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Abstract 
One of the main limitations to particle accelerators bunch intensity in CERN consists in the so called 
electron cloud creation, which happens when electrons accumulate inside the chamber of the particle 
accelerator. 
The electron cloud mechanism is substantially reduced whenever the maximum secondary electron yield 
(max or SEYmax) of the beam pipe wall is lower than a well defined threshold. max values can be obtained 
by high temperature bakeout and high electron bombardment doses, but high temperature processing 
cannot be applied when dealing with magnetic materials, as in the case of SPS vacuum chambers. 
Another possible solution consists in coating the internal walls of the chamber with thin layers of some 
substances which contribute to decrease substantially the SEY of the cavity. In this work we aim to 
deposit some thin layers of graphite under different conditions and to measure their effectiveness as SEY 
reducers.  

1. Introduction 

In the upcoming years, CERN is aiming to 
increase the nominal value of the beam energy 
of its Large Hadron Collider (LHC) up to 7 TeV, 
in order to decrease the statistical errors by 
having a higher rate of collisions. 

The main limitation to the LHC bunch intensity 
lies in its injection chain, in particular the SPS 
(Super Proton Synchrotron) faces one of the 
biggest limitations due to the electron cloud 
formation. [1] 
Electron clouds in beam pipes are generated by 
electron multipacting on the wall of the vacuum 
chamber. Multipacting is a phenomenon of 
resonant electron multiplication in which a large 
number of electrons generates an electron 
avalanche, which causes considerable power 
losses and heating of the cavity walls. 
Multipacting, induced by bunched beams, 
causes electron to accumulate inside the 
vacuum chamber and then interact with the 
proton- or positron-beam.  [2] 

Secondary electron emission yield (SEEY or 
SEY) of surfaces exposed to oscillating 

electromagnetic fields is at the origin of this 
multipacting effect. 
The electron cloud mechanism is eradicated 
whenever the maximum secondary electron 
yield (max) of the beam pipe wall is lower than a 
well defined threshold, which in the case of LHC 
and its injector chain corresponds to max < 1,3. 

 

Figure 1: Particle accelerators in CERN 

A material with very low max, even after months 
of exposure to air, easy to deposit onto vacuum 



pipes, not inclined to produce dust, UHV 
compatible, and without an important impact on 
the global electrical impedance of the machine 
has been looked for the SPS. 
Despite being dusty, graphitic carbon is a good 
candidate, since its max value is around 1, it is a 
good electrical conductor,  not prone to adsorb 
atmospheric gases and with an acceptable 
vacuum behaviour. 
 

2. Previous work 
 

The structure of carbon films can have 
significant differences depending on the type of 
atomic bonds between the carbon atoms which 
compose them. The structure of the films also 
determines their characteristics and the type of 
material which is formed. Locally, the 
hybridization of the s and p orbitals of the carbon 
atoms can be either sp3 (leading to tetrahedral 
bonding, as in diamond) or sp2 (threefold 
coordinated planar bonding, as in graphite. A 
tetrahedrally coordinated atom has four  bonds 
with its neighbours, while a triply coordinated 
one has three  bonds and one  orbital. The 
* transition generates a much lower energy 
gap than the * one.  
Amorphous carbon (a-C) is an allotrope of 
carbon without any particular crystalline 
structure, even if some order can be observed at 
short-range. a-C is the name that is used for 
those forms of carbon which are neither graphite 
nor diamond: it actually consists in 
polycrystalline or nanocrystalline particles of 
graphite or diamond within an amorphous 
matrix. 
In the second half of the 20th century, the 
invention of modern film deposition techniques 
made it possible to produce truly amorphous 
carbon materials. 
One of the most used ways in order to 
characterize a-C consists in measuring the ratio 
of sp2-sp3 bonds, but this doesn’t mean that the 
range of properties amorphous carbon can have 
is only a one-dimensional range of the ones 
owned by graphite and diamond. 
Diamond-like carbon (DLC) is the term used to 

define those carbon-based materials in which 
the percentage of sp3 hybridized bonds (which 
cause every atom to form a tetrahedral shape of 
bonds with four neighbouring atoms) is much 
higher than that of sp2 hybridized. 
Graphite, formed by several mono-atomic layers 
of graphene piled up in a 3D structure, is the 
most stable form of carbon under standard 
condition and can be considered as the highest 
grade of coal, right above anthracite.  
Graphite results also to be a good electrical 
conductor, thanks to the electron delocalization 
within the carbon layers of the structure. 
Graphite consists purely of sp2 hybridized 
bonds, i.e. where each atom of carbon is bonded 
with three neighbouring atoms. 
 
 
3. Our PLD Experience 

 3.1 PLD deposition 

In order to carry on our investigation, we 
deposited several samples of carbon films using 
the PLD machine located in Instituto Superior 
Tecnico in Lisbon, Portugal. 
We deposited two main series of samples, each 
of them composed by depositions at different 
temperatures with four different substrates on 
top of which the carbon thin film was attached.  
In order to classify them, we named the different 
series upon the element which was being 
deposited and the number of the set: from C1 to 
C17, even though only the samples from C2 to 
C7 and from C13 to C17 belong to the series we 
aim at analyzing with this work, since they cover 
the temperature range from room temperature to 
500°C which is of interest. 



Figure 2: PLD experimental setup 

 
 
Nd:YAG lasers typically emit light with 
a wavelength of 1064 nm, in the infrared, but for 
our experiments we used the second harmonic 
wavelength of 532 nm, thus having a green 
color, in order to reduce the abrasion of the 
graphite target with a less energetic beam. We 
also decided to use a 1.6 optical filter in order to 
attenuate the power of the laser light which exits 
from the laser machine. 
Since graphite is a soft material, we needed to 
change frequently the orientation of the laser 
beam inside the cavity during the deposition 
process in order to cover uniformly all the target. 
For the PLD technique, the laser is used in a 
pulsed configuration, thus releasing short pulses 
of laser light at the set frequency, which in our 
case was 5 Hz. The pulses have a duration of 
about 3 ns. 
This gives an energy density of around 0,5 J/cm2 
on the surface of the graphite target. 
The temperature inside the cavity can be varied 
by using a platinum filament as internal resistor 
connected to a transformer: we read the value of 
the tension with a multimeter and we can then 
convert it to a T value by using a provided 
conversion table. 
The cavity where the plasma is generated is 
accessible (in order to introduce the sample and 
the target) through a window which can then be 
closed with twelve bolts. In order not to have 
oxidation inside the cavity, a vacuum pump is 
connected to it and can easily reach a pressure 
of 1,6*10-2 mbar in some hours of work, which is 

acceptable for our purposes. The reason why we 
worked at such a “high” pressure is due to the 
fact that the better pump which we had in our lab 
was not working at the time when the 
depositions were performed and we didn’t have 
any other available pump. 
 
The graphite target is placed inside a hexagonal 
hole on the bottom of the cavity, while the 
samples are inserted in a stainless steel support 
which can contain up to four samples during the 
same deposition cycle, thus allowing us to have 
samples deposited on different substrates at the 
same time. This support lies directly over the 
target in order to collect the highest possible 
percentage of the material ablated by the laser 
beam. The distance between the target and the 
sample where the film is being deposited is 
around 5 cm. 
By using this configuration, we obtain for each 
deposition cycle four samples with a circular 
shape and a diameter of 5 mm, while the 
substrates we used have square of more 
irregular shapes and a bigger dimension. 
 
 
 3.2 Graphite targets 

For the first series we used a low quality 
graphite stick which was available in our 
laboratory as a target. All of the samples from 
C1 to C11 were prepared with this target. 

In order to obtain better films, for the deposition 
series from C13 to C17 we used a polished high 
purity graphite target, which we obtained from a 
laboratory in Germany. 

The low quality graphite is characterized by the 
presence of numerous defects and by the 
contamination of different chemicals on its 
surface, thus the films obtained using this target 
have a lower purity than the ones obtained from 
the high quality (99,999% minimum purity) 
target. 

4.  Experimental results 

 4.1 Transmittance 



No interference patterns were observed, 
indicating the existence of some surface 
roughness. A slow and steady increase of 
absorption can be deduced from the data. No 
abrupt drop in transmission is observed, which 
would have indicated a large value of the optical 
band gap. The low energy region can be used to 
extrapolate the absorption spectra, calculated 
from transmission via Beer’s law, to zero and to 
estimate the optical gap. 
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Figure 3: Estimated band gap for the first series of 
depositions 

The figure above shows the results for the gap, 
assuming allowed indirect transitions.  
It is easy to recognize a decreasing trend of the 
band gap with the increase of temperature, 
which suggests that a higher deposition 
temperature allows the atoms of carbon to reach 
a more ordered structure (graphite-like) while 
around room temperature the band gap is typical 
of a semiconductor. This clear behaviour 
towards low values is as expected for sp2 rich 
carbon films. 
As a reference, the band gap of graphite is equal 
to zero, since it has a metallic behaviour, while 
the band gap of diamond is around 5-6 eV, thus 
being classified as a wide-band-gap 
semiconductor. 

 4.2 Raman spectroscopy 

We sent some of our samples and the graphite 
target to the group of Prof. Bruno Meyer of the 
University of Giessen in Germany, in order to 
receive detailed Raman spectra 
We used Raman spectroscopy on both our 
samples and our target of graphite used for the 
depositions in order to analyze their 
composition, with particular attention to the sp2-
sp3 ratio. 

 

Figure 4: Raman spectra of the graphite target and C16 
film 

 
In the graph illustrating the Raman shift, it is 
possible to individuate the two peaks which are 
representing the diamond-like behavior (around 
1360 cm-1, known as D peak) and the graphitic 
structures (around 1600 cm-1, known as G 
peak).  
It is a frequent procedure used by many authors 
to use these peaks and their intensities in order 
to estimate the sp2-sp3 ratio in carbon films. 
The shift of G-peak to higher wave number is 
most likely due to the presence of stress in the 
sample. 
The decrease of stress in the film prepared at 
higher deposition temperature can be either due 
to clustering sp2 components in the film or by sp3 
to sp2 transformation and followed by clustering. 
[3] 
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 4.3 Electrical measurement 

We performed some electrical measurements in 
order to obtain the conductivity values of the 
target graphite and of some of our samples, in 
order to compare them then with the literature 
about amorphous carbon films in order to draw 
some conclusions about the properties and the 
structure of our films. 
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Figure 5: Conductivity of a reference, the graphite target 
and C7 sample 

From the graph we can see that our sample has 
intermediate values between the graphite target, 
which is a highly conductive material, and an 
amorphous carbon film from literature [8]. 
A possible interpretation of the data gathered 
here is that the samples we deposited have a 
higher sp2 percentage compared to the 
amorphous carbon from the reference and have 
thus a better conductivity, being more similar to 
graphite than to diamond like carbon. 
By knowing the activation energy of the graphite, 
which is strictly connected with the slope of the 
line on the graph, we can make an estimation for 
the bandgap of the graphite being around 0,3 
eV, which is typical for intrinsic graphite. 
Moreover, we know that we would have 
expected a positive value for the activation 
energy. Our measurements, however, can be 
considered with slope 0, similarly to what 
happens for metallic conduction, which is 
independent from the temperature. 

Differently from metallic conduction, though, 
conductivity value in this case is quite low. 

 

 4.4 XPS 

After the first series of depositions was 
completed, we sent 2 deposited samples (C2a 
and C4a) and a graphite target sample to the 
laboratory of the group of Prof. Orlando Teodoro 
and Dr. Nenad Bundaleski, so that they could be 
analyzed with the XPS technique, in order to find 
out more about the structure of the films. 
Since the substrate of the two films is an 
excellent insulator, it was not simple to achieve a 
contact between the films and the ground. In 
order to overcome this problem, thin Au foils with 
holes of about 3 mm in diameter were prepared 
and put above each sample in order to achieve a 
contact with the ground and avoid contribution of 
the substrate in XPS spectra. 
The analysis has been performed using the non-
monchromatic Mg Kα line (photon energy of 
1253.6 eV). Before starting the measurements, 
the energy scale was calibrated using Au 4f7/2 
(83.96 eV) and Ag 3d5/2 (368.22 eV) as 
reference peaks. Very high linearity (correlation 
of 0.99997) was found after the comparison with 
other Au and Ag peaks. 
The thin film surfaces were found with a 
considerable contamination with oxygen, which 
could be only partially related to the 
contamination of the graphite surface: the 
contamination of the latter is much smaller. It 
has to be kept into consideration that the 
carbon–oxygen percentage reduces linearly with 
increase in deposition temperature. 
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Figure 6: XPS spectra for C1s of the analysed samples 

 

As the binding energy value for both sp3 and sp2 
carbon (C1s) are very close, it is difficult to 
measure the accurate percentage of sp3 and sp2 
by XPS. 
If we compare these results with the ones from 
[5], we can see that the C1s peak for our 
graphite sample is shifted towards higher 
energies compared to the previously found 
results.  
The C1s peak of graphite sample is at 285.0 eV 
suggesting that saturated hydrocarbons are 
dominant at the surface. 
The peaks in our samples can be found at 
around 285.77 eV (C4a) and 286.57 (C2a), quite 
distant from the pure graphite characteristic 
peak that we got from the reference. 

 

5.  Conclusion 

 5.1 SEY Results 

SEY measurements on our samples were 
performed at CERN by Doctor Taborelli and 
Doctor Aguilera on the second series of 
depositions and the results can be seen in the 

graph below.SEY spectra of the film series were 
taken up 1800 eV of primary electron energy. 

 

Figure 7: SEY results for the second deposition series 

 

Keeping in mind what has been discussed in the 
previous chapters, achieving a SEY value of 
around 1 would indicate an optimal material for 
the usage it is needed for.  Such values have 
already been previously found for graphite films 
deposited with different techniques. 
Regarding the general behaviour for the other 
samples, we can see that SEY values of around 
1,5 -1,6 can be found in correspondence with 
the maximum of the curve (around 200 or 250 
eV of primary electron energy). This is definitely 
much lower than the normal value achieved for 
stainless steel coatings (around 2,25), but higher 
than what expected for a good quality graphite 
film. 
One of the reasons might be due to the fact that 
the deposited surface is quite small and it’s thus 
difficult to fit the beam used for the 
measurements three times in different sites. 
Since the films are surrounded by the non 
deposited stainless steel substrate, it’s possible 
that the stainless steel influences the 
measurement by increasing the SEY measured 
values. 
 
 5.2 Discussion and future work 

In order to make sure about the structure of the 
films, as we have seen there is not an 
unequivocal technique, we used a whole set of 



analysis techniques to try to gather as much 
information as we could about our samples. 
Among the most effective of these methods, also 
considering that there is a considerable amount 
of literature and references about their usage to 
determine the sp2:sp3 ratio in carbon films, we 
can definitely include Raman spectroscopy, 
since the position of the peaks is very sensitive 
to the ratio and this can be calculated just by 
checking the areas under the peaks. 
We cannot conclude with precision what the 
sp2:sp3 of our samples is, also due to the fact 
that they are different from each other between 
themselves, but we can draw some conclusions 
by looking at the results of different 
measurements. It’s particularly positive the fact 
that the data related to resistivity and to band 
gap are in agreement and show a coherent 
trend: by increasing the deposition temperature, 
both the resisitivity and the bandgap of the films 
decrease. This behaviour suggests the fact that 
the higher the deposition temperature is, the 
more ordered the structure of the obtained film 
is, as conductivity is strictly connected to the 
crystal structure of the materials. Carbon films 
deposited at high temperatures show then a 
higher percentage of sp2 carbon in their 
structure. 
Our best results regarding SEY come from the 
sample deposited at 500°C, with a value of max 
=1,5 which is still far from values below 1 which 
have been previously achieved with the same 
materials. In order to confirm this data, the SEY 
analysis should be done closer in time to the 
period of the deposition and without exposing 
the sample to air, since it is well known that air 
can cause ageing in the films, with an increase 
of the SEY index. 
In order to complete the experiments about the 
topic and to be able to draw final conclusions, it 
would be advisable in the future to proceed with 
deposition by PLD of carbon amorphous films at 
higher temperatures, until 800-900°C. 
Another possibility which deserves to be 
explored in the future is the deposition of carbon 
films through a combined technique involving 
PLD and chemical vapour deposition (CVD). 
Finally, in order to increase the graphitic content 

in the films and to reduce contamination, the 
depositions could be carried on with the addition 
of Ar as a process gas during the PLD 
deposition. 
 
Moreover, an important experiment which needs 
to be performed in order to test the behaviour of 
such films inside the SPS cavity is the 
bombardment of the films with proton beams for 
long enough periods of time. This would allow us 
to determine the changes in properties of the 
films when hit by protons, which is impossible 
not to happen inside the SPS cavity. Since the 
accelerators are meant to work for several 
years, the behaviour and properties of the films 
shouldn’t change significantly over time due to 
proton bombardment in order for them to be 
suitable for the application. 
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