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A B S T R A C T  A R T I C L E   I N F O 
 

Fast-ions confinement is a prominent subject in developing 
nuclear fusion reactors due to its importance in sustaining 
the burning plasma and keeping energy production. How-
ever, confining them has proven to be difficult until now, and 
one of the reasons is that the inherent discrete magnetic 
field produces a magnetic ripple. A better understanding of 
fast-ions transport using appropriate numerical calculation 
tools needs to be developed to overcome such a challenge in 
the engineering aspect. This study revisited data collection of 
fast ion transport simulated under the ripple presence in a 
nuclear fusion device. The ion trajectories were followed us-
ing two orbit-following equation schemes, and the ripple-
resonance island size in the Poincaré section was compared. 
The result showed that the island size obtained by each 
scheme was different when the particle resonates with a 
stronger ripple field and, proportionally, the diffusion coeffi-
cients are different. The physical meaning and consequence 
behind this discovery were discussed in this paper.   
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1. INTRODUCTION 

Nuclear fusion is one of the most 
promising candidates for a large-scale 
clean energy source fuelled by light ele-
ments such as hydrogen isotopes. Coun-
tries worldwide are currently racing to cre-
ate an artificial sun with fusion reaction 

and extract its massive energy, while some 
other developments are proposed for 
space exploration engines. The leading 
practical reactor candidate to harness its 
power is Tokamak, a doughnut-shaped de-
vice that utilizes a strong magnetic field to 
confine the plasma. Among many tokamak 
designs, spherical Tokamak (ST) is 
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currently on a high rise due to its compact 
design and low overall cost with weaker 
magnetic field operation (Harrison, 2019). 
In the future, this could potentially be a 
competitor for its counterpart, nuclear fis-
sion reactor, within similar compactness 
such as Indonesia’s upcoming experi-
mental power reactor (Reaktor Daya Ek-
sperimental, RDE). However, our existing 
technology and knowledge still face many 
challenges in every engineering aspect. 
Most nuclear fusion development projects 
worldwide revolve around the thermonu-
clear approach, which involves high den-
sity and very high-temperature plasma to 
ignite fusion. Sustaining such plasma for a 
long time with an excellent input-output 
energy balance is highly required, and one 
promising solution is to utilize fast ions 
produced by the fusion reaction itself. 

One fusion reaction among other can-
didates at the upfront discussion for fusion 
experiment is the deuterium-deuterium 
reaction, D(d,p)T, better known as D-D fu-
sion. It produces a 1 MeV fast triton which 
held some critical roles such as aiding the 
tritium breeder system and simulating al-
pha particle confinement properties in DT 
plasma (Ogawa et al., 2019; Onofrio, 2018; 
Reichert, 2019).  

In order to utilize the fast ions cor-
rectly and efficiently, they must be well 
confined in the magnetic field. However, 
confining them has proven difficult due to 
the magnetic ripple existence, which 
causes an abrupt ripple-induced diffusion 
phenomenon, raising particle loss fraction 
(McClements, 2005; Mcclements et al., 
2018; Tobita et al., 1997). Such problem is 
rooted from energy-dependence ripple 
resonance (Hosseininejad, Ghoranneviss, 
& Salem, 2020; Hideyuki Mimata et al., 
2009), but the complete process of particle 
loss remains unclear until now. It is then 
necessary to have a better understanding 
of fast ions transport with numerical study 

so that we can engineer a great confine-
ment system in the future. 

Numerical studies of fast ion trajectory 
have long been instrumented by two gov-
erning equations, guiding center (GC) and 
full orbit (FO) (Boozer, 1980; K. Tani et al., 
2009; Keiji Tani, Azumi, Kishimoto, & 
Tamura, 1981). There is no comprehensive 
study that tells how different is the perfor-
mance of both schemes at the moment, 
but one study suggested that the reso-
nance energies by GC scheme are some-
what different from those by the FO 
scheme despite using a relatively strong 
magnetic field environment (Kurniawan, 
Tsutsui, Tani, & Shinohara, 2020; H. 
Mimata et al., 2008). However, the differ-
ence of resonance island and its conse-
quence to ripple-resonance diffusion was 
not carefully studied and creates a 
knowledge gap for the future study on 
global fast-ion confinement using an ap-
propriate tool. Hence, this study was con-
ducted in the scope of local transport to 
add an understanding of global transport. 
The physical difference of ripple resonance 
island between both equation schemes in 
estimating fast triton’s ripple resonance 
diffusion was investigated, and the general 
engineering point of view was discussed. 

The remainder of this paper is orga-
nized as follows. Section 2 explains the nu-
merical modelling used in this study, in-
cluding a brief explanation of the interest-
ing point for the triton’s ripple resonance 
condition given the initial condition. In sec-
tion 3, the precession island size difference 
in Poincaré mapping in the framework of 
result difference between FO and GC 
schemes was discussed, then the diffusion 
coefficient profile was briefly discussed fol-
lowing the respective island size. Finally, 
section 4 remarks the closing of this paper 
with the conclusion and future work. 
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2. RESEARCH METHODOLOGY 

2.1. Plasma Parameter 

This study uses plasma parameters of 
JT-60SA tokamak with operation scenario 
#3. It is selected by the fact that it can be 
used to conduct experimental studies re-
lated to particle confinement using fast tri-
ton (JT-60SA Research Unit, 2018). Moreo-
ver, there were not many studies involving 
this operation scenario (Garzotti et al., 
2018) and therefore the present study is 
conducted with scenario #3 to also add the 
understanding of it. 

2.2. Simulation Tool 

Fortran-based orbit following Monte 
Carlo code OFMC is utilized and performed 
in a supercomputer system. OFMC model-
ing capabilities have been tested and veri-
fied both numerically and experimentally 
(Hirayama, Shimizu, Tani, Shirai, & Kikuchi, 
1988; ITER Physics Expert Group & ITER 
Physics Basis Editors, 1999; Tobita et al., 
1997). 

2.3. Orbit-Following Schemes 

Both guiding center and full orbit 
equations schemes are used in this study. 
The GC scheme has been well defined in 
some papers (Goldston, White, & Boozer, 
1981; López, Orozco, Dugar-Zhabon, & Car-
denas, 2019), and the FO scheme is based 
on the paper by Tani et al. (2009).  

 

 Figure 1. Banana orbit of 1 MeV triton, moving in 
a clockwise direction on the poloidal cross-sec-

tion 

Representation of both schemes is 
shown in Figure 1, which shows the colli-
sionless banana trajectory of 1 MeV triton 
after orbiting for several bounces. GC 
scheme generates the orange line trajec-
tory, while the FO scheme generates parti-
cle orbit (black, gyrating line) and the gyro-
center line (green). From this point on-
wards, all results from GC are plotted with 
orange color, and FO are plotted in green 
color. The present study focuses on the up-
per banana tip location. It must be noted 
that the result from the FO scheme should 
be considered as a reference for the GC 
scheme and not in reverse because FO rep-
resents the real particle trajectory motion.  

2.4. Test Particle Condition 

A moderately-trapped fast triton is 
simulated and launched at the outer mid-
plane (𝒁𝟎 = 0.0 m) of poloidal cross-section 
in (𝑹, 𝒁,𝝓) coordinate system from two 
major radial positions, 𝑹𝟎 = 3.7 m and 𝑹𝟎 
= 3.86 m, with initial pitch angle 𝜸𝟎 = 70°. 
In the Poincaré map analysis, those values 
are referred to as “reference starting 
point.” These conditions are selected 
based on the study by Kurniawan et al. 
(2020), which guarantees the observation 
of resonance condition without having the 
particle loss to either plasma center or out-
side of separatrix (i.e., orange line in Figure 
1). The analysis was primarily conducted 
on collisionless orbit cases. The collision 
case, i.e., neoclassical diffusion, is briefly 
shown in the discussion section to investi-
gate the consequence of having the island 
size difference on the collisionless discus-
sion. 

2.5. Poincaré Mapping 

The particle orbit is reflected at a cer-
tain location as previously shown in Figure 
1, thus leaving its banana tip trace in veloc-
ity space with each successive bounce 
point that can be visualized using Poincaré 
plot. 
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Figure 2.  Illustration of particle orbit bounces pe-
riodically (left), leaving the velocity trace at tip 
positions such as canonical angular momentum 

P_ϕ and can be visualized in a Poincaré map 
(right) 

In the particle study, it is important to 
discover the resonance condition using 
Poincaré plot before proceeding to much 
more complex analysis in a non-ideal MHD 
system (White, Gorelenkov, Duarte, & 
Berk, 2018). In this study, the velocity 
space is measured by toroidal canonical 
angular momentum 𝑷𝝓 = 𝒎𝑹𝒗𝝓 − 𝒆𝝍 

on Poincaré section (𝝓,𝑷𝝓). Definition of 

canonical angular momentum has been 
described in some papers (Hideyuki 
Mimata et al., 2009; K. Tani, Takizuka, & 
Azumi, 1993; Yushmanov, 1990). Each suc-
cessive bounce points can be marked in a 
Poincaré map as illustrated in Figure 2 and 
each bouncing point can be expressed as 
follows (White et al., 1996): 

 

The open surface (straight line) on the 
map indicates non-resonance phase, while 
the closed surface (island) indicates reso-
nance. As mentioned in the previous sub-
section, the initial calculation is in the ref-
erence starting point whose Poincaré sur-
face always in the middle of Poincaré map. 
Then, the map is scanned with an interval 
of 0.01 m/surface to obtain the Poincaré 
surfaces surrounding the reference point. 

After the Poincaré map obtained, the 
range value of canonical angular momen-
tum 𝑷𝝓−𝒕𝒊𝒑 (ordinate) and normalized to-

roidal angle 𝝓𝒃𝑵  (abscissa) on each ba-
nana tips’ Poincaré surface will be meas-
ured and visualized in a graph. The range 
value will be discussed through the differ-
ence between maximum and minimum 
value, denoted as 𝚫𝑷𝝓−𝒕𝒊𝒑 and 𝚫𝝓𝒃𝑵, and 

measured in arbitrary units. 

2.6. Ripple Resonance Energy 

The interest point of this study lies in 
the banana orbit that bounces in or near 
the ripple well region, allowing the expan-
sion of resonance islands around banana 
tip and ease the observation. The term 
“weaker field” is used for the condition of 
where the ripple well 𝛿 is stronger, with a 
relationship of 𝐵 ∝ 1/𝛿. 

According to Yushmanov (1990), ba-
nana particles resonate with toroidal ripple 
when they satisfy the following condition, 

where N is the number of toroidal field 
coils, k is positive/negative integer value, 
and Δ𝜙𝑝  is the toroidal angle difference 

between two successive precession orbit 
tips (𝚫𝝓𝒑 = 𝝓𝒑,𝒊 ±𝝓𝒑,𝒊+𝟏). Based on the 

previous study, the corresponding value of 
Δ𝜙𝑝  depends on the particle energy as a 

function of gyro radius and hence propor-
tionally affects the banana tip position. The 
ripple-resonance energies being investi-
gated in this study correspond to k = 2, 
which are considered as nearby to 1 MeV 
energy, and are shown in Table 1. 

Table 1. Ripple Resonance Energies 

𝑹𝟎 [m] Scheme 𝑬𝒓,𝒌=𝟐 [MeV] 

3.70 GC 0.88 

 FO 0.76 

3.86 GC 1.12 

 FO 0.93 
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3. RESULTS AND DISCUSSION 

3.1. Near-resonance Precession Island 

Prior discussing the precession island 
at resonance energies, the result of 1 MeV 
triton is observed beforehand. The 1 MeV 
triton in this study is considered a near-res-
onance condition due to its proximity with 
ripple resonance energy given in Table 1. 

Figure 3 shows the Poincaré surface 
size of 1 MeV banana triton tip with two 
reference starting points, 𝑹𝟎 = 3.7 m and 
𝑹𝟎 = 3.86 m. Left figures are measured by 
𝚫𝑷𝝓−𝒕𝒊𝒑 = 𝑷𝝓−𝒎𝒂𝒙 − 𝑷𝝓−𝒎𝒊𝒏  on each 

surface while the right figures are meas-
ured by 𝚫𝝓𝒃𝑵 = (𝝓𝒃−𝒎𝒂𝒙 −𝝓𝒃−𝒎𝒊𝒏)/
𝟐𝝅. The abscissa 𝓝 represents the integer 
of the observed surface section where 
higher 𝓝 value resides on the upper part 
of Poincaré section and indicates the outer 
side of minor radial position (i.e., plasma 
radius). The black dots on the figures indi-
cate the surface of the tips launched from 
the reference starting point. The result in-
dicates a different Poincaré surface be-
tween GC and FO schemes when the parti-
cle energy is fixed (in this case, 1 MeV). 

Figure 3 (a) indicates the Poincaré 
map of FO scheme has a well-developed 
open surface and hence the arbitrary size 

is almost conserved, indicating the preces-
sion motion of 1 MeV tritons does not 
match the field repetition harmonics; it 
does not ripple resonance all over the ob-
served surface. On the other hand, the GC 
scheme somewhat shows the precession 
island between 𝓝= 16 and 𝓝 = 20 which 
is about to satisfy the condition in Eq. (5). 
In Figure 3 (b), the island size between FO 
and GC is quite similar in 𝚫𝑷𝝓−𝒕𝒊𝒑 but not 

in 𝚫𝝓𝒃𝑵 . Note that the scale of 𝚫𝑷𝝓−𝒕𝒊𝒑 

for 𝑹𝟎 = 3.86 m is larger than that of 𝑹𝟎 = 
3.7 m. This is understandable because the 
magnetic field is relatively weaker at a 
higher radial position. 

Based on the finding in Figure 3 where 
some island is formed, combining with an-
alytical estimation by Mimata et al. (2009) 
regarding the continuous representation 
of ripple-resonance island (p. 4-5), a Poin-
caré map with a well-developed resonance 
island is expected to have a sharp M-shape 
curve on 𝚫𝑷𝝓−𝒕𝒊𝒑 graph and a sharp valley 

on 𝚫𝝓𝒃𝑵 graph. The more the number of 
𝓝 inside the M-shape (i.e., shaded area on 
the graph), the better the resonance island 
is developed. To verify the situation, fur-
ther explanation of resonance precession 
island is discussed in the next subsection. 

 

 
Figure 3. Poincaré map and its surface’s arbitrary size for 1 MeV triton banana tips on the flux surface with 

local ripple field, launched from the reference starting point, (a) 𝑹𝟎 = 3.7 m and (b) 𝑹𝟎 = 3.86 m 
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Complementing the information to 
the study by Kurniawan et al. (2020), the 
radial positions of the island are different if 
the particle energy is fixed as indicated by 
Figure 3 (b). It shows that the resonance is-
land obtained by the FO scheme is located 
at the outer plasma radius relative to the 
island of GC scheme. In a real tokamak ma-
chine, the change of magnetic field is sen-
sitive in the radial direction that it can 
change the resonance condition with just a 
slight radial move, while orbit precession in 
toroidal direction 𝝓  dictates ripple reso-
nance condition of a banana particle at the 
same time according to Eq. (5). Hence, the 
ripple resonance condition highly depends 
on the initial condition of the test particle. 

3.2. Resonance Precession Island 

Since the resonance energies are dif-
ferent between GC and FO schemes when 
the initial radial position is fixed as shown 
in Table 1, the Poincaré maps of both 
schemes are presumably similar in the rip-
ple resonance case. Figure 4 shows the 
Poincaré surface size of banana triton tips 
with resonance energies. Each surface is 
measured the same way as the previous 
subsection. 

Ripple-resonance energies by GC and 
FO schemes were previously known to be 
slightly different when the initial position is 
fixed. On the other hand, the banana tip 
positions, which dictate the ripple-reso-
nance condition, are different when the 
energy is fixed. Such conditions may affect 
the precession island size, particularly 
when the ripple resonance condition is 
stronger (i.e., in a weaker field). The pre-
cession island curve in velocity space 𝑃𝜙 

obtained by GC scheme in a weaker mag-
netic field region (i.e., larger ripple well re-
gion at 𝑅0  = 3.86 m) is different from FO 
scheme. 

Figure 4 (a) indicates that the Poincaré 
maps of both FO and GC schemes agree to 
each other at 𝑹𝟎 = 3.7 m, as well having a 
similar well-developed island size despite 
located in a very slightly different Poincaré 
surface 𝓝 . Since this location has a 
stronger field, the 𝚫𝑷𝝓−𝒕𝒊𝒑 of the preces-

sion island is quite small. It is understanda-
ble since the tritons have ripple resonance 
energy to begin with. Figure 4 (b) shows a 
rather agreeable in terms of precession is-
land location between FO and GC schemes, 
but the island size in velocity space is 
somewhat different. All curves in Figure 4 
show that sharp M-shape 𝚫𝑷𝝓 curves and 

sharp 𝚫𝝓𝒃𝑵 valleys are developed in both 
FO and GC schemes with more 𝓝 inside of 
it, indicating well-developed resonance is-
lands. Different island sizes can cause a dif-
ferent result; hence it is important to em-
phasize which orbit following scheme is ap-
propriate to be utilized under the condi-
tion given in the study of particle transport. 

It is notable in Figure 4 (b) that the is-
land size difference measured on 𝚫𝑷𝝓−𝒕𝒊𝒑 

between FO and GC schemes are noticea-
ble, with GC scheme has almost 3 times the 
size of that from FO scheme. It indicates 
that more banana particle tips are esti-
mated to be trapped inside the island of GC 
scheme than FO scheme upon orbiting.  

This difference is caused by a different 
ripple amplitude being experienced by the 
triton tips when calculated by FO and GC 
schemes. Magnetic field change is sensi-
tive in a radial direction. GC scheme has its 
banana tip located on the outer radial po-
sition than FO scheme (see Figure 1). 
Hence, the triton in GC scheme experi-
enced a weaker field, allowing a larger res-
onance island expansion around the ba-
nana tip. The result of Figure 4 (b) is an im-
portant finding in the present study.
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Figure 4. Poincaré map and its surface’s arbitrary size for triton banana tips with ripple-resonance energies 
on the flux surface with local ripple field, launched from the reference starting point, (a) 𝑹𝟎 = 3.7 m and (b) 

𝑹𝟎 = 3.86 m 

 

Table 2. Precession Island Size Difference Be-
tween FO and GC Schemes 

𝑹𝟎 [m] Scheme 𝑬 [MeV] 𝚫𝑷𝝓−𝒕𝒊𝒑 𝚫𝝓𝒃𝑵 

3.70 GC (res.) 0.88 0.058 0.996 

 FO (res.) 0.76 0.058 0.998 

 GC 1.00 0.084 0.817 

 FO 1.00 - - 

3.86 GC (res.) 1.12 0.168 0.918 

 FO (res.) 0.93 0.082 0.654 

 GC 1.00 0.100 0.572 

 FO 1.00 0.109 0.791 

 

As previously mentioned, the more 
the number of Poincaré surface 𝓝 inside 
the M-shape curve, the better the reso-
nance island is developed. However, it 
must be carefully understood that a well-
developed island does not mean the local 
particle transport is better. It rather indi-
cates more tritons are being disrupted dur-
ing orbiting because more particle orbit 
tips are trapped inside the resonance is-
land at a certain period and can cause a 
problem to the triton transport. Therefore, 
island size is an important parameter in es-
timating the local particle transport. The is-
land size that we discuss so far is shown in 
Table 2. It is also important to note that the 

most important parameter is the 𝚫𝑷𝝓−𝒕𝒊𝒑, 

because it directly indicates the velocity 
space (canonical angular momentum) 
which was known to be strongly related to 
local ripple-resonance transport of parti-
cles. 

 

Figure 5. Energy-dependence diffusion coefficient 
profile of triton launched at 𝑹𝟎 = 3.7 m and 𝜸𝟎 = 

70° 

3.3. Ripple-resonance Diffusion Profile 

This subsection is presented to con-
firm the results on two previous subsec-
tions. The diffusion coefficient is evaluated 
from time-evolution ensemble canonical 
angular momentum with a relation of  𝐷 ≡
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𝑑/𝑑𝑡 (〈(𝑃𝜙 − ⟨𝑃𝜙⟩)
2
〉 /2) , calculated by 

introducing Coulomb collision term 𝐷 ≈
Δ𝑥2 Δ𝑡⁄  into both FO and GC schemes. This 
evaluation method was first introduced by 
Tani et al. (1981). A swarm of 20000 fast 
tritons is collided with bulk plasma with 
electron density 𝑛𝑒 = 4.455 × 1019 m-3 and 
temperature 𝑇𝑒 = 6.69 keV at our calcula-
tion point. Since the test particles are fast 
tritons, it is safe to assume that the colli-
sionless orbit still plays a major part in de-
termining the ensemble canonical angular 
momentum of those particles. Hence, Fig-
ure 5 is presented to verify the conse-
quence of having a result in Figure 3 (a). In 
the case of Figure 4 (a), it is not discussed 
further since it shows a good agreement 
between FO and GC schemes. 

Figure 5 shows the local diffusion co-
efficient profile of fast tritons launched 
from the midplane 𝑅0 = 3.7 m. It presents 
the ripple-enhanced diffusion profile 
around ripple resonance energy level. 
When the ripple resonance condition is 
stronger due to weaker magnetic field, a 
good M-shaped coefficient profile around 
resonance energy level will be developed 
as reported by Mimata et al. (2009). How-
ever, since the ripple amplitude in our ob-
servation point is smaller, the M-shape is 
rather dull. Nonetheless, it still indicates a 
ripple resonance condition. In this study, 
we call this M-shape a ripple resonance 
spectrum. Note that it should not be con-
fused between the M-shape diffusion coef-
ficient and the M-shape curve in Δ𝑃𝜙−𝑡𝑖𝑝 

discussion, although they are related to 
each other. 

Figure 3 (a) has shown us that the GC 
scheme develops a resonance island while 
the FO scheme does not. It can be easily 
confirmed upon comparing with Figure 5 
because the 1 MeV triton is expected by GC 
scheme to be still around the ripple reso-
nance spectrum. In the perspective of 
slowing down particle, it means that the 1 

MeV tritons are about to enter ripple reso-
nance condition and hence the resonance 
island in Poincaré map occurred. The same 
thing does not happen to the FO scheme, 
in which 1 MeV tritons are far from the rip-
ple-resonance spectrum, giving it a non-
resonance condition, and hence no preces-
sion island has occurred. 

Next, the result of Figure 3 (b) and Fig-
ure 4 (b) are compared with the calculation 
result by Kurniawan et al. (2020), in which 
they discuss the diffusion coefficient for 
10000 bulk tritons with a similar initial con-
dition and launched at the midplane (p. 5). 
In the case of 1 MeV particle, it is found 
that FO and GC have a similar diffusion co-
efficient magnitude despite being located 
in a different spectrum. It is located on the 
right side of ripple-resonance spectrum in 
FO scheme, but in the GC scheme it is lo-
cated on the left side. In the slowing-down 
particle perspective, a 1 MeV particle in FO 
scheme is about to enter ripple resonance 
while GC scheme predicts that it leaves the 
resonance condition. Hence, the preces-
sion island size of FO and GC schemes in 
Figure 3 (b) are identical despite having a 
different situation. 

Kurniawan et al. (2020) also found that 
the M-shape diffusion coefficient is well 
developed in GC scheme (𝐸𝑟,𝑔𝑐  = 1.116 

MeV) but duller in FO scheme (𝐸𝑟,𝑓𝑜  = 

0.929 MeV). In the case of Figure 4 (b), the 
resonance island of FO scheme is about 3 
times smaller than GC scheme. It means 
the triton is predicted by FO scheme to ex-
perience a smaller ripple amplitude than 
that by GC scheme. Consequently, the rip-
ple-resonance spectrum by FO scheme has 
a rather dull M-shape. These analyses are 
consistent with a previous study about the 
effect of ripple amplitude on the diffusion 
coefficient (Hideyuki Mimata, Tsutsui, 
Tsuji-Iio, Shimada, & Tani, 2008). Such dif-
ference can be interpreted in a way that 
the GC scheme estimates more banana tips 
trapped inside the resonance island. Hence 
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largely expanding the island and estimat-
ing a more abrupted diffusion coefficient 
that occurs around ripple-resonance en-
ergy (i.e., sharper ripple-resonance spec-
trum). On the other hand, FO scheme esti-
mates rather fewer banana tips being 
trapped in the resonance island, giving 
what is considered as a less abrupted local 
ripple-induced diffusion process. In addi-
tion, the difference gives a strong indica-
tion that the weaker the magnetic field is, 
the difference between FO and GC 
schemes is larger.  

Based on the findings in this section, a 
further study is needed to explore more 
about what makes the result between FO 
and GC schemes different. For example, 
one can approach a free parameter of par-
ticle characteristics inside either FO or GC 
scheme that does not possess by another. 
Theoretically, it affects the canonical angu-
lar momentum 𝑃𝜙  obtained by both 

schemes and the analytical expression may 
be given. To solve the different results, it is 
then necessary to conduct a future study 
to find the analytical difference between 
FO and GC schemes. Theoretically, we can 
simply use it to compensate the result 
from GC approximation so that it can pro-
duce a closer result with FO scheme. Such 
analysis is important to deepen our under-
standing and to efficiently use an appropri-
ate numerical tool when studying the par-
ticles’ global confinement from an engi-
neering perspective. A different estimation 
on diffusion coefficient will potentially af-
fect the accuracy of future numerical ex-
periments, which may raise a questionable 
result that will affect the engineering de-
sign of magnetic field systems in the future 
development phase of nuclear fusion reac-
tor like Tokamak. 

From the computational point of view, 
it will be much more efficient than, for ex-
ample, developing the guiding center in 
higher order, because it will not require a 
complex code update or larger resource to 

perform. This is especially true since guid-
ing center equation is more popular for 
studying particle behavior because of its 
capability to approximate the particle drift-
ing motion in a strong magnetic field. GC 
approximation is also resource-friendly 
which is considered timesaving and has 
lower CPU power consumption, but its ac-
curacy will eventually break when we con-
duct a study in a weaker magnetic field 
(e.g., in MAST or STEP). Keep in mind that 
today’s computer performance has been 
growing rapidly, so it is advised to use only 
the full orbit equation for further energetic 
particle studies based on our findings. 
However, they should be the study scope 
for future study and for that, we give our 
final remarks in the next section based on 
the present results. 

4. CONCLUSION 

Investigation of fast-ion trajectories 
through the difference of resonance pre-
cession island in Poincaré section between 
the guiding center (GC) and full orbit (FO) 
orbit-following schemes was performed. 
The Δ𝑃𝜙−𝑡𝑖𝑝  curve of GC scheme has a 

sharper M-shape than that of FO scheme, 
suggesting the banana tips were trapped 
more in the inner side of the magnetic rip-
ple island on Poincaré map. Hence, a differ-
ent estimation of particles’ local transport 
between both schemes is expected. Such 
situations must be carefully considered 
when studying a particle transport and tra-
jectory in a Tokamak nuclear fusion reac-
tor, especially those with a weaker field 
like spherical tokamak. For that, the finding 
of this study will be used as the basis of our 
future work about a comprehensive analy-
sis of GC-FO scheme difference in estimat-
ing the ripple-resonance transport of fast 
ions where we will develop further analyt-
ical expression. 

The finding in this study is considered 
for the development of, but not limited to, 
tokamak fusion devices. Such ripple-
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resonance phenomena may arise in other 
systems with magnetic field variation along 
the line such as cyclotron, by which Indo-
nesia has a plan to build them for medical 
radionuclides production. On the other 
hand, if Indonesia decides to have a nu-
clear fusion device in the future, ripple-res-
onance diffusion phenomena must be 
carefully considered because it can affect 
the device’s confinement performance and 
judge the overall capital cost. 
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