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Abstract:
In ASDEX Upgrade (AUG) the normalised gyroradius p, was varied via a hydrogen isotope scan
while keeping other dimensionless parameters constant. This was done in L-mode to minimise the
impact of pedestal stability on confinement.

Power balance and perturbative transport analyses reveal that the electron heat transport is
unaffected by the different isotope masses. Nonlinear simulations with the GENE code suggest
that these L-mode discharges are ITG dominated. The different gyroradii due to the isotope mass
do not necessarily result in a change of the predicted heat fluxes. This result is used in simulations
with the ASTRA transport code to match the experimental profiles. In these simulations the
experimental profiles and confinement times are reproduced with the same transport coefficients
for hydrogen and deuterium plasmas. The mass only enters in the energy exchange term between
electrons and ions.

These numerical observations are supported by additional experiments which show a lower ion
energy confinement compared to that of the electrons. Additionally, hydrogen and deuterium
plasmas have a similar confinement when the energy exchange time between electrons and ions is
matched.

This strongly suggests that the observed isotope dependence in L-mode is not dominated by a
gyroradius effect, but a consequence of the mass dependence in the collisional energy exchange
between electrons and ions.

1 Introduction

Heat transport is a key issue in understanding fusion plasmas. It is well known that the transport
processes in the main plasma cannot be described by collisional transport because the transport
measured in experiments is anomalously high [I]. The transport which cannot be explained by
neoclassical theory is attributed to turbulent effects, where the main turbulent mechanism can
differ depending on the plasma regime. To understand and predict transport, parameter depen-
dencies of the heat transport have been investigated over the years [2]. The most prominent

experimental transport scalings are Bohm and gyro-Bohm. The difference between both scalings
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is xgB = p+xB With the Bohm diffusivity xg = 7'/(eB) and the normalized gyroradius p. = p/a
with a as the plasma minor radius and p = \/W/ B as the gyro-radius. It should be noted that
the mass dependence enters only with the gyro-radius in g while xp is independent of the mass.
In mono-isotope studies H-modes are found to follow gyro-Bohm in the electron and ion channel
while in L-mode the electrons are gyro-Bohm- and the ions Bohm-like [2] and references therein.
The main difference between L- and H-mode is the edge pedestal with its edge localised modes

(ELMs). It might be possible that these differences have an impact on the transport scalings.

The original argument for the Bohm and gyro-Bohm scaling was motivated with the impracticality
to scale dimensionally identical plasmas [3]. Dimensional identity would theoretically allow to
predict confinement properties. To enable scalings to larger machines the size parameter p, is
allowed to vary. This is called dimensionally similar when the other dimensionless parameters
are kept constant. The list of dimensionless parameters is long. Along with p, the list includes
normalised collisionality v,, normalized pressure (3, the gradient lengths R/Ly and R/L,, with
L7' = V(InT), the aspect ratio, safety factor and more. For dimensional similar parameter
scans exact knowledge of the scaling with p, is most important. This is because the values for
other dimensionless parameters - in particular, v, and - needed for an ignited plasma have been
achieved in present day experiments whereas p, has to be extrapolated the most from the range

already explored.

Gyro-Bohm theory assumes a scaling of the radial transport with a typical step length ~ p. So
one consequence of a gyro-Bohm scaling is to expect the mass dependence of the gyro-radius to
be found in the heat transport. This means plasmas with larger main ion mass should exhibit a
higher heat transport. However, despite the expectations the mass dependence of heat transport
is often found to go in the opposite direction [4]. This deviation between theory and observation

is commonly referred to as the isotope effect of transport.

For predictions towards future fusion devices it is particularly important to solve the question of
the isotope effect. Additional to the machine size, the ion mass in the plasma is a parameter that
will change from today’s experiments. While today mainly pure deuterium plasmas are studied,
a fusion plasma will have a significant amount of tritium. To understand the impact of the mass
of the hydrogen isotope on the plasma confinement multiple studies have been performed in the
past. However, no satisfactory explanation for the observed mass dependence has been found.
The experimental observations are summarized in the empirical scalings for the global thermal
energy confinement time 7 as derived from the international confinement databases. The relevant
dependencies are those for the heating power P and the mass number M which are similar for
H-mode 75 g3(y2) o< P29 M019 [5] and L-mode 751, oc P~ M99 [6], where 75 is the thermal
energy confinement time. The scaling laws show similar mass dependencies for L- and H-mode.
This is not obvious because the ELM behaviour is observed to change significantly when changing
the main ion mass [7,[8] and it was shown recently that the amount of ELM energy losses can
impact the pedestal and thereby the confinement [9]. Results from the JET DT campaign suggest
that the mass dependence of edge/pedestal and core transport differ significantly, while the core

transport is found to increase with mass the edge transport is reduced [I0]. Also the boundary
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FIG. 1: Timetraces of heating power (a), thermal stored energy (b), gas puff level (¢) and core line averaged density (d) for the
discharge in deuterium (red) and in hydrogen (blue). On the right a zoom with the analysed time window is given.

between L- and H-mode the L-H transition depends on the isotope mass [11].

In order to separate ELM and edge stability from transport physics in the core this paper con-
centrates on L-mode plasmas performed in ASDEX Upgrade. The H-mode studies including the
ELM physics are discussed in a different publication [12] where the main difficulties arising from

the transition to H-mode will be pointed out.

Even when restricting this study to L-mode plasmas, experimental difficulties arise from the mul-
titude of effects a variation in the isotope mass can trigger. Changes in heat and particle con-
finement, edge stability and sawtooth behaviour are observed with different isotope masses. The
causality between them is often not obvious. On top of that, secondary effects are introduced e.g.
by the necessity of using different or additional heating systems which often do not have the same

properties.

Considering this background it is not surprising that not all experiments concerning isotope scal-
ings are found to be consistent. While most isotope studies show a reduced confinement or en-
hanced transport for hydrogen compared to deuterium [4], exceptions are found for L-modes.
Beam heated L-modes in DIII-D show no effect of the main hydrogen isotope [7]. Also in DIII-D
L-modes the confinement reduction with lower isotope mass vanishes for go5 < 4.0 [13]. In the
ASDEX tokamak the magnitude of confinement difference between isotopes was found to vary
with neutral beam power and vanished for the lowest power level [14]. The L-mode scaling for the
thermal confinement time showed a M%2° mass dependence, however, when restricting the data
base to limiter configurations no mass dependence is observed [6]. For stellarators no isotope de-
pendence is found in the international database with variable heating schemes [15]. However, when
taking only electron heated L-mode discharges the ones with hydrogen show a lower confinement

time than those with deuterium [16].

The theoretical understanding of the isotope effect is still developing. One crucial ingredient might
be the zonal flow activity which is thought to regulate turbulence [I7]. Small scale residual zonal

flows are supposed to exhibit an isotope dependence [I8]. In particular, the geodesic acoustic



mode (GAM), a variant of a zonal flow, was recently proposed as a possible player in explaining
the isotope effect of transport. Probe measurements from smaller tokamaks suggest an isotope
dependence of the GAM amplitude which would be consistent, with the trends observed in transport
[19-21]. For the discharges presented in this contribution similar measurements of the GAM
activity were made with reflectometry, namely a lower GAM amplitude in the hydrogen plasma.
The details of these measurements are discussed in a separate publication [22]. Another approach
is provided by nonlinear gyrokinetic simulations with the GENE code which suggest the heat flux
scales weaker with p, than expected by gyro-Bohm [23]. Therefore, deviations from the gyro-
Bohm scaling are not necessarily incompatible with gyro-kinetic theory. Also measurements of
turbulence correlation lengths suggest that small scale turbulence ( 5p;) do scale with the main
ion mass or p,, while mesoscale structures (15-25p;) do not [22]. Structures on this scale are also
observed in numerical simulations with the gyrokinetic simulations [2425]. The relevance of these

structures in the turbulence in terms of heat transport is a field of active research.

In section 2 we present dimensionally similar plasmas with different p, which is achieved by varying
the main ion mass and matching the kinetic profiles. The experimental approach (section [ZT]) is
presented with a detailed analysis of the heat transport section To support the experimental
observations nonlinear gyrokinetic simulations performed with the GENE code are discussed in
section To translate the GENE results into global plasma parameters ASTRA simulations are
presented in section 2.4l In section [ the impact of the heating mix on the confinement loss in
hydrogen plasmas is quantified. In section [] the discussion is extended to a broader data set of

L-mode discharges. An overview and discussion of the results is given in section

2 Isotope scan

2.1 Experiment

The experimental strategy is to achieve a match in the kinetic profiles for two plasmas with
different, hydrogen isotopes as main ions. The profile match minimises effects on transport due to
Vs, B and the gradient lengths L;l = -V(nT) and L;' = —V(Inn), thereby, allows to identify

any influence the mass number has on transport and confinement.

The density in these discharges is chosen to be relatively high to allow for turbulence measurements
with reflectometry, additionally, for this density range discharges are very reproducible in AUG.
One important consequence of the higher density is that the collisionality is increased, resulting
in an improved coupling between electron and ion heat transport channels. At a given density the
heating power and thereby the temperature is limited by the prerequisite to stay in L-mode. The
discharges that achieved the best profile match were run with a plasma current of I, = 0.80 MA
and a toroidal field of By = —2.46 T resulting in a safety factor of go5 = 5.07.

The L-mode discharges described in this section are AUG#30693 with deuterium and AUG#31369
hydrogen as main gas. The isotope purity is above 90% for both cases as measured with neutral
particle analysis. They were very reproducible as they are exemplary for a series of several dis-

charges each in deuterium and hydrogen. An overview of important time traces is shown in figure
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FIG. 2: Radial profiles of electron density (a), electron temperature (b), ion temperature (c) and toroidal rotation (d) for the
discharge in deuterium (red) and in hydrogen (blue). The lines are fits to the data.

[ The power modulation of P,e; shown in figure[dl (a) is applied for perturbative transport anal-
ysis which will be described in section Here Pyet = Pou + Paux — dW/dt with the ohmic
power Pop, auxiliary heating P,,x by electron cyclotron resonance heating (ECRH) [26] or neutral
beam injection (NBI) and the stored energy W. A near perfect profile match was achieved with
only ECRH as auxiliary heating source. The profiles for electron density ne, electron temperature
T, ion temperature 7T; and toroidal rotation v, are shown in figure 2l The density is obtained
with the Thomson scattering diagnostic (TS) [27] for the core and the Li-beam diagnostic [28] for
the edge. The electron temperature is measured with electron cyclotron emission spectroscopy
(ECE) [29] and TS, the data is synchronised to sawteeth and in figure 2] (b) only pre-crash data
is shown. The ion temperature (c¢) and toroidal rotation (d) are measured with the charge ex-
change recombination spectroscopy (CXRS) [30,[3T]. The reversal of the toroidal rotation in the
center is a typical observation in AUG for the given collisionality regime and plasmas without
external momentum input [32]. The match of v, suggests the intrinsic rotation is unaffected by
the isotope mass. The uncertainties of the ion temperature and toroidal rotation measurement
are relatively large because of the low CXRS signal. The reason for the low signal is twofold, first
only short neutral beam blips could be used to avoid entering H-mode, second the L-mode plasmas
had a quite low impurity content. From the center up to mid-radius the effective charge Z.g is
close to 1 as determined from CXRS and bremsstrahlung [33]. Both the hydrogen and deuterium
discharge have comparable impurity contents up to pior ~ 0.7, where pio, is the square root of

the normalized toroidal flux, for the edge (pior > 0.7) the discharge in hydrogen shows a lower



impurity level. This is consistent with measurements by the bolometers [34], in the deuterium
discharge a radiating mantle is forming in the edge region which is not present in the hydrogen
discharge. However, the total radiated power is on a very low level, 150 k€W in deuterium and 100
kW in hydrogen, the difference is less than 5% of Pet.

The equilibrium used for the mapping and the modeling is calculated with an advanced analy-
sis method including the thermal pressure profile and the sawtooth inversion radius as additional
constraints [35]. This improves the estimate for the magnetic shear which can be crucial for gyroki-
netic simulations. The lines shown in figure 2l for T¢, T3, vtor are spline fits, for ne it is a modified
tanh fit (edge) and a 2nd order polynomial in the core. The fits of T, T}, ne use the boundary
condition of df /Optor = 0 at pyor = 0, where f = T, Ti, ne. These fits will be used to calculate all

derived quantities.

The mean ECRH power is 0.50 MW for deuterium and 0.81 MW for hydrogen, it consisted in
both cases of a constant source deposited on axis and a modulated source off axis. The latter was
applied for the heat pulse transport study which is discussed in section 2223 Adding the ohmic
heating and taking the different core radiation levels into account the power through the separatrix
is P2, =1.06 MW and P}, = 1.39 MW. This means that in deuterium 76% of the heating power
in hydrogen is needed to achieve the same stored energy in the plasma. The L-mode scaling law
is Tp1, oc P03 0920 6] and so for the stored energy W oc P%27M020 is expected. Now if the
stored energy should be matched for different isotopes W, = Wy the fairly weak mass contribution
is enhanced by the additional power degradation P oc M ~0:20/0-27 — =074 — (2/1)=0-74 — (.60.
The measured and expected heating ratio follow the same trend, in fact the discharge with hydrogen
main ions performs better than expected from the scaling. In terms of the confinement scaling

factors one gets: LP = 75 /mg 1, = 1.02, L™ = 1.16 - as comparison the more familiar H-mode

scaling: Hgy o) = T8 /T 08(y2) = 0.67, Hyg o) = 0.77.

The parameter that could not be matched perfectly in the mass scan was the sawtooth behaviour.
The details are discussed in section 2.2.2] and the differences are taken into account for the inter-

pretative modeling.

Another important parameter is the amount of gas fuelling necessary to match the density. In
contrast to H-mode, where an order of magnitude larger gas puffing is required in hydrogen to
achieve similar densities as in deuterium [12], the difference in gas puff is quite small in L-mode.
Only 0-30% larger gas puff is required which is within variations to be expected depending on
wall conditions. So there is no direct evidence of an isotope dependence of particle confinement in

L-mode.

The discharges described above meet the requirement, of minimal variation in v, and 8 and the
normalized gradient lengths R/Ly and R/L,. The corresponding radial profiles are illustrated
with their uncertainties in figure Bl and figure @l The gradient lengths and their uncertainties are

determined on radial windows of 3 cm length.
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FIG. 3: Radial profiles of the normalized gyroradius for electrons (a) and ions (b), the collisionality on logarithmic scale (c) and
the normalized total pressure (d).
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FIG. 5: Radial profiles for heat fluzes of electrons (a) and ions (b). The electron-ion heat exchange term is plotted in (c).

2.2 Transport analysis

2.2.1 Power Balance

The main tool for the power balance (PB) analysis is the TRANSP code [36]. It is used to determine
the heat flux profiles for electrons and ions. The input profiles are those discussed in section 2.1
The radiation and Z.g profiles are taken into account. The impact of the sawteeth on the heat flux
in TRANSP is treated based on the Kadomtsev model and assumes complete magnetic reconnection
inside the ¢ = 1 surface [37]. The resulting electron ¢, and ion heat fluxes ¢; are shown in figure [
(a) and (b). Despite the different ECRH power levels in both discharges the electron heat fluxes
match well for pi,, > 0.3. The reason for this is the mass dependence of the electron ion heat
transfer term [38] illustrated in figure [ (c)
3me 1 72 n?

- T—e(Te*Ti)O(E@(Te*Ti) (1)

Pei =

where 7, is the collision time for the electrons and Z; the ion charge number. Although only
electron heating is applied the heat fluxes are regulated by the electron-ion energy exchange which
is two times stronger in hydrogen compared to deuterium. Therefore, the additional electron
heating in hydrogen is in fact transported by the ion channel. This results in different ¢; for the
two isotopes as shown in figure [{ (b) with ¢! > ¢P and ¢f' > 1.5¢!! for most of the radius. The
uncertainties in the heat fluxes originate from the uncertainties in the heat transfer term which
accumulate over the radius. Therefore, it should be noted that the uncertainties of ¢, and ¢; are

not independent of each other, in particular, the sum g, + ¢; is known very accurately.

The match ¢! = ¢P is not a coincidence, but a consequence of the goal to match the electron
temperatures. The difference in heating power for the T, match is due to the differences in py;.
So the observations made here might be valid only for a certain collisionality and T, /T; domain.
In particular, the strong density dependence in pe; is important. This is because the heat transfer
term looses importance for lower densities which will be discussed in section @ The density in the
mass scan is high enough such that pe; has a significant impact on ¢, and ¢;. The consequence of
the higher heating power and larger p.; in hydrogen is ¢/! > ¢”. In this experiment the ion heat

flux was not an external control parameter, the experiment with ¢; control is discussed in section
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FIG. 6: Radial profiles of the electron temperature before and after a sawtooth crash for deuterium (a) and hydrogen (b). The
magnitude of the crash is shown in (c) as the ratio of temperatures before and after the crash.

There are three direct results of the power balance analysis. First, ¢; shows no gyro-Bohm de-
pendence because for the gyro-Bohm scaling \/iqu = ¢P is expected. Second, the electron heat
transport and therefore, the electron temperature is not affected by the changes in the ions. Third,
px or the isotope mass is not the only parameter that changed in the experiment, the ion heat
flux changed as well with ¢! /¢ = 1.5 at pyor = 0.6. The resulting power balance diffusivities
are varying over the radius. For the electrons they are x'® = 0.5 — 1.0 m?/s where the LB for
hydrogen equals the one of deuterium within this range. The uncertainties in the ion tempera-
ture gradients are too large to distinguish between hydrogen and deuterium, both gases show a

B =1-3m?/s.

2.2.2 Sawteeth

As indicated in the experimental overview the sawtoothing behaviour changes in the isotope scan.
The sawtooth frequencies differ between both discharges f2? = 85 Hz and fII = 120 Hz. This
change in sawtooth frequency is typically observed in isotope studies with a similar dependence
of fst ~ A7%5 []. The impact on the ion temperature was not measured, but is supposed to be
small because the ion temperature is comparably flat within the sawtooth inversion radius. In
this section it will be shown that all observed differences are a direct consequence of the higher

heating power power in hydrogen.

Figure [6] shows sawtooth synchronised electron temperature profiles before and after the crash for
deuterium (a) and hydrogen (b). The pre- and post-crash temperature ratio figure [l (c) nicely
illustrates that the size of the sawteeth does not change with the isotope mass. Additionally, the
sawtooth precursor mode has similar characteristics in amplitude and frequency (~ 2 kHz) for

both discharges.

With the fitted kinetic profiles and the known sawtooth frequency the temporal evolution of the
central stored energy Ay = dW/dt during the profile recovery is calculated. The temperature
profiles in hydrogen recover faster than in deuterium by an amount of A}, — AD, = (84+41)kJ/s =
(84+41)kW. The faster profile recovery is consistent with the effective electron heating within the

q = 1 surface which is 100 kW larger for hydrogen. The faster temperature evolution allows the
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crash condition to be reached earlier which explains the shorter period in hydrogen. Therefore,
no other explanation is necessary to understand the observed difference in sawtooth frequencies.
Also no other influencing factor is expected, as the kinetic profiles are matched nearly perfectly
and the ¢ = 1 surface is at same position. Therefore, relevant parameters like the shear or the

resistivity are also the same.

2.2.3 Perturbative transport analyses

The heat pulse (HP) analysis using ECRH to determine transport properties is a well established
method [39,40]. The ECRH is used to induce small localized perturbations, their response in the
electron temperature is measured over the radius. The perturbation is applied with a repetition
rate of w = 100 Hz and the response is measured with the sampling rate of 32 kHz of the ECE di-
agnostic. The position of the modulated ECRH is off-axis at pio, ~ 0.46. In the deuterium plasma
this gyrotron delivers on average 220 kW compared to 280 kW deposited on-axis, in hydrogen 290
kW are heated off-axis and 550 kW on-axis.

The Fourier analysis of the temperature perturbation yields radial amplitude A and phase ¢
profiles. These are used to characterise the heat pulse diffusion " which is calculated for slab

geometry with cylindrical corrections [411[42]
=

where r the minor radius of the measurement location.

The comparison of amplitude and phase profiles for the p, mass scan is shown in figure [l The
central region pior < 0.35 of the plasma is influenced by sawtooth crashes. However, for the outer
radii their impact on the perturbation amplitude is negligible which is observed in the individual
spectra. The profiles of amplitude and phase around the ECRH deposition illustrate that there is
no difference in the electron heat pulse propagation despite the different isotopes. The perturbation
of the electron temperature is only 14 eV or 2% at the heat deposition, so it is small and Eq. (2)
can be applied. The derived diffusivities for pio, € [0.34,0.44] are x{'y = 2.4 £ 0.9 m?/s and
XEE =2.240.3 m?/s. Since x"F reflects 9ge/0(VT,) these measurements extend the result that
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electron heat transport is not affected by the ion mass.

2.3 Transport modeling with GENE

The expected turbulence present in the plasma is determined via simulations with the GENE
code [43]. GENE solves self-consistently the gyrokinetic-Maxwell system of equations on a fixed
grid in a five dimensional phase space and time using a §f scheme. Two velocity coordinates
(v), #) and three spatial field-aligned coordinates (x,y,z) are used. Here, z is the coordinate
along the magnetic field line, which contains the description of the magnetic geometry. The radial
coordinate x and the binormal coordinate y expand a radially local volume in the neighbourhood
of the reference magnetic surface, labeled with the effective radius pyo,. This is known as the
flux tube approximation, and in axisymetric systems describes the full magnetic surface. The
boundary conditions in (z,y) allow for a Fourier representation denoted by (k,, k), which is com-
putationally much more convenient. We perform three kinetic species simulations (ions, electrons
and impurities) include electromagnetic effects, collisions and the macroscopic E x B shear flow

present in AUG.

In linear simulations, we use n, = 9 points in the radial position, one mode in the y direction and 32
points in z. The magnetic equilibrium geometry is taken from the TRACER-EFIT interface [44].
Since we consider collisions, the grid in velocity space requires n,, = 64 and n,, = 16 points, instead

of the usual n,=8 in collisionless simulations.

Nonlinear (turbulent) runs require ng, = 128 and ny, = 48 modes in Fourier space, while the other
grid dimensions remain unchanged. In real space, the box size of (z,y) is &~ 125p, each, being ps the
sound gyroradius. In this way we resolve a range of k, - ps € (0,2.2), covering the ion temperature
gradient (ITG) and trapped electron mode (TEM) scales. The electron temperature gradient
(ETQ) turbulence is found to be negligible for the global power balance in these scenarios. Since
we are using the df and local approximations, the simulations are gradient driven, in the sense
that the transport is created by the prescribed background gradients of density and temperature
provided by the experimental data. Exhaustive convergence tests have been run to fix those
numerical parameters. Each of the nonlinear runs presented in this work requires around 80.000
CPU hours to run. In this way we have enough time in the turbulence saturated phase to obtain

meaningful statistical observations.

To illustrate the trends resulting from gyrokinetics an arbitrary scan of the ion temperature gra-
dient, length Lp; was performed around the experimental data. The gradient scans in linear
simulations suggest negligible influence of Ly, and L,, on the outcome of the nonlinear simulation.

The ITG drive is the dominant turbulent mechanism for these discharges.

The main result of the nonlinear Lz; scan is shown in figure 8 with the experimental measurements
for two different radial positions in the plasma. In figure ] the total heat fluxes Qo = Qe + Qi
are plotted against the inverse ion temperature gradient length R/Lp;, here Q = gA. As expected
these GENE simulations show that ITG turbulence reacts very sensitively to changes in Lp;. In
figure[R the heat fluxes in deuterium expected by the gyro-Bohm scaling, for a given hydrogen heat
flux, are indicated by the dashed lines. It is observed that the heat fluxes do not follow gyro-Bohm
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FIG. 8: Total heat fluzes plotted against the inverse ion temperature gradient length from
for two different radii. Open symbols are nonlinear GENE simulations and full symbols data
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experimental measurements.
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FIG. 10: Individual heat flux channels of electrons (a) and ions (b) with the experimental data from figure [3 as lines and the
GENE values from the total fluz match as points.

theory at pror = 0.6 because QP < v/2QM while at the outer radii pior = 0.8 the deviation from
gyro-Bohm is smaller. For both radii the simulated fluxes do not follow the experimental trend
Q" > QP.

To illustrate the uncertainties, T} profiles are reconstructed with a Lp; for which the simulation
yields the experimental values of the total flux. The Lp; profile is a spline fit using the two known
values at radii py, = 0.6 and 0.8 and additional boundary conditions using the experimental values
of Ti(ptor = 1.0), Lri(ptor = 0.0) and Lyi(ptor = 1.0). These boundary conditions are reasonable
for L-mode plasmas. The results are shown in figure [@ and the Lp; variation predicted by GENE
to account for a 30% variation in heat fluxes is just within the experimental uncertainties. An
independent measurement to test the differences in 7; is the stored energy, however, the impact on
the stored energy is below 10% and also within the uncertainties. The relative difference between
deuterium and hydrogen as expected by the simulation is well within the uncertainties of the

CXRS measurements.

Above only total heat fluxes were considered because the experimental value of Qio¢ is most
robust. However, the ITG turbulence does not only drive ion but also electron heat flux and in
section 2.2.T]the importance of the individual transport channels was pointed out. If the total heat

fluxes are matched with the experimental ones, GENE predicts a distribution for the heat fluxes
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which is dominated by the ion channel. For pi,, = 0.6 the total heat flux match is well within
the experimental uncertainties, for pio, = 0.8 the flux match is only achieved when pushing the
local gradients to the utmost boundaries of the uncertainty. The importance of the ion channel
is observed in hydrogen as well as in deuterium. In the simulation about 80% of the additional
heat flux in the hydrogen discharge is going through the ion channel. The same trend is observed
in the experiment and also the absolute values are consistent with the measurements within the

uncertainties as shown in figure [I0

It has to be noted that the separation of heat fluxes in the ions for hydrogen and deuterium is no
direct consequence of the different isotopes in the gyrokinetic simulations. It is a consequence of
the variation in ion temperature gradient length to achieve the total flux match. This means if
the total heat flux in the plasma increases and the transport channels are coupled the majority of
the heat will be transported over the ion channel in an ITG dominated case. This prediction by

GENE is also observed in experiment.

One criticism of these kind of gradient scans with the GENE code is that often the uncertainties of
the measurement in R/ Lt are enough to be consistent with a broad range of heat fluxes. Therefore,
the data obtained here is used to show that the strong relation between temperature gradients
and heat fluxes is compatible with experimental observations. To do so we estimate the power
degradation in the ions expected due to ITG turbulence as predicted by GENE . The ion stored
energy is determined from T profiles which are reconstructed from R/L7; following the method
described for figure [@ and neglecting possible edge contributions which is justified under L-mode
conditions. As ion heating we take the ion heat flux from the simulation for a given R/Ly;. This
directly gives the power degradation of the ion energy confinement time 7 ; o Pfo'64i0'10 which is
similar to the power degradation in the global confinement time scaling. To test the quality of this
result the exponent ap for the power degradation is determined for different values of transport
stiffness. Assuming a stiffness half the GENE value gives ap = —0.44 and with twice the value
ap = —0.76. Therefore, the profile stiffness deduced from the GENE results seems to be at the
lower end of the spectrum which is still compatible with the experimental scaling law. Weaker

stiffness deviates significantly from the experimental values while stronger stiffness remains within

the experimental uncertainties.

The power degradation of the global confinement time 7 cannot be inferred directly because
GENE does not predict the T, profile response on additional electron heat flux as this would

require multi-scale simulations in order to assess the fine-scale (ETG) turbulence contribution.

2.4 Transport modeling with ASTRA

In the previous section gyrokinetic simulations were discussed which showed that a change in
isotope does not necessarily result in a change of heat transport. In this section we will describe
predictive ASTRA [45] simulations which show that a reduction of confinement is possible with the

same transport coeflicients.

For this purpose the critical gradient transport model is used as heat diffusivity for both electrons
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FIG. 11: Ezperimental data (points) and simulated temperature profiles (lines) using the critical gradient model in the ASTRA
transport code. The deuterium plasma is shown in (a), the hydrogen plasma in (b) and a comparison of the simulated profiles in

(c)-

and ions [46]

T R R T
Ve Tl .l (I 3/2L Ps
X = x4 <LT Hc> (LT Hc) +x0¢” E (3)

with the stiffness parameter x5, the safety factor ¢, the critical gradient x., H(x) as a Heaviside
function and x( the parameter for the transport below the threshold. There is an explicit mass
dependence in the gyroradius ps, but, both simulations use the same mass for the gyroradius, the
one of deuterium. The transport coefficients are the same for both gases. For the electrons constant
values are chosen (xs, ke, x0) = (0.3,4.0,0.1). These values are typical for AUG plasmas [47] and
they are in good agreement with the measurements of the perturbative transport as described in
section The ion heat transport is set to be more stiff xs = 1.0 m?/s and with neoclassical
values for . For the critical gradient the values from the GENE simulations are taken along with
a radial dependence as in the Weiland model [48]. The main contribution to the radial dependence

is via T, /T; and reduces k. for a larger ratio which is consistent with results from AUG [49].

With the experimental heat fluxes the model reproduces the experimental profiles nearly perfectly.
For deuterium this is illustrated in figure[I] (a) and for hydrogen in figure[IIl (b). A comparison of
the simulated profiles in hydrogen and deuterium is shown in figure[IT] (c). The differences between
both simulations are the higher ECRH power for the hydrogen plasma and the energy exchange
term between electrons and ions Eq. (@), which is twice as efficient in hydrogen compared to
deuterium. The match of simulated and measured profiles using the experimental heating powers
directly means that also the global confinement parameters are reproduced by the model. In
particular, we find a reduction of the confinement time in the hydrogen plasma with 7 = 0.757%.
The higher x; in the case of hydrogen is a consequence of the higher heat flux in the ion channel

and not a mass dependence of the heat transport.

Although, the 7} measurements are not accurate enough to completely exclude a dependence
between heat transport and isotope mass. It is sufficient to have the same transport coefficients for
hydrogen and deuterium to reproduce the experimental profiles and global confinement properties.
Only the well known mass dependence of the collisional energy exchange between electrons and

ions has to be taken into account.
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FIG. 12: Timetraces of time averaged heating power (a), thermal stored energy (b), gas puff level (¢) and core line averaged
density (d) for the electron heated case (red) and the one with direct ion heating (black). On the right a zoom with the analysed
time window is given.

3 Change of electron to ion heating ratio

As discussed in the previous sections a change of the isotope mass will also vary the distribution
of electron vs. ion heat flux even in a purely electron heated case. The ratio of electron and ion
heat flux can also be varied by means of auxiliary heating in a single plasma with just one main

ion species.

In figure [[2 the time traces of the ECRH only discharges discussed in section [Z1] are shown again
with an additional discharge in black with partly direct ion heating by NBI. The aim was to achieve
an identity match in the same gas with different heating methods. The new discharge AUG#33708
used Pygr = 0.56 MW and Pgcrua = 0.16 MW. The first observation is that PS,%)NBI =1.24 MW
is necessary for a profile match which corresponds to PSEI;)NBI /PSEI;)ECRH = 1.18 meaning more
power is applied with NBI. The corresponding profiles are shown in figure In particular, the
ion temperature is matched extremely well despite 0.3 MW direct ion heating due to the NBI.
Although, the line averaged density matches perfectly, the density profile with direct fuelling by
the NBI and reduced ECRH power is less peaked [50]. The core toroidal rotation is positive due
to the torque induced by the NBI but towards the edge the rotation is on a similar level for all

discharges. Overall, the dimensionless match is quite good. Yet, significant differences in the

confinement are observed.

Since the stored energy is the same for different heating levels this would result in a power degra-
dation of the global confinement time of 75 = W/ Pyet o< Poot™’. This is shown in figure [ where
the difference between hydrogen and deuterium still can be described with the mass dependence
in the confinement time scaling. However, for the discharge with direct ion heating by NBI 75 lies

directly in between the deuterium and hydrogen point.

To understand these differences it is illustrating to consider electron and ion energy confinement

times separately. In the standard 0D approach of the global energy confinement time this is not
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FIG. 13: Radial profiles of electron density (a), electron temperature (b), ion temperature (c) and toroidal rotation (d) for the
discharge only ECRH (red) and the one with dominantly NBI heating (black).

FIG. 1}: Global energy confinement time plotted against the net
heating power. The lines correspond to different scaling expres-
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FIG. 16: Temperature profiles for a hydrogen plasma with an electron heated phase (ECRH only) and a phase with similar total
power but significant ion heating (ECRH+NBI).

foreseen. In a separate treatment of electrons and ions it is important to take 1D effects into
account. This is because the radial profiles of heat sources and sinks can differ significantly for
electrons and ions depending on the applied heating method. Central heating is obviously more
efficient than off-axis heating. Therefore, an effective averaged heating is defined for each species

j=e,ias

_ deQj
! f dr(Qe + Ql)

where the renormalisation to P,e¢ is done so that the new effective quantities still compare to

Pret (4)

the global ones. The species energy confinement time is then 7 ; = Wiy, ;/ P, with Wiy, ; being
the thermal stored energy of electrons or ions. The integral is evaluated for the main transport
region from the sawtooth inversion radius up to pior = 0.80. A variation of the integral limits is
taken into account in the uncertainties. With rej = Wi e/Win i the relation to the global energy
confinement time becomes

(14 7rei)TE.c TR

R = S e 5
TE,e T TeiTE,i 5)

When plotting g j for all three discharges in figure[[5lit becomes evident that the ion energy con-
finement time is lower than the electron confinement time for similar heating powers. Additionally,
the ion confinement time is the same for hydrogen and deuterium when the same amount of heat
is put into the ions. The power degradation expected for the ions from the GENE simulations
described in section is compatible with the experimental data independently of the main ion
mass. The different global energy confinement times arise from the offset between 74 . and 74, it
follows for the analysed ITG dominated regime that more heat in the ions or an increase of P/P,

will cause a lower global energy confinement time simply because x; > Ye-

The density in the three discussed discharges is relatively high and therefore, the coupling of
electron and ion heat channels is quite efficient. To illustrate the concept described in the previous
paragraph more distinctly, also a low density L-mode is discussed for the remainder of this section.
The low density allows more control over the heat ratio because pe; is negligible in this particular
case. The L-mode with hydrogen main ions has two phases with the same total net heating power
and achieves for ECRH only heating P./P, ~ 0.3 and with ECRH-+NBI heating P./P, ~ 0.8. The
resulting profiles are shown in figure [T6] (a) where the T, /T; ratio decreases significantly with NBI
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FIG. 17: The L-mode confinement factor without its mass dependence plotted against the ratio of thermal energy confinement

time and enerqy exchange time between electrons and ions. The mass dependence from the scaling is indicated by the dashed lines
for hydrogen isotopes 202 = 1.15.

heating. The temperature is plotted on a logarithmic scale to highlight the gradient lengths which
do not change for the different heating mixes, additionally, R/Lye > R/Ly; for ppo € [0.2,0.8] -
at mid radius R/Ly. = 9.0 and R/Lp; = 5.0. The variation in temperature is dominated by the
edge as illustrated for the electrons in (b) and for the ions in (c). Despite similar total heating

power a difference in confinement is observed: Lrgcru/Lrecru+npr = 1.16.

To achieve a stored energy match without varying the heating mix - like in the isotope experiments
- the power degradation or profile stiffness has to be taken into account. Using again the L-mode
scaling law the necessary power becomes Pgcruinpr = 1.7Pgcru. In practise, the application of
this amount of heating will likely put the plasma beyond the L to H threshold, thereby preventing

a comparison of L-mode confinement.

A similar discharge run in deuterium confirmed the observations made in hydrogen. In a plasma
with different gradient lengths in electron and ion temperature a shift of heat into the channel with
lower gradient length will reduce the confinement. This correlation is expected to break with a
change of transport parameters induced by the different heating schemes. The correlation is most
pronounced in discharges in hydrogen or deuterium when electron and ion channels are decoupled.
It should be noted that the observation is consistent with the gyro-Bohm picture for mono-isotopic

studies. The heat fluxes vary with temperature as ¢/ T°/2 for both electrons and ions.

4 L-mode data set

The dedicated L-mode discharges presented in the previous section draws a physics picture which
should be compatible with a broader database of AUG discharges. For this purpose we analyse
the L-mode phase from a L-H transition study in H and D [I1]. These additional discharges are
all with 1.0 MA and -2.5 T, the heating is dominantly ECRH, but includes also phases with NBI
particularly in hydrogen. The range of volume averaged effective collisionality for these discharges
is 0.003 to 0.070 where upper end corresponds to the discharges discussed in the previous sections.
To compare this data set with the 0.8 MA discharges from the p,-scan the confinement time is
normalized to the L-mode confinement time scaling [6] without its mass dependence of M%2. A

parameter to encompass the findings of the previous sections is 7g/7e; Where 7o; = Tem;/(2me) is
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the energy exchange time between electrons and ions with the electron-ion collision time 7,. This
ratio depends mainly on isotope mass number and plasma density. In figure [T the confinement
factor is plotted against 75 /7. The separation due to the isotope mass expected from the empirical
scaling is indicated by horizontal lines. However, the experimental data does not follow this trend.

At a /7 where data for both isotopes exists no separation in confinement time is observed.

This larger data set of AUG L-modes does not support the mass dependence expected from the
scaling law, but confirms the results of the dimensionless p, scan: for matched conditions no

isotope dependence on confinement is observed.

5 Discussion

In ASDEX Upgrade experiments are performed to explore the impact of p, and the ion mass on the
core confinement. To analyse core transport effects the impact of the edge plasma is minimized.

In particular, ELMs are avoided by choosing an L-mode scenario.

The dimensionless mass- and p,-scan reveals that the lower confinement in hydrogen compared
to deuterium plasmas is accompanied by a larger ion heat flux due to the enhanced electron ion
heat transfer. The electron transport channel is unaffected by the different main ion mass, as
indicated by both power balance and perturbative heat transport analysis. In this case the reason
for TH = TP is trivially ¢!! = ¢P. A significant impact on the electron temperature in these ITG
dominated discharges is also not expected from nonlinear GENE simulations. It remains that the
ion heat flux is over 50% larger in hydrogen compared to deuterium for the same stored energy.
The GENE simulations highlight the importance of the ion heat transport channel. An increase of
heat transport due to the isotope mass is not expected for ITG dominated plasmas. It is possible to
explain the heat fluxes between simulation and experiments within the uncertainties. However, the
ITG turbulence is so sensitive to R/Ly; that the ion heat flux can increase significantly while the
change in the ion temperature profile remains marginal. When quantifying the sensitivity of Q; to
changes of R/Ly; - or the stiffness of heat transport by GENE - the value is well within the range
expected from empirical scaling laws. A reduced stiffness is not compatible with experimental

findings. This observation is independent of the isotope mass.

The knowledge from gyrokinetic simulations is used in the ASTRA transport code. The resulting
simulations show that it is sufficient to use the same coefficients in the transport model for hydrogen
and deuterium and still reproduce the experimental profiles and global confinement properties.
Only the well known mass dependence of the electron-ion energy exchange has to be taken into

account.

This concept is confirmed by additional experiments with the same isotope mass. They show that
larger ion heat fluxes - due to direct ion heating with NBI - will lead to reduced confinement when
R/Ly; < R/Lre and when the type of transport is not changed by the different heating. The
different toroidal rotation in the case with direct ion heating by neutral beams could also have an
influence on the transport, however, in the core faster rotation is typically observed to stabilise

transport [5I] and not to destabilise it. Therefore, the change in rotation is unlikely to cause the



observed reduction in confinement.

In the analysed set of L-mode discharges the appearance or magnitude of the “isotope effect”
depends on the electron-ion energy exchange or the applied heating method and less so on a
change of transport properties due to a different isotope mass number. However, in H-mode the
isotope effect is observed to appear very robustly under all conditions. ELMs and edge stability
seem to play a significant part in the understanding of the isotope effect in H-mode [52]. Still it
is not the complete picture since already at the L-H transition different heat fluxes in the ions are
observed when comparing different isotopes [II]. It was proposed that the radial electric field F;
well is the governing parameter and to achieve similar VT; a higher ¢ is necessary in hydrogen.
This is consistent with the observation that for direct ion heating with NBI more ¢; is required
to counteract the reduction of E, due to faster edge toroidal rotation [53]. In normal L-mode the
edge electric field is up to a factor of two below the value at the L-H transition [5455]. The reason
for the initial buildup of the E, is often linked with GAM activity whose amplitude increases
towards the L-H transition in low density discharges [56]. The GAMs itself are again influenced
by the main ion mass [20,22]. This could be an explanation for the different ¢ at the transition.
However, in L-mode - well away from the transition where the GAM amplitude is lower - their

impact on transport would be less pronounced and it would not necessarily remain significant.

Recently, an additional effect on core turbulence due to isotope mass was discussed, the stabilising
effect of E x B shearing. The stabilisation differs with isotope for an ITER like H-mode plasma as
predicted by GENE [57]. The E x B effects are also taken into account in the simulations discussed
in section 23] but due to the much lower plasma rotation their impact on the heat fluxes is
negligible. Therefore, the stabilisation of core turbulence by E x B shear is another promising

piece of the puzzle to explain the different magnitude of the isotope effect in L- and H-mode.

Altogether, there are a variety of effects that help to understand the isotope dependence of con-
finement in H-mode, however, all these effects are expected to become smaller if not negligible
in L-mode. Therefore, it is not surprising to observe a weaker or no isotope dependence of heat

transport in L-mode.

It was pointed out that the ratio of ion to electron heat - which is influenced by the isotope mass
- can cause a change in the global energy confinement time without the necessity of an isotope
dependence in the heat transport. In such a situation 7 is not suited to describe the underlying

transport physics.

Due to the mass dependence in the collisional energy exchange term the confinement depends
crucially on the properties of the underlying transport mechanism. In particular, the different
stiffness values of the electron and ion heat transport become important. In the ITG dominated
regime discussed here the higher stiffness of the ion heat transport leads to a reduced confinement
in hydrogen. In contrast to that, recently studied JET L-mode plasmas exhibited a significant
ETG contribution to the transport resulting in a higher stiffness of the electron heat transport

and yse > xs.i [28]. This might lead to a different isotope dependence of confinement.

The difference in 75 can be explained with the electron and ion energy exchange. However, a

small impact of the isotope mass on the transport coefficients cannot be excluded within the

20
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measurement uncertainties. This is found for an ITG dominated case and should be investigated

in different turbulence regimes e.g. ETG or TEM dominated plasmas.

In terms of future devices and tritium operation the findings of this paper suggest only a small
or negligible isotope dependence of transport in L-mode. Due to larger machine size and longer
energy confinement times the impact of the isotope mass on the energy equilibration time will
become less important than for the medium sized electron heated plasmas investigated here. This
will result in a reduced impact of differences in electron and ion heat transport when comparing
plasmas with different isotopes. However, the L-mode results are not applicable to H-mode where

the pedestal and the ELMs seem to govern the isotope effects.
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