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ABSTRACT

The research in the subject of terahertz (THz) radiation has gained a great
awareness since nineties to fill the THz gap in the electromagnetic spectra due to
the existing significant properties and resulting applications in diverse areas such
as medical, spectroscopy, communications and others. The non-ionizing and high
penetration potential of the THz radiation has enabled numerous techniques
involving both optics and electronics to be proposed to study the emission and

detection of THz radiation.

The thesis focuses on designing of analytical models to study the emission of high
power THz radiation by employing premodulated electron beams using free
electron laser (FEL) as a classical device. The role of premodulation of the beam
in generation of the THz radiation is discussed. To study the efficient emission of
the radiation, plasma based medium such as surface plasma wave, Langmuir wave
are used as wigglers in FEL. Slow wave structure involving a waveguide with
dielectric lining is also used as a Cerenkov FEL for THz emission. The power,
amplitude and efficiency of the radiation wave are evaluated to have an analysis of
the output radiation. We have studied the effect of parameters of the electron
beam, wiggler, plasma and other factors affecting the tunability of the THz
radiation. The route followed in the analytical treatment of the analysis involves
fluid theory which deals with the interaction of premodulated electron beam,
electromagnetic wave and a pump signal. The softwares used for obtaining the
results are MATLAB and MATHEMATICA.
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Chapter

INTRODUCTION

The electromagnetic (EM) spectra covers a wide frequency ranging from 1 hertz to
10% hertz. The EM radiation is generated due to the acceleration of atomic particles
such as electrons or ions. The motion of particles leads to the oscillation of the
electric and magnetic fields that propagate perpendicular to each other [1]. Quantum
mechanically, the radiation involves flow of quanta of light i.e., photons which
move universally with the speed of light. The parameters that characterize a wave

are frequency, wavelength and energy.

Electric Field Oscillation

Wavelength

Magnet Field Oscillation

Fig 1.1. lllustration of propagation of electromagnetic wave [2].

The EM spectra is divided into seven regions in series of increasing frequency and
energy, and decreasing wavelength. The intensity of the radiation is defined by the

density of photons [3]. The EM radiation possess neither charge nor mass and is the
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movement of energy across the space or any other medium in the form of electric
and magnetic fields. The energy stored in the sun in the form of coal, gas and oil is

obtained in the form of electromagnetic radiation [4].

The distance after which the wave position is repeated determines the wavelength of
the wave and the frequency scales as inverse of the wavelength which is defined as
the number of waves passing through a specified point in unit time. The electric and

magnetic fields are generated due to the electrically charged particles.

The region of brilliant and intense THz has remained unexplored until 1970s due to
the lack of appropriate sources for the generation and detection of THz radiation.
Any substance with temperature above 10 K emits THz radiation. The clouds of gas
and dust at temperatures of 10 to 100 K show weak thermal emission at THz

frequencies [5].

The gap in the electromagnetic spectra between the frequency range of microwave
and infrared radiation is filled by the terahertz radiation. The region has been called as
“THz gap” due to the lack of suitable tools to explore it. The terahertz radiation falls
in between the microwave region and the infrared region with frequency radiation
ranging from 0.3 to 3 THz and the wavelength corresponding to the region lies in
between 1 to 0.1 mm. As the wavelength of the THz radiation generally lies below
1mm, therefore it is also known as sub-millimeter radiation. The energy of the
radiation is of the order of meV. This region of electromagnetic spectra have remained
unexplored for long time but presently it has become an area of fascinating research
due to its existing tremendous properties and applications. THz radiation poses
behavior of non-ionization and high penetration through non conducting objects. The
THz band holds uniqueness as it holds the useful characteristics of both the radio

waves and the infrared waves [6].
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The THz wave can be transmitted through non conducting materials such as clothes,
paper, plastics, packing materials, leather, wood etc. and, therefore the THz pulses
can be opted for the identification, imaging and analysis of these materials. These
waves cannot penetrate through metals and are highly attenuated in water. The
radiation is non-destructive and safe and, thus helps in chemical and internal analysis

of different materials.

Electronics Photonics

Microwaves Visible X ray yray

MF, HF, VHF, UHF, SHF EHF

10° 10° 10° 10° 10" 10" 10 104 10 Hz

kilo mega giga tera peta exa zelta yotta

Fig 1.2. Electromagnetic spectra depicting the THz region [7].

Due to exclusive frequency and energy range of THz radiation, several approaches
have been followed by incorporating both electronics and optics to study its generation

and detection.

1.1 Methods for the Emission of Terahertz Radiation

The fascinating properties and applications of THz radiation have led this unexplored
region of electromagnetic spectra to become an area of research after early nineties.
THz poses its utility in various fields such as medical, spectroscopy, communication,
imaging and others. Therefore, efforts have been put to develop better sources for
generation and detection of the THz radiation. Numerous techniques that have been
employed to study the generation of THz radiation involves optical rectification in
semiconductors, dielectrics and plasmas [8-10], photoconductive antennas [11-13],
quantum cascade lasers [14, 15], interaction of high power lasers with plasma [16,

17], free electron lasers [18, 19].
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1.2 Optical Sources
1.2.1 Optical Rectification

In optical rectification, a time dependent polarization change is induced when a laser
pulse travels through the nonlinear crystal which acts as a source for the emission of
radiation [20-22]. This scheme for the generation of radiation was first revealed by
K. H. Yang [23] by using LiNbO; as the electro-optic material. The incident and
refracted THz pulse travels at the same speed due to the same refractive indices of
the optical and THz pulse in a non-dispersive medium. The phase of the induced
polarization matches with the amplitude of the THz radiation as a result of which it
grows linearly. But practically, nonlinear crystals are dispersive which leads to the
polarization to be out of phase after some distance. For the condition of phase
matching to be satisfied, the group velocity of the optical pulse should be analogous

to the phase velocity of the THz radiation [5].

: NLO Medium
optical pulse THz pulse
At
) — )
Time (2

T 4 & 1 W 1
Frequensy [THz)

Difference Frequency " i
Mixing 1
Frequeryi;\ / \\ 1J

Fig 1.3. Generation of THz radiation via optical rectification. [24].

1.2.2 Frequency Difference Generation (DFG)
Two coherent radiation beams of frequencies @, and ), lying in the THz range
on interacting with nonlinear medium of second order susceptibility ( )(,%”_) leads to

the emission of radiation at the frequency difference i.e., @, — o, [5, 25, 26]. The
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bound electrons start oscillating when the field is incident on the medium. For the

linear region, the applied electric field (Eb (t)) scales linearly proportional to the

dielectric polarisation (Py (t)) i.e.,

Py (1) = g Ep (), (1.1)

where &, is the free space permittivity. The strong input field leads to the

polarisation as a series of terms:

2 3
P, (1) = gom1 Ep (1) + g0 Ep (1) + S0 2n Ep () + ..., (1.2)
where this second order term contributes to the DFG scheme.

Cascaded DFG technique is a proficient way to enhance the efficiency of the
DFG for the generation of the THz radiation [27]. Optical rectification and

difference frequency generation are the techniques based on frequency down

conversion.
THz
0
1‘:2:' W\+ (1) e (132
(1)) e Nonlinear optical
crystal (e.g., GaSe)

Fig 1.4. THz radiation generation via frequency difference technique [5].

1.2.3 Photomixing

This scheme implicates the overlapping of two lasers in the frequency range of
infrared or visible region for the emission of radiation within the frequency difference

of two lasers. The radiation can be detected via photoconductive switching.
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‘ Photoconductor

I .aser beams
(€3]

THz radiation

@®1-m>

f L)‘Ietal contacts

Fig 1.5. Emission of THz radiation via photomixing. [28]

1.2.4 Photoconductive Antennas

Photoconductive (PC) antennas comprises of two parallel metallic electrodes that
are placed on semiconductor substrate with gap of micro scale between them. The
electrodes are generally in the shape of antennas. A laser beam whose energy is
greater than the band gap energy of the semiconductor material is incident on the
gap between the PC antennas which leads to the excitation of electrons and holes in
the substrate. The generated electrons and holes induce photocurrent due to the bias

voltage. The THz radiations are thus driven by the time varying current [29, 30].

1.3 Electron based Sources

The basic principle for the electron beam based sources used for the generation of
coherent radiation involves the translation of energy of the electron beam to the field
energy of the electromagnetic radiation [31].The solid state electronic devices
(SSEDs) such as diodes and transistors involves semiconductor as a medium for the
electron transport through conduction The vacuum electronic devices (VEDs) that
implements vacuum as a medium for achieving the high frequency range of the
microwave region includes travelling wave tubes (TWTs), backward wave oscillators
(BWOs), Gyrotrons, Klystrons [32-34]. For high power devices in order to sustain

high beam currents VEDs are favoured.
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1.3.1 Backward Wave Oscillator

Backward wave oscillator (BWO) is a slow wave device in which the electrons
focused by the magnetic fields are drawn towards the anode through a decelerating
structure which leads to the excitation of the electromagnetic wave that travels in the
opposite direction and, thus the oscillations are sustained [35, 36]. Dobroiu et al.
[36] first reported that BWO as a source is preferable for imaging application due to

synchronous detection, high resolution and focusing ability.

4\ THz

Heated cathode

\\ Anode
| —
E e & |-
LI 11 LI LI LI L1
A\
/ \
Slow-wave structure

Collimated electron beam

Fig 1.6. Backward wave oscillator employed for THz radiation emission [5].

1.3.2 Gyrotrons

Gyrotrons are fast wave devices that are capable of generating high average power

in the range of millimeter and sub-millimeter wavelengths.

Output waveguide and window

Coil 722477 \\
Cathode '_I/ \

vvvvvvvvvvvvvvvvvv

I
Output cavity e \

..' -l

Beam collector

Fig 1.7. Gyrotron as a source for THz radiation emission [5].
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It involves the transfer of energy between the electrons spiraling under the effect of
magnetic field and the electromagnetic radiation at electron cyclotron frequency.
The amplification of the radiation is maximum at the highest field strength position

[37].

1.3.3 Travelling Wave Tube

Travelling Wave Tube (TWT) comprises of an electron gun as an electron beam
source, a slow wave tube where the interaction between the beam electrons and the
RF electromagnetic wave occurs and the amplification of the RF field turns up due
to the energy transfer from the electrons of the beam. The beam electrons are
focused by providing an external magnetic field around the tube. Generally, folded
TWTs are used for the THz generation in which regenerative oscillations are forced
via the circulation of output back to the input end [38, 39]. Although, the helical
TWT have more bandwidth and are highly efficient but are restricted for obtaining
the THz radiation due to fabrication difficulties of helix in small circuits by

conventional techniques [31].

For a fast wave device, the physical dimensions of the interaction region is much
greater than the radiation wavelength while for a slow wave device the interaction

region dimensions and the radiation wavelength are comparable.

Electron
Gun . \ Input Output
Helix
\\‘ ; \ A ———
1 s g
{ r’ ) .
; P - Ths
A — . — - - / \\\ b\
N Attenuator Collector

Physical construction of TWT

Fig 1.8. Schematic of TWT [31]
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1.3.4 Free Electron Lasers

Free electron laser (FEL) is a classical tunable device for the emission of coherent
terahertz radiation. The first FEL was invented in mid 1970s by John Madey [40]
with first experiment performed at Stanford University. For the past few decades it

has gained great attraction due to its wide tunability and high intensity.

FEL comprises of an electron beam, an accelerator and an oscillatory field that is
known as undulator or wiggler. As compared to the conventional laser, the electron
beam serves as the lasing medium. The term undulator is used generally for the
periodic magnetic field in synchrotron light sources that are incoherent while
wiggler refers to the field that provides oscillatory motion to the beam for free
electron lasers such that the electrons and the radiation field couple with each other
[41]. The electrons are accelerated to velocities comparable to the velocity of light
to obtain a relativistic electron beam (REB). The wiggler field and the electromagnetic
seed signal exerts a nonlinear ponderomotive force on the electrons of the REB that
drives the exchange of energy by the electrons due to which the electrons that gain
energy move fast while the electrons on losing the energy slows down w.r.t to the
reference electrons. This makes the electrons to finally acquire a common velocity
leading to the bunching of the beam at the scale length of the wavelength of the
radiation wave. The electron bunches then move collectively to emit coherent

radiation.

The possible regimes in which FEL can operate depending on the energy of the
beam and current density are (a) Raman regime which operates at high beam current
and low beam energy (b) Compton regime that operates at low beam current and

high beam energies [42].

The electron beam can be confined into the interaction region either by applying an

axial magnetic field [43, 44] or by ion channel guiding [45-47]. Usually, the
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magnetic field is provided by using solenoids wrapped around the wiggler space
where the beam has to be focused for effective interaction to occur. The applied
static magnetic field provides electron cyclotron frequency. The gain and efficiency
attained for the radiation generation becomes maximum when the frequency of the
pump wave, and the electron cyclotron frequency becomes equivalent. An ion
channel is formed when the high field strength electron beam driven into the plasma
medium expels out the plasma electrons due to the repulsive force between the
beam and plasma electrons, leaving behind the ions being massive. This channel
acts as a path for the propagation of the beam by focusing and confining it in the
axial direction due to the space charge force exerted due to the ions of the positive
charge [48]. It results in effective hike in the FEL gain. For the ion channel to be
formed, the density of the plasma electrons should be lower than the beam density

[49].

The main mode of operation for high gain FEL is self-amplified spontaneous
emission (SASE). SASE results in the creation of radiation wave from an electron
beam of high energy. The process does not require an external seed signal and the
spontaneous radiation produced due to the prior interaction with the wiggler region

acts a seed signal in further interaction [50].

Electrons bunched at
radiation wavelength:
coherent emission

Random electron phase:
incoherent emission

Fig 1.9. Schematic representation of free electron laser [51]
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1.4 Wiggler

The wiggler employed can be electromagnetic, magnetic or electric. For the electron
frame these appear to be different but in the lab frame all behave to be as
electromagnetic waves. The frequency component of the purely magnetic wiggler is

zero while the wave vector vanishes for the purely electric wiggler [52].

The wavelength of the radiation wave can be tuned by the energy of the electron

beam and the wiggler period as

EREAW

where Ag, is the wavelength of the radiation wave, A, is the wiggler wavelength
and y is the relativistic gamma factor. The radiation wavelength varies directly

with the wavelength of the wiggler i.e., wiggler period and inversely with the square

of the gamma factor.

The wavelength of the radiation wave for magnetostatic wiggler is given as

Ap = ﬂ while for the electromagnetic (EM) wiggler, the radiation wavelength
R 27/2

A

scales as Ag = F
The beam energy requirement can be comparatively reduced by using
electromagnetic wave wigglers of short wavelength. Further, the radiation frequency
induced by EM wiggler is estimated to be about double the frequency due to
magnetostatic wiggler. Magnetostatic wiggler has advantage due to reproducible
and well determined wiggler period. Helical wiggler comprises of magnetic field
with components in both the axial and transverse direction that results in the spiral

motion of the beam.
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In a FEL when an electron loses momentum, then a part of it is absorbed by the
photon and remaining by the wiggler. Therefore, wiggler plays an important role in
the conservation of momentum which is an essential condition for the emission of

radiation.

1.5 Plasma

The universe comprises of matter in the form of four states depending on the
component particles and the bond strength namely: solid, liquid, gas and plasma.
The state is determined by the equilibrium between the binding force and thermal
energy of the particles. Plasma is the fourth state of matter which was first suggested
by Irving Langmuir in 1922 [53]. Plasma is obtained due to ionization of gas which
satisfies the criteria of quasineutrality, collective behavior and strong ionization
[54]. Quasineutrality refers to the plasma as an overall neutral medium with equal

number of ions and electrons. The debye length Ay should be less as compared to

the dimensions of the system L. Debye length determines the distance upto which
the system is able to shield the applied electric potential. Collective behavior implies
that plasma particles experience long range Coulomb force and each particle shows
an interaction with large number of other particles. Plasma frequency is a significant
parameter that characterizes the response of plasma to the external electric and
magnetic fields. Plasma frequency is the frequency at which the electrons oscillate
and the plasma acts as an arrangement of coupled oscillator. It is considered that
electrons are subjected to external perturbations whereas ions behaves as background

and counteracts the unperturbed plasma due to their heavier mass.

Plasma as a natural source is present in the interplanetary and interstellar region
although at low densities. The upper layer of Earth’s atmosphere i.e., ionosphere is
ionized by the high frequency waves. The density of plasma is high in the

ionosphere and increases on moving to the higher layers. In the magnetosphere, a
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barrier is formed between the planets and plasma particles via solar wind. The
presence of plasma interrupts the power lines and radio waves by causing the
accumulation of charge only on one side of the spacecraft which results in an
electric discharge [55]. Plasma also finds use in plasma display, arc welding, neon

and fluorescent lamps.

One of the method implemented for the formation of plasma in lab is by applying a
high electric field to the gas. The strength of the field depends on the geometry of
the system enclosing the gas and the gas pressure. The source for the electric field
can be electrodes or transformers [56]. In case of atoms of alkalies such as cesium,
sodium, and potassium, plasma can be obtained by the direct heating of these

elements above 3000K due to their low ionization energies.
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Fig 1.10. Plasma depicted as the fourth state of matter [57].

1.6 Role of Plasma in FEL

Plasma is a nonlinear medium which is dispersive and is capable of withstanding
high field strengths. Plasma introduced in the presence of an external magnetic field
offers the reduction in the energy of the beam by slowing down of the radiation

phase velocity. The introduction of highly magnetized plasma offers neutralization
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of charge and current which makes it to sustain high beam currents [58, 59]. The
plasma medium promotes the bunching of the beam and leads to the generation of
high power radiation when the frequency of the radiation wave and the plasma
frequency becomes comparable. Plasma background provides drift to the electron
motion in the transverse direction which results in better guiding of the radiation
wave [60]. Rippled density plasma acts as a slow wave structure which supports the
excitation of radiation wave by satisfying the phase matching condition. Plasma
frequency also contributes to the tunability of FEL. Therefore, the FEL with shorter

wavelength and high power can be operated by introducing background plasma.

Plasma being affluent in the wave phenomena supports plasma waves to play a role
of wiggler in FEL. High frequency plasma waves can be employed as short
wavelength wigglers in FEL. The electrostatic plasma waves that are used as
wigglers includes Langmuir wave [61, 62], Upper hybrid wave [63, 64], Lower
hybrid wave [65], and lon Acoustic wave [66, 67].

Langmuir wave is an electron plasma wave which is due to the oscillations of the
electrons around their equilibrium points oscillating at characteristic electron plasma
frequency. This is due to the plasma characteristic to maintain charge neutrality
under equilibrium over a large scale [68]. The oscillations poses high frequency. For
the Langmuir wave as a wiggler, the medium should be either unmagnetized or the
magnetic field should be in the axial direction. Upper hybrid wave is due to electron
oscillation in magnetized plasma with the magnetic field in the direction
perpendicular to the beam propagation. Surface plasma wave (SPW) is an
electromagnetic wave that propagates at the interface between two media e.g.,
plasma and dielectric material or vacuum with phase velocity nearly equal to the
speed of light. The amplitude of the wave shows an exponential decay on moving
away from the interface. The SPW can be driven by the parallel propagating

electron beam as the phase velocity of the wave is less than velocity of light.
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1.7 Cerenkov Free Electron Laser (CFEL)

It is a slow wave FEL that reduces the velocity of the electromagnetic radiation
wave below the speed of light so that it becomes comparable to the electron beam.
The wave is slowed down by introducing a dielectric medium in the waveguide. The
waveguide can be either filled completely with the dielectric or it is filled near the
boundaries. The electric field of the electromagnetic wave is taken to be in the
longitudinal direction (transverse magnetic mode) such that the beam travelling in
the axial direction is retarded and transfers its energy to the transverse magnetic
(TM) mode until the velocity of the beam reduces and becomes equivalent to the
phase velocity of the radiation wave. The electron beam can be confined in close
proximity to the dielectric material by applying an external magnetic field so that it

interacts effectively with the EM mode.

If the phase velocity of wave and the beam velocity becomes comparable then, equal
number of electrons are present in the positive and the negative cycle of the field of
the wave. Therefore, in order to attain higher growth, the phase velocity of the wave
should be slightly less than the velocity of the electron beam such that more electrons
are present in the retarding phase to form bunches and transfer their energy to the
wave [69]. Several TM modes can be supported by the waveguide leading to discrete
frequencies. The modes having fields with phase velocity smaller than the light
velocity lies in the dielectric medium and falls off swiftly on moving away from the

medium. The decay of the wave increases with the increase in mode number.

1.8 Propagation of REB in Plasma

The following Maxwell’s equations can be employed to study the propagation of a

REB or an EM wave:

VE=£ (13)
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V.B =0, (1.4)
VxE = —@, (1.5)
ot
. OE ~

where 14,&, are the permeability and permittivity of the vacuum, respectively.
E, B denotes the electric and magnetic fields, respectively that can be written in

terms of scalar potential ¢ and vector potential A as:

— oA

E=-Vg——, 1.7
¢ p (1.7)

B=VxA (1.8)

The wave equation for the radiation wave can be obtained by taking the curl of Eq.

(1.5) and then using it in Eq. (1.6)

2

. . —  Axiw—
VZE—V(V.E)+w—28pE: 23, (1.9)
c c
w2
wheree :1——2 is the dielectric constant for the plasma medium and @, @y
w

are the frequency of the electron beam and the plasma, respectively.

The dynamical character of plasma medium is directed by the interaction of electron
beam with the particles of the plasma. Various approaches such as single and
two fluid theory, kinetic theory have been followed for describing the plasma

theoretically.
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The fluid theory describes the bulk characteristics of the medium. Statistical
approach has been preferred as it becomes very complicated to take response of
each individual particle. The electric and magnetic field for the plasma state are
determined by the Maxwell’s equation. The response of plasma to the fields can be

examined by the fluid approximation.

The dynamics of single particle is described by the equation of motion and for the

conservation of charge, equation of continuity is employed as:

m, %+(\Tk.v)\7k :qk(E+\Tk><§), (1.10)
%+V.(nk\7k)=o, (1.11)

where n,, m,, ¢y and v, denotes the number density, mass, charge and velocity

of the k™ species ( k =e, i for electrons and ions, respectively), respectively.

Further, the set of Maxwell’s equation is also employed along with the equation of

motion and equation of continuity for complete description of the system.

1.9 Ponderomotive Force

Ponderomaotive force is a nonlinear force that is exerted on the charged particles due
to the non-uniform oscillating fields of the high intensity electromagnetic waves.
The distribution of the density of plasma electrons can be affected by the
ponderomotive force which helps in describing the plasma acceleration analytically

[70].

The electron motion in the presence of electric (E) and magnetic (B) field can be

described by using linearized equation of motion as
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P _p | Y (G :_e(ﬁﬁvxﬁ] (1.12)
dt el ot C

The electric field of an electromagnetic wave is considered as

E=A exp| —i(wt—kz) |, where A, is the field amplitude of the wave, (w, K) is

the electromagnetic wave frequency and wave number, respectively. The electrons

eE
Mo

acquire an oscillatory velocity (VO) givenas v, = :

The electrons of the plasma medium experience a ponderomotive force (F—p) given

as fp:—ev¢p, where ¢, is the potential of the ponderomotive wave which can

2
be expressed as @, =—e—2|E|2. The electrons are treated as fluids and their
4dm,w
outcome to square of the electric field is computed.

The ponderomotive potential leads to the acceleration or deceleration of the beam
electrons which contributes to the bunching of the electron beam and therefore

drives the output radiation wave.

1.10 Electron Beam Prebunching

Prebunched electron beams refers to the formation of electron bunches of the relativistic
electron beam prior to the interaction of beam with the wiggler and the
electromagnetic wave. For the density modulation of the electron beam such that the
current pulses are shorter than the wavelength of the radiation wave before
interacting with the wiggler, the beam electrons radiate in phase which results in

coherent emission of the radiation at the frequency of the bunched beam [71, 72].

The beam electrons gets accelerated or decelerated due to the nonlinear ponderomotive

force exerted by the electromagnetic wave and the wiggler wave on the beam
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electrons which results in the velocity or energy modulation of the beam. If the
velocity modulated beam travels through the drift space, then the fast and slow
moving electrons catch each other resulting in the formation of electron bunches.

This leads to the density bunching of the electron beam.

The prebunched beams helps in the reduction of the size of the free electron laser
with enhancement in the performance [73]. Several devices employed for the
prebunching of the electron beam includes klystron, travelling wave tube, gyrotrons
[74-76]. The working of Klystron is based on the principle of modulation of velocity
and density which can be explained using two cavity Klystron as follows. The
electrons are ejected from cathode which move with uniform velocities. On passing
through the first cavity that acts as a buncher cavity, the electrons in the positive half
cycle of the rf speeds up, those traveling through the negative half cycle slows down
and those moving through the zero voltage passes with unaltered velocities. As a
consequence on leaving the buncher cavity, all the electrons attains a common
velocity which results in velocity modulation of the beam electrons which further on
travelling through the drift region results in the formation of bunches leading to

density or current modulation.

“Buncher” Cavity “Catcher” Cavity

[ 13t [

Cathode J l Collector

=@ LT — ] [
L Electron Beam

UD
Anode T l

Microwave Input Microwave Output

Fig. 1.11. Two cavity klystron representation [77].

The length of the drift space is decided such that bunching occurs optimum at the

catcher cavity. For efficient bunching process, the phase of the voltage across the
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catcher cavity should be such that the electrons passing through that cavity
experience retardation so that maximum energy transfer from the electrons to the

field of the cavity takes place [78].

1.11 Cerenkov Radiation

The EM radiation that is emitted when the electrons travels with energy greater than
the phase velocity of the wave in the medium (i.e., the refractive index of the
medium is greater than unity) is termed as the Cerenkov radiation. The condition for
the Cerenkov resonance is fulfilled when the amplification of the radiation wave
saturates and the reduced velocity of the electrons become comparable to the phase

velocity of the radiation wave.

When the electrons experience drift, then the condition satisfying the conservation
of energy and momentum for the generation of radiation determines the electrons to
be in resonance with the ponderomotive force, which arises due to the electromagnetic

wave and the field of the wiggler wave.

1.12 Growth of the EM Wave

When the electromagnetic wave interacts with the electron beam, the wave
extracts the energy from the beam electrons thus leading to instability. The
instability caused results in growth of the amplitude of the wave which is defined
as the growth rate of the radiation wave. The instability saturates at a point when
the beam reduces energy to an extent such that the velocity of the beam becomes
equal to the phase velocity of the electromagnetic radiation wave. The growth rate
is maximized if the condition of resonance interaction is satisfied. The efficiency
of the process can thus be defined as the fraction of loss of electron energy to the
initial energy of the electrons and can be evaluated from the growth rate of the

radiation wave.
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1.13 Terahertz Applications
1.13.1 Biomedical Imaging

This is an invasive technique due to low photon energy of THz radiation. THz
imaging helps in obtaining spectroscopic images with phase sensitivity and thus,
holds importance for identification of materials and functional imaging [79]. As the
rotational and vibrational transition energies of components of tissue falls in the
terahertz frequency range, the rich spectral fingerprints of the tissue are recognized.
The complete THz band is absorbed strongly by the water or any other polar liquid
which limits the radiation to penetrate through the tissues with large moisture
content. The radiation has proved to be an efficient tool for diagnosing cancer. The

images of the tissues and cells with variation in optical properties including the

water content, increase in cell and protein density helps in detecting cancer.

DNA/RNA Membrane/ E Molecular Medical
Sensing Protein 7 it Dynamics Imaging
2 ¥ ¥ g 3

Label-free Signaling, Proteomics Clinical

Biocatalysis .
DNA Chip Drug Targets y Drug Tests Diagnosis

Fig 1.12. Representation of THz usage in biomedical science [80].

THz imagining helps in analysing the extent and depth of burn due to accumulation
of fluid and swelling around the wound in burn injuries [81]. It also finds
potentiality in dentistry by early detection of caries by obtaining the 3-D image

obtained due to reflection through dielectric layers in the tooth [82-85].
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1.13.2 Telecommunications

The shorter wavelength of the THz radiation allows the transmission of data at
higher bandwidth. The signal provided is more focused which decreases the
consumption of power at the mobile towers and therefore enhances the efficiency
[86]. The wireless transmission of data with 20 times greater data rate than commonly

used wi-fi was first reported in 2012 [87].

It also shows potentiality in communication at high altitudes where low absorption
due to water vapor occurs including inter satellite communication and aircraft to

satellite communication [88].
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Fig 1.13. Use of THz radiation in communication [89].

1.13.3 Security Analysis

The THz radiation can be used to detect the hidden weapons and other explosives
as the radiation is non-ionizing and can penetrate through plastics and fabrics
while the privacy of the body is avoided [90]. Metallic substances such as sharp
knife, gun etc. exhibit high reflective property at the THz frequency because of
high electrical conductivity. The radiation thus holds importance in security

checks and defense.
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Fig 1.14. lllustration of THz radiation in security analysis [91].

1.13.4 Quality Check

The radiation holds potentiality in the food industry and used for checking the
quality of sealed and packed foods by sensing the materials of low density [92]. The
radiation being sensitive to water can be used for detecting the moisture content of
dried food products. The THz has been reported to account for determining the
thickness and moisture control of leather and therefore can be used for tanning

process in industries [93].
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[
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Fig 1.15. Representation of a chocolate bar THz image with buried glass splinter
and future inspection system using THz, respectively [94].
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1.13.5 Imaging and Material Characterization

This application includes the analysis of the structural image of the material along
with spectroscopic study and identification. The energy of the photons of THz
radiations is comparable to the energy range of the transitions between molecular
energy levels which provides the spectroscopic fingerprint of the material. It helps
in determining the mobility and concentration of carriers in semiconductors [95, 96].
THz spectroscopy also contributes in the study of parameters of superconducting

thin films like energy gap and magnetic penetration intensity.
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Fig 1.16. Demonstrating from left to right: Image of Goya s painting, The Sacrifice
to Vesta; 50% THz view; 100% THz view, respectively of the painting [97].

1.14 Qutline of Thesis

The motivation behind the thesis is to examine the emission of high power THz
radiation using FEL by employing different plasma based wigglers for the sake of
interaction with the REB. Our work mainly focuses to study the outcome of the THz
radiation by using analytical treatment. For the numerical calculations of results the

tools used are MATLAB and MATHEMATICA.

Chapter 1: The chapter owes to the theoretical explanation of the magnificent
region of the electromagnetic spectra i.e, THz radiation. The incentive lying behind
the work carried out is discussed. The properties and features of the radiation that

have fascinated this as a research area are well described. Various techniques that
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have been employed to explore the THz frequency region have been elaborated. The
significance of the role of plasma and prebunched electron beams in free electron
lasers is mentioned. The applications of the THz radiation in different fields are also

discussed.

Chapter 2: In this chapter, the emission of THz radiation is proposed by taking a
premodulated REB and the Langmuir plasma pump wave interaction. Langmuir
plasma wave is a high frequency electrostatic plasma wave that plays a significant
role of wiggler. The premodulation of the REB is accounted by using two laser
beams propagating obliquely. The Cerenkov resonance due to the REB interaction
with the plasma medium drives the electrostatic plasma wave. The application of
static magnetic field results in axial guiding of the beam and providing an electron
cyclotron frequency for satisfying the resonance condition. The growth rate and
efficiency of the radiation wave emission have been examined for both finite and
infinite boundaries of the plasma occupied region. This analytical study could be
useful for realizing the dimensions of the system to be preferred for achieving

comparatively high efficiency.

Chapter 3: In this chapter, a waveguide with dielectric lined along its boundaries
acts as a slow wave structure. This chapter incorporates a plasma filled waveguide
with dielectric boundaries that supports a transverse magnetic (TM) mode as a pump
wave. An externally applied magnetic field is considered for guiding the electron
beam. The radiation emission occurs when laser premodulated REB interacts with
the electromagnetic pump wave. The beam propagation is suggested to be in close
proximity of the dielectric lining for maximum energy transfer to the wave. The
study indicates that low energy beams helps in obtaining efficient growth rate of the

radiation wave.

Chapter 4: In this chapter, the interaction of premodulatd REB with the surface plasma

wave (SPW), propagating at the interface of vacuum-plasma for the generation of
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THz radiation has been discussed in this chapter by taking an analytical model. The
ponderomotive force exerted on the beam electrons by the laser beams accounts for
the modulation of the REB which takes place prior to the interaction with the SPW.
The SPW is excited by the REB and it acts as a wiggler wave. The outcome of the
parameters of the electron beam and the wiggler has been realized on the power and
amplitude of the radiation wave. This work may be useful in obtaining high

frequency radiation by decreasing the period of the wiggler wave.

Chapter 5: In this chapter, the radiation generation is studied by using an
electromagnetic pump wave interacting with two laser premodulated REB in the
plasma slab in the presence of static magnetic field. The radiation power and
amplitude are evaluated and the effect of beam and plasma parameters on the
tunability of the output THz radiation is examined. The optimum power is found to
be achieved at the condition of resonance due to the electron frequency and the

pump wave.

Chapter 6: This chapter includes the surface plasma wave (SPW) to be driven to
instability by density modulated REB. The modulation of the beam density is
mentioned by assuming a modulation index which varies from zero to unity. The
pondermotive force exerted by the SPW and the radiation wave on the beam
electrons further enhances the beam bunching. The wave growth rate and the
amplitude are found to be enhanced with the modulation index. Further, the

requirement for the beam energy can be reduced by using plasma.

Chapter 7: The outcomes of the work carried out during the thesis work has been
concluded in this chapter. In addition, the future perspective of the present work has

also been given.
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Chapter

MODELING OF TERAHERTZ RADIATION EMISSION
FROM A FREE ELECTRON LASER

2.1 Brief Outline of the Chapter

The formalism for the emission of high power radiation, using a relativistic electron
beam pre-bunched by the two laser beams has been developed. A pre-bunched
electron beam interacts with the Surface Plasma Wave (SPW), which is acting as
wiggler counter-propagating to the surface wave in the vacuum region and Compton
backscatters the surface wave into a high frequency terahertz (THz) radiation. The
oscillatory velocity due to the wiggler couples with the laser modulated beam
density which gives rise to non-linear current density that acts as an antenna to
produce coherent THz radiation. This non-linear current density helps in evaluating
the normalized power and field amplitude of the generated THz wave. The
normalized power of the THz wave scales as the square of the electron beam
current, electron bunch length and fourth power of the electron bunch radius. It is
observed that the normalized field amplitude of the THz wave increases with the
beam currents. In addition, the short wavelength THz radiation can be generated by

reducing the wiggler period in the present scheme.
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2.2 Introduction

The emission of radiation from Free Electron Laser (FEL) using pre-bunched
electron beam has been a field of interest for several years [1-9] due to its potential
applications in diverse areas including spectroscopy, medicine, security, and defense
[10-13]. Prebunching of the beam leads to coherent emission of the radiation with

enhanced power and efficiency [14-19].

The pre-bunching of the electron beam at the photocathode by using a drive laser as
a THz switch was studied experimentally by Neuman et al. [1]. They observed that
the modulation can be affected by the longitudinal space charge forces and tuned
either by changing the initial profile of the drive laser or by changing the phase

while entering in the accelerator.

FEL is employed as an efficient source for the generation of the THz radiation due
to its wide tunability and high power. The output radiation can be tuned by varying
the parameters of the electron beam and wiggler. Freund and O’Shea [2]
demonstrated the incorporation of a pre-bunched electron beam model into a three-
dimensional, polychromatic FEL simulation code MEDUSA and observed that the
pre-bunched beams have substantial advantages on FEL operation and permit higher
saturated powers for density modulated beams, shorter saturation lengths and rapid

start-up from noise.

The possibility of pre-bunching using free electron laser with two parallel,
relativistic electron streams in a static, magnetic wiggler was studied by Bekefi and
Jacabs [3]. In this case, they observed that the tuning of the beam velocities lead to
the resonant enhancement of the output radiation intensity. The amplitude of the
radiation is affected by the two stream instability while the growth rate of the
instability remains unaffected. Leemans et al. [14] have examined experimentally
and theoretically the coherent THz emission by the relativistic electron beams

(REB), pre-bunched by a laser at the vacuum-plasma interface. The emitted radiation
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at the interface scales quadratically with charge for long wavelengths compared to
the bunch length and the source performance, therefore, increases by maximizing
the amount of charge. The experimentally measured energy fraction in the ranges
0.3-2.9 THz and 2.9-19 THz was 22% and 78%, respectively and this depends on

the transverse plasma profile and bunch length.

Bhasin and Tripathi [20] have studied the generation of THz radiation by using an
amplitude modulated surface plasma wave over a rippled metal free space interface.
They observed that the efficiency of the THz power generation increases due to

weak linear damping.

The effect of a pre-bunched REB propagating through a parallel plane guiding
system on the excitation of THz plasmons was studied by Sharma and Malik [21].
They observed that the amplitude and efficiency of the unstable mode of the SPW
show considerable enhancement with the modulation index and attain maximum
values when the phase velocity of the THz radiation wave is comparable to the
electron beam velocity. Sharma et al. [22] examined the growth rate and efficiency
of the radiation by employing an interaction of an energy modulated electron beam
with the surface plasma wave as wiggler at vacuum plasma interface. They observed
that the phase velocity of the radiation can be reduced by plasma which helps in the

decrease of beam energy required for generating the radiation.

Kumar et al. [23] explored the role of a self-generated plasma wave in enhancing
the efficiency of the excitation of THz radiation by beating two laser beams in a hot
plasma with a step density profile and observed that the THz power increases with
the angle of incidence up to an optimum value but vanishes at normal laser
incidence. Malik et al. [24] employed the superposition of laser fields for the
emission of THz radiation of high power and observed that the frequency of the
output radiation can be tuned by the size of the plasma that is created by the tunnel

ionization of the gas, and the directionality can be controlled by the initial phase
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difference between the two lasers. Singh et al. [25] studied the excitation of SPW by
using a laser incident obliquely on the free space interface and observed that the
power of the output radiation can be increased monotonically by increasing the

frequencies of the laser and the SPW field.

Xiang and Stupakov [26] proposed a method for the generation of an intense,
tunable narrow-band THz radiation through laser—electron interactions and observed
that the central frequency of the radiation can be tuned by varying the wavelength of
the two lasers and the energy of the electron beam. Malik et al. [27] proposed the
generation of THz radiation by using two co-propagating lasers with Gaussian
profile in a spatially periodic plasma in the presence of a transverse static magnetic
field and observed that the frequency of the emitted radiation can be tuned by
optimizing the magnetic field, amplitude, and periodicity of the density ripples.
Sheng et al. [28] found, using the PIC simulations and model calculations, that the
emission frequency, bandwidth, and pulse duration of the powerful THz radiation
emitted using laser wakefield acceleration can be controlled by the laser pulse

duration and plasma density profiles.

In this chapter, we study the emission of high power terahertz radiations when a
relativistic electron beam (REB), pre-bunched by the two laser beams in the
modulator and then travelling in the drift space, interacts with a surface plasma wave
(SPW) which is acting as wiggler. The mechanism of the process is as follows: The
two laser beams with frequency difference in the range of THz wave exert a
pondermotive force on the electron beam, which leads to velocity modulation in the
modulator. This velocity modulation translates into density modulation as the beam
travels in the drift space, which gives a pre-bunched electron beam. This pre-bunched
beam interacts with surface plasma wave as wiggler, in which the oscillatory velocity

due to wiggler couples to the modulated beam density, giving rise to the non-linear

current density at(a)i, E) , Where a)l = '+ @y, and E:W+%, o' and k' are the
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beat wave frequency and wave vector of the ponderomotive force on the beam of

electrons, @, and Kk, are the wiggler frequency and wave vector of SPW, respectively

which leads to the emission of high power THz radiation. A surface plasma wave
(SPW) is the wave that propagates at the interface between the two medium. The
excitation of the SPW is studied in Sec. 2.3. In Sec. 2.4, we study the pre-bunching of
the electron beam using two laser beams. In Sec. 2.5, we discuss the interaction of the
density modulated electron beam, generated in the drift space with the SPW which is
acting as wiggler. In Sec. 2.6, we have analyzed the results obtained and the

conclusion part is given in Sec. 2.7.

2.3 SPW Excitation and Dispersion Relation

Following Prakash and Sharma [29], we consider a vacuum-plasma interface at

2
X =0. The plasma occupies half of the space X <0 with permittivity £'=1——= Dpe

2 H
20

2

47znpe
me

7
where @pe =[ J is the electron plasma frequency, N, is the plasma

density, m, is the mass of electron and e is the electronic charge.

The vacuum of permittivity unity lies in X > 0. A relativistic electron beam (REB)
of velocity ng, density ng and radius 1, is launched into the plasma. The electric

field associated with the SPW is given by
E-Ege o1 (@pt=ko2). 2.1)

where @, and k—0 are the frequency and wave vector of the SPW, respectively and

?o is the electric field amplitude of the SPW. We consider electric field to be

polarised in the x-z plane.
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The response of REB to the field of the SPW can be obtained by solving the

equation of motion

70 (09 rov) =5, (22)

where V=V z+V,, V, is the oscillatory velocity of the REB due to the SPW and

1 . . . .
Yol = oy | the relativistic gamma factor, c is the speed of light.
Y
Cz
The oscillatory electron velocity in X- and Z - directions after linearization of Eq.

(2.2) are obtained as

v :(?EOXe—i(CUOt—kOZ)1
0 imeyd(an—kov?)

(2.3)

eEOZe—i(a)Ot—ka)

iMeyg (@ —KoVe)

Vo, = (2.4)

where Ej. and E,, are the electric field amplitude in X- and Z- directions,
respectively.

The perturbed beam density, n,, due to the SPW can be obtained from the equation
f continuit an+V(n\7)—0 here n=n?

oconmunya . =0, where n=n_+n;.

nde | Kk Egy, ik, Ey,

me?”g (wp— oVb)2 (w0 — oVb)Z’

n, = (2.5)
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where k, ={k§ i)g

g

The perturbed current density is
J;=—e(dv, +n, \v2).

The perturbed current density in Z - direction by taking only those terms which

: -2
varies as (@, — OVb) is given as

2,070 .
e“v.'n K, Eo, |k E,,
Ji =— ; 3b 2 2 (2.6)
Meyg | (@ —K Vb) (@, —k Vb)
Using the above value in the Z - component of the wave equation
W2 Ariwy, —
VZE-V(V.E)+ _g E=—"2707, we obtain
C
0,2
) @ a)OwapbkoEOZ
k —kg + 2 By, =—— 0N (2.7)
Cc C(awy —KoVp)
0a2
where “’Sb b~ js the beam frequency.

me
On multiplying by Egz and integrating from X=0t0oX=o00, and taking

| Ey,Eq,dx =1, Eq. (2.7) can be re-written as
0

2 '+l
O Ko Ovb( o j

02
(0 — OVb)

e+l
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In the absence of the REB i.e., C"Sb =0, the standard dispersion relation for SPW;

[31] can be obtained from Eq. (2.8) as

2( 8" | _k2c?
w0(5'+1j kgce. (2.9)

This dispersion relation is used for further calculations in Sec. 1V. Eq. (2.8) can be

rewritten as

d '+1], (2.10)

(0 —af ) oy I8 = bl £

&

Gk

where o, = koc(

2

In the absence of beam, w,

, = 0. On equating the factors of left hand side to zero,

we obtain, @y~ aS the SPW mode and Wy ~ kovg as the beam mode.

To solve Eq. (2.10) in the presence of beam, we assume that @, =c;+0

= kovg + &, where ¢ is the small frequency mismatch.

2 &'

h
5{%%%‘} (5'+1ﬂ Se'zre],”’

For n=1, Growth rate I", defined as the imaginary part of small frequency mismatch

0, given as

2 &'

'=Imo = {wgbkovt? (8'+1j]% J3
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From the equation of motion,

d’z_ eE, _ €&y, -«

= = *cos(mnt —k,2),
dt? 7oMe M7 o0

where Ey, is the amplitude of the SPW. The above equation can be further written

as
2
d 2z __ €&y, o ko7 _—
dt M7
eEy, Ky 2.
where @), = m—z is the bounce frequency of electrons and the growth rate
Y4

can be simplified to

ek k, J%

F:wb:( Me7o

Therefore, the amplitude of SPW=

(2.11)

2 0
1ﬂ2me7/() U {a)pbkovb (8'4-1)
&

%
ek, 4ek, 2 }
From Eq. (2.11) it can be seen that the amplitude of the SPW is a function of

known parameters i.e., electron beam velocity, beam density and plasma

density.
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2.4 Beam Prebunching using Two Laser Beams

Laser 1

‘\ P THz i”ddlél}‘lon

k,

Llectron beam prebunched e~ beam ((UO’kO) ((0”]?) (a)l, !
> VLAV AL

JModulator > < Drift space
dy d

Laser 2

Fig 2.1. Schematic diagram showing the pre-bunching of the electron beam and its
coupling with the Surface Plasma Wave (SPW) as wiggler.

Following the treatment of Kumar and Tripathi [7], the two laser beams with

frequencies @ and w, , such that w'(za)l—a)z), interact with the relativistic

electron beam (REB) of velocity v, z, density n; and cross-section d, in the

modulator. The electric fields for the two laser beams are given by
— — —i(at—kz
E —ae (A2 (212)

£ _aari(@tk,2)

E,=a, (2.13)

The lasers exert a ponderomotive force at (a)',k') on the beam electrons in the

modulator region of widthd,, .
. . ; e — — e —

. eE, . eE,
where Vj = - 5 V,=— 2

—, V, = are the oscillatory velocities of the electron

beam.
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Using the above values, Equation (2.14) can be simplified to

=_ ek'ay  -i(ot-k2), |

P 2imgy 0, (215)

where @' is the beat wave frequency in the THz range and k' is the beat wave

vector. * denotes the complex conjugate of the mentioned quantity. The

ponderomotive potential (¢p) will then become

___ e —i(w'tk'2) 2.1
Pp 2me7/ow1wze : (2.16)

The longitudinal pondermotive force may accelerate or decelerate the injected

electrons (velocity modulation) depending upon their initial phase and energy

leading to density modulation, which results in a beam space charge potential (¢)

In the present analysis, we have considered ponderomotive potential to be greater

than the beam space charge potential, thus

d

Fo=m, GV =evg, (2.17)
o 730V
where v=vJ +v; and y =y +-22-0 . On linearization of Equation (2.17), we
C
obtain
d 3.1 e(v¢p)
dt 70 b) m, (2.18)

0

. ) . d
The electron beam enters the modulator at time Ty and leaves it at time 71[: _OJ
Y/
b

after travelling a distance d,, then it travels a distance d through the drift space
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d
and reaches the wiggler at time 7, | = 01 (cf. Fig. 2.1). Equation (2.18) can be
v, +V
b™b

integrated to yield the perturbed beam velocity as

i@y +0p) i (@K Q)7

vl iek 'g,d,sind e ; (2.19)

b

2mej/gV8 Hp

where 0, :(a)'—k'vg)% is the modulator phase angle. On substituting the
Y
b

values of ¢p in Eq. (2.19) and taking the real part, we obtain

—

1 H 1
Vp ==V Sin(w'z, +6,)z, (2.20)
with

_k'dy c2 ea, ea, sind

N==-—7 o
275 V,” Me@C Mew,C Gy

P cos(a)'—k'vlg)f0 :

We assume that the prebunched beam enters the wiggler at time 7, that is

d,+d dpsin(e'r,+6
=ty B gLy g DO S0 00) g
b b b b b

To get an expression of modulated beam density, we take |, as beam current

entering the wiggler and, being a periodic function of time, expand it using Fourier

series as
|,(75) =y + @, COS @' 75 + 1, COS200' T4 ... +Bsinw'zc,+ B,sin2w'r,........ (2.22)

where the coefficients are

Jyotsna Panwar 45



Delhi Technological University

27 2r/

|,c0s0'z,d7; and ,Bl=; (j) lsino'r,dr,.  (2.23)

Using the value of 7, from Equation (2.21) and on employing I,dz, =1,dz,, we

get
1 2%. 1 ! 1 !
o = I, f cos[a)'ro+a)(d00+d)+w d778|n(cé)ro+6’p)].
T 0 Vb Vb
1, 2 ' ‘dnsin(e’
,31=w7|0 | Sin[a)'ro+w(doo+d)+w nsm(ag TOJF&D)]- (2.24)
0 Vb Vb
Assuming
", e iw'dysin(o'z, +6
§=w—|0 [ exp[iw'Lrwdngdnxexp[w i (go o p)J (2.25)
T 0 Vb Vb

And using the Bessel’s function identities, Equation (2.25) can be rewritten as

_il @'(dp+d)
w'dn I[ v epJ
&=-214J; vk , (2.26)
b

where oy =Re (&) and B =Im(&). The component of current as a function
of the beat wave frequency in the THz range is given as
I, (@)= cosw't,+ B sinw'r, . On substituting the values of oy and S, we

obtain

() =-2 |OJ1{%’ZJcos(w' 7,-6), (2.27)
b
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w'(d, +d)

0
Vb

where § = ~0,, lg=ngevya, .

The laser modulated beam density is given by

I, (" '
M, iy 2 _ 507 (@'d7y P
Ny (@' k) evg 2nb.Jl( Vg )Cos(@'zy —5)- (2.28)

2.5 Beam Wiggler Interaction

The oscillatory velocity acquired by the beam electrons due to surface plasma
eE—Oe_I (wpt—Ky2)

—— 5T which when coupled with the
'me7o(a’o_kovb)

wave as wiggler is \70 -
modulated beam density leads to the nonlinear current density at (a)i, kl') , given as

2n§e2?0J1(a1;8h7) COS(' 75— 5)e_'(w0t_k02)

Ty (@, K) = —nMev, = b , (2.29)
' Imeyg(a)o—kovg)

where @ = @'+ @, and E:kﬁ#kﬁo. The current density helps in evaluating the

power and amplitude of the THz wave. In the present case, we have considered a
homogeneous plasma due to sharp vacuum—plasma interface boundary; in addition,

we have taken the length of the wiggler to be less than the drift space length.
Case I: Evaluation of the Power of the THz Radiation

The retarded vector potential is given as

= ‘dny —i(at—0) —i(0'(t-T1
[3(rt-R) 'uOnl(J)rbzezEO‘]l(a)Von)e (apt=0)g (e é))ll
K(F’t)ZZ—;#d%': b

R k VO
2imyro, [ —ObJ
k7ol @ oy

(2.30)
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where

| exp iw—Ib Co—cosé?Jer? -1

b o'l C ' c Vb w

I, =[exp|i| —| —5—C0s@ |+k, |z dz'= )
0 €% ' C

i —5—cos8d |+k,
clv

|b is the bunch length of the beam and r, is the electron beam bunch radius. Using

Equation (2.30) in B=vVxA=iZrxA, we get
c

e—i(wot_a)e—i(w'(t‘%)) exp(i07SN")

002r2E (. | @'dn
rxxn,er; an)lJl[vo

B b 9" 7 )
2myorcde 1—@8
e?o1C 0D | 0
'l ck
where 9':—b[%—cosﬁ+—?}
2C vy W

Time averaged power is r2j§ade and the maximum power over the wiggler

length Ib is I\f, [ SiaxdQ, where Sav is the average poynting vector given by
§av =r L|B|2.
214,
The average power is given as

A7r?Say = ), (2.32)

4 c412E2 " :
b E @F° .2 Aw”
51 (—

0 2 (0 )
327[780350[1—%] 0 0

which can be normalized to
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2T 4 412 12

r SI»Eazv _ Dpp'h ba)l 0 (Aa) i, (2.33)
2 5o 2,620 KoV, )
I 2611, 64r%ygeictlaws [1— b}

1 wdywd ¢3 ea ea
Z 03
278 ¢ ¢ VB memC ma,c’

with A= . It can be seen from Equation (2.33)

that the radiated power is tunable depending on the beam and wiggler parameters
that in the Cerenkov interaction case, that is @y, = kovg , the normalized THz power

reaches the maximum value.
Case Il: Evolution of THz Electric Field

The wave equation for THz wave is

1 0°E;  Ani
= le
cc ot

~V2E; + w (@, kl) (2.34)
with E—T:AT(Z)e_I(a)-L t_klz)x, E:k—'+k—o, a)i=a)'+a)0, and we get

RIONINCE Eoe_i (a’ot_5)J1(Lgl77)

oA 2ik, 0 % v
-2i k1 AT kl AT (k12 AT _ — > b (2.35)
VgT MeC*7, (a)o KoV )
2k ) ‘2
where Vgr | = o is the group velocity of the THz radiation wave, and k12 cl
1

at perfect phase matching condition. To understand Equation (2.35), we use a new

set of variables, y/':t_iand A =Vth//', and we obtain
v
aT

. “iat-0) | w'd
oA, a’la’ﬁb S 77)
e . (2.36)
ikyC 70(a)0—kovb)
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On integration and taking the real part, the amplitude of THz wave is obtained as

o sin(agt—6)3y (% 5" dry

A = % : (2.37)
kTC 7 (a)o—kovb)

which can be normalized as

2 2 4 2E2212,,02 0
LA oA [ @Bl af 1+ Ko gg)_zjz(sz'z). (2.38)

Mmoo 02 )2 P 1\,
| Ar x| ea’l‘ wgceygmg{l_kovb] ! 0 @ 0

an

From Equation (2.38), it can be seen that in the Cerenkov resonance case, that is,
Wy ~ kth? , the beam velocity is comparable to the phase velocity of the SPW

(wiggler wave), the amplitude of the THz wave reaches the maximum value.

2.6 Results and Discussion

We use the following typical parameters to examine the behaviour of the normalized

power and amplitude of the emitted THz radiation: beam energy Eb(:l.29MeV),
beam velocity vg(: 0.96¢), relativistic gamma factor 7/0(: 3.57), beam current

I, (=20kA), beam radius rb(=15><10‘3cm), electron  beam  density
np (=6.1x10"cm™3), length of the modulator d, (=0.5cm), length of the drift

space d (=1.5cm), length of the wiggler |y (=0.75cm), electron bunch length

y siné
L(=3cm), A _006, 2 _006 P
M@ C Me@,C 0,

np(:5><1018cm‘3) and field amplitude EO(: 48.6><105statvolt/cm).

=1, plasma density
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Using Eq. (2.33), we have plotted Figure 2.2, which shows the variation of the

2c "2

normalized THz power r Sa2v with a)_12 for v8=0.94c and 0.96c. The
,
|2_70 0
" 2cu,

effect of electron beam energy on the normalized power of the radiation has been

studied. It can be seen that the normalized THz power initially increases with the
radiation frequency, attains a maximum value of 1.1x10*at a frequency of =11

THz for VS =0.96c. For Vg =0.94c, the maximum normalized power achieved is

0.7x10™ at frequency =4 THz with the same behaviour. This behaviour is

observed due to the Bessel’s function character of the density modulation of the
relativistic electron beam. The peak shifts to a higher value of THz frequency with
increase in the beam velocity from 0.94c to 0.96c .That is by increasing the
electron beam energy, the normalized power of the THz radiation enhances. Our
results (cf. Fig. 2.2) are in compliance with the theoretical findings of Xiang and

Stupakov [26].

Using Eq. (2.38), we have plotted Fig. 2.3 which shows the variation of the

2
e
normalized THz field amplitude i with the normalized radiation
Ma,C
2
frequencies —12for different plasma densities Ny, =3x10"%cm=, 5x10®¥cm~3and
)
0

7x108cm™3. From the figure it can be seen that the field amplitude of the THz
wave, first increases with the radiation frequency, attains a maximum value and then
falls off. Moreover, the field amplitude decreases with increase in the plasma

density.
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Fig 2.2. Variation of the normalized THz power with izfor beam velocities
0
Vp =0.94c and 0.96c.
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Figure 2.4 shows that the average power of the THz radiation increases with the
frequency of the radiation. The power varies as square of both the pump electric
field and the output frequency of the radiation. At lower values of frequency, the
pump amplitude is not noticeable, but as the frequency increases the power
increases with the increase in the amplitude of the pump field. This result is in line

with the theoretical investigation of Singh et al. [25].

x10" p
= 18, /\
%Y
& 10.
-
5
2 54
@)
(=9
=
0.
(@¥
5 10 ;
o 0.01
X 10 p%f) 0.005
p&‘ = g )
e/o. 00 ﬁ)}’
3

Fig 2.4. Variation of average power with normalized frequency and pump field.

Figure 2.5., shows that the frequency of the emitted THz radiation increases with the

wiggler wave vector (ko) and from the relations kO =" and A= /10 (20 is the

/10 7/0
wiggler period and 4, is the emitted radiation wavelength), the wiggler period

decreases with the increase in wiggler wave vector and consequently the frequency

of the output radiation can be increased by reducing the wiggler period.
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Fig. 2.5. Dependence of wiggler wave vector on the normalized
THz frequency for v =0.96c.

2.7 Conclusion

Laser pre-bunched electron beam coupling to surface plasma wave as wiggler
appears to be a potential candidate for the terahertz radiation generation. The
normalized power of the THz radiation wave scales as the square of the electron
beam density, square of the electron bunch length and fourth power of the beam
bunch radius. In addition, the peak for the normalized THz power shifts to higher

value of THz frequency with increase in the beam velocity. The shift is =1.5 times
higher with beam velocity vg =0.96c. It also increases with beam density. The

normalized THz field amplitude varies linearly with the length of the wiggler and
inversely with the wave vector of the THz radiation. The normalized THz amplitude
decreases with the plasma density and increases with the increase of the beam
current and hence the beam density. The average power of the THz radiation
increases with the pump electric field amplitude. The frequency of the radiation

increases with the wiggler wave vector. The normalized power and amplitude of the
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THz radiation first increases with normalized THz radiation frequency, attains a
maximum value and then falls off. This behaviour is due to the Bessel’s function

character of the density modulation. We have considered the Cerenkov interaction,
i.e., @y~ kovt()J and at this condition the normalized THz power and the normalized

THz field amplitude reaches the maximum value. The amplitude of the SPW varies
as two-third power of the electron beam velocity and beam density. The output
radiation can be improved by increasing the beam density and decreasing the
wiggler period. The scheme seems to be very attractive for the generation of high

power THz radiation at shorter wavelengths.
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Chapter

MODELING THE EMISSION OF HIGH POWER
TERAHERTZ RADIATION USING LANGMUIR
WAVE AS A WIGGLER

3.1 Brief Outline of the Chapter

The emission of high power terahertz (THz) radiation lying in the range of
millimeter to sub-millimeter wavelengths has been studied analytically using
Langmuir wave as an electrostatic pump wave in the presence of static magnetic
field for both the finite and infinite geometry. The interaction of two laser beams
with the relativistic electron beam (REB) leads to velocity modulation of the beam,
which then translates into density modulation on traveling through the drift space.
The premodulated beam on interacting with the pump wave acquires an oscillatory
velocity that couples with the perturbed and modulated beam densities to result in
nonlinear current density which helps in evaluating the growth rate and efficiency of
the output THz radiation. The beam and plasma wave wiggler parameters are found

to influence the growth rate and efficiency of the emitted THz radiation.
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3.2 Introduction

Terahertz (THz) radiation poses a great scope of research in various potential fields
[1-5] due to its high penetration and non-ionization characteristics. Several schemes
have been proposed for the generation of these high power radiation including
mainly optical rectification [6-8] in dielectrics, plasmas and semiconductors,
interaction of high power lasers with electro-optic crystals or by employing

prebunched electron beams [9-11] using free electron lasers.

Welsh and Wynne [6] have analyzed the emission of radiation pulses by the
incoherent optical rectification on metallic nanostructured surfaces via excitation of
surface plasmons. The emission of terahertz radiation by optical rectification of
amplitude modulated surface plasma, excited on rippled metal surface by an
obliquely incident laser beam has been studied by Bhasin and Tripathi [8]. They
concluded that the amplitude of the wave scales as square root of the laser
wavelength and laser spot size, and the efficiency of the wave is found to be high
due to very weak linear damping. Sharma and Malik [12] have observed analytically
the effect of prebunched relativistic electron beam (REB) on the excitation of
surface plasmons lying in the terahertz range using semiconductors and observed
that the efficiency and amplitude of the plasmons can be tuned by the beam

parameters and the spacing of the semiconductor plates.

The effective schemes employed for the generation of THz radiation can be
interaction of relativistic electron beams or short wavelength lasers with the plasma
medium. Plasma eigen modes employed as an electrostatic wiggler helps in
obtaining radiation of shorter wavelength with high wiggler strength [13]. Singh et
al. [14] have investigated the emission of terahertz radiation by the non-linear decay
of upper hybrid wave in the presence of static magnetic field into a high frequency
laser wave and terahertz wave of low frequency. They observed that the power and

growth rate of the terahertz radiation increases with the magnetic field. Sharma et al.
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[15] have employed surface plasma wave as wiggler in the presence of prebunched
REB for the generation of radiation in the range of sub-millimeter wavelength. They
concluded that the plasma density helps in improving the gain and efficiency of the
device. The growth rate was found to increase with the plasma density and varied as
one third power of the beam density. Zolghadr et al. [16] have studied the effect of
magnetized plasma on the output power and the saturation length using whistler
wave wiggler. They observed that the output power increases and the saturation
length decreases with the plasma frequency. Further, the power decreases and
saturation length increases with the cyclotron frequency. More recently, Hussain et
al. [17] have investigated that the terahertz radiation emitted using super Gaussian
laser beams interaction with the plasma in the presence of static electric field is
strongly affected by the plasma density, intensity of the laser beams and strength of
the externally applied field. Radiation with frequencies upto 200 GHz generated
from the Cerenkov interaction in the magnetized plasma have been experimentally
detected by Yugami et al. [18]. They found that the intensity of the radiation to be
proportional to the magnetic field intensity and power as square of the field strength.
The results indicate that this is an efficient way to obtain tunable radiation with high

power.

Plasma can withstand with high fields due to being in the ionized state and hence
overcome the limitation of material breakdown. The plasma medium has thus
proved to be the most suited medium for the generation of high power radiation.
The introduction of plasma in the free electron lasers helps in reducing the beam
energy requirement and acts as a slow wave structure. Tripathi and Liu [19] have
addressed the effects on the radiation and the electron beam due to plasma
introduced in a magnetic wiggler. They observed that the plasma and the strong
magnetic field reduces the electron beam energy requirement and enhances the
growth rate. The depression in the electron density of plasma due to the beam acts

as an optical guiding medium when the beam and plasma densities are comparable.
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The emission of high power tunable radiation by the interaction of relativistic
electron beam with dusty plasma crystal has been studied by Mehdian et al. [20].
They observed that the crystal as a wiggler provides high output frequency, power
and efficiency at comparatively low beam energy and quality. Hedayati et al. [21]
have investigated that the plasma medium in the presence of static magnetic field
helps in obtaining radiation of shorter wavelength by reducing the wiggler period
and lowering the electron beam energy. They also concluded that the electron
bunching enhances at the wave frequency comparable to the plasma frequency. The
generation of terahertz radiation by employing rippled underdense plasma has been
investigated by Pathak et al. [22]. In this case, the frequency was observed to be
tuned by the beam energy and ripple wavelength, and the parameters affecting the
growth rate were plasma density, depth and amplitude of density ripple. Kumar and
Tripathi [23] have employed the beating of two collinear laser pulses in a clustered
gas to study the emission of radiation. In this case, it was concluded that the power
of the THz radiation varies linearly as square of the amplitude of laser, fourth power
of the plasma frequency of cluster electrons and inversely as square of the laser
frequency. Gildenburg and Vvedenskii [24] have demonstrated the terahertz
radiation generation by the linear conversion of an ultrashort laser pulse. The power
of the radiation was obtained in the range of gigawatt using optical intensity of
about 10**-10" Wem™.The conversion efficiency was realized to be comparatively
quite high when the length of the laser pulse was not much greater than the period of

the optical field.

In the present chapter, we have developed an analytical model to study the emission
of terahertz radiation by the interaction of a density modulated electron beam with
an electrostatic plasma pump wave wiggler. The mechanism for the analysis is as
followed. The REB first gets energy modulated at the difference frequency of the
two laser beams exerting non-linear ponderomotive force on the electron beam in

the modulator. The beam on travelling through the drift space gets density
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modulated. The density modulated beam interacts with the plasma region, where the
Langmuir plasma wave is excited that acts as an electrostatic pump wave. The beam
acquires an oscillatory velocity due to the pump wave. Further, the radiation wave
and the pump leads to the perturbed beam density that couples with the oscillatory
velocity to give nonlinear current density which behaves as an antenna for the
emission of high power terahertz radiation. In sec 3.3, we have shown the
modulation of the REB and its interaction with the pump wave in infinite and finite
geometry to study the behavior of high power output radiation. Sec 3.4 includes the

discussions for the obtained results and the investigations are concluded in Sec 3.5.

3.3 Physical Model

QOOOO o

e .9 0 .
o L") ° Ao
O
modulatede beam 0 O
" ® 0 O

O
modu/ato; drift space

L. / beat wave By:
d —\  pump wave
(() k ) T radiation wave
9151

ese
(%)

O

Fig 3.1. Schematic of interaction of premodulated REB (by two laser beams) with
the Langmuir plasma pump wave (in unbound plasma).

In the present analysis, on taking into account the interaction of premodulated REB

with the pump wave we investigate the emission of THz radiation. Preliminarily, we
investigate the electron beam modulation by considering a REB of density ng
moving in the axial direction with initial velocity Vgéwhich is modulated by two

lasers, laser L, and laser L, (cf. Fig. 3.1) polarized in X - direction and co-
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propagating in Z-direction with frequencies @, and «,, and wave vectors Kand

ky, , respectively. The electric and magnetic fields of the laser beams propagating in

the modulator are considered as

— —i(w,t-K.z . C(@X?j
EL\f =Ae @7k )fand BL§ =w—§9, where &=a,bfor lasers L,
5

and L, respectively.

The two laser beams interact with REB in the modulator region as a result of which

eE,
Le

imea)é:)/0

the beam electrons acquire an oscillatory velocity \? = (where £=a,b

for lasers L, and L, - respectively); where Mg is the mass of electron and

1/2

0 2
V : _ : :

7/0:{1—(?3} ] is the relativistic gamma factor. Due to the interaction of

oscillatory velocity of the beam and the magnetic fields of the laser beams, an axial

nonlinear ponderomotive force fT)E; [25] is exerted on the beam electrons

fpe = focos(mt —ke2), (3.1)

2 *
ek
where f, =ﬂ 0] (= a)a—a)b) is the frequency (lying in the terahertz

2imyy mam, e
range) and K, (: K, — kb) is the wave number of the velocity modulated REB, € is

the electronic charge. The length of the overlap region (or modulator region) is

2r, 4r, ) _ . . :
Iy (= ————~<=—", where 0| is the angle of interaction and I is the radius of

ot
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laser spot). The angle of interaction is taken very small so as to have significant
velocity modulation and only the frequency components (@, ) relevant for the
generation of THz radiation are considered while the other frequency components

(200, 2cob) are ignored. The electron beam response under the ponderomotive

force is governed by the relativistic equation of motion,

0 =\ T
~(rv) o (3.2)
0,,m_3
- —O' m VeVe 7/0 . ..
where V=Vg +Vo , y =7, + >— . On linearizing the Eq. (3.2), the modulated
C

velocity (vg') attained by the beam is obtained as

folm sin(g) e—i (wetm+6)

v =
e 3,,0
Mg )5 Ve 9|

—a VO sin(wgty, + q), (3.3)

kelnc? €°AA sin(g)
4,,02 » M

5 5 is the time at which beam arrives at
2;/0Ve Mg W@, C 6’|

where Ay =

sin(6))

the modulator and ~] for appreciable velocity modulation. The beam thus

gets velocity modulated in the modulator region where the initial slow moving
electrons (late electrons) start moving fast and fast moving electrons (early

electrons) slows down in order to attain a common velocity.

The beam then passes through the drift space, where due to acceleration and

deceleration, the late electrons catch the early electrons, leading to the density
modulation of the electron beam. The density (nén) of the modulated REB can be

written as [23]

Jyotsna Panwar 64



Delhi Technological University

w,l o
ng' = —ZnSJl(%Jcos(%tm — ), (3.4)

e

| (1+ o, Sin(aet,, + 6,
Wheretp[tm+lﬂo+ d( m O(Em I))
v

Ve (S

is the time at which the beam

electrons leave the drift space and enter the pump wave; | 4 Is the length of drift

space.

In the next stage, we consider a system filled with an isothermal plasma of uniform
density ng in which the premodulated REB excites an electrostatic plasma wave

(pump wave) due to Cerenkov interaction which acts as a wiggler in the present

analysis. Now, the interaction of the premodulated REB with the excited pump

wave in the presence of external static magnetic field (B0 I 2) Is studied. On taking

the beam response in the electron frame moving with velocity vg Z, where the beam

is treated as non-relativistic, we obtain the oscillatory velocity component as

o e[io] (V') (@ x V') |

" me (@2 - )

Ae—i(cqt—kl 2)

,where ' denotes the quantities in the electron

frame, ¢| = Is the electrostatic potential of the plasma wave,

EI(: —V¢|) is the pump electric field which is polarized in the X—z plane and

eB, | . L
Wee (: —OJ is the electron cyclotron frequency. The perturbation induced due to
m.C
. —i(ot=k 2)
an electromagnetic radiation wave is given as E =Ae r ' where

r r
(o, kT) is the frequency and wave number of the radiation wave, respectively.

The radiation wave and the pump wave simultaneously exerts a nonlinear
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pondermotive force [26-28] on the beam electrons, Flé):evlqﬁig, where the

ponderomotive potential (¢p) can be simplified to

e[ia)l' (V'g")+ (a)Te x V'qﬁ,'*)}?r |

Zimgar (o o) )

bp=—

The response of beam electrons in terms of velocity (v: ) and density (ne) due to

the ponderomotive force and the self-consistent electric field is obtained as

V: _ _%;%) (3.6)
i (V) v )1 (6 )
Ne =— mea)“sZ (a)l'z_wég) : ' (3.7)

—_—
1

The nonlinear current density (J NL) being an important source for the emission of
terahertz radiation arises by coupling of the perturbed beam density with the
oscillatory beam velocity. Hence, the nonlinear current density at (a)r,?r) IS
obtained as

ke2e3 A (¢'+¢;)n'eo{1+rr‘fg,1[ia),'(v¢,' (ke xv g et K)

Iy =—nev) - . (38)

im.o2 (o~

where @, = @, +aj and Kk, =K, +K, .
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Further to study the proficient generation of the high power THz radiation, the
growth rate and efficiency radiation wave have been evaluated for the
geometries with infinite [15] (local effects) and finite [28-30] (nonlocal effects)

boundaries.

Case I: Effects of Infinite Boundary on THz Radiation Wave

plasma

Ll 79

]
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1
)
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1
1
1
)
)
]
)
1
1
)
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1
<
(S H

mod u/ated REB ®)

By |2

Fig 3.2. Schematic of interaction of REB with the plasma pump wave in a
cylindrical column (bound plasma).

We consider the excited pump wave in plasma in a very large dimensional space
such that it can be considered as an infinite system. In order to study the generation
of terahertz radiation with the local effects of the wiggler wave, the wave equation is
employed as

_y2E JAxien g o O,
r C2 NL 02 ot

The expression for non-linear current density that drives the radiation wave is
substituted in the above wave equation after applying Lorentz transformation [31]

on it in the lab frame to obtain
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oY m 3.10
a)ﬁbez(ke—wg\{eJ [iyoa),(V¢,)—(a)ce><v¢,)]2{1+”%}[1_Zej (3.10)

ng £

2m2y, (2o - ) |

M

47n0e? %2
where y, is the beam susceptibility, e =1+ y, and @p,| = £ is
the electron beam plasma frequency. To simplify the above equation, we take
W, = kV0 +6, and @, =k.c+3;, , where o, is the small frequency

mismatch.

2 52 a)evg i : 2 ng’ Xe :
(o ke—c—2 [Iyocol(V@)—(a)cequﬁl)} [1+ng](l—gj iZn%
€ .

2
2 2 2 2
4wrme70(70a)| _a)ce)

The growth rate of the radiation wave I'; is obtained by taking the imaginary

part of &;  with n=1.

02
2 2 WV, 21, N X
w- ek, ——8 | Ef|1+—||1-4&

V3 pb(e 02} '[né’( e)

2

5 . (3.11)
2.3 2 Ct)cze
4a)rme;/0a)| 1- 55

L'y 7o

o \3(7-1)

The efficiency of the radiation [32] (77, = ) can be evaluated as
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) VE
VO n
%8 yo(k —zej E2[1+ %](1—"9]
— ¢ e £ (3.12)
ir 2 . , 0)2 2
4w, ms (70 1) o, 1—722‘;2
(0 |

Case I1: Effects of Finite Boundary on THz Radiation Wave

The radiation wave has been considered for the same with the finite geometry. In
order to study the nonlocal theory of the pump wave, we consider a uniform

cylindrical plasma column of radius a, as shown in Fig. 3.2. Using the expression

of Lorentz transformed nonlinear current density in the wave equation, we obtain

o°E, 10E,
+__
or> r or

> 2[ Yo, (V¢I) Wee XV¢| [ke

2
+k°E, =

][ ?]rgj(l—ﬂiej (3.13)

2c2mey0(a)e KV, Z(yoa)l —coce)

2
o,
where k? =— - k?.
c

In the absence of beam(i.e., Oy = O) , the equation reduces to

O°E, 10E,
+ J—
or> r or

+k?E, =0. (3.14)

The solution of the above equation is of the Bessel’s form which can be given as

E, = A\J,(k,r), where J,(K,r) is the zeroth order Bessel function of first kind.

Atr= ay the electric field should vanish i.e., E, =0 and the solution reduces to
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Jo(kyay) =0, ie, k, =1 (n=1,23....), X, are the zeros of the Bessel

ay

function and n is the mode number.

In the presence of beam (i.e.,a)pb ;tO), a series of orthogonal sets of wave

functions can be used to express the solution of the wave function with

E, = AnJo(Kml) .We substitute this expression in Eg. (3.13) and multiply both

m

sides of the equation by rJO(knr) and then integrate it over r from O to a;. On

retaining only the dominant mode (i.e.,m =n), we obtain

02 2 m
w_rZ_ k12 _ wsbez(ke - a)g\zle ] [ia)ﬂ/o (v¢l)_(a’ce xVé, )} (1+ T]EJ j(l_iejal (3.15)
2 r )

2méc?yy (@, — keVg)z (roaf - e )2

rd, (knr)J, (k,r)dr

where k12r =k?+kZ and a, = , Where I, is the radius of

o—|o—¢"

rd, (knr)J, (kyr)dr

the electron beam. At r, =a,, o =1. Equation (3.15) can be simplified to

2
(a)rz— ZrCZ)(a)e—kevg) =
0
€

2_ ) 0o
wgbez(ke_ o j Cirgor(Véh) (0 x V4h)] [1+ i j(l_ze

2mlyy (reo? - k)

Here, o, =Kk C agrees to the radiation mode and , = kevg corresponds to the

beam mode. The growth rate (I"; ) is obtained on solving the above expression by

using @, =k, +J, and @, =kevg+5fr, where & is the small frequency

mismatch and taking its imaginary part
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-, e°Ef| k., — ezej (1+60J(1—e a
- zﬁ o~ TI | e N s )1 | (3.17)
fr 2 2 5 , \2
T e R E
&, 709,

In the case of finite geometry, the frequency of the output radiation depends on the

modes and radius of the waveguide as

2
w, = [ﬁ] +k?| c. (3.18)

r 7/3

fr 0
o 3(7,-1)

The efficiency of the output radiation 77, [— ] can be expressed

as

2 2226 COVOZ Ne' X
o, e’E ke ——5 | [1+—5% || 1-28 |
pb |7’o£e Czj( ngj( 8)1

2 2 2
X 2
4 (“j +k? mezc4a)|2[1— “’CEZJ (70-1)°

2
& 709,

N |-

For the infinite and finite geometry, the growth rate and efficiency of the
output radiation is found to be influenced by the parameters of the beam (scales

as one third power of the beam density) and the pump wave (scales as two third

power of the electric field). For both the cases, at @y = ypay , Cerenkov

resonance occurs and the growth rate and efficiency of the THz radiation
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attains the maximum value. The frequency of the output radiation depends on
the radius and modes of the cylindrical column in case of finite boundaries
while in case of infinite, the dimensions of the system does not affect the

radiation.

3.4 Results and Discussion

The present analysis involves an analytical model for the study of the growth rate
and efficiency of the terahertz radiation which is being radiated by the interaction
of the laser premodulated relativistic electron beam with the Langmuir pump wave
wiggler. The response of the beam and wiggler parameters on the output radiation

has been studied by employing the following typical parameters, viz., electron

beam velocity Vg=0.95c, relativistic gamma factor y,=3.2, beam energy

E, =1.12MeV, beam  density nd =4x10"cm™3,  beam  current

3
I = 6.2x10" gm%cm/2 SeC_z, radius of the electron beam r, =0.06cm,

length of modulator |, =0.75cm, drift space length Id =1.5cm, pump wave

frequency a)|=7><1013radsec‘l, radius of the cylindrical waveguide

a, =0.1cm.

To investigate the effect of density modulation, the growth rate of the output
radiation has been estimated in Fig. 3.3. From the figure it can be seen that for both
the finite and infinite geometry, the growth rate decreases with the increase of

output radiation frequency. The maximum value of the growth rate achieved for an
unmodulated beam is 4.2 x10° sec™* while that for a density modulated beam, the

growth rate attains the maximum value of 6x10°sec™ which is nearly 43% higher

than the unmodulated beam.
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4x10°}

Growth rate (sec™)

3x 109}

Fig 3.3. Growth rate of the unstable wave as a function of radiation frequency for
(a) modulated REB and (b) unmodulated REB.

Fig. 3.4 illustrates the influence of pump field and radiation frequency on the growth
rate of the output radiation for different electron beam densities (i.e., 4x10%cm3,

8x10%cm™ and 12x10%°cm™3 ) in case of infinite geometry. The figure
indicates that upon increasing the pump field and beam densities, the growth rate
augments and scales as one-third of the beam density and two-third power of the
pump field. The similar observation of increase of growth rate with beam density
has been experimentally observed by Chang et al. [33] (cf. Fig. 4(b)). Furthermore,

the growth rate decreases with increase of radiation frequency.

Fig. 3.5 shows the growth rate variation as a function of radiation frequency with
the effect of applied magnetic field. The figure shows that in the presence of
magnetic field the growth rate enhances to about19%which is maximum and is
achieved when the electron cyclotron frequency is comparable to the pump wave

frequency.
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Fig 3.4. Variation of the growth rate with respect to field amplitude of the pump

wave and radiation frequency at different values of beam densities for (a)

4x10°%ecm™3, (b) 8x10°cm ™2 and (c) 12x 10 em 3.
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Fig 3.5. Growth rate versus radiation frequency (a) in the presence of external
magnetic field and (b) in the absence of magnetic field.
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In Fig. 3.6, we have illustrated the variation of the growth rate with the electron
cyclotron frequency. Initially the growth rate increases with the magnetic field and
then attains a maximum value at a point where the frequency of the pump wave
becomes comparable to the electron cyclotron frequency and then starts decreasing

with further increase of the magnetic field.

x 10

Growth rate (sec™)

—

0 05 1 15 2 25 3

Yo

Fig 3.6. Variation of growth rate as a function of normalized electron
cyclotron frequency.

Using Eq. (3.18), the dependence of output radiation frequency on the radius and
modes of the cylindrical plasma column has been shown in Fig. 3.7. The figure
shows that the frequency of the radiation increases with the modes of the wave and
decreases with the radius of the waveguide. This behavior is similar to the findings

of Malik et al. [34].
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Fig 3.7. Radiation frequency as a function of radius of the cylindrical
plasma column and modes of the wave.

Fig. 3.8 shows the variation of the growth rate with the radiation frequency for finite
and infinite geometry. The decrease in growth rate is more in case of finite geometry
in comparison to the infinite case (the same behavior has been observed by Bhasin
and Sharma [30]. As seen from the Fig. 3.7 that the frequency of the radiation in
case of finite geometry depends on the parameters of the geometry. Hence, the
growth rate is bounded by the dimensions of the cylindrical plasma column and
increases with increase in radius of the cylinder. Further, as the modes increases, the

frequency increases and the growth rate decreases.

The efficiency of the emitted output radiation as a function of the radiation
frequency has been plotted in Fig. 3.9. The efficiency falls off with the frequency
and is low for the cylindrical plasma column as compared to the unbound

plasma.
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Fig 3.8. Growth rate as a function of radiation frequency for (a) infinite
geometry and (b) finite geometry.
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Fig 3.9. Efficiency as a function of radiation frequency for (a) infinite
geometry and (b) finite geometry.
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3.5 Conclusion

The emission of terahertz radiation has been studied with the effect of beam
premodulation and in the presence of applied static magnetic field. The growth rate
and efficiency of the radiation wave have been analyzed for both infinite and finite
geometry. The growth rate decreases monotonically with the frequency of the output
radiation. In case of finite geometry i.e., cylindrical plasma column the growth rate
decreases as the modes increases and is bounded by the dimensions of the plasma
column, thus the maximum value attained is less as compared to the infinite
geometry. The modulation of the relativistic electron beam leads to an increase in
the growth rate to about 43%. The growth of the radiation wave depends on the
parameters of beam and the wiggler wave, and hence can be improved by increasing
the density of the electron beam and amplitude of the pump wave. The applied static
magnetic field leads to the enhancement of the growth rate until the electron
cyclotron frequency becomes comparable to the pump wave frequency. The scheme

thus holds importance in obtaining tunable radiation with high power.
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Chapter

TERAHERTZ RADIATION EMISSION FROM A SURFACE
WAVE PUMPED FREE ELECTRON LASER

4.1 Brief Outline of the Chapter

We develop an analytical formalism for tunable coherent terahertz (THz) radiation
generation from bunched relativistic electron beam (REB) counter —propagating to
the surface wave in the vacuum region Compton backscatters the surface wave.
Plasma supports the surface wave that acquires a large wave number around pump
wave frequency. The surface wave extends into vacuum region and can be
employed as a wiggler for the generation of terahertz radiation. As the beam
bunches pass through the surface plasma wave wiggler, they acquire a transverse
velocity, constituting a transverse current producing coherent THz radiation. It was
found that the terahertz power increases with electric field as well as with the
thermal velocity of electrons. It was also found that the growth rate and efficiency of
the instability both increases with the modulation index of the density modulated

beam.
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4.2 Introduction

Recently, there has been a great deal of interest in generation of high power
terahertz radiation due to its non-ionizing behavior and good penetrating power and
hence its applications in wide areas including medical imaging, chemical and
security identification, spectroscopy analysis, remote sensing[1-3]. The main aspects
of generating terahertz radiation of high power lies in using a prebunched or a
modulated electron beam interacting with the wiggler in a free electron laser where
it exchanges the energy with the electromagnetic radiation. The beam transfers the
energy to the radiation wave and the wave gets amplified [4-11].The kind of the
wave excited due to beam-plasma interaction depends on the parameters of beam
and plasma, mainly the three parameters: wiggler period, beam velocity and the

phase velocity of the radiation [6].

Chen et al. [7] investigated the generation of the radiation by the interaction of
relativistic circularly polarized laser pulses with overdense plasma which allows
large plasma density and high pump laser intensity. Kumar and Tripathi [8] have
studied that the coupling of a relativistic electron beam, modulated by two laser
beams with a magnetic wiggler. They observed that THz power increases with the
beam velocity and varies linearly with the bunch length and scales as square of the
bunch radius. Neumann et al. [9] have experimentally demonstrated the generation
of multiple sub picoseconds pulses repeated at the terahertz frequencies with a
modified drive laser by creating the highly modulated electron beams at the
photocathode. Sharma et al. [10] have examined the growth rate, efficiency of the
radiation by employing an interaction of an energy modulated electron beam with
the surface plasma wave as wiggler at vacuum plasma interface. They observed that
the phase velocity of the radiation can be reduced by plasma which helps in the

decrease of beam energy required for generating the radiation.

Yugami et al. [11] have experimentally demonstrated the generation of the radiation

by the coupling of the wake field with the magnetic field and observed that the
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relative power of the radiation varied with the square of the applied magnetic field
strength and increases with the increase of the density. They also suggested that the
frequency can be tuned by varying the pressure of the supersonic gas, used to create
the vacuum-plasma interface. Singh et al. [12] observed the coupling of an
oscillatory velocity of electron beam produced by the laser beam incident on the
metal surface with the density perturbation produced by the surface plasma wave
propagating along a metal-free space boundary via the generation of nonlinear
current and observed that power of the radiated beam increases monotonically with
the frequency of the probing laser and the SPW field. Kraft et al.[13] have studied
the generation of the wave by injecting the beam at an angle to the magnetic field
and concluded that the emission is very weak in case of parallel propagation and is
not affected by the beam modulation whereas the emission is improved upto 50% if

incident obliquely.

For the generation of the radiation by the upper hybrid wave FEL, the plasma
density must be greater than the beam density, otherwise the frequency of the upper
hybrid wave will approach the cyclotron frequency and hence it will lead to
cyclotron damping, investigated by Sharma and Tripathi [14]. Pathak et al. [15]
have reported the generation of terahertz radiation using free electron laser in
rippled density plasma and observed that the growth rate is affected by the plasma
density, amplitude, depth of density ripple and the transverse component of the
ripple wave vector. Liu and Tripathi [16] employed a layered dielectric with
periodic permittivity in space as a wiggler for the generation of the radiation and
observed that the beam energy requirement is considerably as compared to one
without dielectric. Sharma and Singh [17] investigated that the two cross focused
lasers in the presence of collisional plasma were able to produce nonlinear current at
the terahertz frequency. They observed that the amplitude and power of the wave
increases with the amplitude of the static electric field. Leemans et al. [18] observed

that the radiation is emitted at the plasma boundary when the pre-bunched beam is
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highly dense and scales quadratically with the density for larger wavelengths as

compared to the bunch length.

In this chapter, we study the Terahertz radiation emission from the surface wave
pumped FEL and examine the growth rate and efficiency of the generated terahertz
radiation by a density modulated relativistic electron beam counter-propagating

surface plasma wave. The surface wave degrades as it moves away from the surface
(Kox <<Kko; ) and hence they have large amplitude at low powers. The SPW is a

guided electromagnetic wave which propagates between the two media with
different conductivities and dielectric properties along the boundary [19, 20]. The
dispersion relation for the surface plasma wave (SPW) is derived in Sec. 4.3. We
have considered the vacuum-plasma interface and calculated the growth rate, power
and efficiency of the generated wave in the Sec. 4.4. The results are discussed in

Sec. 4.5 and the conclusion is given in Sec 4.6.

4.3 Theoretical Dispersion Relation

We consider a relativistic pre-bunched electron beam which is density modulated
traveling in the z— direction and a vacuum-plasma interface with SPW
propagating above the interface. The interface is taken at X =0, with vacuum
present above X =0 and plasma below X =0, both occupying half of the spaces.

The vacuum has permittivity unity ie., &,=1 and plasma with effective

o a)s _ ) 47zn0e2 _
permittivity, &.. =1-—= with @} = , Where @, is the plasma
0

frequency and a)g is the SPW frequency. The plasma is characterized by lattice

2
noe

O ’

dielectric constant £, and conductivity as o =

where ng is the plasma

density, € is the electronic charge and m, is the mass of the electron.
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The electric field of the SPW propagating along the interface is given as
E= Ee_l(wgt_szz))?. (4.1)

Electric field is polarized in the X —z plane. Using the Maxwell’s IlI and IV

equations, we obtain
VZE+af?/c? eE=0, (4.2)

which can be written as

0°E, | ox* —k,E, =0, for plasma (4.3)
and

O%E, 1 ox? —k,E, =0,  for vacuum (4.9)
with krz) = kvzvz —a():izzg and k2 =k, —a)g2 /c?, where c is the speed of light

and kp , k, are the plasma wave vector and vacuum wave vector, respectively.

The solutions of above equations can be given as

kpXe—i(a)(g)t—k\,\,Z 7)

E,=Ase , for plasma (4.5)

and

E, = A,e_kVXe_I (a)gt—szz)’ for vacuum (4.6)

The dispersion relation for SPW can be obtained by applying the boundary

conditionsat Xx=0 for E, and ¢E, continuous at the boundary
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2
02 _ @ &

where &=K, /k,.

In order to ensure that the surface wave is spatially damped away from the interface,

W w
) - P p
we require kf <0 ie.,1+&<0or w< = @< —= such that k,,k, —>o0.
: +¢ J2 Py

Thus the waves are strongly localized near the surface.

4.4 Beam Wiggler Interaction

(@ .5

Vacuum _[\AN\" N
Spaceci arg e
WiIre
(wﬂ, ﬁcu. (,gl kl) -
[ Rodic
Density modwlated beam | : M“TE x=0
Plasma

Fig. 4.1. Schematic diagram of SPW-pumped FEL.

The density modulated prebunched electron beam interacts with the surface plasma

wave which acts as a wiggler in the present case. The initial parameters of the beam
are: ng as the initial beam density and beam velocityvg. In the free electron laser,
we have considered the propagation of SPW as a wiggler wave. The electron beam
when interacts with the SPW, acquires an oscillatory velocity \78 that can be

obtained by using the equation of motion
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Aty L(v?vxw?)]:—e(ﬁ%v? <B) “8)

(]

On solving this equation with B= %(Ex E) and taking different components
20

of velocity, we obtain the x-component of oscillatory velocity as

E k. VO
VR (kwu Sout J (4.9)
Me@y7, kOv (a)o —KyzVy)

The equilibrium can be perturbed by applying the electromagnetic perturbation with

perturbed values of electric field (R) magnetic field (E) and beam velocity

(V—lo) s q(.:ge—l(a’ft_klzz)’ E:é(ﬁxz)’ and \Tf:imeleéyO’

respectively.

Ponderomotive force is exerted by the FEL radiation and the SPW on the beam

electrons with the equation of motion as

mY __eE+F ——V(nTe) (4.10)

where F, = —m(\7.V)\7—%(\7><§) is the ponderomotive force. The z-component of

the ponderomotive force is given as sz = eV¢p.

The ponderomotive force produces perturbed oscillatory velocity (_’) of the

electrons in the axial direction with density perturbation (nz) obtained using the

equation of motion and equation of continuity, respectively as
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0 ekz¢p
VO = , (4.11)
™ (@ k)
k2
Ny, = 4_7;6 ZoPp (4.12)

where K, (= K+ I&Z) and a)o(: a)g + a)lo)are the wave number and frequency

f th h tively, ¢ | = — €700 0 * | is the ponderomoti
of the space charge wave, respectively, @, | = e ixVox is the ponderomotive
2
. Dph . R
potential and | =— 3 is the beam susceptibility.
0 0\ .3
(a) o szb ) Y0

In case of Compton regime, the potential of the beam mode is much less than the

ponderomotive potential (¢ << ¢p) and hence can be neglected.

The beam density can be defined as ng :n8+nﬁ)+n8m, where ngm is the

modulated beam density such that n0 =An?, A being the modulation index.

On solving the equation of continuity, we get

Bh K
nlb:m[ (L+A)+kyA . (4.13)

Z70b

The perturbed non-linear current density can be given as

INE=—endv) —end v) —end V2. (4.14)

which can be simplified to
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gt “pkVo, (1+A)+—00(k L+A)+k,,A) | (4.15)
2mea)1 7/0(60 —ka ) (0" —VpK;)
On using Maxwell’s Il and IV equations
VxE:—%%B and VxH —4%\] +%§ as
(02 -kZe?)(® Pk, ) - A rpkoV, b [k, (1+ A) + Ky, Al (4.16)
2mea)l 7

On assuming that @° = kZVS +06 and a)lo =k,,C+0, we obtain

1/3 ..
2inT
5= [”e ”kaVOXVb K, (1+A)+kWZA)} e 3 (4.17)
oMy

where ¢ is the small frequency mismatch. The growth rate I" of the instability is

obtained by taking the imaginary part of ¢ i.e., I'=1Im¢, Hence, the growth rate

IS given as
1/3
2,,0,,0 0
5 VoV,
r=| 20 1 A) L 4 k,,A B (4.18)
C7/0 C 2
47n2 2
where wzb:ﬂ—(’b.
p m,

The power of the wave generated can be calculated using

ogy E
P=ap aa)% ﬁvgnrbz, (4.19)
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T . . .
where Vg =V, = m—e is the group velocity of the beam, v, is the electron
€

thermal velocity. T, is the temperature of the plasma, and 7Z'rb2 is the cross section

area of the beam.

r 7
The efficiency of the beam is given as 7 = — 0

wl \/5(70 _1) |

On substituting the value of growth rate in the above expression, efficiency is

obtained as

@2 VO VO 0 V3 2
7 R N e I | (4.20)
C C 200 (7,-1)

4.5 Results and Discussion

Standard parameters of THz radiation have been used for calculating the required
parameters of the radiation which is obtained from the Surface Plasma wave
pumped FEL. The typical parameters used for evaluating the growth and efficiency

are: beam energy E,=0.12MeV, beam current 1, =1.4A, beam radius

I, =2.4cm, electric  field Ey=100esu, and radiation frequency

@ =3x10%rad sec”.

Figure 4.2 illustrates that the growth rate increases with the increase in the
modulation index and has reached the largest value when A=1 and when the
frequency and wave number of the generated radiation wave is of the order of the

pre-bunched modulated electron beam. For the largest value of A i.e., A=1 the
growth rate turns out to be I'=1.85x10%sec™t. When A=0i.e., without pre-

modulated beam, the growth rate of the THz radiation is I' =2.52 x10%sec!,
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Fig 4.2. The figure shows the variation of growth rate as
a function of the modulation index.
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Figure 4.3 shows that the power increases as we increase the electric field and
comes out to be of the order of kilo watt. Hence by providing the suitable magnetic
field, we can obtain an electric field of optimum value and therefore can be able to

obtain the radiation of more high power, which is our motive.

Figure 4.4 shows that the power of the beam increases as the electron thermal
velocity of electrons increases. The plot shows that the power increases linearly with

the electron thermal velocity.

From Figure 4.5 it can be seen that the efficiency increases with the modulation
index. The growth rate and efficiency scales as two-third power of the plasma
frequency. Hence, it improves with an increase in plasma frequency, thus the

plasma density.

=10

Power (watt)

I I I I
0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8
Electron Thermal velocity (cm/sec)

Fig 4.4. The figure illustrates variation of power with the
thermal velocity of the electrons.
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Fig 4.5. The figure shows the effect of modulation index on the
efficiency of the radiation wave.

4.6 Conclusion

It can be concluded that the SPW are driven to instability by pre-bunched relativistic
beam, which is density modulated leading to the increase in growth rate, amplitude
and efficiency of the radiation wave with the modulation index and attained the
largest value when it approached unity. The beam and plasma interaction leads to
the growth of the radiation beam and the growth rate increases with the increase in
plasma density. Using the SPW as a wiggler, it has been possible to generate high
power radiation even at lower beam current. The density modulation has led to an
improvement in the radiation generation of FEL instability and the radiation of
desired frequency, and power can be obtained by varying the frequency and
modulation index of the incident relativistic beam. Further plasma can help in
reducing the phase velocity of the radiation wave significantly, thus helping in the

decrease of beam energy required for generating THz radiation.

Jyotsna Panwar 94



Delhi Technological University

References

[1] M. Singh, S. Kumar and R. P. Sharma, Phys Plasmas 18, 022304-1 (2011).

[2] V. B. Pathak, D. Dahiya and V. K. Tripathi, J. Appl. Phys. 105, 013315-1
(2009).

[3] T. M. Antonsen, Jr. and John Palastro, H. M. Milchberg, Phys. Plasmas 14,
033107-1 (2007).

[4] M. Cohen, A. Kugel, D. Chairman, M. Arbel, H. Kleinman, D. Ben-Haim,
A. Eichenbaum, M. Draznin, Y. Pinhasi, |. Yakover, A. Grover, Nucl. Instr.
and Meth. Phys. Res. A, 358 (1995).

[5] C. Kraft, G. Matthieussent, P. Thevenet, S. Bresson, Phys. Plasmas 1, 2163
(1994).

[6] V. Beniwal, S. C.Sharma, and M. K. Sharma, Phys. Plasmas 11, 5716
(2004).

[7]  Zi-Yu Chen, Xiao-Ya Li and W. Yu, Phys. Plasmas 20, 103115 (2013).

[8] M. Kumar and V. K. Tripathi, Phys. Plasmas 19, 073109-1 (2012).

[9] J. G. Neumann, R. B. Fiorito, P. G. O’Shea, H. Loos, B. Sheehy, Y. Shen,
and Z. Wu, J. Appl. Phys 105, 053304 (2009).

[10] S. C. Sharma, J. Sharma, A. Bhasin and R. Walia, J. Plasma Physics 78, 635
(2012).

[11] N. Yugami, T. Higashiguchi, H. Gao, S. Sakai, K. Takahashi, H. Ito, Y.
Nishida, T. Katsouleas, Phys. Rev. Letter 89, 065003-1 (2002).

[12] D. B. Singh, G. Kumar and V. K. Tripathi, J. Appl. Phys 101, 043306-1
(2007).

[13] C. Kraft, G. Matthieussent, B. Lembege, Phys. Plasmas 1, 4082 (1994).

[14] S.C. Sharmaand V. K. Tripathi, IEEE Trans. Plasma Sci. 23, 792 (1995).

Jyotsna Panwar 95



Delhi Technological University

[15]

[16]

[17]

[18]

[19]

[20]

V. B. Pathak, D. Dahiya and V. K. Tripathi, J. Appl. Phys 105, 013315-1
(2009).

C.S. Liuand V. K. Tripathi, IEEE Trans. Plasma Sci. 23, 459 (1995).
R. P. Sharma and R. K. Singh, Phys Plasmas 21, 073101-1 (2014).

W. P. Leemans, J.van Tilborg, J. Faure, C. G. R. Geddes, Cs.Toth, C. B.
Schroeder, E. Esarey, G. Fubiani, and G. Dugan, Phys. Plasmas 11, 2899
(2004).

C. S. Liuand V. K. Tripathi, Electromagnetic Theory for Telecommunications,
Foundation (Delhi, 2007).

C. S. Liu and V. K. Tripathi, Interaction of Electromagnetic waves with

Electron Beams and Plasmas (World Scientific Singapore, 1994).

Jyotsna Panwar 96



Chapter

TERAHERTZ RADIATION EMISSION USING PLASMA
FILLED DIELECTRIC LINER WITH THE EFFECTS OF
PREMODULATED RELATIVISTIC ELECTRON BEAM

5.1 Brief Outline of the Chapter

A theoretical model for the efficient emission of high power terahertz (THz) radiation
has been proposed in this chapter. The premodulation of the beam is accounted by the
interaction of the two laser beams with the relativistic electron beam (REB). The
premodulated REB travels through a dielectric liner waveguide which is filled with
isothermal plasma. The REB travels near the dielectric lining boundary and therefore
transfers maximum energy to the electromagnetic radiation wave via Cerenkov
interaction. The growth rate and efficiency of the radiation wave is examined and are
found to be altered by the parameters of the REB and the dielectric medium. The
growth rate varies as one-third power of the beam density and as two third power of
the amplitude of the pump wave field. The proposed scheme seems to be an effective

method for the generation of tunable THz radiation.
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5.2 Introduction

For the past few decades, the area of emission of terahertz radiation has attracted
researchers to explore new models to study its potentiality for various applications
in the field of spectroscopy, biomedical imaging, security analysis and
telecommunications [1-4]. Various schemes which involve the use of relativistic
electron beam [5-7] and laser beams [8-9] have been employed to study the

generation of THz radiation.

The emission of THz radiation by beating of two Gaussian laser pulse beams in
rippled plasma with neutral-electron collision consideration has been proposed by
Bakhtiari et al. [10]. They observed that by optimizing the parameters of the laser
beams, collisional plasma and array structure, the efficiency of the radiation is
enhanced to a considerable amount. Namiot et al. [11] have studied the generation
and amplification of high frequency terahertz electromagnetic waves by employing
a thin dielectric plate which does not behave as a slow wave structure but still the
interaction is effective. The use of REBs employed in free-electron lasers results in a
radiation with augmented growth and efficiency. The use of relativistic electrons in
the emission of THz radiation via non-linear coupling with the plasma beat wave
was proposed by Gupta et al. [12]. They found that the efficiency of the system

improves with increase in the velocity of the beam.

Auger decay helps in the electronic structural analysis of solids, molecules, and
atoms. Schitte et al. [13] studied the emission of Auger electrons due to the
ionization of Xe and Kr in the strong oscillating field of THz radiation. Malik et al.
[14] have proposed that the power and frequency of THz radiation, excited
resonantly by the mixing of two Gaussian laser pulses in a periodic density rippled
plasma in the presence of external magnetic field can be tuned by the magnetic field,
periodicity and amplitude of the density ripples. The emission of terahertz radiation

due to photoelectron current induced by the ionization of gas due to nonlinear
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mixing of fundamental and second harmonic of the ultrashort laser pulses has been
studied analytically by Kim et al. [15]. Recently, the excitation of electromagnetic
wave by the interaction of self-modulated electron beam and overdense plasma has
been studied by Yang et al. [16] by using PIC simulation. Due to the resonance
between the plasma wakefield and electron beam, plasma oscillations are amplified
to generate THz radiation. Wang et al. [17] have observed that the polarisation,
frequency and amplitude of the electromagnetic wave can be altered by the bias

applied to the plasma slab and the density of the plasma.

For the generation of THz radiation via Cerenkov interaction either use of a slow
wave structure or a wiggler is employed. Cerenkov free electron laser acts as a slow
wave structure by employing a dielectric lining in a waveguide and are proposed for
the generation of millimetre and sub-millimetre wavelengths [18-20].The use of
prebunched electron beam in free electron lasers leads to coherent emission with
reduction in the accumulation time of the radiation [21, 22]. Sharma and Bhasin [23]
have studied the effect of beam prebunching on Cerenkov free electron laser and
found that significant improvement in gain and efficiency is observed if the
frequency of the modulated electron beam becomes comparable to the radiation
wave. Tripathi and Liu [24] have observed that for the generation of a particular
frequency wave, the dielectric lining on the waveguide can withstand with high
power densities and also reduces the constraint for beam voltage. Kibis et al. [25]
have studied the emission of THz radiation by applying potential difference across
the ends of a quasi-metallic carbon nanotube. The emission is found to be strongly

influenced by the voltage applied in the ballistic regime.

A magnetized plasma medium which acts as nonlinear medium permits the
propagation of electron beams with high current as it suppresses the space-charge
effects. It also offers the possibility of using moderate energy electron beams for
obtaining high frequency radiations [26, 27]. Antonsen et al. [28] have addressed

that the propagation of laser pulses in miniature non uniform plasma channels, due
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to the channel inhomogeneity and manifestation of guided waves, efficient
excitation of radiation is achieved. Chauhan and Parashar [29] have analysed the
emission of THz radiation for both homogenous and inhomogeneous plasma
densities via the nonlinear mixing of lasers which are incident obliquely on the
plasma slab. The generation of terahertz radiation by the direct conversion of an
ultrashort laser pulse due to the excitation of oscillations of plasma has been
suggested by Gildenburg and Vvedenskii [30]. Malik [31] has observed that the
external magnetic field helps in obtaining collimated radiation with improved
efficiency and tunability. The experimental investigations of Chen et al. [32]
suggests that the use of multiple air plasmas leads to the efficient generation of
terahertz radiation due to the superposition of individual fields. Singh and Malik
[33] have analysed the contribution of collisional plasma under the influence of

magnetic field on the efficiency and amplitude of the terahertz radiation.

As far as author’s knowledge concern nobody has studied terahertz radiation emission
by employing dielectric liner and premodulated REB. In this chapter, we have
designed an analytical formalism to examine the generation of high frequency
terahertz radiation wave by the interaction of density modulated REB with a dielectric
lined waveguide in the presence of an external magnetic field. The mechanism of the
scheme is as followed; first, the REB gets velocity modulated in the modulator region
and then on travelling through the drift space, the velocity modulation is translated
into the density modulation. The density modulated REB travels through the
waveguide space in close proximity with the dielectric lining. The poynting flux is
concentrated largely in the dielectric space and the velocity of the electromagnetic
mode is reduced so that it becomes comparable with the beam velocity. At the
expense of beam energy, the radiation wave grows. In Sec. 5.3 the dispersion
characteristics of a TM mode in the waveguide is discussed. The premodulation of
REB and its interaction with dielectric lined waveguide is shown in Sec. 5.4. The

results are included in Sec. 5.5 and Sec. 5.6 concludes the investigations.
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5.3 Physical Model

Dielectric

— O @)

O O O . .
®) (@) 7, Fal By
Premodulated REB o
_O"'O """"""" A e Yy s
O o
@) @) @) @)
/ Dielectric

Fig 5.1. Schematic of interaction of density modulated REB with plasma
filled dielectric lined waveguide.

In the present model, we examine the emission of THz radiation wave by taking into
account the interaction of density modulated REB with a dielectric lined waveguide.
First, for the premodulation of the REB, we consider two laser beams with

frequencies @;; and @, , respectively and with electric fields

S —i t—k
Em = Ane (=K 2) , Where 77 =1,2 for Laser 1 and 2, respectively.

A REB is propagating in z-direction with initial beam velocity V;; and beam density

Nip -

The laser beams interact with the REB in the modulator region, where the beam

. eE
acquires a transverse velocity component as V|’7 = ,  Where
Meyolay,,
V272
Vo= 1—45’ is the relativistic gamma factor, m, is the electronic mass. The
c

beam then gets velocity modulated at the frequency difference of two lasers (i.e.,
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@,, =®, —@,) due to the ponderomotive force FT)p exerted on the beam

electrons due to the laser beams.

= —€[— o F o] otk 2)
Fop = Z[VW % Bln VX Bln} =Fpe T (5.1)
_ . c(k_xE
where BI = M Is the magnetic field of laser beams, Fop = M,
7 @, 2Me Y@y,

(a)eb, keb) is frequency and wave number, respectively of the REB.

The beam electrons respond to ponderomotive force through relativistic equation of

motion d (d};V) = % , Which can be linearized to yield modulated beam velocity
e
3,,m
- V., 7SV
(Vk;n ) using V:Vib2+vg]2 and y =7y, +'b7;$ as
V' ==&V Sin(@, by +6h), (5.2)

Kepla ¢ _€*AuA, sindy 5 _ (@om—Kembin)ly

275 Vip Me@y @, O 2Nip

Is the phase

angle of modulator, t,, is the time when beam enters the modulator region and |, is

the length of the modulator space.

The velocity modulated beam then travels through the drift space, where due to
acceleration and deceleration, the velocity modulation translates into density

modulation. Further following the analysis by Kumar and Tripathi [34], the

expression of modulated beam density ( ntr)n) can be given as
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.|
" =—2nibJ1(ebv_—[:§m) cos(@yto —dn) - (5.3)
|

where 15 is the time at which the beam leaves the drift space and enters the

Oy (I +1p)

waveguide, @, = v
ib

O, | is the length of the drift space and J, is

the first order Bessel’s function.

Next, we consider the interaction of density modulated REB with the TM mode. A

cylindrical waveguide with dielectric lining is considered. The radius of the
waveguide is I}y with plasma filled in the region I (O<r < ry) and the dielectric

lining in the region 11 (1y <r <Try,). Azimuthally symmetric TM mode is supported

by the waveguide with E—Pzﬁe_l(m‘t_k"z), where (ay,k;) is the frequency

and wave number of the TM waveguide mode, respectively. The permittivity of the

2
w

dielectric medium is &; and that of the plasma medium is & Lzl——g} where
ax

A7Nep€?

2
] is the electron plasma frequency, Ngp is the plasma electron
density.

The current density of the premodulated electron beam leads to the excitation of TM

mode in the plasma filled waveguide. The density profile of the electron beam is

: n : :
considered as N, =No(r—fp), where N =ﬁ and I is the radius of the
T
b

electron beam. The premodulated beam travels in close proximity with the dielectric
- N 5 —ikz, . . :
lining. A magnetostatic wiggler magnetic field, B, =B e X is introduced in

the waveguide which acts as a pump field and a strong guide magnetic field By is

externally applied such that it guides the beam in the axial direction in the waveguide.
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The oscillatory velocity acquired by the beam electrons due to the pump wave in the

frame of electron moving with velocity V;, is obtained as v =- i R
Ime (a)h — (ge)

b
where ' denotes the quantities in the moving electron frame, E;] :%(\Tbe—h),

. . ( eB. ).
=v-k V. and w..| =—= |is the electron cyclotron frequency.
@ =70%0Vip ce( mec] y q y

The equilibrium is perturbed by an electromagnetic perturbation due to the TM

mode and the response of the mode to the electron beam in terms of perturbed beam

velocity (vib) is

— _ eEM
Vip = =
Mei (@} — are)

The pump wave and the electromagnetic perturbation exerts a pondermotive force

(ﬁp) on the beam electrons, given as F1'p = eik;b¢l'p2 , Where

M eE, Ef
26 ibVib =5 N
Mg (wh Wee )@ — De)

hp =

(5.4)

¢1'p is the ponderomotive potential, phase matching condition demands
@ =y +, and k =k, +kK .

The response of beam electrons to the ponderomotive potential in terms of perturbed

beam velocity (vl'op) and density ( nl'op) can be obtained as

. eV,
Vb - N T
P My,
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1 1 m| 1 1 |2I

- V'((”ib“‘b )pr) eny Vg,
Nyp = - T mol (5:5)

Ia)eb ea)eb

" - ¢1pkeb ' D,V '
where ry_ :7;:))’ #,= - Ky =74 keb—% and @, =, (@, — Ky ) are
eb

the Lorentz transformed quantities from electron frame to the lab frame. The density

V'.(nbpvob)

of particles at (a)t,kt) can be written as ntlalp = Zi( , : ) .
W — Wee

On using the Lorentz transformed quantities, the expression for nonlinear current

density ( Jlb) in the axial direction can be simplified to

e3(Mip+nv2 By V-(V2
3, =t ev. (M1 Vi BV (V k) . (5.6)
p-Vib = 2
2M2y2(KnVip—ske (4 ke | o —KeVib )
To analyse the TM mode, the wave equation is employed as
0°Ey; 10E, (&} . Aziay ——
zZ . 7 _| & 2 _TArlay
2 r 8rz o -k By, _C—z‘]lbz' (5.7)
The R.H.S of the above wave equation can be simplified to
4 2(4 Vi ) O[O%E, 10E, 2
e’ e ( Ib+nb)kv B (1_«/%]8{ 2tr + aIflr_kt E; o5

mgyng (khvib —a)ce) (0 — e )2 (a)eb — kebvib)2

.( ki \OE
where E, =—i (a—tzja—rtz
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The above expression drops to zero for region | and the solution is same as mentioned

in Eq. (5.2) i.e., E, =(r), where ¢(r) = Anlo(ar) for region | (0< r< rd) and

Jo(Bru)Yo (Br)
Yo(Brw)

p(r)=A,|J,(Br)- for region Il (ry <r<r,).

On considering the R.H.S expression (cf. Eq. 5.8), it is assumed that the eigenvalues
are altered whereas the eigen function remains unchanged. For region |1, the R.H.S.
(cf. Eq. 5.8) tends to zero as there is no beam propagation. Eq. (5.7) is multiplied by

o(r) r d r and on integrating it from r=0 to r,,, we get

Jo(ﬂrw)Yo(ﬂr)T R
Yo(Brw) (0 — KV, ) ’

eb’ib

(5.9)

AZ Ny
Pj 12(ar) rdr+Q—22 j{ (BN -
]_I‘

2 2
where P=[a2+?—23p—kt2) Q:(ﬁz—%gd +kt2] and

3
4 2(1 v 0(a3® 10* 2002
ez, (ny, +n7' )V B [1—\/4'_%” 8r(8r o —k ar]Io(ozr)rdr

2
mngcg (thib _a)ce) (wt _a)ce)

R=

On taking k; to be a constant value and varying the TM mode frequency around

@ = Wy, We obtain

oc 2 ' OB _2a  \A
(a%_a)tm)[%""c_zgp]j 'c‘?’(m)rd“{awt 2 JA?

" _Jo(ﬂrW)Yo(ﬂr)T B R
I[Jo(ﬂr) Y (5r) rdr_(a)b_kEbVib)Z. (5.10)
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The equation (5.10) is further simplified to

2 R
(@ —am) (@ — (ke —ky )iy ) = , (511)
( t h b) Tiaﬂz_z?ng
om ¢
where
%41y (ot Y, (B) 2
T—rdl2 r)rdr go“d o/
= [ o) B (B =35 (Bra)Y, (et
" 3o (BraY (B0 T
Xr{j {Jo(ﬂr)— 0 Yo(ﬂrfv) rdr.

The growth rate I, of the radiation wave can be defined by using

) = @y +6; = (Ke—Kn ) Vi, + 6, and taking the imaginary part of &,

(5.12)

it
m= 2| 2T,

where &; is the small frequency mismatch.

For a completely plasma filled waveguide (0<r < Iy ), the dispersion relation for

the TM mode is given as

k2c?
of = 0f + - (5.13)
€p

where @, is the mode cut off frequency of the waveguide.
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2

0]

From the relation & —[1——2], it can be inferred that the increase in plasma
o

density leads to the decrease in plasma permittivity and from Eq. (5.13), it can be
seen that this will lead to increase in radiation frequency. Thus, the growth rate of

the radiation wave falls off with the increase of plasma density.

The efficiency (ntm) of the radiation wave can be expressed as

3 2,9 %
lin =2 e N L (5.14)
& N3(y,-1) 2|1, 4(, _ '
( 0 ) Ty, (70 1)

5.4 Results and Discussion

The present study has been done to analyze the growth rate and efficiency of the
radiation wave by considering an analytical model in which density modulated
REB interacts with the slow wave structure. The effect of beam and dielectric
medium has been realized on the output THz radiation for which the following

typical parameters are considered, namely, REB velocity V,, =0.94c, relativistic
gamma factor y,=2.94, density of beam nib:9x10l4cm_3, length of the
modulator space l,, =0.55cm, drift space length |5 =1.2cm, electron beam radius
r,=0.02cm, radius of waveguide 1, =0.04cm, width of dielectric lining

(fy—ry)=0.0lcm.

The influence of different beam densities on the growth rate of the output radiation
with radiation frequency has been depicted in Fig. 5.2. The figure shows that the
growth rate of the wave rises with the increase in the density of the electron beam.

This is because with the increase in the beam density, more number of electrons are
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available to transfer their energy to the radiation wave, at the expense of which the
wave grows. Further, the growth rate declines with the increase of the radiation

frequency.

Growth rate(sec™! )

o, (rad sec”"

Fig 5.2. Growth rate variation with radiation frequency for different beam densities
for (A) n,, =8x10"cm™3, (B) n,, =10x10"em™3, (C) n,y =12x10Mem ™3,

Fig. 5.3 illustrates the effect of beam velocity on the growth rate of the radiation
wave for different dielectric constant. As the dielectric constant increases, the phase
velocity of the electromagnetic mode is reduced in order to have substantial
interaction with the electron beam and hence the growth rate enhances. Further with
the increase of beam energy the frequency of the wave increases and hence the

growth rate declines with the beam velocity.
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Fig 5.3. Variation of growth rate with beam velocities for different
dielectric constant for (A) &4 =2.1, (B) ¢4 =1.7.

The influence of applied external magnetic field on the THz radiation has been

shown in Fig. 5.4. The growth rate initially rises as the magnetic field is increased

but at particular value of the magnetic field, the frequency of the pump field

becomes comparable to the electron cyclotron frequency, where a peak with

maximum growth rate is achieved.

Growth rate(sec™")

Growth rare(sec™)
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_

00000 4000 60000 SO0 1106 12 x 108 14 x 106
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Fig 5.4. Influence of external magnetic field and radiation frequency on the growth
rate of the output radiation. (b) Shows the 2-D profile of the plot.
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The other peak corresponds to the resonance between the electron beam and the
cyclotron frequency. The maximum emission of electromagnetic wave at the
resonance has been observed by Krafft et al. [35]. With further increase of the field,

the growth rate drops down. This behaviour complements with the theoretical
observations of Bhasin and Sharma [36].

Fig. 5.5 investigates the variation of growth rate with the magnitude of the field of
the pump wave and the radiation frequency. With the increase of the field of the
pump wave, the pondermotive force is exerted more strongly on the beam electrons

which leads to efficient interaction and hence the growth rate augments

o~
'
?
"
S
S
=
=
S
G r
200 000 ' \(}é‘
100000 i At lol-‘ \\?
< g N
’///{0 600 000 ~ ’ o
/(’/(7 i : 75 % 1012
( 800 000 < /2
/(P,J-)

1 x10°

Fig 5.5. Variation of growth rate with the field of the pump wave
and the radiation frequency.

Fig. 5.6 shows the variation of the efficiency of the system with the radiation
frequency for modulated and unmodulated electron beam. The efficiency falls off

with the frequency of the radiation wave and for the density modulated beam, nearly
21% higher efficiency is achieved.
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Fig 5.6. Variation of efficiency with radiation frequency for
(A) Modulated beam and (B) Unmodulated beam.

5.5 Conclusion

For the efficient generation of the THz radiation wave, a premodulated REB is taken
into consideration. A dielectric lined waveguide acts as a slow wave structure which
slows down the phase velocity of the pondermotive wave and thus leads to the more
effective interaction between the beam and the electromagnetic mode at lower beam
energies. The growth rate and efficiency of the radiation wave falls off
monotonically with the radiation frequency. The tunability of the radiation wave is
determined by the beam parameters and the dielectric of the waveguide. The
increase in beam density and the dielectric constant of the waveguide leads to the
increment in the growth rate. For the applied magnetic field, the growth rate reaches
a maximum value when the wiggler wave frequency is comparable to the electron
cyclotron frequency. The model seems to be an effective way for the generation of

tunable THz radiation which can be particularized for practical applications.
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Chapter

RELATIVISTIC ELECTRON BEAM DRIVEN
TERAHERTZ RADIATION USING PLASMA SLAB

6.1 Brief Outline of the Chapter

An analytical model for the emission of terahertz radiation using interaction of
premodulated relativistic electron beam (REB) with electromagnetic wave in the
plasma slab that acts as a pump wave has been developed. The two laser beams
interact obliquely with the REB which leads to the energy modulation of the beam
due to the nonlinear ponderomotive force. The energy modulated beam translates
into a density modulation when travels through the drift space. In the plasma slab,
the transverse velocity acquired by the beam electrons couples with the modulated
density that give rise to nonlinear current density which leads to the emission of
terahertz radiation. The radiation can be tuned by varying the beam and plasma

parameters which can be particularised for practical applications.
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6.2 Introduction

The field of terahertz radiation which lies in the frequency range of 0.1 to 10 THz
has contributed to the research area due to potentiality of its various applications [1-
5]. The various sources which are employed for the generation of terahertz radiation

involves the optical methods, quantum cascade lasers, free electron lasers [6-11].

The emission of THz radiation via a short pulse Bessel beam by using optical
rectification has been studied by Xu et al. [12]. They observed that the power of the
THz radiation has been enhanced to considerable amount due to the non-diffracting
property of the Bessel beam in comparison to the Gaussian beam. Yardimci et al.
[13] have employed the photoconductive antennas via electrodes with plasmonic
contact for the generation of THz radiation which improves the conversion
efficiency from optical to terahertz. Vidal et al. [14] have observed that the energy
of the THz radiation can be optimized by optical rectification in ZnTe crystal using
a chirped pulse. Maier et al. [15] have suggested the confinement of the radiation at
millimeter and sub millimeter wavelength range by using grooves for corrugating
the surface of the metal wires which alters the surface plasmons dispersion
characteristics which propagates along the surface. The generation of narrow band,
tunable THz radiation by the propagation of femtosecond laser pulses in LiNbO3
through optical rectification has been experimentally demonstrated by Stepanov et

al. [16].

The free electron lasers which involves the interaction of relativistic electron beams
with the wiggler have proved to be the potent source for the generation of terahertz
radiation due to its tunability, high power and efficiency. Sharma and Bhasin [17]
have investigated the terahertz radiation using a dielectric loaded Cerenkov free
electron laser with the density modulated electron beam and concluded that the gain
and efficiency of the system improves with the modulation index and prebunching

of the beam. Hasanbeigi et al [18] have studied the effect of ion channel guiding on
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the emission of THz radiation by using prebunched electron beam. They found that
the power of the radiation can be enhanced by incorporating the ion channel and it

becomes tunable with the density of the ion channel.

The use of plasma medium leads to the increase in field strength as it can sustain large
beam currents which are required during the radiation process. The emission of
terahertz radiation has been studied by Kumar et al [19] by the nonlinear interaction
of laser pulses with the density gradient plasma with the consideration of thermal
velocity and observed that the growth rate of the THz radiation increases with the
electron temperature and also with the distance to the peak of the plasma density.
Dorannian et al [20] have examined the emission of short pulse coherent radiation by
the interaction of high intense laser with the magnetized plasma. They studied the role

of plasma density and the sharp plasma boundary on the intensity of the radiation.

The emission of THz radiation by the interaction of a density modulated electron
beam with the rippled density plasma has been investigated by Malik et al. [21].
They observed that the growth rate of the output radiation is improved by the
densities of the plasma and electron beam, and also concluded that the mechanism
optimizes for mild relativistic electron beams as at higher beam energies, the wave
gets attenuated. Tripathi et al [22] have observed the resonant excitation of the
terahertz radiation when the amplitude modulated 2-D laser pulse interacts non
linearly with the rippled density plasma. They found that the amplitude of the THz

radiation augments with the THz frequency and therefore with the plasma density.

In this chapter, the interaction of a density modulated REB with the electromagnetic
plasma wave which is used as a wiggler in the presence of an externally applied
static magnetic field has been considered by using an analytical formalism. The
following mechanism for the above scheme is tracked as; primarily, the velocity
modulation of the REB takes place on interaction with the two laser beams in the

modulator space, which then translates to the density modulation on passing through
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the drift space. The beam on leaving the drift space enters the plasma slab where it
interacts with the electromagnetic pump plasma wave and acquires a transverse
component of velocity that couples with the modulated beam density to give
nonlinear current density, which provides a path for the emission of frequency in the
terahertz range. Sec 6.3 involves the physical model for the excitation of THz
radiation by the prebunched REB. The results are conferred in Sec 6.4 and the Sec

6.5 concludes the observations.

6.3 Physical Model

In the present work, the emission of terahertz radiation by considering the
interaction of premodulated REB with the electromagnetic pump wave wiggler has

been studied.

" \ """""""""""""""
o V Prebunched REB ‘W\n mﬁ:
Ly e e I wave wave

Plasma slab

Fig 6.1. Schematic of interaction of prebunched REB with the pump wave.

The modulation of the REB is accounted by the interaction of two laser beams with

the electron beam. A REB propagates in z-direction with initial velocity vbei and

beam density n, . The electric and magnetic fields of the laser beams, L and L,

]

L . cfkixE]
are taken as EJ=A/ exp[—i(a)bjt—kbjzﬂ and B/ :l%)?, where j = 1, 2

for lasers L1 and L,, respectively.
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eEJ
The beam electrons acquires an oscillatory velocity vJ —— 1 due to the

Imea)bjy()
interaction of laser beams with the REB in the modulator space, where m_ is the
~1/2
electronic mass, Vo= 1- Lze Is the relativistic gamma factor.

C

The nonlinear THz ponderomotive force FT, exerted on the beam electrons due to

the laser beams leads to the velocity modulation of the REB.

. 2lce ALA2* —il wft —k€
F=— AN cos(6} Je (& bz)i
i 2'mea41aa 7o
where azg(zazbl—a)bz) and kg(:kbl—kbz) are the frequency and wave number of

the REB, respectively and ¢, is the angle at which the laser beams interact with

each other.

The time at which the electrons enter the modulator is taken to be tim and at t=tid

, the beam enters the drift space.

The modulated velocity of the REB v, .~ due to the ponderomotive force is obtained

by using relativistic equation of motion as

o kglleZ'A\lAz* Sin(ev)_
fin=2yimecyafap 0, o\ En ) (6)

€ __|ke
where QV[:MM]Il is the phase angle of the modulator and I1 is the
2V,

modulator region length.
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Now, the velocity modulated REB will travel through the drift space where the fast
and slow moving electrons catch each other leading to the formation of bunches and
this leads to the translation into a density modulated REB. The modulated density

of the beam™ n, . can be expressed as.

LA
=21 G2 st o). 62
el e2 ALA2*  sin(@
where A= |:b|1292AA 5 ! ( V) , |, is the drift space length,
2ygmEciVp a6
(I, +1,) | [I2[1+/13in(w§tim+0v))j
g=-2L12l_¢ and t,|=t_+ 1+ is the time at
Voe Y M Ve Voe

which the beam enters the plasma slab.

Next, a slab filled with plasma of uniform density niIo is considered. The

electromagnetic plasma wave acts as a pump wave in the present case. An external

magnetic field Boy is applied in the medium. The transverse velocity component
V,, attained by the beam electrons on interaction of the density modulated REB

with the pump wave can be obtained using relativistic equation of motion

MJFV_V(W):_&{?JF1[\7x%j+%(\7x§0)] as

ot em ' C
e[ Vher —
o m[Eem_Jcl&Bem]
Vyg=—"¢ , (6.3)
- ()
|78 a)m_J:fJ
70

where V=V, +Veg, Eqn (= Ay, XEXP—i(@t -k, 2))
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and %zas;n(ax%):Abmexp[—i(a)mt—kmz)})? are the electric and magnetic
fields, respectively of the electromagnetic pump wave, @ and km are the

electromagnetic pump wave frequency and wave number, respectively and

eB, ) .
Wee {: ﬁ} is the electron cyclotron frequency.
€

The modulated beam density now couples with the oscillatory velocity acquired by

the beam to give rise to nonlinear current density\]%nI that drives the radiation wave.

‘]nl :_nlme\g
LA . BN VAR
2nJ; %* e"¢e2[Eem—J’i BemJ
Voe C -i(mt-kz2) (6.4)
= € )
. (0)
'mJS[wm—%?J
70

; _t_ Z _ _
where tip is taken as tiIO —t—Vbe , a)t(—a)g+a)m) and kt(—kg+km) are the

frequency and wave number, respectively of the THz radiation.

The retarded vector potential is evaluated for obtaining the magnetic field

Tt ]
A Ar R d3r
gflz/l —i S VA —
ﬂnberbze‘Jl[ Vi, Je |¢62(Eem_%&Bem]
— ¢ 7 x (6.5)
. )
2im_y3r a)m—%&]
70
Ie a) 1 1
exp|—i| 4| C _cos ]— Jz dz,
(I) P [C[Vbe v kt ]
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where tr{:t—l(?j is the retarded time, Rz‘r—r"z I’—ZICOS¢), |e is the length of

the electron bunch, Hy is the permeability of the medium.

For the oscillating field of the wave, consider the real part of the poynting vector

as

| LA . Vv
2 h'2 —19a2 __be
'unberbe‘Jl[ vbe }e ¢e {Aem C m]

. 3 a
2|cmey0r[a)m —Jéi
70

exp[i{ﬂli{c—coaﬁﬁﬂ}l
¢ Vbe a)t

ck ’
[VC—COS(0+t]
be @

where B is obtained using B=VxA.

wl ck
On taking Jci{VC—COSqu] = [3, the above expression can be simplified to
be t
i LA o Voo |
I ﬂonberb2e‘]1[ A Je |¢62[Eem_%ﬁBemjsin2(ﬁ)
S,=2¢ € S (6.8)
2u i 3 Do B
|cme7/0r Om— 7/8’

Normalized terahertz power PTHZ can be evaluated using

Jyotsna Panwar 123



Delhi Technological University

_ A4pr?S,
THZ B.
47z|20 en/
eLA | Y (6.7)
r2ml.J ﬂLLeW[ —-be ] :
B a)be be®@t'e { be J Aem C Ab San(ﬂ)
= 5 ,
)
|277C37/g| pBem{ 413&} /
70
n 2 %2 . .
where @, = J)P? is the electron beam plasma frequency, 77[= /gpoj is the
e“0

2
refractive index of the medium, gpo[zl—wiée} is the dielectric constant of plasma
W

. Npe€? |2 . :

medium, a)pe[:fnoe?J is the electron plasma frequency, nIDe is the electron
e

plasma density.

To evaluate the amplitude of the THz radiation, the wave equation is employed as

v2§ E1t —4m423m, (6.8)

- —i(w =k
where Elt [: Aite I(a)t tz)f(] is the electric field of the radiation wave.

a)e
Using, k, = VJl+ K,y » EQ- (6.8) can be re-written as
be

L

vt ot

Eent |y

ﬁLILJ —I¢e2(pbm JlepbmJ 6.9)

47mbea) ‘]1 V.

e O[m 78}
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2 2
cok | . - : ,
where V; [:jJ is the radiation group velocity and at 42ng = ktz, exact phase
t C

matching condition is satisfied. Eg. (6.9) can be simplified to
20 wfl,A —ig Ve
R ] Vie € 'A\em_ C 'Abm

. [0} ’
Iktczyg’[a)m—Jﬁ3 J
70

oA __
op

YA
-
g

The amplitude of the radiation wave can be obtained by integrating Eq. (6.10) and

(6.10)

where p= V;

considering the real part as

a)g2a)t|pJ1[M

Vbe

(6.11)

A =-

6.4 Results and Discussion

The present model has been studied analytically to evaluate the power and
amplitude of the output THz radiation. The outcome of beam and wiggler

parameters on the radiation wave is analyzed by considering the following typical

parameters, i.e., beam velocity v,, =0.92C, beam density n  =1.5x10"cm=3
relativistic gamma factor y,,=2.56, electron bunch length le =0.3cm, beam radius
rbe:2><10—3cm, modulator region length |, =0.45cm, length of the drift space

l,=0.8cm, length of the wiggler space |, =0.5cm.
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Fig 6.2. Variation of normalized output power with the radiation frequency
for different beam densities (a) n =1.5x101%cm=3, (b)n  =2x10cm=3,

() n,,=2.5x105cm=3.

Figure 6.2 indicates the variation of the power of the output radiation with the
radiation wave frequency for different beam densities. As the beam density
augments, more the number of energy carrying electrons become available to
transfer the energy to the radiation wave. Thus the power increases with the beam

density. Further, the power enhances with the radiation frequency also.

The effect of externally applied static magnetic field on the variation of the THz
power is illustrated in Figure 6.3. The figure shows the increase in power with the
magnetic field upto a point where the frequency of the pump wave matches the
electron cyclotron frequency and maximum value of normalized power is achieved
when the pump wave frequency is comparable to the electron cyclotron frequency.

With the further increases of the magnetic field, the power declines.
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Fig 6.3. Effect of externally applied magnetic field on the power
of the output radiation.
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Fig 6.4. Normalized power as function of plasma density.
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The influence of plasma density on the power of the radiation wave is shown in
Figure 6.4. The figure shows that the increase in density of the plasma electrons,
leads to the decrease in power of the radiation wave upto a certain level and then it

saturates.

i ]

|

Normaleed power | -'r:l."'

;| rad sec” ]

Fig 6.5. Variation of normalized output power with the radiation frequency
for different beam velocities (a) v, ,=0.88c, (b) v, ,=0.91c, () v, ,=0.94c.

Figure 6.6 depicts the variation of amplitude of the THz radiation wave with the
amplitude of the field of the pump wave. With the increase in strength of the field of
the pump wave, the ponderomotive force is exerted more strongly on the beam
electrons which leads to the efficient interaction with the electromagnetic wave and
therefore, the amplitude of the radiation wave increases linearly with the strength of

the electric field of the pump wave.
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Fig 6.6. Variation of THz amplitude with the field of the pump wave.

6.5 Conclusion

In this scheme, the emission of terahertz radiation by using premodulated REB
interaction with the electromagnetic plasma pump wave has been deliberated
analytically. The effect of beam and plasma parameters on the power and amplitude
of the radiation wave has been analyzed. The normalized power of the wave varies
as square of the beam density and the field of the pump wave. The amplitude varies
linearly with the beam density and amplitude of the pump field. The power and
amplitude of the wave is improved by the beam energy and the density of the beam
electrons. It is inferred that at the condition of resonance, the frequency of the pump
wave becomes comparable to the electron cyclotron frequency which leads to the
maximum emission of power. The THz power enhances with the plasma density
upto a saturation point. The scheme thus holds importance in obtaining tunable
radiation in the frequency range of terahertz which can be particularised for various

applications such as spectroscopy, imaging, security analysis etc.
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Chapter

SUMMARY AND FUTURE ASPECTS

The present work emphases on the emission of high power THz radiation using free
electron laser (FEL). FEL is a classical device opted for the generation of the
radiation with the widest frequency range tuned as per the requirement with
wavelength lying in the spectrum range from microwaves to X- rays. The frequency
of the output radiation is determined mainly by the energy of the electron beam,
strength of the field of the wiggler wave and density of the plasma electrons. We
have incorporated the effect of premodulated REB for enhancing the beam
efficiency. The premodulation of the beam is accounted by two laser beams which is
similar to klystron based principle. The ponderomotive force exerted on the beam

electrons results prebunching of the electron beam.

The strength and size of the wiggler plays a significant role in determining the
wavelength of the output radiation. Some of the plasma based wigglers such as
Langmuir wave, surface plasma wave are used as a pump wave in the interaction
process which helps in achieving high peak powers due to the plasma
characteristics. We have also used a dielectric lined plasma filled waveguide as a
slow wave structure that offers low beam energy requirement. The plasma wiggler
provides shorter wavelengths leading to reduction in wiggler period. Other plasma
based sources which have not been used can be taken into consideration with
different plasma conditions and density profiles to have more effective route for the

emission.
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FEL requires relativistic electron beams which are obtained by accelerating the
beam electrons through large size accelerators. The demand for high frequency
requires increase of beam energy which results in high cost and maintenance of the
device. The setup for FEL cannot be established in a laboratory for performing the
experiments and thus the implementation of the outcomes is little restricted. The
work can therefore be extended to reduce the size and consequently cost of the

device so as to make it accessible on a larger scale.

Further, THz radiation has tremendous properties and applications but the use of the
radiation is still restricted to some areas. Therefore, there exists a great scope to
extend the present work done to have a better knowledge of generating the THz
radiation on a common scale such that the use of the THz radiation mentioned in

various fields can be extended to a large scale.

The work has been carried out analytically by following fluid theory approach. The
same can be improved by employing kinetic theory such that effect of collisions and
microscopic processes that leads to pressure and temperature variation can also be

incorporated.

Further, the numerical simulation can also be carried out for the work done in the
thesis and verified with the current analytical outcomes for more accuracy and

optimization of the parameters.
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