UCLA
Recent Work

Title

Advancements in Free-Electron Laser Performance: A Comprehensive Review of Laser Heater

Wavelength Optimization &amp; Beamlet Design

Permalink

|https://escholarship.or&c/item/‘tdr? 101 VI

Author

Sadegh, Deena Donya

Publication Date
2023

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/4dr7101v
https://escholarship.org
http://www.cdlib.org/

Advancements in Free-Electron Laser Performance: A Comprehensive
Review of Laser Heater Wavelength Optimization & Beamlet Design

Deena D. Sadegh

UCLA, Department of Electrical & Computer Engineering
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Abstract

This review explores LH wavelength optimization, Hermite-Gaussian modes, and advanced beamlet arrays for
enhanced MBI suppression in FELs.!:2 Grounded in theory and experiments, it provides nuanced insights into LH parameters’
intricate influence on FEL performance.

INTRODUCTION

In their exploration, Tang et. al delve into an inventive approach to tackle microbunching instabilities (MBI), a
prevalent issue affecting the performance of free-electron lasers (FELs).12 The paper centers on the utilization of Laguerre-

Gaussian modes within laser heaters to enhance the electron beam's quality.!:2 It introduces a distinctive technique involving
adjustments to the laser heater's wavelength to precisely refine the electron beam's focus, effectively mitigating MBI.1.2 Their
findings suggest that such wavelength modifications hold the potential to significantly improve the coherence and stability of
FEL outputs.!:2 This research not only addresses a persistent challenge in FEL technology but also opens avenues for advancing
precision in scientific research and technological applications relying on FELs. The study stands as a noteworthy contribution,
indicating a promising direction for the design and operation of laser heaters in advanced light source facilities.

METHODS

Our study aims to affirm and build upon the discoveries made by Tang et al. concerning the mitigation of
microbunching instabilities (MBI) in free-electron lasers (FELs) by employing shorter wavelengths in the Laguerre-Gaussian
modes of laser heaters (LH). The theoretical framework is rooted in an examination of Hermite-Gaussian and Laguerre-Gaussian
modes, with a specific emphasis on understanding how these modes influence the phase space of the electron beam.!:2

Utilizing mathematical formulations from Chapter 3 of Liu's "Principles of Photonics," we delve into the intricacies of
Hermite-Gaussian modes. The electric field distribution is influenced by the laser beam waist, w(z), and can be described:
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As the wavelength decreases, the diffraction limit imposes constraints on the spatial extent of the beam, w(z).3 Smaller
wavelengths allow for more precise localization of the electric field, resulting in a concentrated and focused beam.3 Changes in
the transverse electric field directly influence the corresponding transverse magnetic field:
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The equation provides a theoretical foundation for the interconnected behavior of Hermite-Gaussian modes. Due to their
interconnectedness, changes in the electric field, influenced by wavelength, directly impact the magnetic field. 3 The mode
dependent phase variation, {mn(z), explains the coherence of the beam evolves as it propagates through space: 3
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The shorter wavelengths leads to a more finely tuned and concentrated beam which enhances microbunching instability
suppression in free-electron lasers (FELs) and allows for a finer adjustment to the phase front curvature.3 This allows for
efficient suppression.3 Additionally, Hermite polynomials play a crucial role in shaping the transverse field distribution of the
laser beam:
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Accessing higher-order modes, attainable through shorter wavelengths, results in the fine-tuning of the beam's spatial
arrangement. This refinement contributes to improved resolution and uniformity of the beam. Figure 1 displays the intensity
patterns of these modes, highlighting the potential for achieving more concentrated beams through reduced wavelengths.
Building on these observations, we investigated the feasibility of employing beamlet arrays, inspired by Liebster et al.'s approach,
to establish a flexible LH system. This array could easily accommodate wavelength adjustments, ensuring consistent heating and
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thereby enhancing MBI suppression.
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Figure 1: Intensity patterns of some low-order Hermite—Gaussian modes.

Figure 1 displays the intensity patterns of these modes, highlighting the potential for achieving more concentrated
beams through reduced wavelengths.3 This array could easily accommodate wavelength adjustments, ensuring consistent heating
and thereby enhancing MBI suppression.3

Using the equations from the literature above, we can agree on a model that endorses the use of shorter LH
wavelengths to markedly improve FEL performance by refining electron beam dynamics and enhancing MBI suppression.

RESULTS AND INTERPRETATION

The review under the methods sections agrees with the mathematical framework from the principals of Gaussian beams
that shorter laser heater wavelengths will improve microbunching instability suppression in Free-electron Lasers.

The observed correlation between diminished wavelength and a smaller beam waist, as well as a reduced divergence angle,
contributes to a more focused electron beam—an imperative facet for heightened Free-Electron Laser (FEL) efficiency.? This
precision in beam structure is pivotal, fostering enhanced FEL performance through minimized energy spread and heightened
light coherence:
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Our investigation delves into equations (3.73) and (3.74), revealing that shorter wavelengths engender a transverse
mode structure aligning with higher-order Hermite-Gaussian modes.3 This alignment results in a concentrated intensity pattern,
effectively mitigating phase space spread and directly confronting the challenges posed by microbunching instabilities (MBIs).
Furthermore, the elucidation of beam divergence angle in equation (3.72) suggests that a focused beam, synonymous with shorter
wavelengths, sustains coherence over extended propagation distances—a critical factor for ensuring stability in FEL outputs.3
Equations 3.69-3.72 suggest that due to diffraction effects, a Gaussian beam disperses as it moves away from its waist and takes
on a spherical wavefront in the far-field region. It is characterized by |z| exceeding the Rayleigh range (zr).3 Consequently, the
spot size, w(z), and the radius of curvature, R(z), of its wavefront vary with the distance (z) from the beam waist.3

The exploration into Ti:Sapphire lasers, completed by Luis et al. (2021), further proves that shorter LH wavelengths
can act as pump sources for Ti:Sapphire lasers will counteract beam asymmetries.* The blue laser diodes, typically with
wavelengths in the range of 445 to 520 nm, are the pump sources for Ti:sapphire crystals.* Microbunching instability is a
challenge in free-electron lasers, affecting the coherence and quality of the emitted radiation.# Technological advancements in
Ti:sapphire-based laser systems, particularly in controlling pulse duration and stability, contribute to mitigating MBI effects.4
Precise control over the laser parameters helps in reducing instabilities and achieving more stable electron bunches. Ti:sapphire
crystals are known for their broad bandwidth, allowing for the generation of ultrashort laser pulses.4 These short pulses, when
used in laser-driven accelerators, result in electron beams with improved qualities such as low energy spread and high
brightness.4The broader bandwidth of Ti:sapphire lasers facilitates the production of shorter and more intense pulses, contributing
to better electron beam characteristics.

This research serves as a crucial link connecting theoretical Gaussian beam models to their tangible implementation. It
underscores the significance of wavelength and beam geometry within Ti:sapphire laser systems, particularly in the context of LH
design. By doing so, the study lays the groundwork for advanced techniques aimed at suppressing microbunching instabilities
(MBI).12 The valuable insights obtained emphasize the need for empirical validation of these theoretical frameworks, carrying
implications for scientific domains heavily dependent on the precision of Ti:sapphire laser systems.

CONCLUSIONS

Our investigation affirms the pivotal role of both Laguerre-Gaussian and Hermite-Gaussian mode wavelength
optimization in significantly enhancing the suppression of microbunching instabilities (MBIs) in free-electron lasers (FELSs).
Shorter wavelengths result in a more concentrated electron beam, crucial for achieving improved coherency and uniformity in
FEL outputs. Additionally, the incorporation of advanced beamlet arrays offers a modular and innovative approach to fine-tune
the beam profile, contributing to more effective MBI suppression. The correlation with Ti:Sapphire lasers highlights the broader
potential of shorter wavelengths in addressing beam asymmetries and improving electron bunch stability. Our proposed future
work emphasizes the need for experimental validation, extended LH system design, and interdisciplinary collaboration to
advance laser technology and broaden the applicability of LH optimization in diverse scientific domains.

These findings lay the groundwork for future empirical research to confirm the effectiveness of proposed LH designs.
Subsequent studies should experiment with LH setups featuring varied wavelengths to directly assess their impact on electron
beam quality and MBI suppression. The practical integration of beamlet arrays holds the potential to revolutionize LH systems
for dynamic adaptation in diverse FEL operations. This study underscores the feasibility of Hermite-Gaussian modes in LH
design, marking the progression of LH technology for precision scientific pursuits and transformative applications in advanced
imaging for industrial and medical contexts. The next research phase aims to translate these theoretical advancements into
practical solutions for enhancing FEL operations.
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