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Abstract 
The electromagnetic characterization of coating materials 
is fundamental to build a reliable impedance model of any 
accelerator. In particular, since the CLIC (Compact LInear 
Collider) necessitates bunches with short longitudinal 
length, a full electromagnetic characterization of the 
coating material surface impedance is needed at high 
frequencies in the millimetric wave length and beyond. The 
goal of this paper is to develop a measurement method to 
characterize the coating materials in the sub-THz 
frequency range. The electromagnetic characterization of 
the material is performed using a time domain coherent 
THz spectrometer. The method is based on the attenuation 
measurement of the signal passing through a waveguide 
specifically designed, having a very thin central layer 
where the coating material is deposited on both sides. The 
guide is equipped with two "horn" antennas integrated on 
both sides of the device to enhance the electromagnetic 
signal collection. This novel technique is tested on slabs 
coated with a Non-Evaporable Getter (NEG) and allows 
evaluating the surface impedance in the frequency range 
from 0.1 to 0.3 THz.  

INTRODUCTION 
The main gRal Rf WhiV SaSeU iV WR deYelRS a meaVXUemenW 

meWhRd fRU Whe elecWURmagneWic chaUacWeUi]aWiRn Rf Whe 
cRaWing maWeUial XVed in acceleUaWRU beam SiSeV. The 
cRaWing maWeUialV UeTXiUing a chaUacWeUi]aWiRn Rf WheiU 
VXUface imSedance aUe Whe amRUShRXV CaUbRn (a-C), XVed 
fRU elecWURn clRXd miWigaWiRn [1] and Whe NRn-EYaSRUaWed 
GeWWeU (NEG), XVed WR Ueach Whe XlWUa-high YacXXm 
cRndiWiRn in Whe acceleUaWRU chambeUV [2]. The elecWURn 
clRXd in SRViWURn UingV iV a mechaniVm WhaW VWaUWV Zhen Whe 
V\nchURWURn UadiaWiRn ShRWRnV, emiWWed b\ Whe beam, cUeaWe 
a laUge nXmbeU Rf ShRWR-elecWURnV aW Whe inneU chambeU 
Zall VXUface. TheVe SUimaU\ elecWURnV, afWeU being 
acceleUaWed in Whe elecWUic field Rf a SaVVing bXnch, ma\ 
again hiW Whe inneU Zall Rf Whe beam SiSe, caXVing 
VecRndaU\ emiVViRn RU being elaVWicall\ UeflecWed [3]. If Whe 
VecRndaU\ elecWURn \ield (SEY) Rf Whe VXUface maWeUial iV 
gUeaWeU Whan XniW\, Whe nXmbeU Rf elecWURnV gURZV 
e[SRnenWiall\ leading WR d\namic inVWabiliWieV and man\ 
RWheU Vide effecWV [4, 5].  
In order to lower the value of SEY of the pipe walls, a-C 
coatings have been extensively tested [1] and used [6] at 
the CERN SPS accelerator and in other experiments [7] 
with very effective results. 
The Ultra-High Vacuum is needed in particle accelerators 
to reduce the gas-beam scattering, the risk of high voltage 
discharge and to improve the thermal insulation [8]. The 

application of NEG coatings allows a distributed and 
continuous pumping in large accelerator vacuum chambers 
even in very narrow beam pipes. CERN was the pioneer in 
NEG thin film coating technology [9], these coatings are 
currently used in the LHC warm vacuum pipes. 
Furthermore, other accelerators like ESRF, ELETTRA, 
SOLEIL, MAX IV and Sirius widely employ NEG pumps 
in their chambers. 
These coatings used for the reduction of SEY or for the 
improvement of the pumping processes, change the 
vacuum chamber surface impedance. A reliable impedance 
model, including a resistive wall contribution, requires an 
accurate electromagnetic characterization of these 
materials [10]. 
Among the NEG alloys, the alloy made from titanium (Ti), 
zirconium (Zr) and vanadium (V) has the lowest activation 
temperature at 180 degrees [11]. The surface impedance of 
samples coated with this NEG alloy has been evaluated for 
our study. We decided to test our methodology with NEG 
deposition whose production, with the desired thickness of 
5Pm, is simpler compared to a-C. Therefore, the 
investigation on the a-C has been postponed. As described 
above, there is the need to create a reliable system for 
measuring the surface impedance of the materials used on 
the coating sample. The NEG characterization of different 
samples has already been carried out in another paper [12, 
13] by comparing numerical simulations and experimental 
measurements in the sub-THz frequency range. 
The methodology presented in this work was studied with 
the idea of overcoming some of the inconveniences of the 
method reported in [12]: 
x non-homogeneous deposition with unpredictable 

thickness and relevant peel-off and blistering; 
x the impossibility to reuse the system for further 

measurements. 
It has to be underlined that the NEG properties vary with 
the parameters of the specific coating process, like pressure 
in the vacuum chamber and/or voltage applied to the 
cathode. This means that any measurement will be not 
valid for NEG in general but relevant to the coating 
process. 
This work is the first step to develop a reliable, manageable 
and inexpensive system for measuring the surface 
impedance in the sub-THz region. 

METHOD 
AV menWiRned abRYe, Whe UeViVWiYe Zall imSedance iV an 

eVVenWial cRnWUibXWRU fRU a deWailed machine imSedance 
mRdel. In WhiV eYalXaWiRn, Whe EM chaUacWeUi]aWiRn Rf Whe 
YacXXm chambeU cRaWingV XS WR high fUeTXencieV ma\ be 
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cUXcial aV fRU CLIC DRV becaXVe Rf WheiU 1.8 mm UmV 
bXnch lengWh [14]. 

The gRal Rf WhiV ZRUk iV WR deYelRS a neZ meWhRd WR giYe 
a Ueliable eVWimaWiRn Rf Whe VXUface imSedance Rf Whe cRaWed 
maWeUial aV a fXncWiRn Rf fUeTXenc\. ThiV meWhRd SURSRVeV 
WR meaVXUe Whe aWWenXaWiRn Rf Whe Vignal SaVVing WhURXgh a 
ZaYegXide (Vee Fig.1) ZiWh cRaWed maWeUial Slaced Rn a 
cRSSeU fRil inWeUSRVed beWZeen Whe WZR VhellV Rf Whe 
ZaYegXide. The cRndXcWiYiW\ YalXe Rf Whe maWeUial iV 
eVWimaWed b\ inVSecWing and cRmSaUing Whe WheRUeWical and 
meaVXUed behaYiRU Rf Whe aWWenXaWiRn dXe WR Whe SUeVence 
Rf Whe cRaWing. FURm WhaW YalXe and fURm Whe meaVXUed 
cRaWing WhickneVV Ze ma\ infeU Whe VXUface imSedance. 

The ZaYegXide iV Slaced in Whe RSWical SaWh Rf a Wime-
UeVRlYed cRheUenW TH] VSecWURmeWeU, deVcUibed in deWail in 
Whe ne[W VXbVecWiRn. 

The eYalXaWiRn Rf Whe Vignal aWWenXaWiRn dXe WR Whe 
SUeVence Rf Whe VamSle allRZV WR UeWUieYe Whe cRndXcWiYiW\ 
b\ XVing a UefeUence Vignal SaVVing WhURXgh Whe ZaYegXide 
ZiWh cRSSeU Vlab ZiWhRXW cRaWing.  

The anal\Wical eYalXaWiRn haV been SeUfRUmed b\ 
VWXd\ing Whe mRde SURSagaWiRn in Whe DeYice UndeU TeVW 
(DUT). The anal\Wical UeVXlWV aUe cRmSaUed ZiWh 
FUeTXenc\ dRmain CST VimXlaWiRnV [15]. In Whe VecRnd 
VXbVecWiRn, Ze VhRZ Whe ZaYegXide XVed fRU Whe 
e[SeUimenW and Whe lRngiWXdinal cXW ZheUe Whe fRil iV 
Slaced. TR aYRid cRaWing inhRmRgeneiW\, Whe WhickneVV 
cannRW be biggeU Whan 5-6 Pm.  

The measXrement setXp 
TeUa K15 Rf Whe MenlR S\VWemV iV Whe deYice XVed fRU 

meaVXUemenWV. IW iV a Time DRmain TH] VSecWURmeWeU. The 
RSWR-mechanical VeWXS XVed fRU RXU e[SeUimenW iV VhRZn in 
Fig. 1. 

  
Figure 1: Sketch of the opto-mechanical setup utilized for 

the measurements: 1)Emitter, 2)Detector, 3)TPX 
collimating lenses, 4)Micrometric alignment systems, 

5)DUT. 

The V\VWem iV baVed Rn a 1064 nm fibeU laVeU ZiWh 120 fV 
SXlVe ZidWh and 60 MH] UeSeWiWiRn UaWe. In Whe VWandaUd 
VeWXS, Whe laVeU RXWSXW VSliWV in 2 beamV. 
The SXmS beam geneUaWeV an elecWURmagneWic WUanVienW 
(TH] SXlVe, |  SV) WhURXgh Whe e[ciWaWiRn Rf a lRZ-
WemSeUaWXUe gURZn GaAV baVed ShRWRcRndXcWiYe anWenna 
(PCA) emiWWeU, ZheUeaV Whe SURbe beam iV XVed WR deWecW 

Whe TH] SXlVe XVing a VimilaU PCA UeceiYeU. A mechanical 
RSWical line (Dela\ Line) iV XVed WR cRnWURl Whe dela\ 
beWZeen SURbe and SXmS beamV. 
This method of detection provides the Zaveform, that is the 
electric field amplitude of the TH] pulse as a function of 
the timing difference (see the nominal time domain signal 
in Fig. 2). For our evaluation, the signal is then converted 
into the frequenc\ domain using a standard Discrete 
Fourier Transform (DFT). In the experiment, the maximum 
frequency resolution is about 4 GHz, limited by the 
scanning range of the delay line only. 

 
Figure 2: THz time domain signal propagation in free 

space. 

The device under test 
The device used for our experiment is shown in Fig. 3. It is 
a circular waveguide connected to two pyramidal horn 
antennas on both sides in order to enhance the 
electromagnetic signal collection and radiation [16]. 
Likely, this shape has been chosen because it is easier to 
mill a pyramidal horn than to machine a conical one. 
Conversely, to drill a cylindrical waveguide is easier to 
mill a rectangular one. 

 
Figure 3: Circular waveguide with two pyramidal horns. 
Left: Front view. Right: Perspective view of longitudinal 

cut. 

Furthermore, the transition from the horn to the 
waveguide is smoother than the one obtainable in case of 
waveguides with a conical-cylindrical or pyramidal-square 
transition. This can be understood by looking at the 
magnified stretch of transition in Fig. 4 
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Figure 4: Magnification of the transition between the 

pyramidal horns and the cylindrical waveguide. 

 
The transition curves are branches of very flat ellipses, 
which are the intersection between a plane and a circular 
cylinder. They are very flat since the plane is almost 
parallel to the axes of the ellipses. Therefore, this behavior 
smoothes the transition from the pyramidal mode to the 
cylindrical one. In the analytical evaluation, without 
affecting the results [17], we assume an abrupt transition 
where the pyramidal horn stops and the cylindrical 
waveguide starts at a plane orthogonal to the axis. The 
distance of this plane from the apexes of the ellipses is the 
double of the one to the cusp made by two ellipses. The 
external shape of the device under test is a parallelepiped 
of size 16×12×120 mm. The internal dimensions are 
reported in table I. 
The slab has the same length as the DUT and is 50 Pm 
thick. During the deposition process, in order to prevent the 
deformation, the slab is held in an aluminum frame (see 
Fig. 5). 

Table 1: Waveguide internal dimensions. 
[mm] LengWh RadiXV/Side (e[WoinW) 
Cylindrical waveguide 42 0.9 
P\Uamidal hRUn 39 6o1.2728 

 

 
Figure 5: Slab placed in the frame for the deposition. 

The TE-VSC-SCC VecWiRn aW CERN SeUfRUmed Whe 
deSRViWiRn SURceVV Rn bRWh VideV Rf WZR diffeUenW cRSSeU 
VlabV b\ XVing a DC magneWURn VSXWWeUing WechniTXe. X-Ua\ 
flXRUeVcence (XRF) WeVW ZeUe SeUfRUmed alRng Whe median 
line Rf Whe Vlab WR check Whe WhickneVV Rf Whe cRaWing 
deSRViWiRn (Vee Fig. 6). The Vlab haV been Slaced beWZeen 
Whe WZR VhellV in VXch a Za\ WhaW Whe median line Rf Whe Vlab 
cRincideV ZiWh Whe cenWeU Rf Whe ZaYegXide. 

 
Figure 6: NEG coating deposition thickness on two slabs 

used for the experiments. 

Modes propagating in the ZaYegXide 
In RUdeU WR VimSlif\ Whe anal\ViV, Ze decided WR ZRUk ZiWh 
a Vingle mRde SURSagaWing in Whe ZaYegXide. The fiUVW 
mRde TE1,1 SURSagaWing inVide Whe ciUcXlaU ZaYegXide iV 
VhRZn in Fig. 7 [18]. 
The SUeVence Rf a Vlab Slaced in Whe median Slane WRgeWheU 
ZiWh Whe incidenW ZaYe cRnfRUmaWiRn (TXaVi-Slane ZaYe) 
VelecW Whe mRdeV WhaW can SURSagaWe inVide Whe ZaYegXide. 
The elecWUic field mXVW be RUWhRgRnal and cRnWinXRXV 
(abRYe-belRZ) WR Whe Vlab VXUface. FXUWheUmRUe, VRme 
V\mmeWUieV haYe WR be VaWiVfied (lefW-UighW). The abRYe 
VenWence can be cRndenVed in Whe VWaWemenW: Whe SURjecWiRn 
Rf Whe incidenW Slane ZaYe Rn Whe mRde mXVW be nRn-nXll. 
The VecRnd mRde WhaW iV allRZed WR SURSagaWe iV Whe TE1,2, 
all Whe RWheU mRdeV in beWZeen cannRW SURSagaWe. 
TheUefRUe, Whe allRZed bandZidWh iV defined b\ Whe cXW-Rff 
fUeTXencieV Rf fTE1,1 = 97.6 GH] and fTE1,2 = 282.6GH]. In 
VXm, Ze ma\ ZRUk in a bandZidWh Rf abRXW 200 GH]. 

 
Figure 7: First mode propagating inside the cylindrical 

waveguide with a foil placed on the center. 

Since Whe Vemi-aSeUWXUe Rf Whe S\Uamidal hRUn iV < 5 deg 
Ze ma\ cRnVideU Whe mRdeV Zhich SURSagaWe in a lRcall\ 
XnifRUm VTXaUe ZaYegXide and Wake Whe UeleYanW lRZeU 
mRdeV. The fiUVW WZR mRdeV, haYing Whe Vame cXW-Rff 
fUeTXenc\, aUe WZR degeneUaWe mRdeV. If WheiU e[ciWaWiRn 
cRefficienW haV Whe Vame amSliWXde, WheiU VXm Zill e[hibiW 
an elecWUic field eYeU\ZheUe RUWhRgRnal WR Whe hRUi]RnWal 
diagRnal aV VhRZn in Fig. 8 
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Figure 8: Electric field of the first two degenerate modes 
inside the square waveguide and sum (right) of the first 
two modes propagating inside the waveguide with a foil 

placed on the center. 

DRing Whe Vame cRnVideUaWiRnV Ze did fRU Whe c\lindUical 
ZaYegXide and cRnVideUing a ZaYegXide Rf Vide Rf 1.2728 
mm, Whe VXm Rf Whe fiUVW WZR mRdeV allRZed WR SaVV haYe a 
cXW Rff fUeTXenc\ Rf fTE1,0 = fTE0,1 = 117.8 GH]. The RWheU 
WZR mRdeV allRZed WR SaVV VWaUW WheiU SURSagaWiRn fURm 
fTE2,1 = fTE1,2 = 263.3 GH]. 
CRnVideUing negligible Whe aWWenXaWiRn cRnWUibXWiRn giYen 
b\ Whe WUanViWiRnV beWZeen Whe S\Uamidal hRUnV and Whe 
cenWUal c\lindUical ZaYegXide, Whe fUeTXenc\ Uange gReV 
fURm 118 GH] WR 283 GH]. 

THE ATTENUATION 
We look for a simple and fle[ible tool able to \ield 
numerical values of the signal attenuation occurring in the 
Zaveguide Zith the slab. 

General formulation 
In WhiV VecWiRn Ze giYe Whe geneUal definiWiRn Rf aWWenXaWiRn 
in a ZaYegXide and Ze eYalXaWe iW in Whe VSecific caVe Rf 
Whe ZaYegXide XVed fRU meaVXUemenWV. 
The definiWiRn Rf Whe aWWenXaWiRn cRnVWanW iV e[SUeVVed b\ 
Whe fRUmXla [19, 20]: 

𝛼 ൌ െ 1
2௉ሺ𝑧ሻ

𝑑௉
𝑑𝑧

            (1) 

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. 1 follows that the attenuation constant due to 
losses on guide walls is [19]: 

α ൌ 1
2

ୖୣሾ୞౏ሺ𝑧ሻሿ
ୖୣሾ୞ሺ୸ሻሿ

∫|ୌ౪౗౤|2dୱ
∬|ୌ౪|2dୗ

                  (2) 

where ZS is the equivalent surface impedance, Z is the 
characteristic impedance of the propagating mode and 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: 

𝐴𝑐௬𝑙 ൌ 1
2

𝑅𝑒ሺ𝑍𝑆ሻ
𝑅𝑒൫𝑍1,1൯

∫ ห௡ ൈ ு1,1ห2𝑑𝑙𝑙

หூ1,1ห2
       (3) 

where Zi,j is the i,j mode impedance and Ii,j is the relevant 
excitation current. To evaluate the attenuation in the 
pyramidal transition we consider the sum of two modes, 
the formula in this case is: 

𝐴௣௬௥ ൌ 1
2
𝑅𝑒ሺ𝑍𝑆ሻ

∫ ห௡ ൈ ሺு1,0+ு0,1ሻห
2𝑑𝑙𝑙

𝑅𝑒൫𝑍1,0൯หூ1,0ห2+𝑅𝑒൫𝑍0,1൯หூ0,1ห2
   (4) 

ZS of the formulas 3 and 4, in case of coating, is: 

𝑍௦ ൌ 𝑍𝑐𝑜𝑎௧
𝑍𝑐𝑢+𝑗𝑍𝑐𝑜𝑎೟௧𝑎௡ሺ𝑘ಿಶಸ𝑑ሻ
𝑍𝑐𝑜𝑎೟+𝑗𝑍𝑐𝑢௧𝑎௡ሺ𝑘ಿಶಸ𝑑ሻ

             (5) 

where d is the coating thickness. When d = 0 there is no 
coating and ZS = Zcu. 
The characteristic impedance in the Leontovich 
approximation for a metallic case (Hƍƍ ≫ Hƍ ) is [17]: 

𝑍 ൌ ሺ1 + 𝑗ሻට𝜔𝜇
2𝜎

ൌ 1+𝑗
𝜎𝛿

                       (6) 

and the propagation constant in the same condition is: 

𝑘 ൌ ሺ1 െ 𝑗ሻට𝜎𝜔𝜇
2

ൌ 1−𝑗
𝛿

                       (7) 

where 𝛿 is the skin-depth defined as: 

𝛿 ൌ ට 2
𝜎𝜔𝜇

                                   (8) 

and 𝜇 ൌ 𝜇௥𝜇0 is the total permeability, 𝜇௥  the relative 
magnetic permeability, 𝜇0 the permeability of free space, 
𝜔 ൌ 2𝜋𝑓 and 𝜎 the material conductivity. 
As stated in the introduction, the procedure consists in the 
measurement and/or in the analytical evaluation of the 
relative attenuation defined as: 

𝑅𝐴 ≜ 𝐴𝑐𝑜𝑎௧ െ 𝐴𝑐𝑢                         (9) 

This means that the attenuation on the wall is simplified in 
the above formula and we have to analytically evaluate 
only the attenuation on the slabs. 

Estimation on the foil in the cylindrical 
waveguide 
The first mode in the cylindrical waveguide with a foil 
placed in the center is shown in Fig. 7. 
The constant of attenuation on the foil placed in the center 
of a cylindrical waveguide is: 
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αୡ୷୪ ൌ 4𝑅𝑒ሺ𝑍𝑆ሻ
 𝜒1,1

ᇱ 𝑘𝑧1,1

𝜋𝑎0𝑍0𝑘0൫𝜒1,1
ᇱ2 െ 1൯𝐽12ሺ𝜒1,1

ᇱ ൯
 

൤
𝑘೟1,1

2

𝑘𝑧1,1
2 ∮ |𝐽1ሺuሻ|2𝑑𝑢𝜒1,1

ᇲ

0 + ∮ |𝐽1ᇱሺuሻ|2𝑑𝑢𝜒1,1
ᇲ

0 ൨  (10) 

were Z0 is the characteristic impedance in the free space, 
a0 is the radius of the waveguide. 𝐽1 and 𝐽1ᇱare the first 

order Bessel function and its respective derivative. 𝜒1,1
ᇱ  is 

the first non-vanishing root of the equation: 

𝐽1ᇱሺ𝑥ሻ ൌ 0 

and 

𝑘0 ൌ
𝜔
𝑐

;   𝑘௧1,1 ൌ
𝜒1,1

ᇱ

𝑎0
;    𝑘𝑧1,1 ൌ ට𝑘0

2 െ 𝑘௧1,1
2  

The total attenuation along the foil of length lg is described 
by the formula: 

𝐴𝑐௬𝑙 ൌ ∫ 𝛼𝑐௬𝑙𝑑𝑧𝑙𝑔
0 ൌ 𝛼𝑐௬𝑙𝑙𝑔           (11) 

where lg is the length of the waveguide. 
To check our analytical tool, we evaluate the agreement 
between a numerical code and our formula for various 
coating thickness with a NEG conductivity value of 
𝜎𝑐𝑜𝑎௧ ൌ 3.5 105 𝑆/𝑚, which is one of the estimated values 
in the already quoted paper [12]. 
We evaluate the relative attenuation (see Eq.9) for the 
cylindrical waveguide as: 

𝑅𝐴𝑐௬𝑙 ≜ 𝐴𝑐௬𝑙
𝑐𝑢 െ 𝐴𝑐௬𝑙

𝑐𝑜𝑎௧                       (12) 

The comparison between our analytical evaluation (Eq. 
12) and CST Frequency Domain simulation is shown in 
Fig.9. 

 
Figure 9: Relative attenuation of the first mode on the foil 
for different coating thickness with 𝜎𝑐𝑜𝑎௧ ൌ 3.5 105 𝑆/𝑚. 

Comparison between analytical formulas and CST 
Frequency Domain simulations. 

 

The excellent agreement makes it hard to detect any 
discrepancies between CST simulations and our theory. 

Estimation on the foil in the pyramidal 
transition 
The attenuation on the foil interposed on the center of the 
pyramidal transition is due to the sum of two degenerate 
modes. The foil forces the propagation of the first two 
modes because of the boundary conditions on the metallic 
foil as visible in Fig. 7. 
The total attenuation per unit length is: 

𝛼௣௬௥ሺ𝑧ሻ ൌ √2 𝑅𝑒ሺ𝑍ೞሻ𝑘𝑧ೞ𝑢𝑚ሺ𝑧ሻ
𝑎ሺ𝑧ሻ𝑍0𝑘0

൤1 +
2𝑘೟ೞ𝑢𝑚

2 ሺ𝑧ሻ

𝑘𝑧ೞ𝑢𝑚
2 ሺ𝑧ሻ

൨ (13) 

The total attenuation on the foil in the two transitions is not 
anymore a constant, because the side is changing along the 
waveguide, this means that the attenuation of two modes 
on the pyramidal walls is given by the resolution of the 
integral: 

𝐴௣௬௥ ൌ 2 ∫ 𝛼௣௬௥ሺ𝑧ሻ𝑑𝑧𝑙೟
0 ൌ

√2 𝑅𝑒ሺ𝑍ೞሻ
𝑍0

[
 
 
 
 

െ 1
2d

𝑙𝑜𝑔
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2
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2
+1

ඨ1−ቀ 𝜋
𝑘0𝑎ቁ

2
+1

ඨ1−ቀ 𝜋
𝑘0𝑎ቁ

2
−1]

 
 
 
 
+
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                      (14) 

Where 

𝑎ሺ𝑧ሻ ൌ 𝑏 + 𝑧𝑑 ൌ 𝑏 +
𝑧ሺ𝐵 െ 𝑏ሻ

𝑙௧
 

is formula of the side of the waveguide that changes along 
the transition, lt is the longitudinal length of the transition 
and B is the side of the entrance of the pyramidal horn 
transition and 

𝑘௧ೞ𝑢𝑚ሺ𝑧ሻ ൌ
𝜋

𝑎ሺ𝑧ሻ
;     𝑘𝑧ೞ𝑢𝑚ሺ𝑧ሻ ൌ ට𝑘0

2 െ 𝑘௧ೞ𝑢𝑚
2  

We evaluate the relative attenuation (see Eq.9) for the 
Pyramidal transition as: 

𝑅𝐴௣௬௥ ≜ 𝐴௣௬௥
𝑐𝑢 െ 𝐴௣௬௥

𝑐𝑜𝑎௧                      (15) 

The comparison between this analytical evaluation and the 
CST Frequency domain solver is in Fig. 10 for 𝜎𝑐𝑜𝑎௧ ൌ
3.5 105 𝑆/𝑚. 
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Figure 10: Attenuation of two modes on foil in pyramidal 

transition for different coating thickness with 𝜎𝑐𝑜𝑎௧ ൌ
3.5 105 𝑆/𝑚. Comparison between analytical formulas 

and CST Frequency Domain simulations. 

THE MEASUREMENT CAMPAIGN 
Before starting the measurements with the coated slabs, the 
symmetry of the waveguide has been tested without any 
slab. The time domain signal passing through the 
waveguide has been compared with the one passing in the 
same waveguide rotated by 90 degrees, keeping constant 
the direction of the electric field. The two signals in Fig. 
11 are almost superimposed. This verifies that the 
waveguide is top-bottom and left-right symmetric. 

 
Figure 11: Test of the top-bottom left-right symmetries. 
The waveguide is 90 degree rotated (red) with respect to 
the normal use (blue). The polarization of the incident 

wave is taken constant. 
 
After this check, the measurements have been performed 
on a waveguide with copper slab placed in the center as 
reference and then two different NEG coated copper slabs 
with 3.9 Pm and 3.7 Pm of coating thickness. 
The spectrum of the first set of measurements in the 
frequency range of our interest is shown in Fig. 12 

 
Figure 12: Fourier transform of three different 

measurements. Waveguide with copper slab (red), 
waveguide with NEG coated slab of 3.9 Pm (blue) and 

waveguide with NEG coated slab of 3.7 Pm (green) 
 
The pattern shows the attenuation due to the presence of 
the coating on the two different slabs with the respect to 
the copper one. After preliminary settings of the lens and 
the maximization and symmetrization of the signal in the 
waveguide, we carried out 5 repeated measurements to 
evaluate the attenuation. 
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 [21]. 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 Fig.13 shows the conductivity evaluation for the NEG 
coating of 3.9 Pm. The signal is compared with theoretical 
curves with different conductivity of the coating. The best 
fit, evaluated with the least square method, estimates 
𝜎𝑐𝑜𝑎௧ ൌ 7.9 105 𝑆/𝑚 with an error of 7%. 
 

 
Figure 13: Attenuation on the NEG coated slab of 3.9 Pm: 
averaged experimental data (red dots) and best fit curve 

(blue). 
 
The measurements have been also performed with a 
different copper slab with a NEG coating of 3.7 Pm. 
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In Fig.14 𝜎𝑐𝑜𝑎௧  is estimated to be 8.2 105 𝑆/𝑚. In this case 
the error is in the order of 10%, this high value could be 
caused by a peel-off on the extremal part of the foil. 

 
Figure 14: Attenuation on the NEG coated slab of 3.7 Pm: 
averaged experimental data (red dots) and best fit curve 

(blue). 

CONCLUSIONS 
The comparison between the analytical evaluation and the 
numerical solution shows a good agreement. The 
developed analytical method is reliable. The advantages of 
the setup with the central coated slab are both intrinsic 
simplification of the manipulation of all the setup and the 
possibility to have a uniform deposition on the flat slab. 
The evaluated coating of the NEG sample for the two 
different slab goes from 7.9 105 𝑆/𝑚 to 8.2 105 𝑆/𝑚 with 
a maximum error in the estimation of the 10%. 
The surface impedance is estimated in figures 15 and 16. 
That value is derived both from the performed 
measurements and from the best fit value of conductivity. 

 
Figure 15: Surface impedance estimation of the 3.9 Pm 
NEG coated slab: from averaged experimental data (red 

dots) and from best fit curve conductivity (blue). 

 
Figure 16: Surface impedance estimation of the 3.7 Pm 
NEG coated slab: from averaged experimental data (red 

dots) and from best fit curve conductivity (blue). 
 
After the Ecloud'18 workshop where this paper has been 
presented, a more complete version of the article and 
following studies on the methodology have been published 
in [22, 23]. 
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