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This paper uses the implicit Monte—Carlo full-orbit-following parallel program ISSDE to calculate the prompt loss
and slowing down process of neutral beam injection (NBI)-generated fast ions due to Coulomb collisions in the equilib-
rium configuration of Experimental Advanced Superconducting Tokamak (EAST). This program is based on the weak
equivalence of the Fokker—Planck equation under Rosenbluth MacDonald Judd (RMJ) potential and Stratonovich stochas-
tic differential equation (SDE). The prompt loss with the LCFS boundary and the first wall (FW) boundary of the two
co-current neutral injection beams are studied. Simulation results indicate that the loss behavior of fast ions using the FW
boundary is very different from that of the LCFS boundary, especially for fast ions with a large gyration radius. According
to our calculations, about 5.11% of fast ions generated by perpendicular injection drift out of the LCFS and then return
inside the LCFS to be captured by the magnetic field. The prompt loss ratio of fast ions and the ratio of orbital types depend
on the initial distribution of fast ions in the Pr—A space. Under the effect of Coulomb collisions, the pitch-angle scattering
and stochastic diffusion happens, which will cause more fast ion loss. For short time scales, among the particles lost due
to collisions, the fraction of banana ions reaches 92.31% in the perpendicular beam and 58.65% in the tangential beam
when the fraction of banana ions in the tangential beam is 3.4% of the total ions, which means that the effect of Coulomb
collisions on banana fast ions is more significant. For long time scales, the additional fast ion loss caused by Coulomb
collisions of tangential and perpendicular beams accounted for 16.21% and 25.05% of the total particles, respectively. We

have also investigated the slowing down process of NBI fast ions.

Keywords: NBI fast ion loss, slowing down process, EAST, Coulomb collisions

PACS: 52.20.Fs, 52.25.Xz, 52.40.Mj, 52.50.Gj

1. Introduction

In tokamak devices, the fusion reaction, neutral beam in-
jection (NBI), and radiofrequency heating will produce many
energetic ions.[!! The energetic ions have sufficient strength
and locality to cause damage to the surface of the device.”!
Compared with other auxiliary heating methods, NBI heating
has the advantages of simple physical mechanism, high heat-
ing efficiency, and less coupling problems with the plasma.t!]
In addition, NBI is also a current driven method.!3! Therefore,
it has become a widely used auxiliary heating method in vari-
ous experimental devices and has good heating effect. In prac-
tice, it is expected that the beam energy will be deposited as
close to the plasma core as possible to heat the core plasma.
The incident neutral beam particles are ionized into fast ions
through charge exchange and collisions with the background
plasma. The fast ions then transfer energy to the background
electrons and ions through Coulomb collisions. The confine-
ment, deposition, and diffusion of NBI fast ions are important
topics in plasma theory and experiment.*>! In these topics,
Coulomb collisions play a key role because it leads not only
to the exchange of momentum and energy between the fast
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ions and the background plasma, but also to the redistribution
of the fast ions.[®! Theoretically, the process of Coulomb col-
lisions can be solved by the Fokker—Planck (FP) equation.!¢!
Since the density n of NBI fast ions is much lower than the
density ny, of the background plasma, i.e., n < ny,, we can con-
sider the fast ions as test particles that are slowed down and de-
flected by multi-body Coulomb collisions with the background
plasma. [

In addition to Coulomb collisions, fast ion loss is an-
other factor that can affect the efficiency of energy deposi-
tion. Under the influence of magnetic field gradient and curva-
ture, some NBI fast ions will experience prompt loss because
of magnetic gradient and curvature drift and move out of the
LCEFES or hit the FW. The prompt loss not only reduces the
plasma heating efficiency and energy confinement time, but
also causes serious damage to the FW.!”] Besides, the prompt
loss of fast ions has a non-negligible effect on the radial elec-
tric field and the poloidal electric field rotation changes of
the edge plasma.>#-19 In addition to prompt loss, the pitch
angle scattering loss and stochastic diffusion loss caused by

Coulomb collisions are factors that will lead to the contin-
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ued loss of fast ions. There are many other mechanisms for
fast ion loss, which can be classified into two types. One
is the loss caused by asymmetric magnetic field such as the
ripple field,!!'=13] the error field generated by the test blan-
ket module,!'*! and the field generated by the resonant mag-
netic perturbation coils.!!>1%1 The other is the loss caused by
the three-dimensional (3D) disturbances such as the Alfvén
modes, sawtooth, and neoclassical tearing modes driven by
fast ions.[!”-18] In this paper, only the prompt loss and fast ion
loss caused by Coulomb collisions are considered. In contrast
to the calculation of the slowing down process which requires
the evolution of the distribution function, the calculation of
the fast ion loss requires the trajectory of each particle. Since
the FP equation is a function of the distribution function, it
may not accurately describe the trajectories and losses of in-
dividual particles. In order to obtain the information of dis-
tribution function evolution and single-particle trajectory si-
multaneously, we can convert the calculation of distribution
function evolution into the calculation of single-particle tra-
jectory directly based on the stochastic equivalence between
FP equation and Stratonovich SDE.[1921] Then, the distribu-
tion function can be obtained from the statistics of the parti-
cle trajectories. The macroscopic physical quantities are ob-
tained by integrating the corresponding microscopic physical
quantities over the distribution function. With the construction
of high-performance computing clusters, the particle-based
models can gradually handle multiscale and multi-degree-of-
freedom plasma physics simulations with Coulomb collisions.

Many orbit-following codes, such as ORBIT,??
GYCAVA, 13231 OFMC,*Y ASCOT,*! SPIRAL,[*®! and
VENUS-LEVIS,?”l have been developed to study loss and
transport of fast ions. These codes solve the guiding-center
orbit or full orbit of particles, or both of them, such as AS-
COT, SOFT, and VENUS-LEVIS. For guiding-center orbit
programs, such as ORBIT, GYCAVA, only the guiding-center
motion of the particles needs to be considered, thus saving
computational costs. Moreover, the guiding-center orbit pro-
grams based on magnetic surface coordinates can provide a
better physical interpretation. For full-orbit-following pro-
grams, such as SOFT and SPIRAL, the particle losses on the
first wall of the tokamak can be calculated, while the magnetic
surface based guiding-center orbit programs can only calcu-
late the losses on the LCFS. In addition, for large variations in
magnetic field gradients within a gyro-orbit, such as complex
perturbation fields, the results of full-orbit-following calcula-
tions are more accurate. As a full-orbit following program, the
Monte Carlo parallel program ISSDE uses the splitting method
to construct the volume-preserving algorithms (VPAs)28-30]
for the collisionless part like the SOFT program. Based on
this, ISSDE treats the collision part as a subsystem divided by

the splitting method and uses an implicit midpoint format to
enhance the long-term stability of the collision part. The simu-
lation results compared with the analytical solution have been
presented in Ref. [19]. The long-term stability of the algo-
rithm is beneficial for the multiscale properties of fast ion loss
and slowing down. On the one hand, as the fast ions carry en-
ergy, the simulation of short timescale fast ion loss will affect
the long timescale fast ion slowing down. On the other hand,
Coulomb collisions will induce the pitch angle scattering loss
for marginal fast ion in a short timescale and the stochas-
tic diffusion loss for fast ion near the plasma core in a long
timescale. To calculate the fast ion loss and slowing down
in EAST, we set up interfaces in ISSDE for the device and
physical parameters, including the equilibrium configuration
provided by EFIT, the initial distribution of fast ions provided
by NUBEAM (a module extracted from TRANSP),[3 11" and
the temperature and density profiles of the background plasma
that can be used to calculate the collision coefficients.

The rest of paper is organized as follows. In Section 2, the
basic algorithm of the ISSDE program, the background plasma
equilibrium configuration in tokamaks, and the initial distri-
bution of NBI fast ions are presented. Combining information
on fast ions in position space and P;—A space, we present in
Section 3 the prompt loss and orbit types of fast ions when
the boundaries are LCFS and FW; pitch angle scattering and
stochastic diffusion due to short and long timescale collisions;
and slowing down process of fast ions. In Section 4, we sum-
marize the main results.

2. Implicit Monte—Carlo full-orbit-following
parallel program ISSDE and simulation pa-
rameter settings

ISSDE!"?! is a Monte—Carlo full-orbit-following parallel
program based on the implicit midpoint format of Stratonovich
SDE, the splitting method and the quasi-Newton method. 2011
In calculating the fast ion loss in EAST, the interfaces of EFIT
and NUBEAM have been set up in the program to set the equi-
librium configuration parameters and the initial distribution of
fast ions. In the simulation, EFIT is used to get the equilib-
rium configuration of EAST, and NUBEAM is used to calcu-
late the initial distribution of NBI fast ions,*!! and then bring
the plasma parameters of the equilibrium configuration and the
initial distribution of fast ions into ISSDE as input parameters.
ISSDE can track the trajectory of fast ions and get the ensem-
ble average physical quantities of slowing down process.

2.1. Numerical discrete method and new development of
ISSDE

The algorithm of ISSDE is an implicit midpoint colli-
sion algorithm based on Stratonovich SDE. Its basic princi-
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ple is the equivalence relationship between FP equation and
Stratonovich SDE. Here, we give the basic equations required
for the discretization of the algorithm; more details, such as
the definition of each symbol in the equations, can be found
in Ref. [19]. When calculating the NBI auxiliary heating, we
assume that the background plasma is in equilibrium. When
the background plasma reaches equilibrium, the correspond-
ing distribution is the Maxwellian distribution, i.e.

My (v — Dp)?
f o< ———————exp (—) .
(2717)3/2"%13 2v%b

The corresponding Stratonovich SDE is

my+mp 1 ./\/'_ll/\/"

my 2v%b 4 173

dv, =

+[M — (M2 = ]vddt—s—/\/'/de

a

( M2 N1/2> (ﬁizx dw)

a

+Frde, (1)

where F}, represent the Lorentz force, 7, = |v, — Tp|, W is
For the Stratonovich SDE (1), we use
the splitting method to divide the entire system into four sub-

the Wiener process.

systems and then solve each subsystem separately. For the
stochastic part, we discretize the expression according to the
definition of the Stratonovich integral and the requirements of
the Euler—Maruyama method. Then we obtain the midpoint
implicit format, which can be solved by quasi-Newton meth-
ods. The equation (1) can be written as

dx
—~—w
dt ’
dv q q
—=—FE+-vxB+a,, 2)
dr m m
where
1 11
acdf = —ma—‘rmbTN—*TN/
my  2viy 49,

M = (MN)V?]— ]vdt—&—/\/l/de

X (D, X dW)

_( M2 N1/2> 5 3)

Writing the equation as a vector field F'(x,v) according to the
splitting method, we get

e [i o[ &) [sal 2]

So the corresponding 4 subsystems are

F {m(t) = x( +tvy, )

t
v(t) = vy,

(2022)
I {m(f) = o, ©)
b v(t) = vy +tqE(x)/
r | x(t) =x0+1v0,
A N 7
{v(t) =exp (—tLB(x)) vo, @
where
. 0 —B3(:12) BQ(IB)
B(z)=| Bs(z) 0 —-Bi(z) |, ®)
—By(x) Bj(x) 0
Fy x(t) = zo,
' '{jdv:facdt ©

The main advantage of this is that for the deterministic part, we
can integrate using a volume-preserving algorithm, such as the
Boris algorithm. While for the stochastic component, i.e., ¢,F4,
we still use the Newton—Raphson method or quasi-Newton
method to solve it. The entire algorithm is volume-preserving
if we ignore the stochastic disturbance. To construct the

second-order algorithm of the implicit midpoint format sim-

ilar to the Boris algorithm, we can use such a combination[28!
By o aF F3 Fy o aF
¢h/2 12092000 00,,09,1,00,,.  (10)

In contrast to the study of uniform beam slowing down in static
uniform fields in the Ref. [19], in this work the curvature and
gradient effects in the actual tokamak toroidal field are con-
sidered and the static field can be replaced by a quasi-static
field as needed. We also changed the ion source from a simple
uniform-beam ion source to an NBI fast ion source that con-
forms to the distribution of the neutral beam ionization law.
The benchmark of the particle orbit is shown in Fig. 1. The
full orbit calculated by ISSDE without collision is in consist
with the guiding-center orbit calculated by the guiding-center
algorithm provided by PTC code.!*?! The PTC code has been
compared with the ORBIT code. The benchmark of Coulomb
collisions part with the analysis solution has been given in
Ref. [19].

2.2. The equilibrium configuration and the initial distribu-
tion of fast ions

In our simulation, we use EFIT to obtain the equilibrium

configuration 33!

of EAST at the initial moment. In cylindrical
coordinates, the relationship between the EAST magnetic field

strength B expression and the poloidal magnetic flux v is

_ 1oy . ldy . g(y)
BR_R&Z’ BZ_—RaRa B(P_ R ) (11)

where v is the poloidal magnetic flux function, and g(y) is
the poloidal current function. For a given y and g(y), we can
calculate the value of each component of the magnetic field
through Eq. (11). EAST is an all-superconducting tokamak.
The first discharge was successful in 2006. The main parame-
ters of EAST are as follows: the large radius is 1.75 m, the
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small radius is 0.4 m, the elongation is 1.6-2, the triangu-
larity is 0.5-0.7, and the practical performance parameter of
the toroidal magnetic field strength is 1.6 T-2.3 T. The typ-
ical physical parameters are: the average electron density is
1 x 10" m—3-5 x 10!9 m—3, the center electron and ion tem-
peratures are 2 keV—4 keV and 1 keV-2 keV, respectively.[!-34]
Enter the device parameters and the measured plasma param-
eters into EFIT to reconstruct the equilibrium. EFIT recon-
structs the two-dimensional tokamak equilibrium by solving
the Grad—Shafranov (GS) equation while maintaining the ex-
perimental measurements approximately. Equilibrium recon-
struction can provide information on plasma shape and en-
ergy storage needed for plasma operation and experimental
data interpretation, and can provide the magnetic field, cur-
rent and pressure distribution needed for transport and stability
researches. 33

According to EFIT, we get the poloidal magnetic flux
at 4.5 s for EAST discharge #93910 as shown in Fig. 2(a).
The corresponding magnetic field configuration is the dou-
ble null position type, the position of the magnetic axis is
(1.9721,0.043) m, the solid red line represents the LCFS, and

—ISSDE
——Gyro-center
——Guiding-center

(a) =

1.0

0.5

z (m)
o

—-0.5

—1.0

1.5 2.0 25
R (m)

the black solid line represents the FW. Using the Eq. (11) we
can calculate the corresponding magnetic field intensity dis-
tribution as shown in Fig. 2. The toroidal magnetic field By
decreases continuously along the major radius as shown in
Fig. 2(b). The poloidal magnetic field By is distributed as
shown in Fig. 2(c). Within the LCFS, the poloidal magnetic
field rotates clockwise. Due to the gradient and curvature of
the magnetic field, the fast ions have gradient and curvature
drift motions that produce motion across the magnetic field
lines. Through coordinate transformation, we can obtain the
expression of magnetic field strength B in the Cartesian coor-
dinate system as

1oy /x y 1y g/ v X

~ %9 (7o 7%) “moret & (RO 7®)
_(xdy g y oy g 1dy
<Rz8z Rz> x+(1€28z+RZ »~Ror® (12

According to the Eq. (12), we can calculate the magnetic field
strength at any point in tokamak in the Cartesian coordinate
system and then put it into the Eq. (10) to calculate the parti-
cle trajectory.

—ISSDE
(b) —— Gyro-center
—— Guiding-center|
1.0 —LCFS
—FW
0.5 Oy
E o
N
—0.5 _o. RS
2.10 215 2.20 2.25
~1.0 Z R (m)
=\

1.5 20 2.5
R (m)

By (T)
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SATEEEEEEV R VRV AN
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\\\\\\\\\\
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11111
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—0.5p

:::::::::::
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NP2 a22

—1.0F

N
NSNS 11122277
SN\ 144
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Fig. 2. Poloidal magnetic flux and magnetic field intensity components By and By for EAST discharge #93910 at r = 4.52 s.
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Fig. 3. The initial position distribution of fast ions obtained by NUBEAM:
(a) and (b) for the tangential injection beam, (c) and (d) for the perpendicular
injection beam.
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Fig. 4. Parallel velocity distribution of fast ions obtained by NUBEAM: (a)
for the tangential injection beam and (b) for the perpendicular injection beam.
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Fig. 5. Pitch angle distribution of fast ion from NUBEAM: (a) for the tan-
gential injection beam and (b) for the perpendicular injection beam.

After the neutral beam is injected into the plasma, it
generates fast ions through collision ionization process. The
NBI system on EAST uses two deuterium beamlines with
a power of 2 MW—4 MW and a beam energy of 50 keV-
80 keV. NUBEAM is a widely used Monte—Carlo package
for Tokamak fast ion deposition evolution, slowing down, and
heating.!!) NUBEAM can calculate both the distribution func-
tion of fast ions by neutral beam deposition and by the fusion
reaction.®) Using NUBEAM, we can get the initial distribu-
tion of fast ions as shown in Figs. 3-5. The tangency radii of
the two beamlines corresponding to window A are 1.264 m
and 0.731 m. Figures 3(a) and 3(c) are the initial position pro-
jections of the fast ion on the poloidal plane of tangential and

perpendicular injection beams, and figures 3(b) and 3(d) are
top view of the initial position of the fast ion of tangential and
perpendicular injection beams. Where AObeaml is the tan-
gential injection beam, and AObeam? is the perpendicular in-
jection beam. The red line represents the LCFS. We see many
lines in the NUBEAM results because, in the NUBEAM mod-
ule, each beamline is represented by a probability-weighted
randomly chosen collection of neutral tracks characterized by
parameters that are input to the NUBEAM module. And a ran-
dom choice of the deposition point is taken from a perturbed
probability distribution to generate the initial condition for a
Monte Carlo ion from a sample beam neutral trajectory.37-38]
The neutral injection beam contains a particle fraction with
a total energy of Ej, a particle fraction with an energy of
E, = 1/ 2E, and a particle fraction with an energy of E3 =
1/3E;. At the initial moment, the total energy of the tangen-
tial injection beam is E; = 65.224 keV, and the proportions
of each fraction are 69.54%, 23.14%, and 7.32%. The total
energy of the perpendicular injection beam at the initial mo-
ment is E1 = 65.644 keV, and the proportions of each fraction
are 65.55%, 12.58%, and 21.87%, respectively. It shows the
parallel velocity distribution of fast ions in the major radius
direction in Fig. 4. And it shows the pitch angle distribution
of fast ions at the initial moment in Fig. 5. For the perpen-
dicular injection, the fraction of particles whose pitch angle is
close to 90° is larger. Therefore, for the case of perpendicular
injection, the fraction of banana fast ions is larger.

4.5 3.0

4.0k —ngt=4.52s

3} —Tt=452s {2.5

LOf
T 3.0} 2.0 —
S| >
2 22 1.5 &
— Bl )
- 1.5} 10 ©

1.0}

0.5 0.5

OFf

0 Q

0 0.2 0.4 0.6 0.8 1.0
p

Fig. 6. Electron density and temperature distribution profile for EAST dis-
charge #93910.

2.3. Handling of Coulomb collisions in ISSDE

After obtaining the EAST equilibrium configuration and
the initial position and velocity distribution of the fast ions,
we can calculate the trajectory of each fast ion by ISSDE.
Because the collision coefficients are functions of the back-
ground particle density and temperature, it is necessary to get
the background density and temperature value at the local po-
sition of the fast ions and then bring it into the solution for
the corresponding collision coefficients. It shows the back-
ground electron density and temperature profile in Fig. 6. We
assume that the background ion temperature and density have
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the same profile as the background electron. We can obtain
the background density and temperature at the local position
of the fast ion with the interpolation method. For the back-
ground plasma temperature and density outside the LCFS, we
use the values corresponding to the LCFES in the simulation.

3. Fast ion loss and slowing down

NBI fast ions transfer energy to the background plasma
through momentum exchange and energy exchange. Because
of the bending and inhomogeneity of the magnetic field, fast
ions will undergo curvature drift and gradient drift and move
across the magnetic field lines. Some fast ions will eventu-
ally hit the FW and be lost. Using the Monte—Carlo full-orbit-
following parallel program ISSDE and combining the infor-
mation of fast ions in the position space and the P;—A space,
we can calculate the prompt loss and orbit types of fast ions
when the boundaries are LCFS and FW. The pitch angle scat-
tering loss, stochastic diffusion loss and the slowing down pro-
cess under the effect of Coulomb collisions will be presented.

3.1. The prompt loss of fast ions with LCFS boundary and
FW boundary

We calculate the prompt loss of fast ions with LCFS

1391 According to the settings of

boundary and FW boundary.
the equilibrium parameters and the initial position and velocity
distribution of fast ions, we use ISSDE to calculate the trajec-
tory of fast ions and get the ensemble behavior by the statistic
method. Numerical parameters are shown in Table 1, where
T;. = 4.07385 x 1078 s is the cyclotron period of the fast ion

when the magnetic field strength is —1.61 T.

Table 1. The numerical experiment parameters of fast ion loss in EAST.

Variables Parameter Value
At Time step (s) (1/207) Tic
E Initial electric field strength (V/m) (0,0,0)
T Total number of time steps 5% 103
N Sample number of particles 29952
M Number of thread 32
By Magnetic field strength at magnetic axis (T) —1.61

We obtained the distribution of the lost positions of the
fast ions at the final and initial moments, as shown in Figs. 7
and 8. The positions of the loss particles are all below the mid-
plane, which is related to the direction of the toroidal magnetic
field. When the toroidal magnetic field is clockwise, the direc-
tion of the toroidal magnetic field gradient points to the center
of the torus, so the force direction of the fast ions on the weak
magnetic field side is from the strong magnetic field side to
the weak magnetic field side, so the corresponding gradient
drift is downward. The direction of curvature is outward along
the major radial direction, so the centrifugal force on the fast
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Fig. 7. The fast ion loss position of the tangential injection beam, panels (a)
and (b) are the positions of the lost particles at the time of loss, panels (c) and
(d) are the positions of the initial time of the lost particles, red indicates that
the loss boundary is LCFS, and blue indicates that the loss boundary is the
FW.
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Fig. 8. The fast ion loss position of the perpendicular injection beam, pan-
els (a) and (b) are the positions of the lost particles at the time of loss, pan-
els (c) and (d) are the positions of the initial time of the lost particles, red
indicates that the loss boundary is LCFS, and blue indicates that the loss
boundary is the FW.

ions is outward. Thus, the corresponding direction of curva-
ture drift is also downward. Therefore, the lost position of fast
ions will be below the mid-plane. The initial positions of lost
ions are on the weak field side. The red points are the loss po-
sition of the ions when the loss boundary is LCFS, and the blue
points are the loss position of the ions when the loss boundary
is FW. It can be seen from panels (a) and (b) of Figs. 7 and
8 that the lost position of the fast ions in the FW is near the
mid-plane and near the divertor. Because of the large gyra-
tion radius of fast ions, some ions that have drifted out of the
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LCFS will drift back into the LCFS and be captured again by
the magnetic field. The comparison graphs (Figs. 7 and 8(a))
show that the lost position of fast ions for the perpendicular
injection beam includes the high field side divertor, midplane,
and the low field side midplane. While the lost position for the
tangential injection beam includes the high field side divertor
and the low field side mid-plane. We can see from panels (c)-
(d) that for the co-current injection beam, the initial position
of the lost fast ions is near the high field side. These results
corroborate the findings of a great deal of the previous work in
Xu et al.!'®]

It shows the ratio of fast ion loss with and without
Coulomb collision in the Table 2. Since the current is counter-
clockwise, AObeam1 and AObeam?2 are both co-current beams.
We can see that more fast ions of the perpendicular injection
beam will be lost than the tangential injection beam. When
Coulomb collisions are taken into account, the loss of particles
increases. Comparing the prompt loss of the fast ions with the
LCEFS boundary and FW boundary, for the tangential injection

beam, 4.52% of the ions will not be lost after drifting out of the
LCEFS. For the perpendicular injection beam, this ratio reaches
5.11%. Therefore, the fraction of lost particles calculated with
the FW boundary is more instructive for the actual physics of
the perpendicular injection beam. At 8000 Tj, the total loss
in the perpendicular injection is greater than the loss in the
tangential injection, and the time evolution of prompt loss is
shown in Fig. 9. In addition to the data information related to
the loss fraction given in Table 2, in Figs. 9(a) and 9(b), we
can also get the information about the fast ion loss rate as fol-
lows. Firstly, in the first 1000 7., the loss rate of fast ions is
significantly higher than the average level because almost all
particles can complete a bounce period in the first 1000 Ti.
Without Coulomb collisions or wave field disturbance, rest
particles can be well confined, as seen from Fig. 9(a). Sec-
ondly, the loss rate of the LCFS boundary condition is greater
than that of the FW one because the loss of particles in SOL

also takes a certain amount of time.

Table 2. Fast ion loss ratio with and without Coulomb collisions at 8000 Tj..

Incident neutral beam AObeam1 (LCFS) AObeam?2 (LCFS) AObeam1 (FW) AObeam?2 (FW)
Loss ratio (w/o) 0.1455 0.1622 0.1021 0.1184
Loss ratio (with) 0.1505 0.1786 0.1053 0.1275
Loss ratio caused by collisions 0.0052 0.0165 0.0035 0.0095
Non-loss ratio caused by collisions 0.0002 0.00007 0.00026 0.00036
251 Collisionless 25 Collision Here v is the particle velocity, v and v, are the parallel and
a, . . .

2 2 perpendicular components of the particle velocity, y,, B are
® ] S P o the poloidal magnetic flux and the magnetic field strength at
g 151/ g B . . e
s F_ .......................... 3 e the particle location. Through the initial distribution of fast
2 10}/ 2 107 . . .

3 r — AObeam1 LCFS S — AObeam1 LCFS ions at the P;—A space, we can get more information about
5 —-— AObeam?2 LCFS 5 —-— AObeam2 LCFS . . ) . .
— AObeam1 FW — AObeaml FW the particle orbital type,??! as shown in Fig. 10. For the case
—-— AObeam2 FW —-— AObeam2 FW
002000 4000 6000 8000 002000 4000 6000 8000 of fixed energy, according to the P;—A value of the particle
t(T,,) t(T5)

Fig. 9. The evolution of fast ion loss with the LCFS and FW boundary for
tangential and perpendicular injection: (a) for collisionless case, (b) for col-
lision case. The solid lines represent the tangential injection beam, and the
dashed lines represent the perpendicular injection beam. The blue lines rep-
resent the FW boundary and the red lines represent the LCFS boundary.

The loss rate of fast ions for perpendicular injection is
greater than that for tangential injection, which is related to the
orbital types of fast ions and the fraction of particles of these
different orbital types. It can be seen from Figs. 10-13. Be-
sides the spatial information of fast ions, the distribution of fast
ions in Pz—A space is a necessary perspective to understand the
type of particle orbits. Here, Py is the regular momentum of
the particle, A = uBy/E, U, and E are the magnetic moment
and energy of the particle, and By is the magnetic strength at
the magnetic axis. These parameters can be defined using the
following formula in the full-orbit simulation,

2

L a3

E = -m/*
my-, 2B

> Pr =mRv| —qy,, U

on the magnetic axis (dotted line), the P;—A space is divided
into regions of different particle orbital types as following:
(1) the maximum magnetic field intensity of the LCFS (black
long dashed line), (ii) the minimum magnetic field intensity
of the LCFS (solid black line), (iii) the capture-passing or-
bit boundary (based on the condition of v; = 0, black short
dashed line), (iv) and the maximum P value under fixed u
value (the upper black solid line). From Fig. 10, we can see
that the fraction of passing ions is larger than that of the ba-
nana ions for both tangential beam and perpendicular injection
beam. The proportion of trapped confined ions in the perpen-
dicular beam is larger than that in the tangential beam. The
proportion of co-passing confined ions in the perpendicular
beam is smaller than that in the tangential beam. Co-passing
orbit is the main orbital type for lost ions in tangential and
perpendicular beams. Moreover, the proportion of banana lost

ions in the perpendicular beam is larger than that in the tangen-
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tial beam. By tracking the particles to 8000 7;. with ISSDE,
we get the distribution of all lost particles with energies E1,
E», and E3 in the Pg—A space at the initial moment as shown
in Fig. 11. The actual particle loss position is the same as
the area marked in the Pr—A space, which verifies the correct-
ness of the calculation. We use blue, and red circles to mark
the location of the loss caused by Coulomb collisions in the
Py—A space. For tangential beams, the proportion of passing
particles in this part of particles is higher, while for perpen-
dicular beams, the proportion of trapped particles in this part
is higher. The loss positions and fraction of different orbital
particles in the position space are shown in Figs. 12 and 13.
Here, the blue “+” represents the lost banana particles, while
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! \
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High field side 4—> "
1 1
ob—1. S, ' 0
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the red “*” represents the lost passing particles. The gray ar-
eas P1, P2, P3, and P4 are the lost regions. The passing ions
in the tangential beam and the perpendicular beam are lost at
the divertor position on the high field side and the midplane on
the low field side, while the trapped ions are lost at the mid-
plane on the low field side. Att = 900 T, for the tangential
beam, the main loss particles are the passing particles and the
loss ratio at P4 accounts for 84.52% of the total loss. For the
perpendicular beam, 0.37% of the passing particle loss is at
the mid-plane of the high field side, namely at P1, and the loss
ratio of trapped particles is 20.58%, which is higher than the

loss ratio of trapped particles in the tangential beam.
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Fig. 10. The P;—A space distributions of the beam ions in Fig. 3 for different energy components: (a) E, (b) Ez, and (c) E3. Here, A =mBy /E with By is the
magnetic strength at the magnetic axis, E is the particle energy, the toroidal momentum F; is normalized by gy, and W, is the poloidal flux at LCFS. The
solid black lines show the boundary on the high field side of the LCFS corresponding to the fixed energies. While the black long dash lines show the boundary
on the low field side of the LCFS. Particles have different orbit types in different regions in P;—A space, P_—L represents the counter passing-lost region, P_—
C represents the counter passing-confinement region, P —L represents the co-passing-lost region, and P —C represents the co-passing-confinement region.
The blue and red dots correspond to the tangential beam and perpendicular beam ions in Fig. 3.
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Fig. 11. The distribution of all lost ions and the lost ions caused by collisions in the P;—A space at the initial moments. The red and blue dots indicate the
initial positions of all lost ions of the tangential beam and the perpendicular beam, and the red and blue circles indicate the initial positions of the lost ions
caused by Coulomb collisions of the tangential beam and the perpendicular beam.
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Fig. 12. The fraction of lost passing and banana particles at position within
the gray areas P1, P2, P3, and P4 at different time in the case of tangential
injection. The red “*” represents the lost passing particles and the blue “+”
represents the lost banana particles. At 900 T, the fraction of lost passing
particles at P1, P2, P3, and P4 is 0%, 14.25%, 0%, and 84.52% respectively,
while the fraction of lost banana particles at P1, P2, P3, and P4 is 0%, 0%,
0%, and 1.22% respectively.

3.2. Fast ion loss caused by Coulomb collision

From the above analysis, we can see the prompt loss of
fast ions and the type of fast ion orbits from the initial distri-
bution of fast ions in the Pr—A space. To explore the effect of
Coulomb collisions on fast ion losses and orbit types, fast ions
that change their parallel velocity sign will be labeled as ba-
nana particles, and ISSDE is used to track the particle’s orbit
and calculate the fast ion’s orbit type. The results are shown
in Table 3. These data allow a better quantification of the par-
ticle losses and orbit types in Fig. 11. The orbit types of the
lost particles also depend on the initial distribution in Pr—A
space. The fraction of banana ions in the perpendicular injec-
tion beam is larger than that in the tangential injection beam.
What stands out in the table is that the fraction of banana par-
ticles caused by Coulomb collisions is very high. For the per-
pendicular injection beam, this part of the particles reaches
92.31%. For the tangential beam, when the total fraction of
banana particles is only 2.58%, the fraction of banana parti-
cles among the lost ions caused by Coulomb collisions can
still reach 58.65%. So the collision has a greater impact on
the loss of banana ions. Most of the lost particles caused by
Coulomb collisions are near the LCFS at the initial moment.
That is, most of them are marginal particles. The loss caused
by the collision is related to the pitch angle scattering. The

marginal particles have more chance to enter the prompt loss
region due to the pitch angle scattering. This study supports
evidence from previous observations (e.g. Chang er al.[*)).
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Fig. 13. The fraction of lost passing and banana particles at position within
the gray areas P1, P2, P3, and P4 at different time in the case of perpendicular
injection. The red “*” represents the lost passing particles and the blue “+”
represents the lost banana particles. At 900 T, the fraction of lost passing
particles at P1, P2, P3, and P4 is 0.37%, 11.79%, 0%, and 67.25% respec-
tively, while the fraction of lost banana particles at P1, P2, P3, and P4 is 0%,
0%, 0%, and 20.58% respectively.

To investigate the impact of collisions on lost particles,
we use ISSDE to track each particle until the lost moment.
The distribution of the initial time and the lost time of each
lost particle with energies E1, E;, and E3 caused by Coulomb
collisions in the Pr—A space is shown in Fig. 14. Because
of the collision, the lost particle position in the P;—A space
greatly changes. We can divide these changes into two cases.
One is that the lost particle position in the Ps—A space changes
from the confinement region to the loss region, and the other
is that the particles are still in the confinement region, but the
particles are still lost. For these two cases, we both select 4
particles in the perpendicular injection beam with energy E}
from Fig. 14 and draw their orbits in the position space. We
show the selected particles in Fig. 15, and the corresponding
particle orbits in Figs. 16 and 17. In Fig. 15, the blue “*” and
“o0” represent the case one, and the red “*” and “o0” represent
the case two. In Figs. 16 and 17, the black “*” shows the
fast ion loss position under the impact of the collision. Be-
cause these particles are close to the minimum magnetic field
strength boundary of the LCFS in the P;—~A space, they will be
lost near the weak field side of the midplane under the effect
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of collision. The trajectory in the position space is not much
different from case one to case two. These data suggest that
when we consider the pitch-angle scattering loss of fast ions

caused by Coulomb collisions, the distribution in P;—A space
may not give all the losses, and the particle trajectory evolution
information is still needed.

Table 3. The fraction of fast ion loss, banana ions with and without (w/0) Coulomb collision.

Incident neutral beam AQObeam1 AObeam?2
Banana particle fraction (w/o) 0.0258 0.3092
Banana particle fraction (with) 0.0340 0.3293
Banana particles’ fraction of lost particles (w/o) 0.0203 0.2090
Banana particles’ fraction of lost particles (with) 0.0384 0.2602
Banana particles’ fraction of lost particles caused by collision 0.5865 0.9231
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Fig. 14. The distribution of lost ions caused by Coulomb collisions in the tangential beam and perpendicular beam in P;—A space at different times. The blue
dot represents the position at the initial time, and the red circle represents the position at the lost time of each particle.
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Fig. 15. The distribution of several typical particles from Fig. 14(a) for the
perpendicular beam, which is numbered 1-4. The blue and red represent case
one and case two. Case one is that the lost particle position in the P;~A space
changes from the confinement region to the loss region, and case two is that
the particles are still in the confinement region, but the particles get lost.

Compared with the prompt loss on a short timescale, the
loss caused by Coulomb collisions is on a long timescale and
has a continuous effect. Extending the calculated total time
to 5.85 x 10° Ti., we get the particle loss graph as shown in
Fig. 18. Compared with the loss rate of prompt loss, the loss
rate caused by Coulomb collisions is smaller. We assume that

the average background particle temperature is 2.3 keV, and
the incident particles with energies greater than 3/2 the average
background particle temperature are fast ions. Excluding lost
particles caused by the prompt loss, within 5.85 x 10° T, the
additional fast ion losses caused by Coulomb collisions of tan-
gential beams and perpendicular beams accounted for 16.21%
and 25.05% of the total particles, respectively. The results are
in agreement with the trend of the results calculated by the
guiding-center orbit program GYCAVA under similar condi-
tions. As shown in Fig. 8 in Ref. [41], the inconsistency in the
numerical magnitude of the results stems mainly from the dif-
ference in the equilibrium magnetic field. Under the combined
action of magnetic drift and Coulomb collisions, the lost po-
sition of most particles lost caused by Coulomb collisions are
at P4, as shown in Fig. 19. The initial position distribution
of the fast ion loss caused by Coulomb collisions is shown in
Figs. 19(b) and 19(d). Interestingly, compared with the prompt
fast ion loss as shown in Figs. 7 and 8(c), most of the lost
fast ions caused by Coulomb collisions are concentrated on
the low-field side, and there are more fast lost ions around the
region far from the LCFS. Coulomb collisions cause the loss
through the stochastic diffusion of fast ions and the pitch-angle
scattering. We can see the change of the average areal density
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distribution, as shown in Figs. 20 and 21. After the prompt
loss occurs, most of the fast ions are confined in the plasma
center. Under the effect of Coulomb collisions, pitch-angle
scattering happens. Some particles close to the LCFS will suf-
fer the pitch-angle scattering loss, while the particles far from
the LCFS will undergo a diffusion process formed by multiple
pitch-angle scattering. During the diffusion process, some part
of the fast ions gradually approach the LCFS and are eventu-
ally lost, and the other part of the fast ions become the thermal
ions.
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Fig. 16. The typical particle trajectory in the case one corresponding to 1-4
as shown in Fig. 15.
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Fig. 17. The typical particle trajectory in the case two corresponding to 1-4
as shown in Fig. 15.
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Fig. 18. When the total time is 5.85 x 10° Ti., the fast ion loss evolution
under the impact of Coulomb collisions, the blue and red solid lines show the
fast ion loss of the tangential and the perpendicular injection beam on the FW
boundary. The blue and red long dashed lines show the prompt loss of the
tangential and the perpendicular injection beam on the FW boundary when
there is no collision. The results are consistent with that of Fig. 8 in Ref. [41].
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Fig. 19. Excluding the prompt loss, the position of and fraction of fast ion
loss caused by Coulomb collisions and the initial distribution of the lost fast
ions. Panels (a) and (b) are the case of tangential injection beam, and pan-
els (¢) and (d) are the case of perpendicular injection beam. The gray square
area represents the position of the FW below the midplane. In panel (a),
the final fast ion loss caused by Coulomb collisions at P4 accounts for 6%
of total tangential injection ions. In panel (c), the final fast ion loss caused
by Coulomb collisions at P4 accounts for 13.22% of the total perpendicular
injection ions.

3.3. Fast ion slowing down in EAST

The slowing down process of fast ions will heat the back-
ground plasma. We can divide the ensemble average evolu-
tion of the physical quantities of fast ions into two stages,
the velocity space diffusion stage and the slowing down stage.
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The ensemble average evolution of velocity and energy of fast
ions in the slowing down process calculated by ISSDE can be
shown in Figs. 22 and 25. In 8 x 10* T;., the ensemble av-
erage velocity and energy of the fast ions oscillate under the
influence of the toroidal magnetic field, and the ensemble av-
erage kinetic energy of the ions is transferred in parallel and
perpendicular directions. The total ensemble average kinetic
energy of the ions decreases slightly due to the different loss
rates of ions with different initial energies. More fast ions with
the 65.224 keV and 65.644 keV have been lost as shown in
Fig. 11. Under the effect of the collision, the ensemble average
velocity and energy of the fast ions will become equilibrium.
Under the effect of the Coulomb collision, the ensemble aver-
age velocity and energy of the fast ions will reach equilibrium.
Compared to the tangential injection, the perpendicular injec-
tion takes longer to reach equilibrium because the fraction of
banana ions is higher in the perpendicular injection. More ions
will bounce and the velocity space diffusion takes longer.
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Fig. 20. Average areal density distribution of tangential injection beam fast
ions at different moments.

We can also see the diffusion from the particle distribu-
tion in the velocity space, as shown in Figs. 23 and 24. At
the initial moment, the tangential and perpendicular injection
beams are anisotropic collections of particles with three ener-
gies in velocity space. We use red, blue, and black to repre-
sent 1/3 total energy, 1/2 total energy, and total energy parti-
cles. On short timescales, such as 150 7., the magnetic field
will mainly affect the motion of fast ions in velocity space. In
this process, the phase difference of the fast ions in the veloc-
ity space becomes larger and larger, and stochastic diffusion
occurs in the velocity space. In the range of 1000 T;, the en-
ergy of fast ions hardly varies because the characteristic time
of Coulomb collisions is three orders of magnitude longer than

the ion cyclotron period. And the velocity diffusion of ions un-
der a magnetic field occurs on a fixed sphere in velocity space.
The evolution of the ensemble average energy of the fast ion
is shown in Fig. 25.
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Fig. 21. Average areal density distribution of perpendicular injection beam
fast ions at different moments.
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Fig. 22. Evolution of the ensemble average velocity of fast ions.

Since the timescale of the velocity space diffusion stage
is very short, the slowing down process cannot be seen. When
we set the total number of time steps to 5.85 x 100 Tic, we
obtain the evolution of the ensemble average energy and ve-
locity, as shown in Figs. 26 and 29. In Fig. 26, the ensemble
average parallel velocity of the tangential and perpendicular
injection beams gradually approaches 0 m/s under the effect
of Coulomb collisions.

The evolution of the fast ion ensemble in parallel and per-
pendicular velocity space is shown in Figs. 27 and 28. The
parallel and perpendicular velocity distribution functions of
the tangential and perpendicular injection beams broaden un-
der the effect of Coulomb collisions. Under the influence
of Coulomb collisions, the spherical radius of velocity space
decreases when fast ions transfer energy to the background
plasma. In Fig. 29, we can see that the energy of the tangential
and perpendicular injection beams decreases in all directions
and tends to the equilibrium value.
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Fig. 24. Evolution of fast ion distribution of perpendicular injection in velocity space at the velocity space diffusion stage.
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Fig. 25. Evolution of the ensemble average energy of fast ions.
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Fig. 26. The evolution of the average velocity of the fast ion as the total time
is 5.85 x 106 7.
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Fig. 27. Evolution of fast ion distribution of tangential injection in velocity
space for large timescale.
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Fig. 28. Evolution of fast ion distribution of perpendicular injection in veloc-
ity space for large timescale.
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Fig. 29. The evolution of the average energy of the fast ion as the total time
is 5.85 x 10° T.

4. Conclusion

In this paper, we use the implicit Monte—Carlo full-orbit-
following parallel program ISSDE to calculate the prompt loss
and slowing down of NBI fast ions in EAST in the equilibrium
configuration. We use EFIT to calculate the plasma parameters
in the equilibrium configuration, while NUBEAM estimates
the initial distribution of NBI fast ions.
show that it is more realistic to use the FW boundary to define

Simulation results

the prompt loss of fast ions compared to the LCFS boundary,
especially for fast ions with large radius of gyration. More ions
drift out of the LCFS and return to the LCFS in the perpendic-
ular injection beam than in the tangential injection beam, so
the use of prompt loss with FW boundary is more relevant for
the perpendicular injection beam. When considering Coulomb
collisions, the marginal particles undergo pitch-angle scatter-
ing losses.

The ratio of the prompt loss rate and orbital type of fast
ions depends on the initial distribution of fast ions in Pr—A
space. The fraction of banana particles among the ions lost
due to Coulomb collisions is very high. For the perpendic-
ular beam, this fraction of particles is 92.31%. For the tan-
gential beam, when banana particles account for 2.58% of
the total number of particles, the proportion of banana parti-
cles in the lost particles due to collisions still reaches 58.65%.
Coulomb collisions continuously affect the fast ion loss in long
timescale simulations. Pitch-angle scattering and stochastic
diffusion play an important role in the fast ion loss due to
Coulomb collisions. We divide the slowing down of fast ions
into the velocity space diffusion and the slowing down stage.
The fast ions exchange momentum and energy with the back-
ground plasma through Coulomb collisions and transfer en-
ergy to the background plasma.

Not only for the NBI fast ions, the slowing down and en-
ergy deposition of alpha particles produced by nuclear fusion
can also be calculated by ISSDE when the initial time veloc-
ity and position distribution are given. The collision cross-
section will be smaller because the alpha particle energy is
higher, and the corresponding collision coefficient will be dif-
ferent. The long time effect of Coulomb collisions on the loss
of fast ions is not negligible, and the fast ions become loss
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particles or thermal particles under the effect of Coulomb col-
lisions. Considering the total energy loss due to fast ion losses,
we can more accurately calculate the momentum and energy
transferred to the background plasma by collisions during the
slowing down of the fast ions. Because the beam ion loss

(421 and triton burnup measurement*3! on EAST

measurement
is still under development, we will provide experimental and
numerical comparison results in future research work.

ISSDE is a test particle orbit-following parallel simula-
tion program with Coulomb collisions. It can calculate the
dynamic behavior of simulated particles under various exter-
nal fields and disturbances, especially for simulating multi-
scale and multi-degree-of-freedom physical problems. How-
ever, we have not considered the effect of self-consistent fields.
The PIC program with kinetic theory of collisions can provide
more information, especially when particle losses caused by
microscopic instabilities of the plasma need to be considered,
which we will present in future work. The causes of fast ion
losses on the actual EAST are multiple and complex, such as
magnetic ripple losses, losses due to unstable magnetic fluid
modes, losses due to resonant magnetic perturbation coils, and
losses due to unstable modes. We will investigate the differ-
ent effects of Coulomb collisions on these loss mechanisms in
future work.
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