Abstract
The One-dimension theory is applied to study the performance of free
electron laser amplifier when the electron beam have a uniform density

distribution in the direction perpendicular to the helical undulator axis with
initial phases uniformly distributed along the interval (0-21). The matlab 6.1

program is used to built the computer programs that used in this work.
In the present work, the motion of electron are considered inside the
helical undulator. The equations of motion for electron inside the undulator,

show that three effecting parameters, they are:

1- Undulator magnetic field

2- Undulator period

3- Lorentz factor

The increase in undulator magnetic field leads to increase in the radius of
electron trgjectory, and the magnitude of transverse electron velocity and at
same time leads to decreasing the magnitude of the longitudinal electron
velocity.

The above effects of undulator magnetic field be reapted in the case of
undulator period. Owing to the differences in the equations that used in this
case, it isfound differencesin waves behavior of electron.

At last, the increase in Lorentz factor leads to decreasing in the radius of
electron trgjectory and magnitude of transverse electron velocity and aso
causes an increasing in magnitude of the longitudinal electron velocity.

The effects above discussed as a result of the law of the conservation of

energy inside the undulator.



The motion of electron is also considered under the effect of the
presence of electric field that may be as an electrical component of
electromagnetic wave (laser).

As comparing with first case (when there is no electric field), there
are increasing in the magnitude of longitudinal electron velocity and a
variation in electron energy. Within this case, the effect of the phase of
electron, undulator magnetic field and undulator period are studied.
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Chapter Four

Conclusions And Future Work

4.1 Conclusion

While we have not considered all the possible trgjectoriesthat are likely
to occur in the proposed experiment, we are confident that the major part of
them will be correctly described by our analytic approach. The even simpler
approximation appears to be adequate for most purposes.
According to the results obtained in chapter three, conclusion can be found as

the following important points:

1. The velocities of electron in the helical undulator in the amplifier FEL
depend on many factors like the laser electric field, the undulator magnetic
field, Lorentz factor, undulator period, penderomotive phase, time and

position.

2. The electron energy depent on the penderomotive phase and the electrons

position inside the undulator.
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2. Future Work
In the end of this work and according to the results obtianed and
conclusions made through out, it is likely to suggest the following point of

view to be considered. These suggestions are;

1. Using the three dimentional theory for the simulation of the free electron
laser.
2. Study the tragjectory of electron in helical undulator with non-uniform

electron beam.



Chapter One

Concept of Free Electron Laser

1.1 Introduction
FELs originate in the work carried out in the 19%&td 1960 on the

generation of coherent electromagnetic radiatiomfelectron beams in the
microwave region. As scientists tried to push pos@urces to shorter and
shorter wavelengths, it became apparent that effty of the microwave
tube, and the power they produced, dropped rapdtiie millimeter region.

It was then realized that this problem could berocwme by using an

undulator magnet to modify the beam trajectory, imgkt possible for the

beam to interact with a wave, a way from any metdlbundary [1].

In the middle of the 1970 John Madey and colleaguoestructed the
first free electron laser, as shown in figure (1dperating in the infrared
wavelength range.Although Madey first predicted tperation of a free
electron laser by means of quantum mechanics.

The operational principle of FEL is similar to that conventional
vacuum-tube devices: it is based on the interaaborlectron beams with
radiation in vacuum. From this point of view FELserh a separate class of
vacuum-tube devices capable of generating powediuérent radiation at any
wavelength from the millimeter to the X-ray parttbe spectrum similar to
the vacuum-tube devices which generate coheremtiaa at any wavelength
, from the kilometer to the millimeter range. Aldee electron lasers possess
all the attractive features of vacuum-tube deviddsl radiation is always
totally polarized and has ideal, i.e. diffractioiispersion [2].

FELs have applications in a wide variety of fiettlee to their special
properties of wide tunability, high power, ultraosh pulses and high
brightness. The wide tenability of FELs enablesrthe fill the gaps in the

electromagnetic spectrum left by conventional laserd other conventional
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sources-these are in the far-infrared and X-ray G&pability of ultra-short
pulses and high peak power enables applications evéhe IR and visible.
The high brightness enables a wide variety of apgibbn in spectroscopy and
related field. So FELs have many applications indemsed-matter physics,

chemistry, biology and medicine.
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Figure (1.1): Configuration of thefirst free electron laser

operated at Stanford in 1977 [3].
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1.2 History of Free Electron Lasers

The history of FELs dates back to as early as 1@5&n Hans Motz at
Stanford proposed the concept of the undulatowylwich the device is based.
Between 1957 and 1964, a free electron maser wasrtdrated, called a
"ubitron™ ( for undulating beam interaction), thmoduced peak powers of
150kW at a wavelength of 5mm. FEL research thegueied until the 1970,
when it resumed from two different but complementgrproaches relying on
stimulated Compton and Raman scattering, respdgtivEhe Compton
scattering regime occurs when the electron cunsestfficiently small ;the
Raman scattering regime occurs when the electroemus sufficiently large
[4].
The FEL in its present form was proposed by Johmdyaat Stanford in
1976, when it was shown, using an electron beam fdinear accelerator
(linac), that the device could amplify radiatiomrdt a CQ laser [5]. Madey
had predicted that an undulator working as an diapliat optical
wavelengths could replace the active medium between mirrors of an
optical cavity. Madey had derived the undulatorgas a consequence of
stimulated bremsstahlung radiation based on re&datwuantum, mechanics,
where he derived the FEL gain equation using plaokstanth . Althoughh
does not appear in the final equation, Madey thotiggt he had discovered
the first truly quantum device! About two yearseafthe Stanford FEL was
demonstrated, Colson derived the FEL gain basguiosclassical mechanics
device [6, 7].
The increases of the interaction efficiency radmatiield and electron beam,
which was first theoretically derived by Kontraderdnd saldin in 1980 and 4
years later by Bonifacio, Pellegrini and Nardu&ji |
The UCSB FEL, in 1985 demonstrated single mode atjwer with a very

narrow spectral band width [9].
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Even early FELs generally emitted picosecond lpséses. Experimental and
theoretical prograss made in the 1990 have endbles Fo produce much
shorter pulses.

In 1992, Pellegrini proposed using a recently depetl RF photocathode
electron gun coupled to the two-mile Stanford Imaecelerator to produce
lasing in the hard-X-ray region. The facility washtbed the linac coherent
light source (LCLS). The realization that such airse might provid the
technology for a new generation of X-ray source heahy groups to start
development of SASE device in visible to vacuumaaiblet (VUV) spectral
range to demonstrate the concept and develop thedéogies necessary to
build linear light source [10].

After the FEL experiments in 1993, in order to sfgtthe needs for the FEL
experiments and a chieve high power FEL output,ymmaadifications have
been carried out in the beam conditioning sectimhRF input way, resulting
in the increase of the current entered the wigahel microwave output.

In 1999, a BNL/ANL/UCLA collaboration showed lasing saturation using
a subharmonics seed laser. This technique, callgd bain harmonic
generation (HGHG), relies on the fact that FELstdrarmonics of the lasing
wavelength.

In September 2000, a group at Argonne national(AdiL) became the first
to demonstrate saturation in a visible SASE FEL .

A specially intense blue light shone for the fiigte on 2002 at BNL'S deep
ultra-violet free electron laser (DUV-FEL)[11].

In Iraq, the FEL has a small potential, where &l studies are purely
theorical. In 2004, Z.L.Hussein studied the effedtgollective fields (space
charge and radiation fields) on the output of lalicee electron laser

amplifier [12].



Chapter One Concept of Free Electron Laser

1.3 Physical Basis of Free Electron Laser

The electrons oscillate inside the undulator andt espontaneous
emission, this radiation acts back on the undujagtectrons and bunches
them, after that the bunched electrons emit cohestenulated radiation and

amplify the co-propagation electromagnetic wavq.[13

1.4 Basic Components of the FEL Amplifier

The three major components of the FEL amplifier ickevare the
accelerator, electron beam and undulator. The aatelr is a system of
electrodes for making a beam of electrons. Inintgpkest form it has a heated
filament cathode, and an anode with a hole througich some electron pass.
It may also have other electrodes to form the sdestinto narrow beam and
to control the number of electrons in the beam.&loeelerators used to
provide the electron beam, are of many types: msttic, induction line,
radio — frequency (rf) linac, pulsed diode, or sggings. Some of their basic
characteristic, their energy range, and the FELalemgths for which they are
more commonly used are given in table 1. The chofagectron accelerator
also plays a key role in FEL operation [1, 14]. électron accelerator can
produce a beam of relativistic electrons with egeranging from MeV to
GeV, and peak currents ranging from few hundredsitfamp. to few tens
of kiloamp. this electron beam passes through anetag device called an
undulator, which produces a transverse magnetid {iee. perpendicular to
the direction along which electron beam is injettiet is static in time, but

varies sinusoidally in space. Also helical magrietse certain well depths

and limit energy levels [15]. The amplitude of tmEgnetic field B, ) is
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typically a few kilogauss, and the undulator per(ql‘d)) Is typically a few

centimeters.

Undelator magnets are of two main types ( heliegblanar ) [16]. In
the first case the magnetic field vector rotatemiad the axis as a function of
axial distance, in the second case its directiofixisd, and its amplitude
oscillates along the axis (as in fig.(1.2)).

Tablel: particleacceleratorsfor FELS[1].

Energy Peak current | Pulselength Wavelength
Electrostatic 1-10Mev 1-5A 1000-2000ns mm to 0.1mm
Induction linac | 1-50MeV 1-10KA 10-100ns cm to miaso
Storage ring 0.1-10GeV 1-1000A 30-1000ps 1 micoonm
RF linac 0.01-25GeV | 100-5000A 0.1-30ps 100 miceo8.Lnm
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Electron trajectory

According to two frames of reference

Z V4
- Of the electron

LT e e
N XX A A oA’ '

- Of the laboratory

In a helical undulator In a linear undulator

Figure (1.2): Comparison of thetrajectories of electrons in a
helical undulator of afree electron laser.

1.5 Types of Free Electron Laser

As with vacuum — tube devices, FEL devices canibeled into two
classes [17]: amplifiers and oscillators (as in $ig®).

FEL amplifiers is the simplest device. An exterradliation field from an
external master oscillator seeds the FEL and gefslileed by interaction
with the electron beam.The basic working principle an FEL can be
explained best by this device.

The FEL oscillator can be considered as an FEL i&eplwith
feedback. The radiation in an FEL oscillator grdvesn fluctuations of the
electron beam density. For an FEL oscillator indlpé&cal wavelength range
the feedback is carried out by means of an optieabnator which also

defines the radiation modes which can be excitébderresonator.
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An electron beam passes through an undulatornthalirandom field
of spontaneous radiation becomes amplified in gitgnand enhanced in
coherence characteristics. This process is cabdfdamplifier spontaneous

emission (SASE) [18].

()
Undulator
. AALALAI AR ] R
Input VIVIVIVIVIVIY output
radiation Electron radiation
beam
(b)
Mirror Undulator
K o ALALALAIAIA A _ ﬂ
(VI IV IVIVIV Radiation
[Electron
beam

Figure (1.3): Freeelectron laser configurations
(@) Amplifier  (b) Oscillator

1.6 Properties of the Free Electron Laser

Because of the dependence of the radiation waviewog the
undulator period, magnetic field, and electron beaergy-quantities that can
be easily and continuously changed-the FEL is allendevice that can be
operated over a very large frequency range . Simeé&EL wavelength is not
tied to an existing atomic or molecular transitithre resonant wavelength can

be tuned from millimeters to nanometers . So FEheechover conventional
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lasers that emit only a single wavelength beam wthem medium is excited
to produce light [19].

The efficiency of the energy transfer from the bdanetic energy to
the electromagnetic wave is between 0.1 to a fenwegpe for most FELSs, but
it can be quite large, up to about 40%, for sp@cidésigned system. The
beam energy not transferred to the electromagmeati® remains in the beam
and can be easily taken out of the system, to bpoded of, or recovered
elsewhere. This fact suggests that high-averageepb®&Ls can be designed
without the problem, common in atomic and molecldaers, of heating the
lasing medium [20].

The time structure of the laser beam mirrors tliahe electron beam.
Depending on the accelerator used, one can desygtens that are
continuous-wave (cw) or with pulses as short asog@conds or sub
picoseconds. Tunability, high efficiency, and tisteucture make FEL a very
attractive source of coherent electromagnetic powersome wavelength
regions, like the X-ray, the FEL is unique [21].

Another attractive characteristic of such lasehes high-quality beam
emitted by free electrons when they move throughagnetic field . The
quality of the electron beam for FELs is measungdhle brightness,which is
proportional to the electron bunch charge dividgdtlioe six-dimensional
phase-space volume ( the product of the transwinsensions, the transverse
velocities, the bunch length and the energy spyeatupied by electrons in
the bunch.

At last there is a brilliance that depending ongtegus of the art of the
electron beam technology, the FEL brilliance caraoger, in some spectral
regions ( in particular in VUV-X), by many order afiagnitude than the
brilliance of the existing sources(laser and syottbn radiation) . Higher
brilliance will allow to increase spatial resolutiavithout loosing spectral

resolution.
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1.7 Aim of the Project

The aim of the project is to study the trajectofelectrons inside the
magnetic field through the study of the effectav@ny parameters such as:
undulator magnetic field, undulator period, anddmir factor that have an
important role to know the behavior of the helisatulator for free electron

laser amplifier.
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Simulation, Results, and Discussion

3.1 Introduction

An overview description of the trajectory for wmi electrons beam
passing along the axis of a helical magnet for dmapfree electron laser was
given here.

First an explanation for computer programs and hwakes it to serve
the work. The important stage is deal with the tetexs behavior and discuss
these results with or with out laser beam inside dhdulator, through the
study to the effect of many parameters like Lorepézameter, undulator
parameter ...etc. this have important role to knol efficiency of device
and give the best applicable result..

A one-dimensional logarithm was presented for timeukation of the free

electron laser undulator that explained in chaipter

3.2 Input Parameters

In order to study the trajectory of electron wevéndo restrict our
project to a certain parameters. These parametersclaosen from the
Stanford 76 model [33]:

-The parameters of electron beam are:

Peak current (I) 70mA

Initial relativistic factorg) 48

Y¢
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-The parameters set for applied electromagnetiatiad:

Emission wavelengthj 11um

Average Power laser 10 MW

The electric field E) could be calculated as:

E =.24cS

av

where

u= vacuum permeability.

c = the speed of light.

S,, = power of the laser per unit area.

The parameters of the helical undulator are:

+

Undulator lengtHg) 5.120m
Undulator periody) .032m
Peak undulator magnetic fielsl) 240 T
Undulator parameter(K) 72

3.3 Programming Steps

The program that has been used was written usingpMé#é6.1). The
flowchart of the program can be shown in figurd }3.

Yo



Chapter Three Simulation, Results, and Discussion

[ Input parameters}

A 4
Important
condition

Looking inside helical undulatgr
and study the behavior of electrpn
with and without application o

electromagnetic wave.

A 4

Calculation of:
final equations.

The final shapes
trajectories of electron
with different functions

A 4

END

Figure (3.1): Main work steps of program

A\l



Chapter Three Simulation, Results, and Discussion

3.4 The Shape of Trajectory in 3D

In a free electron laser, the active medium is made of atoms or
molecules; it consists of a beam of free electrthrag is sent through an
undulator magnet which have a field varies sinusondth distance. As seen
before, the free electrons passing parallel t@thris having two components
one in x- direction and the other in y-directiorhigh represent by equations
[(2.11) and (2.12)] respectively. If we put thes® tequations in a computer
program along undulator length z=.32m (see Fig)j3ti&en the program
gives results for electrons trajectory in thremelhsions represented as a
helix about the z-axis with ten undulator perio@y(.3)).

The helical field is shown by a series of rotatingows (each
representing the transverse magnetic field veend) the electron beam axis
is shown as a straight line through the centehefelical field.

N= (Ng* o)/ AZ ‘_[ Inputconstant} "

Input Z values | Calculation of: Ye$
| xandycomp.

A

Plot3(x ,y ,z)

END

Figure (3.2): Flowchart for electron motion inside helical undulator

Yv
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Figure (3.3): Electron trajectory insde the helical undulator.

3.5 The Shape of Trajectory in 2D
The electron moves with a constant longitudinabegy (V,) whilst

describing a circle, with radiusr & KA, /27y). The radius of electron

trajectory should have a limit values inside thikdaé undulator and the exact
trajectory of the electron as a function of timdlvee depend on it .The
electrons motion may be represented in two compsrteat gives a circular
shape with radiud , Fig. (3.4).

YA
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w100

distance along y-axis[m]
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Figure (3.4): Theelectron motion in two coordinatesthat givethecircle
shape.

3.6 Motion of Electron without Application of the Electric
Field

3.6.1 Velocities of electron

The electron moves in the helical undulator witb t/elocities:

1. Transverse electron velocity,

It represents the component for the two ebectrelocities, one in x-

axis and the other in y-axis, as seen in equaf2al0j. The amplitude of this

velocity is €6, so its able to control on the amplitude of thidogity inside

¥4
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the helical undulator by two parameters: undulptameterK ) and Lorentz

factor (V' ), as see later.
2. Longitudinal electron velocity,

Its also called (z) velocity (eq.(2.34Y), is near to the velocity of light
with largey and smalK .

There are many parameter affects on the electrimeitaelike magnetic
field, Lorenz factor and undulator parameter. Tiuel of this influences give
an imagination of the electron behavior inside uhdulator before applying
the electric field.

The figures (3.5,3.6); shows the variation leiceron velocity in x-
direction represented by cosine function, the maxn value of electron
velocity at zero point, and sin function in y- diien out off phase. In this
case the number of periodsgfNs equal to (10).

In the two figures above the values of velocity sreall compared with
the speed of light that means small transversetrelea/elocity while the
longitudinal velocity is very near to the speedigiit which is the important

condition for FEL operation.
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3.6.2 Effect of the amplitude of the undulator magnetic field.
The amplitude of the undulator magnetic fielfetls on the electrons
radius (I' ) inside the undulator by the undulator parameke).(n Fig.(3.7);
normalized amplitude of the vector proportionakhe product of amplitude
of undulator magnetic field and undulator periodswi =93374,B,).In
Fig.(3.8). the amplitude of the undulator magnéetds is proportional with
the radius of electron and there will be a linedattonship between them, i.e.
the increasing in the magnetic field of undulatead to increasing in the

electron radius.

If r=KA, /21y and by using equation above the result is:

r =9337A,°B, /21y

So

r/B, =9337A,° /2ny

This value represents the slope of the straigletitn(Fig. (3.8)). So is
able to obtain the ratio of radius of electrongcépry due to the undulator
magnetic field at any point inside the helical ulatlr. By using this graph

and compare it with the theoretical value, we getrmaportant role in FEL

application.
Since ( =V /«)and {/,)depend onK /y),so (I Ydepends orK and
y as well asA,.Therefore I depends onB directly so as,.The undulator

magnetic field will be affects the velocities ofeelron in different ways.

Increasing in magnitude of the magnetic field léadnhcreasing in the value
of amplitude of transverse electron velocity armbalecreasing the value of
the longitudinal electron velocity as seen in H@] and Fig.(3.10) at the

same condition=48, A=0.032m).Since the energy is conserved, that means

any increasing irv, causes a decreasingvin.

Yy
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3.6.3 Effect of the Lorentz factor.

When traversing the undulator, the electrons abgestito acceleration
and radiate electromagnetic wave. This spontanenussion is fundamental
to the operation of FEL. One relativistic electrmaversing an undulator
magnetic emits radiation in a narrow cone, with wdag aperture of order
(1/y).The aperturel/ y ) of the synchrotron radiation cone can be compared
with the angle between the electron trajectorythiedundulator axis, K/ y).
If Kis less than 1, the emitted radiation is contaiwétin the synchrotron
radiation cone, and the emission is predominamtiy isingle line. I1fK'is
higher than 1, the synchrotron radiation cone swespangle larger than its

aperture. In this case, the spectrum is rich inmeawics and approaches the

synchrotron radiation spectrum whef is very large whenK>>1, the

magnet is usually referred to as a wiggler, resgrnthe name undulator for
the caseK less than or in the order of one.
As seen, the Lorentz factor relation j&°(= 1/1- 3%) where (£3) is the ratio

of the velocity of electron due to the velocityligiht (5 =Vv/c), because the

important condition v ¢ the amount of 1/ *) should be very small so the
values of ) should be limit according to this condition.

Becausel proportional with K/y) and so ay, then ) will effect in same
way on I andVv_, Fig.(3.12) show that there are inverse propodidretween
Yy and r also according to the mathematical relaietween them and so as

in Fig.(3.13).According to the law of conservatiemergy and because

(e=1/2)mV?), V should be conserved/ represent the total velocity of

electron inside the undulatoNf =VDZ +sz) so the effect of Lorentz factor

on velocities of electron take the form: whgnis cause a decreasing\n at

same time its causes increasingvinas seen in (Fig.(2.13)and Fig.(2.14)).

Yo
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Figure (3.11): theflowchart of the influence of L orentz factor on the

transver se electron velocity.
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Figure (3.12): The effect of Lorentz factor on the electron radius.
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Figure (3.14): The effect of Lorentz factor on the longitudinal electron
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3.6.4 Effect of the undulator period

The undulator period is very important parameteat tgives the

limitation for undulator length. For example, leetundulator period4, =3.2

cm) and the total number of period &460) the undulator length will be

equal to (5.12 m), whed, increases the undulator length increases also.

Since [ proportion with A%0,50 Fig.(3.16) show a non linear

relationship between them and also any increasimyilead to increasing in

I' ,as a resulty, be increase also (Fig.(3.17)) aNd be decrease in same

time according to the law of conservation energy.(B.18)).

{ Input constant]

\ 4

LoopAro=.011t0 .04

A

K =93374,B,
V.
Ca\l/c;ulza(t::gr; ;)f: | Plot tov,)
v
END

Figure (3.15): Flowchart of the influence of undulator period on the
velocity of electron.
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electron radius[m]

o
0.0 001 002 0025 003 003% 004 0045 005
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Figure (3.16): The effect of the undulator period on the electron radius

o

L E-% m o =1
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The amplitude of electron velocity along z-axis[mis]

1 i i i i i i i
0.0 0.015 0.0z 0.025 0.03 0.035 0.04 0.045 0.05
The undulatar period [m]

Figure (3.17): Theeffect of the undulator period on the amplitude of

transver se electron velocity
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Figure (3.18): The effect of the undulator period on thelongitudinal

electron velocity
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3.7 Electron Motion in a Helical Field after the Application

of Laser

A laser field is superimposed on the oscillatingctlon.Because the
electric field of the laser radiation is transvergecan do work on the
transversely oscillating electron and cause theractelerate or decelerate
[35]. So the direction of the longitudinal electreelocity is very important
when electric field is applied inside the helicabulator.

The longitudinal electron velocity as given in etijoia (2.38) in chapter
two, with small charge that the quanti{§,Z+kz—wt) replaced by the

ponderomotive phasey). Near the resonance, the argument of the sime ter
oscillates rapidlly between +1 and -1, and its abation averages is zero.
Different electrons show different phasgsand therefore experience the
longitudinal electron velocity with different maguies and direction, leads

to bunching of the electrons as shown in (fig.(}.19

As given previously), is proportional toK, in equation(2.34)V,
depend onK with constanty but in equation(2.38Y, depend onK with
other parameter called optical vector potentil ), which comes from the

application of the electric fieldK represent as increasing factor Bp, so

the longitudinal electron velocity after the apption of the electric field
(fig.(3.20)) be larger than the longitudinal electr velocity befor the
application of the electric field (fig.(3.18)) .

Since B,depends oK , and A, depend orK , so B, and A, affects on

V,, in the same way under the same condition,as showigure (Fig.(3.20)
and Fig.(3.21)).
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Figure (3.19): Therelationship between the penderomotive phase and
longitudinal electron velocity E=27.45e+03V/m and B=0.240T.
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Figure (3.20): the effect of the undulator period on thelongitudinal
electron velocity with E=27.45e+03V/m and B=0.240T.
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Figure (3.21): The effect of the magnetic field on the longitudinal eectron
velocity with E=27.45e+03V/m
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3.8 Transverse Electron Velocity as a Function of Time
and Position.

When the electrons passing through the unduladterntagnitude and
direction of its velocity changes according to hthe electron far from the
electric field of the incident electromagnetic waVWéhen the electron very
close to the electric field, there are an intergjeaaf energy between them so
the electrons have different energies that giveferént velocities for
electrons. These velocities can be found using(FRgB),in this figure a
maximum region when electron have maximum trangverslocity and
minumum region when transverse electron velocityminumum value, could
be seen.

Each electron have different position at differemes inside the
undulator ,the transverse electron velocity ati@erpoint be found by limit
the position of electron with calculate the timattits used to reach at this
point.

Equation (2.29) used as a main equation in comguiggram which
gives Fig.(3.23).
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{ Input constants]

A 4

Fort=0: T with step 0.05e-14

Forz =0 &, with step 0.001

R=R+1

A 4

Calculation of:
v, (eq.2.29)

END

A

Hold on

ZZ (R)=Z

A 4

TT(R)=T
WV (R) =V

A 4

Plot3 (2Z, TT, VV)

A 4

END

Figure (3.22): Theflow chart of electron velocity as a function of time

and position.
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Figure (3.23): The electron velocity as a function of time and distance
when K =0.940
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Figure (3.24): The electron velocity as a function of time and distance
when K =9.40e-10
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3.9 Energy Variation of Electron

The electron was accelerated or decelerated byaes electric field
depending on the phase of the optical field witbpeet to the electron
oscillation. Electrons which are oscillating in gkeawith the optical field are
accelerated, while those half an optical wavelergthead or behind are
decelerated [34]. So its able to find the eleceaergy by using the phase of
electron with limiting its position inside the hedi undulator (Fig.(3.25)).

Equation (2.24) was used as a main equation fopaten program to

gives the shape below.

energy vwariation of electron

0.01

distance along undulatar[m] o o ponderomative phase[rad]

Figure (3.25): The electron energy insidethe helical undulator.
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Chapter Two

Theory of Free Electron Lasers

2.1 One-Dimensional Theory of the FEL Amplifier

The field equations and equations of motion shobkl solved
simultaneously. In principle, modern supercomputdlsw one to perform
direct simulation of the FEL process. The resuftsuch simulation depend
on a large number of problem parameters. They geothe possibility of
obtaining a numerical answer for a specific senptt data, but hardly help

to understand the FEL physics. A deeper insight FREL physics can be
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2. The electrons move along identical trajectopesallel to the undulator
axis;

3. The amplified wave is a monochromatic plane wave

4. The electron beam is infinitely long.

This model allows one to study the ideal mecharmatamplification.
Theoretical analyses of the helical undulator FEpegiments have,

hitherto, been able to treat the collective regiomdy in the limit of an

idealized one-dimensional undulator field whichvaédid only as long as the

electron—beam radius is much shorter than the ataluperiod [22].
Calculation of the small-signal gain of free eleatrlaser is usually

done using one-dimensional model, the small-sigegime of the free
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electron laser is analyzed for single frequencyfoum-undulator operation,

taking diffraction into account [23].

2.2 Trajectories of Electron inside Helical Undulator

Consider a helical undulator in the frame of refiese moving with a
matched beam's axial velocity at the undulatoragrtte. The heart of the FEL
Is the undulator which produces a magnetic fielat ils static in time, but

varies sinuoidally in space [24]:

B = Bo{&, cos(kgz) - &, sin( koz)} (2.1)
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VELLUI LIUSS-PIVUULL bELwEEl! UlE tUdllsvelst cleveewdlily aliu uie rauldturl
magnetic field. When the phasing is correct, thieaion opposes the axial
streaming, yielding electron deceleration and wltleeeelectrons experience the
Lorentz force, execute transverse oscillations emd synchrotron radiation in

the forward direction [25] .

F :ma:q(E+\7XB) (22)

With charge (-e) and electron rest masg,(m this case Lorentz force reduce to
F=yma-= —e(\7 X B) 2.3)
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where @ is the electron acceleratoy, is the relativistic factor which equal
2y\-1/2
to@=42") 77 [26].

Let electron move with velocity:

V=8V, +eyV, +8,y, 2.0

By using eq. (2.3) with eq. (2.1) and, eq. (2.4 X and y components of this

force are:

m.y Ny - ey B, = —eB,sin(k,z)v,

dt ’ (2.5)
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= x_ 6.ccos(k,z)
dt (2.7)
dy .
=2 =-_9 K
v, ” <csin(k,z) 2.8

Where 8, =K/y is represents the maximum angle between the etectr
trajectory and the undulator axis. For relatividigams, this quantity is much

less than 1 andK is the undulator parameter [27].
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—_ eBOAO

K =
2rm,C

The electron velocity in this field, in units ofis,

B = 6{&, cos(kyz) - €ysin(koz)} +€,5, (2.9)

Notice that in the case of a helical undulator th@al component of the

velocity,ﬂz, remains constant. L&=VD/ C, VD Is the transverse electron

velocity [28].

V. =6.cfe. cos(k.z) —e.sin(k.z2)} .
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2t (2.12)

So:
R(t)={&.8 Ay . s 0 Ao ~
t _{ex SZ_HSIn(kOZ)’ey SECOSKOZ)’GZZ} (2.13)

This equation gives the exact trajectory of elatte functions of time while the
electron passing through the helical undulator darplifier FEL where the

radius of electron trajectory is [29]:

r=6.A,12n (2.14)
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2.3 Mechanism of Free Electron Laser
2.3.1 Spontaneous emission

As the electrons pass through the undulator fiblely tundergo forced
transverse oscillations. Like any oscillating clergoving with a relativistic
speed, the electron radiate in the forward dir@ctmoa narrow cone with a semi-
angle of=1ly, wherey is the energy of the electron in units of itst nemss
energy, which is typical of bresstrahlung radiation

The frequency of radiation can be easily calculatiedhe rest frame of the

electron, the undulator rushes towards it with @esly, (=) where VY, is the

z-component of the velocity of the electron beamthis frame, the undulator
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expression in term af that represents the total kinetic energy of thiéigla. So

the wavelength of the emitted radiation can finbywritten as,

2y° (2.15)
Which is called the resonance equation that itsesfrom resonance condition.
Typically, the longitudinal distribution of the ekeon is random within a
distance\. The radiation from individual electrons theref@aads incoherently
and is termed as spontaneous emission. The electbate only for a finite

time,
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since the length of the undulator is finite, andls® radiation spectrum give by

1/No (where N is the number of undulator periods).

2.3.2 Stimulated emission

In a FEL, as in an atomic laser, there is a phaseelation between
emitting electrons. This correlation is obtainedrbgdulating the longitudinal
beam density on the scale of the radiation wavéteragprocess called bunching
(fig.(2.2)) . Electron bunches propagate down thdulator, they are bathed in
the same light they generate. As they wiggle baxckfarth through the magnets
and interact with the electron field of this elecagnetic wave, some gain

This is a watermark for the trial version, register to get the full one!

Benefits for registered users:

1.No watermark on the output documents.
2.Can operate scanned PDF files via OCR.

3.No page quantity limitations for converted PDF files.

E, =Amplitude of the input wave electric field,
Y, =Entrance phases, assumed to uniformly distribatezeen 0 ands2
k =27/ The wave number of the radiation field;

W=27f The angular frequency .
The energy exchange between the electron and ¢se@hagnetic wave is due
to the transverse component of the electron vegloche rate of electron energy

change is:

1
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de , dy _
—=m.c"—~—=-eV-E

By using equation (2.10) and equation (2.16), equg®.17)) becomes:

% (-6, E{cos(k,2) cos[kz — Wt + ¢, )] = sin(k,2) sin[(kz - wt + )]}

% = -ef,Ecosk,z+kz-wt +¢,)

18)

where K, = 277/ A,
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provided. FoW = Wy, i.e. near resonance, the z-component of therelect

velocity isW/(K +K;) , as can be derived from the resonance condition.

Different electrons see different phasgsand therefore experience the
ponderomotive force with different magnitudes ameéations, and this leads to

bunching of electrons. The distance between suegesdunchlets

is271/(k + K;) , which is approximatelyh. All the electrons in a bunchlet

radiate at the same phase, and successive bunchlditse with a phase
difference of Z.Hence this radiation develops coherence, and rige@ as

stimulated emission.
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Detailed information about electron bunch dynamigsthe interaction
region is very important for development of higlfficeency FEL-Oscillators
and amplifiers. Numerical simulation is the mosthwenient method for such

investigation [31].
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Fig (2.2): thebunch of electronswith increasing density
modulation.
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2.4 Energy of Electron
All the electrons before the interaction with thectromagnetic wave have
equal initial energy, , but after the interaction these electrons wallonger

have the same energy as each electron will acquilifferent energy (+ve or —
ve) depending on the interaction location alonguhdulator and on the initial
phase between the electron and the input electnoati@gvave [32].

As shown in the section (2.3) the rate of electnargy change is given by:

de _ —-ef,E cosy

dt (2.19)

where the nhacairY determinec whether an elecrtronne enernv increareg
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with the optical vector potential ety (2.21)
And W = 27f
Then

dr_ -K. G.wcosy
dt (2.22)

Remembering tha = (K+K,)Z—Wt +{, and z =Vt

% = -Ké@,wcos(k +k, —w/v,)t+y,)
dt (2.23)
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Integrating bydt gives expression foy

= KW sinHk+ko—ﬂJz+¢/0}
w Vv,
[mo _ j

(2.24)

Equation (2.24) represents the beam energy measurién@ rest energy units

£=m.,C*y [33]
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my Qe = g E, coskz-wt +15,) +V,B, sinf,2)}
dt (2.25)
dvy _
my——= —¢ E, Sln(koz_ wi +w0) +V,B, COSQ(OZ)}
dt (2.26)

By integration there two equations:

W, =€.cKcosk,z) +&,cK sinkz—wt +¢,) (2.27)
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p ry

W, =-8,cK sink,z+&,cK coskz - wt + () (2.28)

So

V, = (c/ y)4/K 2(coskyz - sin k,2)? + K 2(sin(kz — wt) - cos(kz — wt)) 2

(2.29)
Equation (2.29) represents the equation of trasgvelectron velocity after the
interaction with electromagnetic field.

~N N~ 1 _ a0 0 ™l _ . N7 _ ) T
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dx

v, =— = f.ccodk,z)
dt (2.30)
v, = Y —-6scsin(k,z)
dt (2.31)
V2 =vE+ve+v;
2 _\/2 _ 2 _ 2
v, =V Ve TV, (2.32)
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According to Lorentz factor definition
vi=ci (V' -D/y")

vi =c(1-1/y?) (2.33)

From eq. (2.30), eq. (2.31), and eq.(2.33), eqR)2@&cames:

\I2 = {‘z(yz _1\— K2C2
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N A (2.34)

ForV, =C, y is large therefore tha¥xand V, according to eq. (2.31) and eq.

(2.32) are both small compared with c.
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2. The longitudinal velocity of electron after timeraction with electromagnetic

wave.

As seen in section (2-5)

W, =€cK cosk,z) +&,cK sin(kz-wt +¢,) (2.35)
W, =—8,cKsink,z) +&,cK, coskz—-wt +¢,) (2.36)
Let

V3 =V +v)
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2 :C{l_i_(K2+K§+2KKSsin(ka+kz—vvt )
z yz VZ

- 2

y = C{l_ 1+ K2+ K2 +2KK  sin(k,z+ kz - wt +¢/0))r
y (2.38)

This equation represents the longitudinal electrelocity with the z- direction

due to interaction with the electromagnetic wavg.[3
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