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abstract

The secondary electron emission (SEE) from materials used in high power RF devices in space is the main
trigger and sustaining mechanism of the resonant avalanche electron discharge known as the multipactor
effect. It limits the attainable power of those devices. During recent decades, some scientific research has
been focused on material properties for obtaining anti-multipactor coatings of low secondary emission
yield (SEY). The European Space Agency (ESA) is leading a technological research ona new approach based
on surface roughness that might perform as a kind of blackbody or Faraday cage effect. A multilayer
coating structure was adopted for fulfilling the stringent requirements of the space. The surface of a
standard silver plating was modified by a two-step treatment. First, a wet chemically etching process
created a roughness of high aspect ratio, in the scale of microns. Secondly, the surface was coated with
a protective 2 4, m overlayer of gold, using magnetron sputtering. This anti-multipactor coating has been
tested on several types of Ku-band WR75 waveguide transformers and band-pass filters, with excellent
results. The multipactor effect was suppressed for two waveguides, even when applying the maximum
available power levels. As for the other final four, the increase of multipactor power level was in the range
of 4-6 dB. These results were obtained after more than one year of air exposure. In spite of the strong
roughness, the insertion losses were diminished by 25% with respect to the values attained in the tests
of the standard anti-multipactor coating, Alodine.

1. Introduction

Previous research was carried out to improve the perfor-
mance of the current anti-multipactor Alodine coating [5-12]. In

Multipactor (MP) is a complex, potentially detrimental phe-
nomenon targeted for mitigation in the past few decades, with
the purpose of increasing the levels of stable delivered power in
space missions. Similar phenomena take place in high-energy par-
ticle accelerators [1,2], in magnetically confined fusion apparatus
[3] and other vacuum high power RF devices, such as klystrons [4].
The dynamic mechanism that defines it is the resonant multiplica-
tion of the secondary electron population in RF components, that
can eventually lead to: (i) modification of device impedance, (ii)
absorption and reflection of RF power, (iii) enhancement of noise,
(iv) generation of harmonics, (v) outgassing from exposed surfaces,
and finally (vi) destructive corona discharge.

the traditional approach based on materials properties, metals
and metallic compounds with initial low SEY and surface resis-
tance were proved to be unstable in air and affected by aging
processes. Since any kind of in situ surface conditioning was com-
pletely discounted, a trade off seemed to come from noble, inert
metals. As a result, gold coating of a chemically etched silver sur-
face was considered as a viable alternative for several additional
reasons:

(a) the surface roughness of silver insures a high first cross-over
energy Eq (the energy at which the SEY is first equal to one) and
alow SEY coefficient;

(b) oxidation of silver is prevented with a metal of even higher E1;

(c) low RF surface resistance is maintained and

(d) the chemical and physical structure is stable to long term air
exposure.
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Fig. 1. Schematic diagram for the geometric half - structure of the multipactor samples. (i) reduced height gap transformer, of three types, (ii) corrugated low pass filter, and

(iii) ridged low pass filter. Not to scale.

The secondary electron emission from materials used in high
power RF devices in space is the main trigger and sustaining mech-
anism of the resonant avalanche electron discharge known as the
multipactor effect [13-16]. It limits the attainable power and the
optimum performance of these devices. The multipactor resonance
conditions can often be avoided by an appropriate design of the
electromagnetic field; even though, there are always some criti-
cal parts where a low secondary emission yield is required. For
decades, research has focused on material properties to obtain anti-
multipactor coatings of low secondary emission yield (SEY). This
approach has shown its limitations in space applications where
strong requirements on stability in atmospheric air and surface
electrical conductivity areset. ESAisleading technological research
onanew approach based on surface roughness, which might work
asakind of blackbody or Faraday cage effect [37]. There are several
simulation and experimental results [17-19] demonstrating that
high aspect ratio surface roughness is capable of absorbing part
of the electron emission in the so-called SEY “suppression” effect.
This effect is purely macroscopic and independent of roughness
size or material type. Itis caused by the appropriate roughness pro-
file. Researchers from the particle accelerator scientific community
(SLAC, KEKB, CERN) are proposing macroscopic grooved surfaces
in specific regions, to avoid the e-cloud build up negative effects
[20-22].

We report here the first application of microscopic surface
roughness for high power RF devices in space applications.

2. Experimental
2.1. Samples

Two main kinds of samples were manufactured, treated and
tested in this work: small research samples and multipactor sam-
ples. Both were made of silver plated aluminum 6061 alloy, as is
standard in space industry and manufactured by Tesat Spacecom.

Table 1
Types of multipactor samples of standard silver plating “as received” from Tesat, to
be treated in our labs.

Item Sample Gap (mm) Ag thickness (U,m)
K,0 Short gap transformer (type 1) 0.14 20
Kyl Short gap transformer (type 1) 0.14 20
K2 Long gap transformer (type 2) 0.14 40
Nuv Lap transrormer (type o) v.1v “4U
K4 Gap corrugated low pass filter 0.34 40
Ky5 Gap ridged low pass filter 0.70 40

The small research samples were about (50 mm X 20 mm X
1 mm) with 20 y,m Ag plating. Smaller research samples about
(13 mm X 10 mm X 1 mm) were sectioned from them and used in
the research of the appropriate wet chemical etching procedure, for
a surface porosity or roughness of high aspect ratio, in the micron
size scale.

The multipactor samples were actual RF waveguides (Ku-
band, WR75 for 11.8 GHz) specially designed and manufac-
tured by Tesat Spacecom for multipactor and RF performance
tests after surface treatment. Their external size was about
(40 mm X 20 mm X 110 mm). They were manufactured in three
main structures: (i) a waveguide with reduced height gap and
transformers on both ends, (ii) a corrugated low pass filter, and
(iii) a ridged low pass filter (Fig. 1 shows half of the inner vol-
ume). The gap transformers were of three types as shown in
Tablel.

The multipactor test samples were comprise of two symmetrical
half shells, as shown in Fig. 2, to facilitate the surface treatment
and analysis. Five final multipactor samples, Kul-5 (see Table 1)
were tested at Tesat Spacecom for multipactor threshold and RF
performance after completing the surface treatment (i.e., with the
new rough coating) and another identical five ones without surface
treatment (i.e., with standard silver-plating). An initial multipactor

Fig. 2. Multipactor test sample Ku3-left and Ku2-right at the two stages of the surface treatment, shown with the half shell structure open apart. Notice the darker and matte

appearance of the roughened Ag and Au surfaces, compared to a standard silver surface.



Multipactor sample + 3x withess samples

withess sample

Chemical etching

|

Au coating witness sample

L

witness sample

Multipactor
and RF testing

I SEY, SEM, EDX, XPS analysis

Fig. 3. Schematic diagram of the surface treatment and testing of the multipactor
samples. Witness samples were small research samples. Some multipactor large
samples also were analyzed by SEY, SEM, EDX and XPS.

sample, Kyo was tested at ESA / ESTEC at the three stages of surface
treatment: (a) plain Ag plating before any treatment, (b) chemically
etched Agplating, and (c) after chemically etching and Au coating.

Since surface treatment optimized for small research sam-
ples did not work equally well for the larger multipactor test
samples, several initially similar multipactor samples have been
used for adapting the chemical etching procedure to the larger
samples.

2.2. Surfacetreatment

Surface treatment was developed in our laboratories, in two
main steps or phases: wet chemical etching of the silver-plating,
to achieve the appropriate surface roughness and on-top a gold
deposition to obtain an oxidation protective surface overlayer of
low SEY. The final optimized procedure for surface treatment of
the multipactor samples is schematically described in the diagram
of Fig. 3.

During surface treatment, several surface analysis techniques
were used: mainly SEY measurements, SEM (Scanning Electron
Microscopy), EDX (Energy Dispersive X-ray emission spectroscopy,
associated to SEM), and XPS (X-ray Photoemission Spectroscopy).
Final multipactor test samples were also analyzed by these
techniques. The multilayer structure and functions of the final
anti-multipactor coating is summarily described in diagram of
Fig.4.

2.3. Wet chemical etching of silver

In the first phase of the surface treatment, a porous surface was
chemically etched on the silver plating by an acid mixture. High
structuring is necessary for a SEY “suppression effect”. However,
roughness sizes bellow 10 y,m were necessary for the geometrical
precision, required by the microwavewavelength. Thiswasaccom-
plished by wet chemical etching. It is a well-known procedure,
mostly implemented in the fabrication of structured silicon wafers
and micro-technology [23-25]. The etchant utilized was adapted
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Fig. 4. Schematic diagram of the final multilayer anti-multipactor coating the Au
over layer: for low SEY surface, electrical conductivity and chemical stability, the Ag
layer: for a high aspect ratio surface roughness and electrical conductivity, the Ni
layer: for improved adhesion.

for silver in order to meet those requirements. Several common
potential etchants were tried under a variety of conditions: (a)
HNO3 +HF +H,0, (b) CH30H + NH4OH +H,02, (c) KI+I+H0, (d)

HCI + HNO;3 + H20, and (e) H2504 + H203. The size of the roughness
was analyzed by SEM and the suitable aspect ratio was detected
by its “suppression effect” in SEY. This last criterion was much
more restrictive that the first one. The common quartz cleaning
solution (a) was clearly the preferred choice, with maximum SEY
values below 1.5 (values for the as - received Ag plating, 1.8-2.6). It
was found that a simple, easy discernable criterion was a darkened
matte surface to the naked eye.

We describe here the chemical etching adjusted for the large
multipactor test samples. That of the small research samples was
not so critical in the conditions. The reproducibility was tested with
40 research samples and 10 multipactor samples. Ag plating thick-
ness of 10, 20, and 40 u,m were tested; 40 u,m was necessary to
avoid over etching in sharp corners.

Prior to the chemical etching, surface contamination was
removed by successive treatments in ultrasonic baths of acetone,
methanol and deionised water, respectively, at room temperature
during a total of 10 min, and then dried out by nitrogen flow.

A mixture of 500cm® deionised water (18 MQ), 60cm® of HF
48 wt% PA-ACS-ISO (M =20.01), then 250 cm? of HNO3 65wt% PRS
(M=63.01), and then 190 cm? of water to complete a total volume
of 1000 cm3 is prepared in a high-density polyethylene or similar
acid resistant container. Since this is an exothermal reaction, an
increase of about 10 °C above room temperature is detected, along
with gas release at the surface. Then, the solution is poured in a bath,
a 2000 cm® acid resistant vessel with suitable dimensions for the
solution to cover the lying waveguide half shell by 3 cm. Best results
are obtained if the solution is allowed to cool down to 28 °C. Once
this occurs, one half-shell and its corresponding witness samples
are totally immersed at the same time, with the surface to be treated
(inner surface of the waveguide) facing upwards. Then, corrosion
starts with visible changes in colour shade and brightness of the
silver surface during the optimum etching time of about 2 min, 30 s.
The process is also accompanied by the formation of very small gas
bubbles over the surface. The most probable reactions, which take



place in a cold and diluted mixture, at the unsaturated molar ratio
of HyO:HNOs3:HF = 31.2:1:79.1 are:

3Ag + 4HNO; — 3AgNO; + 2H0 + NO
4AgNO3+2H,0 — 4Ag+4HNO5+0,
AgNO; + HF — AgF + HNO;3

4HNO;3 — 2H,0 + 4NO; + O

The process is stopped before the surface exceeds the desired
level of structuring, by taking the samples out of the bath and
rinsing in abundant deionised water, using ultrasound. This step
is important and necessary for washing out rest of etchant and
small particles from the etching reaction. Field emission from these
loosely attached particles will trigger multipaction, a well-known
problem in other technologies [26]. As a final step, the samples are
dried with nitrogen flow and stored in UHV conditions. The entire
procedure and conditions are repeated for the second half-shell of
the waveguide and its corresponding witness samples.

2.4. Gold coating by magnetron sputtering

In the second phase of the surface treatment, the etched surface
of the Ag plating was coated by a Au overlayer to avoid oxidation
upon exposure to air. This metal has the best electrical conductivity
among inert metals and its SEY is lower than that of Ag exposed to
air.

After several trials, a 2 u,m thick coating by magnetron sputter-
ing was selected. The deposition was performed in a UHV system
with a RF magnetron IONX of Thin Film Consulting, with a 2 inch Au
target as an atomic source and a base pressure below 107 mb. This
setup insures a stable deposition rate in the range of 65-85 nm/min
for normal sputtering conditions. The two half shells of a waveguide
are located in a rotating sample stage at 7 cm distance and 50° take
off angle from the source. Deposition was performed at 6 X 1073 mb
pressureand17.7 mln/min (millilitre normal per minute) flow of Ar
and 110 W of RF transmitted power, while the samples are heated
at 120 °C both by the magnetron plasma and by several halogen
lamps located in the proximity of the sample stage.

2.5. XPS and SEY apparatus

For the SEY measurements, an EQ22/35 Leybold Hereaus elec-
tron gun supplied the incident or primary electron beam: current
0.6-6nA, diameter 6 mm, fluence 20nC/ mm?. The SEY measure-
ments were performed by measuring sample current to ground Is,
by a precision electrometer (see Fig. 5).

The incident electron gun current Ip was measured both by
a Faraday cup and by a graphite reference sample biased to
+50V and corrected for backscattered emission in the case of
graphite. Because of charge neutrality in a conductive sample at
constant bias, the emission current is: Ia=Is —Ip, and the SEY
is: a=—Ia/Ip=Ia/|Ip| =1+ (Is/|Ip|). The primary electron energy is
Ep=e- (Vs — Vg), where e is the electron charge, Vs the sample bias,
and Vg the electron gun cathode potential (the bias Vs = —-30V
was applied to inhibit secondary electrons, produced elsewhere
in the apparatus, from impinging on the sample). When bias-
ing a sample to Vs=+50V, the emission current is only that of
the backscattered electrons (with energies typically above 50eV)
I =—rilp=Is — Ip — Ia", where rjis the backscattering electron emis-
sion coefficient and Ia" is the current of secondary electrons from
elsewhere in the apparatus (since now there is no retarding bias of
—30V, but an accelerating one of +50 V). This current Ia" is mainly
generated by the sample backscattered electrons. In the case of a
graphite sample, I; is small [27], and Ia" even smaller, thus prac-
tically negligible. In this case, the Iy =~ Is/ (1 — rj). In our system, the
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Fig. 5. Schematic diagram of the SEY measurements.
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I, = primary electron beam current, negative. Iq = emitted secondary electron cur-
rent, positive. Is =sample current, the sign of (a — 1) Sample is biased inside the
analysis vacuum chamber.

error of this equation is about 3%, similar to that of our Faraday cup
method. This error implies a similar error in a. The SEY measure-
ments were performed in a LH10 Leybold Hereaus system under
vacuum conditions of 2 X 1072 mb of base pressure.

In another analysis system (at CSIC-ICMM, Madrid), a Kimball
Physics ELG-2 electron gun with fluenciesin the f{C/mm?range was
used for tests. Thissystem wascapable of measuring SEY of thelarge
multipactor test samples; an ultra-short pulsed electron beam was
alsoavailable. Additional information can be found in [15].

As for the surface chemical analysis, we made use of an ESCALAB
210 VGS system, equipped with twin anode MgKuy/AIKy non-
monochromatic X-ray source, a spherical sector electron energy
analyzer with five channeltrons and three-elements electron lens.
The system was operated in the constant analyzer energy mode
(CAE), with 50 eV of pass energy and a normal emission angle The
sample, a very good conductor, was at the analyzer ground potential
and the analyzed energy was calibrated with Au and Ag reference
samples. Vacuum in the analysis chamber was below 3 X 10~° mb.

2.6. Multipactor and RF performance tests

The multipactor threshold and RF performance test setups, as
well as the standard procedures and process simulations are fully
described elsewhere [7,15].

3. Results and discussion
3.1. Scanning electron microscopy (SEM) analysis

Thesamplescharacterized by SEM, (seeFig. 6aandb), presented
highaspectratio surface morphology in therange of microns which
performs as a multi-Faraday cage function for the incoming elec-
trons, resulting in a overall electron suppression effect.

Macroscopically, the samples lost their brightness and acquired
a darker tone of colour, due to the enhanced absorption of the elec-
tromagnetic radiation by the curved surface. A sponge-like pattern
of sharp points and edges was generated by the chemical etch.
The tips were rounded and converted to lose grains slightly packed
after the gold coating. Monte Carlo numerical simulations were per-
formed in the past, especially by the particle accelerator scientific
community, in order to predict the degree of secondary electron



Fig. 6. SEM images of the effect of gold coating a chemically-etched silver sample: (a)
silver surface etched by HF-HNO3, (b) same sample after gold coating by magnetron
sputtering.

suppression by rough surfaces. Most of them rely on bidimensional
models of triangular or rectangular grooves [17], and on more com-
plex 3D structures, such as a cylindrical well geometry [18]. In all
scenarios, the key parameter influencing SEY was the aspect ratio,
generally defined as the ratio between the average height and width
of every individual cell-unit structure. In addition, the experimental
results confirm the SEE (secondary electron emission) suppression
effect of high structuring as independent from the roughness size.

AlthoughourrealroughsurfacesshowninFig. 6 and Fig. 12 present
an important degree of randomness, it was possible to estimate an
approximate average protuberance surface density of 0.137 u,m~2
and an approximate 4 4, m height.

3.2. XPS and EDX surface composition analysis

The surface composition and contamination of the silver plating
was analyzed by EDX and XPS at two depth scales, 1 y,m and 5 nm
scales, respectively, at two stages: as received and after chemical
etching. From the XPS intensities of the Ag 3d, C 1s, O 1s, and F
1s core levels and the corresponding XPS atomic sensitivity factors
[28], the near surface composition was calculated and illustrated in
Fig. 7.

This is the average composition in a depth of the order of about
three photoelectron escape depths, i.e., 9nm. In addition, no Ag
oxideorsaltcould be detected inthe Auger MNN transition (itisnot
detectable in the 3d core level) [29]; this sets a limit to the amount of
surface oxide, below 10%. Thus, it can be concluded that the surface
of thessilver plating was very similar for both states: a carbonaceous
surface overlayer typical of the exposure toairand asilver bulk. The
only minor modifications due to the chemical etching process were
a small increase (20%) of the contamination carbonaceous layer,
a smaller (20%) oxygen composition of this overlayer, and a very
small F contamination. The thickness of the carbonaceous surface
layer could be estimated from quantitative XPS, if the Catomic den-
sity in the overlayer is determined. The relevant equation [30,31]
of quantitative XPSis:

Ic _ Sc Nc1-—exp(—d/A)
exp(—d/A)

where [ is the XPS intensity, S is the XPS sensitivity factor, N is the
atomic density, A is the inelastic mean free path of the photoelec-
tron (=2.9nm, for C1sand Ag3d photoelectrons in the overlayer),

IAg SAg NAg

and d the thickness of the overlayer. For computing d, we needed a
model compound of well-known specific values for the necessary
data. Assuming a CsO2Hg initial composition as the closest model,
the calculated thickness would be in the range of 6-7 nm for both
states.

XPS quantitative analysis
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Fig. 7. Surface XPS (MgKu) quantitative analysis of the as-received silver plating,with a long-term exposure to air and the chemically treated by HF-HNO3 silver research

samples.
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Fig. 8. Comparison between high SEY coefficient of the “as received”, smooth plated
silver and the average values of wet chemically etched research samples.

Other EDX measurements, using an Oxford Instruments ana-
lyzer (model INCAX - sight), were also performed to determine
bulk composition. We estimated thatanapproximate layer of 8y, m
in depth of silver was totally removed during the etching pro-
cess, justifying thus the need for consistent initial plating. After
the second step, we determined that the gold signal detected by
EDX was 100% on the top of the protuberances. It was not the case
for the base region of the grain structure, since shadowing effects
affected the uniform coverage. The atomic ratio in bulk detected
there (AgL/AuM)=(12%/88%), suggests thatin these lower regions,
the average gold layer thickness was well under 2 y,m.

3.3. SEY measurements

In Figs. 8 and 9, we present the SEY-energy dependence curves
of relevant samples and surfaces in this study. In Fig. 8, the strong
SEY suppression effect caused by the surface roughness on Ag plat-
ing can be observed. A typical SEY curve of as-received conditions
is compared with SEY of chemically etched Ag surfaces. The sta-
tistical results of 60 research samples are shown as the average
values and the error bars corresponding to 50 and 96% of the sam-
ples (computed from the typical deviation values). In this figure, the
SEY curve of a typical multipactor sample with a chemically etched
silver surface is also depicted. It can be observed that the effect of
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Fig. 9. SEY of relevant Au surfaces: (a) 254, m Au foil (99.9% pure from Goodfellow),
long-term air exposure, (b) 2,m Au on polished Si wafer, short air exposure. (c)
2u,m Au on Ag plating, short air exposure. (d) 2y, m Au on chemically etched Ag
plating, K3 multipactor sample, long air exposure (400 day). (e) 24, m Au on chem-
ically etched Ag plating, K,3 multipactor sample, short air exposure. All the 2 u,m
Au coatings were deposited at the same batch.

the chemical treatment is not as effective as on the smaller research
samples. Comparing our experimental SEY curves with those from
theoretical simulations for different aspectratios [17,18], we would
expect an aspect ratio higher than 2.

We should draw attention to the fact that the SEY suppression
effect is more pronounced at low primary energies (or vice versa)
thanis predicted by simulations. Thisis precisely the best behaviour
for anti-multipactor coatings.

Similar effects of surface roughness on the final treated coatings,
i.e., with a rough gold surface, are shown in Fig. 9. Rough (e) and
smooth (b, ¢) Au surfaces with short air exposures can be compared,
and analogously, for long air exposures (d vs. a). Also, the absence
of effect of the substrate material can be observed.

The “shoulder” at low energies (100-200eV) in the SEY coef-
ficient of Au is due to the adventitious surface carbonaceous
contamination “naturally” grown during exposure to air, and well
known in XPS practice where it was used for energy referencing
[32,33]; at these energies, the primary electron range is of 1-2nm
[34]. This layer is mainly formed by hydrocarbons. Its intensity
is related to its thickness [35,36], i.e., to the exposure time. For
higher primary energy, the electron range reaches into the Au sub-
strate and its SEY is recovered. The electron range in Ag and Au at
2000eV is about 50nm [34], and thus much smaller than the Au
layer thickness and the surface roughness size for all energies of
interest.

3.4. Multipactor threshold

We present in Table 2 the results of the multipactor thresh-
old tests. These multipactor and SEY tests were performed after
very long exposures to the air (more than one year for Ku 1-2). The
complete surface treatment, i.e., chemical etching plus the Au coat-
ing, produces an increase in the multipactor power level of 2-6 dB
with respect to the bare Ag plating in four samples and practical
suppression in two samples. For the latter case, it was not possi-
ble to initiate the multipactor discharge, even using the maximum
available power (6500 W at Tesat and 5300 W at the ESA/ESTEC
test centre, respectively). That meant an improvement of >12.7 dB
and >8.79, respectively, versus the bare silver plating. This demon-
strates thatin practiceitis possible to avoid multipaction by surface
roughness of high aspect ratio. Another important fact to point
out is that it is not necessary that SEY <1, but the first cross-over
energy E1 should be sufficiently high. For the multipactor effect, the
important SEY values are those for low primary energies.

In principle, a difficulty in analyzing the multipactor data of
Table 2 is that multipactor samples are of different types and
different gap heights.Moreover, the low pass filters are not even
comparable to parallel plates. Thus, it is no surprise that there is no
correlation among frequency-gap product values and multipactor
levels. In addition, the influence of SEY parameters on multipactor
level could be obscured by the diversity in waveguide structure.
Despite all that, there is an evident and strong correlation for the
latter. There is a linear correlation between first cross-over energy
E1 and multipactor level. This correlation improves significantly if
SEY properties are condensed in the ratio of the first cross-over
energy to the SEY maximum ratio E1/ am, see Fig. 10. It was even
possible to distinguish between the Ag plating and the treated sur-
face (rough Au) behaviour with 1.3% of error.

( \os
Ei/1eV

m

MP(rough_Au) = 53 W

For Ag plating, the pre-factor is 108 W, with a 2% error, and the
exponent 0.69. If all surfaces are considered, the pre-factor is 120 W
and the exponent 0.64, with a corresponding 3% error.



Table 2
Results of the tests on the multipactor (MP) samples.

Multipactor test sample SEY testsat CSIC 12GHz RF tests at Tesat

Sample Surface E;q [eV] an MP power (W) MP power increase (dB) Insertion losses (dB)
K,0-1 Ag plating 32 2.2 700" 0.15"
K,0-2 Rough Ag 150 1.3 1100" 1.96" 0.36"
K,0-3 Rough Au 300 1.3 >5300" >8.79" 0.52"
Ky1-1 Ag plating 18 2.02 496 0.215
Ky 1-2 Rough Au 73 1.51 1172 3.73 0.630
Ky2-1 Ag plating 32 1.83 759 0.281
Ky2-2 Rough Au 166 1.44 2469 5.12 0.786
K 3-1 Ag plating 29 1.83 350 0.359
Ky3-2 Rough Au 219 1.40 >6500 >12.68 1.067
Ky4-1 Ag plating 37 1.81 945 0.178
Ky4-2 Rough Au 237 1.30 3353 5.5 0.422
Ky5-1 Ag plating 65 1.69 1300 0.065
K, 5-2 Rough Au 269 1.20 3960 4.83 0.137

Rough Ag=chemically etched Ag plating, Rough Au= Au coated rough Ag. ‘RF tests at ESA / ESTEC; >, no multipactor, tested up to the limit of delivered RF power.

3.5. RF performance

The RF performance parameter of the multipactor samples rel-
evant for analyzing the surface treatment is the Insertion Loss (IL),
of which values are presented in Table 2. In a metallic waveguide,
IL in dBis proportional to the surface resistance for a given geome-
try and frequency. Since multipactor samples were coated roughly
uniformly over their entire surface, we may compare pairs of IL val-
ues for each waveguide structure as a measurement of the relative
surface resistance. Thus, it is computed an increase of 2.8 + 0.4 in
surface resistance for the rough Au surfaces respect to the Ag plat-
ing; this is due to surface roughness and higher resistivity. From
previous studies with Alodine coating (reference anti-multipactor
coating for ESA) in C- and X-band waveguides [37], an increase of
3.8 £ 0.5 should be expected for Alodine coating in the case of the
Ku-band multipactor samples of this work. Since the RF field skin
depth in the Au coating (0.69 u,m) is smaller than its thickness and
since surfaceresistanceis proportional to the square root of the bulk
dc resistivity (1.59 and 2.44 4, Qcm for Ag and Au, respectively),
we may separate the effect of the material and the effect of the
roughness. Thus, it is computed an increase of 2.3 + 0.3 in surface
resistance for the rough Ag surfaces respect to the Ag plating, i.e.,
due only to surface roughness. In this case, we are disregarding the
modification of surface roughness by the Au coating, as confirmed
by Ku 0-2.

We have compared these results with theoretical calculations
for the influence of surface roughness on RF surface resistance.

10000

1000 +

Multipactor Threshold [W]

100 t t
1 10 100

First Cross-Over Energy to SEY Ratio E;/c,, [eV]

1000

Fig. 10. Correlation between multipactor power level and the SEY parameters of this
coating. Squares: Ag plating, Triangle: chemically etched Ag, Diamonds: Au coated
chemically etched Ag. Multipactor suppression for diamonds marked by an arrow
(maximum tested power) is shown.

h/p=17 16 15 14

2.5+

Rsrough / Rssmoolh

Fig. 11. Roughness factor in surface resistance for semi-ellipsoidal indentations
of radius and period p and height h. Black curves (h/p <1), theoretical data from
[28]; grey curves, approximate extrapolations; 1, skin depth. The highlighted dot
corresponds top=2.74,m,h/p=1.5,2=0.7y,m.

These theoretical predictions [38,39] were made for simple,
regular geometrical profiles. As an approximate model to our
experimental irregular and partly random surface roughness, we
chose the tangent semi-ellipsoidal indentations, distributed with
square translation symmetry, which leave protuberances in the
square corners (Fig. 11). The corresponding RF surface resistance
has been numerically computed in [39].

We used the surface roughness parameters: protuberance sur-
face density and height, estimated from SEM images of Fig. 6band
Fig. 12, for computing Fig. 11 using data from [39], which shows a

Fig. 12. Cross section of the K, 3-2 surface morphology, for the estimation of rough-
ness parameters. SEM image in angle perspective of about 15° take-off angle.



surface resistance roughness factor of 2.4 in excellent agreement
with our experimental results of RF insertion loss.

4. Summary and conclusions

Aresearch onanti-multipactor coatings based onsurfacerough-
ness has been undertaken, since the approach based on material
properties has reached a limit due to the problem of aging in atmo-
sphericair, unavoidableinspaceapplications. A multilayer coating
structure has been adopted for the fulfilment of these requirements.
Thestandard conductivelayer of Ag platingis preserved butitssur-
face is modified by a two-step treatment. First, a high aspect ratio
roughness on the scale of microns is chemically etched. Secondly, it
is further coated by 2y, m of gold. This multilayer anti-multipactor
coating has been tested on Ku-band WR75 waveguides of several
types, with excellent results. Multipactor has been suppressed for
two of them, reaching even the maximum available power level
(equivalent of >12dB over the standard Ag plating). For the other
four waveguides, the increase of multipactor power level was of
4-6 dB. These results were obtained after more than one year of
air exposure, which should be attributed to the gold protective
overlayer.

Inspite of the strong roughness, the insertion loss was increased
in a factor of 2.8 + 0.4 compared to a factor of 3.8 + 0.5 expected for
Alodine, the reference anti-multipactor coating for ESA. The inser-
tion loss will be further diminished in future work by decreasing
the roughness size scale and experimental results are planned for
publishing.

The wet chemical etching of Ag plus sonication in deionised
water leaves a highly porous or sponge-like chaotic surface rough-
ness without any extra contamination apart from that due to air
exposure. The 2y, m Au coating results in a distribution of protu-
berances ranging 1-5u,min height and 1-2 y,m in width.

The effect of suppression of the secondary electron emission
by the surface roughness of high aspect ratio was much more
pronounced at low primary energies than predicted by published
simulation model results. This is just the desired effect for an
anti-multipactor coating. The main SEY requirement is a high first
cross-over energy. We still need to determine in what manner the
backscattered and true secondary electrons trigger and sustain the
electronic suppression effect.

Recent studies on antimultipactor structures of tens of nanome-
tres are intended for future publication.
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