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Abstract
We investigated the degradation of neutral beam (NB) fast-ion confinement depending on the
NB power without magnetohydrodynamics instabilities in the Large Helical Device (LHD). In
the LHD deuterium experiment, the neutron emission rate per NB power decreased by up to
20% with increasing injected NBs during a single discharge. Because there were no significant
variations in the electron temperature and density, the NB shine-through rate, or the magnetic
fluctuation due to the change in NB power, the reduction in the neutron emission rate indicates
the degradation of the fast-ion confinement. In this paper, we formulated this degradation
depending on the NB power and quantitatively estimated the degraded effective confinement
time. In addition, we performed neutron emission rate simulations using the obtained effective
confinement time. The simulation and experimental results were in good agreement, suggesting
that the degraded effective confinement time is valid.

Keywords: fast-ion confinement, Fokker–Planck, neutron emission rate

(Some figures may appear in colour only in the online journal)

1. Introduction

In magnetically confined fusion devices, the high confinement
of fast-ions, which are generated by fusion reactions, neut-
ral beam injections (NBIs), and radio frequency (RF) waves,
is necessary in nuclear fusion power plants because the eco-
nomic efficiency of such power plant. However, before the
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fast-ion kinetic energy is lost due to the collision, fast-ions are
often lost from the confined plasma due to various confinement
degradation effects. Therefore, many researchers have invest-
igated degradation mechanisms and the methods to suppress
them [1, 2].

Fast-ion-driven magnetohydrodynamic (MHD) instabilit-
ies can cause fast-ion loss. One of the most essential features
of this kind of loss is that the fast-ion transport coefficient
depends on the NB power [3] in contrast to the neo-classical
transport and charge exchange (CX) losses. This is because
the amplitude of the fast-ion-driven instability depends on
the fast-ion pressure. Therefore, MHD instabilities lead to
the degradation fast-ion confinement with increasing NB
power.
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For the first deuterium plasma experiments with the
Large Helical Device (LHD) performed in 2017 [4–7],
neutron measurement systems were installed [8–11] in the
LHD. Neutron measurement systems are important tools in
the fast-ion confinement studies. The neutron emission rate
reflects fast-ion confinement since the deuterium–deuterium
(DD) fusion reaction between a fast-deuteron and a thermal-
deuteron dominates in the LHD.

In our previous study [12, 13], the effective fast-ion
confinement time was estimated by measurements with the
neutron flux monitor [10] and integrated simulations with
TASK3D-a [14]. In addition, we clarified that neo-classical
transport does not dominate the NB fast-ion loss in the LHD
[15], especially for tangential NB fast-ions. In these works,
short-pulse (∼40 ms) NB injection experiments were per-
formed to suppress the fast-ion-driven instabilities and the
variation in the plasma parameters. In typical LHD exper-
iments, however, the NB injections are 2 seconds for each
beam. Therefore, whether the obtained effective confinement
time can be adapted for typical LHD discharges remains
unclear.

In this paper, we investigate the degradation of fast-ion con-
finement depending on the NB power observed in MHD qui-
escent LHD plasmas. In these discharges, the plasmas reach
a steady state with electron cyclotron heating (ECH) and
NBIs. The degraded effective confinement time is quantitat-
ively estimated. In addition, the dependency of the degradation
on the plasma density is investigated.

The remainder of this paper is structed as follows. The
experimental apparatus and the experimental scenario are
presented in section 2. The experimental results are introduced
in section 3. The confinement degradation analytical model is
formulated and the degraded confinement times are estimated
in section 3.1. According to the estimated confinement time,
neutron emission rate simulation are performed in section 4.
The NB heating efficiency and the degradation mechanism are
discussed in section 5. Section 6 concludes this paper. The
details of the neutron emission rate simulation are provided
in appendix A.

2. Experimental set-up

2.1. Experimental apparatus

The LHD is one of the largest superconducting stellarator-
type fusion devices with averaged major and minor radii
of R= 3.9m and a= 0.6m, respectively [16]. The system
includes three kinds of heating systems: ECH, NBI, and ion
cyclotron heating.

In this paper, two external heating systems, ECH and
NBIs are used. Plasmas are sustained by 3.8MW ECH dur-
ing each discharge. In this work, experiments were performed
in a full-field standard magnetic configuration, (Bt,Rax) =
(2.75 T,3.6 m), where Bt and Rax are the toroidal magnetic
field strength onmagnetic axis and the position of themagnetic
axis with respect to the major radius, respectively. The direc-
tion of the toroidal magnetic field is counterclockwise. The

Figure 1. Top view of NBI system in the LHD. Typical beam
injection energy and port-through power values are shown.

in-vessel cryo-sorption pump system installed near the diver-
tor plate [17, 18] is used to control the neutral particles in the
vacuum vessel.

The LHD is equipped with five NBs [19] as shown in
figure 1. The typical injection energy and port-through power
used in these experiments are also displayed. The three tan-
gential NBs (NB#1-NB#3) are negative ion-based beams. The
tangency major radius of NB#1 and NB#2 is R= 3.7m and
that of NB#3 is R= 3.65m [20]. A positive ion-based perpen-
dicular beam (NB#4) is used as a beam probe for the charge
exchange spectroscopy (CXS) measurements. Because the
direction of the toroidal magnetic field is counterclockwise,
NB#1 and NB#3 have the co-direction to the magnetic field
line.

The LHD includes several diagnostic systems [21]. The
following measurements are used in this paper. The electron
temperature Te and density ne profiles [22, 23] are determ-
ined based on the Thomson scattering diagnostics. The line-
averaged electron density n̄e is measured by a far infrared
interferometer [24]. The ion temperature and carbon density
nC profiles are based on the CXS measurements obtained with
the spectra of the CX line of carbon (C VI) using the neutral
beam [25–27]. The time evolution of the neutron emission rate
Sn is measured by a fast-response wide dynamic range neutron
flux monitor [10].

2.2. Experimental scenario

Figure 2 shows the typical waveform used in these experi-
ments. The plasma discharges start at t= 3.3 s with 3.8MW
ECH. The first beam, NB#1, is injected from t= 3.3 s to
t= 5.3 s. The second beam, NB#3 (or NB#2), is injected at
t= 4.3 s. In this paper, the period from t= 3.3 s to t= 4.3 s is
called the ‘single beam phase’ and the period from t= 4.3 s

2
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Figure 2. Typical waveform used in these experiments (shot
number (SN) 183594). The figure shows (a) the NB port-through
power and (b) injection energy in each beam, (c) the beam
shine-through rate monitored by the calorimeter array on the armor
tiles, (d) the electron temperature, (e) the electron density, ( f ) the
magnetic fluctuation measured by the magnetic probe, and (g) the
neutron emission rate.

to t= 5.3 s is called the ‘double beam phase’. In addition, the
case with NB#1 and NB#3 is called the ‘co-injection case’ and
the case with NB#1 and NB#2 is called the ‘balance injection
case’. NB#4 is injected repeatedly with a 20 ms pulse in each
200 ms from t= 3.32 s.

We performed a density scan experiment from n̄e ∼ 0.75×
1019 m−3 to n̄e ∼ 4× 1019 m−3 for the co-injection case and

the balance injection case to evaluate the degradation of the
fast-ion confinement. During a single discharge, there were
no significant changes in Te, ne, the shine-through rate, or the
magnetic fluctuation as shown in figure 2 except for immedi-
ately after the beginning of the discharge.

3. Experimental results

Figure 3 shows the degradation of the fast-ion confinement due
to the increase in NB power. The y-axis value is Sn divided by
the sum of the tangential NB port-through power times at the
beam-thermal fusion cross-section and is normalized to that at
t= 4.2 s. This can be expressed as follows:

g(t) =
Sn∑3

n=1⟨σv⟩(Einj,n)Pn
, (1)

y= g(t)/g(t= 4.2) , (2)

where subscript n indicates the number of tangential NBs,
⟨σv⟩nf is the beam-thermal fusion reactivity [28, 29], Einj,n is
the NB injection energy, and Pn is the NB port-through power.
This expression intends to show the neutron emission rate per
injected beam power. The fusion cross-section is needed to
correct the difference in the beam injection energies.

Figure 3 shows that the neutron emission rate per beam
power decreases by up to 20% in the double beam phase than
that in the single beam phase. According to our previous study
[12, 15], the tangential NB fast-ions have approximately the
same effective confinement time, τ effc ∼ 0.5 s for each beam
line. Using the same confinement time assumption in the case
of each beam line, the simulated neutron emission rate per NB
power is approximately the same for each beam line. Figure 4
shows the time evolution of the simulated neutron emission
rate per NB power the same as figure 3. The details of the
simulation method are provided in section 4 and appendix A.
In figure 4, the reduction in the neutron emission rate per NB
power does not appear after NB superpose. Therefore, the phe-
nomena ignored in the simulation cause the reduction in the
neutron emission rate per NB power.

The amplitude of the magnetic fluctuation measured by the
magnetic probe does not change significantly due to the NB
superpose as shown in figures 2(e) and 5. Because there are no
significant variations in the electron temperature and density,
theNB shine-through rate, or themagnetic fluctuation between
the single beam phase and the double beam phase, the fast-ion
confinement degradation appears to reduce the neutron emis-
sion rate per beam power.

Figure 6 shows a similar analysis to figure 3 for the balance
injection case. The reduction in the neutron emission rate per
beam power in the double beam phase also occurs for the rel-
atively high-density (n̄e > 2× 1019 m−3) discharges. Because
the number of fast-ions increases in the low-density discharges
and the beam-beam fusion reaction is not negligible, the neut-
ron emission rate per beam power in the double beam phase
exceeds that in the single beam phase for n̄e < 1.5× 1019 m−3

3
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Figure 3. Time evolution of the neutron emission rate per beam power for the co-injection cases.

Figure 4. Time evolution of the simulated neutron emission rate per beam power for the co-injection cases.

discharges. Figure 7 shows the simulation results of the neut-
ron emission rate per NB power assuming the constant effect-
ive confinement time τ effc = 0.5 s in the balance injection case.
The reduction in the neutron emission rate per NB power for
high-density discharges does not appear in the simulation res-
ult as the same as the co-injection case.

These results suggest that the fast-ion confinement degrad-
ation also occurs in the balance injection cases and that the
degradation may not be noticeable due to the beam-beam
fusion reaction in the low-density discharges. Figures 3 and 6
shows that the degradation of the fast-ion confinement depends
on the beam power and does not depend on the beam direction.

3.1. Analysis model

To quantitatively estimate the degradation depending on the
beam power, we formulate the following model. In our previ-
ous research [13, 15], the loss of the tangential NB fast-ions in
the LHD was not dominated by the neo-classical transport but
by another mechanism, which is probably the CX reaction due
to the ambient neutrals. Here, the contribution of this CX loss
is described by the time constant τ amb

cx . In addition, the neutron

decay time due to the fast-ion classic deceleration, which was
originally used by Strachan et al [30], is expressed by τ cln .

The time derivative of Sn can be expressed as

∂Sn
∂t

= S− Sn
τ cln

− Sn
τ amb
cx

− Pγ
NBSn
τano

, (3)

where S is the source term of the neutron emission rate due to
the beam injection, PNB is the dimensionless factor indicating
the sumof the tangential NB port-through power normalized to
1MW, γ is an arbitrary factor indicating theNBpower depend-
ence, and τ ano is the time constant of the anomalous degrada-
tion per 1 MW beam power. The second and third terms on the
RHS describe the decrease in the neutron emission rate due to
the fast-ion deceleration and the CX loss with ambient neut-
rals. The fourth term is the anomalous fast-ion loss, which is
the focus of this paper. By assuming uniform and steady-state
plasma, the source term S can be roughly expressed as fol-
lows.

S∼
ˆ

dVnbulkD ⟨σv⟩nf (E0)
∂nfastD

∂t

∣∣∣∣
birth

= CnbulkD PNB, (4)

4
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Figure 5. Time evolutions of δB/B0 for each discharge in the
co-injection case.

where nbulkD and nfastD are the bulk- and fast-deuteron densit-
ies, < σv>nf (E0) is the fusion reactivity for the beam energy
E0, E0 is the beam injection energy, ∂nfastD /∂t|birth is the fast-
deuteron birth rate, and C is a constant factor related to the
fusion cross-section and the beam ion birth rate. Because the
beam injection energy, shine-through rate, plasma density, and
temperature are constant in both phases, C can be viewed as a
constant in a single discharge. For simplicity, nbulkD is written
as nD. τ cln is formulated as

τ cln =
τse
3

ln

(
E3/2
0 +E3/2

C

E3/2
1 +E3/2

C

)
, (5)

τse =
3(2π)3/2 ϵ20mfastT

3/2
e

nee4m
1/2
e lnΛ

, (6)

where τ se is the Spitzer fast-ion slowing down time on elec-
trons, E1 is the beam energy satisfying the following relation:

⟨σv⟩nf (E1)

⟨σv⟩nf (E0)
= 1/e. (7)

The critical energy EC is given by [15]

E3/2
C =

3π1/2m3/2
fastT

3/2
e

4m1/2
e

(∑
i

niZ2i
nemi

g(ui)

)
, (8)

g(ui) = erf(ui)− uierf
′ (ui) , (9)

erf(u) =
2
π

ˆ u

0
exp
(
−x2

)
dx (10)

erf ′ (u) =
2
π
exp
(
−u2

)
(11)

ui =

√
E0/mfast

vth,i
, (12)

where erf is the error function, the subscript i indicates the ion
species, and vth,i =

√
Ti/mi is the thermal velocity.

In the following, the values in the single beam phase and
the double beam phase are represented by the subscripts s and
d, respectively. Because the time derivative of Sn is 0 in the
steady state, we can obtain the following expressions:

CPNB,snD,s =

(
1
τ cln,s

+
1

τ amb
cx

+
Pγ
NB,s

τano

)
Sn,s (13)

CPNB,dnD,d =

(
1

τ cln,d
+

1
τ amb
cx

+
Pγ
NB,d

τano

)
Sn,d. (14)

Here, we introduce the fraction of the beam power and the
neutron emission rate between the single and double beam
phases as PNB,d/PNB,s ≡ α and Sn,d/Sn,s ≡ β, respectively.We
can rewrite the expressions with the following relation:

α

nD,s

(
1
τ cln,s

+
1

τ amb
cx

+
PγNB,s
τano

)
=

β

nD,d

(
1

τ cln,d
+

1
τ amb
cx

+
PγNB,d
τano

)
.

From this relation, we can obtain the expression for τ ano as
follows:

τano =

(
β
nD,d

Pγ
NB,d −

α
nD,s

Pγ
NB,s

)
τ amb
cx τ cln,sτ

cl
n,d

α
nD,s

τ cln,sτ
cl
n,d+

α
nD,s

τ amb
cx τ cln,d−

β
nD,d

τ cln,sτ
cl
n,d−

β
nD,d

τ amb
cx τ cln,s

.

(15)

The effective confinement times in the single and double beam
phases are given by

(
τ effc,s

)−1
=
(
τ amb
cx

)−1
+

(
τano
Pγ
NB,s

)−1

(16)

(
τ effc,d

)−1
=
(
τ amb
cx

)−1
+

(
τano
Pγ
NB,d

)−1

. (17)

Here, we choose the value τ amb
cx = 0.55 s based on the res-

ults of the short-pulse beam injection experiment [12, 13] and
γ= 1 for simplicity.

In addition, we should choose the appropriate radial posi-
tion for estimating plasma parameters such as Te, ne, Ti, and
nD. Figure 8 shows the radial profiles of the simulated neut-
ron emission rate at t= 5.2 s for six discharges. The explana-
tion of our simulation is provided in section 4. Figure 8 shows
that the dominant position for the neutron emission is differ-
ent in each discharge. Here, the position of the peak of the
neutron emission rate profile is defined as ρ= ρpeak in each
discharge. We estimate the time constants τ ano and τ effc using
ρ= ρpeak. The values in the single and double beam phases

5
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Figure 6. Time evolution of the neutron emission rate per beam power for the balance injection cases.

Figure 7. Time evolution of the simulated neutron emission rate per beam power for the balance injection cases.

Figure 8. The simulation results of the radial profiles of the neutron
emission rate at t= 5.2 s for six discharges in the co-injection case.

are given by the time average over 100 ms from t= 4.2 s
and t= 5.2 s. The estimation method for nD is provided in
appendix A. For simplicity, Ti = Te is assumed. The results
of time constants are shown in table 1. Because τ ano is sensit-
ive to ne, the effective confinement time strongly depends on
the electron density in contrast to the previous results in the
short-pulse injection experiment [12, 13, 15]. In addition, the
effective confinement time becomes sufficiently shorter than
τ amb
cx .

Table 1. The time constants of τ ano, τ eff
c,s , and τ eff

c,d with the electron
density in the single phase at ρpeak are shown.

SN ρpeak ne,s (m−3) τ ano (s) τ eff
c,s (s) τ eff

c,d (s)

183 595 0.41 3.9× 1019 0.20 0.077 0.039
183 594 0.34 2.6× 1019 0.44 0.15 0.080
183 591 0.28 2.1× 1019 0.45 0.15 0.081
183 586 0.28 1.2× 1019 1.33 0.29 0.19
183 585 0.34 0.92× 1019 1.71 0.32 0.22
183 582 0.34 0.77× 1019 1.68 0.32 0.21

4. Simulation results

4.1. Co-injection case

Here, the time evolution of the neutron emission rate is simu-
lated using the obtained effective confinement times. The fol-
lowing simulations were performed by using TASK3D-a [14]
and TASK/FP [31] codes. The fast-ion loss is described by the
loss term, which is given by

∂f 1D
∂t

∣∣∣∣
loss

=− f1D
τ effc

, (18)

6
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where f 1D is the velocity distribution function of the fast-
deuteron. A detailed description of the simulation method is
provided in appendixA. Although the fast-ion loss and degrad-
ation should have velocity and spatial dependency, this simu-
lation does not consider these dependencies on τ effc .

By using the effective confinement times shown in table 1,
the neutron emission rate simulation is simulated, as shown in
figure 9. The simulation results are in good agreement with the
measurements for the six discharges. Therefore, the effective
confinement times listed in table 1 are valid.

Figure 10 shows the ne(ρpeak) dependence of the anomalous
diffusion coefficient Dano. The relation between τ ano and Dano

is given by Dano = a2/(5.8τano) [32], where a is the plasma
minor radius. Here, we use a= 0.6 m for simplicity. Figure 10
shows that the anomalous degradation has an approximately
linear dependency on ne(ρpeak) except for the highest density
discharge. Although the actual dependency may not be linear,
the linear fitting is chosen for simplicity because the degrada-
tion mechanism is still unclear. The fitting aims not to clarify
the degradation mechanism but to apply the degradation to the
balance injection case in the following section. According to
the weighted least-mean-square fitting approach, the relation
between Dano and ne(ρpeak) is given by

Dano = (0.049± 0.005)× ne (ρpeak)× 10−19, (19)

where ne(ρ) is in m−3.

4.2. Balance injection case

Equation (15) can not be applied for the balance injection case
because the beam-beam fusion reaction is not negligible. Due
to the beam-beam fusion, the assumption that the factor C in
equation (4) is constant between in the single and double beam
phases is violated. Therefore, we estimate the effective con-
finement time τ effc for the balance injection cases based on the
fitting line of τ ano, as shown in equation (19).

Figure 11 shows the simulation results of the neutron emis-
sion rate considering the effective confinement times for five
discharges in the balance injection cases. We note that the dis-
charge with n̄e = 2.5× 1019 m−3 (SN183592), which is shown
in figure 6, is omitted in figure 11 because the ne and Te
measurements are poor for this discharge. Figure 11 demon-
strates that the simulations considering the effective confine-
ment times show good agreement for all discharges, even in
the balance injection cases. Based on this result, equation (19)
can be used to evaluate the anomalous degradation of the
fast-ion confinement with sufficient accuracy. In addition, the
model shown in equation (15) can describe the degradation
in this range of the plasma parameters and for this magnetic
configuration.

5. Discussion

5.1. NB heating efficiency

Our previous research [12, 13, 15] showed that the confine-
ment time of the tangential NB fast-ions is not sensitive to the

Figure 9. Time evolutions of the neutron emission rate for
0.75× 1019 m−3 < n̄e < 4× 1019 m−3 with the effective
confinement times listed in table 1.

plasma density in short-pulse NB injection experiments. This
means that the tangential NB heating efficiency increased with
increasing plasma density because the fast-ion slowing down
time decreases with increasing plasma density. However, as

7
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Figure 10. The diffusion coefficient of the anomalous fast-ion loss
with ne(ρpeak) is shown. The y-axis error bar is estimated from the
standard deviations of ne, Te, and nC and the statistical error of the
neutron count.

shown in figure 10, the fast-ion confinement degrades with
increasing plasma density in typical NB heating discharges.
Therefore, the efficiency of the NB heating should be invest-
igated.

Figure 12 shows the fraction between the effective confine-
ment time τ effc,s and the fast-ion energy dissipation time due to
the classical deceleration τse,s/2 with ne,s(ρpeak). If the con-
finement degradation is not considered (Dano = 0 and τ effc =
τ amb
cx = 0.55 s), the fraction exceeds unity with ne,s(ρpeak)>
2× 1019 m−3 as shown in the green curve. However, with the
actual effective confinement time obtained in this paper, the
fraction remains less than unity in the whole density range as
shown in the red curve. This means that the fast-ion confine-
ment degradation obtained in this paper makes the NB heating
efficiency poor in the whole density range.

Figure 13 shows the NB heating simulation results with
TASK/FP in SN183594 discharge. Because of the confinement
degradation, the NB heating power per NB port-through power
is less than 0.5 at t= 5.3 s as shown in red and green curves.

5.2. Investigation of the degradation mechanism

Although we quantitatively estimated the actual fast-ion con-
finement time in LHD deuterium plasmas with deuterium
beams, the discussions provided in the previous sections do not
clarify the confinement degradation mechanism. Therefore, it
is unclear whether this degradation occurs in other cases, such
as different species of plasmas, different magnetic configur-
ations, and different beam ion species. Therefore, the anom-
alous degradation mechanism discussed in this paper must be
clarified to applying this loss to other cases. In this section, we
investigate the features of the fast-ion loss and the plausible
candidates of the loss mechanism.

5.2.1. NB power dependence. Until here, we assumed that
the degradation is proportional to the NB power, γ= 1 in
equation (3). Because the degradation mechanism is still not
clarified, the assumption of linear dependence has no theor-
etical evidence. Therefore, we should discuss the plausible
dependency.

Figure 14(a) shows the dependency of the effective con-
finement time on γ. Because the effective confinement time

Figure 11. The measured and simulated neutron emission rates for
the balance injection cases with the effective confinement times
estimated by equation (19).

is sensitive to γ, the neutron emission rate simulations with
γ= 0.5 and γ= 1.5 can not reproduce the measurement as
shown in figure 14(b). For this result, the assumption of lin-
ear dependency is plausible.

5.2.2. Radial and velocity dependence of the
degradation. As noted in section 4, simulations in the previ-
ous section ignore the spatial and velocity dependence on the
fast-ion loss term because the loss and degradation mechan-
isms are not clarified. Here, we discuss the spatial and velocity
dependences on the degradation using fast-ion measurements.

8
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Figure 12. The fraction between the effective confinement time τ eff
c

and the fast-ion energy dissipation time due to the deceleration
τse/2 in the single beam phase with ne,s(ρpeak) is shown. The
effective confinement time used for the red curve is presented in
table 1 and the effective confinement time used for the green curve
is τ eff

c,s = 0.55 s.

Figure 13. The time evolutions of the NB port-through power and
the NB heating are shown (SN183594). The red-solid and
green-dotted curves indicate the sum of the NB port-through power
and the simulation results of the NB heating power to the plasma
with τ eff

c,s = 0.15 s and τ eff
c,d = 0.080 s. The blue-dashed curve is the

simulation result with τ eff
c = 0.55 s intending the no confinement

degradation.

Figure 14. (a) The dependency of the effective confinement time on
γ is shown for the high-density co-injection discharge (SN183594).
(b) The neutron emission rate simulations with γ= 0.5 and γ= 1.5
are shown.

In the LHD, the vertical neutron camera (VNC) has been
installed [33] to measure the radial profile of the neutron emis-
sion rate. Figures 15 and 16 show the neutron count per NB

Figure 15. Neutron count per NB power against the major radius in
the co-injection cases are shown.

power against the major radius in the co-injection and the
balance injection cases. The neutron count is cumulated over
100 ms from t= 4.2 s (single beam phase) or t= 5.2 s (double
beam phase). Note that the sight lines of the VNC meas-
urement are placed on the vertically elongated cross-section.
Although the effective plasma minor radius is approximately
reff = 0.6m and the magnetic axis is Rax = 3.6m, the plasma
boundary is inner than R= 4.2m. Therefore, the sight line
at R= 4.26m is out of the plasma boundary. The values at
R= 4.26m indicate the background neutron count from the
outer of the sight line.

9
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Figure 16. Neutron count per NB power against the major radius in
the balance injection cases are shown.

The reduction of the neutron count per NB power after
NB superpose is also observed in the VNC measurement. The
reduction mainly appears around the magnetic axis (3.45<
R< 3.81 ) rather than the peripheral region in the co-injection
case. Similarly, the reduction appears in the balance injection
case for high-density discharges. However, it is noted that the
decrement of the profile of the neutron count per NB power is
not necessarily the confinement degradation. This is because
the neutron emission profile of the co-direction beam (NB#1)
is different from that of the counter-direction beam (NB#2)
due to the finite orbit effect [34]. Similarly, the neutron emis-
sion profile of NB#1 is not necessarily the same as that of
NB#3 because the tangency major radius of NB#1 and NB#3
is slightly different. Although the strict estimation of the radial
profile of the confinement degradation requires a comparison
to the orbit simulation, at least, figures 15 and 16 show that the

Figure 17. Measured spectra of FIDA measurement divided by NB
power at t= 4.13 s and t= 5.13 s are shown for (a) the co-injection
case (SN183585) and (b) the balance injection case (SN183584).
The signal is cumulated over ρ< 0.33 region.

degradation is not uniform and dominant around the magnetic
axis.

Fast-Ion D Alpha (FIDA) measurement [35] installed in
LHD [36] can estimate the fast-ion velocity distribution. FIDA
measurement is available only in low-density discharges (n̄e ≲
1× 1019 m−3) because FIDA signal intensity is not enough in
high-density discharges to estimate the velocity distribution.
Because the confinement degradation is remarkable in high-
density discharges, it might be difficult to observe the velocity
dependence of the confinement degradation using FIDA.

Figure 17(a) shows the spectra of FIDA measurement in
the co-injection case in the low-density discharge (SN183585,
n̄e = 1× 1019 m−3). The x-axis indicates the wavelength and
the y-axis indicates the intensity of light normalized to the sum
of NB power (NB#1 and NB#3) at each time. In the λ <∼ 659
nm region, non-FIDA emission components are dominant. In
contrast, in the λ >∼ 659 nm region, FIDA emission is dom-
inant. In figure 17(a), the reduction of the FIDA signal per NB
power appears in the high-energy region (longer wavelength
region). As noted above, however, it is not clear whether the
cause of the reduction is the degradation or other mechanisms
such as the difference in the tangency major radius of NB#1
and NB#3.

Figure 17(b) shows the spectra of FIDA measurement
in the balance injection case in the low-density discharge
(SN183584, n̄e = 1× 1019 m−3). In figure 17(b), the values of
the y-axis are normalized to the NB#1 power because the two
beam directions are opposite each other and the FIDA signal
from NB#1 and NB#2 are separated in the wavelength (the
FIDA signal of NB#2 appears in λ < 654 nm). Figure 17(b)
shows the FIDA component of NB#1 per NB power slightly
decreases after NB#2 superpose. However, it is difficult to
estimate the energy dependence. Although the detailed dis-
cussions require the five-dimensional orbit simulation and
FIDASIM [37, 38], they are left for future work.

10
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Figure 18. Typical waveform used in these experiments (shot
number (SN) 183 594) including after t= 5.3 s. The figure shows (a)
the power of ECH heating, (b) the NB port-through power in each
beam, (c) the electron temperature, (d) the electron density, and (f )
the neutron emission rate.

5.2.3. Extension of the focus region. From here, we extend
the focus region from 3.3 s< t< 5.3 s to 3.3 s< t< 7.8 s to
investigate the degradation mechanism. The typical waveform
including after t= 5.3 s is shown in figure 18. Because the
ECH heating is turned off at t= 5.3 s, the plasma paramet-
ers are changed rapidly after t= 5.3 s. Although NB#1 is also
turned off at t= 5.3 s, the rest of the tangential NB (NB#2 or
NB#3) is injected from the time. Therefore, injected NB power
is kept at∼4MW until t= 6.3 s. In contrast, the neutron emis-
sion rate is dropped at t= 5.3 s due to the sharp drop in the
electron temperature.

We estimate the effective confinement time τ effc after t= 5.3
s based on the fitting line of τ ano, as shown in equation (19).
We investigate the validity of the obtained confinement time
after t= 5.3 s through the neutron emission rate simulation.
Figure 19 shows the time evolutions of the measured and sim-
ulated neutron emission rate including after ECH turned off.
The purple and green curves indicate the neutron emission
rate for the ‘co-injection’ and the ‘balance injection’ cases
The red-dotted and black-dashed curves indicate the simula-
tion results. The values of the effective confinement times are
shown in each figure. Note that the highest density discharge
(SN183595, n̄e ∼ 4× 1019 m−3) is omitted here because the
same density discharge in the balance injection case is lacked
and the Dano value is separated from the fitting line slightly.

Figure 19. Time evolutions of the measured and simulated neutron
emission rate for co-injection and balance injection cases. In some
balance injection discharges, NB#3 is broken down after t= 5.3 s.
The simulation is ended at the time that all heating is ended to avoid
abnormal termination.
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Figure 20. The spectrograms of the magnetic activity for
high-density discharges (n̄e ∼ 3× 1019 m−3) and low-density
discharges (n̄e ∼ 0.75× 1019 m−3) are shown.

Although slightly overestimated, the simulation results are
in good agreement even after t= 5.3 s for n̄e > 1× 1019 m−3

discharges except for SN183588. In contrast, for n̄e ≦ 1×
1019 m−3 discharges, the simulation results are in poor agree-
ment after t= 5.3 s due to overestimation. The overestima-
tion of the simulation result indicates the further degradation
of the fast-ion confinement. For these results, the confinement
degradation also occurs after ECH is turned off.

5.2.4. Candidates can be excluded. It is well known that
the energetic-particle (EP) driven instabilities cause the fast-
ion loss which depends on NB power. Therefore, at first, we
investigate the high frequency (∼100 kHz) EP-driven instabil-
ities. Figure 20 shows the spectrograms of the magnetic activ-
ity for high-density and low-density cases. The high frequency
(∼100 kHz) modes are observed continuously only in low-
density balance injection discharge (SN183583). Although the
high-frequency activity is different in two low-density dis-
charges, the neutron emission rate simulation is in good agree-
ment before t< 5.3 s for both cases as shown in figure 19.

Figure 21. The spectrograms of the low-frequency magnetic
activity for high-density discharges (n̄e ∼ 3× 1019 m−3) are shown.

For this reason, EP-driven instability does not play an import-
ant role in the fast-ion confinement degradation in these dis-
charges. In addition, EP-driven instabilities can not explain
the higher loss in high-density discharges. Therefore, the EP-
driven instabilities can be excluded from the candidates.

In contrast, as shown in figure 5, the amplitude of low-
frequency (≲20 kHz) magnetic perturbation increases with
increasing plasma density. In general, the higher plasma pres-
sure can drive low-frequency modes, such as the interchange
mode. This trend is consistent with the degradation depend-
ence on the electron density. In addition, the change of beam-
driven current deforms the profile of the rotational transform,
ι. BecauseMHD instabilities are sensitive to the ι profile, there
is a possibility that the changing of NB power causes low-
frequencyMHD instabilities through the changing of the ι pro-
file. Therefore, the contribution of low-frequency modes to the
fast-ion loss should be discussed.

Figure 21 shows the spectrograms of low-frequency
(<20 kHz) magnetic activity for high-density discharges. The
amplitude of low-frequency modes has no significant increase
after NB superpose. In addition, the amplitude decreases
clearly after ECH is turned off in both cases. Despite of
the change of low-frequency activity, the fast-ion confine-
ment degradation continues after ECH is turned off as shown
in figure 19. For these reasons, low-frequency modes do
not contribute to the confinement degradation. Therefore, the
low-frequency instabilities also can be excluded from the
candidates.

There are other mechanisms, which can cause the fast-
ion loss depending on NB power. Non-linear Coulomb col-
lision effect and beam-particle self-interaction (BPSI) are
some of them. Because non-linear Coulomb collision between
fast-ions can enhance the pitch angle scattering, much radial
particle flux is induced due to the neo-classical transport
[39]. It is known that the BPSI effect, which is based on the
charge exchange loss between beam neutrals and fast-ions, can
enhance the beam-stopping cross-section [40]. This effect also
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Figure 22. Radial profiles of the ratio of the fast-deuteron density to
the electron density, n1D/ne are shown for the high-density
steady-state case (SN183594) and the low-density short-pulse case
(SN139595). The simulation results for steady-state include the
confinement degradation. In contrast, the simulation for short-pulse
experiment assumes τ eff

c = 0.5 s.

leads the fast-ion loss. However, these effects can be excluded
from the confinement degradation mechanisms for two reas-
ons. One is that these effects can contribute only to the co-
injection case because the low relative velocity is required for
two reactant particles (between fast-ions or a beam neutral and
a fast-ion). Another is that these effects become significant for
low-density discharges.

The neutral beam current drive can deform the MHD equi-
librium. The change in the magnetic configuration can affect
the pitch angle of NB fast-ions and the radial particle flux.
However, this effect also depends on the superposed beam
direction and becomes important for low-density discharges.
This conflicts with the features of the observed degradation.
Therefore, this is also excluded.

5.2.5. Difference to the short-pulse injection experiment.
The confinement degradation with increasing plasma dens-
ity was not observed in the previous short-pulse NB injection
experiment [12, 13, 15]. Therefore, we should discuss the dif-
ference between the two series of experiments.

The most clear difference is the fast-ion population due
to the difference in the pulse duration. Figure 22 shows the
radial profiles of the fast-deuteron density ratio to the elec-
tron density for the high-density steady-state case (SN183594,
τ cln ∼ 0.16) and the low-density short-pulse case (SN139595,
τ cln ∼ 0.22). In the short-pulse experiment, the ratio of the fast-
ion is up to ∼1.5% at the peak position. In contrast, in the
steady-state, the ratio is at least ∼3.5% in the single beam
phase. In the low-density discharge (SN183582), the ratio
reaches up to ∼40% in the double beam phase.

Differences in the heating pattern may affect the impurity
profile. Figures 23 and 24 show the time evolutions of Zeff at
three radial positions. Although the mechanism of impurity
transport is a big issue and still unclear, it is found that the
Zeff trend changes at the heating pattern switching timing from
figures 23 and 24 (see t= 4.3 s and 5.3 s). In contrast, only NB
turned on and off is the heating pattern switching in the short-
pulse NB injection experiments. For this reason, Zeff profile
may be kept constant in time though nC was not measured.

Figure 23. Time evolutions of Zeff at ρ= 0.28, 0.53, and 0.78 in the
co-injection cases.

The differences in the fast-ion population and the impurity
profile may affect the radial electric field. The fast-ion confine-
ment may be changed through the change of the radial electric
field [41, 42]. The difference in the fast-ion population affects
to the pressure anisotropy and the plasma flow. The role of
them to the fast-ion confinement also should be investigate.

We have another viewpoint on the differences between
these experiments. In the short-pulse NB injection experi-
ments, we investigated the neutron decay time after NBs were
turned off to estimate τ effc . There are two reasons that we
did not focus on the beam-injected phase (neutron-increasing
phase). One is that the neutron decay time is not sensitive
to uncertain values such as Zeff. Another is that estimating
τ effc is difficult in the beam-injected phase because dSn/dt is
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Figure 24. Time evolutions of Zeff at ρ= 0.28, 0.53 and 0.78 in the
balance injection cases.

dominated by the source term, S (see equation (3)). In contrast,
we investigate the effective confinement time in the steady-
state (NBs are turned on phase) with the measured nC profile in
this paper. This implies that the effective confinement time in
the neutron decay phase may be different in the beam-injected
phase. If this is correct, the effective confinement time changes
immediately after NB power is changed.

Unfortunately, there are several difficulties in investigating
the neutron decay after NBs are turned off. The first is that
ECH is turned off at t= 5.3 s. The neutron decay after all NBs
are turned off is inappropriate for the investigation because
the plasma is terminated. Although the neutron decay after the
second NB is turned off (t= 6.3 s) can be investigated, the dif-
ference in the effective confinement time between the second

double-beam phase and the second single-beam phase is not
large enough. For example, in the SN183594 discharge, these
effective confinement times are τ effc = 0.082 s and 0.13 s. It is
difficult to estimate this difference in the effective confinement
time from the neutron measurement with sufficient accuracy.
In contrast, the effective confinement time in the previous
short-pulse experiments is τ effc ∼ 0.5 s. It is desirable to invest-
igate the neutron decay after all NBs are turned off because
estimating the difference between τ effc = 0.13 s to τ effc ∼ 0.5 s
is relatively easy. To do this investigation, we have to search
other series of experiments. Second, the plasma becomes more
collisional after ECH is turned off. This makes the confine-
ment time estimation difficult because the collisional slowing
down component becomes dominant in the neutron decay pro-
cess instead of the fast-ion loss. Third, NB#4, used for CXS
measurement, is injected each 200 ms. This beam limits the
duration that can be used for the neutron decay fitting. This
makes the confinement time estimation difficult. For these
reasons, the investigation of the change in the effective con-
finement time before/after NB off is left for future work.

5.2.6. Other candidate. One of the other candidates is the
CX loss between fast-ions and halo neutrals. Halo neutrals are
generated by CX reactions and populated along the neutral
beam path. At first, energetic beam neutrals generate thermal
neutrals through the charge exchange reaction to thermal ions.
This process is so-called DCX. Next, thermal neutrals gen-
erated by DCX interact with thermal ions and yield halo(0)
neutrals. After that, halo(i) neutrals yield halo(i+ 1) neutrals
again and again. Finally, thermal neutrals are populated along
a neutral beam path like a halo.

The CX loss to halo neutrals does not conflict with the fol-
lowing features. First, the number of generated halo-neutral
depends on the NB power. This trend is consistent with the
confinement degradation depending on the NB power. Second,
because the velocity of the halo neutrals is sufficiently slower
than that of fast-ions, the CX reactivity is not sensitive to the
beam injection direction. Third, with increasing plasma dens-
ity, more halo neutrals can be supplied because the NB shine-
through rate decreases with increasing plasma density.

There are some activities [37, 43, 44] to estimate the halo
neutral density in fusion plasmas to apply for the CXS meas-
urement because the neutral density profile in the plasma core
region is difficult to measure. Because the generated halo neut-
rals do not have toroidal or poloidal symmetry, the halo neut-
ral density must be estimated via three-dimensional simula-
tions. Therefore, the analysis of the CX loss of fast-ions to halo
neutrals requires a five-dimensional simulation (2D in velocity
space and 3D in real space). Although these simulation can be
performed by combining GNET [45, 46] and FIDASIM [37,
38], these are left for future work because these simulations
are not easy.

Here, we simply estimate the necessary halo neutral density
instead of performing detailed simulations. If the CX reaction
between a fast-ion and a halo neutral dominates confinement
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Figure 25. The halo neutral density estimated by equation (20) with
ne(ρpeak) is shown. The purple and green points indicate the halo
neutral densities in the single and double beam phases, respectively.

degradation, the halo neutral density nhalo0 satisfies the follow-
ing expression:

PNB

τano
= nhalo0 ⟨σcxv⟩ . (20)

The CX cross-section is given by [47],

σcx (E) = 0.6937× 10−14 (1− 0.155log10E)
2

1+ 0.1112× 10−14E3.3
, (21)

where E is the fast-ion kinetic energy in eV/amu, and σcx is in
m2. For simplicity, the relative velocity is assumed to be the
beam injection velocity.

Figure 25 shows the halo neutral density estimated by
equation (20) with the electron density in the single and double
beam phases. If the confinement degradation is governed by
the CX loss between a fast-ion and a halo neutral, a halo
neutral density of approximately∼1014 − 1015 m−3 is needed.
Because these values are the flux-averaged densities, the local
halo neutral density must be higher than these values.

In the [44], the halo neutral density profile was numeric-
ally estimated in LHD for perpendicular hydrogen NB. The
beam injection energy was ENB ∼ 40 keV and the port through
power was PNB ∼ 4.5 MW. The line averaged electron dens-
ity was approcimately n̄e ∼ 0.8× 1019 m−3. In the paper, the
halo neutral in the core region was estimated at approximately
n0 ∼ 1014 − 1015 m−3.

Considering that the CX cross-section of the 160 keV deu-
terium beam is approximately one order less than that of the
40 keV hydrogen beam, it seems that the halo-neutral density
generated by the tangential deuterium beam is not sufficient
to explain the confinement degradation. Anyway, the detailed
estimation is left for future work.

6. Conclusion

We investigated tangential neutral beam fast-ion confinement
in MHD quiescent LHD plasmas. To investigate the degrada-
tion of the fast-ion confinement, we have performed a series
of experiments using deuterium gas and deuterium neut-
ral beams in the LHD. The experimental results show that

the neutron emission rate per beam power decreases as the
number of injected tangential beams is increased during a
single discharge, as shown in figure 3. The change in the num-
ber of injected beams does not have a significant effect on the
plasma temperature and density, the NB shine-through rate, or
the amplitude of the magnetic fluctuations. Therefore, the fast-
ion confinement degradation, which is not caused by MHD
instabilities, causes the reduction in the neutron emission rate
per beam power. This anomalous degradation of the fast-ion
confinement was also observed in discharges with combina-
tion of two beams in different directions, as shown in figure 6.

In section 4, we modeled the degradation, which depends
on the beam power, to estimate the effective fast-ion con-
finement time τ effc based on the measured data. The obtained
effective confinement times are listed in table 1. The results of
neutron emission rate simulations performed with TASK/FP
code using the obtained effective confinement times are in
good agreement with the experimental results as shown in
figure 9. Therefore, the effective confinement times obtained
with our model are valid in our experimental conditions. In
addition, the confinement degradation depends on the electron
density, as shown in figure 10.

We estimated the effective confinement time with
equation (19) for discharges with combinations of two beams
in different directions, because the expression for the confine-
ment degradation, equation (15), can not be applied due to the
beam-beam fusion reaction. The results of neutron emission
rate simulations for these cases are also in good agreement
with the experimental results, as shown in figure 11. This
result supports the assumption that the degradation does not
depend on the beam direction.

The degradation of the fast-ion confinement leads to a
reduction in the NB heating efficiency. The effective confine-
ment times listed in table 1 for single beam heating (∼2MW)
are shorter than the kinetic energy dissipation time due to
the classic deceleration τse/2 in the whole density range per-
formed in this series of experiments ( 0.75× 1019 m−3 < n̄e <
4× 1019 m−3). This leads to poor NB heating efficiency, as
shown in figure 13.

Although we discussed the candidates of the degradation
mechanisms in section 5, the degradation mechanism was
not clarified. Therefore, it is required to investigate further
whether the model derived in this paper can be applied to other
conditions. The identification of the degradation mechanism is
left for future work.
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Appendix A. Numerical method

In this paper, the neutron emission rate simulation was per-
formed with VMEC [48], FIT3D [49–52], and TASK/FP
[31]. The integrated transport analysis suite TASK3D-a [14]
includes VMEC and FIT3D and simulations can be performed
by using these codes with the measured data.

A flow of the simulation process is shown in figure A1.
First, VMEC code is used to simulate the three-dimensional
magnetic equilibrium. At this step, the input data for VMEC
are set to be consistent with the mapping equilibrium [53,
54] in LHD. Therefore, though the beam-driven current is not
estimated and is not given as an input to VMEC in a rigorous
sense, the equilibrium change (such as the magnetic axis pos-
ition and magnetic surface shape) due to the beam-driven cur-
rent is ‘implicitly’ reflected. According to the obtained mag-
netic equilibrium and measured data, the FIT3D code is used
to simulate the NB fast-ion birth profile. At this step, the ioniz-
ation of the beam neutrals is simulated by HFREYA code, and
a uniform effective charge Zeff = 3 is assumed. The MCNBI
code is used to simulate the NB fast-ion orbits for a few tens of
micro-seconds by using theMonte Carlo method including the
NB fast-ion prompt loss and the birth profile broadening due
to the finite orbit width effect in the NB fast-ion source term.
The TASK/FP code is used to calculate the bounce-averaged
relativistic momentum distribution function of fast-ion spe-
cies by solving the three-dimensional (2D in momentum
space and 1D in radial direction) Fokker–Planck equation.
At this step, the radial transport of the momentum distribu-
tion function is neglected. The details of the neutron emission
rate simulation performed with TASK/FP are introduced in
appendix A.1.

A.1. Fokker-Planck simulation with measured data

In the TASK/FP code, the momentum distribution function is
divided into two components, fs = f 0s + f1s , where the super-
scripts 0 and 1 indicate the thermal and non-thermal com-
ponents and the subscript s indicates the particle species. In
this paper, s includes five species: electron, proton, deuteron,
helium ion, and carbon ion. The TASK/FP code calculates the
time evolution of the f1s component. The thermal component
f 0s is assumed to be the relativistic Maxwellian,

f 0s (p) =
n0s

4πm2
scTsK2 (msc2/Ts)

exp

(
−msc2γs

Ts

)
, (A.1)

where p is the momentum, γs = (1+ p2/m2
sc

2)1/2, c is the
velocity of light, andKn is the n-th order modified Bessel func-
tion of the second kind. The electron temperature is obtained
based on the Thomson scattering measurements, and the ion
temperature is obtained based on the CXS measurements. The

Figure A1. Flow of the neutron emission rate simulation.

electron density of the thermal component n0e is also obtained
based on the Thomson scattering measurements. For the ions,
the densities of the thermal components are estimated based
on the following assumptions and measured data.

The ion densities are governed by the following three
expressions:

n0P+ n0D+ n1D+ 2n0He + 6n0C = n0e (A.2)

n0D+ n1D
n0P+ n0D+ n1D

= rD (A.3)

n0P+ n0D+ n1D
n0P+ n0D+ n1D+ n0He

= rH, (A.4)

where subscriptsP,D, He, andC indicate the proton, deuteron,
helium ion, and carbon ion, respectively. The first, second,
and third expressions indicate the charge neutrality, deuteron-
proton ratio rD, and hydrogen-helium ratio rH. The deuteron-
proton ratio and the hydrogen-helium ratio are assumed to be
uniform and constant. The typical values used in this series of
experiments rD = 0.99 and rH = 0.91 are applied for all dis-
charges. The non-thermal density for deuteron n1D is given by

n1D =

ˆ
dp f 1D (p) . (A.5)

The carbon density n0C is obtained based on the CXS meas-
urements. In the TASK/FP code, the effective charge Zeff is
not given value. Taking into account the n0C profile, the non-
uniform and time-evolving Zeff profile can be considered to
estimate the neutron emission rate, which is related to Zeff.
Figure A2 shows an example of the effective charge profile.
In the neutron emission rate simulation, the time evolution of
the nC profile must be included because the variation in Zeff is
non-negligible.
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Figure A2. Time evolution of the radial profile of the effective
charge for SN183594 is shown.

The evolution of the non-thermal component f 1D is
described by the Fokker–Planck equation,

∂f 1D
∂t

=
∑
s

CD/s
(
f 1D, fs

)
+ SNB −Leff −Lsink (A.6)

CD/s
(
f 1D, fs

)
=∇p ·

[↔
D

D/s

C ·∇pf
1
D−Fd/sC f 1D

]
(A.7)

Leff =− f 1D
τ effc

(A.8)

Lsink =− f 1D
τsink

for |pD|< 3pth,D, (A.9)

where ∇p is a derivative operator in momentum space and
CD/s is the Coulomb collision term between the incident
particle species D and the background particle species s. The
tensor

↔
D C and the vector FC are the relativistic non-linear

Coulomb collision coefficients given by [55]. The NB fast-ion
source term SNB calculated by FIT3D is used as the input. The
effective loss term Leff describes the exponential decay of the
momentum distribution function with the time constant τ effc .
The value of τ effc for passing particles is given by equation (16)
or equation (17) and the value for the trapped particles is
chosen to be τ effc = 0.053 s [13]. Because we focus on tangen-
tial NB fast-ions in this paper, the confinement degradation of
trapped particles is not considered. The particle sink term Lsink
describes the fast-ion sink due to thermalization to prevent the
accumulation of thermal ions. The time constant τsink = 1ms is
an artificial value, and pth,D represents the thermal momentum
of the deuterons.

The fusion reaction rateR at the local point is given by

R=

ˆˆ
σnf (ECM) v̄fD (pa) fd (pb)dpadpb, (A.10)

where σnf is the fusion cross-section of D(d,n)3He reaction
given by [29], ECM is the kinetic energy in the center of mass
frame, and v̄ is the relative velocity between two reactant deu-
terons. Because the beam-beam fusion reaction must be con-
sidered in the balance injection case, the fusion cross-section
with the beam-thermal approximation [28] is not applied. The
neutron emission rate Sn is given by the integration of R over

the plasma volume. The plasma volume is assumed to be con-
stant in the Fokker–Planck simulation. For this reason, the sim-
ulated neutron emission rate has poor agreement immediately
after the plasma start-up.
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