obtained by zeroth-order Bessel functions. In the air
region φ can be solved by a modified Bessel function of the second kind. On the other hand, in the
dielectric region, φ is a linear combination of Bessel functions of the first and second kinds.

φ = BJ0(hr) + CY0(hr), a < r < b. (2.2a)
φ = AK0(pr), r > b. (2.2b)

where p =
√
β2 − k2

0 , h =
√
εdk2

0 − β
2, and A, B, and C are some coefficients. Using boundary

condition of Ez = 0 at r = a to make the function φ to be zero, the coefficient C is then

C = −
BJ0(ah)
Y0(ah)

. (2.3)

Also from the boundary condition, Ez/Hφ must be continuous at the interface between the air
and dielectric regions. (

Ez

Hφ

)
air
=

(
Ez

Hφ

)
dielectric

. (2.4a)

K1(pb)
pK0(pb)

=
εd
h

J0(ha)Y1(hb) − J1(hb)Y0(ha)
J0(hb)Y0(ha) − J0(ha)Y0(hb)

. (2.4b)

Using the above eigenvalue equations (2.4a) and (2.4b), propagation constant β can be calculated.
It is noted that the surface wave transmission power is determined by the input frequency,

properties of the Goubau line, and launcher size [18]. In case of the Sommerfeld line which is a
single conductor without dielectric coating, an extremely large launcher diameter is needed for high
transmission efficiency (see figure 2). This is because the field extension in the radial direction is
extremely large. However, for the case of the Goubau line, the launcher size is significantly reduced
so that the surface wave can be excited more efficiently. We also note that from figure 2, reasonable
frequency range to fabricate the surface wave launcher is the GHz domain. In the MHz domain,
surface wave launcher is becoming too large even for Goubau lines.
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Figure 2. Calculated radius required to excite the surface wave with certain power transmission efficiency.
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In addition to the Goubau line itself, which strictly speaking is just the single wire, there is a
need for a surface wave launcher and a receiver. Launcher and receiver are made of a cone and a
center conductor, which form a coaxial transmission liner taper. One of the most important features
of the transmission line taper is to match the impedance between the signal source and the Goubau
line system. Usually, the signal source will have 50 Ω impedance. The wave impedance of the
Goubau line is determined by the wire properties and depends on frequency. Using an enamel
coated wire and GHz frequencies the Goubau line impedance will be of the order of a few 100 Ω.
The transmission line taper creates a smooth transition between the two impedances, minimizing
reflections. In particular, our transmission line taper design is based on Klopfenstein-type [19]
(known to be optimum [20]) and Hecken-type (known as near-optimum impedance matching
section) [21] impedance matching sections. Reflection coefficients of the Klopfenstein-type and the
Hecken-type tapers are given in eqs. (2.5).

ΓK =
1
2

ln
(

Z2
Z1

) cos
[√
(βl)2 − A2

]
cosh(A)

. (2.5a)

ΓH =
1
2

ln
(

Z2
Z1

)
B

sinh(B)

sin
[√
(βl)2 − B2

]
√
(βl)2 − B2

. (2.5b)

Here, ΓK and ΓH are reflection coefficients of theKlopfenstein-type and theHecken-type tapers,
respectively. Z1 is the coaxial cable impedance of 50Ω, Z2 is the coaxial cable impedance at the end
of the launcher, β is propagation constant of the Goubau line, A and B are Klopfenstein and Hecken
parameters, and l is the conductor length. In order to calculate the reflection coefficient of the
transmission line taper, first the characteristic impedance Z2 at the end of the surface wave launcher
is determined by the radius of the cone and the radius of the inner conductor. For practical reasons,
the diameter at the cone’s wide end was chosen to be 200mm. The cone follows a Gaussian shape
to achieve a smooth transition. The diameter of the center conductor follows some numerically
determined shape which creates a certain wave impedance evolution minimizing reflections. At the
tip, the conductor diameter is 1mm. Thus, the launcher transforms 50 Ω wave impedance to 317
Ω. Since the impedance of the Goubau line itself varies with the applied signal frequency and the
wire characteristics (i.e., thickness of the dielectric coating, relative permittivity of the dielectric,
and conductor radius), impedance mismatching cannot be fully avoided. In practice, it can only
be minimized. With the given parameters, reflection and transmission coefficients of the Goubau
line system can be estimated as the return loss and insertion loss which are S11, and S21 in the
S-parameter notation.

In figure 3, it is depicted that the pattern of the return loss is periodic. Blue-colored graph
(wave packet) of the S-parameter S11 indicates the characteristics of a single transmission line
taper. Standing waves create signal minima at frequencies linked to the taper length. On the other
hand, orange-colored graph shows the return loss along the whole Goubau line system including
the receiver part. Distance between the launcher ends is 2m, which means that the entire length of
the Goubau line system is 2.82m including the length of the launchers. For the calculation shown
in figure 3, the repetition rate of signal minima is about 55MHz. This means that the total length
of the Goubau line system corresponds to half wavelength of this repetition rate [22].
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Figure 3. Theoretically calculated return loss of the Goubau line system.

3 Goubau line system and analysis of its fundamental characteristics

The Goubau line system manufactured by the Bergoz Instrumentation is shown in figure 4. The
cones of the surface wave launchers depicted in figure 4(a) are mounted on the black acrylic holders
for mechanical support and electrical isolation. Inside the cones, the center conductors are mounted
[figure 4(b)]. To hold themfirmly inside the cones, plastic lid structures are used [figure 4(d)]. At one
end, center conductor and cone geometries allow connecting an N-type coaxial cable [figure 4(c)].
The Goubau line wire is then soldered to the launcher’s center conductor. The radius of the bare
copper wire is 0.35mm and the radius with dielectric coating is 0.36mm. Material of the dielectric
coating is polyurethane. The setup is the same for the receiver on the right side in figure 4(a). The
tension of the Goubau line wire should be kept constant to fix its position with respect to launcher,
receiver and device under test. The S-parameter measurements presented below were performed
using a Rohde&Schwarz ZNB-8 vector network analyzer.

First, the CST simulation [23] has been performed to check the basic characteristics of the
Goubau line system, such as S-parameters and field patterns. Materials of the different parts
have been set as follows; surface wave launcher and Goubau line conductor: copper, Goubau line
dielectric coating: polyamide (dielectric constant is 3.5, which is similar to the polyurethane’s
dielectric constant that is in general 3.4), center conductor: brass. Distance between the ports is
2.82m. Figures 5(a) and 5(b) are simulated E-fields along the Goubau line. Inside the surface
wave launcher, longitudinal component of E-field can be seen as expected in ref. [24]. In the
front view, generation of radial E-field and azimuthal H-field [figure 5(c)] along the Goubau line is
clearly visible.

This field pattern is indeed TM01 mode, which is the dominant mode of the Goubau line. From
the E-field distribution illustrated in figure 6(a), it can be seen that the generated surface wave
contains a standing wave structure along the Goubau line. When the input signal’s wavelength is
much longer than the length of the Goubau line system as in figure 6(b), then the surface wave
cannot develop and will not propagate to the receiver end.

– 5 –
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Figure 4. Goubau line system setup. (a): Goubau line system with surface wave launchers and a network
analyzer. (b): center conductor (c): RF cable connection of the Goubau line system. (d): inside the surface
wave launcher, a lid has been mounted to maintain the center position of the Goubau line.

Figure 5. Electromagnetic field patterns at the input frequency of 1GHz obtained from the CST simulation.

Figure 7 presents the S-parameters calculated by the CST simulation tool and measured exper-
imentally in the frequency range from 100MHz to 8GHz. In order to compare the experimental
results with the simulation data, we divide the frequency domain into three sections; 1) frequency
range up to 600MHz, 2) frequency range from 600MHz to 5GHz, and 3) frequency range from 5
to 8GHz. In the first section, S11 is very high while S21 (insertion loss) is low compared to the
GHz regime. As mentioned in section 1, transmission power is determined by physical radius of the
surface wave launcher for a certain input frequency. In this frequency section, only 56.7%∼ 70%
of the input power can be transmitted, which corresponds to the insertion loss value of 4.932 dB
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Figure 6. Simulated electromagnetic field patterns at the input frequency of 1GHz with 2m Goubau line (a)
and 0.1GHz with 0.3m Goubau line (b), both of which are obtained by the CST simulations. Dimensions
for the simulation of the Goubau line system are described in (c), (d), and (e). In (d), diameter of the Goubau
line is 0.72mm. In this case for the simulation, length of the Goubau line has been varied from 0.3m to 2m.
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Figure 7. S-parameters measured from the experiments (top) and calculated by the CST simulation (bottom).
The experimental data have been obtained with the Goubau line of 1.5m, while the length used in the
simulation is 2m. Only the resonance patterns are slightly changed by use of different lengths.

to 3.107 dB. There is another loss term resulting from the wire and dielectric, however, it is rather
small compared to the loss from the launcher (see ref. [6]).

In the second frequency section, transmission power is increasing with the frequency. Exper-
imentally measured insertion loss and return loss in this section are typically 1.5 dB and 17 dB,
respectively, which are consistent with the simulation results. These results can be converted into
the Voltage Standing Wave Ratio (VSWR) of 1.329:1, which means 86% of the input power is
transmitted to the receiving part.

On the other hand, in the third frequency section, insertion loss increases together with the
return loss. It is due to the impedance of the Goubau line. The Goubau line impedance is
changing as the increase of the input frequency, so there is an impedance mismatching between
the transmission line taper and the Goubau line itself. This leads to an increase in the reflection
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coefficient, which in turn results in an increase in the insertion loss. By comparing the simulation
results with the experimental data, we note that there appears some discrepancy for the insertion
loss in this frequency section. This additional loss is likely due to the attenuation in the RF cable.

For the case of 2.82m Goubau line system, frequency gap of the wave packet obtained by the
simulation result is typically 354.6MHz and that of the repetition of signal minima is 53.191MHz,
while the measured values are 318.75MHz and 53.85MHz, respectively. Resonance frequencies
for different wire lengths are summarized in table 1. The measured frequencies are well matched
to the calculated 1st harmonic resonance frequencies.

Table 1. Resonance frequencies for different wire lengths. The length of the two surface wave launchers
(0.82m) has been included for the calculation of the resonance frequencies.

Goubau wire 1st harmonic Measured
length (m) frequency (MHz) frequency (MHz)

0.5 113.64 114.93
1.0 82.42 87.41
1.5 64.66 67.41
2.0 53.19 53.85
2.5 45.18 45.76
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Figure 8. Calculated characteristic impedance of the Goubau line with varying thickness, and input
impedance obtained by the S11 of the measurements.

Figure 8 presents the input impedance value obtained from S11, and calculated Goubau line
impedance with varying thickness of the wire [25]. The impedance value obtained by S11 includes
the reflection that occurs in the surface wave launcher, as well as the reflection caused by the
transition at the end of the launcher with the impedance value of 317 Ohm. In the first frequency
domain, the input impedance value is significantly higher than 50Ω as expected. On the other hand,
in the second frequency domain, the typical value converges to 50 Ω. However, as the frequency
gradually increases to the frequency band above 5GHz, the impedance value deviates from 50 Ω
due to the impedance mismatch between the Goubau line and the 317 Ω at the end of the surface
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wave launcher. Indeed, if we examine closely the frequency band of 600MHz or higher in figure 8,
we can see that the S11 value gradually increases. This means that an impedance mismatch occurs
as the characteristic impedance of the Goubau line changes with frequency.
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Figure 9. (left) S-parameters measured with different wire thicknesses. Overall diameter and dielectric
thickness of the Goubau line wire are following: (a) 0.42mm, 10 µm, (b) 0.53mm, 15 µm, (c) 0.62mm,
10 µm, (d) 0.72mm, 10 µm. (right) S-parameters obtained by the CST simulation with 0.42mm Goubau
line wire.

Figure 9 shows the experimental result of measuring S-parameters with varying thickness of
the Goubau line wire in 0.1mm steps from 0.42mm to 0.72mm. It can be seen that the return
loss increases as the thickness of the Goubau line becomes thinner. This tendency is mainly due
to the discontinuity at the transition between the center conductor and the Goubau line. The center
conductor in our setup is designed to be soldered to a wire of 0.9mm diameter. Considering that the
transmission line taper is designed to be continuous in terms of its shape for impedance matching,
this discontinuity of the structure is resulting in an impedance mismatch. In our design, it contains
a discontinuity since it has a feature of the Klopfenstein type transmission line taper. Using 0.9-mm
diameter Goubau line wire will give optimum result. If the diameter of the Goubau line wire is
larger or smaller than 0.9mm diameter, the S-parameters will be worse as shown in figure 9. These
experimental results are confirmed by CST simulations (figure 9 and figure 7 for comparison).

In addition, the relation between the S-parameters and the length of the Goubau line is shown
in figure 10. The S-parameters have been measured while changing the length of the Goubau line in
between the surface wave launchers. Somewhat different patterns of the S11 parameter above 6GHz
are due to the misalignment of the Goubau line with respect to the center position, and imperfection
in the RF cable connection. If we focus on the nominal frequency range of 1 ∼ 3GHz, the return
loss is becoming larger when the length is decreasing as presented in figure 10(a). Meanwhile, as the
length approaches 2m, there is no change in the S-parameters except for the resonance frequency.
This can be explained by wave development along the Goubau line. If the source frequency is
500MHz, the period of the standing wave is nearly 30 cm, which is the half-wavelength of the
source wave. When the length of the Goubau line system is less than the half-wavelength of the
source wave, only a small fraction of the signal is transmitted. Also, considering the cases of 30 cm
and 50 cm wire lengths, even though the source frequency is over 1GHz (which corresponds to the

– 9 –



2
0
1
7
 
J
I
N
S
T
 
1
2
 
P
1
2
0
1
6

0 2 4 6 8

Frequency (GHz)

-40

-20

0

d
B

0 2 4 6 8

Frequency (GHz)

-40

-20

0

d
B

0 2 4 6 8

Frequency (GHz)

-40

-20

0

d
B

0 2 4 6 8

Frequency (GHz)

-40

-20

0

d
B

(a) (b)

(c) (d)

Figure 10. S-parameters measured with different wire lengths. Lengths of the Goubau line are following:
(a) 0.3m, (b) 0.5m, (c) 1.0m, (d) 2.0m.

half-wavelength of 15 cm or shorter), the return loss is larger than the 2.0m wire case. Therefore,
in order to propagate the signal to the receiver part with a reasonably high transmission efficiency,
the length of the Goubau line should be much longer than the half-wavelength of the source wave.

4 Signal analysis

To generate a continuous sine wave and a pulsed square wave along the Goubau line, a signal
generator (SMB100A by Rohde&Schwarz) and a delay generator (DG645 of Stanford Research
Systems) have been used. First, a sine wave scan has been performed to check the operation
frequency. Figure 11 shows the measured voltage through the Goubau line and the ratio between
the source and received signals.
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Figure 11. Amplitudes of the source and received sine wave signals, and the transmission ratio through the
Goubau line.
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The source signal from the signal generator was measured directly from the oscilloscope, and
the initial input voltage level is set to 1V. Due to the cable attenuation, the typical value of the
measured voltage amplitude is 950mV. Also, the received voltage was measured by connecting the
receiving port of the Goubau line to the oscilloscope while the source port was connected to the
signal generator. In the MHz range, the amplitude of the received voltage is rather small due to
the characteristics of the Goubau line. When the input frequency increases, the measured voltage
amplitude is becoming larger. In the frequency range of 1GHz to 3.2GHz, ratios between the
source and received signals are about 0.7, i.e., around 70% of the source signal can be transmitted
in this frequency range.
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Figure 12. Experimental data for a square pulse signal with 1 µs pulse width. The shape of the source signal
is distorted due to the reflection of the low frequency components.

Experiments with a pulsed signal have also been performed. As indicated in figure 12, a square
pulse signal with 1 µs pulse width has been applied along the Goubau line with an input voltage
level of 1V. The source pulse signal is applied by using a BNC Tee adapter with connecting the
source port of the Goubau line system. The rise and fall times of the initial pulse directly measured
from the oscilloscope are 2.509 ns and 2.378 ns, respectively. Meanwhile, the rise and fall times
observed from the signal through the Goubau line system are 184.633 ns and 186.887 ns. Also, one
can see that there is an overshoot and ringing of the source signal. This can be explained in terms
of the impedance matching issue.

Figure 13 shows the Fast Fourier Transformation (FFT) of the received pulse signal, and the
S-parameters of the Goubau line system. According to figure 13, we note that the frequency
characteristics of the received signal obtained by the FFT analysis match well to the S-parameters.
For instance, frequencies of the local minimum in S11 are 31.35MHz, 99.56MHz, and 171.6MHz.
Due to the impedance mismatch, the power at certain frequency bands cannot be transmitted
effectively. As a result, the rise and fall times of the pulse eventually increase. In order to reduce
the rise and fall times of the sub-nanosecond pulse, it is essential to make an impedance matching
at the frequency range of MF (medium frequency) and also VHF (very high frequency).
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Figure 13. S-parameters of the Goubau line system and Fast Fourier Transformation (FFT) of the 1 µs-width
square pulse signal.

5 Beam Position Monitor (BPM) test

The button-type Beam Position Monitors (BPMs) have been tested on the Goubau line as shown in
figure 14.

Figure 14. Button-type Beam Position Monitors (BPMs) developed for the Rare Isotope Science Project
(RISP) in Korea.

TheBPMwas designed andmanufactured for the Rare Isotope Science Project (RISP) inKorea,
which is a heavy ion accelerator project to produce a wide variety of RI beams for nuclear physics
experiments and other basic sciences. The fundamental frequency for the BPM is 81.25MHz, and
there are four electrode ports. The BPM detects the position and phase of the beam using the
voltage signals measured through each port. Since the simple wire test bench does not have a proper
impedance matching, we can test the BPM signal responses only up to 243.75MHz, which is the
third harmonic frequency of the system. On the other hand, the Goubau line system enables to
measure the BPM signal responses at higher harmonic frequencies. Using one of the four electrodes,
we measure the phase of the input signal detected by the BPMs installed along the Goubau line.
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Figure 15. S-parameters (left), and voltage amplitudes and transmission ratio (right) for the Goubau line
system with two BPMs. For the voltage signals, sine waves have been applied.

Figure 15 shows the S-parameters, source and received voltages, and their ratio, which are
measured with two BPMs installed in the Goubau line. Due to the presence of the BPMs, the
surface waves generated in the Goubau line are affected by the interference. The waveforms are
distorted, and the transmission and reflection characteristics of the signals become somewhat inferior
to the previous S-parameters which are measured without any BPMs (see figure 7 for comparison).
The typical insertion loss in the GHz band is 5 dB and the return loss is 10 dB. Also, through
figure 15, we note that the transmission ratio measured by using the signal generator and fast scope
is approximately 40%∼ 50% at the GHz frequency region. Despite increasing return loss due to
the BPMs, it is confirmed that still almost half of the voltage signals in the GHz band can propagate
to the receiver end. It is noted that the source voltage in figure 15 is the value measured with the
Goubau line and the signal generator connected using TEE adapter. This value is also consistent
with the S-parameter S11 of the Goubau line.

Next, we performed phase measurements using the BPMs. Two BPMs were located at the
center of the Goubau line system, and the separation between the BPMs is 0.243m. An RF signal
was applied at the frequency of an integer multiple of 81.25MHz, and the phase difference was
measured through the BPMs. In addition, the phase velocity of the surface wave was estimated
based on the measured phase difference. The measured phase difference and the calculated phase
velocity are shown in figure 16.

Due to the transmission and reflection characteristics of the Goubau line in a specific frequency
band, it can be seen that the phase difference deviates much more from the expected value at MHz
frequency band. However, as the input frequency increases, the phase difference approaches to the
time range of 800 to 850 ps. Theoretical value of the phase velocity can be determined by ω/β,
where ω = 2π f and β is the propagation constant in the Goubau line which is slightly larger than
k0. In the frequency range of 100MHz to 8GHz, the phase velocity obtained from the calculated
β is almost equal to the speed of light c. When the measured phase velocities are compared with
the theoretically calculated phase velocities, the relative error is 3.75% at the input frequency of
812.5MHz. Similarly, the relative errors at 975MHz, 1137.5MHz, 1300MHz, and 1462.5MHz
are 0.13%, 6.22%, 3.69%, and 0.45%, respectively. For this preliminary test, the lack of dedicated
motion stages and BPM mounts could bring about inaccurate alignment of the BPMs with respect
to the center of the Goubau line, and might be a source of errors in the phase velocity estimations.
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Figure 16. Plots of measured phase difference and reconstructed phase velocity as a function of input
frequency.

This could be overcome in the future experiments by introducing a better alignment system. Such
a system is also essential for calibrating position sensitivity of the BPM.
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Figure 17. Measured sine wave signals with varying distance between BPMs.

Figure 17 illustrates sinusoidal waveformsmeasured by the BPMs. The input frequency is fixed
at 1381.25MHz which is the 17th harmonic frequency of BPM’s fundamental operating frequency.
One BPM is fixed at a certain position while the other BPMmoves along the axis of the Goubau line,
and the phase difference between them has been measured by comparing zero-crossing points of the
waveforms. We manually adjusted the BPM distance from 0.161 to 0.211m with 0.01m step. The
measured phase difference and phase velocity at each position are summarized in table 2. Although
there are a few percent of relative errors, we demonstrate that the Goubau line enables precise phase
delay measurements in the high frequency band of the BPM. More precise measurements will be
made later with the installation of the BPM mounts and alignment system.
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Table 2. Measured phase difference and phase velocity with varying distance between two BPMs. Theoret-
ically calculated phase velocity is 2.995 × 108 m/s.

Distance Phase difference Phase velocity
(m) (ps) (m/s)
0.161 542.35 ± 3.950 2.969 × 108

0.171 573.36 ± 3.853 2.967 × 108

0.181 621.92 ± 4.060 2.910 × 108

0.191 659.63 ± 3.821 2.896 × 108

0.201 697.03 ± 3.720 2.884 × 108

0.211 740.81 ± 4.211 2.848 × 108

6 Conclusions and future work

Using a classical Goubau line with surface wave launchers, we performed basic characterization of
theGoubau line system and applied it for the test of button-type BPMs. One of the important features
of the Goubau line is a good impedance matching in the high frequency band, which enables the
signal propagation in theGHz rangewithout significant power loss. The phase responses of the BPM
in the high frequency band have been measured precisely. It is expected that the installation of the
BPMmounts and alignment systemwould further improve the precision of the phase measurements.
In addition, it is planned to measure BPM responses with respect to the position of the Goubau line
and to check the linearity of the position sensitivity. Through our experimental data, we confirmed
that the surface waves generated by the Goubau line can emulate the electromagnetic fields emitted
from the relativistic charged particle beams.
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