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Introdu
tion: For predi
tions towards future fusion devi
es it is parti
ularly impor-

tant to understand the impa
t of the normalized gyroradius ρ⋆ = ρ/a on the 
on�nement.

In addition to the ma
hine size a the main ion mass of the plasma is a parameter that

will 
hange from today's experiments. While today mainly pure deuterium (D) plasmas

are studied, a fusion plasma will have signi�
ant fra
tions of tritium and helium. To

understand the impa
t of the mass of the hydrogen (H) isotope on the plasma 
on�ne-

ment many studies have been performed in the past. Typi
ally, H plasmas are found

with lower 
on�nement than D [1, 2℄ albeit the opposite is expe
ted by gyro-Bohm s
al-

ing of the transport 
oe�
ients whi
h is well established in mono-isotope studies [3, 4℄.

Di�erent theoreti
al explanations have been brought forward whi
h fo
us on mi
ros
opi


e�e
ts [5�7℄ or the pedestal stability in H-mode was dis
ussed [8℄. However, no satisfa
tory

theoreti
al explanation for all observed phenomena is at present available.

This 
ontribution fo
uses on ma
ros
opi
 e�e
ts and the 
ore transport. It is important

to separate these from edge e�e
ts. In parti
ular, ELMs behave signi�
antly di�erent

when 
hanging the main ion mass and the gas fuelling to a
hieve a density mat
h [8,9℄. It

was also shown re
ently that the amount of ELM energy losses 
an impa
t the pedestal

and thereby the 
on�nement [10℄. Therefore, an L-mode s
enario was 
hosen to remove

the impa
t of pedestal stability on the 
on�nement. The main experiments 
onsist of

a dimensionless ρ⋆ s
an in ECRH heated L-modes via an isotope s
an using H and D

plasmas. The dimensionless s
an was 
hosen to minimize the impa
t of ν⋆, β, LT , Ln and

the Ma
h number and allow to identify the in�uen
e the mass number has on transport

and 
on�nement.

Experimental Setup: The experimental strategy is to a
hieve a mat
h in the ki-

neti
 pro�les for two dis
harges with di�erent hydrogen isotopes as main ions. The

L-mode dis
harges des
ribed in the remainder of this se
tion are AUG#30693 with D

and AUG#31369 with H as main gas. These dis
harges are very reprodu
ible whi
h was

demonstrated by running a series of similar dis
harges for ea
h spe
ies. At a given density

the heating power and thereby the temperature is limited by the prerequisite to stay in

L-mode. The dis
harges 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 fa
tor of q95 = 5.07.

∗
see http://www.euro-fusions
ipub.org/mst1



2

0.0

2.0

4.0

6.0

8.0

0.00 0.25 0.50 0.75 1.00

el
ec

tr
on

 d
en

si
ty

 [
10

19
m

-3
]

normalised radius ρtor

AUG#30693: D
AUG#31369: H

0.0

2.0

4.0

6.0

8.0

0.00 0.25 0.50 0.75 1.00

(a)
0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.25 0.50 0.75 1.00

el
ec

tr
on

 te
m

pe
ra

tu
re

 [
ke

V
]

normalised radius ρtor

AUG#30693: D
AUG#31369: H

0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.25 0.50 0.75 1.00

(b)
0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.25 0.50 0.75 1.00

io
n 

te
m

pe
ra

tu
re

 [
ke

V
]

normalised radius ρtor

AUG#30693: D
AUG#31369: H

0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.25 0.50 0.75 1.00

(c)

FIG. 1: Radial pro�les of ele
tron density (a), ele
tron temperature (b) and ion temperature (
) for the dis
harge in

deuterium (red) and in hydrogen (blue). The �ts used for the modeling are indi
ated by solid lines.

A near perfe
t pro�le mat
h was a
hieved with only ele
tron 
y
lotron resonan
e heating

(ECRH) as an auxiliary heating sour
e. The mean ECRH heating power was 0.50 MW

for D and 0.81 MW for H. The pro�les of n
e

, T
e

and Ti are illustrated in �gure 1. Adding

the ohmi
 heating and taking the slightly di�erent 
ore radiation levels into a

ount the

power transported over the separatrix is PD
sep = 1.06 MW and PH

sep = 1.39 MW. This

means the same stored energy in the plasma is a
hieved with PD
sep = 0.76PH

sep. This

ratio is similar to expe
tations from the empiri
al s
alings. In fa
t, the dis
harge with

H main ions performs 10% better 
ompared to the s
aling: HD
98(y2) = τDE /τE,98(y2) = 0.67,

HH
98(y2) = 0.77, LD = τDE /τE,L = 1.02, LH = 1.16 [4, 11℄.

The dis
harges des
ribed above are mat
hed in ν⋆, β, LT and Ln within the un
ertain-

ties. Di�eren
es in the radiation are taken into a

ount for the modeling. The impa
t

of the sawteeth on the heat �ux is treated with the TRANSP sawtooth model whi
h is

based on the Kadomtsev prin
iple.

Transport Analysis: The transport analysis is divided into three parts: two types of

data interpretation (power balan
e and heat pulse transport analysis) and one theoreti
al


onsideration using gyrokineti
 simulations.

The main tool for the power balan
e analysis is the Transp 
ode [12℄. It is used to

determine the heat �ux pro�les for ele
trons q
e

and ions q
i

. Most relevant for the transport

properties is ρt > 0.3 where qH
e

= qD
e

and qH
i

> qD
i

. Although only ele
tron heating is

applied the heat �uxes are regulated by the ele
tron-ion heat ex
hange term whi
h is two

times stronger in H 
ompared to D. Therefore, the additional ele
tron heating in H is

in fa
t transported by the ion 
hannel. There are three dire
t results from this power

balan
e analysis. First, qi shows no gyro-Bohm dependen
e be
ause for the gyro-Bohm

s
aling

√
2qH

i

= qD
i

would is expe
ted. Se
ond, the ele
tron temperature is not a�e
ted

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

ρt = 0.6. The resulting di�usivities are varying over the radius with χPB
e

= 0.5−1.0 m2/s
and χPB

i = 1− 3 m

2/s.
The heat pulse analysis using lo
alised modulated ECRH to determine transient trans-

port properties is a well established method [13, 14℄. The ECRH is modulated at 100 Hz

to indu
e small perturbations and their response in the ele
tron temperature is measured

with the ECE diagnosti
. The Fourier analysis of the temperature perturbation yields

radial amplitude A and phase φ pro�les as shown in �gure 2. The resulting di�usivities

are 
al
ulated after [15,16℄ and are χHP
e,H = 2.4± 0.9 m

2/s and χHP
e,D = 2.2± 0.3 m2/s. This

supports the results of the power balan
e analysis that H and D plasmas show the same

ele
tron heat transport for mat
hed ρe⋆ despite di�erent ρi⋆.
The expe
ted mi
roturbulent 
omposition of the plasma is determined via linear and

nonlinear gyrokineti
 �ux tube simulations using the Gene 
ode [17℄. These three spe
ies
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FIG. 2: Radial pro�les for amplitude (a) and phase (b) of temperature perturbations. The ECRH deposition pro�le obtained

from TORBEAM 
al
ulations is indi
ated with solid lines.
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FIG. 3: Total heat �uxes plotted against the inverse ion temperature gra-

dient length for two di�erent radii. Open symbols show nonlinear Gene

simulations and full symbols experimental measurements.
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FIG. 4: Temperature pro�les for

phases with dominant ele
tron heat-

ing (red) and dominant ion heating

(blue). The 
ase with ion heating has

15% lower 
on�nement than the ele
-

tron heated 
ase.

simulations (ions, ele
trons and impurities) in
lude ele
tromagneti
 e�e
ts, 
ollisions and

the ma
ros
opi
 E×B shear �ow present in AUG. To understand the trends resulting from

gyrokineti
s an arbitrary s
an of the ion temperature gradient length LT i = (∇(lnT
i

))−1

was performed around the experimental data. Gradient s
ans in linear simulations suggest

negligible in�uen
e of LT e

and Ln on the out
ome of the nonlinear simulation. The

ion temperature gradient (ITG) drive is the dominant turbulent me
hanism for these

dis
harges.

The main result of the LT i-s
an is shown in �gure 3 with the experimental measurements

for two di�erent radial positions in the plasma. In �gure 3 the total heat �uxes qtot =
q
e

+ q
i

are plotted against 1/LT i. The impli
ations of these Gene simulations are a high

sti�ness of the ion temperature. The heat �uxes do not follow gyro-Bohm theory be
ause

qD <
√
2qH and they also do not follow the experimental trend qH > qD. However,

within the un
ertainties the simulated �uxes are still 
ompatible with the experimental

ones. If the total heat �uxes are mat
hed with the experimental ones, Gene predi
ts

a distribution for the heat �uxes of q
i

/q
e

∼ 1.5 . . . 2.5. This ratio is 
onsistent with the

experimental data regarding the observation of additional heat �ux being transported

over the ion 
hannel.

Impa
t of q
i

/q
e

: In the previous se
tion it was dis
ussed that the dimensionless ρ⋆
s
an was a
hieved with 
onstant q

e

and a variation in q
i

. To separate the in�uen
e of

mass and ion heat �ux, additional experiments were performed. The aim was to a
hieve

an identity mat
h in the same gas with di�erent heating methods. One dis
harge was the

pure ele
tron heated AUG#30693 dis
ussed above and the se
ond dis
harge AUG#33708

used dire
t ion heating PNBI = 0.56 MW and PECRH = 0.16 MW.

The �rst striking observation is that PD,NBI
sep = 1.24 MW is ne
essary for a pro�le
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mat
h whi
h is PD,ECRH
sep /PD,NBI

sep = 0.85. The density pro�le is less peaked and the NBI

torque results in a slightly faster toroidal plasma rotation. Still this observation 
an be

understood 
onsidering LT e

6= LT i and assuming strong pro�le sti�ness for both 
hannels.

Getting more heat into the 
hannel with the lower L−1
T will result in redu
ed 
on�nement.

This is a dire
t 
onsequen
e of the pro�le sti�ness and does not require a 
hange in the

underlying transport me
hanism. This 
on
ept is 
on�rmed with a 
hange of ele
tron vs.

ion heating mix during individual dis
harges for both H and D plasmas. An example is

shown in �gure 4 in logarithmi
 s
ale to illustrate the gradient lengths. The response of

edge plasma temperature was the same for ele
trons and ions - so with LT i = LT e

the


on�nement would have been the same.

Dis
ussion: Experiments are performed to explore the impa
t of ρ⋆ and ion mass on

the 
ore 
on�nement. To analyse 
ore transport e�e
ts the impa
t of the edge plasma is

minimized. In parti
ular, ELMs are avoided by 
hoosing an L-mode s
enario.

The dimensionless mass- or ρ⋆-s
an reveals that the lower 
on�nement in H 
ompared to

D plasmas is a

ompanied by a larger ion heat �ux due to the enhan
ed ele
tron ion heat

transfer. The ele
tron transport 
hannel is una�e
ted by the di�erent main ion mass, as

indi
ated by both power balan
e and heat pulse transport analysis. A signi�
ant impa
t

on the ele
tron temperature in these ITG dominated dis
harges is also not expe
ted from

nonlinear Gene simulations. These simulations highlight the importan
e of the ion heat

transport 
hannel. By s
anning R/LT i a heat �ux mat
h 
an be a
hieved by varying the

experimental gradients within their un
ertainties. Unfortunately, the un
ertainties in the

ion temperature measurements are too large for a stronger 
on
lusion.

Additional experiments with the same isotope mass show that larger ion heat �uxes -

due to dire
t ion heating - will lead to redu
ed 
on�nement when R/LT i < R/LT e

for

sti� temperature pro�les and when the type of transport is not 
hanged by the di�erent

heating. In the presented experiments the heating power ne
essary to a
hieve the same

stored energy s
ales linearly with 〈q
i

/q
e

〉 or τ−1
E ∝ 〈q

i

/q
e

〉 regardless of the main ion mass.

This means, for the ITG dominated L-modes dis
ussed here, the impa
t of the isotope

mass on pei is su�
ient to explain the degradation of 
on�nement. In parti
ular, we �nd

that in this situation τE is not suited to des
ribe the underlying transport physi
s.
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