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The dependance of the secondary electron yield (SEY) on the degree of crystallinity 

of graphite has been investigated during the amorphization of a highly oriented 

pyrolytic graphite (HOPG) samples by means of Ar+ bombardment. Photoemis- 

sion and Raman spectroscopies were used to follow the structural damage while 

the SEY curves were measured from very low energies up to 1000 eV. We found 

that the increase of lattice defects lowers the contribution of the π electrons in the 

valence band and loss spectra and smears out the intense modulations in the low 

energy secondary electron yield (LE-SEY) curve. Raman spectroscopy results showed 

that ion induced lattice amorphization is confined in a near-surface layer. The evo- 

lution of SEY curves was observed with the progressive Ar+ dosage after crystal 

damage as due to the modification of the electronic transport properties within the 

damaged near surface layer.  

 

 
The use of graphitic thin films is known to be an efficient solution to mitigate electron cloud 

(e−Cloud) phenomena in high energy particle (HEP) accelerators1–6 due to the low secondary electron 

yield (SEY) properties of sp2 carbon. Recently, carbon coatings have been proposed as the base 

line design of high luminosity large hadron collider (HL-LHC)7 and potentially, for future circular 

colliders (FCC-hh).8 However, such films may lack of structural quality and be additionally damaged 

once they will be exposed, during machine operation, to electron, photon and, in particular, ion 

bombardment. It is therefore important to validate the low SEY properties of graphitic films while 

their structural quality is altered by external factors.5 In the present study special attention was paid 

not only to the variation of the maximal SEY value (SEYmax ) but also to the more subtle changes 

on the entire SEY curve, with a particular attention to the SEY at low (< 40eV) primary electron 

energy (LE-SEY),9 that has been recently shown to play an important role in the e−Cloud buildup. 

We introduced controlled amounts of crystal damage in a highly oriented pyrolytic graphite (HOPG) 

sample by subsequent cycles of Ar+ ion bombardment at low kinetic energy (500 eV). In the case of 

graphene, the effect of the impact of the low energy Ar+ ions has been recently investigated.10–12 It has 

been shown that Ar+ impact determines the intercalation of Ar atoms below graphene after removal 

of C atoms and that the vacancy dimensions and relative distances grow and decrease, respectively, 

with increasing irradiation dose. When moving from single layer to bulky graphitic samples, the 

ion induced damaging extends to deeper layers depending on the ion kinetic energy. Low energy 

ion bombardment can generate interstitial defects created by trapping incident ions underneath the 

carbon planes.13–15
 

The structural defects originated in HOPG by the Ar+ bombardment may have specific effects 

on both the maximum value and the shape of its SEY curve, specially at very low energies. Such 

variations are expected as due to changes in the electronic and structural properties of HOPG, which 

were monitored by in situ ultraviolet (UPS) and X-ray photoelectron spectroscopy (XPS) and ex-situ 

Raman spectroscopy. 

The experiment was performed at the Material Science Laboratory of the INFN-LNF, Frascati 

(Rome), in an ultra-high vacuum (UHV) system consisting of a preparation chamber and an analysis 
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chamber, both having a base pressure of ∼1 × 10−10 mbar. The HOPG sample was cleaved with 

adhesive tape before being loaded into the UHV system. Prolonged thermal annealing at tempera- 
tures of ∼1000 K was carried out to desorb contaminants whose absence was then crosschecked by 
XPS. The HOPG was Ar+ ion bombarded at 500 eV and Ar pressure of 5 × 10−6 mbar for increas- 
ing dose up to 4.5 × 1014 ± 0.1 Ar+/cm2. TRIM16 software was used to estimate the penetration 
depth of 500 eV Ar ions impinging on HOPG. A value of 1.9 ± 0.4 nm was obtained in good agree- 

ment with previously published experimental data.17 After each ion dose, UPS and XPS analysis 

of the surface, as well as SEY measurements were carried out. Then the HOPG was brought to 

atmosphere and after Raman analysis procedure, cleaved again and loaded into the UHV system to 

perform the following Ar+ dosage cycle. For the UPS and XPS spectra an Omicron EA125 ana- 

lyzer was used to analyze the photoelectrons excited by the non monochromatic radiation of a HeII 

(40.8 eV) or a MgKα (1253.6 eV) source respectively. The secondary electron yield is defined as 

SEY = Iout /I0 = (I0 – Is)/I0, being I0 the current of the primary electron beam impinging onto the 

sample, as measured by an ad-hoc designed Faraday cup, Iout the current of the electrons emerging 

from the sample and Is the sample current to ground, as measured by a precision amperometer. The 

collection efficiency of such measuring systems is taken, as in all relative literature, to be equal to 1. 

SEY data as a function of the primary energy E0 are characterized by a maximum value (SEYmax ) 

reached in correspondence of a certain energy (E0,m). The SEY and LE-SEY (E0 < 40 eV ) mea- 

surement technique and its accuracy is described in detail in1,3,4,9,18. As already discussed,9 we can 

correctly measure SEY starting from few hundreds of meV above the sample work function (WF). 

In agreement with literature19 graphite WF was set at 4.83 eV above the Fermi level for all samples 
studied. Although the graphite work function has been observed to increase by ∼0.2 eV20 after Ar+

 

bombardment at ion kinetic energy and dose comparable with ours, we neglected this variation in 

Fig. 1 The Raman spectra were measured ex-situ by using a Horiba XploRA Raman microscope 

system with a ×100 objective at λ = 532 nm. Laser power was kept at 1 mW to avoid heat induced 

sample damage or graphitization. 

Fig. 1 shows the SEY curves measured for increasing Ar+ dose as a function of the energy of 

the primary electron beam. The SEY of pristine HOPG exhibits a maximum value of 1.01,21,22 in 

the whole E0  range between 220 and 400 eV. As the ion dose increases, the SEY progressively 
decreases for primary energies E0 > 200 eV while SEYmax  shifts to, E0,m, as low as ∼175 eV. 

After 4.5 × 1014Ar+/cm2  the SEY at 1000 eV reduces from 0.8 measured for the pristine HOPG 
to 0.6. Also SEYmax  decreases to 0.95 for low bombarding dose whereas for doses higher than 

8.5 × 1013 Ar+/cm2, rises to 1.1. This shows that carbon samples going from perfectly crystalline to 

significantly damaged graphite have, in all studied cases, a favorable low SEYmax value. However the 

 

 

 
 

FIG. 1. SEY and LE-SEY (inset) curves measured on HOPG as cleaved (black line) and after the exposure to increasing doses 

of Ar+ ions at 500 eV. 



 

 

effect of the structural quality of the graphitic lattice on more subtle details like LE-SEY behavior or 

E0,m values, which may be relevant to qualify a surface material in terms of multipacting, requires a 

more detailed investigation. The LE-SEY curves shown in the inset of Fig. 1, exhibit a nearly total 

absence of any reflected component. This is in agreement with previously published results,9 suggest- 

ing that the absence of a significant low energy reflected component is a strong signature a of clean 

conducting surface. Moreover, it has been proved that such behavior is independent of the degree of 

crystallinity of the measured sample. Then, as the primary energy rises, the SEY gradually increases. 

For energies E0 > 5 eV above the Fermi level, the curve of pristine HOPG shows structures related to 

the elastic and inelastic electron-solid interactions, providing direct information on the unoccupied 

band structure of graphite.23,24 It is clearly observable how the spectral structures of LE-SEY are 
progressively smeared out as ion dose increases. At doses of 1.5 × 1014 Ar+/cm2, the curve reaches 
a smooth profile remaining stable after further Ar+ doses. 

The extent of Ar+  induced HOPG amorphization was monitored by UPS spectroscopy of the 

valence band measured at normal emission. Fig. 2a shows the spectrum of the intact HOPG exhibiting 

sharp features at 4.3 (σ band) and 7.5 eV (π band).25 The peak just above the Fermi Level is related to 

photoelectron emission excited by the He II satellite (hv = 48.4 eV). Both bands decrease in intensity 
already at 1.2 × 1013 Ar+/cm2 which parallels the evolution of the LE-SEY spectral structures. The 
presence of broad unstructured features observed for doses higher than 5.0 × 1013 Ar+/cm2 indicates 

a total amorphization of the crystalline structure. Fig. 2b shows the XPS C1s spectra measured on 

HOPG before Ar+ bombardment and after the highest dose. For the pristine sample the peak is located 

at BE of 284.15 eV, typical for sp2 hybridized C atoms. After the Ar+ dose, the C1s peak remains 

centered at the same BE confirming that the C atom hybridization is not affected by ion bombardment, 

since typically the sp3 and sp2 fingerprint components are found with a separation of 0.8-0.9 eV.1 

The increase of the C1s FWHM from 0.7 eV to 1.1 eV is attributed to the presence of defects in the 

crystalline network. It should be noted that the HOPG line shape, which typically has a FWHM of 

0.3 eV26 is broadened by the limited energy resolution (∼0.7 eV) of our experimental setup. Ar signal 

was below the detection limit of XPS analysis. This suggests that the grazing impact geometry used 

in this experiment reduces the Ar trapping probability enhancing its desorption and self-sputtering.27 

Fig. 2c also shows the corresponding energy loss spectra produced by inelastically scattered C1s core 

level electrons. Two features are observed at 6 and 30 eV above the C1s peak maximum corresponding 

to the carbon π and π + σ plasmons respectively. After ion bombardment, the π plasmon signal 

smears out in agreement with crystal amorphization. The extinction of the π plasmon has been 

attributed28 to the creation of interstitial defects, responsible of increasing the interplanar spacing 

between the carbon planes, which diminish both the semimetallic character and the conductivity of 

graphite. 

 

 

 
 

FIG. 2. a: Valence band spectra measured on the pristine HOPG sample and after the exposure to increasing dose of Ar+ ions 

at 500 eV. b: C1s core level and c: energy loss spectra measured before Ar+ bombardment and after the highest dose. 



 

 
 

 
 

FIG. 3. Top: Raman spectra taken on the HOPG sample before ion bombardment and after the exposure to increasing Ar+ 

dose. Bottom: D/G Raman peaks ratio vs Ar+ dose. 

 
Fig. 3 shows Raman spectra measured on HOPG as a function of the ion dose. For pristine 

HOPG the spectrum is composed of two bands, G at 1585 cm−1 that arises from the vibrations of 
the sp2 bonds and 2D, that is the second order of the D peak and appears at 2700 cm−1. After ion 

bombardment, with the onset of lattice disorder, the peak D, which is prohibited in perfect hexagonal 
lattice, appears at 1350 cm−1, as the presence of defects in the aromatic rings makes it allowed.29 The 

ratio R=D/G is plotted in Fig. 2b. It can be observed that R reaches an almost complete saturation 
after an Ar+  dose of 3.7 × 1013  Ar+/cm2. The observed evolution of R is in good agreement with 

previous experimental findings30 and indicates that, according to the estimated ion penetration depth 
(∼1.9 nm), ion induced damaging is confined in a thin sample layer smaller than the Raman sampling 
depth (∼ 500 nm).31 Our studied sample can in fact be schematically considered as a bi-layer structure 

formed by a bulk crystalline HOPG with an increasingly amorphized (with bombardment) carbon 

layer of fixed thickness at the surface. 

In order to rationalize the SEY curves shown in Fig. 1 it should be considered that the secondary 

electron emission properties can be strongly dependent on the material surface morphology and 

roughness.4 Atomic force microscopy was used to state that the effect of highest Ar+ sputtering 

dose was only to slightly increase the roughness value from 0.5 nm measured on the intact surface 

to less than 0.7 nm. Such a limited change in surface roughness strongly suggests that its role in 

the SEY evolution can be confidently neglected. Another possible factor causing a SEY variation 

is a change in the sample work function. It is known that the work function of graphite exposed to 

the Ar+ ion doses used in this study increases by ∼0.2 eV.20 Such a variation may result in a SEY 

decrease in the whole E0 range, being higher the barrier that secondary electrons have to overcome 

to escape from the sample. Conversely, the curves shown in Fig. 1 with the SEY decreasing only for 

E0 higher that 300 eV indicate that the mechanism regulating the electron emission is more complex. 

In order to explain the SEY behavior observed in Fig. 1 it should be kept in mind that, according 

to previous experimental findings,32–35 the localized states that appear near the defect sites act as 

scattering centers for electron waves, which play an important role in the transport properties36 of the 

damaged HOPG surface layer. Such phenomena are then expected to have significant effect on SEY 

and its LE part37,38 within the region affected by the bombardment. In fact, considering the bi-layered 

structure of the bombarded sample, its transport properties must depend on whether the electrons 

move through the damaged overlayer or through the underlying pristine HOPG. The penetration 
depths of 200 eV and 1000 eV impinging electrons, which for intact graphite are ∼2 nm and ∼30 nm, 



 

 

respectively39 are consistently reduced in the presence of scattering defects. Therefore, in the ion 

bombarded sample, 200 eV primary electrons cannot cross the damaged region, whose thickness has 

been estimated by TRIM to be 1.9 nm, and extinguish in a thinner near-surface layer. Then, even if for 
secondary electrons the IMFP is lower than in intact graphite (∼0.4 nm at their typical kinetic energy 
of 50 eV)40 the curves of Fig. 1 show that at E0 ∼ 200 eV the overall effect of charge scattering at 
lattice defects is a SEY increase. On the other hand, electrons impign with E0 ∼ 1000 eV will certainly 

cross the damaged layer and generate secondary electrons within the undamaged underlying HOPG. 

In this case, even if the penetration depth is lower than in intact graphite, the reduction in mobility 

and IMFP that secondary electron suffer when traveling towards the surface through the defected 

graphite lattice reduces their effective number emerging from the sample. This effect explains the 

gradual SEY depletion at high E0 values (see Fig. 1) with increasing ion dose and crystalline disorder 

in the C layer. The data presented here may trigger specific calculations, helping to reach a quantitative 

understanding of the effect of disorder and induced defects on transport and IMFP properties of carbon 

compounds. 

In conclusion, here we show the importance of studying the stability and aging of carbon based 

coatings during particle accelerator operation. Amorphization of HOPG has been proved to be capable 

of modifying sample SEY curve. Nevertheless SEYmax values remained relatively stable and low 

(<1.1) even after amorphization, which confirms sp2  hybridization as a must for carbon coatings 
regarding the mitigation of e−Cloud effects. Clearly, when more subtle details (like E0,m or LE-SEY 
behavior) are relevant to the qualification of a surface as an e−Cloud mitigator, its detailed crystalline 

quality may play a role and must be studied in details. It is shown here that the absence of any reflected 

component observed in the LE-SEY data, typical of clean conductors, is actually independent of the 

graphite crystalline quality. Moreover, LE-SEY spectra were shown to strongly depend not only on 

the chemistry of the coating but also on the density of lattice defects, which may have significant 

implications on simulations where SEY and LE-SEY curves are parametrized. 
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