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Abstract 

The impact of the radial electric field :�p; on the confinement of energetic particles in the 

Large Helical Device is studied through gyrokinetic simulation. Particle orbits are 

characterized as passing, helically trapped, and barely trapped. �p has little effect on passing 

particles. A positive �p is found to improve the confinement properties of trapped particles by 

increasing their precession rate, thereby reducing radial drift over a bounce motion.  A 

negative �p is found to do the opposite. �p can induce particles to change orbit topology.  The 

effects of an experimental �p profile are discussed.  Overall, positive �p is found to improve 

while negative �p is found to degrade confinement of energetic particles.  Furthermore, the 

lost energetic particles originate from localized regions of phase space. Knowledge of which 

can be utilized to induce radial current to control �p by injecting neutral beams into these 

regions. 

Keywords: stellarator, radial electric field, energetic particle 

 

1. Introduction 

Stellarators rely on complex three-dimensional 

(3D) magnetic fields to confine plasma, offering both 

advantages and disadvantages compared to tokamaks 

[1], [2]. The main advantage of stellarators is that they 

do not require an induced current to maintain the 

magnetic field structure required to confine the plasma.  

This nearly eliminates the entire class of instabilities 

known as current driven instabilities from consideration 

in stellarators.  Furthermore, to induce this current in a 

tokamak, we continuously ramp up the current through 

a part of the machine called the central solenoid. As we 

can not increase current forever, tokamkas must either 

use other methods to produce a toroidal current or 

periodically reset, which can damage the machine.  

Since this current ramp up is not required in a stellarator, 

stellarators are inherently closer to steady state devices. 

The main advantage of tokamaks is their axisymmetric 

magnetic field configuration, which reduces the 

equilibrium geometry of confinement to two 

dimensions, ensuring that collisionless particle orbits are 
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confined to closed paths. This symmetry is a key reason 

energetic particles (EPs), such as fusion-born alpha 

particles, are well confined in tokamaks in the absence 

of collective instabilities such as Alfven eigenmodes. In 

stellarators, however, the lack of exact axisymmetry 

results in the loss of EPs, posing a challenge for their 

confinement. For a fusion device to operate effectively, 

alpha particles must transfer their energy to the thermal 

plasma before escaping confinement, thereby providing 

the necessary heating to sustain further fusion reactions. 

Therefore, the confinement of EPs is a fundamental 

problem that must be addressed in stellarators [3], [4], 

[5], [6]. 

The EP and thermal plasma confinement can be 

affected by radial electric field (�p), 'å L ',& � A̧å where 

A̧å is the radial unit vector pointing out of the magnetic 

axis.  In tokamaks, �p  shear is known to create transport 

barriers that suppress turbulence and reduce radial 

transport of particles and heat [7], [8]. Similarly, in 

stellarators, both �p and �p shear can influence the 

transport of thermal plasma and energetic particles [9], 

[10], [11], [12], [13], [14], [15], [16]. �p may also be 

used to expel impurities from the core [10], [11]. 

Experiments on the LHD have further demonstrated that 

�p can significantly impact plasma profiles [17] and that 

a positive �p can improve confinement [18], [19]. 

Gyrokinetic simulations of Wendelstein 7-X (W7-X) 

have shown that �p in the electron root can suppress 

microturbulence [20]. These findings motivate a deeper 

exploration of the role of �p in stellarator confinement. 

Because of their high energy, EPs rarely 

undergo collisions, meaning that their motion is mostly 

free streaming [21] and can be well understood based on 

collisionless, gyrokinetic simulations.  Optimization of 

stellarators for improved EP confinement is a central 

problem in stellarator research[22].  This work will 

contribute to future studies on using �p and potentially 

varying �p to further such optimizations. 

The equilibrium �p arises from non-ambipolar 

(unequal) fluxes of ions and electrons within the 

stellarator plasma, with its characteristics depending on 

the ion and electron temperatures and neoclassical 

transport. It has been shown that in LHD, neoclassical 

transport plays a significant role in the generation of this 

non-ambipolarity [23]. There are two potential regimes 

for �p, the ion root and electron root. In the electron root, 

high electron temperatures allows trapped electrons to 

diffuse outwards radially faster than ions, resulting in a 

positive electric field. Conversely, in the ion root, higher 

ion temperatures lead to faster ion diffusion and a 

negative radial electric field[12]. �p is the component of 

the Electric field that points radially outwards from the 

magnetic axis, so a positive �p means that ',& points 

outwards from the magnetic axis while a negative �p 

means that ',& points radially inwards, towards the 

magnetic axis.  These ambipolar electric fields can affect 

the EP confinement. 

EPs in turn can affect �p as well as thermal 

confinement. Both effects have been studied in 

tokamaks [22], [23]. As shown in [17], �p can be 

changed by varying the perpendiciular neutral beam 

injection power, but is mostly unaffected by varying the 

parallel injection power. This implies that to analyze the 

effects of EP on �p, we need a better understanding of 

how �p affects EPs at different locations in phase space.  

To obtain such an understanding, we have 

carried out two experiments on LHD to measure the 

effects of particle injection at different pitch angles ã L

�$4ä/E where $4 is the magnetic field strength on 

the magnetic axis, ä is the magnetic moment and E 

is the kinetic energy of a particle. In the first, we 

found that we needed a higher plasma density to 

reduce the effects of charge exchange losses.  

Nonetheless, we obtained an electron root �p profile 

from this experiment, which is discussed in this paper.  

The second experiment will be discussed in a future 

paper analyzing the effects of varying NBI energy and 

pitch angle on �p.  

The main difference between trapped particles 

in LHD (or any heliotron) and a tokamak is that trapped 

particles in LHD precess through a helical magnetic field 

well and thus precess poloidally as well as toroidally. In 

an electrostatic simulation with radial electric field, only 

curvature and grad-B drift contribute to the radial motion 

of particles. As B is a function of position, decreasing 

the rate of helical precession increases time spent 

drifting in one direction radially, increasing radial 

excursion over a transit through the helical B field well. 

We show through gyrokinetic simulation that a 

positive �p improves the confinement of trapped 

particles, while a negative �p�degrades the confinement 

of trapped energetic particles in the LHD. This is fairly 

surprising, as one would expect that a positive �p�would 

eventually push ions radially outwards. Negative �p 

decreases the helical precession rate of trapped particles, 
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increasing radial excursion and allowing some trapped 

particles to reach the separatrix and others to transition 

to barely trapped orbits. As barely trapped particles do 

not conserve the second adiabatic invariant ,�� these 

particles are often able to leave the plasma increasing EP 

losses due to negative �pä Positive �p does the opposite. 

By incresasing helical precession, positive �p reduces 

radial excursion of trapped particles, reducing both the 

number of trapped particles that reach the separatrix and 

the number of trapped particles that reach a region of low 

enough magnetic variation that they change to a barely 

trapped orbit. We further analyze how the electric field 

measured in experiments on LHD affects the particle 

distribution, focussing on particles at different positions 

in phase space. Another surprising result is that a small 

�p, sourced by potential variation across the radial 

domain on the order of 5 kV can have a significant effect 

on the loss of EPs at all energies tested, up to at least 60 

keV, although it does have a greater effect on particles 

in the lower energy range. Finally, the lost particles 

originate from localized phase space regions, which can 

be utilized to control Er by injecting neutral beam into 

these regions to induce radial current. This analysis will 

need to be carried out in a future fusion reactor for 

particles with energies ranging up to the expected Ù 

particle birth energy of 3.5 MeV. 

This paper is organized as follows: Section 2 

details the simulation parameters and codes used in this 

study. Section 3 examines particle orbits in LHD and the 

effects of imposed, constant �p profiles. Section 4 

presents an analysis of simulations with experimentally 

informed �p profiles. Finally, Section 5 summarizes the 

results and discusses their implications.  

2. LHD Experiment and Simulation 

The parameters of the simulations discussed in 

this paper are taken from shot #183281 of the LHD [26]. 

This shot was taken from an experiment attempting to 

find the dependance of �p�on the pitch angle of injected 

particles, and was chosen for its magnetohydrodynamic 

quiescence and �p data. This shot was taken in the 

standard configuration, where the magnetic field on axis 

is $4 L täxv�6 and the major radius is 44 L uäyw�I. 

Electron cyclotron heating is used to increase the 

electron temperature, enforcing an electron root �p. 

Energetic particles are sourced by neutral beams (NBI) 

3 and 4, providing a counter passing and trapped EP 

population respectively, although we leave the study of 

the effects of realistic NBI profiles on �p to a later paper.  

Due to the helical field coils, the magnetic field in LHD 

always has right handed helicity. The toroidal magnetic 

field points clockwise when viewed from above. This 

allows use of the Heavy Ion Beam Probe (HIBP) to 

measure electrostatic potential in the core[27], [28]. For 

each time slice, the HIBP provides the electrostatic 

potential (in kV) at various values of the effective radius, 

which is the radius of a simple torus with the same 

enclosed volume as the flux surface of interest [29].  

This paper focusses on simulations of this shot 

using the Gyrokinetic Toroidal Code (GTC) [8]. The 

simulations need the equilibrium state that the plasma 

maintains within an imposed magnetic geometry. In this 

study, we use the Variational Moments Equilibrium 

Code (VMEC) [30] to generate this equilibrium. 

Specifically, it is used to solve for the equilibrium 

magnetic field and plasma currents within LHD. These 

quantities are transformed to the Boozer coordinates 

including poloidal flux function ð, poloidal angle à, and 

toroidal angle Þ using BOOZ_XFORM [31]. The B field 

in these coordinates is pointed in the EàáEÞ direction.  

Throughout this paper, the radial coordinate will be 

normalized by ðê, the poloidal flux function at the 

separatrix.  

Two types of �p profiles are imposed on the 

simulation as equilibrium data. In Section 3, we discuss 

the simpler case of simulations with an �å of 0 or Gw 

kV/m imposed over the entire domain to understand the 

effects of �p on orbit topology and particle loss. The 

magnitude of �p in shot #183281 is slightly larger than 

these values through most of the radial domain, so 

GwkV/m was chosen to provide a conservative estimate 

of the effects of �p. In Section 4, we assess the effects of 

realistic �p using experimentally measured �p profiles. 

While GTC is capable of running self-consistent 

electromagnetic simulations [32], in this work, we allow 

neither the magnetic fields nor �p to change in time. So  

in our simulations we are pushing guiding centers 

according to the background magnetic field and imposed 

�p. The slowing down time for EPs under the 

experimental conditions is ~0.15s, many orders of 

magnitude beyond the simulation time we are 

examining, so we exclude collisions as well to focus on 

collisionless losses. 

In our simulations, we use a uniform distribution 

of deuterium particles with kinetic energies ranging from 

20 to 60 keV. This energy range is chosen to match the 
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direction does not depend on precession rate, but on 

position, so a slower precession rate allows particles to 

spend more time in one location drifting in one direction 

radially. In this way, a poitive �p reduces while a 

negative �p increases radial drift of trapped particles in 

LHD. 

Barely trapped particles are poorly confined as 

their orbits are not periodic. �p affectes their radial drift 

in the same way that it effects helically trapped particles. 

A positive �p can push barely trapped orbits towards 

helically trapped orbits, which are better confined.  A 

negative �p does the opposite, pushing trapped orbits to 

barely trapped orbits, further degrading confinement.   

The vast majority of lost particles in LHD come 

from trapped or barely trapped particle orbits. These 

losses are reduced under positive �p, and exacerbated 

under negative �p and Case -. While �p does have a 

stronger effect on lower energy trapped ions, �p is shown 

to have a noticeable effect on the confinement of trapped 

ions at energies at least 12 times greater than the 

variation in potential. Analysis of the effects of �p on the 

distribution of lost particles agrees with our analysis of 

its effects on particle orbits. 

While this paper discusses neoclassical 

collisionless transport, the effects of �p on collisional 

diffusion are discussed in [3], [14], [15], where it is 

shown that confinement will be further improved in the 

electron root. This work will be continued in a study of 

experiments and self consistent simulations of �p  in 

LHD including the effects of realistic 5D EP 

distributions produced through NBI.  The end goal is to 

provide further insight into the control of �p through 

NBI and ECRH to improve confinement.   
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