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1. Introduction

Core plasma fuelling is a critical issue for developing steady-
state scenarios in fusion reactors. Gas puffing, the standard 
tool for creating and sustaining plasmas, will be inefficient 
in large-size devices, since the particle source is located at 
the edge. Moreover, the particle source due to recycling is 
expected to be small, since the plasma-wall interaction will 
be highly localized close to the divertor. Neutral beam injec-
tion (NBI) [1] has also become a standard method for plasma 
fuelling, where the associated source can be located, at least 
partially, in the core region. Nevertheless, with NBI, an addi-
tional energy source is introduced into the plasma, which may 
be problematic from the point of view of density control. In 
stellarators, the reason is that particle and energy transport are 
coupled in the core region (see e.g. [2]), as they are dominated 
by the neoclassical contribution [3, 4]. In particular, in Helias-
type stellarators, this coupling could create hollow density 
profiles [5] and thus exacerbate the need for fuelling mech-
anisms that mitigate potential core depletion.

Pellet injection systems permit achieving relatively local-
ized plasma fuelling without an associated energy source. 
For this reason, among others, they are the subject of intense 
research in tokamaks (see e.g. [6–10]) and in helical devices. 
For instance, the pellet injection system in the large helical 
device (LHD) [11] extends its operational regime with good 
energy confinement [12]. More recently, a four-barrel compact 
pellet injector has entered operation in the stellarator TJ-II 
[13, 14]. In Wendelstein 7-X, in operation since December 
2015 [15], a pellet blower gun is expected to be available 
during the second (OP1.2) phase of operation in order to fuel 
the core of plasmas heated using electron cyclotron resonance 
heating (ECH). As a result of this interest, comparative studies 
of pellet fuelling in these three devices have started [16]. Two 
are the main subjects of this study: on the one hand, an effort 
is being made, both from the experimental and theoretical 
points of view, to describe the phenomena of pellet ablation. 
In particular, comparison of the penetration depth of the pellet 
with ablation models [17] is expected to provide predictive 
capability on the possibility of core fuelling in large devices. 
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A general prediction of these models (e.g. the widely used 
neutral gas shielding model [18], upgraded e.g. in [19]) is that 
the penetration depth of the pellet may not be large enough to 
reach the core of dense plasmas. This increases the importance 
of the second line of research: transient transport of charged 
particles after pellet injection.

Here, perturbative experiments using small hydrogen pel-
lets are performed on the stellarator TJ-II. Small pellets are 
employed for several reasons: first, it is necessary to tailor the 
penetration depth so that the majority of particles are depos-
ited at an intermediate radial position. These experiments are 
then relatively close to reproducing the reactor-relevant situ-
ation of difficult central particle fuelling. In this situation, we 
will see that subsequent particle transport redistributes some 
of the particles to the core, compensating core depletion. This 
will provide experimental evidence that core depletion in hel-
ical devices can be slowed-down even by pellets that do not 
reach the core region. We will model this phenomenon using 
neoclassical theory, which describes the transport of charged 
particles caused by collisions combined with inhomogenei-
ties of the magnetic field. This is an appropriate approach in 
plasmas in which turbulent transport is negligible (as it may 
be the case in the core of helical devices, see below) but also, 
as we will argue in section  2, in a more general situation: 
when turbulent transport is not negligible but is not affected 
by injection of a pellet.

Accurate comparison of neoclassical predictions with 
experimental measurements is the second reason for injecting 
small pellets. The above-mentioned prediction of potential 
core depletion in stellarators relies on simulations of energy 
and particle transport based on neoclassical theory in the core 
and complemented with simplified models of turbulent trans-
port in the edge. This is supported by a previous step-by-step 
systematic validation of predictions of neoclassical theory 
with experimental results in a number of medium-sized stel-
larators (LHD, W7AS, TJ-II...) [3, 4]. Generally speaking, 
such simulations tend to achieve, with some exceptions, rea-
sonable agreement with the experimental particle and heat 
fluxes within the core region. In particular, several estimates 
suggest that core particle transport is well described by neo-
classical theory. Nevertheless, these validation activities have 
focused so far on electron energy [4] and ion energy trans-
port [3]. The reason is that particle balance studies require, at 
least for some devices, good knowledge of the particle source, 
which in turn demands a self-consistent modelling of bulk 
plasma, edge plasma and plasma-wall interaction, which only 
now is starting to become available [20].

In order to overcome this problem, we will discuss per-
turbative experiments. Here, we describe scenarios in which 
modifications caused by a pellet in the plasma density and 
temperature profiles are minimal, and therefore the other 
plasma-dependent sources in the core (recycling and neutral 
beam injection) do not change: under these conditions, after 
a transient phase, the density should tend to relax back to its 
initial state. Measuring this density evolution with sufficient 
radial resolution will allow us to estimate the experimental par-
ticle fluxes associated with the perturbation without requiring 
knowledge of the particle sources. We will then compare them 

to neoclassical predictions. In particular, following recent 
works [21, 22] we will investigate the differences between the 
predictions of a local and monoenergetic neoclassical code, 
DKES [23], and a non-local, non-monoenergetic neoclassical 
code, FORTEC-3D [24], which includes higher order terms 
of the drift-kinetic equation. A preliminary result of previous 
works is that, for the plasma core, neglecting these terms may 
lead to overestimating the neoclassical contribution to radial 
ion energy transport, and therefore to underestimating the tur-
bulent contribution to it (an effect larger for low collisionali-
ties in devices with large ripple) [25]. In this work, we will 
see that the non-local neoclassical calculation is closer to the 
experimental measurement at outer radial positions.

The work is organized as follows. Section 2 describes the 
studied scenarios, both from theoretical and operational points 
of view. The results are presented in section 3. Finally, sec-
tion 4 shows the conclusions.

2. Scope of research

In this work, the evolution of the radial density profile after 
the injection of a pellet is of prime interest. Hence it is neces-
sary to solve the flux-surface-averaged particle transport bal-
ance equation:

⟨ ⟩ ⟨ ⟩ ⟨ ⟩∂
∂
+ ∇ ⋅ Γ =

n

t
S , (1)

where n is the density, ∇ ⋅ Γ is the divergence of the radial 
particle flux and S is the particle source. From now on, we 
drop the brackets ⟨ ⟩...  that denote flux-surface average in order 
to ease the notation.

Before pellet injection ( �t tI):

n

t
S ,

BI
BI BI

∂
∂

+∇ ⋅ Γ = (2)

where the subscript BI denotes that all quantities are evalu-
ated at �=t t tBI I. Then, immediately after an injection 
( �=t t tAI I), the plasma density has changed and, in prin-
ciple, fluxes and sources should have changed:

∂
∂

+∇ ⋅ Γ =
n

t
S .

AI
AI AI (3)

If the pellet is small enough so that the experiment can be 
considered perturbative, the particle source (NBI absortion, 
neutrals from the wall) should remain unchanged. For this, 

| − |S SAI BI  should be much smaller than | − |∂
∂

∂
∂

n

t AI
n

t BI . If this 

is the case, then assuming that =S SAI BI is a valid approx-

imation, and substracting equations (3) and (2), yields:

∂
∂

−
∂
∂

= ∇ ⋅ Γ − Γ
n

t

n

t
.

AI BI
BI AI( ) (4)

The left-hand side of equation (4) can be determined from 
the experiment while the right-hand side can be calculated 
using neoclassical theory. The goal of this work is to measure, 
calculate and compare particle fluxes in the transient phase 
after the injection of a pellet. Good agreement is expected if 
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particle transport is dominated by the neoclassical contrib-
ution, but note that this is a sufficient but not necessary condi-
tion: as long as the turbulent contribution to ( )∇ ⋅ Γ − ΓBI AI  is 
small enough (i.e. as long as turbulent transport is small or, if 
it is large, has not changed), neoclassical transport determines 
the transient core density evolution.

Finally, pellet injection also has the effect of slightly 
reducing the electron and ion temperatures of the radial posi-
tions where ablation occurs, thus allowing similar perturbative 
studies to be done for energy transport of both species. Such 
studies are left for future work.

2.1. Measurement of transient evolution: experimental set-up

TJ-II is a four-period, low magnetic shear stellarator device 
with an average minor radius a of approximately 0.2 m, a 
major radius of 1.5 m, plasma volume about 1 m3, and magn-
etic field on axis ( )≈B 0 1 T [26]. For this work, plasmas cre-
ated with hydrogen in the standard magnetic configuration 
are heated using two gyrotrons operated at 53.2 GHz, the 2nd 
harmonic of the electron cyclotron resonance frequency, with 

⩽P 500ECH  kW. Central electron densities ( )n 0e  and electron 
temperatures ( )T 0e  up to ×1.7 1019 m−3 and 1 keV, respec-
tively, are achieved. Plasmas last up to 250 ms. In addition, 
plasmas have been created and maintained using a neutral 
beam injector heater that provides up to 520 kW. As a result, 
plasmas with ( ) ⩽ ×n 0 3 10e

19 m3 and ( ) ⩽T 0 380e  eV were 
achieved. With a lithium coating on the vacuum vessel wall, 
these plasmas last up to 120 ms.

The pellet formation, acceleration, guide line diagnostic, 
delivery and control systems were developed, built and tested 
at the laboratories of the Fusion Energy Division of Oak Ridge 
National Laboratory, Tennessee, USA [14]. For these experi-
ments, pellets containing between ×5 1018 and 1019 hydrogen 
atoms are injected at speeds between 800 and 1200 m s−1,  
their mass being determined with an in-line microwave cavity 
diagnostic and their ablation being followed using silicon 
diodes with Balmer αH  transmission filters (λ = 6560  nm): 
these diodes view the pellet through the plasma from above 
and behind the flight path and allow penetration depth to 
be obtained. The variability of pellet mass and velocity are 
below 10% and 3% respectively; since penetration is deter-
mined principally by plasma temperature and, next, by pellet 
velocity (see e.g. [18]), the present conditions ensure repro-
ducible plasma penetration, see [27, 28].

In addition, TJ-II is equipped with numerous diagnostics. 
A Thomson scattering (TS) system [29] provides one set of 
radial density and temperature profiles per discharge; hence 
shot-to-shot reconstruction is used to determine their evol-
ution. The line-averaged electron density, ne, is obtained with 
10 μs temporal resolution using a microwave interferometer 
[30]. Since the interferometer cannot capture the fast rise time 
in the line-averaged electron density after an injection, it is 
necessary to calibrate it using TS data.

Moreover, core Te measurements (r/a  <  0.4) are made 
along a discharge using a soft x-ray filtered diagnostic (SXR) 
[31] (this system provides estimates of Te slightly below the 
TS measurement, but within the error bars of the diagnostics 

[32]). Finally, the temporal evolution of the core ion temper-
ature Ti is obtained using a neutral particle analyzer (NPA) 
[33]. Although not shown in this paper, Hα monitors and a 
Baratron-type manometer are used for estimating the particle 
source.

2.2. Calculation of the flux: codes

In this section, the two codes used in the calculation of the neo-
classical contribution to the particle flux are briefly presented.

FORTEC-3D [24] is a δf  radially global Monte Carlo code 
that solves the drift kinetic equation (DKE) for both electrons 
and ions including finite-orbit-width effects in three-dimen-
sional configurations. For each species, we have:

( ) ( )∥ δ
δ

δ+ + ⋅ ∇ +
∂
∂
−

= − ⋅ ∇ +
∂
∂

+⎜ ⎟
⎛
⎝

⎞
⎠ P

f
K

t

f

K
C f

K

t K
f f

v v v

v

d

d
d

d
,

M E

M M M

 
(5)

where ( )δ ζ θ µf r K, , , ,  is the deviation of the distribution func-
tion with respect to the Maxwellian, r is the radial coordinate, 
ζ and θ are the toroidal and poloidal Boozer angles, K is the 
kinetic energy normalized to that of the thermal ions and μ is 
the magnetic moment. In the first term of the left-hand side, ∥v  
is the parallel velocity and

µ
=

− ×∇

=
×

K B

Ze

B

B

B

v
B

v
E B

2
,

,

M

E

3

2

 
(6)

are the magnetic drift and the ×E B drift caused by the radial 
electric field Er respectively, and Ze the particle charge. 

( ) ( )δ + PC f fM  is a linearized Fokker–Planck collision 
operator with pitch-angle as well as energy scattering and 
momentum conservation (more details can be found in [24]). 
The particle flux can be calculated by taking moments of the 
distribution function and flux-surface-averaging:

∫ δΓ = ⋅ ∇f rv vd .M (7)

The radial electric field is set by ambipolarity of the neo-
classical fluxes, ( ) ( )Γ = ΓE Ee r i r  for a pure hydrogen plasma 
( =n ne i). Note that only here we use subindexes to make 
explicit the species-dependence.

DKES [23] solves the DKE in the local and monoenergetic 
limit: starting from equation  (5), one neglects the magnetic 
drift and the variation of the kinetic energy on the left-hand 
side of the equation, and takes the so-called incompressible 

limit of the ×E B drift, 
⟨ ⟩

= ×v
BE

E B
2 . Neglecting the magnetic 

drift is generally a good approximation, since the ×E B drift 
is larger in an inverse-aspect-ratio expansion; nevertheless, 
when Er is close to zero, the poloidal component of the magn-
etic drift becomes important. This effect is more important 
the closer the radial electric field is to zero, the lower the col-
lisionality and the larger the magnetic ripple, i.e. the larger the 
/ν1  flux [2]. Finally, the collision operator is simplified to the 

Lorentz operator (pitch-angle-scattering only), so the kinetic 

Plasma Phys. Control. Fusion 58 (2016) 084004



J L Velasco et al

4

energy becomes a parameter rather than a variable. The par-
ticle flux can then be calculated as

Γ = − − + −
′ ′⎡

⎣
⎢
⎛
⎝
⎜

⎞
⎠
⎟

⎛
⎝
⎜

⎞
⎠
⎟

⎤
⎦
⎥nD

n

n

ZeE

T

D

D

T

T

3

2
.1

r 2

1
 (8)

The neoclassical thermal transport coefficients D1 and D2, 
can be calculated by convolution of solutions of the monoen-
ergetic drift-kinetic equation  calculated with DKES. More 
details on this calculation for the specific case of the TJ-II 
magnetic configuration are found in [34].

Of the two presented numerical codes, DKES will be used 
for comparison between neoclassical predictions and exper-
imental measurements, since it is much less time consuming; 
the accuracy of DKES for these plasmas will be checked by 
benchmarking with FORTEC-3D for one of the cases. Note 
that the flux can be written as in equation (8), as a linear com-
bination of the gradients of density, temperature and electro-
static potential, provided that the radial magnetic drift term 
of equation (5) is small. This is generally true even in cases 
where Er is close to zero and the poloidal magnetic drift mat-
ters. Therefore we can still discuss neoclassical transport in 
terms of plasma gradients even if the approximations included 
in DKES do not hold. Obviously, if we were to calculate the 
coefficients D1 and D2 with FORTEC-3D, they would differ 
from those calculated with DKES.

For some cases included in this study, the particle source 
is estimated. There are three contributions: gas puffing, par-
ticle deposition due to NBI and recycling due to the wall. 
The second one is estimated using the code FAFNER [35]; 
the third one, using the neutral transport code EIRENE [36]. 
The inputs for EIRENE are the plasma profiles, the quantity 
of gas coming from puffing and NBI systems and a particle 
confinement time τ that reflects the level of flux to the wall, 
i.e. (=S S n T T, , ,e i  gas input )τ, . An additional equation for τ is 
thus needed, which can be written as:

( )
∫

∫
τ =

Γ S
S

n S
n V

,
d

d
,V (9)

where S and V are the area and volume of the last-closed flux-
surface. Note that, once the source has been calculated, equa-
tion  (1) can be used for estimating the experimental flux, if 
∂
∂

n

t
 can be measured accurately or if it is negligible compared 

with the other two terms in the equation.

2.3. Plasma scenarios

The properties of the two scenarios studied in this work are 
summarized in this section. Firstly, scenario I is a situation 
with core depletion and difficult central fuelling. The target 
plasma is heated by NBI, has a relatively peaked density pro-
file and the line-averaged density decreases at a constant rate 
at the time of pellet injection due to a reduction of the gas-
puffing. Looking at equation (4), we will be in a situation in 

which | <∂
∂

0n

t BI . A small pellet is injected, so that it ablates 

at an intermediate radial position. Then the fuelled plasmas 

have flatter core density, hence ( )∇ ⋅ Γ − Γ > 0BI AI  due to the 
change in the thermodynamical force associated with the den-
sity gradient (see equation  (8)). For a large enough change, 
there will be indirect core fuelling, indicated experimentally 

by | >∂
∂

0n

t AI .

Next, scenario II is an ECH-heated plasma with a hollow 
density profile. Density is kept approximately constant in 

time, i.e. | =∂
∂

0n

t BI . The pellet then ablates close to the core, 

the hollowness is removed, we end up with a peaked density 
profile; hence ( )∇ ⋅ Γ − Γ < 0BI AI , and there will be a fast den-

sity evolution with | <∂
∂

0n

t AI  back to the initial situation. One 

has to note that, in this low density plasma, the number of 
injected particles is not negligible when compared to that in 
the target plasma, so the assumption of perturbative experi-
ment may not be good enough for a quantitative comparison.

3. Results

3.1. Scenario I

Figure 1 shows the temporal evolution of the main plasma 
parameters along discharges #39062, #39063 and #39065: 
line-average density, and central electron and ion temper-
atures. Before injection of the pellet, the temperatures are 
approximately constant with time, and the density decreases 

at an approximately constant rate | ≈−∂
∂

10n

t BI
20 m−3 s−1. 

Pellets containing × ±6.5 10 2%18  hydrogen atoms are 

injected at ±1020 0.5% m s−1. The ablation of the pellet is 
observed at t  =  1095 ms for the three discharges. Both central 
temper atures show a ∼ 25% decrease and return to the pre-
vious level after 5 ms. On the other hand, the evolution of the 
density is much slower, denoting that the particle confinement 
time is larger than the energy confinement time for this sce-
nario. Hence, this (rough) scale separation allows us to focus 
on particle transport while ignoring energy transport.

The above three discharges are used to reconstruct the 
evol ution of the profiles (similar sets of three discharges can 
be found in [27, 28]). Figure 2 shows the density and electron 
temper ature profiles immediately before (#39063), immedi-
ately after (#39062) and 20 ms after (#39065) injection of a 
pellet. Most of the pellet ablation takes place about ≈r a0.5 , as 
indicated by the change of density profile in figure 2 (top) and 
by the local αH  monitors. This profile has a distinctive temporal 
evolution: after an initial increase in density about the ablation 
radii, the density increases in the core region (r  <  0.3a), while 
it decreases in outer regions (0.3a  <  r  <  0.7a). Since the core 
density remains almost unchanged by the injection, as does 
the energy source, the core electron temperature returns to 
previous values, and it does so very quickly, as anticipated by 
figure 1. Altogether, these measurements indicate that the situ-
ation is one of difficult central fuelling, and that the problem is 
partially mitigated by subsequent particle transport.

Before discussing theoretically this experimental result, it 
is necessary to confirm that the experiment can be considered 
to be perturbative. For this, the particle sources S are estimated 
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before injection and immediately after pellet complete abla-
tion (so that there is no source associated to it anymore). 
This is seen in figure 3, where the contributions of the NBI 
system and wall recycling are plotted. The difference in the 
core | − |S SAI BI  is between 0 and 1020 m−3 s−1. This difference, 

due to changes in recycling, is smaller than | − |∂
∂

∂
∂

n

t AI
n

t BI : 

inspection of figure 2 shows that the core density increases by 

∼ ×0.5 1019 m−3 in 16 ms, i.e. | ≈ ×∂
∂

3 10n

t AI
20 m−3 s−1 and 

| − | ≈ ×∂
∂

∂
∂

4 10n

t AI
n

t BI
20 m−3 s−1.

We thus proceed with the neoclassical simulations. As 
input for the calculations we used smoothed profiles taken 
from figure  2. Given the above-mentioned different time-
scales, the electron and ion temperatures are approximately 
constant in time and equal to their values before pellet injec-
tion during much of the density evolution that we want to 
model. We thus neglect the small differences and provide, for 
the sake of simplicity a common fit for ( )T re ; ( )T ri , only meas-
ured in the core region, is taken proportional to ( )T re  [37]. 
As discussed in section 2.3, after injection, the density pro-
file becomes flatter at the core (r  <  0.5a) and steeper at outer 
radial positions (0.5a  <  r  <  0.7a). In order to emphasize that 

the change in the density gradient is significant, in figure 4 
we show the thermodynamical forces associated with the den-
sity and temperature gradients before and after injection, as 
calculated from Thomson scattering measurements using a 
Bayesian method [38]. The density gradient is the main drive 
for particle flux, both before and after injection of a pellet, 
which supports our previous approximation of considering 
constant ( )T re  during the transient evolution. The error bars 
are smaller than the change caused by the pellet injection.

The consequences are seen in figure  5, where we show 
the divergence of the neoclassical flux calculated before and 
after the injection of the pellet, and the predicted density 
evolution according to equation (4). We focus on the region 
r/a  <  0.6, where neoclassical theory generally describes suc-
cessfully radial transport in helical devices [3]. As one could 
expect by inspection of equation (8), it is positive in the core 
region (r  <  0.4a) and negative in outer positions, as measured 
in the experiment. The value of the core density increase is 
also in rough agreement with measurements, since we predict 

Figure 1. Time traces of (top) line-averaged density, (center) 
central electron temperature, and (bottom) central ion temperature 
in discharges #39063 (red), #39062 (green) and #39065 (blue). 
Pellet ablation is indicated by the sudden increase of density and a 
black vertical line; coloured vertical lines show the TS time for each 
discharge.

Figure 2. Electron density and temperature profiles before pellet 
injection (BI, #39063), immediately after pellet injection (AI, 
#39062), and long after pellet injection (LAI, #39065).

Figure 3. Particle sources for discharges before (BI, #39063) and 
after (AI, #39062) pellet ablation.

Plasma Phys. Control. Fusion 58 (2016) 084004
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( )∇ ⋅ Γ − ΓBI AI  between 0 and ×5 1020 m−3 s−1 in the core 

region, compared with | − |∂
∂

∂
∂

n

t BI
n

t AI between 0 and ×4 1020 

m−3 s−1 measured by Thomson scattering, and represented by 
crosses in figure 5.

It should be noted that the quantitative agreement reported 
above allows us to conclude that density evolution caused by 
injection of a pellet is dominated by neoclassical transport, 
which was the main subject of study of this work (and using 
equation (4) has allowed us to discuss it without having to rely 
on estimates of the particle source); however, it provides no 
information of whether it was also the case before the injec-
tion. In order to check that for the sake of completitude, we 
have to estimate the source and compare directly the exper-
imental fluxes with the neoclassical predictions. Figure  6 
shows the experimental flux for discharge #39063, before 
the pellet injection. It is calculated with the transport suite 
ASTRA [39], using equation (1) and the source from figure 3. 
We compare it with the neoclassical fluxes calculated with 
DKES and FORTEC-3D and achieve a reasonable agreement 
in the core region r/a  <  0.4 (the error bars in the thermody-
namical forces of figure 4 provide a rough estimate of the pre-
cision of the neoclassical calculations; the  ∼30% uncertainty 
in the calibration of the Hα monitor, used for the evaluation 
of the particle source, provides an estimate of the preci-
sion of the calculation with ASTRA). At outer radial posi-
tions, 0.4  <  r/a  <  0.7, the radial flux predicted with DKES 
is above the experimental estimate, which would suggest 
that DKES overestimates neoclassical transport under these 
plasma conditions (since otherwise, if the DKES calculation 
were not an overestimate of neoclassical transport, we would 

need an additional inward anomalous pinch for the total flux 
to be in agreement with the experimental estimate). Indeed 
FORTEC-3D predicts a radial flux about 50% smaller than 
the one calculated with DKES, and below the experimental 
estimate. The reason behind the difference between the two 
simulations is sketched in figure 7: the inclusion of the magn-
etic drift term in the drift kinetic equation removes the peak 
close to =E 0r  in the radial flux of both species. At r/a  =  0.6 
(bottom) the peak is relatively large, leading to relevant dif-
ferences between DKES and FORTEC-3D; at r/a  =  0.2 (top), 
since the collisionality is larger and the ripple smaller, these 
differences are smaller.

A more comprehensive comparison between theory and 
experiment for this discharge can be found in [25, 40]: there, 
poor agreement was found between predictions of Er and 
measurements of electrostatic potential by means of HIBP. 
Note nevertheless that, in these NBI ion-root plasmas, the 
particle flux is basically determined by that of the electrons, 

Figure 4. Thermodynamical forces associated to the density and 
temperature gradients before and after the injection in scenario I.

Figure 5. Contribution of neoclassical transport, calculated with 
DKES, to the particle balance equation in scenario I.

Figure 6. Radial fluxes of discharge #39063.

Figure 7. Neoclassical particle radial fluxes as a function of the 
radial electric field for discharge #39063 at r/a  =  0.2 (top) and 
r/a  =  0.6 (bottom). The crossing between the electron and ion 
curves gives the neoclassical estimate of the particle flux, which can 
then be compared to the experimental estimate. Red corresponds 
to electrons and black to ions; open squares to DKES and filled 
squares to FORTEC-3D; a line with the flux calculated with 
ASTRA is shown for reference.
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which depends weakly on Er [25, 40]. Therefore, while this 
disagreement would cast doubts on predictions of energy 
transport for discharge #39063, it is not the case for particle 
transport. Finally, the fact that neoclassical predictions of par-
ticle flux agree with two independent estimates of the exper-
imental flux gives confidence for the three of them.

3.2. Scenario II

Figure 8 is the equivalent of figure 1 for scenario II: it shows 
the temporal evolution of the line-averaged density, and cen-
tral electron and ion temperatures along discharges #39756, 
#39759 and #39757. The situation is comparable to that of 
the NBI plasma: before the injection of the pellet, the temper-
atures are approximately constant with time, and the density 

decreases at a very small constant rate, | ≈−∂
∂

10n

t BI
19 m−3 s−1.  

Pellets containing × ±7.3 10 218 % hydrogen atoms are injected 
at ±950 0.6% m s−1. The ablation of the pellet takes place 
at t  =  1150 ms for the latter two. The electron temper ature 
decreases by about 20%, while the ion temperature increases 
by about 20%. The latter may be partially caused by the larger 
thermal coupling to the electrons, consequence of the increase 
of n, or a small change in ion energy transport. Both temper-
atures return to the values before injection in some 15 ms. 
As in the NBI case, the evolution of the density is slower, 
although not much slower.

The above three discharges are used to reconstruct the evol-
ution of the profiles, as we did for scenario I. Figure 9, compa-
rable to figure 2, shows the density and electron temperature 
profiles immediately before (#39756), 6 ms after (#39759) 
and 11 ms after (#39757) injection of a pellet (actually dis-
charge #39756 has no pellet injection). The pellet is ablated 
at r  <  0.8a, as indicated by the increase in ne. As shown in 
figure 8, the electron temperature evolution is slower than in 
the NBI case, and differences between the Te profiles are not 
negligible: the electron temperature is reduced by the pellet at 
r  <  0.8a and then returns faster to previous values in the core, 
where most of the ECH power is deposited. The density profile 
behaves in an opposite manner to that of scenario I. After an ini-
tial incresase at r  <  0.8a, the density decreases monotonously 
in all the core region. Note that no change in the profile shape 
is created by the pellet: it was slightly hollow before injection, 
and it remains so after it (the hollowness of the density profile 
very close to the magnetic axis is not considered significative).

Figure 8. Time traces of (top) line-averaged density, (center) 
central electron temperature, and (bottom) central ion temperature 
in discharges #39756 (red), #39759 (green) and #39757 (blue). 
Pellet ablation is indicated by the sudden increase of density and a 
black vertical line; coloured vertical lines show the TS time for each 
discharge.

Figure 9. Electron density and temperature profiles before pellet 
injection (BI, #39756), immediately after pellet injection (AI, 
#39759), and long after pellet injection (LAI, #39757).

Figure 10. Transient density evolution calculated with DKES and 
estimated with Thomson scattering in scenario II.
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In these low-density plasmas, the change in density is 
large, and this in turn may modify the electron energy source 
(as /P nECH  changes), so it is difficult to justify that the 
experiment is perturbative. Moreover, these ECH plasmas 
are close to a critical density at which a transport bifurca-
tion takes place at TJ-II, caused by a change of root of the 
radial electric field (see e.g. [41] and references therein). 
Nevertheless, the time evolution of discharges #39757 and 
#39759 is similar to that of a perturbative experiment: the 
line-averaged density and the electron temperature show an 
approximately exponential relaxation back to their initial 
values.

With this in mind, we repeat the simulations performed 
for scenario I, again focusing on r/a  <  0.7. In this case, dif-
ferences in the Te profiles before and after injection must be 
taken into account in the simulations; the ion temperature pro-
file is assumed proportional to the density profile [37]. Since 
the density profile shape has not fundamentally changed, the 
main difference between the density before and after ablation 
is the absolute value, not the gradient. After ablation, density 
is larger, so is ion collisionality and, for plasmas in electron 
root with ions in the ν  regime, the particle flux. This is shown 
in figure 10: the divergence of the neoclassical flux calculated 
before and after the injection of the pellet, and the predicted 
density evolution according to equation  (4) are plotted. We 
predict a density decrease faster than the initial rate, and in 
reasonable quantitative agreement with the experiment, also 
represented in figure 10: we obtain ( )∇ ⋅ Γ − ΓBI AI  between 0 
and − ×3 1020 m−3 s−1 in the core region, while TS yields 

| − | = − ×∂
∂

∂
∂

4 10n

t AI
n

t BI
20 m−3 s−1.

4. Conclusions

In this paper, it is demonstrated that neoclassical theory can 
account for the particle evolution after the injection of a cryo-
genic pellet. In particular, improved neoclassical simulations 
show better agreement with experiment at outer radial posi-
tions. This is relevant due to the foreseen problem of density 
control in large helical devices, and the predicted difficulty of 
core fuelling.

In TJ-II plasmas, in which a particle source exists ( ≠S 0) 
and the density variation is negative but small in absolute value 

( �|∂
∂

0n

t BI ) the core density can be made to transiently increase 

( | >∂
∂

0n

t AI ) by injection of a pellet at an intermediate radial 

position. Note that this is independent of whether the gradient 
density is positive or not.

Since this result can be understood on the grounds of 
neoclassical theory, one may try to generalize it: in a stel-
larator reactor, in which the particle source is expected to 
be negligible (S  =  0) and one could have core depletion 

( | <∂
∂

0n

t BI ), the injection of a pellet could mitigate the den-

sity loss | > |∂
∂

∂
∂

n

t AI
n

t BI. Nevertheless, complete density control 

( ⩾|∂
∂

0n

t AI ) could require positive density gradients, as meas-

ured e.g. in LHD [16]. In order to provide more support to 
these conclusions, further studies of particle transport should 

be performed in studies closer to reactor-relevant conditions, 
e.g. in W7-X plasmas.

As a conclusion, we have obtained experimental evidence 
of the fact that, in some scenarios, core depletion can be com-
pensated or slowed-down even by pellets that do not reach the 
core region, a phenomenon that is well captured by neoclas-
sical theory. Future work will include study of energy trans-
port and of particle transport in NBI plasmas in which the 
pellet produces positive density gradients.
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