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Abstra
t:

H-mode plasmas in ASDEX Upgrade (AUG) using di�erent hydrogen isotopes are analysed with

respe
t to their 
ore transport properties. The experimental results are dis
ussed and we present

gyrokineti
 simulations whi
h are able to reprodu
e the experimental observations.

A novel strategy allows us to disentangle 
ore and pedestal physi
s by mitigating the isotopi


dependen
e of pedestal properties while keeping the heat and parti
le sour
es the same. Mat
hed

pedestal pro�les are obtained between hydrogen (H) and deuterium (D) plasmas when in
reasing

the triangularity in H plasmas with respe
t to D plasmas.

In the 
ore of these plasmas little isotopi
 dependen
e is observed when the fast-ion 
ontent is

low Wfast/Wth < 1/3. Quasi-linear modelling with TGLF reprodu
es the experimental trends

under these 
onditions. For larger fast-ion fra
tions an isotope dependen
e is observed in the


ore heat transport. This is related to a di�eren
e in fast-ion stabilization of turbulent transport.

The fast-ion pressure in H and D plasmas is di�erent due to the mass dependen
e in the fast-

ion slowing down time as well as to operational restri
tions when heating with H neutral beam

inje
tion (H-NBI) or D-NBI. Typi
ally, Wfast,H < 1/2Wfast,D for 
omparable NBI heating powers

in AUG.

The gyrokineti
 analysis shows that linear growth rates of ITG modes do not show a pure gyro-

Bohm mass dependen
e, but follow the experimentally observed mass dependen
e when taking


ollisions, EM-e�e
ts and fast ions into a

ount. Non-linear gyrokineti
 simulations reprodu
e the

experimental heat �uxes for di�erent isotopes when fast ions are in
luded. This highlights the role

of the fast-ion pressure as a key element to explain the observed di�eren
es in the 
ore of H and

D plasmas.

1 Introdu
tion

A

urate knowledge of parti
le and energy 
on�nement is of paramount relevan
e for the extrap-

olation to a fusion rea
tor. The bulk of experimental data in tokamak resear
h is obtained in

deuterium (D) plasmas for whi
h the predi
tive 
apability has improved signi�
antly over re
ent

years. In 
ontrast, the mass dependen
e of 
on�nement still 
hallenges the 
urrent theoreti
al

understanding. This is true for mixed deuterium and tritium plasmas needed for fusion, but also

for hydrogen (H) plasmas. Experien
e developed during H operation is required for a su

essful
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operation in D and DT, as transferring knowledge from the pre-nu
lear phase to the nu
lear phase

is an essential step for ITER and any future nu
lear fusion plant.

In H-mode plasmas there are two major 
ontributions to energy 
on�nement: the heat and parti
le

transport in the 
ore and the stability of the edge transport barrier. For simpli
ity they are often

treated independently. However, re
ent experimental and theoreti
al studies showed that they


an be strongly 
oupled in tokamak [1,2℄ as well as in stellarator [3℄ plasmas. This is parti
ularly

important for isotope studies.

In ele
tron heated L-modes in ASDEX Upgrade (AUG) the mass dependen
e in the equipartition

is found to yield di�erent 
on�nement in H and D, be
ause the ion heat transport is more sti� than

the ele
tron heat transport [4℄. This is similarly observed in ohmi
 plasmas in JET and FT-2 [5,6℄.

NBI-heated identity L-modes (mat
hed ρ⋆, ν⋆, β and q) in JET are dominated by high sti�ness in

the 
ore transport and in this regime the 
on�nement s
ale invarian
e prin
iple is satis�ed [7℄. In

the edge of AUG and JET-ILW L-mode plasmas drift wave turbulen
e is strongly in�uen
ed by the

parallel ele
tron dynami
s and identi�ed as a 
andidate to explain the redu
ed heat and parti
le

transport in D 
ompared to H [8℄ although due to the overall poor parti
le 
on�nement in L-mode

the impa
t on the 
ore plasma is negligible. This 
hanges for H-modes where redu
ed parti
le


on�nement is observed in the pedestal region of AUG and the gas pu� has to be in
reased by an

order of magnitude in H to mat
h pedestal top densities of D [9℄. Redu
ed parti
le 
on�nement

with H is also found in JET-ILW where the ele
tron density n
e

∝ A0.57±0.05
with the mass number

A is reported [10℄. In JT60-U a mass dependen
e of the 
riti
al gradient for turbulent transport

is observed in the 
ore and it was suggested β stabilisation of the edge pedestal 
ould results in a

bootstrap like enhan
ement of 
on�nement in D [11℄.

Higher fast-ion 
ontent in D is pointed out in the JT60-U study, whi
h 
omplements the edge

stabilisation e�e
t via a higher 
ontribution to the total pressure. The fast ions themselves 
an

also have a dire
t impa
t on the turbulen
e stabilisation and introdu
e a mass dependen
e as

observed in JET-ILW L-modes [12℄. Additionally, there are other fa
tors, su
h as E × B shear

�ows or T
e

/T
i

[13,14℄ or main ion dilution by fast ions [15℄, whi
h 
an play a role when the heating

mix is 
hanged. A 
hange of the heating mix is di�
ult to avoid when the �rst priority is to

maintain isotope purity or when the heat and parti
le sour
es are varied to 
ompensate for the

edge isotope dependen
ies. Clear 
omparisons with the theoreti
al predi
tions are hindered by the

di�
ulties separating the roles of individual 
ontributions.

In this paper we present a new approa
h to 
ondu
t the experiments whi
h greatly redu
es the


omplexity of 
odependent pro
esses intera
ting with ea
h other. It allows us for the �rst time

to experimentally separate the e�e
ts of 
ore transport and the edge pedestal with respe
t to the

mass dependen
e. So 
ompared to previous studies in H-mode this allows to draw 
on
lusions for

the 
ore heat transport without the ne
essity of integrated 
ore-edge modelling. This de
oupling

is a
hieved by 
omparing di�erently shaped plasmas, with a higher triangularity δ at the edge in

H than in D. The higher δ 
ompensates for the loss of parti
le 
on�nement in H and a pedestal

mat
h between H and D is a
hieved with heat and parti
le sour
es being nearly identi
al. It has to

be pointed out that all plasmas still have δ < 0.4, so they are not 
omparable to extremely shaped
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plasmas where a strong stabilisation of the edge pressure has been observed as e.g. in DIII-D [16℄.

Be
ause of the multi-layered nature of the physi
s pro
esses involved, we de
ided to separate our

report into two parts. The one presented here will fo
us on the 
ore transport phenomena taking

advantage of the mat
hed pedestal properties. A separate publi
ation will dis
uss in detail the

edge physi
s and, in parti
ular, propose an explanation on how the pedestal is mat
hed with

di�erent triangularities as well on how parameter 
hanges su
h as the gas fuelling level will result

in a strong deviation dependent on mass number.

The paper begins with an overview of the experimental setup. In se
tion 2.1 we will assess the

parameters ne
essary to mitigate the in�uen
e of the ion mass on the pedestal. This allows to

sele
t a set of dis
harges with similar pedestal properties whi
h are suited for the 
ore transport

analysis. For this subset we then present the plasma parameters important for a dis
ussion of

the transport physi
s in se
tion 2.2. These parameters in
lude the ele
tron density n
e

, ele
tron

temperature T
e

, ion temperature T
i

, toroidal rotation vtor and fast-ion density nfast. We will

dis
uss the di�eren
es between hydrogen and deuterium plasmas and perform a power balan
e

analysis highlighting the di�eren
es and similarities in 
ore transport.

To quantify the impa
t of parameter variations other than the isotope mass, i.e. vtor, nfast and

di�eren
es in the equilibrium and heat deposition, we utilize the quasilinear TGLF model [17,

18℄ within the transport 
ode Astra [19, 20℄ to 
ompare our observations against theoreti
al

predi
tions. For high power 
ases, where nfast,H ≪ nfast,D, the impa
t of the non-linear turbulen
e

stabilisation by fast ions is quanti�ed with gyrokineti
 simulations using the Gene 
ode [21, 22℄.

We 
on
lude with a dis
ussion of the experimental and theoreti
al observations.

2 Experiments

The plasma s
enario used in ASDEX Upgrade (AUG) has a plasma 
urrent of Ip = 0.8 MA and a

toroidal magneti
 �eld Bt = −2.5 T - with Bt < 0 
orresponding to a 
ounter 
urrent �eld with

favourable ∇B drift dire
tion - and run with hydrogen as well as deuterium as main ion spe
ies.

The engineering parameters whi
h are varied are plasma shape, auxiliary heating power and gas

fuelling. In Table I all the dis
harges and time intervals used in this paper are listed, these plasma

phases will be referred to by their ID listed in the table. All data is ELM syn
hronised and only

pre-ELM pro�les are shown. Not all parameters 
an be varied at the same time, in parti
ular,

high heating power is in
ompatible with low gas fuelling for hydrogen. The reason for this is the

longer mean free path of hydrogen beam neutrals resulting in higher beam shine through whi
h

triggers the heat shield prote
tion of AUG. The impurity 
ontent is relatively low in all plasmas

and we �nd the e�e
tive 
harge number Zeff around 1.5 or lower, the value of Zeff as measured

via the bremsstrahlung spe
trum is taken into a

ount in the analysis.

The �rst set of parameter s
ans is done at moderate heating power with PNBI = 4.5 MW and

PECRH = 3.4 MW, resulting in a Ptot = Pheat−Prad ∼ 7 MW. It has to be noted that for H and D

we utilize H-NBI and D-NBI respe
tively. The impli
ations following this 
hoi
e are dis
ussed in

se
tion 2.2.4 and 2.2.5. The s
ans are mainly 2-point parameter variations. For gas pu�ng rates Γ
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FIG. 1: Flux surfa
es (ρpol = [0.1, 0.4, 0.6, 0.8, 1.0]) of plasmas with di�erent triangularity 32535 with δ = 0.22 and 35230 with

δ = 0.37.
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this means Γlow = 1 · 1021 ele
trons/s is 
ompared to Γhigh = 8 · 1021 ele
trons/s. In this range the

deuterium plasmas exhibit an o�set linear 
orrelation between gas �ux and density as des
ribed

in detail in the next se
tion. The gas pu� range dis
ussed here is low 
ompared to deta
hment

or heat exhaust studies whi
h would use Γhigh = 20 − 40 · 1021 ele
trons/s in AUG. For the

average plasma triangularity δ = (δup + δlow)/2.0 the low value is around 0.22 and the high value

0.37, this di�eren
e is illustrated in �gure 1. The triangularity of individual �ux surfa
es is most

di�erent at the plasma edge ρpol > 0.8 - the quoted values are 
al
ulated for the separatrix - and

be
omes smaller towards the plasma 
ore whi
h is illustrated for the upper and lower triangularity

separately in �gure 2. ρpol is the normalized radius with ρpol =
√

(Ψ−Ψaxis)/(Ψsep −Ψaxis), Ψ

being the poloidal magneti
 �ux and Ψaxis, Ψsep the �ux at the magneti
 axis and the separatrix.

The strike lines 
annot always be mat
hed when 
omparing di�erently shaped plasmas. However,

in the relevant range the strike line position has negligible impa
t on the density in AUG whi
h was


on�rmed in a dedi
ated s
an of the divertor 
on�guration in L-mode. The main ions are either

deuterium or hydrogen, with about 2-10% minority of the other spe
ies. These three parameter

variations result in 8 di�erent 
ombinations at moderate heating power.

For detailed 
ore transport analysis and modelling we fo
us on a subset of these parameter s
ans.

This subset 
ontains dis
harges with mat
hed pedestal, i.e. low triangularity in D and high

triangularity in H. We dis
uss H, D pairs with mat
hed rotation and di�erent fast-ion 
ontent and

with mat
hed fast-ion 
ontent and di�erent rotation.

The se
ond set is at higher heating power and higher fast-ion fra
tion than before to test the

impa
t of nfast on the transport. The heating power is PNBI = 9.2 MW and PECRH = 2.2 MW for

hydrogen. The main ion mass is 
hanged simultaneously with the triangularity. Meaning a high δ

hydrogen plasma is 
ompared with a low δ deuterium plasma.

In the remainder of this se
tion we will des
ribe the 
onsequen
es these 
hanges have on individual

plasma properties like density and temperature. The diagnosti
s used are ele
tron 
y
lotron

emission ECE [23℄ for ele
tron temperature, Thomson s
attering [24℄ for ele
tron temperature and

density, Li-Beam [25℄ for edge density, 
harge ex
hange re
ombination spe
tros
opy CXRS [26,27℄

for ion temperatures and rotation, bolometers [28℄ for radiation pro�les, as well as fast-ion Dα

FIDA [29℄ for fast-ion densities.

2.1 Edge pedestal

Ele
tron density:

The typi
al density behaviour in AUG with di�erent isotopes is illustrated in �gure 3. For low

gas pu� levels the edge density in H is ne,H ∼ (0.8 − 0.9)ne,D. The density of a D plasma 
an

be in
reased via a variation of the parti
le sour
e. For AUG there is an o�set linear density

response for divertor fuelling between 1 − 8 · 1021 parti
les/s. For higher fuelling rates non-linear

e�e
ts like deta
hment and the formation of a high �eld side high density front [30℄ will result in

a more 
ompli
ated relation between gas pu�ng and parti
le sour
es in the main plasma. With

low triangularity little 
orrelation between density and fuelling is observed for H plasmas. At a

gas pu� level of 8 · 1021/s we �nd ne,H ∼ 0.7ne,D, indi
ating a substantial di�eren
e between H



6

shot time isotope Ptot Γ δ Wfast/Wth ID

[s℄ [MW℄ [10
21/s℄

32535 4.2-4.5 D 6.6 2.0 0.22 0.28 1

34716 1.6-2.0 H 6.8 8.0 0.22 0.14 2

34796 3.8-4.2 D 9.5 9.9 0.25 0.37 3

35230 2.4-3.0 H 6.9 1.0 0.22 0.15 4

35230 4.2-4.8 H 7.0 1.0 0.37 0.10 5

35231 2.7-3.0 H 6.7 8.2 0.35 0.07 6

35275 4.0-4.7 H 10.4 6.7 0.37 0.14 7

35852 2.2-2.6 D 7.0 0.9 0.26 0.15 8

35852 4.0-4.4 D 7.3 7.6 0.25 0.13 9

35852 5.3-5.6 D 7.2 6.9 0.36 0.11 10

35852 7.6-8.0 D 7.0 0.9 0.37 0.15 11

TABLE I: Dis
harges and time intervals used in this publi
ation.
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hanging main ion mass along with triangularity (ID 8, 5) (
). The

lines are �ts to the data.

and D plasmas for low triangularity. However, at higher triangularity δ ≥ 0.35 the density in

hydrogen re
overs its sensitivity to the parti
le sour
e and the H and D densities are again within

10% di�eren
e. The Greenwald density for these plasmas is nGW = 1020 m−3
.

To illustrate the density response in more detail, �gure 4 shows the pre-ELM edge density pro�les.

For low gas fuelling levels and mat
hed engineering parameters (a) the H pedestal top density is

not only lower, but the pedestal gradient is also �atter than in the D referen
e. In the s
rape-o�-

layer SOL, ρpol > 1.0, the densities are again similar, a result of the same gas pu� level. This is a

fairly 
ommon observation for isotope studies in H-mode as dis
ussed in the introdu
tion.

The pedestal response to gas fuelling in H plasmas with low triangularity is shown in �gure 4 (b).

The separatrix and SOL densities in
rease, however, the pedestal top density remains una�e
ted

by the additional gas. E�e
tively this results in an outward shift of the density pro�le. This is

similar to observations in deuterium, however, there the parti
le sour
e needs to be 
onsiderably

larger before a shift in the density is observed similar to the one in hydrogen [31℄.

The dire
t 
onsequen
e is that at low triangularity we 
annot a
hieve a mat
h of pedestal top

densities between H and D by varying the gas pu� rates. The solution is shown in �gure 4 (
)

where in H the triangularity is in
reased while keeping the gas fuelling the same as in D. Now

a mat
h in the density pedestal - top and gradient - is a
hieved in H and D. This behaviour is

again similar to what is known for deuterium plasmas where the triangularity in�uen
es pedestal

stability and result in higher densities [2, 32℄. Although, the impa
t of the triangularity on the

edge density is in line with expe
tations, its magnitude is not understood. In parti
ular, why its

impa
t is stronger in hydrogen than in deuterium for higher gas pu� levels. The observations

suggest that it is an interplay between ELM stability, inter ELM transport and also the pro�le

re
overy after an ELM. The latter is strongly in�uen
ed by parti
le �uxes and 
ould explain why

di�eren
es are observed with 
hanging gas pu�ng and di�erent heating s
hemes.

Ele
tron temperature:

For low gas pu�ng ranges the ele
tron temperatures show similarly steep pedestals both in H

and D. The pedestal top temperatures are also fairly similar despite di�erent mass number, in

hydrogen they are even slightly higher whi
h is in line with the lower density. A di�eren
e is
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observed in the temperature gradient right inside of the pedestal top around ρpol ∼ 0.95, where

the hydrogen plasmas exhibit a steeper gradient as shown in �gure 5 (a) and (
).

The most severe impa
t on the pedestal is observed in hydrogen when in
reasing the gas pu�ng

in �gure 5 (b). At 
onstant heating power and 
onstant pedestal top density the temperature

drops by 50%. Here the heating power is well above the L-H power threshold, Pheat > 2PLH.

So with higher gas fuelling a dramati
 loss in pedestal pressure is observed in H, something not

seen in D for similar plasma parameters. Depending on the operational regime, a strong isotopi


dependen
e of the pedestal 
on�nement is observed (high gas fuelling and low triangularity) or

not observed (low gas fuelling and/or high triangularity). An overview of the 
on�nement time of

these dis
harges is given in se
tion 2.2.7 and �gure 17.

Ion temperature:

Analogous to the ele
tron density in �gure 4 and the ele
tron temperature in �gure 5 the edge

ion temperature is shown in �gure 6. High resolution edge measurements are not available for all

dis
harges, but even for these 
ases the outermost 
ore measurements are su�
ient to draw the

following 
on
lusions. In the presen
e of high gas pu�ng at low δ in hydrogen, the ion temperature

at the pedestal top in �gure 6 (b) 
ollapses in a similar way as does the ele
tron temperature in

�gure 5 (b). Inside the pedestal top, while the ele
tron temperature gradients were 
onsistently
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FIG. 7: Ele
tron density pro�les for H and D 
omparison dis
harges with mat
hed pedestal top density. Low gas and low heating

with mat
hed Wfast/Wth (ID 5, 8) (a), mat
hed toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (
).

�atter in D than H, the ion temperature gradients are more similar for D and H, in parti
ular, for

the 
omparison pair 5, 8 with di�erent triangularity but mat
hed pedestal top density �gure 6 (
).

2.2 Plasma 
ore

In se
tion 2.1 we showed that the edge pedestal 
an, under 
ertain 
onditions, exhibit a strong

isotopi
 dependen
e. This isotopi
 dependen
e 
an be mitigated using higher triangularity in

hydrogen, i.e. H plasmas with high δ and D plasmas with low δ, but otherwise the same parameters,

have similar pedestal 
onditions. When interested in the physi
s of the plasma 
ore it is bene�
ial

to remove edge e�e
ts experimentally. Therefore, for the analysis of the plasma 
ore, high δ H

plasmas are 
ompared with low δ D plasmas. For the 
ore 
omparison we 
hose two di�erent

heating power levels Ptot = 7 MW (ID 1, 5, 8) and Ptot = 10 MW (ID 3, 7). The low power

level has to be well above the LH-threshold in H, the high power level was 
hosen to be below


ore MHD onset in D. The high heating power is also restri
ted to high densities due to in
reased

shine through of H-NBI. With H-NBI and D-NBI inje
tion at AUG one 
annot mat
h rotation

and fast-ion 
ontent simultaneously whi
h is the reason for 
hoosing 3 dis
harges at low power.

There is the 
omparison of pair 5, 8 with mat
hed Wfast/Wth but di�erent 
ore rotation and the

pair 5, 1 with mat
hed rotation but di�erent Wfast/Wth. These two dis
harge pairs and the high

power pair 3, 7 are des
ribed in detail in this se
tion.

2.2.1 Ele
tron density

Figure 7 shows that with di�erent δ the density is mat
hed within 10% for the 
hosen H and D

plasma 
omparison. This is true for the pedestal density as well as for the density peaking.

2.2.2 Ele
tron temperature

The 
ore temperature pro�les for the dis
harges 
hosen to study 
ore transport are shown in �gure

8. The low heating power 
ases (a) and (b), show the di�eren
es for ρpol > 0.6 as dis
ussed in

se
tion 2.1, while in the 
ore the absolute ele
tron temperature is mat
hed very well. For the

high power, high gas 
omparison (
), the edge ele
tron temperatures mat
h well, while in the 
ore

T
e,D > T

e,H , however, the di�eren
e remains below 15%.
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FIG. 8: Ele
tron temperature pro�les for H and D dis
harge pairs with mat
hed pedestal top density. Low gas and low heating

with mat
hed Wfast/Wth (ID 5, 8) (a), mat
hed toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (
).
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FIG. 9: Ion temperature pro�les for H and D dis
harge pairs with mat
hed pedestal top density. Low gas and low heating with

mat
hed Wfast/Wth (ID 5, 8) (a), mat
hed toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (
).

2.2.3 Ion temperature

In �gure 9 di�eren
es are observed in the ion temperature for the three H and D dis
harge pairs.

For the low heating power 
omparisons (a)+(b) we �nd T
i

in H between T
i

of the two D plasmas.

While for most of the radius all 3 pro�les agree within the un
ertainties, they deviate towards

the 
enter of the plasma. The D plasma (ID 8) mat
hing Wfast,H but having lower rotation

has the lowest T
i

and the D plasma (ID 1) mat
hing rotation with H while having more fast

ions has the highest T
i

. A more signi�
ant di�eren
e in T
i

is observed for the high power 
ase

whi
h also has higher n
e

�gure 9 (
) where the ion temperature is more peaked in D resulting

in Ti,D(0) ≃ 1.6Ti,H(0). This is the only signi�
ant di�eren
e observed in the 
ore density and

temperature pro�les for H and D plasmas.

2.2.4 Rotation

The important fa
tors determining the rotation are momentum 
on�nement, torque input and

plasma inertia. The momentum 
on�nement is strongly linked to the energy 
on�nement [33℄.

Consequently, redu
ed energy 
on�nement is a

ompanied by lower rotation. This is also observed

in AUG and illustrated in �gure 10 where rotation pro�les (b) are shown for mat
hed NBI torque

input (a) but di�erent triangularity. The dis
harge with higher δ (ID 5) and improved edge energy


on�nement is rotating faster than its 
ounterpart (ID 4), despite having also higher density. This
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FIG. 10: Dis
harges with the same NBI torque input (a) but di�erent triangularity show di�erent plasma rotation (b) (ID 4, 5).
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FIG. 11: Toroidal rotation pro�les for H and D dis
harge pairs with mat
hed pedestal top density. Low gas and low heating with

mat
hed Wfast/Wth (ID 5, 8) (a), mat
hed toroidal rotation (ID 5, 1) (b) and high gas and high heating (ID 3, 7) (
).

highlights the importan
e of mat
hed pedestal 
on�nement to a
hieve similar rotation velo
ities.

Typi
ally, H plasmas are heated with H-NBI and D plasmas with D-NBI, therefore, the torque

input will be di�erent. For similar heating power at nominal NBI voltages the total torque indu
ed

by D-NBI will be 1.2−1.6 of that by H-NBI, depending on the geometry of the utilized NBI sour
es.

At the same time the inertia of a hydrogen plasma is lower 
ompensating for the di�eren
e in

torque.

The rotation pro�les for the set of 
omparison dis
harges are shown in �gure 11. At nominal beam

voltage for H and D the plasmas rotate similarly fast (b)+(
). In the 
ase (a) where the D-NBI

voltage was redu
ed to mat
h the fast-ion 
ontent of H-NBI, the 
ore rotation drops signi�
antly

as the beam deposition shifts towards the edge of the plasma.

2.2.5 Fast-ions

The fast-ion 
ontent in hydrogen and deuterium is naturally quite di�erent. The reason for this

is the di�eren
e in the 
lassi
al fast-ion slowing down time [34℄

τ =
ts
3
ln

(

1 +

(

W

Wcrit

)3/2
)

(1)

where ts is the Spitzer time and W is the neutral beam energy whi
h for the two NBI systems on

AUG is larger in deuterium with WD = 93 keV, 60 keV than in H with WH = 72 keV, 55 keV. Wcrit
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harges. The parameter range for the dedi
ated dis
harges listed in Table I is highlighted
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is the 
riti
al energy denoting the transition between slowing down to ele
trons vs. ions and for

pure plasmas Wcrit ∝ A1/3
. For the AUG beam setup this means the mass dependen
e of W/Wcrit

mostly 
an
els, in 
onsequen
e the isotope dependen
e of ts is relevant for the overall behaviour

ts ∝
AT

3/2
e

Z2n
e

lnΛ
∝ A. (2)

One should note that this simpli�
ation is only valid for pure plasmas - i.e. H-NBI into H or

D-NBI into D - and not for mixtures. From the 
lassi
al slowing down time a signi�
ant di�eren
e

in fast-ion 
ontent is expe
ted for di�erent main ion masses even for similar ba
kground plasma

parameters. The Rabbit [35℄ 
ode is used to 
al
ulate the 
lassi
ally expe
ted fast-ion energy for

a large data set of AUG dis
harges. This 
al
ulation does not in
lude non-
lassi
al in�uen
es from

e.g. mode a
tivity (like Alfven modes or neo
lassi
al tearing modes (NTM)), these 
an o

ur at

high fast-ion 
ontent and/or high βN. As a result the 
al
ulated values might be overestimated,

sin
e the database was not s
reened for mode a
tivity. However, the relative di�eren
e between H

and D will be similar. Note the individual dis
harges dis
ussed throughout this paper do not have

an NTM present, neither in H nor in D. In �gure 12 (a) the fast-ion energy Wfast, as 
al
ulated

by Rabbit , is plotted against the fast-ion input per density PNBI/ 〈ne

〉 for the AUG database

and illustrates the di�erent fast-ion energies with the main ion mass. The relative fast-ion energy

Wfast/WMHD is plotted in �gure 12 (b) and shows the in
reasing importan
e of fast ions on the

total stored energy for in
reasing heating power per parti
le. This behaviour is expe
ted be
ause

with higher heating power more fast ions are introdu
ed into the plasma and the resulting higher

temperature results in longer slowing down, so Wfast ∝ Pα
NBI with α > 1 - here α = 1.67. Higher

thermal temperatures generally result in higher heat transport, i.e. Wth ∝ P β
heat with β < 1, with

e.g. β = 0.31 as in the ITER Physi
s Basis IPB98(y,2) s
aling [36℄. Figure 12 (b) also illustrates

that for H-NBI into H dis
harges the fast ions amount to only 20% of the total energy, while in

D this value 
an go up to 50%. This general database view is reprodu
ed by the NUBEAM [37℄

module of the Transp [38℄ simulations for the dis
harges presented here. Radial pro�les of

the fast-ion density nfast are illustrated in �gure 13 and highlight the di�eren
es between these

dis
harges. The mat
h of fast-ion 
ontent between H and D in �gure 13 (a) is a
hieved by redu
ing

the D-NBI inje
tion voltage. For the fast-ion pressure pfast the di�eren
es between H and D will

slightly in
rease due to higher fast-ion temperatures in D for (b) and (
).

Diagnosti
 measurements of the fast ions with the FIDA (fast-ion Dα) diagnosti
 also support the

trend des
ribed above. Radial pro�les of the FIDA radiation, integrated over 
ertain wavelength

ranges - 
orresponding to di�erent fast-ion energies - are shown in �gure 14. The FIDA radiation

is shown normalised over the beam emission (BES) intensity, allowing for the neutral beam atten-

uation to be taken into a

ount, a method des
ribed in detail in [39℄. As su
h, it 
an be used as

a proxy for the fast-ion population in the plasma. While the FIDA measurements are sampling

only a part of the pit
h-velo
ity spa
e, the measurements support the above analysis indi
ating

a larger fast-ion population in the 
ore of the D plasma 
ompared to the H plasma. Unfortu-

nately, the FIDA edge 
hannels do not have the time resolution to resolve ELMs and therefore,

the measurements are 
orrupted by ELMs [40℄ and no 
lear 
on
lusions 
an be drawn for the edge.
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FIG. 14: FIDA intensity normalised to the beam emission signal (BES) used as proxy for the fast-ion density. The data points

are from dis
harge pair 3, 7.

2.2.6 Power balan
e

In the previous se
tions we dis
ussed temperature and density pro�les, apart from T
i

for the high

heating 
ase, the pro�les mat
hed fairly well for the sele
ted 
omparison dis
harges. While the ex-

periments were optimised to also mat
h the heating pro�les, small di�eren
es 
ould not 
ompletely

be avoided. To 
onsider these di�eren
es we perform a power balan
e analysis and 
ompare the

heat di�usivity χ for the di�erent dis
harges and heat 
hannels. The auxiliary and Ohmi
 heating

pro�les are 
al
ulated with Transp and the radiation pro�les are a de
onvolution of bolometer

measurements. The un
ertainties for χ are determined taking into a

ount the un
ertainty of the

density, temperature gradients and the ele
tron-ion equipartition, the input power is assumed to

be without error. The 
omparison of the di�usivities will illustrate the di�eren
es in transport

properties and allows us to draw 
on
lusions on potential isotopi
 dependen
ies.

For low fast-ion 
ontent and mat
hed rotation pro�les (ID 5, 1) the ion heat di�usivity is the same

for H and D within un
ertainties as shown in �gure 15 (e). This results in mat
hed temperature

pro�les shown in �gure 9 (b). When trying to mat
h the fast-ion pressure and thereby relaxing

the mat
h of rotation pro�les (ID 5, 8) the plasma with the �atter rotation pro�le - here the D

plasma - shows larger di�usivities in the 
ore of the plasma, seen in �gure 15 (d). The third pair

of dis
harges - the one at high heating power (ID 3, 7) - has similar rotation pro�les, but di�erent

fast-ion pressure and more importantly a high Wfast/Wth = 0.37 in D. This 
ase, shown in �gure

15 (f), has an ion heat di�usivity lower by a fa
tor of ∼ 2 for ρtor < 0.4 (≈ ρpol < 0.55) in D

(where ρtor =
√

Φ/Φmax, Φ being the toroidal magneti
 �ux). This 
oin
ides with a higher Ti and

stronger Ti peaking in the 
ore of the D plasma. The ele
tron heat di�usivities �gure 15 (a, b,


) follow largely the trends found for the ion heat transport 
hannel with one striking ex
eption.

Inside of the pedestal top χ
e

is found higher for D plasmas 
onsistently over all pairs. This is

also re�e
ted in the temperature pro�les shown in �gure 8. This 
ould be a result of the di�erent

triangularity, then δ would have an isotope dependent impa
t on the ele
tron heat transport,

similar to the observation made for the density. As shown in �gure 16 varying the shape results in

di�erent χ
e

at the edge of H plasmas (a) while it has little impa
t for the edge of a D plasma (b).

The ion temperatures la
k of good measurements in the pedestal region for 
ases 5 and 8, so no
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FIG. 15: Ele
tron and ion heat di�usivities for the H and D 
omparison for the dis
harges with mat
hed pedestal top density. Low

gas and low heating with di�erent rotation (ID 5, 8) (a, d), mat
hed rotation (ID 5, 1) (b, e) and high gas and high heating with

di�erent Wfast (ID 3, 7) (
, f). The thin lines represent the un
ertainties of the di�usivities (thi
k lines).

robust 
on
lusions 
an be dedu
ed for the ion 
hannel at the plasma edge. In the 
ore ρtor < 0.5

(≈ ρpol < 0.7) the impa
t of the di�erent triangularity is less signi�
ant for either isotope.

2.2.7 Overview

To give an overview of the di�erent parameter 
hanges dis
ussed in the previous se
tions and their

impa
t, we 
ompare ratios of 
on�nement times for the dis
harges with 7 MW. This is illustrated

in �gure 17 where on the x-axis stepwise either gas pu� or triangularity or isotope mass is varied

from left to right and on the y-axis the 
on�nement time is plotted normalized to the hydrogen

plasma with low gas pu� and high triangularity at moderate heating power (ID 5). The largest

impa
t on the 
on�nement time τE is observed in hydrogen. In
reasing the gas pu�ng for low δ

(ID 2, 4) 
an redu
e the 
on�nement time by 30%, while a similar in
rease in gas pu� for high δ

plasmas (ID 5, 6) will result in a negligible 4% de
rease of τE. In
reasing δ at low gas pu�ng (ID

4, 5) will in
rease τE by 25%, 
onsequently in
reasing δ at high gas pu�ng (ID 2, 6) results in 70%

higher 
on�nement time. This is all for the same heating power and in hydrogen plasmas. The

main driver for these di�eren
es appears to be lo
ated in the edge pedestal. The D 
ases show

only little variation in 
on�nement time when varying gas and triangularity. When 
omparing

the low δ, low gas pu� 
ase between H and D (ID 1, 4) we �nd the IPB98(y,2) mass dependen
e

τDE /τHE = 1.15 ∼ 20.19.

For dis
harges with higher power levels we utilize the data set introdu
ed in se
tion 2.2.5 whi
h


onsists of all 800 kA and -2.5 T dis
harges (
onsistent with other parts of the paper) from
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FIG. 18: Normalized global pressure βN plotted against the fast-ion energy fra
tion determined with the Rabbit 
ode.

the 2016-2018 AUG 
ampaigns with the sele
tion 
riteria of PNBI > 2 MW, Prad/Pheat < 0.4,

fELM < 150 Hz and δ < 0.3 for D and fELM < 120 Hz for H. This essentially restri
ts the data set

to type-I ELMy H-modes with NBI heating whi
h do not su�er from impurity a

umulation. It

also ex
ludes H dis
harges with high gas pu�ng and low 
on�nement as dis
ussed in the previous

paragraph, be
ause those exhibit higher ELM frequen
ies.

In �gure 18 the normalized global pressure βN is plotted against the fast-ion energy fra
tion.

While the spread in the data is 
onsiderable due to di�erent densities and heating mixes, the data

illustrates that at low fast-ion 
ontent no high pressures are a
hieved, neither for H nor for D.

Larger βN values are only a

essible when Wfast/Wmhd > 0.25 or Wfast/Wth > 1/3.

If only the D data was present one 
ould argue that the 
orrelation of heating power and fast-ion


ontent is a trivial explanation for this trend. However, as shown in �gure 12 the 
orrelation of

heating power and fast-ion 
ontent is broken with di�erent isotope mass. So further investigation

of the in�uen
e of fast ions is warranted. Known e�e
ts of the fast ions are the main ion dilution in

the 
ore [15℄ and non-linear turbulen
e stabilisation [12,41�43℄ - the latter being dis
ussed in detail

in se
tion 3.2. Both 
ore me
hanisms would result in redu
ed pro�le sti�ness allowing the higher

pressures whi
h are ina

essible with the low fast-ion 
ontent in H. With higher fast-ion 
ontent in

AUG typi
ally the ratio PNBI/PECRH in
reases and 
onsequently the ion heating in
reases whi
h


an be bene�
ial for 
on�nement [14℄.

3 Modelling

To understand the observations made in the plasma 
ore with known physi
s 
on
epts a series of

simulations has been performed. To estimate the impa
t due to mass, fast ions, rotation and the

boundary 
onditions predi
tive Astra simulations are performed using the quasilinear TGLF

model. To better quantify the impa
t of di�erent fast-ion 
ontent additional linear and non-linear

lo
al gyrokineti
 simulations are done with Gene for the high power 
omparison.

3.1 Astra /TGLF

In �gure 19 an overview of the Astra [19,20℄ simulations with the TGLF [17℄ transport model is

given. The simulations are made with a re
ent release of TGLF and saturation rule Sat1geo [18℄
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FIG. 19: TGLF predi
tions plotted with lines for the low heating power 
ases 8 (D) (a, d, g), 1 (D) (b, e, h) and 5 (H) (
, f, i).

Additional 
onditions are reported in the legends. The measurements for T
e

, T
i

and n
e

are plotted with points.
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and use the experimental rotation and the Transp fast-ion density and heat �ux pro�les. These

pro�les are �xed inputs and will only be varied when expli
itly stated. Boundary 
onditions are

taken from experimental measurements inside the pedestal top, at ρtor = 0.85. The fast ions are

treated as a non-thermal impurity spe
ies [12℄, i.e. they are removed from TGLF e�e
tively redu
-

ing the thermal ion density n
i

, but no model for non-linear turbulen
e stabilisation is 
onsidered.

Ele
tron and ion temperatures, ele
tron density and 
urrent density are modelled.

Low heating power: The main observation is similar to that of the experimental power balan
e

analysis. The quality of the transport predi
tion 
an vary already without 
hanging the isotope

mass. The two D 
ases with di�erent fast-ion 
ontent and rotation (ID 1, 8) are somewhat over

predi
ted by the model while the predi
tion for the H 
ase (ID 5) mat
hes the measurements very

well. Di�erent parameter variations are performed to identify the dominating physi
s in these

dis
harges.

In �gure 19 (a, d, g) we show simulations with di�erent rotation pro�les while all other parameters

are �xed. The respe
tive rotation pro�les were shown �gure 11 (a). Although, the rotation and

its gradients are signi�
antly di�erent, they do not in�uen
e the transport under these 
onditions.

The impa
t of the mass number A is tested with the parameters of the H plasma and using A = 2.

The result is shown in �gure 19 (
, f, i), and it does not exhibit a gyro-Bohm like mass dependen
e

with χD =
√
2χH

and the main di�eren
es are due to a di�erent heat distribution 
aused by the

mass dependen
e in the equipartition. With A = 2 the equipartition between the ele
tron and ion

heat 
hannels is redu
ed and be
ause T
e

> T
i

more heat remains in the ele
tron 
hannel 
ausing

higher T
e

while T
i

is redu
ed. However, sin
e ele
tron and ion heat transport are not equal this

results in a 
hange of global 
on�nement. This is similar to ele
tron heated L-mode plasmas [4℄

where the H plasma had lower 
on�nement be
ause enhan
ed equipartition with A = 1 resulted

in more energy being transferred into the ion 
hannel whi
h exhibited higher heat transport.

Figure 19 (
, f, i) shows the results of 
hanging the fast-ion 
ontent from Wfast,H/Wth = 0.10 to

Wfast,D/Wth = 0.27. On this level of fast ions the quasilinear model predi
ts a negligible impa
t

on the pro�les.

The mat
h of modelled and experimental pro�les is worse for the two D 
ases. In the low rotation,

low Wfast 
ase - a
hieved by redu
ed NBI voltage - transport is under predi
ted whi
h results

in stronger pro�le peaking for all 
hannels as illustrated in �gure 19 (a, d, g). In the 
ase with

the nominal NBI voltage shown in �gure 19 (b, e, h) the pro�le peaking of T
i

is modelled more

a

urately. However, the ele
tron temperature T
e

is signi�
antly too low in the 
ore. Un
ertainties

in the heat distribution, mainly due to radiation measurements pro�les 
ould be ruled out as reason

for this dis
repan
y. The modelled n
e

peaking is too high in 
ase (ID 8) and too low in 
ase (ID

1) as shown in �gure 19 (g) and (h). This is likely a dire
t 
onsequen
e of the modelled ele
tron

temperature whi
h has a strong impa
t on the parti
le transport [44℄.

Extending this study would yield more robust insight on this deviations, however, it would not

impa
t the main 
on
lusion regarding the isotopi
 dependen
ies found with the quasilinear TGLF

model. Namely, when the boundary 
onditions inside of the pedestal are mat
hed for plasmas

with di�erent isotopes and relatively low fast-ion 
ontent, no systemati
 deviation due to the main
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FIG. 20: TGLF predi
tions plotted with lines for the high heating power 
ases 3 (D) (a, b, 
), and 7 (H) (d, e, f). Additional


onditions are reported in the legends. The measurements for T
e

, T
i

and n
e

are plotted with points.

ion mass is observed between the experiment and TGLF predi
tions for n
e

, T
e

and T
i

.

High heating power: For the high power 
ases 3 (D) and 7 (H), we test the impa
t of isotope

mass, toroidal rotation and fast-ion density on the TGLF predi
tions. As illustrated in �gure 20

the 
ode predi
tions are in general 
onsistent with the experimental data, in parti
ular, the lower

T
i

in H is reprodu
ed.

As found in the low power 
ases, a 
hange of the main ion mass manifests in the temperature

pro�les mostly through the ele
tron ion equipartition. In the D 
ase 3, T
i

∼ T
e

, so the energy

transfer between ele
tron and ion 
hannel is low and the temperature pro�les show only minor

variations in �gure 20 (a) and (b) (blue and red lines). For the H 
ase 7, T
i

< T
e

, and, when

redu
ing the ele
tron to ion heat transfer by 
hanging from A = 1 to A = 2, the ion temperature

drops while the ele
trons get hotter as illustrated in �gure 20 (d) and (e) (blue and red lines).

The density peaking for A = 1 is higher than in all A = 2 
ases as shown in �gure 20 (
),

this was observed before in AUG, where it was attributed to the redu
ed 
ollisional term of the

trapped parti
le 
omponent in the turbulent 
onve
tion [45℄. When 
hanging the mass number in

the hydrogen 
ase (�gure 20 (
)) this e�e
t likely 
an
els with the 
ontribution due to di�erent

ele
tron temperature peaking as dis
ussed in se
tion 3.1.

The toroidal rotation again plays a negligible role as shown in �gure 20 (a)-(
) (green dashed).

Completely removing its 
ontribution to Er by setting vtor = 0 redu
es the 
entral temperatures

by only about 5%. This means γE×B does play a minor role under these 
onditions, whi
h
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FIG. 21: Linear growth rates (a) 
al
ulated with Gene for ρtor = 0.30 (ρpol = 0.43) of ID 3. Growth rates normalized to the EM

ones with A = 2 (b). Solid lines 
orrespond to the D 
ase with A = 2, dashed lines are obtained with A = 1.

was 
on�rmed experimentally for 
omparable plasma parameters in AUG [46℄. However, this is

di�erent in plasmas with internal transport barriers ITB where γE×B is found to have a strong

impa
t also in the 
ore [47, 48℄.

In 
ontrast to the low power 
ases, the fast-ion density plays a 
ru
ial role at the higher heating

powers. In se
tion 2.2.5 a signi�
ant impa
t of heating power and main ion mass on the fast-ion

density is des
ribed. The fast-ion density is highest in the high power D plasma (ID 3) and setting

nfast = 0 will result in a 20% drop of the 
entral ion temperature as shown in �gure 20 (b) (bla
k

broken line). Consequently, in
reasing nfast in the simulation of the H plasma (ID 7) to the level

of the D plasma nfast,3 the Ti(0) in
reases by 10% as shown in �gure 20 (e) (bla
k broken line).

It is worthwhile to mention that nonlinear e�e
ts in the beta stabilization of ITG turbulen
e [49℄

be
ome signi�
ant in the 
entral region of these plasmas, where βe ex
eeds 1% around mid-radius

and 2% in the 
entre. These nonlinear e�e
ts are not in
luded in a linear model like TGLF

and their in
lusion in the predi
tion of the 
entral temperatures should be expe
ted to lead to a

non-negligible in
rease.

While the 
ore ion temperature peaking 
annot be reprodu
ed entirely by the TGLF modelling

- the experimental pro�le is more peaked in the D plasma - the general trend of higher ion

heat di�usivity in H 
ompared to D is reprodu
ed. The individual magnitude of fast-ion 
ontent


ontributes signi�
antly to the di�eren
e in heat transport.

3.2 Gene

Using the experimental parameters of the high power dis
harges (ID 3, 7) presented in se
tion 2 as

input, linear and non-linear gyro-kineti
 simulations with the Gene (Gyrokineti
 Ele
tromagneti


Numeri
al Experiment) 
ode [21,22℄ have been performed. The main goal is to study the e�e
t of

the di�erent fast ion pressure in H and D plasmas on the plasma turbulen
e. Gene solves the gyro-

kineti
 Vlasov equations [50, 51℄ 
oupled with the Maxwell equations within a δf approximation

and using a set of �eld aligned 
oordinates {x, y, z, v‖, µ}. z is the 
oordinate along the magneti


�eld line, x is the radial 
oordinate, y is the binormal 
oordinate, v‖ is the parallel velo
ity and µ is

the magneti
 momentum. The simulations are 
arried out in the lo
al limit using realisti
 geometry

(re
onstru
ted from numeri
al equilibrium �les provided by equilibrium solvers), 
ollisions (using a
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Landau-Boltzmann operator), �nite-β e�e
ts (
onsidering both B⊥ and B‖ �u
tuations), external

�ow shear γE×B e�e
ts, kineti
 ions, kineti
 ele
trons (with the realisti
 mass ratio) and kineti


fast ions introdu
ed by the NBI heating. For the fast ions, an equivalent Maxwellian distribution

fun
tion has been used. No impurities have been 
onsidered in the simulations, the experimental

values of Zeff of these dis
harges being low (Zeff < 1.5). Typi
al grid parameters in the non-

linear simulations were as follows: perpendi
ular box sizes [Lx, Ly] ≈ [190, 200]ρs, phase-spa
e

grid dis
retization [nx, ny, nz, nv‖, nµ] ≈ [384, 64, 40, 48, 16] and 0.03 . kyρs . 1.92. The 
hoi
e of

(kyρs)min = 0.03 
orresponds in these 
ases to a minimum toroidal mode number n0 = 2. In all

the simulations, the nonlinear �uxes are mainly related to the ele
trostati
 potential φ �u
tuations

while the 
ontribution from the parallel magneti
 potential A‖ �u
tuations are smaller (∼ 5% of

the total �uxes).

The gyrokineti
 analysis has been 
arried out at ρtor = 0.3 
orresponding to ρpol = 0.43, where

there is a di�eren
e between the fast-ion 
on
entration and the Ti pro�les of H and D plasmas.

Linear Gene : The linear growth rates γ(ρ/cs) of ITG (ion temperature gradient) modes are


al
ulated for the deuterium plasma (ID 3) parameters with mass number A = 2 (solid lines)

and A = 1 (dashed lines). The sound speed cs is 
al
ulated with the 
orresponding mass for H

and D. The results are shown in �gure 21. The ele
trostati
 simulation without 
ollisions (green)

shows no systemati
 mass dependen
e in the normalized growth rates, thereby, reprodu
ing a pure

gyro-Bohm s
aling. It should be noted that only for this simpli�ed 
ase the gyro-Bohm s
aling is

reprodu
ed in the gyrokineti
 simulation. With the in
lusion of previously negle
ted physi
s me
h-

anisms the simulations deviate more and more from the ideal gyro-Bohm s
aling. Taking 
ollisions

into a

ount in the simulation (purple) results in 5− 10% higher growth rates for hydrogen. This

e�e
t 
an be expe
ted from the in
reased impa
t of 
ollisions in D on the trapped ele
tron 
ontri-

bution to the ITG [45,52℄. This in
reases to 10− 20% when also in
luding ele
tromagneti
 e�e
ts

(bla
k). Although, this goes in the dire
tion of the experimental observations it is not enough to

explain its magnitude χi,H = 2.3χi,D as seen in �gure 15 (f) at ρtor = 0.3 or in normalized units

qi,H/qi,H,gB = 2.5qi,D/qi,D,gB. However, when taking fast ions into a

ount the normalized growth

rates drop signi�
antly and show a strong mass dependen
e opposite to gyro-Bohm for the large

s
ales as seen in �gure 21 (blue and red triangles). This mass dependen
e stems from the di�erent

fast-ion 
ontent in H and D where nfast,H < nfast,D as dis
ussed in se
tion 2.2.5. How the growth

rates translate into heat �uxes is dis
ussed with the help of non-linear gyrokineti
 simulations in

the next se
tion.

Non-linear Gene : For both D and H plasmas (ID 3 and 7), simulations with and without

fast ions are 
arried out and 
ompared to the experiment. For the D 
ase, a simulation using

the fast-ion parameters (ex
ept for the mass) of the H plasmas has also been 
arried out in order

to establish the role of the fast-ion population in explaining the experimental di�eren
es in Ti

observed between H and D plasmas. The results are reported in Table II and �gure 22 where the

heat �ux in gyro-Bohm units is plotted against the normalized ion temperature gradient length

R/LTi.

The simulations with hydrogen as main-ion spe
ies mat
h the experimental heat �ux extremely
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exp ID A Wfast R/LTi q
i

/qi,gB

7 1 0 4.69 18.0± 1.0
7 1 Wf,7 4.69 14.0± 1.0
7 1 Wf,7 3.90 0.5± 0.05
3 2 0 7.10 51.5± 4.0
3 2 Wf,3 7.10 17.2± 2.0
3 2 Wf,3 5.00 1.0± 0.04
3 2 Wf,7 7.10 31.0± 2.0
3 2 Wf,7 5.00 3.6± 0.6

TABLE II: Heat fluxes for the different non-linear Gene simulations. Wf,n is the experimental fast-ion 
ontent

of the plasma with ID n as in Table I.
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FIG. 22: Normalized heat �uxes predi
ted by non-linear Gene simulations for di�erent isotopes, fast-ion 
ontent and gradient

lengths at ρtor = 0.30 or ρpol = 0.43. The experimental points are from pair (ID 3, 7). All 
ombinations of input parameters for

the simulations are also listed in Table II.



24

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.2 0.4 0.6 0.8

q iky
/q

i,g
B

kyρs

no Wf

Wf, H

Wf, D

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8

re
la

tiv
e 

re
du

ct
io

n 
of

 q
iky

/q
i,g

B

kyρs

Wf, H

Wf, D

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8

FIG. 23: Non-linear ion heat �ux spe
tra for di�erent fast-ion 
ontent (a) and the redu
tion of heat �uxes relative to the no fast

ion simulation ((qnofast − qfast)/qnofast) (b). The heat �uxes are negligible for kyρs > 0.8 and therefore, not plotted.

well (blue points). This is true for the run with fast ions as well as the one without fast ions. The

impa
t of an additional fast-ion spe
ies is small for the low fast-ion 
ontent found in the hydrogen

plasma. There is a di�eren
e in R/LTi between the Gene input and the experimental value.

As input we use the gradient obtained from the spline �ts shown in �gure 9 (
) whi
h is limited

by the regularisation of the �t fun
tion. The experimental gradient length and its un
ertainty is

obtained lo
ally on 4 
m intervals by a linear �t to lnT
i

and tends to be larger due to the missing

regularisation.

The simulation without fast ions and deuterium as main-ion spe
ies (red open square) shows heat

�uxes nearly an order of magnitude above the experimental ones. It is opposite to the experimen-

tal trend, whi
h shows lower heat �uxes for steeper gradients in D 
ompared to H.

In
luding fast ions has a strong stabilising e�e
t on the ITG turbulen
e in the deuterium 
ases.

With the experimental Wfast,D the gyrokineti
 heat �uxes are within a fa
tor of 2 of the experi-

mental q
i

/qi,gB. While, when using the lowerWfast,H, even if the turbulen
e is strongly suppressed,

the heat �ux is 4 times the experimental one. The pro�le sti�ness is redu
ed 
onsiderably in the

simulation when in
luding fast-ions in D whi
h is similar to observations in JET L-modes [12℄. A


omparable experimental s
an to determine the pro�le sti�ness in the H-mode 
ore is 
hallenging

as one would need to vary the heat �uxes while keeping the pedestal as well as the fast-ion 
ontent


onstant. Additionally, at power levels required to observe a signi�
ant impa
t of fast ions, there

are no heat sour
es available for 
omparison whi
h do not generate fast ions as well. The pedestal


an be kept 
onstant in D while 
hanging the 
ore ion heat �ux by 
omparing plasmas with on-

and o�-axis NBI heating. However, even then a strong 
orrelation of ion heat �ux and fast-ion


ontent 
annot be avoided and the pro�le sti�ness is redu
ed by the fast ions [43℄.

The impa
t of fast ions in the simulations is also visible in the heat �ux spe
tra per kyρs whi
h

are illustrated in �gure 23 (a) and (b). Adding fast ions in the simulation redu
es the heat �ux

by the larger stru
tures kyρs < 0.4 up to 80% (b). For the relatively large fast-ion 
ontent, in the

D 
ase, the heat �ux is redu
ed for all s
ales.

A di�eren
e of measured and simulated heat �uxes in D is present and might be due to un
ertainties

in the data not 
onsidered for the error bars, in parti
ular, the q pro�le in the 
ore. Another sour
e

for dis
repan
ies are simpli�ed physi
s me
hanisms in the model, e.g. by using a Maxwellian
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distribution for fast ions instead of a more realisti
 slowing down distribution [53℄. This is a

potential explanation why for H - where fast ions have little impa
t - model and experiment agree

better than for the simulations in D. However, the simulations done in H and those in D are also

di�erent in terms of T
e

/T
i

and the total β, whi
h 
ould be a sour
e for deviations.

The main 
on
lusion remains robustly above the un
ertainties in the modelling: The fast-ion

stabilization of ITG turbulen
e [12,41�43℄ is important in these plasmas and the di�eren
e in fast-

ion population between H and D results in redu
ed heat transport in D 
ompared to H plasmas.

4 Dis
ussion and 
on
lusion

The energy 
on�nement in fusion plasmas shows a strong dependen
e on the isotope mass. This

was 
on�rmed in our study and multiple fa
tors were found to be relevant for this 
on
lusion. In H-

mode the edge transport barrier is a 
ru
ial element for the energy 
on�nement, this remains true

for di�erent isotopes. Disentangling the 
o-dependen
y of 
ore transport and the edge 
on�nement

was found to help identify and quantify di�erent 
ontributions to the mass dependen
e of energy


on�nement.

For low plasma triangularity the pedestal in H is more prone to deteriorating e�e
ts than in

D. In parti
ular, in
reased gas pu�ng 
an lead to a 50% loss of 
on�nement in H whi
h is not

observed in D. Reasons for this are likely related to edge parti
le transport in 
onne
tion with

the pedestal stability. The proximity to the LH-transition is probably not an issue. Although,

dis
harges with similar power levels are naturally 
loser to the LH-transition in hydrogen, be
ause

PH
LH > PD

LH [54�56℄, in this study the heating power is well above the threshold with Pheat > 2PLH

also for the hydrogen plasmas.

While a dis
ussion on the underlying edge dynami
s is 
ru
ial to 
omplete the physi
s pi
ture, this

paper fo
uses on the 
ore transport. In
reasing the plasma triangularity in H allows us to mat
h

the pedestal properties of 
orresponding D plasmas with 
omparable heat and parti
le sour
es.

This was parti
ularly important to extend the study to higher heating powers. At low triangularity

the hydrogen plasmas are severely limited in the a
hievable density resulting in intolerable shine

through losses of the NBI. This limitation is over
ome at higher triangularity. Another aspe
t

is the mat
hing of rotation pro�les for H and D with the same NBI power levels, whi
h be
ame

possible be
ause the momentum 
on�nement did re
over with the higher triangularity. However,

the results of quasilinear modelling with TGLF show no signi�
ant impa
t of the rotation pro�les

on heat transport in the presented plasma regime.

Based on 
omparisons with mat
hed pedestal parameters, the plasma 
ore is investigated. The

fast-ion slowing down is found to be the dominating mass dependent me
hanism in explaining the

experimental observations. When aiming for isotope purity by using D-NBI into D and H-NBI into

H, the fast-ion 
ontent in the H plasmas will naturally be lower. The 
ontribution from slowing

down is often enhan
ed by present day NBI systems whi
h are restri
ted to lower a

eleration

voltages for H.

Plasmas with relatively low heating power - thereby a fast-ion 
ontent whi
h has a small impa
t
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on turbulent transport - show similar 
ore transport when the plasma rotation is mat
hed. This

is observed regardless of the isotope mass. This result is 
onsistent with observations previously

made in L-mode [4℄. When the fast-ion 
ontent in the plasma be
omes more dominant, for the

presented ASDEX Upgrade dis
harges this means Wfast/Wth > 1/3, the lo
al transport in D

plasmas is redu
ed and the 
on�nement in
reases. In H plasmas at similar power levels, the fast-

ion 
ontent will not rea
h these levels, e�e
tively resulting in higher transport and lower energy


on�nement.

This experimental observation is 
onsistent with Astra modelling with TGLF and with gyroki-

neti
 simulations with Gene . The ITG growth rates from linear Gene 
al
ulations show a strong

redu
tion with in
reasing fast-ion 
ontent. Sin
e the fast-ion 
ontent is 
orrelated with the isotope

mass, the D plasma shows lower growth rates than the H plasma, whi
h is opposite to the mass

dependen
e expe
ted for gyro-Bohm like transport. In non-linear Gene simulations with kineti


fast ions the experimental heat �uxes are reprodu
ed within a fa
tor of 2. Also the empiri
al

level of ne
essary fast-ion 
ontent to observe an impa
t on 
on�nement is 
on�rmed. Simulations

in
luding 
ollisions, �nite-β e�e
ts, external �ow shear γE×B e�e
ts, kineti
 ions and kineti
 ele
-

trons, but without fast ions mat
h the experimental hydrogen heat �uxes well. Simulations with

only these physi
s ingredients yield heat �uxes one order of magnitude above the experimental

ones of the deuterium plasma, while providing a de
ent mat
h when the turbulen
e stabilisation

by fast-ions is taken into a

ount.

E�e
tively, this results in a higher sti�ness of T
i

in H, be
ause in 
ontrast to D the stabilising


ontribution of the fast ions is missing. A similar observation was made in JT60-U where the

pro�le sti�ness was found to be higher in H than in D [11℄. Considering, the fast-ion 
ontent in H

was substantially lower than in D - like in AUG - one 
ould expe
t that the turbulen
e stabilisation

by fast-ions does also explain the observations made in JT60-U.

Sin
e fast ions will be
ome more important in fusion plasmas [57℄, the mass dependen
e of the

fast-ion slowing down time will play an important role in translating observations from pre-nu
lear

plasma operation to the nu
lear phase. Therefore, the in
lusion of fast-ion e�e
ts in theoreti
al

models is essential to improve their predi
tive 
apabilities for fusion plasmas.

This work has been 
arried out within the framework of the EUROfusion Consortium and has

re
eived funding from the Euratom resear
h and training programme 2014-2018 and 2019-2020

under grant agreement No 633053. The views and opinions expressed herein do not ne
essarily

re�e
t those of the European Commission.

[1℄ CHALLIS, C. D. et al., Nu
lear Fusion 55 (2015) 53031.

[2℄ DUNNE, M. G. et al., Plasma Physi
s and Controlled Fusion 59 (2017) 25010.

[3℄ KOBAYASHI, T. et al., S
ienti�
 Reports 9 15913.

[4℄ SCHNEIDER, P. A. et al., Nu
lear Fusion 57 (2017) 66003.

[5℄ DELABIE, E. et al., Preliminary interpretation of the isotope e�e
t on energy 
on-

�nement in Ohmi
 dis
harges in JET-ILW, in 44th EPS Conferen
e on Plasma

Physi
s, page P4.159, Geneva, 2017, European Physi
al So
iety.

[6℄ KUPRIENKO, D. V. et al., Plasma Physi
s Reports 45 (2019) 1128.



27

[7℄ MAGGI, C. F. et al., Nu
lear Fusion 59 (2019) 76028.

[8℄ BONANOMI, N. et al., Nu
lear Fusion 59 (2019) 126025.

[9℄ LAGGNER, F. M. et al., Physi
s of Plasmas 24 (2017) 56105.

[10℄ WEISEN, H. et al., Journal of Plasma Physi
s 86 (2020) 905860501.

[11℄ URANO, H. et al., Nu
lear Fusion 53 (2013) 83003.

[12℄ BONANOMI, N. et al., Nu
lear Fusion 59 (2019) 96030.

[13℄ TERRY, P. W., Review of Modern Physi
s 72 (2000) 109.

[14℄ MANINI, A. et al., Nu
lear Fusion 46 (2006) 1047.

[15℄ TARDINI, G. et al., Nu
lear Fusion 47 (2007) 280.

[16℄ SCHNEIDER, P. A. et al., Nu
lear Fusion 53 (2013) 73039.

[17℄ STAEBLER, G. M. et al., Physi
s of Plasmas 14 (2007) 55909.

[18℄ STAEBLER, G. M. et al., Nu
lear Fusion 57 (2017) 66046.

[19℄ PEREVERZEV, G. V. et al., IPP Report 5/98 (2002).

[20℄ FABLE, E. et al., Plasma Physi
s and Controlled Fusion 55 (2013) 124028.

[21℄ JENKO, F. et al., Physi
s of Plasmas 7 (2000) 1904.

[22℄ GöRLER, T. et al., Journal of Computational Physi
s 230 (2011) 7053.

[23℄ DENK, S. S. et al., Plasma Physi
s and Controlled Fusion 60 (2018) 105010.

[24℄ KURZAN, B. et al., Review of S
ienti�
 Instruments 82 (2011) 103501.

[25℄ WILLENSDORFER, M. et al., Review of S
ienti�
 Instruments 83 (2012) 23501.

[26℄ MCDERMOTT, R. M. et al., Review of S
ienti�
 Instruments 88 (2017) 73508.

[27℄ CAVEDON, M. et al., Review of S
ienti�
 Instruments 88 (2017) 43103.

[28℄ BERNERT, M. et al., Review of S
ienti�
 Instruments 85 (2014) 033503.

[29℄ GEIGER, B. et al., Review of S
ienti�
 Instruments 84 (2013) .

[30℄ POTZEL, S. et al., Journal of Nu
lear Materials 463 (2015) 541.

[31℄ DUNNE, M. G. et al., Plasma Physi
s and Controlled Fusion 59 (2017) 14017.

[32℄ SUTTROP, W. et al., Plasma Physi
s and Controlled Fusion 42 (2000) A97.

[33℄ DE VRIES, P. C. et al., Plasma Physi
s and Controlled Fusion 48 (2006) 1693.

[34℄ STIX, T. H., Plasma Physi
s 14 (1972) 367.

[35℄ WEILAND, M. et al., Nu
lear Fusion 58 (2018) 82032.

[36℄ ITER Physi
s Expert Group, Nu
lear Fusion 39 (1999) 2137.

[37℄ PANKIN, A. et al., Computer Physi
s Communi
ations 159 (2004) 157.

[38℄ BRESLAU, J. et al., TRANSP, [Computer Software℄

\url{https://doi.org/10.11578/d
.20180627.4}, 2018.
[39℄ GEIGER, B. et al., Nu
lear Fusion 55 (2015) 83001.

[40℄ Jansen Van Vuuren, A. et al., Review of S
ienti�
 Instruments 90 (2019) 103501.

[41℄ CITRIN, J. et al., Phys. Rev. Lett. 111 (2013) 155001.



28

[42℄ Di Siena, A. et al., Nu
lear Fusion 58 (2018) 54002.

[43℄ RYTER, F. et al., Nu
lear Fusion 59 (2019) 96052.

[44℄ ANGIONI, C. et al., Plasma Physi
s and Controlled Fusion 51 (2009) 124017.

[45℄ ANGIONI, C. et al., Physi
s of Plasmas 25 (2018) 82517.

[46℄ REISNER, M. et al., Nu
lear Fusion 60 (2020) 82005.

[47℄ SYNAKOWSKI, E. J. et al., Phys. Rev. Lett. 78 (1997) 2972.

[48℄ SHIRAI, H. et al., Nu
lear Fusion 39 (1999) 1713.

[49℄ CITRIN, J. et al., Nu
lear Fusion 54 (2014) 23008.

[50℄ FRIEMAN, E. A. et al., The Physi
s of Fluids 25 (1982) 502.

[51℄ BRIZARD, A. J. et al., Rev. Mod. Phys. 79 (2007) 421.

[52℄ NAKATA, M. et al., Phys. Rev. Lett. 118 (2017) 165002.

[53℄ Di Siena, A. et al., Physi
s of Plasmas 25 (2018) 42304.

[54℄ RYTER, F. et al., Plasma Physi
s and Controlled Fusion 58 (2016) 14007.

[55℄ MAGGI, C. F. et al., Plasma Physi
s and Controlled Fusion 60 (2018) 14045.

[56℄ PLANK, U. et al., Nu
lear Fusion 60 (2020) 74001.

[57℄ WENNINGER, R. et al., Nu
lear Fusion 55 (2015) 63003.


	Introduction
	Experiments
	Edge pedestal
	Plasma core
	Electron density
	Electron temperature
	Ion temperature
	Rotation
	Fast-ions
	Power balance
	Overview


	Modelling
	Astra /TGLF 
	Gene 

	Discussion and conclusion

