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ABSTRACT OF THE DISSERTATION

Tapering Enhanced Stimulated Superradiant Amplification

by

Youna Park

Doctor of Philosophy in Physics

University of California, Los Angeles, 2022

Professor Pietro Musumeci, Chair

High average and peak power radiation sources across the entire range of the electromagnetic

spectrum have the potential for breakthrough advances in many scientific and technology

areas, ranging from single-molecule imaging in the X-rays, to EUV lithography to particle

acceleration and space applications using VIS/IR lasers.

The inherent characteristics of Free-Electron Lasers (FELs) such as peak power, coher-

ence, and wavelength adjustability coupled with high repetition rate / high efficiency electron

accelerators make them nearly ideal radiation sources, operating in vacuum with essentially

no mechanism for waste heat and material breakdown.

On the other hand, the efficiency of the short wavelength FELs is typically limited to

less than 1 % by saturation effects. A traditional method to increase the efficiency is to

vary the undulator parameters with the electron beam energy by tapering. While FEL

tapering research started decades ago, the UCLA group has been recently pointed out a

novel approach (termed TESSA or tapering enhanced stimulated superradiant amplification)

in which electron beams enter a strongly tapered undulator already pre-bunched along with

an intense seed laser. In this case, the seed laser can efficiently decelerate the prebunched
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electrons converting large fraction of their kinetic energy into superradiant coherent emission,

significantly increasing the output power of the system.

As a preliminary study, the Nocibur experiment at Brookhaven National Laboratory few

years ago investigated the resonant interaction of a high intensity 10.3 µm 200 GW seed

laser, a 65 MeV electron beam, in a short 54 cm long tapered helical undulator. While the

experiment measured high deceleration efficiency of 30 %, an accurate characterization of the

radiation was not possible because the high seed power would damage the diagnostics. This

document discusses the next generation experiment in this line of research (TESSA-266)

aimed at demonstrating 10 % conversion efficiency in the UV range of the electromagnetic

spectrum. The name of the experiment is due to the original target wavelength (266 nm),

even though after reviewing the experimental parameter the target wavelength shifted to

257.5 nm. The experiment was designed to use the Argonne National Laboratory (ANL)

Advanced Photon Sources (APS) linac electron beam at an energy 343 MeV, and a seed

power of 1 GW. Due to the moderate amount of seed power, the TESSA-266 is in a high-gain

regime in which the radiation field grows significantly along the undulator. This document

discusses the magnetic design of the TESSA undulator and prebuncher section, the beamline

design for the seed laser transport, the tapering optimization, start-to-end beam dynamics,

and the post-undulator diagnostics for future experiments.

Due to complexities associated with the 2020 COVID pandemic, the experiment was

postponed. This document also discusses a recent related experiment called TESSAtron,

where the already built TESSA undulator was used at Pegasus Laboratory at UCLA to

demonstrate the TESSA path to a very high efficiency at a longer wavelength. In the

TESSAtron experiment, we combined the TESSA concept with the so called zero-slippage

interaction where the group velocity of the radiation is matched with that of the electrons

by using a waveguide in the undulator. A prebunched electron beam was generated using

velocity bunching in the photoinjector and then decelerated in the strongly tapered undulator

by around 10 %.
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Even though the long range of the program is to push the TESSA concept to shorter

wavelengths, these results are very important in their own right. The THz range is often

called a ”THz Gap” because conventional radiation sources such as the vacuum electronic

sources and the solid state lasers do not generate power efficiently in this range. Obtaining

a higher average power radiation source is critical for many areas such as plasma ignition,

nuclear power sources, and laser based propulsion.
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CHAPTER 1

Introduction to TESSA

1.1 Background

Modern particle accelerators are very efficient in converting and concentrating wall-plug

electrical power into relativistic electron beams [83, 6]. At the same time, converting this

energy into coherent radiation in an efficient manner still remains an open challenge. Beam-

matter interaction is inefficient, generates large amount of heat and the electromagnetic

energy is degraded to incoherent radiation. Free-electron laser (FEL) schemes potentially

have very low losses as the interaction between charged particles and radiation takes place

in vacuum, but in their practical implementation have been so far still limited to efficiencies

at short wavelength on the order of the ρ FEL parameter, which is typically well below 1%

[12]. Improving the conversion efficiency of relativistic electron beam power into coherent

short wavelength radiation in FELs has the potential to enable fundamental breakthroughs

in various areas of science and industry owing to the fact that high efficiency FELs are

essentially ideal light sources, capable of very high average and peak power (only limited

by beam power) and tunable over the entire region of the electromagnetic spectrum simply

changing the e-beam energy [62].

High repetition rate linear accelerators can be used to generate electron beams with

MW-class average power. Within a single pulse, high brightness radiofrequency (RF) pho-

toinjector technology in combination with RF compression allows for extremely high (10-100

kA) peak currents at 10 GeV energies, approaching PW peak power levels in state-of-the-art
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facilities [118]. Notably, state-of-the-art coherent X-ray sources do not take advantage of all

the available power stored in the beam. Most of it is left in the unconverted particle kinetic

energy and simply wasted on the beam dump [71].

Being able to convert a sizable fraction of this power into X-rays would enable dream-like

goals, which are still far from being achievable at state-of-the-art 4th generation XFELs,

including single-shot diffract-before-destroy coherent imaging [45] and access to Schwinger

field physics [2]. In the EUV range of the electromagnetic spectrum, a very high average FEL-

based source could provide a path for fast throughput material processing (EUV-lithography

at 13.5 nm) and potentially offering down the line another option for continuing Moore’s law

exponential trend, should effective multi-layer optics be developed at a shorter wavelength

[84, 56, 77].

The physical concept that we pursue in the quest for very high efficiency FELs is the

so-called Tapering-Enhanced-Stimulated-Spontaneous-Amplification [29, 48] regime where

high intensity seed and pre-bunched electron beams are used in combination with strongly

tapered undulators to sustain high gradient deceleration over extended distances, resulting

in converting more energy from the beam into coherent radiation.

The TESSA program aims at addressing the efficiency limitations in electron-based co-

herent radiation generation by exploiting recent progress in high brightness beam sources

and increased understanding of the strong coupling with the electromagnetic field in ta-

pered undulator systems [35, 39, 69, 97]. The program is the result of a collaborative effort

of UCLA, RadiaBeam, Argonne National Laboratory and RadiaSoft and has been formed

based on the possibility to use the high brightness beam from the APS linac, an electron

accelerator with energy up to 500 MeV, and nominally operated around 350 MeV. The re-

sulting project, named TESSA-266 is a seeded FEL experiment operating in the TESSA

regime with the goal of demonstrating record high single pass energy extraction efficiency in

the strongly tapered seeded regime at UV wavelengths.
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1.1.1 Outline of this dissertation

The main subject of this dissertation is the exploration of the possibility of high peak ra-

diation power and efficiency generated from a strongly tapered undulator system and pre-

bunched electrons. This first chapter introduces the basic principles of a free electron laser

(FEL) and provides the historical background of tapered FELs. Applications of high power

radiation sources are presented. We then move on to the theoretical aspects of high efficiency

FELs presenting an analysis in a 1D approximation. After introducing the complexity coming

from the three dimensional effects, we present the numerical simulations that take advantage

of modern computing resources to tackle this problem.

The next chapter discusses the TESSA experiment assuming that the experiment would

be held at the Linac Extension Area (LEA) beamline of the Advanced Photon Source (APS)

at Argonne National Laboratory. The magnetic design of the undulator is optimized for

the LEA beam energy of 343 MeV and the target resonant wavelength of 266 nm. The

injection chicane and the prebuncher chicane are designed according to the availability of

the laboratory space and the dipole magnets. The undulator break section is one of the

novelties in the project as it both optimizes the phase shift and refocuses the beam in a

short distance. The simulation methods for optimizing the tapering in the time independent

and time dependent schemes are discussed. Numerical studies for the acceptable tolerances

in the experimental parameter indicate the engineering and physics design requirements for

this experiment. The design for the post-undulator diagnostics is also provided for future

reference. While the main subject of the second chapter is the TESSA experiment assuming

the availability of the LEA beam, the realistic plans for the LEA-TESSA experiment have

been shifted due to the schedule in the laboratory and the COVID situation. Discussions

are underway to conduct the actual experiment at the Fermilab Accelerator Science and

Technology (FAST) facility at a different e-beam energy, but this development is beyond the

scope of this document.
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The last chapter discusses a recent experiment held at the Pegasus Laboratory (UCLA)

which utilizes the TESSA undulator to study the terahertz wavelength in zero-slippage inter-

action. The experiment is called TESSAtron referring to the tapering enhanced superradiant

amplification in a different context involving the waveguide dispersion. In the zero-slippage

interaction, the velocities of the radiation and the electron beam are matched tangentially

( as opposed to an intersection point with two lines of different slopes). Unlike the TESSA

experiment, the TESSAtron experiment does not have a prebuncher or a seed; the electrons

are velocity-bunched from the photoinjector and produce the photons which are the seed

for the superradiance in the undulator (which makes the acronym work as in spontaneous

superradiant amplification). This last chapter describes the reasons to study the terahertz

radiation wavelength and introduces the zero slippage interaction. The experimental setup

provides the important details of the Pegasus-TESSAtron beamline and the experimental

methods to measure the energy of the electron beam and the terahertz radiation. The

experimental results show an average extraction efficiency of 10%. The chapter provides

supplemental details of the simulation of the Pegasus beamline and the undulator and ends

with a summary of experimental methods for operating the Pegasus beamline. The methods

apply to other experiments besides the TESSAtron and serve as future reference.

1.2 Free Electron Laser

A free electron laser is a device in which electrons and radiation pass through a periodic

magnetic array, called undulator, resulting in radiation amplification (Figure 1.1). A free

electron laser can produce high brightness, high peak power radiation with the capability

of tuning the wavelength, which is not possible for a conventional, optical laser in which its

wavelength depends on the medium atomic properties. A free electron laser is an accelerator

based light source which uses accelerated electron beams from a linear accelerator to produce

the light. A synchrotron, in which electrons are guided by bending magnets to orbit in a
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photoinjector        linear accelerator
                                         undulator

Figure 1.1: A free electron laser setup consists of an electron source, a linear accelerator,

and a helical undulator

circular motion, is another accelerator based light source. A free electron laser produces

coherent radiation with orders of magnitude higher brightness than that of a synchrotron by

passing electron beams through an undulator. An undulator is a magnetic insertion device

that guide electrons in a sinusoidal or helical trajectory. An undulator and a wiggler refer

to the same kind of device, but the term undulator is more used for higher photon energy

(smaller wavelengths).

The concept of a free electron laser derives from the better understanding of the electro-

magnetic interaction between charged particles and radiation that the physicists gained in

the 1950s. While the idea of accelerating electrons by magnetic induction was realized back

in 1902[60], the 2.3 MeV betatron built by Kerst at General Electric in 1941 was the first

planned and engineered device to accelerate electrons by magnetic induction [59]. The device

accelerated electrons in a evacuated tube placed between electromagnets. The researchers

at General Electric improved the device to accelerate electrons to 100 MeV in 1945, but

they could not detect radiation because the chamber was opaque and the relativistic effects

on the wavelength was not realized. Radiation due to the interaction between electron and
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external electromagnetic field was first measured in 1947 from a 70 MeV synchrotron made

by the researchers at General Electric [32], so the name “synchrotron radiation” was given

to describe the radiation from the motion of electrons in the magnetic field.

An undulator radiation was first measured in the experiment by Motz et al at Stanford

in 1953[76]. They measured millimeter radiation from an 100 MeV electron beam passing

through an undulator. Many years later, the radiation of 10.6 µm wavelength at 4 kW

due to stimulated measured by Madey, et al at Stanford University in 1976 is considered

as the first free electron laser experiment. The experiment showed an amplified radiation

signal due to stimulated emissions from an 24 MeV energy electron beam passing through a

5.2 m constant, periodic magnetic field generated by a superconducting double helix [33]. A

laser is an acronym for light amplification by stimulated emission of radiation, and Madey’s

publications showed how the amplified radiation from the interaction of electrons and a seed

laser is in analogy with one in an optical laser. The success of the experiment opened a

new way to construct a laser system with orders of magnitudes higher brightness and more

versatile parameters than an atomic laser, and also offered interesting insights about classical

physics and quantum mechanical system inherent in an FEL system. Radiation emitted

from an electron beam passing through periodic magnetic fields can be described by Lorentz

contraction and relativistic Doppler shift. Lorentz contraction refers to a phenomenon in

which an object moving near the speed of light appears shorter to an observer at a laboratory

frame. If the object moves with energy described by a relativistic Lorentz factor γ = 1
1−v2/c2 ,

the object will appear having a shorter length L = L′

γ
in the laboratory frame. When

electrons pass through the undulator, in the rest frame of the electrons (primed), the electrons

observe the period of the “moving” periodic field as a shorter period, so the electrons emit

radiation with a wavelength of

λ =
1

γ
λ′ =

1

γ
λu (1.1)

as shown in Figure 1.2.
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e-e-

(a)                 (b)

Figure 1.2: Due to the Lorentz contraction, the undulator periods are shown shorter from

the rest frame of the electrons (a), emitting dipole radiation with the periods contracted by

1/γ. In the laboratory frame, the radiation wavelengths are further shortened due to the

relativistic Doppler effects. Relativistic aberration also narrow the radiation cone.

On the other hand, the Doppler effect also influences the observed wavelength. The

Doppler effect refers to the frequency shift of a wave emitted by a source when a source or

an observer moves. When the source approaches the observer, the frequency shifts higher by

f1 = 1
1− v

c
f0. Meanwhile, when the source moves near the speed of light, the emitted wave

appears to have a longer period due to the time dilation τ = γτ ′, so the observed frequency is

smaller than the frequency from the source. The frequency shift when the source approaches

the observer in relativistic Doppler shift is

f1 =
1

(1− β)

1

γ
f0 ≈ 2γf0 (1.2)

for relativistic approximation 1− β ≈ 1
2γ2
, and so the observed wavelength is

λ1 =
1

2γ
λ0. (1.3)

Therefore, the radiation wavelength λs emitted by a moving charge passing through the

periodic field of period λu in the laboratory frame is influenced by both Lorentz contraction
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and Doppler effect:

λs ≈
1

2γ2
λu. (1.4)

A free electron laser setup with electrons of beam energy γ moving through an undulator of

period λu will accordingly emit radiation wavelength λs as shown above.

As it will be derived later in this chapter, the FEL resonance condition given a helical

undulator is

λs =
λu
2γ2

(1 +K2) (1.5)

where K = eBw/kwmc is the undulator vector potential parameter, in which Bw is the on-

axis magnetic field of the undulator and kw is the wave vector of the undulator, λw is the

undulator period, λs is the radiation wavelength, and γ is the electron beam energy. When

the resonance condition is satisfied, the electron beam and radiation will interact to amplify

the radiation intensity.

1.3 The History of Tapered FELs

With the successful measurement of gain at 10.6µm from a free electron laser by Madey, et

al in 1976, the Stanford researchers operated a free electron laser oscillator at 3.4µm with

average power of 0.36 W and peak power of 7kW from an electron beam of 43.5 MeV energy,

130 µA average current, and 0.06 mm mrad beam emittance, resulting with 0.01% efficiency

[23]. While the extraction efficiency was higher at 0.25% in a following paper discussing

the pulse length measurements of the FEL oscillator setup using an optical autocorrelation

apparatus involving Michelson interferometry [9], the researchers at the time were already

highly interested about increasing the FEL efficiency.

In 1981, Kroll, Morton, and Rosenbluth (KMR) contributed an important analysis of

changing undulator parameters to keep the electrons in resonance. By varying the undulator
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parameters such as the magnetic field or the period while the electron decelerates, more

electrons can be trapped in the ponderomotive potential.

Warren, Brau, et al at Los Alamos National Laboratory in 1983 showed 3.7 % energy ex-

traction efficiency at 10.6µm wavelength from a 20 Mev e-beam passing through an 100 cm

long undulator that was period-tapered by 12 % [113]. Also, Orzechowski, et al in col-

laboration with Lawrence Berkeley Laboratory (LBL) and Lawrence Livermore National

Laboratory (LLNL) in 1986 showed high extraction efficiency of 34 % from a 3-meter-long

single-pass amplifier built to operate in the microwave regime at 34.6 GHz, which is around

9 mm in wavelength. The experiment was conducted at Electron Test Facility (ELF) of

LLNL, where the electron beam source produced energy of 4.5 MeV and 10 kA current,

while the the amplifier was tapered by 45% in the magnetic field from 5 kG. [81].

After this, there was significant activity in the field of tapered FELs. The analytical

studies of a free electron laser in a high gain regime due to the varied undulator parameters

were published in 1981. Understanding of the radiation spot size evolution due to the gain

and the refractive effects was important for analyzing tapered FELs. The publications on

optical guiding by Scharlemann, et al in 1985 [95] and by Sprangle, et al in 1987 [105] are

common reference for the optical effects in FELs. Hafizi, et al discussed optimizing tapering

to reduce the sideband growth in 1988 and also the relation of optimizing tapering and optical

guiding[50, 51] in 1990. They predicted that the amplified signal of 10.6 µm wavelength and

100 W power could be produced at 16% efficiency at 25 m system length, which was ten-fold

greater than an un-tapered case.

With the success of the 1986 ELF experiment, the researchers moved to the next phase of

using a 25 m undulators system and 44 MeV electron beams to produce high efficiency radi-

ation at 10.6 µm. The experimental results presented in 1989 were not successful, however,

only extracting 0.21 GW radiation by 0.97% efficiency due to the electron beam brightness

[115]. Their electron beam produced from a 2.5 MeV ATA injector had a normalized emit-

tance of 3 mm-rad. Due in part to the end of the Cold War, the ELF researchers were not

9



funded to conduct further experiments.

There were some problems inherent in the tapered FELs such as how to keep more elec-

trons trapped, how to find a good tapering strength, and how to produce a good quality

input electron beam. Meanwhile, the quality of available input electron beams was tremen-

dously improved with the BNL photoinjector developed in 1986, which generated nC-level

of charge electron beams of 5-10 mm-mrad emittance [8].

Tapered FEL experiments were funded by the government as a part of the“Star Wars”

program [52]. The “Star Wars” program is another term for the Strategic Defense Initiative

(SDI) which aimed to defend against Soviet missile attacks and nuclear weapons using nuclear

powered X-ray lasers from the ground or from satellites. The program was initiated by

President Ronald Reagan in 1983, influenced by Edward Teller, one of the hydrogen bomb

physicists. Because the idea sounded like a science fiction movie and was criticized by many

other scientists, the SDI program was called the “Star Wars” program by the media and

public. Consecutive experimental results were found to be unsuccessful by 1986, and Teller

was also accused of misrepresenting the results. The SDI program spent around 30 billion

dollars over ten years without showing immediate results, and eventually was discarded by

President Bill Clinton in 1992.

Compounded with the end of the Cold War in 1989 and the end of the “Star Wars”

program, supports for tapered FEL research became scarce, and mainly focused in the quest

for X-ray FELs. For a long time, there were no more experiments specifically aimed at

increasing the extraction efficiency of an FEL.

An essential work in the FEL community was the measurement of the short wavelength

self amplified spontaneous emission (SASE) in 1998. While Madey’s free electron laser setup

was a stimulated emission in which there was a seed laser, the UCLA researchers measured

16 µm radiation from an electron beam of 13 MeV without out a seed laser [54]. The

tapered case of SASE FELs was also considered shortly after. In 2001, a ginger simulation

of tapered SASE FELs showed that the efficiency increases by eight times with a resonant
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wavelength of 530 nm, an electron beam energy of 217 MeV, and a system length of 20 m,

and by 17 times with a resonant wavelength of 0.15 nm, an electron beam energy of 14.3 GeV,

and a system length of 200 m [39].

More recent studies about tapering optimization were the numerical studies by Jiao, et al

in 2012 in which the three dimensional effects on the radiation spot size were considered [57].

Also, in 2015, a modified KMR model, in which the resonant phase was varied to optimize

the tapering, showed that the efficiency could increase to 20% with a radiation wavelength

of 4 Å and an e-beam energy of 4 GeV. Their modified model showed around two-fold larger

efficiency than the increase from the ordinary KMR model [69].

Meanwhile, the completion of the X-ray free electron laser in the Linac Coherent Light

Source (LCLS) at wavelengths of 22 to 1.2 Å in 2009 was also another great progress in the

FEL science [37]. A high brightness, short wavelength, and coherent light source is favorable

for many research areas such as molecular imaging, X-ray spectroscopy and X-ray diffraction.

Consecutively, there were some efforts to increase the efficiency by tapering, but in the SASE

regime it was shown to remain low (at the 0.05%) even with tapering.

At UCLA, researchers have been investigating ways to increase the extraction efficiency

for smaller wavelengths, in order to ultimately increase the efficiency of the free electron

lasers in the EUV (100-900 Å) or X-ray range (0.25-100 Å). Based on a publication by C.

Emma, C. Pellegrini, et al in 2015 on increasing the extraction efficiency of a x-ray FEL, the

expected maximum efficiency in simulation was 7% at resonant wavelength of 1.5 Å, electron

beam energy of 12.9 GeV, and system length of 100 m[36].

The Nocibur experiment in 2016 by Sudar, Musumeci, et al demonstrated extraction

efficiency 30% from a 54-cm-long helical undulator with gap and period tapering, and

the electron beams decelerated from 65 to 35 MeV at a resonant wavelength of 10.6 µm

[107]. The experimental results motivated the researchers to aim for a smaller wavelength

of 257.5 nm in the UV range. The next chapter will discuss the details of the progress in

experimental designs.
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There have been other high FEL efficiency experiments besides the ones that use single-

pass tapered FELs. An FEL oscillator experiment by JLab in 2001 showed 0.7% efficiency

at 400 nm [10]. This experiment provided what used to be the highest efficiency achieved in

the UV range. Kyoto University FEL (KU-FEL) has made progress over the past years and

recently has shown 10% efficiency at 11µm with an FEL oscillator setup.

Figure 1.3 summarizes important high extraction efficiency experiments in different ranges

of frequency, with the blue pentagon representing the past single-pass FEL experiments at

the point of 2022, with the orange triangle representing the past FEL oscillator experiments,

and the green star representing the expected value of the future experiment that will be pre-

sented in this document. Ultimately, the aim is to increase the efficiency at highest possible

frequency, but the wavelength for the experiment that will be presented in this document

will be at 257.5 nm, about a mid-point to the ultimate goal of the program.

1.4 The TESSA scheme

The Tapering Enhanced Stimulated Superradiant Amplification (TESSA) scheme refers to

a study that seeks to increase the FEL extraction efficiency by using tapered undulators,

prebunched electron beams and a seed laser. While previous literature has studied how to

optimize the tapering in various ways, studies about optimizing tapering while using both

prebunched electrons and strong intense input seeds are relatively novel.

The term “stimulated” in the acronym refers to the stimulated emission caused by using

a seed laser to amplify the FEL radiation. The phenomena of stimulated emission and

spontaneous emission in an FEL are similar to those in an optical laser that were predicted

by Einstein in 1917. In an optical laser, the bound electrons in an excited state of an

atom can spontaneously decay to a lower state, emitting light with the wavelength set by

the characteristics of the material (spontaneous emission). When a seed laser with the right

wavelength associated with the atomic properties passes through the material, more photons
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will stimulate the emission process (stimulated emission). The phenomenon is similar in a

free electron laser. The “free” electrons (as opposed to the bound electrons in an optical

laser) passing through an undulator can spontaneously emit radiation due to the motion set

by the undulator magnetic field. When a seed laser and electron beams pass through an

undulator, based on the relative phase between the radiation and the electrons, the electrons

can emit more light (stimulated emission) or absorb the light (absorption). A seed laser

is already a necessary component in the TESSA system in order to prebunch the electrons

within a short distance, and it also contributes to a higher extraction efficiency as will be

shown later in this section.

The TESSA scheme uses a prebunched electron beam to increase the amplification. Pre-

bunching the electrons refers to preparing the electron beam so that more electrons will be

in phase with the radiation. While electrons with sufficiently high current passing through

a long undulator can “self-bunch” because of the conversion from energy modulation to spa-

tial modulation inherent in the FEL interaction, it is also possible to prepare the electrons

within a shorter distance using a short modulator and a magnetic chicane. The coherent,

bunched electrons contribute to the radiation intensity byN2
e instead of anNe in spontaneous

radiation.

The term “superradiance” has been used since the publication by Dicke in 1954 [25] for

optical lasers to describe a system that emit radiation by N2
e due to coherence, and term

has been used to describe a similar phenomenon in FELs since Bonifacio et al used the

term in the 1980s [11]. The nomenclature was actually used when Bonifacio, et al studied

the radiation intensity scale of I ∝ N2
e caused by self-bunching instead of prebunching, the

authors also indicated that the scale of I ∝ N2
e is “definitory of superradiant-type processes.”

The superradiant amplification process in an FEL system can be understood more clearly

by A. Gover’s theoretical work from 2005, [47, 46], in which the complex spectral energy is

expanded in terms of important parameters like the radiation modes, electron phases, and

number of electrons. While the amplification process due to bunched electrons is named as
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“spontaneous superradiance” or just “superradiant,” the presence of bunched electrons and

a seed adds an additional amplification process named as “stimulated superradiance.” While

the superradiant term grows with the number of bunched electrons by N2
b , the stimulated

superradiant term grows with the number of bunched electrons by Nb. The TESSA process is

from of both spontaneous superradiance and stimulated superradiance because the electrons

enter the undulator prebunched, while there is also a seed that is used to prebunch the

electrons and to help the amplification process.

1.5 The applications of high efficiency FELs

Increasing the efficiency of a high brightness, high average power, short wavelength radiation

source will have a high impact on the science community and on society. Short wavelength

radiation sources are essential components in research areas such as molecular imaging and

lithography that are directly related to the advances in science and technology. The short

wavelength source also has a potential usage in space technology.

In optical lithography, the resolution in producing the fine circuit patterns is dominated

by the wavelength of the light source due to the Rayleigh criterion. A smaller light source will

enable a greater number of transistors in an integrated circuit chip. Moore’s law describes

how the number of transistors used in an integrated circuit doubles every two years (Figure

1.4a). One of the earliest microprocessors was the Intel 4004 made in 1971; the chip had

2.3k transistors made at 10 µm minimum line width (“technology node”). Subsequently, the

Pentium chip was made with 3.1 million transistors at 800 nm nodes. Fifty years later, the

Apple M1 Max, made in 2021, uses 57 billion transistors made at 5 nm nodes. Figure 1.4b

shows different processors produced from the earliest to the most recent.

An important factor in maintaining the trend of Moore’s law is having the short wave-

length light source necessary in order to develop a microchip with greater precision. As

of 2022, the sole supplier of EUV lithography machines is ASML (Advanced Semiconduc-
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tor Materials Lithography). In ASML’s EUV lithography machine, using a laser-produced

plasma light source generated from tin droplets, the 13.5 nm wavelength and 250 W average

power light source can produce microchips with 5 and 7 nm nodes.

The significance of EUV Lithography in current society is self-evident from the company’s

market value of 270 billion dollars. TSMC has purchased approximately thirty-five of EUVL

systems, each of which is worth between 150 and 340 million dollars, from ASML (ASML

stated that TSMC had a half of all the ASML EUVL systems in the world as of 2020).

Well-known companies such as Apple, AMD, and NVidea have been purchasing microchips

from TSMC since 2019, and by 2024 all advanced semiconductor manufacturers such as Intel

and Samsung will be producing using EUVLs by 2024 [104].

An important criterion for EUV light sources is the wafer throughput. ASML can produce

125-170 wafers per hour at 250 W (Figure 1.4c-d, [44]). The wafer throughput is related

to the power per dose. A dose is the source energy per area, and the scanner takes time

to reach the required dose for lithography. Having more photons available in a given time

frame and area will increase the productivity. Therefore, a high average power of the light

source is essential to increase the wafer throughput; the required dose can be reached within

a shorter exposure time. Moreover, transporting the EUV laser requires multiple reflections,

which results in a transmittance of around 2% [44], so high average power is essential for

EUV lithography. While the EUVL researchers have worked on increasing the average power

over the past years and have improved the power in research up to 420 W, the output power

of the commercialized product has been 250 W for several years (Figure 1.4c) [98, 73].

A free electron laser oscillator has a great potential as a high average power, short wave-

length light source. ASML has increased the average power over the past years by dealing

with the inherent problems in the plasma process such as the debris created by the tin

droplets, which was limiting the energy conversion [72]. Free electron laser oscillators oper-

ate in vacuum and are less prone to have factors that limit increasing the operation frequency.

The TESSA program in an oscillator setup is expected to have a high average power in or-
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ders of 100 kW [31] as of an initial simulation assessment, far exceeding that of the currently

available EUV light sources. A speaker at the EUVLWorkshop in 2017 described the TESSA

program as a “disruptive technology”[55].

A high brightness, short wavelength, good quality, and high efficiency radiation source

has also been a dream in the field of molecular and atomic imaging. The spatial resolution of

imaging depends on the wavelength of an incident light. Light sources in x-ray wavelengths

allow the resolution of the interatomic spacing. The number of photons per solid angle

is related to the imaging resolution because each photon contains diffraction information.

Enough photons has be scattered from a sample in order to produce an analyzable diffraction

pattern [7]. For example, a protein nanocrystallography required 1012 photons per pulse with

10-200 fs pulse length[18], and a single mimivirus particle imaging required 1010 photons per

pulse with 70 fs pulse length [99].

The pulse length is another important criteria in atomic and molecular imaging. Cap-

turing the atomic or the molecular motion requires an ultra high speed photography time in

orders of 100 fs for the atoms, which travel in orders of km/s, and 0.1-1 fs for the electrons,

which travel around a hundred times faster than the atoms [22]. Ultrashort pulses also

allow capturing the structural information before the sample is destroyed due to radiation

damage which takes place within 10 fs. X-ray FELs can produce femtosecond and even

sub-femtosecond pulses by different methods, such as shaping the electron bunches. With

the combination of the required brightness for imaging and the required pulse length for

capturing the image or avoiding significant radiation damage, molecular imaging can require

peak power in the range of terawatts [79, 7].

Coherence of light is an important factor in imaging techniques that use phase informa-

tion. In coherent diffraction imaging, a three dimensional holography of a sample such as

biological structure is obtained based on the relative phases. Because a free electron laser

radiates light from the deceleration of the trapped electrons, coherence is in inherent fea-

ture in FELs. In addition, the wavelength of an FEL can be tuned by changing the beam
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energy based on the resonance condition. The wavelength tunability is also beneficial for

imaging scientists because they can image at different resolutions of a sample, allowing them

to observe both the overall structure and a detailed image.

Consequently, X-ray free electron lasers have been highly beneficial for molecular and

atomic imaging due to theirs inherent factors such as the brightness, coherence, tunability,

and pulse length. However, most X-ray FEL light sources are available in the city-sized

national laboratories usually operated by staffs of hundreds. Improving the efficiency of the

short wavelength light sources will increase their availability outside the large-scale labora-

tories, and can open the way to revolutionary methods of imaging that would allow medical

researchers to better help the community.

Lastly, the FEL-based laser ablative propulsion that has been proposed recently shows

another way that a high average power light source can become beneficial. In laser ablative

propulsion, the laser energy is used to transfer momentum to propel an object instead of

ejecting fuels in the opposite direction as in conventional propulsion. By reducing the object

mass and increasing energy efficiency, it is possible to reduce the propulsion cost to hundreds

of dollars per kilogram from the current cost of several thousands of dollars per kilogram

[89].

In laser ablation, short laser pulses are imposed on an object, increasing the surface tem-

perature due to the electron heat transfer. The heated layer due to electron heat conduction

causes hydrodynamic expansion within orders of picoseconds. Pure pressure due to photons

reflecting on a polished surface is 67 nN/W, but the pressure caused by the interaction of the

photons with a layer of special materials such as gold can enhance the thrust to 100µN/W,

almost three orders of magnitude larger [87, 88]. The external generation of power is advan-

tageous because the aircraft weight is reduced and the danger from the fuel in the aircraft

is also reduced. Although laser ablative propulsion will have a large thrust compared with

other external propulsion methods [67, 82], the demonstration of the theory has been lim-

ited by the laser power availability. Myrabo, et al demonstrated light-based propulsion of
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a 50 gram Lightcraft 71 meters using 10kW pulsed laser (CO2 laser, 1 kJ per pulse) using

ablative propellent [78].

Demonstrating light based propulsion of a spacecraft would be more physically realizable

with a better light source. Free electron laser oscillator is a good candidate for a high

average power available because the pulse energy and the repetition rate are independent.

In comparison, conventional diode lasers operate in a medium and the pulse energy decreases

as the repetition rate increases [94]. Consequently, Phipps, Musumeci, et al have discussed

the possibility of using a free electron laser oscillator setup to launch a 25 kg microsatellite.

Given a reasonable set of parameters–1 J energy, 1 ps pulse length, and 1 MHz repetition

rate–a series of pulses can be used to heat the surface for propulsion [88].

Alternatively, other recent projects that consider a laser-based propulsion consider using

a large quantity of lasers to provide the necessary pulse energy. One example is Breakthrough

Starshot (founded by Stephen Hawking, Mark Zuckerberg, Yuri Milner in 2016 [38]) in which

an array of a million, kW level lasers would be put in phase to get 100 GW [117]. In addition,

Duplay, Higgins, et al from McGill University discuss using an array of 10 meter diameter,

100 MW lasers to reach Mars in 45-days based on laser thermal propulsion technique [28].

While how to control the phase of such number of lasers is beyond the scope of this document,

the recent interests of scientists in the space industry show that a high power, high average,

and high efficiency light source would have a great impact.

In conclusion, the high efficiency, high average power, short wavelength light source

achievable from the TESSA program will be revolutionary for many research areas such as

EUV lithography, atomic and molecular imaging, and beam-based space exploration.

.
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1.6 Tapered FEL theory using a helical undulator

This section will discuss some of the analytic aspects of the TESSA system that influenced

the experimental design. The one-dimensional evolution of electrons in a tapered FEL will be

introduced following the previous publications in [62, 108]. Then, the high gain regime of the

one dimensional FEL theory will be discussed in a similar manner as previous publications

[96, 36]. While the predecessor Nocibur experiment was in a low gain regime in which

radiation does not grow significantly through the FEL process, the goal of the TESSA scheme

is to amplify the radiation power from a moderate amount of seed and to see the high gain

effects. The analytic aspects of a high gain FEL have already been discussed rigorously in

past publications [11, 93, 96] and also in more recent UCLA dissertations [108, 34]. For this

document, basic analytic studies of the FEL will be re-visited in order to bring attention to

some of the key outcomes that influenced the experimental design.

1.6.1 One-dimensional motion of electrons in electromagnetic fields

The Hamiltonian of a charged particle in electromagnetic fields is

H0 = c

√
(P− e

c
A)2 +m2c2 + eφ (1.6)

where P = mv̇+ e
c
A(x) is the canonical momentum, A is the vector potential, and φ is the

scalar potential.

The vector potential can be expressed in terms of the vector potential parameters aw and

as

Aw(z) = aw(x̂ cos(ϕw) + ŷ sin(ϕw))

As(z) = as(x̂ cos(ϕs)− ŷ sin(ϕs))
(1.7)

where ϕw = kwz and ϕs = ksz − ωst.

Force exerted on the electrons follows the Lorentz equation:

dp

dt
= γmcβ̇ = e [Es + β × (Bw +Bs)] (1.8)
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where Bw is the field due to the undulator and Bl is due to the radiation. The on-axis field

of a helical undulator can be expressed as:

Bw = ∇× Aw = −Bw(x̂ cos kwz + ŷ sin kwz), (1.9)

where Bw = awkw, while the electromagnetic radiation will have helical electric fields and

corresponding magnetic fields:

Es = −∂As

∂t
= −Es(x̂ sin (ksz − ωt) + ŷ cos (ksz − ωt))

Bs =
1

c
k̂ × Es =

Es
c
(x̂ cos (ksz − ωt)− ŷ sin (ksz − ωt)),

(1.10)

where Es = asω.

Assuming that magnetic fields due to the undulator dominantly affect the motion of the

electrons, the acceleration and the velocity can be expressed as:

β̇ ≈ e

γmc
β ×Bw = − eBw

γmc
ż(x̂ sin(kwz)− ŷ cos(kwz)). (1.11)

The electrons entering the wiggler system can be assumed to have a minimal initial transverse

velocity, so

β⊥ =
K

γ
(x̂ cos(kwz) + ŷ sin(kwz)), (1.12)

where the undulator vector potential is defined as

K =
eBw

kwmc
. (1.13)

The longitudinal velocity βz can be written in terms of the beam energy and K:

βz =
√
β2 − (β2

x + β2
y) =

√
1− 1

γ2
− K2

γ2
≈ 1− 1 +K2

2γ2
(1.14)

assuming K << γ. Consequently, the electron velocity can be written as:

β = x̂
K

γ
cos(kwz) + ŷ

K

γ
sin(kwz) + ẑ

(
1− 1 +K2

2γ2

)
(1.15)
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The undulator vector potential K is usually 1-3 for permanent magnets, while the beam

energy is γ = E/mc2 >> 1 for the relativistic particles. The flow of energy due to the field

can be expressed as

dU

dt
=
dγmc2

dt
= −j · Es = −ev · Es. (1.16)

The electron energy equation, assuming a paraxial approximation such that d
dt

≃ vz
d
dz

≃ c d
dz
,

can be written as:

dγ

dz
= −KKlks

γ
(sin (kwz) cos (ksz − ωt) + cos (kwz) sin (ksz − ωt)). (1.17)

where the laser vector potential is defined as

Kl =
eEs
ksmc2

. (1.18)

Then, the energy equation can be written as

dγ

dz
= −KKlks

γ
sin((kw + ks)z − ωt) (1.19)

dγ

dz
= −KKlks

γ
sin θ (1.20)

where θ is the ponderomotive phase defined as

θ := (kw + ks)z − ωt. (1.21)

Given that ω = cks, the gradient of the ponderomotive phase can be shown as

dθ

dz
= (kw + ks)−

ks
βz

= kw + ks

(
1− 1

βz

)
≈ kw − ks

(
1 +K2

2γ2

)
. (1.22)

An important outcome of the longitudinal gradient in the ponderomotive phase is that in

order for the phase to be constant, the following condition must satisfy

λs =
λw
2γ2r

(1 +K2), (1.23)
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where λs and λw are the wavelengths of the laser and the wiggler respectively. This is the

resonance condition of the free electron laser system for a helical undulator. The resonant

energy of electrons can be written as

γ2r =
λw
2λs

(1 +K2). (1.24)

Then the derivative of the ponderomotive phase can be written as

∂θ

∂z
= kw

(
1− γ2r

γ2

)
(1.25)

As the electrons decelerate due to the FEL interaction, the energy of the beam decreases.

Thus, the consequence of the resonance condition is that adjusting the undulator parameters

helps keep more electrons in resonance. When the undulator period is kept constant and the

undulator field is adjusted, the change in the undulator parameter K should follow

2γ
dγ

dz
=
ksK

kw

dK

dz
. (1.26)

After substituting the energy relation dγ
dz
, the optimal tapering condition for helical un-

dulators is

dK

dz
= −2kwKl sin(θr) (1.27)

where θr is the resonant phase. An important aspect of the formula is that Kl depends on

the field intensity Es. At a low-gain regime in which the radiation field intensity does not

change significantly, Kl can be kept constant while determining the tapering. When the seed

laser starts at a moderate amount and the tapering is optimized, the interaction enters a

high-gain regime in which the radiation field intensity grows significantly. In this case, in

the Eq. 1.27 one must take into account the change in the field intensity for determining an

optimal tapering.
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1.6.2 Phase space representation

In order to examine the interaction between electrons and radiation, one can consider the

phase space with the coordinates of electron energy γ and ponderomotive phase θ. KMR

derives the conserved quantity in the phase space of (θ,γ) from the Hamilton’s equations

found from the Hamiltonian of a charged particle in electromagnetic fields as in Equation

1.6. The conserved quantity can also be determined based on the longitudinal gradients

found from the energy flow and Lorentz equations:

∂H

∂θ
= −γ̇ = c

KKlks
γ

sin θ

∂H

∂γ
= θ̇ = c

(
kw − ks

(
1 +K2

2γ2

))
.

(1.28)

H = kwγ +
ks
2γ

(1 +K2)− KKlks
γ

cos θ. (1.29)

In order to describe electron motion with energy near the resonant energy, one can define a

new canonical momentum:

γ = δγ + γr (1.30)

where γ2r =
λw
2λs

(1+K2) is the resonant energy. The Hamiltonian of electrons near resonance

will have an additional factor

H1 = H + θ
dγr
dz

H1 = kw(δγ + γr) +
ks(1 +K2)

2(δγ + γr)
− KKlks
δγ + γr

cos θ − KKlks
δγ + γr

θ sin θr

= kwγr

(
1 +

δγ

γr
+

1

1 + δγ
γr

)
− KKlks

γr
(cos θ + θ sin θr)

(
1 +

δγ

γr

)−1

.

(1.31)

which can be approximated as

H1 ≈
kw
γr
δγ2 − KKlks

γr
(cos θ + θ sin θr). (1.32)
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The Hamiltonian is now in a more familiar form similar to that of a pendulum in the classical

physics and that of an RF system in the accelerator physics. The latter term

F = −KKlks
γr

(cos θ + θ sin θr) (1.33)

is considered as the ponderomotive potential with local minima at θrn = θr + 2πn and local

maxima at θ1 = πsgn(θr)+θr+2πn. The term “ponderomotive” has been used since at least

the 1850’s to describe the nonlinear system of charged particles in oscillatory electromagnetic

fields. The local troughs of the ponderomotive potential will trap the particles like buckets

in which the particles will circulate in a closed orbit. The phenomenon is similar to the

bound, oscillatory solution and unbound, rotating solution of a pendulum. A separatrix is a

boundary that separates the bound and the unbound solutions of a nonlinear system. The

Hamiltonian is constant on the separatrix, so a solution H1,0 = H1(θ = θ1, γ = 0) at which

the phase is at the edge of a bucket can be used to solve for the energy in terms of the

ponderomotive phase.

H1,0 = −KKlks
γr

(− cos θr + (πsgn(θr) + θr) sin θr) = H1(θ, δγ) (1.34)

δγ2 =
KKlks
kw

(cos θ + θ sin θr + cos θr − (πsgn(θr) + θr) sin θr) (1.35)

The energy at the separatrix can therefore be written as

δγ = ±
√
KKlks
kw

(cos θ + cos θr + (θ − (πsgn(θr) + θr)) sin θr) (1.36)

Figure 1.5 illustrates the ponderomotive potentials and the separatrices plotted at dif-

ferent resonant phases. A resonant phase close to zero has a larger separatrix, and this

means there is a larger area to trap the electrons. The colored region in (a) illustrates the

potential well where the electrons get trapped. The size of the separatrix decreases as the

resonant phase increases. It is possible to compute the bucket width, height, and area of the

separatrix at different resonant phases, and such bucket parameters are associated with an
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Figure 1.5: The ponderomotive potentials (a) and the separatrices (b) at different resonant

phases.

expected trapping fraction. A larger resonant phase increases the tapering gradient as shown

in Equation 1.27 and could sometimes help the deceleration. Meanwhile, the larger resonant

phase makes the bucket size smaller, and the smaller bucket size causes a smaller trapping

fraction, detrapping more particles within the same distance. While the bunched electron

could fit in a separatrix with a resonant phase around 0.6-0.8, an ideal resonant phase for

the best extraction efficiency is not as obvious. The next chapter will further discuss about

the optimization of the resonant phase for the TESSA system.

The separatrix curve was a crucial factor in analyzing the optimal tapering because the

field experienced by the trapped particles should be taken into account while considering the

best tapering. The resonant phase influences the bucket size and the tapering strength, so

it is an important parameter in the tapering optimization.
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1.6.3 Electromagnetic wave dynamics in the high-gain FEL regime

The basic characteristics of the FEL interaction can be shown in one-dimensional theory

in which the transverse effects are ignored. While the transverse effects are important for

obtaining the final energy and the power, a one-dimensional treatment still shows some of the

key factors that affect the design studies. This section will re-visit the high gain regime of 1D

FELs which has been discussed in previous publications [11, 93, 96, 36, 34]. The high gain

regime refers to a case when the radiation field grows significantly as an electron beam passes

through the undulator. In the TESSA system, prebunched electrons and a moderate amount

of seed passing through a strongly tapered undulator quickly lead to high-gain regime. The

electromagnetic wave equation for an electric field in the presence of a current density is

used to calculate the effects of the field growth:[
∇2 − 1

c2
∂2

∂t2

]
E(r⃗, t) = µ0

∂j

∂t
+

1

ϵ0
∇ρ (1.37)

As shown earlier, the electric field due to the radiation is dominantly transverse like the vector

potential due to the seed. For helical undulators it is preferable to replace the Cartesian

basis vectors by the complex conjugate pairs ê± = 1√
2
(ê1 ± iê2).

E⃗⊥(z, t) = (Ẽxx̂+ Ẽyŷ)e
i(kz−ωt)

E⃗⊥(z, t) = (E+ê+ + E−ê−)e
i(kz−ωt),

(1.38)

where E± = 1√
2
(Ex∓ iEy). It can be shown by substitution that the wave equation in terms

of the complex amplitude is

[
∂2

∂z2
− 1

c2
∂2

∂t2

]
E±(z, t) = µ0

∂j±
∂t

. (1.39)

When the electric field slowly grows in longitudinal direction while oscillating in time,

the complex amplitudes of the transverse electric field can be written as

E±(z, t) =
1√
2
(Ex ∓ iEy) = i

1√
2
Ẽ±(z)e

±i(ksz−ωt). (1.40)
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The magnitude of the transverse current can be approximated based on its dependence on

the charge density and the transverse velocity, which can be written as

j± = ρ(r)v± (1.41)

where v± is the transverse velocity in the complex basis vectors. Given the transverse electric

field and the velocity that were derived in the previous section, the complex amplitudes of

the transverse velocity are

v±(z) =
1√
2
(vx ∓ ivy) =

K

γ
√
2
e∓ikwz. (1.42)

The results indicate that the transverse velocity rotates counter-clockwise, or the left-hand

circular direction, while the transverse electric field rotates clockwise, or the right-hand

circular direction. These directions have been chosen so that the change in the electron

energy would be negative; a different polarization would have described a system in which

the particle energy oscillates rapidly in z, resulting with no energy loss on average or a

system in which the particle energy increases in z.

Then, the wave equation can be written as[
2iksẼ±

′
+ Ẽ±

′′
]
= −

√
2iµ0

∂j±
∂t

exp[∓i(ksz − ωst)]. (1.43)

The fact that electric field growth is not outstandingly rapid allows us to use the slow varying

envelope approximation (SVEA) in which the amplitude and the slope of the amplitude do

not change significantly within one radiation wavelength:

|Ẽ±
′|λs << |Ẽ±| |Ẽ±

′′|λs << |Ẽ±
′|

|Ẽ±
′| << ks|Ẽ±| |Ẽ±

′′| << ks|Ẽ±
′|,

(1.44)

from which the wave equation can be written as

∂Ẽ±

∂z
=

√
2
µ0

2ks

∂j±
∂t

exp[∓i(ksz − ωst)]. (1.45)
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In the TESSA system, the electrons are prebunched by the prebuncher system. The

electrons gain density modulation as they interact with the seed laser in the modulator, which

is a shorter version of the TESSA undulator with the same undulator period. Therefore,

the number density and the charge density will have a density modulation at the undulator

entrance. The charge density of the electrons can be written as

ρ = ρ0 −
e

(2π)3/2σ2
xσz

Ne∑
j=1

e−iϕj (1.46)

where ρ0 is the uniform charge density and the next term is the modulated charge density.

While there would be a total number of eNe in a Gaussian volume with transverse and

longitudinal rms beam size σx and σz if all particles were in phase, the density is modulated

according to the radiation wavelength by ϕj = (kszj − ωst). The transverse current density

can be expressed

j± = ρ0c−
eK

(2π)3/2σ2
xσz

√
2

Ne∑
j

(
e∓i(kszj−ωst)

γj

)
e∓ikwzδ(z − zj) (1.47)

The density modulation of the particles causes temporal dependence in the bunch current

density, where the time-derivative of the bunch current is

∂j±
∂t

= ±iωs
eK

(2π)3/2σ2
xσz

√
2

Ne∑
j

(
e∓i(kszj−ωst)

γj

)
e∓ikwzδ(z − zj). (1.48)

The slowly varying envelope approximation implies that averaging over a short distance like

a undulator period will not influence the system. The wave equation can be written as

∂Ẽ±

∂t

∣∣∣∣
SV EA

= ∓iµ0ωs
2ks

eK

(2π)3/2σ2
xσz

Ne∑
j

e∓i((ks+kw)z−ωst)

γj
. (1.49)

In terms of the peak current of a Gaussian distribution I = eNe√
2πσz

, the above can be

written as

∂Ẽ±

∂t

∣∣∣∣
SV EA

= ∓iµ0ωs
2ks

KI

2πσ2
x

∑
j

e∓i((ks+kw)z−ωst)

γj
. (1.50)
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Taking the real part of the field, the above can be written as

∂Ẽ±

∂z
= ∓c2

KI

σ2
x

〈
sin θj
γj

〉
(1.51)

where c2 =
1

4πϵ0c
.

1.6.4 Extraction efficiency computed from the 1D FEL Equations

The electromagnetic interaction between electrons and radiation can be described by the

particles energies γ and the ponderomotive phases θ and the electric field complex amplitude

E⊥. A summary of the assumptions that have been made for the one-dimensional analysis

is: (1) the electrons arrive at the undulator without initial transverse velocities, dominantly

moving in the longitudinal direction, (2) the vector potentials of the undulator and the

radiation are independent of the transverse coordinates, (3) the electron beam size and

radiation spot size are ideal for FEL interaction, ignoring the diffraction and refraction

effects of the radiation, (4) the radiation field grows slowly compared to the radiation and the

undulator wavelength, allowing the slowly varying amplitude assumption, (5) the electrons

arrive bunched with the density modulation periodic in the resonant wavelength.

Based on these assumptions, the evolution of j-th electrons and the radiation at position

z can be written as:

∂γj
∂z

= −c1KE sin(θj) phase modulation and radiation → energy modulation

∂θj
∂z

= kw

(
1− γ2r

γ2j

)
energy modulation → phase modulation

∂E

∂z
= − c2

σ2
e

KI

〈
sin θj
γj

〉
phase and energy modulation → field growth,

(1.52)

where c1 = e
mec2

and c2 = 1
4πϵ0c

. The equations show how the ponderomotive phase θj and

the energy γj of the electrons and the radiation E interact to amplify the FEL light.

From the initial total energy of electrons Uo = Neγ0mec
2, the electrons lose energy as

they pass through the undulator. Only the electrons that remain trapped in the separatrix

remain in resonance with the electromagnetic field and contribute to the radiation.
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Consequently, the FEL extraction efficiency can then be written as

η =
∆U1

Uo
=

1

γ0

∫ Lw

0

ft(z)
dγ(z)

dz
dz (1.53)

where ft(z) is the trapping fraction at position z. The average energy of the trapped electrons

that participate in the FEL interaction can be approximated as the resonant energy as if the

system is a single particle with energy γr and phase θr, which is referred to as the “resonant

particle approximation (RPA)” [69]. Then, the rate of the decrease in the electron energy

can be approximated as the rate of the decrease in the resonant energy

dγ

dz
≈dγr

dz
dγ

dz
≈− KKlks

γ
sin θr = − eK

mc2
E(z)

γr
sin θr.

(1.54)

Then, the FEL extraction efficiency can be approximated as

η ≈ 1

γ0

e

mc2
sin(θr)

∫ Lw

0

ft(z)K(z)E(z)

γr(z)
dz. (1.55)

We will consider a simple case when the resonant phase is constant throughout the in-

teraction. This assumption should not affect the system significantly because even in the

three-dimensional FEL simulation the constant resonant phase showed sufficient amount

of amplification. The equations with the resonant phase approximation with the constant

resonant phase in the case of as tapered FEL can be written as

dK

dz
= −ξ1E ξ1 =

2

mec2
ku
ks

sinψr

dγr
dz

= −ξ2
KE

γr
ξ2 =

e

mec2
sinψr

dE

dz
= ξ3

K

γr
ξ3 =

1

4πϵ0c

ftI

σ2
x

sinψr = c2
ftI

σ2
x

sinψr

(1.56)

where dθr
dz

is zero assuming RPA γ ∼ γr, and a fraction of the electrons trapped in the

separatrix ft contribute to the change in the radiation. The equations written in the above

format show how the important parameters K(z), γr(z), and E(z) influence each other in

the RPA approximation.
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We will now make additional assumptions to extract simple scalings for the system ef-

ficiency. We will consider a case where the ratio of K
γr

≡ K0

γ0
≡ s0 is a constant and the

trapping fraction is a constant. This technically implies that the electric field grows linearly

in z based on the above equations. It will be shown that the field growth in the TESSA sys-

tem will be much more complicated, but we do see in the three-dimensional FEL simulation

an initial region where the field appears to grow linearly. Eventually, the growth is hindered

as the 3D transverse effect become dominant. In a system with tapering optimization (dis-

cussed in chapter 2), K
γ
is initially ∼= 0.007 and decreases by 10 % throughout the system.

The trapping fraction also decreases over z in a real system. In the case that s0 and ft are

constant in the longitudinal distance, we can see that

dγr
dz

= −ξ2s0E

dE

dz
= ξ3s0

(1.57)

and integrating the field,

E(z) = ξ3s0z + E0 (1.58)

we can write the efficiency as

η =
ft
γ0
ξ2s0

∫ Lw

0

E(z)dz

η =
ft
γ0
ξ2s0

∫ Lw

0

(ξ3s0z + E0)dz

η =
ft
γ0
ξ2s0

(
E0Lw + ξ3s0L

2
w

)
(1.59)

The initial field intensity shown here can be written as E0 =
√

P0Z0

2πσs
where σs is the radiation

spot size, so the electric field can be written as

E(z) =
ftI

8πϵ0c

1

σ2
x

K0

γ0
z sinψr + E0, (1.60)
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and the 1D FEL efficiency can be written as

η(z) =
ft
γ0

(
e

mec2
sin(ψr)

K0

γ0

)(
zE0 + z2

K0

γ0

ftI

8πϵ0cσ2
x

sinψr

)
η(z) = ft

e

mec2
K0

γ20
E0z sin(ψr) + z2

K2
0

γ30
f 2
t

I

8πϵ0cσ2
x

e

mec2
sin2(ψr).

(1.61)

The equations show the basic contribution of the seed laser E0z to the efficiency in the first

part and the Ntz
2 dependent high gain term in the second part. One important relation that

is shown in this equation is that the superradiant contribution is larger with smaller beam

size by a factor of an inverse-square. The above equation can be used to find the output

radiation power because the FEL efficiency is

η(z) =
Prad − P0

Pbeam

(1.62)

Prad(z) = P0 + η(z)Pbeam = P0 + η(z)Neγ0mec
2 (1.63)

Prad = P0 +
ftNeeK0

γ0

√
P0Z0

2πσs
sin(ψr)z + f 2

t N
2
e

1√
2πσzσ2

x

1

8πϵ0c

K2
0

γ20
sin2(ψr)z

2. (1.64)

Radiation power scales by N2
e as expected for a superradiant system.

Figure 1.6 shows visualizations of the 1D efficiency obtained in Equation 1.61. The

trapping fraction and the resonant phase are fixed at 0.26 and 0.65 respectively, in order to

match the 1D-efficiency with the efficiency obtained from the 3D simulation that is discussed

in the next chapter. The electron beam size matched to the undulator natural focusing

changes with K, so a ratio to the matched beam size was plotted. The electron beam energy

is varied to match the resonance condition while the resonant wavelength and the undulator

period are fixed at 257.5 nm and 32 mm respectively. The efficiency grows by inverse-square

of the beam size, so smaller electron beam size improves the efficiency significantly. Figure

1.6b shows how the 1D efficiency varies with the undulator vector potential and the resonant

wavelength. The electron beam energy is varied in order to match the resonance condition,

while the undulator period is fixed at 32 mm. The plot shows that the efficiency decreases

with the smaller resonant wavelength, which poses some challenges to the TESSA program

aiming at smaller resonant wavelengths.
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Figure 1.6: Visualization of 1D radiation efficiency and power (Equations 1.61,1.64) esti-

mated at ft=0.3 and ψr=0.7. (a) Energy efficiency is plotted by varying the undulator

parameter K and the electron transverse beam size. The transverse beam size is varied in

comparison to the matched beam size at the given undulator parameter K. The resonance

condition is matched by varying the beam energy with the undulator parameter, while the

radiation wavelength is kept constant at 257.5 nm and the undulator period at .032 m. The

efficiency is increased significantly with the smaller beam size, while the K strength also

increases the efficiency. This is because the efficiency depends on the beam size by inverse-

square. (b) The efficiency is plotted while varying the resonant wavelength and the electron

beam energy. The undulator vector potential is also varied to match the resonant condition

at the given radiation wavelength and beam energy, while the undulator period is kept con-

stant at .032 m. (c) The efficiency is plotted while varying the undulator period and the

undulator vector potential, while the beam energy is varied by the resonance condition. The

resonant wavelength is kept constant at 257.5 nm.
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1.6.5 The 3D effects on a strongly tapered system

The one-dimensional analysis that has been discussed in this chapter ignored important

transverse effects of electron beam and radiation spot sizes. Since the tapering the FEL

was first discussed in 1980’s, extensive discussion regarding the relation between optimal

tapering and optical guiding have continued [62, 95, 105, 57, 70]. For the main simulation

studies discussed in this document we used a three-dimensional FEL code to compute the

optimal tapering instead of the analytical studies involving the optical effects. This section

will still introduce the basic concepts about the transverse effects that were neglected in the

previous sections. The wave equation for the radiation field should contain the effects of the

electron beam acting as a refractive medium(
∇2 − n2

c2
∂

∂t

)
E = µ0J (1.65)

which is in the paraxial wave equation

∇2
⊥E + 2iks

∂E

∂z
= k2s(1− n2(r⊥, z))

2)E. (1.66)

The index of refraction n due to the refractive effects of the electron beam [105]

n = 1 +
1

2

ω2
b0

ω2
s

(
rb0
rb(z)

)2

e−r
2/r2b (z)

〈
e−iψ

γ

〉
(1.67)

rb(z) represent the final and the initial electron beam radius, rb0 = rb(0), ωp0 =
√

4πne0e2

me
is

the initial plasma frequency, aw = eBw

kwmc2
and as =

eEs

ksmc2
are the normalized vector potentials

of the undulator and the radiation field, ψ is the electron ponderomotive phase, and γ is the

beam energy. The index of refraction can also be written as [95]

ℜ(n)− 1 =
1

k

dψ

dz
=

2πeJaw
mc3as

〈
cosψ

γ

〉
−ℑ(n) =

1

kas

das
dz

=
2πeJaw
mc3as

〈
sinψ

γ

〉 (1.68)

where J is the current density. The authors followed the equations derived in [90]. The

real part of the refractive index describes the refractive guiding, while the imaginary part
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describes the gain focusing. Sprangle, et al. derived an envelope equation for the radiation

beam based on the Laguerre polynomials obtained from the wave equation

r′′s +K2rs = 0 (1.69)

where K can be written as [57]

K2 =
4

k2sr
4
s

(
−1 + V 2G+

1

4
V 4G2 ⟨sinψ⟩

2

⟨cosψ⟩2
+

1

4
ksr

2
s ⟨sinψ⟩

d

dz

(
V 2G

⟨cosψ⟩

))
(1.70)

where

V 2 = (n2 − 1)k2sr
2
b

(1.71)

is the refractive guiding fiber parameter,

G(z) =
1− f

(1 + f)2
, f(z) =

(
rb
rs

)2

(1.72)

is a ratio of the filling factor f(z). In a tapered FEL, the system soon reaches a regime in

which the real part reaches 1 while the imaginary part reaches 0. In this case, fiber parameter

can be approximated as [57]

V 2 ≈
ω2
p0r

2
b0

c2
aw
as0

⟨cosψ⟩
γr

. (1.73)

Because the above are still in the linear regime, they are not applicable for the radia-

tion growth in the TESSA system. Because the strongly tapered, prebunched, high-gain

FEL system is challenging to solve analytically, we exploit the modern computing resources

available to optimize the extraction efficiency.
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1.7 Simulation Tools

While the one-dimensional approach could provide an initial approximation of a system, the

FEL interaction between electron beam and radiation in a strongly tapered undulator should

involve longitudinal and transverse evolution of particle dynamics. The work presented in

this document mainly used genesis simulation[92] to evaluate the FEL interaction for the

design studies. The input distribution for the FEL was simulated using astra[42] and

elegant[13]. The undulator design used radia[19] simulation to compute the on-axis field

from a three-dimensional magnetic design.

1.7.1 Genesis

genesis is a time-dependent three-dimensional code used to simulate free-electron lasers[92].

The electron beam in this simulation is a set of macroparticles, each with six-dimensional

phase space coordinates. The simulation evolves the beam according to the ponderomotive

phase θ = (k + kw)z + ωt. Along with the ponderomotive phase, the beam energy γ, the

transverse positions x and y, and the transverse momenta px and py are evolved at every

integer multiple of an undulator period. The longitudinal coordinates are evolved by the

fourth order Runge Kutta method, while the transverse coordinates are evolved by the first

order matrix multiplication. The radiation is defined on a mesh and is evolved at an integer

multiple of an undulator period according to the radiation field equation ∇2
⊥+2ik( ∂

∂z
+ 1

c
∂
∂t

=

S. The code uses the Crank-Nicholson scheme, which is a finite difference method that is

more numerically stable than other explicit or implicit methods.

The script reads an input seed as a single numeric input or as a time-dependent profile

defined at every slice. A user can define a series of undulator vector potentials K and

quadrupole gradients at each undulator period in a magnetic lattice. Because the code is

limited to calculating the evolution at each undulator period, the magnetic lattice should

also be set at every undulator period. The simulation consequently deviates from a physical

38



setup if the element length is not a multiple of an undulator period. As of the version 1.3

which was used, the simulation does not allow a bending magnet as an input, so a chicane

has to be treated externally. The newer version written in C++ has a dipole option, but

this was not used for the project discussed in the document.

The parameter dgrid sets the grid size of the radiation field, while the parameter ncar

sets the number of grid points. The total number of a radiation mesh is therefore ncar2. In

the TESSA simulation, dgrid was set to 3 mm with ncar of 151. The transverse variables

of a genesis simulation without an input distribution can be set to a Gaussian, uniform,

or parabolic distribution by an input parameter itgaus. The parameter was usually set

to an uniform distribution for the time-independent simulations that are presented in this

document, while the time-dependent simulations used an input distribution that does not

require this parameter.

In genesis simulation, the temporal profiles are determined by the slices, in which the

first slice of a temporal distribution represents the tail of a bunch. The simulation can also

read an input distribution with x, y, px, py, t, p, in which a smaller t represents the tail of a

bunch. The head of the bunch in this convention arrives earlier at a given position than the

tail, and has a larger t. The conventions in elegant and genesis are opposite to each other,

so the bunch has to be reversed to move between the two simulations. The parameter ntail

is used to determine the first simulated slice, in which a distribution can be shifted towards

the tail by a negative integer or towards the head by a positive integer. The parameter

iotail suppresses the slippage length at a value of zero and outputs the entire distribution

at one. The next chapter discusses how the time-dependent mode of genesis was used to

study the effects of the pre-optimized tapering.
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1.7.2 GIT

Genesis Informed Tracking simulation (git)1 is a Matlab code that reads genesis output to

compute the best tapering for the next period. The simulation calculates the tapering using

Equation 1.27 based on the field intensity calculated from the genesis field distribution

and the separatrix calculated from Equation 1.34. In a low gain regime, the parameter

KL in Equation 1.27, which depends on the electric field does not change significantly, so

the optimal tapering can be approximated more easily. Meanwhile, in a high gain regime,

the field magnitude evolves over the longitudinal distance so the optimal tapering cannot be

found without knowing the field at each period. Therefore, the genesis simulation is run for

an undulator period, from which the laser vector potential is calculated. Then, the optimal

tapering calculated in the code is fed into the next period.

The code makes it possible to find a good tapering scheme without calculating a K vs.

z fit analyzed from the FEL equations as discussed in some of the previous tapering studies

[57, 69]. More optimization of the FEL parameters still helps in increasing the extraction

efficiency. The studies of the tapering optimization are presented in the next chapter.

1.7.3 Elegant

An elegant simulation is a particle tracking code widely used for accelerator physics simu-

lations. The code can evolve a six-dimensional distribution (x, xp, y, yp, t, p) through a beam-

line defined by many useful elements such as a bending magnet, a RF cavity, a quadrupole,

a sextupole, and an octupole.

The input and the output distribution are in a format called sdds. The sdds (self de-

scribing data sets) files are managed by SDDS Toolkit, which is distributed along with the

elegant simulation. The command plaindata2sdds can convert large ascii files written

1The git simulation is unrelated to the Git software that is used to track the changes in codes, but the
Git link for the git simulation is https://github.com/pietromux/GIT_2019.git.
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in a csv format into compact binary files. Each column is defined with its own name (such

as p for a momentum in elegant simulation), along with its unit and descriptions, and

parameters like a charge can be stored. The software has many useful functions such as

sddsquery to view all the columns and parameters defined in a file, sdds2stream to out-

put the columns into the command line, and sddsprocess to select a specific element in a

beamline by matching the element name. Commands such as sddsplot and sddspfit can

be used to generate a plot directly from the command line without using an external envi-

ronment like Python. A combination of the commands sdds2stream and sddsprocess

can be used in an elegant input script to read an input parameter processed from a sdds

file. The smoothening commands doubleDist6 and smoothDist6s were also used for the

project to increase the particle distribution number and smoothen the distribution.

An input distribution in the elegant simulation can be set by bunched beam which

has several options such as the distribution profile, Twiss parameters, energy spread, bunch

length, and momentum chirp. Alternatively, the input distribution can be read from an

external file by sdds beam.

The simulation has an easy option to generate the analysis of the Twiss parameters (beta

function, alpha function, dispersion, chromaticity, etc.) and the distribution parameters

(transverse beam size, emittance, energy spread) throughout the longitudinal distance. The

simulation can also generate the matrix elements up to the third order evolved throughout

the longitudinal distance. The options twiss output and matrix output are very useful

since they can create a quick analysis of a beamline without running the entire distribution.

The RF wave in elegant is in the form of V0 sin(krfz + ϕ), in which the phase between

[0, 180] degrees has higher energy in the tail than in the head. In elegant convention,

zhead < ztail and thead < ttail, so the tail has travelled further than the head. The element

rfcw was used for the RF linac structures with the transverse and the longitudinal wake.

There are elements that define the bending magnets. The simplest form is a rectangular

dipole and a sector dipole set by rben and sben. The space charge effects (LSC) and the
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coherent synchrotron radiation (CSR) effects are important nonlinear effects that usually

increase the beam emittance and the energy spread. The effects are computed in csrcsbend

element.

The drift can also be defined by a simple drif or drift element. The nonlinear effects

can be computed by setting a lscdrift or a csrdrift in place of drift. The drift elements

after the bending magnets are influenced by the CSR effects, so they should use csrdrift

in order to see the overall CSR effects caused by a set of bending magnets.

The optimizer function in the elegant simulation can be used to match the matrix

elements or the Twiss parameters. The optimizer can read from the Twiss output file or the

matrix output file to generate the cost function. The optimizer can read the final position,

or an element called marker can be used to set a position within the beamline to read a

parameter to optimize. The optimizer in elegant was used to match the transverse beam

from the APS beamline to the TESSA beamline. The optimizer was also used for a bunch

compressor and a sextupole simulation, in which a user can change the bending magnet

strength along with the quadrupoles to optimize the matrix elements and the dispersion.

Meanwhile, using the elegant optimizer for a six-dimensional distribution is more difficult,

because the energy spread or the emittance will not be read by the optimizer in a conventional

format, so the TESSA collaborators from Radiasoft developed an external python script

called rsopt2 to optimize based on the distribution.

Recent updates in elegant simulation allows backtracking of a beamline. A user can

take an ideal distribution and feed it backwards to get an estimated input distribution.

Although not discussed in this document, the backtracking option was one of the methods

that was used to evaluate the problem regarding the optimization of the distribution.

2rsopt: https://github.com/radiasoft/rsopt
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1.7.4 Astra, Opal, and GPT

On the front-end side of a beamline where the electrons are injected, the beam dynamics are

strongly influenced by the three dimensional space charge effects at the low energy. astra,

gpt[112], and opal[26] are some of the usual codes that are used to simulate a photoinjector.

The simulations set a three dimensional mesh to compute the space charge effects, and a

greater number of meshes in each dimension is necessary with a greater number of particles,

significantly increasing the computation time.

The start-to-end simulation presented in this document used astra simulation to the

end of the first linac structure. Afterwards, the simulation at a higher energy was done in

elegant. The astra simulation was chosen over the others because the previous APS

researchers had already used astra. The researchers at Advanced Photon Sources (APS)

have done astra simulations throughout the beamline and have matched the transverse

beam size throughout the beamline.

An astra simulation has its own generator script that creates an initial distribution,

in which one can define different shapes such as an uniform, radial, radial uniform, or Gaus-

sian distribution for each of the x, y, z, px, py, pz coordinates. The RF cavity in astra is

defined by V0 cos(ωt+ ϕ). The autophase function can be used to input a phase calculated

from the maximum energy, in which a negative phase makes the tail at a higher energy than

the head. Otherwise, the phase for the cavity will be calculated from the zero of a cosine

function. The head and the tail in an astra simulation are in the opposite convention of

an elegant simulation.

The way the lattice is defined in all of astra, opal, and gpt is that a user defines

a longitudinal position of an element. This allows stacking different elements such as a

quadrupole and a linac at the same position. The linac structures at APS have quadrupoles,

so in elegant the elements are looped with small elements to account for the stacked

elements.
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Other TESSA collaborators from Radiasoft used opal instead because opal is a freely

distributed code. They benchmarked the opal input script based on the astra results

provided by APS. Their start-to-end optimizer rsopt can optimize elegant, opal, and

other Python codes in one input file. Recent progress in opal also allows a backtracking

option, so a user can track an ideal output distribution to estimate an ideal input distribution.

The gpt simulation was seldomly used for the TESSA simulations presented in this doc-

ument because the conversion of the APS linac written for astra was not straightforward.

However, the custom elements function in which a user can define an element greatly in-

creases its potential usage. A. Fisher, P. Musumeci, and S. B. Van der Geer have worked

on an FEL element that uses gpt to compute the FEL radiation without using external

codes like genesis[40], so the TESSA simulation technically can be done in one script in

the future.

1.7.5 Radia

The radia simulation is a three-dimensional magnetostatics computer code that is optimized

for undulators [19]. radia uses boundary integral methods to calculate magnetic fields

around source objects such as magnetized volumes or current coils. Magnets can be designed

as three-dimensional objects from which the simulation can calculate the three-dimensional

magnetic fields. The best results are obtained by subdividing the objects into smaller grids,

in which computation time increases greatly. The simulation result gives magnetic fields and

field integrals.
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CHAPTER 2

LEA-TESSA Experiment

This chapter discusses the TESSA experiment planned to be conducted at the Argonne

National Laboratory. First, this chapter introduces the overall layout and the transverse

beam parameters of the TESSA beamline. Then, the design choices made for the magnetic

design and the quadrupole lattice are the first subjects of the chapter. The design for the

injection chicane and the prebuncher chicane utilizing currently available dipoles are then

discussed. Afterwards, the intra-undulator break section that incorporate the quadrupole

lattice system for reducing the beams and the phase shifter is described. The next part of

the chapter discusses the simulation methods of tapering optimization, time-dependent FEL

studies, and tolerance studies. Details on the post-undulator diagnostics designed for the

TESSA experiment are also provided.

While FELs in the X-ray regime are important in a variety of scientific research such

as molecular imaging and lithography that utilize from high power short wavelength laser

sources, the efficiency of radiation production from electron beams is low. FEL extraction

efficiency is generally around the Pierce parameter which usually amounts to 0.1%. In recent

experiments UCLA has conducted high efficiency extraction experiments from prebunched

electron beams and high power seed. In the Nocibur experiment electron beam energy of

50 MeV and a seed laser of 100 GW and 10.3 µm was used to produce radiation amplification

at efficiency in range of 30 % with prebunched electron beams and 0.54 m helical permanent

magnet undulator[107, 108]. This proof-of-concept experiment motivated the researchers

to move forward with the high extraction efficiency experiments at shorter wavelengths.
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Because the large initial seed in the Nocibur experiment complicated direct measurement

of the amplified radiation, as a next experiment we would use a moderate amount of seed,

around 1 GW and study the high-gain regime in which the amplified signal is far larger than

the seed.

Meanwhile, most of mechanical design of the helical Halbach arrays for the permanent

magnet undulator followed those of the Rubicon undulator built for the previous experiment

on Rubicon IFEL and Nocibur IIFEL [30]. With tapered helical undulators, a prebunched

beam, and a moderate amount of seed, the Tapering Enhanced Stimulated Superradiant

Amplification (TESSA) experiment at 257.5 nm will study the extraction efficiency of ra-

diation amplification in mid-range wavelength. The experiment was named “TESSA-266”

because the initial design of the experiment was at 266 nm until the seed laser purchasing

was finalized.

To achieve a wavelength in the mid-range, we would need an electron beam energy in the

range of 200-400 MeV. The best available facility for the experiment was the electron beam

energy of 375 MeV at the Linac Extension Area (LEA) of Argonne National Laboratory

(APS). The beam will utilize an upgraded LCLS-type photoinjector that can provide high

brightness, low emittance beams that are available in interleaved mode, sharing the usage

with the APS ring which uses electron beams produced from two thermionic guns. The

electron beam will have peak current of 1 kA with 2 mm-mrad transverse emittance and

energy spread of 0.1 %. The design parameters are summarized in Table 2.1.

For the rest of the chapter we will discuss the experimental designs considering utilization

of electron beam from LEA beamline for the TESSA experiment. The reader should note

that a change of plans at ANL and other circumstances (including the onset of the COVID-

19 pandemic) conflicted with the original timeline for the experiment, so it is likely that

the actual experiment of ”TESSA-266” will be held at a different location. Some details

of the future plans would be mentioned in the next chapter, but electron beam parameters

discussed in this chapter will only consider the scenario of LEA-to-TESSA beamline.
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Parameter Unit Value

Beam Energy MeV 343

Bunch Charge pC 300

Peak Current A 1000

Bunch Length, FWHM ps 0.3

Normalized Emittance mm-mrad 2

Uncorr. energy spread, FWHM keV 300

Rel. energy variation along bunch % <0.5

Linac rep rate Hz 10

Seed laser wavelength nm 257.5

Seed laser peak power GW 1

Seed laser pulse energy mJ 0.5

Table 2.1: TESSA-266 Design Parameters

Figure 2.1 and Table 2.2 shows the overall design of the TESSA experiment. Electron

beams from the LEA beamline enters the injection chicane, which bends the e-beam so that

the seed laser would enter the system via an injection mirror. The electrons and the seed

laser enter the prebuncher followed by a prebuncher chicane, which prepares the electron

beams for the superradiant interaction. The coherence of the electrons is diagnosed by the

microbunching diagnostics installed before the undulator. Then, there are four strongly ta-

pered undulators named THESEUS I-IV (Tapered HElical SEgmented Undulator System).

The intra-undulator break sections consist of a set of doublet quadrupoles and a dipole mag-

net, which are to increase focusing of the electrons and to correct the phase of the electrons.

Finally, Then the post-undulator diagnostics consist of five quadrupoles, a deflecting cavity,

and a spectrometer magnet. This chapter discusses the details of each section of the TESSA

beamline.
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Figure 2.1: TESSA Beamline layout.

Figure 2.2 shows beta function throughout this beamline, where the first three green

rectangles in the figure represent the last three quadrupoles (LE:Q5, LE:Q6, and LE:Q7)

that are currently installed in the LEA tunnel. The first three black rectangles represent

the injection chicane magnet. The beta function simulated in the elegant lattice from

the linac L2 to the end of the LEA-TESSA beamline is shown in Figure 2.3. These three

quadrupoles, along with the new quadrupoles in the beamline (LE:Q8, TE:Q1, and TE:Q2)

were optimized to the set of Twiss parameters matched for the periodic TESSA undulator

beamline.
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Table 2.2: A list of TESSA-266 beamline elements, including magnetic lengths, magnetic

strengths and distances from the last reference quadrupole (LE:Q7) on the LEA beamline.

The third column specifies the magnetic field for the dipoles and the integrated gradient

for the quadrupoles. The physical length of the undulators is 25 mm longer than the one

specified due to the end plates.

TESSA-266 Beamline

Element Name Length B[T] Center from LE:Q7

Injection and Prebuncher

Injection Chicane Dipole 1 0.146 0.09 1.78

Injection Chicane Dipole 2 0.146 0.18 2.80

Injection Chicane Dipole 3 0.146 0.09 3.82

LE:Q8 0.153 0.189 4.40

Prebuncher 0.324 5.20

Prebuncher Chicane Dipole 1 0.146 0.08 5.60

Prebuncher Chicane Dipole 2 0.146 0.16 5.75

Prebuncher Chicane Dipole 3 0.146 0.08 5.90

TE:Q1 0.153 2.8 6.08

TE:Q2 0.153 -2.8 6.30

Microbunching Diagnostics 0.340

THESEUS Undulators

THESEUS I 0.964 7.19

TE:Q3 0.0307 5.62 7.72

TE:D1 0.0263 0.25 7.76

Diagnostics Cross:YAG2 0.0254 7.80

TE:Q4 0.0307 5.62 7.82

THESEUS II 0.964 8.35
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TE:Q5 0.0307 5.62 8.88

TE:D2 0.0263 0.25 8.92

Diagnostics Cross:YAG3 0.0254 8.95

TE:Q6 0.0307 5.62 8.98

THESEUS III 0.964 9.51

TE:Q7 0.0307 5.62 10.04

TE:D3 0.0263 0.25 10.08

Diagnostics Cross:YAG4 0.0254 10.11

TE:Q8 0.0307 5.62 10.14

THESEUS IV 0.964 10.67

Post-Undulator Diagnostics

TT:Q1 0.104 -2.85 11.4

TT:Q2 0.104 2.26 12.2

TT:Q3 0.104 -1.76 12.5

Deflecting cavity 1.2 13.3

Spectrometer magnet 0.25 0.4 14.2

TT:Q4 0.104 -1.08 14.5

TT:Q5 0.104 1.34 15.0

Diagnostics Cross:YAG5 16.7

DUMP 18.9

50



155 160 165 170 175
z(m)

10

0

10

20

30

40

(m
)

x

y

quads
bend

Figure 2.2: Beta functions in the TESSA266 beamline. The first three green rectangles are

the three quadrupoles (LE:Q5, LE:Q6, and LE:Q7) that are currently installed in the LEA

tunnel. The next three black rectangles represent the injection chicane magnets.
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Figure 2.3: Beta functions from the linac L2 in the elegant simulation to the end of the

beamline. The first three black rectangles represent the bunch compressor. Then there are

two dipole magnets that guide the beam to the LEA tunnel.

52



Figure 2.4: Magnetization direction in a Rubicon-type helical undulator.

2.1 Undulator magnetic design

The undulator for the TESSA experiment is composed of four permanent (NdFeB) Halbach

magnet arrays in which magnetic fields alternate transversely outward, longitudinally in-

ward, transversely inward, and then longitudinally outward. While planar undulators with

two magnet arrays have been used in past permanent magnet FEL experiments, we use four

arrays to form the helical beam trajectory as shown in Figure 2.4. In comparison to typ-

ical sinusoidal undulation in a planar undulator, helical undulators give an extra factor of

amplification by guiding electrons in helical trajectories to continuously change direction.

In designing the undulator magnet, key parameters to consider were undulator gap,

magnetic field, and period. Magnetic field and period must satisfy the undulator resonance

condition :

λs =
λu
2γ2

(1 +K2) (2.1)

where λs=laser wavelength, λu=undulator period, and γ=electron beam energy, and K =
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eB/kumec
2 (undulator vector potential). Figure 2.5a shows the range of energy that can

be reached at resonant wavelength of 257.5 nm given physical constraints on a permanent

magnet. The strengths of permanent magnets are usually around 1 T, while actual on-axis

magnetic strength is lower due to the magnetic gap. Undulator periods are usually limited to

25 mm because the thickness of each magnet would be a quarter of the undulator period, and

the entrance and the exit magnets are smaller. Dashed, blue lines on Figure 2.5a indicate

the nominal undulator period of 32 mm. The period was chosen based on the achievable

undulator gap and the target resonant wavelength based on radia simulation.

A physical design of the TESSA undulator was simulated in radia, which is a 3D-

magnetostatics code in which boundary integral methods are used to simulate the magnetic

strength of magnetic devices such as undulators [20]. Magnets were designed with slanted

angles on the edges in order to prevent the magnets from slipping out of their holders.

The magnets were initially designed with sharp edges, but for safety reasons the edges were

chamfered as the strong magnetic field of NdFeB can be dangerous while handling (Figure

2.6). Figure 2.5c compares two cases of resonant energy at 343 MeV and 375 MeV. The

two lines indicate the higher nominal energy of 375 MeV during the initial phase of the

experiment, and the actual energy adjusted after the undulator construction. We measured

a lower undulator field because the magnets that arrived were inherently lower than expected

and also because of the chamfering.

Figure 2.5c compares the resonant condition (black) with the radia simulation of the un-

dulator. While a smaller undulator gap and period would result with stronger K and higher

efficiency, the magnetic gap must be reasonably larger in order to fit a vacuum chamber.

Consequently, we chose around 6 mm for the initial magnetic gap with a undulator period

of 32 mm, and the final minimum magnetic gap was measured to be 5.58 mm after the

construction. The on-axis magnetic field was measured 0.67-0.83 T. The undulator gap can

be increased by the tuning screws and also by adding shims underneath the tuning plates,

so there is not a significant lower limit in the undulator on-axis field. Figure 2.5a) shows
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Figure 2.5: Consideration of the resonance condition for undulator design. The upper plots

show the beam energy in MeV for possible range of permanent magnet undulator parameters

(a) at the laser wavelength 257.5 nm and (b) at the undulator period of 32 mm. The lower

plot (c) shows the undulator resonance condition (black) plotted with undulator period vs.

magnetic strength of radia simulation, where undulator gap is shown to decrease with

smaller undulator period. The blue magnetic design is the nominal design of the undulator

in radia simulation. Solid, color lines show simulation of the final design with chamfered

magnets, whereas dashed lines represent preliminary design without chamfering. In a and

b, the maximum field measured is where the two dashed lines cross.
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(a)                  (b)              (c)

Figure 2.6: Chamfering in the TESSA undulator.As a final design the magnets had grooves

on edges of the magnet, which lowered overall magnetic field. (a) radia simulation without

chamfering, (b) a photo of the undulator magnets, (c) radia simulation with chamfering.

the ranges of beam energy and radiation wavelength that can work with different undulator

on-axis field. The blue vertical line indicate an undulator period of 32 mm which is the final

design, and the red curve indicate the nominal resonant energy of 343 MeV. With a lower

undulator on-axis field and larger undulator gap, electron beam energy of 150 MeV is also a

feasible option as shown in this plot.

With the tight undulator magnetic gap, the vacuum chamber for the undulator was

OD/ID of 5.55/4.55 mm, which was custom-designed from MDC. While it was commonly

asked whether the entire undulator should be surrounded in a vacuum chamber, vacuuming

a undulator with permanent magnet arrays is not a simple task, and a pipe is commonly

necessary for measuring the undulator for moving the probe in a straight path.

The entrance and the exit magnets were designed based on a system of 1/4, 3/16, 1/8,

and 1/16 length of an undulator period that cancels field integrals as suggested in literature

[21]. The final design of 2 mm, 4 mm, 6 mm, and 8 mm entrance magnets increase the total

length about one undulator period. One can also see that for a helical undulator the period

of 32 mm is close to the achievable size due to the thinnest entrance magnet of 2 mm. One

would either need to order a magnet as thin as a paper or consider a non-traditional ways

to correct the trajectory.
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The tuning plates have holes for 7/64” hex keys that are adjustable by 800 µm per

full revolution of tuning bolts, and strongbacks are made of 360 brass. Engineering details

have been published by the TESSA collaborator [15]. Figure 2.7d,e shows the two TESSA

undulators that have been built.
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Figure 2.7: Pictures of the constructed prebuncher and undulators. (a) the prebuncher, (b)

a front view of the prebuncher, (c) a top view of the prebuncher (d) the first undulator (e)

the second undulator. The prebuncher shown in a-c is also a preliminary, shorter design for

the TESSA undulators in d-e.
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2.2 Electron beam spot size minimization

As shown previously from 1D TESSA analysis (Equation 1.64), FEL extraction efficiency

depends on several parameters such as undulator on-axis field strength, undulator period,

peak current, and beam energy. Reducing the spot size would improve the efficiency by a

factor of inverse-square of beam size. In order to study the effects of reducing the spot size,

we explored different ways to focus the beam using the transport matrices. Evolution of

transverse beam matrices can be written in terms of 2x2 matrices where the matrices for

drifts Md, quadrupoles Mq, and undulators Mu are written as:

Md =

1 d

0 1


Mq =

 cos (kqz)
1
kq
sin (kqz)

−kq sin (kqz) cos (kqz)


Mu =

 cos (kz,uz)
1

kz,u
sin (kz,uz)

−kz,u sin (kz,uz) cos (kz,uz)


(2.2)

where d=drift length, kq =
√
G 300
E[MeV ]

where G is quadrupole gradient and kz,u =
1√
2
kK
γ
. At

each position in z of a FODO lattice a corresponding matrix should apply, and the evolved

beam should obey

σf =Mtotσ0M
T
tot. (2.3)

Given a transformation matrix of a periodic lattice written as

M(z) =

C S

C ′ S ′

 , (2.4)

a set of Twiss parameters (β0, α0, γ0) that is matched at both ends of the periodic lattice

can be found by solving for the eigensolutions of the transformation matrix constructed as
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Figure 2.8: (a) transverse beam size (x=solid, y=dashed) in an undulator and break section

when there is no quadrupoles (black), single quadrupole (magenta), and doublet quadrupoles

(blue). (b) amplified radiation power through four undulator sections obtained from opti-

mized tapering.

[116]: 
C2 −2CS S2

−CC ′ CS ′ + C ′S ′ −SS ′

C ′2 −2C ′S ′ S ′2



β0

α0

γ0

 =


β0

α0

γ0

 (2.5)

Figure 2.8a shows beam size obtained from matrix multiplication for different focusing sys-

tems. Transverse analysis showed that average spot size is 80 µm without quadrupoles (black

curve), 68 µm with one quadrupole (magenta curve), and 46 µm with two quadrupoles (blue

curve). Each single and double quadrupole system was assessed by finding the optimal

quadrupole gradient with the smallest average transverse beam. Afterwards, each optimal

lattice was simulated via the tapering optimization by GIT, and we found that the best sys-

tem was indeed the doublet quadrupole system with the smallest average spot size (Figure

2.8b).
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2.3 Laser Parameters

The seed laser for TESSA-266 is a diode-pumped ultrafast laser of 5 mJ energy with up

to 100 MHz at 1030 nm wavelength with pulse duration 500 fs to 10 ps. The laser will

be synchronized with less than 250 fs jitter. The system will be on an optical table of

1200x800 mm where a synchronized oscillator, a long cavity amplifier, and a compressor

will be installed. The laser will be converted to 257.5 nm by two β barium borate (BBO)

crystals.

A β-BBO crystal that will be used for the wavelength conversion is a low-temperature

phase of a barium metaborate crystal. As opposed to an α-BBO which is a high-temperature

phase with symmetric properties, a β-BBO has a χ(2) type of optical nonlinearity that is used

for the frequency doubling. Due to its transmission range (190-3500 nm), phase matchable

range (410 to 3500 nm), and high damage threshold, a β-BBO is widely used to double the

frequency.

The laser system will be located in a laser room being prepared two walls behind the

main LEA tunnel (Figure 2.32c). Because permission to access the tunnel would need to

follow the national laboratory schedules, we decided to have UV conversion in the laser room

instead of in the tunnel. A downside to this decision is the potential for nonlinear effects due

to the long transport of the laser in UV. The optical setup for transporting from the laser

room through the tunnel and to the injection mirror was designed to reduce the nonlinearity

effects.

Initially the laser beam size will be 1.9 mm in 1/e2-radius, but because laser beam energy

of 5 mJ is rather strong and may damage the crystal, we would expand the beam size to

1/e2-radius of 5 mm.

To consider how large a crystal or other optical component should be, one can approxi-

mate the beam diameter to be around π times the 1/e2-radius.

Due to the larger spot size, the crystal will be 15 mm x 15 mm in transverse dimension. It
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Figure 2.9: SNLO Output for two crystals of 0.9mm thickness. Initial energy was 5 mJ, with

1/e2-radius of 5 mm and initial pulse of 0.5 ps (FWHM).

was undetermined at the point of the design whether the laser system will have a capability

to change the laser spot size, so this section will discuss both cases where in one case the

laser spot size starts at 5 mm, and the other at 1.9 mm.

With initial energy of 5 mJ and laser spot size of 5 mm, two 0.9 mm thick crystals would

provide peak power of 2.8 GW and a pulse length of 0.45 ps (Figure 2.9).

The pulse length is not conserved in this system, but the long transport in air may

increase the pulse length. A system of 3mm and 0.9mm crystals consecutively for 1030 nm

and 575 nm would provide a conserved pulse length, but a thicker crystal was not preferred

due to the possibility of nonlinear effects.

The first 0.9 mm crystal that will convert from 1030 nm to 515 nm will have an multi-

layer anti-reflective (AR) coating, and the second crystal will have a single layer protective

(PR) coating. The manufacturer (Newlight Photonics Inc.) recommended a PR coating for

the second crystal because UV may damage the AR coating. The crystal can be mounted

on an 1” optical mirror mount and post.
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2.4 Laser Transport

After the wavelength conversion the laser will be transported through approximately 50-

meters and will enter the beamline of the experiment in the injection chicane area. The

total path length was assumed to be 50-meters to the best of the knowledge of the engineers

at the moment, but actual distance may vary based on the engineering details. Meanwhile,

the optical design discussed here will not vary significantly with a small change in distance.

There will be eight mirrors transporting the beam from the laser room to the injection

position. All the mirrors except the injection mirror are 2” diameter, 1/4” thick, and double-

coated by HfO2 and SiO2 for 257.5 nm (seed laser) and 532 nm (alignment laser) from CVI

Laser Optics. The peripheral equipment such as cubes and mounts will be purchased from

Thorlabs. The mount system will consist of a rotatable and kinematic platform. The long

pipe in the tunnel was yet to be designed.

An important aspect of this transport design was how to predict the nonlinear effects

arising from the transport and how to reduce them. B-integral is a measure of nonlinear

phase shift defined as:

B =
2π

λ

∫
n2I(z)dz (2.6)

By taking the integral of the intensity I(z) with a factor of the nonlinear refractive index n2

nonlinear effects throughout the path can be estimated. Nonlinear refractive index depends

both on wavelength and intensity. While its quantity with a laser with 257.5nm and 1 GW

should be around 2 − 4 ∗ 10−16cm2/W based on different sources [3, 74], it is difficult to

predict for the specific laser that we have. When the B-integral is larger than 1, nonlinearity

can significantly influence the beam quality due to self-focusing. Because of its dependence

on intensity there would be less nonlinearity if the beam were transported in a larger spot

size.

The beam size will be expanded to 12 mm for the transport after the wavelength con-

version in order to decrease the nonlinear effects due to travelling through a non-vacuum
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Focal Length Diameter (in) Thickness (mm)

-0.2 2” 6.35

0.5 2” 6.35

3 2” 6.35

-0.3 1” 2

Table 2.3: Table of lenses used in the transport. The lenses are double coated to be used for

both 257.5 nm (seed laser) and 532 nm (alignment laser). The refractive index at 266 nm is

1.5.

medium and the laser fluence imposed at the transport mirrors. A beam size of 12 mm is

the maximum spot size that will fit in 2” optics. If any larger lenses were used the thickness

would need to be increased which would increase the nonlinear effects.

Then the expanded beam is transported through the tunnel and is matched to 344 µm

waist using one or two lenses placed closer to the injection. When a single lens is used the

focal length has to be has to be around 10-50 meters to match the waist size and position.

Alternatively, two lenses can be used. In this case the focal lengths are smaller and easily

available in the market. There are more versatility due to having two lens positions to adjust,

as the total path length can be adjusted without changing the focal strength. Figure 2.10

shows beam size and fluence in this optical transport calculated from the ABCD ray transfer

matrix analysis.

The B-Integral in the system can be up to 3 in air-transport and up to 2 in vacuum. This

effect should be better studied in the lab rather than from analytic assessment because the

nonlinear refractive index for specific laser parameter is not known and the nonlinear effects

can vary with different circumstances such as laser or lens quality or the atmosphere.

Finally, there is also a possibility that we would need to add two additional lenses in order

to increase the beam size from the initial size to the recommended beam size at the BBO
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Figure 2.10: Laser Transport Setup using four lenses. The beam size is in 1/e2-radius and

focal lengths of -0.2m, 0.5m, 3m, -0.3m are used to match from the initial beam size 5mm

to the final beam size of 344um
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Figure 2.11: Two pairs of lenses with focal lengths of -0.2 and 0.5 meters were used to

increase the beam size to 5 mm in the crystal and 12 mm in the transport. Then two lenses

of 3m and -0.3 m focal lengths were used to match the beam size from 12 mm to 344 um.

Laser wavelength is initially at 1030 nm, then in the second step wavelength changes from

1030 nm to 515 nm to 257.5 nm.

crystal. The laser system may include this function but there was not enough information

at the point of design. In the case that we need to achieve this externally we can use the

spare lenses that will be ordered along with the other four lenses. Figure 2.11 shows an

optical setup for six-lenses. The first set of lenses with focal lengths of 500 mm and -200 mm

was used to increase the beam size from 1.9 mm to 5 mm. Then, another set of lenses with

500 mm and -200 mm focal lengths were used to increase the beam size from 5 mm to 12 mm.

Throughout the long transport in the tunnel the beam size remains constant, then a final set

of lenses with 3 m and -0.3 m focal lengths were used to match the beam size from 12 mm

to 344 um.
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2.5 Injection Chicane

In order to bring the seed laser into the APS-LEA electron beamline, we plan to install

an injection chicane to bump the electron trajectory and make a space for an injection

mirror. This section will discuss the physical design and general requirements of the injection

chicanes.

The dipole magnets that will be used for this system are the same as those used in the

prebuncher chicane (Figure 2.15). Two of the three are edged by 12◦ on one side because

they were used previously for focusing the e-beam in a lower-energy experiment. As the

effects of the edge angle are minimal at the higher energy and as the injection chicane is

further away from the main experiment system than the prebuncher chicane, we use the

magnets with the edge angles for the injection chicane.

The e-beam is offset by around 12 mm by the magnetic chicane, and a cube system with

a 45-degrees injection mirror is placed in the beamline axis. This mirror will reflect the laser

beam that has been transported through the tunnel into the electron beamline.

Figure 2.12 shows the three magnets with corresponding nipples, bellows, and cubes.

The cube was placed with a minimal displacement from the center magnet as the e-beam

trajectory is maximum at the center. In this system there are three bellows placed so that

the pipes can be slightly tilted horizontally to follow the e-beam trajectory. Figure 2.12 also

shows how the e-beam trajectory is compared with the pipe offset.

At the cube position the laser spot size is less than 1 mm (RMS) and the e-beam spot

size is less than 0.8 mm (RMS). We expect that the e-beam can be 3 times the spot size

away from the surface of the pipe because closer distance can cause the wake field or other

nonlinear effects. Consequently we expect that the e-beam can be offset at a maximum of

4.1 mm from the center of the pipe.

When the electron beam is offset by 12 mm from the electron beam axis at the position

of the second dipole magnet, the beam will offset from the center of the pipe by 4 mm. Then,
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Figure 2.12: The magnetic field and the e-beam trajectory offset due to the injection chicane.

with the same dipole field, the electron beam will be offset from the beam axis by 10 mm

when it passes through the cube, and the beam will be offset from the center of the cube by

1.8 mm. This shows that it would be possible to place a 1/2” lens in the beamline.

The cube will be placed at 188.63 mm from the second chicane magnet. This position

was decided based on engineering considerations to place the mirror the closest to the second

magnet. With the 12.7 mm diameter lens rotated by 45.4◦ mounted inside the cube as shown

in Figure 2.12, the projected diameter will be 9 mm in the transverse space.
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2.6 Prebuncher System

This section will discuss how the electron beam will be bunched for the TESSA scheme.

One of the key components of TESSA-266 is the prebunching system in the upstream of the

undulator system. More electrons will be in resonance with radiation with more of them in

phase, i.e. with larger bunching factor:

b(ks) =
1

N

∑
n

eiksψ. (2.7)

The prebuncher system consists of a modulator that is a shorter version of TESSA un-

dulators and a three-magnet magnetic chicane. The prebuncher did not have to be helical

or gap-adjustable, but we meant for the module to serve as a preliminary design for the

TESSA undulators which are helical and gap-adjustable. With eight periods and four arrays

of NdFeB undulator magnets with entrance and exit magnets of 2, 4, 6 mm, and 800 µm per

revolution tuning plates, slanted magnet holders, and 5.58 mm minimum magnetic gap, as-

sembly and measurement of the prebuncher helped to finalize undulator design and improve

construction protocols [15]. Some problems such as the difficulty of inserting magnets be-

cause of the sharp edges on the holders and the strong magnetic strengths were ameliorated

for undulator construction.

Figure 2.7a-c shows fully assembled and tested prebuncher.

Previous studies about manipulation of electron beam and radiation interaction showed

that using a modulator followed by a chicane is a good way to increase the bunching factor

[53]. UCLA has studied the effects of prebunchers at low-gain [107]. Given energy deviation

factor p = (E − E0)/σE and ponderomotive phase θ, electrons passed through a modulator

will deviate by:

p′ = p+ A sin(θ)

θ′ = θ
(2.8)
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Figure 2.13: An example of a modulated (blue) and a bunched beam (red).

where A = ∆E/σE. Followed by a magnetic chicane of dispersion strength R56, particle

positions will shift depending on their energy:

p′′ = p′ = p+ A sin(θ)

θ′′ = θ′ +Bp′.
(2.9)

From the coordinate transformation one can estimate the best R56 and bunching factor.

Figure 2.13 shows an example of a modulated electron beam (blue) and a beam shifted by

a chicane (red) through this coordinate transformation.

The modulation amplitude A represents energy deviation due to a modulator, which can

be expressed in terms of the undulator vector potential parameter K and the laser vector

potential parameter parameter Kl as:

A =
∆γ

σγ
≈ − kKl

Kγrσγ
sin(θr)∆z (2.10)

where δz is modulator length. Laser vector potential Kl = qE/ksmec
2 depends on the field

and the period of the seed.

Determining an optimal set of parameters for buncher length, chicane parameters, or

laser parameters is complicated. The details of the optimization will be discussed in a later

section, but in general a longer modulator could improve bunching factor with the larger
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Figure 2.14: Studies of modulator length, with Rayleigh range and waist position shifted

by an additional length. A larger bunching factor than that of the current setup was a

possibility (a) with the larger bucket height (b). The energy spread of the beam was fixed

at 0.1%.

modulation amplitude, but it will put the main experiment further away from the laser

injection. Longer drift to the experiment would reduce the laser field for the modulator and

increase the laser waist.

Figure 2.14a compares ideal bunching factor calculated from the A,B coordinate transfor-

mation. With the changes in modulator length the waist position and Rayleigh range were

increased by the same amount. The bunching factor is larger with longer prebuncher length

due to the larger modulation amplitude as shown in Figure 2.14b. Meanwhile, the current

configuration of 9λu is near saturation, so bunching would not increase as significantly with

a longer system. The ideal R56 and corresponding modulation shown in Figure 2.14a,b at

each undulator length is based on the A,B coordinate transformation.

The prebuncher chicane for TESSA system will use three rectangular electromagnetic

dipole magnets of 146 mm magnetic length and 120 mm physical length with a gap of

around 20 mm. The field saturation in a simulation is around 0.7 T, while we measured that
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in simulation and measured data was obtaind (b).

current to dipole strength was linear up to 0.3 T (Figure 2.15).

The drift section between the modulator and the first undulator needs to be compactly

designed with quadrupoles and a magnetic chicane as well as steering magnets, YAG, BPM,

and microbunching diagnostics for full assessment of the electron beam entering the TESSA

undulators. As shown in the engineering drawing of the system in Figure 2.17, it is difficult

to make the drift space any shorter unless there were significant re-assessment of the compo-

nents. Consequently, the chicane magnets were placed so that the magnetic lengths barely

touch each other. Figure 2.16 presents R56 computed from the elegant simulation when

dipole strength of the three chicane magnets were varied in ratio. The simulation showed

maximum R56 of the system would be well above the predicted range considering 0.3 T of

saturation dipole strength.
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Figure 2.16: Dipole strength of prebuncher chicane and resulting R56. The x-axis represents

the strength of the center dipole which is twice that of the other two dipoles in the opposite

direction.
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Figure 2.17: An engineering drawing from the injection chicane to the end of the prebuncher

drift (before the first undulator entrance).
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2.7 Undulator Break Section Design

The optimal length for the undulator and for the break section would be to have a longer

undulator and a shorter break section. There would be amplification throughout the tapered

undulator if the necessary conditions (resonance condition, energy spread, emittance, coher-

ence length, etc.) were met, while the power does not increase and the spot size diffracts

throughout the drift section. The undulator length then depends on the capability of the

construction facility to cut and assemble the undulator components and how the undulators

will be transported. Based on the capabilities of the Radiabeam’s facility at the time, 29 λu

of magnetic and 964 mm of mechanical length were determined. Meanwhile, the length of

the break section needed be as short as possible while housing all the required components

for the experiment.

Essential to designing a break section among a set of segmented tapered undulators would

be accounting for the phase difference between electron and light through the break section.

While the electrons moving through the undulator evolve according to the ponderomotive

force due to the electrons and the radiation, the electrons in the drift will lag due to the

lower speed causing overall phase shift. Electrons outside the undulator travel by D/2γ2

through a drift length D, and the corresponding phase shift is 2π
λs

D
2γ2

. Therefore, if the drift

length is 2λsγ
2, electrons and radiation will be back in phase at the entrance of the next

undulator. If the drift length were not exactly an integer-multiple of 2λsγ
2, the electron

beam will enter the next undulator at a different phase. For a tapered undulator system,

the energy of the beam must be different at the end of each undulator, so the ideal break

section would vary based on electron beam energy. Having to change the drift length is not

an ideal experimental setup, so it is necessary that a tapered undulator system has a phase

shifter in the break section. Consequently, there was a need to build the shortest possible

break section in order to reduce the effects of radiation diffraction while still housing a phase

shifter as well as a pair of quadrupoles discussed previously in order to reduce the electron
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beam size. The TESSA break section was designed with a phase shifter made of a dipole

and a set of quadrupoles capable of horizontal offset. Figure 2.18 shows the final design of

the intra-undulator system with a mechanical drift length of 170 mm from the end plates of

undulators.

Quadrupoles for the experiment are hybrid, adjustable quadrupoles designed by UCLA.

The quadrupole design consists of four steel poles with low carbon content (<0.06%), and

two NdFeB (1.45 T remanence) wedge sectors. When the shims are pulled away from the

magnet, the magnetic circuit is severed, and the pole tips are maximally magnetized, still

below the saturation limit. The shims are mounted to the steel poles and their positions are

controlled with thumbscrews. (Figure 2.19a). The hybrid quadrupole design was preferred

in order to fit in the space-limited break section. With the physical length of 26.2 mm, we

measured the magnetic length of 30.9 mm and the integrated gradient of 6.2 T, sufficiently

below the required gradient of 5.62 T optimized for the smallest average beam size (Figure

2.20a,b). We designed the shortest possible dipole magnet that would fit in the clearance

space of 28 mm longitudinal and 38 mm transverse avoiding conflicts with quadrupoles and

the diagnostics assembly. We initially considered a conventional C-shaped dipole magnet

and an H-shaped dipole magnet, but both designs were insufficient to reach the target dipole

field due to the interference with quadrupoles and diagnostics. Consequently a dipole magnet

with a protruded pole was designed in order to increase the field at the center (Figure 2.19b).

We measured up to 0.35 T at current of 6 A with magnetic length of 24 mm, which is above

the required dipole strength of 0.25 T for a full phase shift (Figure 2.20c).

2.7.1 Break Section Length

By optimizing the time-independent GIT simulation, one can assess how the drift length

affects overall efficiency. Figure 2.21a shows how the output power decreases by the rate of

around 1.3% per undulator period. The simulation was done with the phase shift corrected

after each undulator differently for each section length as shown in Figure 2.21b.
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Figure 2.18: Break section design with a doublet of quadrupoles (blue) and an electromag-

netic dipole (red). Grey assembly in the center is diagnostics assembly that contains YAG

screen.
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(a) (b)

Figure 2.19: (a) Hybrid, gap-adjustable quadrupole magnet for TESSA-266 (b) H-shaped

electromagnetic dipole with a protruded pole

2.7.2 Phase Shifter Design

Because of the strong energy dependence per distance due to the strongly tapered system,

a full phase shift capability would be beneficial. As the break section for this experiment

already includes a doublet of quadrupoles, an space-efficient way to design the break sec-

tion was to add an electromagnetic dipole. One can create the dipole field by shifting the

quadrupoles transversely, and with the electromagnetic dipole the three components will

make a three-magnet mini-chicane. The optimal quadrupole shift can be assessed for a given

magnet position and strength based on the e-beam trajectory in a phase shifter.

The phase shift due to the path difference caused by dipoles is

∆δ =
2π

λ
∆s ≈ πh2

λ

(
1

z1
+

1

z2

)
(2.11)

for h << z1, z2 where the rest of the distances are described in Figure 2.22. Given the bend
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Figure 2.20: Magnetic measurements of the breaksection elements. (a) Measured longitudi-

nal gradient profile of the hybrid adjustable quadrupole compared with radia and model

fit with shims all the way in. (b) Comparison of measured integrated gradient of the hybrid

adjustable quadrupole as a function of shim displacement and radia simulation. (c) Mea-

sured longitudinal profile of the electromagnetic dipole.
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Figure 2.22: A phase shifter system with two quadrupoles and a dipole in the center.
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angles for each elements:

θ1 = LQgQ∆x1
E

p

θ2 = LDBD
E

p

θ3 = LQgQ∆x2
E

p

(2.12)

where θ2 = θ1 + θ3, LQ, gQ are the lengths and the gradient of the quadrupoles, and LD, BD

are the lengths and field strength of a dipole. One can approximate the e-beam trajectory

offset as:

h = z1 tan(θ1) ≈ LQBQ
E

p
. (2.13)

Consequently, the phase shift due to dipole magnet in terms of magnet position and strength

can be approximated as:

∆δ =
π

λ

(
E

p

)2

(LDBD)
2 z1z2
z1 + z2

. (2.14)

Based on such considerations, the quadrupole shift required for a given magnet position and

strength is:

∆x1 =
LDBD

LQgQ

z2
z1 + z2

. (2.15)

From these initial approximations, the parameters were further optimized in GPT simula-

tion to straighten the trajectory. Running the simulation at different dipole strengths and

corresponding ideal quadrupole offsets showed that the dipole strength should be greater

than 0.25 T where the quadrupole is offset around 0.6 mm in the first quadrupole (closer

to the dipole) and around 0.4 mm in the second quadrupole. Figure 2.24 shows an example

of the offset quadrupoles and dipole field and e-beam trajectory from GPT simulation at

0.25 T.
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Figure 2.23: Phase shifter simulation of the three-magnet mini-chicane made of two

quadrupoles and a dipole, showing a full-phase shift of 2π for the dipole field (x-axis) greater

than 0.25 T, with quadrupole offsets < 0.6 mm.
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Figure 2.24: Field and e-beam trajectory offset in the break section simulated from GPT
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2.8 Time-independent Simulation

For the initial studies involving magnetic designs of the undulator, quadrupoles, and phase

shifters, time-independent genesis was used. In the time-independent mode of genesis,

electron beam distribution is considered as a constant current and only the evolution of

a single beam slice is followed during the evolution as the assumption is that the slice is

representative of the entire beam. This allows a much shorter computation time and the

simulation shows the three-dimensional effects of amplification, refraction, and diffraction of

radiation, as well as the interaction with transverse electron beam evolution.

The laser waist and the Rayleigh range need to be optimized so that the laser intensity

is sufficiently high at the prebuncher and the undulator entrance. Figure 2.25 shows the

on-axis field and the radiation spot size computed at different waist position and Rayleigh

range. It was found that having the waist position around the undulator entrance is ideal for

this scenario. This was because the laser would be too diffracted in the undulator if the waist

position were at the prebuncher, and the laser spot size would be too large for prebunching

if the waist position were further in the undulator system. The Rayleigh range had a higher

tolerance than the waist position as shown in Figure 2.25. Because the FEL optical effects

dominate the transverse profile in the undulator, larger Rayleigh range did not change the

system as much. Meanwhile, too small Rayleigh range would diffract the laser profile and

consequently degrade the FEL interaction.

Meanwhile, the tapering strength is a determining factor of the efficiency. The tapering

strength is controlled by the resonant phase which changes the size of the separatrix. When

the resonant phase is larger, the tapering is stronger and there is more deceleration, but

fewer particles remain trapped in the ponderomotive bucket. Previous studies have shown

that the resonant phase of 0.5-1.0 would be reasonable to keep the particles trapped while

decelerating. There are many ways to vary the resonant phase, such as to vary linearly or

quadratically through out the system or to change based on the trapping fraction. Figure2.26
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Figure 2.25: Electric field (a) and radiation spot size (b) when the Rayleigh range and the

waist position were 0.3 m (blue), 1.8 m (red), and 3.0 m (yellow). The black solid and dashed

lines represent the electron beam size.

compares a case of fixed resonant phase at a constant of 0.6 rad (blue) and a varied resonant

phase at each undulator period (purple). In both cases, the Rayleigh range and the laser

waist were set at 1.8m. In the case of the varied resonant phase, the initial and the final

phase were adjusted for each undulator section, optimizing eight parameters. The resonant

phase optimization increased the overall power by 2-3 GW.

As shown in the fitted functions, the tapering strength was more linear and rapid when

the resonant phase was fixed at 0.6, while with the varied resonant phase the tapering was

varied more slowly to the third undulator, and tapered more linearly and rapidly through

the last undulator. The fit lines presented above were plotted as grey dotted lines over the

simulation results in 2.26b. Slowly varying the resonant phase reduced the particle loss as

shown in Figure 2.26f.

Figure 2.27 shows the phase space plotted with a separatrix drawn for the resonant phase

at the given position, when the resonant phase was varied throughout z. The figures are

plotted with separatrices 0, 0.3, and 0.6 radians of resonant phase (pink, dotted blue, green)

for illustration. The figures show how the given resonant phase helped with the amplification.
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Figure 2.26: Time-independent GIT tapering results for constant resonant phase (blue) and

varied resonant phase (red).

With the resonant phase selected by the optimizer, the particles initially fit loosely in the

bucket until they reach the third undulator, and then the particles are fit more tightly,

extracting more power towards the end. Given the relatively short length of the system,

one would expect a tighter bucket to taper more rapidly throughout the modules, but the

particular optimization showed that it is preferable to slow down initially and rush at the

end. There have been different attempts to vary the resonant phase by solving for more

tightly fitting bucket at each period, but there have been no interesting results.
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Figure 2.27: e-beam phase space obtained from the GIT simulation (a) after the modu-

lator (b) at the undulator entrance (c) after THESEUS I (d) after THESEUS II (e) after

THESEUS III (f) after THESEUS IV. In the title, ψr=resonant phase, ⟨γ⟩=average energy,

trap=trapping fraction, a=bucket area, h=bucket height85



2.9 Time-dependent Simulation

In an electron beam the head and the tail of the beam arrive at different times. This section

will discuss the time-dependent effects of different temporal distribution given a tapering

profile optimized as described in previous sections.

Figure 2.28a,d illustrates examples of electron bunch distributions where in each dimen-

sion the beam has Gaussian distribution. In practice due to various effects in the linac

transport, the energy distribution can be expressed in terms of the temporal coordinates as

p = p0 + c1t+ c2t
2 + c3t

3 + ... (2.16)

where the first coefficient c1 is referred to as the chirp of the distribution, and the rest of the

coefficients as nonlinear coefficients. Figure 2.28b,d show a chirp of 1% per mm is applied to

the beam, and Figure 2.28c,e show when a nonlinear coefficient is added. Figures (d)-(f) show

the current distribution profile in x-axis and the momentum density in y-axis, plotted with

a contour plot of time and momentum deviation from average. The current distribution

is calculated based on the temporal density and a known value of charge (300 pC). In

genesis simulation, a six-dimensional distribution file of (x,px,y,py,t,p) can be read into

each slice of the distribution. The temporal coordinate of each particle can be converted

into the ponderomotive phase according to the laser wavelength. In every slice, which is

a temporal width of an integer multiple of the radiation wavelength, the ponderomotive

phase corresponds to the temporal deviation from the center of the beam. Conversely, a

ponderomotive phase output from genesis can be converted to temporal coordinates for

elegant or astra.

As of genesis version 2, the number of particles in a distribution is limited to 1250k

particles. The simulation will read the input distribution of (x,px,y,py,t,p) to create a current

profile at each slice as well as the initial particle distribution.
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(a) (b) (c)

(d) (e) (f)

Figure 2.28: An illustration of a Gaussian bunch with a bunch length of 36µm with an energy

spread 0.1% of the bunch length (a), chirped by 1% (b), and with additional nonlinearity

(c).
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2.9.1 Initial time-dependent simulation with ideal electron beam distribution

In the initial studies a Gaussian distribution and a flatter distribution were studied to exam-

ine basic effects added by temporal dependence. After initializing all of the six-dimensional

coordinates of a Gaussian distribution, the temporal profile was flattened by an nth order

super gaussian function λ(t) = I0 exp[−(t/σt)
n] where n is an even number, adjusting the

other parameters to keep the peak current around 1 kA (Figure 2.29a). It was found that

with increasing order n, the efficiency increased as a flatter beam more closely resemble the

steady-state case assumed in time-independent simulations (Figure 2.29c).

Figure 2.31 shows the details of genesis output in time-dependent mode when a flattened

current distribution was run through the undulators. As shown in (a) and (b), the particles

with sufficient current density participated in amplifying the radiation power. The radiation

slippage of around 120 fs agrees with the expected slippage, calculated from 9λu of modulator,

29×4λu, and around 53 + 3×7λu of drift for a total slippage of nearly 40 µm. Presented in

Figure 2.30a and c is the radiation amplification through longitudinal space in z, in which

the radiation was amplified to 34 GW. The radiation energy amplification computed from

the power was compared with the electron beam deceleration in (d). While the transverse

beam size of the electron beam distribution increases slightly over the four undulators due

to the tapering, the radiation diffracts dominantly as shown in (f). As already described

in the earlier sections about the laser parameter optimization, the radiation waist shown

here was not the waist of the seed laser but rather the radiation refraction due to the

electron beam distribution behaving as a refractive medium [62, 95, 105]. Figure 2.31a shows

the longitudinal phase space computed from the particle distribution output of genesis

simulation obtained by converting a particle in a temporal slice into a particle at time t.

The distribution shows how the particles that were at the right timing maximally decelerate

while the other particles that were not trapped experience less deceleration. Figure 2.31b

shows how the spectral density grows both in height and width at the position of each

undulator exit . The width of the final spectrum was around ∆λ/λ ∼ 2e-3.
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Figure 2.29: Super-gaussian distributions of n-th order where n = 2 represents a Gaussian

distribution and the higher order makes a flatter distribution as shown in (a). The peak

current and the charge were kept at 1 kA and 300 pC. Distributions with the temporal

profiles at different n-th order were run in the time-dependent mode of genesis, and showed

higher efficiency as the current distribution was flattened. The right-hand side of (b) shows

a ratio of the area of the pulse that fills a rectangular pulse, indicating the flatness of a

distribution. (c) shows a fit between the distribution flatness and the efficiency, where [FEL

efficiency] = 0.15 [flatness] -0.05
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Figure 2.30: genesis simulation results in time-dependent mode. Ideal electron distribution

with rectangular-pulse shaped current was passed through a prebuncher and four tapered

and segmented undulators in the presence of a seed laser.
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Figure 2.31: Time dependent genesis simulation. (a) Longitudinal phase space output of

time-dependent simulation of an electron beam that passed through the four undulators (b)

spectral density distribution at the exit of each undulator.

2.9.2 Longitudinal phase space simulation of LEA-TESSA

The beamline in the Linac Extension Area (LEA) starts with a 1.6 cell 2856 MHz photoin-

jector that operate at 150-300 pC and QE of around 5e-5. Out of the photoinjector the

electron beam has a low emittance of around 2mm mrad. The beamline has a single module

linac L1 and alpha magnets which are used to bring in the beam from the thermionic RF

gun for the APS ring. Depending on the experiment schedule either the beam would run in

interleaving mode with APS ring or would run the beamline from the upgraded photoinjector

[102]. The next linac L2 brings the energy to 150 MeV, which is the nominal beam energy

to operate the bunch compressor. The bunch compressor has four rectangular dipoles that

are asymmetrically placed to reduce the CSR growth [14] and has nominal R56 of -.065 m.

Then the electrons pass through two more sections of linacs L4 and L5. The nomenclature

of L3 is taken by the bunch compressor area. The beam passes through four vertical ramps

to reach the Linac Extension Area (LEA), which is a tunnel around 50 meters long that is
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used to host various experiments. Currently installed components in the tunnel fill about

17 meters of the space; the last element is a dipole that will be turned off for the TESSA

experiment. Figure 2.32 shows an illustration of the electron beam in the TESSA experiment

and relevant photos in the beamline.

In the current beamline configuration the electron beam going through the accelerating

cavities acquires a strong second order nonlinearity after the bunch compressor.

This can be understood as follows. A Gaussian beam (zi, γi) goes through the gun

(amplitude Ag, phase ϕg) and the linacs (amplitudes A1, A2 and phases ϕ1, ϕ2) following the

equation:

γf = Ag sin (kzi + ϕg) + A1 sin (kzi + ϕ1) + A2 sin (kzi + ϕ2) (2.17)

where the distribution is chirped according to the linac phases ϕ1 and ϕ2, and then pass

through a bunch compressor with parameters R56,T566, and U5666:

zf = zi +R56δγ + T566δ
2
γ + U5666δ

3
γ

(2.18)

where R56, T566, and U5666 represent the matrix elements of a bunch compressor and δγ =

(γ− < γ >)/ < γ >. The resulting current distribution becomes skewed because of the

nonlinear terms before the bunch compressor.

If one subtracts out the second and the third order terms and passes the beam through

the chicane with the same matrix elements, the final distribution becomes less skewed and

more compressed. Neglecting the collective effects, one can also completely cancel out all

nonlinearities by setting up the system according to the coefficients d1, d2, d3 expanded from

the distribution before the bunch compressor:

δγ = d1z0 + d2z
2
0 + d3z

3
0

zf = (1 + d1R56)z0 + (d2R56 + d21T566)z
2
0 + (d3R56 + 2d1d2T566 + d31U5666)z

3
0 + . . . (2.19)
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the beamline elements from the photoinjector to the LEA-TESSA setup. (b) A Solidwork

assembly view of the beamline elements in the LEA-TESSA setup. (c) A Solidwork assembly

view of the LEA tunnel with the experimental setup. (d) A photo of the LEA tunnel.93



Figure 2.33: Single particle tracking considering a linearizer preceding the bunch compres-

sion in LEA beamline shown with different amplitudes and wave vectors (left: A = 1.2, k =

2500m−1, right: A = 0.5, k = 1700m−1). The white solid lines indicate the current distribu-

tion, and the red dashed lines indicate current without the linearization.

In a practical scenario, correcting the terms before the bunch compressor can be done by

adding a linearizer to the system to manipulate the distribution before passing through the

bunch compressor, and changing the matrix elements corresponds to adding magnets like

a sextupole or an octupole to correct the matrix elements T566 and U5666 to cancel out the

RHS of Equation 2.19.

There would be numerous solutions to help with the longitudinal distribution that could

be made depending on time and resources available. For the LEA-TESSA system discussed

in this document, we chose to investigate a corrugated flat pipe as a linearizer because it

was the more convenient option.

Previous studies have shown that longitudinal wake effects due to a corrugated pipe can

be used to manipulate the nonlinear terms [5]. A slab structure can be designed to have an

adjustable gap size, which can be used to control the amplitude of the wake, while the wave

vector is influenced by both the gap and the corrugation characteristics. The transverse
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wake effects cause an emittance growth, but positioning two slab structures horizontally and

vertically will cancel out the effects to minimize the emittance growth [119].

The single mode wake due to a flat linearizer can be expressed as [4]:

w(s) =
Z0c

2πa2
L cos (kz) (2.20)

where k =
√

2p
aδg

is the wave vector of the linearizer corresponding to the period p, depth δ,

and gap g of the periodic corrugation, and a is the radius or the half-gap of the linearizer.

Figure 2.33 shows how the wave amplitude and vector influence the longitudinal phase space

computed in single-particle tracking. Compared to the red dashed line, which indicates the

current distribution without the linearizer, the distribution can be made more centered or

flatter according to the wave amplitude and the wave vector.

The details of an optimal amplitude and wave vector become complicated once the col-

lective effects are considered. There are around 100 meters of drift space to reach the LEA

tunnel, and the longitudinal space charge effects add up as the beam passes through the

drift space. The coherent synchrotron radiation effects caused by the dipole magnets in the

chicane and the vertical ramp also influence the energy spread and the emittance of the

beam. Optimization with the collective effects was studied by running elegant simulation

from the entrance of linac L2 to TESSA entrance. The input distribution from the photo-

cathode and the first linac L1 was optimized in an astra simulation taking into account

the transverse emittance and the beam size needed for the beamline. The best possible

distribution without a linearizer (left side) is compared with the best possible distribution

with a linearizer (right side) in Figure 2.34. Figure 2.34a shows the initial distribution before

the bunch compressor without linearization. The phase and the amplitude of the linac were

adjusted to get a smaller nonlinearity, but the second order is still concave down while the

first order coefficient would be positive. Considering R56 ∼ −1/d1 this means T566 > 0 while

d2R56 > 0, so the two will not cancel out the second order nonlinear term in Equation 2.19.

In the case shown in Figure 2.34b, the second order term is small and positive (around 50
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m−1) and helped with the asymmetry of the distribution. The final distribution shown in

(e) and (f) are input distribution for the FEL simulation. The increased noise in both cases

is due to the longitudinal space charge effects causing microbunching instability and density

modulation due to travelling at high current through 150 m. The noise can be suppressed

in simulation depending on the filter parameters, but it is undetermined whether the effects

are physical. The microbunching instability has been known to degrade the seeded FEL

interaction. Adding a laser heater (a setup of four-magnetic chicane and a short undulator)

can improve the beam quality in the case the effects are physical[120].

Distribution with the linearizer can give up to 3% extraction efficiency in the longitudinal

phase space. The longitudinal phase space matching could improve up to 5% with the

same current distribution if the energy spread were controlled, but the energy spread from

optimized settings remained around 1-2%, an order of magnitude greater than ideal. The

high double-hump peak current can be improved by adjusting the chicane matrix elements

with an octupole [106], but just as a sextupole it would be difficult to adjust the phase

advance and the emittance growth with the limited space available.

Alternative solutions that were considered during the LEA/TESSA project period were

placing sextupoles and an octupole in the bunch compressor, placing a x-band linearizer

in place of the bunch compressor and moving the bunch compressor to the LEA, adding

a sextupole in the vertical ramp to the LEA, or adding a secondary bunch compressor.

Nevertheless, the emittance growth due to adding a sextupole and/or an octupole will be

difficult to control due to the lack of space in the currently installed bunch compressor.

Ideally it should be possible to reduce the emittance growth by adjusting parameters such

as the betatron phase advance and the chromaticity.

TESSA collaborators also explored the solution of utilizing the vertical ramp by installing

a sextupole in the dogleg system, but energy spread and emittance growth needed more

evaluation. Other solutions like moving the bunch compressor, adding a x-band linearizer,

or adding a secondary bunch compressor were too costly for the project period.
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Without considering the monetary and the time-line aspects of the project, using two-

stage bunch compressors with nonlinearity correction would be another good solution for

an FEL experiment [109, 106]. Sending a low peak current through the 150 m to the LEA

tunnel and then compressing the beam for the TESSA experiment will also help reducing

the space charge effects.
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Figure 2.34: Longitudinal phase space distribution from elegant simulation without (left)

and with the linearizer (right). (a) and (b) show before the bunch compressor, (c) and (d)

show after the bunch compressor, and (e) and (f) show at TESSA prebuncher entrance. The

linearizer was placed before Linac L2 that is upstream of the bunch compressor.
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2.10 Wake Effects on TESSA266

Wakefield effects are due to the electromagnetic interaction of a test charge due to the

beam charges in front of it. The wake effects are influenced by the characteristics of the

vacuum chamber that the charges travel through. The vacuum pipe for the TESSA undulator

is a thin stainless pipe of OD=5.55mm and ID=4.54mm. This is smaller than that of

the predecessor undulator used for the Rubicon and the Nocibur experiment, which had a

gap greater than 12 mm [107]. If the pipe were perfectly conductive and smooth, it will

not generate electric fields when a charged beam passes through. Stainless steel materials

have a finite conductivity of 3.2 × 1017s−1, greater than that of aluminum materials with

1.3 × 1016s−1. The longitudinal wake of a cylindrical resistive pipe can be derived from

Maxwell’s equations: [17]:

W (s) =
16

a2

[
e−s/s0

3
cos

√
3s

s0
−

√
2

π

∫ ∞

0

dxx2e−x
2s/s0

x6 + 8
,

]
(2.21)

where s0 is the characteristic distance s0 = (ca2/2πσ)1/3 a parameter that depends on the

pipe radius a and the conductivity σ. The wake field effects due to an electron bunch can

be estimated by the convolution integration over a beam distribution.

Wλ(s) = Ne2
∫ ∞

−∞
λ(s− s′)wl(s

′)ds′ (2.22)

where λ(s) is a normalized charge distribution and Ne is the total charge of a bunch. Simu-

lations of the wake at different radii shows that the small vacuum chamber would not be as

significant considering that the bunch wake magnitude is saturated around 4-6 mm of inner

diameter.

Figure 2.35(b) shows the wake field due to a Gaussian current distribution of 300 pC

and 36 µm. In a genesis simulation, energy loss at each slice is subtracted. The simulation

shows that there would be 4 percent-difference in efficiency from 5.33% to 5.09% when taking

into account the wake effects.
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Figure 2.35: Wake effects due to the resistive wall of a round pipe with inner radius 4.54mm,

where (a) shows wake function and (b) shows bunch wake (black) due to a Gaussian current

distribution (blue) of charge = 300 pC and bunch length 36µm (normalized and shifted for

visualization).

200 220 240 260 280 300 320
s [ m]

(c)

0.08

0.06

0.04

0.02

0.00

/

no wake, eff=5.33%
resistive wall wake, eff=5.09%

Figure 2.36: Genesis simulation of optimized tapering without (blue) and with (orange) wake

due to a resistive wall, with an inner diameter 4.54mm. The result showed that there would

be 4 percent-difference in efficiency due to the resistive wall.
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2.11 Tolerance Studies

The study of tolerance in the TESSA simulation parameters was done by running the Genesis

simulation based on a magnetic lattice with the optimized tapering scheme. While the

effects of the parameters based on the tapering optimization could be an interesting subject

for design purposes, the experimental tolerance should be based on an already optimized

tapering scheme, resembling a tuned and measured undulator in a beamline. Changing

one or two simulation parameters from the ideal, similar to how they would diverge in

the laboratory, one can estimate whether the experiment will produce a measurable and

publishable result despite the errors that would emerge in reality. We set the minimum

acceptable amplification as -20% from the ideal value. Although an amplification less than

this amount could still be measurable, a lower tolerance limit would not be safe because

some of the errors would add in quadrature.

2.11.1 Magnetic Tolerance

The magnetic tolerance indicates how close the undulator field should be to the ideal in order

to measure the amplification. A potential problem that can increase the magnetic error on

the axis would be the deviation of the magnitude of and the angle of the magnetization in each

of the undulator magnets. The undulator components such as the strong backs, the magnet

holders, and the tuning plates should be engineered according to the tolerance estimate.

In addition, the magnetic measurement tools should have sufficient precision to verify such

tolerance estimate. In order to include the magnetic errors due to realistic circumstances,

the field at each period was changed for a set of pseudo-random numbers generated within

the range of the given percentage. Figure 2.37(a) shows how the change in the magnetic

error would affect the radiation amplification in the time-independent genesis simulation.

The time-independent scheme is sufficient to study the magnetic error because the undulator

vector potential parameter is slice-independent. The simulation showed that the magnetic
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Figure 2.37: The tolerance in the magnetic strength and the alignment error. The magnetic

strength was varied by changing the undulator vector potential parameter K per period from

the optimized tapering in the genesis simulation. Alignment offsets were varied by shifting

the beam position at each undulator entrance. The dashed lines show the -20% tolerance

level set for the experiment.

error tolerance was 0.1%. In the LEA-TESSA scheme the initial vector potential parameter is

2.5, and with a 3.2 cm undulator period this gives a magnetic error tolerance is 8 gauss. This

parameter is critical in the construction because the tuning screw should be precise enough

that when it changes the on-axis field the gradient should be smaller than the tolerance,

and also in the measurement setup because the probe sensitivity should be better than the

target tolerance.

2.11.2 Alignment Tolerance

Aligning a system of four 1-meter-long undulator segments will require some engineering

efforts, and realistically there would be some alignment error between each undulator. The
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simplest way to study the alignment in the genesis simulation is to shift the electron beam

particle positions after each undulator section while the undulator field stays on-axis. Figure

2.37(b) shows the alignment tolerance is 50µm. Another way to study the alignment would

be to run the simulation in GPT, along with the breaksection, where it would be possible

to change the angle of the axis for the undulator field profile. Then the parameters, such as

the energy spread or the centroid position, would indicate how the beam may decelerate.

2.11.3 Simultaneous studies of magnetic and alignment error

In practice, both the magnetic field and the undulator alignment will have errors. It is

important to study how the two parameters will add to the overall uncertainty. Figure

2.37 shows that the parameters add in quadrature. The magnetic error of 0.1% and the

mechanical offset of 40 µm will add to the total error of -20% decrease in efficiency.

2.11.4 Energy Jitter

Electron beam energy varies per each shot due to numerous factors in the laboratory, such as

the laser time of arrival jitter of the gun, the vacuum environment, the RF power fluctuations,

or the cavity temperature. The energy jitter in the LEA beam is 150 keV up to 500 MeV,

so less than .05%. In the time-independent genesis simulation, the initial energy entering

the TESSA beamline is simply a single input parameter. For the longitudinal phase space

of the time-dependent scheme it is better to consider the change of the energy in the input

distribution. The average energy of a 6d-distribution was shifted according to the percentage

in the error (Figure 2.39a). The simulation showed that the energy jitter should be better

than ±0.1%.
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Figure 2.38: A study of simultaneous variation in (a) alignment and magnetic strength and

(b) timing and energy. The studies showed that the parameters add in quadrature.
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Figure 2.39: Energy and temporal jitter studied in time-dependent Genesis simulation using

an ideal Gaussian distribution.

2.11.5 Beam Arrival Time

The arrival time of the seed laser can vary based on how the laser and the electron beams are

set up. The beam arrival time jitter in the APS LEA beam is 200 fs. To simulate the beam

timing in the genesis simulation the time difference between the electron beam and the seed

laser was varied. Figure 2.39b shows that the timing jitter of 300 fs would be acceptable for

the experiment.

2.11.6 Energy Spread

The energy spread parameter is another important parameter in free-electron laser studies.

The energy spread for a good FEL interaction should be smaller than the Pierce parameter

[86], which is 9 × 10−3 with K = 2.5, γ = 671.2, and σx = 46µm. The expected energy

spread is .1% of the average energy. As shown in Figure 2.40, the FEL interaction degrades

exponentially as the energy spread deviates from 0.1%, and should be less than 0.15% for
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Figure 2.40: Tolerance studies in the time-independent genesis of TESSA-266 where the

simulation showed that the energy spread should be less than 0.15% (a), and horizontal

emittance should be less than 2.5µm in order for a tolerance limit of -20% (b).

the tolerance limit of -20%.

2.11.7 Transverse Emittance

In the initial design studies, the transverse emittance is 2 mm-mrad. This is 3 × 10−9 in

the geometric emittance and is less than λ/4π = 20 × 10−9 as required for a good FEL

interaction[86]. As the transverse emittance increases, the interaction degrades because the

ratio between the electron beam and the laser spot size ratio is critical in their interaction.

The simulation showed that emittance should be less than 2.5 µm to be above the tolerance

limit as shown in Figure 2.40.

2.11.8 A Summary of Tolerance Studies

Table 2.4 summarizes the tolerance intervals obtained for all of the parameters including

laser waist position, Rayleigh range, energy spread and transverse emittance. These results
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are important not only to give an idea of the beam stability required for the experiment,

but also as they allow to specify the level of accuracy of the various diagnostics used to

characterize the TESSA-266 input beams.

Tolerance / Jitter Studies

Parameter Unit Value/tolerance

Relative magnetic errors % ± 0.1

Beam energy jitter % ±0.2

Undulator section alignment µm ±60

Time of arrival ps ±0.35

Minimum input seed power GW 0.5

Energy spread % <0.15

Transv. emittance mm-mrad <2.5

Table 2.4: Tolerance and jitter studies of key parameters in TESSA-266. The values represent

the deviation from the nominal parameters which would be acceptable for the experiment.
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2.12 Post-Undulator Diagnostics

In TESSA electron beam deceleration process, the electrons trapped in the ponderomotive

bucket will decelerate by around 10% of their initial, while the detrapped electrons remain

at higher energy. This section will explore design plans for electron beam energy diagnostics

that could energy spread up to 15%. In addition to 15% energy spread due to the FEL

deceleration, it would be helpful to also be able to measure less than 0.1% energy spread

which is the nominal energy spread. In this way, the spectrometer can be used during the

installation process to evaluate the beam after the prebuncher.

In the temporal aspect of the bunch length, we can assume a Gaussian or a flat dis-

tribution which would have 30-100µ (100-300 fs) of bunch length for 300 pC. This section

presents design studies for after-undulator electron beam diagnostics that were planned with

the TESSA collaborators.1

Some of the key parameters in designing a spectrometer are the energy spread of interest

and the available drift space for the diagnostics. The best energy resolution of a spectrom-

eter is achieved when the e-beam size is minimized at the measurement screen, while the

dispersion is large enough at the bending magnet [116]. Given that there is a sufficient

space for the diagnostics (around 10 meters), the dipole does not have to be very strong to

achieve a sufficient vertical dispersion. Electron beam with energy spread δE = ∆E
E

after a

spectrometer of length L, bending angle θb, and radius of curvature ρ would drift through

space of distance D following the vertical dispersion of the transport matrix R36:

y = R36δE

y = (ρ(1− cos (θ)) +D sin (θb))δE.
(2.23)

1Although a technical note was not published due to the complicated status of TESSA project, the work
presented here was planned with A. Zholents as a TESSA collaboration during the SCGSR period, where
he helped with the analytic studies and the design choices for the diagnostics presented in this section.
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which can be written as

y =

(
L

θb

(
1−

(
1− θ2b

2

))
+Dθb

)
δE

y =

(
θ

(
L

2
+D

))
δE.

(2.24)

In other words, the electrons passing through the bend magnet will deflect to different

angles according to their energy, and their overall difference in energy would be related to

the overall vertical beam size at the screen. Therefore, assuming a 1.5 inch screen size, an

energy spread 0.15, a drift space of 2.5 m, and a 0.1 m bend magnet, the bend angle should

be around 5◦. One would require a larger bend angle if there were a less drift space available,

but otherwise it would be more cost-efficient to consider a smaller deflection angle as a design

parameter.

Moreover, the vertical beam size at the screen position should be as small as possible to

improve the resolution, so σy < R36δE will be critical when considering the focusing.

In the temporal side, we plan to use an horizontally deflecting cavity. The deflecting

voltage is chosen based on how the electron beam should be kicked. The horizontal kick

angle on the electron beam due to a deflecting cavity of voltage Vc, cavity frequency ωc, and

electron beam energy E during time τ can be expressed as[101, 1] :

x′(t) =
eV

E
sin (ωt). (2.25)

The deflecting cavity affects the energy spread of the electron beam, so pushing too much

on the time resolution will negatively affect the general performance of the longitudinal phase

space diagnostics. This effect can be explained by Panofsky-Wentzel Theorem which says

the curl of the integrated impulse, or the wake potential is zero.

∂px
∂z

− ∂pz
∂x

= 0 (2.26)

Given that the energy spread can be expressed in terms of cavity voltage and frequency

δE =
σE
E

∼ eV

cE
ωσx, (2.27)
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Figure 2.41: (a) Temporal resolution at different cavity voltage and the transverse parameters

(b) Energy resolution at given temporal resolution based on Panofsky-Wentzel theorem

the energy spread can be expressed in terms of in terms of the temporal resolution τ achieved

by a given cavity voltage V

δE =
1

τ
σx′σx, (2.28)

which can also be expressed in terms of the Twiss parameters as

δEτ = ϵ(1 + α2). (2.29)

Interestingly, the energy and the temporal resolution are limited by each other. If the emit-

tance and α were constant, the multiplication of the energy and the temporal resolution

should be constant. Therefore, one would find the best temporal resolution while also con-

sidering the induced energy spread and energy resolution required for the system.

Presented in Figure 2.41a is the temporal resolution given at different transverse voltage,

where larger βx and smaller αx is advantageous to get better resolution with the same cavity

voltage based on Equation 2.25. In addition, at a given temporal resolution one can compute

the induced energy spread based on 2.29 as shown in Figure 2.41b.

Based on the initial design of spectrometer and the deflecting cavity, both elements

would benefit from a larger beta function in their position and smaller beam size on the
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Figure 2.42: Twiss parameters, dispersion, and phase advance throughout the after undulator

diagnostics section

screen. Accordingly, a five quadrupole system was presented as a final design, where three

quadrupoles before the deflecting cavity increase the beam size horizontally and vertically,

and the last two quadrupoles focus the beam size to fit on screen (Figure 2.42).

Figure 2.43a shows the electron beam particle distribution output from the genesis

simulation, where the distribution is re-scaled based on the current density at each slice,

and Figure 2.43b shows the on-screen image output of the elegant simulation after the

beam pass through the after-undulator diagnostics section, with a spectrometer of 0.25 m

at a 5◦ bend angle, 1.2 m deflecting cavity at 15 MV, and five quadrupoles of 0.104 m with

geometric strengths up to 15 m−1 (15-27 T/m at 300-343 MeV).

The decelerated distribution has different transverse beam parameters in each energy-

slice of the beam, so selecting the most decelerated portion of the particles to fine-tune the

quadrupole strength helps with the visualization. After fine-tuning the parameters based

on the lower-energy potion of the beam, the Twiss parameters were αx, αy ∼ 0.5, βx, βy ∼
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Figure 2.43: (a) Longitudinal phase space distribution of e-beam from TESSA-266 from

genesis simulation (b) Transverse beam distribution on screen after the diagnostics from

elegant simulation.

9, 12 m at the deflector and the bending magnet respectively, and at the screen were αx, αy ∼

1.7 and βx, βy ∼ 1.2, 0.4.

Finally, the resolution of the diagnostics was studied by changing the energy spread and

the bunch length of an input Gaussian beam throughout the same lattice (Figure 2.44) where

the beam showed linear relationship in beam distribution parameters to on-screen beam size

up to 100 fs and 0.1%.
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Figure 2.44: Temporal and energy resolution of the after-undulator diagnostics.

2.12.1 TESSO

The LEA-TESSA simulation studies have furthered the understanding of how to improve the

tapering to maximize the efficiency. The next big steps in the project are to demonstrate the

oscillator setup of the TESSA system and to move towards a shorter radiation wavelength.

To increase the average power, the TESSA system should be in an oscillator setup with

a high repetition rate. While the system uses prebunched electron beams and tapered

undulators, a portion of the undulator radiation is sent back to the prebuncher entrance

using a beam splitter or a mirror with a hole. A lens is placed to focus the beam back to the

initial spot size. By optimizing the transmission and the optical setup, an FEL oscillator

outputs a stable amount of power if an input radiation with a suitable power and a spot size

is fed back to the undulator at every passes. According to the previous simulation studies,

a system of e-beam energy 250 MeV, radiation wavelength of 1 µm, and undulator vector

potential 4.2 can generate an average power up to 250 kW [31] (Figure 2.45a).

Figure 2.45b shows an example of time-independent simulation output given a TESSO

system at 257.5 nm radiation wavelength. Ten percent of output radiation travels back to

the cavity and passes through a focusing lens of 4 meters, and returns to the prebuncher
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DURIS, MUSUMECI, SUDAR, MUROKH, and GOVER 
PHYS. REV. ACCEL. BEAMS 21, 080705 (2018)

Figure 2.45: a) A schematic layout of the TESSO experiment. Optical elements are used

to recirculate a portion of the undulator radiation to use as a seed for the next pass. b) A

simulation output of TESSO at 257.5 nm with transmission of 10% and focusing element of

4 m.
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entrance. After the first ten passes, the output power is stabilized at 32 GW. If the seed laser

had a pulse length of 180 µm and e-beam were at a repetition rate of 1 MHz, the system

would have an average power of 17 kW.

Currently, because of the changes in the plans at APS, an experimental verification of

the high gain TESSA regime is to be held at Fermilab Accelerator Science and Technology

(FAST) at a lower energy and a longer wavelength (150 MeV and 515 nm). The supercon-

ducting accelerator in the FAST beamline enables 3-9 MHz repetition rate, allowing a very

high average beam power. In the case of the FAST beamline at a longer wavelength, a peak

power of 12 GW is possible at a peak current of 600 A, based on an optimization process

discussed earlier. When placed in an oscillator setup, the system requires more portion of

the undulator radiation for the seed, because the output peak power is lower. The seed laser

should be greater than 1 GW in order to modulate the beam for prebunching. When 30 %

of radiation is sent back as a seed, passing through a lens of 4.2 meters focal length, the

output power stabilizes after ten passes. For a repetition rate of 5 MHz and radiation pulse

length of 180 µm, an average power of 30 kW would be possible.

In order to obtain the maximum possible average power, the transmission and optical

system should be optimized more thoroughly. In addition, the time-dependent simulation of

a realistic input beam should be considered in order to fully assess the system efficiency.

The cavity requires a long optical distance to synchronize with a repetition rate of 1-

5 MHz. The travel distance should be 300 meters at 1 MHz and 60 meters at 5 MHz.

An experimental demonstration of the TESSO system will pave the way to the short

wavelength, high efficiency, high average power radiation source. A high average power and

short wavelength radiation source will increase the productivity of EUV lithography. A high

average power radiation source is also beneficial in the research areas of beam-based space

propulsion, nuclear power plants, and plasma ignition.
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CHAPTER 3

The TESSAtron experiment and future goals

The final chapter of this document discusses a recent experiment conducted at UCLA using

the undulator made for the TESSA experiment. While the LEA-TESSA experiment was

postponed due to the COVID situation compounded with the national laboratory schedule,

the experiment held at UCLA demonstrated a high efficiency, high power FEL-based THz

radiation source, verifying a zero slippage interaction and also testing the new undulator built

by Radiabeam/UCLA for the TESSA experiment. This chapter first discusses the motivation

for a THz experiment and introduces the concept behind the zero slippage interaction and

the reasoning behind the parameter choices. Then, the experimental setup and results are

discussed, followed by more details about the simulation and the experimental protocols.

The frequency range of 0.1 THz and 30 THz is called the THz gap because of the scarcity

of usual radiation sources in the range. Diode lasers have a wide coverage of high frequencies

from mid-infrared to UV (3 µm to 200 nm) [114], and microwave and radiowave sources can

cover the lower frequencies (1 cm to 1 m), but efficient radiation sources in between the two

ranges are less available.

Because the THz waves are transparent to some materials that are opaque in the visible

waves, THz imaging has been used for medical and security imaging. The THz range has

also been of great interest for molecular spectroscopy of chemical species that have strong

absorption lines in the THz.

Researchers in the past decades have developed THz radiation sources based on variety

of methods. Electronic solid state lasers, quantum cascade lasers, and laser driven THz
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TESSAtron*

Figure 3.1: Average power of vacuum, electron THz devices available [24] plotted with the

experimental result of the TESSAtron experiment (star) and expected spectrum (green).

emitters are some examples of compact THz sources that have become basis for modern

imaging technologies.

Traditional vacuum based compact radiation sources such as klystrons or magnetrons

usually provide higher power, but they become less efficient at higher frequencies above

300 GHz [24] (Figure 3.1). Recent advancements of gyrotrons have provided higher power

radiation sources in the THz range. A gyrotron is another beam-based THz source based on

high field magnets that has been researched since the 1950’s, in which electron beams are

emitted from a cathode and gyrate in an magnetic field [64]. In the kilowatt range gyrotrons

are used for electron spin resonance spectroscopy [75] and distant detection of radiaoactive

sources[64].

117



Higher power, megawatts-class THz sources have been used in energy and space sciences.

Repetitive pulses from a THz source of 1 MW, 170 GHz gyrotron were used for plasma

ignited propulsion, which generated up to 300 N/MW for propulsion [80]. Megawatt-level,

nearly continuous millimeter sources are used for nuclear power plants and for plasma ig-

nition and heating [110, 111]. Developing THz radiation sources with more peak power

and more average power is important for progress in the energy research. The International

thermonuclear experimental reactor project (ITER) would require eleven 170 GHz gyrotrons

that provide 1 MW of continuous power. Future fusion power plants demand even higher

power [68]; for example, DEMO, a conceptual fusion power plant, demands a 50 MW source

with 60% efficiency [49].

FEL-based THz sources have also been researched over decades. UCSB FEL has provided

kW power THz sources (2.5 mm to 340 mum) to users since 1998 [91]. JLab has achieved

an average power of 20 W and peak power of 1 MW at around 0.5 THz[16]. NovoFEL has

an average power of 400 W and peak power of 0.6kW [63]. Osaka FEL measured 29 mJ of

4µm FWHM at 65 µm, with 260µJ micropulse energy [58].

Both gyrotrons and FELs operate in vacuum and generate radiation due to the curved

trajectory of electrons. While the magnetic field of an undulator is periodic due to the

external periodic array of magnets, the magnetic field of a gyrotron is uniform axial field

caused by the coils surrounding the tube. of electrons guided by external magnetic field. The

researchers increase the efficiency of the gyrotrons by tapering the field [27], matching the

dispersion relation of the waveguide [61], as well as improving the e-beam bunching [103],

similar to how the researchers improve the FEL FEL efficiency. Due to the similarities in

the two systems, improving one system can provide interesting insights for the other in a

constructive manner.

Gyrotrons are usually compactly made devices for commercial purposes while the FELs

are large laboratory sized system. Meanwhile, FELs can also be designed in a compact

manner.
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The recent THz experiment conducted at the PEGASUS Laboratory at UCLA utilizes

already installed S-band photoinjector and an 11-cell S-band linear accelerator, with beam

energy of γ=10-18 and bunch charge of 1-500 pC (Figure 3.1) [41].

The demonstration of high efficiency and high peak power due to the zero slippage inter-

action, as well as testing the recently built helical undulator will serve as an important step

in the development of a high average power FEL based radiation source.

3.0.1 The zero slippage condition

The zero slippage interaction refers to matching the phase and the group velocity of the

radiation with the electron beam velocity. By matching the dispersion relation of the waveg-

uide and the electron beam, it is possible to satisfy the resonance condition with a large

bandwidth of frequencies and support interaction with short electron bunches.

The longitudinal velocity of electrons can be written as

βz =

√
1− 1 +K2

γ2
(3.1)

as shown in Chapter 1. By the FEL resonance condition, the gradient of the ponderomotive

phase must stay constant

∂θ

∂z
= (kw + ks)− ω

∂t

∂z
≈ (kw + ks)−

ω

vz
= 0, (3.2)

so the resonant frequency can be written as

ω = cβz(ku + ks). (3.3)

The magnitude of a wave vector is a summation in quadrature of the longitudinal wave

vector and the the transverse wave vector

k20 =
ω2

c2
= k2s + k2⊥ (3.4)
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in which the transverse wave vector of a TE11 circular waveguide mode is

k⊥ =
1.8412

R
(3.5)

where R is the radius of the waveguide, and the longitudinal wave vector is dominated by the

laser field. The longitudinal wave vector can be substituted to find the solution for the zero

slippage condition. Defining γ2z =
1

1−β2
z
= γ2

1+K2 , the resonant wave vector can be derived as

ω = cγ2zβz

(
ku ±

√
k2u −

k2⊥ + k2u
γ2z

)
. (3.6)

Depending on the electron beam energy, the quadratic solution would have a single tangential

solution between the waveguide dispersion and the electron beam resonant energy:

ku =
1

γz,zs

√
k2u + k2⊥

ωzs = cγ2z,zsβz,zsku

(3.7)

The resonant energy and the frequency at the zero slippage condition based on the above

relation is:

γ2z,zs = 1 +
k2⊥
k2u

ωzs = ck⊥

√
1 +

k2⊥
k2u

(3.8)

which also relates the zero-slippage resonant energy and frequency as

ωzs = ck⊥γz,zs. (3.9)

Therefore, the radiation frequency can be written in terms of the beam energy and the

resonant energy as

ω =
ckuγ

2

1 +K2

√
1− 1 +K2

γ2

(
1±

√
1− γ2zs

γ2

)
. (3.10)

When there are two solutions to the frequency, at the higher frequency the radiation

group velocity is larger than the electron velocity, and at the lower frequency the radiation
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group velocity is smaller than the electron velocity. The wave packet therefore has a fast

high frequency slipping ahead of the electron bunch, and a lower frequency trailing behind.

When the system is at the zero slippage condition, the wave packet travels at vg = cβz.

As shown in Figure 3.2a, the waveguide and the electron beam dispersion relation cross

tangentially at the single solution, allowing a broader spectral bandwidth of resonant fre-

quency in the neighborhood (the red fill in Figure 3.2a). Not only that, there are two

solutions when the energy is above the resonant energy (the cyan stars in Figure 3.2a). As a

result, the system is less susceptible to deviate from the resonance condition. In comparison,

the dispersion relation of the laser wave in free space is ω = cks which is a straight line,

and consequently there is only one solution for the resonance condition (the red hexagon in

Figure 3.2a). When the energy is lower, there would be no crossing between the dispersion

relation of the waveguide and the electron beam.

Given the fixed undulator period (32 mm) of Theseus, the frequency is dominated by

the radius of the waveguide. Figure 3.2b shows the relation of the frequency and the pipe

radius. The resonant frequency increases with a smaller waveguide. Meanwhile, with a

smaller pipe radius, the system needs a higher energy, given the same undulator field, to

meet the resonance condition. However, as the waveguide becomes smaller it is more difficult

to pass the electron beam through the pipe.

An electron beam in a helical undulator travels in a helical trajectory as illustrated in

Figure 3.3. The transmission of an electron beam travelling in a helix through a thin pipe

depends on the helix radius and the pipe radius. A helically travelling beam with a larger

helix radius has more difficulty to pass through a small pipe as the pipe can sag mid-way

through the meter-long undulator, and the beam will also go through the betatron oscillation.

The helical trajectory in an undulator has a radius of

r =
K

γkuβz
(3.11)
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Figure 3.2: Zero slippage condition. a) Zero slippage resonant energy compared with the

waveguide pipe radius and undulator on-axis field, given a fixed undulator period of 32 mm.

b) Zero slippage resonant frequency at different waveguide radii and a fixed undulator period

of 32 mm. c) Zero-slippage resonant frequency compared with the waveguide pipe radius

and the undulator on-axis field. d) electron beam energy and radiation frequency relation at

different undulator fields B, pipe radii r, and corresponding resonant zero-slippage energy

γzs according to Equation 3.10
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Figure 3.3: An illustration of bunched electrons travelling in a tapered undulator. As the

electrons decelerate (indicated by the color of blue→ red), radiation is amplified (red →

blue). The waves indicate the increase in the electric field, in which the phase is shifted from

the red → blue wavelength, which is also shown in Figure 3.8 at different beam energies.
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which can be written as

r2 =
K2

k2uγ
2

(
1− 1 +K2

γ2

)−1

. (3.12)

Assuming the transmission is related to T = (b2− r2)/b2 where b is the pipe radius and r

is the helix radius, the transmission at different undulator fields and e-beam energies can be

compared. Figure 3.4a shows an expected transmission of an electron beam through a pipe

at different electron beam energies and undulator magnetic fields. At a smaller beam energy

and higher field, the transmission becomes more difficult than at a higher beam energy and

a smaller field.

The ratio in Figure 3.4b shows that a higher energy would be preferable in order to pass

the beam through a pipe. However, to meet the zero slippage condition, the radius of the

pipe needs to be smaller at a higher e-beam energy given a similar range of undulator field.

If the radius of the pipe were smaller, the transmission would be more difficult.

Meanwhile, when the electrons travel at the zero-slippage resonant condition in the waveg-

uide, the trajectory radius depends on the waveguide radius, so the ratio of the trajectory

radius and the waveguide radius is dominated only by the undulator vector potential

r2

b2
=

K2

1 +K2

1

1.8412
. (3.13)

Figure 3.4b shows a ratio of the electron beam trajectory radius and the pipe radius when

the electron beam energy is at the zero slippage condition. When the beam is at resonance,

there would be an increased transmission difficulty at a larger on-axis field. It is interesting

that this factor does not vary with the waveguide radius. If the waveguide pipe were smaller,

the trajectory radius would also be reduced, resulting in a similar likelihood of transmission.

This analysis is for a point-like electron beam, but in reality, the beam has a transverse

dimension.

The transverse matched beam size at equilibrium is σx =
√

ϵnλu
2K

where ϵn is the normal-

ized emittance. Assuming that the electrons would be offset from the helical trajectory by
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Figure 3.4: a) Ratio T = (b2 − r2)/b2 of electron beam size r and pipe radius b at different

beam energies and undulator fields. b) Ratio T at the zero slippage condition. c) Beam

offset taking into account additional effects caused by the transverse beam size.
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the amount of the equilibrium beam size, while their beam energy meets the zero slippage

condition depending on the pipe radius and the undulator field, it is possible to show the

ratio of the beam offset and the pipe size at different pipe radii and undulator fields (Figure

3.4c). The transmission is more difficult at a larger undulator field and a smaller pipe radius

based on the trajectory offset and the beam size.

3.0.2 Pegasus-Tessatron Experimental Setup

The zero slippage experiment was held at the UCLA Pegasus photoinjector laboratory. The

laboratory consists of a beamline room (bunker) that is radiation-shielded with an interlocked

door system, a control room where the magnets (solenoid, quadrupoles, steering, etc) are

connected to the control computers via cables running through a hole in the wall, a space

for the RF modulator and klystron, and a laser room that houses the driver lasers (Figure

3.6).

The drive laser for the photocathode was the Titanium-Saphhire laser system from Co-

herent. Frequency-tripled to 266 nm, this laser provides pulses of 100 µJ energy with rms

spot size around 0.9 mm and FWHM pulse length 100 fs. The laser is converted to UV in

the laser room and is transported to the beamline room through the pipe. From the second

crystal to the pipe is 316 mm, the pipe is 151 mm, there is an iris at about 73 mm from the

wall, a lens at 469 mm from the wall, and the photocathode is around 88 mm from the lens.

The laser intensity can be measured from a virtual cathode installed in the beamline room.

A beam splitter is placed at a position equidistant to the photocathode and to the camera

screen, sending around 1% of the laser to the camera screen.

The master oscillator from a digital board or an analog system sends 2.856 GHz optical

trains. The RF signal is amplified by the pre-amplifier to 30 dBm. The splitter, which

attenuates the signal by around 4 dBm, sends a half of the signal to the laser room and the

other half to the RF-Box. The RF Box has a phase shifter and an amplifier, which increases

the signal to 30 dBm. The RF signal is sent to the kilowatt amplifer, which sends the signals
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Figure 3.5: Tapering-enhanced zero slippage THz FEL scheme. a) Cartoon of the zero

slippage FEL interaction between relativistic electrons and the TE11 mode of a circular

waveguide in a helical undulator. b) Dispersion diagram for a waveguide FEL. Resonant

phase matching occurs when the phase velocity of the electrons in the undulator (red line)
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When the two curves have a tangent intersection, the interaction bandwidth is significantly

increased. c) Undulator magnetic field amplitude and resonant energy tapering along the

undulator. d) Pegasus beamline technical drawing showing the photoinjector, the buncher

linac, the undulator, and the e-beam diagnostics. e) The inset shows more details on the

THz diagnostics setup for pulse energy and interferometry measurements.
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to the klystron. The klystron sends around 10 MW electromagnetic power to the gun and

the linac through the waveguide filled by SF6. Meanwhile, the other side of the low-level

RF at 0.2 W is sent to the Synchronization and Delay Generator (SDG, synchrolock) in the

laser room. The Evolution laser, which produces optical pulses at 1 kHz sends some of the

pulses to the pulse generator in the laser room. The digital delay / pulse generator (Stanford

DG-535) controls the laser frequency to be at 60 Hz or 960 Hz.

The pulse generator triggers the SDG which synchronizes the RF signals and the laser

pulses. The SDG synchronizes the pulses based on the low-level RF signal which is at

79.33 MHz (converted from the 2.856 GHz pulses sent from the master oscillator) and the

laser pulses at 960 Hz. The SDG adjusts the pockels cells that sets the laser timing. The

two pockels cells, which control the optical pathway by their voltages, trap the laser pulses

in a resonator and release the amplified pulse at a timing synchronized with the RF signal.

The output laser is converted to 266 nm, enters the beamline room through the 151 mm

long pipe, and arrives the photocathode by an injection mirror.

Meanwhile, the SDG also sends the pulses to the pulse generator in the control room

(DG-645), which uses the pulses as a reference to trigger the modulator at every 0.6 s.

The modulator provides the high voltage for the klystron which powers the photoinjector

and the linac, so the signal from DG-645 is the dominant trigger that controls the electron

beam generation. With the laser on the photocathode and amplified RF power in phase, an

electron beam is generated at every 0.6 s.

The main components in the beamline are an S-band RF gun, a solenoid, a booster

linac, a spectrometer dipole a set of three quadrupoles, a deflecting cavity, and a second

spectrometer dipole. The S-band RF gun has a copper photocathode and can generate up

to 200 pC electron beams with energy of γ = 7. The booster linac is an 11 cell S-band linac,

with peak gradient of 20 MV/m that accelerates the beam energy up to γ = 18. The energy

of the beam can be adjusted by the linac phase which also changes the energy spread, and

also by the linac temperature which takes longer but reduces the energy spread. The linac
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phase should be tuned 50 to 75 degrees off-crest in order to compress the beam by velocity

bunching.

The magnets in the beamline are connected to the power supplies in the control room,

and the power supplies are connected to one of the control computers. By opening the serial

port using a virtual serial port software, the port can be accessed by other computers in the

laboratory. The magnets are controlled by a main control script written in Labview. The

main Pegasus control can be used to manipulate the magnets and the screens. The settings

for the magnets and the screens are saved in the PostgreSQL database. The control also

reads the data from the camera and saves the image analysis data. The main control also

checks for changes in a machine-control table and adjusts the magnetic setting. By changing

the data in the machine-control table, a user can manipulate the magnets using other scripts,

externally from the Labview control.

The charge is measured by a Turbo Integrating Current Transformer (ICT) located at

1 m from the cathode. Electron beam transport can be monitored before the linac (YAG2),

after the linac (YAG4), and after the quadrupole-triplet (PIMAX3). YAG2 is the first screen

in the beamline that visualizes electron beams emitted from the cathode, and the solenoid

scan data at this screen is very useful for calibration and QE measurements. YAG4 is the

first screen after the linac and the first spectrometer, and the screen is used to monitor the

beam transport after the linac and the dipole. There are three quadrupoles used for this

experiment. Electron beam size is optimized by a quad scan script written in Matlab. The

quad scan finds an analytic solution for a set of quadrupoles that will make a round beam

at an approximate location of the screen, sends signals to the Labview control to change

the quadrupole setting in the lab, and records beam size measurements from each set of

quadrupoles based on the data from the PIMAX control. Based on the set of data measured

at different quadrupole settings, the script can analyze the emittance, charge, and energy

of the beam. The script also calculates the initial beam matrix at screen 4, and a user can

adjust the beam to focus at a location further than the PIMAX screen. The ICT and the
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camera are triggered by the pulse generator in the control room.

Electron beam energy spectrum is measured before the undulator using Spec. 1, which

has radius of curvature 0.67 m and bending angle of 45 degrees. Spec. 2 and Spec. 3

are installed after the undulator to monitor the beam deceleration. Spec. 2 is a round

pole dipole that bends the beam by 45 degrees with radius of curvature 0.093 m. The

spectrometer screen is located 0.15 m downstream of the dipole and the dispersion at the

screen is 0.13 m. The camera calibration is 41 µm per pixel, and each pixel corresponds to

3e-4 relative energy variation. The 12 mm opening of the vacuum pipe at the spectrometer

exit limits measurement to ±9 %. The interaction at zero slippage condition can decelerate

more than 20%, so the full energy spectra can only be obtained by stitching images recorded

at different dipole currents. An additional spectrometer (Spec. 3) using a short rectangular

dipole providing very small dispersion is used on the straight-thru beamline for independent

confirmation of the average beam energy loss, validating the stitching approach. A 9.6 GHz

deflector with a maximum voltage of 500 kV is used to streak the beam vertically to record

the longitudinal phase space image.

The electron beam from the undulator passes through a 4.7 mm diameter short extension

pipe used to collect the radiation at the exit of the undulator, and the radiation couples to

free space. An off-axis parabolic mirror (OAP) with a 5 mm diameter hole (2” diameter, gold

plated, focal length 3”) installed in a vacuum cube (4.5” long) reflects the THz radiation,

while the electrons that pass through the OAP are measured in the longitudinal phase space

diagnostics section. The THz radiation reflected by 90 degrees from the OAP leaves the

vacuum system through a z-cut quartz THz window. The total energy in the radiation pulse

is measured by placing a removable 50 mm diameter OAP, which focuses the radiation onto

a 8 mm diameter pyroelectroic Gentec THz detector. The detector is factory-calibrated at

1 mm wavelength to 7 nJ/mV.

The transmission of the THz transport system from the undulator to the detector is

measured by using a 10 mW CW 140 GHz radiation source placed at the entrance of the
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undulator. The radiation collected at the detector is 27 % of the radiation at the undulator

exit. The main reasons for the poor transmission are losses on the collecting pipe, the OAP

size, the in-vacuum apertures, and the vacuum window. Radiation diffracts rapidly after

the undulator, so a larger diagnostics setup (a larger OAP and larger vacuum components)

would have helped. However, the size of the assembly was limited by the available space in

the laboratory.

Upon removing this OAP, the THz radiation entered a Michelson interferometer system.

A wire-grid beamsplitter separates the radiation along two paths. One path directs the

radiation to a stationary mirror, and the other directs the radiation to a movable mirror

mounted on a linear stage. The two lights merge at the beam splitter due to the difference

in polarization and are directed by an OAP to another 8 mm diameter pyroelectroic Gentec

THz detector. The interferogram is obtained by moving the linear stage through 50 mm.

The signal on the interferometer is less than 10% of the reference signal due to the large

absorption of the beam splitter (30% transmission) and additional diffraction caused by

the small aperture of the THz window. While a larger cube with a larger aperture and a

larger optical setup could improve the signal strength, the system is sufficient to detect the

interferogram and measure the wavelength of the THz signal.

The Theseus undulator is tapered from 0.73 T to 0.52 T. The vacuum pipe has an outer

diameter of 5.56 mm and inner diameter of 4.54 mm. The undulator is aligned by a green

laser injected after the photoinjector. The undulator supports allow for fine adjustment of

position and angle. There are two small cubes (1.33”) with pipe mounts in order to use

a smaller pipe, but experiments with smaller pipes have not been performed due to the

experimental schedule and the difficulty of straightening the pipe. The mounts are on a

3-axis stage which allowed finer adjustment of the vacuum path.
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3.0.3 Experimental Results and Data Analysis

Upon sending the electron beam through the undulator, the beam is steered through the

deflector and is imaged on PIMAX. The deceleration of the beam is clear when the beam has

a long tail. The decelerated beam shows denser energy collected at several points, indicating

electron (Figure 3.7a).

The FEL interaction is established by recording the energy profiles of the beam from

the high resolution magnetic spectrometer as well as the THz radiation energy measured

by the reference pyrodetector as a function of the input beam charge. In the contour plot

in Figure 3.7a, the energy spectra are normalized to better highlight the evolution of the

energy distribution as the THz FEL interaction grows in strength. For charges above 50 pC,

in conjunction with the appearance of a clear signal on the pyro-detector as shown in Figure

3.7b, the e-beam spectrum broadens and red-shifts to a lower mean energy. The spectra

also develop large and deep modulations, which are characteristic signatures of the FEL

longitudinal phase space dynamics occuring in the tapered undulator[107]. At the highest

injected beam charge (220 pC), the average beam energy decreases by 10%, with some

particles losing more than 20 % of their initial kinetic energy. Taking into account the THz

pyroelectric detector calibration (145 kV/J) and the losses in the THz transport line mostly

due to apertures and diffraction (73%), the maximum signal recorded on the detector yields

an estimated THz energy at the undulator exit of 50 µJ. The amount matches the average

energy loss by the electron beam, assuming the stainless steel waveguide losses and that only

40 % of the injected charge is transmitted through the undulator.

The THz signal and the associated electron spectra are well correlated with the injected

charge through the undulator (Figure 3.7b), with output fluctuations less than 10% for

a given input charge, mostly attributable to energy and pointing fluctuations. The overall

stability is remarkable for single pass FEL in the absence of an external radiation seed signal,

and is explained by the initial bunching from the compressed electron beam which effectively
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Figure 3.7: a) High resolution electron beam spectra as a function of the charge injected

into the undulator. Two reference raw spectrometer images for the lowest (left) and highest

(right) charge are also shown b) Relative beam energy centroid variation and THz pulse en-

ergy from the reference pyro detector corresponding to a). The horizontal errors correspond

to the width of the charge bins. The vertical errors on the centroid data represent the rms

of the distribution calculated over 10 images. Measured (c) and simulated (d) longitudinal

phase spaces for 150 pC injected beam charge. For this comparison, the longitudinal phase

space at the exit of the undulator is propagated up to the deflector plane located 6.5 m from

the cathode.
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works as an FEL seeding signal.

The x-band deflector located after the undulator can be used to streak the beam vertically

and visualize the longitudinal phase space on the spectrometer screen. A sample phase space

corresponding to 150 pC injected charge is shown in Figure 3.7d. While the resolution of the

longitudinal phase space measurement is blurred from the large transverse size of the beam

in the deflector and relatively large emittance of the beam after the undulator, the most

salient features in the beam distribution such as chirp, energy spread, and bunch length are

well reproduced in the measured image.

The resonant nature of the interaction is studied by adjusting the linac phase to vary

the initial beam energy and measuring the spectral content using a Michelson interferometer

(Figure 3.5e). Two sample autocorrelation traces and the associated Fourier transforms

are displayed for beam energies near (blue) and above (orange) the expected zero-slippage

resonant value. Clear differences in period and radiation pulse length can be observed.

A more complete scan of the peak frequency and spectral bandwidth is reported in

Figure 3.9c,d. The decrease of the peak frequency with with the increased energy agrees

with the analytic relation (Equation 3.10) shown as a black solid curve and also with the

GPT simulation results, which are the contour colors in which the the yellower represent the

higher efficiency. The THz energy measured at each e-beam energy is plotted vertically (solid

red line), and the e-beam deceleration is also plotted vertically (blue error bars). Expected

e-beam deceleration in the GPT simulation is plotted in solid orange.

In the plotted simulation, the PEGASUS beamline with a photoinjector, a solenoid, a

linear accelerator, and a triplet of quadrupoles is simulated in GPT. Then, the distribution

is used to compute the FEL interaction using the GPT FEL module developed by UCLA

[40], in which the FEL interaction of electron beams in an undulator is calculated using a

frequency and modal expansion of the electromagnetic field.

Both the simulation and the experimental results agree with the low frequency branch
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of the analytic curve. Because the bunch length is much smaller than the resonant wave-

length, the electrons appear more bunched as the radiation wavelength becomes longer.

Consequently, the amplification is much stronger at the longer resonant wavelength.

Figure 3.8 visualizes the FEL radiation waveforms at different energies according to the

GPT simulation. In this simulation, the Theseus undulator with the field tapered from

0.73 T to 0.52 T and the period of 32 mm and a Gaussian input distribution of charge

150 pC, transverse emittance 2 mm-mrad, and beam sizes σx=σz=0.3 mm are used. When

the electron beam energy is the zero-slippage resonant energy (γ=10.4), the waveform has

one dominant frequency. As the beam energy becomes higher than the zero-slippage energy,

the high and the low frequency waveforms become more distinguishable.

In Figure 3.9d the spectrum FWHM is plotted versus the peak frequency. When ap-

proaching the zero-slippage condition at 160 GHz, the radiation pulse is only a few cycles

long and its relative bandwidth approaches 50 %. The relative bandwidth is the maximum

when the beam energy is at the zero-slippage condition. That the FEL bandwidth increases

as the beam energy is the closest to the optimal condition is as expected. As the faster

and the slower waves overlap at the zero-slippage condition, there is a single wide spectrum.

While the pulselength was not measured simultaneously at the time, later measurements

indicate around 25 ps FWHM [66], so the peak power would be around 2 MW.

The pulse energy is maximized at a higher average energy than the zero-slippage condi-

tion. The electrons arrive at the undulator with a spectrum of energies due to the energy

spread and the transverse emittance. Electrons with energies below the zero slippage reso-

nant energy cannot be phase matched and do not participate in the interaction, while the

electrons with energies above the zero slippage resonant energy can be phase matched. As a

result, there are more electrons participating in the FEL interaction when the average energy

is above the zero-slippage condition.

Electron beam transmission through the vacuum pipe is more difficult as the average

energy is lowered. The relation between the electron transmission and the beam energy can
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Figure 3.8: Radiation amplitudes from the GPT simulation at γ = 10.4, 10.8, 11.5, and12.5,

given a Gaussian input beam of 150 pC, 2 mm-mrad, σx=σz=0.3 mm, a pipe of radius

2.27 mm, and the Theseus undulator tapered from 0.73 to 0.52 T. The zero-slippage resonant

energy for this system is γ = 10.4.
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Figure 3.9: (a) Interferometer traces for input beam energies near (blue) and above (orange)

the zero-slippage condition. (b) Power spectrum of the emitted radiation is computed from

a FFT of the interferometer traces and plotted together with the beam bunching factors

obtained from beam dynamics simulations. (c) The interferometer peak frequency measure-

ments are compared to GPT simulations and to the theoretical phase-resonance curves. The

simulated pulse energies show a maximum interaction at a slight positive energy detuning.

Measurements of FEL efficiency vs input e-beam energy are plotted against GPT results.

The charge in these simulations is scaled by the observed transmission through the undu-

lator. (d) THz spectrum bandwidth (FWHM) is shown as a function of the peak radiation

wavelength for measurements and simulation. Errors bars are 95% confidence intervals of

gaussian fits to the spectral peaks like those shown in b).
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be explained by the beam offset in the helical trajectory and the betatron oscillation. As

shown in Figure 3.4a, the trajectory offset is greater at a smaller beam energy.

In the future, choosing a different set of waveguide size and beam energy will extend this

scheme to the generation of higher frequencies. As shown in Figure 3.2, sending a beam

with higher energy through a smaller waveguide will yield a higher frequency radiation.

While the transmission through a smaller pipe can be more difficult, the ratio of the helical

trajectory in the undulator to the waveguide remains constant as the resonant frequency is

scaled (Equation 3.13). The betatron oscillation increases with the smaller pipe and higher

frequency (Figure 3.4c), but additional matching optics can help reducing the increase. It

will be helpful to design a pipe mount to help with straightening a thin pipe throughout the

a meter-long undulator. Wakefield effects and electron beam size will eventually limit the

pipe size and the possible terahertz frequency.

3.1 Supplemental simulation studies about the Pegasus-Tessatron

system

The experimental parameters for the magnetic elements in the Pegasus beamline are opti-

mized to measure the strongest FEL interaction. The laser spot size is chosen to extract

the greatest amount of charge, while the gun phase is set at a standard position (17 de-

grees) where the beam transverse quality and the stability are more reliable. The triplet

quadrupoles are optimized to match the beam into the undulator. While some choices are

self-evident, more simulation studies help clarify the choices made for the solenoid and the

linac.

In order to study the Pegasus beamline, the beamline elements as shown in Figure 3.5

are tracked using the GPT simulation from the photoinjector to the undulator entrance.

Achieving a high brightness, compressed electron beam is possible without using a magnetic

compressor when the electrons are accelerated at an off-crest phase from the maximum
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Figure 3.10: GPT simulation results at solenoids 1.05, 1.18, and 1.30 (bottom). The nu-

merical values indicate the solenoid control value that can be converted to the peak field by

B[T ] = 0.147∗ [controlvalue]+ .01. The electron beam sizes (red and blue) and bunch length

(green) are shown in the left side, and the energy spread (blue), bunching factor (black),

and average current (green) are shown in the right side.

accelerating phase [100].

Figure 3.10 shows the difference in bunching at different solenoid strengths of 1.05, 1.18,

1.30. As the solenoid strength is increased, the beam size is more focused throughout the

beamline, which increases the space charge effects. Meanwhile, the spot size is limited by

the vacuum aperture size. Therefore, choosing the largest possible spot size that can travel

in the beamline is ideal for recovering more density modulation.

The linac phase and the gradient also influence the FEL efficiency. Figure 3.11 shows

the changes in the beam parameters with the linac phase. The maximum accelerating phase

is at 90 degrees. As the phase is further away from 90 degrees, the energy spread expands
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Figure 3.11: A linac phase scan from the photoinjector to the FEL. The phase at the

maximum energy is 90 degrees. Maximum efficiency is obtained when the beam energy is

near the zero-slippage resonant energy. The bunching factor is larger as the linac phase is

further away from the maximum accelerating phase.

while the bunch length decreases. Because the THz wavelength is long compared to the

bunch length, a smaller bunch length influences the bunching factor. Because a larger linac

gradient causes more energy spread at a low energy and increases the bunching factor, a

larger linac gradient is preferred.

The tapering of the undulator is optimized by varying the taper starting position zt, the

first order tapering t1, and the second order tapering t2 in B(z) = B0(1+t1(z−zt)+t2(z−zt)2.

The optimization shows that delaying the tapering to 0.05 meters improved the efficiency. In

the absence of a seed laser, the bunched electrons provide their own seed for the superradiant

interaction. The gradient in the electron energy follows

dγ

dz
= −KKlks

γ
sin((kw + ks)z − ωt) = −KKlks

γ
sin(θr) (3.14)

as discussed in Chapter 1. Meanwhile, the zero-slippage resonant energy would change with
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the undulator vector potential by

2γzs
dγzs
dz

= 2
ks
k⊥
K

dK

dz
, (3.15)

so the tapering equation is

dK

dz
= −k⊥Kl sin θr. (3.16)

Because the gradient in the tapering and the energy are related, imposing a quadratic ta-

pering factor after a small distance should help in aligning with the superradiant growth in

the radiation field.

Figure 3.12 shows a case of changing the linear and the quadratic tapering strength when

the tapering delay was 0.05 m. The tapering is optimized when the linear term is up to -0.1

m−1 and when the quadratic term is between -0.3 and -0.4 m−2. Similar scans at a tapering

delay of 0.02 m and 0.10 m would show similar results.

Figure 3.13 shows the phase space evolution at different longitudinal positions. The

input distribution is from the GPT simulation of the Pegasus beamline at γ = 10.5. Each

phase space distribution is plotted with a separatrix calculated based on the radiation field

at a resonant phase of 0.1 radian. The center of the distribution is closer to zero while

the detrapped particles are eventually lost in the simulation. Based on the radiation field

obtained from the simulation, one can try to back track the tapering based on Equation 3.16.

The plot of the tapering that is tracked based on the radiation field aligns with the input

tapering when ψr is around 0.1, indicating a very gentle tapering. When a more abrupt

tapering was applied as shown in Figure 3.14, the deceleration is more abrupt initially, but

the particles are detrapped. It is possible that varying the position where the linear tapering

begins would help with the optimization. As shown in Figures 3.13a, the deceleration enters

a linear regime as more particles are detrapped, so an optimal tapering could be more

complicated.

Updating the tapering based on the radiation field would have been interesting, but a

code to update the tapering in the GPT-FEL simulation was not written during the project
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period. Currently, the code is written to compute the undulator field and the radiation field

in two separate custom functions. It should be possible to optimize the tapering based on

the radiation growth once the two codes are combined.

The bunching factor is a critical factor to initiate the FEL process and influences the

efficiency significantly. As shown in Figure 3.15a, the FEL efficiency degrades by 70% when

the bunching factor is reduced by half. As shown in Figure 3.11, the linac phase is moved

from the crest to reach the resonant energy while bunching the beam in the current beamline

setup. In order to experiment with a higher frequency, it is necessary to reach a higher energy

than the current configuration, while remaining at a similar magnitude of the bunching factor.

This means the beam needs to be bunched in a different way than the velocity bunching.

Instead of increasing the linac gradient to achieve a compressed beam at a higher energy,

adding a magnetic chicane can provide more control in the compression.

The simulation shows high tolerance as for the energy spread. An energy spread of 10%

is shown to degrade the efficiency by around 12% from the maximum (Figure 3.15b). This

is because the energy spread should be smaller than the Pierce parameter ρ for a good FEL

interaction [86]:

σE/E < ρ, (3.17)

where the Pierce parameter is around 0.05 for this system. Even though the energy spread

measured before the undulator is relatively large because of the off-crest phase set for the

velocity bunching (around 7%), the input beam is sufficient to see the FEL interaction

because of the high tolerance in the energy spread.

For an ideal FEL interaction, the transverse emittance should be much smaller than the

resonant wavelength,

ϵ <
λ

4π
. (3.18)

Because of the long terahertz wavelength, the tolerance on the emittance is also relatively
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high. In the simulation, a transverse emittance of 20 mm-mrad degrades the efficiency by

40% (Figure 3.15c).

The simulation shows that a transverse beam size of 2 mm in both vertical and horizontal

size decreases the efficiency by 50 % from the maximum (Figure 3.15d). The matched beam

size of 150 µm is not easy to achieve in the experimental setup; the beam size measured

is around 300 to 400 µ m. One way to better focus the beam size in the future is to add

another solenoid.

To summarize, the magnet parameters of the Pegasus beamline elements are chosen to

demonstrate the best FEL interaction from the available setup. The chosen solenoid field is

weak enough to transport a large beam that fits in the vacuum apertures while minimizing

the space charge effects, retrieving more density modulation at the undulator entrance.

The linac phase is set at an off-crest, while the linac gradient is set close to the maximum

achievable, in order to increase the bunching factor. The undulator tapering is chosen based

on optimizing the linear and quadratic parameters. The chosen tapering parameter appears

to be a rather gentle choice based on the resonant phase of 0.1-0.2. In addition, the tolerances

of the bunching factor, energy spread, transverse emittance, and transverse beam size are
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Figure 3.15: Tolerance studies of the GPT-FEL simulation. (a) The bunching factor is varied

by varying the modulation amplitude of an arbitrary initial Gaussian bunch. The changes

in the longitudinal phase space of the input beam at bunching factor of 0.41 (blue) and 0.77

(red) are shown. (b) The energy spread is varied up to 10% which shows 12% decrease from

the maximum efficiency. The longitudinal phase space at energy spreads of 10% (blue), 5%

(red), and 0.5% (yellow) are shown. (c) The transverse emittance is varied up to 40 mm-

mrad. The changes in the transverse divergence at normalized emittance of 5 mm-mrad

(blue), 1mm-mrad (red), and 0.1mm-mrad (yellow) are displayed. (d) The transverse beam

size is varied up to 0.4 mm. The changes in the transverse distribution at spot sizes of

0.49 mm (blue), 0.10 mm (red), and 0.03 mm (yellow) are displayed.
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examined. While all of the tolerance parameters are achievable from the current setup at

a low energy, achieving the required longitudinal compression and the transverse beam size

at a higher energy will need additional beamline elements such as a magnetic chicane or a

solenoid.
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APPENDIX

3.A Measurement protocols in the Pegasus Beamline

This section discusses the recent upgrades in the measurement methods for the Pegasus

beamline. While the spectrometer parameters have been provided earlier in this chapter,

this section shows the energy measurement before the undulator while discussing the stitching

method. The quadrupole scan section discusses optimizing the transverse size of the input

beam, which is also a critical factor for the THz experiment. The charge scan section

discusses a recent installation that improves the charge measurements and explains how the

automated scans are done to obtain the experimental results. The solenoid scan section

provides an example of a scan and how the scan is used given different goals.

3.A.1 Quad scan

The Pegasus beamline has six quadrupoles installed after the linac, before the undulator.

For the THz experiment, the last three quadrupoles are used to focus the beam for sending

to the undulator. The quadrupoles’ strengths can be adjusted manually, but a quadrupole

scan helps with finding an ideal set of quadrupole strengths.

The quadrupole strengths are scanned via a Matlab script in an external desktop. In

order to match the beam size at the undulator entrance, the triplet is scanned based on

an analytic calculation. Based on the position of Screen 4, the three quadrupoles, and the

PIMAX 3 screen (the high resolution camera before the undulator), the transverse transport

matrices are used to estimate the beam size at different quadrupole settings. At low charge,

it is possible to estimate the matching quadrupole parameters. The transport matrix is

σf =MσiM
t (3.19)

used to calculate the spot size at the PIMAX screen, where M is a multiplication of the
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matrices for each element in the FODO lattice of the beamline. A Matlab optimizer is used

to minimize the spot size and the difference between σx and σy to find a round waist solution.

While this method is good for a low charge, the result diverges as the charge increases due

to the space charge effects. Accordingly, the quadrupole parameters are scanned based on a

matching solution given different distances ds from the position of the last quadrupole to the

PIMAX 3. At each ds, the quadrupole settings and the beam size are recorded ten times.

The beam sizes σx and σy are obtained based on fitting the projection of the image intensity

in the x and the y direction to Gaussian distribution. After a scan of quadrupole settings at

different ds is complete, an optimizer is run to find the best beam matrix at Screen 4 that

yields the analytic values that are the closest to the measured values. Based on the initial

σ-matrix optimized, the emittance can be calculated. A limitation in this method is that an

initial beam matrix solution is needed in order to calculate the quadrupole solutions for a

round waist. Using the initial beam matrix solution, it is possible to feed into the simulation

a distance that focuses the beam at the undulator entrance.

Although this beam matrix does not need to be exact, an unusually shaped initial beam

at Screen 4 can be difficult to analyze. Usually, the scan can eventually find a matching

solution after a couple of iterations, feeding back the optimized initial beam matrix for the

next scan. A beam that is too focused at Screen 4 will not focus well at PIMAX, and the

result diverges. An initially vertical beam may not have a good round waist solution, so

the analyzer has difficulties finding a good set of quadrupole inputs for the scan. Although

the analysis diverges from the measurements with a higher charge and lower quality input

beam, the scan is able to find an approximate solution for the beam that can be sent to the

undulator. Figure 3.A.1 shows an example running a quad scan operated at a low charge.

3.A.2 Charge scan

The Pegasus beamline has recently installed a Turbo Integrated Transformer, which can

measure a bunch charge that passes through the assembly. As the beam passes through the
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Figure 3.A.1: An example of quad scan output at charge = 300 fC, laser spot size 0.2 mm.

The quad scan analyzer shows that the transverse emittance is 0.3 mm-mrad.

coils, the induced current is analyzed as a charge measurement. This method is a significant

improvement from using a Faraday cup to measure the charge. A Faraday cup is a metal cup

attached at the end of a beamline, and when electrons hit the metal, the induced current

sends the voltage to the scope. In order to measure the charge using a Faraday cup, the

beam needs to be sent to the end of the beamline, so it is not possible to inspect a full image

of a beam. Because the ICT can measure the charge as the beam travels in the beam line,

both the charge and the full image of the beam at each shot can be captured simultaneously.

In the Pegasus beamline, the ICT is installed after Screen 2 (Figure 3.5). The trigger

of the ICT should be synchronized with the cameras, and then the trigger delay can be

fine-tuned within 250 ns. The ICT is read from a Labview VI that reads the virtual cathode

camera (VCC) parameters simultaneously, recording the output value of the ICT and the

virtual cathode in a database. The synchronization is limited because the camera and the

ICT information do not arrive exactly together, but when the camera receives a signal, the

VI records a signal from the ICT that is simultaneous or the latest data available.

Measurement of the quantum efficiency is important for quantifying the characteristics

of a photoinjector setup. The quantum efficiency (QE) is defined by the number of electrons

per the number of photons. The number of electrons can be measured from the charge of
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the bunch. To measure the number of photons one can measure the laser energy and divide

by the Plank constant:

QE =
ne
nγ

=
Q

Eγ[eV ]

1240[eV nm]

λ[nm]
(3.20)

where Eγ is the laser energy and λ is the wavelength of the laser for the photocathode.

One way to measure the laser energy is to calibrate the intensity of a portion of the input

laser energy shown on the virtual camera. The beam splitter is set to send around 1% of

the input photocathode laser to the virtual cathode camera placed at a position equidistant

with the position of the cathode. A known amount of laser energy is sent to the VCC, and

the gaussian sum is recorded. Then, while the laser is sent to the photoinjector to inject

an electron beam so that its charge is detected by the ICT, the VCC image recorded by

the same VI is used to measure the simultaneous laser energy. The laser energy intensity

is controlled by a polarizer connected to a stepper motor, and using a Matlab or a Python

script one can control the motor and record the concurrent data into the database. Figure

3.A.2 shows an example of a QE measurement. An advanced photocathode made of Na-K-Sb

showed an efficiency of 5e-3, which is a great improvement from a copper cathode which has

a QE around 2e-6.

The improved charge scan protocol helps confirm the measurements that are previously

were done manually by a few data points of charge and screen intensity done. The linearity

of the data shown in Figure 3.A.2 is one way to confirm that the measured relation between

the charge and the virtual cathode image works at any charge. The concurrent measurement

of the charge and the screen image can be used for calibrating any of the screens. Using

the Spec. 2 camera to record the energy spread as shown in Figure 3.7 demonstrate another

way that the charge scan protocols are implemented, in which the charge, the electron beam

spectrum, and the THz radiation energy are measured simultaneously while a script records

the reference number for the saved data and moves the stepper motor for the next value of

charge.
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Figure 3.A.2: Q.E. measurement of an advanced photocathode made of Na-K-Sb based on

the ICT and the VCC.
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3.A.3 Solenoid scan

A solenoid scan of the electron beam that arrives at Screen 2 before the linear accelerator

helps compare the experimental data with the simulation results. The solenoid value is

controlled by a virtual serial port that can be connected from Labview, and the input control

value changes the field in the solenoid approximately by B[T ] = 0.147 ∗ [controlvalue] + .01.

The solenoid scan script is written in Labview, in which a user can input the number of data

points to take and the range of the solenoid values. Because the beam focuses or defocuses

transversely as the solenoid control value is changed, the gain of the camera needs to be

adjusted either because of the saturation or because the beam is not as visible. A user can

input a range of the screen intensity that the VI can accept as a data point, and the gain is

adjusted if the condition is not met. Figure 3.A.3 shows an example of the solenoid scan.

The solenoid scan is a good way to measure the transverse emittance. Because the beam

emittance is the determinant of the σ-matrix, the changes in the beam size as the solenoid

value is varied can be used to determine the beam emittance. The solenoid and the drift

elements correspond to the transport matrices of

Ms =

1 0

k 1

 Md =

1 D

0 1

 (3.21)

where k = − 1
f
is the solenoid strength, which can be expressed in terms of the solenoid field

as

k =
1

4

(
e

p

)2

B2
sLs. (3.22)

The total transport after a solenoid of strength K and a drift of length D is

M =

1 + kL L

k 1

. (3.23)

The σ-matrix can be written as

σ =

s11 s12

s21 s22

, (3.24)
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where the first element is the square of the beam size s11 = σ2
x. The σ-matrix can be

transported to a position after a solenoid and a drift by

σf =MσiM
′, (3.25)

from which the following relation can be obtained

σ11 = (s11d
2)k2 + (2ds11 + d2(s12 + s21))k + (s11 + d(s12 + s21) + d2s22), (3.26)

which shows that the square of the transverse beam size is related to the solenoid strength

k to the second order. This means that a quadratic fit of the beam size and the solenoid

strength can be used to match with each of the zeroth to the second order terms. Expressing

the above as

A = P1 = s11d
2

−2AB = P2 = 2s11s+ 2s12d
2

C + AB2 = P3 = s11 + 2s12d+ s22d
2

(3.27)

where

σ11 = P1k
2 + P2k + P3 (3.28)

it is possible to find that the transverse emittance is related to the coefficients as

ϵ2 = det[σ] = s11s22 − s212 =
AC

d4
=
P1P3 − 1

4
P 2
2

d4
. (3.29)

Therefore, the transverse emittance is measured based on the quadratic fit of the beam size

and the solenoid focusing strength. Figure 3.A.3 shows an example of solenoid scan data.

A solenoid scan at a charge of 300 fC and laser spot size of 115 µm showed a normalized

emittance of 3.5 mm-mrad. The result is compared with a GPT simulation of a solenoid scan

that results in a similar fit, which also shows 3.5 mm-mrad based on the quadratic curve of

the solenoid scan result, and 3.3 mm-mrad based on the output distribution.

The GPT simulation in Figure 3.A.3 is run with a laser spot size larger than the measured

laser spot size to match the result with the quadratic curve of the data. As shown in the
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Figure 3.A.3: Solenoid scan data at a charge of 300 fC and the laser spot size of 115 µm

plotted in terms of the solenoid strength k and s11 matrix element.
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relation P1 = s11d
2, the squares of the initial spot size and the solenoid distance influence

the steepness of the curve. The difference in the simulation and the data can be due to the

measurement errors. The distance from the gun to the solenoid and the screen is measured

by a measuring tape, and there can be errors in orders of centimeters. The virtual cathode

may not have shown an accurate image of the spot size at the cathode. The laser intensity

is adjusted to see a small spot size on the screen because the laser spot at a low charge

setting is too dim. Meanwhile, the mean transverse energy and the gun voltage values in

the simulation change the position and the value of the minimum spot size. The calibration

for the solenoid and the gun voltage as well as an accurate input model of the gun also

influence the simulation. That the space charge effects dominate the front-end section where

the energy is low does not help because the mesh to study the space charge effects increases

the simulation time significantly. The solenoid scan data of the Pegasus beamline have been

generated for machine learning and neural network studies to improve the simulation time

in providing an accurate model of the experiment.

3.A.4 Spectrometer

Among the three spectrometer dipoles available to measure the electron energy, Spec. 1

and Spec. 2 are equipped with high-resolution PIMAX cameras which allow visualizing

the details of the bunch shape. Because of the large energy spread caused by the velocity

bunching, the spectrometer images are stitched to visualize the entire bunch. In order to

combine the images shown at different dipole currents, the current value is recorded while

monitoring the same energy-position of the bunch. When the images are combined, the pixel

distance between images provides the energy value at each position of the bunch. Figure

3.A.4 shows an example of a long e-beam bunch shown on Spec. 1. Stitching involves

combining the images of the screen, so the background has been cleaned up for the purposes

of the illustration. After the images are obtained, the charge is reduced to compare the

energy at a low charge at which the energy spread is small enough to fit in a screen. The
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spectrometer design can be improved by incorporating a larger screen and adding focusing.
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Figure 3.A.4: Spectrometer measurements at a high charge (220 pC) and a low charge

(2 pC). Top) A cleaned illustration of the spectrometer images stitched at different currents

as indicated on the image. Center) Horizontal projections of the image intensities at a high

and a low charge plotted with the energy values estimated based on the pixel position.

Bottom) Low charge energy measurement combined to align with the high charge energy

measurement.
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CONCLUSION

The high gain regime of a prebunched electrons in a strongly tapered undulator system has

been studied as a part of the Tapering Enhanced Stimulated Superradiant Amplification

program. While this document mostly explores the single-pass scenario in which the peak

power and the pulse energy are optimized, the ultimate goal of the program is to increase

the average beam power. Many research areas demand high average power radiation sources

in order to move forward and actualize the conceptual designs. A short wavelength and

high power light source is important for EUV lithography to increase the resolution and the

productivity. Propulsion of a light spacecraft is expected to become much less costly with

a high average power radiation source. A high average power THz source can provide the

radiation source for plasma ignition and nuclear power.

As a coherent, wavelength tunable radiation source that operates in vacuum, the free

electron lasers have great potential to meet the demands of the science community. Utilizing

prebunched electron beams and strongly tapered undulators, the TESSA program aims to

actualize an FEL-based high average power, high efficiency radiation source by utilizing

strongly tapered undulators and prebunched electron beams. The study of a single-pass

TESSA system explored in this document is an early step towards that goal. While the

previous Nocibur experiment has already verified the electron beam deceleration at a low

gain regime, this document discusses the experimental design, simulation optimization, and

diagnostics involving a TESSA system in a high gain regime. The COVID situation and the

government laboratory schedule hindered the demonstration of the system, but the future

experiment at FAST facility will put together the discussed designs in reality. The FAST

facility is a good place to also explore the oscillator setup due to the high repetition rate of

the electron beams.

While the tapered FELs have been studied in extensive analytical detail in history, this

document has explored the three dimensional effects of a high gain, strongly tapered FEL
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that have not been fully studied. Utilizing the three dimensional FEL simulation and the

modern computing resources, the tapering is optimized based on the radiation diffraction

in the undulator. The high performance parallel computing available today also allows an

optimization of a start-to-end electron beamline by studying different input parameters of a

system simultaneously. The start-to-end simulation studies for the LEA-TESSA system in-

volves moving between multiple accelerator codes. The FEL simulation developed at UCLA

uses GPT simulation and allows placing the elements from the photoinjector to the FEL and

to the diagnostics in one beamline. Meanwhile, matching the simulation with the experi-

mental results is not a simple task and depends on the accuracy of several measurements

such as the distance between the beamline elements, the length and the field map of each

element, or the calibration from the values at the laboratory to the physics parameters in

the simulation.

An alternate experiment conducted at UCLA explores the strongly tapered case of a zero

slippage interaction in the THz wavelength. While the TESSA undulator is designed for

an UV range wavelength, the waveguide dispersion relation allows a much longer radiation

wavelength. A high average power THz radiation source is also in high demand in the

plasma and nuclear research, so there is a strong motivation to explore the capability of

an FEL based radiation source. A high gain regime of the zero slippage interaction has

been explored by matching the resonance condition with the undulator waveguide. The

experimental verification of the high efficiency and high peak power at 10% and 2 MW from a

single-pass zero-slippage, superradiant interaction shows a great possibility that the oscillator

setup of the system can exhibit a substantial amount of average power. Experimental designs

for a higher THz frequency and an oscillator setup are in progress. In the case of an 100-Hz

S-band thermionic injector which has been developed at Radiabeam [65], one can expect an

average power of around 15 W THz radiation.

Because the relevant research areas such as the lithography, space exploration, plasma

fusion, and nuclear power are highly intertwined with important technologies in contempo-
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rary society, and because the free electron lasers have already shown great advantages in

their high brilliance, tunability, coherence, and vacuum interaction (less dependence on the

repetition rate), the continued exploration to reach a high average power and high efficiency

from a free electron laser will be a significant addition to the science community.
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