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The outward drift displacement of the pellet ablated material is studied for low-field side injection in the
Large Helical Device (LHD). Stopping of the drift acceleration is shown to be mainly due to the formation of an
internal current circuit owing to helical variation of the magnetic field gradient. This process is the most efficient
for stopping the cross-field motion of the ablatant in the LHD because, in helical configurations, the parallel scale
length of the gradient variation is shorter than in tokamaks. Simulated ablation and deposition profiles are shown
to compare well with the Hα emission and post-injection density and temperature profiles.
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Pellet fueling [1, 2] has been considered as the most
promising technique for fueling fusion reactors. It has
the possibility to deposit the matter directly inside the last
closed flux surface and allows to control the core and edge
fueling properties independently. The efficiency of pel-
let injection is a critical issue regarding the plasma per-
formance and the attainable fusion output in the reactors.
Its optimization requires to develop a reliable modeling to
gain confidence in extrapolation to the fueling of reactor-
grade plasmas.

One of the major concerns related to pellet fueling is
the shallow penetration of pellets injected into large de-
vices, even at the highest velocity available with present-
day technology. In tokamak experiments, this difficulty is
partly overcome through high-field side (HFS) injection:
in such a configuration, the pellet material, which ionizes
rapidly after ablation, spontaneously penetrates into the
core region of the plasma due to a drift directed down the
magnetic field gradient. Due to this drift, HFS injected pel-
lets can provide a better fueling efficiency, even at veloc-
ities less than 1 km/s. Conversely, in the case of the low-
field side (LFS) injection, the degradation of the fueling
efficiency has been observed, particularly with increasing
additional power. As a whole, LFS/HFS injection experi-
ments [3] in tokamaks have clearly demonstrated that the
fueling efficiency of pellet injection depends essentially on
the launching location, and thus the structure of the mag-
netic configuration.

The Large Helical Device (LHD) is a Heliotron de-
vice of the poloidal and toroidal period numbers L = 2 and
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M = 10, major radius R = 3.6–3.9 m, averaged minor ra-
dius a = 0.6 m, and magnetic field up to 3 T. In the LHD,
pellets injected from the LFS at velocity Vp ≤ 1.2 km/s
have been routinely used to obtain high-density discharges
sustained by the tangential neutral beam injection (NBI)
heating. Previously, the physics of ablation in NBI-heated
plasmas was studied for identifying some of the character-
istics of pellet fueling in the LHD [4]. However, the post-
ablation density build-up phase was not well understood,
and the difference of fueling efficiency between LFS and
HFS injected pellets is still unclear in non-tokamak geome-
tries.

Recently, the drift displacement of the material de-
posited by LFS injected pellets have been identified in the
LHD through the outward shift of the Δnexp

e profile with
respect to that of the Hα emission, where Δnexp

e is the den-
sity increase following the pellet injection. The cross-field
motion of the ablated material down the field gradient has
also been directly observed by fast-imaging cameras [5].
Since this motion occurs on a timescale comparable to the
homogenization time and much shorter than the diffusion
time, it is suggested that the drift is of same origin as the
E × B drift observed in tokamaks. In this letter, to interpret
the experimental results, we adapt to the LHD geometry
the pellet ablation-deposition code HPI2 [6] that takes into
account the ∇B-induced drift displacement in axisymmet-
ric tokamak geometry. For describing the cloud dynamics
in nonaxisymmetric configuration, the effects of a helical
field structure were newly included in the HPI2 code. In
the following, simulation results are compared, for the first
time, to experimental observations of LFS injected pellets
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in the LHD.
We begin with a description of the E × B drift model

in an arbitrary magnetic configuration. The cross-field mo-
tion of the pellet cloud is due to the E × B drift associ-
ated to the polarization induced by the local gradient of the
background magnetic field B∞. We assume that the mag-
netic field generated by the pellet cloud itself, B0, is much
smaller than B∞. In the following, the subscript ‘∞’ de-
notes parameters of the background plasmas, whereas ‘0’
denotes those of the pellet cloud. In early phase of the
drift, the deposited material is accelerated down the mag-
netic field gradient, the evolution of the drift velocity Vd

being given by:

dVd

dt
= −2(p0 − p∞)∇⊥B∞

n0miB∞
, (1)

where n0 is the cloud density, mi the ion mass, and p0

and p∞ the cloud and background-plasma pressures, re-
spectively. Equation (1) shows that the drift acceleration is
proportional to the pressure difference between the cloud
and background plasma and to the inverse of the cross-
field gradient scalelength LB = B∞/∇⊥B∞. Figure 1 shows
schematically the variation of the magnetic field strength
along the pellet path. At this location, the poloidal plasma
cross section is horizontally elongated and the pellets are
injected from the outboard side of the device (Fig. 1 (a)).
The positive sign of 1/LB in Fig. 1 (c) corresponds to the
case where the pellet cloud drifts in the direction of in-
creasing R, where the inverse of LB in the outer region
of the plasma (R = 4–4.5) is much larger than 1/R. In
tokamaks, LB is, in first approximation, equal to the major
radius R, and Eq. (1) reduces to the well-known expres-
sion of a drift-acceleration term proportional to 1/R [7].
Conversely, in non-axisymmetric devices, LB is closer to
the minor radius a. Therefore, the drift acceleration is ex-
pected to be larger in the LHD than what it would be in a
tokamak of same aspect ratio.

Fig. 1 Radial field gradient structure for outboard side injection
in the LHD experiment.

However, the above picture - based on the evaluation
only of the local E × B acceleration - is insufficient to de-
scribe the experimental behavior of the drift displacement.
Mechanisms to reduce the cloud polarization need to be
taken into account, and they were shown to be essential
for the understanding of the ∇B-induced drift displace-
ment [2]. In the HPI2 code, three mechanisms - whose
relative importance depends on the structure of the mag-
netic configuration - are included which lead to a decel-
eration of the pellet cloud motion. They are: (1) on the
Alfvén timescale, the depolarization due to the emission
of Alfvén waves along the field lines from both ends of
the cloud [6–9]; (2) on the collision timescale, the depo-
larization due to resistive currents flowing along the flux
tubes that connect positively and negatively charged parts
of the cloud, particularly in the vicinity of low-order ra-
tional surfaces [9] and (3) the averaging of the polarization
along the cloud length due to the formation of an internal-
current circuit simultaneously with the cloud parallel ex-
pansion [10, 11]. This latter effect, hereafter referred to
as Rozhansky’s effect, is illustrated for the LHD geome-
try in Fig. 2, showing how field lines inside the cloud close
the circuit alimented by the ∇B particle drift, where they
compensate the polarization charge by field-aligned inter-
nal currents.

Considering the most efficient deceleration mecha-
nism in the case of shallow pellet penetration in the LHD,
we put a particular emphasis on the third one. In the HPI2
code, the Rozhansky’s effect is taken into account by a
drift-damping factor A[L0] prior to the drift acceleration
term. The latter is calculated through the averaging of the
∇B current over the length of the expanding cloud, along
the field lines. One has then:

dVd

dt
= −A[L0]

2(p0 − p∞)∇⊥B∞
nim0B∞

. (2)

Fig. 2 Formation of the internal current circuit in the pellet
cloud expanding over one toroidal period of the LHD.
The parallel current flowing along the field lines in red
and blue leads to the cancellation of the ∇B polarization
at the cloud center (ϕ = 0◦) with that at ϕ = 18◦.
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For tokamaks, a simple analytic model for A[L0] can be
given as a function of the half-length of the cloud L0:

A[L0] =
Rq
L0

sin

(
L0

Rq

)
, (3)

where q is the safety factor value. For generalizing this
term, we use an expression of the ∇B current for an arbi-
trary magnetic configuration:

j∇B =
2(p0 − p∞)B∞ × ∇B∞

B3∞
. (4)

Following an approach identical to that leading to the ex-
pression of Eq. (3) in the tokamak case, a general expres-
sion of the drift-damping factor is evaluated in terms of
Eq. (4) as:

A[L0] =
1

2L0

∫ L0

−L0

(B∞ × ∇B∞)/B3∞ · eθ
[(B∞ × ∇B∞)/B3∞ · eθ]L0=0

dl, (5)

where eθ is a unit vector in the poloidal direction. In de-
riving Eq. (5), the parallel expansion along the field lines is
assumed to be symmetric with respect to the cloud center,
and the poloidal drift induced by the poloidal variation of
the magnetic field is neglected. For circular tokamaks, it
can easily be shown that Eq. (5) reduces to Eq. (3) if one
assumes that the toroidal field is much stronger than the
poloidal field. Equation (5) is therefore a straightforward
generalization of the effect that is described by Rozhansky,
et al. in Ref. [10].

To show main characteristics of the Rozhansky’s ef-
fect, Fig. 3 shows how the drift-damping factor A[L0]

Fig. 3 Comparison of the drift-damping factor A[L0] at different
radial location of the pellet cloud: (a) LHD with Rax =

3.75 m and (b) tokamak of same aspect ratio.

varies with given lengths of the pellet cloud, showing the
results (a) for the LHD and (b) for a tokamak of same as-
pect ratio. We here use a parabolic q profile for the toka-
mak: q ∼ 1.4, 1.9 and 2.6 at ρ = reff/a = 0.5, 0.7 and
0.9 (where reff is the averaged radius). In the LHD, the
direction of the field gradient varies with rapid modula-
tion, as does the field strength depending on the distance
from the helical coils, and this dominates the stopping of
the drift on the outer flux surfaces. As can be seen in the
insert in Fig. 3 (a), even a relatively small toroidal exten-
sion of the cloud (whose characteristic scalelength is R/M)
yields efficient damping, i.e., A[L0] < 1 (note that, in all
cases, A[L0 = 0] = 1). Considering that the parallel expan-
sion velocity (V‖ = 10–100 km/s) is much faster than the
cross-field drift velocity (Vd � 10 km/s) [2], the character-
istic timescale of the Rozhansky’s effect, τR = R/(MV‖), is
seen to be comparable with the drift timescale τd = a/Vd

in the LHD. In tokamaks, the corresponding τR expression
is qR/V‖, which is larger by more than one order of magni-
tude what it is in the case of the LHD (typically by a factor
∼ 1/M). It is therefore much longer than τd, which ex-
plains why the Rozhansky’s effect has only a moderate ef-
fect on the deceleration of the deposited cloud in tokamaks
as compared to its importance in the LHD (see Fig. 3 (b)).

We have implemented Eq. (5) instead of Eq. (3) into
the HPI2 code for evaluating the Rozhansky’s effect in
a helical magnetic field structure. We also introduced
the other magnetic-field related parameters specific to the
LHD, such as the q profile and magnetic shear. Although
our model can in principle be applied to a full 3-D equilib-
rium, only the dominant toroidal and helical variations of
B∞ are taken into account in the present work. The HPI2
simulation consists in two part: (1) the ablation calcula-
tion which evaluates the local source of particles along the
pellet path and the penetration depth for given plasma pro-
files [12], and (2) the homogenization calculation which
evaluates in a consistent way the cross-field drift and par-
allel expansion of the cloud in a four-fluids Lagrangian
approximation [6]. In the present work, the heat source
term associated to the fast ion population due to tangential
NBI was included in the ablation calculation, but not yet
in that of the cloud expansion. This simplification is still
reasonable for shallow pellet penetration in case of cen-
tral NBI heating, because the thermal electron heat flux is
much larger than the fast-ion one in the outer region of the
plasma.

A comparison between the HPI2 prediction and the
measurements is presented in Fig. 4 in the case of a pel-
let injected into low-density target plasma with tangential
NBI heating. Main parameters are a pellet particle con-
tent Np = 8.8 × 1020 atoms (nominal), injection veloc-
ity Vp = 1.2 km/s, heating power PNBI = 4.8 MW, elec-
tron temperature and density Te∞(λexp

p ) = 1.6 keV and
ne∞(λexp

p ) = 6.9 × 1018 m−3, where λexp
p is the experimen-

tal penetration depth. The experimental penetration was
estimated from the pellet velocity and duration of the Hα
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Fig. 4 Comparison between measurements and code prediction for the LHD discharge no. 103396: (a) ablation and deposition profiles,
the Hα emission (a.u.), and Δne∞ profile; (b) pre- and post-ne∞ and (c) pre- and post-Te∞ profiles.

emission, whereas the particle deposition from Thomson
scattering measurements recorded 1 ms after the time of
the begininng of ablation (identified by the increase in Hα
emission). Figure 4 shows a comparison between the HPI2
simulation and the experiment: (a) ablation and deposi-
tion profiles, (b) electron density, and (c) electron tem-
perature profiles before and after the injection. Using the
pre-injection Te∞ and ne∞ profiles, the simulation predicts
the pellet to penetrate up to ρ ∼ 0.63, which compares
well with the value ρ ∼ 0.67 obtained from the duration
of the Hα line emission, as shown in Fig. 4 (a). The lo-
cation of the maximum of ablation in our simulation, at
ρ ∼ 0.78, is also seen to agree with that of the Hα emis-
sion peak at ρ ∼ 0.8–0.85. In the absence of ∇B-induced
displacement, the particle deposition would correspond to
the dashed-dotted curve in Fig. 4 (a), exhibiting a maxi-
mum Δne∞ = 8.46 × 1019 m−3 at ρ ∼ 0.78. But exper-
imentally, the density profile measured 1 ms after abla-
tion shows that the deposition profile is shifted outwardly,
which displays a maximum Δnexp

e∞ = 4.98 × 1019 m−3 at
ρ ∼ 0.97. This is in good agreement with the solid curve in
Fig. 4 (a), which is the deposition profile calculated when
taking into account the drift displacement, showing a max-
imum Δne∞ = 4.6 × 1019 m−3 at ρ ∼ 0.9. For compar-
ison, the dashed curve is the deposition prediction when
the Rozhansky’s effect is neglected (i.e., using A[L0] = 1),
showing a significant overestimation of the outward dis-
placement. In Figs. 4 (b) and (c), a good agreement be-
tween measurements and simulation results is also shown
for the post-injection ne∞ and Te∞ profiles when all the
drift-damping effects are taken into account.

The fueling efficiency is defined as the ratio of the
amount of particles deposited in the confined plasma with
the pellet initial content, where we used the last-closed
flux surface of the vacuum magnetic configuration to de-
fine the boundary for low-β plasma. From Fig. 4, it was
evaluated in both the simulated and experimental cases for
shallow penetration LFS injected pellets, yielding 58% and

55%, respectively. When neglecting the Rozhansky’s drift-
damping factor (A[L0] = 1, dashed curves in Fig. 4), a
fueling efficiency of 40% is obtained, showing a signif-
icant overestimation of the experimental loss rate of the
pellet material. It follows that about 40–50% of the fu-
eled particles are lost from the confinement region due to
the ∇B-induced displacement, which has therefore a sig-
nificant impact on the fueling efficiency of LFS injected
pellets, as in the case of tokamaks.

In this letter, a drift model for pellets injected in the
LHD was described in the same framework as that used in
the case of tokamak modeling. Hence, the present study
provides potentially a common physical picture of pellet
fueling for both tokamaks and helical devices. A compari-
son between different magnetic configurations can improve
our quantitative understanding of the influence of magnetic
field structure on the pellet deposition and associated fuel-
ing efficiency. In a subsequent work, the simulation will be
applied to various experimental conditions to increase the
capability of the code to identify the characteristics of the
pellet fueling in the LHD.
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