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ABSTRACT OF THE DISSERTATION

Interaction of Relativistic Electrons and Radiation

by
Yi-Ton Yan

Doctor of Philosophy in Physics

University of California, Los Angeles, 1986

Professor John M. Dawson, Chair

The interaction of relativistic electrons and radiation is
studied theoretically and with computer simulations for the
amplification of radiation or for the acceleration of electrons.
For radiation amplification, we 1investigate the following two
mechanisms: 1.) AC Free Electron Laser (ACFEL) 1n which a
relativistic electron beam (with relativistic factor v,) is wiggled
by an AC (temporally oscillating but spatially uniform) transverse
electric or magnetic structure. Radiation is produced at frequency
f~2y2f, (for v,>>1), where f, is the frequency of the AC field. A
rectangular wave-guide design 1s presented to 1illustrate one
realization of the ACFEL and its performance 1is compared to
conventional FEL's; 2.) Cherenkov Maser in which a mildly

relativistic electron beam 1s propagated along the axis of a

Xiv



dielectric-lined wave-guide so as to produce microwaves. A newly
developed particle simulation code is used to model the TM mode
coupling in this scheme. Good agreement is obtained between the

simulations and a recent laboratory experiment.

In both cases (1 & 2), the nonlinear saturation is found to be
caused by the trapping of the electrons 1in self generated
longitudinal waves. Momentum spread in the electron beam (beam
temperature) is observed to result in smaller gain per unit length
and reduced saturation efficiency. It is also demonstrated by our
computer simulations that the output power can be enhanced if an
axial dc electric field of appropriate magnitude 1is imposed

immediately before saturation.

For electron acceleration, we consider laser—-plasma accelerator
schemes. In these schemes, electromagnetic radiation (e.g. a laser)
drives a plasma space charge wave which can trap and accelerate
relativistic electrons at rate of order 1 Gev/cm (for a plasma of
density 1018%cm—3). In particular, we propose and investigate a new
scheme to generate the plasma waves by a monochromatic laser
injected from the side rather than colinearly with the accelerated
electrons. This overcomes the pump depletion problem inherent in

previous colinear schemes (e.g. Beat—-Wave Accelerators).
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Chapter 1

Introduction

The interaction between relativistic electrons and radiation
(electromagnetic wave) inevitably leads to energy transfer between
them. Under some special arrangement, this energy transfer can be
particularly useful. It can, on the one hand, lead to generation of
coherent radiation, and on the other hand, lead to electron
acceleration. As an example, let us consider an electron together
with a plane electromagnetic wave traveling through an AC
(temporally periodic but spatially uniform) transverse electric
field [1]1. Through the Coulomb force due to the presence of the AC
transverse electric fleld, the electron acquires a transverse
velocity which allows it to eilther receive or give energy to the
transverse electric field of the plane electromagnetic wave. If the
longitudinal velocity of the electron 1s such that in one period of
the electron transverse AC motion the electron slips behind the
electromagnetic wave by one wavelength, the transverse velocity of
the electron remains in-phase with the electric field of the plane
electromagnetic wave. Such electrons will continue to have their
energy increased or decreased, depending upon their phase relative
to the plane electromagnetic wave. If the relative phase 1s such

that the electrons continue to lose energy, then the electromagnetic



wave is amplified. This is called "AC free-electron laser" (ACFEL) .

On the other hand, if the relative phase is such that the electrons
continue to gain energy, then the electromagnetic wave 1s
diminished. This 1is called "inverse AC free—electron laser" (AC
IFEL). There are many other well-known schemes dealing with the
interaction of relativistic electrons and radiation, which achieve
the same result, i.e. they can lead to either electron acceleration,
radiation generation or both. Some of these schemes may also involve
the use of a ﬁedium such as a dieletric or a plasma. It is the
purpose of this dissertation to explore some interesting schemes for
generation of coherent radiation and the inverse process, the
acceleration of electrons. Most of these are newly proposed, as is
the above example "of the AC free electron laser" which will be

further discussed in the next chapter.

§1-1. Motivation for The Dissertation

One special feature of radiation generation by relativistic
electrons is its tunability. The radiation frequency (or wavelength)
generally depends on the electron energy and the geometrical
arrangement that leads to the generation of radiation. Using the
previous AC-free—electron-laser example, the radiation wavelength
(\raq’ 1s a function of the longitudinal electron velocity (v,,) and

the AC frequency (f,), i.e., \paq = F(v,,f,). For a constant



longitudinal electron velocity v,, the radiation wavelength X\, 4
decreases with increasing AC frequency fo, since for higher AC
frequency, the electron has a shorter time, t, (t, = 1/f,), to fall
one radiation wavelength behind the electromagnetic wave. On the
other hand, for a constant AC frequency f,, the radiation wavelength
\raq decreases as v, 1s increased; although in this case the
electron has the same amount of time to slip a distance \.,4 behind
the electromagnetic wave, this slip distance is shorter for a larger
v,, due to the smaller velocity difference (c- v,) between the
electromagnetic wave and the electron. Indeed, neglecting the
modification due to the electron beam collective effects as well as
the AC electric field strength, this required lasing (or inverse

lasing) condition can be expressed as:

Aprad = (€—Vy) 1, ,

or
fO

F=1-8."

or

f~2v%f, if vy, >> 1

where f is the radiation frequency; ¥, = (1-8%)'1/2 and B,, = v,/cC.
Thus the radiation frequency can be continuously tuned by either
changing the AC frequency or the electron energy. Both can be freely
adjusted provided within the available technical limitations. This

tunability gives the free—electron lasers broad applications to many



areas, particularly for diagnostics in atomic, molecular and solid
state physics, and to applications in heating and diagnosing
plasmas, and thus this is a topic of broad scientific and practical

interest.

As for the acceleration of electrons using radiation (e.g.
laser), the most attractive aspect is the extremely large electric
fields (up to 10**v/cm at focus) which can be produced by present
laser technology. If such fields can be effectively coupled to
charged particles over a significant distance, ultra-high energies
may be attained in a short distance, thereby miniaturizing the size
of a high energy accelerator. There have been many proposals aimed
at coupling these extremely large laser fields to charged particles
in the past decade. The inverse free electron laser has been
proposed for this purpose; the AC IFEL might also be so used.
However, we will be particularly interested in using a plasma as a
medium to synchronize the electric fields with the particle motion.
These are the so-called laser-plasma accelerators which have some
advantages over the other laser schemes. Firstly, plasmas act as
transformers in the sense that they can transform the extremely
large laser electric fields into equally large (sometimes larger,
sometimes smaller) plasma electrostatic fields which can be used to
accelerate charged particles. Secondly, the acceleration gradient
supported by the plasma electrostatic field is longitudinal and thus

is invariant under Lorentz transformation, while the transverse



laser field will be Lorentz transformed into a smaller field seen by
comoving electrons (by a factor of Y" vhen viewed in the electron
reference frame). This makes a big difference since vy, can be
extremely large for a good accelerator. Finally the phase velocity
of the plasma wave can be made to be close to but slightly less than
that of light so that particle synchronism with the wawve can be

maintained.

§1-2. Organization of The_Dissertation

We begin by investigating a newly proposed scheme for coherent
radiation generation in the next chapter. This scheme replaces the
wiggler magnetic field in the conventional magnet FEL by a
transverse AC (temporally periodic but spatially uniform) electric
or magnetic field (ACFEL) as briefly described in the above example.
We first derive the linear dispersion relation theoretically using
the fluid theory. The theory is then checked by numerical simulation
using a one and two halves dimensional fully relativistic, fully
electromagnetic particle code. One realization of the ACFEL with a
rectangular wave guide design is also presented and its performance

is compared to more conventional FEL's.

In Chapter 3, we study another scheme for generation of coherent

radiation. This scheme uses a dielectric lined wave—guide in which a



relativistic electron beam propagates. This is the well-known
Cherenkov maser and has been studied by many physicists for several
decades. Our focus is on the nonlinear aspects which appear to be
analytically intractable. We first describe and test the numerical
algorithm which is developed to model the TM mode coupling in a
dielectric-lined wave-guide. We then use this model to study the
electron thermal effects and the nonlinear radiation saturation.

Finally, we present one scheme for output power enhancement by
properly using an axial DC electric field and test it by numerical

simulation.

Chapter 4 1s devoted to studying electron acceleration.
Although the schemes described in Chapter 2 and Chapter 3 can also
be used for the acceleration of electrons, we are particularly
interested in exploiting the special feature of a plasma as a
medium for this purpose. We first generally discuss the property of
the plasma waves that are used for the electron acceleration; the
plasma wave breaking amplitude and the potential acceleration
gradient are studied. We then describe the acceleration mechanisms
and discuss the possible energy gain for the electrons. The
excitation of the plasma waves using radlation (e.g. laser) is then
presented; the beat-wave excitation scheme 1is briefly reviewed,
followed by a discussion of our newly proposed side-injected-laser
scheme. Finally, numérical simulation results are presented to

check the theoretical predictions and to identify nonlinear effects



and limitations.

The conclusions are presented chapter 5.

§1-3. Review of Tunable Coherent Radiation Generation

Tunable coherent radiation generation has been seriously
investigated for many decades. Many proposals and experimental
reports appear in the literature. Before further discussing the
contents of the dissertation, It might be helpful to have a brief
review of this subject. While it is impossible to accommodate all of
the proposals and reports, more references can be found from the

references listed.

In 1951, H. Motz (21 proposed a scheme for production of
radiation using relativistic electrons. By passing a fast electron
beam through a succession of electric or magnetic fields of
alternating parity, part of the electron energy can be converted
into radiation. Motz emphasized that the efficiency of energy
conversion depended entirely on the coherence of the emitted
radiation. K. Landecker [3] at about the same time proposed another
scheme. He considered amplifying the frequency and the power of an
electromagnetic wave by its reflection from an electron cloud moving

with relativistic velocity. Due to the discontinuity of the index of



refraction at the front of the electron cloud, the relativistic
electron cloud can be viewed as a moving mirror for the reflectidn
of the incoming electromagnetic wave. Through the double Doppler
effect, the frequency of the reflected wave will be upshifted by a

factor of 4rv%.

John Madey and co-workers [4,5] in early 1970's, analyzed the
stimulated emission of bremsstrahlung by relativistic electrons in a
spatially periodic magnetic field. The physics is related to the
problem of stimulated Compton scattering analyzed by many authors
such as Driecer [61, Pantell, Soncini, and Puthoff {71, and Sukhatme
and Wolff [8]. Since then the group at Stanford has built radiation
sources of this type. They reported the observation of 10.6 uym
radiation in their experiment using a relativistic electron beam of
24 Mev and a helical magnetic wiggler with a 3.2-cm period and a
length of 5.2 m in 1976 [9]1. A gain of 77 per pass was obtained at
an electron current of 70 mA. In their subsequent experiments, a
free—electron-laser oscillator was constructed and operated above
threshhold at a wavelenth of 3.4 pm using the same magnetic wiggler
but a relativistic electron beam of energy 43 Mev [10]. In these
experiments the mechanism responsible for the generation of
radiation is believed to be stimulated Compton scattering of the
static wiggler magnetic field (it looks like an electromagntic wave
to the electrons) since the collective electron effects are

essentially negligible due to the use of a low electron beam density



but high electron energy (the debye length \p is larger than the
radiation wavelength \,.,4). If the electron beam density is
increased but the electron random energy is reduced such that Ay is
much smaller than \.,4, then the collective electron effects are
significant and thus the mechanism responsible for the generation of
radiation would be collective, i.e., stimulated Raman scattering of
the static wiggler magnetic field. Lin, Dawson and Okuda {11], and
Kwan, Dawson and Lin ({12] at UCLA investigated such a mechanism with
computer simulation as well as theoretical analysis. They found that
the instability which is responsible for the amplification of the
radiation wave was caused by the coupling of negative energy
electrostatic beam modes to positive energy electromagnetic waves
through the wiggler magnetic field. They also found that the linear
gain and nonlinear saturation efficiency in such a mechanism were
much higher than that in Compton regime. However, the radiation
frequency is somewhat lower due to the fact that the slow plasma
wave has phase velocity lower than that of the electrons. There
were also some experimental studies for this high gain collective
mechanism at Colubia university (131 and MIT (141, which showed

qualitative agreements with the theory and simulations.

A general nonlinear theoretical discussion of FEL's with
variable parameter magnetic wigglers is given by Kroll, Morton, and
Rosenbluth [15]1 with a view towards the productioﬁ of high power

optical radiation at reasonable efficiency. This theory was



experimentally checked for the Compton regime FEL by Orzechowski, et
al. [16]1. Recently, it was also experimentally checked for a Raman
regime FEL by the group at MIT ([17]. They found that the output

pover agreed well with the predictions of the nonlinear theory.

Although Landecker's 1idea (31 was further theoretically
investigated (18,191, the 1lack of a coherent tunable intense
radiation source for operation of the laser in the attractive
subcentimeter regime prevented simple implementation of such an
idea. Nontheless, various solutions to the problem have been
suggested in the 1literature. The two-stage free—electron-laser
approach [20] is the furthest developed at present. In this type of
laser a conventional wiggler-based free—electron laser, in a first
stage, generates an intense electromagnetic wave, which in turn, in
a second stage, serves as a pump for elther the same electron beam
or another fresh electron beam. Carmel, Granatstein, and Gover [21]
have recently implemented similar ideas, and demonstrated the first

operation of a two-stage backward-wave free electron laser.

Other free—electron amplifiers have also been proposed.
Hirshfield, et al. (22,231 proposed and developed the electron
cyclotron maser in which a relativistic electron beam with a
transverse-velocity component moved through a uniform axial magnetic
field. The lasing process 1s based on an instability due to the

phase bunching of electrons caused by the fact that the electons are

10



not 1isochronous when they gyrate in a longitudinal magnetic field
[24]. Presently, gyrotron oscillators which operate in a regime of
negligible Doppler-shift contribution (a = v,/v, 2> 1) have been
successfelly developed and employed in the magnetic fusion community
to perform electron cyclotron resonance heating. If the beam
parameter & 1is much reduced such that & << 1, then the Doppler-
shift contribution will dominate the lasing process. Lin, et al.
have performed extensive computer simulations on this subject
£25,26,271. Recently, 1t has been shown theoretically [28,29] that
a relativistic electron beam with a finite transverse dc momentum
passing through a region of combined uniform soleniodal and
longitudinal wiggler magnetic fields (LOWBITRON) is capable of
generating coherent radiation at frequency w ~ 2vZ(k v, * Q./Y,),
where Q. and v, are respectively the electron cyclotron frequency of
the solenoidal field and the electron axial velocity; k, is the
wiggler wave number, and Y, is the electron relativistic factor.
This frequency is higher than that from either a free-electron laser
with the same wiggler wave number or a Doppler—-shift dominated
cyclotron maser with the same solenoidal field. However, the energy
conversion mechanism is thought to be a low efficlency process.
Generation of radiation based on the Cherenkov mechanism has also
received renewed interest. The group at Dartmouth College has
employed a dielectric-lined wave-guide through which a relativistic
electron beam propagates and is able to produce microwave radiation

of 30 Kw at S50 GHz and 100 Kw at a lower frequency [30].

11
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Chapter 2

AC Free Electron Lasers

In this chapter, we analyze a possible new source of tunable
coherent radiation. By passing a relativistic electron beam
(relativistic factor y,) through a spatially uniform, transverse AC
electric or magnetic field of frequency f,, electromagnetic
radiation of frequency f ~ 2yif, (for vy, >> 1) is generated by its
coupling the negative energy electrostatic beam modes with the high
frequency EM modes. Existing superconductor cavities which can
supply AC fields of frequency f, > 10 GHz with amplitude Ej,, > 20
MV/m may be used to lead to a new class of submillimeter or even
visible generating devices. This mechanism may also be useful for
synchrotron radiation sources. Furthermore, if plasma electrostatic
waves are considered as the pumping AC field, extreme-ultraviolet

radiaton generation may be possible.

§2.1 Introduction

Sources of tunable coherent radiation are highly desirable for

application to many areas, such as scientific investigation 1in
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atomic, molecular, and solid state physics, radar, laser-pellet
fusion, plasma heating and dilagnostics, and isotope separation. For
the past few decades there has been extensive effort devoted to
finding new mechanisms of generation of coherent radiation by using
relativistic electron beams as an energy source. Ever since H. Motz
[1] examined the radiation from fast electron beams passing through
a succession of electric or magnetic fields of alternating parity
and K. Landecker [2] examined the frequency mutilication and wave
amplification of an electromagnetic wave by reflection from an
electron cloud moving with relativistic velocity in the early
1950's, a lot of schemes using relativistic electrons have been
proposed to produce radiation with spectral range from microwave to
extreme ultraviolet or even X-rays as has been reviewed in chapter
1. Of these schemes, the static magnetic free flectron faser has
received the most attention in trying to produce ultrahigh frequency
radiation generation. This scheme exploits a relativistic electron
beam (with relativistic factor Y,) propagating along a periodic
transverse magnetostatic structure (a spatial wiggler with period
\y) and produces radiation at frequency ~ 2y3c/\, (for v,>> 1).

Experiments have also demonstrated considerable success. However,
due to technical reasons, the magnetostatic wiggler wave length is
currently limited to X\ > 2cm, thus limiting the frequency of the
laser to f ¢ 30vZ (GHz). Therefore, to produce extreme ultraviolet
radiation or X-ray requires near 1 Gev electron beams and meters of

interaction 1length. Although accelerating electrons to 1 Gev is
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common with present particle accelerators, they are large and
expensive and the gain of the laser dramatically decreases with
increased ¥,. A natural alternative way, to think, of further
increasing the laser frequency for a given value of vy, (or reducing
the beam energy for a given laser frequency) would be to exploit a
high frequency electromagnetic wave as the pump instead of the
magnetostatic wiggler. However, the lack of a coherent tunable
intense radiaton source for operation of the laser in the attractive
subcentimeter or other regimes prevents simple, independent
implimentation of the electromagnetic pump. One possible solution is
the two-stage free—electron laser approach (3,41 with a conventional
magnet-wiggler-based free electron laser for the first stage to
generate an intense electromagnetic wave, which serves as a pump for
a second stage. The second stage may or may not use the same
electron beam. This is certainly an exciting possibility. However,
the basic technical limitation that the magnet wiggler wave length
has an upper limit about 2cm 1s still there. While we hope, due to
technological progress, that this technical limitation (X, 2> 2Zcm)
will soon be much improved, some other new schemes are still worth

investigating.

In this chapter we examine a new form of free electron laser
and check the validity of the ideas by computer simulation using a
1-2/2 dimensional, relativistic, electromagnetic particle code

£5,6]. A relativistic electron beam with velocity v, is propagated
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along the axis of a temporally oscillating (frequency f,) but
spatially uniform transverse electric or magnetic structure.
Temporal oscilations play the same role here as spatial oscillations
in the conventional magnet free electron lasers. Relativistically,
there 1s a correspondence between wave number and frequency and
between electric and magnetic fields. In the beam frame, the
oscillating field appears to be an incident electromagnetic wave

with frequency

f' = v.f,

and wave number

kg = =BoYoWo/C,
where

Wo = 2Mf,, B, =vy/C, Yo =(1- B2)"1/Z,

Therefore, as in conventional FEL, the radiation generation can be
théught of as stimulated scattering of the incident pump wave seen
by the electron beam. The frequency of the radiation generated can
be roughly derived in the laboratory frame by recognizing that the
instability is due to the coupling between the electromagnetic waves
and the negative energy electrostatic beam modes (modes with phase

velocity less than the electron beam velocity) through the incident

pump. For a cold electron beam, the uncoupled dispersion relations

18



for electromagnetic waves and the negative energy electrostatic beam

modes are respectively

wgy = kiy + wB/Y,, (2-1)
vhere o, = (4nn,e2/m)1/2 is the electron plasma frequency, n, is

average electron beam density, m is the electron rest mass. The
coupling caused by the spatially uniform tranverse oscillating field

required the following wave number and frequency matching:
kgy = Kgs

Wpy = Wgg + W,,

and modification of the normal mode relations given by equations
(2-1) and (2-2). If the pumping field is weak, the modification to
the dispersion relation can be neglected. Then, we can solve
equations (2-1) and (2-2) for the coupled electromagnetic and

electrostatic frequencies and wave numbers in the following:

(2-3)

o
X

I
i
]
+
£
(=]

{
€

c (2-4)
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where

(wo—ap/73/ 2) 28, L (wy—ay/¥8/2) 2~ (1-B2)wB /v, 11/ 2

1- B2

o=

This 1s the unmodified Raman scattering solution. The plus and minus
signs are taken for backward and forward scattered waves repectively
(7). Backward and forward refer to the direction of propagation of
the pump as seen by the electron beam. The forward scattered waves
will not be considered hereinafter because they are down—shifted in
frequency and also have a much smaller growth rate than the backward
scattered waves. For y, » 1, with reasonable «, the backward
scattered wave would have frequency @ ~ 2v3w, (or f~ 2v3f,). It is
tunable by adjusting the beam energy Y, and/or the pump frequency

f There are superconductor cavities which can supply AC fields

e
of frequency f,>10GHz with amplitudes Ej,, > 20 MV/m [8]. This is
equivalent to a wiggler magnetic field of 700 Gauss which is
comparable to those in use and thus this method may be used to lead
to a new class of submillimeter or even visible generating devices.
Futhermore, if we propagate a relativistic electron beam parallel to

the wave front of a high gradient plasma electrostatic wave, extreme-

ultraviolet radition generation may be possible.

In the next section, we derive the dispersion relation by using
the fluid theory [9]1. Growth rates are then obtained from this to
compare with computer simulation results. In section 2-3 we examine

the nolinear saturation; the efficiencies and thermal effects are
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discussed. In section 2-4, we discuss the feasibility of this new
form of free electron laser (ACFEL); a suggested design with design
criteria is given and 1its performance is compared to conventional

FEL's. The summary and suggestions for future work are presented in

section 2-5S.

§2.2 The dispersion relation

Consider an unmagnetized, neutral, transversely homogeneous,
unbounded electron beam with wvelocity v, ax moving through a
spatially uniform, transverse oscilllating electric field E,cos w,t
éy. One may think that a spatially uniform time oscillating electric
field is unphysical since Maxwell equations would require an
assoclated magnetic field. However, there are a number of physical
situations where this is a good approximation as for example for a
wave gulde near cut off or for the field of a long wavelength

longitudinal plasma oscillation. From Maxwell equations, the

electric and magnetic fields can be written as

TS
Il

~y& -(1/c)dA/3t,

where &, A are respectively the scalar, vector potential and
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V= éxa/ax.
Using the coulomb gauge, i.e., VA = 0, we readily get (10l
—bt'_'-—‘.l,t’ (2-5)
where tﬂe subscript t denotes the transverse components and J=-eny
is the current, n is the electron density. We remind the reader that
v = B/mv; where m is the electron rest mass and

y = (1 - v2/c2)"1/2 = (1 + P2/p2c2)1/2,
The equation of motion is given by

dP/dt = -e(E + v x §/c) - V¥/n,
where P is the pressure. From its transverse component, we get

Py = (e/c) A + const.
This follows from the fact that the transvere canonical momentum of
a particle is a constant of the motion since (y, 2) cordinates are

ignored. We then linearize each quantity by denoting the subscripts

0, 1 for the O0thM order and 18%% order terms respectively so that
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Por = (e/c) Ay + const.,
P,e = (e/c) Ay
and thus
e2n eP enyP
Jjg =~ 2 Ay - =8 n 4+ —020C (p p )
~ YomC ~ Yom yZm2cz ~°'~

From the 0N order of the equation of motion

A
dp/dt = -eE,cos w,t ey,

wve get
A A

Po = Pox ex + Poy ey,
where

Pox = Pox(t=0),

Poy = = (eEg/ag)sinagt |
Assume

Ipoyl <« Pox
so that

= 1/2 2 2
Yo =1 + PZ/m2c2)1/2 2 (1 + P2 /m2c2)1/2,

|- 4
Pox = YoMy,

Substituting (2-5) into (2-6), we therefore get
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2 2 w2
at? axZ Yo ) V7

_._[cm%Eosinwot]El +[vom%Eosinmot

o Pyy, (2=T)

Ny Y&w,me

Equation (2-7) shows the coupling of the linear transverse term
Ajy to the longitudinal quantities. In order to have a closed set of
equations, we need to include those linearized equations governing
the longitudinal motion, namely the x component of the equation of
motion, the Polsson's equation and the equation of continuity, which

are respectively

e2E_sin w,t )9A 3m 02 )% )on
D,y 2ip, =-eE, +|———2|—L¥ _ BTD |21 (2-8)
at  odx) X i YoM W,C ax N, ax
9E,,/9x = —4men,, (2-9)
on on n oP
—L .+ L, =2 X _ 9, (2-10)
ot ° 3¥x y3m) ¥

where \p = (4nn,e2/T)"1/2 1is the Debye length, and the last term in
Eq. (2-8) comes from the electron pressure; T 1s the temperature and
adiabatic compression has been assumed. Also, note that the equation
B=VXA has been used in deriving the second term on the right hand
side of equation (2-8). The four equations (2-7), (2-8), (2-9), and
(2-10) form a complete set of equations with four ﬁnknowns AiY' Pixs
n,, E,x, where all the coefficients are either constant or temporal

periodic with frequency w,. By Floquet's theorem, we therefore
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assume the following type of solutions

W, (x,t) = et{Kx ~ 00 g rk,@) e 1%L (2-11)
where ¥, stands for A;y, P,,, n,, E,,. Substituting equation (2-11)
into equations (2-T7), (2-8), (2-9), (2-10), retaining only the
lovest order mode coupling, keeping in mind that the negative energy
(slow wave) rather than the positive energy (fast wave)
electrostatic beam modes can extract the beam energy and grow,
manipulation of the equations yields the following dispersion

relation

where

Dgs = (wgg~kvy) 2/w2 - (1 + 3k3) /73,

Dgy = (wgy /05 )% = (ke /ap? - 1/y,

k2c2¢2 kv, -
F = _9_[1 + Y%Bo[(’k—mm] ]
4y3 wg ¢

and

€, = eEy/mcay,

Wgy = Wgg T 0, ,

vhere wgy  wgg are respectively the electromagnetic and
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electrostatic wave frequencies. For the case that the electron beam
is moving through a spatially wuniform transverse oscillating
magnetic field =-B,cosw,t Qz, we will get the same dispersion
relation as given by equation (2-12) except that €, = BoeBo/mcmp. If
both a spatially uniform oscillating electric field E,cos w,t gy and
magnetic field -B,cos w,t éz are allowed, we would have €, = e(E, +

BoBo)/mcw Indeed, as long as €, is kept the same, our computer

p-
gimulation shows the same results no matter whether we use an AC
electric or magnetic field or a combination. Equation (8) 1is valid
as long as €, wp/w, << Y,B, due to the assumption IPoyl << Poy which
vas made before. This 1s usually the case in practice for presently
available fields. Under such a condition, the coupling term F is
much smaller than unity and the normal modes (given by Dgg=0 and
Dgy = 0) are weakly coupled, so the usual mode matching conditions
(i.e. wgy=wgg + Wy, Kgy=kgg in this case) must be satisfied and
the instability spectrum is around the normal mode root (w,,kp),
where, for a cold electron beam, (w,,ky)gy = (®,K) given by equation

(2-3) and (2-4). For each k near the normal mode k,, we can solve

equation (2-12) for wgy in the following:

opy = og, o t 1 R(FvY/2/H - u21/2, (2-13)
where

Wg EM T (H —u/2) Wp , (2-14)
and

H= ((ke/ay)? + 1/vp) /2

?
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1/2 _
p"'H—(mo+kvo)/mp+(1+3k2)\[2)) / vz%/2,

202¢2 +* =
F‘=kce°1+728 [mo kv, mR,EH)
4vy3 w2 ore ke

Equation (2-13) shows that for each k ~ k,, instability will
occur only if the strength of the pumping field is greater than a

critical value. The threshold is

egneary e/ vi [ e w2
and for €, > e§h, the growth rate is given by

a; = Fu, (Fr3/2 /0 -y t/2, (2-15)
The maxmum growth rate would be (for vy, >> 1)

WP = (eo/2VZ ) wpr e Hap/ug) /2. (2-16)

A numerical study for the 1instability spectrum and the
corresponding growth rate given by equations (2-14) and (2-13),
along with computer simulation results are given in Figure 2-1. The
excellent agreement between the theory and the simulation ensures
the accuracy of the simulation modeling as well as the
approximations in the theory. The spectral relation, wgy =wgg + 9, ,

is also found from the computer simulations and further confirms
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Fig. 2-1
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(a) Growth rate vs. wave number and (b) Frequency vs. wave
number for the case with v, = 3.2, €, = 0.06, w, = 0.5 Wy«
The discrete points are from computer simulations. The

uper line and lower line in (b) are respectively for

wEH(k)/mp and (nES(k)/mp from theory.
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that the instability is due to the coupling between the negative
energy electrostatic beam modes and the high frequency EM modes

through the pump.

§2-3 Nonlinear Saturation and Thermal Effects

The ac free electron laser, which is being investigated here,
makes use of the interaction between a relativistic electron beam
and a fast electromagnetic wave (wave with phase velocity faster
than the speed of light) which 1s coupled with a slow electrostatic
wave (wave with phase velocity slower than the electron beam
velocity) through the ac pump. The lasing amplifying action takes
place basically by a continuous interaction of the electrostatic
wave and the electron beam. The initial electromagnetic field
which is amplified can come from Compton scattering or can be
externally injected. The electrons tend to bunch 1n regions
where the electric force ahead is decelerating and the electric
force behind is accelerating. Since, initially, electron bunches
move slightly faster than the slow electrostatic wave, the waves
(both elctrostatic wave and electromagnetic wave), on the average,
gain energy at the expense of the electron kinetic energy and grow
exponentlally (for the high gain, collective regime) until the
instant when the electrostatic wave reachs an amplitude such that

the electron orbits are altered nonlinearly and the orbits change
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from freely passing the electroatatic wave into trapped motion. The
wvaves then saturate nonlinearly. The nonlinear saturation level is
of considerable importance since it determines the efficiency of the
radiation production. One of the common definition for the

efficiency 1s

_ _saturated electromagnetic energy
initial total electron-beam energy

As shown in Figure 2-2 for the relative power spectrum of the
electrostatic wave and electromagnetic wave from simulation. We see
that the electromagnetic power is much larger than the electrostatic
pover. This means that the reduced electron kinetic energy is
mainly transferred to electromagnetic energy. This can also be
clearly seen in Figure 2-3, where the time evolutions of the
electrostatic, electromagnetic, and electron Kkinetic energy are
shown. Thus, neglecting the electrostatic energy, the efficiency

can be further defined as

n = (v, = <yg>)/ly, 1),

where <yg> 1is the average electron relativistic factor at the
gaturation level. From Figure 3 we would get a value n = 107. For
some other parameters, efficlencies as high as 257 were obtained in
the simulation as shown in Figure 2-4, where the averaged electron

relativistic factor <y> vs. time is plotted. We see that v, =S5.0,
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Fig. 2-3 Time evolution of electrostatic, electromagnetic and
electron kinetic energy for the case with v,=5.0, €,=0.1,
w, = 0.5 Wp . The electrostatic energy is enlarged by a

factor of 100.
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Fig. 2-4 Time evolution of the averaged electron relativistic
factor <y> for the case with w, = 0.3 Wp €,=0.2,

Ap = 1.7.
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<yg> ~ 4.0, thus n ~ 257.

Since the saturation mechanism is due to electron trapping in
the electrostatic wave, we can roughly derive a formula to predict
the efficiency. From the theory and simulation, the unstable
spectrum is quite localized in Fourier space. Futhermore, all the
unstable modes have roughly the same phase velocity (w/k) for the
electrostatic wave and electromagnetic wave repectively as shown in
Figure 2-1, where we see that the spectral curves are almost
straight lines. Therefore, they maintain a coherent wave form and
thus we can treat the unstable electrostatic spectrum as a single
electrostatic wave. At saturation the electron beam speed is, on
the average, slowed down to the phase velocity of the generated

electrostatic beam mode

vy 2 vy = Y521 + 3KENGI 2wy /Ky,
Since the electrostatic wave amplitude is much smaller than the
electromagnetic wave amplitude, 1in addition to neglecting the
electrostatic wave energy, to a good approximation, we can also
neglect the electron trapping oscillation energy in predicting the
efficiency. Furthermore, right at the instant when the waves
saturate, the electrons are not seriously heated up. Therefore, we

predict the efficiency to be
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= (g = Yp)/(¥g = 1) (2-17)

vhere vy, = (1 - v%/c2 )~1/2_ A comparison of the computer
simulations with the estimated values given by equation (2~17) 1is
shown in Figure 2-5. Both show a simllar characteristic dependence
on ¥ and are in good agreement considering the simplicity of the

theory.

The above analysis is only valid in the Raman regime, where a
high quality (with small velocity spread), mildly relativistic
electron beam is provided. If an electron beam with high thermal
velocity spread and/or high relativistic factor is used such that
the radiation wave number k is larger than \p', the radiation
mechanism is said to be in the Compton regime, 1.e. the wave is
amplified by only a small region of the velocity distribution which
is 1n resonance. We have also investigated this regime through
computer simulation by increasing the electron thermal velocity
spread. The instability is weakened, and the growth rate reduced as
shown 1in Figure 2-6, where the maximum growth rate vs. momentum
spread of the electron beam is plotted. Figure 2-7 shows axial
phase space plots for electron beams all with the same vy, and f, but
with different momentum spread. We see that temperature, T, causes
the electron bunches to not be as tight and the electron velocity
distribution in the potential well of the longitudinal electrostatic

field becomes more spread out with increasing T. This is the reason
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Fig. 2-6 Maxmum growth rate vs. momentum spread of the electron

beam for the case with w, = 0.5 wp, €,=0.2.
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Fig. 2-7 Axial phase space at the time of saturation for the cases
all with w, = 0.5 wp, €,=0.2, but different momentum

spread: (a) Ap = 1.7, mpt = 200., (b) Ap = 2.7, mpt = 200,

(c) Ap = 3.7, wpt = 200., (d) Ap = 4.7, wpt = 250.,

(e) Ap = 5.7, wpt = 350., (f) Ap 6.77,79)pt = 500.
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why the instability is weakened and growth rate reduced. Overall,
there are still more electrons losing energy than gaining energy and
a finit but reduced amount of electron kinetic energy can still be
transferred to the wave. As the momemtum spread is further
increased, the efficiency eventually approaches 2zero at around 10
percent momentum spread as shown in Figure 2-8, where the efficiency
vs. momentum spread is plotted. There is little efficiency lost for

spreads of up to 27 for the parameters run here.

§2-4 Feasibility of the AC Free Electron Laser

From Maxwell's curl equations, as long as a temporally periodic
but spatially uniform electric (or magnetic) field exists, there
should be an acompaning teporally periodic and spatially dependent
magnetic (or electric) field unless there is a canceling current.
Both spatially uniform electric (or magnetic) field and spatially
dependent magnetic (or electric) field can exert forces on the
relativistic electrons. Thus, one may wonder whether such a
temporally periodic but spatially uniform electric (or magnetic)
field exists or not. Just as in the conventional magnet free
electron lasers where the ideal plane wave approximation to magnetic
wiggler exists only on the axis due to magnetostatic reqirement VX
§=0, we can also find a valid AC electric (or magnetic) field with

negligible induced spatially dependent magnetic (or electric) field
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along the interaction region. As an example to show this, let us
suggest a specific design. The relativistic electron beam is
propagated along the symmetric axis (here labeled the x-direction)
of a rectangular wave guide of length L , width w (along the z-
direction), and height h (along the y-direction) as shown in Figure
2-9, opperating near cut off so that an AC electric field anycosmot

exists on axls, with the design criteria shown in Table 2-1.

TABLE 2-1

DESIGN CRITERIA FOR A RECTANGULAR WAVE GUIDE ACFEL

(C-1) 0.01< (e,/7,) (@p/wg) < 0.1,
(C-2) A« dy, and XK dg,

(C-3) dy, < h=2¢,cu,/Y,0%,

(C-4) d; € w,

(C-5) w« L, and d, & v c/u,

where X\ (A~ mc/y,0,) is the radiated wave length,
dY and d, are respectively the electron beam width
along the y-direction and the z-direction, and

saying 0.1« 1 would be endurable.

41



Eo8y cos wot

Fig. 2-9 A rectangular wave-guide of length L (x-directon), width
v (z-direction), and height h (y-direction) upon which an

AC electric field is imposed along the y-direction.
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Holding to criterion (C-1) ensures that the imposed AC electric
field is strong enough to give meaningful gain in a reasonable
distance, but not so strong as to excite higher harmonic modes.
Holding to criterion (C-2) ensures the plane wave approximation used
in this chapter holds. Both criterion (C-1) and (C-2) are
essentially for the ACFEL to work in the high gain, collective
regime. Holding to criterion (C-3) prevents the electrons from
hitting the walls in the course of their AC motion. Holding to
criterion (C-4) implies that the AC wave form approximates very
closely a temporally oscillating but spatial uniform electric field
in the interaction region. Also, as long as w& L is satisfied in
criterion (C-5), the induced magnetic field (due to ampere's law) in
the interaction region is essentially parallel to the symmetric axis
(x-ax1s) with magnitude Bj 4(z,t) % (w,2/c)E,sinw,t, where z (0§ z¢
d,/2) is the distance away from the symmetric plane z=0. The
maximum of the amplitude of B;,q has a value (w,d,/2c)E, and 1is
invariant wunder Lorentz transformation to the Dbeam frame.
Therefore, holding to d, & y,c/w, ensures that this induced field
Binha 1s very small (compared to the AC electric field which, in the
beam frame, has electric amplitude y,E, and magnetic amplitude
YoBoEo) and is thus negligible. In practice, it is easy to satisfy

the above five criteria simultaneously.

Although some what outdated, let us use an astron beam as an

example of a feasible electron beam to determine what we might
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expect from ACFEL. Typical astron beam parameters are density ng, = 3

X 1012

cm~ 23, energy spread Ay/v, = 1073, and Yo = 10, thus the Debye
length A\p~ 3 pm and plasma frequency fp (fp==mp/2n)tv15.6 GHz. Using
an AC electric field of frequency f, =S GHz with amplitude E, =
20MV/m (€,%0.12) would produce radiation at frequency f ~ 1000GHz
(\2300pm) so that k\p=2n\p/\~ 0.07 and thus equation (12) holds and
can be used to predict a growth rate w; = 0.014 Wp- Amplifying the
signal by ten e foldings would require an interaction time T = 10/w;
= 7.5 x 10”2 sec and thus the interaction length would be L = ct 2
2.2 nmeters. To fit the above rectangular wave guide design,
choosing beam dimensions, dyn'dzn'anu and wave-guide size, h~ icm,
w~3cm, and L ~ 4m would be appropriate. These parameters are quite

comparable to those of the conventional magnet FEL and can be easily

realized in the laboratory.

As has been mentioned earlier, due to technical reasons, the
wiggler period of the conventional magnet FEL is currently limited
to \y > 2cm, thus limiting the frequency of the laser to f»30v3%(GHz).
On the other hand, using a superconductor cavity, an AC electric
field as strong as E, > 20 MV/m with frequency f, > 10 GHz has been
achieved [(8]. The technology of such superconducting cavitiés is
developing rapidly; we expect that strong AC field with f ~ 150 GHz
and good Q should be possible and believe this is a fruitful area
for experimental research. This could lead the laser frequency to f ~

SOOYg(GHz). Of course, one can use conventional Cu cavities or
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cryogenic Cu cavities if the RF drive power is not critical. The two-
stage approach [3,4] which combines the conventional wiggler FEL and
EMFEL can also be realized in combining ACFEL and EMFEL. Since the
AC field is spatially uniform in the lab frame, technical accuracy
is probably easier to achieve than the wiggler magnetostatic field
(i.e. precision frequency is probably easier to mantain than
precision spatial dependence). In addition, the AC field can be
turned on and off when the AC wiggler is desired as for example in a
storage ring. Also, if we taper the entrance of the wave gulde such
that the AC electric field is gradually cut off toward the entrance,
an adiabatic transition to the AC wiggling field for the electrons
can be achieved. Furthermore, we should also mention that the AC
electric field could be produced in a plasma; for example, fields of
107V/cm have been produced by the beat wave mechanism at a frequency
of 3x1012cycles/sec (111. Using a modest energy electron beam (20
Mev) with such waves would produce radiation at frequency f~
6000vZ(GHz) = 9.6 x 10*%Hz (\2312R). To acheive such extreme ultra-
violet radiation by conventional magnet FEL would require an
electron beam with energy over 300 Mev. We summarize the main

advantages of the ACFEL in Table 2-2.
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TABLE 2-2

MAIN ADVANTAGES OF THE AC FREE ELECTRON LASERS

(1) The pumping field is temporally oscilllating
but spatially uniform, thus technical accuracy
is easier to maintain.

(2) An adiabatic transition to the AC wiggling
fleld for the beam electrons can be achieved.

(3) AC field can be turned on and off at will.

(4) The generated laser frequency is ~ 2y3f,, where
f, can be 10GH, ~ 150GH, for superconducting
cavities, or >3000GH, if a plasma electrostatic

wave 1s considered.
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§2-5 Summary and Future Work

In this chapter, a linear fluid theory of the mode coupling
between the neagative energy electrostatic beam modes and the
positive energy electromagnetic waves through an AC pump has been
presented. We have also successfully used a one and two halves
dimensional, relativistic, electromagnetic, particle simulation code
to model this case. Good agreements between the theory and the
simulations have been obtainéd in the linear regime. The nonlinear
saturation was investigated and found to be caused by the trapping
of the electrons in the self-generated electrostatic waves. A simple
model was then developed to predict fhe nonlinear efficiency in the
high gain collective regime. Thermal effects were also investigated
mainly by computer simulations. We found that increasing the
momentum spread of the relativistic electron particles reduced
the tightness of the electron bunch, thus weakened the instability
and reduced the nonlinear efficiency. A rectangular wave guide
design was presented to illutrate one realization of the ACFEL. The
disign parameters were found to be comparable to the conventional
magnet FEL. There are some advantages over the conventional magnet
FEL, which make this scheme attractive for the production of

electromagnetic radiation.

Further ACFEL research should be done on the use of a plasma

wave as the source of the pumping AC field. As we metioned in §2-4,

41



the high frequency and high amplitude AC electric fields associated
with the plasma waves could make it easier to achieve extremely high
frequency radiation generation. Part of the necessary research on
this topic would involve a study of the complications in the lasing
process due to the presence of the plasma. The effects of plasma
instabilities such as the two stream instabilities on coherent
radiation generation 1s an open question. Furthermore, the AC lasing
process in a plasma may also provide an explanation for radiation
observed from 1laboratory and space plasmas. These include the
experiment of Gregory Benford in which a beam-plasma interaction
generated radiation at frequencies up to 4S5 Whe [121, and the radio
bursts associated with solar flares; the origins of which have not

been resolved.
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Chapter 3

Cherenkov Maser

In this chapter, we study the Cherenkov emission of the
transverse magnetic (TM) mode 1in a dielectric-lined waveguide by
using a relativistic electromagnetic particle simulation model. The
parameters used 1in the simulation are relevant to a recent
laboratory experiments [1,2]. Excellent agreement between the
simulations and the experiments are obtained. Effects of thermal
motions in the electron beam are also studied; increasing electron
momemtum spread is observed to reduce the tightness of the electron
bunches and to increase the energy spread of the electrons trapped
in the space potential well, which in turn, results in smaller gain
per unit length and reduced saturation efficiency. It 1s also
demonstrated by our computer simulations that the output power can
be enhanced by an order of magnitude if an appropriate electric
field is applied immediately prior to the electron bunches reaching

the bottom of the potential well.
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§3-1 Introduction

Cherenkov radiation, i.e. radiation emitted by the motion of a
charged particle moving with velocity greater than that of light 1n
a medium, has universally been considered as a potential short
wavelength radiation source. The earliest exploration in this field
can be traced back to Heaviside's and Sommerfeld's theoretical
works. Prior to the development of the special theory of
relativity, Heaviside [31, in 1888, analyzed the problem of the
radiation produced by a charged particle when it moved with uniform
velocity. He assumed that it was possible for a particle to move
with a velocity greater than that of light in a vacuum and claimed
that radiation could be produced under such a condition. Sommerfeld
(4], in 1904, without apparent knowledge of Heaviside's results,
performed a similar analysis. There were also some experimental
observations that predate the classic experimental work of P.A.
Cherenkov [5]. Curie [6]1, in 1911, observed that radiation produced
in the walls of glass containers holding radioactive material was
probably due in part to the penetration of the glass by fast charged
particles. Mallet's (7] experiments 1in 1926 were, 1in part,
observations of Cherenkov radiation. However, it is the pioneering
experiments performed in 1934 by P.A. Cherenkov [S]1 (thus the name
Cherenkov radiation) that mark the beginning of the recent suggested

applications.
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Cherenkov's experiments were soon explained theoretically by
Frank and Tamm [8] in 1937. A great number of contributions aimed at
developing a pratical Cherenkov radiation source, both theoretically
and experimentally, then appeared. Notable among these contributions
were Ginzburg's article [9), in which he considered a number of ways
that electrons could be coupled to dielectrics so as to produce
radiation 1n the millimeter or submillimeter regions of the
electromagnetic spectrum. Extensive reviews of work prior to about

1960 may be found in Jelley's article [10].

Most of the early work dealt with spontaneous emission by single
electrons. This is a rather weak process for radiation production
except for extremely high frequency radiation. Since the radiated
power is proportional to the square of the number of electrons
_involved (at least true for radiated wavelengh long compared to the
length of the electron bunch), 1t was natural to consider the
radiation produced by a bunched electron beam in order to enhance
the amount of radiation. Indeed, there were experiments designed to
investigate Cherenkov radiation produced by prebunched electron
beams moving in close proximity to a dielectric surface [11,12,131.
However, due to the unavailability of high energy, high current
beams, 1in these experiments only single prebunched electron beams
were involved in the process of radiation and thus no provision was
made for feeding back the emitted radiation to influence subsequent

bunches. Therefore, those experimental results could only be

52



categorized as observations of enhanced spontaneous emission and

hence from a practical viewpoint an uninteresting device.

The recent progress on intense relativistic electron beams has
changed the outlook for Cherenkov radiation source. The availability
of high energy, high current beams has made the Cherenkov mechanism
one of the potential competitors for the design of devices to
generate high-power, high—quality coherent tunable radiation. Both
theoretical and experimental interest has been reawakened.
Especially noticable is the strong endeavor undertaken at Dartmouth
College to 1nvestigate the feasibility of wusing an intense
relativistic electron beam and the Cherenkov mechanism to generate
high-power microwave sources [14]. Good results have been reported
{1,21. The emphasis 1s no longer whether Cherenkov radiation can be
a pratical radiation source, but is on the art and scilence of

acheiving an efficient, economical source.

One pratical slow wave structure for a Cherenkov maser can
either be a gaseous or 1liquid dielectric, in which case the
relativistic electron beam propagates directly through the medium. A
second possiblility is to use a dielectric lined waveguide, in which
case the relativistic electron beam propagates through a channel and
interacts with surface waves on the dielectric. The second scheme
can also be thought of in terms of the interaction of the negative

energy space charge wave on the beam with a positive energy
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electromagnetic surface mode of the dielectric. The first method
requires employing a very-high—engery electron beam and 1is limited
by electrical breakdown of the dielectric so that only limited
interaction length is allowed. There have been some attempts made to
observe stimulated Cherenkov radiation in the visible and UV regions
by employing this scheme [15,161, although momentum modulation by
an applied electromagnetic field has been observed, there is no
clear-cut evidence of true stimulated emission. On the other hand,
the group at Dartmouth College has employed the second scheme and is
able to produce microwave radiation of 30 KW at 50 GH, and 100 KW at
lower frequency (11. This 1is certainly an excited success
considering the 1long time struggle for producing a practical
Cherenkov source. However, this device is not yet competitive with
gyrotrons which are more efficient and can produce higher output
power in this frequency range. Since one of the goals of Cherenkov
maser research is to achieve excellent performance in terms of
power, efficiency, and frequency, a more detailed knowledge of the
interaction process under non-idealized conditions is required than
is practical by analyical techniques. It is the main purpose of this
chapter to investigate the highly nonlinear process involved in the
Dartmouth type Cherenkov maser by applying numerical particle
simulation techniques, in particular, those developed by Dawson,
Lin, et al. [17,18]. One way to improve the output power has also
been suggested; since the saturation mechanism of the Cherenkov

maser is due to the trapping of the electrons by the longitudinal
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(space charge) component of the wave field, a longitudinal dc
electric field can be imposed at the time of saturation to increase
its output power. Computer simulations demonstrate that a factor of
10 enhancement in output power 1is achievable. Furthermore, if the
detrapped electrons can be taken out of the system, the efficiency

of the device can be substantially improved.

In the next section, we describe the numerical model. The
simulation results of effects of momentum spread on nonlinear
efficiency and output power scaling with the beam current are
presented in section 3. We then discuss the output power enhancement

in section 4.

§2 Computer Model

Consider the type of waveguide that is depicted in Fig. 3-la,
which consists of a circular metallic wall with radius r, and
dielectric layer with thickness (r, - rg) and dielectric constant €
(the permeability p = 1). It 1is not possible, in general, to
separate the modes in a dielectric waveguide into transverse
electric modes (TE) and transverse magnetic modes (TM). In the
special case of azimuthal symmetry, the TE and TM modes can be
decoupled. The electrons in a Cherenkov maser uaually do not have

transverse momentum so they can only excite TM modes.
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(b)

k2w
Fig. 3-1 The schematic and characteristic of the dielectric loaded

wave-guide. (a) cross-sectional view, (b) the comparison
between the theory and simulation of the TM01 mode

dispersion relation.
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Wave Equation

Let us choose cylindrical coordinate with r, 0, z, respectively
the radial, azimuthal, axial components and assume all field
components vary as f(r)exp(-iwt+ik,z), then from the following

Maxwell Equations for an empty dielectric coated waveguide

v.D=0,
V.B=0,
1 oB
VxE=-"¢ T3
1 aD
VxH= "¢ ¢ o
1, 0 <r<ry
D = €(r)E where €(r) =
’ € = const, rq < r{ry
B =pH = H, since g = 1 1is assumed,
we get
VxE=1--H (3-1)
w
VxH=-1 == e(r) E (3-2)
V.H=20 (3-3)
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v.(emE) =0 (3-4)

By Eq. (3-2), we can assume

H=-1--VxE, (3-5)

where £ is the electric type of Hertzian potential. Then, from Eq.

(3-1), we get

w2
vV x g = —27 V x g
or
w2
E = %2 E+ vé (3-6)

where ¢ is an arbitrary scalar potential. From Eq. (3-2), we get
€E(ME =V xVx§. (3-7)
Combining Eqs. (3-6) and (3-T), we get

2
VX VXE =er—2z § +e(rve
or
w?

V(V.E) - VZE = e(r)—3 & + V(e(nd) - se(r) (3-8)

since ¢ is arbitray, we can choose
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V- (3-9)

and Eq. (3-8) can be simplified as

2
e yogr erS5 §= 0 (3-10)

2p_

This is the wave equation for a cylindrical waveguide with a radial
dependent dielectric constant. Since only TM Modes concern us (a
very strong axial DC magnetic field is imposed to prevent electron
from doing significant transverse motion), or more specifically,
only TM,, Modes will be considered here due to azimuthal symmetry,
we can simply assume
E= 8,¥(r)etta?
without losing generality. Then, by wusing Eq. (3-9), from Egs.

(3-5) and (3-7), we get

B = H = e,—2wree? = &, B, (re'ke? (3-11)
~ ~ C
E = L VxVxE
~ e(r) =
_ 1 ~ 2 ik,z ~ (1 d ik, z
=) { er( kZ¥(r)e % ] + ez(r ar (r¥%(r)ik,e % ]}
=2, E(mef2? & &, E (re!fe? (3-12)
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and the wave Eq. (3-10) becomes

d%y 1 1 _de(r) y d ¥
d r? * [ r e(r) dr ) dr *
2
I N S S 1 de(r) 1 _
[ er— z - kg r? e(r) dr r ) 2=

This can be further manipulated 1into the type of Sturm-Lioville

equation
d (r_ d¥ 2. r _ 1 1 1 de(r) _ _
dr[e(r) ar) * (B T T e ar NP0 (1)
where
2
ngZ = G(r‘)% = kg, (3-14)
with
+ 1 > 2 0
8k = if e(r)—%g - K2
-1 <0

Only a discrete set modes will match boundary conditions
(corresponding to a discrete parameters Kp). These satisfy the

following general Sturm-Lioville type of orthogonal relation

Tw r
[ watowm—

—7y 9r = Cp 8p -

To avoid ambiguity, we rewrite the wave Eq. (3-13) in the following

form:

d (r P (r) 2. r 1 1. .1 d €(r) _
dr(e(r) dr )lr(ng“e(r) e 'r e dr ))wn(r) =0

(3-15)
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where

2
ngg = c(r)—g%— N kg

with n being the discrete mode number, which correspond to a TM,,

mode.

Solution in Region 1

Let us denote the vacuum region (0 < r < rg4) as region 1, and

dielectric liner region (ry < r < ry) as region 2. In region 1,

€(r)=1, so the wave Eq. (3-15) becomes

d av,, (r)
ar T —ar 2t (BakKEr -
with
g
N cz kZ

1
=) ¥ntm) =0 (3-16)

(3-17)

where gy, can be +i or -1, which is implicitly decided by the

dispersion relation we are going to

8k1

than the speed of 1light in vacuum),

derive or more specifically,

= 41 corresponds to a fast wave (wave with phase velocity faster

gx1= —1 correspond to a slow

wave (wave with phase velicity slower than the speed of light 1in

vacuum) .
slow space charge wave of the beam.

written as
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- 1 —
Wni(r) 1K, , (3-18)
where
Je(Kpy) if gy, =+ 1
We (K r) = (3-19)

|
|
Y

Ip(Ko,r) 1F gy, =

and Jg, Iy are respectively ¢th grder Bessel and modified Bessel

functions of the first kind. From Eqs. (3~11), (3-12) we get

E, (r) =W, (K, )

-ik
Ep(r)= W, (Kpy 1) (3-20)
r Kp, 1M
—lw
Bg(r)= K, C W,(Kp, )

Solutions in region 2

In region 2 (rq < r < ry) €(r) = € = const, so the wave Eq. (3-

15) becomes

d avy,,, (r) 1 _
(e —32—) * (Kfier = ) ¥nprd =0
where
2
K&,= € :2 - k2, (3-21)
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2
Note that we have neglected gy, since e—%;- - kZ will be always

positive. The general solutions for ¥, can be written as

€
1k, Kp,

P (r) = Z4(Kp,r) (3-22)
with

Zg(Kp,r) = apJg(Kpar) + bo¥e(Kp,r) (3-23)

where Yy is the LtP order of the Bessel function of second kind and
ap, b, are constants vwhich are dependent on the mode and are decided

by the boundary conditions. From Eqs. (3-11), (3-12) we get

Ep(r)=Zo(Kp, T)

ik,
Ep(r) =g = Zy (Kppr) (3-24)
n2

—iew
Be(r)=—E;;E“ Z,(Kppr)

The Dispersion Relation

Now, let us apply the boundary conditions at the conducting wall
r =ry,, and at the interface r = ryg. At the conducting wall the
parallel component of electric field has to be zero, that is, E,(ry)

= 0, which yields
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Zo(Kpory) = 0
or

apdo(Kpaly) + bpYo(Kpry) = 0 . (3-25)

At the interface, the radial component of the electric displacement
D and the parallel components of electric and magnetic fields have

to be continueous, which ylelds

W, (Kpyrq) €

Z,(Kn,rg),
Kna Xnz 1‘*n2la
and (3-26)

W (KngTa) = Zo(Kpara) -

From Eqs. (3-25), (3-26) we can solve the disperson relation of the

empty dilelectric coated waveguide to be

Knp

- W, (Kpyra) (I, (Kny Ta) Yo Knary)=Jg (Knar) ¥ (Knara)) -

eN§Knyra) (I, (Knara) Yo Knaly)=Jo (Knar ¥, (Kporg) =0, (3-2D)

and the two constants a, b, to be

K
T Nz =
an="y KnzTal Ky W, (Kpyrq) Y (Knara) Wo(Knird)Yi(anrd))
(3-28)
K
_m, _ Knz
bn="9Knzra( WoKnsra)J, Knzra) Rooc J,Knar )W, (Knyr o))
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Algorithm

From Egqs. (3-17) and (3-21), for a given k, there are an
infinite number of solutions for Wp, Kn1’ and an. These eigenmodes,
determined from dispersion relation, are orthogonal among each other
as has been mentioned before. A general proof that is valid for all
cylindrical symmetric systems in which the modes do not change
(except for phase) along the axis has been given by Marcuse [191.
We want the algorithm adapted in our computer model to include
transient phenomena, therefore, the frequency w, cannot appear
explicitly in any of the equations used in the simulations. To
satisfy this requirement, Eqs. (3-17) and (3-21) can be combined and

replaced by:
1/2
Kny = [ —%— | K&, - (e-1)kZ | ] . (3-29)

Therefore for each fourier mode specified by k,, we can have
Bessel basis specified by Kp,'s since K;, can then be calculated
from Eq. (3-29). Indeed, the expressions for the field components
given by Eq. (3-20) for region 1 and given by Eq. (3-24) for region
2 are single-Fourier-Bessel modes. Similiarly, the source term, i.e.
the current density, which will appear for a Cherenkov maser, can
also be expanded in this specified Fourier—Bessel space. The
procedure is in essence to decompose the field into harmonic

oscillators (the above modes) and then find their self consistant

65



responce to the charge and current of the beam. The guided modes
are waveforms that can actually be excited by electrons if they are
in Cherenkov resonance with the wave (phase velocity matching). The
electron density is asssumed to be tenuous so that the wavaform is
unaffected by the presence of the electrons. The resulting time
evolution equations to be solved for the electromagnetic field for

each (kz,an) mode are

3E

e (Kz,Kpz,t)=cKng (K7, Kpz) Bo(ky, Knz,t) = 4njz(ky, Kng,t)

3E,.

3o KziKng,t) = = dck, Bolky,Kpy,t) = 4nJp(Ky,Kpyp, t) (3-30)
2 "

S Ky s Kz ) = =1k Ey (ky  Kngp, £)=CKpy (kg Kng JE; (g, Kpgy ©)

where j, and jr are, respectively, the electron current in the
axial and radial direction and are determined by summing election
axial and radial velocities. Every time step, the electromagnetic
fields are transformed from the Fourier-Bessel space into the real
space and the resulting elecatromagnetic forces are used 1in the

relativistic equation of motion to push the electron momentum:

dpP P XB
7 o + o o s
a 4 [ 2 nc (1+P2/m2c2)1/2 ] S

where E and B consist of the self-consistent fields from Eq. (3-30),

the imposed guiding DC magnetic field, as well as the externally
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applied electromagnetic fields (if there are). The electron location
can then be advanced by knowing 1ts velocity. The code developed
here is called a stretched one—and-two—halved dimensional code; z,
v, 1s one dimension, V., v, are each a half dimension. The code 1is
stretched in the sense that some transverse dependence of the
electromagnetic fields is kept through the assumption that the
fields are superpositions of the modes of the empty dielectric-
coated waveguide. The transverse positions of the electrons are kept

fixed at their 1initial location.

In order to insure that each eigenmode in fhe simulation code
has the correct propagation characteristic of the dielectric-coated
waveguide described in (3-27), a small number of electrons is
introduced into the waveguide to excite the guided mode
fluctuations. The time evolutions of the first fifteen lowest k,
modes are followed and a frequency spectrum analysis was carried
out. The dispersion relation calculated from the periodic code is
shown in Fig. 3-1b as solid dots along with the theoretical
calculation (solid line) for the following parameters: ry = 0.425.p,
r, = 0.625.,, and € = 3.78. They agree quite well. The computer
mo&el includes multiaxial modes and can be easily modified to take
into account many transverse modes (many n's). However, only the
results from a single trnasverse-mode calculation will be presernted

since this 1s the simplest meaningful case and the physics is not

essentially changed by the inclusion of more modes.
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§3. Thermal Effects on Saturated Output Power

The Cherenkov maser, which is investigated here, makes use of
the interaction between a confined mildly relativistic electron beam
(~ 200 Kev) and an electromagnetic wave guided by a dielectric-
coated waveguide. The maser amplifying action of the device takes
place by the continuous interaction between the axial component of
the wave electric field and the electron beam. As shown in Fig.
3-1b, an electron beam with a specified energy will interact
strongly with the wave which is in phase velocity synchronism with
the beam. The initial electromagnetic field can come from thermal
fluctuations on the electron—-beam or it can be externally injected.
The electrons initially tend to bunch in regions where the electric
force ahead 1s decelerating and the electric force behind is
accelerating. If the electron bunches move slightly faster than the
wave, the wave on tlie average gains energy at the expense of the
electron kinetic energy. The wave grows continually to reach an
amplitude such that its quiver velocity vc,s=(2eEz/mkz)1/2 becomes
larger than the velocity difference Av between the initial electron
drifting velocity v, and the wave phase velocity Vp- At this
instant, the electron orbits change from freely passing over the
wave into trapped motion. The electron bunches that start on top of
the potential well of the E, field will reach the bottom through
trapping oscillations. The maximum amount of kinetic energy an

electron is able to transfer to the wave is given by Aymc2, where Ay
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can be expressed as [20]:

&Y = Yo - [ (vy, - 28v)2y1/2 N
P

with v, being the initial relativistic factor of the electron beam,
l.e. vo = (1 - vg/c2)‘1/2. The phase velocity of the wave can be
determined from the 1linear dispersion relation of a beam—loaded
dielectric waveguide and the efficlency of the device can be

evaluated by the expression n = Ay/(y,~1).

In order to study the effects of an electron momentum spread and
variation of the beam current on the output power, a series of
computer simulations has been carried out. A mildly relativistic
electron beam with energy of 217 keV (v,=1.42) and current of 12 A,
which is relevant to the parameters of a recent experiment [11, has
been chosen for simulations. Using a beam with a 1-percent momentum
spread, the time evolutions of the wave energy of the most unstable
mode, the averaged electron kinetic energy, and phase space plots of
z, p, are displayed in Figs. 3-2 and 3~3. The wave energy initially
exhibits exponential growth (Fig. 3-2b) with a growth rate of w; =
0.058 w, (w.=c/ry), which is in good agreement with the linear
dispersion relation given in [14], and saturates at w.t =« 145. The
slow oscillations after saturatlion are the signature of electron

trapping. The oscillations in electron kinetic energy are out of
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phase with the oscillation in wave energy because for half of the
oscillation period the electron bunches give up kinetic energy to
the wave and in the other half period the wave gives back part of
its energy to the electrons. From Fig. 3-2, the saturation
efficiency is about 12 percent, which gives a wave output power of
312 KW. The electron phase-space plot at w;t = 120 (Fig. 3-3a)
clearly demonstrates the early stage of electron-bunch formation by
the electromagnetic wave, and Fig. 3-3b shows the electron bunches
executing trapping oscillation in the potential well. The modulation
period estimated from Fig. 3-2b is w,t, « 60 which is very close to
the oscillation period for a resonant electron in the trough of a
vave of amplitude wct, = Zﬂ(m/keEs)i/z, where Eg is the saturated
electric-field amplitude. The velocity difference Av/c estimated
from Fig. 3-3b is about 0.25, which should result in an efficiency
of 15 percent. This is larger than the result from Fig. 3-2b and is
due to the fact that (3-32) is an upper-bound estimation which
assumes that all the electrons give up the same maximum amount of
kinetic energy to the wave. As 1s evident from Fig. 3-3b, the
electrons trapped in the potential well possess a broad distribution

in energy. (The average Ay and wave energy are in good agreement).

The momentum spread of the experimental electron beam source is’
usually larger than 1 percent. It is important to investigate how
much momentum spread a Cherenkov maser 1s able to tolerate before

its gain or efficiency are seriously reduced. The ratio between the
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axlal length L of the system and the most unstable wavelength X
determines how many axial modes are within the gain curve. This
ratio is about five in the simulations and only one axial mode is
observed to reach large amplitude. The increase in momentum spread
will broaden the gain curve to encompass more axial modes and reduce
the obtalnable gain because the finite electron momentum
distribution moves the phase velocity of the unstable wave downward
relative to the position where the maximum of the momentum
distribution slope occurs [14]. If the ratio L/\ 1s small enough
that only one axial mode 1is excited even with finite momentum
gpread, the downward shift in wave phase velocity tends to increase
Av, which should result in higher efficiency. To elucidate the
consequences of a finite momentum spread, a series of computer
simulations were carried out in which the momentum spread varied
from 1 to 7.5 percent. The simulation result with 3.5 percent
momentum spread reveal that the dominant mode in the system has the
same axial wavenumber as that of the cold-beam case. The time
evolution of the wave energy 1s plotted in Fig. 3-4a, which
indicates that both the gain (w; = 0.033 w,) and efficiency (n = S
percent) are reduced substantially from the cold-beam results. The
galn is close to the value predicted from a warm—beam dispersion
relation derived in [14]1. These can be explained by observing the
axial phase-space plot at the time of saturation (Fig. 3-4b), which
shows that due to the initiai axial velocity spread, the electron

bunches are not as tight as for the cold-beam case and the electron
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velocity distribution in the potential well is very broad. Overall,
there are still more electrons losing energy than gaining energy and
a finite but reduced amount of electron kinetic energy can still be
transferred to the wave. It is important to know how the efficiency
depends on the momentum spread. Fig. 3-Sa shows the results obtained
from simulation; the efficiency goes to zero at around 7.5-percent

momentum spread.

For microwave devices it is important to know the non-linear
output power scaling with the electron beam current. The scaling can
be derived by arguing [14]1 that the saturated electron axial
velocity perturbation induced by the axial caomponent E, of the wave
electric field 1s (vp~ V) « w;/k, and from the axial component of
the equation of motion E, is proportional to (w¢/k). Since the
output wave power is proportional to [E,;|Z2 and the growth rate w;
increases with the one—~third power of the beam density, the scaling

of the output power with the beam current can be expressed as

P,& It/3p, (3-33)

Eq. (3-33) states that the nonlinear efficiency and wave output
power of a Cherenkov maser increases, respectively, with the one-
third and four-third power of the beam current. In order to verify
these scaling laws, the current of for cold-beam case is varied from

a few amperes to a few kiloamperes. The results from the simulation
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are presented in Fig. 3-5b, which shows that the output pover
follows (3-33) very closely and there is no saturation in sight even
with kiloamperes of beam current. However, as the beam current
reaches kiloamperes, space-charge effects which are not treated
correctly will become important. Since a Cherenkov maser is based on
the coupling between the waveguide mode and the slow space-charge
wave, the inclusion of the space-charge force, which has been
discussed in [211, should reduce the growth rate but increase the
efficiency. Enhancement in wave output power can be achieved by
using various schemes which have been 1nvestigated in the area of
viggler free electron lasers. A dc electric-field-enhancement scheme
will be explored through computer simulation in the folowing

section.

§3-4. Output Power Enhancement

In a free electron laser the conversion of electron kinetic
energy into wave energy can be enhanced by tappering either the
wiggler strength or period (231 adiabatically to prolong the
resonance interaction between the electrons and the wave. This
conversion—-enhancement concept was demonstrated in experiments with
a few-percent tapper [24]. For a Cherenkov maser the wavelength

scaling is (2S5]
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e-1
€

A = 2nd ( )2 (3-34)
The same idea of conversion enhancement can be adopted in this case
by tapering the thickness of the dielectric layer to compensate for
the reduction in the electron energy. On the other hand, if the
output power of the device is the only concern, a dc axial electric
field can be imposed at the time or location of saturation. This dc
electric fileld does work on trapped electrons without accelerating
them and transforms the dc energy into wave energy. This output-
power enhancement concept has been demonstrated by computer
simulations for free electron lasers [21,22]. In this section,
computer simulation will be carried out to show that the dc field-
enhancement scheme will also work for Cherenkov masers because the

gsaturation mechanism in this case is also due to electron trapping.

If only one axial mode is excited, a static potential well
produced by the E, field can be defined in the wave frame and the
characteristics of eléctron-wave interactions, such as bunching and
trapping, can be clearly displayed by following the time evolution
of the electron axial phase space. In the trapping process, the
electron bunches are in the decelerating phase until they reach the
bottom of the potential well. It is plausible that electron bunches
can be clamped to stay 1in the decelerating phase by imposing an
axial force such as a dc axial electric field. In this way, the

electron bunches behave like a transformer medium which convert dc
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electric energy into wave energy. This enhancement scheme is most
easily demonstsrated by using a cold electron beam. At the time of
saturation, virtually the entire electron population is observed to
be trapped by the excited potential well in the conventional
Cherenkov maser, which has been described in the previous sesction.
However, it can be shown [23] that the imposition of an axial force
will tilt the potential well and some of the originally trapped
electrons will be spilled out of the well and become untrapped. This
detrapping phenomenon is exhibited in Fig. 3-6, which shows the time
history of the axial electron phase space. In generating the results
for Fig. 3-6 the parameters of Fig. 3-3 are used and an axial dc
electric field Eyc= 0.16E (eE /mcw, = 0.05) is imposed at w.t = 140,
which is slightly before the time of saturation, w.,t = 145, so that
the electron bunches are still in the decelerating phase. As
expected, the action of the axial electric field forces the main
part of the trapped electrons to stay in the retarded phase of the
wave (they are in force balance, i.e., Epc + <E,> =0) and the
remaining part runs away from the potential well. The untrapped
electrons are freely accelerated by the axial force and are lost to

the interaction.

In order to obtain the optimal dc electric-field strength for
the enhancement scheme, E4. is varied from 0.06 E, to 0.27 E; and
the resulting time evolution of the wave energy is shown in Fig. 3-T.

The wave energy appears to increase linearly with time after the dc
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electric field is turned on and can be expressed by the relation
E§(t) = EZ(t) (1 + [t - t)) (3-35)

where t, is the dc electric field turn-on time , E§<<°> i1s the wave

energy at t = < which 1s very close to the saturation energy of a

o’
conventional Cherenkov maser, and I' is the rate of wave energy
enhancement. The enhancement rate I' is observed to be proportional
to the product of the imposed dc electric-field strength and the
number of the trapped electrons. This dependence can be understood
by no£1ng that the total rate of the radiation generation depends on
the number of electrons in the radiating bunches and the radiating
rate of a given electron depends on its phase and the force exerted
on it. One may be tempted to use a strong dc electric field to
achieve a large enhancement rate. Howvever, if the imposed-field
strength 1s too strong, the potential well is tilted and the
particles will spill out over the lower peak; no electron will be
left in the well to transfer the dc electric energy into wave
energy. To find the optimal E,., the enhancement rate and the
fraction of the electrons which remains trapped as a function of Eg4.
are given in Fig. 3-8. The curve for the enhancement rate peaks at
Ege =~ 0.18Eo. With this dc electric-field strength, a factor of 10
enhancement can be easily accomplished by just doubling the length
of a conventional system. During the enhancement process, the dc

electric-field energy required for the interaction is also increased
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with time and part of the externally supplied energy goes into
accelerating the runaway electrons. Unless the untrapped electrons
can be taken out of the system, the enhancement process can only

improve the output power but not the overall efficiency.

§3-5. Summary

In this chapter we have successfully developed a particle
gsimulation model to study the performance of a Cherenkov maser using
a dielectric coated wave-guide. With a 12 Amp and 220 KV electron
beam, the simulation results show that for a device where only
single axial mode is excited, the frequency and the saturation
output power of the excited wave are respectively about 26 GHz and
310 KW. The simulation results also show that the electron momemtum
spread tends to reduce the gain and the nonlinear efficiency. It has
also been demonstrated by our simulations that the output power of a
conventional Cherenkov maser can be improved by an order of
magnitude if an appropriate axial DC electric field 1is imposed
immediately prior to the saturation. However, the output powver
enhancement will ultimately be limited by the excitation of the side
band modes through the coulomb interaction among the electrons in
different bunches [26]1. The effects of multi-mode excitation on the

enhancement process remain to be investigated.
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Chapter 4

Laser-Plasma Accelerators

In this chapter, we investigate electron acceleration by laser-
plasma interaction. This is of special interest because the phase
velocity of the generated plasma wave which is used to accelerate
the electrons can be made to be close to the speed of light c, 1.e.,
Vo < ¢, and the electric field supported by such a plasma wave can
be as high as 10%volts/cm for a plasma with density of 1018cm3,
Particular attention is given to generating the wave by injecting a

monochromatic laser from the side into the plasma column (A Side-

Injected-Laser—-Plasma Accelerator).

§4-1 Introduction

For the 1last two chapters we have been concentrating on the
generation of radiation by relativistic electrons and their
concomitant loss of energy. This process can be inverted so that the
electrons can be accelerated by their interaction with radiation.
While some physicists are interested in the acceleration of charged
particles by their direct interaction with radiation such as in the

inverse free electron laser scheme [11, and in the Cherenkov
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accelerator scheme [2], we are particularly interested in the
acceleration of electrons by their indirect interaction with
radiation (lasers) through the plasma medium (Laser—-Plasma
Accelerators). There are speclal advantages of using plasmas as a
medium to accelerate electrons; they are capable of supporting large
longitudinal electrostatic waves (i.e. space charge waves for which
the wave vector k is parallel to the electric field E) with phase

velocity v i c. Furthermore, while the usual slow wave structures

P
eventually break down as the accelerating gradient is increased,

plasmas do not suffer from this limitation since they are already

ionized.

§4-2 Plasma Wave Breaking

For the time being, let us not discuss how the plasma waves are
set up but accept that there exlst some schemes which can excite
large amplitude plasma waves. In this section, we will discuss how
large the acceleration gradients that the plasmas can potentially

support can be.

The maximum amplitude that a plasma wave can reach is determined
by the wave breaking condition [3] which occurs when the electrons
at the crest of the wave (and moving with it) overtake the electrons

in the trough of the wave (moving opposite to the wave). For such a
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conditon the electron density perturbation, én, is roughly ng,, the
equilibrium density (Through this chapter we will assume that the
neutralizing background ions are immobile since the ions are much
heavier than the electrons. We also assume cold plasma systems).
This is reasonable since the largest density rarefaction that can
occur 1is when all of the plasma electrons are removed, as
shematically shown in Figure 4-1. Then, assuming a sinusoidal wave,

from poison's equation V'E = 4me(dén), we get

where k is the plasma wave number. Since the natural frequency of
the plasma wave for a cold plasma is u),% = 4meZn,/m regardless of the
plasma wave number, the phase velocity for a plasma electrostatic
wave with wave number k is Vp=(1)p/k wvhich is the maximum electron
velocity at wavebreaking. For a good accelerator we require that the
phase velocity of the plasma wave be close to the speed of light,

<c, so that the injected pre—accelerated electrons can be

l1.e. Vp~

driven by and stay in phase with the electric field of the plasma
wave for a sufficient distance to gain high energies. Indeed, there
exist some mechanisms, as we sﬁall discuss later, that can excite
such a plasma wave (space charge wave with vpf'c). If we assume the
approximation vp=mb/k #c, then we get

E r_n;_mE = MNo-rem3] V/cm

max ~ = Ep ~ v Ng - {em3]
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Fig. 4-1 Schematical illustration of the maximum electron density

perturbation for a cold plasma with average density n,.
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This is the maximum acceleration gradient that a plasma with density
n, can support. Although this is a rough calculation, a more rigorus
analysis shows it to be correct [3]. In practice, such a highly
nonlinear wave will not be easily achieved. However, plasma
electrostatic waves with saturated electrostatic field amplitude
Eg= €gE,, where €4 ranging from 0.2 to 0.5, are found to be possible
in computer simulations. Let us take an example to see how large
this acceleration gradient can be. For a plasma with density of
1016cm~3 (a value which has been obtained over meter lengths), the
acceleration gradient can be Eg= 2-5 GV/m. Comparing it with
20-100 MV/m, typical acceleration gradients of the conventional

accelerators, we see how effective it can be.

§4-3 Acceleration Mechanisms

Let us assume that we have a plasma electrostatic wave

with amplitude E_, = ¢€_E

- m and relativistic phase velocity v

s P
Then there are some questions which automatically come to our
minds: "How does this wave accelerate electrons?", "Is there
any initial required condition for those electrons to Dbe
accelerated?", "Is there a limit on the energy gain of the

accelerated electrons?”, "What about the luminosity  and

emittance of the driven electron beam after it has Dbeen
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accelerated?”. Although some questions will be answered toward the

end of this chapter, most of the questions will be answered here.

Trapping Threshold

For an electron to be accelectrated by the plasma wave, it has
to be trapped by the wave and be positioned in the wave so as to
feel a force in the same direction as the wave phase velocity Vps as
schemetically shown in Figure 4-2. Although the wave amplitude 1is
considered to be large with €g= 0.2 ~ 0.5, due to the large phase
velocity of the wave (vp ~ ¢), there usually exists a trapping
threshold, that is, an electron must have a minimum initial velocity

along the direction of the wave phase velocity, Vp: in order for it

to be trapped by the wave. We now calculate the trapping threshold.

From the relativistic velocity addition formula

vtV .. _Bp * B
v v ,
1 + —P_. 1+ Bp B

C

where v' is assumed to be the electron velocity in the wave frame
(it could be positive or negative, with "positive" representing the
direction along yp), v is the electron velocity in the laboratory

frame, B'=v'/c, Bp = vp/c, and B = v/c, we get
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Fig. 4-2 Schematical illustration of the electron acceleration by

a electrostatic plasma wave.
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y =(1-82)"1/2 = ((1+48)(1-p))~*/2

1+ B +BB'y 1 - B, = B'+BB'\)-1/2
e

) ti—sga (1-B'?) y_1/2
"[ t1+BpB'>2 ]

or
Yy = YpY'(1+Bp B, (4-1)
where

Yp = (1 - B%)—i/z , Yl: (1_BI2>—1/2

In the wave frame, an electron can be trapped within the
potential trough only if its kinetic energy, (v'-1)mec2, is less than
the potential energy difference between the peak potential point and

its position, that is,

(Yy'-1)me2 < eldpeak = derectron) = [dA, (4-2)

where ¢p is the plasma wave potential amplitude in the wave frame
and 0 < T < 2, depends on the electron position. As an example, for
an electron that happens to be at the bottom of the potential
trough, we have I' = 2. Assuming a sinusoidal wave form, o can be

calculated to be
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where Ep and k' are the wave electric amplitude and wave number
respectively in the wave frame. Since the Ilongitudinal electric

field is invariant under Lorentz transformation, we readily get
mc
E:\ :ES =€S Em :ES _eu_’p
On the other hand, using the relativistic transformation formula

k'c ) Tp 1Bpr ke
iw' -inYp Yp imp

for the wave number and frequency, and remembering that vp=8pc=mp/k,
wve get k'=k/7p. This is reasonable since the wave length, X\'=1/k',
in the wave frame will be Lorentz contracted into the wave length,
x=1/k, in the laboratory frame such that X=X'/YP. We therefore get:

da = YpBpEymc/e. (4-3)
Substituting Equation (4-3) into Equation (4-2), we get

y' <1+ FYpoes, (4-4)
and thus

/2, —2y1/2
~(1- A+Ty Roeg) 2] TR (1- A+ Ty B TE) L (4-5)

Substituting Equations (4-4), (4-5) into Equation (4-1), we get
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y > Yp(1+FYpoes){1-Bp(1— (1+F7p8pes)‘2)i/2} = Yen(r), (4-63)
or

y < 7p<1+ryp3pes){1—3p(1— (1 + FYPBPGS)'Z)UZ} = Y, (4-6b)

Equation (4-6a) tells us the minimum energy an electron must
possess in order to be trapped by the wave. It is this required
minimum energy that prevents the background electrons from being
trapped. Therefore we must inject a bunch of pre-accelerated
electrons for it to be accelerated (driven bunch). The general
criterion for the minimum energy the injected electrons must possess
is obtained by taking I'=1 (since the injected electrons will in

general start at zero potential) in Equation (4-6a) so as to get
YEY = vp(1 + ypspes><1 - Bp(1 - 1+ ypspesr’z]“z}. (4=

Numerical examples with €4 ranging from 0.1 to 0.6 and Bp ranging

from 0.96 to 0.9999 are given in Table 4-1.
We wish to point out that an excellent approximate solution
Yy » Y%{Es + /vy - Bp[(es + Z/YP)ES) (4-8)
for the average trapping threshold can be found in Ref. [4]1. If both

Equation (4-7) and (4-8) do not look obvious, an even simpler

solution
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TABLE 4-1

Minimum energies the injected electrons should possess

Bp\eg 0.10 0.20 0.30 0.40 0.50 0.60

0.9600 3.Te-1 1.9%e-1 9.9e-2 S.0e-2 2.2e-2 6.8e-3

0.9700 4.3e-1 2.2e1 1.2e-1 6.1e-2 2.8e-2 1.0e-2

0.9800 5.3e-1 2.7e-1 1.8e-1 7.8e-2 3.8e-2 1.6e-2

0.9900 T.2e-1 3.6e-1 1.9%-1 1.1e-1 5.5e-2 2.5e-2

0.99S0 9.1e-1 4.4e-1 2.4e-1 1.3e-1 T.1e-2 3.4e-2

0.9980 1.2e+0 5.4e-1 7..9e-1 1.6e-1 8.8e-2 4.4e-2

0.9990 1.3e+0 6.0e-1 3.2e-1 1.8e-1 9.8e-2 5.0e-2

0.9995 1.5e+0 6.6e—1 3.5e-1 1.9%-1 1.1le-1 5.5e-2

0.9998 1.7e+0 T.1e-1 3.7e-1 2.0e-1 1.1e-1 6.0e~-2

0.9999 1.8e+0 T.4e-1 3.8e-1 2.1e-1 1.2e-1 6.2e-2
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TABLE 4-2

Maximum energies for an optimally trapped electron

.40

Bp\€g 0.10 .20 0.30

0.9600 .9e+0 .6e+0 1.0e+1
0.9700 .3e+0 .8e+0 1.3e+1
0.9800 .9e+0 .4de+l 1.9e+1
0.9900 .6e+l .6et+l 3.Tet+l
0.9950 .9e+1 Qe+l T.0e+1
0.9980 .6be+l .2e+2 1.7e+2
0.9990 .2e+2 .3e+2 3.3e+2
0.9995 .3e+2 .4e+2 6.4e+2
0.9998 .be+2 .1le+3 1.6e+3
0.9999 .1e+3 .1e+3 3.1e+3

.3e+1

.Tet1

.de+1

.Tet+l

.le+1

.2e+2

.3e+2

.Se+2

.1e+3
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1-a92
1+ a2

av o~
vEh ® for « < 1,

with & = €5 + 1/Yp, can be found in Ref. [S5].

Maximum Energy Gain

While Equation (4-6a) tells us the lower bound energy, Y¢p(I),
an electron must possess in order to be trapped by the wave,
Equation (4-6b) tells us the upper bound energy, Ye([)» @ trapped
electron can reach. Taking ['=2, that is, considering that the
electron position happens to be at the bottom of the wave potential

trough, we get
T - _ -2 1/2} r
v Yp(1+27p3pes){1+8p(1 (1+ 2y Bpes) 7} %) (4m9)
This is the maximum energy an optimally trapped electron can reach.
Numerical examples for Equation (4-9) are given in Table 4-2.
Initially, For an optimally trapped electron to be at the the bottom

of the potential trough, its required energy is (taking =2 1in

Equation (4-6a))
in - _ _ —211/2 _
YREN = yp(l+ ZYPBPES){i Bp(1 - (1 + 2B e0)72) } (4-10)

Therefore its possible maximum energy gain after being accelerated
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is

YR®En = YPRX = YRED = 2 v (1 + 2vpBreg). (4-11)

With a typical eg (€gq = 0.2 ~ 0.5), for Yp >> 1, the maximum

energy gain can be expressed as

Gain
or
Y&8%n * Y3 (4-12)

if we take eg % 0.25.

Surfatron

From Equation (4-11) or (4-12), we find out that the energy gain
for a driven particle is essentially proportional to Y%. Therefore,
as long as we can excite a plasma wave with an extremely high Yp
we would be able to acheive ultra-high energy gain for the driven
particles. For example, 1if Yp = 1000, we would be able to get v33%,
% 106, i.e. 0.5 Tev energy gain for an driven electron. However,
high Yp Mmeans high trapping thresholds. Furthermore, there may be a

problem in exciting very high Yp waves and obtain high gradients
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simultaneously, particularly with the laser beat wave excitation

scheme. Remember that Yp = w/mp (where w 1s the laser frequency) and

plasma wave electrostatic field, E, is proportional to w,. Since the

p
maximum energy gain of the driven particle is limited by dephasing
to 47%mc2, this severely restricts the energy output of such an
accelerator if a very high gradient is desired. We therefore ask the

question, whether there is any way to increase the energy gain

beyond the dephasing limit without increasing Yp?

Before we answer this question, let us briefly review the reason
for the limited energy gain. The energy gain limitation is basically
due to the dephasing of trapped electrons with the wave, that is, a
trapped electron which is at an accelerating phase will eventually
reach a velocity that is larger than the plasma wave phase velocity,

v and then begin to outrun the plasma wave so as to slide down the

p?
potential well until it reaches the bottom of the potential trough
where it attains its maximum energy. After that, it begins to lose
energy by climbing the potential hill. In view of this, the only
way to improve the energy gain without increasing Yp is to prevent
the driven electrons from outrunning the plasma wave, that is, to
keep the driven electron longitudinal velocity, v,, at Vp (or around
vp) so that the electrons can be kept in an accelerating part of the

bucket. To acheive this, we need to allow each of the driven

electrons to be accelerated transverse to k in such a way that
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1[4

v, = p.,/my Vp (4-13)

where

v = (1 vo? Vi ]'1/2

_ _ pi_* Pt 2
c2 c?

_[1+ T

Is this possible? Let us assume there exists an appropriate
constant (or near constant) transverse force acting on each of the
driven electrons. Then, while p, 1is increasing due to the
longitudinal force eEgsin k(x-vpt), ¥ is also increasing, not only
due to the increase of p,, but also due to the increase of p, so
that Equation (4-13) could be satisfied. If v, > Vp (or v, < vp),
then the driven electron will outrun (or be outrun by) the plasma
wave and reach a position with a smaller (or larger) longitudinal
electric field such that the increasing rate of p,, i3 smaller (or
larger) than that of y, and thus v, will eventually reach a value
gvp (or 2vp), and the process starts over again; v, will asymtocally
reach Vp at some point in the wave. While v, 1s oscillating around
Vps both p, and p;, keep increasing such that the velocity of the

driven electron, v = (vf + Vf)i/2 = ( pg + pf)i/z/mY, asymptotically

reach c, the speed of light.

There are two possible ways to acheive this constant (or near

constant) transverse force on the driven electrons; One is to apply
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a transverse DC electric field E., and the other is to apply a
transverse DC magnetic field Bg. However, the imposition of a
transverse DC electric field will also accelerate the background
plasma so as to destroy the plasma wave. On the other hand, the DC
magnetic field, Et’ will not; although it exerts a large transverse
force, ev,B./c ~ evat/c, on the driven electrons, the background
electrons are essentially not affected except doing harmless
cyclotron motion since their velocities are small. Indeed, this
(imposition of a transverse DC magnetic field of magnitude B, ¢
Eq/Yp on the system) is found to .be a successful scheme in 1D
computer simulations [6]. It is the so-called "surfatron'" mechanism
and was originally suggested by Katsouleas and Dawson [7] in trying
to improve the performance of the Plasma-Beat-Wave Accelerator

(PBWA) .

Special care has to be taken with the magnitude of the imposed
transverse DC magnetic field. If the transverse force is too large,
the increase in p, will not be able to compete with the increase in
vy even at the position of the peak plasma wave electric field Eg. In
such a case, v, keeps reducing and thus the driven electrons will be
eventually outrun by the plasma wave so as to become detrapped. To
decide the maximum allowable B, the best way is to work in the wave
frame instead of the laboratory frame. In this frame, the

logitudinal equation of motion can be written as:
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e[ES sin k'x' = Bj Bé)

vhere Bg=vpBy Bj=vj/c. In order that the driven electrons will not
become detrapped, v,=p,/y' has to be kept around 0. This requires
that F), be around 0, which is possible only if BjB{ can always be
less than Es, i.e. Bg < Eg/B]. Since B can be as large as 1, the

maximum allowable B, would be
Bpax = Ea/Yp-
Similarly, if a transverse DC electric field E. is applied (only

for theoretical reference), the maximum allowable E. would be

Epax = ES/YPBP, since, in this case, we would have Bé=YpoEt.
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§4~4 Laser-Driven Plasma Waves

So far we have always assumed the existence of a relativistic
plasma wave. In this section, we begin to discuss some of the

possible ways to set them up by using one or more laser beams.

Beat-Wave Accelerator

One way to excite the plasma wave is to send an intense pulse of
light through the plasma consisting of two colinear beating laser
beams with beat freqency near the plasma fregency Wp - If the laser
frequencies are much larger than the plasma fregency, the phase
velocity of the generated plasma wave will be near ¢, the speed of
light. This is the so-called beat-wave accelerator and has received
a great deal of attention since first proposed for accelerating
electrons by Tajima and Dawson (81 in 1979. There have been some
exprimental works [9]1 in addition to a large number of theoretical

publications on it. We now give a brief review.

Assume that the frequencies of the two colinear beating lasers

are respectively w,, w with w, # w, # 0w = (w1+ m?)/Z >>(np and the

2 1 2
beating freqency Aw = w, - W, = W Then, from the dispersion
relation w? = m% + k2c2 for a light wave with freqency w in the

plasma, the phase velocity and group velocity of the light can be
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readily calculated respectively to be

2
vlight = o1 - Y ] /2 o
p w2 ~
2
viight = c(i b )1/2 <
g w2 ~

and the corresponding wavenumbers for the two lasers in the plasma

are k, = (wf-m%)i/z/c, k, = (mg—w%)i/z/c. The beating wave length is

Apeat = 2m/Ak where Ak = k - kz' It is the beating field envelope
which exerts a pondermotive force to the plasma electrons 1in the
longitudinal direction due to the gradient of the stress tensor [10]
(& VEgo,¢) that bunches and debunches the plasma electrons so as to
generate the electrostatic plasma wave, as schematically shown 1in
Figure 4-3. Since the driving frequency and wave length are
respectively Aw and \pg.,., the phase velocity of the electrostatic
plasma wave is v, = _%%* - —%%— = véight i c, which fulfils the
basic requirement for a good accelerator. The Eulerian (111 equation
of motion for the plasma-wave electric field can be approximately

expressed as (neglecting relativistic effects for the plasma

electron motion):

= m%aia? sin(Ak x - Aw t)

o |

€
at2 “

where € is the wave electric field normalized to the cold-plasma

wave-braking amplitude, E_ = mcw,/e; &3 = eE;/mcw; is a measure of
™ Wy, i i i
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the ith laser pump intensity. The left hand side, 826/8t2+w%€=0 is
the equation for the natural oscillation of the plasma and the right
hand side, %w%aiazsin(Ak X - Aw t) represents the driver which comes
from the pondermotive force (11 X gz/c + Jz X gi/c) due to the two
beating lasers. Since Aw = Wp s that is the plasma oscillation is in
resonance with the driver, the plasma wave amplitude exhibits
secular growth

X, &

ealt) = —2 apt (4-15)

As €, grows; the electron oscillating velocity amplitude increase,
and eventually relativistic effects sets in so that the effective
electron plasma frequency 1is reduced due to the relativistic

increase of the electron mass. This can be expressed as [12]

Woge ® mp(i - 3¢z/16).
This relativistic detuning effect is one of the important factor
which causes the saturation of the driven plasma wave. Rosenbluth

and Liu [12] drived the saturation amplitude due to this effect:

= (%aa y1/8 (4-16)
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In view of the relativistic mass change detuning effect, in
order to get an optimal saturation electric amplitude, C.M. Tang, et
al. [13]1 suggest that the beating frequency Aw be slightly lower
than Wp - They gave the following formula for choosing the optimized
beating frequency

g -1 2/3 -
bo = oy (1 - - Gaa/8)?/0%) (4-17)

with corresponding saturation amplitude
€g # 4(x /33 (4-18)

For example, if a1=a2=0.1, equation(4-17) would give Aw = 0.975mp
and Equation (4-16), (4-18) would respectively give €4 % 0.38, 0.6.
We find that a 2.57 down-shift in the laser beat frequency can cause
aboaut 507 increase in the saturation amplitude. We wish to point
out that a controversy has arisen over the magnitude and sign of the
nonlinear frequency shift recently. On the one hand, the work of
Rosenbluth and Liu [12]1, Tang, Sprangle, and Sudan (131, and Noble
[18]1 conclude that only relativistic effects contribute to the
nonlinear frequency shift, while on the other hand Bingham, Cairns,
and Evans [191, and Mendonca [20] claim that harmonics contribute an
additional frequency shift larger in magnitude and opposite 1n sign

to the relativistic one. With the exception of Noble the former

group used Lagrangian cordinates. The later group used Eulerian
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coordinates and also used the continuity equation rather than
Ampere' 1law. More recently Warren Mori [14] has made a detailed
investigation of this problem including effects not included in the
earlier treatments. He finds that the conclusions of the former
group, that only a relativistic amplitude dependent frequency shift
exists, are correct. Since the later group used the continuity
equation rather than Ampere' law which is a stronger condition in
one dimension. Therefore, their set of equations possessed an
ambiguity which they eliminated by requiring that the second order
fluid velocity vanish, i.e. <v2> = 0. This leads to a plasma drift
and a doppler shifted frequency. This doppler shift is the
additional frequency shift. By using Ampere's law, this drift is
eliminated due to the induced electric field. If the later group
had imposed the condition <j2> = 0 instead of <v2> = 0 in their
derivation using the continuity equation, they would have obtailned
the correct result. Consequently, no plasma drift ensues and no

doppler frequency shift exists.

A Side—Injected-Laser Plasma Accelerator

Although both theoretical and experimental studies have shown
that the beat-wave accelerators can, achieve ultra-high acceleration
gradients, as the light pulse propagates along exciting the plasma

vave it suffers from pump depletion; that is, energy is transferred
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from the lasers to the plasma waves causing their intensities to
decrease. The laser frequencies cascade to lower values and the
laser group velocities decrease. Since the dephasing length 1is
comparable to the pump depletion length, It is reasonable therefore
to consider multiple stages to achieve high energy. On the other
hand, to c¢ircumvent the staging problem, due to dephasing the
surfatron idea was invented, but the problem of pump depletion still
remains. In view of this, if somehow we can inject the laser(s)
into the plasma perpendicularly to the direction of acceleration and
can still excite the desired plasma wave, then pump depletion could
be overcome since fresh laser energy could be supplied to the
acceleration region along its entire length. Let us introduce an
initial density ripple in the plasma parallel to the plasma axis and
assume that using a special arrangement, we can inject pulses of a
linear polarized monochromatic laser, perpendicularly side by side,
into the plasma column ss shown in Figure 4-4. Let us further make

the following assumptions:

1.) The laser frequency, w,, is only a litle bit higher than Wp s

i.e. w, = (1 + §) Wp with &8 << 1,

2.) The 1laser electric field is 1linearly polarized along the
axial (longitudinal) direction (here labeled as the x—-direction) of
the plasma column, or more specifically let the laser electric field

-t
in the plasma to be
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Epump = Eo &x cos[koy -t + ¢(X))y (4-19)

where kogy is the wave vector of the laser in the plasma; ¢(x) is

the phase, which is dependent on x.

3.) The phase difference, A¢, between any two pulses of the

laser is 0.

4.) The width of each laser pulse, w, equals to the distance

between two consecutive pulses of the laser.

5.) The initial density ripple can be expressed as the

following:
n;j(x) = n, + 8n, sin(k;x), with én, << n,,  wy/ky < ¢,
e (x,t=0) = ny(x),
where ny and n, are respectively the ion and electron density.
Assumption 1 gives w, to be as close as possible to Wp SO that
the plasma oscillation will be nearly resonant with the laser and
thus respond strongly, but still high enough to allow the laser to

penetrate the plasma. From the transmission coefficient for a plasma

with a sharp boundary, which is given by t = 4N(mo)/(N(wo) + 1)2,
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wp? v4/2
) , we get T & 407 to 807 for values of §

where N{w,) = (1 - —afg—
between 0.01 and 0.1; by using more gentle gradients, even better
penetration can be obtained. Assumptions 3 & 4 imply that we can
replace the phase,$(x), in Equation (4-19) by a constant or O.
Furthermore, from the dispersion relation w3 = wZ + kZcZ for the
laser in the plasma, Assumption S gives k, % Vg5 wy/c << k;. Thus we
can neglect the effects of the magnetic field of the laser since the
magnitude of the magnetic field of the laser in the plasma is given

by B = EpumpCko/®o € Y26 E << E and conclude that there

pump pump pump’

is only one pump given by

E = E

£pump o €x Cos(kyy —w,t). (4-20a)

<
This pump will couple to the plasma-density ripple so as to
parametrically excite an electrostatic plasma wave. The resultant

Kk

x ki,‘?,x = kin (koE%

plasma wave has a wave vector Bp oSy

[{H]

wp/c<<k;) and frequency w = w, * 03 = 0, (w; being the frequency of
the ion acoustic wave, which is much smaller than wp) so that its
phase velocity will be Vp = m/kp 2 w,/ky. By a proper choice of kj,
any phase velocity desired can be achieved; in particular, a phase
velocity close to c can be obtained. Since k, is very small for a,
2 wp and we are only interested in a limited range, Ay, from the
plasma column edge in the y—diréction such that k,Ay 2 Jog w,/c Ay

<< 2m, we can neglect k,y in Equation (4-20a). We then rewrite

Equation (4-20a) as
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Epump = Eo €x cos(u,t). (4-20b)

We now give a linear derivation for the initial growth of the

plasma wave. The electron density can be assumed to be

Ne(x,t) = nj + ng(x,t).

Then, from poisson's equation, we get:

9E_(x,t)

———g;———— = - 4menq (x,t), (4~21)
where Ep is the self-consistent plasma electrostatic field. The

equation of motion can be expressed as:

“gzéi*gl = - % (Ep(x,t) + Eocos(wot)).
Taking v(xX,t) = 0 + v g(t) + v4(x,t), where v,q(t) = -eE,/mu, is the

response term to the laser field gpump, we get:

'c‘)v1
ot

vy
=S E, -V = (4-22)

p =~ Vos 3y

From the continuity equation

ve get
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+ Vog ==+ Ny o = 0. (4~23)

Treating én, and v,g as quasilinear terms, which is realistic

for most of the cases, and substituting the partial derivative gx

of Equation (4-22) into the partial derivative = of Equation (4-

at
27), we get
AL R §n, =R g K £ (4-24)
——— 4 =én, — k; ¢ cos , =
3(;2 U)p ng o n i 0s 1)( 0 (I)o

where Equation (4-21) has been used. By using “%R" ~ ¢, which 1is
i

required for a good accelerator, Equation (4-24) can be further
simplified as:

_92%¢ w2 én, 2

€ = T €,w

52 P o 5 cos(k;x) cos(w,t), (4-25)

where

c . _ B
n, Em‘

The right hand side of Equation (4-25) represents a driver for
the plasma wave which is bilinear in the pre-density ripple, én,/n,,
and the laser intensity €,. Since w, ~ w,, It can be solved for the
initial plasma wave growth:
én,

€ (t) = 5 TET €5 W

[N

P t1 (4_26)

where €,(t)E, represents the superposed electric amplitude of two
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waves, traveling in opposite directions, each with amplitude ] €pEn
and phase velosity ~ w,/k;. The saturation amplitude can be roughly

solved:
€g = €,(8n,/ny)/ (1 - wl/wd) ~ €,(8n,/1,)/28. (4-27)

This can compete with the beat wave acceletators as long as a small

8 (say 8=0.01 [t ~ 4071) is chosen.

Discussion

In order to match the available high power COz lasers, the
plasma density in the Side-Injected-Laser—-Plasma Accelerator scheme
(SIPLA) needs n°~1019cm"3, i.e., wy~1.8 X 10'? sec™l. To excite a
plasma wave with phase velocity near ¢ in such a plasma, the wave
length of the pre-formed density ripple needs to be about 10pym. This
can be done in a number of ways. One method uses a COz laser pre-
pulse to ionize a solid target upon which has been etched a grating
of ten micron periodicity [15]. Since the etched grating can be
controlled, we should be able to achieve a pre-formed density ripple
with the desired wave number k;; k; could in fact be a function of x
so that the excited plasma wave phase velocity Vp=mo/ki(x) m;tches
that of the accelerated electrons and asymptotically reach c¢. For

this to be successful, the maintenance of the accuracy of the
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density ripple spacing and the plasma density over the length of the
plasma column 1s severe. A second method that could be employed
would be to set up a sound wave of the desired wave length in an
unioized gas; the gas is then 1lonized by a flash of ultra-violet

light and the resulting plasma irradiated with the laser.

§4-5 Computer Simulations

The processes for generating the plasma waves described in the
last section are stongly nonlinear. A mixture of other nonlinear
processes and instabilities may also appear. Therefore computer
simulations which are capable of duplicating much of the nonlinear
behavior of real plasmas are generally very helpful in investigating
such problems. In this section, we use the side—injected-laser with
rippled-plasma as an example for performing computer simulations to
illustrate the validity of the approximations of our derivations and

to identify the important self-consistant effects.

A one and two-halves dimensional (x, v,, v

v v,), relativistic,

electromagnetic particle code hastbeen used to simulate the process
of the plasma wave generation and electron acceleration. this
computational plasma model can follow the motion of more than 104
charged particles in their self-consitent electric and magnetic

fields so as to duplicate much of the behavior of a real plasmas.
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Immobile ions are distributed with a density profile of the form
n; (x)=ng+én,sin k;x, and the electrons have the same distribution at
the initial time. The laser field is modeled by simply applying to
each electron at each time step a force of specified amplitude and
frequency, E,cos w,t, in the longitudinal direction (e,) in addition
to the self-consitent field. In order to overcome the trapping
threshold, a pre-accelerated monoenergetic electron beam with mean
density of 107N of the background electron mean density and initial
momentum (B,Y), serves as the driven beam. The normalized,
dimensionless speed of light c' and plasma frequency wﬁ are adjusted
to fit the condition Bpii. We first show results for a case without
an imposed transverse DC magnetic field; we chose the following

parameters: 8n,/n,=0.1, N=3, (B,¥),=2, €,=0.095, §=0.01, w,/k;=0.98.

Figure 4-5 shows the longitudinal electric field time history at
a peak point. We see that initially the plasma wave amplitude grows
linearly with linear growth rate €,/w,t20.004 which is about 157
smaller than that of the theoretical prediction of Eq. (4-26)
(ep/upt = %6no/noeo = 0.5 X 0.1 X 0.035 = 0.00475). This 1is
reasonable because, in our derivation for Eq. (4-26), we have
treated the terms én, and v,y as linear terms, and we have also
neglected the small difference between the driving frequency a, and
the plasma frequency Uy, and-thermal effects. Plasma damping (wave-—

wave interaction or Landau damping) may also play a role in this

reduced growth rate. We also see that the amplitude of the
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discussed in §4-3. Figure 4-Tb shows the driven beam particle
energies at time wpt = 480. We see that the accelerated beam quality
is better than that without surfing as can be judged by {Ayl/y
(compare Figure 4-6c to Figure 4-7b). In these simulations, we do
not accelerate the particles indefinitly; we only reach v ., * 60,
which is only about S07Z larger than that without surfing. The reason
for this 1is that plasma turbulence arises after a long period of
pumping. This is the same reason why we did not impose a larger B,
(say b, = 907 bP2X) at a time when the plasma wave has almost
saturated and most of the driven electrons have velocities much

closer to v

p instead of imposing a smaller B¢ at time mbt = (0. Had we

not done this, particle detrapping would have occured long before
the plasma turbulence arose to destroy the plasma wave. This
obstacle can be easily overcome. Since the group velocity of the
plasma wave is essentially 0 (dw/dt << c¢), instead of pumping
everywhere, we can scan the laser along the accelerator to excite a
local plasma wave that just keeps phase with the bunch of driven
particles; the bunch will leave the turbulence behind as it moves

into fresh undisturbed plasma.
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§4-6 Discussion and Future_ Work

The high accelerating fields possible in the laser-plasma
accelerators make these schemes among the most promising cadidates
for consideration for future generations of particle accelerators.
However, the realization of these schemes for full scale high energy
accelerators faces several technological hurdles as discussed in the

following:

The pump depletion problem in the PBWA must be completely
understood and practical methods to overcome it must be found before
this -scheme can be employed to achieve the energies of interest to
high energy physicists. This will involve studying the long
distance propagation of a beat wave in a plasma. An ideal way to
study this problem is to employ a large scale computer simulation
which allows the temporal simulation box to be advanced to keep up
with the laser pulse. This technique has recently been employed in
1D electrostatic plasma-wake—-field accelerator studies [161.
However, the fully electromagnetic case (e.g. PBWA), presents
technical computational problems not encountered in the earlier

work.
The plasma density must be maintained uniform over long distance;

this presents a strong challenge to plasma experimentalists. We

showed, For example, in §4 that a 2.57 plasma frequency shift in the
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PBWA can result in a 507 change of the excited plasma wave
saturation amplitude. Also, a 27 plasma frequency increase in the
SILPA scheme can, in some cases (if 6<0.02), causes the incident
monochromatic laser to be cut off. Technological progress 1in
generating and maintaining plasmas probably is a key to practical

realiation of these schemes as high energy particle accelerators.

In the SILPA scheme [171, practical way of sweeping the laser
energy along the system must be developed. As we showed in §S by
computer simulations, without scanning the laser along the plasma
column to excite local plasma waves, plasma turbulence arises which
will severely 1limit the length of each accelerator stage. The
affects of the pondermotive force caused by a finite width to the
lasers as well as ion ripple decay times and finite k, effects

require further investigation.
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Chapter S

Conclusions

In this dissertation, we have discussed several topics related
to the 1interaction of relativistic electrons and radiation. These
toplcs have been investigated using fully electromagnetic, fully
relativistic particle simulation codes and analytic theory. These
topics can be summarized into two categories: Tunable coherent
radiation generation, and its inverse process, particle

acceleration.

In the first category, we first investigated the AC free-
electron laser. This type of free-electron laser replaces the
magnetic wigglers of the convetional magnet free—electron laser by
an AC (temporally oscillating but spatially uniform) transverse
electric or magnetic fields. The simulation results showed that this
type of free—electron laser is comparable to the conventional magnet
free—electron laser. Futhermore, there are some advantages over
the conventional magnet free-electron laser as presented in Table
2-2. We therefore encourage experimental exploration of the AC
free-électron laser. We secondly investigated the Cherenkov maser

using a dielectric-lined wave-guide. Simulation results were in good

130



agreement with the experimatal results performed at Dartmouth
College. In particular we investigated the nonlinear effects which
are not amenable to analytical technique. We also suggested one way
to enhance the output power by appropriately imposing an axial DC
electric field; an order of magnitude enhancement in power is
achievable. Although the overall efficiency may not be improved,
this enhanced output power 1s quite wuseful. To improve the
efficlency, means must be found to eliminate parasitic losses such
as the acceleration of electrons not trapped in the so-called
buckets (pondermotive wells formed by the radiation and the

wigglers)

In the second category, we first discussed the acceleration
mechanisms for plasma accelerators in general. The energy gain
limitation were calculated with the assumption of a pure sinusoidal
electrostatic plasma wave. We secondly discussed the excitation of
plasma waves. In particular, we suggested that the plasma wave could
be excited by injecting a monochromatic laser perpendicularly to the
acceleration axis. We carried out simple model calculations to
illustrate the concept. The pump depletion problem which is inherent
in colinear schemes can then be avoided. Our simulation results
showed that the saturation amplitude of the excited plasma wave can
be high; 407 of the cold wave breaking field was obtained with the
incident monochromatic laser frequency being 17 larger than the

plasma frequency. Although there remain several technological
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hurdles as discussed in §4-6 before such a scheme can be realized,
the high acceleration gradients (1Gev/cm) that the plasmas can

support makes this a topic worth further investigation.
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