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Plasma based laser Wakefield accelerators (LWFA® Heeen a subject of
interest in the plasma community for many yeard.WiFA schemes the laser pulse
must propagate several centimeters and maintainoiterence over this distance,
which corresponds to many Rayleigh lengths. Thesé&afelds and their effect on
the laser can be simulated in the quasistatic appedion. The 2D, cylindrically
symmetric, quasistatic simulation code, WAKE isedficient tool for the modeling
of short-pulse laser propagation in under denssnpda [P. Mora & T.M. Antonsen
Phys. Plasmag, 1997]. The quasistatic approximation, which asss that the
driver and its wakefields are undisturbed during tfansit time of plasma electrons,

through the pulse, cannot, however, treat eledtagpping and beam loading.



Here we modify WAKE to include the effects of elect trapping and beam
loading by introducing a population of beam eleg$to Background plasma electrons
that are beginning to start their oscillation amuhe radial axis and have energy
above some threshold are removed from the backdr@esma and promoted to
“beam” electrons. The population of beam electrwhgch are no longer subject to
the quasistatic approximation, are treated withepproximation and provide their
own electromagnetic field that acts upon the bamlgd plasma. The algorithm is
benchmarked to OSIRIS (a standard particle in aaile) simulations which makes
no quasistatic approximationVe also have done simulation and comparison of
results for centimeter scale GeV electron accaletperiments from LBNL. These
modifications to WAKE provide a tool for simulatirigeV laser or plasma wakefield

acceleration on desktop computers.
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Chapter 1: Introduction

1.1 Background

There have been many significant discoveries arahdrapplications using
charged patrticle accelerators; from detecting nely atomic particles to developing
radiation sources in medicine, nuclear engineeringterial science and more. These
came directly from advances in understanding arginerring of particle accelerators.
Accelerator energies have increased by an orderaghitude every decade, until the past
decade for which the rate of increase has slowaddf]

Current accelerators use Radio Frequency (RF)sfiddaccelerate particles and
achieve acceleration gradient in the 10-100MV/ngearGradients are limited mostly due
to breakdown which happens on the walls of the laca®®r structureln order for us to
continue the exponential growth of the attainalriergies for the accelerators, there are
two choices: First, continue building bigger andrenexpensive accelerators with the
same basic technology as the old ones. Second, agpméth new technologies in order
to maintain the advancement in the field.

This work is focused on the later choice, spediffcasimulation of Laser
Wakefield Accelerators (LWFA) [5-8] which is one tife new methods in accelerating
particles in the general category of plasma acaties.

Plasma accelerators, unlike conventional acceleyaimhich use RF waves to
accelerate particles, utilize plasma oscillationvegmthat are excited by a laser pulse

(LWFA) or driver beam either electrons or positr¢R8VFA) [9-12]. It's been mentioned



before that one of the biggest limitations in teeederating gradient of RF accelerators is
breakdown at the walls of structure. On the otha&nchin plasma, which is already

ionized, the system can sustain orders of magnitigieer electric fields and thus higher

accelerating gradients.

Nearly 30 years ago Tajima and Dawson [13] propasgidg laser beams in
plasma to create plasma waves for acceleratingretex In this scheme the wake
generated by the laser pulse (for the case of LVdFAlectron bunch for PWFA) is
traveling with phase velocity close to the grouppeiy of the driver and near the speed
of light. Acceleration gradients on the order oD1GBV/m can be achieved, nearly three

orders of magnitude higher than conventional R&cstires [14],[15].

E,=w,mc/ e® E[V cth 096§ cm , 1L

where w;, = (4,0n0e2 / rr;)llzis the electron plasma frequency amds the plasma electron

density[16].
There are 4 basic schemes (figure 1) in plasmeal@ators, which all work on
the same principal: the longitudinal electric fielida relativistic traveling plasma wave is

used to accelerate charged particles.

Plasma Wake Field Accelerator{(PWFA)
A high energy electron bunch

e Laser Wake Field Accelerator(LWFA) “"Hm»k/\/

A single short-pulse of photons

» Plasma Beat Wave Accelerator(PBWA)
Two-frequencies, i.e., a train of pulses

» Self Modulated Laser Wake R
Field Accelerator{SMLWFA)
Raman forward scattering instability



Fig.1.1) Schematic of 4 methods of plasoceleration [17]

Plasma Wakefield acceleration (PWFA): The plasmavewss formed by a
relativistic electron or positron bunch. This beahould be terminated in times shorter
than plasma period [18],[19].

Laser Wakefield acceleration (LWFA): The new getieraof compact, ultra
short pulse lasers<(lps) ultra intense>10'® [Wcm?], is used to generate an electron
plasma wave. A pulse with the duration on the oadgrlasma period is used [20]-[26].

Plasma beat-wave acceleration (PBWA): Two conveatitong pulse<100 ps)

modest intensity lasers €110-10" [Wcm?)) are used with frequencieg and u,. The

electron plasma wave arises based on the beatintheoftwo laser pulses whose

frequencies differ by the plasma frequengy= 1, - ;. The problem with this scheme is

producing plasma with a precise value electron ithe[7].
Self-modulated laser Wakefield acceleration (SMLW#FAhe formation of the
plasma wave is achieved by a long laser pulse llekabmes self modulated by the

stimulated Raman forward scattering instability8][29]

To create a plasma wave one needs to disturb #mmpl (plasma is assumed
electrically neutral) by creating regions of excesgative and positive charge density.
The unevenness of charge distribution generateslextric field which pulls together
electrons and ions, but since electrons are mggieli than ions they are the ones which
move towards the positive region. As they move tgayn momentum and when they

reach the positive region they overshoot and thiéinbe pulled back creating a plasma



wave oscillation. In order to accelerate, relatigciplasma waves (i.e. waves with phase
velocity close to the speed of light) should beated and with the methods mentioned
above it can be done.

The wakefields in a laser driven acceleratorgamerated via the ponderomotive
force. As an intense pulse propagates throughotenplasma (, >> ,, where | is the

laser frequency) the ponderomotive force associavath the laser envelope,

F, -mcN (a2/2) where a=eA m ¢ is the normalized vector potential, expels

electrons from the region of the laser pulse andtex electron plasma waves with a
phase velocity equal to the laser group velocityese waves are generated as a result of
being displaced by the leading edge of the lasé&epuf the laser pulse lengtk () is

approximately equal to or shorter than the plasrasetengthc  ~ / =2 clv the

ponderomotive force strongly excites plasma wavesgaikefields. [16]

Assuming the laser pulse maintains its shape, ithed &nergy attainable in a
plasma accelerator would be limited by severaloiact

First and the most severe limit arises from enefjyhe laser pulse not being

efficiently used in creating the plasma wave, tmst arises from light diffraction. The

diffraction length of a laser pulsegs/’//, , wherew is the spot size of the laser beam
and /| is the laser wavelength. The generation of a figltlient requires the excitation

of a large-amplitude plasma wave, which in turn deds an intense laser field and
therefore a small laser spot size. This smallet size causes greater diffraction.
Second, the difference between the plasma waveeplascity and the particle

velocity ¢ leads to a detuning of the phase of the accelgrdteld [30,31]. As the



electron is accelerated, its velociy , will increase and approach the speed of light. If
the phase velocity of the plasma wave is constaitit w, <c, the electrons will

eventually outrun the plasma wave and move intooregf the plasma wave which is
decelerating. This limits the energy gain of thec&bn in the plasma wave and is
referred to as electron phase detuning. The degueimgthLy is defined as the length the

electron must travel before it phase slips by oalé-bf a period with respect to the

plasma wave. For relativistic electrap» c, the detuning time [3], = pv,/ w,(c- v,)

andLy =ct, g>/ wheng, 1, hereg, = (1- V2 /CZ)_U2 andv, is phase velocity.

The third is pump depletion. As the laser pulseppgates in the plasma and
excites wakefields its energy is coupled into plasamd the laser pulse eventually
becomes depleted which in turn limits the amounemérgy gained by the accelerated
particles.

Two solutions have been proposed for overcominfyadifion: self focusing [32,
33, 55-59]and plasma channel guiding [34],. Bothrkvoy creating a higher index of
refraction along the axis of the laser pulse thathe@ edges, thus slowing the wave phase
front on axis relative to those at the edge andisog and guiding the pulse. In the case
of self focusing two effects: relativistic mass re@se and ponderomotive expulsion of
electrons are the main causes of the effect. Tlagwvistic mass increase in the region of

high power intensity lowers the effective plasmagfrency and raises the dielectric

constant = (1- m}p / gw)) .The ponderomotive force pushes the electronsitdsvthe

regions of lower field and causes a decrease afiehdensity at the center of laser pulse.

This further lowers the plasma frequency and raikesdielectric constant. If the laser



pulse has sufficient intensity, the propagatior &l similar to that in an optical fiber and
the self focusing and diffraction can counter beéaeach other; however the head of
pulse is unfocused because the modification ininkdex of refraction happens on the
plasma frequency time scale, not the laser frequdmoe scale. Relativistic self

channeling can overcome diffraction if the pulsevppis greater than critical power for

relativistic self focusing > P whereP,[GW]=16.2u /W7 [47]. There are other

methods to prolong the interaction of the lasehulite plasma medium; such as capillary
discharge[48], gas filled capillaries[49] and Plasohannels can be used to overcome

diffraction if P<P..

Plasma channel guiding which was first pioneeredHbward Milchberg and his
group from the University of Maryland is a possilakternative approach [50,65]. In
plasma-channel guiding, the plasma’s transversaityeprofile is modified so that its
minimum is at the center of the laser pulse, givisg to the higher index of refraction on

axis. This guiding works independently of the Igsewer.

1.2 Purpose of Dissertation

In the present thesis the problem of self trappohgcharged particles by the
electromagnetic wakefield following an intense fageulse (or electron beam)
propagating through a low density plasma, is stlidiénis process is important to current
and future particle accelerators that utilize plasbased acceleration processes; in
particular Laser Wakefield Acceleration (LWFA) afRfasma Wakefield Acceleration

(PWFA). The main focus of my work will be to modifige simulation code WAKE to



describe this process and then to undertake amswée numerical study of particle
trapping.

P. Mora and T. Antonsen [2] introduced a 2D cylically symmetric code
called WAKE based on the quasistatic approximatwhich would model the
propagation of intense and very short laser puisa tenuous plasma. The advantage of
their model is appreciated when one compares timee ssets of parameters being
simulated by both a full-PIC code and WAKE and tlesults would be remarkably
accurate with orders of magnitude less amount df G&urs spent.

In a full PIC code since the algorithm makes vesw fphysics approximations
and smallest spatial scales should be resolveds Wery intensive for amount of
computing needed. As the number of stages of aetele or the amount of energy
increases it becomes apparent that using full RiQlations become less desirable.

On the other hand because of the nature of plasmelesators there are some
approximations available to physicists to expldnethese accelerators the driver and the
accelerated beam that follows evolve on two veffedint time scales in comparison to
the plasma wake. In the PIC code the wavelengtlhs#r needs to be resolved. On the
other hand WAKE uses this difference in time scaléh the quasistatic approximation
to reduce the number of time steps significantihe Tgoal of this thesis is to
accommodate WAKE with the capability of simulatiagceleration and self consistently
trapping process of the electrons in the wakef#]d

We modify the code WAKE to allow it to simulate L\MXFand also the capability
to simulate the case of externally injected patich the laser wakefield by defining two

sets of particles. First are the background plapamdicles, for which the quasistatic



approximation is valid. Second, are the beam gasgtiavhich are assumed to be moving
in the laser frame with velocity near speed of tigkor these particles the QSA is not
valid and their dynamic must be calculated moreueately.

The first step in successful modification of theleas being able to benchmark
our results with some other reliable simulationgafind good agreement between the
simulation results and the experimental data. Tifywéhat the method of two separate
sets of particles as beam and plasma is adequati® atudy some other effects, the code
was adjusted to the case, when the simulated pagse was off and wake was created by
an externally injected, ultra relativistic, electr®oeam. These wakefields have been
benchmarked with the OSIRIS simulation which isildyfexplicit model. To study beam
loading effects and to verify that aspect of theecthe laser was turned back on and
particles were injected in the wakefield createdhsylaser and by constructing the self-
consistency in the model the outcome was in acooelavith the predictions of beam
loading effects.

The next step is to create a scheme in which ondre@ plasma particles from
the background plasma and completely simulate LWRAhis case instead of injecting
beam electrons into the wake, plasma particles @ntiugh energy would be promoted to
beam status and treated as beam particles. Thaigetand subsequent current density
are calculated and added to the current densityaiefield. In doing so, we need to
define a threshold for the energy of plasma pa&sics our trapping condition. Also it
will be proved that there needs to be additionaldtiions in promoting plasma particles

to beam status since in practice we brigpg g threshold) as low as possible. Removing

all the promoted particles, using the scheme ofosimg lowest energy threshold, to



beam status from the background plasma causesd praplems: First, the code would
slow down. Second and more severe one is the Hattsblving all equations of motion
and wakefields for the promoted particles createmesnumerical noise and makes the
results unusable.

The method of combining the wave breaking of thetigdas with threshold
trapping is proposed to solve the mentioned problenthis method in addition to using
the minimum threshold of energy for promoting thasma particle to beam status, if it
also crosses the radial axis of simulation, onbntlt would be promoted to the beam
status. Once a particle is promoted to beam pargthtus it is followed in the laser
frame.

Because of our promotion algorithm we will be praimg particles to beam status
which would not get trapped in the wake, at theeséime these particles contribution to
the background plasma calculations are no longeeffact which causes error in
calculating the transverse current density. Theegfalthough we do not need to calculate

j. for beam particles, we do it so that the errortha promoted particles which later on

do not get trapped is accounted for.

Finally the combined promotion method is testedhwekperimental results of
LNBL [3] observation of GeV particles and also wiltSIRIS full-PIC code in the case
for the 200TW laser and in the “Bubble Regime” §8]. These results show that code
WAKE is now capable of simulating LWFA in ordersrofgnitude faster CPU time than
that of fully explicit models such as OSIRIS [72]ith remarkable agreements between

the results and basically on a single CPU deskboppaiter.



1.3 Some definitions

Plasma Particle’A particle with low energy for which the QSA islica

Beam ParticleValidity of QSA fails for this particle and the @&tions of motion
are solved completely for this particle.

Promoted to beam particle statusf a plasma particle energy satisfies the
trapping conditions, that particle is promoted &aim particle status (This status
does not guarantee that the particle eventuallgibes trapped).

Trapped particle:A beam particle which becomes trapped in the waldefind
gets accelerated to high energy is called trappeticie. (this is a physical effect)
Wave breakingNormally when two particles trajectories cross tisicalled wave
breaking, here we modify this definition and usénithe case where a particle
trajectory crosses the radial axis of the cylinalficsymmetric coordinate system
in the simulation.

Bubble regime:The term is used when and ultra-relativistic lapalse with

duration shorter thar ;is applied to the plasma and breaks the plasma afee

the first oscillation. The properties of this regims as follows [47]:

i) A free from electron (bubble) cavity is formedHind the laser pulse.

i) A dense group of nearly monoenergetic electisreelf generated.

iii) The laser pulse propagates for many Rayleighgths whitout significant
diffraction, since by total electron cavitationtire region of laser pulse the charge

density is constant so there would be no furthewgn of refractive index and a
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guasi-stationary structure can form, which mearit denneling of the laser

beam.

1.4 Structure of the thesis

The rest of the thesis is organized as follows. gf#ra2 presents the origins and the
theory behind the implementation of the code WAKifl ahe modifications that are
made to it; specifically to make it suitable fomsilations of LWFA and externally
injected particles in the wakefields created belgailse. Chapter 3, the trapping process
using all the trapping conditions and for the cas@ubble regime” are investigated and
the code is benchmarked against OSIRIS. Chaptesctisbes the results of comparing
the experimental results form LBNL, 1GeV to the puitof the modified code in the

trapping process. Finally, in chapter 5, summaiy @nclusion in briefly presented.
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Chapter 2: Code WAKE

2.1 History of WAKE

WAKE [2] was developed to model the propagatiorulbfa short, ultra intense

laser pulse in underdense plasma. Here underdegsaesnihat the electron density is

much smaller than critical densityn( n. where nc=(mfm/(4pq2))which IS

replacingw instead ofw, in calculatingny ).

WAKE is a fully relativistic, nonlinear, kinetic p&cle-in-cell (PIC) simulation
tool, but it utilizes the disparity of time scalesthe short pulse laser-under dense plasma
interaction to significantly reduce computationmhdés. The disparity in time scales
allows for the application of two simplifying appiations.

The first approximation involves enveloping theelapulse, which requires that
the pulse shape evolves slowly compared with tlserlgperiod. Generally this will
happen in underdense plasma. Enveloping the leddrrésults in two efficiencies: First,
the wave equations no longer need to resolve e [@eriod. Second, the plasma motion
can be separated into a rapidly varying quiver amtiand a slowly varying
ponderomotive response. The quiver motion of thesmph electrons can be averaged
over, and as a result only the plasma electronanatue to the ponderomotive force of
the driver and the plasma wakefields is considdthd quiver motion is, however,
accounted for energetically). We note that theetpe approximation precludes
consideration of backscatter. Typically backscatienot an issue for short pulses [32]

and the laser radiation is mostly forward propagsti

12



The second approximation is the quasi-static ozemofield approximation: the
driver laser envelope and its resulting wakefieddndt change shape in the time it takes
for it to pass by a plasma particle (implicit instlapproximation is that the under dense

plasma is cold,T, <<m.c”® where T_ is the electron temperature). This approximation

can be expressed by the inequality ¢ ., where? is laser pulse (or electron beam)
duration, 7 is the laser pulse evolution time, for exampldiffraction is the dominant

effect, thert, ~ pw?/c/,, herew is the laser spot sizd,, is vacuum laser wavelength,
and c the speed of light. The difference in these tirseales allows separation of
Maxwell's equations (describing evolution of theeatomagnetic fields) from
Hamilton’s equations (describing evolution of théagma electrons). Numerical
calculation of the electromagnetic fields can hbeitied to time steps much larger than
those required for the electron motion (which haheady been greatly reduced by
considering only the ponderomotive response), spatmsiderable processing time.

The implementation of this kinetic model is donéengsParticle in Cell methods
with the above assumptions being used (one caheatiode semi-PIC code). A full PIC
code like OSIRIS which later in the thesis we benalk our code simulation results to
it, works in the following manner, first, instead accounting for every particle, a
statistical sample of particles called macro-pbetigs taken. A macro-particle is a special
particle which carries the weight of a large numtiigparticles when used to calculate the
fields exerted on other particles. In response govan field, the macro-particle moves as
if it were a regular charged particle. Then, thpseticles are loaded onto a spatially
gridded simulation domain and the charge and ctiensities at the grid points are

calculated. At last the field equations are advenuasing these charge and current

13



densities via Maxwell’'s equations and using theated fields the particles new position
and velocities are calculated via the relativistiequation of motion:

dP/dt=d E+(V" B/ t. In the full PIC code one needs to resolve thatskbspatial

scale which for laser driver is it's wavelengtht lIou WAKE because of differences in
time scales and evolution of laser on Rayleigh tsoale we can have much larger step
sizes.

The kinetic method has its advantages over aduayramic description of the
plasma. It allows to correctly describe, energetitast electrons being generated, plasma
wave breaking (wave breaking in the general meanintg), creation of total electron
cavity in the channel and other phenomenon which pat be expressed using
hydrodynamic models.

In developing the new WAKE we have to conside@gspla electrons which
become trapped in the wakefield and are acceleftatddgh energy cannot be treated
within the framework of the quasistatic approxiroati These electrons can spend
significant durations in the wakefield. Both tlasér pulse and wakefield can evolve on
time scales which may be less than the time thereles spend within the pulse. These
electrons are the most relevant for acceleratagdesnd modifications for treating such
particles should be included. In order to treac&bns whose energy gain precludes a
quasi-static treatment and to allow for simulatiasfsplasma wakefield acceleration
(PWFA), the patrticles are divided into two distigcoups:

1) Plasma particles that are passed quickly by thex dsver and the wake.

2) Beam patrticles that are traveling at or near tleedpf light.

14



The evolution of these particles takes place ontime scales. The equations describing
the beam electrons will result from unapproximatéamilton’s equations while the
guasistatic equations describing the plasma pesticesult from the assumption that

fields evolve slowly in time.

2.1 Laser model

The laser pulse is represented in the code [2] igin frequency vector potentid| .

The envelope approximation is established in thenfof a plane wave traveling at the

speed of light:
A =A(zx, dexp(- ikx)+ cc (2.1)
where A, is the envelope term and is varied slowly compaoddser periodk, = v/ c

is the wave number of the laser central frequencand x =ct- z which measures the

distance back from the head of the laser pulsere I@edepends on time and space and

by substituting (2.1) in wave equation can be aeieed:

21 - T iRz A

A 2.2
c Ix (2:2)

ko

QI

herek, =w,/c and the bar over quantities means averaging agarfrequency period.

The left hand side of the equation represents theewoperators, although we have

dropped the ternf*/ ft*which is of the order o&”where e= w,/ w. By doing this the

backscattering radiation is eliminated. Also it gliobe noted the mixed derivates which
is of the order ofe are retained, which allows the absorption of rgiiedue to creation

of plasma wake to be modeled. Also, by including term it allows the code to model

15



pure forward Raman scattering. The right hand sm#udes the plasma response,
neglecting the generation of harmonics of the laseiation, which is justifiable for
underdense plasma. Averaging in the code is donsumyming the contribution of
simulation particles. The model is applicable tbitaary polarization of the radiation,

although in our numerical simulation we assumeslirgolarization.

2.3 Governing equations of the code for plasmaigag

In this section we develop the equations of theenakd motion of the plasma patrticles.
In the following equations we are going to assunteng symmetry just to make it
simpler to follow, by analogy one can extend therfalation to axial symmetry [2].

We assume that fields depend on two coordinateand z, and that the plasma motion
is in the x- z plane. In this case the components of the electgmetic field that are

present areE,, E,and B, . Maxwell equation can be written as follows in Gsian units:

N B= 22 5, 115 (2.3)
c c 1t
The relevant components of (2.3) are,
Mg % 1T 2.4
iz~ ©c c Tt
and
g =4 (1TE (2.5)

x ' ¢ 7 it
In the quasi static approximation wakefields, da&pedominantly on the

variablex =ct- z. Using the variabler equations (2.4) and (2.5) can be rewritten:

16



T(g.g)=2

ox(B Bl (2.6)
and

1 )l a

B -—E="2j,. 2.7

ol e e | (2.7)

We now introduce potentialg and Ato represent the fields. The single component

B, can be generated by a vector potenfia, Ag, . The field equations become:

_.
E = vt (2.8)
_-ﬂ_ Eﬂ_Az 1_ ﬂ _ﬂ(ﬁ A) (2.9
“fz et I W W ’ '
and
__9A
B, = o (2.10)

T (F- A= 22, (2.11)

and

. (2.12)

Lets now define some dimensionless quantities tonpbfy the numerical

implementation in the code and an auxiliary vaedBLl]:

1'[2
G :W(f - A, (2.13)
—q_A [ :q_f
e’ S The
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4pn.e mw, c
i B
j :_J , by = 95
n,ec mw, ¢
X =k.x, x =k, X.
And one more auxiliary variable:
y = -a. (2.14)

So now we can rewrite the equation in dimensioriess:

Ta

b, =-—, 2.15
V= (2.15)

2
ﬂ‘ll(zy =g, (2.16)
-1b—(+') (2.17)
ﬂx y g JZ ’ .
e =iy , (2.18)

ix
and
1. 1

=. 1= _ 2.1

€ ﬂX/ ﬁy + R, (2.19)

These are the field equations which are implememt¢ide code WAKE.
The equations of motion for the laser period avedagnomentum and position of

a plasma particle are written [2]:

N

dp V' B d A

=q E+ N

- : 2.20
dt C 2gmé (2.20)

and dx/ dt=V = P/(g n) is the average velocity and
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o L2
@A
mé

2
g= 1+£ +
mc

(2.21)

is the averaged relativistic factor. The last teim Eq. (2.20) represents the
ponderomotive force of the laser, and the last terrkq. (2.21) represents the quiver
energy of the election in the laser field.

In the quasistatic approximation the Hamiltoniapetes onz and t only through

the combination ofx =ct- z. So from the Hamiltonian equations we have:

ﬂ:-m: ﬁ' (222)
dt 1z x
and
d—H=m :cm, (2.23)
dt 1t X

where I-_I(PZ, P, X ,X) =gmé + o and P, = p,+gA/ cis the canonical momentum in

the x direction.
Equations (2.22) and (2.23) implM - cP, is a constant of motion. Using the fact that
before the pulse and wake reach a particle we carndiete the value of the constant,
and we find:

gmc+af- cp- gA me. (2.24)

Again defining dimensionless quantities:

p=—, b

_V_
mc c

, t=wp.

Qo

Now we can rewrite equations (2.20), (2.21) and (2.24):

g=(1+p?+a?)"”, (2.25)
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@=-(e+b b} N &,
dt 20
and

g-p- )= L
Thefore:

dx_ dx_ p,

dx dx 1+y

and finally we can calculatg component of (2.26) using (2.19):

dp, _ 1 —'|U/__1'|T52_b
dx 1+y “x 2% 7

We also have:

E(:szcpxl
dt g
and
%:C_d_z: c-v=—clk %: cl+_ .
dt dt g g

If we solve (2.25) and (2.27) with respectgand p, :

_1+pi+a- (y)
pz_ 2(1+)/)

and

1+p; +a’ +(1+y )2
2(1+y)

g:

We can determine electron motion using (2.29),ARahd (2.33).
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As the laser pulse passes over an electron it ibates to the local density
according to the amount of time it spends in ai@adr axial region. To calculate the

density of plasma patrticles the following equat®used:

n(x ,x)= n( x,,0), (2.34)

C-V

z

where X, , is the transverse position before arrival of éeel pulse and(xo,O) is the

upstream plasma density from the head of laseepuls

All these equations are solved using finite differe scheme, where we have set

up a set of grids in the radial and axial coordisai, ,x ). Some quantities are defined

on the grid and some are defined on the half gdillustrated in the figure (2.1). The
same illustration is done in figure (2.2) for tldvancement of particles in the code.

The boundary condition is as follows: We assumewthke potential is regular at

the origin, (XA :0) and vanishes at the boundary of simulation volumeradial

direction. The particles whose trajectory crosdes radial axis are reflected from the
axis. The laser field is treated with outgoing edidin boundary conditions on the radial
boundary [2].

Every time step a new set of plasma particles srter simulation, which means
there is another tool to carry their informations e plasma particles equations of
motion (Eqgs.2.29-2.33) are advanced the wakefigldbat time step are calculated and
the eventual laser field in response to the walkidfieThe behavior of the plasma
particles and their fields is reflected on the tds#d of the simulation (Eq.(2.2)) and the

evolution of the laser is carried from each timepgb the next.
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It is possible now with the implementation of tH®ae equations in the code, to
simulate the laser plasma interaction. Figures)(224) and (2.5) are benchmarking of
this part of the code in comparison to OSIRIS, kh RUC code with no QSA. These
figures are plotted using the following parametayswhich is defined as amplitude of
normalized vector potentia = gA/ mé of the laser in the mentioned normalized units, is
a, =0.25 for figure (2.3) anda, =1.0 for figure (2.4) anda, = 2.0 for figure (2.5) which
the last one represents 36 TW laser. The restrafpeters are all the same for all figures.
The sport size, =8.2(/mm), / =800(nm) and uniform plasma density of =1.38" 16°.
The longitudinal electric fielce, (normalized tomw,c/ €) versus distance (normalized
to c/w)is plotted as the laser travels from left to rigtiter very short distance of
propagation. Normalization is done tey = i since for OSIRIS simulation the laser

period should be resolved. Also note that in otdecompare WAKE with OSIRIS we

have to makeg,in the OSIRIS simulation to be double the one used/AKE, because

of the way equations are implanted in the two codes
We can see very good agreement between WAKE an®ISSbr the moderate

laser powers, corresponding t&@ =0.25and a, =1.0 but for more powerful lasers,
corresponding toa, = 2.0 in figure (2.5), WAKE shows some difference witlSIRIS

results. This is due to the creation of energetictigles and will be investigated

subsequently.
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2.4 Equations of the code with beam particles adddgte system

We start by considering the equation of motiondarelectron in the combined

laser and wakefield:

dp

P cqr,+ L. Py -
7t

2 (A+ A) (2.35)

dt

where the subscriptv refers to wakefield, we have usét<A =0 in a tenuous plasma,
and chosen a gauge for whigh =0. In addition, the momenta, scalar potential, and
vector potential have been normalized imyc and the fundamental unit of chargeis
included in the potentials. Introducing the laseordinatesx =ct- z and s=ct. The

time derivative in equation (2.35) is written:

Y xR (2.36)

Where /s and {/fx respectively are, slow and fast time derivatives.
Although bothx and s have units of length they represent fast and silm& scales. The

two time scales in WAKE are interpreted as follothee fast time scale (short numerical

time step) is used for plasma evolution with respedhe coordinatex =ct- z. In the

stationary frame of the driver, the plasma eledrsineam past at near luminal velocities.
Their evolution in response to the driver occurscmumore rapidly than the driver

response. Because of the large electrostatic foneated by the expulsion of electrons
from the path of the driver, some of the plasma&ted@s can reach relativistic energies
and may be trapped by the resulting wakefield.wihk the driver, these electrons evolve

on the slow time scale (long numerical time stejh wespect to coordinate.
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Eq. (2.35) becomes:

dp. .
ey + 13 K (A A T(Ar ), (2.37)
dpz —_ ’/y Va o Ry
E 2l GO 39

where y =f- zxA, + A ) and we have takef(f,A)/B5=0. Taking f{(f,A)/5=0 is
consistent with the envelope approximation: theevakd driver potentials are essentially
steady state over a background electron transé.tim

For beam particles, we solve the full version o6 H®@.37) and (2.38). Previous

works [17] have treated the beam particles in itné of v, ~c >>

V.|. In this limit, Eqs

(2.37) and (2.38) reduce to

. _ g,y (2.39)
ds
dp 7

- T 2.40
e ,/Xy (2.40)

This approximation requires a lower bound on thergy for which a particle can be
considered a beam particlé-(v,/c must be small). Such a treatment is not suitbdole
handling the transition of electrons from a backpeto a trapped state. By solving Egs.

(2.37) and (2.38) fully, no such approximationaguired.

2.5 Algorithm of Self-consistent beam dynamics

In order to make the code self consistent we needdd the current density
contribution from the particles with beam statushte current density of plasma particles.

This should happen regardless of whether the parisca self trapped one or injected
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beam particle. When a particle is promoted to bagatus it contributes to the current
density as a beam particle, and its contributiora gdasma particle is turned off. The
current density calculated in the code as follows:

1) Particle positions are updated on the long Scede.

2) Particle positions fall between grid points fietds.

3) Field values are interpolated to particle positito compute forces.

4) New particle positions are found.

5) Currents on grids are computed by assigningigbartontributions to four
nearest grid points as shown in figure 2.6.

In order to find the amount of charge and evemyudie current density the
following equations are implemented. Each beamigantepresents an amount of charge

Dq that is distributed to its four nearest grid psiim ther - x plane with weighting
factor w (r,x) where (r,x)represents a point on the grid. Similarly the dbrtion to
current densityDgvare accumulated on each grid point. The beam chdeyesity

r (rx)is given by:

_ Dq
rrx)= > (2.41)

whereDr andDx are the radial and axial grid sizes. The curremisdty is given by:

j beam - _WiV mi (242)
: Dr Dx

In cases in which externally injected beam pagtichre simulated the particle

chargesDq; are adjusted to give a prescribed total beam eh@g=  Dq . In cases

where plasma particles are promoted to beam padtekus:
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Dq :Niz,or0 Dn(r,)ectt (2.43)

wherer,is the initial launch radius of the plasma partiatel n(r,) is the plasma density

at that point andt is the long time step.
In computing the current density we retain both thdial and axial components.
High energy beam particles contribute much morengflly to the axial current density.
However since we will simulate particles that hamederate energies we retain both
component of current density.
In the next slow time step the contributions of rpoded particles is added in
accordance to conservation of charge in the system.

; plasma+ ¢ bean

J =] J (2.44)

Where j "®™ s current density contributed from plasma paggcind j represents

the contribution from beam patrticles.

2.6 Externally injected particles simulation in WAIKNd Benchmarking

The addition of a population of beam particleshie WAKE model enhances the
capability of the code to simulate plasma basedigk@racceleration. Since the self
consistent effects of the charge and current densitthe beam particles on the
wakefields is now calculated, WAKE can be usedttmly beam loading in the case of
LWFA and it can also be used to simulate PWFAhis tatter case we remove the laser
pulse from the simulation. In this section we ithase these capabilities and benchmark

the results of the new WAKE algorithm against ergsicodes.
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The first case we consider is that of PWFA. F@s tase we turned the laser pulse
off and initialized the beam patrticles to represantelativistic beam with a Gaussian

profile, with width ofsAa= 7 nm, length of sz=45nm and chargeQ, =2.88 (h\C)and
the plasma density af, =2.0" 1(36(cm' 3).

The results are displayed in figure (2.7(a)) whére longitudinal wakefield

g, according to Eqg. (2.19) on axig £0) normalized tomaw,/ e is plotted versus
distance back from the charge bunch normalized/ter, . Also shown on the same plot

is the longitudinal field produced by a QuickPIC7]1lsimulation with the same
parameters. QuickPIC is a 3D code which treatsplasma in the QSA and has a
separate population of beam particles similar tcatwdve have just implemented in
WAKE.

In these two graphs the driver e-beam moves sldadyard the left. Plasma
electrons, enter the simulation domain from thg l@fe pushed laterally by the fields of
the beam and are then pulled inward by the iongehaensity that is exposed in this

process. When the electrons are pulled inward theys the axis atc/w, =6 creating a
large electron density spike. This gives rise te sudden jump akc/w, =6 in the

wakefield. As can be seen WAKE and QuickPIC prodessentially the same
longitudinal wakefield. Since both QuickPIC and WEBKnake similar approximations to
the plasma motion it is not surprising that theyeag Figure (2.7(b)) show a comparison
of QuickPIC and OSIRIS (a full PIC code with no QSAken from [17].Thus, we see

that results from the two codes based on the QSAeaquite well with the full PIC
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results as well. Also the surface plot@fand the plasma density profile of the system is

plotted in figures (2.8) to better illustrate thenditions.
With the code capable of describing the contributidd the beam to the plasma

wakefields we were also able to see the effectbeaim loading on acceleration as is

shown in figure (2.9). In this case we simulatasel pulse witlh :800(nm) , 8, =1, the

spot sizer, :25(mm). The electron beam is injected in the wakefieldsated by the
laser where Qis the same as before. The histogram of the erdiggybution of particle
at the time oft =0.8&, wheret, =wr?/2c? is Rayleigh time, is calculated and depicted

in figure (2.9). Three separate amounts of chaggeh is bigger one order of magnitude
than the other, is injected into the wakefieldsated by laser pulse. The spectrum shows,
as the amount of injected beam charge increaseuithber of particles and the energy to

which they are accelerated goes down.

2.7 Trapping Process in the code

For simulations of recent LWFA experiments the codeds to be able to treat
the case of self-trapping. In the self-trappingimey all electrons start as plasma
particles. Some of these electrons will be acctddray the wakefield to high energies.
In order to treat trapping, a method must be imglet®ad for “promoting” a plasma
particle to a beam particle.

In this section we explore different algorithmg foaking this promotion. First
we give some general consideration regarding theptng process. Then we introduce
two criteria for promotion, one based on particteergy and one based on a particle

coming near the axis when fields are high (waveakirg). We then investigate these
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criteria by artificially considering the promotedarficles to be passive, i.e. to not
contribute to the plasma wake. In this way varythg criteria does not change the
properties of the WAKE.

The primary distinction between plasma partictaswhich the QSA is valid, and
beam patrticles for which the full equations of matimust be solved, is that plasma
particles pass through the laser pulse and wakeshort time, during which the wake
does not change. Whereas, beam particles eithadspéong time in the wake, during
which the wake changes, or they become trappebdemviake. The simplest criteria for
distinguishing these two classes of particles srgy Specifically high energy particles,

which also mean high axial momentum particles sipce p, in most cases, should be

considered as beam particles. Thus we first considiereshold on energy for promotion.
As it stands the threshold energy is somewhatrarlgit An estimate can be
made, however, for the threshold valuegofrom simple physical considerations. The

1/2

group velocity of laser is given vy = c(1- Wf) I wf)"'?, and the velocity of the electron by
v, =c(1- 1/9°)'*. When these two velocities are equal the timelantron remains in
the laser frame is indefinite. Equating the twooeéles to determineg we find:
g=w/w, ~As an example consider a laser wavelength80C nn and a plasma

density of 1 10" cmi®, which givesg € 42, for relatively small values af the particles

start to outrun the laser. Therefore, if the quaatic approximation is to be valid for
plasma particlesg,, which is defined as the threshold value for gamshauld be much

smaller tham, /n,. We will find however that this argument vastlyeogstimates the

threshold.
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To make a better estimate of the lower limit onrggewve do another simple
calculation. We consider the Hamiltonian of thetegsin the 1D limiiH =gmcC + of
where f:focos(kp(z- vgt)) and herey, is the group velocity of laser since the
potential is traveling with the group velocity bietlaser. Hamilton’s equations lead to the
relationH - v, p,= const(note that in comparison to Eq. (2.28) here we gidup

velocity instead of speed of light since we areliested in trapped particles). From this,
we can plot contours of the constant in theversusg =k (z- v, § plane as it is done in
figure (2.10) and the blown up version of it figu@.11). In both figures,
f, =0.3and normalized group velocity is 0.95. The plotscofitours are drawn with

changing constant from 0 to 1. The closed conteepsesent trapped particles, while the
open contours correspond to particles passed oyvehd wake. We can calculate the

minimum value ofp, on the separatirx, separating open and closedemnfor different

values of group velocity and potential.

The minimum value ofp, on the separatrix for different potential amplitacend
group velocities is plotted in figure (2.12). Whéme potential amplitude is small,
af,/ mé ® 0, the estimate of the minimum momentum becomes, = &, (1- bg)'m,
which is equivalent to our previous estimate. Hogrevor potentials on the order of
0.15< gf,, /mc < 0.3( the minimum value forp, is less than 2. Thus, it should not be

surprising that we will find that the energy threkhcan be very small. In the case of

high power lasers and conditions of the “bubblejime 7, can become much bigger
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than the maximum 0.3 depicted in the plot, whicdles to believe very low values for
threshold should be considered to distinguish baadhplasma particles.

The threshold can then be bounded by the ineqdality << w/ 1. In practice,

we use values ofj ~1 to allow for an accurate handling of the transitaf an electron
from a background to a trapped state. The effecthoosing various threshold values
are discussed in section 2.8. We note that thenalgsarticle description is encompassed
by the beam particle description. Thus, by settnigw threshold we still describe all
trajectories accurately, but at the cost of indrepscomputation time. i), =1, the
simulation would become a traditional PIC code d@hdre would be no gain in

computation speed (although still the laser persodot resolved). The low value @f

implies that many particles will be promoted thand become trapped. This is one of
the reasons why the wave breaking condition is @ddecomplement the threshold
trapping process.

There are also some other disadvantages to having salue forg as the only

promoting condition of particles excluding the isase in the computation time or CPU
hours needed for simulations. When the laser istootpowerful and the number of
energetic particles are not more than a few peagenbf the total humber of plasma
particles in the simulations the threshold trappmgrks adequately. But as the laser
power increases and the system approaches theldjubklgime this condition no longer
is sufficient. The reason being, from the very begig of the simulation energetic
particles are being generated and they shoulddragied and removed from background
plasma. Removing the particles can introduce areamount of, numerical noise in the

system, which gets magnified as the number of ptechparticles increases. But as we
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discus in section 2.8 not all the particles prorddtebeam status actually get trapped in
the wakefield and accelerated to high energies nodsthese particles leave the
simulation box without gaining much energy. The diton of introducing wave
breaking is a tool to limit the number of unneceggaromotion of particles without
significantly affecting the amount of charge besxgelerated to high energies. So as a
result not only the code would run much faster the amount of noise decreases

considerably.

2.8 Laser Wakefield Acceleration in WAKE

With the promoting and trapping algorithms in plat®/FA simulations with
WAKE can be done. Plasma particles which satisgy phomotion conditions will be
promoted to beam status and treated as beam paytiol the new WAKE. For all the
graphs in this section we used the parameters dflLLBxperiment [3]. Where, the
interaction occurred in a capillary discharge, al88mm long with diameter of 316m,

a Ti:sapphire laser/(=810nm) with 40 TW peak power and sport size of ababtrm

at the capillary entrance was used. For thesenmeas electrons up to 1GeV in energy

were observed.

2.8.1 Study of particle trajectories

The best way to explore the differences betweenptasma and beam particle
algorithms is to investigate the trajectories atigkes first when they are in plasma mode
and then when they became trapped in the wakedigdidare treated as beam particles.

Figure (2.13(a)) shows four trajectories in the x plane. Each set of two

(plasma and beam particle) shows the same patheakeenters the simulation domain
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from the left. Here the laser pulse occupies traest region shown in the figure and is

moving to the left so that in the frame of the tapalse Kk =ct- z) plasma particles

enter on the left. For the dashed curve labelednpdd, the plasma electron is first
pushed outward in radius by the ponderomotive fawd then pulled inward by the

uncovered plasma ion charge. The electron crogsesutis and is expelled from the

simulation domain. The trajectory of the same phatibut simulated as a beam is also
shown with a solid line. It follows the plasma ¢tea trajectory for some time, but once
its energy becomes high enough, it becomes trappatie wakefield and starts its

oscillation around the radial axis and is acceégtdab an energy of about 750 MeV. The
next set of two trajectories, beam?2 and plasmao@shhe trajectory of a particle treated
with the two different algorithms in a case whemne particle does not become trapped
and consequently both algorithms produce the saajectories. Figure (2.13(b)) shows

another example of particle trajectories for trapgarticles. In this figure the beam

particle trajectory oscillates around axis. Thespla particle trajectory it follows roughly

the same path as figure (2.13(a)) only with mollasions around axis.

One important result to be noted here, is the tiaat, particles become trapped
mostly when wave breaking occurs and in the fig2es3(a) and (b)) it is clearly shown
that when a plasma particle starts crossing the iikiecomes trapped in the wakefield.
This and extensive study of trajectory of partidlesoth beam and plasma algorithms,
justifies the fact that using the condition of wdwreaking to promote plasma patrticles is
a legitimate one.

In figure (2.14 (a)) the trajectory of a plasma amdeam particle is shown.

Although in this case the particle did not stayppred and left the simulation as a beam
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particle, it is depicted here to illustrate the @xaosition behind the laser pulse where the
particle becomes trapped. This is shown in fig@rd4(b)). The particle became trapped
when the wakefield became positive, and in the lacagng mode, which is what one

would expect to happen.

2.8.2 Study of the effects of selecting differdmwesholds

In order to better understand the effects of defférvalues of threshold on the
amount of charge being accelerated to high energiesdid simulations for a range of
threshold values, without having the condition oivwe breaking implemented in the
code.

The graphs in figures (2.15) and (2.16) demonstiia@eamount of accelerated
charge versus the energy threshold for promotioeakh figure the total remaining beam
particle charge in the simulation (afte¥icm propagation in capillary) is depicted in red.
And respectively the amount of charge with energgva 250 MeV , 500 MeV and 750
MeV are plotted in blue, green and black.

In figure (2.15) the effect of changing the thr@shon the system where the
beam particles are passive is shown. In other wthndsself consistency is removed
meaning the charge of beam particles and therdf@ecurrent density is not added to
Joasma O the wakefields as discussed in Egs. (2.41)42.# can be seen that as the
threshold increases the number of promoted pastiglzes down till there will be no
particles which satisfy the criteria for promotidut the more significant fact is that as
one lowers the threshold it reaches a point whgréutiher lowering it the number of

particles accelerated to high energies does natgehand reaches a plateau as illustrated
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in figure (2.15)). The fact that the plateau existdy for threshold energies below

g=1.2indicates that the threshold must be set low tdurapall particles that become
trapped. On the other hand for the simulation vtk 1.1the total amount of charge that

was “promoted” was about 60 (nC), whereas only €3(remained in the simulation at
the end and only 15 (nC) reached 750 MeV. This shitvat most promoted particles do
not become trapped. Thus, we will seek a more edfioriterion for promotion of
particles.

Figure (2.16) shows the amount of trapped charga &snction of threshold
energy computed when the beam current density ibatgs to wakefields. In this case
the trapped charge is lower than in the case wheaen particles are passive due to the
“loading” of the wake by the beam patrticles. In itidd the amount of trapped charge is

less sensitive to the threshold in this case.

2.8.3 Implementing Wave breaking condition

We have defined the wave breaking condition to hema particle starts to cross
the radial axis of the system. With each iterabbthe simulation the particles position is
advanced. In order to promote the particles whiduld cross the axis, we check if the
particle has reached a certain distance from the &ne also has to be aware that the
particles which intersect the symmetry axis arecsjaely reflected. As a result this
distance should satisfy the fact that there ma Iseenario in which, if it gets set too
close to axis the particles in one time step ateyabin the range to be promoted and in

the next step because of the reflection they mayaan the range again although they
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have crossed the axis. On the other limit, if tietaghce gets set too high then it loses its
meaning.

In the figure (2.17), the amount charge of particteaching energies above
750 MeV with respect to variation in threshold drste from the axis to promote the
particles is shown, after lcAnpropagation in the capillary. It clearly can bersder
some very small distances very important particliesnot get promoted, on the other

hand when the distance is set too high (0.46 abid Am both produce the same amount

of high energy patrticles) the result looks the séotemuch more number of particles are
promoted and more CPU hours being wasted. In tke 0&0.46mm the total promoted

charge is 0.343 (nC) but for 0.5™ the conditions promoted 0.441 (nC) while
producing the same amount of high energy parti@esthe basic rule of thumb would be
one has to consider the time between each timeastdphe speed particles may have

before wave breaking to adjust for the calculatbthe proper value of distance from the

axis.

2.8.4 Simultaneous implementation of promotion ¢ooias

The conditions of wave breaking and energy threslaoé both implemented in
this section. With the wave breaking condition éha 0.46rm (0.2 in normalized units),
we vary the energy threshold to compare the neulteewith the ones depicted in figures
(2.15) and (2.16) for the same simulating condgion

Now the code is running in the mode of LWFA simiglatexcept in this chapter
we do not yet remove the promoted plasma parttoldgeam status from the background

plasma (meaning they still continue to be plasmidigha also). We are only creating a
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small amount of error by not considering the renha¥dhese particles from background
since in LNBL experiment there are more than 0.2 ¢Rarge in the capillary and we
promote less than tens of (nC) charge in the wbotaulation length. The omission of
these particles is implemented and discussed innthé¢ chapter when we compare
WAKE with OSIRIS simulation.

First we consider the case of passive electron bewas done in figure (2.15).
The trend of the curves in figure (2.18) is the gams (2.15) in that both figures show
flattening at low and less promotion at high enettyesholds. The differences are that
we have gone from nearly 60 (nC) promotion to m&)(and only nearly 2.3 (nC) of
them remains in the simulation. Also it should lmiced that in figure (2.18) the lines
that represents different levels of energy are nimletly spaced which indicate less
amount of energy spread.

When the self consistency is restored we haveqadigure (2.19) in the same
terms as the plot in figure (2.16). Again we caa 8t both plots are following the same
trend as the energy threshold decreases. In fi@ui®) the amount of total charge in the
simulation at the time of 1.dm propagation in the capillary is cut by a factonetrly 4
in comparison to plots of figure (2.16). On theesthand figure (2.20), which is the ratio
of the charge above 750 MeV for the cases in figy&16) and (2.19) shows for the
range ofg, values of interest, above 80 % of particles apuwrad using the new criteria.
Although we cut the number of promoted particles ebyactor of 4, the number of
accelerated particles was not affected much. Furtbe, if the number of promoted
particles becomes large, the wakefields becomeymhie to numerical effects. Thus, it is

not even clear, that simulations with more promgitadicles are more accurate.
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2.9. Summary of the chapter

In this chapter we started by introducing the orsgof WAKE and its governing
equations. It was then proposed in order to be mbmulate self-trapping process we
need to consider two sets of particlpesmaandbeamparticles. The beam particles are
not bound by quasi-static approximation and caroimecenergetic. Then we introduced
two criteria on how to promote a plasma particlebwam particle status. First by
introducing an energy threshold for plasma parickéd then by defining the wave
breaking condition which follows the trajectory mibsma particles, as they are crossing
the radial axis of simulation. The self consistentpeam dynamics is also discussed. As
we promote plasma particles to the beam statusaleelate their current density and add
that to the current density of the system and aésnove them from contributing to
background plasma.

Then we have done extensive study of the effectsetfing each promotion
condition and how we can achieve the most physicaditions to be implanted. It was
concluded that we need to set the energy threst®ldw as possible to accommodate all
the possible energetic particles, and on the otlaed the wave breaking condition is
implemented to limit the number of particles whislould get promoted and do not

become trapped in the process.
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2.10 Figures
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Fig.2.1) Diagram of how physical quantities areimid on the grid.
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Fig.2.2) following the particles on the gird
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Fig.2.3) Comparison of WAKE with full PIC code, @88, without
implementation of beam particles. The case of l@wer laser shows very agreement
between them.

41



0.1

~ —_— = \WAKE Ez (a0-1) 7
= == =(siris E1 (a0=2)

=
o
L
\\
-
L

Wakefield (mcw /e)
1

=]

=]

a

1
p—

L.

<« L

_0_1 1 '] '] I 1 '] '] I '] 1 1 I '] 1 1 I 1 1 '] I 1 1 '] I 1 '] '] I '] '] 1 I ']
0 20 40 60 80 100 120 140 160

z (cfmo)
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Fig.2.5) Comparison of WAKE with full PIC code, @88, without
implementation of beam particles. The case of Higtver laser shows that WAKE can
not handle these conditions and modifications egelired.
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Fig.2.8) Surface plot of the wakefield from figuf2.7(a)). The vertical axis is
longitudinal wakefield range of values like in figu(2.7(a)).
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0.99995 and how it affects the trapping conditions.
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Fig.2.13) Two sets of trajectories are plottedt(lefhe particles enter the simulation from lefdaaiso
position of laser is depicted Each set represdr@ssame particle treated in two algorithms of pkasm
beam particle. Plasmal represents a particle whizhld become energetic but this algorithm can not
satisfy the conditions for this particle and beashbws how the same particle would behave if treated
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the non energetic particles behave the same in &igtirithms as depicted in plasma2 and beam2. The
figure on the bottom follows another particle angoasible trajectory that this energetic partids.h
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Fig.2.14) a) the trajectory of a plasma and a bpatrticle is shown. Although in
this case the particle did not stay trapped arntdhef simulation as a beam, it is depicted
to illustrate the exact position of laser pulse amare importantly the wakefield as the
particles become trapped, which is shown in (b).
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accelerated to high energies where beam is padsivthis case number of particles with
above 750, 500 and 250 are shown.
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Fig.2.16) The same as figure 2.15 but with datactvhias self consistency resptored.

14

I L] L] L] | T T T | ¥ L] L] | T T T | ¥ L] L] I T T T . L] L] T
- —&—total charge 7
1.2 -B— = 250 MeV .
[ —o= =500 MeV ]
1
B ==¥== = TH] MeV ]
0.8
0.6 [
0.4
0'2 I ‘--"}"h-- I--"'
= _,_-.M-- --hx--_‘*- =
e Sl 9
u [ I L L 'l J L L L I L L 'l I L L L I. L 'l Il I L L L ! L 'l L |
1.2 1.6 2 24 2.8 3.2 36 4

9

54



ﬂ'ﬁ L L T LJ I T L T L 'I T L T T l T LJ T T I T L L T I T T L] T D"‘I
- | =—8—total charge
05 L | —B— =750 Mev PR il
-4 0.08
0.4 |
— O
@) 4006 =
£ 2
«Q
g) 0.3 o)
S ~~
< >
5 4004 O
0.2
- 002
0.1
i il EESEPEEEE B SEPEEES E SR B B i ||
0 0.1 0.2 0.3 0.4 0.5 0.6

Radial distance from axis (mm)

Fig.2.17)For the case of constagt=1.2 the wave breaking condition is implemented by

varying the distance from the axis which would potenthe particle. In this plot particles
which gained energies above 750 MeV are shown.
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Fig. 2.18) Investigating the change ig, and its effect on the amount of charge which get

accelerated to high energies where wave breakingitton is also implemented in the passive
beam case. In this case number of particles Withbove 750, 500 and 250 are shown.
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accelerated to high energies where wave breakimgliton is also implemented with self-
consistency restored. In this case number of pestigith E above 750, 500 and 250 are shown.
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Chapter 3: Comparing WAKE to OSIRIS simulation

3.1. The Conditions of OSIRIS simulation

To benchmark our new WAKE code, we will compare simulation with the
OSIRIS code. This benchmarking is done in cond#tiamich the original WAKE could
not handle even for short distances. The reasargpei this case a very powerful laser
(200 TW) is used and from the beginning of the $ation high energy particles are
produced which should be promoted to beam status.

W.Lu et al. [4] have done full 3D OSIRIS simulatsonear the complete blowout
regime. This is when the ponderomotive force orrtBation pressure of the ultra short
laser pulse expels all the electrons from the patlpropagation of laser over the
interaction distance. The laser pulse propagatesnfany Rayleigh lengths without
significant diffraction, because of total electroavitation. The result of cavitation is a
channel that guides the laser pulse.

The simulation is done for a OrBn wavelength, 200 TW, 30 fs laser pulse with
spot sizer,= 19.6m in a fully ionizedn=1.5 168(cm‘ 3) plasma with the total axial

length of close to 0.75 cm. In this case the |ap@t size is matched to the maximum

blow out radius to create the best spherical waldfi
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3.2. Comparison of the results

First we start by comparing the charge densityribistion of the two codes.

Figure (3.1) shows color images of the electronsdgrn the r - xplane for the two

codes after 0.3mm of propagation . The upper Halfi®@ image is the OSIRIS result and
the lower half of the image is the WAKE result.t#WAKE result has been inverted so
that it can be compared with OSIRIS result.) Treetebn density shows three regions of
cavitation (black region), and the OSIRIS and WASiEulations are in good agreement
as to the period and shape of the cavitated regitmes bright filaments are high electron
density regions where energetic beams of elecaomgproduced.

Figure (3.2) compares the longitudinal wakefieldalbng thexaxis atr =0 for
the two simulations (and after 0.3mm of propagati®ecall, the laser is propagating to
the right in these plots. Plotted are the eledtelds from OSIRIS as well as the electric
field from WAKE using two different promotion schem In figure (3.2) the red curve
shows the simulation when only the trapping thré&bha, =1.2) has been used to
promote particles. The blue curve shows the etetigid when both the energy threshold
(g =1.2) and the wave breaking criterig,{ = 0.65(:m))are used.

In this case the 200TW laser is too powerful ammnfrthe beginning of the
simulation we need to promote the plasma partislegeh can not be treated with the
guasi-static approximation. This causes a largebaurof particles being removed from

plasma calculations and although many of thesdctestmay not become trapped in

order for the governing equations of the code todlel they have to be promoted. As
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mentioned before this causes us to account fortrdmesverse current density of these

+ bean
In L ]

promoted particles in the calculatiops= j,"*™ + |

The implementation of wave breaking condition caldrass this issue without
increasing the number of time steps. The blue cumvéigure (3.2) shows how the
addition of the wave breaking condition has impbtee result. It should be noted that
because we promote fewer unnecessary particlegote also runs more efficiently. So
the blue curve in figure (3.2) shows a much bedigreement with the full PIC code,
which is a very remarkable result.

A final comparison is done with the energy spectrinthe accelerated particles
after 7.5 mm propagation in the plasma. Figure)(8i®ws two isolated spikes in energy
spectrum using normalized units, from OSIRIS sirtiafes. Each spike represents the
first and the second bubble in the density profdme with nearly 0.3 (nC) of charge
around 1.5 (GeV) and the other with 50 (pC) chaigeé00 (MeV).

WAKE results in figure (3.4) shows the same maximgpike at 1.5 (GeV) and
also small bucket around 700 (MeV) the total chargder the curve is about 0.25 (nC)
which is smaller than OSIRIS and can be attributethe fact that by trapping only the
particles which were crossing the axis some ofpbentially energetic electrons were
ignored. Still the simulation accurately shows énergy spectrum. The other point is that
this code is capable of doing long channel simaitetiin very short times which is nearly

impractical to do on 3D full PIC codes.
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3.3. Summary of the chapter

In this chapter another comparison to validaterédsellts from WAKE simulation
is done. The results from WAKE a 2D cylindricallgnsmetric code with the OSIRIS full
PIC code in 3D are evaluated. We found very goageexgents between our results. The
fact that after 7.5 mm of propagation the resulés\eery comparable is remarkable since
the process of promotion of particles and consetypieomission of them from
background plasma is a noise generating proce®s tith all the provisions we make
to minimize the noise it accumulates as the sinratadvances through the length of
the channel.

It needs to be noted, all the simulations in tliapter (and the whole thesis) has
been done on a single desktop computer with 1 psarein the matter of hours, in

comparison with the 3D codes which need clust&2fi)’'s and days of calculations.
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3.4 Figures

Fig.3.1) (a) shows OSIRIS simulation [2] afte=  @u3propagation. The laser pulse
propagating to the right is depicted in orange. ghpws the same simulation using
WAKE and clear buckets that are formed
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Chapter 4: Simulation of LNBL experiment for 1GeMaron beam

4.1. The experiment

In order to achieve laser driven GeV acceleratiom methods are proposed:

1) Using very powerful lasers in petawatt (PW) scaithuarge sport size
to increase the Rayleigh lengtlz.(= w1’/ 2c) in the uniform plasma

channel.

2) Use channel guided laser beam in a centimeter sbalenel with less

power, in about ten’s of terawatt (TW).

In the first case the propagation is limited toylRRegh range and only self
focusing can increase the interaction length. Eself focusing because of erosion of
leading edge of laser is limited. By increasing spet size and effectively the Rayleigh
range the laser power should increase to petaaat.s

The channel guided method with today’s laser teldgy is the more practical
approach. Even in the channel guided mode, onddhaste that the dephasing length
will limit the length that particle can be acceleh This happens because as the particles

become relativistic and the wake is travelling witie phase velocity, <c eventually

the particles will outrun the wake and move intealerating phase. Experiments [22-24]
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have shown when the accelerating length was matithéte dephasing length it lead to
low energy spread electron beam production.

Leemans et al. [3] reported the first observation GeV electron beam
acceleration from centimeter scale experiment usingas-filled capillary discharge
waveguide in 2006. With laser pulse energy of 40 &Yy produced a nearly mono
energetic beam of about 30 (pc) of electrons acaield to 1Gev. Figure (4.1) shows
e-beam spectra of the capillary guided acceleradtohis figure 2 electorn beams are
visible the bright one at 1 GeV represents the namiceleration of particles and the

second one at around 0.8 GeV which shows the sacpadceleration of electrons.

4.2. Using Externally injected particles to simaldhe experiment

In our first simulations of this experiment we icied externally the beam
particles to determine the possible energies thialidcbe achieved (at this time we do not
promote plasma particles, only injected particlesused). The electron beam parameters
such as width, length and charge of the bunch wemed and compared with
experiment. The laser parameters are given in tafile

The beam was taken to have a spatial distributiahwas Gaussian radially, and
flat longitudinally. The simulation was done witB,000 (nearly 3 (nC) of charge) beam
particles. Figure (4.2) shows the placement ofiglagt in the wakefield created by laser.
This place has been shown theoretically to be whergt of the trapping occurs.

We can now plot the distribution of these parsckfter propagation in the
capillary and examine the possibility of achievib@eV acceleration with the presented

parameters. The histogram in figure (4.3), showes nlamber of particles which are
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accelerated to 1GeV energies after about 1.4 cipageation in capillary This plot shows
that a wakefield sufficient to accelerate electrtma GeV is created by the laser pulse in

the simulation.

4.3. Self-trapping using only threshold trappinaepdiion

Our next step was to use the promotion critegtined in chapter 2 to simulate
the self-trapping process in the LNBL experimenitsthis simulation the parameters of

LNBL experiment that are implemented in WAKE aigdd in table 4.1.

Capillary diameter 310(m)

Laser spot size r&=25 (m)

Quadratic plasma density profile n = nytDn xa [mm]z

Electron plasma density n0:4.3x1018 (cm'3)
Dn = 2.9x16%
Laser pulse length t =40 (fs)
#plasma particles per cell in simulation 4

Table 4. 1) Parameters which used to simulate LiBheriment with WAKE.

Figure (4.4) shows after 1.4 cm propagation in tepillary the energy

distribution of particles versus their position m. For this simulation the energy

threshold wag, =2.5. Figure (4.4) shows particles accelerated to 1€V energies
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but the energy distribution is far from monoeneigetvhich is also shown in the

histogram of energy of particles in figure (4.5WWe notice from figure (4.4) that the

promotion process does not stop even after lontgrie of traveling of the laser pulse in
the capillary. Since, after 1.4 cm propagationapittary there are still very low energetic
particles in the simulation as it can be seen ftleenhistogram in figure (4.5).

To advance this point further, the same simulatgodone forg, = 4.5with the

exact conditions as before to evaluate if we canngar monoenergetic particles. As it
can be seen from figure (4.6) and its histograr(¥iid) the promotion process stops for
these high values of threshold, since there isamg bw energy particles remained in the
simulation and the system is closer to having loergy spread. But these values for
threshold are not justifiable according to theomgsented in previous chapter.

Another point to consider is the amount of laseergy absorbed by the
wakefield. Figure (4.8(a)) shows the laser figitensity at the beginning of simulation
and figure (4.8(b)) shows the laser field intensitythe end of capillary, which shows
pulse depletion and strong diffraction of the laseffigure (4.9) the energy of laser pulse
is plotted vs. the distance of propagation. We sae that energy of the laser pulse
depletes very fast and after 1.5 cm propagatidas#r it nearly reaches 10 % of its total
energy. These figures show the evolution of lasdsgand we have to follow these

changes closely since as energy of the laser gstsrized, y becomes smaller and at
some point the conditions for validity of envelaggroximationuf > Ws deteriorates. In

our simulation by examining for different axial nber of grid points (200 to 400 and
then to 800 points) we did not see any change mresults, suggesting we have not

approached these limits.
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4.4 Self-trapping with implementation of all trapgiconditions

With the implementation of both the energy thredhahd the wave breaking
condition, we have simulated the LNBL experiment.

Figure (4.10) shows the particles energies vetseis position inx. These results

are obtained withg =1.2 and radius for wave breaking cn:vb:O.46(/7m) at time

t =4.25, (or distance 1.4 cm) whergis the Rayleigh time based on2‘5(/7m) spot

size. It can be seen there are two buckets of eatetl electrons. The first one
corresponds to the self trapped electrons in s &iccelerating bucket and the second
one, which has lower energy, corresponds to therskacceleration bucket. The energies
of the electrons in the second bucket are lowearabge they experience smaller electrical
field in this bucket.

As one would expect when all the promotion condgicare present there are
fewer particles that are promoted to beam particdout 2.2 (nC) as oppose to only
threshold condition with nearly than 10 (nC) . Aksfber a while in the simulation there
are no more plasma particles which reach the prnomotonditions, because the
wakefield is not strong enough to create such atiergarticles, so the process of
promotion of plasma particles to beam status stde. have particles which have
energies around 1GeV with smaller energy spread thase in the figure (4.4) where

g =2.5.
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To further investigate we can examine figure (4.1dhich is the same as figure
(4.10) only hereg =2.5 (the radius for wave breaking condition is alse #ame as
figure (4.10). It shows the fact that at timhe 4.25; there is no more trapping of new

particles and more confinement of accelerated @astin physical space.
The histogram is plotted in figure (4.12) and sholat there are no particles left
in lower energies. They are either accelerated &V energies or have left the

simulation window. In this case the amount of ckeaagpund 1GeV is about 125 (pC).

4.5. Summary of the chapter

In order to benchmark new WAKE we need to compate some experimental
results in addition to other simulations. In thisapter we did implement the LNBL
experimental conditions to best of our knowledge ¥8n never be sure that we have all
the parameters of the experiment and all the phyaie present in the code. But the
closeness of our results to the experiment at titk suggests we are very close to
achieving this goal.

There are also considerations about the speediro§imulations. WAKE with
QSA approximation is a very fast and reliable code. the other hand the promotion
process has some drawbacks. As we promote mormarelparticles and solve the exact

equations the software slows down considerably. @2omg two cases of =5and
g, =1.1 shows for the former case it takes about 14 htwussmulate 1.4 cm propagation
in the capillary on a single desktop CPU whereag,fel.1it takes nearly 18 hours to

run the simulation on the same CPU. Still it iseyedof magnitude faster than codes like
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OSIRIS and others and can be used on a single nathido simulations and get results

with remarkable accuracy.
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4.6 Figures

«108 pC GaV-1sr-1)

0.03 0.1% 0175 0.3 0.4 0.6 0.8 1.0
GeV

Fig.4.1) Leemans et al. [3] results for 40TW lasAbout 30pc of electrons are
accelerated to 1GeV. The horizontal axis is beaenggnand the vertical axis is the beam

size.
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Fig. 4.2) The placement of particles in the wakdfeated by laser, in the case of
externally injected particles.
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Fig. 4.4) Energy distribution of particles mwith g =2.5when only threshold trapping
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Fig. 4.10)Energy distribution of particles ix with g, =1.2 in the LNBL experiment
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Chapter 5: Conclusion and Summary

We have shown in this thesis the development ottdue WAKE for simulating
both PWFA and LWFA schemes. The Code has been mddifom its original
capability of modeling the propagation of shortgaulasers into under dense plasma to be
able to simulate the self-trapping of plasma etewdr

To create a new code which has capability of dgahith energetic particles, one
needs to overcome the assumption of QSA in codehwassumes that the driver and its
wakefields are undisturbed during the transit tohplasma electrons. This however does
not hold for energetic particles. The solution caaheut by defining two sets of particles,
the plasmaparticles for which the QSA is valid, and theamparticles, which travel in
the driver frame. In order to transit from plasnaatigle to beam particle status a set of
promotion conditions were proposed. These conditeme, monitoring the radial position
of particles and also having an energy threshold.

We presented theoretical work to estimate the rasfgealues for the energy
threshold. Also simulations were performed for eliéint values of threshold to better
understand the process. At the end it was showeriag the threshold to the smallest
possible value is the most physical assumption ame ltave. But this causes a large
number of plasma particles to be promoted to be@tus It was noted the increased
number of promoted particles to the beam status,ramoving them from background
plasma, consequently produces some amount of notbe data which accumulates over
long time, and had to be overcome. So a complememeethod of promoting the

particles to beam status has been developed.dmtéthod one follows the trajectory of
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plasma particles in addition to their energy thaddland when a particle comes close to
the axis (wave breaking) then it is promoted tonbestatus. This was confirmed by

observation of trajectories of particles which aspped in the wakefield. The outcome
showed less unnecessary promotion (nearly by arfast 4) and much faster and

smoother simulations.

The results have been compared with experimensalteeand also full PIC code
simulations, which showed good agreement with tleximum energy gained in the
simulations from WAKE but with slightly less dedita energy spread. One can attribute
the differences to the unimplemented and also wwkndynamics of the experimental
results or as mentioned before some level of naoiglee system.

The code WAKE is a very useful tool to get fagtules with very high accuracy
on a single desktop machine to explore differenthigs of acceleration before exploring
much more expensive method of going into doing 801 PIC codes on cluster of
processors for days and even weeks. All the resultisis thesis have been obtained on

simulations which took no longer than one day @ingle processor desktop computer.
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