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Alpha-particle slowing-down behaviors at low-temperature, high-density operation points in force-free heli-
cal reactors (FFHRs) are examined on the basis of a Fokker–Planck (FP) simulation that simultaneously consider
the balance among generation, slowing down, and loss from the plasma in parallel with the density dependence
of the Alfvén speed. An accurate treatment of the boundary velocity region between thermal and non-thermal
components is shown to be important in evaluating the alpha particle population that can induce instability. In a
typical high-density, low-temperature operation point in an FFHR, this population is reduced.
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1. Introduction
High-density plasma (up to 1.2 × 1021 m−3) has been

observed in pellet injection experiments at the Large He-
lical Device (LHD) [1]. High-density, low-temperature
operation reduces the divertor heat flux by increased
bremsstrahlung radiation [2, 3] and ameliorates the pellet
penetration problem. Finding a method of controlling the
thermally unstable plasma at this operation point has been
a major problem. It was recently found that the thermal
instability could be stabilized by means of a proportional
integral derivative (PID) control algorithm based on fu-
sion power measurement [2, 4]. To realize high-density,
low-temperature operation in a force-free helical reactor
(FFHR), the physical characteristics of alpha-particle be-
havior in such an operation mode should be understood.

In this paper, we focus on alpha particle slowing-
down behaviors and the correlation with Alfvén instabil-
ity excitation in a typical high-density, low-temperature
operation mode in an FFHR. The magnetic fluctuation
amplitudes of Alfvén eigenmodes are well known to be
strongly related to the beta value of the energetic alpha
particles. An LHD experiment [5] revealed that ener-
getic ions with speeds between ∼0.5 and ∼2.0 times the
Alfvén speed are strongly related to instability excitation.
In the high-density operation mode, the Alfvén speed is
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reduced inversely proportional to the square root of the
ion density, and the velocity range associated with insta-
bility excitation involves the boundary velocity region be-
tween thermal and non-thermal components. Although the
slowing-down time is relatively short in high-density, low-
temperature plasmas, the alpha particle concentration it-
self and the ratio of the thermal (bulk) component to the
total distribution function also depend on other plasma pa-
rameters. To accurately estimate the alpha particle popula-
tion that can induce instability (the beta value of energetic
alpha-particles), a Fokker–Planck (FP) calculation should
be used, which consider the balance among alpha parti-
cle generation, slowing down, and loss from the plasma in
parallel with the density dependency of the Alfvén speed.
FP simulations show that in a typical high-density, low-
temperature operation point in an FFHR, the alpha particle
population that can induce instability is reduced.

2. Analysis Model
The Boltzmann–Fokker–Planck (BFP) equation for

alpha particles is written as
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where fα(v) is the velocity distribution function of alpha-
particles. The first term on the right-hand side of Eq. (1)
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represents the Coulomb collision term [6]. The summation
is taken over all background species, i.e., j = deuterons,
tritons, alpha-particles and electrons. The collision term
is hence non linear, and retains collisions between alpha
particles. The deuterons, tritons and electrons are assumed
to be Maxwellian with temperature T . The second term
on the right-hand side of Eq. (1) accounts for nuclear plus
interference (NI) scattering [7] of alpha particles by back-
ground ions n [8]. We consider NI scattering between 1)
alpha particles and deuterons, 2) alpha particles and tritons.
The NI cross sections are taken from the work of Perkins
and Cullen [7].

The third and fifth terms on the right-hand side of
Eq. (1) represent diffusion in velocity space due to thermal
conduction and particle transport loss from the plasma re-
spectively. To incorporate the unknown loss mechanism of
energetic ions into the analysis, following Bittoni’s treat-
ment [9], we simulate the velocity dependence of the en-
ergy loss time τ∗c(v) due to thermal conduction and the
particle-loss time τ∗p(v) by using a dimensionless parameter
γ, i.e.,

τ∗c(p)(v) =

⎧⎪⎪⎨⎪⎪⎩
Cc(P)τc(P) when v < vth

Cc(P)τc(P)(v/vth)γ when v ≥ vth
. (2)

The chosen high exponent γ ensures rapid increment of
both confinement times in higher energy ranges compared
with that in the thermal energy range, and thus, hardly any
energetic particles and their energy are evacuated com-
pared with thermal particles. For all the calculations in
this paper, we assume γ = 4. As discussed in Ref. 8, in
typical plasma conditions, γ would not be a significant pa-
rameter if we choose sufficiently large values, e.g., γ ≥ 4.
Considering the energy loss mechanisms resulting from
both thermal conduction and particles transport loss from
plasma, the global energy confinement time is defined as
1/τE = 1/τC + 1/τP. (see Ref. 8).

The source [S a(v)] and particle loss [La(v)] terms are

Fig. 1 Time evolution of alpha-particle distribution functions for (a) nD = nT = 1.6 × 1019 m−3, (b) 8 × 1019 m−3 and (c) 4 × 1020 m−3

fuel-ion density plasmas. In the calculations, the fuel-ion and electron temperatures are assumed to be 10 keV, and the confinement
times are assumed to be τE = (1/2) τp = 3 s.

described so that generation due to T(d,n)4He reactions and
transport loss balance each other:

S α(v) − Lα(v) =
S α

4πv2
δ(v − v0) − fα(v)

τ∗p(v)
. (3)

Here v0 represents the speed corresponding to the alpha
particle generation energy, i.e., 3.5 MeV. The alpha particle
generation rate S α is written as S α = nDnT<σv>DT

3. Results and Discussion
Figure 1 shows typical temporal behaviors of the al-

pha particle distribution functions in several background
density plasmas, i.e., (a) nD = nT = 1.6 × 1019, (b) 8 ×
1019 and (c) 4 × 1020 m−3. We assume that alpha parti-
cles production by T(d,n)4He fusion reactions begins at t
= 0. During the simulations, the fuel-ion densities, elec-
tron temperature (T ≡ Ti = Te = 10 keV), and energy and
particle confinement time (τE = (1/2) τp = 3 s) are kept
constant. The slowing-down distribution is formed gradu-
ally and at ∼10 s after the beginning of the simulation, it
reaches a near equilibrium state. In low-density plasmas,
the averaged Coulomb collision frequency between alpha
and background charged particles is relatively low com-
pared with that in a high-density plasma. As revealed by
the conventional relaxation-time scaling, τrelax ∝ T 3/2/n,
the alpha particle distribution function changes shape more
slowly toward the equilibrium state. Note also that in the
equilibrium state, the relative magnitudes of the bulk and
suprathermal distribution components are strongly influ-
enced by the background density. In high-density plasmas,
the ratio of the energetic component to the total distribu-
tion function tends to be lower. In this case, the ratios of
the component above 3vth to the total distribution function
are 26%, 5.3%, and 1.0% for (a) nD = nT = 1.6 × 1019, (b)
8 × 1019, and (c) 4 × 1020 m−3, respectively.

The typical operation parameter ranges planned for
the next-generation helical devices [10], e.g., FFHR2m2,
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Table 1 Typical operation regions in FFHR2m2 [10], (a) low-
density, high-temperature region, (b) high-density, low-
temperature region.

(a) low density (b) high density
Te [keV] 18.0 6.8
ne [m−3] 1.8 × 1020 9.3 × 1020

nD, nT [m−3] 8.0 × 1019 4.0 × 1020

τE [s] 2.3 6.0
BT [T] 4.5 4.5
<β>[%] 5.0 4.7
Pf [GW] 3.0 3.0
αT 1.0 1.0
αn 0.5 3.0

Fig. 2 Alpha-particle distribution functions in typical FFHR op-
eration ranges (see Table 1).

are presented in Table 1. Two types of operation sce-
nario are considered for FFHR2m2: (a) low-density, high-
temperature (thermally stable) and (b) high-density, low-
temperature (thermally unstable) operation points. In the
table, αn (αT) is a dimensionless parameter introduced to
adjust the spatial density (temperature) profile, i.e., ne(r) =
ne(0)(1 − r2/a2)αn [Te(r) = Te(0) × (1 − r2/a2)αT ]. Here,
ne(0) [Te(0)] is the electron density (temperature) at r = 0,
and a represents the minor radius (a = 2.5 m). In the sub-
sequent discussion, the alpha particle distribution function
is examined in these two typical operation ranges.

Figure 2 shows the equilibrium alpha particle distri-
bution functions for these two typical operation scenarios.
The dotted lines represent a Maxwellian at the same tem-
perature as the bulk alpha-particles. As noted above, the
slowing-down effect is enhanced in higher-density, lower-
temperature plasmas. The concentration of alpha particles,
however, is a few times larger in the high-density opera-
tion region. The slowing-down distribution is determined
by the competition between these effects. The magnitude
of the energetic component of the alpha particle distribu-

Fig. 3 〈βα〉 parameter as a function of temperature for typical
densities at FFHR operation points. White and black cir-
cles represent high- and low-density operation points, re-
spectively, in Table 1.

tion function at the high-density operation point is several
times smaller than that at the low-density operation point.

It is well known that alpha particles having a veloc-
ity nearly equal to the Alfvén velocity can induce several
types of plasma instability [5]. Note that the Alfvén speed
itself is also inversely proportional to the square root of the
ion density. The relative intensity of energetic alpha par-
ticles that can induce instability depends on the competi-
tion between the acceleration of the slowing-down process
and the decrement in the Alfvén speed due to the increased
density. Energetic ions with speed between ∼0.5 and ∼2.0
times the Alfvén speed was reported to be strongly re-
lated to instability excitation [5]. The energy range from
∼100 keV to ∼2 MeV [∼30 keV to ∼400 keV] corresponds
to the above Alfvén speed range in the (a) low-density,
high-temperature [(b) high-density, low-temperature] op-
eration point indicated in Table 1. In Fig. 2, the number
of alpha particles included in these unstable energy ranges
shows a rough tendency to be somewhat smaller in the
high-density plasma than in the low-density plasma.

To quantitatively examine the relative intensity of al-
pha particles that can induce instabilities in the entire
plasma volume, the parameter 〈βα〉, which is the volume
averaged beta value for energetic alpha particles, is intro-
duced,

〈βα〉 ≡
4
3π

2vA∫
vA/2

mαv4 fαdv

B2
T/2μ0(1 + αn + αT)

, (4)

where vA represents the Alfvén speed, and BT is the
toroidal field. In Eq. (4), the lower (upper) limit for al-
pha particle speed in the integration is set to half (twice)
the Alfvén speed. In Fig. 3, the 〈βα〉 parameter is shown
as a function of temperature. The solid line represents the
results when nD = 4 × 1020m−3 [which includes the high
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Fig. 4 〈βα〉 parameter as a function of deuteron density for typ-
ical temperatures at FFHR operation points. White and
black circles represent high- and low-density operation
points, respectively, in Table 1.

density operation point in Table 1(white circle)], and the
dotted line denotes the results when nD = 8 × 1019m−3

[which includes low-density operation point in Table 1
(black circle)]. For the 〈βα〉 parameter on isothermal line,
the energetic component related to instability excitation in
the alpha particle distribution function increases in higher-
density plasmas. However, the difference between the
two curves in Fig. 3 is considerably smaller in the low-
temperature region. This is because the acceleration of the
slowing-down process is highly enhanced with the decreas-
ing temperature, and in the low-temperature range, the un-
stable energy range belongs to the suprathermal compo-
nent of the alpha particle distribution function.

Next, we show the 〈βα〉 parameter as a function of
deuteron density (Fig. 4). The solid line represents the re-
sults for T = 6.8 keV [which includes the high-density op-
eration point in Table 1 (white circle)], and the dotted line
denotes the results for T = 18.0 keV [which includes the
low-density operation point in Table 1 (black circle)]. As
described above, the density dependency of the 〈βα〉 pa-
rameter depends on the competition among (a) the incre-
ment (decrement) of the alpha particle density, i.e., the al-
pha article generation rate, (b) the acceleration (reduction)
of the slowing-down effect, and (c) the decrement (incre-
ment) of the Alfvén speed due to increased (decreased) ion
density. Over the entire range, the 〈βα〉 parameter tends
to increase with increasing density owing to the increased
fusion reaction rate. At densities of ∼5 × 1019 to ∼2 ×

1020 m−3, however, the curves are almost steady. This is
due to the acceleration of the slowing-down effect. At den-
sities above ∼2 × 1020 m−3, the Alfvén speed approaches
the marginal region between thermal and suprathermal en-
ergies, and 〈βα〉 gradually increases with the increasing
density. The 〈βα〉 parameter is reduced by almost one or-
der of magnitude owing to the temperature decrement over
the entire density range. The estimated 〈βα〉 parameter is
0.035% (0.37%) at the high-density (low-density) opera-
tion point shown in Table 1.

4. Concluding Remarks
We showed that in the high-density, low-temperature

operation range in FFHR2m2, the alpha particle population
that can induce instability (the 〈βα〉 parameter) is reduced
by almost one order of magnitude compared with that at
the low-density operation point. In this paper, as a first
step, we solved only the BFP equation for alpha-particles.
When we evaluated the alpha particle distribution function,
we did not consider the effects of the instabilities. If a se-
vere instability is induced at some points in the operation
parameter ranges, alpha particles may be lost because of
the instability. This might reduce the 〈βα〉 parameter to
some extent. A consistent simulation of this point is our
next step. The simulation was made on the basis of the
BFP model ascertained by comparing the derived fusion
product spectrum with previous data [11]. Throughout the
calculations the large angle scattering effect has been con-
sidered; however, its effect on the present discussion would
be small.
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