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Abstract

The impact of the radial electric field (E,) on the:eonfinement of energetic particles in the
Large Helical Device is studied through gyrokinetic.simulation. Particle orbits are
characterized as passing, helically trapped, and barely trapped. E, has little effect on passing
particles. A positive E, is found to improve the confinementproperties of trapped particles by
increasing their precession rate, thereby reducing radial drift over a bounce motion. A
negative E, is found to do the opposite. E..can induce particles to change orbit topology. The
effects of an experimental E,. profile are discussed. ‘Overall, positive E, is found to improve
while negative E, is found to degrade confinement of energetic particles. Furthermore, the
lost energetic particles originate from locali}d regions of phase space. Knowledge of which
can be utilized to induce radial curtent to‘control E. by injecting neutral beams into these

regions.

Keywords: stellarator, radial electrie.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 mot requite 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

XXHXX-XXXX/ XX/ XXXXXX

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],
(51, [6].

The EP and thermal plasma confinement can be
affected by radial electric field (E,), E, = E- é, where
é,- 1s the radial unit vector pointing out of the magnetic
axis. In tokamaks, E, shear is known to create transport
barriers that suppress turbulence and reduce radial
transport of particles and heat [7], [8]. Similarly, in
stellarators, both E, and E, shear can influence the
transport of thermal plasma and energetic particles [9],
[10], [11], [12], [13], [14], [15], [16]. E. may alse be
used to expel impurities from the core [10], [L1]:
Experiments on the LHD have further demonstrated that
E can significantly impact plasma profiles [17] and that
a positive E. can improve confinement’ [18],7[19].
Gyrokinetic simulations of Wendelstein 7-X"(W.7-X)
have shown that E. in the electron oot can suppress
microturbulence [20]. These findings motivate a deeper
exploration of the role of E,. 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 E,. and potentially
varying E to further,such optimizations.

The equilibrium\E,. arises from non-ambipolar
(unequal) fluxes of dons and electrons within the
stellarator plasma, with its characteristics depending on
the ion and.electron temperatures and neoclassical
transport. At 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 E;, the iontoot 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]. E;. is the component of
the Electric field that points radially Qutwards from the
magnetic axis, so a positive“E. means that E points
outwards from the magnetic axis while a negative E.

means that E points radially inwardsjytowards the
magnetic axis. These ambipolar electric fields can affect
the EP confinement.

EPs in turn can affect E; as well as thermal
confinement. Both «effects, have been studied in
tokamaks [22], [23]. As@shown in [17], E. can be
changed by varying the perpendiciular neutral beam
injection power, butis mostly unaffected by varying the
parallel injection power. " This implies that to analyze the
effects of EP'on E,, we need a better understanding of
how E, 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 A =
Bou/E where B, is the magnetic field strength on
the magnetic axis, ¢ 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 E,. 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 E,..

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 E, improves the confinement of trapped
particles, while a negative E, degrades the confinement
of trapped energetic particles in the LHD. This is fairly
surprising, as one would expect that a positive E, would
eventually push ions radially outwards. Negative E,
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 E,. Positive E, does the opposite.
By incresasing helical precession, positive E,. 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
E., 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 a
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 E, profiles. Section 4
presents an analysis of simulations with experimentally
informed E, profiles. Finally, Section S 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 E;. on the pitch angle of injected
particles, and was chosen for its magnetohydrodynamic
quiescence and E. data. 'This shot was taken in the
standard configuration, where the magnetic field on axis
is By = 2064 T and.the major radius is Ry = 3.75 m.
Electron ‘cyclotron | heating is used to increase the
electron temperature, enforcing an electron root E..
Energetic particles are sourced by neutral beams (NBI)
3 and 4, providing a counter passing and trapped EP
population'tespectively, although we leave the study of

the effects of realistic NBI profiles on E;. to a later paper.
Due to the helical field coils, the magnetic.field inL HD
always has right handed helicity. The toroidal magnetic
field points clockwise when viewed{from above. This
allows use of the Heavy lon Beam Probe (HIBP) to
measure electrostatic potential in the.core[27], [28]. For
each time slice, the HIBP ptovides 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 surfacé 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 imposeddnagnetic geometry. In this
study, we use the Variational Moments Equilibrium
Code (VMEE) [30] |to generate this equilibrium.
Specificallyy, it “ishused to solve for the equilibrium
magnetic field and plasma currents within LHD. These
quantities are transformed to the Boozer coordinates
ineluding poloidal flux function i, poloidal angle 8, and
toroidal angle’¢ using BOOZ_XFORM [31]. The B field
in these coordinates is pointed in the +8, +¢ direction.
Throughout this paper, the radial coordinate will be
normalized by i, the poloidal flux function at the
separatrix.

Two types of E, profiles are imposed on the
simulation as equilibrium data. In Section 3, we discuss
the simpler case of simulations with an E, of 0 or +5
kV/m imposed over the entire domain to understand the
effects of E, on orbit topology and particle loss. The
magnitude of E, in shot #183281 is slightly larger than
these values through most of the radial domain, so
+5kV/m was chosen to provide a conservative estimate
of the effects of E,.. In Section 4, we assess the effects of
realistic E;. using experimentally measured E,. profiles.
While GTC is capable of running self-consistent
electromagnetic simulations [32], in this work, we allow
neither the magnetic fields nor E; to change in time. So
in our simulations we are pushing guiding centers
according to the background magnetic field and imposed
E.. 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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energies of particles deposited by the perpendicular
neutral beam as these are the EP’s that are
experimentally accessible and most affected by E.. A
substantial fraction of these particles near the separatrix
are lost within one transit or bounce time, regardless of
E.. We consider a particle to be lost when it passes the
last closed flux surface (LCFS). This likely leads to
overestimates of particle losses[19]. Note that we use the
terms LCFS, y,, and separatrix interchangeably in this
paper. To remove these first-orbit losses, we perform an
initial simulation without E, for a tranist time 7,= 16 ps,
to identify and exclude the lost particles, and then rerun
the simulation from the beginning with the defined E,

profiles. Here 7, is calculated as 7, = 2R, //2T /m,.
T=20 keV is the minimum energy EP used in this
simulation and m; is the mass of deuterium. This
approach allows us to isolate and better visualize the
effects of E. on particles that remain confined in the
plasma core over longer timescales.

3. Effects of Constant E,. on Orbit Topologies

In stellarators, there are three primary (orbit
topoplogies [5], [33]. These are labeled here as passing,
trapped and barely trapped. Within LHD and other
heliotrons, trapped particles precess helically,around the
magnetic axis, so we label them as helically:trapped:
These three particle orbits are defined as follows:

e Passing: Particles that move predominantly
parallel or antiparallel to B and do:not reverse
direction with respect to B!

e Helically Trapped: Particles confined
between the helical magnetic  field maxima,
forming mirror-like (orbits in the region of
minimum |B|.

e Barely Trapped: »Particles that alternate
between passing and helically trapped states.
Barely trapped particles are passing or
counter-passing on the outer side of the torus,
often .completing.multiple toroidal transits
before reaching‘the inner side of the torus,
where they may bounce back [4].

Additionally, there are ripple-trapped particles,
which become trapped in small magnetic field wells
caused by field perturbations or imperfections which are
not included in this simulated equilibrium. In section 3.3,
we further classify barely trapped particles into two

Z (Ro)

ywcos(x)

Figure 1 Trajectories of a co-passing particle with
initial 4,= 0.11 and kinetic energy E = 59825 keV
under different radial electric fields, E,. values in kV/m
a) Y asa fuhction of time. b) Poloidal angle 8 as a
function of time. c) Projection of particle trajectory in
real space on the plane moving toroidally with the
particle d) Particle trajectory on plane rotating with the
minimum B field. The starting point of the particle in
¢ and d is marked with a black dot

subcategories: helical boundary orbits and banana-like

orbits.

3.1 Passing particles

Passing particles are characterized by a low
pitch angle A. Thus co-passing particles, those that move
mostly parallel to the magnetic field, are most simply
characterized by v|| /v = 1 where v, = U-band b is

the unit vector in the direction of E, while counter-
passing particles, those that move mostly antiparrallel to
the magnetic field, are most simply characterized by
v /v = —1. A passing particle orbit is illustrated in

Figure 1. As these particles move towards the inner side
of the torus, they drift slightly toward the magnetic axis.
Conversely, when they travel towards the outer side of
the torus, they drift away from the magnetic axis.
Opposite to co-passing particles, counter-passing
particles drift towards the axis as they approach the
outside and away from the axis as they approach the
inside of the torus. These particles are well confined as
their radial drift cancels itself out over a poloidal transit.
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As shown in Figure 1 the guiding center orbits
of passing particles remain largely unaffected by the
presence of E.. In this equilibrium, the E X B velocity
due to a positive E, slightly shifts the poloidal angular
velocity of a passing particle orbit towards the negative
0-direction, while a negative E shifts it in the positive
O-direction for passing particles. Figure 1b shows the
poloidal position of the particle as a function of time.
Note that the outer side of the torus is at & = 2rn in our
simulation for an integer n. We allow & to go beyond 2x
in this and future plots to more directly show when a
particle changes direction poloidally. Figure 1c shows
the projection of the particle’s orbit on a plane moving
with the particle toroidally. X = R/R; — 1 where R is
the major radius and R, is the major radius at the
magnetic axis. The small loops in Figure 1c come from
the topology of the magnetic field line that the particle
follows. The circular shape traced by all of these smaller
loops can be viewed as a toroidal average of the flux
surface shape. Figure 1d shows the particle’s orbit

projected onto a plane rotating with the magnetic field
strength. y = 2 8 — 10 { is the helical direction in LHD,
which has a dominant helical B(m =2,0=10) field. The
m and n are the poloidal and torodal miede numbers.

3.2 Helically trapped particles

Helically trapped particles are the dominant type
of mirror-trapped particles in the LHD. They bounce
within the local low-|B|field well of the stellarator’s
magnetic configuration [S]. In this paper, we refer to
them as helically trapped particles because, in LHD, the
dominant magnetic field™ varation is B(2,10).
Accordingly, the magnetic field well rotates helically
around the magnetic,axis.

Helically trapped particles have high A and exist
in regions of low |B| on a flux surface. Their trajectories
form small banana-shaped orbits as they drift helically.
As with all trapped particles, under no E., the bounce
points oceur at the same value of |B| to conserve both p

a) b)
0.6 0.1

— E=0

304

< 00
N

0.2 —0.1

0.0

c) 1

Vwsin(x)

d)
1.44

1.28
112
m
—0.96
0.80
0.64

1.00

0.75

0.50 >

0:25

0.00

Figure 2 Trajectories of a helically trapped particle with A = 1.03 and E = 44636 keV under different radial
electric fieldss ;. values in kV/m. a) ¥ as a function of time. b) Projection of particle trajectory in real space
onto constarit poloidal plane. c) Particle trajectory on plane rotating with the minimum field d) Particle orbit on
{, @ plane over contours of magnetic field strength at i = 0.5 normalized to B,,. Trajectory color in panel d
representsiradial coordinate. The arrow shows the direction of precession
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and E. Under an E[, the radial drift will change the
potential energy of the particle, and thus the kinetic
energy and bounce point must shift to compensate.
These particles exhibit radial drift: they drift outward as
they precess toward the inside of the torus and inward as
they move toward the outside of the torus, as shown in
Figure 2d. These particles precess in the —8,—(
direction within the field well, along the helical contour
defined by y = constant [3]. It follows that, helically
trapped particles are predominantly lost on the inner side
of LHD when their radial drift moves them out toward
the last closed flux surface (LCFS).

As shown in Figure 2, E, significantly affects
helically trapped particles. Radial drift comes from the
radial component of VB and curvature drifts, which
points inwards for 8 < m and outwards for 8 > m. For a
positive E., E x B drift points in the same direction as
the component of VB and curvature drift that is
tangential to a flux surface, thus increasing the rate of
precession of a trapped particle through the helical B
field well and decreasing the time the particle spend
drifting radially in one direction. Consequently, positive

E, reduces the radial drift over a full toroidal transit
through the magnetic field well. Conversely, a negative
E, results in EXB drift that counteracts the component
of VB and curvature drift tangential{to.a flux surface,
decreasing the rate of precession and thus increasing net
radial drift [9]. Another way to view. this effect is that
increasing the rate of precession can help, push trapped
particles through the higher magnetic field strength on
the inside of the torus, allowing the particle to pass
through & = m where it drifts towards the magnetic axis.
Without this extra push, the particle may continue
bouncing in a region where its net radial drift over any
bounce motion is outwards until it exits the plasma. A
particle that does exactly this'is shown in figure 6.

In the case of the particle shown in Figure 2, a
negative Ej significantly altered the particle’s orbit
topologysasiwell. Thedncreased radial drift allowed the
particle to drift far enough inward to reach a flux surface
where the magnetic field variation was small enough to
prevent trapping. As a result, the particle temporarily
transitions to @ counter-passing orbit, making it, as we
later'define, a helical boundary orbit, completing some

aos b) 0.5

0.4/
0.3]
E3
0.2/
0.1

0.0

.0 0.1
/2n
Eigure 3 Trajectories of a barely trapped particle with A = 0.897 and E = 59080 keV under three different
E, a) 1 asa function of time. b) Poloidal angle & as a function of time. c¢) Projection of particle orbit in
real space onto constant poloidal plane. d) Particle orbit on {, 8 plane over contours of magnetic field

strengthat 1y = 0.3 normalized to B,,.. Trajectory color in panel d represents radial coordinate. Er values
in kV/m

0.1 0.20.0 0.1 0.2
2n

20
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poloidal transits before drifting outward and reentering
a trapped orbit. These poloidal transits are visible in
figure 2b, where we see loops in the green line on the
right side of the figure as well as in figure 2¢, when the
particle crosses the line y = 0, making circles near the
axis. It then drifts farther outward than its counterparts
in the E. =0 and E =+5 kV/m cases. This demonstrates
that E, can influence not only particle motion within a
given orbit topology but also induce transitions between
different orbit topologies. However, this effect is likely
inflated in this simulation due to the unphysical nature
of a constant E, near the magnetic axis.

3.3 Barely trapped particles

Barely trapped orbits have intermediate values
of A—lower than those of helically trapped particles but
higher than those of passing particles. These particles are
typically in a passing or counter-passing state on the
outside of the torus but can become trapped on the inside
of the torus, particularly at larger radial positions where
the magnetic field variation is more pronounced. Figure
3 shows a particle in a barely trapped orbit. Barely
trapped particles generally have complex trajectories
and do not necessarily return to the same bounce point.
Consequently, their radial drift does not vanish when
averaged over a bounce motion [8], leading to the'poor
confinement properties shown in Figure 8 for particles
of A values ~0.8.

In heliotron configurations, barely trapped
orbits can be categorized into two distinct types: banana-
like orbits and helical boundary | orbits. The’ key
distinction lies in the behavior of these.particles on the
inside of the torus. Helical boundary particles can
traverse the inside of the torus onfa helically trapped
orbits, whereas banana-like/particles:cannot as they are
reflected back to the outside of the torus by the larger |B|
field on the inside. In other words, banana-like particles
are trapped by the secondary magnetic field variation of
LHD, B(1,0) due to toreidicity, like banana orbits in
tokamaks. However, their trajectories are poorly
confined due to the lack of axisymmetry.

Barely trapped particles often complete several
toroidal transits on the outside of the torus in a passing
or counter-passing state. As they drift toward the inside,
their parallel motion is suppressed by the increasing
B(140) field strength. On the inside, they may exhibit
small helically trapped bounces.

0-8. 04 0.6 0.8

Yy
Figure 4 Loss fraction as.a function of initial radial
location 1 showing lost particles from simulations
with constant . of +5, 0, -5 kV/m. Initial distribution

is isotropicaFirst orbit losses are not shown

0.2

The particle in Figure 3 in the simulation with
E.=0"kV/m, is in a banana-like orbit. Banana-like
particles reverse the direction of their poloidal motion
upon reaching the larger magnetic field on the inside of
the torus«<They do not cross the maximum poloidal |B|
value. The simplest way to identify banana-like particles
is that they do not pass through the inside of the torus,
8 = m + 27n in our simulations. Banana-like particles
occasionally make a few regular banana type bounces
on the inner side before reversing directions along the
Jy=constant contour.

Helical boundary particles behave similarly to
banana-like particles but can pass through the inside of
the torus by making helically trapped bounce motions on
that side. In LHD, helically trapped particles generally
precess in the —0, —C direction as designated by the arrow
in figure 2d. Helical boundary particles maintain this
directionality when in a helically trapped or counter-
passing state. However, some can briefly reverse helical
precession direction while they drift outwards, allowing
them to drift in a small loop. This type of motion,
referred to as “periodic banana drift convection” [5] or
classically as a “superbanana” [3], [34], is fairly
uncommon in LHD. In figure 3, the particle in the
simulation with E.=t5 kV/m is in a helical boundary
orbit.

While helical boundary and banana-like orbits
have distinct properties, particles frequently transition
between these two orbit types during their motion. For
example, the particle shown in Figure 3 initially begins
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on a trapped orbit before quickly tranitioning to a
counter passing orbit. In the simulation with E,=-5kV/m,
the particle makes two bounce motions on a banana like
orbit before transitioning to a helically trapped orbit at
~157, where it then drifts further out radially. These
transitions between trapped and passing state constitutes
a breaking of the secondary adiabatic invariant j),
providing another reason barely trapped particles are
poorly confined [35].

As is clear from examining figure 3, the
presence of E,. can influence these transitions. In the
positive E, case, the particle is imediately pushed into a
helical boundary orbit while in the negative E and no E;
cases, the particle quickly transitions to a banana-like
orbit. The observations in this section demonstrate that
E not only affects the radial drift and angular separation
of barely trapped particles but also determines their
transitions between different orbit topologies.

3.4 E,. effects on collisionless losses

Figure 4 shows the fraction of EPs lost as a
function of their initial radial position in simulations
with constant positive, negative, and no E,. As shown
simulations find that, a positive E, improves the
confinement of EPs, while a negative E, degrades it.
This is due to the poorer confinement of helically
trapped and barely trapped particles in a negative radial
electric field explained in sections 3.2/and 3.3. A scan of
E; up to magnitude 30kV/m was performed with larger
magnitudes strengthening the effects described:

If an external E, has a transition from positive to
negative, the ratio of lost particles is bounded by the

.  Experimental
—— Case -
< Case +

® (kV)

0.0 0.5 1.0
y

ratios observed in cases with constant E. at the extremal
values off the changing case. While .the “specific
mechanisms by which a changing-sign E,. impacts the
confinement properties of the pafticle distribution
remain to be fully understood,we can conclude that both
the sign and magnitude of the local E;. play an important
role in collisionless EP loss.

3.5 Summary of effect of £y

As demonstrated, the E; can have various
impacts on particle orbits inithe LHD, depending on the
orbit type as well as the sign and magnitude of E,. The
key results and logical conclusions relevant to the next
sections are summatized below:

1. E; has little to ne long term effect on passing
particles

2. Negative E. decreases the rate of precession of
helically trapped particles, and thus increasing
radial excursion. This degrades confinement of
helically trapped particles. Negative E, can also
cause some helically trapped particles to
transition into barely trapped orbits which are
even more poorly confined.

3. Positive E, increases the rate of precession of
helically trapped particles, reducing radial
excursion. Due to the reduced radial excursion,
helically trapped orbits are better confined in
positive E,. Positive E, also pushes particles in
barely trapped orbits towards better confined
helically trapped orbits.

b) 20
—

:E: 0
~
X
uy —

20 —— Case -

Case +
4% 0.5 1.0

Y

Figure 5 a) Potential data imposed on simulation based on HIBP data from shot #183281 in
LHD at 4.2s. b) corresponding radial electric field. Case — potential data is extrapolated
such that ¢ = 0 at y,, while Case + is extrapolated such that V¢p = 0 at i,,,.
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Figure 6 Trajectories of a helically trapped particle’ with A = 1.05 and E = 40854 keV under
experimental E,. a) 1 as a function of time. b).0 as a function of time. c) particle motion in ¥ and {
direction d) Projection of particle orbit in real space onto constant poloidal plane. e) Particle orbit on
plane rotating with the minimum B field. In d'and ¢, the point at which the particle in Case - is lost is
marked with green x mark.
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Figure 7(Trajectories of a barely trapped particle, A = 0.897 E = 59 keV, under experimental E,. a) ¢ as
a function of time. b) Poloidal angle 0 as a function of time. c) Particle orbit on {, 8 plane over contours
of magnctic ficld strength at 1 = 0.5 normalized to B,,. Trajectory color in panel d represents radial
coordinate.
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4. Experimental E,. Profile

To study the effects of a realistic E, profile on
EP confinement, we use data collected 4.2 seconds into
LHD shot #183281. The HIBP data extends to
approximately 1 = 0.3. Since the data does not cover
the entire plasma minor radius, we extrapolate it outward
using two different boundary conditions to simulate up
to the LCFS. The experimental data as well as the
corresponding potential and E, profiles are shown in
Figure 5.

Case — For the first boundary condition, we
require the potential to be zero at the ¥, producing a
negative E, beyond the experimental data region. This
profile, labelled "Case —," results in poorer confinement
properties. Note that the negative E, strength near i, of
this case is stronger than experimentally observed E; in

No Er

Energy keV
N
o

w=0.5
Energy keV
5
o

Case +

similar shots. This does not change the qualitative
arguments within this paper, as E. on the order ofs
5kV/m as used in the previous section' is a reasonable
and conservative value near the separatrix. It will
however lead to somewhat {greater losses.shown in
figures 8, 9, and 10 than would be physical.

Case + For the second boundary. condition, we
extend the potential smoothly with a negative slope up
to 1, resulting in a positive E, profile labeled "Case +"
which improves confinement.

As shown in Figure 2 a and e, radial drift during
a bounce motion 4s largersat higher 1y, where the
magnetic field variation over a bounce is greater. This
effect is further compounded when there is a strong
negative E, at the outer.edge of the plasma, as in Case —
slowing dowmtrapped particle precession, giving them
more time'to,drift radially. As the outer edge is closer to
Case -

B i

1.0

0.5

An/n

py=0.7
Energy keV
I
o o

w
o

950 0.77 1.04 1.31 1.58 0.77
A=[JB()/E

1.04 1.31 1.58
A = UBo/E

0.0

1.04 1.31 1.58

A = uBo/E

0.77

Figure/8 Fraction of particles lost as a function of their initial phase space coordinates a) full volume,

b) particles initialized on specified flux surfaces
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Figure 9 Lost particles’ original pesition on different flux surfaces. First orbit losses are already removed.
Contours show B field strength. Lines show magnetic field direction in the +8, { direction.

the separatrix this increases the likelihood of particle
loss. Consequently, helically trapped particles in Case —
are more likely to be lost compared to the No E; case.
This effect is demonstrated clearly in Figure 6,
which shows the motion,of a helically trapped particle
under the effects of the experimental E; profiles. Under
the E, of Case -, the particle is lost at,around 6 7,. As
shown, under all 3 different cases of E,, the particle
remains in a helically trapped orbit. The positive E, of
Case + causes the-banana orbits to tighten up, and drift
less over poloidal transit as illustrated by the vertical
width of the loops and total periodic motion in Figures
6a and 6¢ and the tightness of the banana (smaller angles
at the tips'and decreased area enclosed) in 6d. As shown
in Figures 6'a,b,c the particle in Case — acts similarly to
that in Case + until it drifts out further radially, ¥~0.6.
Here it reaches a region of lower and then negative E,
reducing, the! poloidal precession and significantly
increasing the radial drift over a single bounce motion.

11

This allows the particle to drift far enough to reach the
separatrix, as shown in figure 6c.

Figure 8 shows the fraction of particles lost from
their initial phase space positions. The negative E, at the
edge of Case — causes helically trapped particles with
relatively high values of A to be lost more readily. This
is evident in Figure 8a, where the high-2A cutoff for lost
particles shifts downward in Case — compared to the
E; = 0 case. The shift is more pronounced for low-
energy particles, as their motion is more sensitive to
changes in E,.. The particle in Figure 6 is of this type.

The second major loss mechanism involves
barely trapped particles. In Case +, the positive E,
pushes barely trapped particles into helically trapped
orbits, which are generally better confined than barely
trapped particles, and are even more so when under a
positive E,. Conversely, in Case —, the negative E,
pushes some particles into barely trapped orbits, which
are poorly confined. A particle of this type is shown in
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Figure 10 a) Fraction of lost particles as a function of time. Particles lost on first orbit in the E,, = 0 case are
removed from simulation b) fraction of lost particles at the end of simulation as a function of initial position

Figure 7 which displays the trajectory of a particle in a
barely trapped orbit under the effects of the 3
experimentally informed E . profiles. As shown in Figure
7b, the particle in Case — is pushed into a banana like
orbit. By examining Figure 7a, we see that this particle
then drifts slightly further out after each banana botnee.
It eventually reaches a flux surface of large enough B
field variation to force the particle into a helically
trapped orbit until it drifts out past the separatrix. This
effect is shown as well in Figure 8, where particles with
A values between 0.8 and 1 are lost more frequently. in
Case — and less frequently in Case +.

Figure 9 shows the fraction of particles lost from
locations on a flux surface. The particles lost due. to the
negative E,. can be seen in the Case —column of Figure
9. The region in real space from which these particles are
lost forms a volume around the plasma, which we may
be able to target with NBI to,influence E.+ This volume
is centered around the surface formed approximately by
the B = 0.7B,, surface butstretches towards the high B
field regions with two arms reached by the bounce
motion of these lost particles. This volume can be
viewed as both the volume in'real space from which
trapped particles are lost as-well as the volume swept by
trapped particles on the boundary to barely trapped as
they movethrough theplasma. The existence of this
volume provides evidence that we can use targeted
perpendicular NBI to control E,. by injecting into regions
that will quickly exit the plasma.

The radial electric field has a significant impact
on the overall‘confinement of energetic particles. Figure
10 shows the fraction of particles lost vs time as well as

12

the fraction lostat the end of simulation as a function of
radius ‘where N =" [ OIPw ndip. As shown in Figure 10,

imposing a pesitive E, improves confinement, whereas
setting a neg’ative E. at the plasma edge degrades
confinement. Examining Figure 5b, we observe that
while Ex'in Case + and Case — diverge at around ¢ =
0:25, E, in Case — only becomes negative around 1) =
0.6. However, as shown in Figure 10b, more particles in
Case — are lost from regions much deeper towards the
core compared to the No E, case. These particles are
helically trapped or boundary particles that reach the
negative E, region as they drift towards the inside of the
torus, then experience increased radial drift and are lost
to the separatix. These results are consistent with our
analysis of the effects of constant E, presented in section
3 as the positive E;. closer to the core shifts particles into
hellically trapped orbits while the negative E, on the
outer edge of Case — takes these particles, and increases
their radial drift, letting them reach the last closed flux
surface.

5. Conclusions

We have analyzed the effects of the radial
electric field in the electron root on the collisionless loss
of EPs in LHD. E, regardless of sign has very little
impact on passing particles, which are generally well
confined.

A positive E. reinforces the poloidal precession
of particles, while negative E; reduces this precession
rate. As trapped particles precess poloidally, they drift
radially due to the B(1,0) toroidicity. This radial drift

Page 12 of 14



Page 13 of 14

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-108350.R1

Journal XX (XXXX) XXXXXX

Green et al

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 E, reduces while a
negative E. increases radial drift of trapped particles in
LHD.

Barely trapped particles are poorly confined as
their orbits are not periodic. E. affectes their radial drift
in the same way that it effects helically trapped particles.
A positive E; can push barely trapped orbits towards
helically trapped orbits, which are better confined. A
negative E, 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 E., and exacerbated
under negative E, and Case -. While E,. does have a
stronger effect on lower energy trapped ions, E,. 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 E; 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 E. on collisional
diffusion are discussed in [3], [14], [15]4 whetexit. is
shown that confinement will be further improvediin the
electron root. This work will be continued in a study ef
experiments and self consistent simulations of E. in
LHD including the effects of realistic,, 5SD EP
distributions produced through NBI. [The end goal is to
provide further insight into the contrKIOf E,./through
NBI and ECRH to improve confinement.
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