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A peculiar first orbit loss type was found apart from the normal ones when we use ORBIT code to simulate fast ion
orbits in the EAST tokamak. Fast ion orbits were studied in the presence of toroidal field (TF) ripple and magnetohydro-
dynamic (MHD) perturbations. We analyzed the properties of the drifted orbits in detail and compared their differences,
finding that the combined effects of ripple and magnetic islands are much greater than the effects of either one of them
alone. Then we investigated the orbit deviations as a function of pitch angle in different radial positions. The modeling
results demonstrate that the loss of trapped particles is mainly caused by the ripple, while MHD perturbation mainly plays
an important role in the passing particles. Furthermore we modeled the loss rate using different equilibriums. Results
prove that a higher beta can indeed improve the confinement of fast ions, while a little change in the q profile can make the
topologies of magnetic islands become quite different and results in quite different total particle losses.
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1. Introduction

Energetic particle is an important topic in fusion science
and has gathered extensive interest in the past. For future toka-
maks such as ITER, self-sustained ignition greatly depends on
heating by highly energetic alpha particles produced from fu-
sion reactions.!! In present tokamaks energetic particles are
mainly generated from neutral beam injection (NBI) and ra-
dio frequency (RF) heating. A good confinement of energetic
particles is necessary for good plasma performance. The loss
of these particles can be very harmful: the heating efficiency
would be affected, the wall would be damaged, and impurities
caused from the wall can be a great threat to the plasma. Thus
the study of the behavior of fast ions is important; a full un-
derstanding of them enables us to find a better way to control
them. The purpose of this article is to investigate the behav-
iors of fast ions under ripple and magnetic islands in the EAST
tokamak machine, research the loss channels and loss rates un-
der different conditions, and provide helpful suggestions for a
better confinement.

Previously, lots of studies focused on particle behaviors
in the presence of TF ripple>~7! and magnetic modes.[8-1?]
Unlike those studies, we implemented new ways in our stud-
ies. We, not only comprehensively studied the drift orbits
of trapped and passing particles, but also quantitatively stud-
ied orbit deviations and related loss domains, and further re-

searched the important factors that affect the total loss. Many
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comparisons between the magnetic islands’ effects and ripple
effects are made in the paper, together with their relevant loss
channels.

The experimental Advanced Superconducting Tokamak
(EAST) is a fully superconducting magnetic confinement de-
vice used for nuclear fusion studies in China. ORBIT code,
which is based on the theory of guiding center motion!!314 is
used in the paper for most of the modeling work. In ORBIT
code we regard particles that hit the last closed flux surface
(LCFS) as lost. But because orbits that go through the gap be-
tween last closed flux surface and wall may reenter the plasma
domain, the number of lost particles counted would be a little
overestimated. Since we mainly studied the fast ion behavior
in the core plasmas, and focused on the comparison of the lost
particles in cases of different experimental parameters, this in-
fluence is beyond our consideration.

The paper is organized as follows. In Section 2 the orbit
drifts caused by the toroidal field ripple and magnetohydro-
dynamic perturbation are explicitly studied and compared. In
Section 3 orbit deviations as a function of pitch angle and ra-
dial position are calculated, and the domains of lost particles
in the u—P; plane are given. Total losses under different equi-
libriums are simulated in Section 4, while the importance of
several experimental parameters is also analyzed. The main

results are summarized in the final section.
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2. Orbit drifts induced by magnetic islands and
ripple

An 80-keV deuterium ion was chosen as the test ion for
our studies, which is a very ordinary case during the additional
heatings in EAST tokamak. The equilibriums used in the mod-
eling work are all obtained from shot 36662 and 36770. The

experimental parameters of these two shots are listed in Ta-
ble 1. We use equilibriums (shot 36662) for the modeling
works in Sections 2 and 3, and equilibriums (shot 36770) in
Section 4. Shown in Fig. 1(a) is the equilibrium (shot 36662)
plotted in Boozer coordinate. Figure 1(b) shows the safety
factor g profile of this equilibrium, and the MHD perturbation
profile used later.

Table 1. Experimental parameters of the two shots.

Shot Major radius Minor radius Toroidal field Plasma density Plasma temperature Plasma current
Rim alm BJ/T Neo/m~3 Teo/keV I/kA
36662 1.874 0.445 2.012 2.6x10% 0.74 400
36770 1.873 0.443 2.011 3.2x10% 1 400
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Fig. 1. (color online) (a) EAST equilibrium of shot 36662 in Boozer coordinate, (b) g profile and MHD perturbation profile used in

corresponding modeling later.

2.1. First orbit loss

First orbit loss will always exist in tokamaks, including
trapped loss, co- and counter-passing losses. Starting from the
two constants of motion E = pﬁBz/Z +UB and P, = gp| — ),
together with other conditions such as the trapped-passing
boundary, and maximum and minimum magnetic field, we can
obtain the orbit classification map. !

Figure 2(a) is the P.—u plane of an 80-keV deuteron, in
which each point represents a certain kind of orbit. The red
line is the trapped-passing boundary. Points A, B, C stand for
the most common three first loss orbits: counter-passing loss,
trapped loss, co-passing loss. Their related orbits are shown
in Fig. 2(b) with the same color. A peculiar first orbit loss
type occurs in the overlap region of trapped loss and counter
passing confined, a new domain where point D lies. The cor-
responding orbit is shown in Fig. 2(b) in red color. We con-
sidered this kind of orbit to be trapped loss. But instead of

being lost immediately to the right wall, it first experiences
a counter passing and then is lost to the left wall. This phe-
nomenon happens in most EAST equilibriums, but is rarely
seen in other tokamak equilibriums. To investigate them more
explicitly, three-dimensional plots of the orbits in Fig. 2(b) are
given in Fig. 3, in which the red orbit is the peculiar first orbit
loss, while the blue and green ones are the familiar trapped loss
and counter passing loss. First orbit loss often means particles
lost before they finish a cycle in poloidal direction. Though it
is common that passing particles run more than one cycle in
the toroidal direction before being lost, it is quite novel that a
newly trapped lost orbit would have the same character.

So in EAST tokamak the first orbit loss types include
the classical counter-passing loss, trapped loss, and co-passing
loss, in addition with the special trapped loss. As long as the
domain of a certain orbit is located in the first orbit loss area

in P.— plane, it will finally be lost.
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Fig. 2. (color online) (a) Pz~ plane, showing the orbit types. (b) Four first orbit loss cases. A, B, C depict counter-passing loss,
trapped loss, and co-passing loss, respectively. D is a particular case, which shows a first counter passing confined then trapped loss
orbit. The orbits in Fig. 2(b) corresponding to the same colored dots in Fig. 2(a).

Fig. 3. (color online) Three-dimensional orbits corresponding to the
same-colored ones in Fig. 2(b). The orbits in red, blue, green color
represent peculiar trapped orbit loss, typical trapped loss, and counter-
passing loss respectively.

2.2. MHD perturbations

The orbits of fast ions can be disturbed by MHD in-
stabilities, and drifts can be relatively large especially when
the orbits pass through the magnetic instability areas. The
MHD perturbations can be represented by the form 6 B =
Vxa(y,6,{)B, which will lead to magnetic islands. Shown
in Fig. 4 are the (2,1) and (3,2) magnetic islands in EAST,

80 (a) (m,n) =(2,1) 4
I §B/B~0.02%
a0t -
E of -
S~
N I
_40F .
I = Yp=0.69py A =0.7 |
—80 =0T A=0.3
= 0.8y A = 048
140 180 220

z/cm

modeled with this form. The a(y,0,{) profile implemented

in the modeling has the form!°!

o(y,6,8)
X \" [ 1—x\"6' D .
- ()c_o) (1 —x0> sin(n —mO — w,t), (1)

where m and n are the typical poloidal and toroidal numbers,
Xo is the position of the magnetic island O point, and o is of-
ten in 10™* scale. A typical « profile for the (2,1) magnetic
island is given in Fig. 1(b). Magnetic island width can be cal-

culated with the expression!!”!

sy =g (%), @

where s = ¢'/q is the local shear, ¢ = dg/d .
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Fig. 4. (color online) The orbits under (a) (2,1) mode and (b) (3,2) mode; Y, is the initial flux surface position, while 4 is the last

closed flux surface, and A is the pitch angle.
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Figure 4 depicts three representative orbits in the presence
of (2,1) mode and (3,2) mode respectively. Big excursions can
occur for both trapped and passing orbits, especially when they
pass through the center of magnetic islands or spend enough
time in the perturbed domain, as shown in Fig. 4(a) (red and
green orbits) and Fig. 4(b) (blue and green orbits). For or-
bits which do not accept much perturbation the drift scales
are much smaller, as can be seen from Fig. 4(a) (blue orbit)
and Fig. 4(b) (red orbit). And for orbits which have no inter-
sections with a magnetic island, little orbit excursion can be
induced.

2.3. TF ripple

Toroidal field (TF) ripple is caused by the discreteness
of the TF coils in tokamaks. Trapped particles in the pres-
ence of ripple can be lost through three processes: collisional
ripple trapping, collisionless ripple trapping, and banana drift
diffusion.*! For thermal particles collisional ripple effects are
important, while for energetic particles collisionless effects
dominate.!'7]

TF ripple magnitude in tokamaks can be defined by

6= (Bmax - Bmin)/(Bmax +Bmin)~ (3)

Shown in Fig. 5 is the ripple map for the EAST case, with §
in logarithmic scale.
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Fig. 5. (color online) EAST ripple map with  in logarithmic scale.
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Fig. 6. (color online) Trapped (red) and passing (green) orbits with (a) no ripple, (b) in the presence of ripple, (c) with MHD

perturbation, and (d) with both.
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Figure 6 shows the disturbed trajectories when ripple,
MHD perturbation, and both are added. The red trajectories
are the trapped ones while the green orbits are the passing
ones. Trapped orbits would be shifted outward in a signifi-
cant scale under the influence of ripple, while the excursions
caused by MHD perturbation are relatively small in this case.
When both are added, the effect can be much more obvious,
as can be seen from Figs. 6(b), 6(c), and 6(d). Furthermore,
quantitative drift scales were calculated within 0.25 millisec-
onds, the results of which are shown in Fig. 7. The blue, green,
and red curves depict the drift scale of orbits in Figs. 6(b), 6(c),
and 6(d), respectively. It is readily apparent that the combined
effect is much bigger than the effect of the ripple or MHD per-
turbation alone.
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Fig. 7. (color online) The excursions of trapped orbits in Figs. 6(b) and
6(d).

3. Detailed studies and comparisons of drift or-
bits
3.1. Trapped passing boundary
Classical trapped-passing boundary condition has the
form: 1]

E:uB(wpa0)7 sz_ll/pv 0<6<m. 4)

With further calculation we get

E <u< E (5)
B(wpaﬂ) o - B(wp70)7
E— 4?2
E_ 21 . £ (©)
B(Wpan) B(WIZHG) B(‘I/IHO)

The right-hand side of Eq. (6) is always correct since B(y,, 0)
is always bigger than B(y},0), so we only need to consider
the left side. Thus a more experimental applicable trapped-
passing boundary relationship can be worked out with the fol-
lowing form:

12 < B(wpﬂw _B(wp76) )
- B(‘Vm”)

(7

The pitch angle A in this paper is defined as A = v /v. The
common pitch angle we talked about is actually arccos(A).
Orbits with their pitch angle satisfying the above equation are
defined as trapped. For large aspect ratio tokamak B(y,, ) =
Bo(1+¢€) and B(y,,0) = Bo(1 — €); thus equation (7) be-
comes

2¢e
itch? < —— 8
pitch” < 77—, ®)

where € is the normal aspect ratio. This form is the same as
the one derived by Brizar using another method. ('8! Trapped
orbits near the trapped-passing boundary can easily become
passing under a little disturbance.

3.2. Orbit drifts versus pitch angle in different radial po-

sitions

The drift scale of orbits can be expressed as ((8y;)?).
For particles with different pitch angles and radial positions,
the orbit drifts are different. To have a deep understanding, we
calculated the deviations of orbits in the presence of TF ripple
and MHD perturbation in 0.075 millisecond (the transit time
of the test particle is about 0.004 millisecond). Shown in Fig. 8
are the average orbit deviations versus pitch angle. Three dif-
ferent initial positions were chosen, which represent the inner,
middle, and outer regions. Using Eq. (7) we can calculate
the approximate pitch angle at the trapped-passing boundary,
shown in Fig. 8 are the vertical dotted lines. Results imply that
for particles near the center, the drift scales of orbits are much
smaller than those near the boundary. For orbits in the inner
part of plasmas (¥, = 0.3y, ), ripple will play a dominant
role in disturbing trapped particles. For particles located in the
middle region (y, = 0.55y4,), both ripple and perturbation
can be important. Ripple mainly affects on trapped particles,
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Fig. 8. (color online) Orbit deviations versus pitch angle at different
radial positions. Y, is the initial flux surface and  is the last closed
flux surface.
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while MHD perturbation affects both trapped and passing par-
ticles. For particles in the outer region (y, = 0.8yy), we
found ripple keeps playing an important role in the trapped
ones, while MHD perturbation effects are only prominent for

passing particles.

4. Domains of drift orbits in u~P plane

Studies described in Subsection 3.2 give a comprehensive
understanding of the orbit drift scale as a function of pitch
angle in different positions, while for this section we simu-
lated with multiple particle types to investigate the particle
types influenced. The particles used here all have initial en-
ergies 80 keV and poloidal angles O or 7, but have random
pitch angles. Shown in Fig. 9 are the modeling results. The
red points represent the particles that are ultimately lost, while
the blue ones represent those confined. Note that all particles
in the u—P; plane represent their initial positions. Most lost
particles in Fig. 9 belong to first orbit loss, since some initial
particles are distributed near the boundary. Actually what we
really care about are the red points in the confined domain,
i.e., particles that are confined at the beginning but will be lost
because of ripple or magnetic island effects. The results in
Fig. 9 imply MHD perturbation can cause both co-passing and
counter-passing particles loss, while TF ripple mainly causes
some trapped particle loss.

1.2} MHD perturbation

N

0.8}

,LI,BQ/E

0.4}

0.8}

uBo/E

Pe/1hw

Fig. 9. (color online) Loss domain in u—P; plane when one of the loss
mechanisms is added. The red points are initial positions of particles
which are ultimately lost, while the blue ones are those confined at last.
The time used in modeling is 4.2 milliseconds.

Combining the modeling results in Subsections 3.2 and
3.3, we can conclude that the loss of trapped particles is mainly
due to ripple, while the passing particles are mainly led to loss

by magnetic perturbations.

5. Effects of important experimental parame-
ters

Simulations were carried out to study important exper-
imental factors. To make the work more representative and
simple, we considered the fast particles induced by NBI. In
EAST tokamak, we chose the NBI beam ions with injected
beam power 4 MW and beam energy 80 keV as the source
particles, which can be modeled by TRANSP code. Ten thou-
sand particles were selected to represent the NBI source ions
in the following simulations. To study the influences of exper-
imental variables such as beta and ¢ profile, we chose the ex-
perimental equilibriums from the same shot 36770 but at dif-
ferent moments in time. As indicated in Fig. 10, equilibriums
at t = 5.97 and ¢ = 6.32 have different 3, values but almost
the same ¢ profiles, and equilibriums at # = 3.03 and ¢t = 3.45
have almost the same 3, values but different ¢ profiles. The
minor radius is almost the same in these four equilibriums.
The time used in calculating the loss rates is 8 milliseconds,

much shorter than the equilibrium transformational time.

9
(a) #36770
8 -
7 -
t=5.97 s, B, =0.282
6 -

t=6.32's, 3, =0.427

o
1 02 04 06 03 T.0
Yo/ Vw
9
(b)  #36770
8 L
7 L
t=3.03 s, B, =0.287
6 L
t=3.45 s, B, =0.286
o

0.4 0.6 0.8 1.0
Yp/w

Fig. 10. (color online) The ¢ profiles of different equilibriums, all from
a same shot but different moments in time. Panel (a) shows almost same
q profiles but different 3, values. Panel (b) shows almost same 3, val-
ues but different g profiles.
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First, we studied the beta effect on particle confinement.
As shown in Fig. 11, the solid lines are loss rates calculated
using equilibrium with 8, = 0.282, while the dotted lines are
calculated using equilibrium with 8, = 0.427. The red, blue
lines represent loss rates when MHD perturbation and ripple
effects are added respectively, the black lines refer to the loss
rates when the two loss mechanisms are added simultaneously.
As the results depict, in all cases, a larger Bp value can make
the final loss smaller, which exactly meets the classical theory
that a higher beta can improve the confinement.

0.08
solid line: #36770, t =5.97

0.06} dotted line: #36770, t =6.32
8
g
2 0.04}
o
=

6o.o2r -

Y el L
0 2 4 6 8

Fig. 11. (color online) The effect of B, on particle confinement.

To investigate the properties of lost particles more explic-
itly, we plot them in the pitch angle and energy (A-E) plane,
as figure 12 shows. The red points represent the final positions
of the lost particles, while the green ones represent the initial
positions of the lost particles. Results demonstrate that lost
particles with A between —0.2 and 0.4 are mainly influenced
by ripple, while those with A ranging from 0.4 to 1 are mainly
influenced by MHD perturbation. This also proves that ripple
mainly affects the trapped particles, while MHD perturbation

mainly affects the passing particles.

436770, t = 6.32

80-TF ripple
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Alv)|/v)

Fig. 12. (color online) Particle loss (green dots) caused by TF ripple and
MHD perturbations, and their initial positions (red dots) in the pitch-
energy plane.

To study the influence of g profiles on confinement, two
equilibriums with different g profiles but the same beta value
are used in the following modeling. Comparisons of the g pro-
files are shown in Fig. 10, with go5 equal to 5.566 in Fig. 10(a)
and 5.311 in Fig. 10(b). Interestingly the losses induced by
ripple are almost the same, but in case of MHD perturbations,
the loss rates for equilibriums with a lower gg9s become obvi-
ously higher, as depicted in Fig. 13.

To figure out the reason, we investigated the topologies of
magnetic islands. The magnetic island widths are almost the
same in the two cases, which are 3.06 cm at r = 3.03 s and
2.96 cm at t = 3.45 s. But further studies show the magnetic
island topologies are different. As can be seen from Fig. 14,
magnetic islands in panel (a) are more concentrated or local-
ized than the ones in panel (b), and the lengths of magnetic
islands in panel (b) are bigger than those in panel (a). This
is especially important for passing particles that pass through
the domain of magnetic islands, since these particles accept
more disturbance if the magnetic islands are longer. Figure 15
shows the initial (red dots) and final (green dots) positions
of the lost particles caused by magnetic perturbation in the
pitch-energy plane. In Fig. 15(b) more particles with pitches
between 0.5 ~ 1 are lost, and these particles are mainly the
passing ones. So we can conclude the magnetic islands in
Fig. 14(b) cause more passing particles to be lost than those
in Fig. 14(a). Besides, we took into account the initial particle
numbers located in the magnetic islands. After calculations
we found that more particles are inside and near the magnetic
islands of Fig. 14(a) than those of Fig. 14(b). It seems that the
magnetic islands in Fig. 14(a) have advantages in leading to
bigger loss rates. But actually more losses are caused by mag-
netic islands in Fig. 14(b). So the topology of magnetic islands
plays a dominant role in causing particle loss if the magnetic

island widths are almost the same.

0.08
solid line: #36770, t =3.03

0.061 dotted line: #36770, t = 3.45
38
®
-
w 0.04}
0
Q
|

0.02} R ]

0 n
0 2 4 6 8

Fig. 13. (color online) The effect of ¢ profile on particle confinement.
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Fig. 14. (color online) Poincare plots of magnetic islands.
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Fig. 15. (color online) Particles lost (green dots) due to MHD perturba-
tion and their initial positions (red dots) in the pitch-energy plane.

6. Conclusion

In our studies we found that a specific first orbit loss exists
apart from the classical types. This peculiar orbit first experi-
ences a counter passing and then is lost like a trapped orbit.
Drift orbits under the influence of ripple and magnetic islands
are carefully studied. Each drift orbit caused by ripple or mag-
netic islands has its unique characteristics, based on which we
can even identify a certain loss mechanism by analyzing the
drift properties. The excursions of trapped orbits can be obvi-
ously larger when magnetic perturbations and ripple are added
simultaneously. Orbit deviations are calculated in new ways as
a function of pitch angle in different radial positions. From the
modeling results we can conclude the loss of passing particles
is mainly caused by MHD perturbations, while trapped parti-
cle loss is mainly due to the ripple. Big orbit drifts will occur
when particles pass through the center of magnetic islands or

spend enough time in the perturbed domain. In further simula-
tions we calculated the loss rates, and proved that equilibriums
with higher beta have a better capacity in particle confinement,
while different g profiles can make the topologies of magnetic
islands become different, and lead to different total losses.
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