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laser parameters, such as laser intensity and wavelength [17, 18]. However, in addition to the 

complexity of lasers delivering pulses with high energy, increasing the laser pulse energy 

generally limits the pulse repetition rate. The basic characteristics of plasma generated by 

nanosecond laser ablation have been the subject of many studies, but only a few studies 

considered the properties of a spark-discharge coupled to a laser-plasma generated in vacuum 

[19-22].  

Multicharged ions are generated by ablating a solid target with a focused laser pulse 

where the power densities are between 109 – 1016 W cm-2 [29]. In a laser-produced plasma, the 

Knudsen layer is formed within a few particle-free paths near the target surface in which as few 

as 3 collisions per particle occurs [30]. Particles vaporized, sputtered, or desorbed reach 

equilibrium with each other within the Knudsen layer formed in a near-surface region during the 

laser ablation due to strong gas-phase interactions. This leads to a directional expansion 

perpendicular to the target surface. The ions freely drift into the vacuum, and ion charge-states 

are frozen at large distances. Furthermore, introducing an electric field increases the kinetic 

energy of ions; thus, separation of ions occurs with faster arrival time at the Faraday cup. More 

electrons are repelled, and more ions are exposed to the accelerating field. Space-charge limited 

flow in the ion sheath governs the ion extraction if the ion density is neglected during ion 

extraction by the external electric field [31]. The process of ion acceleration is initiated by 

electron acceleration by inverse Bremsstrahlung within the laser pulse duration. Due to the 

slower mobility of ions compared to the electrons, large Coulomb forces are formed between fast 

electron and ion layers in the early stages of plasma plume formation. The electric field due to 

the Coulomb forces accelerates ions with higher degree of ionization to higher kinetic energies. 

The ions with higher kinetic energies are located in the outer position of the plasma plume due to 

their higher flow velocity [32]. 

 

1.2 Laser-arc ion source 

 

Cathodic-arcs, also called a metal-vapor-vacuum-arc or simply a vacuum-arc, are also 

used for ion generation [33]. Cathodic-arc occurs at different gas pressures with the background 

gas significantly participating in the discharge processes [34]. Cathodic-arcs have been 

investigated for applications in thin film deposition, ion implantation, and high current switches 
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[35]. The plasma generated by cathodic-arcs is highly ionized and contains a large number of 

MCIs with average kinetic energies of up to 100 eV [36]. However, cathodic-arcs are highly 

unstable [37]. The stability of the cathodic-arc depends on the arc energy, background pressure, 

electrode temperature, electrode shape, and electrode surface morphology. During the spark-

discharge, the arc current is localized to cathode spots. The formation of the cathode spot is 

necessary to provide sufficient power density for plasma heating, electron emission, and current 

transport between the cathode and anode [37]. The metal plasma that is generated at the cathode 

spot contains an ion drift energy of about 10 to 200 eV depending on the ion mass [38]. 

 Coupling of a spark-discharge to a laser-plasma is shown as an effective method of 

enhancing the MCI generation. Takagi et al. reported on a laser-triggered spark MCI source that 

can produce ions with energies from several hundreds of eV to several tens of keV and charge 

states up to Fe16+ using a spark-discharge (10.4 μF capacitor charged to 5 kV) [20]. Shaim and 

Elsayed-Ali reported enhancement of the total charge of a laser Al MCI source by a factor of ∼9 

and the generation of charge states up to Al6+ by a spark-discharge (0.1 μF capacitor charged to 

5.0 kV) coupled to the Nd:YAG laser plasma. The spark was triggered by the laser plasma 

plume, and the discharge time was ~1.2 µs [23]. Coupling the arc to laser-plasma is used as an 

effective deposition method. Deposition of diamond-like carbon (DLC) films by laser-arc 

method was reported with a deposition rate of 5 nm/s [39]. The laser-arc deposition was also 

used in industrial hard coating applications where different substrate materials were coated by 

DLC resulting in films with frictional coefficient ~0.1 and hardness up to 80 GPa compared to 

steel [40]. Extreme ultraviolet light was generated by hybrid laser-assisted-vacuum-arc discharge 

plasmas using Sn-coated rotating-disc-electrodes [41]. Moreover, the laser-arc ion source was 

used as an effective method to increase the ion yield and charge state [42]. A laser ablation-

assisted plasma discharge source was used to generate Al ions where laser ablation was 

accomplished by focusing a KrF excimer laser (1.2 J pulse energy, 40 ns pulse width, 248 nm 

wavelength) onto a solid Al target with a fluence of approximately 10 J/cm2 [43]. Takagi et al. 

reported the generation of Fe16+ with ion energies from several hundreds of eV to several tens 

keV using a 125 J spark-discharge pulse energy coupled to a laser pulse [44]. Shaim et al. 

reported an Nd:YAG laser-arc ion source where the total Al ion yield from the laser-plasma was 

enhanced by a factor of ∼9 and the maximum charge state was increased from Al4+ to Al6+ with 

spark-discharge coupling [32]. In that case, the spark-discharge was generated by a 0.1 μF 
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capacitor charged to a maximum 5.0 kV and the discharge time was ~1.2 µs [27]. Balki et al. 

reported the generation of the fully-ionized C6+ by a spark-discharge coupled to a carbon laser 

plasma with a spark discharge energy of ∼0.75 J and a laser pulse energy of ∼50 mJ [28].  

 

1.3 Growth of the Al thin film by pulsed laser deposition 

 

Laser ablation is a physical method that has emerged as an effective method for the 

growth of high purity thin films and nanostructured materials. By adjusting the deposition 

parameters, this technique offers the possibility to deposit and control the morphology of a large 

variety of materials from small metallic nanoparticles, to semi-continuous or continuous ultra-

thin layered or multilayered films [45]. Most studies dealing with the deposition of metals by 

pulsed laser deposition concern noble metals for catalytic and optical applications. There are 

many reports in the literature describing the deposition of Al by PLD [19, 32–34]. One reason is 

the high reflectivity of Al in the first steps of the ablation process (∼92% in the UV range), 

leading to a low ablation rate. In addition, plume deflection occurring as a result of Al target 

degradation under UV irradiation can also affect the deposition rate and the quality of the 

deposited layer [34]. For these reasons, it can be challenging to obtain thick aluminum films 

(>100 nm) by PLD.  

 

1.4 Scope of research  

 

The research presented in this dissertation provides a detailed experimental procedure for 

MCI production by means of a laser-spark ion source. The main goal is to increase the plasma 

ionization by coupling a spark discharge with the laser-plasma. The increase in the plasma 

ionization enhances the total ion generation along with the increase in maximum charge state. 

This dissertation is organized as follows: 

Chapter 1 describes the MCIs, mechanism of laser ion source, literature review of 

previous work on laser multicharged ion source.  

Chapter 2 explains the details of the optical emission spectroscopy, experimental setup of 

a LIBS, the laser-plasma characterization using optical spectroscopy. 
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Chapter 3 covers the details of the ion transport line module simulation. Faraday cup with 

three-grid retarding field ion energy analyzer, einzel lens, cylindrical ion deflector, and parallel 

plate ion selector is fabricated and tested. 

Chapter 4 explains the details of the laser-spark MCI source. The laser produced plasma 

is reheated by deposition of external energy from a capacitor. The laser-spark plasma is 

characterized in terms of spark energy and laser fluence. 

Chapter 5 describes a different configuration of the laser-arc ion source. The carbon 

plasma is generated between the target and the mesh parallel to each other.  

Chapter 6 provides a detailed account of construction and optimization of a femtosecond 

pump-probe optical setup. pulsed laser deposition technique is applied to deposit Al thin-film. 

Later a modified optical pump-probe setup is also discussed to study the online thickness 

measurement of the Al thin-film deposited by the thermal evaporation.  

Chapter 7 covers the conclusion and a summary of the work presented along with 

suggestions for future work.  
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CHAPTER 2  
 

LASER PLASMA AND OPTICAL EMISSION SPECTROSCOPY 

 

 

2.1 Introduction 

 

Laser-produced plasma can be generated by applying a high-intensity laser beams on a 

solid, liquid or gas sample. Different types of laser can be used to generate laser plasma. The 

ablation process changes depending on the laser pulse type. We used a nanosecond laser pulse to 

ablate a solid Al target. For nanosecond laser pulse the ablation process is divided into three 

main stages. The first stage is the ablation and evaporation of the target material. The second 

stage is the interaction between the evaporated material and laser pulse resulting in the material 

heating and plasma formation. The third stage is the plasma plume expansion and rapid cooling 

[46]. The main absorption mechanisms of the plasma consist of the electron-atom inverse 

bremsstrahlung, electron-ion inverse bremsstrahlung, photoionization, and Mie absorption [47]. 

The contribution of each of these mechanisms depends on the laser pulse width, the stage of 

plasma formation, and the plasma properties.  

 

2.2 Formation of laser plasma 

 

The various complex mechanisms are involved in a laser ablation process includes laser 

absorption by the target material, evaporation, transient gas dynamics, ionization, and 

recombination. For nanosecond laser ablation, the electrons in the plume gain energy mainly by 

inverse bremsstrahlung. The electrons transfer their energy to the ions and the neutrals through 

collision processes. The time needed to transfer the energy from the electrons to the ions is much 

shorter than the nanosecond laser pulse duration resulting in the thermalization of the electrons 

and ions in the laser plume. Due to the small mass of the electrons compared to the ions, some of 

the thermalized electrons develop high velocities and escape earlier than the ions resulting in the 

formation of a transient electrostatic. The optical emission spectra are dominating when the 

radiation process decays significantly. During that stage, the excited electrons travel back to the 
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initial energy level and produce the optical emission spectrum [48]. Fig. 2.1 shows the basic 

mechanism of laser plasma generation. During the interaction of the laser pulse with a metal 

surface the electrons absorb the energy. The excited electrons transfer the energy to the phonon 

which is known as electron-phono coupling. However, for the nanosecond laser pulse ablation 

the ultrafast events like electron-phonon coupling is not observed as it takes place in 10-12 sec 

time range. 

  

 

 

Fig. 2.1 Laser-material interaction process. Figure is reproduced after [48]. 

 

The main physical process of laser-plasma generation involves heat conduction, melting and 

vaporization of the target. The density and temperature of the laser-produced plasma can be so 

high that an efficient shielding of the target occurs during the laser pulse. For the nanosecond 

laser pulse, the absorbed laser energy heats up the target to the melting point and then to the 

vaporization temperature. In the laser produced plasma the ionization takes place. The two main 

mechanisms of ionization of laser plasma are electron impact ionization and photo ionization. 

The photoionization takes place for laser pulse intensity higher than 1014 W/cm2 whereas, the 

electron impact ionization occur at laser intensity lower than 1014 W/cm2 [48]. 

 

2.2.1 Electron impact ionization 

 

Two dominant photon absorption processes can take place during laser material 

interaction which lead to breakdown and consequently the formation of plasma. The electron 
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impact ionization, also known as inverse bremsstrahlung (IB) absorption, takes place for 

comparatively low laser pulse intensity. In this process, a free electron gains kinetic energy from 

the laser beam. The energized electron starts a cascade of ionization and excitation through 

collision with neutral atoms. Fig. 2.2 shows the basic mechanism of the IB process. Initially the 

electron gains the energy from the laser pulse. The photons will couple into the available 

electronic or vibrational states in the material depending on the photon energy. In insulators and 

semiconductors, the absorption of laser light predominantly occurs through resonant excitations 

such as transitions of valence band electrons to the conduction band (inter-band transitions) or 

within bands (inter-sub-band transitions) [49]. The energized electron knocks out another 

electron from a neutral atom and starts an avalanche mechanism. The large density of neutrals in 

the initial vapor significantly enhances the IB process. The efficiency of the laser heating of the 

plasma by IB  

 

 

 

Fig. 2.2 Schematic illustration of inverse Bremsstrahlung absorption. Figure is reconstructed after [50]. 

 

decreases with the square of the laser wavelength when the degree of ionization is low and as the 

cube of the wavelength when the ionization is extensive [51]. As a result, the IB process is less 

efficient in the UV than in the visible part of the spectrum. 

 

2.2.2 Multiphoton ionization (MPI) 

 

The second mechanism of photon absorption is photoionization (PI) of excited species 

and, at sufficiently high laser intensity, multiphoton ionization (MPI) of excited or ground-state 

atoms. In general, an atom with ionization potential (Ei) can be ionized by the intense photon 

flux of Q-switched lasers by simultaneously absorbing Ei/hv quanta. Since atoms and molecules 

exist only in discrete energy states, photon absorption cannot take place unless there is resonance 
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between an allowed state and the quantum energy hv. However, a virtual excited state of the 

atom to exist on absorbing a photon for a time dictated by the uncertainty principle. If photons 

are absorbed with sufficient frequency in a succession of higher energy states, ionization can 

result. Fig. 2.3 shows that an atom will acquire total Ei energy in a successive process by 

travelling n number virtual energy stage to get ionized. This process of successive absorption 

into a sequence of virtual states is known as multiphoton absorption [52]. 

 

 

 

Fig. 2.3 Schematic illustration of multiphoton ionization. Figure is reconstructed after [50]. 

 

2.3 Optical emission spectroscopy 

 

Optical emission spectroscopy (OES) is a common technique used to probe the excitation 

temperature Te and density ne in plasma [24-29]. Sabsabi et al. used LIBS in the air to analyze an 

Al alloy target and reported plasma Te ~6730 K [3]. Abdellatif et al. studied Al laser plasma (λ = 

1064 nm, τ = 7 ns, and laser intensity I = 8.7 × 1010 W/cm2). Using OES, they reported ne ∼1.13 

× 1018 cm−3 and Te ∼1.17 eV at 100 μm from the Al target surface [28]. Nassef and Elsayed-Ali 

developed a spark-discharge coupled laser induced breakdown spectroscopy (SD-LIBS) 

operating in air. Their spark circuit consisted of a 0.25 F capacitor charged to 3.5 kV and 

triggered by the laser plasma. Spark-discharge coupling resulted in an intensity enhancement of 

the Al II at 358.56 line by a factor of 50 to 400 as the laser fluence was decreased from 48 to 4 

J/cm2 [21]. OES was used to probe the Te by observing the Cu atomic lines at 510.55, 515.32, 

and 521.82 nm at delays of 1 and 4 s after the laser pulse.  For the laser plasma alone, with a 
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laser fluence of 48 J/cm2, Te exhibited a fast decay from ~9500 to ~6000 K at 10 µs after the 

laser pulse. While for SD-LIBS, this decay time increased to 60 µs. In that case, the persistence 

of the plasma for longer times, due to the spark, contributed to the increase in the measured time-

integrated line intensity amplification [21]. Laser Al plasma generated in an electric field applied 

in the direction parallel to the plume expansion was previously characterized by ion time-of-

flight combined with optical emission spectroscopy [30]. 

 

2.4 Laser Induced optical emission spectroscopy (LIBS) 

 

There are several diagnostic techniques for characterizing a laser produced plasma 

including optical emission spectroscopy, mass spectroscopy, laser induced fluorescence, 

Langmuir probe, photothermic beam deflection, microwave and laser interferometry, and 

Thomson scattering [53]. Fast photography adds another dimension to ablation diagnostics by 

providing two-dimensional snapshots of the three-dimensional plume propagation [54]. These 

capabilities become essential for understanding the plume hydrodynamics, propagation, and 

reactive scattering. Laser Induced optical emission spectroscopy (LIBS) is a technique to 

determine the elemental composition. Compared to conventional methods, its ability to analyze 

solids, liquids, and gases with a little or no sample preparation makes it suitable for multi-

element analysis. The method can be certified for analytical applications of interest in space 

applications, environmental monitoring, and quality control processes. To generate laser plasma, 

the laser must generate pulses of sufficient energy above a certain threshold whose values 

depend on the target and the laser characteristics. The excitation is accompanied by atomic, 

molecular and ionic spectral emission over a wide range of spectra. As the plasma cools, 

broadband emission decays and atomic and ionic lines are emitted. Several different 

experimental parameters such as laser wavelength, repetition rate, interaction geometry, surface 

conditions may affect the effective analytical possibilities of the optical emission spectroscopy 

method [55]. 

Fig. 2.4 shows the basic components of LIBS. LIBS involves focusing of a laser pulse on 

a target to generate optically induced plasma from the target. A delay generator can be used to 

trigger the spectrometer with respect to the laser pulse to record the time-resolved-spectroscopy 

of the laser plasma. The triggering option is usually integrated with most of the advanced 
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spectrometer. The 1:1 image of the laser plasma can be created, using two identical lenses, on the 

tip of an optical fiber which is connected to the spectrometer. The spatial information of the laser 

plasma plume is recorded by changing the position of lens L3 which changes the position of the 

plasma image. The element type and concentration of the target material are determined by 

analyzing the optical spectrum.  

 

 

 

Fig. 2.4 Experimental setup of optical emission spectroscopy. The image of the laser plasma is created by 

combination of L2 and L2 lens. Delay generator is used to determine the time-resolved optical spectra. 

The spatially resolved optical spectra are achieved by changing the position of L3. 

 

2.5 Emission process in laser plasma  

 

      The plasma becomes an electron-rich high-temperature environment at the early time of 

breakdown, due to the ionization process produced by multiphoton absorption and inverse 

bremsstrahlung. This results in the formation of time-dependent continuum radiation that may 

last for hundreds of nanoseconds. As the plasma propagates in the perpendicular direction to the 

target surface, the particle number density begins to decrease. The plasma begins to cool down at 

the end of the laser pulse. The recombination and de-excitation events dominate starts when the 

plasma power source laser pulse is terminated. During the plasma relaxation the neutral and ion 

line characteristic spectral line emission prevails. Three types of radiative transitions as 
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APPENDIX D  
 

TEMPERATURE DEPENDANCE THERMAL CONDUCTIVITY MEASUREMENT OF 

INGOT NIOBIUM 

 

 

 cryogenic chamber is used to measure the temperature-dependent thermal conductivity 

of Nb shown in Fig.D.1. A closed-loop He cooled cariogenic chamber is used to cool down the 

Nb sample. The roughing and thermomolecular pump are used to vacuum the system up to 10-6 

torr. The minimum temperature recorded from the cryogenic system is 6 K. However, no 

thermoreflectance measurement is conducted at 6 K due to the vibration of the cryogenic 

chamber. Helium compressor is turned off to avoid the vibration the and the thermoreflectance 

result is collected at 70 K where the temperature drop is much slower compared to at 6 K. Fig. 

D.2 shows that no significant change in the slop of the ΔR/R is observed. According to the 

previous reports the thermal conductivity of Nb is 55 ± 5 Wm-1K-1 in the range of 10 to 300 K. A 

significant rise in thermal conductivity is reported around 6 K which is the critical temperature of 

Nb. 

 

 

 

 

Fig. D.1 Cryogenic chamber for temperature dependence thermal conductivity measurement. 
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Fig. D.2 Temperature dependence of the thermoreflectance measurement of ingot Nb. 
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APPENDIX E  
 

THE LIST OF PARTS IN PUMP-PROBE EXPERIMENTAL SETUP 

 

 

Ite

m 

Qty Part 

Number 

Description Company Link Unit 

price  

Price 

1 1 AOM-

402AF3 

MODULATOR Intra action   $832.00 $832.00 

2 1 ME-403 ME-403 

MODULATOR 

DRIVER 

Intra action  $1013.00 $1013.00 

3 1   

GBE03-

B 

3X Achromatic 

Galilean Beam 

Expander, AR 

Coated: 650 - 

1050 nm 

Thorlabs  https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=GB

E03-B 

$494.70 $494.70 

4 1 MY10X

-803  

MY10X-803 - 

10X Mitutoyo 

Plan 

Apochromat 

Objective, 0.28 

NA, 34 mm 

WD 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=MY

10X-803 

$890.46 $890.46 

5 2 DET10

A2  

Si Detector, 200 

- 1100 nm, 1 ns 

Rise Time, 0.8 

mm2, Universal 

8-32 / M4 

Mounting Holes 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=DET

10A2 

$159.12 $318.24 

6 1 BSN11 Ø1" 10:90 

(R:T) UVFS 

Plate 

Beamsplitter, 

Coating: 700-

1100 nm, t = 5 

mm 

Thorlabs  https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=BSN

11 

$120.36 $120.36 

7 1 LPNIRE

100-B 

Ø1" Linear 

Polarizer with 

N-BK7 

Windows, 600-

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

$112.20 $112.20 
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1100 nm umber=LPN

IRE100-B 

8 1 PBS252  1" Polarizing 

Beamsplitter 

Cube, 620 - 

1000 nm 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=PBS

252 

$222.36 $222.36 

9 1 XYF1 - 

XY 

XYF1 - XY 

Mount for 1" - 

3" Rectangular 

Optics, 8-32 

Taps 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=XY

F1 

$345.00 $345.00 

10 2 HRS101

5-AG 

1" x 1" Hollow 

Roof Prism 

Mirror, 

Ultrafast-

Enhanced Silver 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=HRS

1015-AG 

$333.54 $667.08 

11 2 WPH10

E-780 

WPH10E-780 - 

Ø1" Polymer 

Zero-Order 

Half-Wave 

Plate, 780 nm 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=WP

H10E-780 

$276.42 $552.84 

12 1 GBE02-

B  

GBE02-B - 2X 

Achromatic 

Galilean Beam 

Expander, AR 

Coated: 650 - 

1050 nm 

Thorlabs https://www

.thorlabs.co

m/thorprodu

ct.cfm?partn

umber=GB

E02-B 

$411.06 $411.06 

13 8 UM10-

AG  

UM10-AG - 

Ø1" Ultrafast-

Enhanced Silver 

Mirror, 750 - 

1000 nm 

Thorlabs https://www

.thorlabs.co

m/newgroup

page9.cfm?

objectgroup

_id=8159 

$98.94 $791.52 

14 1 UGP-1 Ultima Gimbal 

Prism Mount, 1 

in., 100 TPI 

Adjustment 

Screws 

Newport  https://www

.newport.co

m/f/gimbale

d-three-

axis-optic-

tilt-mount 

$331 $331 
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APPENDIX F  

 

SPUTTERING SYSTEM OPERATION 

 

 

Operating procedure of sputtering system: 

 

1. Sample loading: 

 

a. Clean the substrate holder with ethanol and clean it properly. 

b. Ensure your gloves are clean. 

c. Select 4” or 6” substrate holder keeping in mind that 4” holder can be heated up to 

850°C while 6” holder can be heated only up to 400° C. 

d. Clean the screw and clips by ultrasonic cleaner for 5 min. 

e. Mount the substrates using screws and clips. To avoid contamination, do not 

touch the substrates with hands, handle with tweezers. 

 

2. Transferring the Substrate to Chamber 

 

a. Ensure the substrate transfer door is open. Always place the door with O-ring 

facing up to avoid damaging it. 

b. Hold the substrate holder plate from the edges with your right hand. The substrate 

should be facing your palm but not touching. 

c. Turn the plate over with substrate facing down now and transfer through the 

substrate mounting door. 

d. Raise it against the propeller in the center of the quartz plate and turn the 

propeller clockwise with your left hand by turning the motor shaft on the top lid. 

This will engage the propeller in the grooves on the back of the substrate plate. 

e. Ensure the substrate plate is held securely before removing your hand 

 

3. Pump Down process  
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a. Close the top lid gently using the handle and tighten the screw. 

b. Close the side door. 

c. Ensure the nitrogen pressure valves are off. Fig. F.1 

d. Ensure the argon pressure valves are off. Fig. F.2 

e. Ensure the vent valve is off. Fig. F.3 

f. Ensure gas1 shutter is off. Fig. F.4 

g. Ensure the turbo isolation valve is fully open. Fig. F.5 

h. Turn the pump on/off switch to ON. Fig. F.6 

i. Watch the turbo speed going up on its controller. It should reach 100%. If it does 

not turn the pump switch off and let the staff know. 

 

4. Deposition rate measurement process 

 

a. Change the crystal of the thickness monitor if necessary. 

b. Press program >Next> (set up density with control knob) > next > (set up Z value 

with control knob) > Press Program for main menu. 

c. Make the substrate holder higher. 

d. Put the crystal in the middle of the substrate holder. 

 

5. Deposition process: 

 

a. Make sure that the power supply relates to the right gun. 

b. Open the argon cylinder pressure valves. Fig. F.9 

c. Open the gas shutter. Fig. F.11 

d. Select the 1st nob. Fig. F.12 

e. Pull the nob and rotate fully clockwise to make the gas pressure maximum. Fig. 

F.13 

f. Make the turbo gate valve nearly close to increasing the pressure to 3×10-2 torr to 

generate plasma.  

g. Set up the power rotating the nob of the power supply.  
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h. Turn on the power supply. Fig. F.14 

i. Change the pressure back to working pressure 3×10-3 torr. Fig. F.15 

 

6. Venting the Chamber: 

 

a. All gases and plasma must be off before attempting to vent the chamber. 

b. Ensure turbo-isolation valve is open 

c. Ensure the ion gauge is off 

d. Open the nitrogen pressure valve 

e. Turn the pump switch off to turn off the turbo and backing pump. 

f. When the turbo stops spinning the chamber vent valve can be slowly opened to 

speed up venting. 
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Pump down process 

 

 

                         

 

 

 

 
 

 

 

Fig. F.4 Gas shutter off  Fig. F.6 MFCX off 
Fig. F.5 Turbo gate 

valve open (fully) 

 valve open (fully) 

 

Fig. F.7 turn on the turbo pump 
Fig. F.8 Frequency of the turbo pump 

should reach 963 Hz 

Fig. F.2 Ar Vent valve off Fig. F.3 N2 gas valve off Fig. F.1 Ar gas valve off  
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Deposition process 

  

               

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. F.10 Ar gas valve on Fig. F.9 Gas shutter on 

Fig. F.12 Set the power 

Fig. F.11 lower Substrate for 

deposition 

Fig. F.14 MFCX on  Fig. F.13 Change pressure to 3×10-2 

torr by changing gate valve position

Fig. F.17 Change pressure 

to 3×10-3 torr by changing 

gate valve position 

Fig. F.16 Set time to zero 

thickness monitor 
Fig. F.15 Open the shutter                 

of appropriate gun 



 

 

 

APPENDIX G  

 

LASER INTERLOCK SYSTEM 

 

 

The laser interlock system in ESB laser lab ODU is consists of 5 different components  

1. The laser interlock system board ICS 6  

2. Shutter LS-10 

3. Interlock override switch  

4. Access keypad (Ics-KP12) 

5. ICS-6 Illuminated Sign 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Laser lab 

 

Fig. G.1 Schemeics ODU ESB laser interlock system. 

 

Shutter 

LS-10-12  

Interlock 

override 

switch   
 

Access 

keypad (ICS-

KP12) 
 

Laser 

interlock 

system ICS6 

 

Shutter 

LS-10-12  
Display  
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The laser interlock system board ICS 6  

The laser interlock system board monitors the signal from different switches. The detail 

description of the indicators is discussed in this section. The instructions are collected from the 

ICS 6 manual.   

 

LED indicators 

“Interlock LED’s are provided for each of the four Interlock Monitors. Each pair refers to an 

interlock switch it could be a shutter or door magnet. For each Interlock, a pair of yellow LEDs’ 

indicate that the interlock is open. The left-hand LED indicates the ‘A’ contact, the right-hand 

LED indicates the ‘B’ contact. If the contact is not used and a wire link has been fitted, the 

corresponding LED will not illuminate. If both ‘A’ and ‘B’ contacts are fitted and it is observed 

that one LED is on and the other off, this indicates a fault which will be detected by the 

mismatch detector if it is enabled.”  

 

 

 

 

Fig. G.2 The laser interlock system board ICS 6. 
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Mismatch detector 

“The ICS-6 trips out and disables the interlock when either of its two safety circuits opens. Also, 

the emergency stop button can trigger the mismatch detector. A mismatch is triggered, and the 

mismatch fault light illuminates on the front panel when the second safety circuit does not open 

within a short time of the first (typically around 1 second). It is not possible to arm the system if 

the mismatch fault occurs. The restart is required to remove the mismatch fault.” 

 

Arm button (illuminates blue) 

“The Arm button will illuminate when both safety circuits are complete, and all output devices 

are detected as being in a safe condition. This indicates that the ICS-6 is ready to be armed. If 

both Safety Circuit Complete lights are lit but the button is not illuminated, this indicates that 

one or more output devices are not detected in the safe condition.”  

 

 

    

 

Fig. G.3 (a) The system is ready to arm. The blue LED is on. (b) The laser is armed by pressing the arm 

button. The laser arm LED is on. 

 

Laser armed LED 

“When the 'Safety Circuit Complete' LED has lit and the Arm Laser button has been pressed, the 

'Laser Armed' LED will light orange to warn that the ICS-6 has enabled the laser. If the ‘Safety 

Circuit Complete’ LED is illuminated but the ‘Laser Armed’ LED does not illuminate when the 

(a) (b) 
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Arm Laser button is pressed, this could indicate that the internal checking circuitry of the ICS-6 

has detected a fault condition.” 

 

Emergency stop 

“The emergency stop led to indicate the emergency stop button is pressed for any of the shutter” 

 

System override 

“System override led indicates the system is overwritten either by internal or external override 

switch/keypad.”   

 

1. Beam blocking shutters 

“The ICS-6 may operate one or more beam shutters and one or more laser interlocks. For 

permanent fixed installations these may be directly wired to the ICS-6. Where there is any 

possibility of the equipment being changed or moved it is often most convenient to be able to 

unplug the equipment.  

When the power supply to pin 1 of the shutter comes on, the middle yellow LED will light. The 

green LED will also light indicating that the shutter is closed. Pressing the green button 

momentarily will open the shutter. The Orange LED will light indicating that the shutter is open, 

and the beam is exposed. To manually close the shutter, press the red button. Loss of power to 

the shutter, such as when a door interlock switch trips the interlocked power supply, will also 

cause it to close.” 
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Fig. G.4 Laser shutter. 

 

 

2. Override switch  

“Lasermet override board allows an interlocked door to be opened for a short time without 

interrupting the laser. When the override is activated a warning, the indicator is shown on the 

ICS-6 and a buzzer sound. The override is time-limited, and the duration of override can be 

adjusted between 6 and 27 seconds by adjusting the potentiometer marked R19, on the Override 

board.  
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Fig. G.5 (a) Override keypad outside laser lab. (b) override switch inside laser lab. Both are used to 

temporarily override the laser interlock for 10 sec. 

 

3. Override entry keypad 

“The Lasermet ICS-KP12 is an entry keypad with built-in fail-safe override timer. It may be used 

either as a key-coded override control, as a door release where door locks are used, or both. The 

keypad is usually fitted adjacent to the entry door on the outside of the controlled area, and a 

door release exit button is provided on the inside which activates the keypad remotely.”  

 

 

Fig. G.6 Illuminated indicator outside the room. 

 

 

 

 

 

(a) (b) 
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4. ICS-6 Illuminated sign 

“If the output LS-10 shutters or contactors are closed that prove that it is a safe condition. The 

sign control show “no hazard laser off”. The sign control will revert to the ‘Danger’ laser-armed 

indication if these devices are not in the safe condition or they are removed from the system.”  

 

Starting up 

1) Set the mains switch on the unit to ‘1’. 

2) Insert the key into the interlock key switch and turn to the right, ‘Enable’. 

3) Close all interlocked doors. The LED’s on the front panel will indicate yellow if the 

corresponding door is open. 

4) Check any Emergency Stop buttons are released- if any have been pressed the emergency stop 

lights will illuminate yellow. 

4) The 'Safety Circuit Complete' LED’s will light green and the Arm laser illuminates blue. 

5) When you are ready to operate the laser, press the Arm Laser button. 

 

Resuming operation after an interlock switch has been opened 

When any interlocked door is opened or the emergency stop button is activated, the ICS-6 will 

cut the power to the laser or the shutters. To resume laser operation: 

1) Close all interlocked doors (where necessary). Note LED state on the front panel. 

2) Reset the emergency stop button (where necessary). 

3) When ready to restart, press the ICS-6 Arm Laser button. 

 

Using the override 

The override facility, where fitted, allows interlocked doors to be opened for a short time without 

the laser being interrupted. 

1) To activate the override with a push button, simply press the button on the push-to-exit switch. 

The system will now go into override mode for a short time, and a buzzer will sound. 

2) To activate the override externally with the use of an ICS-KP12 keypad simply type in the 

user’s 4-digit code (default is 3333) the system will now go into override mode for about 15 

seconds. If there is a magnetic lock on the door this typically will be released for 5 seconds.  
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APPENDIX H  

 

UNPUBLISHED DATA 

 

 

In-situ ΔR/R response measurement of Al on Si. Thermal evaporation is used to deposit the film. The 

deposition parameters are: input voltage on variac 12 V, deposition rate approximately ~ 12.5 nm/min, the 
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Fig. H.1 In-situ ΔR/R response measurement of Al on Si. Thermal evaporation is used for 0 to 120 min. 
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Fig. H.2 In-situ ΔR/R response measurement of Al on Si. Thermal evaporation is used for 5 to 25 min. 
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Fig. H.3 In-situ ΔR/R response measurement of Al on Si. Thermal evaporation is used for 5 to 25 min.  
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Fig. H.4 ΔR/R response of ingot Nd at different temperature. 
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Fig. H.5 ΔR/R response of ingot Nd for different polarization of pump beam. No significant difference is 

observed. 
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Fig. H.6 Comparison between in-situ measurement of ΔR/R from the thermal evaporation and PLD 

generated thin film. 
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Fig. H.7 (a) The time of flight signal for various laser intensity (b) time of flight signal for Al ions, 

passing a retardation potential of 240V for a laser intensity of 3×109 W/cm2. 
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Fig. H.8 The ion retardation for spark-discharge and without spark discharge. (a) For 1.2 J spark-

discharge energy retardation voltage is 240 V and (b) without spark-discharge retardation voltage is 160 

V. For both case the laser intensity is 1.5×109 W/cm2. 
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Fig. H.9 Deconvolution of the ion TOF signal into different ion charges, each with an SMB distribution. 

Al1+, Al2+, and Al3+ are used to fit the TOF signals to estimate the Ti∼15 eV for a laser intensity of 

1.5×109 W/cm2. 
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