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Abstrat:

In ASDEX Upgrade (AUG) the normalised gyroradius ρ⋆ was varied via a hydrogen isotope san

while keeping other dimensionless parameters onstant. This was done in L-mode to minimise the

impat of pedestal stability on on�nement.

Power balane and perturbative transport analyses reveal that the eletron heat transport is

una�eted by the di�erent isotope masses. Nonlinear simulations with the Gene ode suggest

that these L-mode disharges are ITG dominated. The di�erent gyroradii due to the isotope mass

do not neessarily result in a hange of the predited heat �uxes. This result is used in simulations

with the Astra transport ode to math the experimental pro�les. In these simulations the

experimental pro�les and on�nement times are reprodued with the same transport oe�ients

for hydrogen and deuterium plasmas. The mass only enters in the energy exhange term between

eletrons and ions.

These numerial observations are supported by additional experiments whih show a lower ion

energy on�nement ompared to that of the eletrons. Additionally, hydrogen and deuterium

plasmas have a similar on�nement when the energy exhange time between eletrons and ions is

mathed.

This strongly suggests that the observed isotope dependene in L-mode is not dominated by a

gyroradius e�et, but a onsequene of the mass dependene in the ollisional energy exhange

between eletrons and ions.

1 Introdution

Heat transport is a key issue in understanding fusion plasmas. It is well known that the transport

proesses in the main plasma annot be desribed by ollisional transport beause the transport

measured in experiments is anomalously high [1℄. The transport whih annot be explained by

neolassial theory is attributed to turbulent e�ets, where the main turbulent mehanism an

di�er depending on the plasma regime. To understand and predit transport, parameter depen-

denies of the heat transport have been investigated over the years [2℄. The most prominent

experimental transport salings are Bohm and gyro-Bohm. The di�erene between both salings

∗
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is χgB = ρ⋆χB with the Bohm di�usivity χB = T/(eB) and the normalized gyroradius ρ⋆ = ρ/a

with a as the plasma minor radius and ρ =
√
mT/B as the gyro-radius. It should be noted that

the mass dependene enters only with the gyro-radius in χgB while χB is independent of the mass.

In mono-isotope studies H-modes are found to follow gyro-Bohm in the eletron and ion hannel

while in L-mode the eletrons are gyro-Bohm- and the ions Bohm-like [2℄ and referenes therein.

The main di�erene between L- and H-mode is the edge pedestal with its edge loalised modes

(ELMs). It might be possible that these di�erenes have an impat on the transport salings.

The original argument for the Bohm and gyro-Bohm saling was motivated with the impratiality

to sale dimensionally idential plasmas [3℄. Dimensional identity would theoretially allow to

predit on�nement properties. To enable salings to larger mahines the size parameter ρ⋆ is

allowed to vary. This is alled dimensionally similar when the other dimensionless parameters

are kept onstant. The list of dimensionless parameters is long. Along with ρ⋆ the list inludes

normalised ollisionality ν⋆, normalized pressure β, the gradient lengths R/LT and R/Ln with

L−1
T = ∇(lnT ), the aspet ratio, safety fator and more. For dimensional similar parameter

sans exat knowledge of the saling with ρ⋆ is most important. This is beause the values for

other dimensionless parameters - in partiular, ν⋆ and β - needed for an ignited plasma have been

ahieved in present day experiments whereas ρ⋆ has to be extrapolated the most from the range

already explored.

Gyro-Bohm theory assumes a saling of the radial transport with a typial step length ∼ ρ. So

one onsequene of a gyro-Bohm saling is to expet the mass dependene 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 expetations the mass dependene of heat transport

is often found to go in the opposite diretion [4℄. This deviation between theory and observation

is ommonly referred to as the isotope e�et of transport.

For preditions towards future fusion devies it is partiularly important to solve the question of

the isotope e�et. Additional to the mahine size, the ion mass in the plasma is a parameter that

will hange from today's experiments. While today mainly pure deuterium plasmas are studied,

a fusion plasma will have a signi�ant amount of tritium. To understand the impat of the mass

of the hydrogen isotope on the plasma on�nement multiple studies have been performed in the

past. However, no satisfatory explanation for the observed mass dependene has been found.

The experimental observations are summarized in the empirial salings for the global thermal

energy on�nement time τE as derived from the international on�nement databases. The relevant

dependenies are those for the heating power P and the mass number M whih are similar for

H-mode τE,98(y2) ∝ P−0.69M0.19
[5℄ and L-mode τE,L ∝ P−0.73M0.20

[6℄, where τE is the thermal

energy on�nement time. The saling laws show similar mass dependenies for L- and H-mode.

This is not obvious beause the ELM behaviour is observed to hange signi�antly when hanging

the main ion mass [7, 8℄ and it was shown reently that the amount of ELM energy losses an

impat the pedestal and thereby the on�nement [9℄. Results from the JET DT ampaign suggest

that the mass dependene of edge/pedestal and ore transport di�er signi�antly, while the ore

transport is found to inrease with mass the edge transport is redued [10℄. Also the boundary
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FIG. 1: Timetraes of heating power (a), thermal stored energy (b), gas pu� level () and ore line averaged density (d) for the

disharge 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 physis in the ore this paper on-

entrates on L-mode plasmas performed in ASDEX Upgrade. The H-mode studies inluding the

ELM physis are disussed in a di�erent publiation [12℄ where the main di�ulties arising from

the transition to H-mode will be pointed out.

Even when restriting this study to L-mode plasmas, experimental di�ulties arise from the mul-

titude of e�ets a variation in the isotope mass an trigger. Changes in heat and partile on-

�nement, edge stability and sawtooth behaviour are observed with di�erent isotope masses. The

ausality between them is often not obvious. On top of that, seondary e�ets are introdued e.g.

by the neessity of using di�erent or additional heating systems whih often do not have the same

properties.

Considering this bakground it is not surprising that not all experiments onerning isotope sal-

ings are found to be onsistent. While most isotope studies show a redued on�nement or en-

haned transport for hydrogen ompared to deuterium [4℄, exeptions are found for L-modes.

Beam heated L-modes in DIII-D show no e�et of the main hydrogen isotope [7℄. Also in DIII-D

L-modes the on�nement redution with lower isotope mass vanishes for q95 < 4.0 [13℄. In the

ASDEX tokamak the magnitude of on�nement di�erene between isotopes was found to vary

with neutral beam power and vanished for the lowest power level [14℄. The L-mode saling for the

thermal on�nement time showed a M0.20
mass dependene, however, when restriting the data

base to limiter on�gurations no mass dependene is observed [6℄. For stellarators no isotope de-

pendene is found in the international database with variable heating shemes [15℄. However, when

taking only eletron heated L-mode disharges the ones with hydrogen show a lower on�nement

time than those with deuterium [16℄.

The theoretial understanding of the isotope e�et is still developing. One ruial ingredient might

be the zonal �ow ativity whih is thought to regulate turbulene [17℄. Small sale residual zonal

�ows are supposed to exhibit an isotope dependene [18℄. In partiular, the geodesi aousti
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mode (GAM), a variant of a zonal �ow, was reently proposed as a possible player in explaining

the isotope e�et of transport. Probe measurements from smaller tokamaks suggest an isotope

dependene of the GAM amplitude whih would be onsistent with the trends observed in transport

[19�21℄. For the disharges presented in this ontribution similar measurements of the GAM

ativity were made with re�etometry, namely a lower GAM amplitude in the hydrogen plasma.

The details of these measurements are disussed in a separate publiation [22℄. Another approah

is provided by nonlinear gyrokineti simulations with the Gene ode whih suggest the heat �ux

sales weaker with ρ⋆ than expeted by gyro-Bohm [23℄. Therefore, deviations from the gyro-

Bohm saling are not neessarily inompatible with gyro-kineti theory. Also measurements of

turbulene orrelation lengths suggest that small sale turbulene ( 5ρi) do sale with the main

ion mass or ρ⋆, while mesosale strutures (15-25ρi) do not [22℄. Strutures on this sale are also

observed in numerial simulations with the gyrokineti simulations [24,25℄. The relevane of these

strutures in the turbulene in terms of heat transport is a �eld of ative researh.

In setion 2 we present dimensionally similar plasmas with di�erent ρ⋆ whih is ahieved by varying

the main ion mass and mathing the kineti pro�les. The experimental approah (setion 2.1) is

presented with a detailed analysis of the heat transport setion 2.2. To support the experimental

observations nonlinear gyrokineti simulations performed with the Gene ode are disussed in

setion 2.3. To translate the Gene results into global plasma parameters Astra simulations are

presented in setion 2.4. In setion 3 the impat of the heating mix on the on�nement loss in

hydrogen plasmas is quanti�ed. In setion 4 the disussion is extended to a broader data set of

L-mode disharges. An overview and disussion of the results is given in setion 5.

2 Isotope san

2.1 Experiment

The experimental strategy is to ahieve a math in the kineti pro�les for two plasmas with

di�erent hydrogen isotopes as main ions. The pro�le math minimises e�ets on transport due to

ν⋆, β and the gradient lengths L−1
T = −∇(lnT ) and L−1

n = −∇(lnn), thereby, allows to identify

any in�uene the mass number has on transport and on�nement.

The density in these disharges is hosen to be relatively high to allow for turbulene measurements

with re�etometry, additionally, for this density range disharges are very reproduible in AUG.

One important onsequene of the higher density is that the ollisionality is inreased, resulting

in an improved oupling between eletron and ion heat transport hannels. At a given density the

heating power and thereby the temperature is limited by the prerequisite to stay in L-mode. The

disharges that ahieved the best pro�le math were run with a plasma urrent of I
p

= 0.80 MA

and a toroidal �eld of Bt = −2.46 T resulting in a safety fator of q95 = 5.07.

The L-mode disharges desribed in this setion are AUG#30693 with deuterium and AUG#31369

hydrogen as main gas. The isotope purity is above 90% for both ases as measured with neutral

partile analysis. They were very reproduible as they are exemplary for a series of several dis-

harges eah in deuterium and hydrogen. An overview of important time traes is shown in �gure
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FIG. 2: Radial pro�les of eletron density (a), eletron temperature (b), ion temperature () and toroidal rotation (d) for the

disharge in deuterium (red) and in hydrogen (blue). The lines are �ts to the data.

1. The power modulation of Pnet shown in �gure 1 (a) is applied for perturbative transport anal-

ysis whih will be desribed in setion 2.2.3. Here Pnet = POH + Paux − dW/dt with the ohmi

power POH, auxiliary heating Paux by eletron ylotron resonane heating (ECRH) [26℄ or neutral

beam injetion (NBI) and the stored energy W . A near perfet pro�le math was ahieved with

only ECRH as auxiliary heating soure. The pro�les for eletron density n
e

, eletron temperature

T
e

, ion temperature T
i

and toroidal rotation vtor are shown in �gure 2. The density is obtained

with the Thomson sattering diagnosti (TS) [27℄ for the ore and the Li-beam diagnosti [28℄ for

the edge. The eletron temperature is measured with eletron ylotron emission spetrosopy

(ECE) [29℄ and TS, the data is synhronised to sawteeth and in �gure 2 (b) only pre-rash data

is shown. The ion temperature () and toroidal rotation (d) are measured with the harge ex-

hange reombination spetrosopy (CXRS) [30, 31℄. The reversal of the toroidal rotation in the

enter is a typial observation in AUG for the given ollisionality regime and plasmas without

external momentum input [32℄. The math of vtor suggests the intrinsi rotation is una�eted by

the isotope mass. The unertainties of the ion temperature and toroidal rotation measurement

are relatively large beause of the low CXRS signal. The reason for the low signal is twofold, �rst

only short neutral beam blips ould be used to avoid entering H-mode, seond the L-mode plasmas

had a quite low impurity ontent. From the enter up to mid-radius the e�etive harge Zeff is

lose to 1 as determined from CXRS and bremsstrahlung [33℄. Both the hydrogen and deuterium

disharge have omparable impurity ontents up to ρtor ∼ 0.7, where ρtor is the square root of

the normalized toroidal �ux, for the edge (ρtor > 0.7) the disharge in hydrogen shows a lower
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impurity level. This is onsistent with measurements by the bolometers [34℄, in the deuterium

disharge a radiating mantle is forming in the edge region whih is not present in the hydrogen

disharge. However, the total radiated power is on a very low level, 150 kW in deuterium and 100

kW in hydrogen, the di�erene is less than 5% of Pnet.

The equilibrium used for the mapping and the modeling is alulated with an advaned analy-

sis method inluding the thermal pressure pro�le and the sawtooth inversion radius as additional

onstraints [35℄. This improves the estimate for the magneti shear whih an be ruial for gyroki-

neti simulations. The lines shown in �gure 2 for T
e

, Ti, vtor are spline �ts, for ne

it is a modi�ed

tanh �t (edge) and a 2nd order polynomial in the ore. The �ts of T
e

, Ti, ne

use the boundary

ondition of ∂f/∂ρtor = 0 at ρtor = 0, where f = T
e

, Ti, ne

. These �ts will be used to alulate all

derived quantities.

The mean ECRH power is 0.50 MW for deuterium and 0.81 MW for hydrogen, it onsisted in

both ases of a onstant soure deposited on axis and a modulated soure o� axis. The latter was

applied for the heat pulse transport study whih is disussed in setion 2.2.3. Adding the ohmi

heating and taking the di�erent ore radiation levels into aount the power through the separatrix

is PD
sep = 1.06 MW and PH

sep = 1.39 MW. This means that in deuterium 76% of the heating power

in hydrogen is needed to ahieve the same stored energy in the plasma. The L-mode saling law

is τE,L ∝ P−0.73M0.20
[6℄ and so for the stored energy W ∝ P 0.27M0.20

is expeted. Now if the

stored energy should be mathed for di�erent isotopesWD = WH the fairly weak mass ontribution

is enhaned by the additional power degradation P ∝ M−0.20/0.27 = M−0.74 ⇒ (2/1)−0.74 = 0.60.

The measured and expeted heating ratio follow the same trend, in fat the disharge with hydrogen

main ions performs better than expeted from the saling. In terms of the on�nement saling

fators one gets: LD = τDE /τE,L = 1.02, LH = 1.16 - as omparison the more familiar H-mode

saling: HD
98(y2) = τDE /τE,98(y2) = 0.67, HH

98(y2) = 0.77.

The parameter that ould not be mathed perfetly in the mass san was the sawtooth behaviour.

The details are disussed in setion 2.2.2 and the di�erenes are taken into aount for the inter-

pretative modeling.

Another important parameter is the amount of gas fuelling neessary to math the density. In

ontrast to H-mode, where an order of magnitude larger gas pu�ng is required in hydrogen to

ahieve similar densities as in deuterium [12℄, the di�erene in gas pu� is quite small in L-mode.

Only 0-30% larger gas pu� is required whih is within variations to be expeted depending on

wall onditions. So there is no diret evidene of an isotope dependene of partile on�nement in

L-mode.

The disharges desribed above meet the requirement of minimal variation in ν⋆ and β and the

normalized gradient lengths R/LT and R/Ln. The orresponding radial pro�les are illustrated

with their unertainties in �gure 3 and �gure 4. The gradient lengths and their unertainties are

determined on radial windows of 3 m length.
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FIG. 3: Radial pro�les of the normalized gyroradius for eletrons (a) and ions (b), the ollisionality on logarithmi sale () and

the normalized total pressure (d).
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FIG. 5: Radial pro�les for heat �uxes of eletrons (a) and ions (b). The eletron-ion heat exhange term is plotted in ().

2.2 Transport analysis

2.2.1 Power Balane

The main tool for the power balane (PB) analysis is the Transp ode [36℄. It is used to determine

the heat �ux pro�les for eletrons and ions. The input pro�les are those disussed in setion 2.1.

The radiation and Zeff pro�les are taken into aount. The impat of the sawteeth on the heat �ux

in Transp is treated based on the Kadomtsev model and assumes omplete magneti reonnetion

inside the q = 1 surfae [37℄. The resulting eletron qe and ion heat �uxes qi are shown in �gure 5

(a) and (b). Despite the di�erent ECRH power levels in both disharges the eletron heat �uxes

math well for ρtor > 0.3. The reason for this is the mass dependene of the eletron ion heat

transfer term [38℄ illustrated in �gure 5 ()

pei =
3m

e

m
i

n

τ
e

(T
e

− T
i

) ∝ Z2
i

m
i

n2

T
3/2
e

(T
e

− T
i

) (1)

where τ
e

is the ollision time for the eletrons and Zi the ion harge number. Although only

eletron heating is applied the heat �uxes are regulated by the eletron-ion energy exhange whih

is two times stronger in hydrogen ompared to deuterium. Therefore, the additional eletron

heating in hydrogen is in fat transported by the ion hannel. This results in di�erent qi for the

two isotopes as shown in �gure 5 (b) with qH
i

> qD
i

and qH
i

> 1.5qH
e

for most of the radius. The

unertainties in the heat �uxes originate from the unertainties in the heat transfer term whih

aumulate over the radius. Therefore, it should be noted that the unertainties of q
e

and q
i

are

not independent of eah other, in partiular, the sum q
e

+ q
i

is known very aurately.

The math qH
e

= qD
e

is not a oinidene, but a onsequene of the goal to math the eletron

temperatures. The di�erene in heating power for the T
e

math is due to the di�erenes in pei.

So the observations made here might be valid only for a ertain ollisionality and T
e

/T
i

domain.

In partiular, the strong density dependene in pei is important. This is beause the heat transfer

term looses importane for lower densities whih will be disussed in setion 4. The density in the

mass san is high enough suh that pei has a signi�ant impat on q
e

and q
i

. The onsequene of

the higher heating power and larger pei in hydrogen is qH
i

> qD
i

. In this experiment the ion heat

�ux was not an external ontrol parameter, the experiment with q
i

ontrol is disussed in setion
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FIG. 6: Radial pro�les of the eletron temperature before and after a sawtooth rash for deuterium (a) and hydrogen (b). The

magnitude of the rash is shown in () as the ratio of temperatures before and after the rash.

3.

There are three diret results of the power balane analysis. First, q
i

shows no gyro-Bohm de-

pendene beause for the gyro-Bohm saling

√
2qH

i

= qD
i

is expeted. Seond, the eletron heat

transport and therefore, the eletron temperature is not a�eted by the hanges in the ions. Third,

ρ⋆ or the isotope mass is not the only parameter that hanged in the experiment, the ion heat

�ux hanged as well with qH
i

/qD
i

= 1.5 at ρtor = 0.6. The resulting power balane di�usivities

are varying over the radius. For the eletrons they are χPB
e

= 0.5 − 1.0 m

2/s where the χPB
e

for

hydrogen equals the one of deuterium within this range. The unertainties in the ion tempera-

ture gradients are too large to distinguish between hydrogen and deuterium, both gases show a

χPB
i

= 1− 3 m

2/s.

2.2.2 Sawteeth

As indiated in the experimental overview the sawtoothing behaviour hanges in the isotope san.

The sawtooth frequenies di�er between both disharges fD
st = 85 Hz and fH

st = 120 Hz. This

hange in sawtooth frequeny is typially observed in isotope studies with a similar dependene

of fst ∼ A−0.5
[4℄. The impat on the ion temperature was not measured, but is supposed to be

small beause the ion temperature is omparably �at within the sawtooth inversion radius. In

this setion it will be shown that all observed di�erenes are a diret onsequene of the higher

heating power power in hydrogen.

Figure 6 shows sawtooth synhronised eletron temperature pro�les before and after the rash for

deuterium (a) and hydrogen (b). The pre- and post-rash temperature ratio �gure 6 () niely

illustrates that the size of the sawteeth does not hange with the isotope mass. Additionally, the

sawtooth preursor mode has similar harateristis in amplitude and frequeny (∼ 2 kHz) for

both disharges.

With the �tted kineti pro�les and the known sawtooth frequeny the temporal evolution of the

entral stored energy ∆W = dW/dt during the pro�le reovery is alulated. The temperature

pro�les in hydrogen reover faster than in deuterium by an amount of ∆H
W −∆D

W = (84±41)kJ/s =

(84±41)kW. The faster pro�le reovery is onsistent with the e�etive eletron heating within the

q = 1 surfae whih is 100 kW larger for hydrogen. The faster temperature evolution allows the
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FIG. 7: Radial pro�les for amplitude (a) and phase (b) of temperature perturbations imposed by 100 Hz ECRH modulation. The

ECRH deposition pro�les obtained from Torbeam alulations are indiated with solid lines.

rash ondition to be reahed earlier whih explains the shorter period in hydrogen. Therefore,

no other explanation is neessary to understand the observed di�erene in sawtooth frequenies.

Also no other in�uening fator is expeted, as the kineti pro�les are mathed nearly perfetly

and the q = 1 surfae 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 indue small loalized perturbations, their response in the

eletron temperature is measured over the radius. The perturbation is applied with a repetition

rate of ω = 100 Hz and the response is measured with the sampling rate of 32 kHz of the ECE di-

agnosti. The position of the modulated ECRH is o�-axis at ρtor ∼ 0.46. In the deuterium plasma

this gyrotron delivers on average 220 kW ompared to 280 kW deposited on-axis, in hydrogen 290

kW are heated o�-axis and 550 kW on-axis.

The Fourier analysis of the temperature perturbation yields radial amplitude A and phase φ

pro�les. These are used to haraterise the heat pulse di�usion χHP
whih is alulated for slab

geometry with ylindrial orretions [41, 42℄

χHP
e

=
3
4ω

∇φ
(

∇A
A + 1

2r
)

(2)

where r the minor radius of the measurement loation.

The omparison of amplitude and phase pro�les for the ρ⋆ mass san is shown in �gure 7. The

entral region ρtor < 0.35 of the plasma is in�uened by sawtooth rashes. However, for the outer

radii their impat on the perturbation amplitude is negligible whih is observed in the individual

spetra. The pro�les of amplitude and phase around the ECRH deposition illustrate that there is

no di�erene in the eletron heat pulse propagation despite the di�erent isotopes. The perturbation

of the eletron temperature is only 14 eV or 2% at the heat deposition, so it is small and Eq. (2)

an be applied. The derived di�usivities for ρtor ∈ [0.34, 0.44] are χHP
e,H = 2.4 ± 0.9 m

2/s and

χHP
e,D = 2.2± 0.3 m

2/s. Sine χHP
re�ets ∂q

e

/∂(∇T
e

) these measurements extend the result that
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eletron heat transport is not a�eted by the ion mass.

2.3 Transport modeling with Gene

The expeted turbulene present in the plasma is determined via simulations with the Gene

ode [43℄. Gene solves self-onsistently the gyrokineti-Maxwell system of equations on a �xed

grid in a �ve dimensional phase spae and time using a δf sheme. Two veloity oordinates

(v||, µ) and three spatial �eld-aligned oordinates (x, y, z) are used. Here, z is the oordinate

along the magneti �eld line, whih ontains the desription of the magneti geometry. The radial

oordinate x and the binormal oordinate y expand a radially loal volume in the neighbourhood

of the referene magneti surfae, labeled with the e�etive radius ρtor. This is known as the

�ux tube approximation, and in axisymetri systems desribes the full magneti surfae. The

boundary onditions in (x, y) allow for a Fourier representation denoted by (kx, ky), whih is om-

putationally muh more onvenient. We perform three kineti speies simulations (ions, eletrons

and impurities) inlude eletromagneti e�ets, ollisions and the marosopi E × B shear �ow

present in AUG.

In linear simulations, we use nx = 9 points in the radial position, one mode in the y diretion and 32

points in z. The magneti equilibrium geometry is taken from the TRACER-EFIT interfae [44℄.

Sine we onsider ollisions, the grid in veloity spae requires nv = 64 and nµ = 16 points, instead

of the usual nµ=8 in ollisionless simulations.

Nonlinear (turbulent) runs require nkx = 128 and nky = 48 modes in Fourier spae, while the other

grid dimensions remain unhanged. In real spae, the box size of (x, y) is≈ 125ρs eah, being ρs the

sound gyroradius. In this way we resolve a range of ky · ρs ∈ (0, 2.2), overing the ion temperature

gradient (ITG) and trapped eletron mode (TEM) sales. The eletron temperature gradient

(ETG) turbulene is found to be negligible for the global power balane in these senarios. Sine

we are using the δf and loal approximations, the simulations are gradient driven, in the sense

that the transport is reated by the presribed bakground gradients of density and temperature

provided by the experimental data. Exhaustive onvergene tests have been run to �x those

numerial parameters. Eah 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 turbulene saturated phase to obtain

meaningful statistial observations.

To illustrate the trends resulting from gyrokinetis an arbitrary san of the ion temperature gra-

dient length LT i was performed around the experimental data. The gradient sans in linear

simulations suggest negligible in�uene of LTe

and Ln on the outome of the nonlinear simulation.

The ITG drive is the dominant turbulent mehanism for these disharges.

The main result of the nonlinear LT i san is shown in �gure 8 with the experimental measurements

for two di�erent radial positions in the plasma. In �gure 8 the total heat �uxes Qtot = Q
e

+ Q
i

are plotted against the inverse ion temperature gradient length R/LT i, here Q = qA. As expeted

these Gene simulations show that ITG turbulene reats very sensitively to hanges in LT i. In

�gure 8 the heat �uxes in deuterium expeted by the gyro-Bohm saling, for a given hydrogen heat

�ux, are indiated by the dashed lines. It is observed that the heat �uxes do not follow gyro-Bohm



12

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20

exp

GENE

H D

Q
to

t [
M

W
]

R/LTi

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20

ρtor = 0.6

(a)
0.0

0.5

1.0

1.5

2.0

0 5 10 15 20

exp

GENE

H D

Q
to

t [
M

W
]

R/LTi

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20

ρtor = 0.8

(b)

FIG. 8: Total heat �uxes plotted against the inverse ion temperature gradient length

for two di�erent radii. Open symbols are nonlinear Gene simulations and full symbols

experimental measurements. The solid lines are �ts to the simulated �uxes and the

dashed line represents

√
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FIG. 10: Individual heat �ux hannels of eletrons (a) and ions (b) with the experimental data from �gure 5 as lines and the

Gene values from the total �ux math as points.

theory at ρtor = 0.6 beause QD <
√
2QH

while at the outer radii ρtor = 0.8 the deviation from

gyro-Bohm is smaller. For both radii the simulated �uxes do not follow the experimental trend

QH > QD
.

To illustrate the unertainties, Ti pro�les are reonstruted with a LT i for whih the simulation

yields the experimental values of the total �ux. The LT i pro�le is a spline �t using the two known

values at radii ρtor = 0.6 and 0.8 and additional boundary onditions using the experimental values

of Ti(ρtor = 1.0), LT i(ρtor = 0.0) and LT i(ρtor = 1.0). These boundary onditions are reasonable

for L-mode plasmas. The results are shown in �gure 9 and the LT i variation predited by Gene

to aount for a 30% variation in heat �uxes is just within the experimental unertainties. An

independent measurement to test the di�erenes in Ti is the stored energy, however, the impat on

the stored energy is below 10% and also within the unertainties. The relative di�erene between

deuterium and hydrogen as expeted by the simulation is well within the unertainties of the

CXRS measurements.

Above only total heat �uxes were onsidered beause the experimental value of Qtot is most

robust. However, the ITG turbulene does not only drive ion but also eletron heat �ux and in

setion 2.2.1 the importane of the individual transport hannels was pointed out. If the total heat

�uxes are mathed with the experimental ones, Gene predits a distribution for the heat �uxes
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whih is dominated by the ion hannel. For ρtor = 0.6 the total heat �ux math is well within

the experimental unertainties, for ρtor = 0.8 the �ux math is only ahieved when pushing the

loal gradients to the utmost boundaries of the unertainty. The importane of the ion hannel

is observed in hydrogen as well as in deuterium. In the simulation about 80% of the additional

heat �ux in the hydrogen disharge is going through the ion hannel. The same trend is observed

in the experiment and also the absolute values are onsistent with the measurements within the

unertainties as shown in �gure 10.

It has to be noted that the separation of heat �uxes in the ions for hydrogen and deuterium is no

diret onsequene of the di�erent isotopes in the gyrokineti simulations. It is a onsequene of

the variation in ion temperature gradient length to ahieve the total �ux math. This means if

the total heat �ux in the plasma inreases and the transport hannels are oupled the majority of

the heat will be transported over the ion hannel in an ITG dominated ase. This predition by

Gene is also observed in experiment.

One ritiism of these kind of gradient sans with the Gene ode is that often the unertainties of

the measurement in R/LT are enough to be onsistent with a broad range of heat �uxes. Therefore,

the data obtained here is used to show that the strong relation between temperature gradients

and heat �uxes is ompatible with experimental observations. To do so we estimate the power

degradation in the ions expeted due to ITG turbulene as predited by Gene . The ion stored

energy is determined from Ti pro�les whih are reonstruted from R/LT i following the method

desribed for �gure 9 and negleting possible edge ontributions whih is justi�ed under L-mode

onditions. As ion heating we take the ion heat �ux from the simulation for a given R/LT i. This

diretly gives the power degradation of the ion energy on�nement time τE,i ∝ P−0.64±0.10
i whih is

similar to the power degradation in the global on�nement time saling. To test the quality of this

result the exponent αP for the power degradation is determined for di�erent values of transport

sti�ness. Assuming a sti�ness half the Gene value gives αP = −0.44 and with twie the value

αP = −0.76. Therefore, the pro�le sti�ness dedued from the Gene results seems to be at the

lower end of the spetrum whih is still ompatible with the experimental saling law. Weaker

sti�ness deviates signi�antly from the experimental values while stronger sti�ness remains within

the experimental unertainties.

The power degradation of the global on�nement time τE annot be inferred diretly beause

Gene does not predit the T
e

pro�le response on additional eletron heat �ux as this would

require multi-sale simulations in order to assess the �ne-sale (ETG) turbulene ontribution.

2.4 Transport modeling with Astra

In the previous setion gyrokineti simulations were disussed whih showed that a hange in

isotope does not neessarily result in a hange of heat transport. In this setion we will desribe

preditive Astra [45℄ simulations whih show that a redution of on�nement is possible with the

same transport oe�ients.

For this purpose the ritial gradient transport model is used as heat di�usivity for both eletrons
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FIG. 11: Experimental data (points) and simulated temperature pro�les (lines) using the ritial gradient model in the ASTRA

transport ode. The deuterium plasma is shown in (a), the hydrogen plasma in (b) and a omparison of the simulated pro�les in

().

and ions [46℄

χ = χsq
3/2 T

eB

ρs
R

(

R

LT
− κc

)

H

(

R

LT
− κc

)

+ χ0q
3/2 T

eB

ρs
R

(3)

with the sti�ness parameter χs, the safety fator q, the ritial gradient κc, H(x) as a Heaviside

funtion and χ0 the parameter for the transport below the threshold. There is an expliit mass

dependene in the gyroradius ρs, but, both simulations use the same mass for the gyroradius, the

one of deuterium. The transport oe�ients are the same for both gases. For the eletrons onstant

values are hosen (χs, κc, χ0) = (0.3, 4.0, 0.1). These values are typial for AUG plasmas [47℄ and

they are in good agreement with the measurements of the perturbative transport as desribed in

setion 2.2.3. The ion heat transport is set to be more sti� χs = 1.0 m

2/s and with neolassial

values for χ0. For the ritial gradient the values from the Gene simulations are taken along with

a radial dependene as in the Weiland model [48℄. The main ontribution to the radial dependene

is via T
e

/Ti and redues κc for a larger ratio whih is onsistent with results from AUG [49℄.

With the experimental heat �uxes the model reprodues the experimental pro�les nearly perfetly.

For deuterium this is illustrated in �gure 11 (a) and for hydrogen in �gure 11 (b). A omparison of

the simulated pro�les in hydrogen and deuterium is shown in �gure 11 (). The di�erenes between

both simulations are the higher ECRH power for the hydrogen plasma and the energy exhange

term between eletrons and ions Eq. (1), whih is twie as e�ient in hydrogen ompared to

deuterium. The math of simulated and measured pro�les using the experimental heating powers

diretly means that also the global on�nement parameters are reprodued by the model. In

partiular, we �nd a redution of the on�nement time in the hydrogen plasma with τHE = 0.75τDE .

The higher χi in the ase of hydrogen is a onsequene of the higher heat �ux in the ion hannel

and not a mass dependene of the heat transport.

Although, the Ti measurements are not aurate enough to ompletely exlude a dependene

between heat transport and isotope mass. It is su�ient to have the same transport oe�ients for

hydrogen and deuterium to reprodue the experimental pro�les and global on�nement properties.

Only the well known mass dependene of the ollisional energy exhange between eletrons and

ions has to be taken into aount.
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time window is given.

3 Change of eletron to ion heating ratio

As disussed in the previous setions a hange of the isotope mass will also vary the distribution

of eletron vs. ion heat �ux even in a purely eletron heated ase. The ratio of eletron and ion

heat �ux an also be varied by means of auxiliary heating in a single plasma with just one main

ion speies.

In �gure 12 the time traes of the ECRH only disharges disussed in setion 2.1 are shown again

with an additional disharge in blak with partly diret ion heating by NBI. The aim was to ahieve

an identity math in the same gas with di�erent heating methods. The new disharge AUG#33708

used PNBI = 0.56 MW and PECRH = 0.16 MW. The �rst observation is that PD,NBI
sep = 1.24 MW

is neessary for a pro�le math whih orresponds to PD,NBI
sep /PD,ECRH

sep = 1.18 meaning more

power is applied with NBI. The orresponding pro�les are shown in �gure 13. In partiular, the

ion temperature is mathed extremely well despite 0.3 MW diret ion heating due to the NBI.

Although, the line averaged density mathes perfetly, the density pro�le with diret fuelling by

the NBI and redued ECRH power is less peaked [50℄. The ore toroidal rotation is positive due

to the torque indued by the NBI but towards the edge the rotation is on a similar level for all

disharges. Overall, the dimensionless math is quite good. Yet, signi�ant di�erenes in the

on�nement are observed.

Sine the stored energy is the same for di�erent heating levels this would result in a power degra-

dation of the global on�nement time of τE = W/Pnet ∝ P−1.0
net . This is shown in �gure 14 where

the di�erene between hydrogen and deuterium still an be desribed with the mass dependene

in the on�nement time saling. However, for the disharge with diret ion heating by NBI τE lies

diretly in between the deuterium and hydrogen point.

To understand these di�erenes it is illustrating to onsider eletron and ion energy on�nement

times separately. In the standard 0D approah of the global energy on�nement time this is not
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FIG. 13: Radial pro�les of eletron density (a), eletron temperature (b), ion temperature () and toroidal rotation (d) for the

disharge only ECRH (red) and the one with dominantly NBI heating (blak).
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FIG. 16: Temperature pro�les for a hydrogen plasma with an eletron heated phase (ECRH only) and a phase with similar total

power but signi�ant ion heating (ECRH+NBI).

foreseen. In a separate treatment of eletrons and ions it is important to take 1D e�ets into

aount. This is beause the radial pro�les of heat soures and sinks an di�er signi�antly for

eletrons and ions depending on the applied heating method. Central heating is obviously more

e�ient than o�-axis heating. Therefore, an e�etive averaged heating is de�ned for eah speies

j = e, i as

P̄j =

∫

drQj
∫

dr(Q
e

+Q
i

)
Pnet (4)

where the renormalisation to Pnet is done so that the new e�etive quantities still ompare to

the global ones. The speies energy on�nement time is then τE,j = Wth,j/P̄j with Wth,j being

the thermal stored energy of eletrons or ions. The integral is evaluated for the main transport

region from the sawtooth inversion radius up to ρtor = 0.80. A variation of the integral limits is

taken into aount in the unertainties. With rei = Wth,e/Wth,i the relation to the global energy

on�nement time beomes

τE =
(1 + rei)τE,eτE,i

τE,e + reiτE,i
. (5)

When plotting τE,j for all three disharges in �gure 15 it beomes evident that the ion energy on-

�nement time is lower than the eletron on�nement time for similar heating powers. Additionally,

the ion on�nement time is the same for hydrogen and deuterium when the same amount of heat

is put into the ions. The power degradation expeted for the ions from the Gene simulations

desribed in setion 2.3 is ompatible with the experimental data independently of the main ion

mass. The di�erent global energy on�nement times arise from the o�set between τE,e and τE,i, it

follows for the analysed ITG dominated regime that more heat in the ions or an inrease of P̄i/P̄e

will ause a lower global energy on�nement time simply beause χi > χe.

The density in the three disussed disharges is relatively high and therefore, the oupling of

eletron and ion heat hannels is quite e�ient. To illustrate the onept desribed in the previous

paragraph more distintly, also a low density L-mode is disussed for the remainder of this setion.

The low density allows more ontrol over the heat ratio beause pei is negligible in this partiular

ase. The L-mode with hydrogen main ions has two phases with the same total net heating power

and ahieves for ECRH only heating P̄i/P̄e ∼ 0.3 and with ECRH+NBI heating P̄i/P̄e ∼ 0.8. The

resulting pro�les are shown in �gure 16 (a) where the Te/Ti ratio dereases signi�antly with NBI
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time and energy exhange time between eletrons and ions. The mass dependene from the saling is indiated by the dashed lines

for hydrogen isotopes 2
0.2

= 1.15.

heating. The temperature is plotted on a logarithmi sale to highlight the gradient lengths whih

do not hange for the di�erent heating mixes, additionally, R/LTe > R/LT i for ρpol ∈ [0.2, 0.8] -

at mid radius R/LTe = 9.0 and R/LT i = 5.0. The variation in temperature is dominated by the

edge as illustrated for the eletrons in (b) and for the ions in (). Despite similar total heating

power a di�erene in on�nement is observed: LECRH/LECRH+NBI = 1.16.

To ahieve a stored energy math without varying the heating mix - like in the isotope experiments

- the power degradation or pro�le sti�ness has to be taken into aount. Using again the L-mode

saling law the neessary power beomes PECRH+NBI = 1.7PECRH. In pratise, the appliation of

this amount of heating will likely put the plasma beyond the L to H threshold, thereby preventing

a omparison of L-mode on�nement.

A similar disharge run in deuterium on�rmed the observations made in hydrogen. In a plasma

with di�erent gradient lengths in eletron and ion temperature a shift of heat into the hannel with

lower gradient length will redue the on�nement. This orrelation is expeted to break with a

hange of transport parameters indued by the di�erent heating shemes. The orrelation is most

pronouned in disharges in hydrogen or deuterium when eletron and ion hannels are deoupled.

It should be noted that the observation is onsistent with the gyro-Bohm piture for mono-isotopi

studies. The heat �uxes vary with temperature as q/T 5/2
for both eletrons and ions.

4 L-mode data set

The dediated L-mode disharges presented in the previous setion draws a physis piture whih

should be ompatible with a broader database of AUG disharges. For this purpose we analyse

the L-mode phase from a L-H transition study in H and D [11℄. These additional disharges are

all with 1.0 MA and -2.5 T, the heating is dominantly ECRH, but inludes also phases with NBI

partiularly in hydrogen. The range of volume averaged e�etive ollisionality for these disharges

is 0.003 to 0.070 where upper end orresponds to the disharges disussed in the previous setions.

To ompare this data set with the 0.8 MA disharges from the ρ⋆-san the on�nement time is

normalized to the L-mode on�nement time saling [6℄ without its mass dependene of M0.2
. A

parameter to enompass the �ndings of the previous setions is τE/τei where τei = τ
e

m
i

/(2m
e

) is
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the energy exhange time between eletrons and ions with the eletron-ion ollision time τ
e

. This

ratio depends mainly on isotope mass number and plasma density. In �gure 17 the on�nement

fator is plotted against τE/τei. The separation due to the isotope mass expeted from the empirial

saling is indiated by horizontal lines. However, the experimental data does not follow this trend.

At a τE/τei where data for both isotopes exists no separation in on�nement time is observed.

This larger data set of AUG L-modes does not support the mass dependene expeted from the

saling law, but on�rms the results of the dimensionless ρ⋆ san: for mathed onditions no

isotope dependene on on�nement is observed.

5 Disussion

In ASDEX Upgrade experiments are performed to explore the impat of ρ⋆ and the ion mass on the

ore on�nement. To analyse ore transport e�ets the impat of the edge plasma is minimized.

In partiular, ELMs are avoided by hoosing an L-mode senario.

The dimensionless mass- and ρ⋆-san reveals that the lower on�nement in hydrogen ompared

to deuterium plasmas is aompanied by a larger ion heat �ux due to the enhaned eletron ion

heat transfer. The eletron transport hannel is una�eted by the di�erent main ion mass, as

indiated by both power balane and perturbative heat transport analysis. In this ase the reason

for TH
e

= TD
e

is trivially qH
e

= qD
e

. A signi�ant impat on the eletron temperature in these ITG

dominated disharges is also not expeted from nonlinear Gene simulations. It remains that the

ion heat �ux is over 50% larger in hydrogen ompared to deuterium for the same stored energy.

The Gene simulations highlight the importane of the ion heat transport hannel. An inrease of

heat transport due to the isotope mass is not expeted for ITG dominated plasmas. It is possible to

explain the heat �uxes between simulation and experiments within the unertainties. However, the

ITG turbulene is so sensitive to R/LT i that the ion heat �ux an inrease signi�antly while the

hange in the ion temperature pro�le remains marginal. When quantifying the sensitivity of Q
i

to

hanges of R/LT i - or the sti�ness of heat transport by Gene - the value is well within the range

expeted from empirial saling laws. A redued sti�ness is not ompatible with experimental

�ndings. This observation is independent of the isotope mass.

The knowledge from gyrokineti simulations is used in the Astra transport ode. The resulting

simulations show that it is su�ient to use the same oe�ients in the transport model for hydrogen

and deuterium and still reprodue the experimental pro�les and global on�nement properties.

Only the well known mass dependene of the eletron-ion energy exhange has to be taken into

aount.

This onept is on�rmed by additional experiments with the same isotope mass. They show that

larger ion heat �uxes - due to diret ion heating with NBI - will lead to redued on�nement when

R/LT i < R/LTe

and when the type of transport is not hanged by the di�erent heating. The

di�erent toroidal rotation in the ase with diret ion heating by neutral beams ould also have an

in�uene on the transport, however, in the ore faster rotation is typially observed to stabilise

transport [51℄ and not to destabilise it. Therefore, the hange in rotation is unlikely to ause the
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observed redution in on�nement.

In the analysed set of L-mode disharges the appearane or magnitude of the �isotope e�et�

depends on the eletron-ion energy exhange or the applied heating method and less so on a

hange of transport properties due to a di�erent isotope mass number. However, in H-mode the

isotope e�et is observed to appear very robustly under all onditions. ELMs and edge stability

seem to play a signi�ant part in the understanding of the isotope e�et in H-mode [52℄. Still it

is not the omplete piture sine already at the L-H transition di�erent heat �uxes in the ions are

observed when omparing di�erent isotopes [11℄. It was proposed that the radial eletri �eld Er

well is the governing parameter and to ahieve similar ∇T
i

a higher q
i

is neessary in hydrogen.

This is onsistent with the observation that for diret ion heating with NBI more q
i

is required

to ounterat the redution of Er due to faster edge toroidal rotation [53℄. In normal L-mode the

edge eletri �eld is up to a fator of two below the value at the L-H transition [54,55℄. The reason

for the initial buildup of the Er is often linked with GAM ativity whose amplitude inreases

towards the L-H transition in low density disharges [56℄. The GAMs itself are again in�uened

by the main ion mass [20, 22℄. This ould be an explanation for the di�erent q
i

at the transition.

However, in L-mode - well away from the transition where the GAM amplitude is lower - their

impat on transport would be less pronouned and it would not neessarily remain signi�ant.

Reently, an additional e�et on ore turbulene due to isotope mass was disussed, the stabilising

e�et of E×B shearing. The stabilisation di�ers with isotope for an ITER like H-mode plasma as

predited by Gene [57℄. The E×B e�ets are also taken into aount in the simulations disussed

in setion 2.3, but due to the muh lower plasma rotation their impat on the heat �uxes is

negligible. Therefore, the stabilisation of ore turbulene by E × B shear is another promising

piee of the puzzle to explain the di�erent magnitude of the isotope e�et in L- and H-mode.

Altogether, there are a variety of e�ets that help to understand the isotope dependene of on-

�nement in H-mode, however, all these e�ets are expeted to beome smaller if not negligible

in L-mode. Therefore, it is not surprising to observe a weaker or no isotope dependene of heat

transport in L-mode.

It was pointed out that the ratio of ion to eletron heat - whih is in�uened by the isotope mass

- an ause a hange in the global energy on�nement time without the neessity of an isotope

dependene in the heat transport. In suh a situation τE is not suited to desribe the underlying

transport physis.

Due to the mass dependene in the ollisional energy exhange term the on�nement depends

ruially on the properties of the underlying transport mehanism. In partiular, the di�erent

sti�ness values of the eletron and ion heat transport beome important. In the ITG dominated

regime disussed here the higher sti�ness of the ion heat transport leads to a redued on�nement

in hydrogen. In ontrast to that, reently studied JET L-mode plasmas exhibited a signi�ant

ETG ontribution to the transport resulting in a higher sti�ness of the eletron heat transport

and χs,e > χs,i [58℄. This might lead to a di�erent isotope dependene of on�nement.

The di�erene in τE an be explained with the eletron and ion energy exhange. However, a

small impat of the isotope mass on the transport oe�ients annot be exluded within the
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measurement unertainties. This is found for an ITG dominated ase and should be investigated

in di�erent turbulene regimes e.g. ETG or TEM dominated plasmas.

In terms of future devies and tritium operation the �ndings of this paper suggest only a small

or negligible isotope dependene of transport in L-mode. Due to larger mahine size and longer

energy on�nement times the impat of the isotope mass on the energy equilibration time will

beome less important than for the medium sized eletron heated plasmas investigated here. This

will result in a redued impat of di�erenes in eletron and ion heat transport when omparing

plasmas with di�erent isotopes. However, the L-mode results are not appliable to H-mode where

the pedestal and the ELMs seem to govern the isotope e�ets.
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