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Constructing a tool for comprehending the laws of the Universe poses a challenging
task, demanding national funding and the establishment of connections between
diverse research groups and engineering teams. One such tool is particle acceleration,
involving the acceleration of light and heavy particles to near-light speeds, followed by
collisions or the generation of secondary source radiation, opening new opportunities

for exploring the Laws of Nature.

Conventional facilities like SPring-8 in Japan or the Large Hadron Collider necessitate
accelerators ranging from several hundred meters to nearly 30 kilometers in length,
consuming extensive space and resources. Alternatively, high-intensity light is utilized
to accelerate particles, exemplified by laser plasma electron acceleration (LPA) or
terahertz (THz) wave dielectric laser acceleration (THz-DLA). The former relies on a
Petawatt laser source creating plasma in a guided channel for accelerating electrons
through plasma wakefields. Recent advancements include demonstrating petawatt
(PW) laser-guided electron beam acceleration to 8 GeV in a laser-heated capillary
discharge waveguide as part of LPA. Another approach involves THz wave laser-driven
acceleration in dielectric structures, reporting THz pulses with electric fields exceeding
1 GV/m.

However, the current size of PW-class lasers negates their compact acceleration
advantages. Addressing this, there is a critical need to reduce the size of petawatt (PW)
lasers, particularly those based on frequency-doubled flash lamp-based solid-state
lasers pumped Ti:sapphire lasers, to align with LPA applications. Additionally, their
low repetition rate of 1 Hz impedes practical application in Laser Plasma Accelerator
scenarios. Meanwhile, Joule-class, 100-picosecond short-pulse lasers enable the
generation of 10-millijoule-class terahertz (THz) wave sources for THz-driven
Dielectric Laser Accelerators. Overcoming challenges related to achieving pulse
energies greater than 2 Joules and a compact, room-temperature-operating laser source
with a repetition rate of 100 Hz remains a significant focus in laser-driven electron

acceleration.

Historically, cryogenically cooled Helium gas is used to dissipate excess heat from gain



crystals, introducing complexity and demanding additional space and budget. To
overcome size and repetition rate constraints in Joule-class short-pulse lasers, a novel
approach introduces an artificially-bonded composite structure using Distributed Face
Cooling (DFC). This structure employs intermediate-layer assisted surface activated
bonding (I-SAB), relying on surface activation and mechanical press at room
temperature, eliminating internal stresses. Combining il-SAB bonding with DFC
enhances thermo-mechanical properties, including effective thermal conductivity and

thermal shock parameter.

The thesis details the development of an amplifier system based on Nd3+:YAG gain
medium periodically bonded to a sapphire crystal for improved heat extraction.
Numerical simulations and analytical models assess temperature distribution and gain
at the primary amplifier stage, considering parasitic oscillation effects. Laser Induced
Damage Threshold (LIDT) tests anticipate the behavior of bonded doped YAG samples,
guiding the selection of optimal bonding materials. Bonding strength is evaluated
through the four-point flexure method, achieving enhanced bonding strength through

post-annealing adjustments.

The proposed use of Nd3+:YAG crystal as a gain medium, operating at room temperature,
contributes to a more compact amplifier setup. By pumping at an alternative
wavelength of 885 nm instead of the traditional 808 nm, the quantum defect and

internal heat generation are reduced, enhancing heat generation efficiency by 30%.

In this work, we have successfully developed an amplifier system designed to operate
at a repetition rate of 10 to 25 Hz, delivering over 2 J of energy with a sub-nanosecond
pulse duration. The system comprises a front-end system providing over 100 md of
energy to the main amplifier, which includes two main amplifier stages. The primary
amplifier utilizes the DFC-PowerChip architecture and incorporates multiple bonded
sapphire/Nd3+:YAG chips. This amplifier system has been specifically designed for
applications in Terahertz wave Dielectric Laser-driven particle Acceleration (THz-
DLA). A notable achievement of this project is marked by the development of an
amplifier at the Institute for Molecular Science, which will deliver over 5 J of energy

at a 100 Hz repetition rate, intended for use at the RIKEN SPring-8 Center.
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