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Abstract

Functionalized amorphous carbon (a-C) coatings are be-
ing developed to reduce the secondary electron emission
yield (SEY) and to control the surface resistance of ceramic
supports for the new generation of HL-LHC injection
kicker magnets. Pressure spikes observed during high-volt-
age pulsing of the new injection kicker magnets are at-
tributed to flashovers caused by high electron emission and
insufficient draining of surface charge on the alumina sup-
ports of the beam-pipe. To address this issue, the alumina
supports for the next generation of injection kicker mag-
nets are coated with an a-C film, providing suitable surface
resistivity to prevent charge accumulation whilst presefv-
ing the insulating function of the supports, together with a
low SEY.

This contribution reports on the R&D programme aimed
at tuning the resistivity of the a-C films throughshydrogen
doping while maintaining acceptable SEY performance.
Results from the production of a serie§ of 25 coated sup-
ports are presented, along with complementary studies car-
ried out to optimise the coating pro-gess for fture large<
scale production. The potentidl of these resistive a-C films
as alternatives to Ti and TiN coatings for insulating comi-
ponents is also.discussed.

MANUSCRIPTS

The first units of HU-LHC MKI €ool injection kicker
magnets, which have already been installed during the third
operational run of thé LHC, have demonstrated effective
mitigation of beam-induced heat loads and improved vac-
uum performance [1]. However, pressure spikes during
high-voltage pulsing have raised concerns about electron
emission from alumina supports due to their high SEY. To
address this issue, alumina supports are coated with amor-
phous carbon (a-C), which must simultaneously provide an
SEY significantly lower than alumina (SEY = 4-8) [2], and
a surface resistance in the range 0.1-10 MQ. Very thin a-C
films (~5 nm) already exhibit a surface resistance of around
1 MQ. However, two limitations arise: (i) the minimum
thickness required to effectively screen substrate emission
is ~10 nm [3], and (ii) at low thickness, surface resistance
is highly sensitive to rough-ness and nucleation effects. To
decouple thickness and resistance constraints, hydrogen
doping is introduced, increasing resistivity and enabling
the target surface resistance (~1 MQ) at thicknesses of

~100 nm. The drawback is that the'SE Yhincreases with hy-
drogen content [4]. This work investigates, the resistivity
and SEY dependence omhydrogen concentration and thick-
ness, thefeontrol via discharge power and the thermal sta-
bility under bakeout conditions.

FILM DEPOSITION AND
CHARACTERIZATION

Films are deposited by, DC magnetron sputtering using
graphite targets. The systemis baked at 120 °C for 8 hours
priorto deposition, reaching ~1x1077 mbar base pressure
after coolingy Target—substrate distance is 200 mm and dis-
charge pressureiis 8x1072 mbar. Reference films are depos-
ited“in pure Ar (60, grade), while doped films use Ar/D:
mixtures (98.7%/1.3%). Deuterium distinguishes inten-
tional doping from residual hydrogen contamination [4].
Unless stated otherwise, discharge power is 100 W.

Thickness is measured by profilometry, resistivity by
four-point probe. The composition of the film is analysed
using ion beam analysis combining Rutherford Back Scat-
tering, Elastic Recoil Detection Analysis, and Nuclear Re-
action Analysis, Taug gap obtained via optical absorption
spectroseopy, and SEY is measured in a dedicated setup
(instrumentation and methodologies are described in [4]).

RESISTIVITY AND H DOPING

Figure 1 shows the dependence of surface resistance on
thickness for reference and doped films. Reference films
reach 1 MQ at ~5 nm, while doped films require ~70 nm.
A sharp decrease in resistance occurs within the first 15—
20 nm, attributed to nucleation and surface roughness ef-
fects, strongly affecting reproducibility. Figure 2 shows re-
sistivity versus discharge power. Lower discharge power
increases hydrogen incorporation, promoting sp* bonding
and increasing resistivity [5, 6]. Alumina substrates yield
2-5 times higher resistivity than glass due to surface rough-
ness effects.
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Figure 1: Surface resistance as a function of the thickness
for films deposited in pure Ar (reference) and Ar/D2. The
samples were deposited on glass substrates at a discharge
power of 100 W.
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Figure 2: Dependence of the resistivity on thefdischarge
power, for film thicknesses of's-135 nm. Unfilled circles
correspond to glass substrates, filled circles to alumina sub*
strates.

A logarithmic dependence between SEY and resistivity
is obsenved (Fig. 3), enabling tuning of electrical properties
while¢ maintaining low ¢lectron emission.
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Figure 3: Relation between the SEY and the resistivity.

Figure 4 shows the elemental composition of the films.
Hydrogen and deuterium content decrease with increasing
discharge power, confirming plasma-controlled doping.
No H/D loss is observed after annealing at 260 °C for
125 h.
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Figure 4: Film composition analysed by ion beam tech-
niques. Ar was'also present in allisamples, at atomic con-
centrations below 1%.

THERMAL STABILITY

MK Cool magnets are baked at 250 °C. Thermal stabil-
ity wag evaluated by cycling films up to 260 °C, holding
for,125 h, and cooling to room temperature. A second iden-
tical cycle was performed to verify the stability of the re-
sistivity.

Figure 5 shows the resistivity evolution as a function of
the baking temperature. During the first heating cycle, re-
sistivity decreases due to annealing and negative tempera-
ture coefficient effects typical for graphite-like materials.
Stabilisation occurs within ~30 h. After cooling, resistivity
stabilises at ~35% of its initial value. The second cycle fol-
lows the same trajectory as the first cooldown. These re-
sults'show, that a stable structure is achieved up to 260 °C.
Coatings must therefore be de-signed with an initial resis-
tivity ~2.5x higher than the operational specification.
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Figure 5: Evolution of the resistivity during thermal cy-
cling for a reference (red) and Ar-D2 coating produced at
100 W.

Figure 6 correlates resistivity with the Tauc gap, reflect-
ing the balance between sp*/sp® bonding in amorphous car-
bon [6]. Higher hydrogen content increases the sp? fraction



and both gap and resistivity [7]. After annealing, the doped
sample shows only a slight reduction in Tauc gap despite a
strong resistivity de-crease. Since no H/D loss is detected,
this is attributed to increased connectivity of sp? clusters
rather than phase transformation.

The reference sample shows a strong Tauc gap reduction
(from ~2.5 eV to ~0.25 eV), consistent with increased sp*
ordering.
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Figure 6: Figure 6: Relationship between the resistivity and
the “Tauc” gap. Empty triangles represent values obtained
after annealing samples produced at 100 W.

Overall, thermal cycling up to 260 °C reduces resistivity
to approximately 35% of its initial value withoutinducing
structural degradation or adhesion concerns.

PRODUCTION OF MKI COQL SUPPORTS

A total of 25 alumina supports were coated ingwo runs
per support to coat both faces. Supports were processed iny
batches of two (Fig. 7), resulfing in 25 full coating runs,
Deposition used Ar/Ha (99.5%/0.5%) at 100, W, targeting
~100 nm thickness:
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Figure 7: Alumina supports before (a) and after coating (b).

Quality control included four-point probe measurements
at four positions per face and SEY measurements on wit-
ness samples. A total of 200 resistivity measurements were
recorded.

Figure 8 shows the resistivity distribution across all
measured positions, corrected for bakeout effects. All val-
ues meet specifications. The inset shows the maxi-mum
SEY obtained per coating run.
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Figure 8: Histogram showing the distribution of'the resis=
tivity measured on the supports (corrected fonthe expected
effect of:the bakeout)<The inset shows the SEY.

CONCLUSIONS

Hydrogen-doped amorphous. catbon coatings enable
controlledituning of tesistivity while maintaining the SEY
significantly lower than, for bare alumina, making them
suitable for the LHC'MKI, Cool injection kicker magnet
supports. \Doping increases resistivity, enabling thicker
coatings and reducing sensitivity to roughness, im-proving
reproducibility. Initial thermal cycling stabilises film struc-
ture andireduces resistivity to ~35% of its initial value.

A total of 25 supports were successfully coated, with all
resistivity values within specification and obtaining an av-
erage SEY ~1.3. Two coating runs showed higher SEY
(~1.6), attributed to hydrogen partial pressure variations
during the final deposition stage. These results demonstrate
the ability for stable production and highlight the im-
portance of precise hydrogen control for reproducible SEY
performance.

Resistiveya-C films represent a promising alternative to
Ti and TiN coatings for mitigation of multipacting in ac-
celerator vacuum and RF components, due to their lower
SEY and the possibility of using thicker coatings (~100 nm
instead of ~5 nm for Ti), thereby reducing the impact of
surface roughness variability on the surface resistance.
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