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Ablation of a solid hydrogen pellet in hot plasmas was investigated in the Large Helical Device (LHD). The
penetration depth of the injected pellets in the experiment was compared to a theoretical model employing abla-
tion due to the heat flux of fast ions as well as thermal electrons. Shallower penetration than that predicted based
on the model considering only electrons was observed in LHD plasmas in the presence of highly energetic (up to
180 keV) fast ions due to neutral beam injection (NBI). This discrepancy can be quantified by the contribution of
fast ions in terms of the stored energy of fast ions. The ablation model calculation taking into consideration the
effect of thermal electrons and fast ions agrees with the experimental results obtained by LHD. Scaling which
includes the fast-ion effect on penetration depth in LHD was compared with the wider multi-experiment database
(IPADBASE) [L.R. Baylor et al., Nucl. Fusion 37, 445 (1997)].
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1. Introduction
The establishment of an efficient fueling scenario is a

principal issue in the implementation of a future magnetic
fusion reactor. Degradation of fueling efficiency results in
excess neural gas, which causes enhanced charge exchange
loss and consequent sputtering, as well as confinement de-
terioration. This loss of fueling efficiency also requires a
large pumping capability and increases the tritium inven-
tory. To date, gas puffing has been successfully used as a
fundamental fueling tool. However, in larger devices there
is a concern regarding the worsening of the fueling effi-
ciency of gas puffing because most fueled gas is ionized in
a hot and thick scrape-off layer before it penetrates the con-
finement region. Therefore, the feasibility and inevitability
of gas puffing in a fusion reactor is not necessarily assured.

The injection of cryogenic solid pellets, which is an
alternative approach to fueling, has been attracting inter-
est because of its advantage of deeper and more efficient
fueling than gas puffing (see Review Paper [1]). Many ex-
periments support the promise of pellet injection due to
its direct fueling into the plasma core region beyond the
scrap-off layer of a fusion reactor. Accumulated experi-
mental observations have shown that the fueling efficiency
of pellet injection improves with penetration depth [2–4].
Here it should be pointed out that the penetration depth of
pellets involves two stages of dynamics. The first stage is
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the penetration of solid pellets into hot plasmas. Pellets ab-
late due to heat flux from the plasma and leave their mass
along their trajectory. The second stage is the prompt drift
of ablated high density plasmoid, which is supposed to link
with a gradient of the magnetic field and gives a substan-
tial mass deposition [5–7]. Therefore, for the prediction of
fueling performance it is necessary to clarify the physical
mechanisms in these two stages, i.e., the ablation process
of pellets and the subsequent drift motion of the ablated
plasmoid.

Since the aforementioned processes can be considered
separately, the penetration depth determined by the abla-
tion process is a primary issue in fueling. This allows the
discussion of drift motion as a secondary problem. With
respect to the ablation process, the neutral gas shielding
(NGS) model [8, 9], which estimates heat flux due to ther-
mal electrons and evaluates the shielding effect of ablated
neutral gas against it, has been widely accepted as a stan-
dard model for explaining the results of tokamak experi-
ments. A study of the international pellet ablation database
(IPADBASE) has indicated that the penetration depths in
the different devices follows regression scaling whose ex-
pression is similar to NGS scaling under the condition of
scatter in the scaling data of ohmic, NBI, and ICRH plas-
mas [10]. An effect of fast ions on the ablation can be a
potential cause of this scattering.

In contrast to electrons, the effect of energetic ions on
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ablation is supposed to be much less significant because of
the larger shielding effect of the ablated cloud. Although
a variety of models which account for the effects of en-
ergetic ions has been proposed, experimental studies on
those effects, at least systematic studies, have not yet been
reported and the validity of the proposed model has not
been confirmed. This is due to the lack of availability of
an experimental condition which contains a large amount
of energetic ions. Recently, a sophisticated ablation model
that describes the interaction of a pellet with energetic ions
and electrons in ICRH and LHCD experiments has been re-
ported [11]. However, the current experimental documen-
tation of the effect of fast ions is insufficient.

In D-T fusion reactor conditions, alpha particles with
an energy of 3.5 MeV account for several percent of all
ions in burning plasmas. Therefore, verification of the
ablation model including the effect of energetic ions is a
prerequisite for predicting the penetration depth in fusion
plasmas.

The Large Helical Device (LHD) [12], which is a
large-scale heliotron device, employs negative ion-based
neutral beam injection (NBI) with an accelerating voltage
of 180 keV (the proton ratio is 100 % since the NBI em-
ploys a negative ion source) [13]. This is in contrast to the
fact that major tokamaks utilize NBI with an energy of at
most 100 keV. Since pellet injection is routinely available
in LHD [14, 15], an experimental study of the penetration
depth of pellets in NBI heated plasmas in LHD can make a
unique contribution to our understanding of the pellet ab-
lation mechanism, in particular the effect of energetic ions
over a wide energy range. In this article, we describe ex-
perimental observations of pellet penetration depth, reflect-
ing information regarding pellet ablation in plasmas which
are rich in energetic ions. We compare these observations
with the results of a theoretical model. Based on avail-
able understanding derived from experimental study using
LHD, tokamak data described in the IPADBASE are re-
considered with emphasis on the effect of energetic ions.

2. Ablation Model
2.1 The NGS ablation model

The neutral gas shielding (NGS) model [8,9] is a sim-
ple theoretical model describing pellet ablation in high
temperature plasmas. A neutral shielding cloud around
the pellet is formed by the incident energy flux from a
background plasma and assumes a steady state and shock-
free transonic flow which is continuously accelerated to
supersonic flow. The 1-D spherically symmetric hydro-
dynamic model of the expansion in the ablation cloud
is then solved in the model. Only the thermal electron
as mono-energetic incident particles is regarded in pellet
ablation since plasma electrons dominate the cloud heat-
ing and ionization, consequently the ablation of the pel-
let in the model [1]. By assuming the continuous loss of
mono-energetic electrons in the ablation cloud, the energy-

dependent loss function L(E), which is a semi-empirical
formula [16], is defined as dE/dr = ρcloudL(E)/m, where
m and ρcloud are the average molecular mass and the mass
density of the cloud, respectively. In this model, the re-
cession speed of the pellet surface is given by the form of
simple scaling laws [9]

drpel/dt ∝ r−2/3
pel n1/3

e∞T 1.64
e∞ , (1)

where rpel, ne∞, and Te∞ are the equivalent spherical pellet
radius, the background electron density, and temperature,
respectively.

2.2 Impact of energetic ions on pellet abla-
tion

Only the thermal effect of electrons on pellet ablation
is considered in the original NGS ablation model [8, 9].
However, the extra-thermal effect (involving fast ions and
energetic electrons, etc.) should be taken into account in
order to understand pellet ablation in terms of the inter-
action with energetic particles in a hot plasma. In Refs.
[17–19], the effect of fast ions on ablation has been well
studied both experimentally and theoretically. The effect
of thermal ions and alpha particles on pellet ablation must
also be quantified for a future fusion reactor. In this sec-
tion, the contribution of energetic ions to pellet ablation is
estimated while that of thermal electrons is still predomi-
nant.

In the theoretical ablation models, the rate of the con-
tribution of energetic particles to pellet ablation is esti-
mated using a simple formula [17,19,20]. The heat source
in the cloud due to thermal electrons and fast particles
W = ( fB/m)qΛ [eV · kg−1 · s−1] can be an effective indi-
cator, where fB is the fraction of the heat flux due to elec-
trons and fast ions. It is assumed that these fractions are
uniform in the cloud, fBe ≈ 0.6 on electrons and fBf ≈ 1.0
on fast ions, where they are determined by the effects of
both the atomic processes and that of the geometry of the
flux incidence. As well, m, q [eV·m−2 ·s−1], and Λ [m2] are
the average molecular mass, the heat flux to the pellet, and
the effective cross-section for heat flux loss in the shield-
ing cloud, respectively. For the heat flux q, the distribution
function of incident thermal electrons and ions assumes a
Maxwellian (n, T and E = 2T are density, temperature and
energy, respectively) and those of fast particles are given
by using a Fokker-Planck code as follows:

qe,i∞ =
1
2

√
e
πme,i

ne,i∞E3/2
e,i∞, (2)

qf,α∞ =
πmf,α

2e

∫ ∞
0
v5 f (v)dv, (3)

f (v) =


S τslowdown

4π(v3 + v3c)
for v > v(t)

0 for v < v(t),
(4)

where me,i, mf,α, S [m−3 · s−1], τslowdown, vc and v(t) are the
mass of incident particles, the particle source for fast par-
ticles, the slowing-down time, the critical velocity, and the
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Fig. 1 Energy loss function L(E) and the effective cross-section
Λ(E) of electrons, fast ions, and alphas.

lower velocity limit for the distribution function, respec-
tively. The effective cross-section is written by Λ = σ̂T +

3L(E)/2E, where σ̂T is the total cross-section for the elas-
tic backscattering of electrons [9] and L(E) [eV ·m2] is the
energy loss function of the incident particles in the cloud,
which is the fitted formula given by a semi-empirical cross-
section for the discrete excitation, ionization, and dissocia-
tion processes. The energy loss function L(E) for electrons
[16], fast ions [21], and alpha particles [20] has a different
energy range and energy-dependent function as shown in
Fig. 1.

The ratio of the heat source in the cloud resulting
from energetic particles against that from thermal elec-
trons, ηf,α,i ≡ Wf,α,i/We, shows an effective contribution of
energetic particles to pellet ablation since the heat source
of the cloud W is directly related to the ablation rate as
ṙpel ∝ (We∗ +Wf∗)1/3 in the ablation model [19, 20], where
the asterisk indicates the value at the sonic radius. In
what follows, we assume Te = Ti and the thermal energy
E = 2T .

The definitional equation ηf,i is estimated by using the
value at ρ = 0.6 of 1) the assumed electron density pro-
files (constant ne profiles with ne0 = 1.0, 2.0, 3.0, 4.0, 5.0×
1019 m−3), 2) the corresponding linear electron temper-
ature profiles predicted by 1.5 times the ISS95 scaling
[22], and 3) the density profiles of fast ions calculated
by the FIT code [23] in LHD plasmas (at the NBI de-
position power 10 MW). Under the present experimental
conditions, LHD is a unique device that can experimen-
tally demonstrate pellet ablation by fast ions since ener-
getic NBI heating may affect the pellet ablation rate. The
value of ηα is estimated by the value at ρ = 0.6 of the corre-
sponding profiles under the condition of the fusion energy
gain Q = 5 (Te0 = 33 keV, ne0 = 1.0 × 1020 m−3) and
Q = 10 (Te0 = 23 keV, ne0 = 3.5 × 1019 m−3) in the Inter-

Fig. 2 Ratio of the effective contribution of energetic particles to
pellet ablation against thermal electrons ηf,α,i versus their
energy at ρ = 0.6 of the corresponding profiles.

national Thermonuclear Experimental Reactor (ITER) [24]
and two cases (Te0 = 22 keV, ne0 = 2.0 × 1020 m−3 and
Te0 = 27 keV, ne0 = 2.8×1020 m−3) in the Force Free Heli-
cal Reactor (FFHR) [25], while ηi is also determined by the
parameters of ITER. The value of ηf,α,i is a local param-
eter in target plasmas and the value at ρ = 0.6 is selected
because it can be a representative parameter for ablation
in both shallow and deep penetrations. Figure 2 shows the
ratio of the effective contribution of energetic particles to
the pellet ablation against thermal electrons ηf,α,i versus the
energy of fast ions, alpha particles (3.5 MeV), and thermal
ions.

The effect of fast ions on ablation cannot be neglected
for low density, i.e. high temperature LHD plasmas be-
cause the heat flux of fast ions as a function of the slowing-
down time increases with the electron temperature. Then
large qf compensates small qe even though Λf is smaller
than Λe (e.g., case 1 shown in Fig. 2). However, ηf de-
creases with NBI injection energy, which results from the
decline of qf by the decrement of Λf at a certain NBI en-
ergy. In contrast, the effect of alpha particles on ablation is
less than 10 % of that of thermal electrons in fusion reac-
tors since qα and Λα are always lower than those of elec-
trons, supporting the fact that alphas slightly enhance the
ablation rate in the calculation described in Ref. [20]. The
effect of thermal ions cannot be neglected in fusion reactor
plasmas, though it’s not taken into account in major abla-
tion models since the heat flux of thermal ions is lower and
the energy loss is larger than that of electrons. In this es-
timation, it is found that the contribution of thermal ions
to pellet ablation is significant for high temperature plas-
mas of several tens keV since Λi exceeds Λe at an energy
of several keV. The inevitability of the application of NBI
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is not necessarily lost even in fusion plasmas due to needs
for current drive and auxiliary heating leading to ignition.
Accordingly, the effect of energetic ions on ablation must
be assessed.

We have used the ABLATE code [19] to evaluate the
effect of fast ions on pellet ablation. This code can deal
with not only thermal electrons but also fast ions produced
by NBI heating in regard to their role in ablation. It can
also calculate the ablation rate profile (i.e., the pellet pen-
etration depth) including the effect of non-time or time-
dependent profiles of electron temperature and density dur-
ing pellet ablation. The model is essentially extended from
the NGS model [9] by the addition of the effect of fast
ions. The attenuation of the energy of fast ions is newly
expressed by the energy loss function of incident fast ions
in the cloud Lf (Ef) [21], while the solution of the Fokker-
Planck equation for fast ions is used to calculate the energy
and the heat flux of fast ions as seen in Eq. (4). The valid-
ity of this fast ion model was first demonstrated on the new
region of the beam energy since NBI heated plasmas con-
tain fast ions up to 180 keV in LHD. The analysis of pellet
penetration depth using this code is discussed in Sec. 4.

3. Experimental Setup
The Large Helical Device (LHD) has a heliotron con-

figuration which is composed of l = 2/m = 10 supercon-
ducting helical coils and three pairs of poloidal coils, and
is superior to high density and steady state operations [12].
Its basic specifications include a nominal major radius of
3.9 m, an average minor radius of about 0.6 m, a plasma
volume of 30 m3, and a maximum magnetic field strength
of ∼ 3 T. Plasma heating is performed by three tangential
neutral beam injection (NBI) systems all using a negative
ion source [13]. The beam energy is 120 to 180 keV and
the available total heating power is up to 13 MW. The
electron temperature and density are measured by means
of Thomson scattering [26] and an FIR interferometer [27],
respectively.

Two pellet injectors (an in-situ pipe-gun pellet injec-
tor and a repetitive pellet injector) are installed in LHD. On
the pipe-gun pellet injector, solid hydrogen pellets are pro-
duced in 8 barrels, and the pellet velocity and size are 1,000
to 1,200 m/s, with each cylinder being 3.0 mm in diameter
and 3.0 mm in length (∼1× 1021 atoms) [14]. On the repet-
itive pellet injector, pellets are continuously formed and
injected at a maximum repetition frequency of 11 Hz, and
the pellet velocity and size are 300 to 700 m/s, with each
cylinder being 2.5 mm in diameter and 2.5 mm in length
(∼6 × 1020 atoms) [15]. From both injectors, pellets are in-
jected through the outer port of LHD into the plasmas by
means of the pneumatic pipe-gun method using high pres-
sure He gas. The pellet velocity is measured by the time-
of-flight (TOF) which is a system that determines velocity
based on the time difference of the pellet intersecting two
pairs of laser-diodes and photodiodes about 1.8 m apart.

The pellet mass is measured by the microwave cavity of
the TE103 mode [28] on the pipe-gun pellet injector. We
conclude that the measurement deviation of the pellet ve-
locity and mass are 0.3 - 1.4 % and ∼5 %, respectively.

The measured penetration depth is determined based
on the duration of Hα emissions measured from the back-
side of the pellet path and the assumption of a constant
pellet velocity which is measured by TOF prior to the pel-
let injection into the plasmas. It has been previously con-
firmed that the pellet velocity during ablation in a plasma
maintains its initial injection velocity; in other words, the
radial pellet velocity is the same but the pellet velocity
in the direction of the magnetic field line is accelerated
by heating the pellet [29]. The duration of Hα emission,
i.e., approximately the pellet lifetime, cannot be arbitrar-
ily determined since the ergodic region is complex and the
temperature and density in this area of LHD is unknown.
Therefore, the start of pellet ablation is estimated based
on the assumptions that the pellet ablates from the last
closed flux surface of the vacuum magnetic configuration
and that the pellet velocity is constant during the ablation,
while the end of pellet ablation is determined by a sharp
fall of the Hα signal. Ambiguity in penetration depth due
to these assumptions is 0.5 - 7.5 cm including the measure-
ment deviation of the pellet velocity and the scattering an-
gle of pellet travel in the plasmas, while the plasma radius
is about 0.85 to 0.98 m. Both the NBI heating condition
and electron density before pellet injection are surveyed in
the experiment, and neither ECH nor ICRH are used dur-
ing the phase of pellet injection to document the effect of
fast ions by NBI heating. In addition, pellets that pene-
trate beyond the magnetic axis are excluded (i.e., pellets of
the penetration depth normalized by the minor radius > 1
are not considered) since electron temperature and den-
sity profiles change significantly when a pellet passes the
plasma center.

4. Experimental Results
The results of a total of 52 discharges (129 datasets)

in the pellet-fueled LHD experiments are included in
order to analyze pellet penetration depth. The ranges
of the LHD dataset are Te0 = 0.76 - 3.43 keV, ne0 =

0.06 - 0.60 × 1020 m−3, mpel = 3.00 - 7.04 × 1020 atoms,
vpel = 212.89 - 1169.60 m/s, Pdep = 0.53 - 9.62 MW,
and ENBI = 104.94 - 174.64 keV. The data include NBI
Co-(12 %), Counter-(10 %), and Balance-(78 %) injection.
The deposition power is 0.2 - 4.2 MW. Regression anal-
ysis is applied by the parameters of the NGS scaling Te0,
ne0, mpel, and vpel to investigate trend expressed in the LHD
data. The regression expression for the penetration depth is
the following formula (see Fig. 3 where RMSE = 0.029):

λ/a = 0.212T−0.685±0.027
e0 n−0.039±0.020

e0

× m0.235±0.056
pel v0.163±0.033

pel . (5)

Normalization of the pellet penetration depth by the
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Fig. 3 The new scaling using the parameters of NGS scaling
(Te0, ne0, mpel, and vpel) compared to the measured pel-
let penetration depth in LHD.

Fig. 4 The relationship between the measured pellet penetration
λ/a and the stored energy of fast ions Wf0 in pellet-fueled
LHD discharges.

plasma radius, λ/a = 1, indicates that the pellet has
reached the plasma center. Measured penetration depth is
well expressed by Eq. (5). However, the standard error of
the mean of the electron density ne0 is not effective since
the electron density ne0 is strongly correlated with the elec-
tron temperature Te0 and the deposition power Pdep in the
present data. Therefore, a new parameter is needed to de-
scribe the effect of fast ions in LHD plasmas.

The stored energy of fast ions in the plasma center
is introduced as an indicator of the effect of fast ions on
ablation,

Wf0 = Pdep × τslowdown,0, (6)

where Pdep is the NBI deposition power in LHD plas-
mas and τslowdown,0 ∝ (T 3/2

e0 /ne0) ln(1 + (E/Ecr)3/2) is the

Fig. 5 NGS scaling considering only the effect of thermal elec-
trons on the ablation compared to the measured pel-
let penetration depth at the same magnetic configuration
(Rax = 3.6 - 3.7 m, Bt ≥ 2 T).

slowing-down time at the plasma center. Figure 4 shows
the distribution of data on the plane of the measured pellet
penetration and the stored energy of fast ions in the pellet-
fueled LHD discharges. The circle represents the 3-mm
diameter pellet with fast pellet velocity on the pipe-gun
pellet injector and the triangle is the 2.5-mm diameter pel-
let with slow pellet velocity on the repetitive pellet injector,
as described in the previous section. The penetration depth
becomes shallower with the increase of the energy of fast
ions, and one can say that λ/a correlates with Wf0. How-
ever, it should be noted that colinearity between Wf0 and
Te0 cannot be sufficiently excluded in the present database.
The two curves composed of circles and triangles show the
difference of the penetration depth due to the different pel-
let velocity and mass depending on the two injectors.

When one assumes linear profiles for the plasma elec-
tron temperature and density, Eq. (1) of the ablation rate
in the NGS model becomes a scaling of penetration depth
(NGS scaling), λ/a = 0.079T−5/9

e0 n−1/9
e0 m5/27

pel v
1/3
pel , where

λ/a, Te0, ne0, mpel, and vpel are the penetration depth nor-
malized by the plasma minor radius, the central electron
temperature, the central electron density, the pellet mass
(mpel = (4/3)ρ0πr3

pel × NA, where ρ0 is the pellet mate-
rial mass density and NA is the Avogadro’s constant), and
the pellet velocity, respectively [10]. The measured pel-
let penetration is compared with the NGS scaling which
considers only the effect of thermal electrons on the abla-
tion at the same magnetic configuration as that shown in
Fig. 5. Here we define Wf0/Wdia > 5 % as the high case
and Wf0/Wdia < 5 % as the low case, where Wdia is the
plasma stored energy. In the case of low Wf0, the trend
agrees closely with the NGS scaling even for deep pene-
tration, while also showing a slight offset from the NGS
scaling. In contrast to this result, in the case of high Wf0
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Fig. 6 New scaling using the stored energy of fast ions Wf0 in-
stead of the electron density ne0 compared to the mea-
sured pellet penetration depth in LHD.

the difference between measured and predicted pellet pen-
etration is large for deep penetration although for shallow
penetration there is no difference between the measured
and predicted results in the two cases. The discrepancy of
experimental results from NGS model suggests the effect
of fast ions on pellet ablation since NGS scaling considers
only thermal electrons. This tendency is pronounced when
the pellet penetrates deeply and Wf0 is high. It is concluded
that the experimental data produced from LHD cannot be
expressed by NGS scaling alone.

In order to derive an empirical expression of the pene-
tration depth, regression analysis was applied. The energy
of fast ions Wf0 is used as a parameter in the statistical anal-
ysis since it has a potential to express the effect of fast ions
on pellet ablation. The obtained regression expression is
the following formula:

λ/a = 0.269T−0.256±0.069
e0 W−0.136±0.024

f0

× m0.263±0.047
pel v0.144±0.030

pel . (7)

As shown in Fig. 6 (RMSE = 0.026), the regression ex-
pression for the penetration depth accounts for the mea-
sured pellet penetration. The energy of fast ions Wf0 as
a parameter is requisite to predict the measured penetra-
tion depth since the estimate value (i.e., the error bar of the
multiplier factor) is smaller when the electron density ne0

instead of Wf0 is used.
As described in Sec. 2, the new ABLATE code [19]

is employed to analyze the pellet penetration depth in the
LHD experiments. For this calculation, the fitting elec-
tron temperature and density profile based on experimental
measurements using the Thomson scattering and the FIR
interferometer, and the density profile of fast ions calcu-
lated by the FIT code [23] are used. The ABLATE code
considering not only thermal electrons’ but also fast ions’
contribution to the ablation can calculate the ablation rate

Fig. 7 Hα profile compared to the calculated ablation rate profile
in the case of high Wf0 (mpel = 5.30 × 1020 atoms, vpel =

1129.70 m/s, and Wf0 = 42.12 kJ).

Fig. 8 Hα profile compared to the calculated ablation rate profile
in the case of low Wf0 (mpel = 6.19 × 1020 atoms, vpel =

1148.40 m/s, and Wf0 = 16.14 kJ).

profile in Figs. 7 (for the high Wf0 case) and 8 (for the
low Wf0 case), where the time-dependent profiles of the
electron temperature and density during pellet ablation are
considered in the calculation. The profile of Hα emission
(solid lines), the model of electrons only (dashed lines),
and the model of electrons and fast ions (filled circles) are
compared. The measured pellet penetration depth is com-
pared with the ABLATE penetration depth, i.e., the width
of the calculated ablation rate profiles. Figure 9 shows a
comparison between the ABLATE penetration depth con-
sidering only the ablation of thermal electrons and the mea-
sured penetration depth. This comparison duplicates the
result from the NGS scaling shown in Fig. 5. A difference
in the trends of the cases of high and low Wf0 is also ob-
served. The comparison of the ABLATE penetration depth
considering the ablation of thermal electrons and fast ions
is shown in Fig. 10. The NGS scaling systematically un-
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Fig. 9 ABLATE penetration depth considering only the ablation
of thermal electrons compared to the measured penetra-
tion depth.

Fig. 10 ABLATE penetration depth considering the ablation of
thermal electrons and fast ions compared to the measured
penetration depth.

derestimates the penetration depth, which is pronounced
in the case of high Wf0. Although the scattering is not
reduced in the comparison with ABLATE, the correspon-
dence between the experimental observation and the model
calculation is improved. As well, deviation between the
subsets (the high case of Wf0/Wdia > 5 % and the low case
of Wf0/Wdia < 5 %) is reduced. Penetration depths of the
model including the effect of fast ions account for the ex-
perimental data.

5. Discussion
The IPADBASE [10] has been assembled to enable

studies of pellet ablation theories that are used to describe
the physics of pellet ablation in a tokamak plasma (JET,

Table 1 Plasma and pellet parameters in Dlll-D, JET, and TFTR.

Fig. 11 New scaling compared to the measured pellet penetration
depth on the combined pellet dataset (DIII-D, JET, and
TFTR).

Tore Supra, DIII-D, FTU, TFTR, ASDEX Upgrade, JIPP
T-IIU, RTP, and T-10). Data regarding NBI heated plasmas
are selected as shown in Table 1. The data regarding TFTR
have 5 - 10 times and two-times the pellet mass and veloc-
ity, respectively, than does LHD, and the data are identi-
fied as a case of high Wf0 as in the data of LHD because
of energetic NBI heated plasmas (ENBI ∼ 110 keV). The
data regarding Dlll-D and JET are very similar to LHD
data except for the pellet mass and the NBI injection en-
ergy. These data are compared with the regression expres-
sion of the penetration depth expressed in Eq. (7) regard-
ing LHD as shown in Fig. 11. Dlll-D and JET data agree
closely with the scaling, but the dataset from TFTR shows
a trend different from that of LHD. The shapes of Te and
ne profiles in the IPADBASE are linear/hollow for Dlll-D,
parabolic/parabolic for JET, and peaked/peaked for TFTR,
respectively. In LHD experiments, these profiles are typi-
cally linear/flat or hollow, so the profile significantly varies
among devices. Therefore, the scaling of the penetration
depth might be improved by considering the dependence
of these profiles.

The ABLATE code including the effect of fast ions
on ablation can predict pellet penetration depth, as shown
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in Fig. 10. However, the shape and peak position of the
pellet ablation rate profile differ from that of the measured
Hα profile in Figs. 7 and 8. This distinction is especially
significant in the case of low Wf0; consequently, the issue
should be solved by the validation of Hα intensity based
on the experimental observations of the ablation cloud and
plasmoid. Thus, the model truly representing the experi-
mental condition, i.e., the model that takes into considera-
tion not only the neutral shielding cloud but also the plas-
moid measured by LHD experiments [29], is required for
comparison with the Hα radial profile under the same con-
ditions. The other problem is a systematic underestimation
of the penetration of the 2.5 mm pellets (represented in the
figure by triangles). This might be improved by consider-
ing the shielding of the plasmoid treated in the neutral gas
and plasma shielding (NGPS) model [30], which will take
place in a future study.

6. Conclusion
Modeling of the penetration depth of the fueling pel-

let is prerequisite for establishing the optimal operational
scenario of a fusion reactor. Penetration depth is closely
related to fueling efficiency as well as to the impact on the
parameters of the bulk plasma. Since the alpha particles
play an essential role in heating the plasma in a fusion re-
actor, their effect on the ablation process of the injected
pellet should be quantified. The present study has provided
simulated experimental data describing this condition.

Pellet ablation in terms of pellet penetration depth has
been studied under the condition of the presence of the
fast ions produced by energetic NBI heating in LHD. We
have introduced the stored energy of fast ions, Wf0, con-
sidering the effect of fast ions on pellet penetration depth.
When Wf0 exceeds several percent of the total energy of the
plasma as measured by diamagnetic diagnostics, the pellet
penetration depth deviates significantly from the predicted
value of the NGS model which treats only the ablation due
to electrons. The dependence on Wf0 describes the effect
of fast ions on ablation in LHD. When this expression is
applied to the wider database (IPADBASE), a close agree-
ment is found for Dlll-D, whose plasma profile is similar
to that of LHD. It is also verified in NBI heated plasmas
in LHD that the ablation model including the effect of fast
ions on ablation, the ABLATE code, can predict the ob-
served penetration depth.
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