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Abstract

Neutral beam injection is one of the most effective auxiliary heating methods for magnetic confinement fusion. The
traditional gas-target method has inherent drawbacks. For example, the neutralization efficiency is limited to 60% and
decreases with the increase of beam energy. Moreover, the increase in gas-target thickness poses a significant challenge to the
vacuum system. In contrast, laser neutralization can theoretically achieve a neutralization efficiency of over 90%. However, it
has not been applied to practical devices so far due to the difficulty in maintaining long-term stable operation of high-power
laser cavities at the MW level. Based on the parameterization factor calculation of laser neutralization efficiency and the layout
of the negative ion beam transport system, the paper presents a detailed design and calculation of a triangular folded resonant
laser cavity. Combining with the paraxial optical transmission matrix, the key parameters of the cavity topology, including the
incident angle 6, the cavity mirror curvature R, the cavity length L, and the spot size w(z) along the optical path, are theoretically
analyzed and obtained. The calculation method and results can be extended to resonant ring cavities with more folding times
and larger sizes, which can be used to quickly determine the laser cavity structure required for the input conditions of the ion
beam.

1. INTRODUCTION

Neutral beam injection (NBI) is a widely used effective method for plasma heating, current drive, and diagnostics
in magnetic confinement fusion (MCF) experiments. The ITER design considers at least two neutral beams with
1 MeV@20 MW, using negative ions (H™ or D7) as the particle source [1, 2]. The DEMO project is also
considering the role of NBI in fusion power generation [3, 4]. The key sources of efficiency loss in NBI systems
include ion beam generation, acceleration, and neutralization processes. Negative ion beams are preferred for
high-energy neutral beam injection because they can effectively overcome the decrease in neutralization
efficiency of positive ion beams with increasing beam energy. The neutralization process of negative ion beams
includes metal vapor targets, gas targets, plasma targets, and laser targets [5-12]. Gas targets are currently the
mainstream neutralization method. They work by injecting background gas of the same species to collide with the
negative ion beam, converting it into a neutral atom beam while producing various particle components. This
method is simple and effective but has inherent drawbacks. The maximum neutralization efficiency of gas targets
is 60%, which does not meet the efficiency requirements of future fusion power generation devices for auxiliary
heating systems. Additionally, increasing the gas target thickness poses a significant challenge to the vacuum
system [5]. Laser neutralization involves using a laser beam of specific energy to strip the weakly bound electrons
from the negative ion beam, producing neutral atoms without ionizing them and without introducing new ion or
molecular species. Theoretically, the neutralization efficiency can reach 63% in a single collision and over 95%
with three overlapping interactions. This process does not increase gas load, does not cause beam divergence, and
simplifies the design of the residual ion deflection and recovery system. Every coin has two sides. The photon-
negative ion collision cross-section is extremely small (10-2 m?), which necessitates extremely high laser power.
For example, the saturation laser power for a 100 keV H~ ion beam is approximately 5 MW. Long-pulse operation
of high-power lasers can cause significant photothermal effects on mirrors, limiting the linear increase of the
cavity enhancement factor and causing component damage potentially. Moreover, the interaction volume
increases with the thickness of the laser target, posing a significant challenge to system stability.

As a core component of the laser system, the structure of the enhancement cavity plays a decisive role in the
output and distribution of laser intensity. External resonator technology involves selecting cavity parameters in
the interaction zone to build a resonator, coupling the fundamental laser into the resonator, and using frequency
locking technology to resonate it within the cavity. This effectively increases the incident laser power and achieves
passive coherent amplification. In 2015, the Italian team designed a pulsed laser ring cavity based on second-
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harmonic generation (SHG) technology, which significantly increased the laser power within the cavity. However,
this approach increased the difficulty of incident laser pumping power and beam fine-tuning, and also increased
the thermo-mechanical instability of the entire cavity [13, 14]. In 2018, the Russian team designed an Adiabatic
trap cavity. Experimental results showed that the incident laser power was amplified to 2.1 kW and confined
within the trap. For H™ and D™ beams below 10 keV, the maximum neutralization efficiency reached 95%, but this
cavity type is entirely dependent on mirrors, with very high requirements for reflectivity and surface defects [15].
In 2018, the French team used a fiber laser to build a passive three-mirror ring cavity with F=3700 and Q=900,
with a total cavity length of 1 m and a beam waist of about 700 um, achieving over 50% neutralization on a 1.2
keV H™ beam [16]. For laser neutralization, directly feeding MW-level lasers to interact with high-energy ion
beams is impractical. Considering the parametric factors affecting neutralization efficiency, folded resonant ring
cavities have become the mainstream research focus.

Aiming to meet the requirements of laser neutralization for the optical cavity, including cavity stability, spot size
in the interaction zone, and intracavity laser power, the paper systematically analyzes the laser transmission
characteristics and the core parameters of the optical path structure of the triangular ring cavity based on the
paraxial optical transmission matrix. The numerical calculation results can be used to quickly calculate and
flexibly adjust the cavity configuration required for laser neutralization. The results and methods presented in the
paper can be extended to resonant ring cavities with more folding times and larger sizes, laying a theoretical
foundation for tabletop experiments and practical laser neutralization systems.

2. CAVITY PARAMETER ANALYSIS AND DESIGN

Taking the incident mirror M1 as the reference plane, a cyclic transmission matrix M applicable to any open
cavity is constructed, as shown in Equation (1). The triangular ring cavity is a symmetric cavity. Based on
geometric relationships, the core configuration parameters of the cavity structure can be obtained as (6,, L1, R3).
Here, 6 represents the incident angle, L; denotes the distance between two reflective mirrors, M; and M; are plane
mirrors, and Rs is the curvature radius of the curved mirror, as illustrated in Fig. 1.
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Assuming 61 € (22.5°—45°), the algebraic expression for the stability factor 1(L1,Rs) can be derived. Further, by

satisfying the stability condition—Equation (2)—the variation of | for different combinations of L; and Rz can be
obtained, as shown in Fig. 2.
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FIG. 2. Relationship between I, L1, and R3 for fixed 01=22.5< 35°and 43°

Each region in the Fig. 2 represents a different combination of (L1, Rs, I). The colored regions indicate stable
cavity parameters (61, L1, Rs) with varying values of I. As | increases from -1 to 1, the slope also increases,
indicating greater sensitivity to changes in (L1, Rs). Specifically, when Rs is fixed and L. is increased, the stability
factor | approaches -1. Similarly, when L is fixed and Rs is decreased, | also approaches -1. Therefore, parameter
values corresponding to I——1 should be prioritized. In practical optical path experiments, it is easier to adjust the
relative distance L; after fixing the mirror Ms. Therefore, by fixing (61, R3) at a specific value, the laser parameters
at any position along the optical path can be obtained using the transmission matrix M (61, L1, R3), as shown in
Fig. 3.
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FIG. 3. For fixed values of 01 = (22.553543<) and Rs=(6m,8m), the variation of (a) the stability factor I, (b) the curvature
radius of laser wavefront on mirror Mz (Raw), and (c) the spot size w with L1
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As shown in Fig. 3 (a) and (b), as the incident angle 6; approaches 450, the stability factor | can quickly approach
—1 with the variation of Ls, and the radius of curvature of the wavefront on mirror M3 also approaches the set
value of R3, indicating that the laser cavity can more easily achieve a stable state. The distance L,=L3z also increases
with the increase of 61, which is beneficial for the mirrors to be farther away from the sputtering contamination
of the high-energy ion beam. It can also be seen from Fig. 3 (a) and (b) that the effective range of (L1, Ls) increases
with the increase of Rs. Fig. 3 (c) shows the variation of the spot sizes w1 and ws on mirrors M; and Ms, as well
as the cavity waist value wo with L. The waist of the triangular ring cavity is between Mz and My, so the difference
between w; and the waist wg is very small. When (61, R3) is determined, with the increase of L, both w; and the
waist wo first increase and then decrease, while ws is always greater than wl and the waist wo while increasing.
Under the same conditions, increasing #: and R3 is conducive to increasing the spot size w at various locations
along the optical path. If L; is further determined, the specific spot size for interaction with the ion beam can be
obtained based on the laser transmission within the cavity, and thus the theoretical value of the neutralization
efficiency can be calculated.

Based on the parameter patterns shown in Fig. 2 and 3, specific values for (I, 61, L1, R3) can be obtained, which in
turn determine the optical path configuration and enable the construction of the optical path, as shown in Fig. 4.
The interaction zone represented by the optical cavity is placed inside a vacuum chamber. The seed light from the
oscillator, after being regulated, amplified, and collimated, is optimized for mode matching by the lens group (fi,
f2) and is ultimately transmitted into the cavity via mirror M1. PD2 receives the reflected laser from M1 and the
transmitted laser after laser circulation, which allows for the measurement of the transient coupling ratio of the
incident laser entering the cavity. The PDH servo optical path locks the error signal generated, and the PZT
regulates the seed laser, ensuring that the incident laser repetition rate is locked to free spectral range of the cavity,
achieving stable cavity resonance. The transmitted laser after M2 is split by a beam splitter, with portions received
by PD1 and a beam spot profiler, respectively, to obtain the intracavity laser power and beam spot size. The cavity
finesse F and power enhancement factor can also be measured using the laser power attenuation curves from PD1
and PD2.

By simultaneously adjusting (L1, Rs)>«, the size of the three-mirror ring cavity and the spot size along the optical
path can be scaled while maintaining the stability factor I constant. It should be noted that although a larger Rs
provides a wider adjustable range for Ly and L., which is beneficial for practical laser neutralization devices, it is
not reasonable for actual tabletop optical path construction. If the goal is merely to reduce the cavity size, 6; can
be decreased to obtain a suitable size for (L1, L2). However, decreasing 81 makes the realization of the self-mode
more difficult. Therefore, a comprehensive consideration of the core parameters (61, L1, Rs) is necessary to select
an appropriate three-mirror ring cavity for experimentation and assembly.
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FIG. 4. Schematic diagram of the tabletop experimental optical path.
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3. CONCLUSIONS

In a steady-state scenario, the NBI system must provide sufficiently high neutralization efficiency and electro-
optical conversion efficiency. Since its inception, laser neutralization has garnered significant attention in the NBI
domain. Based on the physics of photo-detachment, research on laser neutralization primarily focuses on high-
power lasers, high-gain cavities, and laser-negative ion interaction and separation. The impracticality of directly
feeding high-power lasers has made high-gain folded cavities the current research focus and a potential
breakthrough for practical applications in laser neutralization. Considering the parametric factors affecting laser
neutralization efficiency, the paper takes a triangular folded resonant cavity as an example and provides a detailed
analysis of the laser transmission characteristics of the ring cavity. Using matrix optics calculations, the core
parameters of the optical path structure can be obtained, including the incident angle &1, mirror curvature R, cavity
length L, and spot size w(z) at various locations along the optical path. Additionally, we present a schematic
diagram of the optical path for practical experiments. The results and patterns obtained in the paper can be used
to flexibly adjust the cavity structure during tabletop experiments and to calculate the cavity structure required for
the layout of negative ion source beamlines quickly.

The power enhancement factor of the cavity is another crucial parameter for laser neutralization. It is gradually
reduced due to thermal effects and, in a steady state, depends on the reflectivity of the mirrors and cavity losses,
which are not discussed in the paper. In the subsequent phase of research, we will concentrate on integrating the
construction of the optical path with experimental outcomes, thereby conducting a comprehensive and in-depth
investigation into this particular aspect.
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