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Introduction

Recent experimental campaigns on the TJ-II stellarator have investigated the effects of multiple

cryogenic hydrogen pellet injections into neutral beam injection (NBI)-heated plasmas [1, 2].

The plasmas generated through multiple pellet injections exhibit sustained record central den-

sities, ion temperatures, and normalized β . Compared to standard gas-puffing, the deep plasma

fueling provided by multi-pellet injection leads to sharp increases in line-averaged density ⟨ne⟩

and diamagnetic energy W . Thomson scattering profiles reveal broader, dense core profiles with

only minor changes in the electron temperature. This aligns with the expected electron-to-ion

collisional energy transfer (Qei ∝ n2
e(Te−Ti)/T 3/2

e ), which slightly cools electrons while signif-

icantly heating ions. Charge-exchange recombination spectroscopy (CXRS) confirms broader

Ti profiles with notably higher central values, pointing toward a modification in ion transport.

While a significant decrease in density and electrostatic potential fluctuations in the outer plasma

region indicates a clear turbulent transport contribution [3], the more negative values of the ra-

dial electric field, measured with a Heavy Ion Beam Probe (HIBP) and CXRS, also point toward

a neoclassical transport mechanism induced by pellet injection. This neoclassical component

will be further explored in the following section.
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Figure 1: Left: Line-averaged density and stored diamagnetic energy traces without pellets #55298, with

one pellet #55313, and with two pellets #55300. Right: Energy confinement time vs. ISS04 scaling.



Neoclassical Simulations

To isolate the neoclassical transport contribution, local simulations were performed across three

distinct discharges, see Figures 1 and 2: a gas-puffing reference #55298, a single-pellet dis-

charge #55313, and a two-pellet discharge #55300. Local particle fluxes Γα(Er), energy fluxes

Qα(Er), and bootstrap current densities Jb
α(Er) are evaluated from the density and temperature

profiles for all species α using the monoenergetic drift-kinetic approach [4, 5]. The three re-

quired monoenergetic diffusion coefficients D11 for particle transport, D31 for bootstrap, and

D33 for conductivity are computed using the MOCA [6] and DKES [7] codes for the standard

100_44_64 magnetic configuration. Parallel momentum conservation was satisfied using the

correction technique described in [8]. The simulation inputs and calculated profiles, see Figure

3, show clear, consistent trends across the pellet sequence.
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Figure 2: Plasma profiles without pellets

(#55298), with one pellet (#55313), and with two

pellets (#55300) from TS and CXRS of Fig. 1.

For the reference gas-puff discharge #55298, the

ions reside at the boundary of the highly colli-

sional Pfirsch-Schlüter regime. Following mul-

tiple pellet injections, the increased ion temper-

ature pushes the core ion population fully into

the plateau regime for discharges #55313 and

#55300. In all analyzed cases, electrons remain

fixed in the plateau regime.

Because neoclassical fluxes drop significantly at

the cold, highly collisional plasma edge, core

neoclassical estimates are obtained around the

gradient zone (r/a ≈ 2/3). For the reference dis-

charge (W = 2.4 kJ), the surface-integrated neo-

classical power losses account for ∼ 50 kW, ris-

ing to ∼ 100 kW in the two-pellet case (W =

4.4 kJ), as shown in Figure 3. For PNBI =

320 kW, this indicates that the neoclassical trans-

port channel accounts for only about one third

of the total energy transport. Moreover, as sum-

marized in Table 1, the experimental energy

confinement time τ
exp
E systematically improves

across the discharges, whereas τNC
E remains al-

most constant. This invariant behavior occurs



because both the stored energy W and the neoclassical power losses PNC scale proportionally.

Consequently, the simulated confinement time remains roughly constant. The weak dependence

identified by the model is entirely consistent with the physics of the transition from the Pfirsch-

Schlüter to the plateau regime. Nevertheless, the neoclassical simulations provide other physical

quantities that can be cross-checked against experimental data, namely, the radial electric field

and the bootstrap current. For these discharges, the ambipolar radial electric field E∗
r , obtained

by solving the ambipolarity condition ∑α ZαΓα(E∗
r ) = 0, becomes systematically more nega-

tive in the gradient region (r/a ∼ 0.8) for multi-pellet discharges, reaching values between −5

and −10 kV/m, in agreement with HIBP and CXRS experimental measurements.
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Figure 3: From top to bottom and left to right, profiles of: electron density ne, electron Te (solid) and ion

Ti (dotted) temperatures, integrated energy W, ambipolar radial electric field Er, and surface integrated

particle Γ and power fluxes PNC for discharges #55298, #55313, and #55300.

Under counter-NBI heating, the measured total plasma current Ip includes both bootstrap and

NBI-driven components. By subtracting the neoclassical bootstrap current estimate Ib from

the measured Ip of the reference discharge #55298, an NBI-driven current of INBI ≡ Ip − Ib =



−1.8 kA was deduced. Assuming INBI remains constant across all discharges -a significant op-

erational assumption- this calculation yields results highly consistent with the experimentally

measured current, exhibiting a discrepancy of approximately 10%.

Table 1: Comparison between experimental parameters and core neoclassical simulations.

Shot Wdiag τ
exp
E τ ISS04

E τNC
E τNC

p Ib Ip INBI + Ib

[kJ] [ms] [ms] [ms] [ms] [kA] [kA] [kA]

#55298 2.4 8.2 7.5 38 50 0.3 -1.5 -1.5

#55313 3.6 11.8 10.7 35 54 0.8 -1.2 -1

#55300 4.4 13.9 12.4 36 66 1.2 -0.8 -0.6

Summary

Neoclassical simulations of the enhanced confinement regime induced by multi-pellet injection

in NBI-heated TJ-II plasmas account for only a third of the global energy transport. Further-

more, contrary to experimental energy confinement scaling observations, the core neoclassical

models show no confinement improvement. These findings strongly support the conclusion that

the enhanced confinement regime is due to a reduction of the turbulent transport channel [9].

A systematic comparison between experimental measurements and turbulent and neoclassical

simulations is currently underway to quantify the exact partition of these transport channels.
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