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Plasma wakefield acceleration is a promising technique to build compact and powerful particle 

accelerators. In such accelerators, the electric fields required to accelerate charged particles are 

sustained by electron density modulations in the plasma which may be excited by a short 

intense laser pulse propagating through the plasma. The radiation pressure of the laser pushes 

away the plasma electrons which are pulled back by ions which are considered to be stationary 

due to their heavier mass. This initiates a charge density oscillation behind the laser pulse 

referred to as plasma wakefield, similar to the wake of a boat in a river. A bunch of electrons 

injected into this wakefield are constantly pulled towards the pulse and get accelerated to a 

good fraction of the speed of light very quickly. This scheme of particle acceleration is known 

as Laser-Plasma Wakefield Acceleration (LWFA). An ultra-intense (> 1018 𝑊 𝑐𝑚2⁄ ) laser 

pulse having a pulse length shorter than the plasma wavelength expels the electrons from a 

region due to the trapping of electromagnetic energy and creates ion cavities or bubbles. The 

expelled plasma electrons are accumulated around the bubble surface and some of them are 

self-injected into the wakefield and get accelerated. The bubble regime of electron acceleration 

has the advantage that no external electron injection mechanism is needed as the electrons are 

self-injected and also no preformed plasma channel is required for the electron acceleration 

since the bubbles can guide the laser pulse up to many Rayleigh lengths. 

This thesis describes both analytical and numerical studies for LWFA in the bubble 

regime. Various shapes of bubbles such as spherical, longitudinal-ellipsoid or transverse-

ellipsoid are found to be controlled by d’Alembert equations under three different Gauge 

conditions. For each of the Gauge conditions, wakefield potential inside various shapes of the 

bubbles has been calculated analytically and is applied to numerically investigate the self-

injection of plasma electrons in the bubble. Several parameters such as bubble velocity, bubble 

radius and impact parameters are described and their effect on bubble formation and self-

injection of electrons have been studied numerically solving the coupled differential equations. 

Particle-In-Cell (PIC) simulations have been performed to numerical model the experimental 

conditions for LWFA to understand various complex kinetic and relativistic phenomena of 

laser-plasma interactions which have not been addressed experimentally. The simulations have 

been performed using the PIC code Smilei which is a high-performance open-source code for 

the simulation of relativistic laser-plasma interaction. The focus of these simulations lies in the 

optimization of laser pulse specifications and plasma density profiles for efficient particle 

acceleration in the bubble regime of LWFA. In this regard, the study of wakefield generation 

by the modulation of various plasma density profiles has been presented. To benchmark the 
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experimental conditions, a comparison has been presented for various temporal and spatial 

profiles of laser vis-à-vis the plasma density modulation, wakefield strength, electrons self-

injection, energy spectrum and kinetic energy gradient of accelerated electrons. The scheme of 

multi-pulse laser wakefield acceleration (MP-LWFA) has been investigated and the merits of 

the multi-pulse LWFA over single-pulse LWFA has been demonstrated. The work described 

in this thesis attempts to benchmark the experimental conditions required to explore various 

aspects of laser plasma wakefield acceleration.  
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                                                                  सार 

प्लाज्मा वेकफील्ड त्वरण कॉमै्पक्ट और शक्तिशाली कण त्वरक बनाने के ललए एक आशाजनक तकनीक 

है। ऐसे त्वरक में, आवेलशत कण ों क  गलत देने के ललए आवश्यक लवद्युत के्षत्र प्लाज्मा में इलेक्टर ॉन संख्या 

घनत्व मॉडुलेशन द्वारा बनाए रखा जाता है ज  प्लाज्मा के माध्यम से फैलने वाली एक छ टी तीव्र लेजर 

पल्स द्वारा उते्तलजत ह  सकता है। लेजर का लवलकरण दबाव प्लाज्मा इलेक्टर ॉन ों क  दूर धकेलता है ज  

आयन ों द्वारा वापस खी ोंच ललए जाते हैं लजन्हें उनके भारी द्रव्यमान के कारण क्तिर माना जाता है। यह 

प्लाज्मा वेकफील्ड के रूप में सोंदलभित लेजर पल्स के पीछे एक चाजि घनत्व द लन शुरू करता है, ज  

नदी में नाव के चलने के समान ह ता है। इस वेकफील्ड में पे्रषित लकए गए इलेक्टर ॉन ों का एक गुच्छा 

लगातार पल्स की ओर खी ोंचा जाता है और बहुत तेजी से प्रकाश की गलत के एक अचे्छ अोंश तक त्वररत 

ह  जाता है। कण त्वरण की इस य जना क  लेजर-प्लाज्मा वेकफील्ड त्वरण के रूप में जाना जाता है। 

एक अलत तीव्र (> 1018वॉट/सेमी
2
) लेजर पल्स, लजसकी स्पोंद लोंबाई प्लाज्मा तरोंग दैध्यि से कम ह ती 

है, लवद्युत चुम्बकीय ऊजाि के फों सने के कारण एक के्षत्र से इलेक्टर ॉन ों क  बाहर लनकाल देता है और 

आयन गुहा या बबल बनाता है। लनष्कालसत प्लाज्मा इलेक्टर ॉन बबल की सतह के चार ों ओर जमा ह ते हैं 

और उनमें से कुछ क  वेकफील्ड में स्व-पे्रषित लकया जाता है और त्वररत ह  जाता है। इलेक्टर ॉन त्वरण 

के बबल व्यवस्था का लाभ यह है लक लकसी बाहरी इलेक्टर ॉन पे्रिण तोंत्र की आवश्यकता नही ों ह ती है 

क् ोंलक इलेक्टर ॉन स्वयों पे्रषित ह ते हैं और इलेक्टर ॉन त्वरण के ललए लकसी पूविलनलमित प्लाज्मा चैनल की भी 

आवश्यकता नही ों ह ती है क् ोंलक बबल लेजर पल्स क  कई रैले लोंबाई तक लनदेलशत कर सकते हैं। 

            यह शोध-गं्रथ बबल के्षत्र में लेजर वेकफील्ड त्वरण के ललए लवशे्लषणात्मक और सोंख्यात्मक द न ों 

अध्ययन ों का वणिन करती है। बबल के लवलभन्न आकार जैसे ग लाकार, अनुदैध्यि-दीघिवृत्ताभ या अनुप्रि-

दीघिवृत्ताभ तीन अलग-अलग गेज क्तिलतय ों के तहत डी'अलेम्बटि समीकरण ों द्वारा लनयोंलत्रत पाए जाते हैं। 

गेज क्तिलतय ों में से प्रते्यक के ललए, बबल के लवलभन्न आकार ों के अोंदर वेकफील्ड क्षमता की गणना 

लवशे्लषणात्मक रूप से की गई है और इसे बबल में प्लाज्मा इलेक्टर ॉन ों के स्व-पे्रिण की सोंख्यात्मक रूप 

से जाोंच करने के ललए लागू लकया गया है। बबल वेग, बबल लत्रज्या और प्रभाव मापदोंड ों जैसे कई मापदोंड ों 

का वणिन लकया गया है और बबल गठन और इलेक्टर ॉन ों के स्व-पे्रिण पर उनके प्रभाव का सोंख्यात्मक 

रूप से युक्तित अोंतर समीकरण ों क  हल करने का अध्ययन लकया गया है। पालटिकल-इन-सेल 

(पीआईसी) लसमुलेशन लेजर-प्लाज्मा इोंटरैक्शन के लवलभन्न जलटल गलतज और सापेक्ष घटनाओों क  

समझने के ललए लेजर वेकफील्ड त्वरण के ललए प्राय लगक क्तिलतय ों के सोंख्यात्मक मॉडल के ललए लकए 

गए हैं लजन्हें प्रय गात्मक रूप से सोंब लधत नही ों लकया गया है। पीआईसी क ड स्माइली का उपय ग करके 
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लसमुलेशन का प्रदशिन लकया गया है ज  सापेक्षवादी लेजर-प्लाज्मा षिलाप के लसमुलेशन के ललए एक 

उच्च-प्रदशिन खुला-स्त्रोत क ड है। इन लसमुलेशन का ध्यान लेजर वेकफील्ड त्वरण के बबल के्षत्र में 

कुशल कण त्वरण के ललए लेजर पल्स लवलनदेश ों और प्लाज्मा घनत्व प्र फाइल के अनुकूलन में लनलहत 

है। इस सोंबोंध में, लवलभन्न प्लाज्मा घनत्व प्र फाइल के मॉडुलेशन द्वारा वेकफील्ड उनू्मलन का अध्ययन 

प्रसु्तत लकया गया है। प्रय गात्मक क्तिलतय ों क  बेंचमाकि  करने के ललए, प्लाज्मा घनत्व मॉडुलेशन, 

वेकफील्ड परििान, इलेक्ट्र ॉन स्व-पे्रिण, ऊजाि वणणक्रि और त्वररत इलेक्टर ॉन ों की गलतज ऊजाि प्रवणता 

की तुलना में लेजर के लवलभन्न लौलकक और िालनक प्र फाइल के ललए एक तुलना प्रसु्तत की गई है। बहू 

-पल्स लेजर वेकफील्ड त्वरण की य जना की जाोंच की गई है और एक -पल्स लेजर वेकफील्ड त्वरण पर 

बहू -पल्स लेजर वेकफील्ड त्वरण की खूलबय ों का प्रदशिन लकया गया है। इस शोध-गं्रथ में वलणित कायि 

लेजर प्लाज्मा वेकफील्ड त्वरण के लवलभन्न पहलुओों का पता लगाने के ललए आवश्यक प्राय लगक क्तिलतय ों 

क  बेंचमाकि  करने का प्रयास षकया गया है। 
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propagation direction with different values of  transverse geometrical coefficient C. In 

unnormalized form, the value of 𝐸0 = 96 𝐺𝑉/𝑚 for 𝜔𝑝 = √4𝜋𝑛0𝑒2 𝑚𝑒⁄ = 5.656 ×

1013 𝑟𝑎𝑑/𝑠 and 𝑛0 = 1018 𝑐𝑚−3. 

Figure 2.4: Variation of maximum energy gain 𝑊𝑚𝑎𝑥  with relativistic Lorentz factor 𝛾𝑝 along 

the x-direction for different values of geometrical coefficient C. 

Figure 2.5: Variation of geoemtrical parameter 𝜂2 as a function of residual electrons density 

𝑛𝑎 for different transverse coefficient C. 

Figure 2.6: Variation of wakefield potential Φ = (
1

2
− C) 𝜁2 +

𝑦2

4
 as a function of (𝜁, 𝑦) 

direction with changing of transverse coefficient C. 

Figure 2.7: Variation of accelerating field or wakefield 𝐸𝑥 as a function of bubble radius 𝑟𝑏 

along propagation direction x, for different values of transverse geometrical coefficient C. 
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Figure 2.8: Variation of maximum energy gain 𝑊𝑚𝑎𝑥 along y-direction with relativistic 

Lorentz factor 𝛾𝑝 along x-direction with the change of transverse geometrical coefficient C. 

Figure 2.9: Variation of wakefield potential Φ = (
1

4
− C) 𝜁2 +

𝑦2

4
 along (𝜁, 𝑦) direction with 

changing of transverse coefficient C. 

Figure 2.10: Variation of accelerating field or wakefield 𝐸𝑥 along y – direction with bubble 

radius 𝑟𝑏 along propagation direction x- axis with the change of transverse geometrical 

coefficient C. 

Figure 2.11: Variation of maximum energy gain 𝑊𝑚𝑎𝑥 along y-direction with relativistic 

Lorentz factor 𝛾𝑝 along x-direction with the change of transverse geometrical coefficient C. 

Figure 3.1: This figure shows the parameters related with bubble and 𝑅 = √𝜁0
2 + 𝜌2 is bubble 

radius, where 𝜁0 and 𝑦0 = 𝜌 are longitudinal and transverse coordinates. 

Figure 3.2: Trajectory of electrons with variation of shapes of the bubble with C = 0 (spherical 

bubble), C= − 0.2 (transverse ellipsoid bubble) and C= 0.2 (longitudinal ellipsoid bubble) when 

𝑝𝑥0 = 0, 𝑝𝑦0 = 0, 𝜁0 = √𝑅2 − 𝑦0
2, 𝑦0 = 𝜌 = 10 and bubble velocity V = 0.969 for Lorentz 

factor 𝛾0 = 4. Here radius of the bubble R = 10. 

Figure 3.3: Longitudinal phase-space diagram of trapped electrons in different shaped bubble 

with C = 0 for spherical bubble (a), with C = 0.2 for longitudinal ellipsoid bubble (b) and with 

C = -− 0.2 for transverse ellipsoid bubble (c), when V = 0.969 for 𝛾0 = 4 with impact parameter 

of the trapped electron as  𝜌 = 10 and radius of the bubble as R = 10. 

Figure 3.4: Transverse phase-space diagram of the trapped electrons in different shaped bubble 

when C = 0 (spherical bubble) in (a), C = 0.2 (longitudinal ellipsoid bubble) in (b) and C = − 

0.2 (transverse ellipsoid bubble) in (c) V = 0.969 for 𝛾0 = 4 with impact parameter of the 

trapped electron as  𝜌 = 10 and radius of the bubble as R = 10. 

Figure 3.5: Trajectory of the electrons in spherical bubble at C = 0 and with initial electrons 

momentum value 𝑝𝑥0 = 0, 𝑝𝑦0 = 0, 𝜁0 = √𝑅2 − 𝑦0
2,  and V = 0.969 for Lorentz factor 𝛾0 =

4. Here radius of the bubble is R = 10 with different values of impact parameter 𝑦0 = 𝜌. 

Figure 3.6: Trajectory of the electrons in longitudinal ellipsoid bubble at C = 0.2 and with 

initial electrons momentum value 𝑝𝑥0 = 0, 𝑝𝑦0 = 0, 𝜁0 = √𝑅2 − 𝑦0
2,  and V = 0.969 for 

Lorentz factor 𝛾0 = 4. Here radius of the bubble is R = 10 with different values of impact 

parameter 𝑦0 = 𝜌. 

Figure 3.7: Trajectory of the electrons in transverse ellipsoid bubble at C = 0.2 and with initial 

electrons momentum value 𝑝𝑥0 = 0, 𝑝𝑦0 = 0, 𝜁0 = √𝑅2 − 𝑦0
2,  and V = 0.969 for Lorentz 

factor 𝛾0 = 4. Here radius of the bubble is R = 10 with different values of impact parameter 

𝑦0 = 𝜌. 
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Figure 3.8: Trajectory of the electrons in spherical bubble at C = 0.0 and with bubble velocity 

V = 0.969 for Lorentz factor 𝛾0 = 4. Here the impact parameter is  𝜌 = 6 with different values 

of bubble radius 𝑅1 = 10, 𝑅2 = 8, 𝑅3 = 6. 

Figure 3.9: Trajectory of the electrons in longitudinal ellipsoid bubble at C = 0.2 and with 

bubble velocity V = 0.969 for Lorentz factor 𝛾0 = 4. Here the impact parameter is  𝜌 = 6 with 

𝑅1 = 10, 𝑅2 = 8, 𝑅3 = 6. 

Figure 3.10: Trajectory of the electrons in transverse ellipsoid bubble at C = − 0.2 and with 

bubble velocity V = 0.969 for Lorentz factor 𝛾0 = 4. Here the impact parameter is  𝜌 = 6 with 

𝑅1 = 10, 𝑅2 = 8, 𝑅3 = 6. 

Figure 3.11: Trajectory of the electrons in spherical bubble at 𝐶 = 0.0 with bubble radius 𝑅 =
10 and impact parameter 𝜌 = 10. Here, different bubble velocities have been considered as 

𝑉1 = 0.980, 𝑉2=0.969, 𝑉3 = 0.944. 

Figure 3.12: Trajectory of the electrons in longitudinal ellipsoid bubble at 𝐶 = 0.2 with bubble 

radius 𝑅 = 10 and with impact parameter 𝜌 = 10. Here, different bubble velocities have been 

considered as 𝑉1 = 0.980, 𝑉2=0.969, 𝑉3 = 0.944. 

Figure 3.13: Trajectory of the electrons in transverse ellipsoid bubble at 𝐶 = −0.2 with bubble 

radius 𝑅 = 10 and impact parameter 𝜌 = 10. Here, different bubble velocities have been 

considered as 𝑉1 = 0.980, 𝑉2=0.969, 𝑉3 = 0.944. 

Figure 4.1: Laser field 𝐸𝑦 transverse to the propagation direction. Fig.4.1(a) represents the 

laser field for Gaussian laser pulse and fig.4.1 (b) represents the laser field for trapezoidal laser 

pulse at 𝑡 = 100 𝑓𝑠. 

Figure 4.2: Longitudinal electric field i.e. accelerating field 𝐸𝑥 (𝑇𝑉/𝑚) along the direction of 

beam propagation at time 𝑡 = 2.4 𝑝𝑠. The solid line represents the electric field for a temporal 

Gaussian laser pulse and the dashed line represents the electric field for a temporal trapezoidal 

pulse. 

Figure 4.3: Variation of longitudinal electric field 𝐸𝑥 (𝑇𝑉/𝑚) along (𝑥, 𝑦) grid at time 𝑡 =
2.4 𝑝𝑠 for temporal Gaussian laser pulse profile (a) and for temporal trapezoidal laser pulse 

profile (b). 

Figure 4.4: Plasma electrons density for temporal Gaussian laser pulse driven LWFA in 4.4(a, 

c, e) and for temporal trapezoidal laser pulse driven LWFA in 4.4(b, d, f) at simulation time 

𝑡 = 1.3 𝑝𝑠, 2.0 𝑝𝑠, 2.4 𝑝𝑠. 

Figure 4.5: Comparison of accelerated electrons kinetic energy spectra for Gaussian laser pulse 

(a) for trapezoidal laser  pulse (b) at 𝑡 = 2.4 𝑝𝑠. 

Figure 4.6: Line spectra of accelerated electrons with their kinetic energy along x axis and 

corresponding electron number/GeV along y axis at time 𝑡 = 2.4 𝑝𝑠. Solid line represents line 

spectra for Gaussian pulse and dashed line represents line spectra for trapezoidal pulse. 
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Figure 4.7: Variation of kinetic energy gradient in 𝑀𝐽/𝑚 with different time scale. Solid line 

represents kinetic energy gradient for Gaussian laser pulse driver as shown in figure 4.7(a) and 

dashed line represents kinetic energy gradient for trapezoidal laser pulse as shown in figure 

4.7(b). 

Figure 5.1: Illustration of laser profiles for a single pulse and two- and four-pulse trains. 

Figure 5.2: Ion cavity behind the laser pulse, electron sheath and self-injected electrons at 

time 𝑡 = 1.6 ps for single pulse. 

Figure 5.3: Comparison of plasma density and electron bunch accelerated in the cavity at 

time 𝑡 = 4 ps for (a) single laser pulse with normalised laser vector potential  𝑎0 = 5.2 (b) 

two-pulse train with 𝑎0 = 3.68  and (c) four-pulse train with 𝑎0 = 2.6. 

Figure 5.4: Comparison of longitudinal electric field (𝐸𝑥) at time 𝑡 = 4 ps for (a) single-pulse 

with normalised laser vector potential  𝑎0 = 5.2 (b) two-pulse trains with 𝑎0 = 3.68  and (c) 

four-pulse trains with 𝑎0 = 2.6. 

Figure 5.5: Poynting flux at time 𝑡 = 4 ps for (a) single-pulse with normalised laser vector 

potential  𝑎0 = 5.2 (b) two-pulse trains with 𝑎0 = 3.68  and (c) four-pulse trains with 𝑎0 = 2.6 

(d) six-pulse trains with 𝑎0 = 2.1 (e) eight-pulse trains with 𝑎0 = 1.831. 

Figure 5.6: The energy spectra of electrons accelerated in the wakefield of a single-pulse and 

train of multi-pulses corresponding to the laser parameters as given in table 1. 

Figure 6.1: A trapezoidal plasma density profile with initial maximum density 𝑛𝑒 =
1019 𝑐𝑚−3 with plasma region length 3.6 𝑚𝑚  followed by a up ramp region, a plateau region 

and a down ramp region. 

Figure 6.2: Longitudinal electric field 𝐸𝑥 (𝑇𝑉/𝑚) at time 𝑡 = 4.0 𝑝𝑠 along propagation 

direction. Three different curve represents electric field for three different up ramp length. 

 Figure 6.3: Electrons modulation with plot of charge density of plasma electrons 

𝜌𝑒 (10
20 𝑐𝑚−3𝑒) along propagation direction with (a) up ramp length 1.2 𝑚𝑚, down ramp 

length 1.2 mm and plateau length 1.2 mm (b) up ramp length 1.4 mm, down ramp length 1.2 

mm and plateau length 1.0 mm and (c) up ramp length 1.6 mm, down ramp length 1.2 mm and 

plateau length 0.8 mm. 

Figure 6.4: Energy spectrum of accelerated electrons with electron number /GeV along y axis 

with kinetic energy of accelerated electrons along x-axis at time 𝑡 = 4.0 𝑝𝑠. Three scenarios 

have been shown in figure 6.4. 

Figure 6.5: Kinetic energy gradient of accelerated electrons in (𝑀𝐽/𝑚) with different time scale 

and three curve represents with three different scenario of density profile. First one is with up 

ramp length 1.6 𝑚𝑚, down ramp length.  

Figure 6.6: Plot of plasma electron density profile consisting of down-ramp and up-ramp. 



xv | P a g e  
 

Figure 6.7: (a) Plasma density modifications in the wake of laser pulse showing bubble and 

self-injected electrons at time 𝑡 = 3 𝑝𝑠   and (b) Creation of longitudinal electric field 

(wakefield) to accelerate the self-injected electrons. 

Figure 6.8: Probe diagnostic of electron density (a) and longitudinal electric field (b) at time 

𝑡 = 3 𝑝𝑠.   

Figure 6.9: Energy spectrum of electrons showing electron acceleration in the wakefied at time 

𝑡 = 3 𝑝𝑠 (a) ,  and increase in kinetic energy gradient of the electrons as they are accelerated 

in the wakefield (b). 

Figure 7.1: Mechanism of two ultrashort laser pulses and one is pump pulse and corresponding 

wakefield behind the pump pulse travelling from left side and second is injection pulse with 

lower laser pulse strength and corresponding wakefield behind the injection pulse traveling 

from right end. 

Figure 7.2: Laser electric field 𝐸𝑦 in y-direction for higher amplitude propagating from left of 

the boundary and for lower amplitude propagating form right to left at time t=100 fs for (a) GG 

system (b) GT system (c) TG system (d) TT system. 

Figure 7.3: Longitudinal electric field 𝐸𝑥 in x-direction after the simulation time t = 100 ps for 

(a) GG system (b) for GT system (c) for TG system and (d) for TT system.  

Figure 7.4: Longitudinal electric field 𝐸𝑥 in x-direction after the simulation time t = 500 fs for 

(a) GG system (b) for GT system (c) for TG system and (d) for TT system.  

Figure 7.5: Longitudinal electric field 𝐸𝑥 in x-direction after the simulation time t = 2.4 ps for 

(a) GG system (b) for GT system (c) for TG system and (d) for TT system. 

Figure 7.6: Bubble formation in the plasma behind the probe pulse and injection pulse collision 

at t=200 fs for (a) GG system (b) GT system (c) TG system (d) TT system. 

Figure 7.7: Bubble formation in the plasma behind the probe pulse and injection pulse collision 

at t=500 fs for (a) GG system (b) GT system (c) TG system (d) TT system. 

Figure 7.8: Bubble formation in the plasma behind the probe pulse and injection pulse collision 

at t=2.4 ps for (a) GG system (b) GT system (c) TG system (d) TT system. 

Figure 7.9: Energy spectrum of accelerated bunch of electrons at t=2.4 ps for GG system as 

shown in black curve, for GT system as shown in blue dashed curve, for TG system as shown 

in yellow dashed dotted curve and for TT system as shown in green dotted curve. 
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List of Symbols 
 

𝑎0 :   Laser strength parameter 

𝐴 :   Normalized vector potential 

 𝐴𝑥 :   Normalized vector potential along x-axis 

𝐴𝑦 :   Normalized vector potential along y-axis 

𝐴𝑧 :   Normalized vector potential along z-axis 

 𝐴⟘ :   Normalized transverse vector potential 

𝑎 :   Longitudinal geometrical coefficient associated with wakefield potential 

 𝑏 :   Transverse geometrical coefficient associated with wakefield potential 

𝐵 :   Magnetic field (magnitude) 

𝐵𝑥  :   Magnetic field along x-axis 

𝐵𝑦  :   Magnetic field along y-axis 

𝐵𝑧  :   Magnetic field along z-axis 

𝑐 :   Speed of light in free space 

C or 𝐶 :  Geometrical coefficient associated with transverse vector potential 

C1, C2,C3, C4, C5 :  Different sets of Geometrical coefficient associated with transverse 

vector potential 

𝐸 :   Electric field (magnitude) 

𝐸0 :   Maximum electric field (magnitude) 

𝐸𝑥 :   Electric field along x-axis 

𝐸𝑦 :   Electric field along y-axis 

𝐸𝑧  :   Electric field along z-axis 

𝐸𝑝𝑢𝑙𝑠𝑒 :  Energy of the laser pulse 

−𝑒 :   Charge of an electron 

𝜀0 :   Electrical permittivity in free space 
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𝜂 :   Geometrical parameter 

𝐹 :   Restoring force according to Hooke’s law 

𝐹𝑒 :   Lorentz force 

𝑓  :   Distribution function 

𝐻 :   Hamiltonian equation 

  𝐼 :   Intensity of laser 

𝐼0 :   Maximum intensity of laser  

𝐼18 :   Intensity in the units of 1018 𝑊/𝑐𝑚2 

  𝐽 :   Current density (magnitude) 

𝐽𝑥 :   Current density along x-axis 

𝐽⟘ :   Transverse current density 

𝑘 :   Spring constant 

𝑘𝑝 :   Plasma wavevector 

𝐾 :   Transverse geometrical coefficient 

𝐿𝑑 :   Dephasing length 

𝜆 or 𝜆0 :  Laser’s wavelength  

𝜆𝑝 :   Plasma wavelength 

𝜆𝜇𝑚 :   Laser’s wavelength in micrometer 

𝑚𝑒 :   Mass of an electron 

𝑛 :   number of laser pulse 

𝑛𝑒 :   Initial plasma electron density 

𝑛𝑎 :   Residual electron density 

𝑛0 :   Ambient plasma electron density 

𝑛𝑐 :   Critical density of plasma electrons 

𝑝 :   Momentum of electron (magnitude) 
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𝑝𝑥  :   Longitudinal kinetic momentum of electrons 

𝑝𝑥0 :   Initial kinetic momentum of electrons along x-axis 

𝑝𝑥  :   Longitudinal kinetic momentum of electrons 

𝑝𝑦0 :   Initial kinetic momentum of electrons along y-axis 

𝑝𝑦  :   Transverse kinetic momentum of electrons 

𝑃𝑥 :   Longitudinal canonical momentum of electrons 

𝑃𝑦 :   Transverse canonical momentum of electrons 

𝑃𝑝𝑒𝑎𝑘 :  Peak power of laser system 

𝑃𝑐 :   Threshold power of laser system 

𝜙 :   Scalar potential 

Φ or Ψ :  Wakefield potential 

  𝑟 :   Three-dimensional position 

𝑟𝑏 or 𝑅 or 𝑅𝑏:  Radius of the bubble 

𝑅1, 𝑅2, 𝑅3 :  Different sets of the radius of the bubble 

𝑟0 :   Plasma length 

𝜌𝑒 :   Charge density of electron 

𝜌 :   Impact parameter 

𝜌1, 𝜌2, 𝜌3 :  Different sets of impact parameter 

𝑡 :   Actual time 

𝑡1 :   Time at first position 

𝑡2 :   Time at second position 

𝜏𝐺 :   Time at HWHM 

𝜏𝐿 :   Laser’s period 

𝜏𝑝 :   Time at FWHM 

𝑣 :   Velocity of electrons 
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𝑣𝑥 :   Velocity of electrons along x-axis 

𝑣𝑔 :   Group velocity of the laser pulse 

𝑣𝑒𝑡𝑐ℎ :   Etching velocity of the photons 

𝑣𝑝ℎ :   Phase velocity of the wakefield 

𝑣𝑏 or  𝑉 :  Bubble velocity 

𝑉1, 𝑉2, 𝑉3 :  Different sets of bubble velocity 

𝑤𝐺 :   Spot size at HWHM 

𝑤0 :   Spot size at FWHM 

𝜔𝑝:   Plasma frequency 

𝜔 or 𝜔0 or 𝜔𝐿:  Laser’s frequency 

𝑊𝑚𝑎𝑥 or 𝑊𝑔𝑎𝑖𝑛 :  Energy gain 

𝑥 :   Position along x-axis 

𝑥1 :   Position along x-axis in first position 

𝑥2 :   Position along x-axis in second position 

𝛾 :   Lorentz factor 

𝛾𝑝 :   Lorentz factor w.r.t. bubble velocity 

𝛾0 :   Initial Lorentz factor w.r.t. bubble velocity 

𝑦 :   Position along y-axis 

𝑦0 :   Initial position of impact parameter 

𝜉 or 𝜁 :  Normalized distance 

𝜁0 :   Initial normalized distance  

𝑧 :   Position along z-axis 
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Table 5.1: Laser parameters for one, two, four, six and eight pulses. 

Table 5.2: Bubble radius and energy gain for one, two, four, six and eight pulses. 

Table 7.1: Laser strength parameters for pump and injection pulses 

  

 

  




