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Magnetic Mirrors
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1.1 Simple Mirror
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Charged particles pushed back toward center as they approach magnetic field gradient near ends
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1.1 Simple Mirror

electrons are ‘leakier’ than ions  positive potential develops in mirror

- -
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1.2 Tandem Mirror

End plug ambipolar potential
• Confines ions in the central cell
• Scales with density ratio between plugs and central cell
• Driven by neutral beam injection (NBI)
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NBI in Tandem Mirrors
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2.1 Confinement and Stability

 End plug ambipolar potential requires high 
density, high temperature plasma

 NBI provides a direct injection of high-
energy particles

 In the magnetic mirror, confinement time 
scales with ion energy 𝝉 ∝ 𝑬𝒊

𝟑/𝟐

 Angled injection stabilizes plasma against 
Alfvén-ion cyclotron (AIC) instabilities

T.K. Fowler et. al, A new simpler way to obtain high fusion power gain 
in tandem mirrors. 2017, Nucl. Fusion 57, 056014 

End plug ion distribution
Ion velocity phase space
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2.2 NBI Roadmap
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Timeline

WHAM NARSIL

HAMMIR-DD

HAMMIR-DTPositive ions Negative ions
Wisconsin HTS Axisymmetric 
Mirror (WHAM)
 Active fusion experiment 

demonstrating simple mirror

NARSIL
 NBI test stand

HAMMIR-DD
 Upcoming fusion experiment 

demonstrating tandem mirror 
and DD fusion

HAMMIR-DT
 First of a kind fusion power 

plant with DT fuel
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3.1 Tools Overview

Purpose: Rapid exploration of design space 
with key physics [Low Fidelity]

Capabilities
Beam envelope and profile
Gas density (molecular flow)
Neutralization and reionization
Magnetic deflection of ions
Power deposition

Purpose: Self-consistent multiphysics simulations on 
detailed geometry [Medium Fidelity]

Capabilities
Monte-Carlo particle transport
Beam envelope and profile
Gas density (3D molecular flow)
Neutralization and reionization (secondary particles)
Magnetic field solver and ion deflection
Power deposition and heat transfer
Ion source plasma dynamics

Purpose: Detailed physics simulations of key 
phenomena [High Fidelity]

Capabilities
Monte-Carlo particle transport
Beamlet extraction and acceleration
Space charge effects
Neutralization and reionization (secondary 
particles)
Magnetic field solver and ion deflection
Ion source plasma dynamics
All of physical reality (given enough GPUs)

TM
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In-house interactive tool for beam dynamics modeling



© Realta Fusion

Multi-fidelity Modeling

11

3.2 RealBeam

 Interactive 
adjustment of beam 
parameters

 Fast update of 
beam envelope and 
species fractions

 Ion bending and 
magnet parameters

 Preset or imported 
gas density profiles
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3.2 RealBeam - Equations

 Interactive 
adjustment of beam 
parameters

 Fast update of 
beam envelope and 
species fractions

 Ion bending and 
magnet parameters

 Preset or imported 
gas density profiles

Beam Optics

Ion Bending

Neutralization 
Reactions
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3.2 RealBeam – Molecular Flow

1. Discretize volumes

2. Calculate conductances

3. Add sources and sinks

4. Solve gas density profile (transient) 

5. Use profile to calculate neutralization

v1 v2

v3

v4-v8

v9
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3.2 RealBeam – Molecular Flow

v1 v2

v3

v4-v8

v9

v10

v11

• NBI must maintain a vacuum 
environment which can sustain the 
plasma

• Gas migration from the NBI 
beamline into the mirror plasma can 
be evaluated

• Time-dependent “plasma-pumping” 
speed can also be modeled Cold Neutrals

Ion Exhaust
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3.2 RealBeam – Power Deposition

• Arbitrary planes represent beamline 
geometry
 (ion dumps, calorimeter, drift tube, etc.)

• Beam profile assumed or calculated 
analytically

• Power deposition calculated on surfaces

• Provides first estimate of heat flux on 
beam-facing components
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3.2 RealBeam – Workflow

• Interactivity of RealBeam enables rapid 
iteration

• Primary physics and their interactions 
captured with analytical models

• Exploration of a large design space 
allows many configurations to be 
evaluated

• Complete workflow establishes baseline 
design for higher fidelity tools

Beamline 
Parameters

Beam Parameters

Gas Profile

Power 
Deposition
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Commercial multiphysics software for integrated simulations on CAD geometry
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3.3 COMSOL - Workflow

Simplify 
geometry Add physics

Charged Particle 
Tracing

Free molecular flowMagnetic Fields

Heat Transfer

Simulate

COMSOL can bridge the gap 
between detailed engineering 
designs and physics simulations

Higher fidelity of physical geometry 
and multiphysics interactions
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3.3 COMSOL - Simulation

Gas density profile

3D magnetic field

Initial particle distribution

Beam transport and 
neutralization

Heat deposition

Comprehensive multiphysics environment + CAD geometry
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3.3 COMSOL

3D Ion source plasma dynamics

• Electron density

• Magnetic flux

• Negative ion production

Initial plasma distribution for 
extraction and acceleration 
simulations
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Particle-in-cell code for high fidelity physics modeling
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3.4 WarpX
Advanced Particle-In-Cell (PIC) code
Geometries, models, & physics

 1D/2D/3D Cartesian, cylindrical, spherical

 electromagnetic, electrostatic, magnetostatic

 ionization, atomic, fusion and collisional physics, QED

Advanced numerical methods

 boosted frame

 mesh refinement

 explicit, implicit, pseudo-spectral solvers

 embedded boundaries (via STL files)

High-performance computing

 from laptops to supercomputers

 CPUs and GPUs

 interactive python interface https://warpx.readthedocs.io/en/latest/index.html
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3.4 WarpX – Ion Source Plasma Dynamics

3D PIC simulations provide high fidelity results for ion source plasma

• Charged particle density profiles (𝑒ି, 𝐷ା, 𝐷ଶ
ା, 𝐷ଷ

ା, 𝐷ି )
• Magnetic field and electric potential distributions
• Non-uniformities from magnetic filter field (ExB drift)
• Cesium dynamics
• Surface and volume production of negative ions
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3.4 WarpX – Extraction & Acceleration

Grid simulations on multiple scales:

• Single beamlet simulation
• validate beam current, beam size, and 

divergence

• 7 beamlet simulation
• Quantify multi-beamlet interactions 

and solve over STL geometry

• ~700 beamlet simulation
• Full-scale simulation of entire grid 

geometry
• Accurate space charge representation 

for entire beam
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3.4 WarpX – Ion Bending

• Bending magnet designs evaluated 

with B-field calculator

• Weak focusing and edge focusing 

effects of dipole captured

• Detailed beam profile and heat 

deposition used for ion dump design

Heat deposition from deflected ion beam
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3.4 WarpX – Awards and Collaborations

Work supported by the INFUSE program under CRADA No.
FP00019597. Simulations performed on NERSC under Contract
No. DE-AC02-05CH11231 using NERSC award FES-ERCAP0026655.

https://science.osti.gov/-/media/funding/pdf/Awards-Lists/2026/GM-RFA-Awards-List.pdf

Awards Collaborators

LBNL Collaborators: Remi Lehe, Olga 
Shapoval, Arun Persaud, Arianna Formenti
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3.4 WarpX – INFUSE Award

• Collisions with neutral gas alter 
the beam species fractions

• WarpX model matches analytical 
calculations

• Secondary electron production is 
tracked

• Electrons compensate the space 
charge for PNBI

Framework being adapted for NNBI space charge 
compensation and photo-neutralization

~80% space charge 
compensation from 
secondary electrons

𝐻 + 𝐻ଶ → 𝐻ା + 𝐻ଶ + 𝑒ି

impact ionization
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3.4 WarpX – INFUSE Award

17th International Particle Accelerator Conference (IPAC), Deauville, France

https://www.ipac26.org/prepress/doi/jacow-ipac2026-tup3068/index.html

https://www.ipac26.org/prepress/doi/jacow-ipac2026-tup8301/index.html
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3.5 Genesis Mission

PI: Dr. Kai Shih

NBI operation is challenging due to the tightly coupled 
and non-linear nature of the system

This high-dimensional control space requires extensive 
experimental iteration and long operational timescales

Machine learning + Multi-fidelity toolkit -> NBI digital twin

Digital twin will enable near-real-time human-in-loop 
optimization and control

NARSIL
(NBI test stand)

X
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4.1 Advantages to the Multi-fidelity approach

Appropriate tool can be chosen for each stage 
of design
• RealBeam – scoping and first approximations
• COMSOL – integrated multiphysics and 

engineering design
• WarpX – detailed validation and physics 

investigations

Overlaps in capability allow us to check our 
results under different physics models

Assumptions can be validated with higher 
fidelity tools then applied to lower fidelity 
simulations
• Paraxial ray approximation
• Space charge compensation
• Beam profile

TM

Speed

Fidelity



NBI shot seen through the central cell

Thank you for your attention!


