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7 Conclusions and Future Work 

Synchrotron radiation induced carbon contamination on optical elements is a serious 

issue in SR beamlines. The characteristic of carbon deposition in SR beamlines is not 

well known and still debatable. In order to know characteristics of SR induced carbon 

layer on optical elements, SR induced carbon contaminated Au coated toroidal mirror 

of reflectivity beamline and a LiF window of high resolution vacuum ultraviolet 

beamline of Indus-1 are taken for a case study. A detailed characterization of these 

two objects is carried out using different surface analysis techniques.  Detail analyses 

of different data taken from carbon contaminated Au mirror surface reveals that nature 

of carbon growth has direct correlations with synchrotron dose. Red shift in G and D 

peaks positions in Raman Spectra (RS) indicates that number of carbon layer stage 

increases with photon dose and the carbon layer has mixed phases of sp
3
 and sp

2
 

hybridized carbon contents. Raman Spectroscopy results also reveal that disordering 

and cluster size in the layer increases with photon dose. The contamination layer has 

presence of hydrogen (hydrogenated carbon layer) and hydrogen contents decrease 

with photon dose. Soft x-ray reflectivity results indicate that maximum carbon layer 

thickness is of the order of 406 Å and surface roughness ~60 Å. The density of carbon 

layer in maximum thickness region is about 75% of graphitic carbon density. The 

Raman Spectroscopy and XPS results of carbon layer deposited on LiF window 

surface also show graphitic carbon nature.  

In order to refurbish the contaminated optics, a capacitively coupled RF plasma 

system is in-housed developed. The system parameters are optimized such that the 
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process does not damage the Au or Pt coating of actual mirror. At optimized 

parameters the system was successfully used to clean different mirrors of Indus 

synchrotron beamlines. Post cleaning characterization using different analytical 

techniques suggests that the mirror surface and Au coating remains intact after the 

optimized cleaning process. An in-situ cleaning technique is deployed at Indus-1 

reflectivity beamline for post mirror cleaning. After exposure of ~ 40 hrs with zero 

order synchrotron radiations in presence of oxygen environment the photon intensity 

in carbon K-edge region increases by 35%. Excimer based UV radiation and Yb:YAG 

infrared nanoseconds (ns) pulsed laser facilities are also setup in laboratory for optics 

refurbishing applications. All these techniques are used for cleaning various optical 

components of Indus synchrotron beamlines. In order to find out merits and demerits 

of cleaning techniques results of all three techniques used in study are compared. In-

situ cleaning by zero order synchrotron radiation is not included in the comparison 

because the sample was different as it was in case of RF plasma, UV and IR laser 

treatments. 

In comparative study of carbon removal from mirror like surfaces using UV radiation, 

RF plasma and IR laser, it is observed that UV and RF plasma exposures completely 

removed carbon without affecting the surface roughness whereas the IR laser exposed 

samples show the presence of carbon in Raman and XPS spectra but not in SXR. 

These results suggest that after IR laser treatment some carbon particulates resettled 

on the cleaned surface from the removal debris as the used suction system needs 

further optimization to remove the carbon debris effectively. Redeposition of carbon 

particles restricts the efficiency laser cleaning technique. UV and plasma cleaned 
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samples showed a gain in the soft x-rays reflectivity near carbon K-edge region in 

comparison to carbon coated Au sample whereas the IR laser treated sample showed 

reflectivity gain near carbon K-edge region but not upto pristine Au surface 

reflectivity. In low energy region (100 eV to 200 eV) the sample shows loss in the 

reflectivity in comparison the pristine sample. The carbon removal by zero order 

synchrotrons radiation in presence of oxygen partial pressure is relatively slow 

process. Maintaining oxygen partial pressure (10
-3

 to 10
-4

 mbar) in surrounding the 

optics in presence of zero order synchrotron radiation and UV radiation intensity in 

bending magnet based beamlines limit the technique.    

Properties of synchrotron radiation induced carbon contamination layer depend on 

various factors such as vacuum condition, partial pressure of residual gases, photon 

energy, exposure time (dose) etc. It is observed that the chemical composition of SR 

induced carbon layer varies from hydrogenated polymeric carbon to diamond like 

carbon via hydrogenated graphitic carbon and in some cases mixed phases of carbon. 

In the present thesis work it is found that the property of synchrotron radiation 

induced carbon is varying with photon dose. In this study we have not attempted to 

quantify the role of photon energy in the photo-dissociation of hydrocarbon. Therefore 

a study on properties of carbon deposits with different energy photons at different 

partial pressure of different hydrocarbon gases can be carried out in future.  

In literature it is mentioned that both primary photons and secondary electrons 

participate in dissociation of adsorbed hydrocarbons but it is not clear what are their 

relative contributions. Quantification of role of primary photon and secondary 

electrons in dissociation is also a good problem for future work.  
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SUMMARY 
 

Synchrotron radiation induced carbon contamination on optical elements is a serious 

issue in SR beamlines. The characteristic of carbon deposition in SR beamlines is not 

well known and still debatable. In order to know characteristics of SR induced carbon 

layer on optical elements, SR induced carbon contaminated Au coated toroidal mirror 

of reflectivity beamline and a LiF window of high resolution vacuum ultraviolet 

beamline of Indus-1 are taken for a case study. A detailed characterization of these 

two objects is carried out using different surface analysis techniques.  Detail analyses 

of different data taken from carbon contaminated Au mirror surface reveals that nature 

of carbon growth has direct correlations with synchrotron dose. Red shift in G and D 

peak positions in Raman Spectra (RS) indicates that number of carbon layer stage 

increases with photon dose and the carbon layer has mixed phases of sp
3
 and sp

2
 

hybridized carbon contents. Raman Spectroscopy results also reveal that disordering 

and cluster size in the layer increases with photon dose. The contamination layer has 

presence of hydrogen (hydrogenated carbon layer) and hydrogen contents decrease 

with photon dose. Soft X-ray reflectivity results indicate that maximum carbon layer 

thickness is of the order of 406 Å and surface roughness ~60 Å. The density of carbon 

layer in maximum thickness region is about ~75% of graphitic carbon density. The 

Raman Spectroscopy and XPS results of carbon layer deposited on LiF window 

surface also show graphitic carbon nature.  

In order to refurbish the contaminated optics, a capacitively coupled RF plasma 

system is in-housed developed. The system parameters are optimized such that the 

process does not damage the Au or Pt coating of actual mirror. At optimized 
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parameters the system was successfully used to clean different mirrors of Indus 

synchrotron beamlines. Post cleaning characterization using different analytical 

techniques suggests that the mirror surface and Au coating remains intact after the 

optimized cleaning process. An in-situ cleaning technique is deployed at Indus-1 

reflectivity beamline for post mirror cleaning. After exposure of ~ 40 hrs with zero 

order synchrotron radiations in presence of oxygen environment the photon intensity 

in carbon K-edge region increases by 35%. Excimer based UV radiation and Yb:YAG 

infrared nanoseconds (ns) pulsed laser facilities are also setup in laboratory for optics 

refurbishing applications. All these techniques are used for cleaning various optical 

components of Indus synchrotron beamlines. In order to find out merits and demerits 

of cleaning techniques results of all three techniques are compared. 

In comparative study of carbon removal from mirror like surfaces using UV radiation, 

RF plasma and IR laser, it is observed that UV and RF plasma exposures completely 

removed carbon without affecting the surface roughness whereas the IR laser exposed 

samples show the presence of carbon in Raman and XPS spectra but not in SXR. 

These results suggest that after IR laser treatment some carbon particulates resettled 

on the cleaned surface from the removal debris as the used suction system needs 

further optimization to remove the carbon debris effectively. Redeposition of carbon 

particles restricts the efficiency of laser cleaning technique. UV and plasma cleaned 

samples showed a gain in the soft x-rays reflectivity near carbon K-edge region in 

comparison to carbon coated Au sample whereas the IR laser treated sample showed 

reflectivity gain near carbon K-edge region but not upto pristine Au surface 

reflectivity. In low energy region (100 eV to 200 eV) the sample shows loss in the 

reflectivity in comparison the pristine sample.   
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1 Introduction 

1.1 Overview 

Synchrotron radiation (SR) sources have become a very important tool for the study of 

matter in physical, biological, chemical and medical sciences. New generation 

synchrotron radiation sources with high brilliance open new areas for fundamental and 

applied research. Broadband energy spectrum, high brilliance and coherence 

properties are salient features of the synchrotron radiation sources. For the optimum 

utilization of this kind of sources, the brilliance of the source must be maintained up to 

the experimental station by the use of high quality optical components in the 

beamlines. In order to reduce scattering, absorption of synchrotron radiation photons 

by gas molecules and to avoid optic contaminations, pressure of the synchrotron 

radiation beamlines is maintained in 10
-9

-10
-10

 mbar (UHV) range. Even in UHV 

environment of beamlines, traces of hydrogen and hydrocarbons gases are observed 

[1-2]. Figure 1.1 shows a typical residual gas spectrum of synchrotron beamline in 

absence of synchrotron radiation beam. The spectrum clearly shows that partial 

pressure of hydrocarbon gases lies in 10
-9

 to 10
-10

 mbar range. The partial pressure of 

hydrocarbon gases in beamline may vary depending on vacuum conditioning of 

beamline vacuum chamber. In presence of synchrotron radiation photons desorption of 

adsorbed gases (CO, CO2, CH4 and H2O) from vacuum chamber walls and other 

components of beamline take place by photon/electron induced desorption (PID/EID) 

process [3]. These desorbed gas molecules increase the beamline pressure and form 
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couples of monolayer on optical element surfaces. The time taken to form a 

monolayer is inversely proportional to the pressure and is given by 

)(102(sec) 6 torrPtml
 , where mlt  is monolayer’s formation time and P is the 

pressure of residual gas in the chamber [4].  

 

Figure 1.1: Quadrupole mass analyzer spectrum (partial pressure of residual gases) 

recorded at reflectivity beamline of Indus-1 in absence of synchrotron radiation beam. 

The hydrocarbon molecules are attached to the surface with physisorption energies 

(10-300 meV) and the force between hydrocarbon molecules and surface atoms is Van 

der Waals type and the interaction among attached gas molecules is also limited [5]. In 

absence of any source of energy such as photons, electrons etc, it is observed that the 

buildup of carbon contamination on optical surfaces for a prolonged time period is 

hardly one or two monolayer’s. In order to form thick layer of carbon on the surface 

the binding of hydrocarbon molecules with surface atoms and binding energy with 

other hydrocarbon molecules should be of the order of chemisorbs energy. Due to 

radiations exposure, the adsorbed hydrocarbon gas molecules dissociate into small 

reactive fragments (known as cracking). The fragmented reactive species react with 

surface and nearby other fragment molecules and begin to form large chains of 
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molecules in all directions. The presence of hydrocarbon gases with continuous 

radiations exposure leads to additional cross-linking resultant carbon layer thickness 

continues grow up to hundred times more compared to carbon layer grown by 

physically adsorbed gas molecules without radiation exposure [5-6]. Prolonged use of 

optical elements in synchrotron radiation beamlines in presence of hydrocarbon gases, 

a thick layer of carbon is generally formed on the surface of the optical elements. 

Several groups observed a carbon contamination layer on beamline optical 

components such as mirror and gratings [1], [2], [7]–[15]. Chauvet et al. have 

observed that the thickness of the deposited layer increases very rapidly, especially on 

the first beamline optics where synchrotron radiation intensity is high compare to 

other optical elements in the beamline. They also observed that when the carbon layer 

becomes thicker, the photon flux near carbon K-edge region decrease significantly [7]. 

The carbon contamination layer, not only reduce the photon flux in soft x-ray region 

near carbon K-edge but also reduce photon flux in hard x-ray region due to 

interference effect of this layer [8]. 

The nature of carbon and its growth mechanism is still debatable. Depending on 

carbon growth conditions the nature of the carbon in the contamination layer is not 

unique, it may be amorphous, hydrogenated graphitic carbon and/or hydrogenated 

diamond like carbon [2],[5],[15]. A typical synchrotron radiation induced carbon 

contaminated mirror in synchrotron radiation beamline is shown in Figure 1.2.  
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Figure 1.2: Synchrotron radiation induced carbon contaminated spherical gold coated 

mirror. The black region at mirror surface represents carbon contaminations.  

Nature of synchrotron radiation induced carbon contamination layer with variation in 

photon exposure has not been studied in detail. The present thesis covers structural 

and optical characterization of synchrotron radiation induced contamination layer, 

design & development of carbon removal setups (RF plasma, UV and IR laser based), 

and their successful utilization for removal of contamination layer from actual 

synchrotron optics and thin film surfaces.   
 

 In this chapter nature of synchrotron radiation induced carbon, its growth mechanism 

on optical elements in the synchrotron radiation beamlines, its consequences on 

performances of mirror in the beamlines are discussed. In order to refurbish the 

contaminated optics a short description about in-situ and ex-situ optics cleaning 

techniques are also given. 

1.2 Nature of Synchrotron Radiation Induced Carbon Layer 

The nature (amorphous carbon, graphitic carbon, diamond like carbon or 

hydrogenated phase of carbon) of synchrotron radiation induced carbon is not well 
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known and still a matter of discussion [1]. The characteristics of synchrotron radiation 

induced carbon deposits strongly depend on deposition conditions such as type of 

hydrocarbon gas and its partial pressure, incident photon energy and exposure time 

(photon dose) etc. The growth of carbon layer is the result of complex interaction 

among hydrocarbon gas molecules, photons and/or electrons and the optics surface. In 

synchrotron radiation beam lines the optical elements such mirrors and gratings are 

exposed to broad band of photon energy. In case of pre-mirror, it is exposed to high 

photon flux of all energies start from  infrared to hard x-ray, on the other hand post 

mirror and other optical elements installed after monochromator are exposed to 

energies allowed by monochromator, resultant the nature of carbon deposited on pre 

mirror and post mirror may be different. Kanda et al. [16] observed that when 

hydrogenated carbon layer is irradiated with synchrotron radiations, its hydrogen 

carbon bond (C-H) breaks and hydrogen concentration in the layer decreases with 

continuous irradiation, resultant density of the hydrogenated carbon layer increases 

with exposure time. They also suggested that structural changes of hydrogenated DLC 

films are associated with hydrogen desorption from the film. The structure of carbon 

layer deposited on optical elements determines the reflectivity loss in the beamline. 

Depending on hydrogen contents in carbon layer, its refractive index varies [17]. 

Takamatsu et al. [18] studied soft x-rays irradiation effect on fluorinated diamond like 

carbon film. They observed that sp
2
/(sp

2
 + sp

3
) ratio of carbon atoms increased, film 

thickness, density and composition ratio of fluorine atom in film decreased with 

synchrotron radiation dose. The characteristics of carbon layer may vary from 

polymeric like carbon (PLC) to diamond like carbon (DLC) depending on growth 

conditions. The denser structure of diamond-like carbon (DLC) film leads to more 

https://www.researchgate.net/profile/Kazuhiro_Kanda
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absorption of soft x-ray and EUV radiations compared to a polymeric like carbon 

(PLC) layer or soft amorphous carbon layer of the same thickness. Furthermore, 

because the carbon in DLC form is more tightly bonded, the layers of DLC are likely 

to be more difficult to remove from optics surface. Dolgov et al. [15] observed 

hydrogenated diamond-like (DLC: H) and graphitic like (GLC:H) carbon coatings on 

the collector mirror of an extreme ultra-violet (EUV) source. We also studied the 

nature of synchrotron radiation induced carbon deposited on LiF window used in high 

resolution vacuum ultra violet (HRVUV) beamline at Indus-1 synchrotron source [19]. 

It is observed that carbon layer deposited after ~100 hrs of exposure of VUV 

radiations have graphitic and carbonado phase of carbon [20]. We also studied the 

variation in carbon phase deposited on pre-mirror (TM1) of reflectivity beamline of 

Indus-1 with photon dose [21]. We observed that with increase in dose of irradiating 

photons the carbon phase vary from hydrogenated amorphous carbon (a-C:H) to  

hydrogenated graphitic  carbon (GC: H). It is also observed that the carbon cluster 

size, sp
2
 hybridizations and disordering in the carbon layer increases with photon 

dose[2]. 

1.3 Growth Mechanism of Synchrotron Radiation Induced Carbon 

Layer 

1.3.1 Adsorption of Hydrocarbon Gases 

The growth of carbon on the surface of optics is not a single step process; it starts 

from adsorption of hydrocarbon species on optic surface in the form of monolayer. 

Depending upon the binding energy between adsorbate and adsorbent the adsorption 

can be divided into two categories, the physical-adsorption (adsorption energy lies in 
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10-300 meV range) and the chemical-adsorption (adsorption energy lies in 1-10 eV 

range) [4]. Adsorption, desorption and reflection of hydrocarbon gas molecules 

simultaneously occurs on optics surface. The net rate of adsorption can be written     

as [5] 

fdaadnet RRRR                                       (1.1) 

Where 𝑅𝑎 , 𝑅𝑑  and 𝑅𝑓  are rate of adsorption, desorption and reflection of gas 

molecules respectively. The detailed expressions for rate of adsorption (𝑅𝑎  ), 

desorption (𝑅𝑑 ) and reflection (𝑅𝑓) are given in Appendix-I. The process of 

adsorption, desorption and reflection is schematically represented in Figure 1.3. 

 

Figure 1.3: Schematic representation of adsorption, desorption and reflection of 

hydrocarbon molecules on optics surface. 

Figure 1.3 pictorially shows that fraction of incident gas molecules are reflected back 

without any interaction with the surface and some are adsorbed on surface. In 

adsorbed gas molecules some are thermally desorbs and some cracked by photons 

and/or photoelectrons and convert into carbon layers. 
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Cracking of adsorbed hydrocarbons molecules take place by continuous exposure with 

photons as well as photoelectrons generated on the surface of optics. In such 

conditions the rate equation (1.1) is modifies and one additional term related to the 

rate of cracking of hydrocarbons also comes in picture. 

1.3.2 Cracking of Adsorbed Hydrocarbons  

1.3.2.1 Cracking of Hydrocarbons by SR Photons  

The optics used in beamlines are continuously exposed to synchrotron radiation 

photons. When these photons interact with adsorbed hydrocarbon molecules on optics 

surface, cracking of adsorbed hydrocarbons molecules take place by breaking the 

chemical bonds (C-C, C-O, C-H, C-OH etc.) of hydrocarbon molecules. When these 

cracked hydrocarbons crosslink a continuous layer of carbon is formed. For reflecting 

surfaces such as mirrors and gratings, total number of photons that are responsible for 

dissociation of adsorbed hydrocarbon layer includes, direct incident photons as well as 

reflected photons by optics surface (shown in Figure 1.4). The photo induced 

dissociation or cracking of hydrocarbon molecules is proportional to the incident 

photon flux  sec0  areaphotonsI  plus reflected photon flux  RI0  from optic 

surface (R is reflection coefficient) and the number density of adsorbed gas molecules 

 areamoleculesnad   
on surface. The expression for photo-induced dissociation rate 

can be written as [5] 

                                               )1(0 RnIR phoaddissphoto                              (1.2)                                                           

Where 𝜎𝑝ℎ𝑜- is photo-induced dissociation cross-section. 
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1.3.2.2 Cracking of Hydrocarbons by Secondary Electrons  

Primary and secondary electrons both are generated on optics surface but dissociation 

cross section of adsorbed hydrocarbons with respect to secondary electron is higher in 

comparison to primary electrons resultant contribution of secondary electrons in 

dissociation of adsorbed hydrocarbons is more in comparison to the primary 

photoelectrons [22]. The reflecting layer of optics and the growing contamination 

layer on the reflecting surface both contribute in the number of secondary electrons 

with different secondary electron yields. The process of cracking of adsorbed 

hydrocarbon by photons and secondary electrons is schematically represented in 

Figure 1.4. 

 

 Figure 1.4: Representation of cracking of adsorbed hydrocarbon molecules by 

incident photons, reflected photons and by secondary electrons on Au surface. 

The rate of cracking of adsorbed hydrocarbons by secondary electrons is proportional 

to secondary electron current, density of adsorbed hydrocarbon molecules and 
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dissociation cross section of hydrocarbons by secondary electrons. The rate equation 

can be written as [5]       

                                             SESEadSE JnDR )(                                               (1.3) 

Where 𝑛𝑎𝑑 , 𝐽𝑆𝐸 , 𝜎𝑆𝐸   and D are numbers density of adsorbed molecules, secondary 

electron flux on optic surface, dissociation cross section for secondary electron and 

carbon layer thickness respectively. The expression for secondary electrons leaving 

the surface as a function of carbon layer thickness is given in Appendix-II. 

Combining equation (1.2) and (1.3) total rate of cracking of adsorbed hydrocarbons at 

optics surface by primary SR photons and secondary electrons can be written as 

)()1(0 DJnRnIR SESEadPhoadCracking                           (1.4) 

With consideration of cracking term, the new adsorption rate equation can be written 

as            

Crackingfdaad RRRRR                                        (1.5)                                                               

1.4 Thickness of Carbon Layer 

The carbon layer thickness is directly proportional to the rate of cracking of 

hydrocarbon molecules on optics surface. As number of cracked hydrocarbon 

molecules increase with respect to time by photon and secondary electron exposure 

the carbon layer thickness increases. The differential equation describing the thickness 

(D) of carbon layer can be written as [5]  

  adSESEphoCracking nDJRIVVR
dt

dD
)()1(0                  (1.6) 
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Where V is volume occupied by carbon atom on optics surface 

1.5 Consequences of Carbon Deposition on Synchrotron Optics  

High brilliance, synchrotron sources have an imperative requirement of high quality 

optics to preserve wave-fronts while transporting high photon flux (10
12-13

 photons/s) 

from source point to the experimental station [23]. The important practical 

requirement is to transport the high flux of SR beam up to the experimental station 

through different optical elements mounted in the beamline for different applications 

such as focusing (mirror), monochromatization (grating) and harmonic order separator 

(HOS). The carbon contamination on optical elements in beamlines is becoming 

serious issue for achieving high brilliance up to experimental station. The carbon 

contaminated optics reduces photon flux [24]. The photon intensity reduction mainly 

occurs due to three main reasons (i) Strong absorption near carbon K-edge (284 eV) 

region (ii) Destructive interference by carbon layer (iii) Scattering losses due to 

increase in surface roughness by carbon deposition and Carbon layer thickness also 

vary p to s polarization ratio, this problem is more serious where polarization based 

experiments are carried out [8],[24]–[26].  

1.5.1 Reflectivity Loss near Carbon K-edge 

In soft x-ray region interaction of x-rays with material depends on refractive index 

)(n  of the material. For x-ray mirrors and gratings application, the selection of 

material is made in such a way it should be chemically stable, its absorption edges 

should not lie in the chosen x-ray energy range and the critical angle of the material 

should also be sufficiently high for chosen x-ray energy. When synchrotron radiation 

induced carbon is deposited on the mirror surface, its properties changes resultant 
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reflectivity of mirror surface also change from pristine one. Figure 1.5 shows a 

comparison of soft x-ray reflectivity of carbon contaminated gold mirror with respect 

to fresh gold mirror in 50 eV to 320 eV energy range at 2 degree incidence angle. 

Carbon contaminated Au mirror reflectivity is measured at reflectivity beamline at 

Indus-1, whereas Au mirror reflectivity is simulated at 2 degree incidence angle by 

considering 1000 Å thick gold layer with surface roughness of 5 Å. The reflectivity 

spectrum of carbon contaminated mirror clearly show strong reflectivity loss (82% to 

25%) near carbon K-edge (284 eV) due to strong absorption of incident photons by 

carbon atoms whereas without carbon layer mirror show more than 60% reflectivity in 

carbon K-edge region.  
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Figure 1.5: Comparison of soft x-ray (50 eV - 320 eV) reflectivity of carbon 

contaminated Au mirror to pristine Au mirror at 2 degree incidence angle.  

1.5.2 Reflectivity Loss due to Destructive Interference in High Energy Region 

For synchrotron radiation mirrors are based on principle of total external reflection of 

x-rays, resultantly there is no interference effect between substrate and the reflecting 
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layer. When a thin layer of carbon is deposited on mirror surface in synchrotron 

radiation beamline, it produces an interference effect due to penetration of beam 

through carbon layer because carbon layer has low critical angle compared to mirror 

material. The energy of photon and the layer thickness at a fixed incidence angle 

decide whether the interference is constructive or destructive.  
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Figure 1.6: Effect of carbon layer thickness on x-ray reflectivity of carbon 

contaminated Au mirror in 300 eV to 2 keV energy range at 2.5 degree incidence 

angle (simulated from CXRO website [27]).  

The simulated reflectivity spectra in Figure 1.6 show the effect of carbon layer 

thickness on reflectivity due to interference effect in 300 eV to 2 keV energy region. 

For reflectivity simulation gold thickness (1000 Å) and roughness (5 Å) are kept 

constants and carbon layer thickness varying from 0 to 500 Å in step of 100 Å and 

roughness (5 Å) of carbon layer is kept constants. X-ray reflected from top surface of 

carbon layer and the x-ray reflected from top surface of Au generate an interference 

fringe pattern. Depending on carbon layer thickness the interference pattern vary with 
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energy and incidence angle. Resultant intensity of SR beam pass through the carbon 

contaminated mirror also varying with carbon layer thickness (carbon layer thickness 

in the beamline increase with exposure time and incident photon energy). 

1.5.3 Effect of Surface Roughness on Reflectivity 

Due to non-uniform growth of carbon layer the surface roughness of the mirror 

increases [8]. During surface characterization of carbon contaminated mirror it is 

observed that the surface roughness of mirror increases from 16 Å to 60 Å due to 

carbon contamination deposition [26].  
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Figure 1.7: X-ray reflectivity of carbon contaminated Au mirror in 300 eV to 2 keV 

energy range at 2.5 degree incidence angle. Effect of surface roughness of carbon 

layer on reflectivity is also shown (simulated from CXRO website [27]).  

Figure 1.7 shows the effect of surface roughness of carbon layer on reflectivity of 

carbon coated mirror. The spectra show the simulated reflectivity of Au mirror at 2.5 

degree incidence angle in 300 eV to 2 keV energy range without carbon layer and with 

carbon layer of different roughness. For reflectivity simulation, gold layer thickness 
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(1000 Å) and roughness (5 Å) and carbon layer thickness (400 Å) are kept constants. 

Surface roughness of carbon layer varied from 5 Å to 30 Å. The reflectivity pattern 

clearly reveals that at a fixed energy when surface roughness of carbon layer increase 

the reflected intensity gradually decreases.  

1.5.4 Variation in Reflected Intensity Ratio of P to S Polarizations of SR Beam 

The carbon deposits on mirror surface not only reduces photon flux by absorption near 

absorption edge, scattering due to rough interface and destructive interference effect 

by carbon layer but the carbon layer also vary the reflected intensity ratios of p to s- 

polarization. The magnitude of absorption of polarized light (p or s) depends on 

orientation of hydrocarbon molecules adsorbed on optic surface. Depending on 

polarization direction and orientation of hydrogenated graphitic carbon intensity of 

reflected s or p component may decrease. Investigation of polarization change due to 

carbon contamination of optical elements was carried out by Gaupp et al.[25] at two 

beamlines PGM-1 and PGM-2 at BESSY II. They measured transmission spectra of 

horizontally (s) and vertically (p) polarized radiation. The minima observed at 284 eV 

and 291 eV are assigned to * and * orbitals as C-C and C-H bonds respectively. 

They correlated the intensity reduction with orientation of hydrogenated graphitic 

carbon contaminations deposited on mirror surface. In undulator based beamlines, due 

to change in p to s- polarization ratio, it is difficult to find the correct undulator 

settings for a particular polarization state. When carbon contamination layer  thickness  

increases  with  time due to prolong and continuous operation of beamline, the  ratio  

of  the  transmitted  vertical or horizontal  polarization  and  their  relative  phases  are 

modified by variation in carbon layer thickness,  therefore  periodically  a  tedious  
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polarimetry calibration of SR beam is  required. When the beamline optics heavily 

contaminate with SR induced carbon, a strongly enhanced contribution of unpolarized 

light (up to 20%) due to in-homogeneities of the carbon layer over the beam footprint 

region on optics surface  is observed [8].  

1.6 Techniques for Carbon Removing from Optical Components 

Deposition of carbon contaminations on optical elements cannot be avoided but its 

duration can be increased by decreasing hydrocarbon concentration in beamline 

vacuum chamber. Ohashi et al. [28] suggest that reduction of carbonaceous residue 

adsorbed on the surfaces in the vicinity of optical elements is the key step towards 

achieving a contamination free optics. Carbon contaminations on optical elements in 

the synchrotron radiation beamlines dramatically limit the properties of synchrotron 

radiation beam such as brilliance, coherence and polarization. The synchrotron 

radiation beam properties can be restored by refurbishing or replacing the carbon 

contaminated optics by fresh one. The optics used in SR beamlines requires good 

quality coatings on high quality substrate. These substrates and coatings are very 

expensive and require long preparation time, so it is better to remove carbon from 

contaminated optics surface using a suitable technique such as UV and plasma 

exposure. Several in-situ and ex-situ cleaning procedures (DC/RF plasma, plasma arc, 

laser, UV/O3 etc.) have been suggested so far  but several time it is observed that with 

these cleaning methods, either surface is not completely and uniformly cleaned or in 

some cases reflecting surface is damaged or modified during carbon cleaning process. 

In order to refurbishing the optics we have developed and optimized capacitively 

coupled rf plasma system, UV based in-situ and ex-situ cleaning technique and 
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infrared laser based cleaning technique. Detail description about development and 

optimization of these techniques and basic working principle of experimental 

techniques used in present study are given in Chapter-2.     

The efficiency of cleaning strongly depends on nature of contamination layer and the 

technique used for cleaning. If contamination layer has diamond-like phase of carbon 

then it is difficult to clean due to strong bonding between carbon atoms or it may take 

long time for cleaning. Several studies on interaction between diamond phase of 

carbon and atomic oxygen suggest that diamond is more stable compared to other 

carbon based materials [29]–[33]. Hydrogenated amorphous carbon reactivity with 

energetic (2.5 eV) atomic oxygen was investigated by Bourdon et al. [29], they 

observed that etch rate of carbon ranging from 1 to 20 ng/cm
2 

sec, which strongly 

depended on the hydrogen concentration in the film. Temperature-dependent erosion 

yields study on highly ordered pyrolytic graphatic (HOPG) carbon by hyperthermal 

atomic and molecular oxygen was carried-out by Nicholson et al. [32] they found that 

erosion yields vary three times  by varying temperature from 298 K to 493 K and 

etching rate is spatially anisotropic [32]. Joshi et al. [30] studied the interaction of 

diamond and graphite phase of carbon with oxygen plasma and observed that sp
3
 

hybridized carbon phase is more stable compared to sp
2
 hybridized carbon. These 

studies indicate that cleaning rate strongly depends on carbon phase. As we have 

discussed that nature of carbon in beamlines strongly depend upon growth conditions. 

We have studied the nature of carbon deposited on gold coated mirror with photon 

dose and LiF window surface. It is observed that the nature of carbon layer vary from 

tetrahedral hydrogenated (ta-C:H) carbon to graphitic carbon with photon dose. 
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Carbon deposited on LiF window surface has both graphitic and polycrystalline 

diamond phases (carbonado) of carbon. Results of characterization of carbon 

contaminated mirror surface are discussed in chapter-3.   

In case of plasma cleaning the uniformity in cleanness and surface damage can be 

optimize by optimizing process parameters such as power feed to plasma, pressure of 

process gas, exposure time and geometry of electrodes. In the last few years, at low 

process gas pressure radio frequency (rf) plasma glow discharge carbon cleaning 

technique has been considered as a cost effective, fast and suitable method for optics 

refurbishing. Graham, et al. [34] has used O2 and H2 rf plasma for removing carbon 

layer from Si substrate and Mo/Si multilayer mirror. Pellegrin et al. [35] removed 

carbon from quartz crystal surface, metallic foils used as harmonic filters and Au, Rh 

and Ni coated Si substrates using both capacitively and inductively coupled plasma 

(ICP) sources with an oxygen as process gas and they concluded that carbon cleaning 

rate increases by increasing rf power and oxygen gas flow rate. They also observed 

that rf plasma technique is suitable for removing both graphitic and diamond like 

carbon but they did not compared surface properties of the quartz crystal and other 

objects after the plasma cleaning. González et al. [36] have used ICP for cleaning of 

carbon and measured cleaning rates of different carbon allotropes by varying rf power 

and distance between the source and carbon containing object. Fernández et al. [37] 

have used ICP source (IBSS-GV 10X) with different combination of feedstock gases 

such as O2/Ar, H2/Ar, and pure O2 for cleaning the carbon from boron carbide (B4C) 

coated optics. They observed that pure O2 process gas plasma only exhibits the 

required chemical selectivity for maintaining the integrity of the B4C optical coating 
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whereas other process gases mixer change the chemical composition of B4C film. 

They also concluded that the technique used for carbon cleaning by activated oxygen 

is not suitable for oxidizing optical surfaces such as multilayer mirrors made of 

W/B4C, C/B4C, Mo/Si etc. For oxidizing optics surfaces, hydrogen plasma is one of 

the alternatives to remove the carbon contamination without surface oxidation [38]. In 

the above discussed studies carbon was removed from small size samples in which 

carbon was premeditatedly deposited using different deposition techniques. The actual 

contamination deposited on mirror surface may have slight different characteristics in 

comparison to graphitic carbon, resultantly the efficiency of carbon removing may 

vary with applied technique. For rf plasma cleaning we have developed a in-house 

capacitively coupled RF plasma system and optimized it for carbon removing from 

optics surfaces. Using this system/technique a carbon contaminated pre-mirror (TM1) 

of reflectivity beamline (BL-04) of Indus-1 [26] and spherical mirror of reflectivity 

beamline (BL-03) of Indus-2 are refurbished. Detailed description about technique and 

surface characterization results of rf plasma cleaned mirror are discussed in chapter-4. 

De-polymerizing of photo-resist polymer using UV light was first time reported by 

Bolon and Kunz [39]. Harada et al. [40] and Hansen et al. [41] used low pressure Hg 

lamp (λ= 184.9 and 254.7 nm) for removing carbon from grating monochromator. 

Several groups used zero order synchrotron radiation as UV source for carbon 

removing [9],[12],[41]-[42]. Hamamoto et al. [42] used 172 nm radiations and zero 

order synchrotron radiation as UV source for removing carbon contaminations from 

Mo/Si multilayer optics. They observed that both the techniques are suitable for 

carbon removing with certain limitations. We have also used zero order synchrotron 
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radiation for post mirror (TM2) cleaning of reflectivity beamline at Indus-1. During 

cleaning process the mirror was exposed in presence of oxygen gas pressure in          

2-810
-6

 mbar range with zero order synchrotron beams for approximately 40 hrs (at 

different ring current values). The results suggest that after carbon cleaning from 

mirror surface the  intensity of SR beam increased by 35% near the carbon K-edge 

(284 eV)  region [43]. We have also used 172 nm wavelength radiations emitted by 

Xenon excimer lamp for removing actual synchrotron radiation induced carbon 

contamination from mirror and grating surface. The results of UV radiation cleaning 

using zero order synchrotron radiation and 172 nm wavelength radiations are 

discussed in chapter-5. 

In recent days laser surfaces cleaning seems to be one of the solution for selective 

material removal. The use of laser technology to remove contaminated layers from 

substrates using different types of lasers, coatings, and substrates have been studied 

[44]. The current experimental results showed that laser cleaning technique may be 

real substitute to mechanical and chemical techniques for selective contamination 

removal from large groups of materials. In laser cleaning, the material is removed by 

complex mechanisms namely thermal ablation, mechanical effects and combination of 

thermal and mechanical effect [45]. The laser cleaning mechanism strongly depends 

on laser beam parameters, its delivery method (pulsed or CW) and physical and 

chemical properties of coating material. Different organic and inorganic materials can 

be removed selectively using optimized laser parameters (wavelength, intensity, pulse 

width, pulse repetition rate and beam size) [46]. Singh et al. removed carbon from 

gold coated sample surface using 1064 nm wavelength nanoseconds (ns) pulsed laser 
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(Nd: YAG) and observed that at optimized parameters the gold surface did not 

damage [47]. We also customized an Yb:YAG fiber laser system for cleaning of 

carbon contamination from synchrotron optics. Before cleaning the actual optics the 

system is optimized using carbon coated gold thin film surfaces at different laser 

parameters. At optimized parameters carbon from gold surface is removed and the 

sample is characterized using different surface analysis techniques. Finally the results 

of cleaning of carbon from gold surfaces are compared with other rf plasma and UV 

cleaned surfaces. The results of comparison of cleaning using three cleaning 

techniques are discussed in chapter-6.  

1.7 Scope of Present Work 

The structure of carbon layer deposited on optical elements in beamlines varies from 

hydrogenated amorphous carbon to diamond-like carbon (DLC) depending on 

deposition parameters such as photon dose and partial gas pressure. The denser 

structure of DLC film leads to more absorption for soft x-ray photons in comparison 

to that of less dense carbon layer. DLC films are likely to show more resistance to 

cleaning process because of strong binding of carbon atoms. Carbon layer deposited 

on optical elements reduced the SR beam intensity by creating different effects such as 

absorption, scattering and interference etc. The intensity of SR beam can be regained 

by removing the carbon layer. A systematic study on the growth characteristics of SR 

induced carbon layer will help in identifying the phase of carbon in the contamination 

layer and in turn will help in choosing appropriate cleaning methods for the removal 

of contamination layer. In Indus synchrotron sources (Indus-1 and Indus-2) more than 

20 beamlines are in operation and each beamline has minimum three optical 
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components. So there is a strong need for development of suitable cleaning techniques 

to refurbish optical elements as and when it is required. During the course of present 

thesis work, in-situ and ex-situ synchrotron optics refurbishing techniques are setup 

and optimized for optics refurbishing. The developed techniques/ processes are 

applied on actual optical elements to regain their performances by removing the 

carbon contamination layer.  The thesis covers detail study on growth characteristics 

of SR induced carbon layer and development of three independent setups based on RF 

plasma, UV and Laser technique and their successful employment for cleaning of 

actual optics of Indus beamlines.   
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2  Optics Refurbishing Setups and Experimental 

Techniques 

2.1 Overview 

This chapter covers design, development and optimization of optics refurbishing 

setups (capacitive coupled rf plasma system, in-situ and ex-situ UV cleaning system 

and IR laser system) and basic principle of experimental techniques (Soft x-ray 

reflectivity, X-ray photoelectron spectroscopy, Raman spectroscopy and Atomic force 

microscopy) used in present study.  

2.2 Optics Refurbishing Setups 

2.2.1 Inductively Coupled RF Plasma Source  

Various plasma discharge techniques in different geometry are commonly used for 

surface treatments such as sputtering, etching etc. The selection of the technique 

depends on nature of surface treatment required. 

Inductively and capacitively coupled plasma both are glow discharges produced by rf 

sources and are used for surface cleaning applications. Inductively coupled plasma 

(ICP) is excited by time varying magnetic field produced by rf current flowing in a 

current conducting induction coil. Typically the frequency used for plasma generation 

is 13.56 or 27.12 MHz. The time varying magnetic field induces electric field, which 

generate and sustain plasma in vacuum chamber. ICP sources are usually operated at 

lower pressure, thus at lower pressure rf plasma is strongly non- equilibrium and cold. 

Different antenna’s geometries (cylindrical, planar and half-toroidal) are used to 
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produce ICP. The power is delivered in terms of electromagnetic waves by an rf 

power source through a matching box inserted between the power source and antenna. 

Most of the power is coupled to electrons in gas filled chamber other particles are too 

heavy to respond to the rf field. The ICP plasma source gives high plasma density in 

localized region which affect the uniformity of surface cleaning. In order to avoid 

non-uniform cleaning commercially available inductively coupled rf source (GV10X, 

ibss) is used as a downstream asher by several groups for surface treatment 

applications [36], [37], [48]. Downstream asher rf plasma source produce plasma in a 

separate volume upstream the chamber with the object to be cleaned. This allows for 

an operation of the plasma chamber at higher pressure (10
-1

 to 10
-3

 mbar) with the 

cleaning chamber at lower pressure. Schematic diagram of downstream ICP source 

used for synchrotron optics is shown in Figure 2.1.  

 

Figure 2.1: Schematic diagram for optics cleaning using inductively coupled plasma 

source. 

Geometry of Capacitively coupled plasma (CCP) is simple in which plasma is excited 

by applying rf voltage between two parallel electrodes. With previous experience of 

capacitive coupled plasma (CCP) system for carbon removal from Au and Pt sample 
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surfaces in present study we have used CCP source (detail is given in section 2.2.2). 

Due to simple geometry the large size optics can be easily accommodates between 

parallel plates electrodes. 

2.2.2 Capacitive Coupled RF Plasma Cleaning Setup 

For the application of x-ray optics refurbishing we have developed a capacitively 

coupled rf plasma system. The system description and optimization of the parameters 

for carbon cleaning are discussed below. 

2.2.2.1 Electrode Assembly and Vacuum Chamber 

The capacitively coupled rf plasma system is designed for removing carbon from x-

ray optics surfaces.  The system can accommodate the optics of the size of 350 mm  

60 mm  40 mm. For the vacuum chamber SS304 material was selected because 

specific outgassing of SS304 is of the order of 10
-12

 mbar liter/sec.cm
2
. The vacuum 

chamber is cylindrical in shape with dimensions 450 mm height and 400 mm 

diameter. Different size ports are provided for mounting vacuum pump, pressure 

gauge and viewing window. For vacuum generation a turbomolecular pump of        

250 liter/sec pumping capacity with a dry backing pump is used to obtain vacuum in 

~10
-7

 mbar range. For pressure measurement a full range vacuum gauge is used. For 

gas injection a 0 to 30 sccm flow rate mass flow controller is used. The required 

process gas pressure in the chamber can be achieved by adjusting gas flow rate (gas 

inlet) and the pumping port valve (gas outlet). The viewing quartz window is mounted 

in such a way that the optics to be clean can easily seen during plasma exposure. An 

optical emission spectrometer (OES) is also used for monitoring optical emission lines 

from plasma.  
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The material and the relative ratio of electrode area have special importance in rf 

plasma systems. The electrode material should be good conductor of electricity and 

heat so that localized heating and unwanted impedance of circuit can be avoided. For 

plasma generation two aluminum metal electrodes (parallel plates) of dimension     

150 mm  75 mm  5 mm are used.  In order to isolate the electrode from rest of the 

chamber, the electrodes are mounted on one end of rectangular teflon rod and second 

end of the rod is mounted on a base plate for vertical mounting. The base plate has 

rectangular grooves by which the separation between parallel plates (electrodes) can 

be adjusted. Both the electrodes are perfectly isolated from rest of the vacuum 

chamber. The schematic diagram of the electrode assembly is shown in Figure 2.2.  

 

Figure 2.2: Schematic diagram of symmetric electrode assembly used for generating 

capacitively coupled rf plasma. 

The rf power at 13.56 MHz frequency is feed to the one of the electrode and the 

second electrode is kept at the ground potential. The distance between power and 

ground electrode can be vary according to the size of optics to be clean. For 
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impedance matching an automatic tuning network between rf amplifier and electrode 

assembly is used. The schematic diagram of the plasma cleaning system is shown in 

Figure 2.3. 

 

Figure 2.3: In-house developed capacitively coupled rf (13.56 MHz) plasma cleaning 

system. 

2.2.2.2 Importance of rf Frequency 

To sustain a discharge in capacitively coupled rf plasma systems, frequency, gas 

pressure and power are important parameters and these parameters are correlated to 

each other. Radio frequencies lies in 30 Hz to 300 GHz range but all frequencies are 

not suitable for plasma generation. In plasma at low frequencies electrons and ions 

both are able to respond the applied field and they hit the chamber wall and they lost 

from system, resultantly plasma discharge cannot be sustained in low frequency 

region. On the other hand in high frequency regime the response of ions to the applied 

field is very sluggish, consequently ion current to cathode and secondary electrons 

production decreases. To compensate the reduced secondary electron production at 
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higher frequencies the breakdown field has to rise. The absorption of power and 

amplitude of electrons and ions oscillations is strongly depend on applied rf frequency 

and molecule/atom collision frequency. The absorbed power (Pabs) and amplitude 

(𝑥𝑖 ,𝑒) of oscillation of ions or electrons are given by [49] 
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Where 𝑥𝑖 ,𝑒 , and  𝑚𝑖 ,𝑒  are amplitude and mass of ion or electron respectively, 𝜔 – 

frequency of applied field 𝐸, 𝜈 − collision frequency of electrons or ions and 𝑒- is 

charge of electron. 

In low pressures regime (𝜈 ≪ 𝜔), the number of collisions between gas molecules and 

electrodes are very less resultant many cycles of the wave have to go before a collision 

to occurs between molecules. Due to fewer collisions (ionizations) the power 

absorption from source is not sufficient for sustaining plasma discharge. At low 

pressure to sustain plasma the field strength again has to rises. On the other hand in 

high pressure regime (𝜈 ≫ 𝜔) within single wave period large number of molecular 

collisions take place, so that the electrons are unable to build-up their steady-state 

oscillation thus to sustain plasma in high pressure regime electric field strength again 

has to rises. We thus see that the breakdown field has to raise both in the high and 

low-pressure regimes to sustain plasma. In capacitively coupled rf discharges 

frequency range is lies between 1 to 100 MHz. For plasma generation in 10
-2

 mbar 

pressure region, we used a 13.56 MHz rf generator with impedance matching network. 
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At 10 watt power (Vpp= 170 volt) and 510
-2

 mbar pressure the amplitude of 

oscillation of electrons and ions are ~ 3 mm and ~ 1 μm respectively that is well 

below the separation distance (70 mm) of rf electrodes and chamber dimensions.  

2.2.2.3 Effect of Electrodes Dimensions  

In rf plasma discharges the  self biased voltage (Vsb) developed on powered electrodes 

is strongly depends upon dimensions of electrodes )/(/ 1221 AAVV   [50] and the 

process parameters such as applied power, gas pressure and type of gas. In 

conventional rf plasma systems (asymmetric configuration) the powered electrode is 

smaller than the ground electrode (shown in Figure 2.4a). The sheath capacitance 

 dAC  near electrodes surface is proportional to the area of electrode and the 

voltage developed on electrodes is inversely proportional to the sheath capacitance

 CQV  , where   and d are dielectric constant and thickness of sheath region and 

A is area of electrode. Resultant self bias voltage (Vsb) developed at large size 

electrode will be less compared to smaller electrode. So, in asymmetric configuration 

the self biased voltage developed across small size electrode will be much large 

compare to large size or ground electrode. Due to this bias voltage ions gain energy in 

the system and sputtered the powered electrode material. For carbon cleaning 

applications especially for x-ray optics surface where surface / interface roughnesses 

are important parameter and it should remain less than 5 Å. The sputtering of 

electrode material by ion bombardment may contaminate the optics surface or lead to 

increase in surface roughness. In order to avoid such situations symmetric 

configuration assembly of electrodes was chosen, in which both electrodes have same 

dimensions resultantly the Vsb on electrodes is less than the plasma potential (10-20V) 
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in the system. In this type of systems maximum energy gain by ions in the system is of 

the order of 10 eV to 20 eV. Schematic diagrams representing self bias voltage (Vsb) 

in asymmetric and symmetric configurations are shown in Figure 2.4. That is less than 

the threshold value for sputtering of any material. The energy gain by ions due to 

instantaneous rf voltage is not too much because polarity of field changes with applied 

rf frequency.  

 

Figure 2.4: Schematic representation of self bias voltage (Vsb) developed on powered 

electrode (a) Asymmetric configuration (b) Symmetric configuration 

The self bias voltage developed on the electrodes also depends on gas pressure, 

applied power and the frequency of the field.  All these parameters affect electron/ions 

oscillation amplitude and power absorption in the system. For carbon cleaning 

application the self bias voltage should be below the threshold value of sputtering of 

any material. Here by varying power and the gas pressure in the system the self bias 

voltage is set at minimum value. The self bias voltage at 10 watt power by varying 
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oxygen gas pressure from 1 mbar to 110
-3

 mbar and by varying applied power from  

1 to 20 watt at 510
-2

 mbar pressure is measured. The measured self biased voltages 

are shown in Figure 2.5.  

 

Figure 2.5: Self bias voltages (Vsb) on power electrode (a) by varying applied RF 

power (b) by varying oxygen gas pressure. 

From plots of Figure 2.5a it is observed that at constant oxygen pressure           

(~510
-2

 mbar) the self bias voltage vary from 6 V to 15 V with a variation of rf 

power from    1 watt to 20 watt and the minima value of self bias voltage (2 V) is at 10 

watt,       Figure 2.5b shows variation in self bias voltage with oxygen gas pressure at 

constant power. The plots indicate that in 4-610
-2

 mbar pressure the self bias voltage 

is at minimum value (5 V). These values of pressure and applied power values are 

selected for carbon cleaning experiments. 

2.2.2.4 Optimization of rf Power and Exposure Time 

In order to see the effect of exposure time and rf power on optic surface, carbon 

coated Pt thin film surfaces (Si-substrate/Pt-500Å/C-300Å) are exposed to oxygen gas 

plasma at constant power (10 W) for 10, 20 and 30 minutes. After plasma exposure 
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the hard x-ray reflectivity of the sample surfaces are compared with pristine Pt thin 

film surface reflectivity of same thickness. Figure 2.6a show x-ray reflectivity versus 

momentum transfer (qz) curves of carbon cleaned Pt thin film surface at three different 

exposure times and pristine Pt thin film surface. Details of x-ray reflectivity 

dependence upon momentum transfer vector given in section - 2.3.1. The reflectivity 

graphs clearly reveals that the reflectivity of sample exposed for 30 minutes is closely 

matches with the reflectivity of the pristine Pt sample reflectivity.  

For rf power optimization similar samples (Si-substrate/Pt-500Å/C-300Å) are exposed 

at 5, 10 and 20 watt power for 30 minutes. After plasma exposure the x-ray reflectivity 

of the sample surfaces are compared with pristine Pt thin film surface of same 

thickness. Figure 2.6b show x-ray reflectivity versus momentum transfer (qz) curves 

of pristine Pt and after carbon removal at three different power levels. The reflectivity 

graphs clearly reveal that the reflectivity of sample exposed at 10 watt power closely 

matches with the reflectivity of the pristine Pt sample reflectivity. These results reveal 

that 10 watt rf power and 4-610
-2

 mbar pressure is sufficient for carbon cleaning 

application. At these parameters (10 watt and 4-610
-2

 mbar) the carbon cleaning rate 

~10 Å per minute was observed. 
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Figure 2.6: X-ray reflectivity of Pt surface before and after plasma exposure (a) 

Different exposure time at 10 watts power (b) Different power at 30 minutes exposure 

time.   

In order to see surface contamination of electrode material after cleaning on optics 

surface, a carbon coated Au thin film sample (Si-substrate/Au-730Å/C-180Å) was 

also exposed to rf plasma at same experimental parameters. After plasma exposure at 

10 W rf power and 510
-2

 mbar oxygen pressure for 20 minutes the sample was 

analyzed by X-ray photoelectron spectroscopy (XPS) measurement and compared 

with XPS spectrum of pristine Au sample. Figure 2.7 shows XPS spectrum of pristine 

Au and after carbon cleaning from Au surface. The XPS spectrum show different 

peaks of Au with C (1s) and O (1s) peak in both the samples no other peaks are 

observed after plasma exposure. These observations reveal that at these parameters the 

electrode and chamber material is not sputter and not deposited on sample surface.  
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Figure 2.7: X-ray photoelectron spectra of Au surface before and after plasma 

exposure at 10 W rf power and at 510
-2

 mbar oxygen pressure for 20 minutes of 

exposure.   

2.2.3 UV Cleaning Setup 

Ultra violet (UV) radiations are part of electromagnetic radiations, which typically 

cover energy range from 3.1 to 31 eV and are suitable for breaking the hydrocarbon 

bonds. Dissociation of hydrocarbon and oxygen molecules easily occurs by Ultra 

violet radiation. In the present work both in-situ and ex-situ carbon cleaning 

techniques with UV sources are used for optics refurbishing. In in-situ cleaning 

technique zero order synchrotron radiation is used as UV source at reflectivity 

beamline of Indus-1, where zero order beam covers significant portion of UV photons. 

On the other hand for ex-situ cleaning, a 172 nm wavelength Xenon excimer lamp 

(EX-mini L12530-01, Make: Hamamatsu) in ambient environment is used as UV 

source. Here in-situ and ex-situ optics cleaning setups are discussed. 
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2.2.3.1 Description of In-situ Cleaning at Reflectivity Beamline of Indus-1  

Brief description of Reflectivity beamline: In-situ cleaning of toroidal mirror (TM2) 

of reflectivity beamline (BL-04) at Indus-1 was carried out with zero order 

synchrotron radiation in presence of O2 gas environment. The reflectivity beamline at 

Indus-1 synchrotron radiation source is installed on a 50 degree port of the bending 

magnet (BM-2). The totoidal shape pre mirror (TM1) is mounted at 4.5 degree from 

horizontal plane which accept 10 mrad  5.9 mrad (HV) synchrotron radiations beam 

from source. The beamline covers 10 eV to 300 eV energy range. The whole beamline 

is subdivided into five major sections. Pre mirror sections, Monochromator section, 

Post mirror section, Differential pumping section and the Experimental station. All the 

sections except experimental station are maintained under ultra high vacuum by the 

use of sputter ion pumps. The toroidal grating monochromator (TGM) section 

comprised of two slits assemblies (S1 at focus point of TM1 and S2 at focus point of 

TGM). The differential pumping section is used to connect high vacuum reflectometer 

operating in 10
-7

 mbar region with beamline operating in UHV environment by 

maintaining a pressure difference of two orders (10
-9

 to 10
-7 

mbar). In post mirror 

section TM2 is also mounted at 4.5 degree which accepts photon beam from 

monochromator and focus it at experimental station. The experimental station is 

equipped with two axes (-2) high vacuum compatible goniometer. Silicon photo 

diode detector (AXUV100G: IRD) is used for photon beam intensity measurement. 

Mechanical layout of reflectivity beamline with different sections is shown in     

Figure 2.8. In order to carry out in-situ carbon cleaning experiment on TM2 additional 

gas inlet line with regulated gas supply and vacuum pump was installed in post mirror 
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section. Schematic diagram of post mirror section with regulated gas supply and 

orifice positions are shown in Figure 2.9.  

   Figure 2.8: Mechanical layout of reflectivity beamline (BL-04) at Indus-1 SR source 
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Figure 2.9: Schematic diagram of post mirror section with gas inlet system for in-situ 

cleaning of post mirror (TM2) at reflectivity beamline of Indus-1. 

Pressurizing post mirror section for in-situ cleaning experiment: The basic 

requirement of in-situ cleaning is a high oxygen gas pressure (10
-4

 to 10
-6

 mbar) in 

presence of zero order synchrotron radiation in the vicinity of optics to be clean. To 

maintain high pressure in a localized region of beamline in presence of SR beam is a 

challenging task. The oxygen gas was introduced in post mirror section to raise 

pressure in 10
-6

 mbar region by gas inlet system which consists of regulated gas 

supply, mass flow controller and leak valve. In order to restrict the pressure buildup in 

rest of the sections of beamline, two orifices are designed in such a way that they 

allow SR beam without affecting intensity of the beam with a minimum pressure 

change in rest of the beamline. The size of orifices aperture are decided by beam size 

near the exit slit (S2) and just before the entrance of post mirror chamber as indicated 

in Figure 2.9. The orifice mounted near S2 has 2  6 mm
2
 size aperture with gas 
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conductance of 1.4 liter/sec, which gives a gas load order of 10
-7

 mbar liter/sec at 

pressure of 10
-7

 mbar in monochromator section, this gas load is well compensated by 

sputter ion pumps installed in this section. The orifice mounted near entrance of post 

mirror chamber has 6  16 mm
2
 size aperture with conductance of 11 liter/sec, which 

gives a leak rate of the order of 10
-6

 mbar liter/sec at pressure of 10
-6

 mbar in the 

section between post mirror and exit slit (S2). In this section to maintain additional 

gas load, a turbo-molecular pump with effective pumping speed of 15 liter/sec was 

mounted. In order to avoid any risk, vacuum safety interlock scheme was 

implemented in which monochromator vacuum gauge was interlocked with gate valve 

(GV1) (GV1 is an isolation valve that separates storage ring to beamline). After 

raising oxygen pressure in 2-810
-6

 mbar range the TM2 was exposed by zero order 

synchrotron radiations in four steps at different ring current values for ~ 40 hrs. The 

detail process of cleaning mechanism and their results are discussed in chapter-5.  

2.2.3.2 Xenon Excimer UV Radiation Setup for Carbon Cleaning  

Low pressure mercury lamp gives a discrete energy spectrum in which radiations of 

wavelengths below 253.7 nm are useful for carbon removal. Radiations of 

wavelengths 253.7 nm break the bonds of organic molecules and 184.9 nm 

wavelength radiations dissociate the oxygen molecule into oxygen radicals. Oxygen 

radicals combines with molecular oxygen O2 and produce ozone (O3) gas [51]. Ozone 

has large absorption cross section at 253.7 nm. Absorption of 253.7 nm wavelength by 

O3 reduces its intensity, resultant cracking of contaminant molecule decrease 

consequently cleaning efficiency decrease [52]. For avoiding such limitations, we 

have selected a Xenon excimer lamp that emits 172 nm wavelength radiations. 
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Radiations of wavelength 172 nm (~7.2 eV) dissociate both organic molecule as well 

as oxygen molecule simultaneously [53]. The carbon cleaning mechanism using UV 

radiations is discussed in chapter-5. The Xenon excimer lamp setup used for removing 

carbon contamination is shown in Figure 2.10. The lamp gives 172 nm wavelength 

radiations with spectral half width of 17 nm. The intensity of lamp at the surface of 

lamp in 75 mm  30 mm area is 50 mW/cm
2
. In order to avoid any health hazards by 

O3 production, the system is equipped with an O3 decomposer unit which reduces the 

O3 spread in the surrounding environment. 

 

Figure 2.10: Xenon lamp (EX-mini L12530-01) used for cleaning of mirror and 

grating. 

In order to see the carbon cleaning efficiency of excimer UV source, carbon coated Pt 

thin film samples (Pt/C-280Å) were exposed for 2 hrs, 4 hrs, 6 hrs, 10 hrs and 12 hrs. 

During exposure sample was kept at minimum allowable distance of ~5 mm from 

source. At 5 mm distance UV radiation intensity reduced to ~22% of the intensity at 

the surface of lamp (the extinction coefficient for 172 nm wavelength is 0.3/mm at     

1 atm pressure in air [52]). So it is expected that at 5 mm distance the UV radiation 
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intensity is about 11 mW/cm
2
. The confocal microscopic surface images (355 μm  

473 μm) of exposed samples (shown in  

Figure 2.11) are compared with the pristine Pt thin film surface image. The carbon 

removal rate was estimated by soft x-ray (λ= 80Å) reflectivity measurements 

(measured and fitted reflectivity spectra are shown in Figure 2.12  of 6 hrs and 12 hrs 

exposed samples and from reflectivity data fittings it is observed that after 12 hrs of 

UV exposure at ~ 5 mm distance from source 280 Å carbon layer completely removes 

with a rate of ~ 24 Å/hr and soft x-ray reflectivity of UV radiation exposed sample 

surface well matches with pristine Pt surface reflectivity. Thickness and roughness of 

Pt and C layer before and after carbon removal is tabulated in table-2.1.  

    

Pt/C Unexposed 2 hrs UV Exposed 4 hrs UV Exposed 6 hrs UV Exposed 

   

 

10 hrs UV Exposed 12 hrs UV Exposed Pristine Pt 

 

Figure 2.11: Confocal microscopy images (355 μm x 473 μm) of Pt/C samples after 

different exposure time by excimer UV radiations at 5 mm distance from source. 

 

 

 



41 

 

0.00 0.02 0.04 0.06 0.08 0.10

Pristine Pt12 hrs exposed Pt/C
6 hrs exposed Pt/C

 Fitted

R
e

fl
e

c
ti

v
it

y
 (

a
.u

)

Momentum transfer Q
z
 (Å

-1
)

Unexposed Pt/C

 

Figure 2.12: Soft x-ray reflectivity of Pt/C samples after different exposure time by 

UV radiations at 5 mm distance from source. 

Table-2.1 Structural parameters (thickness (t), roughness ()) of Pt/C sample 

determined by soft x-ray reflectivity curves fitting after different time of UV exposure. 

 Sample Pt layer C layer Ambient layer 

 t (Å)  (Å) t (Å)  (Å) t (Å)  (Å) 

Pt/C 531 10.7 280 12.3 --- --- 

Pt/C 6 hrs exposed 530 10.7 140 12.2 --- --- 

Pt/C 12 hrs exposed 530 10.7 --- --- 32 12.8 

Pt 531 10.7 --- --- 32 12.8 

 

2.2.4 IR Laser Cleaning Setup 

For carbon cleaning applications an infrared (IR) laser based system is customized as 

per requirement of carbon cleaning applications from optics surfaces. The system 

consist of nanosecond (ns) pulsed Yb:YAG fiber laser (λ=1064 nm) which give 

variable power in 0 to 30 watts, galvanometer based laser beam scanner, F-theta lens 

and a motorized Z-stage for vertical movement of scanner for adjusting beam focus on 

sample surface. The system is fully controlled by computer software program. 

Descriptions of subcomponents of the laser system are given below.  
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Fiber Laser: The fiber laser configuration is shown in Figure 2.13. The laser cavity is 

formed by inter core fiber Bragg grating (FBG) and combined pumps are launched 

through FBG into both ends of the Yb doped fiber (YDF). The one end FBG is highly 

reflecting (HR) for lased wavelength (1064 nm) and at second end FBG is low 

reflecting (LR) which passes the lased wavelength. The maximum laser power is      

30 watts. The laser pulse frequency can be varied from 20 to 200 kHz using              

Q-switching method and it emits laser pulses in hundreds of nanosecond range.  

 

Figure 2.13: Yb:YAG fiber laser configuration, showing cavity formed by inter core 

fiber Bragg gratings. 

Scanner: The system used a 2D galvanometer scanner for scanning the laser beam on 

the sample surface in x-y plane. The deflection in laser beam is performed by 

galvanometer drives for deriving mirrors. The scanner can move the both mirrors in   

± 6.5 resultant the focused laser beam can scan 160 mm distance in both x- and          

y-directions. The scan speed can be varied from 0.1 to 10 m/sec. with the help of       

x- and y-galvanometer drivers. The schematic of assembly of customized laser system 

with beam collimator, galvanometer drives and F-Theta lens are shown Figure 2.14. 
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Figure 2.14: Schematic diagram of laser beam steering with x-and y-galvanometer 

mirror drives.  

F-Theta Lens: The F-theta lens [make: JENOPTIK Optical Systems GmbH] is used 

for focusing the laser beam in x-y plane. F-theta lens are designed with a barrel 

distortion that yields the output beam displacement, that is linear with the product of f 

and θ (f * θ), where θ is the angle of incidence of the input beam. The focal length (f) 

of lens is 255 mm and the maximum scan angle that can be covered by the lens is       

± 18, which gives a flat field in a circular area of 160 mm diameter. The lens can 

accepts a laser beam of diameter 20 mm and after focusing the minimum beam 

diameter at focus point is ~ 150 m. The focal plane position can be move up and 

down (movement in vertical direction) with the help of motorized Z-stage.  
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2.2.4.1 Optimization of Laser System for Carbon Cleaning 

For selective material removal using nanosecond pulsed IR laser, at constant pulse 

width there are two important parameters that affect the laser cleaning, the first one is 

fluence (energy/area) of laser beam on sample surface and second one is the 

overlapping of laser beam spots. At constant power the fluence value strongly depends 

on laser beam spot area. In focal plane the laser beam is strongly focused and has 

minimum beam diameter resultant laser fluence value is maximum in focal plane. For 

surface cleaning applications the sample should not kept at the focal plane otherwise 

the laser beam damage the sample surface. The laser spot diameter increases in beam 

propagation direction (above and below the focal plane) with relation

Rz zzdd  10 , where 0d  and zd  are beam diameter at focus plane and at              

z distance from the focus plane respectively and Rz  is known as Rayleigh range of 

laser and given by  2
0R  Z d . The laser beam spot diameter also varies with 

pulse frequency, laser beam scan speed and laser power. So before using the IR laser 

for carbon cleaning the beam spot diameter was measured at 5.5 mm above the focal 

plane by marking the laser beam on a dye coated Aluminum (Al) sheet by varying 

laser power, frequency and the laser scan speed. Using these beam spot diameter 

values, fluence values on sample surface and overlapping (D), 𝐷 =  1 −
𝑣

𝑠.𝑓
   (where 

𝑣 is scan speed, 𝑆 is spot diameter, and 𝑓 is pulse frequency) of beam spot diameter 

are calculated and plotted in Figure 2.15. Overlapping of laser beam spots also 

increases the effective power deposition on sample surface.  
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Figure 2.15: Laser beam spot diameter with (a) laser power (b) scan speed and          

(c) pulse frequency.  
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Figure 2.16: Calculated values of (a) laser fluence and (b) beam spot overlapping with 

laser scan speed 

Figure 2.16a reveals that laser fluence at a distance of 5.5 mm above from the focus 

plane vary from ~ 0.25 mJ/cm
2
 to ~ 0.3 J/cm

2
 by varying scan speed from 0.1 m/sec to 

8 m/sec but laser fluence value not vary significantly by varying laser power because 

as laser power increases the beam spot diameter also increases (Figure 2.15a.) 

resultant fluence value remains nearly same. Figure 2.16b reveals that the overlapping 

of beam spot vary from 99% to 65% when laser beam scan speed vary from 8 to 0.1 

m/sec because by increasing the scanning speed the beam diameter decrease resultant 
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overlapping decreases. For organic contamination removal, the fluence on sample 

surface should be of the order of 0.1 to 1 J/cm
2 

[54]. It is experimentally observed that 

for good cleaning efficiency the overlapping should be in the range of 80% to 90%. 

Overlapping more than 90% may damage the optical surface due huge energy 

deposition in beam spot region. Here we observed that at constant frequency 90 kHz 

overlapping of laser beam spot lies in 80% to 90% when laser beam scan speed vary 

from 2.5 to 6 m/sec. With a coverage of 80% to 90% overlapping region parameters 

we have removed carbon from Au thin film surface with several trails at different scan 

speed, power levels and number of passes of laser beam on sample surface. The 

confocal microscopic images (475 μm  355 μm) of carbon removed surface at 

different laser power levels, scan speeds (𝑣) and hatching separation are shown in 

Figure 2.17.  Figure 2.17 (a-c) indicates that when scan speed is 0.8 m/sec. and laser 

fluence on sample surface is less (~ 0.18 J/cm
2
) the carbon from sample surface not 

remove completely even with increasing power and the number of passes of beam on 

sample surface. When we increase fluence (~0.25 J/cm
2
) by varying laser beam scan 

speed (3 m/sec) and power (30 W) most of the carbon removed in single beam pass 

and in 20 passes all the carbon removed completely. Further increase in scan speed 

from 3 m/sec to 10 m/sec (Figure 2.17 (d-i)) the fluence value increases from 0.25 to 

0.3 J/cm
2
 but increase of fluence value not give significant variation on carbon 

cleaning process. Figure 2.17 (i-l) indicates that increase in hatching separation also 

not affect the cleaning process. From these observations it is concluded that 0.25 to 

0.3 J/cm
2
 fluence is sufficient for carbon removing from Au surface without damaging 

the Au surface.  
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 𝐚 P = 15 watt, f = 90kHz  
v = 800 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

 𝐛 P = 24 watt, f = 90kHz  
v = 800 mm/sec,   

Hatching = 15 μm, Pass ∶  01 

 

(𝐜)P = 24 watt, f = 90kHz,  
v = 800 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐝)P = 30 watt, f = 90kHz,  
v = 3000 mm/sec,   

Hatching = 15 μm, Pass ∶  01 

 

(e)P = 30 watt, f = 90kHz,  
v = 3000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐟)P = 30 watt, f = 90kHz,  
v = 4000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐠)P = 30 watt, f = 90kHz,  
v = 6000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐡)P = 30 watt, f = 90kHz,  
v = 8000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐢)P = 30 watt, f = 90kHz,  
v = 10000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐣)P = 30 watt, f = 90kHz,  
v = 3000 mm/sec,   

Hatching = 15 μm, Pass ∶  20 

 

(𝐤)P = 30 watt, f = 90kHz,  
v = 3000 mm/sec,   

Hatching = 30 μm, Pass ∶  20 

 

(𝐥)P = 30 watt, f = 90kHz,  
v = 3000 mm/sec,   

Hatching = 50 μm, Pass ∶  20 

Figure 2.17: The confocal microscopic images (473 μm  355 μm) after carbon 

cleaning from Au thin film surfaces at different scanning parameters: power, scan 

speed (𝑣), number of passes and hatching separation. 
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2.3 Surface Analysis Techniques 

Different surface analysis techniques are used to see physical and chemical changes 

on optics and thin films surfaces before and after surface treatments for carbon 

removal. Descriptions of surface analysis techniques used in present studies are given 

below. 

2.3.1 Soft X-ray Reflectivity (SXR) 

In 1923, first time Compton reported the phenomena of total external reflection of     

x-ray from smooth surfaces [55]. Nowadays, due to significant development of 

synchrotron sources, instrumentation, detector technology and advancement in 

theoretical modeling and data analysis techniques, x-ray reflectivity becomes a 

powerful tool for characterization of thin film and multilayer structures. The technique 

gives information about electron density profile perpendicular to the sample surface 

and thereby obtain information about the thin film material density, its 

surface/interface and thickness [56]–[59]. When an interface is not perfectly sharp, but 

has average electron density profile ρe(z) along the surface normal then the theoretical 

expression for the reflectivity can be written as [60], [61]  

𝑅 𝑄𝑧 = 𝑅𝐹(𝑄𝑧)  
1

𝜌∞
  

𝜕𝜌 𝑒(𝑧)

𝜕𝑧
 𝑒𝑖𝑄𝑧𝑍𝑑𝑧

+∞

−∞
 

2

                        (2.3) 

Where 𝜌∞  is average electron density deep inside the material, 𝑅𝐹 𝑄𝑧 =
 4𝜋𝑟𝑒𝜌∞  2

𝑄𝑧
4  is 

Fresnel reflectivity of ideal surface. The reflectivity technique involves measuring the 

reflected x-ray intensity as a function of momentum transfer (Qz) perpendicular to the 

sample surface, where 𝑄𝑧 =
2𝜋

𝜆
  𝑠𝑖𝑛 𝜃𝑖 + 𝑠𝑖𝑛 𝜃𝑟 , 𝜃𝑖  and 𝜃𝑟  are incident and reflected 
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angles respectively and 𝜆 is wavelength of incident x-ray. In specular geometry 

incident and reflected angles are equal in magnitude resultant momentum transfer 

vector can be written as: 


 sin4
zQ . Typical geometry of reflectometry is shown 

in Figure 2.18. When x-rays are incident at grazing incidence angle on a flat material 

surface, the total external reflection occurs below a certain angle. This angle is known 

as critical angle (𝜃𝑐) of material for a given wavelength. The critical angle gives the 

information about material density (  2c ),  is dispersive part of refractive index 

that is proportional to the material density [61]. When incident angle of x-rays 

increases with respect to critical angle the penetration depth of x-ray increase and 

reflectivity decreases as fourth power of momentum transfer )1(
4

z
Q  

 

Figure 2.18: Representation of x-ray reflection at an interface of two different 

refractive index (n1 and n2) materials.  

If a material is uniformly coated on another material having different refractive index 

(different electron density), then the reflected x-rays from the interface between the 

two materials and reflected x-rays from vacuum/air to the coating material interface 

produce interference pattern. The interference pattern gives information about 

thickness, density and roughness of coated material. The thickness of the film can be 
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determined by taking the difference between two consecutive maxima or minima of 

interference pattern. 
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2 22
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t                                         (2.4) 

The resonant soft x-ray reflectivity is more sensitive compare to hard x-ray reflectivity 

because near the absorption edge of material the refractive index varies rapidly as a 

function of incident wavelength of the photon. Due to high sensitivity of soft x-ray 

technique the reflectivity experiments are carried out in soft x-ray energy region at 

Indus-1 and Indu-2 reflectivity beamlines.  

2.3.1.1 Soft X-ray Reflectivity Beamline at Indus-2 

The soft x-ray reflectivity beamline (BL-03) at Indus-2 is installed at a 5 degree port 

of bending magnet. The optical layout of reflectivity beamline at Indus-2 is shown in 

the Figure 2.19. The first optical element of the beamline is vertically mounted 

toroidal mirror (TM1) which deflect the incident beam in horizontal direction. The 

acceptance of mirror is 2 mrad in horizontal direction and 3 mrad in vertical direction. 

TM1 focuses the SR beam in both vertical and horizontal direction. Vertically it 

focuses the beam on to the entrance slit (S1) and horizontally on to the exit slit (S2). 

The second optical element is a spherical mirror (SM), which vertically deflects the 

beam and forms a convergent beam on the plane grating (shown in Figure 2.19). After 

spherical mirror, the beam is diffracted by the plane grating and by varying the angle 

of grating desired wavelength is focused on the slit S2. Three gratings G1, G2 and G3 

of line densities 1200, 400 and 150 lines/mm are used to efficiently cover the whole 

energy region of 100 eV-1500 eV. The beamline provides moderate spectral 
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resolution (E/E= 1-610
3
) and high photon flux (ph/sec) in 10

9
-10

11 
range

 
with the 

use of three gratings. The gratings can be selected in-situ without breaking the vacuum 

for wavelength selection. In order to suppress higher harmonics coming from the 

monochromator, a high order harmonic suppressor (HOS) based on reflection 

principle is also installed between monochromator and TM2 in the beamline. The 

monochromatized light is focused on to the sample by TM2. The whole beamline 

operates in ultrahigh vacuum (UHV) environment of pressure less than 3  10
-9

 mbar.  

 

Figure 2.19: Optical layout of reflectivity beamline at Indus-2 synchrotron radiation 

source. Various optical elements of the beamline are indicated in figure. 

The experimental station of beamline consists of x-y-z sample manipulation stages 

with a two axes high-vacuum (10
-7

 mbar) compatible goniometer. The scattering 

geometry is in the vertical plane which is suitable for s-polarized reflectivity 

measurements as synchrotron light is plane polarized in the horizontal plane. The 

sample and the detector are mounted on  and 2 axes of goniometer respectively. A 

high vacuum compatible linear translation stage is mounted on sample rotation stage 

for moving the sample in and out of the beam path. The present sample holder can 

accommodate a sample of size (L  W  D) up to 300 mm  100 mm  50 mm and it 
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can bear load of 5 Kg. Detector arm is designed to mount multi detectors and therefore 

different detectors can be used for reflectivity measurements. Detector distance from 

the axis of rotation is about 200 mm. Two silicon photodiodes are mounted on 

detector arm, in which one is uncoated and other one is Aluminum (Al) coated. Al 

coating on detector reduce the background noise. Using these detectors, reflectance 

can be measured over five orders of dynamic ranges. The silicon photodiode detector 

(AXUV100G: IRD, USA) has 100 % internal quantum efficiency. The detector signal 

is measured in terms of current using a Keithley electrometer (6514). Inside view of 

the goniometer and the sample mounting stage are shown in the Figure 2.20. The 

reflectometer has a capability of positioning the sample within 2 μm and the angular 

position of the detector and sample can be set within 0.001º [62]. 

 

Figure 2.20: Inside view of experimental chamber with goniometer, x-y-z sample 

scanning stages and detector at reflectivity beamline of Indus-2. 

2.3.2 Grazing Incidence X-ray Diffraction (GIXRD) 

Grazing angle X-ray diffraction (GIXRD) technique is invented by Eisenberger and 

Cho in 1979. Due to low penetration into bulk material this techniques is more 
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sensitive surface of sample and Nowadays it is very common for characterizing nano 

size particles and thin film structures. The technique is based on Bragg diffraction 

principle (2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆) but slightly different from conventional x-ray diffraction 

technique [63], [64]. At grazing incidence, x-rays interact with material within 50 nm 

to 100 nm range. In conventional x-ray diffraction method ( -2 scan), due to high 

incidence angle interaction of x-ray with bulk is higher compare to the top surface 

layer, resultant weak signal from top layer and strong signal from the bulk (substrate) 

material is generated. In grazing x-ray diffraction in order to get the strong signal from 

top layer and to reduce the signal from the substrate material only 2𝜃 angle scan is 

performed at constant grazing incidence angle  𝜃 .  

 

Figure 2.21: Experimental station for diffraction measurement at angle dispersive X-

ray diffraction beamline (BL-12) of Indus-2 SR source. 

In present studies, we are dealing with thin layer of carbon on gold and platinum 

coated mirrors, for thin layers GIXRD measurements are very useful for structural 

characterization of carbon layer. X-ray diffraction beamline of Indus-2 synchrotron 

radiation source is used in GIXRD mode for characterization of synchrotron radiation 
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induced carbon deposited on gold mirror surface [65]. The experimental setup at x-ray 

diffraction beamline of Indus-2 is shown in Figure 2.21. The energy of x-ray was 

chosen 11.4 keV using the double-crystal monochromator (DCM), at this energy the 

photon flux in the beamline is maximum (~10
10

 ph/sec). The incidence angle () of 

beam was kept at 1 degree with respect to the sample surface and the detector (2) 

was moved from 10 to 45 degree in steps size of 0.04 degree.  

For characterization of carbon deposited on lithium fluoride (LiF) window laboratory 

source (Bruker AXSD-8 advance x-ray diffractometer with λ=1.54 Å monochromatic 

radiation source (Cu Kα)) was used. The diffraction measurement was carried out by 

keeping fixed incidence angle at 0.6 degree and detector rotates from 15 to 90 degree 

with step size of 0.01 degree. 

2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

Photoelectron spectroscopy (XPS) is very popular technique for study of chemical 

composition, chemical state and empirical formula of elements present into material 

[66]–[68]. The technique is based on principle of photoelectron emission described by 

Einstein in 1905 [69]. In XPS measurement, x-ray beam continuously irradiate the 

sample surface, simultaneously numbers of photoelectrons generated from the top 

surface (≤ 100 Å) of material with different kinetic energy. The kinetic energies of 

emitted electrons are measured by energy analyzer. The photoelectrons generated at 

depth d from the surface, increase the signal intensity by 𝐼𝑑 = 𝐼0  𝑒
−𝑑 .cos 𝜃

𝜆 . Where      

𝐼0 - initial intensity of electrons at depth (d), 𝜃 and λ are the detection angle with 

respect to the sample normal and the inelastic mean free path of electrons respectively. 

The electrons generated above the escape depth did not contribute to the intensity; 
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consequently the information about material is obtained only up to couples of 

nanometers. The kinetic energy of the photoelectrons is given by 

  )( ...  EBEIEK EEE                                               (2.5) 

Where EK.E   and EB.E  are kinetic and binding energies of electrons respectively, EI.E  is 

incident photon energy and    is the work function of material. The photo-electrons 

emitted from the sample surface are differentiated according to their kinetic energies. 

The kinetic energy of ejected electrons is measured by concentric hemispherical 

analyzer. In order to filter out the electrons of energies E0, the hemispheres are 

charged to maintain a potential difference 
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Where V1 and V2 are the potentials applied to the inner and the outer hemisphere 

respectively, E0 is the electron pass energy, e is the elementary charge of electron,    

R1 and R2 are the radii of the inner and outer hemispheres respectively. 

The schematic of concentric hemispherical analyzer is shown in Figure 2.22. Electrons 

of different kinetic energy are selected by analyzer by varying the potential between 

the concentric spheres. The detector measures electron current that are passed through 

the analyzer at different applied voltage with different kinetic energy. The spectrum of 

kinetic energy or binding energies of electrons versus electron current (intensity) is 

recorded by the use of computer program.  
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Figure 2.22: Schematic diagram of X-ray Photoelectron Spectroscopy experimental 

setup.  

The binding energies of elements are elemental specific and unique those are used for 

elemental identification with the help of available database in literature. The 

qualitative analysis of spectra is usually done by comparing the measured 

photoelectron intensity lines with reference spectrum lines [70]. The concentration of 

the element 𝑥 in an homogeneous sample can be calculated by the relation 𝐶𝑥 =
𝐼𝑥 /𝑆𝑥

 𝐼/𝑆
. 

Where 𝐼𝑥  is the intensity of element 𝑥, 𝑆𝑥  is the sensitivity factor for the measured line 

of the element 𝑥, and ΣI/S is the sum of normalized intensities of all the detected 

elements. Usually the XPS spectrum has large background so, for accurate intensity 

determination from XPS spectrum a suitable background subtraction method are   

used [71].  

2.3.4 Atomic Force Microscopy (AFM) 

Due to synchrotron radiation induced carbon deposition on mirror surface the surface 

topography of the mirror changes. The carbon cleaning techniques used for removing 

carbon from optic surface may also vary surface roughness of mirror. The surface 
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topography of samples used in the study is measured by atomic force microscopy 

using Agilent 5600LS machine. In order to avoid any surface damage all the 

measurements are carried out in non contact mode.  

Atomic force microscopic technique was developed by G. Binning and H. Rohrer in 

the early 1980s, the first experiment was made by Binnig,  Quate and Gerber in 1986 

and earned Nobel prize in physics [72]. Due to high vertical resolution (≈1 Å) it is a 

powerful tool for the study of surface morphology. The AFM machine consists of four 

important sub systems that’s work together. The first one is the laser, second one is 

piezoelectric based sample stage, the third one is a flexible cantilever, ended with a 

sharp tip on its free end and the fourth and important component is the position 

sensitive detector. The laser beam shine on a mirror and directed on the tip mounted 

cantilever where its reflection take place. After reflection the laser beam is detected by 

a position sensitive photodiode detector. The schematic diagram of atomic force 

microscopy (AFM) is shown in Figure 2.23. When the tip is well above the sample 

surface, the angle of the mirror is adjusted in such a way that the reflected beam from 

sample surface directly hits the center position of the detector. When tip and sample 

are brought closer to each other, the piezoelectric stage scans the sample under the 

cantilever tip. When sample move under tip the cantilever feel force due to atomic 

interaction (Vander Waal force type), depending on magnitude of force tilting or 

bending of cantilever take place. The tip and surface interaction is sensed by 

monitoring the deflection of cantilever. The reflected beam from cantilever surface hit 

the four-quadrant position sensitive photo-detector (PSPD). The bending of cantilever 

change the position of laser spot on the detector results in change in output voltage of 
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the photo-detector. The small variation in cantilever position results in large variation 

in position of beam spot at detector because the distance between cantilever and the 

detector is large compare to the cantilever length. If we know the sensitivity of 

detector and the force constants of cantilever than the force acting on the cantilever 

can be easily measured by measuring the change of output voltage of PSPD. The 

normal deflection generates intensity difference between the upper and lower 

segments of the four-quadrant photo-detector, which is proportional to height variation 

and gives surface topography. The deflection in left and right segments is proportional 

to the torsion of the cantilever. By this method displacement of tip about 10 Å can be 

easily detectable [73]. The fine positioning of AFM tip with respect to the sample 

surface is done by piezoelectric stage.  

 

Figure 2.23: Schematic diagram of atomic force microscope (AFM) apparatus and 

related basic components. 
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2.3.4.1 Modes of AFM Operation 

When cantilever tip came close the sample surface it experiences attractive and 

repulsive forces. These forces define two modes of operation (i) Contact mode and (ii) 

Non contact mode. In between Contact and Non contact modes is one more mode 

generally known as (iii) Intermediate contact mode. In this section, we discuss the two 

main operating modes of AFM that are commonly used for measurement. For soft and 

sensitive surfaces the non contact mode is used whereas for hard surfaces a contact 

mode can be used.  

Contact Mode: In contact mode surface of the sample and the tip of AFM have close 

contact. For avoiding the damage of tip this mode is restricted to flat surfaces only. In 

this mode the feedback loop allows the scan in two ways the first one is constant force 

and the second one is the constant separation distance. In constant force mode a 

feedback loop is used to control of separation between tip and sample surface. Thus, 

the scanner responds instantaneously via feedback loop to topographical changes by 

keeping the constant cantilever deflection and the surface topography is deducted from 

the voltage applied to the piezoelectric stage.  

Non-Contact Mode: There are two ways of non-contact mode, one is known as 

intermediate contact mode and second one is known as non contact mode. In 

intermediate mode the cantilever oscillates perpendicular to the sample surface with a 

free space resonant frequency of cantilever at a distance of about 100 Å to 1000 Å, so 

its oscillation covers both the regions of attractive and repulsive force between the tip 

and the surface. When tip scan over the sample surface, the tip resonance frequency 

varies with the separation between surface and tip. The separation between tip and 
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surface is controlled by tracking the change in oscillating frequency. The cantilever 

displacement normal to the surface is controlled by a feedback loop keeping the 

resonance frequency constant. The information about surface topography comes from 

the changes in oscillation amplitude and the phase. In non contact mode the cantilever 

oscillates about 100 Å to 150 Å away from surface in attraction force region with 

slightly higher frequency compare to cantilever free space resonance frequency. When 

cantilever brought closer to the sample surface the vibration amplitude decreases 

significantly. The amplitude of oscillations is directly related to the separation 

between tip and surface.  

2.3.5 Raman Spectroscopy 

The Raman spectroscopy is also known as vibrational spectroscopy in which the 

Raman bands are arises due to change in polarizability of molecules by incident light 

and molecule interactions. When a beam of light impinges on molecules, some 

amount of light is absorbed and some amount is scattered. The majority of scattered 

photons have same wavelength as the incident one and the process is known Rayleigh 

scattering (elastic scattering). In addition to Rayleigh scattering, certain discrete 

wavelengths higher and lower than the incident one are also observed (inelastic 

scattering). Inelastic scattering of light was first observed experimentally by C.V 

Raman in 1928 and theoretically described by Adolf Smekal in 1923 and [74] .  
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Figure 2.24: Energy level diagram of Raman scattering indicating Stokes, Anti-stokes 

and Rayleigh lines. 

Energy level diagram of Raman process indicating stokes, anti-stokes and Rayleigh 

lines are shown in Figure 2.24. To understand the Raman phenomena, consider a 

molecule placed in oscillatory field (𝐸 = 𝐸0 𝑠𝑖𝑛𝜔𝑡) with frequency 0. The oscillating 

field produces oscillating dipole moment 𝜇 = 𝛼 𝐸0  𝑠𝑖𝑛𝜔0𝑡 [75]. The magnitude of 

dipole moment (µ) depends on the intensity of applied electric field (E) and the 

polarizability () of the molecule. Such oscillating dipoles emit radiations of its own 

oscillating frequency, this is the case of Rayleigh scattering. During applied oscillating 

field if the molecule vibrate or rotate than its polarizability not remains constant but it 

changes periodically with vibrational or rotational frequency (1).  

𝛼 = 𝛼0 +  𝐴𝑠𝑖𝑛𝜔1𝑡                                                     (2.7)  

Where 𝛼0 - is equilibrium polarizalibity and A- represents rate of change of 

polarizability with vibrations. In presence of rotational or vibrational motion the 

induced dipole moment is given by 
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𝜇 = (𝛼0 +  𝐴𝑠𝑖𝑛𝜔1𝑡)𝐸0 𝑠𝑖𝑛𝜔0𝑡                                       (2.8)  

𝜇 = 𝛼0𝐸0 𝑠𝑖𝑛𝜔0𝑡 +  
1

2
𝐴𝐸0  cos 𝜔0 − 𝜔1 𝑡 − cos( 𝜔0 + 𝜔1 𝑡                 (2.9) 

In above equation, the first term of right hand side represents Rayleigh scattering in 

which oscillating dipole radiates with incident radiation frequency. The second term 

represents stoke Raman scattering in which radiated field frequency decreased by the 

vibration frequency and the third term represent anti-stoke Raman scattering in which 

radiated field frequency increased by the vibration frequency. If the rotational or 

vibrational motion not change the polarizability of molecule, then A = 0, dipole 

oscillate and radiate with same incident frequency of field. From this statement it is 

clear that to be Raman active molecule, that rotational or vibrational motion must 

generates some change in polarizability. The Raman scattering cross section depends 

on how many vibrational energy levels are occupied. The occupancy of the vibrational 

levels is determined by Boltzmann statistics and strongly depends on the temperature, 

at low temperatures, only the ground state vibrational states are occupied and the 

probability of transition from ground to virtual states is high enough compare to 

transition from excited vibrational state to virtual states, thus the anti-stokes scattering 

almost goes to zero. The intensity ratio of anti–stokes (IAS) to stokes (IS) lines is given 

by [76]. 

)(exp 1

Tk

h

L

I

BS

AS 



                                             (2.10) 

Where 𝜔1- vibrational frequency, h- Planck’s constant and kB - Boltzmann’s constant. 
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2.3.6 Optical Emission Spectroscopy 

Optical Emission Spectroscopy (OES) is a well known and widely used analytical 

technique for the analysis of broad class of elemental compositions. Schematic 

diagram of optical emission spectrometry is shown in Figure 2.25.   

 

Figure 2.25: Schematic diagram of optical emission spectrometer used for measuring 

optical emission lines CO and O in rf plasma chamber during optics cleaning. 

In present work this technique is used to see relative change in CO and O optical 

emission line intensities in rf plasma. The presence /absence of CO in plasma give 

indication of presence/absence of carbon on mirror surface during plasma exposure. 

The intensity of emission lines is directly proportional to the concentration of the 

originating element in the sample. The intensity of a transition Iul from a higher |u> 

energy state to a lower |l> energy state in a given plasma volume can be written  

as[77] 

𝐼𝑢𝑙 = 𝐴𝑢𝑙  (ℎ𝜈)𝑢𝑙  𝑉 𝑁𝑢                                           2.11 
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where Aul is the Einstein transition probability of spontaneous emission (s
−1

), h the 

Planck constant, 𝜈 the frequency of the emitted photon (s
−1

). V is the emitting volume 

and Nu is the volume number density of emitting species (m
−3

) in upper energy state. 

2.4 Summary 

Carbon contamination removal without affecting optic surface properties is a 

challenging task. In order to remove carbon from optics surface development of optics 

refurbishing techniques and their optimization process are discussed in this chapter. 

During process optimization in case of CCP plasma 10 watt rf power at 510
-2

 mbar 

oxygen pressure is found suitable for carbon removal without affecting surface 

properties of optics. In case of UV exposure it is observed that at 4-5 mm distance 

from source the carbon cleaning rate is nearly 25 Å/hr and in IR laser cleaning 

technique it is observed that fluence in 0.25 to 0.3 J/cm
2
 range is good for carbon 

removal from Au coated surface. Different surface analysis techniques used to see the 

effect of surface treatments for carbon cleaning on optics surface are discussed in 

detail. Soft x-ray reflectivity is used for surface analysis before and after surface 

treatment for carbon removal, with this technique change in layer thickness, surface 

roughness and density of material is determined. AFM technique is used as a 

supplementary technique for surface morphology measurement. Grazing incidence x-

ray diffraction technique is used to see the bulk structural changes after surface 

treatments. XPS is used for chemical analysis of optics surface before and after 

surface treatments. Raman Spectroscopy technique is used to see the variation in 

carbon phase by synchrotron radiation dose, Raman spectroscopy technique is more 

sensitive different hybridization state of carbon. Finally optical emission spectroscopy 
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technique is used for determination of carboneous gases concentration in rf plasma 

during carbon cleaning process using capacitively coupled rf plasma.  
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3 Characteristics of Synchrotron Radiation Induced 

Carbon Layer 

3.1 Overview 

Carbon is a versatile element in the nature which exists in different allotropic forms. 

The well-known allotropes of carbon are diamond, graphite and amorphous carbon. 

Characteristics of these allotropes are significantly different from each other. Diamond 

is highly transparent and hardest naturally occurring material whereas graphite is 

opaque (black) and is relatively soft material. The carbon growth on optical elements 

occurs by interaction between synchrotron radiation, photoelectrons and adsorbed 

hydrocarbons on the surface of optics. The growth mechanism and characteristics of 

synchrotron radiation induced carbon layer deposited on optical elements are not well 

known and still debatable. The properties of the carbon contamination layer vary with 

presence of hydrogen contents and hybridization states of carbon. Hydrogen contents 

in the contamination layer depend on irradiation time and partial pressure of 

hydrocarbon gases. Contamination layer with 40-60% hydrogen contents are soft in 

nature and known as polymer-like a-C: H (PLCH) films. The films, with 20-40% 

hydrogen contents have relatively higher sp
3 

hybridized carbon bonding than polymer-

like a-C:H films, resultantly they have better mechanical properties and known as 

hydrogenated diamond-like carbon (DLC:H). Higher percentage of sp
3 

hybridize 

carbon bonding (70%) with 25–30% hydrogen content make special class of 

hydrogenated DLC films known as tetrahedral hydrogenated amorphous carbon films 

(ta-C: H) [78]. The films with low hydrogen contents and higher sp
2 

hybridized carbon 



68 

 

bonding with aromatic structure are known as hydrogenated graphite-like amorphous 

carbon (GLCH) films [79]. Tetrahedral hydrogenated amorphous  carbon (ta-C:H) 

films have lower hardness as well as  lower density compare to tetrahedral amorphous 

carbon (ta-C) films because sp
3
 bonds of C–H are weaker than sp

3
 C–C bonds. Using 

ternary phase diagram (hydrogen, sp
2
 and sp

3 
hybridized carbon contents) Ferrari & 

Robertson explained the different phases of carbon [80]. Micro-crystalline graphitic 

carbon to glassy carbon have significant amount of sp
2
 hybridized carbon contents. 

Diamond-like carbon (DLC) is an amorphous carbon with a significant fraction of sp
3 

hybridized carbon contents with other carbon contents. Amorphous carbon is also 

known as intermediate structure between diamond and graphitic carbon and exhibit 

character of both types of carbons, depending on sp
2
/sp

3 
hybridized carbon fractions. 

The carbon layer with the same sp
3 

hybridized carbon content and hydrogen 

concentration but different sp
2 

hybridized carbon clustering and its orientation may 

have different optical, electronic and mechanical properties [81]. In synchrotron 

radiation beamlines, due to continuous exposure by photons, secondary electron and 

ions clustering of carbon atoms, sp
2 

to sp
3 

hybridized carbon ratio and hydrogen 

contents in hydrogenated carbon layer deposited on optical elements may vary. 

Faradzhev et al. [82] studied, carbonaceous layer induced by EUV radiation on TiO2 

thin film surface by x-ray excited valence-band spectra and gas Chromatography/Mass 

Spectroscopy (GC/MS). They concluded that due to continuing EUV irradiation, 

cross-linking and hydrogen abstraction in polycyclic aromatic hydrocarbon (PAH) 

occurs. Due to hydrogen abstraction and subsequent cross-linking in alkane fragments 

form a complex network of carbon bonds, resultant sp
2 

hybridized carbon-rich film is 

formed. Dolgov et al. [15] characterized EUV induced carbon layer, they observed 
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that the film have a tough structure with the significant part of the carbon being in sp
3
 

hybridization state (DLC). The carbon in the layer have C-C, C-H, C-OH and 

C(O)OH chemical groups. From these studies it is observed that radiation induced 

carbon layer properties strongly depends on photon dose (exposure time) and photon 

energy. In this chapter, we characterized synchrotron radiation induced carbon 

contamination layer deposited on surface of gold coated pre-mirror (TM1) of soft      

x-ray reflectivity (SXR) beamline (BL-04) [21] and surface of LiF window used in 

high resolution vacuum ultraviolet (HRVUV) beamline (BL-01) [19] at Indus-1 

synchrotron radiation source. 

3.2 Samples for Study 

3.2.1 Toroidal Mirror of Reflectivity Beamline 

Soft x-ray reflectivity beamline at Indus-1 SR source consists of two gold coated 

toroidal mirrors and three gratings in monochromator [21]. The beamline is in 

operation since the year 2001. Vacuum of the beamline is maintained in ~ 10
-9

 mbar 

range. Due to prolonged use of optical elements in the beamline, these optical 

elements has got thick carbon contamination layer on top of reflective gold surface. 

The pre-mirror (TM1) of the beamline is exposed to high photon flux of wavelengths 

covering from infrared to soft x-ray region. The pre mirror accepts SR beam 10 mrad 

in horizontal direction and 5.9 mrad in vertical direction. At 450 MeV electron energy 

and 100 mA current the maximum radiated SR beam power in 10 mrad acceptance of 

mirror is about 577 mW, which is received by the pre- mirror of the beamline making 

it more prone to carbon contamination. Due to Gaussian profile of synchrotron 

radiation beam intensity, the photon intensity is maximum at the center and it  
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decreases in both directions along the length from center resultantly the thickness of 

the carbon layer also decreases from mirror center to outwards direction along the 

length of the mirror. The beamline optical layout and position of TM1 is shown in 

Figure 3.1. This carbon contaminated mirror was taken out from the beamline and 

used for detailed characterization of carbon contamination layer.  

 

Figure 3.1: Indus-1 reflectivity beamline (BL-4) optical layout with carbon 

contaminated Au coated pre-mirror. TM1 and TM2 represent pre and post toroidal 

mirrors, S1 and S2 represents entrance and exit slits. 

3.2.2 LiF Window of HRVUV Beamline 

A LiF window used as low pass filter in high resolution vacuum ultraviolet (HRVUV) 

beamline [19] of Indus-1 synchrotron radiation source also got deposited a thick 

carbon contamination layer in the beamline environment and therefore was considered 

as an another sample for the study of characteristics of SR induced carbon layer. In 

this sample, carbon contamination layer was deposited in slightly different 

environment compared to previous one. In the previous case the mirror was irradiated 

for more than a decade with all kind of photon energy coming from bending magnet 

source whereas in this case the carbon contamination layer was deposited in a short 

time exposure of about 100 hrs with photons of 3 eV to 11.5 eV energy that are 
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transmitted through the LiF window. This window was basically used to isolate the 

experimental station from rest of the beam line. Pressure in the beamline towards 

experimental station was ~10
−6 

mbar and towards the storage ring side it was        

~10
−9 

mbar. In high pressure regime hydrocarbon concentration is supposed to be 

high, resultant carbon contamination layer deposited on the face of high pressure side. 

The contamination layer deposited on LiF window is shown in the Figure 3.2.  

 

Figure 3.2: Carbon contaminated LiF window of 50 mm diameter. Marked area in 

photograph indicates contamination region as well as SR beam foot print. 

3.3 Contamination Layer Thickness and Density 

Carbon contamination layer thickness and its density from gold mirror and the LiF 

window surfaces were determined by soft x-ray reflectivity measurements. The 

specular reflectivity (θ-2θ scan) probes the contamination layer along the depth        

(z-direction) of sample by measuring the reflected intensity as a function of 

momentum transfer (Qz) along the surface normal. Three different wavelengths (80 Å, 

90 Å and 100 Å) were chosen for soft x-ray reflectivity measurements of carbon 

contaminated gold mirror and 60 Å, 70 Å and 80 Å were chosen for LiF window case. 

The detail about the SXR beamline (BL-04) at Indus-1 is given in chapter-2. Critical 



72 

 

angle, slope of reflectivity curve and interference fringe pattern are the key features of 

specular reflectivity by which density of layer, surface/interface roughness and 

thickness of layer can be estimated. The focused SR beam was targeted on dense 

carbon contaminated region for reflectivity measurements. Experimentally measured 

specular reflectivity spectra at different wavelengths are shown in Figure 3.3a. and 

Figure 3.3b for carbon layer on Au mirror surface and LiF window respectively. The 

measured reflectivity spectra are fitted using Parratt recursive formalism that is based 

on Fresnel reflection equations [83]-[84].  

 

 

 

 

 

 

Figure 3.3: Experimentally measured and fitted reflectivity spectra of (a) carbon-

contaminated Au mirror surface (b) carbon contaminated LiF window surface. 

From the reflectivity spectra fittings, optical constants (δ and β) and structural 

parameters (thickness, roughness and optical density) of the carbon contamination 

layers are determined. Optical constants are related with refractive index 𝑛 𝜔  of 

material with relation 𝑛 𝜔 = 1 − 𝛿 + 𝑖 𝛽 , where 𝛿 =
𝑛𝑎𝑟𝑒  𝜆2

2𝜋
 𝑓1

0(𝜔) and               

𝛽 =
𝑛𝑎𝑟𝑒  𝜆2

2𝜋
 𝑓2
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incident radiation wavelength respectively. 𝑓1
0(𝜔) and 𝑓2

0(𝜔) are real and imaginary 

part of atomic structure factor. From best fitting results it is observed that the carbon 

layer deposited on Au mirror surface has thickness (t) ≈ 406 Å surface roughness (σ) ≈ 

60 Å and optical density (O.D) ≈ 73% of graphitic carbon density whereas carbon 

layer deposited on LiF window surface has thickness (t) ≈ 100 Å surface roughness 

(σ) ≈ 60 Å and optical density ≈ 94% of graphitic carbon density. In soft x-ray regime 

dispersive part () of frequency dependent refractive index n() of material represent 

optical density. The optical constants values of contamination layer are close to the 

optical constants of graphitic carbon (shown in table-3.1 and table-3.2). The slight 

difference in optical constants from graphitic carbon may be due to presence of 

hydrogen contents in the contamination layer. The variation in carbon layer thickness, 

roughness and optical density indicate that the growth of carbon strongly depends on 

exposure time, incident energy and the residual gases in vicinity of optics.  

Table 3.1: Structural (t - thickness, σ- roughness and O.D- optical density) and optical 

(δ and β) parameters of carbon contamination layer deposited on Au coated mirror 

surface measured at three different wavelengths of incident radiation. 

  λ 

 (Å) 

   t (Å) 

Carbon 

 

O.D 

w.r.t 

GC (%) 

   δC 

 10
-3

 

   βC 

 10
-3

 

  σC    

  (Å) 

  

t (Å) 

Gold 

  Au 

 10
-2

 

  βAu 

 10
-3

 

  σAu     

  (Å) 

 

80 406 72 9.2 1.0 60 504 2.2 8.76 18 

90 406 72 12.0 1.5 62 505 3.3 10.9 19 

100 406 75 15.1 2.2 63 504 4.8 12.1 21 
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Table 3.2: Structural (t- thickness, σ- roughness and O.D- optical density) and optical 

(δ and β) parameters of carbon contamination layer deposited on LiF window surface 

measured at three different wavelengths of incident radiation. 

λ 

(Å) 

t (Å) 

Carbon 

 

O.D  

w.r.t GC 

(%) 

δC 

 10
-3

 

βC 

 10
-4

 

δLiF 

 10
-3

 

βLiF 

 10
-3

 

σC (Å) 

 

σLiF  

(Å) 

 

60 101 95 6.36 9.05 9.22 2.44 55 9 

70 101 96 9.52 12.8 11.2 3.64 55 9 

80 101 93 12.1 20.9 14.3 5.14 51 8 

3.4 Crystallinity of Synchrotron Radiation Induced Carbon Layer       

The degree of crystallinity of a material strongly affects its hardness, density, optical 

and electrical properties. X-ray diffraction is a powerful technique for the study of 

crystallinity of a material. For the study of carbon contamination layer crystallinity, 

grazing incidence X-ray diffraction measurement was carried out. For carbon layer 

deposited on Au mirror the diffraction measurement was carried out at angle 

dispersive X-ray diffraction (ADXRD) beamline of Indus-2  SR source  [65] and for 

carbon layer deposited on LiF window diffraction measurement was carried out by 

Bruker diffractometer (AXSD-8). The details of X-ray diffraction technique are 

discussed in chapter-2. The diffraction pattern recorded from carbon contaminated Au 

mirror surface is shown in Figure 3.4. In the diffraction pattern, a broad peak centered 

at 14.8⁰ (2) shows the presence of carbon and this broad peak reveals that carbon on 

mirror surface is not in crystalline form but it is deposited in the form of amorphous 

carbon (a-c) or in the form of small carbon clusters. The two additional peaks at 26.7⁰ 

and 30.9⁰ represents diffraction from (111) and (200) planes of face centered cubic 

(fcc) structure of Au. In order to calculate cluster size, the broad peak is fitted 

considering Gaussian shape function. 
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Figure 3.4: Grazing incidence X-ray diffraction pattern of SR induced carbon 

contamination layer from Au mirror surface. 

Out of plane cluster size of carbon deposits was estimated by well-known Scherrer 

equation [63]. 





cosB

K
t                                                             (3.1) 

Å6.11
99.0088.0

08.19.0





t                                              (3.2)          

Where, t represents mean cluster size, 𝜆 is the wavelength used for measurement, B is 

the line broadening at half the maximum intensity (Δ 2θ in radian) and 𝜃 is the Bragg 

angle and K is a dimensionless shape factor, its typical value is about 0.9, but it varies 

with the actual shape of the crystallite in sample.  

The diffraction experiment from carbon contaminated LiF window surface was carried 

out on Bruker AXSD-8 Advance X-ray diffractometer. The diffractometer consist of 

CuK, monochromatic radiations (λ = 1.54 Å) source. In order to make comparison 
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with graphitic carbon, diffraction spectrum from commercial graphitic carbon sample 

was also recorded in same experimental conditions (see Figure 3.5). 
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Figure 3.5: Grazing incidence X-ray diffraction pattern measured by Cu K radiation 

(λ=1.54Å) source (a) carbon contamination layer deposited on LiF window (b) 

commercial graphitic carbon sample.  

In commercial graphitic carbon sample four diffraction peaks from (002), (101), (004) 

and (006) planes of graphitic carbon structure were observed, whereas only two 

distinct diffraction peaks at 2θ = 28.3⁰ and 75.8⁰, from carbon contamination layer 

were identified as reflections from (002) planes of graphitic carbon and from (220) 

planes of carbonado phase of carbon respectively. The magnified GIXRD spectra with 

Gaussian fitting in peaks region are shown in Figure 3.6. The diffraction pattern 

clearly indicates that carbon in the contamination layer has crystalline structure with 

graphite and carbonado phases of carbon. The spacing in (002) planes is determined 

3.14 Å and for (220) planes is 1.26 Å. The interlayer spacing of (002) planes of 

graphite and semi-graphite carbons normally lies within a value of 3.54 Å – 3.37 Å. In 
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SR induced carbon contamination layer the observed interlayer spacing is very near to 

the value of graphite interlayer spacing reported in various studies [85]–[87]. 

The out of plane grain size (tout) using Debye Scherrer equation for graphitic carbon 

and carbonado phase is determined ~ 60 Å  and ~ 29 Å respectively.  

 

 

 

 

 

 

Figure 3.6: Magnified image of diffraction spectra of contaminated layer at               

(a) 2θ = 28.3⁰ (b) 2θ = 75.3⁰. 

The aromaticity of the carbon layer also calculated by diffraction intensities of 

aromatic and aliphatic carbon peaks. The ratio of carbon atoms in aliphatic chains 

versus aromatic rings indicates aromaticity (fa) of carbon layer [85]  

AA

A
fa




002

002
                                                  (3.3) 

Where A002 and A are the integrated intensities under (002) peak and peak due to 

aliphatic carbon which is generally present at 2 = 20 in aliphatic carbon layer [85]. 

In synchrotron radiation induced layer deposited on LiF window 2 = 20 peak is not 

observed. From this observation it is concluded that the aromaticity (fa) of SR induced 
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carbon is close to one, it reveals that most of the carbon in the contamination layer is 

in the form of aromatic rings not in the form of aliphatic chains. 

3.5 Chemical Analysis of Synchrotron Radiation Induced Carbon 

Layer  

3.5.1 X-ray Photoelectron Spectroscopy: 

Chemical analysis of synchrotron radiation induced carbon deposited on LiF window 

was done by X-ray photoelectron spectroscopy (XPS) using Al K (1486.6 eV) 

monochromatic X-ray source. XPS spectrum near carbon K-edge region (280 eV to 

300 eV) was recorded by EA125 omicron analyzer with an energy resolution of 

0.8eV. In order to compare chemical composites in contamination layer with respect 

to graphitic carbon, XPS spectrum of commercial graphitic carbon also recorded in 

same experimental conditions (shown in Figure 3.7). The surveys scan of XPS shows 

presence of carbon (1s) at 291 eV and oxygen (1s) at 532 eV in the contamination 

layer. Two broad peaks at 291 eV and 282.3 eV are observed in C (1s) binding energy 

region. XPS peak fit program [XPS PEAK 4.1] [88] was used for deconvolution of 

291 eV peak. For data fitting the linear background was considered and peak fitting is 

carried with a mixture of Gaussian (80%) – Lorentzian (20%) functions. The 291 eV 

peak in the spectrum is deconvoluted into two sub component peaks at 291.6 and 

290.6 eV.  



79 

 

280 285 290 295 300

0

2000

4000

6000

300 400 500 600 700 800 900 1000

In
te

n
si

ty

Energy (eV)

 Survey scan in contamination region O
 A

u
g
er

C
O

 A
u
g
er

O
 1

s

C
 lo

ss
C

 1
s

Graphitic C

In
te

n
s

it
y

 (
a

.u
)

B.E.(eV)

 Measured data from contamination layer 

 Fitted

 B.G

 Measured from

         Graphitic C  

CH
3

Li

Carbonate group 

ROCOOR'

Polymeric chains/rings

 of carbonates (ROCOOR')n

 

Figure 3.7: Carbon (1s) XPS spectra recorded using Al K (1486.6 eV) radiation 

source from carbon contaminated LiF surface and commercial graphitic carbon 

samples. Inset shows survey scan in 200 eV -1100 eV energy range.  

The peak at 290.6 eV and 291.6 eV shows presence of oxygen and hydrogen in carbon 

layer. In separation studies of polymer bend of PMMA and polycarbonate Lhoest et al. 

[89] also observed similar photoelectron peak at 290.6 eV. They interpreted this  

290.6 eV peak as C (1s) peak in bisphenol-A polycarbonate. In study of charging 

phenomena of polymeric film on gold surface Barth et al. [90] and Clark et al. [91]  

also interpreted the 290.7 eV peak as carboxylic form of carbon and diphenyl 

carbonate (C6H5) OC(O) O(C6H5). The second peak at 291.6 eV was interpreted by 

several groups [92]–[94] as polymeric form of hydrogenated carbon that is dispersed 

in form of polymeric chains or rings (sp
2
 hybridized carbon). Faradzhev et al. [82] 

studied carbonaceous layer deposited on TiO2 thin film in presence of EUV radiation 

and n-tetradecane gas environment. They concluded that due to continuous EUV 

irradiation exposure alkane fragments form complex network by crosslinking of 
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dangling bonds of carbon and they observed that the film formed by EUV irradiation 

exposure of alkane have high content of sp
2
 hybridized carbon. The peak at 282.3 eV 

indicates formation of methyllithium (CH3Li) at the surface of LiF window. In 

methyllithium (CH3Li) Meyer et al. [95] reported similar shift in C (1s) binding 

energy from 284.4 eV to 282.3 eV. Rajumon et al. [96] and Ocal et al. [97] also show 

slight shifts in C (1s) energy at different metallic surfaces, they observed carbidic state 

of Ti at 282.2 and 282.3 eV at Ti surface. 

3.5.2 Raman Analysis of Synchrotron Radiation Induced Carbon Layer 

Raman spectroscopy is very sensitive tool for carbon based materials. This technique 

is non-destructive technique and does not require any special specimen preparation for 

measurement. Raman spectra of synchrotron radiation induced carbon were recorded 

using λ=441.6 nm wavelength of Helium Cadmium (He–Cd) laser by Alpha 300SR 

Witec Instruments (GmbH Germany).  

Raman spectrum of contamination layer deposited on LiF window was recorded and 

compare with commercial graphitic carbon (shown in Figure 3.8). The G (1556 cm
-1

) 

and D (1350 cm
-1

) bands of graphitic carbon and a broad hump in 2500 cm
-1 

to 3300 

cm
-1 

region due to combination of overtones of G and D bands and stretching 

vibrations of CHx (𝑥 = 2, 3) bond are observed [98]. The G and D peak positions are 

observed towards lower side compare to commercial graphitic carbon. As we have 

discussed G-and D-peaks positions depend on the sp
2 

and
 
sp

3
 hybridized carbon 

contents, grain size, hydrogen contents and ta-C:H, a-C:H, nC-graphite phases of 

carbon in the sample, such as etc. The I(D)/I(G) ratio about 0.94, indicates highly 

disordered graphitic carbon
 
phase. Full width half maxima (FWHM) of G peak of 
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contamination layer ~123 cm
-1

, the highly oriented graphitic carbon films have 

FWHM in 15–23 cm
-1

 range. High value of FWHM of G peak reveals that the carbon 

layer is highly disordered or has nano-crystalline nature. 

640

660

680

700

500 1000 1500 2000 2500 3000

500

1000

1500

2000

2500

In
te

n
s

it
y

 (
a

.u
)

 Measured 

 fitted

Contamination layer

D

G

2D & D+G

(a)

Raman frequency shift (cm
-1

)

Graphite sampleG

D

2D

(b)

 

Figure 3.8: Measured and fitted Raman spectrum of (a) Synchrotron radiation induced 

carbon deposited on LiF window (b) Raman spectrum taken from  commericial 

graphitic carbon. 

Casiraghi et al. [99] observed that the hydrogenated carbon films that have G peak 

position at 1556 cm
-1 

and hydrogen contents about 15% are GLC:H type and the films 

that have D peak intensity to G peak intensity ratio ~0.94 are  a-C:H type. The results 

of X-ray diffraction and Raman spectroscopy reveals that the contamination layer on 

LiF surface might be present in the form of rings of hydrogenated amorphous or nano-

crystalline phase of carbon a-C:H (GLCH) with both sp
2 

and sp
3 

hybridization states. 

In order to see the change in carbon layer characteristic with photon dose and energy 

twelve Raman spectra in 25 mm intervals from different locations along the length of 

the carbon contaminated mirror were acquired in the spectral region of 175–3600 cm
-1 
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with 4 cm
-1

 resolution. The measurement points on mirror surface and corresponding 

Raman spectra are shown in Figure 3.9 and Figure 3.10a respectively. Spectrum  P-7 

is recorded from the central region of mirror whereas  P-1 and P-12 are recorded from 

near both the edges (along length direction). In order to analyze the spectra 

quantitatively, Raman spectra were fitted by convoluting two Lorentzian functions in 

the 900 - 2000 cm
-1

 Raman shift region. The spectra clearly show the G (1575–1590 

cm
-1

) and D (1362– 1380 cm
-1

) bands of graphitic carbon. These bands are generally 

present in most of hydrogenated graphitic carbon materials.  

 

Figure 3.9: Carbon contaminated mirror, intersection point of vertical lines (orange 

color) and horizontal line (blue) indicates the Raman measurement point. The distance 

between the points is 25 mm. 

Nano-crystalline graphite carbon Raman spectra generally shows G and D modes of 

vibrations. D mode is inactive in highly oriented graphite (HOG) and only becomes 

active in the presence of disorder [100]. The disorder mode at 1360 cm
-1

 (D-peak) is 

due to the A1g symmetry mode at the K-point and caused by the disordered structure 

of graphene.  At ~ 1580 cm
-1

 the G-mode, is due to the E2g symmetry mode at the     

Γ-point. The G-band originate from the stretching vibrations of the C-C bonds (sp
2
) in 

graphitic carbon materials and is common to all sp
2
 hybridized carbon structures 

whether they are arranged in rings (aromatic) or chains (aliphatic)); this mode does not  
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Figure 3.10: (a) Raman spectra (P-1 to P-12) from the surface of contaminated mirror, 

measurement points are shown in Figure 3.9. (b) corresponding D and G-peak 

positions (i-ii), D and G-peak width (iii-iv), I(D)/I(G) ratios (v-vi) cluster size (nm) 

(vii), calculated from Lorentzian fittings.  
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require the presence of six-fold rings. In UV excitation a peak at around 1060 cm
-1 

 

(T-peak) is seen in amorphous carbon. For visible excitation the cross section for 

amorphous sp
3 

hybridized C-C vibrations is very less for visible excitation, thus its 

Raman signal can only be seen by UV excitation source [101]. The sp
3 

hybridized 

carbon peak can be observed at 1332 cm
-1 

for significant amount of diamond phase in 

the samples. The Raman scattering cross section is 50 to 230 time higher for graphite 

(sp
2
) and hydrogenated amorphous carbon (a-C: H)  in compared to diamond carbon 

(sp
3
) [100], [101]. Consequently, visible Raman spectroscopy can only probe the 

configuration of sp
2
 sites.  In a-C: H films where sp

2
 and sp

3
 hybridized carbon 

contents both are present and sp
2
 clustering is affected by the sp

3
 fraction, the sp

3
 

hybridized carbon fraction can be estimated by an indirect way. In synchrotron 

radiation induced carbon it is expected that the carbon layer deposited on optical 

elements may has mixer of sp
2
 and sp

3
 hybridized carbon atoms. It is also expected 

that sp
3 

and sp
2 

hybridized carbon fraction in contamination layer may vary by the 

interaction of photons and photoelectrons. The D and G peaks intensity ratio 

I(D)/I(G), give qualitative estimation of sp
2
 and sp

3
 carbon bonding in the sample. The 

intensity of the disordered peak is directly connected to the presence of aromatic rings 

in the sample. For small grain/cluster size (La), the D-mode strength is proportional to 

the probability of finding a hexagonal ring in the cluster and that is also proportional 

to the cluster size. Thus, in amorphous carbon atoms the development of a D-peak 

intensity indicates ordering in graphitic carbon the layers, that is exactly opposite of 

the case of crystalline graphite. For nano-crystalline materials the D and G peak 

intensity ratio is inversely proportional to the in-plane cluster size:
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)](/)([)(
4

DIGI
E

C
nmLa   [102], [103] this relation is no longer valid for amorphous 

and hydrogenated amorphous carbon atoms. The modified relation 2)](/)([ aLGIDI   

for cluster size in amorphous carbon materials was proposed by Ferrari & Robertson 

[101], [102]. The height of D-peak has information about the ordered aromatic rings 

and the width has information about disorder aromatic rings. So, with the increase of 

sp
2
-C sites in hydrogenated amorphous carbons (a-C: H), the D-peak height increases 

on the other hand peak width increases/decreases it depend on the 

ordering/disordering of the sp
2 

sites in the layer. Thus, the peak height is more 

sensitive to a change in disorder compared to peak area. From data fittings of 

measured spectra in 900–2000 cm
-1

 region, we calculated the G and D peak positions, 

its widths and intensity ratios from both peak heights and integrated area under the 

peaks. Using I(D)/I(G) ratio, in-plane cluster size of carbon atoms is also estimated. 

The distance from center point (P-7) versus estimated quantities (G and D peak 

positions and width, I(D)/I(G) ratio, cluster size) are plotted in Figure 3.10b. The 

distribution of photon dose follows Gaussian distribution law. The graphs in Figure 

3.10b (v) and Figure 3.10b (vi) reveals that as measuring position move on mirror 

surface from P-1 to P-7 (lower to higher photon dose) the peak height ratio increases 

from 0.6 to 1.4 and the integrated peak areas ratio I(D)/I(G) increase from 1.5 to 4.5. 

The I(D)/I(G)  ratio is an important parameter by which ordering and  disordering in 

amorphous carbon and crystalline or nano-crystalline carbon material can be 

estimated. The integrated area intensity ratios and peak height ratios of D and G peaks 

increases with same trend with different magnitude. The I(D)/I(G)
 

ratio mainly 

increases by formation of new sp
2
 sites in the layer or it can say that sp

3
 sites are 
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convert into sp
2
 sites by interaction with photon/photoelectron and arrange in the form 

of hexagonal rings in the layer. The process can be understood as follows: when 

hydrocarbon molecules are adsorbed on mirror the surface they probably form large 

chains of hydrocarbon molecules, with the carbon atoms in both sp
3
 and sp

2
 

hybridization states (ta-C:H and a-C:H) in adsorbed layer with less number of  sp
2
 

sites in aromatic rings. When SR photons interact with these adsorbed hydrocarbon 

molecules the C-H, C-C and C-O bonds break and dangling bonds are formed by 

abstraction of oxygen and hydrogen gases. The dangling bond containing carbon 

atoms are highly reactive and they crosslinks to each other and form long chains and 

hexagonal rings with sp
2
 hybridized carbon. From edge of mirror to central region on 

mirror surface, the photon dose increases, the probability of bond breaking and 

formation of new dangling bonds is more in the central region (P-7), and resultant the 

probability of the formation of hexagonal rings (sp
2 

sites) increases, resultantly D to G 

peak intensity ratio increases. The increase in D-band width indicates that the 

hexagonal rings are not perfectly ordered in the cluster, this indicates that with 

increase in photon dose disordering in the carbon layer increases. The in-plane cluster 

size at all twelve measurement ponits is calculated by use of the modified Tuinstra & 

Koenig relation [100]. Increment in the cluster size (23 Å to 35 Å) is observed by 

increase in the photon dose. From these observations it can concluded that, with 

increase in photon dose, disordering, sp
2
 sites or hexagonal rings, and inplane cluster 

size in the deposited carbon layer increase. Faradzhev et al. [82] also proposed a 

similar carbonaceous product reaction deduced from valence-band and GC-MS (Gas 

Chromatography-Mass Spectrometry) spectroscopic measurements made after EUV 

irradiation of adsorbed n-tetradecane on TiO2 thin film.  
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Figure 3.10b (i) and (ii) show red shift in the G- and D-peaks from the off-center 

region (P-1 and P-12) to the central region (P-7). G- peak position vary from 1590 to 

1576 cm
-1

  and D-peak positions vary from 1375 cm
-1 

to 1363 cm
-1

. The dispersion in 

the G- and D-peaks depends on various parameters such as the sp
2 

and
 
sp

3
 hybridized 

carbon concentration, hydrogen concentration and cluster size. Different phases of 

carbon, such as ta-C:H, a-C:H, nC-graphite etc. also show different peak positions in 

Raman spectra. In the edge region where the photon dose is lesser, there may be the 

co-existence of hydrogenated tetrahedral amorphous carbon (ta-C:H) and 

hydrogenated amorphous carbon (a-C:H) with high concentration of hydrogen. In the 

central region, due to the high photon dose, more hydrogen abstraction occures, 

resultantly the concentration of hydrogen decreases and the nature of the layer vary 

from ta-C:H to a-C:H or a-C with the formation of hexagonal rings, resultantly the G 

and D-peaks positions shift towards the lower side. When the nature of the film 

changed from ta-C (85% sp
3
-C) to a-C (20% sp

3
-C) Ferrari & Robertson [102] also 

observed red shift in the G-peak position. Red shift in G-peak position from 1587 to 

1581 cm
-1

 also observed by Gupta et al. [104] by increasing the number of graphene 

layers from 1 to 20 layers. Due to the conversion of C-H bonds into C-C bonds by 

hydrogen abstraction in higher dose region (P-7) the carbon layer thickness is 

expected to be higher in comparison to edge region (P-1 and P-12). In central region 

the thickness of the carbon layer is about 400 Å (discussed in section- 3.3). In       

2500 cm
-1 

to 3300 cm
-1 

region
 
second-order Raman effect in all twelve locations is 

also observed. The source of this broad peak is the combined effect of overtone of G, 

D and G+D modes and CHx stretching vibrations modes. In polymeric a-C:H film 

Ferrari & Robertson [102] detected CHx stretching modes at 2920 cm
-1

 by UV Raman 
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spectroscopy. This broad peak (2500 to 3300 cm
-1

) gives an indication of the presence 

of C-H bonds in the layer. 
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Figure 3.11: Plot of ratio of the slope (m) of the linear background of Raman spectrum 

to the G-peak intensity as a function of distance from the mirror center. 

However, photoluminescence background in visible Raman spectroscopy is also give 

signature of hydrogen contents. The photoluminescence background increases with 

increasing hydrogen contents. This is due to hydrogen saturation of non radiative 

recombination centers. For hydrogen contents over 40–50% usually screen the Raman 

signal of hydrogenated amorphous carbon (a-C: H) samples [99], [105]. Casiraghi et 

al. [99] studied presence of hydrogen in a-C: H thin films deposited by different thin 

film deposition techniques such as distributed electron cyclotron resonance (DECR), 

plasma-enhanced chemical vapor deposition (PECVD) and electron cyclotron wave 

resonance (ECWR) with different process gases such as methane, ethane etc. They 

estimated hydrogen contents by the ratio of the slope (m) of the fitted linear 

background to the intensity of the G-peak [m/I(G)]. They reported that, when m/I(G) 
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ratio increases from 0.6 mm to 15 mm the hydrogen content in the film increases from 

approximately 15% to 45%. For carbon contamination layer the m/I(G) ratios for all 

Raman spectra from P-1 to P-12 is shown in Figure 3.11. The m/I(G) ratio, which is 

an indication of presence of hydrogen contents in carbon layer continuously increases 

from central region (P-7) to outer region (P-1 and P-12). If we compare these results 

with results of Casiraghi et al. [99], it is observed that the carbon contamination layer 

shows a deviation in atomic H content from 25% to 15%. Hydrogen contents in the 

central region decreases due to high photon dose in this region. High number of 

photons breaks high number of C-H bond resultant concentration of hydrogen in 

central region decreases.  

In both the samples it is observed that carbon is present in the form of graphitic carbon 

but X-ray diffraction pattern of carbon layer deposited on LiF show an extra phase of 

carbon (poly diamond) that is may be due to different exposure energy and the 

different hydrocarbon environment in vicinity of mirror and LiF window. In case of 

carbon deposited on LiF window surface the cracking of hydrocarbons occurs by 3 eV 

to 11 eV photons energy in 10
-6

 mbar pressure environment whereas carbon 

deposition on Au mirror surface occurs in 10
-9

 mbar pressure with photon energies 

starts from IR to soft x-ray.  

3.6 Summary 

In summary we can say that carbon in the contamination layer present in both sp
3
 and 

sp
2 

hybridized states and its properties vary with incident photon dose and energy. In 

low photon dose region the numbers of aromatic rings (sp
2
-C) are less, and in high 

photon region sp
3 

hybridized carbon sites converting into sp
2 

hybridized carbon sites 
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and more aromatic rings are formed. The carbon on the mirror surface is in the form of 

small clusters, the size of the clusters increases with photon dose. In high photon dose 

region, I(D)/I(G) ratio and D- peak width is high which indicates that the number of 

rings in the cluster and disordering in the cluster increases. The ratio of the slope (m) 

of the linear background of Raman spectrum to the intensity of the G-peak [m/I(G)] 

reveals that in the layer hydrogen contents decreases with photon dose. In central 

region (P-7) hydrogen content are lower in comparison to outer region (P-1 and P-12) 

of mirror.  
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4 Refurbishment of X-ray Optics by Capacitive Coupled 

RF Plasma  

4.1 Overview 

Reflective optics used in synchrotron beamlines requires precise coatings on premium 

quality substrate. Substrate preparation and precise coating are expensive and time 

consuming process. Prolonged use of optics in beamlines under high photon intensity 

results in deposition of carbon contaminations on optics surface. Carbon 

contaminations on optics surface reduce photon flux pass through the optics. To regain 

optics performance, optic refurbishment is a cost effective and efficient solution. The 

selection of refurbishing technique should be such that after refurbishment the 

reflective layer should not get damaged and optics regains the desired performance 

after the cleaning process. For optics refurbishing several techniques such as 

capactively coupled rf plasma, UV and IR laser are generally used (discussed in 

chapter-2). In this chapter results of mirror cleaning experiments using the capacitive 

coupled rf plasma are discussed. Plasma technology is relatively new emerging field 

in surface science and is matter of intense research. The plasma based technologies 

offers distinct advantages over other conventional technologies. The most important 

use of plasma in the domain of surface treatment is surface activation/ modifications 

(etching), deposition and polymerization etc. Depending on type of plasma and its 

parameters the plasma can modify surfaces in various ways. In plasma etching, 

material from the surface of object is removed either by physical or chemical means 

[106], [107]. In etching applications, material selectivity, uniformity and anisotropy 
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are important parameters [108], [109]. Depending on end use of plasma, different 

types of discharge configurations such as dc discharge, rf discharge (capacitive or 

inductively coupled), electron cyclotron resonance discharge etc. are commonly used. 

Because of low cost and uniformity over a large surface area, low frequencies     

(13.56 MHz) capacitive coupled plasma (CCP) discharges are popular for surface 

treatment and surface cleaning applications. We have used this technique for 

removing carbon from Au coated thin film and finally the technique is applied to the 

actual optics. Capacitively coupled rf plasma cleaning procedure and results of 

cleaning using this technique are discussed in this chapter.  

4.2 Refurbishment of Carbon Contaminated X-ray Mirrors  

Two carbon contaminated mirrors were taken from synchrotron beamlines for 

refurbishing using rf plasma, one mirror (toroidal) was removed from reflectivity 

beamline (BL-04) of Indus-1, that is in used in the beamline since 2001 and the 

second mirror (spherical) was removed from reflectivity beamline (BL-04) of Indus-2, 

that is in used in the beamline since 2013.    

4.2.1 Cleaning of Carbon Contaminated Toroidal Mirror using RF Plasma 

 Synchrotron radiation induced carbon contaminated gold mirror was refurbished by 

capacitively coupled rf plasma exposure. The detail description about the system used 

for plasma exposure and its optimization results are given in chapter-2. The carbon 

contaminated toroidal shape mirror has a ~ 406 Å thick layer of carbon in central 

region and layer thickness reduces gradually towards both ends of the mirror (shown 

in Figure 4.1). The characteristics of this carbon layer are discussed in chapter-3 and it 

is concluded that the carbon in contamination layer present in both sp
3
 and sp

2
 phases 
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and layer properties vary from ta-aC:H to GC:H. Several groups used different kinds 

of plasma for removing carbon contamination from different surfaces. It is observed 

that capacitively coupled rf plasma and downstream inductively coupled plasma 

sources are suitable for removing graphitic carbon from optics surface without any 

surface damage [34], [35], [110], [111].  

 

Figure 4.1: Carbon contaminated toroidal gold mirror taken from reflectivity beamline 

(BL-04) of Indus-1 for carbon cleaning experiments. 

For carbon cleaning the contaminated mirror was kept on the ground electrode which 

is separated by a distance of 70 mm from powered electrode. The dimensions of 

electrodes are 300 mm  100 mm  5 mm. The electrodes assembly housed in a 

vacuum chamber and electrically isolated from rest of the chamber. Before starting the 

cleaning process ultimate vacuum of 10
-7

 mbar was achieved using turbo-molecular 

pump. In symmetric configuration of capacitively coupled plasma systems the ions 

have energy of the order of plasma potential (10 V- 20 V), which is below the 

sputtering threshold energy for most of the metals [112]. In atmospheric pressure 

plasma jet (APPJ) cleaning technique Kim et al. [113] observed increase in surface 

roughness by particle aggregations and by direct hitting of ions on a metal surface. For 

avoiding any direct collisions of ions to mirror surface which may lead to surface 

increase in surface roughness, the reflecting surface of mirror is kept perpendicular to 
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the surface of electrodes. For plasma generation a mixer of argon and oxygen gases 

(1:1) is used. The process pressure in 3-510
-2

 mbar range was set by adjusting the 

pumping valve and inlet gas flow. The flow of gases was controlled by mass flow 

controllers and flow rate is kept at ~ 20 sccm for both the gases. A 10 W (33.3 

mW/cm
2
) rf power was fed to electrode using an impedance matching network. 

Similar optimized parameters was also obtained by Wang et al. [114] while studying 

the effect of rf plasma cleaning on GaAs substrate.  

During cleaning process optical emission lines of carbon monoxide (CO) and oxygen 

(O) from plasma are recorded by optical emission spectrometer (Make Avantes Inc.). 

The estimation of time taken for carbon cleaning from the contaminated mirror 

surface was judged by observation of optical emission spectral (OES) intensities of 

CO and O lines/bands and visual inspection of mirror surface during plasma exposure. 

 

Figure 4.2: Optical emission spectrum recorded at different time during cleaning of 

carbon contaminated mirror by rf plasma exposure. 
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Figure 4.2 shows the intensity spectrum in the wavelength span of 250 nm to 900 nm 

recorded by OES during rf plasma exposure, the spectrum contains both Angstrom 

and third positive band of CO and band of oxygen atomic transitions. The reduction in 

the intensity of vibrational transition of second and third positive molecular band of 

CO with plasma exposure time indicates the decrease in concentration of CO molecule 

from plasma volume. The emission spectrum recorded in the beginning of cleaning 

experiment shows high intensities of CO third positive band (380 nm - 260 nm) and 

Angstrom band (660 nm - 410 nm) and low intensity of oxygen atomic transitions at 

~778 nm and ~842 nm for 3p
5
P to 3s

5
S and 3p

3
P to 3s

3
S transitions respectively, 

because most of the oxygen is consumed in reaction with carbon which results in CO 

molecule formation. When exposure time increases to half an hour intensity of atomic 

oxygen transitions increases and CO Angstrom band intensities decrease to nearly 

background level but CO third positive band intensities are still present. Spectrum 

recorded after one hour exposure clearly indicates that emission line intensities of both 

the bands of CO are decreased to background level and oxygen intensities increased 

due to decrease of formation of CO molecule after complete removal of the carbon 

contamination layer. When emission lines of CO decreases to background the mirror 

visually inspected and the process was stopped and mirror was removed from the 

system. Photograph of refurbished mirror after plasma exposure is shown in       

Figure 4.3. Krstulovi et al. [115] observed similar decrement in intensities of CO 3
rd

 

positive band and Angstrom band and  increment in intensity of oxygen atomic 

transitions during 50 sec to 140 sec of inductively coupled rf plasma exposure of 23 

μm thick polyethylene terephthalate (PET) film.  
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Figure 4.3: Refurbished gold coated toroidal mirror after rf plasma exposure for one 

hour. 

In plasma cleaning technique carbon from optics surface is removed by synergetic 

effect of electrons, ions and UV light. The plasma cleaning/etching is a three steps 

process, in first step when a contaminated surface  immersed into plasma, the plasma 

species such as photons, electrons and ions interacts with contaminant molecules 

adsorbed on surface and transfer energy to the adsorbed molecules, resultant chemical 

bonds (C-H, C=C, C-C, C=O etc.) of organic molecules breaks. Due to bond breaking 

the complex molecules convert into low molecular weight molecules with formation 

of new dangling bonds (the process is known as surface activation). In second step, 

reaction among activated contamination  molecules and reactive species present in 

plasma (in case of oxygen plasma O2
+
, O2

−
, O3, O, O

+
, O

−
, ionized ozone, meta-stable 

excited oxygen etc.) take place at the surface of the object and turned them into 

volatile compounds like CO, CO2 and CH4, etc. In third step the gaseous product are 

swept out from the plasma chamber by evacuation system. The resulting surface has 

ultra clean quality. After cleaning the mirror surface was characterized by surface 

analysis techniques and their results are discussed below. 
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4.2.2 Cleaning of Carbon Contaminated Spherical Mirror using RF Plasma 

For removing carbon from spherical mirror surface the contaminated mirror was kept 

between the electrodes, here the electrode assembly is kept horizontal and mirror 

surface is kept perpendicular to the electrodes surface the other parameters were kept 

nearly same as previous case. In order to avoid heating effect on mirror surface the 

mirror was exposed to rf plasma in four successive stages for more than four hours. 

Images of mirror before and after cleaning are shown in Figure  4.4.  

 

 

Figure  4.4: Gold coated spherical mirror (a) before and (b) after plasma exposure.  

Black strip on mirror surface shows presence of carbon before exposing the mirror in 

plasma. After plasma exposure the black strip completely disappear from mirror 
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surface. For avoiding long shutdown period of beamline surface characterization was 

not done for this mirror and the mirror was reinstalled in the beamline in a minimum 

access time.   

4.3 Analysis of Toroidal Mirror Surface before and after Plasma 

Exposure  

The primary condition of any optics refurbishing technique is that the structural and 

optical parameter should not change after refurbishment. So it is very important that 

after refurbishing the mirror its structural and optical parameters should be compared. 

The surface of mirror after plasma exposure was analyzed by Soft X-ray Reflectivity, 

Raman Spectroscopy and Atomic Force Microscopy measurements.   

4.3.1 Structural Analysis and Reflectivity Gain of X-ray Mirror after Plasma 

Exposure 

Before and after plasma exposure, soft x-ray reflectivity (SXR) measurements at 

Indus-2 reflectivity beamline (BL-03) were carried out for determination of structural 

and optical parameters of Au and C layers. The angle dependent reflectivity 

measurements were performed at the center of the mirror (dense contamination 

region) using 1200 eV photon energy. The reflectivity spectra were fitted using the 

Parratt recursive formalism [83]. Measured and fitted reflected intensity versus 

momentum transfer spectra are shown in Figure 4.5. The critical momentum transfer 

of carbon and gold are indicated by vertical dashed lines in Figure 4.5. In reflectivity 

pattern a clear dip at critical momentum of carbon of contaminated mirror indicates 

the presence of carbon on mirror surface. The structural (thickness and roughness) 
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parameters and optical constant (δ and β) values are estimated from the data fittings of 

reflectivity curves. For data fittings, optical constants (δ and β) values for gold (Au), 

graphitic carbon (GC), chromium (Cr) and silicon dioxide (SiO2) are taken from the 

Henke database [27]. For the data-fitting, the optical constant ( and β) values for gold 

(Au), chromium (Cr) and the substrate (SiO2) were kept as constant, while structural 

parameters (thickness, roughness)  of  carbon, gold and chromium layer and optical 

constants ( and β) of carbon layer were kept as free (variable) parameters. The values 

of optical constants 𝛿 𝜔  and 𝛽 𝜔  of carbon contamination layer at λ=10.3 Å were 

estimated 2.5710
-4

 and 2.8610
-5

 respectively from best fittings of reflectivity curve 

of carbon contaminated mirror. The optical density of carbon layer is estimated about 

75% of graphitic carbon. Contamination layer thickness and roughness of carbon 

contamination layer were estimated 390 Å and 40 Å respectively. The slight variation 

in layer thickness and roughness is expected from previous one because deposition of 

layer is not uniform and during reflectivity measurement the location of the beam may 

be slightly different from previous location. 

The best fit results of reflectivity curve of carbon cleaned mirror after plasma 

exposure show a low density thin layer of about 9.5 Å thickness and 4.5 Å surface 

roughness. Raman spectra do not show presence of carbon on mirror surface (see in 

Figure 4.8) and optical constants values of this thin layer also not matches with carbon 

optical constants. These observations reveal that this low density thin layer on mirror 

surface may be due to adsorption of atmospheric gases. The best fit values of 

thickness, roughness and optical constants are tabulated in table-4.1. After carbon 

cleaning, Au layer surface roughness was estimated 17 Å, which is nearly equal to the 
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surface roughness value (16 Å) estimated before the cleaning the mirror. The tabulated 

value of surface roughness clearly indicates that after carbon removal the mirror 

surface decrease from 40 Å to17 Å. 
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Figure 4.5: Measured (open circles) and fitted (continuous lines) soft x-ray reflectivity 

spectra taken before and after the removal of carbon contamination layer. Vertical 

dashed lines indicate the position of critical momentum transfer (Qc) for C and Au. 

 

Table - 4.1: Structural parameters [thickness (t), roughness (σ)] and optical constants 

(δ and β) of carbon, gold and chromium layers of carbon contaminated mirror before 

and after plasma cleaning obtained by the fitting of soft x-ray (1200 eV) reflectivity 

data. 

Elements Before cleaning After RF plasma cleaning 

 t(Å) δ β σ(Å) t (Å) δ β σ(Å) 

C 390 2.57E-04 2.86E-05 40 9.5 2.01E-04 1.86E-05 4.5 

Au 500 1.36E-03 5.45E-04 16 500 1.36E-03 5.45E-04 17 

Cr 90 9.32E-4 2.73E-4 5 90 9.32E-4 2.73E-4 5 

Substrate(SiO2) Bulk 3.09E-4 3.54E-5 5 Bulk 3.09E-4 3.54E-5 5 
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To see cleaning effect on the reflectivity of mirror after plasma cleaning the energy 

dependent reflectivity in 750 eV to 1500 eV energy range at 2 degree incidence angle 

was measured before and after plasma cleaning. The energy dependent reflectivity 

spectrum of contaminated mirror clearly shows two minima at ~825 eV and ~1000 eV 

(shown in Figure 4.6a). These minima are due to interference effect of the carbon 

layer. On energy scale, position of minima depends on carbon layer thickness and 

incidence angle of beam. For a fixed incidence angle, the position of minima shifts 

towards higher/lower energy side as thickness of carbon layer decrease/increase. After 

cleaning the mirror, the interference effect of carbon layer or the reflectivity losses at 

825 eV and 1000 eV disappeared indicating that after plasma exposure, carbon layer is 

removed from the surface of mirror. The fractional change in reflectivity              

∆𝑅 =  
𝑅𝑎𝑓𝑡𝑒𝑟𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 −𝑅𝑏𝑒𝑓𝑜𝑟𝑒  𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔

𝑅𝑏𝑒𝑓𝑜𝑟𝑒  𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔
  show that maximum change in reflectivity occurs 

at 825 eV (Figure 4.6b). Taking tabulated structural values of gold, chromium layer 

thicknesses, surface roughness and density of materials the reflectivity of plane gold 

mirror was simulated in 750 eV to 1500 eV energy range by labview based program 

[84] and compared with the measured reflectivity shown in Figure 4.6a.  It is observed 

that the best simulated values have slightly higher value of surface roughness and 

angle of incidence which is under uncertainty values of reflectivity measurements. A 

slight variation in reflected intensity is expected be due to curvature in mirror surface. 
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Figure 4.6: (a) Energy (750 eV to 1500 eV) dependent soft x-ray reflectivity of mirror 

before and after rf plasma cleaning at 2 degree incidence angle (b) Change (ΔR) in 

soft x-ray reflectivity after plasma cleaning. 

4.3.2 Surface Morphology before and after Plasma Exposure 

Surface morphology of mirror before and after plasma cleaning was imaged by atomic 

force microscopy (AFM). Quantification of surface roughness of mirror surface was 

done by AFM and XRR measurements. AFM measurements were carried-out by 

Keysight 5600LS AFM machine in non-contact mode. In non-contact mode the 

surface topography is imaged by sensing attractive forces (Van der Waals type) 

between cantilever tip and the surface of sample. For comparison of surface 

morphology and surface roughness before and after carbon cleaning three dimensional 

(3D) AFM morphology images of mirror surface were recorded nearly in the same 

region on mirror surface. The 3D images of the mirror surface before and after the 

plasma cleaning are shown in Figure 4.7. A slight variation in surface morphology 

with decrease in root mean square (rms) roughness from 28 Å (roughness of carbon 

contaminated region) to 24 Å is observed after the plasma cleaning. The soft x-ray 
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measurements also show decrease in surface roughness from 40 Å to 17 Å after 

plasma exposure. The discrepancy in the roughness value measured by AFM and SXR 

techniques is due to different area averaging (in SXR averaged area in mm
2
 whereas 

in AFM it is in μm
2
) covered by two distinct measuring probes. Specular x-ray 

reflectivity probes the buried interface and gives averaged density profile along the 

vertical direction while the AFM can probe only the top surface and probe only local 

area.  

 

Figure 4.7: Three dimensional atomic force microscopy images (2.5μm  2.5μm)     

(a) before and (b) after cleaning the mirror. AFM images clearly indicate that surface 

topography of mirror changes after carbon cleaning. 

4.3.3 Raman Spectra of Mirror Surface before and after Plasma Exposure 

Before and after carbon cleaning by plasma exposure Raman spectra were recorded 

from mirror surface at room temperature using Alpha 300SR Witec Instruments 

(GmbH Germany). The system consist of He-Cd laser (λ= 441.6 nm) as an excitation 

source. Single mode optical fiber was used for delivering 441.6 nm light to the 

microscope. Figure 4.8 shows the Raman spectra before and after cleaning the mirror. 
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These spectra were recorded from twelve distinct locations (P-1 to P-12) along the 

mirror length with an interval of 25 mm along the length of mirror (as discussed in 

chapter-3). The Raman spectra recorded from contaminated mirror surface before 

cleaning distinctly shows graphitic carbon G (1575-1590 cm
-1

) and disordered 

graphitic carbon D (1362-1380 cm
-1

) Raman peaks (see in Figure 4.8). These peaks 

are generally present in all poly-aromatic hydrocarbons. The disordered mode (D) at 

about 1360 cm
-1

 is due to A1g symmetry mode at the K-point of Brillouin zone. Raman 

spectroscopy is one of the most sensitive tool for characterize disorders in graphitic 

(sp
2
 hybridized) carbon materials. The presence of disorder in sp

2 
hybridized carbon 

systems results in resonance Raman spectra. D-mode is inactive in perfect graphite 

systems and only becomes active in the presence of disorder [100]. The G-mode at 

~1580 cm
-1

 is due to E2g symmetry at the Γ-point of Brillouin zone. G-band is 

common to all sp
2
 hybridized carbon systems whether they are present in the form of 

hexagonal rings or linear chains. This mode is arises from the stretching vibrations of 

the C-C bonds in sp
2 

hybridized graphitic carbon materials and does not require the 

arrangement of six fold hexagonal rings. G and D both bands of graphitic carbon are 

completely absent in Raman spectra recorded from plasma exposed mirror surface, 

this indicates that by plasma exposure the carbon contamination from mirror surface is 

completely removed. 
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Figure 4.8: Raman spectra (a) before (black) and (b) after (red) plasma exposure from 

mirror surface. P-1 to P-12 indicates measurement points on mirror surface in interval 

of 25 mm along the length of mirror.  

4.4 Summary  

Refurbishment of carbon contaminations mirror without altering surface properties is 

a challenging task. Carbon contamination layer from a gold coated toroidal mirror 
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(TM) surface was successfully removed by exposing the mirror to capacitively 

coupled rf plasma. The contaminated mirror was exposed to rf plasma for 

approximately one hour at pre optimized parameters. In order to monitor the cleaning 

process optical emission lines of carbon monoxide and oxygen from the plasma were 

recorded during the cleaning process. Before and after plasma cleaning the mirror 

surface was characterized by different surface analysis techniques (Raman 

spectroscopy, SXR and AFM). The disappearance of ‘G’ and ‘D’ bands of graphitic 

carbon in Raman spectra after plasma exposure indicates the absence of carbon layer 

on mirror surface. Moreover, the disappearances of dip in soft x-ray reflectivity near 

the carbon critical momentum, which also shows absence of carbon layer. From 

analysis of reflectivity data it is concluded that the surface roughness of the Au layer 

remains same before and after rf plasma exposure. AFM measurements also show a 

decrease in surface roughness from 28 Å to 24 Å. Energy dependent x-ray reflectivity 

in 750 eV to 1500 eV energy range improved significantly. Finally we conclude that 

the carbon contaminated layer was successfully removed by rf plasma exposure 

without affecting mirror surface properties.  
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5 Refurbishment of X-ray Optics by Ultra Violet 

Radiations 

5.1 Overview 

Use of ultraviolet (UV) light is an effective method for removing variety of 

contaminants from surfaces. Non-destructive nature of UV radiations and its high 

dissociation cross section for organic contaminants (hydrocarbons), make the 

technique very useful for removing carbon contaminations from optics surfaces. 

Different types of UV radiation sources that can be used for hydrocarbon cleaning are 

given in Appendix-III. Average chemical bond dissociation energies for hydrocarbon 

molecules lies in 3.5 eV to 8.5 eV energy range [116], [117]. First time Bolon and 

Kunz [39] investigated the ability of UV radiations to de-polymerize photo-resist 

polymers and showed that UV de-polymerization produces an extremely clean 

surface. This method is simple, dry and cost effective and no need of specific 

environment such as vacuum, low/high temperature but in some cases it is observed 

that at increase in temperature and lowering in pressure (0.1 to 0.01 atmospheric) 

increase the contamination removal rate [39],[51]. Jellison [118] showed that long 

time UV exposure is highly effective in the cleaning of organic contaminants from 

gold surface. Sowell et al. [119] cleaned gold contacts and glass slides in ambient 

environment as well as at 10
-4 

mbar pressure of oxygen by UV exposure of 15 hrs. The 

effectiveness of techniques depends on certain parameters such as wavelengths 

emitted by UV source, distance between source and sample and irradiation time. 

Carbon contamination removal from SR beamlines optical components is of special 
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interest to retrieve the original optical performance. Kumar et al. [120] restored the 

blaze angle and absolute diffraction efficiency (ADE) of carbon contaminated variable 

line space (VLS) grating after cleaning by oxygen radicals generated by dissociation 

of oxygen molecules using VUV radiation (λ = 172 nm). UV/VUV sources can be 

used for both in-situ and ex-situ optics cleaning in beamlines. For in-situ cleaning, 

zero order synchrotron radiations (white beam) can be used as UV radiation source. 

In-situ cleaning technique is more suitable where optic are mounted in complex 

housing and difficult to remove from the beamline. Toyoshima et al. [9] used zero-

order synchrotron radiation for optics cleaning in vacuum ultraviolet (VUV) and soft 

x-ray undulator beamline (BL-13A) at the Photon Factory at Japan. Hamamoto et al. 

[42] used this technique to remove the contaminations from Mo/Si multilayer optics. 

Tanaka et al. [53]  cleaned carbon contamination from Schwarzchild optics using    

172 nm wavelength radiation source, they observed that after carbon cleaning the 

mirror reflectivity increase from 2.5% to 30% at 92 eV energy. We also used both in-

situ and ex-situ UV cleaning techniques for cleaning different optical components, this 

chapter covers results of UV cleaning on different optical component of SR 

beamlines. 

5.2 Mechanism of UV Radiation Cleaning 

Carbon cleaning by UV radiation exposure is the result of photo-activated oxidation 

process. The adsorbed molecules (contamination) on surface of optics are excited or 

dissociated by absorption of UV light photons (most organic molecules have a strong 

absorption of radiations of wavelength between 200 nm and 300 nm). Oxygen 

molecule have high absorption coefficient for 245.4 nm wavelength radiation. 

http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Toyoshima,%20A.
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Radiations of 253.7 nm wavelength emitted by low pressure mercury lamps are useful 

for dissociating contaminant hydrocarbon molecules but ozone molecule also have 

high absorption cross-section for this wavelength. The 184.9 nm wavelength 

radiations emitted by low pressure mercury lamp dissociates the oxygen molecule into 

oxygen radicals. The oxygen radicals combines with molecular oxygen O2 and 

produce ozone (O3) gas [39]. The dissociation cross section of O3 is high near      

253.7 nm wavelength. The 253.7 nm wavelength radiations not only responsible to 

excite/dissociate the adsorbed organic molecules but it also responsible for 

dissociating O3 into singlet atomic oxygen O (
1
D) which has strong oxidation power. 

Absorption of 253.7 nm wavelength radiations by O3 reduces its intensity, resultant 

dissociation of contaminant molecule decrease and cleaning efficiency decrease [39]. 

The excited contaminant molecules and/or free radicals of oxygen produced by the 

dissociation of oxygen and ozone molecules react at the contaminated surface form 

volatile gaseous species such as CO, CO2, CH4, H2O etc. Vig et al. [51],[121] 

observed that the cleaning rate increases by order of magnitude when short 

wavelength UV radiations (λ=185 nm) and O3 gas are used in combination instead of 

UV light alone or O3 alone. Low wavelength UV radiations (λ =172 nm) emitted by 

excimer lamp are also found powerful tool for removing the carbon contamination 

from metallic surfaces because for 172 nm wavelength O3 gas have low absorption 

cross section [52] as well as excitation of absorbed contamination molecules and 

generation of oxygen radicals (singlet or triplet atomic oxygen) simultaneously occurs 

by 172 nm wavelength. Figure 5.1 shows the mechanism of carbon removal and the 

reactions in vicinity of carbon contaminated surface in presence of oxygen molecules 

and UV radiations 
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Figure 5.1: Mechanism of carbon removal by UV radiation in presence of oxygen 

environment. 

Reaction of hydrocarbons and oxygen in presence of UV radiation of λ= 172 nm can 

be understand with following reaction formulas [53] 

𝑂2 + ℎ𝜈  7.2 𝑒𝑉 → 𝑂3  

 𝑂3 + ℎ𝜈  7.2 𝑒𝑉 → 𝑂2 + 𝑂∗ 

𝑂2 + ℎ𝜈  7.2 𝑒𝑉 → 𝑂∗ + 𝑂∗ 

  𝐶𝑥𝐻𝑦 + 𝑂∗ → 𝐶𝑂2 + 𝐶𝑂 + 𝐻2𝑂 (𝑣𝑜𝑙𝑒𝑡𝑖𝑙𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) 

5.3 Cleaning Characteristics of Au Thin Film Surface using 172 nm 

UV Radiations  

Xenon excimer lamp (Ex-mini L1253001, Hamamatsu) of 172 nm wavelength was 

used as UV source for removing carbon layer from gold thin film surfaces. The nature 

of synchrotron radiation induced carbon closely matches with the graphitic carbon, 

therefore sputtered graphitic carbon deposited on Au thin film surface are used for 

present study. For improving the adhesion between the silicon substrate and the gold 

layer a seeding layer of chromium (Cr) was deposited. The carbon coated gold surface 

(Si-substrate/Cr-75Å/Au-730Å/C-180Å) of 20 mm  40 mm area was kept at 
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minimum accessible distance (4-5 mm) just below the lamp and continuously 

irradiated by UV radiations for 7 hrs in ambient environment. The lamp irradiation 

intensity at lamp surface is 50 mW/cm
2 

in 75 mm  30 mm area. At 4-5 mm the 

carbon removing rate is ~ 24 Å (discussed in chapter-2). After UV exposure the 

sample surface was characterized using different surface analysis techniques and 

results are compared with pristine Au sample ((Si-substrate/Cr-75Å/Au-730Å) of 

identical layers thicknesses.  

5.3.1 Structural and Optical Parameters and Soft X-ray Reflectivity of UV 

Cleaned Surface  

The structural and optical characterizations of UV radiation treated and untreated 

surfaces were carried out by soft x-ray reflectivity measurement. Figure 5.2a. shows 

experimentally measured and fitted angle dependent soft x-ray reflectivity curves of 

pristine Au thin film surface, carbon coated (Au/C) thin film surface and after carbon 

cleaning using UV radiations. The reflectivity of carbon coated (Au/C) sample show 

interference fringes due to carbon layer and the reflectivity dip at carbon critical 

momentum, whereas in carbon cleaned sample absence of interference fringes and 

reflectivity dip at carbon critical momentum (vertical dashed line indicates carbon 

critical momentum in Figure 5.2a) gives a clear signature of carbon absence. The 

structural parameters of sample are determined by fitting of experimental data using 

SRxrr tool based on Parratt formalism [84]. First, the structural and optical parameters 

of pristine Au sample were determined. For best fitting a thin layer of ~18 Å thickness 

with low absorption coefficient on Au surface was consider (shown in table-5.1). The 

obtained structural and optical parameters values of Si, SiO2, Cr and Au were used for 
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carbon coated and UV treated samples. For carbon coated (Au/C) sample optical 

constants (δ and β), thickness (t), roughness (σ) of Au, Cr, SiO2 and Si were kept 

constant (obtained from fitting of Au pristine sample) and carbon layer parameters 

were kept free for best fitting. Best fitting needed slight increase in Au layer thickness. 

For UV exposed sample, during data fitting both structural and optical parameters of 

Au, Cr, Si, SiO2 and C layers were kept as free parameters because after UV exposure 

slight variation in structural and optical parameters may occurs. The best fitted values 

of optical constants and structural parameters for all three samples are shown in   

table-5.1. The tabulated values clearly reveal that the structural (thickness and 

roughness) and optical parameters of Au layer not alter after carbon layer removal by 

UV light exposure. After carbon removal it is also observed that a ~27 Å layer formed 

on the Au top surface, which was also present on pristine Au sample surface and the 

optical constants values of this layer are different from the carbon layer. The β/δ ratio 

of this additional layer at 90 Å wavelength is 6.510
-1

, which is higher compared to 

graphitic carbon (β/δ ratio of graphitic carbon is 1.210
-1

). After carbon removing 

soft x-ray reflectivity in 100 eV to 300 eV (which covers carbon absorption edge at 

284 eV) was measured and compared to reflectivity of pristine Au and carbon coated 

(Au/C) samples (shown in Figure 5.2b). The energy dependent reflectivity clearly 

reveals that after carbon removing the reflectivity well matches with pristine Au 

sample surface reflectivity.  
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Figure 5.2: (a) Measured and fitted soft x-ray reflectivity spectra of carbon coated Au 

film, before and after carbon layer removal and pristine Au sample (b) Energy 

dependent soft x-ray reflectivity spectra of pristine Au, carbon coated (Au/C), and 

after carbon cleaning by UV exposure. 

Table- 5.1: Optical and structural parameters obtained by curve fittings of soft x-ray 

reflectivity curves (measured at λ = 90 Å) of pristine Au, carbon coated Au sample 

before and after carbon layer removal. Bulk optical constants values are indicated in 

bracket.  

Layer →  C Au Cr SiO2 Si-

Substrate 

Samples↓       

Untreated 

Au  

 

 0.00933 

(0.0166) 

0.0335 

(0.038) 

0.03 

(0.034) 

0.017 

(0.012) 

0.0052 

(0.0052) 

β  0.00102 

(0.0019) 

0.00928 

(0.0097) 

0.015 

(0.017) 

0.0169 

(0.010) 

0.016 

(0.016) 

t (Å)  18.12 724 74.45 32.07 Bulk 

σ (Å)  7 18 12.51 12.41 5 

Untreated 

Au/C 
 0.0147 

(0.0166) 

0.0335 

(0.038) 

0.030 

(0.034) 

0.017 

(0.012) 

0.0052 

(0.0052) 

β  0.00202 

(0.0019) 

0.00928 

(0.0097) 

0.015 

(0.017) 

0.017 

(0.010) 

0.016 

(0.016) 

t (Å)  178 734 74.4 32.07 Bulk 

σ (Å)  23.3 18 12.5 12.41 5 

UV 

exposed 

Au/C 

 0.00747 

(0.0166) 

0.0335 

(0.038) 

0.022 

(0.034) 

0.013 

(0.012) 

0.0052 

(0.0052) 

β  0.00496 

(0.0019) 

0.00928 

(0.0097) 

0.015 

(0.017) 

0.1698 

(0.010) 

0.016 

(0.016) 

t (Å)  26.8 726 80.49 29 Bulk 

σ (Å)  8.95 15.15 8.31 6.21 5 
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5.3.2 Surface Analysis by XPS in Carbon K-edge Region 

To see the chemical changes or composition on Au surface after UV light exposure on 

carbon coated Au surface, XPS experiments were carried out at BL-14 of Indus-2 

synchrotron radiation source with photon beam of 4.3 keV energy [122]. This energy 

was chosen because below 4 keV, beryllium window have high absorption and in high 

energy side, cross section of generation of photoelectrons is poor. 
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Figure 5.3: Deconvoluted XPS spectra in carbon K-edge region (a) Au/C untreated (b) 

Au/C UV treated (c) Au untreated samples. 

Figure 5.3 shows XPS spectra of carbon cleaned sample and carbon coated and 

pristine Au sample in C (1s) energy region. The C (1s) peak is fitted by XPS peak fit 

prpgram [88] and C (1s) peak deconvoluted into C=O (288.2eV), C-OH (286.1 eV) 
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and C-C (284.6 eV) peaks. In order to compare the intensity of carbon peaks, 

measured spectra are normalized with synchrotron ring current. The XPS spectra 

clearly reveal that after UV treatment the intensity of C (1s) peak decrease  nearly five 

time and it is below the intensity of pristine Au sample intensity in C (1s) region. It 

indicates that carbon completely removed from Au surface after 7 hrs of UV exposure. 

The shift in energy of C (1s) peak after surface treatments also not observed, this 

indicates that carbon phase does not change after surface treatment and presence of 

carbon on Au surface is due to ambient adsorbed hydrocarbons.  

5.3.3 Analysis of Bulk Structural Properties by GIXRD 

In order to see bulk structural changes in Au layer after UV exposure, grazing 

incidence X-ray diffraction measurement were carried out using Bruker AXSD-8 

Advance X-ray diffractometer. The diffractometer consist of monochromatic        

CuK ( λ= 1.54 Å) radiation source. The incidence angle () was kept fixed at 0.7 and 

diffracted angle (2) scan from 30 to 85 range with a step size of 0.01. Figure 5.4 

shows GIXRD spectra of carbon coated Au sample before and after UV exposure. The 

spectra show four diffraction peaks at 39.5, 45.7, 66.4 and 79.4 corresponds to Au 

(111), (200), (220) and (222) planes respectively. The observed diffraction peaks are 

fitted by considering Gaussian function. In pristine as well as UV radiation exposed 

samples, intensity of (111) planes is found highest in comparison to other planes 

intensity; it indicates that number of grains oriented in (111) direction are higher 

compare to other direction. 
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Figure 5.4: Grazing incidence angle X-ray diffraction spectra before and after carbon 

cleaning from Au thin film surfaces. 

The peak positions and the width of the peaks are not changed after UV exposure, it 

indicates that after surface treatment inter plane spacing (d-spacing) of any planes are 

not change or any kind of stress (compressive/tensile) is not generated inside the Au 

layer. The area intensity ratios of (200), (220) and (222) peaks with respect to (111) 

peak is calculated and it is observed that ratio of (220) peak to (111) increase from 

0.38 to 0.53 after UV exposure. The increase in intensity ratio of (220) peak with 

respect to (111) peak indicates that after surface treatment for carbon removal bulk 

morphology of Au layer changes by reorientations of crystallites. The reorientations of 

crystallites in bulk not affect the X-ray reflectivity of Au sample surface. The 

structural changes after surface treatment in metallic thin films are observed by many 

groups [123]–[125].  

5.3.4 Analysis of Surface by Raman Spectroscopy 

Raman spectroscopy is a sensitive tool for characterizing carbon based materials. In 

order to see the presence/absence of carbon after surface treatments, Raman spectra 
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from pristine Au sample, carbon coated (Au/C) sample and after carbon removals 

were recorded (shown in Figure 5.5). The Raman spectra were recorded by JobinYvon 

Horiba LABRAM-HR having λ= 473 nm excitation source. Single mode optical fiber 

was used for delivering laser light to the microscope. The Raman signal was collected 

using a 50X microscope objective and coupled to one end of multimode optical fiber 

(100 μm diameter) and second end of optical fiber is coupled to spectrometer. The 

Raman spectra were acquired using TE cooled (-72⁰ C) CCD in the spectral region of 

800 cm
-1

  to 1800 cm
-1

 at 1 cm
-1

 resolution. In order to avoid any heating damage on 

the sample surface a low power beam (25 mW) of ~2 μm spot size on sample surface 

was used. 

 

Figure 5.5: Raman spectra of (a) Pristine Au surface (b) Carbon cleaned Au surface by 

UV radiation exposure (c) Untreated carbon coated (Au/C) thin film surface.  
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The Raman spectrum of Au/C sample clearly shows G and D peaks of graphitic 

carbon. The G-band center around 1560 cm
-1 

and is due to an ideal lattice vibration 

mode with E2g symmetry and show the presence of sp
2
 hybridized carbon whether it is 

present in linear chains or rings. The D band indicates presence of disorder in carbon 

ring and is related to the breathing mode of the carbon hexagons [102]. The D4 peak 

center around 1180 cm
-1

 is attributed to presence of sp
2
-sp

3
 mixed phase of carbon 

[126]. The Raman spectrum of carbon cleaned sample is well coincide with pristine 

Au sample spectrum. It indicates that carbon from Au surface completely removed. 

Presences of various low intensity peaks in pristine as well as in carbon cleaned 

surface after UV exposure are due to ambient adsorbed hydrocarbons on the Au 

surface.  

5.4 Ex-situ Cleaning of Synchrotron Optics by UV Radiation 

Exposure 

In previous section we have described the surface characterization results of carbon 

cleaning from mirror like Au thin film surface using λ= 172 nm UV source (Excimer 

lamp). On basis of previous experience actual synchrotron optic such as Pt coated 

totoidal shape post mirror (TM2) (30 mm150 mm) of PES beamline (BL-02), Au 

coated pre mirror (TM1) (130 mm110 mm) and Au coated grating (70 mm diameter) 

of photo-physics beamline (BL-05) of Indus-1 SR source were refurbished using ex-

situ UV radiation (λ=172 nm) exposure. These optics were in use in beamlines for 

more than a decade.  The optic to be clean were put in center of uniform emission area 

at 4-5 mm distance just below the lamp using height adjustable stand. The distance 

between source and the mirror was pre optimized using carbon coated Pt samples. 
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Falkenstein [52] studied the surface cleaning phenomena at different pressures and 

distances from UV lamp. He observed that 5 mm distance from the source at low 

pressure (0.01 to 0.001 atm) is more effective compare to 1 mm. He concluded that at 

5 mm distance from source the atomic oxygen concentration and its mean free path is 

sufficient at atmospheric pressure for efficient carbon cleaning from optics surfaces. 

For complete removal of carbon contaminations layer from TM2, the mirror was 

exposed to UV radiation for 7 hours continuously in atmospheric environment, 

whereas gold coated TM1 and grating of photo-physics beam line were exposed for  

18 hours in same experimental conditions. The exposure time depends on carbon 

contamination layer thickness. The photograph of different optics before and after 

cleaning is shown in Figure 5.6 (Pt coated TM2), Figure 5.7 (Au coated TM1) and 

Figure 5.8 (Au coated grating). 

 

 

Figure 5.6: Pt coated post mirror (TM2) (a) before (b) after UV radiation exposure of 

7 hrs.  
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Figure 5.7: Au coated pre mirror (TM1) (a) before (b) after UV radiation exposure of 

18 hrs. 

 

Figure 5.8: Au coated grating (a) before (b) after UV radiation exposure of 18 hrs. 

5.5 In-situ Mirror Cleaning by Zero Order Synchrotron Radiations 

In-situ optics refurbishing technique is used to refurbish post mirror (TM2) of 

reflectivity beamline at Indus-1. In situ cleaning technique is very useful where optic 

are mounted in complex geometry and their alignment is crucial. This technique also 

reduces down time of beamline. The technique involves the use of photo-generated 

reactants (oxygen radicals and excited hydrocarbons) produced by photo-ionization 

reactions in presence of oxygen gas and zero order synchrotron radiation. The 

production of photo-generated reactants and excitation of adsorbed hydrocarbon on 

optics surface both reactions are performed by zero order synchrotron radiation. After 
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raising oxygen pressure in 2-810
-6

 mbar range the TM2 was exposed by zero order 

synchrotron radiations in four steps at different ring current values for ~ 40 hours. 

Detailed description about experimental setup used for in-situ cleaning in reflectivity 

beamline is given in Chapter-2. Details of cleaning procedure and the results are 

discussed in next section.  

5.5.1 In-situ Cleaning Procedure for Post Mirror Cleaning at Reflectivity 

Beamline of Indus-1  

There are some essential requirements for in-situ cleaning of optics in beamlines such 

as the pressure in the vicinity of optics must be in the range of 10
-8

 -10
-10

 mbar 

otherwise a reverse effect on optics surface may induce. There should be a proper 

vacuum safety interlocking between beamline and the storage ring.  

The reflectivity beamline (BL-04) at Indus-1 is operational since 2001. The beamline 

operates in 10
-9

 -10
-10

 mbar pressure. For in-situ cleaning of TM2 following procedure 

was followed. (i) To protect the vacuum of rest of the beamline as well as storage ring 

a suitable vacuum safety interlocks scheme was implemented (ii) before increasing 

oxygen gas pressure in post mirror section partial pressure of gases in absence of 

synchrotron beam was recorded by residual gas analyzer (iii) before cleaning the 

mirror two separate measurements of SR beam intensity in 100 eV to 300 eV energy 

region were carried out using a silicon photo diode detector (AXUV100G: IRD) (iv) 

Dry oxygen gas of 99.99% purity was injected in the post mirror chamber with the 

help of mass flow controller and a fine leak valve. In the post mirror chamber oxygen 

gas pressure was maintained in 2-810
-6

 mbar by regulating gas flow through MFC 

and right angle valve mounted on turbomolecular pump (turbo-molecular pump is 
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mounted between post mirror section and monochromator section) (v) after pressure 

stabilization, zero order SR beam was allowed from monochromator for TM2 

exposure in presence of oxygen gas pressure. The exposure was done in four stages 

when ring current in the storage ring decreased from (a) 40 mA to 16 mA (7 hrs 

duration) (b) 62 mA to 37 mA (5 hrs duration) (c) 82 mA to 11 mA (19 hrs duration) 

(d) 120 mA to 20 mA (10 hrs duration) (vi) During exposure with zero order SR 

beam, partial pressure in post mirror section was again recorded. (vii) after completion 

of cleaning experiment, again SR beam intensity in same energy range using same 

detector was measured. The intensity ratio, after cleaning to before cleaning was 

calculated to see the difference in photon intensity near the carbon K-edge. 

5.5.2 Results of In-situ Cleaning of Post Mirror  

Partial pressure of post mirror section of reflectivity beamline measured by residual 

gas analyzer at different stages of cleaning process. Before allowing SR beam and 

oxygen gas into post mirror section partial pressure of carbon and carboneous gases 

such as C, CH4, CO and CO2 are 7.9 10
-12

, 6.3 10
-12

, 1.9 10
-10 

and
 
3.5 10

-11 
mbar

 

respectively. During exposing the mirror by zero order SR beam in presence of 

oxygen gas environment, the partial pressure of C, CH4, CO and CO2 gases increases 

to 3.9 10
-10

, 5 10
-9

, 1.9 10
-10 

and
 
3 10

-9 
mbar respectively. The increase in 

carboneous gases pressure is the result of formation of volatile gases species by the 

reaction of excited hydrocarbons adsorbed on mirror surface with photo-dissociated 

oxygen atoms/radical. After exposing the mirror for 40 hrs by zero order synchrotron 

the partial pressure of C, CH4, CO and CO2 gases decrease again to 9.1 10
-12

,         

8.3 10
-12

, 4.210
-10 

and
 
4.810

-11 
mbar respectively. These observations reveal that in 
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presence of zero order synchrotron ration and oxygen gas pressure carboneous gases 

are evolved and they are pumped out by dynamic pumping system resultantly partial 

pressure of carboneous gases decreases. 

Figure 5.9 shows the photon intensity ratio in 100 eV to 300 eV energy range of two 

separate measurements of photon intensity before cleaning the post mirror. The graph 

indicates that photon intensity in two separate measurements remain nearly same. 
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Figure 5.9: Reflectivity ratios of two independent measurements before cleaning the 

mirror in 100 eV - 300 eV energy range. 

Figure 5.10a shows the photon intensity measurements before (black) and after (red) 

cleaning the post mirror. The ratio of photon intensity after cleaning to before cleaning 

is plotted in Figure 5.10b. The increase in photon intensity near carbon absorption 

edge (284 eV) indicates that carbon from mirror surface decreased. The decrease in 

photon flux in 100 eV to 275 eV is expected because in this energy region the 

reflection from carbon layer is higher in comparison to gold layer. The increase in 

photon intensity up to 35% near carbon absorption region and decrease in photon 
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intensity in 100 eV to 275 eV energy range clearly reveals the carbon cleaning effect 

of mirror surface.  
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Figure 5.10: (a) Measured photon intensity in reflectivity beamline before (black 

curve) and after (red curve) in-situ cleaning the post mirror (inset image show change 

in reflectivity near K-edge region) (b) Photon intensity ratio after cleaning to before 

cleaning. 

5.6 Summary 

Use of ultraviolet (UV) radiation is an effective method for removing variety of 

contaminants from surfaces. We have successfully removed carbon contamination 

layer from Au thin film surface by UV radiation exposure. After carbon removal the 

surface of Au was analyzed by different surface analysis techniques and it is observed 

that Au surface not damage after carbon removal and soft x-ray (100 eV-300 eV) 

reflectivity of Au surface is regained up to pristine Au sample reflectivity. With the 

use of 172 nm UV radiation source different synchrotron optics used in different 

beamlines at Indus-1 SR source are refurbished using this technique. In-situ cleaning 

technique is successfully implemented in reflectivity beamline at Indus-1 for post 
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mirror (TM2) cleaning. In-situ cleaning result reveals that after TM2 cleaning, photon 

intensity in the beamline increased by 35% near carbon K-edge.  
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6 Refurbishment of X-ray Optics by IR Laser Scanning 

6.1 Overview 

Applications of laser for welding, drilling and cutting of metals by laser are well 

known for the years but surface cleaning by lasers without surface damage is still 

going through different phases of technology development. Laser cleaning can be 

defined as removal of unwanted contamination/coating layers from a solid surface. 

Requirement of non abrasive and non hazardous surface cleaning process has 

motivated the researchers to develop laser cleaning technology. The use of laser 

technology to remove contamination has been studied [44]. In recent days laser 

surface cleaning seems to be one of the best possible solution for selective material 

removal. In literature recent experimental results showed that laser cleaning technique 

may be real substitute to chemical and mechanical techniques to remove several types 

of contaminants from a large set of materials. Laser cleaning for removal of 

contaminations has high potential in replacing wet chemical method. In laser cleaning 

the material is removed by combination of thermal and mechanical effects [45]. The 

cleaning mechanism by laser strongly depends on laser beam properties, its delivery 

method (pulsed or CW laser beam) and physical and chemical properties of material to 

be removed. Different organic and inorganic materials can be removed selectively 

using optimized laser parameters (wavelength, intensity, pulse width, pulse repetition 

rate and beam size) [127]–[129]. In selective material removal, laser wavelength is an 

important parameter. The wavelength (1064 nm) emitted by Nd:YAG laser is strongly 

absorbed by most of the organic materials and the substrate materials (Au, Ag, etc.) 
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have low absorption coefficient for this wavelength in comparison to organic materials 

[130]-[131]. Due to large difference in energy absorption between two materials, 

selective contamination removal can be easily carried out using Nd:YAG laser at 

relatively low fluence (F < 1 J/cm
2
), which minimize the risk of damage to base 

material. At higher fluence (F > 1.5 J/cm
2
) the contamination removal mechanism 

becomes more complex due to formation of plasma and shock wave just above the 

surface, result in damage of the surface. Thus, in order to avoid the surface damage 

cleaning should be carried out at the optimum value of fluence. This chapter describes 

the mechanism of carbon removal using infrared (IR) laser and surface analysis results 

after carbon removal using IR laser at optimized laser parameters. The results of laser 

cleaning also compared with the results of other techniques (plasma and UV cleaning) 

used in this thesis. 

6.2 Absorption of Laser Energy and Temperature Rise of Material 

When a laser beam incident on a material surface, it can absorb, transmit and reflect 

from the material surface. Whether, incident photon will absorb or not absorb into 

electronic/vibration states, it depends on incident photon wavelength as well as on 

material properties. The phenomenon of absorption of light in metals, semiconductors 

and insulators are not same. Absorption of laser light (optical absorption) in metals is 

dominated by the free electrons through inverse bremsstrahlung [128]. After 

absorption of photons by free electrons, energy is subsequently transferred to lattice 

phonons by lattice collisions. In semiconductors and insulators, the absorption of laser 

light occur through and resonant excitations in inter-band and intera-band [54]. These 

excited electronic states can then transfer energy to lattice phonons. Photons with 
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energy below the band gap will not be absorbed. The time taken to transfer energy 

from the excited electronic states to phonons and thermalization process both are 

material specific. For most metals, the thermalization time ranges from pico seconds 

(ps) to nano seconds (ns), and in non-metals, due to variation in the absorption 

mechanisms, the thermalization time is of the order of microseconds (μs) [54]. The 

absorbed laser energy can be directly transformed into heat if thermalization rate is 

high in comparison to the laser-induced excitation rate. Such processes are known 

photo-thermal. For instance, laser processing of metals or semiconductors with laser 

pulse time greater than ns is typically characterized by photo-thermal mechanisms. 

When thermalization rate is low in comparison to laser induced excitation rate, large 

excitations can build up in the intermediary energy states. These excitation energies 

are sufficient for breaking the bonds. This type of non-thermal material modification 

process is known as photochemical process. The ultrafast femto second (fs) laser 

pulses can enable photochemical processing of metals and semiconductors. During 

purely photochemical processing, the temperature of the system remains relatively 

unchanged. Material responses exhibit both thermal and non-thermal mechanisms and 

are referred as photo-physical process [54]. In photo-thermal heat transfer mechanism, 

when fluence (energy/area) increased above a certain limit, the material will be heated 

to a sufficiently high temperature and vaporize it. The spatial and temporal evolution 

of temperature can be calculated by heat equation [132], [133]. 
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Where 𝑇 𝑥, 𝑡  – is temperature at distance 𝑥 inside the material after time t,  𝐴(𝑥, 𝑡)- 

heat produce per unit volume per unit time, 𝑘-thermal diffusivity and 𝐾-thermal 
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conductivity of material. If a constant laser flux 𝐼𝑎  is incident at the surface (x = 0) and 

there is no phase change of the material, the solution of the above equation can be 

written as  [132] 
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Here α is absorption coefficient, ierfc is the integral of the complimentary error 

function and the value of ierfc at the surface (x = 0) is given by 
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Temperature as a function of laser fluence can be written as  
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Where 𝐹𝑎  is given by 𝐼𝑎𝑡 

6.3 Material Response during Laser Exposure 

If laser induced excitation is photo-thermal than absorbed laser energy directly 

transform into heat. In such situation temperature gradient depends on rate of energy 

absorption or rate of temperature rise and rate of cooling for an exposure conditions. 

For ns pulsed laser the material heating rate can be as high as 109 K/second and this 

can be higher for fs pulsed laser. Depending on incident flux value variety of 
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temperature dependent phenomena within the solid material may occurs, that are 

discussed below. 

When fluence below the threshold of melting point of material: When fluence 

(energy/area) of laser on material surface is below the threshold of melting point of 

the material the rapid temperature gradients can reorganize the crystal structure of 

material; it can induce thermal stresses and thermo-elasticity. These stresses can 

contribute to work hardening, warping or cracking inside material. Localized laser 

heating can produce large temperature gradients which lead to rapid self-quenching of 

the material and trapping in highly non-equilibrium structures. The temperature rise 

can enhance diffusion rates promoting impurity doping and sintering of porous 

materials [134]–[136].  

When Fluence above the threshold of melting point of material: Fluence higher than 

the threshold of melting point of material can lead to the formation of transient pools 

of molten material on the surface. Due to high solubilities and atomic mobilities of 

molten material compare to solid phase results in rapid material homogenization. High 

self-quenching rates with solidification front velocities up to several meter/sec can be 

achieved by rapid dissipation of heat into the cooler surrounding bulk material [136]. 

Such rapid quenching can freeze in defects [137]. Recrystallization of material with 

larger grains compared to original material may also occurs at low resolidification 

rates. Im et al. [138] observed that recrystallization dynamics can be controlled by 

shaped beam profiles. Hydrodynamic motion can reshape the material when 

temperature is much higher than melting temperature. Radial temperature gradients of 

the order of 100 K/mm can develop in melt pools, causing convective flows to 
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circulate material. For most of the materials, the liquid’s surface tension decreases 

with increasing temperature and the liquid is pulled from the hotter to the cooler 

regions (Marangoni effect) [139].  

Ablation of material by laser exposure: In ablation process material is directly 

removed from substrate by direct absorption of laser energy. Ablation depends on 

absorption mechanism, material properties (microstructure, morphology and the 

presence of defects) and laser parameters (wavelength, pulse duration etc.). The 

ablation threshold value of fluence for organic materials lies between 0.1 and 1 J/cm
2
, 

for inorganic insulators lies between 0.5 and 2 J/cm
2
 and for metals it is between 1 and 

10 J/cm
2 

[54]. At low fluence, photo-thermal mechanism for ablation includes material 

evaporation and sublimation. Above the ablation threshold, the quantity of material 

removed per pulse typically shows a logarithmic increase with fluence. For a 

compound material, highly volatile species may be evaporate/sublimate more rapidly 

resultant a change in chemical composition of the remaining material occurs [140]. At 

higher fluences, heterogeneous nucleation of vapor bubbles leads to normal boiling. 

When material excitation rate is larger than the thermalization rate in the material, 

photochemical (non-thermal) ablation mechanisms can occur. For instance, with ultra 

fast pulses, direct ionization and the formation of dense electron-hole plasma can lead 

to explosive disintegration of the lattice and direct bond breaking [141].  

Material responses often involve a combination of ablation (evaporation, sublimation), 

surface melting and thermally activated processes, which can lead to cumulative 

changes in the material’s surface profile its chemistry. For instance, residual heat left 
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after ablating material from a surface can lead to further melting or other thermally 

activated processes in the remaining surface and surrounding volume of material. 

6.4 Threshold Fluence for Laser Cleaning  

Laser cleaning is a selective material removing process in which material removing 

process starts above a minimum fluence value known as threshold fluence (𝐹𝑡ℎ ). The 

threshold fluence for ablation is define as minimum fluence required for ejecting 

particle from the surface without damaging surface of base material. Laser cleaning 

initiated with thermal ablation of the material from the surface by irradiating the 

surface to a laser beam of short pulse duration ( ns) and high energy density     

[142]–[145]. The relation of threshold fluence with pulse width (t) is given by [132]  
















k

tKtT
Fth



2

),0(
                                           (6.6) 

Which shows that 𝐹𝑡ℎ  is proportional to  𝑡, and with long laser pulses the laser 

threshold fluence will be higher, which lead to increase in surface temperature. The 

carbon deposited gold thin film surfaces treated at two different fluence values     

(0.26 J/cm
2
 and 0.5 J/cm

2
) are shown in Figure 6.1. The sample exposed to high 

fluence (0.5 J/cm
2
) value is damage due to sudden increase in temperature of gold 

surface. The damage regions are marked by red circles in the Figure 6.1b. 
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Figure 6.1: Confocal microscopic images (473355 μm
2
) of carbon cleaned gold thin 

film surfaces (gold deposited on Si wafer) at two different fluence values (a) F=0.26 

J/cm
2
 and (b) 0.5 J/cm

2
.The marked black spots represent damage region of gold 

surface at 0.5 J/cm
2
 fluence value. 

For carbon removal ns pulsed laser is generally used. Nano second pulses suddenly 

increase the temperature which produces thermal expansion in absorbing layer 

resultant thermal ablation of absorbing layer take place. Thermal ablation includes 

material evaporation, sublimation and physical detachment by thermal expansion. 

When force generated by thermal expansion is greater than the sum of all adhesive 

forces (Van-der Waals, electrostatic, capillary forces etc.) the contamination layer 

comes out or detach from substrate. The mathematical expression for thermal 

expansion force, vaporization temperature, ablation rate and depth are given in 

Appendix-IV.  

6.5 Carbon Removal from X-ray Optics like Surface using IR Laser 

6.5.1 Sample for Study 

The nature of synchrotron radiation induced carbon contamination layer closely 

matches with the graphitic carbon [2],[8],[15],[20]. Due to limitation of synchrotron 

radiations induced carbon samples graphitic carbon deposited on Au coated mirror 

surface are used for the experiment of carbon removal using IR laser. The graphitic 
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carbon layer of ~180 Å was deposited on ~730 Å gold coated Si substrate using ion 

beam sputtering. For improving the adhesion between the silicon substrate and the 

gold layer a chromium (Cr) layer of ~75Å thickness was deposited. The layer 

structure of sample is Si-substrate/Cr-75 Å/Au-730Å/C-180Å. Before and after carbon 

coating the image of the Au mirror is shown in Figure 6.2.  

 

Figure 6.2: Gold coated mirror (a) Before carbon coating (b) After carbon coating  

6.5.2 Carbon Removal Using IR Laser 

Ytterbium (Yb) doped YAG fiber ns pulsed laser system was used to remove graphitic 

carbon layer from gold surface. The laser system description and its optimization 

process are given in chapter-2. To remove carbon from Au mirror surface a hatching 

pattern in x-y plane is chosen in such a way that maximum area can be covered by 

laser beam (laser beam scan sample surface at 0, 45 and 90). The laser scan scheme 

is shown in Figure 6.3. The sample of dimension 20 mm  40 mm was kept 5.5 mm 

above from the focal plane of laser beam (at 5.5 mm above the focal plane, beam 

diameter is 400 ±10 μm) and the laser was operated at 30 watts power, 90 kHz pulse 

frequency, 170 ns pulse width, 5000 mm/s scan speed (Vx) in x-direction and with 

step size of 15 m in y-direction. The fluence value on these parameters is about  
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0.26 J/cm
2
 and the overlapping is about 85% (see Figure 2.16). This fluence value is 

below the melting threshold fluence value of most of metallic surfaces. For bulk Au 

surface, the damage threshold fluence value (~ 2.5 J/cm
2
) was measured by Sergey et 

al.[131] using Nd:YAG (λ=1064 nm) laser, whereas Henely et al. [146] simulated 

melting threshold laser fluence  for Au thin film, they observed that melting fluence 

value vary from 0.5 J/cm
2
 to  0.3 J/cm

2
 when film thickness vary from 50 Å to 400 Å.  

 

Figure 6.3: Schematic diagram of laser beam scanning on carbon coated surface.       

Lx and Ly represents sample length and width, Sx and Sy represents laser beam size in x 

and y directions, and Vx-scan represents laser scan speed in x direction. 

In order to complete removal of carbon, the laser beam scans the carbon coated 

sample surface by twenty times, than for polishing purpose sample is move 3 mm 

above (away from focus plane, at reduced fluence) and the same scanning pattern was 

repeated for another ten times. The total time taken for removing the carbon from     

20 mm  40 mm sample is nearly 16 minutes. In order to avoid re-deposition of 

ablated carbon from gold surface during laser scanning a fan of 0.26 m
3
/min exhaust 
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capacity was used. Confocal microscopic images (473 μm  355 μm) before and after 

cleaning are shown in Figure 6.4. 

 

Figure 6.4: The confocal microscopic images (473 μm  355 μm) of carbon coated Au 

thin film surface (a) before and (b) after laser cleaning at 0.26 J/cm
2
 fluence and at 

85% overlapping of laser pulses. 

6.6 Characterization of Carbon Coated Au Surface after Laser 

Treatment 

The exposure of laser beam to sample surface can induce several structural changes in 

the gold layer of mirror (discussed in section-6.3). In order to see the cleaning 

efficiency and surface morphology of carbon cleaned surface is characterized by Soft 

x-ray reflectivity, Raman spectroscopy (RS), Photoelectron spectroscopy (PES) and 

Atomic force microscopy (AFM) techniques. 

6.6.1 Structural and Optical Parameters before and after Carbon Cleaning  

The structural and optical parameters of IR laser cleaned sample were determined by 

soft X-ray reflectivity measurements and compared with pristine gold and untreated 

carbon coated gold (Au/C) surface of same structural parameters. The angle dependent 

soft x-ray reflectivity measurements were carried out using at reflectivity beamline 

(BL-04) of Indus-1. The incident X-ray wavelength 90 Å is kept constant and incident 
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angle vary from 0 to 50 degree with step size of 0.08 degree. The reflected intensity 

from sample surface is detected by Si photodiode detector. Momentum transfer ( zQ ) 

versus measured reflected intensity and fitted reflectivity spectra before and after 

carbon cleaning and pristine gold mirror surfaces are shown in Figure 6.5. 
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Figure 6.5: Measured and fitted soft x-ray reflectivity spectra before and after carbon 

cleaning from Au surface by IR laser and pristine Au surfaces.  

The structural parameters are determined by fitting the experimental data using SRxrr 

tool [84]. For data fittings a similar procedure was adapted that was employed in case 

of UV cleaning. First the structural and optical parameters of pristine Au sample were 

determined. For best fitting a thin layer of ~18 Å thickness of  = 9.310
-3

 and            

β = 110
-3

 on Au surface was consider. The obtained structural and optical parameters 

values of Si, SiO2, Cr and Au were used for Au/C untreated and Au/C IR laser treated 

samples. For Au/C untreated sample optical constants (δ and β), thickness (t), 

roughness (σ) of Au, Cr, SiO2 and Si were kept constant and carbon layer parameters 

were kept free for best fitting. For IR laser treated samples, during data fitting both 

structural and optical parameters of Au, Cr, Si, SiO2 and C layers were kept as free 
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parameters because after laser exposure slight variation in structural and optical 

parameters may occurs. The best fitted values of optical constants and structural 

parameters are shown in table-6.1. The tabulated values clearly reveal that the surface 

roughness of Au surface decrease from 18 Å to 15.15 Å and optical parameters of Au 

layer not change after carbon layer removal with IR laser exposure. After removal of 

carbon layer a 19.7 Å thin layer with = 1.8210
-2

 and β= 4.810
-3

  is observed on the 

Au top surface, which was also present on pristine Au sample surface with thickness 

of ~18 Å and the optical constants values of this thin layer is different from the carbon 

layer. The β/δ ratio of this additional layer at 90 Å wavelength is 2.510
-1

, and it is 

different from graphitic carbon 1.310
-1

).  

Table- 6.1: Optical and structural parameters obtained by soft x-ray (λ= 90Å) 

reflectivity curve fittings using SRxrr tool [84]. Bulk optical constant values are 

mentioned in bracket.  

Layers 

→ 

 C Au Cr SiO2 Si-

substrate 

Treatments↓       

Untreated 

Au 
 0.00933 

(0.0166) 

0.0335 

(0.038) 

0.03 

(0.034) 

0.017 

(0.012) 

0.0052 

(0.0052) 

β 0.00102 

(0.0019) 

0.00928 

(0.0097) 

0.015 

(0.017) 

0.0169 

(0.010) 

0.016 

(0.016) 

t (Å) 18.12 724 74.45 32.07 Bulk 

σ (Å) 7 18 12.51 12.41 5 

Untreated 

Au/C  
 

 0.0147 

(0.0166) 

0.0335 

(0.038) 

0.030 

(0.034) 

0.017 

(0.012) 

0.0052 

(0.0052) 

β 0.00202 

(0.0019) 

0.00928 

(0.0097) 

0.015 

(0.017) 

0.017 

(0.010) 

0.016 

(0.016) 

t (Å) 178 734 74.4 32.07 Bulk 

σ (Å) 23.3 18 12.5 12.41 5 

IR laser  

treated  
 0.0182 

(0.0166) 

0.0335 

(0.38) 

0.0022 

(0.034) 

0.013 

(0.012) 

0.0052 

(0.0052) 

β 0.0048 

(0.0019) 

0.0093 

(0.0097) 

0.015 

(0.0171) 

0.169 

(0.010) 

0.016 

(0.016) 

t (Å) 19.7 726 74.45 32 Bulk 

σ (Å) 13.9 15.15 8.31 6.21 5 
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6.6.2 XPS Analysis of Au Surface before and after Carbon Cleaning  

To see the chemical composition on Au surface after laser exposure on carbon coated 

Au surface, XPS experiments were carried out at XPES beamline (BL-14) of Indus-2 

SR source using 4.3 keV photon energy [122].  
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Figure 6.6: XPS spectra in C (1s) region (a) Au/C untreated, (b) Au/C laser treated and 

(c) pristine Au samples. 

The XPS spectrum is compared with untreated carbon coated Au and pristine Au 

sample. For electron energy analysis and data acquisition, high resolution 

hemispherical analyzer (Phoibos 225Specs, Germany) with a micro-channel plate and 

CCD detector system with SpecsLab Prodigy and Casa XPS software was used. In 

order to compare the intensity of carbon peaks, measured spectra are normalized with 
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synchrotron ring current. The measured spectra are deconvoluted into three peaks    

(C-C, C-OH and C=O). The normalized spectra in 280 eV to 293 eV binding energy 

ranges are shown in Figure 6.6. The spectra clearly indicate that after laser treatment 

the carbon intensity in C (1s) region decreases in comparison to untreated Au/C 

sample but it still higher than pristine Au sample. This result reveals that carbon not 

removed completely from Au surface after laser treatment even though the laser 

fluence value was near to the gold threshold fluence value. Further increase in fluence 

may lead to surface damage.   

6.6.3 Analysis of Au Surface before and after Carbon Cleaning by Raman 

Spectroscopy  

The Raman spectra before cleaning and after cleaning with laser exposure are shown 

in Figure 6.7. The spectra for both samples are acquired in identical conditions at 

room temperature by JobinYvon Horibra LABRAM-HR spectrometer using             

λ= 473 nm excitation source. Raman spectra clearly show G and D peaks of graphitic 

carbon in both laser treated and untreated samples. The G peak is related to presence 

of sp
2
 hybridized carbon and presence of D peak show disorder in graphitic carbon 

rings (details of G and D peaks of graphitic carbon are given in chapter-3). In laser 

treated sample intensity of G peaks decreases and its position shift from 1562 cm
-1

 to 

1592 cm
-1

. According to Ferrari and Robertson [102] G peak intensity decreases as 

numbers of sp
2
 hybridized carbon layers decrease in the sample. Wall [147] 

established a relation between G peak position and the number of graphene layer in 

the stage ( )1(111581 6.1nWG   where n represent number of graphene layers in 

stage. The relation clearly indicates that as number of layers decreases the G peak 
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position shift towards higher frequency. He also shows linear increase in G peak 

intensity as number of layers increases in the stage. In laser treated sample shift in G 

peak position toward high frequency and decrease in G peak intensity reveals that 

carbon layer thickness decrease but Raman spectrum not matches with spectrum of 

pristine Au sample spectrum (shown in section 6.7).  
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Figure 6.7: Raman spectra of carbon coated Au surface before and after carbon IR 

laser cleaning. 

6.6.4 Analysis of Bulk Structural Properties by GIXRD  

In order to see bulk structural changes in Au layer after laser treatment, grazing 

incidence x-ray diffraction measurement was carried out on laser treated and untreated 

samples using Bruker AXSD-8 Advance x-ray diffractometer with monochromatic  

Cu K radiation ( λ= 1.54 Å). The incidence angle () was kept fixed at 0.7 and 

diffraction angle (2) vary from 30 to 85 with a step of 0.01. The diffraction 

patterns are shown in Figure 6.8. In both samples four diffraction peaks of Au (111), 

(200), (220) and (222) planes at 39.5, 45.7, 66.4 and 79.4 respectively are 

observed. The observed diffraction peaks are fitted by considering Gaussian function. 
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In both the cases highest intensity of (111) planes is observed highest in comparison to 

other planes intensity; it indicates that number of grains oriented in (111) direction are 

higher compare to other direction. 
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Figure 6.8: Grazing incidence X-ray diffraction spectra of carbon coated Au samples 

(a) before  (b) after IR laser treatments for carbon removal. 

The peak positions and the width after laser exposure not vary, it indicates that after 

surface treatment any kind of stress (compressive/tensile) is not induce inside the Au 

layer after laser treatments. The area intensity ratios of (200), (220) and (222) peaks 

with respect to (111) peak is calculated and it is observed that ratio of (220) to (111) 

peak increase from 0.38 to 0.56 after laser treatment. The increase in intensity ratio of 

(220) peak with respect to (111) peak indicates that after surface treatments bulk 

morphology of Au layer changed by re-orientations of crystallites. The bulk structural 

changes by irradiating metal thin films by UV light, plasma and laser are observed by 

various groups [123], [124],[148], [149]. 
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The surface characterization results of soft x-ray reflectivity showed that carbon from 

Au surface was completely removed and surface roughness did not increase after 

surface treatment. A low density thin surface layer was observed after the carbon 

removal which might be formed due to interaction of cleaned surface with the ambient 

environment. The Raman spectroscopy and XPS results still showed presence of 

carbon on the laser treated sample surface. GIXRD results showed that after laser 

treatment reorientation of grains in Au layer occurs resultant (111) planes intensity 

goes down whereas (220) planes intensity increased. 

6.7 Comparison of IR Laser Cleaning with UV and RF Plasma 

Cleaning  

We have used three different techniques for removing carbon from mirror like 

surfaces and their results are discussed in this and previous two chapters. Here we 

compare the surface characterization results of carbon removing using these 

techniques. For comparison carbon from a uniform sample (Si-substrate/Cr-75Å/Au-

730Å/C-180Å) surfaces are removed using UV radiations, RF plasma and IR laser 

techniques independently. The detailed surface characterization was carried out using 

surface analysis techniques [150]. The results of surface analyses are discussed in this 

section. 

6.7.1 Surface and Bulk Properties after Carbon Removal 

Surface and bulk structure properties after surface treatments were analyzed by soft   

x-ray reflectivity and grazing angle x-ray diffraction respectively. Figure 6.9a shows 

experimentally measured and fitted angle dependent x-ray reflectivity spectra of 
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pristine Au thin film with carbon layer and after carbon removal using three different 

techniques. The x-ray reflectivity measurements and data fitting procedure are 

discussed in section-6.6.1. The interference fringes and the reflectivity dip at carbon 

critical momentum in the reflectivity pattern of untreated carbon coated sample is an 

indication of carbon presence, whereas in the curves of treated samples with RF 

plasma, UV radiations and IR laser, there is clear absence of interference fringes and 

reflectivity dip at carbon critical momentum (vertical dashed line in figure 6.9a 

indicates carbon critical momentum (𝑞𝑐)), figure 6.9b shows relative optical density 

(OD) profile of materials in the sample before and after surface treatments for carbon 

cleaning. 

 

 

 

 

 

Figure 6.9: (a) Measured and fitted soft x-ray reflectivity spectra (b) Relative optical 

density profile of carbon coated Au surface, before and after carbon layer removal 

with UV, RF plasma and IR laser techniques. Vertical dashed line in (a) represents 

carbon critical momentum position on x-axis. Reprinted with permission from [150] © 

The Optical Society. 

The best fitted values of optical constants and structural parameters are shown in 

table-6.2. The tabulated values clearly reveal that the structural and optical parameters 

of Au layer not vary after carbon layer removal with UV, RF plasma and IR laser 
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technique. After carbon removal, a 19.7 Å to 26.8 Å thin layer is observed on the Au 

top surface, which is 18.1 Å thick (=9.33E-3, β=1.02E-3) in case of pristine Au 

sample. The β/δ ratio of this additional layer at 90 Å wavelength ranges from 2.210
-1

 

to 6.6 10
-1

, whereas for graphitic carbon it is 1.210
-1

.  

Table- 6.2: Optical and structural parameters obtained by soft x-ray (λ= 90Å) 

reflectivity curve fittings of carbon coated Au film before and after carbon layer 

removal using UV, RF plasma and IR laser surface exposures.  

Layers  C Au Cr SiO2 Si-substrate 

Treatments       

Untreated Au 𝜹 0.00933 0.0335 0.03 0.017 0.0052 

β 0.00102 0.00928 0.015 0.0169 0.016 

t (Å) 18.12 724 74.45 32.07 Bulk 

σ (Å) 7 18 12.51 12.41 5 

Untreated 

Au/C 

 

𝜹 0.0147 0.0335 0.030 0.017 0.0052 

β 0.00202 0.00928 0.015 0.017 0.016 

t (Å) 178 734 74.4 32.07 Bulk 

σ (Å) 23.3 18 12.5 12.41 5 

UV treated 𝜹 0.00747 0.0335 0.022 0.013 0.0052 

β 0.00496 0.00928 0.015 0.1698 0.016 

t (Å) 26.8 726 80.49 29 Bulk 

σ (Å) 8.95 15.15 8.31 6.21 5 

RF plasma 

treated 
𝜹 0.0212 0.0335 0.022 0.013 0.0052 

β 0.0048 0.00928 0.015 0.1698 0.016 

t (Å) 25.6 726 74.45 32 Bulk 

σ (Å) 15.89 15.15 8.31 6.21 5 

IR laser  

treated 
𝜹 0.0182 0.0335 0.022 0.013 0.0052 

β 0.0048 0.0093 0.015 0.1698 0.016 

t (Å) 19.7 726 74.45 32 Bulk 

σ (Å) 13.9 15.15 8.31 6.21 5 

Figure 6.10 shows reflectivity versus photon energy spectra measured in 100 eV to 

300 eV energy range for untreated and treated sample surfaces. The UV and rf plasma 

cleaned samples show reflectivity gain in carbon K-edge absorption region and the 

reflected intensities of these samples are closely matches with the pristine Au surface 

reflected intensity. The laser treated sample also shows increase in reflected intensity 

in carbon K-edge but not upto pristine Au sample reflectivity. This indicates that after 
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laser cleaning carbon not completely removed from Au surface. The sample also 

shows a decrease in reflected intensity in 100 eV to 200 eV region compared to 

pristine Au as well as untreated carbon coated Au surface. The fitting results of angle 

dependent reflectivity do not show presence of carbon after the laser treatment. The 

layer present on top surface of Au also not have same optical constant as graphitic 

carbon. This indicates that carbon on Au surface is not present as a continuous layer 

but it is dispersed on Au surface, which may be due to redeposition of ablated carbon 

particulates. Due to overlap of carbon edge at 284 eV and destructive interference 

fringe the unexposed carbon coated Au sample show a dip at 280 eV instead of       

284 eV. This does not mean that the carbon edge shifts toward lower energy. 

Semaltianos et al. [151] also observed similar type of redeposition of debris of Si 

particles around ablated zone. The presence of carbon is also confirmed by XPS and 

Raman spectroscopy techniques (discussed in section 6.7.2).  
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Figure 6.10: Energy dependent soft x-ray reflectivity spectra of untreated carbon 

coated Au film surface, before and after carbon layer removal and pristine Au thin 

film surface. Reprinted with permission from [150] © The Optical Society. 
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Bulk structural changes in the Au layer are determined by x-ray diffraction after 

different surface treatments and results are compared with pristine sample (shown in 

Figure 6.11). In pristine as well as treated samples, intensity of (111) planes is found 

highest in comparison to other planes intensity; it indicates that number of grains 

oriented in (111) direction are higher compare to other direction. The peak positions 

and the width of the peaks are not change after surface treatments; it indicates that 

after surface treatments d-spacing of any planes did not change after all three 

treatments. The area intensity ratios of (200), (220) and (222) peaks with respect to 

(111) peak is calculated (shown in Figure 6.12 ) and it is observed that ratio of (220) 

to (111) peak increase from 0.38 to 0.56 after laser and plasma treatments whereas 

after UV treatment this ratio increase from 0.38 to 0.53, other peak intensity ratios not 

vary so much. The increase in intensity ratio of (220) peak with respect to (111) peak 

indicates that after surface treatments bulk morphology of Au layer changes by 

reorientations of crystallites. Intensity ratios indicate that in laser and plasma treated 

samples grain reorientation is higher in comparison to UV treated sample. The angle 

dependent reflectivity shows that reorientation of crystallites not affect surface 

roughness.  
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Figure 6.11: Grazing incidence X-ray diffraction spectra of untreated carbon coated 

Au film surface, before and after carbon layer removal and pristine Au thin film 

surface. 

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

U
V

 t
re

a
te

d

L
a

s
e

r 
tr

e
a

te
d

P
la

s
m

a
 t

re
a

te
d

I(
2

2
0

)/
I(

1
1

1
)

Surface treatments

U
n

tr
e

a
te

d

 

Figure 6.12: Diffraction peak area intensity ratios of Au (220) to Au (111) peak before 

and after different surface treatments. 
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The laser treated sample shows a loss in energy dependent reflectivity in 100 eV to 

300 eV energy region compared to pristine Au as well as unexposed carbon coated Au 

surface. The fitting results of angle dependent reflectivity spectra does not show any 

increase in surface roughness after the laser exposure. The reasons of reflectivity loss 

are further analyzed by measurement of surface morphology using atomic force 

microscopy and presence of carbon by XPS and Raman spectroscopy measurements.  

The top surface morphology of all the samples was imaged by AFM measurements. 

Three dimensional surface morphology images (5 μm  5 μm) with root mean square 

(rms) are shown in Figure 6.13. The surface morphology images clearly revels that 

after UV and plasma treatment for carbon removal the surface roughness decreases 

from 24.0 Å to 16.0 Å and 8.0 Å respectively whereas after laser treatment surface 

roughness increases from 24.0 Å to 56.0 Å. The inconsistency in result of AFM and 

XRR measurements was also seen in previous studies [152]-[153]. Lee et al. [153] 

obtained surface roughness variation in Mo thin films by AFM and XRR by more than 

five times.  
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(a) Untreated Au, rms = 13.0 Å (b) Untreated Au/C, rms = 24.0 Å 

  

(c) UV treated Au/C, rms = 16.0 Å (d) Plasma treated Au/C, rms = 8 Å 

 

 

(e) IR Laser treated Au/C, rms = 56.0 Å  

Figure 6.13: Atomic force microscopic images (55 μm
2
) of (a) Pristine Au              

(b) Unexposed Au/C (c) UV exposed Au/C (d) Plasma exposed Au/C (e) IR laser 

exposed Au/C. Reprinted with permission from [150] © The Optical Society. 

They concluded that low density particles cannot be detected by XRR whereas these 

particles easily detected by noncontact mode of AFM. Here we can also expect that 

after laser treatment for carbon cleaning the surface roughness increases by low 
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density particles that are dispersed on Au surface during laser scanning for carbon 

removal. 

6.7.2 Chemical Property of Surfaces after Carbon Cleaning  

X-ray photoelectrons spectra of untreated and treated samples in C (1s) region (280 to 

295 eV) are shown in Figure 6.14. Shift in C(1s) peak position after surface treatments 

was not observed, this indicates that remaining carbon phase does not change after any 

surface treatment. In order to compare the intensity of carbon peaks, measured spectra 

are normalized with synchrotron ring current. The original recorded spectra are fitted 

by deconvolution using “XPSPEAK” program [88]. The deconvolution process 

included the subtraction of Shirley-type backgrounds from each spectrum and the 

fitting of XPS peaks with Guassian (80%)-Lorentzian (20%) functions. 

 

Figure 6.14: Deconvoluted XPS spectra in C (1s) (a) untreated Au/C (b) pristine Au 

(c) Au/C plasma treated (d) Au/C UV treated (e) Au/C laser treated sample surfaces. 

Reprinted with permission from [150] © The Optical Society. 
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For comparison, ratio (R) of total integrated areas under C(1s) peak and area under C-

C(284.6 eV), C-OH(286.1eV) and C=O(288.2 eV) peaks to area under C(1s) and C-C, 

C-OH, C=O peak of pristine Au sample respectively calculated and plotted in Figure 

6.15. The peaks area intensity ratios clearly reveal that after surface treatments using 

plasma and UV light the carbon gets completely removed and carbon concentration on 

Au surface is reduced to even concentration of adsorbed hydrocarbons on pristine Au 

surface. On the other hand in laser treated sample the area intensity ratio of all the 

peaks reduced significantly but it is still higher than the pristine Au sample as well as 

plasma and UV treated samples. Singh et al. [47] also analyzed Au surface XPS, after 

carbon removing with IR laser. They observed that presence of carbon signal in XPS 

may be due to ambient carbon adsorbed on the surface of Au.  
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Figure 6.15: XPS C (1s) peak area intensity ratio of untreated Au/C, pristine Au, laser, 

plasma and UV treated Au/C to untreated Au, obtained using XPS. Reprinted with 

permission from [150] © The Optical Society. 

The x-ray reflectivity results reveals that carbon is completely removed from Au 

surface after UV, RF plasma and IR laser surface treatment, but XPS results indicates 

that carbon on laser treated sample surface still present with less concentration 
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compare to unexposed carbon coated Au sample. To confirm the results of soft x-ray 

reflectivity and XPS, a more sensitive technique (Raman spectroscopy) with respect to 

carbon was used to determine presence of carbon on surface treated samples. 

Figure 6.16 shows Raman spectra from pristine Au surface, carbon coated Au and 

after carbon removals using three different techniques. After carbon removal using 

UV radiations and RF plasma the Raman spectra are well coincide with pristine Au 

sample spectrum. It indicates that carbon from Au surface completely removed. 

Presences of various low intensity peaks in pristine as well as in UV and plasma 

treated samples are due to adsorbed ambient hydrocarbons on the Au surface. The 

laser treated sample still show presence of carbon. The first order spectra of laser 

treated sample and carbon coated untreated sample are fitted by peak fit program by 

considering mixed Lorentzian and Gaussian functions. In both spectra G and D bands 

of graphitic carbon with an additional band known as shoulder of D band at 1180 cm
-1 

(D4) are observed. The G-band center around 1560 cm
-1

and is due to an ideal lattice 

vibration mode with E2g symmetry and show the presence of sp
2
 hybridized carbon. In 

laser treated sample splitting in G band into two bands G (1560 cm
-1

) and (D2)     

1600 cm
-1 

is observed. This type of splitting in graphitic sample occurs due to random 

distribution of impurities, the localized vibrations mode of impurities interact with 

extended phonon modes of graphene resulting splitting in G band observed [154]. The 

D band indicates presence of disorder in carbon ring and is related to the breathing of 

the carbon hexagons. Decrease in D band intensity indicates that number of carbon 

rings as well as disordering in given sample decrease. The D4 peak center around 

1180 cm
-1

 is attributed to presence of sp
2
-sp

3
 mixed phase of carbon. Dippel et al. 
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[126] reported this band at ~1190 cm
-1

 in the Raman spectra of flame soot and 

attributed to sp
2
-sp

3
 bonds or C-C and C=C stretching of vibrations of polyene like 

structures. XPS and Raman spectroscopy both techniques show presence of carbon 

after laser cleaning but intensity in both the cases decreased from pristine carbon 

coated sample. 

800 1000 1200 1400 1600 1800

0

1000

2000

3000

800 1000 1200 1400 1600 1800

0

1000

2000

3000

800 1000 1200 1400 1600 1800

0

1000

2000

3000

800 1000 1200 1400 1600 1800

0

4000

8000

12000

800 1000 1200 1400 1600 1800

0

4000

8000

12000

Au Pristine (a)

(b)
Au/C Plasma treated 

In
te

n
s

it
y

 (
a

.u
)

(c)
Au/C UV treated 

(d)Au/C Laser treated 

D
G

D4 D2

(e)
Au/C Untreated 

Raman Shift (cm
-1

)

D

G

D4

 

Figure 6.16: Raman spectra of carbon coated Au film before and after different 

treatments for carbon removal. (a) Pristine Au (b) Plasma treated (c) UV treated (d) 

Laser treated (e) Au/C untreated. Various peaks (G, D, D2, D4) related to graphitic 

carbon are indicated in (d) and (e). Reprinted with permission from [150] © The 

Optical Society 
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6.8 Summary  

Here carbon from mirror like Au thin film surface is removed by IR laser scanning 

from carbon coated Au sample surface. After carbon removal from identical Au 

surfaces using IR laser, RF plasma and UV radiation, three independent samples were 

characterized by several surface analysis techniques. Soft x-ray reflectivity results 

clearly showed that carbon from Au surface is completely removed and surface 

roughness did not increase after surface treatment with all three different techniques. 

A 19.7 Å to 26.8 Å thick layer on Au surface was observed after the carbon removal. 

The β/ ratio of this layer vary from 2.210
-1

 to 6.6 10
-1, 

this ratio does not matches 

with graphitic carbon β/ ratio
 
(1.210

-1
). The Raman spectroscopy and XPS results 

still showed presence of carbon in the laser treated sample surface. Comparison of UV 

and plasma cleaned samples showed a gain in the soft x-rays reflectivity in carbon K-

edge region and the reflected intensity of these samples closely matches with the 

pristine Au thin film intensity. The laser treated sample also shows increase in 

reflected intensity in carbon K-edge but not upto pristine Au sample reflectivity. The 

sample show a decrease in reflected intensity in 100 eV to 200 eV region compared to 

pristine Au as well as untreated carbon coated Au surface. GIXRD results showed that 

after surface treatment reorientation of grains in Au layer occurs, (111) planes 

intensity goes down whereas (220) planes intensity increased. Comparative study 

results suggest that rf plasma and UV radiation techniques are good for carbon 

cleaning whereas in IR laser cleaning some carbon particulates resettled on the 

cleaned surface from the removal debris of carbon.  

.   
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Appendix-I 

Adsorption Rate of Hydrocarbons [155],[156] 

Adsorption Rate (Ra): According to kinetic theory of gases, the rate of gas adsorption 

(𝑅𝑎) is proportional to the rate of collision (𝑅𝑐) of molecules with the surface.  

𝑅𝑎 = 𝑆. 𝑅𝑐                                                        (I.1) 

Where 𝑆 is a proportionality constant, which represents probability of adhesion of 

colliding molecules on surface. The rate of collision is also related to temperature (T) 

(kinetic energy of gas molecule) and partial pressure (P) of gas molecules, 

corresponding collision rate equation is given by  

𝑅𝑐 =
𝑃

 2𝜋𝑚𝑘𝐵𝑇
   

molecules

area .sec
                                            (I.2) 

Where 𝑘𝐵 is Boltzmanns constant and 𝑚 is mass of gas molecule. Whether a molecule 

will adsorb or reflect (stick or not stick), it depends on two main factors: first one is 

activation energy of surface and second one is the configuration of molecule. If the 

fraction of molecules that possessing the required activation energy are, 𝑒𝑥𝑝(
−𝐸𝑎

𝑘𝐵𝑇
), 

where 𝐸𝑎  is the activation energy of adsorption (the magnitude of 𝐸𝑎  decides that the 

process of adsorption is physical or chemical) and the configuration probability that a 

molecule will occupy a single site is proportional to the fraction of unoccupied surface 

(1- n), where 𝑛 =
𝑁

𝑁𝑚𝑎𝑥
 is the fractional of surface coverage. With the consideration of 

temperature, activation energy for adsorption and fraction of unoccupied sits on 

surface, the sticking probability 𝑆 can be written as  



160 

 

S =  α 1 − n exp  
−Ea

𝑘𝐵T
                                                (I.3) 

𝛼 - is a proportionality constant known as condensation coefficient. Using equation 

(I.1), (I.2) & (I.3) we get a final adsorption rate expression. 

Ra =
P

 2πmkB T
   . α 1 − n exp  

−Ea

𝑘𝐵T
  

molecules

area .sec
                                  (I.4) 

The adsorption rate decreases rapidly with increasing surface coverage; it reveals that 

the activation energy increases with the surface coverage (n). The condensation 

coefficient(𝛼) also varies with surface coverage. These variations are caused by 

surface heterogeneity, the heterogeneity on surface occurs due to different values of 

condensation coefficient  (𝛼) and activation energy Ea. The most active sites are 

associated with lowest activation energy. Further, the interaction between occupied 

and unoccupied site also affects the rate of adsorption, hence (𝛼) and (Ea) should be 

represented as function of ( 𝒏)  

Ra =
P

 2πmkB T
   . α n  1 − n exp  

−Ea  n 

𝑘𝐵T
  

molecules

area .sec
                       (I.5) 

Desorption Rate (Rd): As we have discussed that the adsorbed gases present on the 

surface are weakly bonded to the surface. When the adsorbed molecules receive 

energy greater than or equal to the energy of adsorption, it will leave the surface, this 

process is known as desorption. The adsorption and desorption phenomena happen 

simultaneously on surfaces. In equilibrium condition, the rate of adsorption and 

desorption are equal and rate of desorption is given by Polanyi –Wigner equation   
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Rd =  
−dN

dt
=  β na

m  exp  
−Ed

𝑘𝐵T
  

molecules

area .sec
                              (I.6) 

Where, Ed  is activation energy for desorption, β is the pre-exponential factor of 

desorption rate coefficient, na
m  is the fraction of binding sites for the adsorbed 

molecules and m is kinetic order for desorption process. Kinetic order suggests the 

nature of elementary steps that governs desorption. A zero-order kinetics indicates that 

desorption occurs from multilayers, where desorption is independent of coverage. A 

first order kinetics indicates the presence of single surface species whereas second 

order kinetics indicates recombination of adsorbed atoms leading to production of a 

diatomic molecule on surface before it desorption. 

Reflection Rate (Rf ): When gas molecules strikes to the surface, there are two 

possible events may happen on the surface, the first one is the adsorption of gas 

molecule on the surface and the second one is the reflection of gas molecule from the 

previously adsorbed gas molecules. For calculating the rate of reflection from a given 

surface, first consider a partially filled surface with gas molecules. Let 𝑛 is the 

fraction (𝑛 =
𝑁

Nmax
 ) of filled sites on the surface, here Nmax are maximum sites at 

which gas molecules can be adsorbed. With consideration of filled sites the rate of 

reflected molecules can be written as 𝑅𝑓 = 𝑛𝑅𝑐 .  After implication the value of  𝑅𝑐    

from equation (3), the rate of reflected atoms from surface is given by 

𝑅𝑓 = 𝑛.
𝑃

 2𝜋𝑚𝑘𝐵𝑇
   

molecules

area .sec
                                        (I.7) 
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Appendix-II 

Derivation for Secondary Yield Emission [5] 

The generation of photoelectron and subsequently the secondary electron yield is a 

material dependent quantity. During carbon contaminations initially the electron yield 

is from the optical coating material, as contamination grows the secondary electron 

yield from contamination material and optical coating material both contributes. In 

this section we derive an expression for secondary electron yield (JSE) as a function of 

photon intensity and carbon layer thickness D. 

The number of photons absorbed per unit time into the sample surface 𝑁𝑝(0) is 

directly proportional to the incident photons flux (𝐼0), exposed area (𝐴0) and (1-R), 

where R is the reflectivity of optic surface. 

𝑁𝑝 0 = 𝐼0𝐴0 1 − 𝑅                                     (II.1) 

The differential rate of photons 𝑑𝑁𝑝   absorbed in thickness 𝑑𝑧 of optical coating 

material is     

𝑑𝑁𝑝 =  −𝜇𝑁𝑝𝑑𝑧                                          (II.2) 

Where 𝜇 is the linear adsorption coefficient in cm
-1 

unit, the negative sign indicated as 

thickness increases the number of photons decreases due to absorption. Integrating Eq. 

(II.2) from the surface at 𝑧 = 0 to a depth 𝑧 leads to the number of photons absorbed 

at any depth 𝑧 in the material: 

𝑁𝑝 𝑧 = 𝑁𝑝 0 exp −𝜇𝑧                                     (II.3) 

For simplicity we assume that dominant absorption process is photoelectric emission 

and one photo-electron is generated per absorbed photon, so that the differential rate 
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of photoelectrons (𝑑𝑁𝑒) generated in the differential thickness 𝑑𝑧 is the negative of 

the differential rate of photon absorption  

𝑑𝑁𝑒 = −𝑑𝑁𝑝 =  𝜇𝑁𝑝𝑑𝑧                                        (II.4) 

From equation (II.3) & (II.4) 

𝑑𝑁𝑒 =  𝜇𝑁𝑝 0 exp −𝜇𝑧 𝑑𝑧                                    (II.5) 

From equation (II.1) & (II.5) 

𝑑𝑁𝑒 =  𝜇𝐼0𝐴0 1 − 𝑅 exp −𝜇𝑧 𝑑𝑧                             (II.6) 

Before reaching the primary electrons on the surface of optics it scatters elastically 

and in-elastically which leads to generation of low energy secondary electrons. This 

process is described mathematically as the attenuation of the single primary electron 

multiplied by a gain factor 𝐺𝑒() which is an energy dependent parameter. The gain 

factor can be described as 𝐺𝑒  =


4𝜋
𝑀, where M is a material constant. 

𝑑𝐼𝑆𝐸 = 𝑑𝑁𝑒 exp  −
𝑧

𝐿
 



4𝜋
𝑀                                   (II.7) 

Where L is the scape length of electrons inside the material. 

𝑑𝐼𝑆𝐸 = 𝜇𝐼0𝐴0 1 − 𝑅 exp  −(𝜇 +
1

𝐿
)𝑧 𝑑𝑧



4𝜋
𝑀                    (II.8) 

This expression describes differential rate (𝑑𝐼𝑆𝐸) of generation of secondary electrons 

at optics surface. The photo absorption coefficient 𝜇 is very small in comparison to the 

(1/L), so the photo absorption coefficient (𝜇 ) may be neglected from equation (II.8). 

Additionally the solid angle for half spherical volume above the optic  = 2𝜋, with 

these assumptions equation (II.8) reduces to 
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𝑑𝐼𝑆𝐸 = 𝜇𝐼0𝐴0 1 − 𝑅 exp  −( 
1

𝐿
 )𝑧 𝑑𝑧



2
𝑀                         (II.9) 

The total rate of secondary electrons (𝐼𝑆𝐸) escaping the surface of the optics is 

determined by integrating equation (II.9) over the thickness of the optics. 

𝐼𝑆𝐸 =  𝑑𝐼𝑆𝐸 = 𝐼0𝐴0 1 − 𝑅 


2
 𝑀 exp  −(

𝑧

𝐿
) 𝜇𝑑𝑧

∞

𝑧=0

 

Let us consider the thickness of the contamination is D, so we split the integral at 

thickness D (contaminant/optics material) 

𝐼𝑆𝐸 = 𝐼0𝐴0 1 − 𝑅 


2
  𝑀𝑐 exp  −(

𝑧

𝐿𝑐
) 𝜇𝑐𝑑𝑧

𝐷

𝑧=0

+  𝑀𝐴𝑢 exp  −(
𝑧

𝐿𝐴𝑢
) 𝜇𝐴𝑢𝑑𝑧

∞

𝑧=𝐷

  

 

𝐼𝑆𝐸 = 𝐼0𝐴0 1 − 𝑅 


2
  −𝑀𝑐 𝐿𝑐𝜇𝑐exp  −(

𝑧

𝐿𝑐
)  

0

𝐷

+  −𝑀𝐴𝑢 𝐿𝐴𝑢𝜇𝐴𝑢exp  −(
𝑧

𝐿𝐴𝑢
)  

𝐷

∞

  

 

𝐼𝑆𝐸 = 𝐼0𝐴0 1 − 𝑅 


2
  𝑀𝑐 𝐿𝑐𝜇𝑐(1 − exp  −(

𝐷

𝐿𝑐
)  +  𝑀𝐴𝑢 𝐿𝐴𝑢𝜇𝐴𝑢exp  −(

𝐷

𝐿𝐴𝑢
)        

(II.10) 

𝑀𝑐 , 𝐿𝑐 ,  𝜇𝑐  and 𝑀𝐴𝑢 , 𝐿𝐴𝑢 ,  𝜇𝐴𝑢  denotes material constants, escape length of electrons 

and photo absorption coefficient for carbon and gold materials respectively. 
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Appendix-III 

Different Type of UV Radiation Sources [157]–[161] 

Sun is the universal source of radiations, which emits all three kind of UV radiation 

i.e. UV-A (315-400 nm), UV-B (280-315 nm) and UV-C (100-280 nm). In EM 

spectrum, UV radiation spectrum lies in between visible light and X-rays Figure 1. 

The man-made sources that emit radiations in this region are mercury lamp, excimer 

(excited dimmers) lamps and lasers and the most important source is the synchrotron 

radiation source which emits photons in broad spectrum of energy, starts from infrared 

to hard x-rays. Brief description about these sources is given below:  

 

Figure 1: Typical electromagnetic wave spectrum start from radio waves (low energy) 

to gamma waves (high energy). 

(a) Mercury Lamp 

For laboratory applications particularly for short wavelengths UV radiations, low 

pressure mercury (Hg) vapor lamps are highly efficient source. A mercury-vapor 
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lamp is a gas discharge lamp that uses an electric arc through which excitation of 

vaporized mercury atoms take place and subsequent de-excitation process produce UV 

and visible radiations. The radiations emitted by the Hg discharge lamp also depend 

on envelope use to make the lamp. In low pressure (10
-2

 mbar) mercury lamps          

re-absorption of emitted UV radiation is weak, resultant resonance lines at 184.9 nm 

and 253.7 nm wavelengths are dominant lines. The synthetic quartz and borosilicate 

glass based lamps have good transmittance for both 184.9 nm and 253.7 nm 

wavelength radiations. The typical wavelengths emitted by a mercury lamp are given 

in table-1. The 184.9 nm and 254.7 nm wavelength radiations emitted by low pressure 

mercury lies in UV-C region and are useful for decomposition of organic layers. The 

184.9 nm wavelength radiations also have large dissociation cross-section for 

dissociating oxygen molecule and generally used for ozone production.   

Table 1: Typical radiations emitted by a low pressure mercury lamp  

Wavelength (nm) Line  Color 

184.9  UV-C 

253.7  UV-C 

365.4 I-Line UV-A 

404.7 H-Line Violet 

435.8 G-Line Blue 

546.1  Green 

578.2  Yellow-orange 

 

(b) Excimer Lamp 

Excimer means joining of two molecules or atoms of the same chemical composition 

in an excited state, if two atoms are not same chemical composition then it is known 

as exciplex. Excimer lamps are quasi-monochromatic radiations sources. Depending 

upon excimer molecules excimer lamp gives radiations in UV to VUV energy range. 
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The UV radiations are generated by spontaneous transitions from bound excited 

excimer electronic states to weakly bound or unbound ground states, with release of 

UV photons. For example: In a Xenon (Xe) excimer lamp after excitation with an 

electric discharge high-energy Xe atoms form excited dimmer molecules (Xe2). When 

these excited dimers decay into ground state they release UV photons of 172 nm 

wavelength. The typical excimer molecule emission process reaction can be 

understood as following.  

2𝑋𝑒 + 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑑𝑖𝑠𝑐𝑎𝑟𝑔𝑒)  → 𝑋𝑒2
∗ → 𝑋𝑒 + 𝑋𝑒 +   (7.2 𝑒𝑉 ) 

The wavelengths emitted by different dimmers are given in table-2.  

Table 2: The energy (eV) emitted by different dimer/excimer molecules. 

Exciplex  

Molecule 

Energy (eV) Excimer 

Molecule 

Energy 

(eV) 

NeF 11.48 Ar2 9.84 

ArBr 7.51 Kr2 8.49 

ArCl 7.08 F2 7.84 

KrI 6.52 Xe2 7.20 

ArF 6.42 Cl2 4.78 

KrBr 5.99 Br2 4.29 

KrCl 5.58 I2 3.62 

KrF 5.02   

XeI 4.90   

XeBr 4.39   

XeCl 4.02   

XeF 3.53   

 

(c) Excimer Laser 

An excimer lasers uses mixer of noble and halogen gases as a lasing medium. In 

excimer lasers electrical discharge excites the gas atoms; subsequently excited atoms 

form a temporarily excited state compound of noble halides. When these excited 

compounds decay, they release UV photons. There is no stable ground state so 
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population inversion needs for laser action is easily obtained. The excimer lasers are 

pulsed devices, the typical pulse duration lies in nano-second range. Some examples 

of excimer lasers are ArF excimer lasers (λ =193 nm), KrF excimer lasers (wavelength 

λ =248 nm), XeCl excimer lasers (λ =308 nm), and XeF excimer lasers (λ =351 nm). 

The excitation and emission process is same as in case of excimer lamp, the difference 

is that excimer lasers are pulsating and give high intensity compare to UV lamp.  

(d) Synchrotron Radiations as UV Source  

Synchrotron radiation sources are more popular in field of material research due to 

wide range of energy tunability, high energy and high intensity. These sources emit 

radiations in infrared to hard x-ray energy region, which cover full energy spectrum of 

ultraviolet radiation. The total power radiated by relativistic electrons, that’s are force 

to move along the circular path with a radius of curvature R is given by Schwinger 

formula. 

2
0

42

6 R

ce
P




                                                   (III.1) 

Where e – electron charge, c - speed of light, γ- relativistic factor, ε0 – permittivity of 

free space. 

Total power radiated by N electrons can be written as  

R

Ie
N

R

ce
P b

0

4

2
0

42

36 






                                       (III.2) 

Where 𝐼𝑏  (beam current) = 
R

ceN

2
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Frequency (ω) distribution of radiated power is given by  
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Where 𝜔𝑐   is critical frequency and given by 
R

c
c

2

3 3
    and  (𝑥) is modified Bessel 

function with argument 𝑥 =
1

2

𝜔

𝜔𝑐
 (1 + 𝛾2𝜃2)3/2, where 𝜃 is angle normal to deflecting 

plane. 

The photon flux radiated from bending magnet source at Indus-1 parameters (B =1.5 

Tesla, I= 100 mA and bending radius R= 1 meter) are calculated by CXRO (web 

based program) [27] and shown in Figure 2. 
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Figure 2: Spectral distribution of synchrotron radiations (Indus-1) as a function of 

energy, purple color represent ultraviolet radiation energy range. 
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Appendix-IV 

Mathematical expressions for thermal expansion force, laser pulse width for 

vaporization temperature and for ablation rate and depth [132], [133] [162]–

[167]  

The thermal expansion force (cleaning force) is given by  

),0( tTEFc                                          (IV.1) 

Where, 𝛾 is linear thermal expansion coefficient, 𝐸 is modules of elasticity and 

∇𝑇(0, 𝑡) is the temperature rise in time interval 𝑡 = 0 to 𝑡. 

If  𝑇 0, 𝑡 = 𝑇𝑣 is the vaporization temperature and 𝑡 = 𝑡𝑣 is the laser beam pulse 

width to achieve the vaporization temperature than 𝑡𝑣 can be written as  
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                                               (IV.2) 

Where k- thermal diffusivity, K is thermal conductivity, Fa is absorbed laser fluence, 

Tv laser fluence tv is laser pulse width and α is absorption coefficient. 

From equation (IV.2), it is clear that 𝑡𝑣 strongly depends on 𝐹𝑎  (absorbed fluence) and 

surface absorption coefficient(𝛼), typical value of 𝑡𝑣 varies from μs to ns for 

vaporization whereas the melting temperature is of the order of ms. Hence μs to ns  

pulse width laser beam with sufficient level of fluence must be used for efficient laser 

cleaning without melting the substrate and fast vaporization of contaminants. In order 

to remove an atom from a solid surface by laser irradiation, one needs to deliver 

energy greater than the binding energy of that atom. Short pulsed lasers with pulse 
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duration in the range of μs to ns are preferred for laser cleaning to avoid heat 

conduction and damage of the substrate. For thermal ablation of tightly bounded 

metallic coating on glass surfaces, ns duration pulses of infrared laser seems to be 

more suitable choice due to high energy and thermal heating requirements. For 

cleaning of particulates from solid surfaces, action of cleaning forces must overcome 

strong adhesion forces between the tiny particulates and the surface. Among these 

adhesion forces, Van-der-Waals force, capillary force, and electrostatic force are of 

prime importance. Thermal ablation rate or evaporation rate 𝑅𝑒𝑣𝑎𝑝  and ablation depth 

𝑑 per pulse can be determined with the help of laser intensity and laser fluence. 
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                                        (IV.4) 

Where 𝐸𝑏  – is binding energy per atom, 𝐼𝑎  – is the absorbed laser intensity, 
1

𝑝
 – is 

effective penetration depth of laser energy and 𝐹𝑡  is threshold fluence. For example, 

for gold target binding energy 𝐸𝑏= 3.37 eV per atom and  
1

𝑝
 = 13.7 nm. The time 𝑡 

needed for the surface temperature to reach the vaporization temperature can be 

calculated by  
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Where, 𝑇𝑠 𝑡  is surface temperature at a given time, 𝐼𝑎  is the absorbed laser intensity, 

𝐾 is thermal conductivity (W.m
-1

.K
-1

) of the material, and 𝑘 is thermal diffusivity 

(cm
2
/s) of the material.  
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Thesis Highlights 

 

Synchrotron radiation (SR) induced carbon 

contamination on optical elements is a serious issue 

in SR beamlines.  In order to know characteristics of 

SR induced carbon layer on optical elements, SR 

induced carbon contaminated Au coated toroidal 

mirror of reflectivity beamline and a LiF window of 

high resolution vacuum ultraviolet beamline of 

Indus-1 are taken for a case study.  Detailed analysis 

of carbon contaminated Au mirror surface reveals 

that nature of carbon growth has direct 

correlations with synchrotron dose. Raman study 

shows that carbon layer has mixed phases of sp3 and sp2 hybridized carbon contents, number 

of carbon layers, disordering and cluster size in the layer increases with photon dose. The 

contamination layer has presence of hydrogen (hydrogenated carbon layer) and hydrogen 

contents decrease with photon dose. Soft X-ray reflectivity results indicate that optical density 

of carbon layer in maximum thickness region is about 75% with respect to graphitic carbon 

and surface roughness is nearly 60 Å. The Raman Spectroscopy and XPS results of carbon layer 

deposited on LiF window surface also show graphitic carbon nature.  

In order to refurbish the contaminated optics, a capacitively coupled RF plasma system is in-

housed developed, IR laser (Yb:YAG) system is customized and excimer based (λ=172 nm) UV 

source is installed in the laboratory. The system parameters are optimized such that the 

process does not damage the Au or Pt coating of actual mirror. At optimized parameters the 

system was successfully used to clean different mirrors of Indus synchrotron beamlines. A SR 

induced gold coated spherical mirror before and after rf plasma cleaning is shown in fig-1.  An 

in-situ cleaning technique using zero order SR is deployed at Indus-1 reflectivity beamline for 

post mirror cleaning. In order to find out merits and demerits of cleaning techniques results of 

all three techniques are compared. The results of comparative study suggest that UV and rf 

plasma cleaned samples show gain in the soft x-rays reflectivity near carbon K-edge region in 

comparison to carbon coated Au sample whereas the IR laser treated sample showed 

reflectivity gain near carbon K-edge region but not upto pristine Au surface reflectivity. 

Figure-1: Synchrotron radiation induced 
carbon contaminated Au coated spherical 
mirror before (a) and after (b) rf plasma 
cleaning. 
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