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ABSTRACT

A neutral beam current drive on the EAST tokamak is studied by using Monte Carlo test particle code TGCO. The phase-space structure of
the steady-state fast ion distribution is examined and visualized. We find that trapped ions carry co-current current near the edge and coun-
tercurrent current near the core. However, the magnitude of the trapped ion current is one order smaller than that of the passing ions.
Therefore, their contribution to the fast ion current is negligible (1% of the fast ion current). We examine the dependence of the fast ion cur-
rent on two basic plasma parameters: the plasma current Ip and plasma density ne. The results indicate that the dependence of fast ion cur-
rent on Ip is not monotonic: with Ip increasing, the fast ion current first increases and then decreases. This dependence can be explained by
the change of trapped fraction and drift-orbit width with Ip. The fast ion current decreases with the increase in plasma density ne. This
dependence is related to the variation of the slowing-down time with ne, which is already well known and is confirmed in our specific situa-
tion. The electron shielding effect to the fast ion current is taken into account by using a fitting formula applicable to general tokamak equi-
libria and arbitrary collisionality regime. The dependence of the net current on the plasma current and density follows the same trend as that
of the fast ion current.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158503

I. INTRODUCTION

Neutral beam injection (NBI) is widely used in tokamaks and
stellarators for heating plasma.1–6 In addition to heating, the fast ions
resulting from NBI can also drive electric current in plasmas.7–10 To
model this current, one needs to calculate the steady-state distribution
of fast ions, and then integrate it to get the current. One method of
doing this calculation is to use the Monte Carlo method to sample
NBI fast ion source and following the guiding-center/full trajectories
of fast ions, taking into account of their collisions with the background
plasmas. Fusion community has developed many computer codes
doing this kind of simulations, among which are NUBEAM,11

OFMC,12 ASCOT,13 ORBIT,14 SPIRAL,15 and many others.16–19 An
advantage of this method is that it can readily take into account the
real space effects, such as finite orbit width and edge loss, which are
usually approximately treated in analytical models20–22 and some
velocity grid based Fokker–Planck codes.

The fast ion steady-state distribution is of interest not only to cur-
rent drive problem but also to research topics such as the interactions
between fast ions andMHDmodes and turbulence. Some mechanisms
in the interaction may depend on the delicate phase-space structure of
fast ions. Therefore, an accurate fast ion distribution function is of

practical importance and the phase space structure needs to be more
thoroughly studied and visualized than that has been done previously.
In this paper, we carefully examine the phase-space structure of the
steady-state fast ion distribution. Conventional wisdom has it that
trapped particles do not carry toroidal current. This is roughly correct.
However, in some circumstances, the asymmetry of the trapped parti-
cle distribution about the parallel velocity vk can be so significant that
they can carry significant toroidal current. This was demonstrated by
Hager and Chang for edge plasmas with steep density gradient.23 In
the present work, we found that the asymmetry of trapped fast ion dis-
tribution about vk is weak, so the trapped fast ion carry very small cur-
rent, but still larger enough to be reliably observed in simulations.
Specifically, we found that trapped ions carry co-current (relative to
the main plasma current direction) current near the edge and counter-
current current near the core. The magnitude of the trapped ion cur-
rent is one order smaller than that of the passing ions. Therefore, their
contribution to the fast ion current is negligible (1% of the fast ion
current).

We consider co-current NBI (all the four beams on EAST toka-
mak24 are now in co-current direction). In order to operate EAST for
longer pulse, there are interest in getting better neutral beam current

Phys. Plasmas 30, 092507 (2023); doi: 10.1063/5.0158503 30, 092507-1

Published under an exclusive license by AIP Publishing

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

 28 February 2024 06:05:38

https://doi.org/10.1063/5.0158503
https://doi.org/10.1063/5.0158503
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0158503
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0158503&domain=pdf&date_stamp=2023-09-13
https://orcid.org/0000-0002-6764-5538
https://orcid.org/0000-0001-6674-1811
https://orcid.org/0009-0003-6062-6670
https://orcid.org/0000-0002-3734-7089
mailto:yjhu@ipp.cas.cn
https://doi.org/10.1063/5.0158503
pubs.aip.org/aip/php


drive (NBCD) efficiency by operating in optimized parameter regimes.
In this work, based on realistic EAST configuration and plasma pro-
files, we examine the dependence of NBCD on two basic plasma
parameters, namely, the plasma current Ip and plasma density ne,
using a Monte Carlo test particle code TGCO.25,26

To the authors knowledge, there is no previous work discussing
the dependence of NBCD efficiency on the plasma current. The results
of our work indicate that, with the plasma current increasing, the fast
ion current first increases and then decreases. This interesting
non-monotonic dependence is not well known and need some explan-
ations. We note that the drift orbit width of a fast ion is inversely pro-
portional to Ip.

27 This means that the fast ion confinement improves
with the increase in Ip. This may imply that NBCD efficiency also
improve with the increase in Ip. However, the simulations in this paper
indicate this is not the complete picture: the NBCD efficiency turns
out to decrease with the increase in the plasma current in the larger Ip
regime. This trend is found to be due to the fast ion trapped fraction
increasing with the increase in Ip. As mentioned above, the trapped
particle carries nearly zero current. Larger fraction of trapped particles
implies smaller fast ion current.

With ne increasing, the fast ion current decreases. The ne depen-
dence is related to the variation of the slowing-down time with ne,
which is already well known and is confirmed in our specific situation.

To get the net current, one needs to take into account the electron
shielding effect, i.e., the current carried by electrons due to their
response to the presence of fast ions. This generally requires to solve
the steady-state Fokker–Planck equation for electrons with additional
collision term corresponding to the electron collision with the fast
ions. For current drive problem, we are interested in the first (parallel)
moment of the electron distribution function. Then, making use of the
self-adjoint property of the linearized collision operator, the electron
response to arbitrary fast ion sources can be obtained by using the
Green function method.28–31 The final results of these studies are usu-
ally some fitting formulas for the ratio of net current to the pure fast
ion current.28,30 The present work uses these fitting formulas to
include the electron shielding effect. The electron shielding model
used in this work is a general model applicable to arbitrary collisional-
ity regime and general tokamak flux surface shapes.28–31 Our results
show that the Ip and ne dependence of the net current is similar to that
of the fast ion current.

II. SIMULATIONS
A. Plasma equilibrium configuration and profiles

The simulations are performed for the EAST tokamak, which is a
superconducting tokamak with a major radius R0 ¼ 1:85m, minor
radius a � 0:45m, typical on-axis magnetic field strength Baxis � 2:2T
and plasma current Ip � 0:5MA.24,32 Figure 1 plots the magnetic con-
figuration and plasma profiles used in this work, which were recon-
structed by the EFIT code33 from EAST tokamak discharge #101473 at
4.5 s with constrains from experiment diagnostics.34 The toroidal
plasma current is in þ/̂ of cylindrical coordinate ðR;/;ZÞ. The radial
coordinate qp used in this paper is the square root of the normalized
poloidal magnetic flux: qp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW�W0Þ=ðWb �W0Þ

p
, where

W ¼ RA/ is the poloidal flux function, A/ is the toroidal component of
the magnetic vector potential, W0 and Wb are the values of W at the
magnetic axis and last-closed-flux-surface, respectively.

In this work, we assume a Deuterium plasma with Carbon impu-
rities, with the effective charge number of background ions being
Zeff ¼ 2:23 across the entire plasma. Simulations in this work are per-
formed by using TGCO code,25,26 which models neutral beam ioniza-
tion, slowing-down, collision transport, and edge loss of the resulting
fast ions. We consider Deuterium NBI with full energy Efull ¼ 65 keV,
and the particle number ratio between full, half, and 1/3 energy being
80% : 14% : 6% after the beam leaving from the neutralization vessel.
The beam power after leaving the neutralization vessel is fixed at
1MW. We consider a reference case where NBI tangential radius is

FIG. 1. Left panel: profiles of electron number density ne, electron temperature Te,
ion temperature Ti, and safety factor q. Right panel: magnetic configuration.
Directions of the current and toroidal magnetic field are indicated in the figure. This
is a high-bp discharge with low plasma current Ip ¼ 360 kA, q95 ¼ 7:6; qaxis
¼ 1:16, and B/axis ¼ �2:2T . (All visualizations in this paper were created by
using Numpy,35 Scipy,36 and Matplotlib,37 which are open source Python libraries.).

FIG. 2. Neutral beam ionization density in the poloidal plane (a) and toroidal plane
(b). One-dimensional histogram along R and / are also shown in (c) and (d). Panel
(e) shows the density profile along the minor radius (averaged over the poloidal
and toroidal direction). This is for the neutral beam injection with R tan ¼ 1:26 m
and Efull ¼ 65 keV in EAST discharge #101473 at 4.5 s. The while lines in (b) cor-
respond to the first (inner and outer) wall. The magnetic axis is at R ¼ 1:9 m.
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R tan ¼ 1:26m and injects in the co-current direction. As a compari-
son, we also consider a modified scenario where the tangential radius
is changed to R tan ¼ 0:731m. The results presented below are for the
R tan ¼ 1:26m beam unless specified otherwise.

B. Fast ion birth distribution

The neutral beam ionization is modeled by the Monte Carlo
method.11,25 Typical number of Monte Carlo markers initially
loaded in the simulations is 1� 105. The beam stopping cross Sec.
data used in the simulation are from Ref. 38, which includes the
charge exchange with thermal and impurity ions, impact ioniza-
tion by electrons, thermal and impurity ions, and the multi-step
ionization involving excitation states of neutrals. Beam ionization
outside of the last-closed-flux-surface (LCFS) is ignored in the
simulations.

FIG. 3. NBI fast ion birth distribution shown in the ðP/;KÞ plane. Also shown are the
passing trapped boundary, the magnetic axis, high-field-side, and the low-field side of
last-closed-flux-surface (LCFS) for fast ions of E ¼ 65 keV. Note that the pass-trapped
boundary does not depend on the kinetic energy. Here Bn ¼ 1T and Ln ¼ 1 m.

FIG. 4. NBI fast ion birth distribution histogram in ðR; vk=vÞ and in vk=v, where the upper panel is for the R tan ¼ 1:26m beam and the lower panel for the R tan ¼ 0:731m beam.

FIG. 5. Fast ion density distribution in the poloidal plane (averaged over the toroidal
direction) and toroidal plane (averaged over the vertical direction).
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Figures 2(a) and 2(b) plot the fast ion density in the poloidal
plane (averaged over the toroidal direction) and in the toroidal plane
(averaged over the vertical direction), respectively. Figures 2(c) and
2(d) plot the 1D histogram of the fast ions along R and /, respectively.
The results indicate most fast ions are born near the low-field-side.
The particle and power shine-through fraction in this case is 3.8% and
4.1%, respectively. Figure 2(e) plots the deposition density profile
along the minor radius, which shows that the density reach its maxi-
mum at the magnetic axis, i.e., the beam deposition is on-axis.

It is often useful to use ðP/;KÞ coordinates to describe the phase
space, where K ¼ lBaxis=E, l is the magnetic moment, E is the kinetic
energy, and P/ is the canonical toroidal angular momentum. In these
coordinates, it is easier to classify orbit types. For example, whether a
particles is passing or trapped can be readily identified. Figure 3 plots

the fast ion birth distribution in ðP/;KÞ plane, which indicates that
most of the fast ions are passing particles (the region within the
dashed line triangle is the trapped region). The fraction of trapped
fast ions is 0.6% for this case. Figure 4 plots the birth distribution
over the pitch vk=v, which shows that the dominant pitch is about
–0.60 for the R tan ¼ 1:26m beam, and as a comparison, –0.35 for
the R tan ¼ 0:731m beam.

C. Fast ion steady-state distribution

Fast ions born from the beam ionization are transformed to
guiding-center space and the guiding-center drifts are followed by
using the 4th order Runge–Kutta scheme in the cylindrical coordinates
ðR;/;ZÞ. A fast ion is considered lost/thermalized when it touches the
first wall or when it slows down to the energy of 2Tið0Þ, where Tið0Þ is
the thermal ion temperature at the magnetic axis. Charge exchange
loss of fast ions39 is not included in the simulations. The loop voltage
is well controlled to be near zero during the flat-top phase, indicating

FIG. 6. Radial profiles of various poloidal Fourier harmonics of passing (a) and
trapped (b) fast ion densities. Shown in (c) is the radial profile of trapped fast ion
fraction. The straight-field-line poloidal angle is used when doing the poloidal
Fourier expansion.

FIG. 7. Distribution of passing (a) and trapped (b) fast ion toroidal current densities
in the poloidal plane. Shown in (c) and (d) are the radial profiles of various poloidal
Fourier harmonics of passing (c) and trapped (d) fast ion current densities.
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fully non-inductive. Therefore, the toroidal electric field is not included
in the simulation. The collision model used in this work includes the
effect of slowing-down, pitch-angle scattering, and energy diffusion
(the details are provided in Appendix B).

The finite Larmor radius (FLR) effect is included when (1) check-
ing whether a fast ion touches the wall and (2) depositing guiding-
center markers to spatial gridpoints to compute the distribution
moment. The FLR effect is not included when pushing guiding-center
trajectories since it has negligible effects.

In order to have a steady state on the slowing-down timescale, we
need to include a continuous beam source. The method of including
the continuous beam source is given in Appendix A.

Figure 5 plots the steady-state fast ion density distribution in the
poloidal plane (left-panel) and in the toroidal plane (right-panel). The
results indicate that the fast ions density is roughly poloidally uniform

and toroidally uniform for the 1MW beam power. Note that the fast
ion source is neither poloidally uniform nor toroidally uniform. The
steady state fast ion distribution is not guaranteed to be poloidally uni-
form or toroidally uniform. It depends on the magnitude of beam
power. For the 1MW beam power considered here, the non-
uniformity in the poloidal direction and toroidal direction is negligible.
The poloidal uniformity is further confirmed in Fig. 6, which plots the
radial profiles of various poloidal harmonics of the fast ion density.
The results show that them¼ 0 harmonic is dominant (m is the poloi-
dal mode number).

Figures 6 plots the radial profiles of fast ion density, where we
distinguish between trapped and passing particles. The radial profile of
the trapped particle fraction is also shown is Fig. 6(c). The total
trapped particle fraction in the steady-state distribution is 17%, which
is significantly different from that in the birth distribution ð0:6%Þ. The

FIG. 8. Steady-state distribution of NBI
fast ions in ðE; vk=vÞ (a)–(c), in E (d), in
vk=v (e), and in ðP/;KÞ (f). Refer to Fig.
3 for the meaning of the various lines in
(f). Here fE is defined by dN ¼ fEdE,
where dN is the number of particles within
the energy interval dE. In addition, fvk=v
and the 2D distributions are defined in a
similar way. The critical energy for this
case Ecrit ¼ 83:6 keV, which is larger
than the fast ion birth energy.
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pitch angle scattering can scatter particles between passing and
trapped region of the phase space. Hence, it is expected the trapped
fraction may be changed by collisions.

Figures 7(a) and 7(b) plot the fast ion toroidal current density
distribution in the poloidal plane. Here we distinguish the current car-
ried by passing ions and that carried by trapped ions.

The results indicate that current density of trapped fast ions is
nonzero. This is the well known “banana current,”40 which arises
when the trapped ions’ radial density profile has nonzero gradient.
The banana current is an analog of the diamagnetic current (the latter
is due to the gyro-orbits and is in the perpendicular direction, whereas
the former is due to drift-orbits and is in the parallel direction40) The
banana current can be considered part of the bootstrap current.40

The banana current mechanism can explain that there exists co-
Ip current at a fixed radial location if the trapped ion density decreases
radially outward. The results in Fig. 7 show that the trapped particle
current density near the edge is in the co-Ip direction, which is consis-
tent with the banana current mechanism. However, near the core
region, the trapped current density is in the counter-Ip direction. The
current direction reverse happens at qp � 0:6. The volume integrated
trapped particle current is in the co-Ip direction, although being very
small (only 1% of the total fast ion current).

Figures 7(c) and 7(d) plots the poloidal harmonics of currents car-
ried by passing ions and trapped ions. For the passing ion current, the
m¼ 0 harmonic is dominant, indicating poloidally uniform of the cur-
rent. For the trapped ion current, the m¼ 1 harmonic becomes domi-
nant in the out region ðqp > 0:6Þ, indicating poloidal nonuniform.

Figures 8(a)–8(e) plot the steady-state fast ion distribution in
ðE; vk=vÞ, where E is the kinetic energy and vk is the parallel (to the
magnetic field) velocity. Both the 2D distribution and 1D distributions
are plotted. We also distinguish between the passing particles and
trapped particles. The results indicate that the trapped particle distribu-
tion is roughly symmetrical in vk=v around vk=v ¼ 0, indicating it car-
ries nearly zero parallel current. The results also indicate that trapped
fast ions are more localized in the low energy region when compared
with passing fast ions which have nearly uniform energy spectrum.
There are three jumps in Fig. 8(d), which correspond to the NBI source
at full, half, and 1/3 of 65 keV. Note that collisional energy diffusion
makes some particles exceed the full energy, as is shown in Fig. 8(d).

Figure 8(f) plots the steady-state distribution in the ðP/;KÞ
plane. The fast ions seem to reach their peak density near the passing-
trapped boundary. As a comparison, the birth distribution, as is shown
in Fig. 3, has no obvious structure near the passing-trapped boundary.
The structure of the steady-state distribution near the passing-trapped
boundary is not sensitive to the fast ion birth profile. For instance,
Fig. 9 considers the R tan ¼ 0:731m beam and compares the birth dis-
tribution and steady-state one, which shows that the latter still reach
its peak near the passing-trapped boundary.

D. Dependence of fast ion current on plasma current

Let us examine the dependence of NBCD on the plasma current.
We change the plasma current by multiplying the poloidal magnetic
flux W (2D data from EFIT) by a factor ap. Since the poloidal magnetic
field Bp is related toW via

Bp ¼ �
1
R
@W
@Z

R̂ þ 1
R
@W
@R

Ẑ; (1)

FIG. 9. NBI fast ion birth distribution (a) and steady-state distribution (b) in ðP/;KÞ
plane for the R tan ¼ 0:731m beam.

FIG. 10. Safety factor radial profiles for different values of ap.
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where R̂ and Ẑ are the cylindrical unit vectors, the above multiplica-
tion corresponds to multiplying the Bp by ap. Similarly, since the
plasma toroidal current density J/ is related toW via

J/ ¼ �l�10
1
R
@2W
@Z2
� l�10

@

@R
1
R
@W
@R

� �
; (2)

where l0 is the vacuum magnetic permeability, the above scaling also
scales the plasma current Ip by ap. We keep the values of the toroidal
magnetic field B/ fixed when changing W. As a result, the safety factor

q is also scaled by a factor of ap. Figure 10 plots the safety factor pro-
files corresponding to different values of ap ¼ Ip=Ip;ref , where Ip;ref is
the plasma current in the original configuration.

Figure 11(a) plots the fast ion current as a function of the plasma
current, which indicates that the dependence is not monotonic: in the
lower Ip regime, the fast ion current If increase with Ip increasing
whereas, in the higher Ip regime, If decreases with Ip increasing.

The increasing of If with Ip increasing in lower Ip regime is proba-
bly due to the improvement of fast ion confinement. The drift orbit
width is inverse proportional to the poloidal magnetic field.27 Larger
plasma current implies stronger poloidal magnetic field, hence smaller
drift orbit width and thus better confinement of fast ions. The evidence
for this is shown in Fig. 11(b), which indicates that the fast ion loss
fraction decreases rapidly with the plasma current increasing in the
lower Ip region.

Next, we try to understand why the fast ion current decrease with
plasma current increasing in high Ip regime. The only hint that we can
identify is that the trapped fraction increase with the plasma current. The
increase in the trapped fraction happens for both the birth distribution
and the steady-state distribution, as is shown in Figs. 11(e) and 11(f).

Figure 12 plots the radial profiles of fast ion currents, the trapped
fraction, and the current carried by the trapped fast ions, for various
plasma currents. The results indicate again that trapped particles carry
negligible current. Increasing the plasma current makes the trapped
fraction increased across a wide radial region except the edge.

We also performed similar simulations as above but with a
smaller NBI tangential radius, R tan ¼ 0:731m. This case has larger
trapped particle fraction. The results are plotted in Figs. 13 and 14. We
observe the same non-monotonic dependence of the fast ion current
on the plasma current. Also the results indicate that the trapped par-
ticles carry nearly zero current.

FIG. 12. Radial profiles of fast ion toroidal
current densities (a), trapped fractions (b),
and trapped fast ion current densities (c)
in magnetic configurations with different
plasma currents.

FIG. 11. Fast ion toroidal current (a), edge particle loss fraction (b), ion and electron
heating power (c), saturated stored energy (d), trapped fraction in birth (e), and
trapped fraction in steady-state (f) as a function of the plasma current Ip ¼ apIp;ref .
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In the above scanning of plasma current, the density and temper-
ature profiles are kept fixed. Therefore, the force-balance is not guar-
anteed. This is a weakness of this work. Similarly, the equilibrium is
not re-computed in the density scanning presented in the next section.

E. Dependence of fast ion current on plasma density

Next, we examine the plasma density dependence of fast ion cur-
rent. The density affects both the ionization process and the fast ion

collisional transport. The ionization process affects the shine-through
fraction and ion birth location. The latter influences the first-orbit loss
fraction and the ratio between trapped and passing fast ions. The colli-
sion transport influences the fast ion distribution in both position
space (edge loss) and velocity space (slowing-down and passing-
trapped transition). These effects may have opposite effects on the fast
ion current. Therefore, it is not obvious what is the trend of fast ion
current changing with the plasma density. Next, we examine this trend
via simulations.

We scan the electron density via scaling the profile in Fig. 1 by a
factor of values ranging from 0.2 to 1.8. Figure 15(a) plots the depen-
dence of the volume integrated fast ion current on the density, which
indicates that the current decreases with increasing of the density.
Figure 15(b) shows that the shine-through loss decrease with the den-
sity increasing (as is expected). Also, Fig. 15(c) shows that the ion edge
loss fraction decreases with the density increasing. These reduction of
loss is beneficial for current drive since more fast ions can stay in the
plasma to contribute electric current. On the other hand, Figs.
15(f)–15(h) shows that, with the density increasing, the slowing-down
time becomes shorter and the trapped particle fraction becomes larger.
These are deleterious effects for current drive. Shorter slowing-down
time implies that fast ions can remain energetic for shorter time and
thus fewer fast ions can contribute to the fast ion current. Larger
trapped fraction means less particles can efficiently contribute to the
current. The results in Fig. 15(a) indicates that the deleterious effects
turn out to defeat those beneficial effects, making the fast ion current
decreases with the density increasing.

Figure 16 plots the radial profiles of fast ion current density. The
results indicate that, for all radial positions, the fast ion current density
decreases with the increasing plasma density.

FIG. 14. The same as Fig. 12 except for a
smaller tangential radius, R tan ¼ 0:731m.

FIG. 13. The same as Fig. 11 except for a smaller tangential radius,
R tan ¼ 0:731m.
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F. Electron shielding current

Taking into account the electron shielding effect on the fast ion
current does not qualitatively change the dependence of the driven
current on the plasma current, i.e., net current follows a similar trend
as the fast ion current, as is shown in Figs. 17 and 18. For the reference
case (Ip=Ip;ref ¼ 1 and ne=ne;ref ¼ 1), the net current is weaker than
the fast ion current by a factor of 0.7.

Figure 19 plots the radial profiles of various quantities related to
the driven current, namely, the pure fast ion current density Jf, the
electron shielding factor F, the net current density Jnet ¼ Jf F, the effec-
tive trapped electron fraction ft, the electron collision frequency �e, the
thermal electron bounce frequency xb, and the normalized electron
collision frequency �e?. (The details of these quantities are given in
Appendix C.) The formulas for the shielding effect used here are valid
for general tokamak equilibria and arbitrary collisionality regime,30,31

where the equilibrium shaping effects are included via the effective
trapped fraction ft.

As a comparison, we also plot the shielding factor F for the case
of �e? ¼ 0 and the resulting net current. The results show that the
�e? ¼ 0 approximation slightly overestimates the net current.

III. SUMMARY

Simulations of neutral beam current drive on the EAST tokamak
were performed, providing detailed information about the fast ion dis-
tribution in both real space and velocity space. We distinguish between
current carried by passing particles and that carried by trapped par-
ticles, and found that trapped ions carry co-current current near the
edge and countercurrent current near the core. However, the magni-
tude of the trapped ion current is one order smaller than that of the
passing ions, making their contribution to the fast ion current
negligible.

We examine the dependence of the fast ion current on the
plasma current Ip. With Ip increasing, the drift orbit width decreases,
which helps reduce the first-orbit loss and collisional transport, and
thus is beneficial for fast ion confinement. This mechanism makes the

FIG. 17. The same as Fig. 11(a) except that we also plot the driven current that
includes the electron return current.

FIG. 18. The same as Fig. 15(a) except that we also plot the net current.

FIG. 15. The plasma density dependence of fast ion current (a), shine-through loss
(b), ion loss fraction (c), ion/electron heating power (d), fast ion stored energy (e),
slowing-down time (f), and trapped fraction in birth distribution (g) and in steady-
state distribution (h).

FIG. 16. Radial profiles of fast ion current density for various plasma density.
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fast ion current increase with Ip in the low Ip regime. Yet/However
for high Ip regime, the effect of trapped fraction increasing becomes
dominant. Since the trapped fast ions carry nearly zero current, the
increasing of trapped fraction then implies the decreasing of fast ion
current.

The fast ion current decreases with the increase in plasma density
ne. This dependence is mainly determined by the variation of the
slowing-down time with ne, which is already well known and is con-
firmed in our specific situation.
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APPENDIX A: CONTINUOUS BEAM INJECTION

To obtain the steady state of fast ions, we need include the
continuous beam source. A straightforward Monte Carlo imple-
mentation of this continuous injection would be to introduce new
Monte Carlo markers to represent the newly injected physical par-
ticles at each time step. This method is computationally expensive.
For a time-independent background plasma, there is an efficient
method that involves only a single injection and then utilizes the
time shift invariant to infer the contribution of all the other injec-
tions. This method is illustrated in Fig. 20.

FIG. 19. Radial profiles of effective
trapped electron fraction ft, the shielding
factor F, the pure fast ion current density
Jf, the net current density Jnet ¼ Jf F, the
electron collision frequency �e, the ther-
mal electron bounce frequency xb, and
the normalized electron collision frequency
�e?. Some quantities are undefined at the
magnetic axis. Their values are obtained
by interpolation.

FIG. 20. An efficient way of simulating multiple injections. The contribution of injec-
tions at t ¼ jDt with j ¼ 0; 1; 2 to the fast ion distribution at t ¼ 3Dt can be
obtained by following the time history of the particles injected at t¼ 0 and recording
their contribution to the fast ion distribution at t ¼ Dt; 2Dt; 3Dt, indicated respec-
tively by A1, A2, and A3. Then it is ready to see that B1 ¼ A1; B2 ¼ A2, and
B3 ¼ A3. Therefore, the contributions of the multiply injections can be inferred from
the time history of a single injection.
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The above method works only for a time-independent back-
ground plasma and constant beam power. For time-dependent
background plasma, re-injecting new Monte Carlo markers seems
to be the only method available. The present work considers a time-
independent background plasma with a constant beam power and
use the above efficient method.

APPENDIX B: COLLISION MODEL

In the zero drift-orbit width approximation, the time it takes
for a fast ion of velocity v1 to be slowed down to v2 by the collision
friction with the background ions and electrons is given by27

ss ¼
sse
3
ln

1þ vc
v1

� �3

v2
v1

� �3

þ vc
v1

� �3

2
66664

3
77775; (B1)

where vc is the critical velocity defined by

vc ¼
3
ffiffiffi
p
p

4
me

ne

X
i

niZ2
i

mi

 !1=3 ffiffiffiffiffiffiffi
2Te

me

r
; (B2)

sse ¼ 1=�se with �se defined by

�se ¼
4

3
ffiffiffi
p
p mf

me

Cf =e

ð2Te=meÞ3=2
; (B3)

which is the slowing-down rate due to background electrons,

Cf =e ¼
neZ2

f e
4

4p�20m
2
f

lnK; (B4)

lnK is the Coulomb logarithm [lnK ¼ 24� ln 10�6
ffiffiffiffiffi
ne
p

=Te
� �

� 16:97 is used in this work, where ne and Te are in units of m�3

and keV, respectively].
Both sse and vc have a radial dependence via their dependence

on the plasma density and temperature. The radial profile of ss for
the plasma specified in Fig. 1 is plotted in Fig. 21 for fast ions of
65 keV to be slowed down to a cutoff velocity [chosen as mv22=2 ¼
2Tið0Þ in this article]. The result shows that typical slowing-down
time in the core region is about 60ms.

The formula (B1) only includes the slowing-down, neglecting
pitch-angle scattering and energy diffusion. For realistic simulations
that include pitch-angle scattering, energy diffusion, finite-orbit-
width effect, and non-uniform plasma profiles, we need to use
numerical integration to determined the slowing-down process of
fast ions. The Monte Carlo algorithm used in this work for collision
of fast ions with background electrons and ions is specified in Ref.
43, where the pitch-angle variable k ¼ vk=v and velocity v are
altered at the end of each time step according to the following
scheme:

knew ¼ kð1� �dDtÞ6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� k2Þ�dDt

q
; (B5)

and

vnew ¼ v� �sDtv 1þ v3c
v3

� �

þ �sDt
mf v

Te �
1
2
Ti

vc
v

� �3
" #

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�sDt
mf

Te þ Ti
vc
v

� �3
" #vuut ; (B6)

where the second and third line correspond to the energy diffusion,
6 denotes a randomly chosen sign with equal probability for plus
and minus, Dt is the time step, �d is the pitch-angle scattering rate
given by

�d ¼
Zeff

v3

� �
neZ2

f e
4 lnK

4pe20m
2
f

; (B7)

where Zf is the charge number of fast ions and �s is the slowing
down rate given by Eq. (B3).

APPENDIX C: FORMULAS FOR ELECTRON SHIELDING
EFFECT

The electron collision time (characterizing electron collision
with ions) is27

se ¼
12p3=2ffiffiffi

2
p e20

ffiffiffiffiffiffi
me
p

T3=2
e

niZ2
i e4 lnKe

; (C1)

where e0 is the vacuum permittivity, lnKe is the Coulomb logarithm
for electron-ion collision [lnKe ¼ 15:2� 0:5 ln ðne=1020Þ þ ln ðTeÞ
is used in this work, where ne and Ti are in units of m�3 and keV,
respectively]. The dimensionless electron collision parameter �e? is
defined by

�e? ¼
�e

exbe
; (C2)

FIG. 21. Radial profiles of slowing-down time for fast ions of kinetic energy 65 keV
(assuming zero drift-orbit width) to slow down to the cutoff energy 2Tið0Þ in the
equilibrium specified in Fig. 1.
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where �e ¼ 1=se; e ¼ r=R0 is the local inverse aspect ratio,
r ¼ ðRmax � RminÞ=2; R0 ¼ ðRmin þ RmaxÞ=2; Rmin, and Rmax are,
respectively, the maximal and minimal values of the cylindrical
coordinate R on a magnetic surface, xbe is the typical bounce (angu-
lar) frequency of thermal electrons, which is given by (in the
approximation of zero-orbit-width and deeply trapped electrons)

xbe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Te=me

p
qR0

e
2

� �1=2

; (C3)

where q is the safety factor of the magnetic surface. Using this, Eq.
(C2) is written as

�e? �
�e

e3=2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=me

p
=ðqR0Þ

: (C4)

Due to the electron shielding effect, the ratio of the net current to
the fast ion current is given by

F �
hjkBi
hjf kBi

¼ 1�
Zf

Zeff
ð1� L31Þ; (C5)

where h…i is the magnetic surface averaging and L31 is the boot-
strap current coefficient before the electron density gradient. The
formula of L31 given by Sauter et al.29 is

L31 ¼ 1þ 1:4
Zeff þ 1

� �
X � 1:9

Zeff þ 1
X2 þ 0:3

Zeff þ 1
X3 þ 0:2

Zeff þ 1
X4;

(C6)

with

X ¼ ft
1þ ð1� 0:1ftÞ

ffiffiffiffiffiffi
�e?
p þ 0:5ð1� ftÞ�e?=Zeff

; (C7)

ft is the effective trapped fraction,44,45

ft ¼ 1� 3
4

�
B2

Bmax2

�ð1
0

kdk

h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� kB=Bmax

p
i
; (C8)

where Bmax is the maximal value of magnetic field strength on a
magnetic surface.
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