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This paper describes a reliable, handy, and inexpensive measurement system to characterize, in the sub-THz
frequency range, the coating materials used in the beam pipes of accelerators. The method is based on time
domainmeasurements of an electromagneticwavepassing throughawaveguidehaving a thin central slab,where
the coating material is deposited on both sides. Two horn antennas are integrated on both sides of the device to
optimize the signal collection and detection. This novel technique is tested on slabs coatedwith a nonevaporable
getter (NEG) and allows to evaluate the surface impedance in the frequency range from 0.1 to 0.3 THz.
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I. INTRODUCTION

Modern accelerators and light sources often require
special treatment of the vacuum chamber surface in order
to avoid undesirable effects and to maximize machine
performance. For example, the electron cloud in positron
rings is a mechanism that starts when the synchrotron
radiation, emitted by the beam, creates a large number of
photoelectrons at the chamber wall surface. These primary
electrons may hit the inner wall of the beam pipe, causing
secondary emission or being elastically reflected [1]. If the
secondary electron yield (SEY) of the surface material is
greater than unity, the number of electrons grows exponen-
tially leading to beam instabilities and many other side
effects [2,3]. In order to reduce the SEY value in the pipe
walls, a-C coatings have been extensively tested [4] and
used [5] at the CERN SPS accelerator and other experi-
ments [6] with very effective results.
Furthermore, ultrahigh vacuum is needed in particle accel-

erators to reduce the beam-gas scattering, the risk of high
voltage discharge and to improve the thermal insulation [7].

The application of NEG coatings allows a distributed and
continuous pumping in vacuum chambers of large accel-
erators even in very narrow beam pipes. CERN pioneered
NEG thin film coating technology [8], which is nowadays
widely used in many other accelerator facilities [9].
These coatings, exploited for the SEY reduction or for

improvement of the pumping process, change the vacuum
chamber surface impedance. The electromagnetic interac-
tion of the beam with the surrounding vacuum chamber can
result in beam instability limiting the performance of the
machine. The electromagnetic characterization (EMC) of
coating materials is therefore fundamental to build a
reliable impedance model and to characterize performance
limitations of modern particle accelerators and storage
rings [10]. For example, the Compact Linear Collider
(CLIC) requires very short bunches and therefore a
thorough study of the surface impedance at very high
frequencies (millimeter waves and beyond) is needed.
Experimental estimation of the surface impedance can be

carried out by using two different methodologies: resonant
cavity and transmission/reflection measurements [11,12].
The first one is very accurate albeit narrow band and often
quite expensive due to the customized set of samples in
terms of size, shape, etc. [13]. The second one is a
broadband characterization technique that uses coaxial
cables or waveguides or free-space, with a frequency band
depending on the device used and on the instrumentation.
The waveguide method [14] is usually simpler to use with

*Also at TEMF, TU Darmstadt.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 103101 (2018)

2469-9888=18=21(10)=103101(11) 103101-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.21.103101&domain=pdf&date_stamp=2018-10-25
https://doi.org/10.1103/PhysRevAccelBeams.21.103101
https://doi.org/10.1103/PhysRevAccelBeams.21.103101
https://doi.org/10.1103/PhysRevAccelBeams.21.103101
https://doi.org/10.1103/PhysRevAccelBeams.21.103101
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


respect to a coaxial cable where sometimes a complicated
manufacturing of samples is needed, and does not require
electrically large sizes as in the free space case. Waveguides
are extensively used up to tenth of GHz for electromagnetic
characterization of thick (compared to skin depth) or
superconducting samples [15,16].
At higher frequencies, in the sub-mm-wave and

mm-wave regions, the determination of coating material
properties is usually done using time domain THz
reflectometry [17]. However, this technique allows local
measurements only (over a surface determined by the beam
size) and becomes cumbersome when large area samples
must be investigated. Besides that, in case of multilayered
samples, the extraction of the intrinsic parameters and from
here the impedance value is not so straightforward and is
somehow model dependent [18].
THz waveguide spectroscopy is offering an alternative

approach for materials that require a strong wave-matter
interaction [19]. Until now, this technique has been used to
characterize thin samples deposited or on dielectric sub-
strates or directly in the waveguide [20,21].
Recently, frequency characterization of different NEG

samples deposited on the lateral walls of a calibrated
millimeter waveguide has been carried out by using two
port VNA measurements [22,23]. However, this approach
has some relevant drawbacks: (1) the nonhomogeneous
deposition with unpredictable thickness and relevant peel-
off and blistering; (2) the impossibility to reuse the system
for further measurements on different coating materials;
(3) the difficulty to extend the technique to larger area
coating and at higher frequencies.
Our paper describes a novel measurement method for the

EMC of materials used for the coating of accelerator beam
pipes, aimed to overcome the inconveniences reported in
the previous works. The solution proposed is to put a
calibrated waveguide with integrated horn antennas in the
optical path of a THz spectrometer and to separate the
signal guiding system in two parts: one fixed (a circular
waveguide), and one removable (a thin slab) where the
coating is deposited. This choice allows to measure with
ease large area coating deposited on metallic plates as in the
case of accelerators, where averaged quantities are needed.
In the followingwe describe thewaveguide design and the

THz setup, the analytical method we use for the extraction of
the material electromagnetic response, and the measure-
ments performed on high quality NEG samples in order to
validate the method. We believe that this approach may
represent a first step to develop a reliable, handy and
inexpensive system for measuring the surface impedance
of coating materials in the very high frequency region.

II. METHOD

The proposed method is based on time domain mea-
surements of an electromagnetic wave propagating inside a
specifically designed waveguide (see Fig. 1), which has a

thin central copper slab where the material under test is
deposited on both sides. Two horn antennas are integrated
on both sides of the device to optimize the signal collection
and detection. The waveguide is placed in the optical path
of a THz spectrometer, as described in detail in Sec. IV. The
conductivity value of the coated material is then obtained
from the comparison between the signal amplitude trans-
mitted through the waveguide with the coated slab and the
one obtained with an uncoated slab used as a reference.
Knowing the coating thickness and resorting to our
analytical tool, the surface impedance can be inferred.
We assume that the measured electric field signals have

the following expressions:

Ecu
t ðfÞ ¼ KðfÞe−αcuðfÞ ð1Þ

Ecoat
t ðfÞ ¼ KðfÞe−αcoatðfÞ ð2Þ

where αcu and αcoat are the attenuation per unit length for
the copper and the coated material respectively and KðfÞ is
the excitation coefficient. By expressing their ratio in dB:�

Ecu
t ðfÞ

Ecoat
t ðfÞ

�
dB

¼ ½αcoatðfÞ − αcuðfÞ�20 log10e ð3Þ

one can retrieve the attenuation given by the coating
material only, getting rid of the unknown excitation
coefficient. As described later, the result of the measure-
ments is compared to the analytical evaluation of the mode
propagation in the device under test (DUT). The reliability
of the analytical tool is tested by a comparison with
numerical simulations performed using a commercial
electromagnetic tool (CST Microwave Studio) [24]. The
waveguide used for the experiment and the longitudinal cut
where the slab is placed are described in detail in Sec. II A.

A. The device under test

A sketch of the device used for the experiment is shown in
Fig. 1. It is composed by a circular waveguide connected to a
pyramidal horn antenna on both sides, in order to enhance
the electromagnetic signal collection and radiation [25].
These geometries have been chosen because of their low
mechanical complexity, in terms of milling and drilling.
Furthermore, the transition from the horns to the waveguide

FIG. 1. DUT: circular waveguide and two pyramidal horns.
Left: Front view. Right: Perspective view of longitudinal cut.
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is extremely smooth, as it can be observed at the magnified
stretch in Fig. 2, where the transition curves are branches of
very flat ellipses.
The external shape of the DUT is a parallelepiped of

16 × 12 × 120 mm3. The internal dimensions are reported
in Table I. For the pyramidal horn, the maximum and
minimum side along its length are indicated. The slab has
the same length as the DUT (120 mm) and is 0.050 mm
thick. During the deposition process, in order to prevent the
deformation, the slab is held in an aluminum frame
(see Fig. 3).
The NEG growth process was performed at the CERN

deposition facilities on both sides of two different copper
slabs by using a DC magnetron sputtering technique [4].
Measurements of thickness and alloy composition of the
coating deposition along the median line of the slab
(coincident with the waveguide axis) were performed using
x-ray fluorescence (XRF). These measurements gave for
the two slabs a mean thickness of 3.96 μm and 3.68 μm
respectively (see Fig. 4), confirming the goodness of the
uniformity of the coating. The evaluated average percent-
age of Titanium, Zirconium and Vanadium in the coating is
31%, 36.5%, and 32.5% for the first sample and 30.5%,
37%, and 32.5% for the second one (see Fig. 5).

B. Modes propagating in the DUT

A simplified analytical model can be built considering
the loss contribution given by a single mode propagating

inside the waveguide. In order to analytically model the
horn-to-waveguide transition, we need to locate a plane
orthogonal to the longitudinal axis where the pyramidal
horn ends and the cylindrical waveguide starts. The
distance a of this cross section from the apex of each
ellipse is assumed to be two times the distance b to the
ellipse cusps (see Fig. 2). This choice translates in a
negligible transition contribution to the overall losses [26].
The presence of a slab placed in the median plane

together with the incident wave conformation (quasiplane
wave) select the modes that can propagate inside the
waveguide. The electric field must be orthogonal and
continuous (top-bottom) to the slab surface. Furthermore,
left-right symmetries have to be satisfied. In other words:
the projection of the incident plane wave on the mode must
be non-zero.
The first allowed mode propagating inside the circular

waveguide of the DUT is the TE1;1 as shown in Fig. 6 [27].
The second mode is TE1;2. All the other modes in between
are forbidden by the boundary conditions and the sym-
metry. Therefore, the allowed bandwidth for the first mode

FIG. 2. Magnified top view of the transition between the
pyramidal horn and the cylindrical waveguide. The red line
indicates the cross section where the horn antenna ends and the
cylindrical waveguide starts in the analytical model. a and b are
the distances of the cross section from the apex and the cusp
respectively of each ellipse (see text in Sec. II B).

TABLE I. Waveguide internal dimensions.

Length [mm] Radius/Side [mm]

Cylindrical waveguide 42 0.9
Pyramidal horn 39 6 → 0.9

ffiffiffi
2

p

FIG. 3. Top view of the longitudinal copper slab surrounded by
the aluminum frame used during the NEG deposition. The four
holes are for the correct alignment of the coated slab in the DUT
during THz measurements.

FIG. 4. Measurements of the NEG coating thickness on the two
copper slabs used for the experiments.
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propagation only is defined by the cutoff frequencies of
fTE1;1

¼ 97.6 GHz and fTE1;2
¼ 282.6 GHz.

In order to complete the model, one has to take into
account the presence of the two integrated antennas for
signal collection and detection. Since the half-aperture of
each pyramidal horn is < 5° we may consider that the
modes propagate in a locally uniform square waveguide
and take the relevant lower modes. The first two modes,
having the same cutoff frequency, are degenerate. If their
excitation coefficient has the same amplitude, their sum
will exhibit an electric field everywhere orthogonal to the
horizontal diagonal, where we are going to put the slab, as
shown in Fig. 7.
Doing the same considerations as for the cylindrical

waveguide and considering a minimum side of 0.9
ffiffiffi
2

p
mm

(see Table I), the sum of the first two modes allowed to pass
have a cut off frequency of fTE1;0

¼ fTE0;1
¼ 117.8 GHz.

The other two modes allowed to pass start their propagation
from fTE2;1

¼ fTE1;2
¼ 263.3 GHz.

Therefore, taking into account the propagation in both
the transitions and in the circular waveguide, the overall
usable frequency window for a single mode propagating
inside the DUT ranges from 118 GHz to 283 GHz.

The assumption of single mode propagation is justified
in Sec. IV.

III. THE ANALYTICAL METHOD

A. Relative attenuation: General formulation

In this section, we give the general definition of attenu-
ation in a waveguide and evaluate it in the specific case of
the waveguide used for measurements.
The definition of the attenuation constant is expressed by

the formula [28,29]:

αðzÞ ¼ −
1

2P
dP
dz

ð4Þ

where P is the total power flow at z and −dP is the power
dissipated in a section of waveguide of length dz.
From Eq. (4), it follows that the attenuation constant due

to losses on guide walls is

αðzÞ ¼ −
1

2

Re½ZSðzÞ�
R jHtanj2ds

Re½ZðzÞ� RR jHtj2dS
; ð5Þ

where ZS is the equivalent surface impedance and Z is the
characteristic impedance of the propagating mode.Htan and
Ht are the nondissipative values of the magnetic field
tangential to the guide periphery and transverse to the guide
cross section, respectively. The line integral with respect to
ds extends over the guide periphery, and the surface
integral with respect to dS extends over the guide cross
section.
We consider the propagation of the sole TE1;1 mode in

the cylindrical waveguide. The attenuation of this single
mode in a generic waveguide is

Acyl ¼
1

2

ReðZSÞ
ReðZ1;1Þ

R
l jn ×H1;1j2dl

jI1;1j2
; ð6Þ

where Zi;j is the i, jmode impedance and Ii;j is the relevant
excitation current. To evaluate the attenuation in the
pyramidal transition we consider the sum of two modes
TE1;0 and TE0;1, the formula in this case is
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FIG. 5. Measurements of the NEG coating composition on the
two copper slabs used for the experiments.

FIG. 6. First mode propagating inside the cylindrical wave-
guide with a slab placed in the center.

FIG. 7. Electric field of the first two degenerate modes inside a
square waveguide and sum (right) of the first two modes
propagating when a slab is placed in the center.
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Apyr ¼
1

2
ReðZSÞ

R
l jn × ðH1;0 þH0;1Þj2dl

ReðZ1;0ÞjI1;0j2 þ ReðZ0;1ÞjI0;1j2
: ð7Þ

The explicit analytical expression of the modes is
reported in Appendix A.
In the case of coating material, the expression of ZS,

which has to be inserted in Eqs. (6) and (7), is

ZS ¼ Zcoat
Zcu þ jZcoat tanðkcoatdÞ
Zcoat þ jZcu tanðkcoatdÞ

; ð8Þ

where d is the coating thickness. When d ¼ 0 there is no
coating and ZS ¼ Zcu.
The characteristic impedance in the Leontovich approxi-

mation for a metallic case (ϵ00 ≫ ϵ0) is [28]

Z ¼ ð1þ jÞ
ffiffiffiffiffiffi
ωμ

2σ

r
¼ 1þ j

σδ
ð9Þ

and the propagation constant in the same condition is

k ¼ ð1 − jÞ
ffiffiffiffiffiffiffiffiffi
σωμ

2

r
¼ 1 − j

δ
; ð10Þ

where δ is the skin-depth defined as

δ ¼
ffiffiffiffiffiffiffiffiffi
2

σωμ

s
ð11Þ

and where μ is the total permeability, ω ¼ 2πf and σ the
material conductivity.
As stated in Eq. (3), the procedure consists in the

measurement and in the analytical/numerical evaluation
of the relative attenuation defined as

RA≜Acoat − Acu: ð12Þ
With the above definition we do not need to evaluate the
attenuation on the walls but only on the slabs.

B. Estimation on the slab in the cylindrical waveguide

The first mode in the cylindrical waveguide with a slab
placed in the center is shown in Fig. 6. The attenuation
constant on the slab placed in the center of a cylindrical
waveguide is:

αcyl ¼ 4ReðZSÞ
χ01;1kz1;1

πa0Z0k0ðχ021;1 − 1ÞJ21ðχ01;1Þ

×

�
k2t1;1
k2z1;1

Z
χ0
1;1

o
jJ1ðuÞj2duþ

Z
χ0
1;1

o
jJ01ðuÞj2du

�
; ð13Þ

where Z0 is the characteristic impedance in the free space,
a0 is the radius of the waveguide. J1 and J01 are the first
order Bessel function and its derivative respectively. The
quantity χ01;1 is the first nonvanishing root of the equation:

J01ðxÞ ¼ 0

and

k0 ¼
ω

c
; kt1;1 ¼

χ01;1
a0

; kz1;1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 − k2t1;1

q
:

The explicit analytical expression of the quantity in square
brackets of Eq. (13) is given in closed form in Appendix B.
The total attenuation along the slab of length lg is described
by the formula:

Acyl ¼
Z

lg

0

αcyldz ¼ αcyllg ð14Þ

where lg is the length of the waveguide.
The relative attenuation [see Eq. (12)] for the cylindrical

waveguide is

RAcyl≜Acoat
cyl − Acu

cyl: ð15Þ

Using CST simulations (frequency solver and coating
tool) [24] we can evaluate the difference between the
analytical formula [Eq. (15)] and the electromagnetic full
wave simulations for various thicknesses of the NEG
coating in the cylindrical waveguide. Frequency domain
simulations have been performed by imposing the first
mode propagation and comparing the scattering parameter,
S21, to evaluate the attenuation. We used an estimated
NEG conductivity value of σcoat ¼ 3.5 × 105 S=m, as
reported in [22]. The agreement between the results of
Eq. (15) and the CST tool is excellent and underlines the
reliability of the analytical tool (see Fig. 8).
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FIG. 8. Cylindrical waveguide: relative attenuation of the first
mode on the slab for different coating thicknesses with σcoat ¼
3.5 × 105 S/m. Comparison between analytical formulas (dashed
line) and CST frequency domain simulations (full line).
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C. Estimation on the slab in the pyramidal transitions

The slab placed in the center of the pyramidal transitions
forces the first two degenerate modes to sum-up because of
the boundary conditions on the metallic slab (see Fig. 7).
Differently from the contribution in the cylindrical

section, the attenuation on the slab given by the symmetric
input and output transitions is not constant, since the
antenna aperture changes along the horn length. The total
attenuation per unit length is

αpyrðzÞ ¼
ffiffiffi
2

p ReðZSÞkzsumðzÞ
aðzÞZ0k0

�
1þ 2k2tsumðzÞ

k2zsumðzÞ
�
; ð16Þ

where

ktsumðzÞ ¼
π

aðzÞ ; kzsumðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 − k2tsumðzÞ

q

and

aðzÞ ¼ bþ zd ¼ bþ zðB − bÞ
lt

expresses how the side of the horn changes along the
transition. lt is the longitudinal length of the transition, b
and B are the side dimension of the exit and entrance of the
pyramidal horn transition. The attenuation of two modes on
the slab in the pyramidal transitions is given by the integral:

Apyr ¼ 2

Z
lt

0

αpyrðzÞdz: ð17Þ

Where the factor 2 indicates that the attenuation is the
same for the two pyramidal transitions. The explicit

evaluation of Eq. (17) in closed form is given in
Appendix B. As for the cylindrical waveguide, we evaluate
the relative attenuation [see Eq. (12)] for the pyramidal
transition as

RApyr≜Acoat
pyr − Acu

pyr: ð18Þ

The relative attenuations evaluated analytically [Eq. (18)]
and with CST frequency domain solver are compared in
Fig. 9 for different thicknesses with σcoat ¼ 3.5 × 105 S=m.
The simulations are performed with two pyramidal tran-
sitions put back to back on the smaller side.Also for this case
the agreement simulation-analytical data is really good.

D. Estimation on the slab in the DUT

The total relative attenuation along the entire DUT is
analytically evaluated as the sum of Eqs. (15) and (18),
whose values are reported in Figs. 8 and 9. As described in
Sec. II B, we neglect the contribution to losses given by
further modes in the transition between the pyramidal horns
and the cylindrical waveguide. Therefore, the comparison
with CST simulations on the overall assembled structure
for various coating thicknesses (σcoat ¼ 3.5 × 105 S=m) is
an effective way to test the validity of this assumption.
The very good agreement shown in Fig. 10, confirms the
possibility of neglecting any mode conversion inside the
horn or along the transition in the analytical model.

IV. SUB-THz SYSTEM

Sub-THz measurements are carried out using a time
domain spectrometer (TDS) operating in transmission
mode. The setup is based on a commercial THz-TDS
system (TERA K15 by MENLO systems) customized for
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FIG. 9. Pyramidal transitions: relative attenuation of the sum of
the first two modes on the slab for different coating thicknesses
with σcoat ¼ 3.5 × 105 S=m. Comparison between analytical
formulas (dashed line) and CST frequency domain simulations
(full line).
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the waveguide characterization. The system is driven by a
femtosecond fiber laser @1560 nm with an optical power
of< 100 mW and a pulse duration< 90 fs. In the standard
configuration, the laser output splits into two beams in
pump-probe mode. Fiber-coupled photoconductive antenna
modules are utilized for both electric field signal emission
and detection. A fast opto-mechanical line with a maximum
scanning range of approximately 300 ps is used to control
the time delay between the pump and the probe beam.
Signal detection is performed by a lock-in amplifier that
drives the pulse generation at about 90 KHz and integrate
the output voltage over an interval of 100 ms. Pulse
waveforms are sampled by 2048 data-points in 150 fs
intervals of optical delay (step size ∼30 μm). Each scan
requires about 10 min of measurement time.
The THz beam system has a set of symmetric optics with

respect to the center line between the transmitter and the
receiver. In particular, TPX (polymethylpentene) lenses are
used to collimate the short (1–2 ps) linearly polarized pulse
on the waveguide. This results in a Gaussian-like beam
with a waist of approximately 8 mm in diameter and a
quasi-plane wave phase front. The coupling efficiency
between the free space signal and the input and output
horns is then mechanically optimized by maximizing
the signal transmitted through the DUT. In order to
understand if there is any effect on the signal produced
by the excitation of higher order modes, we evaluate in
Appendix C the ratio between the field amplitude coef-
ficients of the first and second order modes as a function of
the beam spot size. Under our experimental conditions, we
can safely assume that we work in a single mode regime
and that the mode conversion at the entrance of the horn
antennas may be neglected.
A sketch of the optical configuration is shown

in Fig. 11.

For an accurate control over the target positioning, the
waveguide is placed on a kinematic mount coupled with a
micrometric goniometer. The base part of the waveguide is
fixed onto the kinematic mount and the metal slabs are
replaced by removing the top part of the waveguide
structure only. To minimize any possible optical gap in
between the top and the base plate, the waveguide is firmly
tightened with a rigid clamp. To block any unwanted THz
radiation from the emitter antenna, the area around the
waveguide entrance is shielded with a metal sheet with an
extrude cut at the center. Figure 12 shows the THz time
domain signals obtained in free space and in the DUT, with
the input beam polarized parallel to the waveguide slab.
In the latter case, the ps-scale input pulse is broadened to
more than 50 ps and strongly reshaped by the reflections
inside the waveguide. The stretching of the transmitted
signal, compared with the free space input pulse, is due to
the strongly dispersive character of the waveguide, that acts
as a delay line [30].
Frequency dependent transmission curves are obtained

through the application of a standard fast Fourier transform
(FFT) algorithm. In the experiment, the maximum fre-
quency resolution is about 4 GHz, limited by the scanning
range of the delay line only.

V. MEASUREMENT RESULTS

We tested two copper slabs coated with NEG having
3.96 μm and 3.68 μm average thickness and a bare copper
slab. For all three samples we performed five different
measurements replacing the slab each time, in order to
reduce the unavoidable uncertainty given by the measure-
ment procedure. After data averaging, the related error is
reduced, nevertheless it is much larger than the statistical
fluctuations coming from the TDS performance (laser
stability, mechanical vibrations, environment noise, etc.).

FIG. 11. Sketch of the opto-mechanical setup utilized for the
measurements: (1) emitter, (2) detector, (3) TPX collimating
lenses, (4) micrometric alignment systems, (5) DUT (waveguide).
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The mean amplitude spectrum derived by the FFT
analysis is shown for each sample in Fig. 13 in the
frequency range of our interest. The data show that the
attenuation on the two NEG coated samples (blue and green
dots) is constantly larger than on the copper slab (red dots).
Moreover, losses tend to increase with higher frequency,
likely indicating a reduction of the skin depth to values
smaller than the coating thickness. Furthermore, at the
lowest frequencies, the noise distorts the signal and can
introduce artificial phase discontinuities, making the phase
unwrapping difficult and producing artifacts in the data
spectrum [31]. For this reason, we discarded the data below
160 GHz, and in the following, all results are presented in
the range 160–283 GHz.
The experimental results are then compared with math-

ematical model based on the theory described in Sec. III as

function of the coating conductivity resorting to Eqs. (15)
and (18).
In Fig. 14, the measurements for the 3.96 μm

coating are shown. From the best fit, we get the value
σcoat ¼ ð8.0� 0.4Þ × 105 S=m and a value of 0.40 for the
reduced χ2.
Similarly, in Fig. 15 the same results are shown for the

3.68 μm coating. In this case, the estimated value of σcoat is
ð8.2� 0.6Þ × 105 S=m and reduced χ2 is equal to 0.36.
As expected, given the similar thickness, the two NEG

coatings show the same value for the estimated conduc-
tivity, within the error determined by the fitting procedure.
It is worthwhile to note that such value is also in good
agreement with previous results obtained for the same alloy
and measured using the frequency domain approach [22].
Using CST, one can also evaluate the effect of the sample
roughness on the estimate of NEG conductivity.

0.16 0.18 0.2 0.22 0.24 0.26 0.28
0

0.5

1

1.5

2

2.5

3

Frequency [THz]

A
tte

nu
at

io
n 

[d
B

]

Best fit with σ
coat

 = 8.0 × 105 S/m

Experimental data

FIG. 14. Attenuation on the NEG coated slab of 3.96 μm:
averaged experimental data (red dots) and best fit curve (blue).
The value of reduced χ2 ¼ 0.40.
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slab 3.96 μm (blue dots) and NEG coated slab 3.68 μm
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Following [22,32], we assume for our samples a roughness
average value of 0.2 μm, which gives a maximum reduc-
tion in conductivity of the order of 7%. This value lies
within the measurement error band in our frequency range.
Nevertheless, it is worthwhile to observe that the roughness
cannot be neglected at higher frequencies.
The final step, presented in Figs. 16 and 17, is the

evaluation of the real part of the surface impedance, see
Eq. (8), in the same frequency range.

VI. CONCLUSIONS

We developed a novel EMC system for time domain
measurements that allows us to evaluate the surface
impedance of materials used for coating in accelerator
beam pipes in a fairly broad frequency window in the sub-
THz range. Unlike frequency domain measurements, this
method allows to evaluate the electromagnetic properties of
samples under test in a simple and handy way. The
advantages of this setup, based on a tailored waveguide
with a central coated slab, are mainly the possibility to
characterize uniform samples and the reusability of the
DUT for different coating materials, as the a-C.
The comparison between the theoretical evaluation and

the numerical solution shows very good agreement. The
developed analytical method is robust.
From time domain measurements, we are able to

estimate the conductivity of the NEG coating, yielding
for the two samples the same value within the error given by
the best-fitting procedure. Our results well agree with
previous data obtained with the frequency domain
approach. Using the determined σcoat we can evaluate in
a very simple way the real part of the surface impedance as
a function of frequency for relatively large area samples,
which in turn can be eventually used for the modeling of
beam impedance in modern accelerators.
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APPENDIX A

The field components used in Eq. (6) for the cylindrical
waveguide, where only the mode TE1;1 propagates, are:

Hr1;1 ¼ Hr1;1ðr; 0Þ ¼ I1;1

ffiffiffi
2

π

r
χ01;1

a
ffiffiffiffiffiffiffi
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− 1
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The field components used in Eq. (7) for the pyramidal
transitions are

Hx1;0 ¼ I1;0
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FIG. 17. Surface impedance estimation of the 3.68 μm NEG
coated slab: from averaged experimental data (red dots) and from
best fit curve conductivity (blue).
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APPENDIX B

The analytical expression of the quantity in square brackets of the attenuation on the slab placed in the center of a
cylindrical waveguide, Eq. (13), shown in Sec. III B is
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where 2F3ðα; β; γ; δ; ϵ; zÞ is a generalized hypergeometric function.
The analytical expression of the attenuation on the slab placed in the center of two pyramidal horns shown in Sec. III C is

given by:

Apyr ¼ 2

Z
lt

0

αpyrðzÞdz ¼
ffiffiffi
2

p ReðZsÞ
Z0

8<
:−

1

2d
log

2
64

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð π

k0B
Þ2

q
− 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ð π
k0B

Þ2
q

þ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð π

k0a
Þ2

q
þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ð π
k0a

Þ2
q

− 1

3
75þ 2

d

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
π

k0B

�
2

s
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
π

k0a

�
2

s #9=
;
ðB2Þ

APPENDIX C

The field distribution at the horn entrance is expanded as
a sum of the modes pertaining to the square waveguide with
a PEC slab on one diagonal [28]. The expansion coef-
ficients, normalized to the total power carried out by the
beam, can be obtained exploiting the orthogonality prop-
erty of the modes. In Fig. 18 the ratio (in dB) between the
first (sum TE1;0 and TE0;1) and the second (sum TE2;1 and
TE1;2) mode expansion coefficients is reported as a function
of the beam spot size (2σ). Within the experimental error,
one can see that for a Gaussian-like beam with a waist of
approximately 8 mm in diameter, as described in
Section IV, this ratio turns out to be around 30 dB,
definitively excluding any effect on the attenuation pro-
duced by the excitation of higher order modes.
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