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Wavelength Optimization for Enhanced
Free-Electron Laser Performance

Hana Kim?, University of California Los Angeles
hanakim16@g.ucla.edu

Abstract: The exploration of the suppression and efficiency of microbunching instability in
Free-Electron Lasers (FELSs) through the Landau-Pomeranchuk-Migdal effect and Laguerre-
Gauss modes, to investigate various wavelengths influencing different energy inductions while
improving FEL functionality.

INTRODUCTION

Free-Electron Lasers (FELS) are an experimental tool that has been developed through
physics, chemistry, and structural biology to exert short and bright radiation down to the
wavelengths at angstrom level. Precise control of the amplifications of electron-beam (e-beam)
energy during the suppression of microbunching instability (MBI) offers a strategic adjustment
to the wavelengths that are required in the process of developing FELS. This process is
conducted with a laser heater at the Linac Coherent Light Source (LCLS) which undulates and
co-propagates an infrared laser to increase the e-beam to please the FEL without exceeding the
tolerance [7]. The accuracy is provided through the Landau-Pomeranchuk-Migdal (LPM)
dampening effect which suppresses the accumulated MBI to increase the intensity of FELs [10].

Microbunching instability poses a challenge when it comes to the balance of the
confinements of the desired electron beam quality and the need for optimal Free-Electron Laser
(FEL) performance. With the conventional approach of employing Laguerre-Gauss (LG)
modes, research indicates that they can shape the transverse profile of the laser beams while
mitigating the risks of microbunching instabilities [8]. Improving the microbunching
suppression benefits the FEL gain process while elevating the beam brightness in storage rings
and linacs.

Moreover, the laser heater beamline is a critical component as it performs by
manipulating the parameters of the wavelength, enhancing the potential efficiency of
microbunching suppression. This subjects towards optimization while providing promise for
reaching superior FEL performance. Our focus lies in impacting wavelength adjustments to the
LH beamline while effectively suppressing microbunching to elevate FEL intensity. This
research will leverage different principles like LPM effect and how the practical application of
contributing towards the set optimization of FELs while introducing in a new age of high-
intensity, ultrashort radiation sources.

METHODS

The research in the given article investigates the impact of changes in the wavelength
parameters of the LH beamline to reach the potential of the FELs. The influence of wavelength
was on microbunching instability is investigated with the goal of reaching the optimization of
FEL performance. With this focus, the research provides a deeper understanding of how the
variations in wavelength parameters of the laser beam take effect on the phenomenal FEL
performance. It also provides insight into the optimal conditions for the LH beamline by
questioning how wavelength can affect the induced energy spread, leading to the consequences
of MBI.

Utilizing the Landau-Pomeranchuk-Migdal effect as the foundational concept, it
predicts the inverse relationship between the wavelength and the induced energy spread. LPM
is a quantum mechanical phenomenon and was discovered by Lev Landau, Isaak Pomeranchuk,
and Arkady Migdal. It is a process that describes the suppression of radiation — when a high-



energy charged, such as an electron, traverses a dense medium and undergoes multiple
dispersions with atoms and electrons into a medium, emitting radiation [2]. This is a key part
of the research as the coherent formation length of the emitted radiation is greater than the mean
free path of the dispersion of charged particles. This causes an interference which results in the
reduction of radiation in comparison to the case where single scatterings dominate [10].

The objective of this research was to understand the impact of wavelength parameters
on MBI to optimize the LH beamline to bring out the fullest potential of FEL performance. In
doing so, the research also identifies the conditions of the wavelength that mitigates MBI to
maintain the beam quality. With all the insights from the measurements taken, along with
various experimental setup designs, the investigation was guided towards the selection of
optimal laser parameters to reach the goal of understanding the outcome and importance of
controlling MBI (shown in Figure 1.0 below).
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Figure 1.0 (Ref. [8], Figs. 2 & 3)

In order to conduct this research, a combination of theoretical of simulation tools were
utilized along with experimental technologies: tunable laser systems, precision wavelength
control mechanisms, and simulation software. This yielded a comprehensive methodology to
explore the influence of wavelength on the laser heater beamline and microbunching instability
in Free-Electron Lasers. The key theoretical model that pioneered this research was the LMP
effect to establish the theoretical framework for investigating the impact of wavelength on
microbunching instability. Simulation software integrated electrodynamics and quantum
mechanics to simulate the behavior of the laser beam and the electron beam while replicating
the adjustments of wavelengths to provide predictions for the project. Tunable laser systems
provided deep insights on the impact of wavelengths and a real-word experiments setup to make
this research possible. Precision wavelength control mechanisms dug deeper into theoretical
aspects like the LPM effect and researchers were able to understand the importance of stability
and accuracy of BMI for FEL optimization.



RESULTS AND INTERPRETATION

The main results and findings of this study demonstrate a clear and direct correlation
between wavelength adjustments and laser heater beamline optimization. With the Landau-
Pomeranchuk-Migdal effect, the research indicates accurate predictions that increasing the
wavelength would decrease the induced energy spread, stabilizing microbunching instability.
Results also indicate a clear trend of improved FEL performance with longer wavelengths,
which highlights the potential for better and more accurate LH beamline results if advanced
technological improvements were to be integrated. Implementing more precise wavelengths
along with the possibilities of experimenting with more developed tools (easier manipulation
with improved accuracy), can provide enhanced FEL intensity and stability — also contributing
advancing laser technology.

Improvements

Advancements in laser heating technologies have revolutionized the field, offering
unprecedented control and precision, with notable breakthroughs in tunable laser systems,
adaptive optics. The production of results from real-time monitoring, collectively enhancing
the efficiency and outcomes of laser heating methods will only improve and incline to provide
closer and more accurate results. A chip-scale visible laser platform that enables tunable and
narrow-linewidth lasers from near-ultraviolet to near-infrared wavelengths is presented [4] to
use a micrometer-scale, partnered with commercial Fabry—Pérot laser diodes. The fine tuning
of this tool with intrinsic linewidths that go down to a few kilohertz could lead researchers to
experiment with accurate and different wavelengths and yield improved results. With
increasing demands of high-power laser sources, this FEL optimization could evolve towards
a new level of accuracy with laser
sources that could hold higher
current thresholds balanced with A | 1P VN it
the necessary quantum efficiency '
[9]. Advanced pulse shaping
techniques enables the possibility
to tailor laser pulses to a specific
profile by shaping the temporal and
spatial characteristics [5]. Figure
2.0 displays the exciting ability to |
optimize a laser pulse without / o e \ / [ 1l
unwanted fluctuations by being T o L T
passed through an application of Time (ps) Wavelength (nm)
spectral amplitude filters to control Figure 2.0 (Ref. [5], Fig. 4.5)

The laser while improving the

temporal profile [5]. Moreso, it emphasizes the importance of advanced spectral filtering
techniques that could be applied to the experiment to achieve a desired characteristic for
optimal LH beamline performance to possibly further improving the optimization of laser
parameters and wavelengths. Applying more recent methods like these would contribute
towards the mitigation of microbunching instability that would prove crucial towards
maintaining stable, yet high beam quality for free-electron lasers.
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CONCLUSIONS

In conclusion, the research states that controlled adjustments of the wavelengths serve
as a strategy to enhance FEL performance while incorporating theoretical knowledge and
methods like the LMP effect and LG modes. It proves the reciprocal relationship between the
LPM effect while expanding insight and knowledge on the practical strategies for
microbunching suppression. The experiments showcases the value of tools that can predict and
provide accuracy for laser heater beamline optimization. Looking ahead, the future seems
bright for the Laguerre-Gaussian mode laser heater for microbunching instability suppression
in free-electron lasers. Collaborating the theoretical foundations along with updated and
improved laser technologies, there is promise towards refining the FEL models conducted in
this research.
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