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Helium plasmas in tokamaks are regularly observed to have a reduced confinement with re-
spect to deuterium plasmas [1, 2], which is inconsistent with the gyro-Bohm scaling of turbulent
transport. A theoretical explanation of this confinement reduction is required to reliably predict
the plasma confinement in the initial non-nuclear phases of ITER operation and also extend the
understanding of the isotope effect, hydrogen and helium having the same Larmor radius.

Pairs of D and He steady state phases (for about 4 confinement times) have been performed
at the ASDEX Upgrade (AUG) tokamak with identical (among pairs) heating powers (neutral
beam and electron cyclotron resonance), plasma current /,,, toroidal magnetic field Br, gg5s = 7.2
and line averaged core electron densities n,. H-mode plasmas were produced at I, = 0.6 MA,
Br = 2.5 T with the ECRH power (Pgcry) ranging from 0.7 to 2.7 MW, the NBI power from
1.4 to 6 MW and n, from 4 x 10 m™3 t0 6.2 x 10!° m~3. Two pairs of L-mode plasmas have
also been performed, one at 7, = 2.1 x 10'” m™3 and the other at n, = 4.5 x 10! m~3 with
I, =1MA, qo5 =4, By = 2.5 T and Pgcry = 0.7 MW.
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pure plasma (n, = n;). Comparing all cases,

a general trend is observed: the stored en- Figure 1: Ratio of the helium to deuterium measured to-
ergy, or equivalently the confinement time, tal plasma stored energy against the ratio of ECRH over
. . . . . . the total heating power (left panel). Core and edge con-
in helium improves with higher fractions of

tributions to the stored energies (right panels).

ECRH. The core and edge components of the

stored energies identify two distinct behaviours. In the core, the stored energy in He increases
throughout the scan in Pgcry/Prot from ~ 80% of that in D with strong NBI heating to ~ 120%
with strong ECRH and low density. In contrast, the edge stored energy in He is systematically

lower compared to D (with a much lower variation compared to the core) except in the low-
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est density case (which also corresponds to the highest Pecri/Pror) where it becomes similar.
The lower density L-mode is also found to have a better He edge confinement compared to the
higher density one.

Fig. 2 showcases the time averaged temperature profiles, normalised gradients (R/Ly =
—(R/T)(dT /dr) with R the major radius) and power balance heat diffusivities y for the highest
and lowest stored energy ratios shown in Fig. 1 and denoted by ’TECRH’ and *"NBI’, respectively.
These plasmas have identical (within error bars) electron density profiles between D and He
pairs which makes the temperature profile comparison equivalent to the kinetic stored energy
comparison.

In the high NBI heated case, the core ion

temperature profile is lower in He compared

to D. The ion normalised temperature gra-

dient R/Lz, which acts as a drive for turbu-

lent heat transport is also lower in the range

r/a = 0.2 —0.65 and the ion heat diffusivity

20 20 is larger (more than a factor 2 for r/a < 0.5).

TN NS ( w0l /0 ) This is a signature of increased core turbulent

: e NE transport in He, which is opposite to the ex-
% 05 i % 0.5 1 pectations of the gyro-Bohm scaling.

:0 10 For the high ECRH heated case, while

:w . L . one would expect that for identical deposited

% , power on the ions and identical stored ener-

% = 05 % ' 05 ’ gies in He and D, 7; would be 2 times larger

in He to exactly compensate the reduced ion

density compared to D, it is observed that, not
Figure 2: Electron and ion temperature profiles for the
highest NBI (left)/ECRH (right) heated plasmas. The nor-
malised temperature gradients R/Ly and power balance
heat diffusivities y are also shown against r/a. explained by considering the dominant elec-

only the ion temperature in He is higher but

also the electron temperature 7,. This can be

tron heating and collisional energy exchange
between ions and electrons, coupling the evolution of 7; and 7,. Furthermore, the ion heat diffu-
sivity is lower in He with similar R/Lyr; as in D which suggests reduced core turbulent transport,
this time in agreement with the gyro-Bohm scaling. Additionally, in this case, which is also the
lowest density case, the ion and electron temperature profiles in He increase on the whole radial
domain up to the pedestal top. In contrast, for higher densities but still significant ECRH heating
(as the intermediate cases of Fig. 1), only the core temperature profiles in He increase compared
to D yielding a systematic loss of confinement from the edge ion kinetic pressure. This feature
is also observed for the L-modes pointing toward mechanisms linked to the density rather than

pedestal physics.
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The two distinct regimes identified in the core of He plasmas in Fig. 2 and the reduced
edge confinement are explored by flux-tube nonlinear and linear gyrokinetic simulations of the
turbulent transport. First, electromagnetic and electrostatic nonlinear simulations are performed
for the core of the "NBI” and "ECRH’ cases, at r/a = 0.3 and r/a = 0.5 respectively, using
the gyrokinetic code GKW [3]. Input parameters of the D cases are used and a companion
simulation is done by changing only the main ion species to He, thus allowing the identification
of fundamental mechanisms breaking the gyro-Bohm scaling.

The contours of the nor-
malised perturbed electro-
static potentials are com-
pared in Fig. 3. The turbu-

lence in the "NBI’ case is
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Figure 3: Contours of the perturbed electrostatic potential in the plane per-
pendicular to the magnetic field at the low field side, computed from local

_ non-linear gyrokinetic simulations of the deuterium NBI and ECRH cases (left
pared to He plasmas. This

panels) at r/a = 0.3 and r/a = 0.5 respectively. The same simulations have
yields the opposite result to  been carried out by changing only the main ion species to He (right panels).
the gyro-Bohm expectation
XiHe/Xip = 2.64. In the electrostatic limit, zonal flows are weaker in D, resulting in
Xi.He/ Xi,p = 0.64. In the TEM regime, zonal flows are less dominant, as also observed in previ-
ous works for high 7, /T; and low magnetic shear TEM turbulence [4,5]. In this case convective
cells are smaller in He with ; g,/ xi p = 0.56, which is now in qualitative agreement with the
gyro-Bohm scaling. Thereby, the coupling of zonal flows and electromagnetic effects breaks
the gyro-Bohm scaling of turbulent transport which is consistent with the current experimental
observations of increased transport in He in the ITG regime only. Interestingly, this is also con-
sistent with several previous works on turbulent transport and confinement times for H isotopes
[5,6,7].

Finally, to account for confinement losses at the edge of He plasmas, the role of Electron

Temperature Gradient (ETG) driven turbulence is investigated by linear gyrokinetic simulations.
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These electron scales instabilities are known to increase the electron heat transport, in particular
via complicated multi-scale interactions (e.g. [8]). The ratio of the normalised most unstable
mode in the electron scales denoted by ¥eig Over the ion scales ¥, is shown in Fig. 4 for the He
discharges at r/a = 0.85 versus the normalised collisional thermal exchange strength. We note
that with the normalisation used, the linear ITG growth rate in He is larger than in D for the same
parameters. It is shown that for all medium to high density cases, collisional thermal exchange in
He goes unfavourably from the ions to the electrons. Indeed, any increase of the turbulent drive
R/Lr, is met with a strong increase of the turbulent transport through destabilised ETG, thus
preventing 7, from increasing (profile stiffness). At low densities collisional thermal exchange
is reversed and the ETG are less destabilised allowing an increase of both 7, and 7;. Thermal
coupling and ETG destabilisation at the edge of He plasmas can thus explain the loss of edge
confinement in both L- and H-modes. This result awaits a confirmation by computationally
demanding multi-scale nonlinear simulations. Additional effects due to a change in pedestal
stability cannot be excluded in more general conditions.
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lence in the limit of low electron heat- cases are represented by open symbols.

ing in D and He plasmas breaks the

gyro-Bohm scaling of transport, leading to higher levels of transport in He. Additionally, the
thermal coupling between electrons and ions and stronger destabilization of electron tempera-
ture gradient modes lead to reduced confinement at the edge of He plasmas. As a result, regimes
with large fraction of electron heating and low collisionality, as expected in the initial ITER pre-

fusion power phase of operation, are found to be beneficial in terms of He plasma confinement.
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