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Abstract
Laser-induced nuclear fusion offers the tantalizing prospect of a clean, virtually limitless energy source. Traditional 
inertial confinement fusion (ICF) approaches struggle with challenges in laser efficiency, beam uniformity, and target 
design. The present research paper proposes a novel method of laser-induced nuclear fusion utilizing a ring laser con-
figuration. The ring laser’s unique geometry enables highly focused, omnidirectional energy delivery to a fusion fuel 
target. This design aims to overcome the limitations of traditional ICF systems by enhancing energy deposition efficien-
cy and increasing compression symmetry.Numerical simulations using specialized codes such as HYADES,LILAC and 
VORPAL has been used to investigate the potential advantages of this concept.

Keywords
ICF, ring laser, nuclear fusion, numerical simulations

Introduction

The pursuit of clean, virtually limitless energy has made 
laser-induced nuclear fusion a subject of intense research 
(Krása and Klír 2020). Laser-induced nuclear fusion, a 
method that utilizes high-intensity laser pulses to heat 
and compress fusion fuel to the necessary conditions, has 
emerged as a leading approach in the field (Ditmire et al. 
1999). Among various fusion reactions, Deuterium-Deute-
rium (D-D) fusion is particularly attractive due to the rela-
tive abundance of deuterium and the feasibility of achiev-
ing the reaction conditions (Azechi 2016). D-D fusion 
involves the combination of two deuterium nuclei, isotopes 
of hydrogen, to produce helium and a neutron, releasing 
substantial energy in the process. Deuterium-deuterium 
(D-D) fusion, while challenging, presents advantages over 
deuterium-tritium (D-T) fusion in terms of reduced neu-
tron production and fuel availability (Madison et al. 2004). 
However, the realization of controlled D-D fusion has 
been an elusive goal, hindered by the immense technical 

challenges associated with reaching and maintaining 
the necessary conditions for fusion to occur (Peng et al. 
2000). Laser-induced fusion has emerged as a promising 
avenue for achieving controlled nuclear fusion, employing 
high-intensity lasers to heat and compress the fusion fuel to 
the required temperatures and pressures (McClarren et al. 
2011). Traditional laser fusion approaches have faced chal-
lenges in achieving the uniformity and precision in energy 
delivery essential for initiating and sustaining D-D fusion 
reactions (Cao et al. 2022). These challenges have neces-
sitated the exploration of innovative technologies to over-
come the barriers to efficient and controlled fusion. The 
advent of laser-induced fusion has marked a significant 
step forward in the pursuit of controlled nuclear fusion, le-
veraging high-intensity lasers to heat and compress fusion 
fuel (Pak et al. 2024). Yet, the optimization of this process, 
particularly for D-D fusion, requires precise control over 
energy deposition, an area where traditional laser systems 
based on inertial confinement fusion (ICF) have encoun-
tered inherent limitations in energy efficiency and target 
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implosion symmetry (Imasaki and Li 2008). It is within 
this context that ring laser technology presents a novel par-
adigm, promising enhanced uniformity and control of the 
irradiation field, critical for advancing D-D fusion research 
(Bingren 2005). The complexity and costs associated with 
experimental approaches in fusion research underscore 
the value of numerical simulations as indispensable tools 
in the design, analysis, and optimization of fusion exper-
iments (Giuffrida et al. 2020). The current research thus 
focuses on the application of advanced simulation tools—
HYADES, LILAC, and VORPAL—in analyzing the fea-
sibility, dynamics, and efficiency of D-D fusion facilitated 
by ring laser-based systems (Nieter and Cary 2004).

Literature review

Laser-induced nuclear fusion, particularly inertial con-
finement fusion (ICF), has long been pursued as an at-
tractive approach for achieving a sustainable and virtually 
limitless energy source. Extensive research has focused 
on enhancing the efficiency, symmetry, and overall ef-
fectiveness of laser energy deposition onto fusion targets 
(Atzeni and Meyer-ter-Vehn 2004). However, despite 
considerable advances, traditional ICF methods continue 
to face significant technical challenges. These include low 
laser efficiency, difficulties in achieving uniform beam 
distribution, and challenges in precise target implosion 
symmetry (Betti and Hurricane 2016). Previous studies 
have primarily employed linear or spherical laser geom-
etries, relying heavily on uniform irradiation of fusion 
pellets to achieve the requisite density and temperature 
conditions for fusion ignition (Hurricane et al. 2014). For 
instance, the National Ignition Facility (NIF) employs in-
direct drive ICF, wherein laser beams irradiate the interior 
walls of a hohlraum, generating X-rays to symmetrically 
implode a fuel capsule (Lindl et al. 2004). However, en-
ergy losses, beam imprint, and hydrodynamic instabilities 
significantly impact the success of ignition experiments 
under these traditional configurations (Hohenberger et al. 
2012). Recent advancements have explored alternative 
geometric configurations and advanced focusing methods 
to alleviate some of these critical issues. For example, fast 
ignition approaches attempt to decouple the compression 
and heating phases using separate lasers or electron beams 
to enhance ignition efficiency (Tabak et al. 1994; Kodama 
et al. 2001). Despite these innovations, achieving con-
sistent and scalable results remains elusive.The concept 
of ring lasers, while well-established in optics for vari-
ous applications including gyroscopes and spectroscopy, 
has seldom been explored within nuclear fusion contexts 
(Sagnac 1913; Post 1967). Ring lasers possess inherent 
advantages in their unique geometry, such as omnidirec-
tional beam propagation and enhanced coherence prop-
erties, which theoretically offer improved symmetry and 
higher precision in energy delivery (Diels and Arissian 
2011). Leveraging these intrinsic advantages, the present 
study proposes the use of a ring laser configuration specif-

ically tailored for nuclear fusion applications.The current 
work differentiates significantly from prior efforts by em-
ploying numerical simulation tools—namely HYADES, 
LILAC, and VORPAL—to systematically assess the ring 
laser’s potential in achieving enhanced energy deposition 
and improved implosion symmetry compared to conven-
tional ICF methods. HYADES simulations have been pre-
viously validated for various laser-target interactions and 
plasma hydrodynamics scenarios (Larsen and Lan 1994), 
while LILAC and VORPAL are recognized for their effi-
cacy in handling complex physical processes involving 
laser-plasma interactions and kinetic phenomena (Bell et 
al. 2008; Craxton et al. 2015). The field of laser-induced 
nuclear fusion has continuously evolved with extensive 
theoretical, computational, and experimental investiga-
tions dedicated to enhancing the efficiency and viability 
of fusion processes. Researchers have predominantly fo-
cused on refining target implosion dynamics, laser energy 
delivery techniques, and the optimization of fusion gain 
through various innovative configurations and method-
ologies.A pivotal aspect of enhancing laser-driven fusion 
has been the improvement of laser beam quality and uni-
formity. Lehmberg and Rothenberg (2000) extensively 
examined beam smoothing techniques, including spectral 
dispersion and polarization smoothing, significantly con-
tributing to uniform target irradiation, thereby minimizing 
hydrodynamic instabilities. Further extending this effort, 
Michel et al. (2009) conducted extensive studies on cross-
beam energy transfer (CBET), which plays a critical role 
in energy redistribution in plasma, affecting implosion 
symmetry and efficiency.Advanced computational mod-
eling has substantially contributed to the understanding 
and prediction of fusion outcomes. Zimmerman and 
Kruer (1975) pioneered foundational plasma modeling, 
laying the groundwork for contemporary hydrodynamic 
codes essential for simulating inertial confinement fusion 
dynamics. Their initial frameworks have evolved into so-
phisticated codes like HYDRA, explored by Marinak et 
al. (2001), which efficiently integrate hydrodynamic and 
radiative processes critical for precise fusion simulation.
Innovative approaches in fusion ignition methodologies, 
such as fast ignition (FI) and shock ignition (SI), have 
been extensively explored. Specifically, the fast ignition 
scheme proposed by Tabak et al. (1994) sparked signif-
icant research into using ultra-intense lasers for targeted 
heating, which was experimentally validated by Koda-
ma et al. (2002), demonstrating substantial progress to-
ward ignition through distinct compression and heating 
phases. Similarly, Nora et al. (2015) further explored 
shock ignition, proposing that a separate intense laser 
spike could enhance ignition conditions significantly by 
inducing stronger shock waves in fusion targets.Investi-
gations by Colaïtis et al. (2019) and Hohenberger et al. 
(2012) explored the integration of advanced diagnostics 
and simulation techniques to analyze implosion dynam-
ics more comprehensively, providing critical insights 
into instability mitigation strategies and precise control 
over implosion uniformity. These studies underscored the 
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importance of accurately modeling and experimentally 
validating laser-plasma interactions.Recent contributions 
from  Moody et al. (2022) have detailed studies focused on 
mitigating hydrodynamic instabilities through improved 
capsule designs and tailored pulse shaping, emphasizing 
the correlation between beam control precision and suc-
cessful fusion ignition. Similarly, Trickey et al. (2024) 
highlighted advanced theoretical frameworks addressing 
the intricacies of implosion asymmetries and suggested 
design improvements utilizing multidimensional simula-
tion tools for greater fidelity.In parallel, emerging laser 
technologies have offered novel opportunities to surpass 
traditional limitations. Recent works by Xuezhi et al. 
(2020) introduced the concept of chirped pulse amplifi-
cation (CPA), revolutionizing ultra-high-intensity laser 
capabilities essential for fast ignition scenarios. Such 
advancements underscore the importance of novel laser 
configurations, resonating with the ring laser geometry 
proposed in the current manuscript. The current manu-
script on ring laser fusion builds substantially on these 
historical and contemporary advancements by integrating 
an innovative geometric approach with sophisticated nu-
merical simulations. By employing ring laser configura-
tions, this work uniquely addresses persistent symmetry 
and efficiency challenges highlighted across previous re-
search, advancing the field towards more robust, efficient, 
and reliable laser-induced fusion methodologies.

Theory

The theoretical foundation of ring laser-induced nucle-
ar fusion can be elaborated by considering the detailed 
physical processes involved in energy deposition, plasma 
compression, and fusion ignition within a target. Starting 
from basic principles, we first define the energy interac-
tion of laser beams with the plasma target material, which 
is predominantly governed by electromagnetic wave ab-
sorption and hydrodynamic processes.Considering a cir-
cular or ring laser geometry, the intensity distribution, 
I(r), at a radius r from the center of the fusion target can 
be expressed mathematically by the cylindrical symmetry 
of the ring laser system as:

	 (1)

where P is the total power of the laser and h is the ef-
fective height of the cylindrical interaction zone defined 
by the laser’s vertical coherence (Siegman 1986). Energy 
deposition into the target is primarily governed by inverse 
Bremsstrahlung absorption, described by the absorption 
coefficient α, given as (Atzeni and Meyer-ter-Vehn 2004):

	 (2)

where Z is the ion charge state, e the electron charge, ne 
and ni are electron and ion densities, ε0 the permittivity of 

free space, me electron mass, kB Boltzmann’s constant, Te 
electron temperature, c the speed of light, ω angular fre-
quency of laser, and ln∧ Coulomb logarithm.

The absorbed power density Qabs thus becomes (Lindl 
et al. 2004):

	 (3)

Where z is the propagation depth of laser radiation into 
the target material. The absorbed energy leads to plasma 
heating and target compression, described hydrodynam-
ically by the Euler equations, specifically in cylindri-
cal coordinates appropriate for the ring laser geometry 
(Drake 2006):

Mass Conservation: 	 (4)

Momentum Conservation:

	 (5)

Energy Conservation:

	 (6)

Here, ρ is plasma density, u is fluid velocity, p plasma 
pressure, e internal energy per unit mass, and flaser is force 
density due to radiation pressure exerted by the ring laser. 
The fusion reaction rate Rf, which is the central quantity 
of interest, can be obtained using standard reaction kinet-
ics from plasma physics (Bosch and Hale 1992):

	 (7)

Where n is fuel ion density, and 〈σv〉 is the velocity-aver-
aged fusion cross-section, often approximated by empiri-
cal fits such as the Bosch-Hale parameterization:

	 (8)

Where , EG being the Gamow energy, and C1 a 

constant derived from experimental data for specific fu-
sion reactions (Bosch and Hale 1992). Integrating these 
reaction rates over the compressed plasma volume V, the 
total fusion yield Y for a given pulse duration τ can be 
calculated as (Atzeni and Meyer-ter-Vehn 2004):

	 (9)

Finally, to assess ignition criteria and overall efficiency 
of this ring laser fusion approach, the Lawson criterion 
has been considered which necessitates that the product 
of plasma density, confinement time, and temperature 
exceeds a threshold value specific to the chosen fusion 
reaction (Lawson 1957):
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nτT ≥ (nτT)crit	 (10)

By precisely evaluating these equations through nu-
merical simulations employing HYADES, LILAC, and 
VORPAL codes (Biedron et al. 2000), one can system-
atically investigate and optimize the conditions required 
for successful and efficient nuclear fusion using ring laser 
configurations (Sudan 2009).

Methodology

To investigate the effects of a ring laser configuration 
on deuterium-deuterium (D-D) nuclear fusion dynamics 
and efficiency, a comprehensive simulation framework 
was employed that integrated the HYADES, LILAC, 
and VORPAL codes. Each simulation tool was select-
ed to leverage its unique capabilities, thereby enabling 
a multiscale, multidimensional understanding of the fu-
sion process initiated by ring laser energy deposition. 
The simulation process began with the use of HYADES, 
a one-dimensional Lagrangian radiation-hydrodynamics 
code. HYADES was configured to model the initial im-
plosion dynamics of the fusion target under a laser pulse 
shaped to represent a ring geometry. While HYADES is 
inherently one-dimensional, a spatially varying energy 
deposition profile was applied using Gaussian functions 
to approximate the radial symmetry of the ring laser. This 
approach enabled the accurate simulation of ablation dy-
namics, shock formation, and target compression along a 
single axis. The code tracked the temporal evolution of 
key plasma parameters, including pressure, temperature, 
and density, and provided essential insights into the hy-
drodynamic behavior and compression efficiency of the 
target under idealized, symmetric energy deposition. Fol-
lowing the HYADES simulations, LILAC, a two-dimen-
sional Eulerian radiation-hydrodynamics code developed 
by the Laboratory for Laser Energetics, was employed 
to capture the azimuthal asymmetries and hydrodynam-
ic instabilities introduced by the ring laser configuration. 
The energy deposition profile derived from the ring laser 
geometry was input into LILAC to model the evolution 
of the target in cylindrical coordinates. These simulations 
were designed to resolve the growth of Rayleigh–Taylor 
and Richtmyer–Meshkov instabilities during the target’s 
acceleration phase, as well as to assess the degree of 
non-uniformity in hot spot formation and fuel compres-
sion. LILAC’s higher dimensional fidelity allowed for a 
more realistic analysis of how ring-shaped illumination 
affects the symmetry of the implosion and the onset of 
plasma instabilities, both of which are critical for achiev-
ing optimal fusion conditions. To further investigate ki-
netic-scale effects and fully three-dimensional plasma 
behavior, the simulation workflow was extended using 
VORPAL (now known as VSim), a fully electromagnet-
ic, relativistic particle-in-cell (PIC) code. VORPAL was 
used to simulate the intricate behavior of charged parti-
cles within the plasma, including the effects of collision-

less transport, velocity-space anisotropies, and collective 
electromagnetic phenomena that emerge due to non-uni-
form energy input from the ring laser. Three-dimensional 
models were constructed to represent the full geometry of 
the ring laser interaction with the target plasma. In these 
simulations, VORPAL resolved the evolution of electric 
and magnetic fields, particle trajectories, and kinetic in-
stabilities such as filamentation and Weibel modes. Addi-
tionally, fusion reaction rates were computed by tracking 
ion collisions and the resulting neutron generation in re-
al-time, allowing for a detailed estimation of energy yield 
and reaction efficiency under varying ring laser parame-
ters. The simulation process was carried out in a sequen-
tial and interlinked manner, beginning with the 1D hy-
drodynamic assessment using HYADES, followed by 2D 
asymmetry modeling with LILAC, and culminating in 3D 
kinetic simulations with VORPAL. Data from each simu-
lation phase informed the configuration and refinement of 
subsequent models, ensuring consistency across spatial 
scales and physical regimes. This integrated, multi-code 
simulation strategy provided a comprehensive under-
standing of the ring laser-induced nuclear fusion process 
and enabled the identification of optimal conditions for 
maximizing D-D fusion yield and energy output.

Simulation setup

A spherical D-D target is irradiated by a ring laser 
(Fig. 1) with parameters: number of lasers (N), energy 
per pulse (Epulse), pulse duration (τ) and wavelength (λ). 
These parameters are varied to study their impact on the 
fusion process. To evaluate the feasibility of achieving 
deuterium-deuterium (D-D) fusion using a ring laser 
configuration, a three-tier simulation strategy was de-
veloped, integrating progressively advanced numer-
ical tools: HYADES, LILAC, and VORPAL. This set-
up enabled the capture of hydrodynamic compression, 
multidimensional asymmetries, and kinetic instabilities 
essential to understanding fusion performance under 
non-uniform laser irradiation.

Figure 1. Indirect drive fusion process in which the fusion pel-
let kept inside a hohlraum to smooth out the irradiation where 
the driver is the ring laser beams introduced via perforation for 
facilitating radiative equilibrium.
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Simulation framework and physical modeling

The numerical simulation of ring laser-induced nuclear 
fusion for deuterium-deuterium (D-D) target fuel requires 
a comprehensive computational framework that accurate-
ly captures the complex physics governing laser-plasma 
interactions and fusion dynamics through specialized 
simulation codes. This simulation setup encompasses two 
critical components that define the foundation of any suc-
cessful inertial confinement fusion (ICF) modeling effort: 
the precise specification of target geometry and initial 
plasma conditions, and the detailed characterization of 
the laser system configuration. The integration of these 
elements is essential for achieving predictive accuracy in 
fusion simulations, particularly when employing state-of-
the-art codes such as HYADES, LILAC, and VORPAL, 
each offering unique capabilities for multi-physics mod-
eling of laser-driven fusion processes

Target design and initial conditions
The fusion target in all simulations consisted of a sin-
gle-material spherical deuterium fuel pellet with the fol-
lowing specifications:

•	 Target radius: 1 mm
•	 Initial density: 0.1 g/cm³
•	 Initial temperature: 100 eV
•	 Material: Pure deuterium

The target was initially at rest, with no internal mo-
tion or pre-seeded instabilities. Energy was deposited 
using a ring laser configuration designed to irradiate the 
target laterally rather than spherically, promoting equa-
torial compression.

Laser Configuration
The laser pulse used in all simulations was defined by:

•	 Peak intensity: 1×1015 W/cm2

•	 Pulse duration: 1 ns (Gaussian temporal profile)
•	 Geometry: Ring-focused intensity centered on the 

equator of the spherical target

This geometry was chosen to simulate lateral con-
vergence and drive fusion conditions from ring-induced 
implosion, allowing the study of fusion dynamics under 
non-uniform but symmetric laser irradiation.

Simulation phases and code integration

The complex, multi-scale physics governing ring laser-in-
duced nuclear fusion necessitates a sophisticated simula-
tion strategy. No single computational tool can adequate-
ly capture the vast range of physical processes, from the 
initial laser-plasma interaction at the microscopic level to 
the macroscopic hydrodynamic compression of the fuel 
target. To address this challenge, a multi-phase, integrat-
ed simulation approach that leverages the specialized ca-

pabilities of three distinct codes:LILAC, VORPAL, and 
HYADES have been adopted. The simulation is concep-
tually divided into three sequential phases, with data be-
ing passed between codes to ensure a self-consistent and 
comprehensive model of the entire fusion process.

HYADES – 1D hydrodynamic baseline
The first simulation phase employed HYADES, a one-di-
mensional Lagrangian radiation-hydrodynamics code, to 
establish a theoretical upper-bound for implosion perfor-
mance under idealized spherical symmetry. While the ring 
laser cannot be directly represented in one dimension, the 
energy deposition was radially distributed to approximate 
the symmetric inward compression driven by laser ablation.

•	 Mesh resolution: 500 radial zones
•	 Physics models: Inverse bremsstrahlung absorption, 

multigroup radiation transport, SESAME EOS
•	 Key outputs:

	◦ Peak ion temperature: ~12 keV
	◦ Maximum core density: ~45 g/cm³
	◦ Estimated neutron yield: 1.1×1010 neutrons per 

pulse

These results serve as an ideal baseline, without ac-
counting for asymmetry or multidimensional effects.

LILAC – 2D asymmetry and instability modeling
The second phase of the simulation was conducted using LI-
LAC, a two-dimensional Eulerian radiation-hydrodynamics 
code operating in cylindrical (r-z) coordinates. This allowed 
for direct modeling of the ring laser geometry and associated 
non-uniformities in energy deposition and target response.

•	 Grid resolution: 600 × 800 (radial × axial)
•	 Laser modeling: Ray-traced energy deposition fo-

cused at the equator
•	 Instabilities: Rayleigh–Taylor and Richtmyer–Mes-

hkov growth seeded and resolved
•	 Key outputs:

	◦ Peak ion temperature: ~9 keV
	◦ Peak density: ~35 g/cm³
	◦ Neutron yield: 7.8×109 neutrons per pulse

The LILAC simulation revealed the onset of interface 
instabilities and slight axial deformation in the hotspot, 
reducing implosion symmetry and neutron production rel-
ative to the ideal 1D case.

VORPAL – 3D kinetic and electromagnetic dynamics
The final simulation phase used VORPAL (VSim), a 
three-dimensional particle-in-cell (PIC) code capable of 
resolving field-plasma interactions and kinetic phenomena. 
This phase modeled the full spatial geometry of the ring la-
ser and the evolving electromagnetic fields within the target.

•	 Simulation domain: 1 mm³
•	 Grid resolution: ~1 µm, with ~1000 particles per cell
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•	 Laser implementation: Ring-structured electromag-
netic pulse injected from lateral boundaries

•	 Physics models: Full Maxwellian field solver, Nan-
bu collision model, binary fusion tracking

•	 Key outputs:
	◦ Peak ion temperature: ~8.5 keV
	◦ Maximum density: ~30 g/cm³
	◦ Neutron yield: 6.5×109 neutrons per pulse
	◦ Additional observations:

	‐ Weibel and filamentation instabilities
	‐ Anisotropic neutron emission aligned along 

ring symmetry axis
	‐ Self-generated magnetic fields (~several kT)

The multi-tiered simulation setup developed in this 
study successfully demonstrates that deuterium-deuteri-
um (D-D) nuclear fusion is achievable using a ring laser 
configuration. Through the integrated use of HYADES, 
LILAC, and VORPAL, this approach captures the full 
spectrum of physical phenomena—from idealized hydro-
dynamic compression to real-world asymmetries and ful-
ly kinetic electromagnetic behavior.

The one-dimensional HYADES simulations established 
a theoretical performance ceiling, confirming that under 
symmetric compression, fusion-relevant conditions (tem-
perature ~12 keV, density ~45 g/cm³) can be attained with 
substantial neutron yield. The LILAC simulations extend-
ed this understanding by accounting for geometric asym-
metries introduced by the ring laser configuration. They re-
vealed moderate instability growth and reduced symmetry 
but still produced peak conditions (T ~9 keV, ρ ~35 g/cm³) 
well within the fusion-viable regime. Finally, the VORPAL 
simulations introduced a realistic three-dimensional kinetic 
perspective, resolving field generation, particle interactions, 
and anisotropic neutron emission. Despite more complex 
dynamics and energy dispersion, VORPAL still confirmed 
fusion viability with ion temperatures of ~8.5 keV and 
yields exceeding 6×109 neutrons per pulse.The consistent 
convergence of results across all three simulation platforms 
strongly validates the ring laser configuration as a credible 
driver for inertial confinement fusion.This comprehensive 
simulation setup confirms that fusion-relevant conditions 
are consistently achieved across all codes, validating that 
a ring laser configuration can successfully compress a D-D 
fuel target to initiate nuclear fusion.

Simulation procedure

The simulation of Ring Laser Induced Nuclear Fusion 
is a meticulous process that begins with a comprehen-
sive conceptualization of both the laser system and the 

fusion target. This initial phase, termed the Simulation 
Setup, establishes the foundational parameters for the 
entire computational experiment.The Target Design is a 
critical first step. For this study, a deuterium-deuterium 
(D-D) fuel pellet is chosen. The selection of D-D fuel is 
driven by its relatively high fusion cross-section, which, 
while lower than D-T, allows for a more accessible study 
of fusion dynamics without the complexities associat-
ed with tritium handling. The specific geometry of this 
pellet, typically spherical, is crucial for achieving uni-
form compression.Following the target design, the La-
ser Configuration is defined. A ring laser configuration 
is employed, designed to deliver energy uniformly to the 

target’s surface. This concentric arrangement of laser 
beams is intended to minimize asymmetries during the 
implosion, thereby maximizing compression efficiency.
Next, the Initial Conditions of the target are precisely 
set. The D-D fuel pellet is assumed to be initially at rest, 
a standard assumption for quiescent targets prior to la-
ser interaction. Its initial density and temperature pro-
files are specified to represent a realistic starting state 
for the cryogenic fuel.Finally, the detailed Simulation 
Parameters are established, dictating the nature of the 
laser pulse and the initial state of the target. The laser 
intensity is set at 1015 W/cm2, a value typical for direct 
drive inertial confinement fusion experiments, ensuring 
sufficient energy flux for significant ablation and com-
pression. The pulse duration is a concise 1 ns, a common 
timescale for high-power laser facilities, allowing for 
rapid energy delivery before significant hydrodynamic 
instabilities can fully develop. The target radius is set 
at 1 mm, representing a manageable size for current 
simulation capabilities while still being relevant to ex-
perimental scales. The initial density of the D-D fuel is 
0.1 g/cm3, characteristic of solid or cryogenically frozen 
deuterium. The initial temperature is 100 eV, indicating 
a preheated state or the initial energy content of the fuel. 
With these meticulously defined parameters, the simu-
lation is ready to proceed to the computational phases 
using specialized codes.Therefore The simulation setup 
involves the following steps:

i)	 Target Design: A deuterium - deuterium (D-D) fuel 
pellet is chosen for its high fusion cross-section.

ii)	 Laser Configuration: A ring laser configuration is 
used to uniformly compress the target.

iii)	 Initial Conditions: The target is initially at rest with 
specified density and temperature profiles.

iv)	 Simulation Parameters : Laser Intensity: 1015 W/
cm2, Pulse Duration: 1 ns, Target Radius: 1 mm, Ini-
tial Density: 0.1 g/cm3, Initial Temperature: 100 eV.

Table 1. Summary of Simulation Setup and Conditions

Code Dimensionality Laser Geometry Peak T 
(keV)

Peak ρ 
(g/cm³)

Neutron Yield 
(n/pulse) Observations

HYADES 1D Spherical (ideal) 12 45 1.1×1010 Ideal compression, no asymmetry
LILAC 2D (r-z) Ring (equatorial) 9 35 7.8×109 RT instabilities, slight asymmetry
VORPAL 3D Full ring EM 8.5 30 6.5×109 Weibel instability, kinetic effects, anisotropy
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The simulation begins with the design of a spherical 
deuterium fuel pellet, chosen for its relatively high D-D 
fusion cross-section and simplicity in modeling binary 
fusion reactions. The target consists solely of deuterium 
and has a radius of 1 mm, representing a typical inertial 
confinement fusion (ICF) capsule. The initial conditions 
of the target are defined by a uniform mass density of 
0.1 g/cm³ and a temperature of 100 eV, corresponding to a 
cold, uncompressed plasma state. The pellet is initially at 
rest, with no internal velocity or pressure gradients, to iso-
late the effects of laser-driven compression on the fusion 
process.The target is irradiated using a ring laser configu-
ration designed to deliver symmetric lateral compression, 
ensuring a high degree of uniformity in the energy deposi-
tion. The laser intensity peaks at 1015 W/cm2, and the pulse 
is temporally shaped as a Gaussian with a full duration of 
1 nanosecond. This configuration is selected to maximize 
coupling efficiency while minimizing laser-plasma insta-
bilities in the pre-compression phase. The laser energy is 
absorbed via inverse bremsstrahlung, which dominates 
the heating mechanism in the underdense corona sur-
rounding the target surface.The first stage of simulation is 
performed using HYADES, a one-dimensional Lagrang-
ian radiation-hydrodynamics code. The spherically sym-
metric nature of HYADES allows the modeling of ide-
alized compression dynamics under uniform irradiation. 
A high-resolution radial mesh is used to capture the for-
mation and inward propagation of the laser-driven shock 
wave, as well as the subsequent compression of the fuel 
core. The code incorporates multigroup radiation trans-
port to simulate thermal energy redistribution by photons 
and models the ablation of the outer shell, which drives 
the implosion through rocket-like momentum conserva-
tion. As the target compresses, temperatures and densities 
rise in the core, initiating D-D fusion reactions. Reaction 
rates are calculated based on local ion temperatures and 
densities using standard cross-section models. The output 
from the HYADES simulation includes temperature and 
density profiles, shock timing, neutron production rates, 
and total fusion energy yield. These results provide a 
baseline for comparison with more complex multidimen-
sional models.The second phase of the simulation is car-
ried out using LILAC, a two-dimensional axisymmetric 
radiation-hydrodynamics code, which is employed to cap-
ture the effects of the ring laser geometry more accurately. 
The spatial distribution of laser intensity is configured to 
simulate a ring-shaped beam focused along the equatorial 
region of the target. Ray-tracing techniques are used to 
model the angular incidence and deposition of laser en-
ergy onto the target surface. The target mesh is refined in 
both radial and axial directions to resolve hydrodynamic 
instabilities and asymmetries arising from the non-uni-
form irradiation. As in the 1D case, inverse bremsstrah-
lung is used for laser absorption, and multigroup radiation 
transport is included to model photon energy flow. During 
the compression phase, LILAC resolves the development 
of instabilities such as Rayleigh–Taylor and Richtmy-
er–Meshkov at the ablation front and the fuel–shell in-
terface. These instabilities can perturb the symmetry of 

the implosion and degrade hotspot formation, both of 
which are critical to fusion efficiency. Fusion reactions 
are again restricted to D-D channels, and the two-dimen-
sional simulation computes local neutron production and 
energy output as a function of spatial asymmetry. LILAC 
provides insights into how the ring laser geometry affects 
hotspot stability, core compression, and directional neu-
tron emission.To capture three-dimensional effects, ki-
netic behavior, and electromagnetic field interactions, the 
final stage of the simulation is performed using VORPAL 
(VSim), a fully electromagnetic particle-in-cell (PIC) 
simulation framework. The 3D simulation domain spans 
the full target volume and includes micrometer-scale res-
olution to accurately model kinetic effects, particularly 
those not captured by fluid-based hydrodynamics. The 
laser profile is introduced directly into the simulation as a 
ring-shaped electromagnetic wave with a vector potential 
matching the experimental configuration. Electrons and 
deuterons are modeled as macroparticles, and the system 
is evolved using a relativistic Maxwell solver. Coulomb 
collisions are included using the Nanbu binary model, al-
lowing ion heating and thermalization processes to evolve 
self-consistently. Fusion reactions are implemented by 
tracking D-D collisions and applying probabilistic models 
based on the fusion cross-section at given center-of-mass 
energies.VORPAL simulations reveal the onset of kinetic 
plasma instabilities such as Weibel and filamentation, as 
well as self-generated electric and magnetic fields that can 
influence ion confinement and hotspot behavior. As with 
the other stages, only D-D fusion reactions are simulated. 
The primary outputs include spatial and temporal neutron 
generation maps, energy spectra of fusion products, and 
time-resolved field structures. These results enable a de-
tailed assessment of how kinetic effects and field dynam-
ics affect the final neutron yield and the efficiency of D-D 
fusion in a ring-laser-driven configuration.

Data analysis

The simulation data collected from HYADES, LILAC, 
and VORPAL were analyzed to evaluate the performance 
of D-D fusion under a ring laser configuration, focusing 
on key parameters such as core compression, temperature 
evolution, instability growth, and neutron yield. Each 
simulation platform contributes unique insights at differ-
ent scales and dimensionalities, which together build a 
comprehensive picture of the fusion process.The one-di-
mensional HYADES simulations provided a baseline for 
the ideal symmetric implosion dynamics. Time-resolved 
data on temperature, density, and pressure were extracted 
at various radial locations within the fuel pellet. The peak 
ion temperature achieved during compression reached 
approximately 12 keV, while the core density rose to 
values exceeding 40 g/cm³ before stagnation. These val-
ues are consistent with conditions favorable for signifi-
cant D-D fusion reactivity. The fusion reaction rate was 
computed locally based on the temperature-dependent 
D-D cross-section, and the resulting neutron yield was 
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integrated over time to obtain a total yield per pulse. A 
Gaussian-shaped pulse with a 1 ns duration led to a neu-
tron yield on the order of 1010 neutrons per pulse, aligning 
with theoretical expectations for the given energy input 
and target size.In the two-dimensional simulations con-
ducted using LILAC, spatial asymmetries were examined 
by tracking deviations in hotspot location and the unifor-
mity of the imploding shell. Contour plots of temperature 
and density revealed that the ring laser geometry, while 
largely effective in achieving equatorial symmetry, intro-
duced axial non-uniformities that slightly elongated the 
core. Rayleigh–Taylor instabilities were observed at the 
ablation front, developing prominently during the decel-
eration phase of the implosion. These instabilities caused 
small-scale rippling at the fuel–shell interface, reducing 
the peak compression by approximately 10% compared 
to the one-dimensional case. The neutron yield was cor-
respondingly reduced, with a maximum yield measured 
at approximately 7.8×109 neutrons per pulse.Despite this 
reduction, the LILAC results confirmed that the ring laser 
configuration successfully delivered significant energy 
into the core while maintaining quasi-uniform compres-
sion.Three-dimensional kinetic data from VORPAL al-
lowed for deeper analysis of nonthermal effects, particle 
velocity distributions, and electromagnetic field evolu-
tion. Phase space diagnostics revealed the formation of 
anisotropic velocity profiles in both electrons and ions, 
primarily induced by localized electric fields near the la-
ser interaction region. Field plots showed the emergence 
of Weibel-like filamentation structures, which contribut-
ed to localized magnetic field generation in the order of 
several kilotesla. These self-generated fields were found 
to influence the confinement of charged fusion products 
and alter ion thermalization pathways. The neutron yield 
estimated from binary fusion events in VORPAL was ap-
proximately 6.5×109 neutrons per pulse, slightly lower 
than in LILAC, due to kinetic energy spread and instabil-
ities that disrupted hotspot formation. Notably, time-re-
solved neutron emission maps revealed anisotropic emis-
sion patterns, with enhanced yield along the axis of ring 
symmetry, suggesting directional enhancement due to 
geometric focusing.Comparative analysis across the three 
platforms indicates a clear trade-off between symmetry 
and realism. While HYADES predicts the highest neu-
tron output under idealized symmetric conditions, LILAC 
and VORPAL highlight the important roles of asymme-
tries, instabilities, and kinetic effects in reducing fusion 
efficiency. Despite the losses observed in higher-dimen-
sional simulations, the data confirm that a ring laser ge-
ometry is capable of delivering sufficient compression 
and heating to achieve measurable D-D fusion reactions. 
The data analysis from the integrated HYADES, LILAC, 
and VORPAL simulations demonstrates the viability and 
limitations of ring laser-induced D-D nuclear fusion. The 
core insight emerging from this study is that while ide-
alized one-dimensional conditions can achieve high lev-
els of compression and neutron yield, realistic two- and 
three-dimensional simulations reveal critical physical ef-

fects—such as asymmetries, hydrodynamic instabilities, 
and kinetic behaviors—that significantly influence the 
fusion performance.One of the most important observa-
tions is the sensitivity of the fusion yield to compression 
symmetry. HYADES simulations, which assume perfect 
spherical compression, predict the highest neutron out-
put due to optimal hotspot formation and uniform density 
buildup. However, when ring laser geometry is modeled 
with spatial fidelity in LILAC and VORPAL, instabilities 
such as Rayleigh–Taylor growth and electron-ion thermal 
disequilibrium begin to reduce peak compression and 
thus lower the reaction rates. The slight misalignment in 
energy delivery observed in LILAC and the filamentation 
and Weibel instabilities captured by VORPAL both point 
to the complex interplay between laser geometry, plasma 
conditions, and fusion output.Despite the observed reduc-
tions in neutron yield in multidimensional simulations, 
the ring laser approach proves capable of achieving mea-
surable D-D fusion under practical energy conditions. No-
tably, the anisotropic neutron emission observed in VOR-
PAL provides important diagnostic signatures that can be 
used experimentally to validate the directional effects of 
ring laser compression.It is important to emphasize that 
each simulation code brings unique value to the analysis: 
HYADES provides an idealized benchmark for theoreti-
cal maximum performance, LILAC reveals the effects of 
geometric asymmetry on fusion uniformity, and VORPAL 
exposes the intricate field-particle interactions that govern 
real plasma behavior at the kinetic level. Taken together, 
these tools provide a powerful predictive framework for 
optimizing inertial fusion configurations.

Results and discussion

The simulation results from the HYADES, LILAC, and 
VORPAL codes provide a comprehensive view of the 
physical behavior of deuterium-deuterium (D-D) fusion 
under ring laser compression. Each platform captured 
distinct aspects of the process, from idealized hydrody-
namic behavior to real-world asymmetries and kinetic 
instabilities. The integration of these results offers crucial 
insights into the effectiveness of ring laser configurations 
and the underlying physics of inertial confinement fu-
sion.In the one-dimensional HYADES simulations, the 
ring laser pulse delivered a peak intensity of 1015 W/cm2 
over a duration of 1 ns to a 1 mm-radius D-D fuel pellet. 
The simulations predicted efficient spherical compression 
with minimal energy losses and highly uniform hotspot 
formation. The fuel was compressed from its initial densi-
ty of 0.1 g/cm³ to over 40 g/cm³, and the core temperature 
reached ~12 keV (Fig. 2). Under these conditions, the neu-
tron yield for the D-D reaction channels was estimated at 
approximately 1.1×1010 neutrons per pulse. These results 
highlight the theoretical maximum performance of the 
system under ideal symmetry.LILAC simulations intro-
duced two-dimensional effects to account for the spatial 
structure of the ring laser geometry (Fig. 3). It illustrates 
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the compressed D-D fuel pellet with central high-density 
regions and asymmetry along the axial direction, charac-
teristic of ring laser-driven implosions.The results showed 
that although the ring configuration provided generally 
symmetric equatorial compression, axial instabilities and 
perturbations developed during the implosion. Rayleigh–
Taylor instabilities, arising near the ablation front, dis-
rupted the uniformity of the inward-moving shell and 
degraded the hotspot compactness. As a result, the peak 
density achieved was ~35 g/cm³, and core temperatures 
were reduced to approximately 9 keV. The total neutron 
yield dropped to about 7.8×109 neutrons per pulse. None-
theless, LILAC confirmed that the ring laser could effec-
tively compress the target and initiate significant fusion 
reactions, even with moderate asymmetries.The VORPAL 
simulations added further depth by capturing three-di-
mensional kinetic effects, particle dynamics, and electro-
magnetic field interactions. These simulations revealed 
the development of non-Maxwellian ion distributions 

and anisotropic heating due to electron acceleration near 
the laser-plasma interface. Self-generated electric and 
magnetic fields—arising from Weibel and filamentation 
instabilities—were observed, especially during the peak 
laser interaction phase (Fig. 4). These localized fields in-
fluenced ion confinement and energy transport, contribut-
ing to spatial variations in neutron emission. The average 
neutron yield from VORPAL was around 6.5×109 neu-
trons per pulse, with evidence of directional neutron out-
put, particularly along the axis of ring symmetry (Fig. 5). 
A key finding across all simulations is the sensitivity of 
D-D fusion yield to symmetry and kinetic effects. The 
comparison shows a clear trend: as the model dimension-
ality increases and more realistic physics are included, 
neutron yield decreases due to growing asymmetries and 
instabilities. However, the yield remains within the same 

Figure 2. Temperature Evolution in 1D HYADES Simulation. Figure 3. Density Profile in 2D LILAC Simulation.

Figure 4. Self-Generated Magnetic Fields in 3D VORPAL Sim-
ulation. Figure 5. Time-Resolved Neutron Emission Map.



Makar AK: Ring laser fusion: A novel approach178

order of magnitude across all three platforms, validating 
the viability of the ring laser concept under non-ideal con-
ditions.Another important observation is the directional 
nature of energy deposition and neutron emission in the 
ring configuration. This suggests that ring lasers may be 
tuned not only for uniform compression but also to guide 
fusion product emission for diagnostic or engineering 
purposes.The use of a D-D fuel target also introduces an 
advantage in terms of simplicity and reduced activation 
risks compared to D-T fusion, making this approach suit-
able for early-stage fusion research. While D-D reactions 
offer lower cross-sections than D-T, the results demon-
strate that with sufficient compression and temperature, 
they can produce measurable and repeatable yields under 
laser-driven conditions.In summary, the simulation re-
sults confirm that ring laser-induced compression is ca-
pable of initiating significant D-D fusion and that a multi-
code approach is essential for capturing the full scope of 
plasma dynamics, from hydrodynamic motion to kinetic 
field-particle interactions. The most important outcomes 
of this study include the identification of achievable core 
parameters for D-D ignition, the quantification of neutron 
yields under realistic conditions, and the demonstration 
of asymmetry and instability effects in laser-plasma cou-
pling. These insights provide critical guidance for future 
experimental designs and the optimization of laser fusion 
schemes using alternative geometries and fusion fuels.

Conclusion

This study presents a comprehensive investigation into 
the feasibility of achieving nuclear fusion using a ring la-
ser configuration with a deuterium-deuterium (D-D) fuel 
target. Through an integrated simulation approach using 
HYADES, LILAC, and VORPAL, the physical behavior of 
laser-driven inertial confinement was explored across one, 
two, and three dimensions, encompassing fluid dynamics, 
radiation transport, kinetic effects, and electromagnetic field 
evolution.The one-dimensional simulations using HYADES 

established a theoretical performance limit, achieving ideal 
compression with a peak ion temperature of approximately 
12 keV, a central density of ~45 g/cm³, and a neutron yield of 
1.1×1010 per pulse (Fig. 6). Two-dimensional LILAC sim-
ulations captured the influence of ring laser geometry and 
revealed moderate axial asymmetries and Rayleigh–Taylor 
instabilities, with the system still achieving fusion-relevant 
conditions of ~9 keV, ~35 g/cm³, and 7.8×109 neutrons per 
pulse (Fig. 7). The three-dimensional VORPAL simula-
tions confirmed the presence of Weibel and filamentation 
instabilities, anisotropic neutron emission, and self-gener-
ated magnetic fields, yet still demonstrated sufficient com-
pression and heating, producing ~8.5 keV, ~30 g/cm³, and 
6.5×109 neutrons per pulse.The consistency of these results 
across all simulation platforms clearly demonstrates that fu-
sion is indeed possible using a ring laser configuration, even 
in the presence of real-world asymmetries and kinetic insta-
bilities (Fig. 8). The ring laser approach delivers sufficient 
energy to compress and heat a D-D fuel target to conditions 
necessary for significant neutron production (Fig. 9), show-
ing the neutron yields from HYADES (1D), LILAC (2D), 
and VORPAL (3D) simulations. The plot highlights how 
dimensional complexity and symmetry affect fusion out-

Figure 6. Hotspot Pressure vs Time (HYADES Simulation).

Figure 7. Rayleigh–Taylor Instability Growth (LILAC).

Figure 8. Fusion Viability – D-D Reactivity vs Achieved Tem-
perature.
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put. Moreover, the directional nature of neutron emission 
observed in 3D simulations opens possibilities for diagnos-
tic optimization and anisotropic fusion energy control.The 
insights gained here also advance the broader understand-
ing of how spatially shaped laser fields interact with plasma 
to produce ignition conditions under controlled laboratory 
conditions (Fig. 10), highlighting the region of optimal D-D 
fusion reactivity. The cyan marker indicates the achieved 
simulation point (12 keV, 40 g/cm³), confirming it lies well 
within the viable fusion zone.

Significance

The significance of this study lies in its demonstra-
tion that deuterium-deuterium fusion can be achieved 

using a ring laser configuration, offering a novel and 
viable alternative to conventional spherical irradia-
tion schemes. By employing a multi-code simulation 
framework—spanning HYADES, LILAC, and VOR-
PAL—the research captures the full spectrum of plas-
ma behavior from ideal hydrodynamics to complex 
three-dimensional kinetic effects (Fig. 11), confirms 
that all three simulations achieved fusion-relevant con-
ditions. The results confirm that even with asymmetries 
and instabilities, the ring laser setup consistently reach-
es fusion-relevant conditions, marking a step forward in 
both theoretical modeling and experimental feasibility 
(Fig. 12). The absence of excessive fast electron gener-
ation and their subsequent penetration into the fuel is 
a key positive outcome, as preheat would significantly 
hinder the compression needed for D-D ignition. The 
collective results strongly suggest that the ring laser 
configuration offers a viable pathway to achieving the 
extreme conditions necessary for D-D fusion, with the 
uniform compression contributing to the overall stabil-
ity and performance of the implosion.
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