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Effects of plasma equilibrium parameters on the alpha particle loss with the toroidal field ripple based on the CFETR
steady-state scenario have been numerically investigated by the orbit-following code GYCAVA. It is found that alpha
particle losses decrease and loss regions become narrower with the plasma current increasing or with the magnetic field
decreasing. It is because the ripple stochastic transport and the ripple well loss of alpha particle are reduced with the safety
factor decreasing. Decrease of the plasma density and temperature can reduce alpha particle losses due to enhancement
of the slowing-down effect. The direction of the toroidal magnetic field can significantly affect heat loads induced by lost
alpha particle. The vertical asymmetry of heat loads induced by the clockwise and counter-clockwise toroidal magnetic
fields are due to the fact that the ripple distribution is asymmetric about the mid-plane, which can be explained by the
typical orbits of alpha particle. The maximal heat load of alpha particle for the clockwise toroidal magnetic field is much
smaller than that for the counter-clockwise one.

Keywords: alpha particle loss, ripple, orbit-following, tokamak
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1. Introduction
Alpha particles produced by the fusion reaction of deu-

terium and tritium play an important role in heating of the
tokamak burning plasmas. Losses of alpha particle can destroy
the plasma-facing components or the first wall of tokamak de-
vices and can also reduce the heating efficiency of alpha par-
ticle. Some electromagnetic perturbations, which is toroidal
asymmetrical, can impact the alpha particle loss significantly.
The magnetic perturbation due to discreteness of the toroidal
field coils can induce alpha particle losses and these lost alpha
particles produce heat loads on the wall of a tokamak. Rip-
ple losses of alpha particle have been numerically or experi-
mentally investigated in various tokamaks, such as ITER,[1–3]

TFTR,[4–9] CFETR,[10–13] and DEMO.[14]

The Chinese Fusion Engineering Test Reactor
(CFETR)[15–20] is the next generation of tokamak device in the
magnetically confined fusion energy development roadmap of
China. Alpha particle heating is the dominant way of plasma
heating[19] for the high Q burning plasmas on CFETR. Simu-
lations of the ripple loss of alpha particle have been performed
on CFETR by the orbit-following codes ORBIT[10–12] and
GYCAVA.[13] Recently an orbit-following code PTC[21] has
been developed for investigating the alpha particle transport
and loss in CFETR or ITER burning plasmas.

We have developed a test particle code GYCAVA[22,23]

based on the modern gyrokinetic theory[24] for investigating

the behavior of fast particle in a tokamak. The GYCAVA code
as well as the NBI code TGCO[25] have been used for study-
ing effects of the resonant magnetic perturbations[26] and the
toroidal field ripple[27] on NBI ion losses in the EAST toka-
mak. In our previous work, the GYCAVA code has been used
to numerically study alpha particle losses with the toroidal
field ripple in the CFETR steady-state[28] and hybrid[29] sce-
narios for different loss boundaries.[13] The numerical results
show that the alpha particle loss fraction in the steady-state
scenario is much larger than that in the hybrid scenario on
CFETR for a large toroidal field ripple. The heat load with the
first wall boundary is different from that with the LCFS bound-
ary, which is related to transition of the lost alpha particle orbit
from the ripple stochastic transport to the ripple well trapping.
Therefore, the first wall is more suitable to be used as the loss
boundary in alpha particle loss simulations on CFETR.

The amplitude and direction of the toroidal magnetic field
and the amplitude of the current, density and temperature of
plasma can impact alpha particle losses in the presence of the
toroidal field ripple. Effects of these plasma equilibrium pa-
rameters on alpha particle losses with the toroidal field ripple
on CFETR have not been studied in the previous work. It is
of interest to investigate effects of these plasma equilibrium
parameters on the ripple loss of alpha particle on CFETR in
detail.

Numerical results of the alpha particle loss based on the
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CFETR steady-state scenario in the presence the Coulomb col-
lision and the toroidal field ripple simulated by the GYCAVA
code are presented in this work. We focus on effects of the cur-
rent, density and temperature of plasma and the toroidal mag-
netic field on the ripple loss of alpha particle. The guiding-
center equations of motion in terms of the cylindrical coordi-
nates were used and the first wall was used as the outer bound-
ary in our ripple loss simulations of alpha particle.

This paper is organized as follows. Section 2 introduces
the ripple effect in the GYCAVA code and simulation setup of
equilibrium and ripple parameters and plasma profiles in the
CFETR steady-state scenario and alpha particle sources for
different plasma densities and temperatures. Section 3 gives
simulation results of the alpha particle loss with the Coulomb
collision and the toroidal field ripple based on the CFETR
steady-state scenario for different plasma equilibrium param-
eters, that is, the plasma current, density and temperature and
the toroidal magnetic field. Finally, Section 4 gives the sum-
mary.

2. Simulation setup
Alpha particle losses with the toroidal field ripple were

studied by the guiding-center orbit-following code GYCAVA.
The detail of guiding-center equations of motion including
toroidal field ripple and equations related to the Coulomb col-
lision adopted in the GYCAVA code can be seen in Ref. [13].
In order to compute alpha particle orbits outside the LCFS,
the equations of motion in terms of the cylindrical coordinates
(R,Z,φ) were used in our simulations. The magnetic field
𝐵 contains the unperturbed magnetic field and toroidal ripple
field. The unperturbed magnetic field 𝐵0 is toroidal axisym-
metric and is expressed as

𝐵0 = g(ψ)∇φ +∇φ ×∇ψ. (1)

Here, ψ is the poloidal magnetic flux. In the region outside the
LCFS, g(ψ) = g(ψb). Here, ψb is the poloidal magnetic flux
at the LCFS.

The toroidal ripple field δ𝐵rip included in the GYCAVA
code is expressed as

δ𝐵rip =−B0R0δ (R,Z)cos(Nφ)∇φ . (2)

Here, the ripple parameter δ is written as

δ (R,Z) = δ0 exp{[(R−Rrip)
2 +bripZ2]1/2/wrip}. (3)

The coefficients related to toroidal field ripple of CFETR are
chosen as N = 16, δ0 = 1.57× 10−5, Rrip = 6.01− 0.062Z2,
brip = 0.021, wrip = 0.63 m.[11,12] Figure 1(a) shows the con-
tour lines of the toroidal field ripple δ of the CFETR tokamak.

According to Eq. (3), the toroidal field ripple δ is symmetric
about the plane at Z = 0. However, the mid-plane which is
through the magnetic axis is the plane at Z = 0.88 m. It means
that the toroidal field ripple δ is asymmetric about the mid-
plane. At the same R and |Z|, the ripple in the region above
the mid-plane is larger than that in the region below the mid-
plane. The maximal value of the ripple at the LCFS is about
0.4%.
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Fig. 1. (a) Contours (black line) of the toroidal field ripple and (b) contours
of the poloidal magnetic flux (blue line) and the poloidal angle (black line)
in the CFETR steady-state scenario. The black bold line denotes the first
wall and the red bold line denotes the LCFS. The blue dash line denotes the
mid-plane which is through the magnetic axis.
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Fig. 2. The safety factor profile in the CFETR steady-state scenario.

The parameters and profiles used in our alpha particle loss
simulations are based on the CFETR steady-state scenario.[28]

The first wall used in our simulations is from the equilibrium
data of the CFETR steady-state scenario. Some parameters in
the CFETR steady-state scenario are as follows. The minor
and major radii of CFETR are a = 2.2 m and Raxis = 8.0 m,
respectively. In the CFETR steady-state scenario, the un-
perturbed magnetic field at the axis is Bss

axis = 5.7 T and the
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plasma current is Iss
p = 11 MA. Here, the superscript ss denotes

the quantity in the CFETR steady-state scenario. Figure 1(b)
shows contours of the poloidal magnetic flux and the poloidal
angle in the CFETR steady-state scenario. The unperturbed
magnetic field and the plasma current are both in the counter-
clockwise direction from the top view. The safety factor in the
steady-state scenario is shown in Fig. 2. The safety factors at
the magnetic axis and 95% of the poloidal magnetic flux are
qss

0 = 3.9 and qss
95 = 7.3, respectively.

The profiles of density and temperature of electron and
deuterium in the CFETR steady-state scenario, which were ob-
tained by integrated modeling,[28] is shown in Fig. 3. The den-
sity and temperature profiles of tritium are the same as those
of deuterium.
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Fig. 3. The profiles of density (a) and temperature (b) of electron and deu-
terium in the CFETR steady-state scenario. The density and temperature
profiles of tritium are the same as those of deuterium.

The initial energy of the alpha particles is Eα = 3.5 MeV.
The source or birth distribution of fusion alpha particles
is computed by Sα = nDnT(σv)DT. Here, (σv)DT is the
rate of DT fusion, which is expressed by (σv)DT = 3.68×
10−18T−2/3 exp(−19.94T−1/3) m3 · s−1.[30,31] Here, the tem-
perature unit T is keV. Figure 4 shows the radial birth distribu-
tions of fusion alpha particle for different density and temper-
ature parameters (sn and sT ). Here, sn = n/nss and sT = T/Tss

with nss and T ss being the plasma density and temperature in
the CFETR steady-state scenario. The source powers of al-
pha particle are about 9.7 MW, 180 MW, and 850 MW for
sn = sT = 0.5,1,1.5, respectively.

The energy of an alpha particle is transferred to thermal
electrons and ions by the Coulomb collision and then the alpha
particle is slowed down and finally becomes a thermal ion or
hit the first wall. The Coulomb collision, which contains the
slowing-down effect and the pitch-angle scattering effect, is
included in our ripple loss simulations of alpha particle. About
twenty thousand markers are used for simulating alpha particle
losses.

The radial profiles of the slowing-down time for different
plasma densities and temperatures are shown in Fig. 5. We can
see that the slowing-down time decreases with the sn (= sT )

decreasing or with the minor radius increasing. It is because
the slowing-down time is proportional to T 3/2

e /ne and the elec-
tron density and temperature also decrease with the minor ra-
dius increasing. In the region ρt > 0.5, the slowing-down time
is smaller than 1 s. Note that the initial positions of lost alpha
particle are mainly near the plasma edge. The simulation time
of alpha particle loss is about 1.1 s, which is enough to make
an alpha particle near the plasma edge slow down and become
a thermal ion. It can also be judged by temporal evolutions of
alpha particle loss in the next section.
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Fig. 4. Birth distributions of alpha particles in the CFETR steady-state
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3. Numerical results

In this section, effects of plasma equilibrium parameters
on the alpha particle loss with the toroidal field ripple have
been studied by scanning the amplitudes of the plasma cur-
rent, density, temperature, and the toroidal magnetic field. The
ripple parameter sδ = δ0/δ cfetr

0 in our simulations is chosen as
sδ = 1 or sδ = 2.

In the case with the toroidal field ripple (sδ = 2) and the
Coulomb collision, a convergence study with respect to the
number of markers has been done, which is shown in Fig. 6.
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We can see that loss fractions of alpha particle using 20 thou-
sand markers are within 5% of the results using more markers.
In the following alpha particle loss simulations, 20 thousand
markers were used.
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Fig. 6. Temporal evolutions of particle (a) and power (b) losses of alpha par-
ticle using different numbers of markers.

Numerical results for different plasma currents and the
fixed toroidal magnetic field (sB = Bφ/Bss

φ
= 1) are shown in

Figs. 7–12. The relation between the alpha particle loss frac-
tions and the plasma current with the density and temperature
keeping unchanged (sn = sT = 1) is shown in Fig. 7. We can
find that the particle and power losses of alpha particle de-
crease with the plasma current increasing in the two cases with
sδ = 1 and sδ = 2. The reasons are as follows. The safety fac-
tor increases with the decreasing plasma current. The ripple
stochastic diffusion effect becomes stronger with the safety
factor increasing according to the theoretical criterion[32] of
the ripple stochastic diffusion. In addition, increase of the
safety factor make the ripple well region become wider and
enhance the ripple well loss, because the ripple well region is
determined by ε/(Nqδ ) < 1. Here, ε is the inverse aspect ra-
tio. In the case with sδ = 1, the particle loss is about 12% for
sI = 0.5, which is about one order of magnitude greater than
that for sI = 1. Here, sI = Ip/Iss

p . The alpha particle losses with
sδ = 2 are much larger than those with sδ = 1. It is because
the ripple stochastic diffusion and the ripple well loss can be
significantly enhanced by increase of the ripple parameter δ0.

1.0 1.50.5

sI

0

10

20

30

40

L
o
ss

 f
ra

c
ti
o
n
 o

f 
p
a
rt

ic
le

 (
%

)

(a) sδ/

sδ/

0

5

10

15

20

L
o
ss

 f
ra

c
ti
o
n
 o

f 
p
o
w

e
r 

(%
)

(b)
sδ/

sδ/

1.0 1.50.5

sI

Fig. 7. Particle (a) and power (b) loss fractions of alpha particle as a function
of the plasma current with sn = sT = 1. Here, sI = Ip/Iss

p .

Changing the plasma current with the density and tem-
perature keeping unchanged cannot make the Grad–Shafranov

equation satisfied. In order to make the plasma equilibrium
still self-consistent, simulations of particle and power losses of
alpha particle for different plasma currents with sn = sT = sI

have been performed. Loss fractions, temporal evolutions, loss
regions, and heat loads of alpha particles for different plasma
currents and toroidal field ripples are shown in Figs. 8–12.

Loss fractions of alpha particle for different plasma cur-
rents are shown in Fig. 8. In the case with sI = 0.5, the alpha
particle losses with sn = sT = 0.5 are smaller than those with
sn = sT = 1 shown in Fig. 7. It is related to the Coulomb colli-
sion effect. Note that the slowing-down effect of the Coulomb
collision is beneficial to reduction of the alpha particle loss.
From Fig. 5, we can see that the slowing-down times decreases
with the decreasing density with sn = sT . Decrease of the
slowing-down time means the slowing-down effect becomes
stronger. Therefore, the particle and power loss fractions are
reduced in the case with sn = sT = 0.5 in contrast to the case
with sn = sT = 1.
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Fig. 9. Temporal evolutions of particle (a) and power (b) losses of alpha par-
ticle for different plasma currents with sδ = δ0/δ cfetr

0 = 1 and sn = sT = sI .

Temporal evolutions of particle and power loss of alpha
particle for different plasma currents with sn = sT = sI and
sδ = 1,2 are shown in Figs. 9 and 10, respectively. Alpha par-
ticle losses increase with time in a long time of near 1 s in most
cases. It is related to the slowing-down effect. It is found that
alpha particle loss rates are rapid at the beginning and then be-
come slowly and finally reach zero. It means that confined en-
ergetic alpha particles become thermal finally. In all our sim-
ulations, alpha particle losses in the presence of the toroidal
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field ripple and the Coulomb collision reach steady states. In
contrast to the case with sδ = 1 shown in Fig. 9, losses of al-
pha particle in the case with sδ = 2 shown in Fig. 10 are much
larger because effects of the ripple stochastic diffusion and the
ripple well loss become stronger with the ripple parameter in-
creasing. The power loss rates are smaller than the particle
loss rates because the energy of alpha particle included in the
computation of the power loss also decreases with time due to
the slowing-down effect.

Birth distributions or loss regions of lost alpha particles
and their striking positions for different toroidal field ripples
and plasma currents are shown in Fig. 11. Loss regions of al-
pha particle are mainly located at the plasma edge. In the case
with sδ = 1 or sδ = 2, the loss region becomes narrower with
the plasma current increasing. It is consistent with the relation
between alpha particle loss fractions and the plasma current
shown in Fig. 8. Loss regions in the case with sδ = 2 are much
larger than those in the case with sδ = 1 for each sI . The loss
region in the case with sδ = 2 and sI = 0.5 is the largest among

all cases. Due to the toroidal field ripple effect, some trapped
alpha particles in the core region can move outside and then
strike the first wall. The pitch-angle scattering effect of the
Coulomb collision can make some passing alpha particles be-
come trapped particles, which are easily lost. Therefore, the
Coulomb collision can enhance the alpha particle loss induced
by the toroidal field ripple.
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Fig. 11. Birth distributions of lost alpha particles and their striking positions (blue) for different toroidal field ripples and plasma currents with
sn = sT = sI .
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Heat loads induced by lost alpha particles for different
toroidal field ripples and plasma currents with sn = sT = sI are
shown in Fig. 12. We can see that discrete hot spots located
at θ ∼ 80◦ in each case. Here, θ denotes the poloidal angle.
These hot spots, the number of which is the same as the num-
ber of toroidal field coils, are due to the ripple well loss. The
alpha particles with a very small pitch angle in the ripple well
are easily lost along the vertical direction, that is, the direc-
tion of the magnetic drift. The ripple stochastic transport and
the collision-induced pitch angle scattering make more alpha
particles move into the loss cone of the ripple well loss. In
the case with sδ = 1 and sI = 1.5, we can also find that some
heat loads are located at θ ∼−100◦, that is, the lower divertor
region. The heat load is closely related to the alpha particle

source power and the power loss fraction. The alpha particle
source powers in the cases with sI = 0.5,1,1.5 are 9.7 MW,
183 MW, and 850 MW, respectively. Note that sn = sT = sI

are chosen. Heat loads due to the ripple loss are proportional
to the alpha particle source powers. The power loss fraction
of alpha particle, which is independent of the alpha particle
source power, decreases with the plasma current increasing. It
can be seen from Fig. 8(b). In the cases with sδ = 1, the max-
imal heat load for sI = 1 is similar to that for sI = 1.5. It is
because both of the alpha particle source power and the loss
fraction are important. In the cases with sδ = 2, the maximal
heat load increases with the plasma current increasing. It is
because the particle source power is dominant in these heat
loads.
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.

The effect of the magnetic field on loss and heat load of
alpha particle has been investigated by changing the ampli-
tude or direction of the toroidal magnetic field. The Grad–
Shafranov equation is still satisfied for different magnitude
fields. In fact, the amplitude of the total magnetic field is sim-
ilar to that of the toroidal magnitude field. Figure 13 shows
the particle and power losses of alpha particle for different

magnetic fields with sn = sT = sI = 1. We can see that loss
fractions of alpha particle increase with the magnetic field in-
creasing. It is related to the fact that the safety factor increases
with the magnetic field increasing. Increase of the safety fac-
tor enhance the ripple stochastic diffusion and the ripple well
loss.

The toroidal mangetic field used in the previous simula-
tions is in the counter-clockwise direction. In order to numer-
ically study the impact of the toroidal magnetic field direction
on the alpha particle loss, we have also simulated heat loads
of alpha particle with the inverse/clockwise toroidal magnetic
field, which are shown in Fig. 14. In the case with the clock-
wise toroidal magnetic field, the magnetic drift of an alpha
particle is downward. It is found that most of heat loads are
located at the region near the mid-plane, that is, the plane at
Z = 0.88 m. It means that alpha particle losses are mainly due
to the ripple stochastic transport. The ripple well loss is not
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important in the cases with the inverse toroidal magnetic field.
These heat load distributions are very different from the sim-
ulation results in the case with the counter-clockwise toroidal
magnetic field shown in Fig. 12. We can also find that the
maximal heat load for the clockwise toroidal magnetic field is
much smaller than that for the counter-clockwise one in each
case. It is becasue the ripple distribution is symmetric about
Z = 0, but asymmetric about the mid-plane (Z = 0.88 m),
which can be seen in Fig. 1(a). The ripple in the region
above the mid-plane is larger than that in the region below
the mid-plane at the same R and |Z|. It means that the rip-
ple well loss occurs more easily in the case with the upward

magnetic drift, that is, the counter-clockwise toroidal magnetic
field. The vertical asymmetry of heat loads induced by the
counter-clockwise and clockwise toroidal magnetic fields can
also be explained by the typical orbits of alpha particle in the
following. In the case with sδ = 1, heat loads are also lo-
cated at the lower divertor region with the poloidal angle about
−110◦ or −120◦. The fraction of heat load at the lower diver-
tor increases with the plasma current increasing. In the case
with sδ = 2, we can see that some heat loads are located at
θ ∼ −60◦. It is related to the vertical asymmetry of the first
wall, which can be seen from a typical orbit of alpha particle
in the following.
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Figure 15 shows two typical alpha particle orbits for the
counter-clockwise and clockwise toroidal magnetic fields in
the presence of the toroidal field ripple and the Coulomb colli-

sion with the ripple parameter δ0 chosen as δ0/δ cfetr
0 = 2. The

initial pitch of alpha particle is v‖/v = 0.4. In the case with

the counter-clockwise toroidal magnetic field, the trapped al-

pha particle moves radially due to the ripple stochastic effect.

We can see that the ripple field makes the turning points of the

alpha particle orbit become stochastic. After the alpha particle

move across the LCFS, it moves upward (in the magnetic drift

direction) and then hit the first wall due to the ripple well loss

mechanism. In the case with the clockwise toroidal magnetic

field, the trapped alpha particle moves radially due to the ripple

stochastic effect and then hit the first wall near the mid-plane.

In the other words, the ripple well trapping effect is not impor-

tant for the alpha orbit. It is related to vertical asymmetry of

the ripple distribution about the mid-plane. The lost positions

of these two typical alpha particle orbits are consistent with

the main heat loads shown in Figs. 12 and 14. Due to the ver-
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tical asymmetry of the first wall, we can see from Fig. 15(b)
that the alpha particle orbit can be very close to the first wall
at θ ∼ −60◦ in contrast to the first wall at θ ∼ 60◦. It means
that some heat loads located at θ ∼−60◦ shown in Figs. 14(d)
and 14(e) are due to the vertical asymmetry of the first wall.

4. Summary
By using the GYCAVA code, effects of various plasma

equilibrium parameters (the current, density, and temperature
of plasma, and the toroidal magnetic field) on the alpha par-
ticle loss with the toroidal field ripple have been numerically
studied based on the CFETR steady-state scenario.

Alpha particle losses decrease with the plasma current in-
creasing or with the magnetic field decreasing, because the
ripple stochastic transport and the ripple well loss of alpha par-
ticle are reduced with the safety factor decreasing. Decrease
of the plasma density and temperature can reduce alpha parti-
cle losses due to enhancement of the slowing-down effect of
the Coulomb collision. It is related to the fact that the slowing-
down time decreases with the decreasing plasma density and
temperature. Effects of the ripple stochastic diffusion and the
ripple well loss become stronger with the ripple parameter in-
creasing. Loss region of alpha particle becomes narrower with
increase of the plasma current or with decrease of the magnetic
field.

The direction of the toroidal magnetic field can signifi-
cantly affect heat loads induced by lost alpha particles. In the
cases with the counter-clockwise toroidal magnetic field, heat
loads are mainly discrete hot spots on the first wall above the
mid-plane, which are due to the ripple well loss. In the most
cases with the clockwise toroidal magnetic field, heat loads are
mainly located at the first wall near the mid-plane, which are
due the ripple stochastic loss. The vertical asymmetry of heat
loads induced by the counter-clockwise and clockwise toroidal
magnetic fields is due to the fact that the ripple distribution
is asymmetric about the mid-plane. It can be explained by
typical orbits of alpha particle for the counter-clockwise and
clockwise toroidal magnetic fields. The maximal heat load of
alpha particle for the clockwise toroidal magnetic field is much
smaller than that for the counter-clockwise one.
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