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Abstract — This paper describes the effect of the isotopic mass on plasma pa-
rameters as observed in the ASDEX tokamak. The paper comprises Ohmic as well
as L-mode, H-mode and H*-mode scenarios. The measurements reveal that the
ion mass is a substantial and robust parameter which affects all confinement times
(energy, particle and momentum) in the whole operational window. Both, core
properties like the sawtooth repetition time and edge properties like the separatrix
density change with the isotopic mass. Specific emphasis is given to the edge pa-
rameters and changes of the edge plasma due to different wall conditioning such as
carbonization and boronization. The pronounced isotope dependence of edge and
divertor parameters are explained by the secondary effect of different power fluxes
into the scrape-off layer plasma and onto the divertor plates. Finally, the observa-
tions serve to test different transport theories. With respect to the ion temperature
gradient driven turbulence, the isotope effect is also studied in pellet refuelled dis-
charges with peaked density profiles. The results from ASDEX are compared with
those from other experiments.

PACS numbers : 52.50, 52.55, 52.70.
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1 Introduction

The isotope effect was observed in ASDEX from its first operation days [1] till shut-
down in 1990. During this time, there were various operational regimes where the
hydrogen isotopes give rise to highly different confinement behaviour. In fact, iso-
topic dependences on the background ion mass A; were investigated in limiter as
well as various divertor configurations which had different conductances between
the main plasma and the divertor chamber. The isotope effects prevail with various
wall conditioning such as carbonization or boronization. Ohmic discharges show
pronounced improvements for deuterium compared with hydrogen from low-density
conditions in Linear Ohmic Confinement (LOC) up to the highest densities in Sat-
urated Ohmic Confinement (SOC). The isotope effect also appears in L-mode plas-
mas with neutral injection (NI), with ion cyclotron resonance heating (ICRH), and
with lower hybrid (LH) heating. Moreover, the improved confinement of H-mode
plasmas shows isotopic dependences. It is noteworthy that there are four good con-
finement regimes which have only been achieved by operation in deuterium: these
are Improved Ohmic Confinement (I0C) [2], sawtooth-free Ohmic discharges [3],
counter-NI, and the H*-mode. These observations indicate that the isotope effect
appears both when the ion transport dominates as in SOC and when the electron
transport dominates as in LOC or with LH. To sum up, the background ion mass
is a substantial and robust parameter of the confinement in various heating and
confinement regimes of ASDEX, where deuterium plasmas always surpass hydrogen
plasmas in all respects: energy, particle and momentum confinement.

Besides confinement, the central electron temperature T, is highly enhanced in
deuterium plasmas and the sawtooth period 757 is appreciably prolonged compared
with hydrogen plasmas. In particular, sawtooth-free discharges are achieved in deu-
terium plasmas only. Another MHD aspect, which is affected by the isotope mass,
is the ELM frequency in H-mode discharges. ELMs like sawteeth are much more
frequent in hydrogen than in deuterium plasmas. In the edge plasma, the isotope
effect may be even more prominent, namely in the separatrix density n.,. The rela-
tions weaken, however, with improved wall conditioning and seem to be a corollary
of the enhanced impurity radiation caused by improved particle confinement of deu-
terium. The better particle confinement time gives additionally rise to lower neutral
pressure and consequently reduced impurity retention within the divertor chamber.
The lower anomalous particle diffusion coefficient in combination with less ELMs
and sawtooth activity aggrevates the impurity dilution and radiation problem in
deuterium H-modes. In summary, we observe on ASDEX a shortening of both the
confinement and the relaxation times when we switch from deuterium to hydrogen.
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Besides ASDEX, there are many other tokamaks where the isotope effect has
occurred in a similar form. Some of the earliest empirical scalings of tokamak con-
finement already included the beneficial properties of deuterium: Hugill and Sheffield
[4] extracted for Ohmically heated tokamaks the four-parameter fit

TE ﬁ—ﬂ.ﬁl % al.57 % B:]SS % A:_).es

e

and Pfeiffer and Waltz [5] derived from an extended data base that

TE 53.59 % 01.59 X A?30

As a consequence, the Goldston L-mode scaling [6]
15 o I, x P05 x ¢=037 x RUTS x k05 5 A0S

takes an adhoc ansatz with an A% in it; the same exponent has been assumed in
the Kaye-Goldston scaling [7] and the Kaye scaling [8]. The ITER L-mode power
scaling [9]

T}JTERBQ—P o 13.85 x Pt,—o?'s % aO.3 % Rl.2 % 50.5 x ﬁ;).l % A?S

was also selected with an inherent isotope scaling.

Despite its fundamental nature and wide-spread appearance, conventional trans-
port theories usually fail in predicting the right isotope effect on transport and con-
finement. Neoclassical theory, ion pressure gradient driven turbulence models and
resistive ballooning theories, for instance, predict a degradation of confinement from
deuterium to hydrogen. Recently, collisional drift-wave turbulence models seem to
catch the right trends [10].

The remainder of this paper is organized as follows.

Firstly, we give a synopsis of the isotope effect in various heating scenarios,
i.e. in Ohmic heating (Section 2) and in additional heating L-mode scenarios with
neutral injection, ion cyclotron waves or lower hybrid waves (Section 3).

Then, the appearance of the isotope effect in improved confinement scenarios
is discussed in Section 4. This includes IOC as well as H-mode or H*-mode.

Special emphasis is put on instabilities like sawteeth and ELMs which show
significant isotope signature; this is the topic of Section 5.

Finally, the isotope effect on other experiments is addressed in Section 6. We
give data of limiter tokamaks such as TEXTOR and also of divertor tokamaks
such as Doublet III-D, which we gained from a world-wide questionnaire about the
isotope effect. Information from the stellarators Wendelstein VII-AS and ATF are
also included.




M. Bessenrodt-Weberpals et al./ Isotope effect in ASDEX

From the above phenomenology, the following questions arise.

(1) The first question, which is treated in Section 7, is at what phase of the dis-
charge initiation the isotope effect makes its appearance, i.e. whether the isotope
effect is already present during the plasma build-up.

(2) Next, in Section 8, we look at the operational window of the isotope effect in
terms of various dimensionless quantities like collisionality etc.

(3) The additive nature of the isotope effect, viz. the role of the average ion mass
in confinement, is treated in Section 9.

(4) Section 10 sheds light on the question whether the isotopic mass dependences
as observed in the edge plasma are origin or consequence of the isotope effect. Here,
we also propose a simple analytical model in order to describe the isotope depen-
dences in the boundary plasma. These results are confirmed by extensive regression
analysis.

(5) The next question is whether the ion or the electron transport or both are
influenced by the isotope mix. To this aim, we follow in Section 11 the particle
confinement time, derived from SOL and bulk plasma physics, and in Section 12 the
momentum confinement time. We strongly refer to the observations of the various
heating scenarios given in Section 3.

(6) Closely related to this question, we ask whether the isotope effect depends on
the mass (A;) or specific mass (A;/Z;). This is the subject of Section 13, which
presents the results from helium discharges.

(7) An open question is whether the isotope effect intrinsically enters the dif-
fusivities or whether the ion mass changes the onset conditions of an additional
instability; this is looked at in Section 14. As a candidat, the damping of ion
temperature gradient (ITG) driven turbulence is studied because the radial density
profiles in deuterium are generally more peaked than in hydrogen. Since pellet re-
fuelling gives rise to highly peaked density profiles in both hydrogen and deuterium
plasmas, transport was explored for hydrogen pellet injection into hydrogen plasmas
compared with deuterium pellet injection into deuterium plasmas. Both cases have
sufficiently peaked density profiles such that the critical threshold for ITG driven
turbulence should not be exceeded.

(8) We proceed by analyzing the isotopic dependences of the core and edge fluctu-
ations and determine the particle fluxes from edge fluctuation studies (Section 15).

(9) On the way to understanding or even explaining the isotope effect, Section 16
presents some theoretical attempts. Theories based on particle drifts call for a lower
transport for hydrogen plasmas because they rely on the ion gyroradius as charac-
teristic length. Similarly, theories based on the drifts due to fluctuating fields also
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claim better confinement for hydrogen than for deuterium. This lack of theoretical
understanding provides us with further motivation.

Finally, our findings are summarized in Section 17 and some conclusions are

drawn.
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2 Ohmic discharges with carbonized or boroniz-
ed wall conditioning

Ohmic ASDEX discharges with carbonized wall conditions have been analyzed for
the parameter range 150 kA < I, <440 kA,19 T < B, < 245 T, and 0.8 x 10"
m~3 <7, < 5.5%x10" m=3. The regression fits for various plasma parameters such as
the Ohmic heating power Poy, the total (Eo) and the electron (E.) energy contents,
the energy confinement time 7g, the central (7o) and the volume-averaged ((T.))
electron temperatures, the temperature peaking Teo/(T.), the central (n) and the
volume-averaged ({n.)) electron densities, the density peaking n.o/(n.), the central
ion temperature T}y, and the sawtooth repetition time 757 as functions of I,,, By, .,
Zeg, and A; are set out in Table 1. For simplicity, it is set A; = 1 for hydrogen and
A; = 2 for deuterium discharges.!

For medium to high densities (7, > 2.5x 10’ m~3), i.e. in the Saturated Ohmic
Confinement (SOC) regime, Table 1(b) gives the scalings that the isotope effect is
most prominent in the sawtooth repetition rate

st « ID x B x 1) x Z 2% x A]"™,
in the energy confinement time
75 o I x BY''® x 7l x Z% x A},
and in the central electron temperature
P 13.31 x BOT® x =083 4036,

the density dependent isotope behaviour is illustrated in Figure 1. Owing to the
lower electron temperature in the case of hydrogen, the Ohmic heating power is
larger in hydrogen than in deuterium plasmas, as illustrated in Figure 2(a). This
figure shows data of Ohmic discharges in ASDEX with different density and I, = 425
kA, B, = 2.2 T. Impurity radiation is larger in deuterium than in hydrogen as a
consequence of the better particle confinement; this is the case for all wall coatings.
Whether a notable difference appears in Z.g depends on the wall composition. A
difference appears in case of the bare stainless steel wall; none in case of carbonized

! A more sophisticated analysis should work with the mean plasma mass per electron, i.e.
A m
(E) = (HH +2np + —Zz—ﬂz) /(ng +np+ngz),
eff

which is determined by the H/D ratio in the plasma, as measured by mass spectrometry, and an
average impurity species with e.g. mz = 2Z = 14 as oxygen and carbon mixture.
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(a) const I, (kA) | By (T) | % (10" m™3) | Zeg | A; R
Poy (MW) 9.93x107*| 1.02 | -045 0.26 0.24 | -0.09 | 0.96
Ep (kJ) 243x 1072 | 112 | -0.18 0.56 -0.14 | 0.21 | 0.97
E. (kJ) 1689104 | .1.12 0.00 0.38 -0.11 | 0.18 | 0.97
7 (ms) 3.73x 10*! | 0.00 0.27 0.39 -0.28 | 0.31 | 0.80
Teo (eV) 4.13x 10*1 | 0.49 0.73 -0.36 0.14 | 0.24 | 0.88
(T.) (eV) 6.14 x 10*° | 0.77 0.21 -0.37 0.12 | 0.17 | 0.92
Teo/{(Te) 6.83x 10t° | -0.27 | 0.51 0.00 0.00 | 0.00 | 0.54
neo (10® m—3) | 4.02x 10*° [ -0.14 | 0.00 0.85 -0.25 | 0.02 | 0.97
{n2) (10" m™3) | 231 x 10~ | 0.33 -0.17 0.68 -0.25 | -0.12 | 0.93
neo/(ne) 1.49 x 10*! | -0.46 | 0.24 0.16 0.00 | 0.20 | 0.83
Tio (eV) 5.75 x 10*1 | 0.40 0.36 0.10 0.00 | 0.00 | 0.81
st (ms) 5.64 x 101 | -0.43 | 0.00 0.81 0.00 | 0.25 | 0.83
(b) const I, (kA) | B; (T) | 7 (10 m=3) | Z.g | A; R
Pou (MW) 7.93x 1074 | 1.09 -0.40 0.24 0.00 | -0.22 | 0.96
Eo (kJ) 574%x 1072 | 0.99 | -0.13 0.43 -0.16 | 0.28 | 0.97
E. (kJ) 1.40x 1072 | 1.14 0.00 0.35 0.00 | 0.27 | 0.97
7E (ms) 5.76 x 10*1 | 0.00 0.18 0.00 -0.27 | 0.50 | 0.86
Teo (eV) 1.53x 1012 | 0.31 0.79 -0.63 0.00 | 0.36 | 0.94
(T.) (eV) 5.92 x 10%° | 0.84 0.19 -0.62 0.00 | 0.19 | 0.88
Teo/(Te) 5.62 x 10*1 | -0.67 | 0.66 0.00 0.00 | 0.11 | 0.87
neo (10" m=3) | 4.66 x 10*° | -0.21 0.14 0.84 -0.11 | 0.10 | 0.93
(ne) (10" m™3) [ 9.68 x 1072 | 0.42 | -0.26 1.01 -0.10 | -0.12 | 0.97
neo/(ne) 3.73x 10%1 | -0.59 0.37 -0.17 0.00 | 0.25 | 0.94
Tio (eV) 1813 % 10429 4529 0.55 -0.28 0.00 | 0.16 | 0.72
Tsr (ms) 1.57 x 101 | 0.00 0.00 0.00 -0.61 | 0.54 | 0.82
Table 1: Exponents of the regression analysis in the form const x Is’is" X Bf W i

for carbonized Ohmic ASDEX discharges. R denotes the regression coefficient.
Results for (a) . < 2.5 x 10’ m™2 (LOC) and (b) 7. > 2.5 x 10'®* m~2 (SOC).
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Figure 1: Density scans of (a) central electron temperature T, (b) energy confine-

ment time 7g, and (c) sawtooth repetition time 75z for both hydrogen and deuterium
filling (2.5 < g, < 4.0).
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(a) Ohmic heating power and total radiation loss, (b) power influx into the SOL,
(c) electron density at the separatrix position.
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wall. In addition, the impurity content for deuterium is larger than for hydrogen,
which leads to higher Z.g and larger radiation losses; measurements of the total
radiation by bolometers [11] are also marked in Figure 2(a). Typically, the fraction
of radiated power compared with Ohmic heating power amounts to 40 per cent for
hydrogen and 50 per cent for deuterium at &, = 2 x 10'® m™3 in Linear Ohmic
Confinement (LOC) and to 25 per cent for hydrogen and 40 per cent for deuterium
at M. = 4.5 x 10’ m~3 in SOC. The combination of these data, i.e. Ohmic heating
power minus radiation loss, results in a much larger power influx into the Scrape-Off
Layer (SOL) plasma for hydrogen than for deuterium (see Figure 2(b)). Regression
analysis for deuterium filling and &, > 3 x 10'® m™2 yields for the power flux

1.76 -0.35 =0.37
Pm] o< Ip X Bt Xn, =,

which makes evident the strong coupling between the input Ohmic data (I,, By)
and the power load into the SOL. As a consequence, the electron density at the
separatrix position in a hydrogen plasma exceeds the corresponding value of a deu-
terium plasma, as illustrated in Figure 2(c). Further effects of the isotope mass on
the parameters in the edge plasma are discussed in Section 10.

With boronized wall conditions [12], regression analysis is performed for the
parameter scans 200 kA < I, <450 kA, 1.8 T < B; <28 T, and 2.5 x 10" m™3 <
Me < 5.5 X 10'® m=3. The Ohmic results are shown in Table 2(a). Concerning the
A; dependence, the regression exponents of the bulk data are similar for boronized
and carbonized conditions, e.g.

Tsr x A?M) 1 oc AY® and T ox AP

However, the isotope effect seems to be different in the edge parameters, namely
the edge density scales as n., «x A7%® with carbonization and only as n,, oc A702°

under the clean conditions after boronization (see Section 10).

Over larger experimental periods so-called standard Ohmic discharges (7, =
3.0 x 10" m™3, I, = 320 kA, B, = 22 T, ¢, = 3.3) were run in ASDEX in ei-
ther hydrogen or deuterium gas to obtain continuous documentation of the isotope
effect. The corresponding radial profiles of the electron temperature and electron
density are plotted in Figure 3. Both the radial density as well as the radial temper-
ature profile are significantly more peaked in the deuterium than in the hydrogen
discharge. Mixed data occur in between, thus pointing to the additive nature of
the isotope effect (see Section 9). Owing to boronization, these discharges are very
clean and have Z.g values close to 1. Figure 4 shows the radial profile of Z.g as
obtained from bremsstrahlung measurements ([13];[14]) for the same discharges as
in Figure 3. Whereas the central value Z.4(0) amounts to 1.8 for deuterium and

11
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(a) const I, (kA) | B: (T) | % (10 m™3) | A; R
Pou (MW) 562x 1074 | 1.13 | -0.35 0.26 -0.18 | 0.99
Eo (kJ) 1.55x 1072 | 1.19 | -0.32 0.44 0.47 | 0.98
E. (kJ) 1.32x10%2 | 117 0.00 0.44 0.36 | 1.00
g (ms) 3.80 x 10+ | 0.00 0.00 0.21 0.65 | 0.92
Teo (eV) 1.35x 10*2 | 0.29 0.72 -0.50 0.33 | 0.97
(Te) (eV) 2.34x 10%° | 0.96 0.00 -0.55 0.29 | 0.98
Tl 5.75x 10** | -0.66 | 0.68 0.00 0.05 | 0.95
neo (10" m—3) | 2.57x 10*° | -0.13 | 0.18 0.91 0.08 | 0.99
(ne) (10 m=3) | 1.91x 107 | 0.27 0.00 0.98 -0.12 | 0.97
Neo/(ne) 1.12x 101 | -0.40 | 0.28 0.08 0.17 | 0.90
Tio (eV) 3.55x 10*2 | 0.17 0.35 -0.42 0.00

st (ms) 1.20x 10t2 | -0.48 | 0.00 0.27 0.44

(b) const I, (kA) | B (T) | e (10" m=3) | 4; R
Eo (kJ) 240x 107! | 0.87 | -0.14 0.14 0.44 | 0.98
E. (kJ) 525x 1072 | 0.88 0.09 0.52 0.24 | 0.99
75 (ms) 1.10x 10*° | 0.55 | -0.14 0.09 0.34 | 0.97
Teo (eV) 2.63x 1012 | 0.27 0.55 -0.46 0.25 | 0.89
(Te) (eV) 6.61 x 10*° | 0.83 0.11 -0.49 0.13 | 0.97
Teo/(T:) 3.98x 10t | -0.56 | 0.44 0.00 0.12 | 0.91
neo (10 m~3) | 1.45x 10*° [ 0.00 0.09 0.90 0.07 | 0.99
(ne) (10 m~3) | 5.13x 107! | 0.08 | -0.06 1.11 -0.15 | 0.99
Neo [(Ne) 2.82x10%° | -0.11 | 0.14 -0.21 0.22 | 0.88
Tst (ms) 1.10x 10! | 0.15 0.23 -0.39 0.46

Table 2: Exponents of the regression analysis in the form const x I X Bf x ... for
boronized ASDEX discharges. R denotes the regression coefficient.
Results for (a) Ohmic saturated phase and (b) NI phase (Py; = 1.6 MW).

12
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only 1.4 for hydrogen, the Z.g data lie close to each other at around r/a =~ 0.5.
Beyond this radius, the Zg profile for deuterium increases more steeply than the
corresponding hydrogen profile. The accuracy of Z.g values at the periphery is
doubtful, however. This difference in impurity behaviour is further illustrated by
Figure 5, which presents measured spectra of impurity lines in the X-ray range. It is
obvious that deuterium plasmas contain much more high-Z impurities, e.g. copper
from the divertor plates and iron from the wall. This leads to an overall elevated
radiation level in deuterium plasmas compared with hydrogen plasmas.

For a more detailed density scan, discharges with three density plateaus at
7. = 2.5, 4.0, and 5.5x 10" m~2 (I, = 380 kA, B; = 2.2 T, ¢, = 2.8) were performed
either in hydrogen or deuterium under boronized wall conditions (see Figure 6(a)).
With respect to the impurity content, the Z ¢ profiles determined via bremsstrahlung
radiation yield Z.g(0) = 1.6 - 1.3 for hydrogen and Z.g(0) = 2.1 - 1.6 for deuterium
with the larger Z.4(0) for the lower 7. This Z.g value together with the different 7.,
makes the Ohmic input into hydrogen plasma about 15 per cent larger than that into
deuterium plasma. Nevertheless, the electron temperature is lower in hydrogen than
in deuterium at the same @,. The central electron temperature drops with increasing
density from 850 to 650 eV for hydrogen and from 1040 to 750 eV for deuterium as
illustrated in Figure 6(b). The profiles of the total radiation are consistent with these
measurements since indeed higher radiation losses for deuterium than for hydrogen
show up with maximum values around the separatrix position. The radiation loss
in the bulk plasma reaches about 25 per cent of the Ohmic heating in the case
of deuterium and only about 15 per cent in the case of hydrogen, respectively.
As a consequence, the net power flow into the edge plasma, which is depicted in
Figure 6(c), is 20 per cent larger for hydrogen than for deuterium. With respect
to the energy confinement, the improvement amounts to a factor of 1.4 in favour
of deuterium. In the density limit, however, no significant isotope effect in 75 is
observed in boronized ASDEX discharges [15] as in FT and FTU.

As already obvious from the Z.q4 profiles, the isotope effect also plays a role for
impurity accumulation. Charge exchange spectroscopy measurements on ASDEX
reveal an increasing accumulation of impurities with higher atomic mass of the
impurity ion from helium till neon during phases of counter-injection. For ISX-
B [16], an impurity accumulation is reported in deuterium discharges but not in
hydrogen discharges. According to [17], the impurity confinement time increases
with target plasma mass, too, as measured for the working gases H,, D,, *He, and
“He via impurity injection into Alcator-A discharges. A larger peaking factor in the
impurity concentration profiles was observed as the consequence of a lower diffusion
coefficient in deuterium and the more peaked deuteron density. This agrees with the
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Figure 6: Temporal evolution of ASDEX discharges (I, = 380 kA, B, = 2.2 T,
ga = 2.8) with three density plateaus at #, = 2.5, 4.0 and 5.5 x 10" m™ for
either hydrogen (#28554) or deuterium (#30451) filling under boronized wall con-
ditions. (In all cases, the origin is suppressed.) (a) Electron density integrated over
the line of sight, (b) central electron temperature, (c) power influx into the SOL
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mixed neoclassical estimate of the hydrogen isotope peaking via v/ D) which
gives

plneo) / D(=)(D)

v@o) /D (H) b

since v®°)(D)/v®*)(H) > 1 and D(®)(D)/D*)(H) < 1, and the assumption of
strong collisional coupling between hydrogen and impurity species.
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3 Discharges with additional heating in L-mode

In order to extend the isotope investigations to larger heating power, we perform
discharges with additional heating via the injection of energetic neutrals or via waves
at either the ion cyclotron resonance or the lower hybrid resonance. The preced-
ing chapter showed that the isotope effect is a well established scaling parameter
of Ohmic plasmas and there is evidence that it becomes weaker under auxiliary
heating conditions. Since Ohmic plasmas are subjected to power degradation which
is compensated by the current (if Ohmic heating power is varied by current) [18],
a mechanism, which changes confinement, changes consequently the mean electron
temperature will have a more pronounced effect under Ohmic conditions. As the
Ohmic heating power is reduced in case of a confinement improvement the overall
effect on 75 is larger under Ohmic conditions because less power degradation occurs:
g x A{ transfers into 7p o A:To “ under Ohmic conditions, where Poy is not used
as an explicit regression variable besides I,. Under L-mode conditions, a scaling
75 o AP? transfers into a scaling 75 o AJ® under Ohmic conditions. There is
agreement with experimental observation. An alternative possibility is that the iso-
tope effect on confinement disappears when the turbulence of the plasma increases
e.g. owing to stronger auxiliary heating under L-mode conditions. Indicative of this
possibility is the seemingly larger isotope effect under H-mode conditions.

The energy confinement time of L-mode discharges with neutral injection (NI)
sensitively depends on the ion masses of the background plasma and beam com-
ponent. In these discharges, isotopic differences in radiation levels also exist, but
are negligible for the 7 evaluation. For sufficiently high heating powers, ASDEX
studies (e.g. [19]) reveal an L-mode ordering of the form

75(H® — HY)[L — mode]
< 15(D° — H*)[L — mode] = 7g(H® — D*)[L — mode]
< 15(D° = D*)[L — mode],

i.e. pure hydrogen conditions give the worst confinement and pure deuterium con-
ditions the best, where mixed data lie in between (see Figure 7 and Table 2(b));
Section 9 comprehends the observations of the additive nature of the isotope effects.
The different slowing down of beam particles can be also taken into consideration by
comparing pairs with equal beam injection which is expressed by the two relations

r5(H® = H)[L — mode] < 75(H® — D¥)[L — mode]

and

5(D° - H)[L — mode] < 75(D° — D*)[L — mode].
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Figure 7: Energy confinement time as a function of heating power with either hy-
drogen or deuterium injection into either hydrogen or deuterium plasmas.

With respect to edge parameters, the isotope effect on the separatrix density
fades away. A possible explanation of the model given in Section 10 is the high power
influx into the SOL during neutral injection, which greatly exceeds the Ohmic values.

Isotope effects are also observed with ion cyclotron resonance heating, ICRH,
in ASDEX. However, the study is restricted by the necessity of using different sce-
narios for deuterium and hydrogen: hydrogen minority heating is only possible in
deuterium plasma, eventually combined with deuterium neutral injection, whereas
hydrogen second harmonic heating works satisfactorily in pure hydrogen and in hy-
drogen/deuterium mixtures, up to deuterium concentration of 70 %. Therefore,
the study of isotope effects with ICRH can only be performed for second harmonic
heating in the gas mixture indicated above, implying errors on the effective mass
estimate and consequently on the mass scaling. Moreover, the power absorption
might vary somewhat with the mixture, introducing an additional error. Despite
these uncertainties, an isotope effect on confinement comparable to that observed
in the Ohmic plasmas and beam-heated plasmas seems to exist in ICRH heated
discharges [20]; (21], supporting the generality of this effect in ASDEX.

With regard to lower hybrid waves, isotope effects seem to originate both from
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the absorption mechanism at the edge as well as from the confinement behaviour of
the target plasma. With respect to absorption, there is the classical understanding
that the transition from an electron to an ion dominated regime sets in earlier for
hydrogen than for deuterium. Moreover, the deposition and heating efficiency are
explicitly isotope dependent. The wave propagation, i.e. absorption, in the electron
regime is also different for hydrogen and deuterium.

The wave power can be absorbed by either fast electrons or fast ions. The
damping rate is determined by, respectively, the ratio of the phase velocity of the
lower hybrid wave parallel to the magnetic field to the velocity of electrons in the
electron regime and by the ratio of the perpendicular phase velocity to the ion
velocity in the ion regime. The jon mass therefore appears twice, in the ion velocity
and with the dispersion relation in the ratio of the phase velocities parallel and
perpendicular to the magnetic field. In the lower hybrid experiments with 2.45 GHz
on ASDEX [22] the transition between the electron and ion regimes is found in the
density range 7, = 4 —5 x 10'® m™® for deuterium and in the range 7, = 3—4 X 10'°
m~2 for hydrogen.

The isotope effects with lower hybrid waves on absorption and confinement are
discussed for a density scan with lower hybrid current drive (LHCD) in the density
range 7, = 1.2 — 4 x 10" m~2. Lower hybrid waves were injected with a phasing
of A® = 90°(N}; = 2.2) and two steps in power, each of 500 ms duration. Steady-
state conditions are attained in all cases. The measurements show an Ohmic power
drop during LHCD which decreases with increasing density according to the density
dependence of the LH-driven current:

Ity = nPuu/(n.R)

for both hydrogen isotopes. The LH-driven current shows the same density depen-
dence for deuterium and hydrogen discharges up to a density 7, = 4 x 10" e
At the highest density of 7, = 4 x 10'® m~3, however, the hydrogen measurements
drop clearly below those for deuterium. At this value, strongly enhanced fluxes of
energetic neutrals are observed on the neutral particle analyzer. The density limit
for the electron regime has therefore been exceeded in this case and the lower hybrid

waves start to be absorbed by edge ions rather than by electrons.

The degraded current drive efficiency in hydrogen at this density results also
in reduced profile control capability. Sawteeth and m =1 modes are stabilized in
deuterium up to . = 4 x 10™® m~2, while in hydrogen this is achieved only up to
7, = 3 x 10" m~3. The stabilization originates from a broadening of the current
density profile in the central plasma region. With the reduced current drive efficiency
in hydrogen at high density the LH-driven current is too small to modify the current
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profile substantially. The stabilization of the m = 1 mode leads to strong central
electron heating. The central temperatures T, are plotted in Figure 8 for Ohmic
and LH phases. In deuterium discharges, the electron temperatures are higher than
in hydrogen discharges during the Ohmic heating phase in the whole density range
(see also Section 2). In the medium density range, the isotope effect is also present
with LH and it increases to higher densities. This is spurious and introduced by the
wave absorption at the edge of the hydrogen plasma. The isotope effect decreases
toward low density and high power mostly because of the steep rise in Z.g such
that effects related to the hydrogen component vanish. The shape of the electron
temperature profile does not depend on the ion mass over the whole density scan
from 7, = 1.2 —4 x 10" m™2 in the Ohmic phases of the discharges. The peaking of
the radial temperature profile, obtained after m = 1 mode suppression with lower
hybrid waves, decreases with increasing density.

In order to calculate the global energy confinement time 7z of LHCD plasmas,
the contribution of fast particles has to be considered. As the lower hybrid power
is absorbed first by fast electrons, a large population of suprathermal electrons is
generated and the energy distribution of the electrons becomes anisotropic with a
major contribution in the direction parallel to the magnetic field. From magnetic
measurements of equilibrium and diamagnetic beta values the different components
and then the total energy content of all species in the plasma are determined. With
the total energy content containing bulk and tail electrons the global energy con-
finement time 7 is eventually calculated. Figure 9 shows the density dependence of
7g for Ohmic and LHCD plasmas. The linear dependence 75 « 71, found in Ohmic
phases in the density range @, < 3 x 10'® m~3 is reduced with increasing LH power.
For Ohmic conditions, 7g is higher in deuterium than in hydrogen for the whole
density range. Here, the higher energy confinement times of deuterium result in
both lower Ohmic input power and higher energy content. With lower hybrid waves
as with NI, the superiority of deuterium reduces with increasing power level. With
LHCD the Ohmic input power is decreased and replaced by LH power. The LHCD
efficiency does not depend on the ion mass in the electron region, and therefore
the LH input power is independent of the ion mass, too. On the other hand, also
the enhanced electron heating after mode stabilization is similar in hydrogen and
deuterium discharges. A weaker isotope effect is therefore found in plasmas domi-
nated by LHCD and electron heating by the absorbed lower hybrid waves. At high
density a degradation of energy confinement is observed in hydrogen compared with
deuterium discharges with high power LHCD. There, however, the wave absorption
regime has changed and damping is dominated by the generation of fast ions.
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Figure 8: Central electron temperature as a function of electron density %, for Ohmic
and lower hybrid heating.
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Figure 9: Energy confinement time as a function of electron density 7. for Ohmic
and lower hybrid heating.
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4 Improved confinement regimes

The isotope mix is a decisive parameter for many improved confinement scenarios.

Under Ohmic conditions, deuterium plasmas show enhanced confinement in
sawtooth-free plasmas (see section 5) and under IOC conditions. In high-density
Ohmic discharges, the access to IOC in the hardened ASDEX configuration is re-
stricted to deuterium fuelling [2]. With hydrogen fuelling, the plasma always remains
in the SOC regime. Experiments with neon puffing [23] point to the fact that the
lower power flux across the separatrix in deuterium plasmas compared with hydrogen
plasmas together with lower particle flux are favourable for attaining 10C.

Unlike co-injection, neutral beam injection in the direction against the plasma
current (counter-NT) makes it possible to enter a regime of improved confinement
accompanied by the development of peaked density profiles. This regime is similar
to the IOC regime or improved confinement with pellet injection ([24]; (25]). A clear
transition into this improved counter-NI regime, which is triggered by reducing the
external gas flux during the NI phase, was found only in deuterium plasmas; the
few attempts to achieve this in hydrogen plasmas as well were not successful. With
respect to the isotope effect it is of interest that the dependence of the confinement
time on the species of the injected neutrals observed in L-mode co-injection heated
plasmas also prevails during the phase of improved confinement. This was shown
in a series of subsequent discharges where the transitions from D® counter-NI to
H° counter-NI, then to H® co-NI and, finally, to D° co-NI (Py; = 0.9 MW) were
performed for the same settings of the D plasma. By taking into account the
different power coupling for co- and counter-NI and for H® and D° injection, the
confinement time for co-NI as well as for counter-NI prior to the onset of the profile
peaking is 15 per cent higher when injecting DO instead of H® and the same increase
is found when comparing the maximum confinement time of D° and H counter-
injection during the improved confinement phase. All these improved confinement
regimes are characterized by radially peaked density profiles. The strongest peaking
was achieved in deuterium plasmas fuelled with deuterium pellets (see Section 14).

In contrast, H-mode plasmas with broad density profiles also yield considerably
improved confinement. The H-mode can be realized in hydrogen, deuterium, and in
helium plasmas in ASDEX with either hydrogen or deuterium beams [26]. However,
the accessibility of H-mode operation depends on the hydrogen isotope, the power
threshold being a factor of 2 larger for hydrogen than for deuterium; this may be
related to the higher edge temperature and hence larger edge pressure during the
preceding L-mode phase in deuterium compared with hydrogen discharges. Simulta-
neously, the confinement time is higher for deuterium than for hydrogen in H-mode
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Figure 10: Energy confinement time as a function of electron density 7. for different
H-mode scenarios, i.e. H — H*, H® — D*, D — D*. For comparison, the Ohmic

data are included as fit curves [26].

25




M. Bessenrodt-Weberpals et al./ Isotope effect in-ASDEX

plasmas with an ordering of 7 with A; similar to that in the L-mode cases (see
Figure 10):

1g(H® — H*)[H — mode]
< 75(D° — H*)[H — mode] ~ 7g(H® — D*)[H — mode]
< 15(D® — D*)[H — mode]

[26]. Similar ordering results for H-mode plasmas, 7g(He) ~ 75(H) < 7£(D), have
been reported for the Doublet III-D tokamak [27].
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5 Sawteeth and ELMs

Low-density Ohmic discharges in ASDEX can develop to sawtooth-free plasmas in
deuterium and in helium but not in hydrogen [3]. The development of these plas-
mas need clean plasma conditions with low impurity radiation losses and high edge
densities. Generally, sawtooth-free discharges are characterized by peaked radial
density profiles and enhanced energy confinement. Owing to the stabilization of the
sawtooth activity, the transport in the plasma centre is improved, whereas the be-
haviour is unchanged outside the sawtooth mixing radius. The sawtooth repetition
time 7sr is rarely evaluated. An old analysis from the TOSCA tokamak [28] takes
the product ansatz

3/7 _2/T 27
TS’I‘ oC TR/ TAI Th/

and determines the exponents from tearing mode theory; 7 denotes the resistive skin
time, 74 the Alfven transit time, and 7, = 3nT, /2n;? the heating time (5: resistivity,
j: central current density). The above result is consistent with the experimental
findings, which yield

TST X Tg.42 73.44 T’?Afl

from statistical analysis with a regression coefficient R = 0.985. Using the isotope
dependence of the central electron temperature, we evaluate the isotope effect on
resistivity and on the characteristic times as

TR AP, 140 A}F, and 7, o A?°.
Altogether, this results in the following scalings
1sT x AY®®  and g ox A

for the experimental findings and the tearing analysis, respectively; both are not far
away from the experimental observations in ASDEX,

TsT X A?'M.

Nevertheless, the scalings of other plasma parameters are not consistent with ex-
perimental findings. In the FT tokamak with either hydrogen, deuterium or he-
lium filling, a scaling for 7s7 has been derived [29] for Ohmic discharges (1 x 10'°
m?<n <30x10°m324T< B <8T,22< ¢, <5). On the basis of
the reduced, resistive MHD equations together with a simple transport model, the
authors evaluate

TsT X Tg‘ST X A%:: b 4 A?.l25
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where Az, = (3.4/Zeq) ((1.13 + Zg) / (2.67 + Z.g)) being the Z.gz-dependence of
the resistivity. Applied to the isotope effect, the formula predicts

TST X A?'25 or A?'35

for carbonized Ohmic ASDEX discharges in LOC or SOC, where 7z o< A?3! or
75 o AY5? has been used (see Table 1). The predictions agrees quite well with the
empirical result

TsT x AY® or AP

given in Table 1.

Like in the Ohmic case, the sawtooth behaviour under L-mode conditions in
ASDEX is also rather different for the hydrogen isotope species [30]. For H® — D¥,
the repetition time 7s7 shows a sharp increase above 2 MW heating power at the
L-H transition, whereas for H® — H* this increase remains modest. Both in Ohmic
and beam heating conditions, the sawtooth repetition time is larger in deuterium
than in hydrogen plasmas. Therefore, we do not see any evidence for fast particle
stabilisation of sawteeth as has been speculated by [31].

Without specific operational measures, H-mode plasmas in ASDEX are ac-
companied by ELM activity and it is observed that the ELM activity, namely the
repetition rate, increases when going from deuterium to hydrogen plasmas; the same
behaviour is reported from Doublet III-D. In addition, this behaviour depends on
the heating power: At heating powers close to but still above the threshold for the
L-H transition, the ELM behaviour is erratic with a high repetition rate known as
grassy ELMs. With a further increase of the heating power, the ELM frequency de-
creases until, at sufficient heating power and after careful positioning of the plasma
column inside the vessel, an ELM-free H*-mode can be reached provided the isotope
mix is correct: With H® — H*, the quiescent H*-mode was never achieved. With
H® — D%, it is possible to get an ELM-free H*-mode. With D°® — D*, the H*-mode
is achieved at lower heating power than in the mixed case. These ASDEX data
indicate an ordering

75(H® — D*)[H — mode] < 75(H® — D*)[H*—mode] < 75(D° — D*)[H*—mode].

The use of deuterium instead of hydrogen seems to provide the same edge conditions
as provided by higher power when the development of unstable edge conditions is
slowed down. An explanation for this observation may be given by the ELM model
described in [32]. In this model, resistivity plays a crucial role: Lower resistivity
at the plasma edge tends to stabilize ELMs. In fact, higher edge temperatures are
correlated with either the use of deuterium instead of hydrogen or the use of higher
heating power. Hence, model and observations are in good agreement.
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Figure 11: Isotope effect in H*-mode discharges. Quality factor 75/I, versus input
power Pfi* = P, — dW%2/dt. The lines indicate the fit of a power dependence for
both set of data. The operational window of the discharges was 0.22 MA < I, <
0.42 MA and 1.2 T < B, £ 2.8 T, corresponding to 2.5 < ¢, < 4.

ELMs cause a rapid loss of energy and particles which is different from the loss
between ELMs due to microscopic transport (see Section 15). Thus, the results of
conventional transport analysis will be misleading if the ELM behaviour is ignored.
It has been shown that the transport properties of ELMy H-mode discharges in the
unaffected region equals that of ELM-free H*-mode if the energy loss owing to the
ELMs is correctly taken into account [33]. This indicates that the intrinsic transport
properties of the H-mode are the same in the two cases, although the uncorrected
values of 75 may differ by a factor of 1.5 to 2. The comparison of an H-mode with
H° — H* and high ELM frequency to a discharge with D® — D* and only few ELMs
without any ELM correction will therefore lead to an overestimate of the isotope
effect on the intrinsic transport properties of the H-mode.

In addition, ELM-free H*-mode discharges serve to reveal the pure isotope effect
on the H-mode confinement time. The available data allows the comparison of
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deuterium target plasmas heated by H° or D® NBI. A convenient visualisation of
the results is given in Figure 11 where the confinement quality factor, 7g/I,, is
plotted versus input power Pfi* = B, — dWdia/di. Wdis is the plasma energy as
measured by the diamagnetic loop, P, is the total heating power Poy = Poy + Pags,
with Poy residual Ohmic power and P,p,, NBI power actually absorbed by the plasma
(the charge exchange and orbit losses were subtracted). The confinement time is
derived from the diamagnetic loop measurement by the expression

rie = Wdis (P, — dW32/dy).

The error on the confinement time is estimated to be 15 %. Under the conditions of
the discharges considered here with rather high density, this measurement includes a
10 % to 15 % contribution of fast beam ions. This representation was chosen because
of the nearly linear dependence of confinement time on plasma current as shown by
regression analysis on these datasets. The confinement time analysis was performed
at the time point where dWdi2/dt = 0.3P,,;. The reasons for this choice are that
the quiescent H*-mode is well developed at this stage of the discharge and the
radiation in the plasma core is still small compared with the central heating power.
Under these conditions, the confinement time is not measurably affected by radiation
losses and the dataset is as homogeneous as possible. Moreover, the confinement
time is measured well before the discharges reach the beta limit. These important
conditions would not be fulfilled if the analysis were made at the maximum of the
plasma energy.

The hydrogen concentration in the H® — D+ discharges is not known, but
Figure 11 qualitatively shows that the isotope mass also influences the intrinsic H-
mode confinement, in a way similar to what is observed in the other regimes. If
we assume that there is a 50 % mix of hydrogen and deuterium in the H° injection
case and a 100 % clean deuterium plasma in the D° injection case, the measured
ratio of 7g(H® — D*)/75(D° — D*) gives a scaling 7z o A%, which agrees with
the L-mode results. The somewhat stronger power degradation for H° injection is
internally consistent with the isotope effect because increasing power corresponds
to an increased hydrogen concentration.
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6 Isotope effects on confinement in other exper-
iments

To clarify whether and to what extent the isotope effect acts on the confinement
times of other fusion experiments, a questionnaire has been distributed world-wide.
In Table 3, the answers and published data of tokamak experiments, namely Alcator,
ASDEX, Doublet III, Doublet ITI-D [34]; [35]; [36], FT [37], FTU [38], ISX-A, ISX-
B, JET [39]; [31]; [40], JFT-2M, JT-60 U [41], T-11, TEXTOR [42], and TFTR [43],
are summarized with respect to the energy confinement time. Earlier data for the
Ohmically heated tokamaks TFR and ST can be found in [4] and in [5].

te(D)/me(H) | LOC | SOC L-mode H-mode

Alcator 1.5

ASDEX 1.3 1.5 1.4 2

Doublet IIT 1 1.4 1.4

Doublet III-D 1.4 1.0 (NI) 2
1.4 (ECRH)

FT 1.1 1.5

FTU 1.1 1.4

ISX-A 1.4 1.4

ISX-B 1.4 1.4

JET 1.4 1.2

JFT-2M 11 1.4 1.4 1.4

JT-60 U 1.2 1.4-1.6

T-11 1.3

TEXTOR 1.4 1.4

TFTR 1.15

Table 3: Ratio of 7g(D)/7g(H) as reported for various experiments from the
world-wide questionnaire.

Evidently, the isotope effect on 75 appears in nearly all tokamaks and in different
confinement scenarios, ranging from low-density Ohmic (LOC), high-density Ohmic
(SOC), L-mode up to H-mode discharges with roughly the same factor 7¢(D)/75(H)
around \/A;. There is a general trend that the isotope effects decrease with the size
of the tokamak.

An important aspect is the lack of any isotope effect in the case of Doublet ITI-D
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in the L-mode with neutral injection. On the other hand, an isotope effect has been
observed in the L-mode of Doublet and it is also present in Doublet III-D under
Ohmic heating and with electron cyclotron resonance heating. Unlike the reduction
of the isotope effect toward higher power is understandable, its complete lack is of
importance. It may imply that the isotope effect is not an intrinsic property of the
heat diffusivities but it is introduced by an external property, generally realized but
not on Doublet ITI-D with neutral injection under L-mode conditions, although it
clearly appears with beam injection into H-mode plasmas [35]; [34]. The contribution
of ASDEX to the question of the A; scaling being an intrinsic property or externally
introduced will be presented below.

The two largest machines, JET and TFTR, behave quite similar: In JET, a
relation 75 oc A} is stated for Ohmic conditions [39]; for L-mode conditions,
an average improvement of 15 per cent is observed for 7 [31]. In TFTR, hydro-
gen plasmas are also worse in energy confinement than deuterium plasmas. Ohmic
confinement data are consistent with the ASDEX power flux model [44], but the
isotope effect is relatively small in L-mode with 75 oc A??*%! [43] like in JET.
One reason may be that TFTR isotope studies choose roughly equal radial density
profiles for both hydrogen isotopes and compare mainly plasmas with similar deu-
terium neutral-beam-heating power in the intention to keep beam effects also the
same. Local transport coefficients and radiative losses are then roughly equal [45].
The momentum confinement time as well as the sawtooth repetition time and the
recycling light in the edge seem not to scale with species mass in TFTR. These data
indicate the expectation that the isotope effect in L-mode plasmas follows primarily
as a consequence of the collisionality which is of minor importance in the larger
tokamak machines such that they show smaller isotope effects. Another plausible
explanation may be that transport in the smaller machines may be dominated by
electrons whereas in the larger machines ion-dominated transport is likely to occur.

In recent TEXTOR I-mode discharges, isotopic effects show up as a 35 % (75
A*%) increase in 75 of D° — D7 discharges over H® — H* discharges, a 17 %
(Teo ox A??%) increase in T.o, and roughly the same density peaking factor [46].

As a consequence of the isotopic dependence of 7g in various tokamaks, the

H-mode database working group includes the isotope composition in its standard

dataset [47]. The group analyzed the energy confinement in six tokamaks, namely
ASDEX, D III-D, JET, JFT-2M, PBX-M, and PDX, and extracts recently thermal
scalings for ELMy data

TEwh = 0_034[390 x B?.OS X -P'_;0.65 X A?.llﬂ X R?.l % KO.SO X (a/R)0.20 X ﬁ:).ao
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with Py, = Pheat — Ploss — AWiot/dt and ELM-free data
TEth = 0032]395 % B:].ZO X 1)"’—10.65 X A?.45 X RI.QS X 50.65 X (a/R)0.0S X -ﬁg.an

where the units are (s; MA, T, MW, ., m, ., ., 10'® m~3). Both scalings show indeed
a strong isotope effect on energy confinement with the interesting observation that
the effective isotope exponent is not a constant but increases with P, /7. V), i.e. the
mean energy per particle, from the lowest value in JET up to the ASDEX value.

The survey on the isotopic behaviour in experiments other than ASDEX ad-
dressed also the particle confinement. The particle confinement time 7, is found
to be even more influenced by the ion species than 75: 7,(D)/7,(H) ~ 1.5 to 2 in
ASDEX. Similar factors are found for example in the TEXTOR limiter tokamak
[42] and in the JET L-mode plasmas [31].

The survey tries also to compare the confinement of helium discharges compared
with hydrogen or deuterium plasmas (see Section 13). Here, a broad spectrum of
75(He)/7p(H) values is observed, ranging from 0.8 for JFT-2M to 1.5 for ASDEX
conditions.

Little is known about the isotope effect in stellarators [48]. ATF reports that
there is no isotope effect [49]. The regression analysis of the ATF data base yields
Tz o« A7%2. This scaling fits well to the expectation of neo-classical theory or simple
drift wave models with a y oc A;7%®. On Wendelstein VII-AS, isotope studies are still
preliminary. Data which were obtained from a sequence of discharges where the gas
was changed from hydrogen to deuterium did not indicate an isotope dependence
of g after correction for the slightly different density and ECR heating power in
the two sets. More has to be done in the future to clearly answer the existence or
non-existence of an isotope effect on the confinement of stellarators.
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7 Evidence for the isotope effect in the build-up
phase of a discharge

ASDEX experiments clearly reveal that the isotope effect is already present during
the plasma build-up as well as the discharge ramp-down phases, where the current
profile is not steady state, the divertor configuration is not yet well established, and
the electron distribution may deviate from a Maxwellian.

During the ramp-up phase, 50 ms after discharge initiation, the isotope effect
shows up in the gas consumption and in the ratio H,/D, in the main plasma of the
discharge, being less in deuterium than in hydrogen. Differences in gas consumption
and in H,/D, indicate the appearance of the isotope effect in particle confinement
under still non-thermal plasma conditions. Later, after 150 — 200 ms, differences in

g‘;’l‘ and in the central electron temperature, as given by electron cyclotron emission
traces, also indicate the appearance of the isotope effect on energy transport. The
discharge current is developed typically after 500 ms and the density built-up is
completed after 600 ms. The comparison of this phase with the divergence in the
ratio H,/D, between hydrogen and deuterium discharges clearly shows that the iso-
tope effect on particle confinement is always present under still non-thermal plasma
conditions.

To study the impact of the plasma breakdown condition on the isotope effect,
we compared two discharges of identical initial phases. In both cases, the plasma
breakdown and the current ramp-up phase was done in helium. Till the current

2i5dn

plateau phase was reached, the density was kept low at @, = 1.5 x 10" m
the current plateau phase the density was ramped up to 7, = 4.5 x 10’ m™2 in one
case by hydrogen and in the other case by deuterium gas puffing. The idea behind
this study was to assess whether the larger gas consumption of a hydrogen plasma
during the density ramp-up phase has a deleterious impact on the confinement in the
plateau phase. This could have been expected because the larger gas supply during
the ramp-up phase of the discharge will be recycled during the plateau phase. There
are many cases where larger external gas flux is linked to lower particle and energy
confinement. No effect, however, was detected during the plateau phases which
displayed the usual differences between hydrogen and deuterium. Obviously, it is
not the start-up condition which causes the isotope effect as observed under plateau
conditions.
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8 Isotope effect close to the density limit

Supplementary to these early phases of tokamak discharges, high-density plasmas
(e = 5.4 x 10" m™3, I, = 320 kA, B, = 2.2 T, ¢, = 3.3) have been investigated
for hydrogen, deuterium and helium in order to study the isotope effect close to
the density limit under cold and highly collisional conditions. These plasmas are
characterized by 490, 420 and 420 kW Ohmic heating power and 100, 130, 130
kW total radiation power loss (mostly oxygen lines) in the bulk, respectively. The
Murakami parameter is M = 4 x 10" m~2? T~!; the density limit is reached for these
plasmas at M =5 x 10'® m™2 T~!'. The power flux into the SOL is comparable for
deuterium and helium but significantly higher for hydrogen as given in Figure 12.
Accordingly, the net power load onto the divertor plates, which is integrated over
the whole discharge with the help of calorimeters, sums up to 231, 139, and 144 kJ,

respectively, which reflects the unfavourable target load condition of the hydrogen
case.
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Figure 12: Power flux into the SOL for high-density discharges (I, = 320 kA,

By =22T, 7, =5.4 x 10" m™3) with either hydrogen, deuterium or helium filling
under boronized wall conditions.

No significant isotope effect, however, in the density limit is observed on ASDEX
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[15], whereas helium plasmas exceed the density limit of deuterium by almost a factor
of 2. Nevertheless, a common edge density limit is observed.
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9 The role of the effective ion mass

From the above observations it is obvious that the isotope effect is of an additive
nature. Relevant for confinement is the mean plasma mass A.q, ranging between 1
and 2. Figure 13 shows the result of a hydrogen to deuterium gas exchange fuelling
experiment under Ohmic conditions. The energy confinement time is sketched as a

g
~ 80 o ® e ® ©
g - o ® ° g g s o
= 60 7 o ¢ -T-l:+‘j*.':1-i-cl 2 1
= - +D+u
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Electron density (1019 m-3)

Figure 13: Energy confinement time as function of line-averaged electron density
7, for a series of isotope-exchange experiments from hydrogen to deuterium filling.
Shown are the starting discharge with pure hydrogen, then the first discharge and
the seventh discharge with deuterium filling.

function of 7, for a series of discharges with increased deuterium filling. Evidently,
Tg improves with increasing deuterium content.

Similarly, the neutral injection heating (see Sections 3 and 4) reveals an ordering
of the form

TE(HO — H+) < TE(DO — H+) ~ TE(HO — D+) < TE(DO — D+)

for both L-mode and H-mode scenarios which is illustrated by Figure 7. This con-
finement behaviour is accompagnied by a similar ordering of the radial profiles of
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Figure 14: Radial profile of electron pressure in different NI heating scenarios.

electron temperature and density and hence electron pressure (see Figure 14).

In fact, also the momentum confinement time 74 scales with the mean plasma
mass A.g, which ranges from 1 to 2, depending on the exact isotope mix (see Sec-
tion 11).
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10 Edge and divertor effects

The Scrape-Off Layer (SOL) and divertor plasmas show pronounced isotope effects.
At the separatrix position, the electron density and temperature are measured here
with a five-point Thomson scattering system of high resolution and sensitivity and
with Langmuir probes. In addition, a thermal lithium atomic beam is used to
resolve the relative density profile. These items of information are linked to the
outermost channel of the quasi-continuous bulk Thomson scattering system. With
respect to the combination of different edge diagnostics, the exact position of the
magnetic separatrix has to be precisely known. Since the equilibrium calculations
do not provide the separatrix position better than +10 mm, which is equivalent to
the radial e-folding length in the SOL and hence insufficient, a systematic error of
100 per cent in all edge investigations is inevitable. Therefore, dedicated Langmuir
probe measurements have been performed in order to resolve the true separatrix
position within a few mm [50].

For the electron data at the separatriz position, the regression formulae
Moy o 1098 x BY x W18 x 79 x A707

and

1.27 -0.37 ,, ——0.74 ~0.09 0.3
Tes o< I,*" x B; X 7, X g X A;

[51] are derived under Ohmic conditions, when carbonization is performed in AS-
DEX. As a consequence, the separatrix density is smaller in deuterium discharges
than in hydrogen by about a factor of 0.6 for fixed external parameters I, and 7, (see
Figure 2(c)). A similar reduction in density has been observed in TEXTOR [52].
The separatrix temperature, on the other hand, is detected to be a factor of 1.28
higher in deuterium than in hydrogen for fixed I,, B;, and Z.g in ASDEX. Neverthe-
less, a slower thermal velocity for deuterium compared with hydrogen comes up and
hence a shorter penetration depth. The temperature result differs from TEXTOR
results [42] where the electron temperature at the limiter (a = 0.46 m) is seen to be
smaller by a factor of 0.6 with deuterium fuelling compared with hydrogen fuelling.
The ion temperature of C°t at the TEXTOR limiter is reduced even by a rough
factor of four in deuterium discharges compared to hydrogen discharges [53]. Nev-
ertheless, the difference between data of hydrogen and deuterium plasmas vanish at
some distance (r/a = 0.85) from the limiter.

Concerning different wall conditioning procedures, it has to be noticed that the
isotope scalings in the edge plasma fade away when going from carbonization to
boronization. The regression analysis of the Ohmic data base yields

0.24 0.17 ., =1.11 0 —0.32
ne, < I X By X, X Zg X A;
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and
T., < I}"® x B} x 7, %% x Zgg x A}

[51], which indeed expresses a weaker isotope effect after boronization than after car-
bonization (see above). These observations may be related to increasing cleanliness
with reduced Z.g and therefore similar P,g.

Detailed regression analysis in ASDEX [54] for the radial e-folding length A, of
the density profile in the SOL yields

An =’\Q¢c:s

with ) and a both being weakly sensitive to the isotope mass, i.e. A(H) = 11.8 mm,
A(D) = 12.9 mm, A\(He) = 13.2 mm and o(H) = 0.4, «(D)=0.35 and o(He) = 0.52
close to 0.5. Thus, A, follows mainly a g!/2-dependence with only minor isotopic
contributions. These observations are supported by a rough estimate of A, from
anomalous radial transport, characterized by the diffusion coefficient D) and the
convective velocity v(®, To this aim, the continuity equation in the stationary state

D! — v®n! ~ ./ L.
is solved for the exponential decaying density profile

ne = Ney exp{—(r — 75)/An}

in the SOL (r > r,), where ’ denotes the radial derivative, L. the connection length
and v the parallel velocity. We obtain

A = (O2/A) (1 + {1+ (A/Aa)?}72),

with Ag = { D@ L. /v}'/? being the diffusion dominated length and A = 2D(@n) [y(an)
the profile width. Normally, it is A > Ag; thus,

A & /\d{l + (/\d//\)}-

Taking D) and v(® from the measurements (see Section 11), we can calculate the
isotope scaling of \,. The results agree well with the regression analysis data given
above in both, showing mainly the ¢!/?>-dependence and a weak isotope dependent
factor.

In fact, the neutral mean free path Ao in the SOL plasma, i.e. the neutral
penetration, is also different for the hydrogen isotopes. Since the neutrals suffer
both charge exchange and ionization collisions, the effective penetration has to be
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calculated from kinetic equations including inhomogeneous temperature and density
profiles in the edge. The result, as given by [55], is

N n_lj}lﬂA‘—lﬁ;
for illustration, it is
Ao(He) : Ao(H) : Ao(D) =1.3:1.0:0.71
for constant density and temperature profiles and L = 2\r/)\o = 3.

With respect to divertor data, it has to be noted that several changes werde
made in the divertor configuration during the ten years of ASDEX operation. The
early version (DV-I) was characterized by titanium divertor plates, large divertor
volume and low vacuum conductance between divertor and main chamber. In order
to withstand higher divertor heat load, the water-cooled configuration (DV-II) was
designed [56] which has copper divertor plates, small divertor volume and relatively
high vacuum conductance between divertor and main chamber. Therefore the gas
consumption of DV-II is lower by a factor of 2 and the neutral gas pressure, measured
in the outer divertor reservoir is reduced [57]. This results in different recycling
behaviour of DV-I and DV-II. In both divertor configurations, the electron data as
obtained by triple probes follow the general trends of the separatrix data in the
main chamber: The electron temperature T4 remains about the same for hydrogen
and deuterium, whereas the electron density n.q in deuterium is half the value of
Neq in hydrogen discharges [44]. With boronized walls, this difference in n.q reduces
to a factor of 1.5 between hydrogen and deuterium similar to the reduced isotope
effect on n.,. The density behaviour is further verified by microwave interferometry;
a typical example is shown in Figure 15 for high-density (m. = 5.4 x 10'® m™3)
discharges in hydrogen or deuterium. This behaviour is well correlated with the
enhanced particle confinement in deuterium discharges. In addition, measurements
by ionization gauges reveal the neutral density to be a factor of 2 larger for hydrogen
than for deuterium in the divertor chamber. Concerning the discharges with three
density plateaus (7, = 2.5, 4.0 and 5.5 x 10" m=3, I, = 380 kA, B, = 2.2 T,
¢a = 2.8) for either hydrogen or deuterium filling an increase of the divertor radiation
is observed, as obtained from bolometry. With increasing density, the divertor
radiation reaches a level of 45 per cent of Ohmic heating for deuterium and of 55 per
cent for hydrogen. The sum of main plasma radiation and divertor radiation is about
70 per cent of the Ohmic heating for both hydrogen isotopes. The missing power
may be attributed to charge-exchange losses in the X-point region or to radiation in
the divertor throats which are not accessible to the measurements.

Concerning impurity release, it has to be considered that, owing to its heavier
mass, the deuterium particle can sputter more strongly than the hydrogen particle

41




(83

I~

[nedl (107 m™)

w
L

N
| |

M. Bessenrodt-Weberpals et al./ Isotope effect in ASDEX

]
v-._._..:-_._

1
—— T
L
algn

LY
.--
o
el A
- - Ld
e
—

T

| 1 |

l\-

0 0.5 1.0 1:5

Time (s)

Figure 15: Line-integrated electron densities in the divertor chamber as determined
by microwave interferometry for high density discharges (I, = 320 kA, B, = 2.2 T,
fle = 5.4 X 10" m~3) with either hydrogen(#28640) or deuterium(#28813) filling.
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under the same plasma conditions. For standard ASDEX discharges with a divertor
temperature of 10-20 eV, the increase is by an order of magnitude. In order to
calculate impurity fluxes, this erosion yield has to be multiplied by the particle flux,
which also depends on the plasma mass: Since the electron density in the divertor
DV-II is roughly twice as large for Ht as for D* at the same bulk density, whereas
the divertor temperature seems to be rather independent of A;, the resulting sput-
tered impurity (here: copper) fluxes are only a factor of 2 to 3 lower for H* than for
D*. These evaluations are confirmed by spectroscopic measurements of the copper
fluxes in the divertor chamber [58]. Furthermore, the ASDEX results indicate that
the copper flux from the divertor plates is increased with additional heating via
neutral injection and shows no isotope dependence any more for high densities, i.e.
H* and D* release roughly the same amount of impurity fluxes, since the divertor
power loads are then roughly the same. The iron influx from the wall into ASDEX
divertor DV-I plasmas, however, has been determined spectroscopically to be a fac-
tor of 6 higher in deuterium than in hydrogen. This can readily be explained by
enhanced sputtering due to the larger flux of charge-exchange neutrals, as measured
by the CX time-of-flight analyzer (see Section 11), together with improved impurity
confinement [59]. Since n.,(D) < n.,(H) holds, the CX particles stem from deeper
zones inside the bulk plasma in the case of deuterium and hence have larger temper-
ature which also leads to enhanced sputtering rates. A similar isotope dependence
is observed spectroscopically in ISX-B [16], where the Fe IX concentrations, com-
ing mainly from the wall, were determined to be a factor of 3 higher in deuterium
than in hydrogen discharges, this being consistent with CX sputtering as erosion
mechanism, too.

In order to quantify things, an analytical model solves the one-dimensional
heat conductivity equation along field lines in the SOL ([60]; [61]; [62]; [18]). As a
boundary condition at the separatrix in the midplane, the net power input Py =
Piot — Pradmain into the SOL is included, which describes the reduction of the total
power input P, by radiation P,aqmain in the bulk and in the boundary plasma.
At the divertor plates, the power is deposited (én.qkpTeqvy with sheath energy
transfer factor 6 [63]) or used to ionize neutral particles by stepwise ionization pro-
cesses (Neq Eionv) with average energy loss Ejon per ionization event) or radiated away
(Prag,aiv)- Altogether, the solution for the temperature distribution reads

T2 = T & (7/2)(Pocr/ Ascr) Le/ Ko

along the connection length L., with & = koT>/? taken from Spitzer’s law and the
effective SOL surface A,y = 2rRApBi/B, (Ap : effective power channel width).
Provided the net power influx P, into the SOL and one of the temperatures (7., or
T.q) are known, the other temperature (Teq or Te,) may be estimated. To calculate
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the separatrix density, the momentum balance equation is solved along field lines
with Mach numbers M = 0 at the separatrix and M = 1 at the divertor sheath.
With all pieces put together, the separatrix density n., is determined by

ncsTesT:fz (1 + (EionlakBTcd)) = (27rmi/k%)1122Pdiv/(Am]6)

with Pgiy = Piol — Praddiv- In this framework, the ion temperature T; has not
necessarily to be equal to the electron temperature T,. Even a ratio T;/T, ~ 5
would imply a mere 10 per cent change of the rhs of the above equation. Since Ao
is proportional to the effective power channel width Ap, which increases at least
linearly with g, in the range ¢, = 2.5 to 5 [15], it seems that even this simple model
can predict the right g,-dependence in the density limit.

With regard to the isotope effect, the separatrix correlation
T., o n;23 x PH® x A}

follows if the density is low enough such that Ei,, < 8§kpT.s holds and the power
channel width Ap is only weakly affected by the isotope mix as it is the case for
An. The above model relation agrees quite well with the empirical three-parameter
regression formula

Te, = 92007 x P2 x A}?  (eV,10"°m™,MW)

obtained from the Ohmic data base with a regression coefficient R = 0.94. Intu-
itively, these results reveal that the edge physics in the SOL remains about the same.
There is only a weak explicit isotope dependence detectable. However, the separa-
trix temperature also implicitly depends on the isotope mass via the different energy
influxes into the SOL. Since Ohmic heating power is higher for hydrogen compared
with deuterium (owing to the lower central electron temperature which offsets the
lower Z.g) and the radiation losses are lower for hydrogen than for deuterium, the
net power influx into the SOL is appreciably smaller for deuterium than for hydro-
gen (see Section 2). As the reduced power flux goes along with reduced desorption,
actually the separatrix density is decreased, whereas the separatrix temperature is
only slightly modified. The low separatrix density and high separatrix temperature
seem to be favourable boundary conditions with respect to bulk confinement. As to
the isotope dependences of the edge parameters themselves under these low density
conditions, the model evaluates

Tey x A%2) n,, x A7®™, and ne o A7O™
] ’ 1 ’ 1

if the isotope effects on the power loads P,, and Py, and on T4 are given as input
and the external parameters I,, B;, and 7. are kept constant. These calculated
scalings lie close to the experimental observations given above.
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Finally, the effects of wall conditioning will be addressed. From carbonized wall
conditions to boronized ones, the impurity content and consequently the radiation
losses drop. For deuterium, the ratio of radiated to Ohmic power, for example, de-
creases from 45 per cent under carbonized conditions to 25 per cent under boronized
ones. Therefore, the values of the power input into the SOL of hydrogen and deu-
terium plasmas approach each other. Accordingly, the theoretical model predicts a
weaker isotope scaling of the separatrix data with boronization than with carboniza-
tion. In fact, the corresponding scalings

Teo < A??, n,, ox A7%®,  and NadionA-24

are derived for fixed external parameters which are also close to the observed re-
gression data (see above).

To be on the safe side, the theoretical considerations are further extended to
simulations of an Ohmic isotope scan in ASDEX which includes helium discharges
(see Section 13). To this aim, the separatrix density is estimated from the separatrix
correlation, i.e. n., is determined as a function of the measured separatrix temper-
ature T, and the power influx P,,, and compared with the measured density n., in
all three fuelling cases, namely for hydrogen, deuterium and helium. The results in
terms of density ratios are

nes(H)/ne,(D) = 1.31, ne,(H)/n.,(He) = 1.36, nes(D)/n.,(He) = 1.04,
which agree well with the measured ratios
Nes(H)/nes(D) = 1.28, n.,(H)/n.,(He) = 1.39, nes(D)/ne,(He) = 1.09.

This makes us confident that the simple edge model comprises the main features of
the edge isotope effect in ASDEX.
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11 Particle confinement

With respect to particle confinement, the edge and divertor measurements as re-
ported in Section 10 serve to evaluate the total particle flux ® across the SOL
surface into the bulk plasma. This flux splits up into a recycling part ®ecyc and
external fuelling ®s.q. In the stationary case, the total particle flux ® across the
last closed flux surface (LCFS) just balances the total particle loss N, /7, within the
LCFS, which determines the global particle confinement time

7, = ®/N;.
In addition, ® gives rise to a convective energy flux

Qconv,q = (5/2) @ kBT‘]I’

for each particle species ¢ (¢ = e or ¢ = 7). Fluctuation studied at the plasma edge
indicate that this convective term normally represents the dominant energy loss into
the boundary plasma of a tokamak, not only in a divertor tokamak such as ASDEX
but also in a limiter tokamak such as TEXT [64]. With respect to the isotope
effect, the hydrogen particle flux ® is observed to be typically twice as large as the
deuterium flux for otherwise equal discharge conditions. This agrees with the higher
separatrix density for hydrogen compared with deuterium, since the particle flux
increases approximately proportionally to the separatrix density. This behaviour
s also consistent within the framework of electrostatic turbulence [65]. It is also
not surprising that the isotopic difference in particle flux decreases with enhanced
wall conditioning via boronization as a consequence of the increased power flux into
the SOL. On the other hand, the particle outfluz of charge-exchange (CX) neutrals
as measured by the classical charge-exchange analyzer for low particle energies by
the LENA time-of-flight spectrometer shows the same isotopic scaling, i.e. larger
fluxes and hence larger neutral pressures in hydrogen compared with deuterium
discharges. In absolute numbers, Ohmic standard discharges with boronized walls
show 1.6 x 10 m~2 s~! for hydrogen filling and 1.0 x 10" m~? s™" for deuterium
filling; the corresponding mean energy of the CX particles is measured to be 165 eV
in the case of hydrogen and 332 eV in the case of deuterium [66).

From these data, the global particle confinement time 7, of a deuterium plasma
is found to exceed the value 7, of a hydrogen plasma by 100 per cent. Exactly the
same enhancement

Tp X A,‘
is observed in, for example, TEXT [65], TEXTOR [42], and JET [31]. An interesting
point is also the density dependence of 7, for the hydrogen isotopes, as shown in
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Figure 16: Particle confinement time as a function of the electron density at the
separatrix.

Figure 16. With small separatrix density n.,, which means low recycling, 7, increases
with n.,. When the density is raised more and more, the plasma becomes impervious
to neutrals and the recycling is limited to the very edge; accordingly, 7, drops for high
Nes. In between, 7, reaches its maximum value at an optimum separatrix density.
Figure 16 reveals that this principal relationship 7,(n.,) is fulfilled for both hydrogen
and deuterium, but the absolute numbers of 7, are much higher for deuterium than
for hydrogen and the optimum n., is shifted towards a smaller value for deuterium
compared with hydrogen. As a remark, we refer to the Improved Ohmic Confinement
in ASDEX where a similar dependence of 7, on n., was discovered [67].

Particle transport studies in the bulk plasma of ASDEX were performed ex-
perimentally with the help of neon-seeded pellets [59] or sinusoidally modulated
gas puffing [68]. The first method evaluates the diffusion coefficients of neon to be
D) ~ 0.4 m?/s for deuterium and D" = 0.6 m?/s for hydrogen background
plasmas with Ohmic heating. Thus, the diffusion coefficient of impurities in its de-
pendence on the mass of the background plasma is studied. The second method
induces small density perturbations around the equilibrium value which can be fol-
lowed by the different radial channels of the ASDEX HCN-laser interferometer. In
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this case, D of the target plasma is investigated. Harmonic analysis of the mea-
sured signals provides the time dependence of the perturbed particle density, which
may be derived from the particle balance

%n:—V-I‘-%-S.

This includes a source term S and a radial particle flux I', which contains anomalous
diffusion D) and convective drift v(®» in the form

L= —D(‘“‘)%n — y(a)p,

Hence, gas oscillation technique is able to determine with a crude radial resolution
the profiles of D™ and v(® in the sawtooth and in the confinement zone from the
perturbed density profile.

This method was applied to isotope experiments with either hydrogen, deu-
terium or helium filling and modulated puffing. The results for density scans in
Ohmic ASDEX discharges reveal a clear isotope effect for both the diffusion coeffi-
cient and the convective drift velocity at all radial positions with the exception of
v(a(a) which is roughly equal for both hydrogen isotopes. A difference in D" for
both radial ranges is observed already in the LOC regime; the difference is largest in
the SOC regime. Figure 17 shows the ratios of hydrogen to deuterium and deuterium
to helium data for D" and v in two series of Ohmic ASDEX discharges. The
comparison between hydrogen and deuterium was performed with carbonized walls

and ., = 3 x 10" m~3, I, = 320 kA, B, = 2.2 T, ¢, = 3.3; the comparison between

deuterium and helium was performed with boronized walls and 7, = 5 x 10'® m=3,

I, = 320 kA, B; = 2.2 T, g, = 3.3. The observations of different transport coeffi-
cients agree well with the finding that particle confinement for deuterium is superior
to that for hydrogen (see Section 11). Quantitatively, the diffusion coefficient starts
roughly as D) oc A] 172 for low densities and as D) A;! for the highest den-
sities. The L-mode of high-density, neutral-beam-heated plasmas (Py; < 1.4 MW)
shows a scaling D o A;! similar to that of the Ohmic case, but an appreciably
larger inward convection in the confinement region for deuterium than for hydrogen
(see Figure 18); this leads to even better particle confinement in L-mode deuterium
discharges.

The diffusion coefficient D{*" in the SOL plasma has been derived from the
usual simple SOL model to be

D@ = A2y /L..
Inserting the measured separatrix data, we see a clear isotope effect, namely [69]

ng) x A;:—O.G
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Figure 17: Ratio of transport coefficients determined by gas-oscillation measure-
ments in Ohmic ASDEX discharges with hydrogen, deuterium or helium fuelling.

(a) Diffusion coefficient and (b) inward drift velocity.
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Figure 18: Transport coefficients determined by gas-oscillation
hydrogen (I, = 320 kA, B, = 22 T, . = 3 X 10'® m=3) or deuterium discharges
(I, = 380 kA, B, = 2.2 T, 71, = 4.4 x 10*® m~3) with hydrogen beam injection of
Py = 0.6, 0.9, 1.4 MW.

(a) Diffusion coefficient and (b) inward drift velocity.
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in pure Ohmic discharges. With inclusion of impurities, e.g. Zesrs(H) = 2.5 and
Zefi,s(D) = 3, the isotope effect is reduced to

ng) - A;-o.a'r-

In conclusion, anomalous diffusion scales roughly the same in the SOL and in the
bulk plasma.

Another perturbation method, namely small puffs of hydrogen gas into deu-
terium discharges and a subsequent time-dependent analysis of the electron density
perturbation, has been used in the TCA tokamak to determine bulk transport co-
efficients [70]. Simultaneously, the effective mass is measured in the centre by fre-
quency tracking a global Alfvén eigenmode and in the edge via the ratio of Hp and
Dg line emission. With the assumption of a spatially uniform diffusion coefficient
ﬁ{m), which is certainly not true in a tokamak, and a linearly increasing inward
drift vV, the authors extract in Ohmic TCA discharges with Taylor conditioning
the averages ﬁ(m)(H) = 0.76 £ 0.06 m?/s and v*(H) = 7.4 + 3.2 m/s; conse-
quently, they evaluate the corresponding profile parameter S = q v(a") /ﬁ(m) to be
S(H) = 1.7 £ 0.6. From harmonic gas modulation of the deuterium gas feed, they
measure D®(D) = 0.70 £ 0.20 m?/s and determine S(H) — S(D) = 0.10 + 0.15.
From these average results, the authors conclude that diffusive transport as well as
convection velocities are similar in hydrogen and deuterium for 7, = (3 —4.5) x 10'°
m~3, The statement about convective transport also holds in ASDEX. But with re-
spect to the diffusion coefficients, neither the radial profiles nor the absolute numbers
are the same for both hydrogen isotopes in ASDEX plasmas.

Density and temperature perturbations have also been induced in TEXT in
order to study the coupling between particle and heat transport [71]. By varying
the working gas from hydrogen to deuterium and also to helium, the transport rate
is found to scale as (A;/Z)~'/? for both particles and heat.
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13 Helium discharges

With respect to the underlying physical interpretation, it is necessary to distinguish
between pure mass and specific mass effects of the isotope mix. Here, helium-
fuelled discharges may help because they extend the investigations to A; = 4 and
simultaneously have the same A;/Z = 2 as deuterium-fuelled plasmas. On the
other hand, the atomic physics as well as the edge behaviour (e.g. recycling) is
quite different for helium as compared to the hydrogen isotopes. Moreover, helium
discharges are naturally characterized by a factor of 2 lower ion density due to Z =2
and hence 25 % less charged particles compared with hydrogen plasmas. The same
energy content thus needs much hotter particles.

The comparison of bulk parameters reveal striking similarities of helium and
deuterium discharges on the one hand and hydrogen discharges on the other [74]:
Radial density profiles look slightly more peaked in helium than in deuterium plas-
mas, whereas the volume-integrated radiation profiles is about the same, although
Zen 1s different. The sawtooth repetition time takes roughly the same numbers, too.
Density limit discharges in deuterium and helium differ in bulk density limit due to
profile effects but can be described by a common edge density limit [15]. Since both
transport parameters D" and v in helium discharges resemble the deuterium
values (see Figure 17), it is suggested that the isotope effect depends on the mass
number per electron (A;/Z) [75].

Ohmically heated TFTR plasmas also show no significant difference in the dif-
fusion coefficient for deuterium or helium fuelling [76].

Detailed transport studies in TEXT, however, indicate that the diffusion co-
efficient is essentially the same in hydrogen and helium plasmas and the major
difference is in the pinch velocity which is three times larger in helium than in hy-
drogen [65]. Doublet ITI-D experiments [27] seem to indicate that helium discharges
have confinement comparable to that of hydrogen discharges, in other words that
7 scales as A;[/Z2.
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14 Stability and boundary conditions

It is important to resolve whether the isotope mass intrinsically enters the diffusivi-
ties, i.e. Xe, Xi = f(A;), or whether the ion mass changes the onset conditions of an
instability, i.e. X = x1+X2 > x1 = xp. For the latter situation, the damping of ion
temperature gradient (ITG) driven turbulence is studied. These 7; modes set in if
the radial density profile exceeds a certain broadness in relation to the temperature
profile, i.e. 7; > 7; i In this context, it is an important general observation that
radial density profiles in deuterium are always more peaked than in hydrogen.
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Figure 19: Central density peaking factor n.o/(n.) as a function of safety factor ga
for Ohmic ASDEX discharges with either hydrogen or deuterium fuelling.

Regression analysis yields
Neo/(ne) ox AT

with 0.17 < & < 0.25 (see Tables 1 and 2) and, as an example, Figure 19 shows the
central density peaking factor n.o/(n.) as a function of safety factor g, for Ohmic AS-
DEX discharges. In fact, tokamak plasmas with radially peaked density profiles show
remarkably improved energy and particle confinement [77]. The strongest peaking
is observed in pellet-fuelled discharges where sawteeth are efficiently suppressed and
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bulk fuelling supplements edge fuelling. Therefore, transport investigations were
performed for hydrogen pellet injection into hydrogen plasmas compared with deu-
terium pellet injection into deuterium plasmas. Both cases should have sufficiently
peaked density profiles such that the critical threshold for ITG driven turbulence
will not be exceeded.

For these studies, the centrifugal pellet injector in ASDEX was modified to
inject hydrogen as well as deuterium pellets with 1.7 x 10%° atoms [78]. Both pellet
types trigger strong peaking n.o/(n.) = 2.6 of the radial density profile, although
the pellets penetrate only up to a/2; this peaking can last over several confinement
times. On the other hand, the temperature profile reverts on a fast time scale to
its pre-injection shape. While the sawtooth activity is usually more pronounced
in hydrogen discharges than in deuterium discharges, pellet injection can lead in
both cases to reduction and suppression of sawtooth dynamics, which is one of the
pre-requisites of strong density peaking.

With respect to the energy confinement, pellet injection acts successfully for
both hydrogen isotopes (see Figure 20). In hydrogen discharges, g arrives at 110
ms as compared with 60-70 ms with pure gas puffing, and in deuterium discharges 75
attains 160 ms instead of 80-90 ms with gas puffing. Thus, the relative enhancement
by a factor of nearly v/2 in 75 is roughly equal for the two isotopes in pellet-fuelled
discharges. Detailed transport analysis reveals that the ion thermal diffusivity re-
duces to neoclassical values, whereas the electron thermal diffusivity still behaves
anomalously [78]. To sum up, the diffusivity profile is determined in the inner half
of the plasma by the neoclassical ion term, as given by Chang and Hinton, with
ne(H)/nr°(D) ~ /2 and in the outer half by the anomalous electron term, which
scales as x. o< A7%®, which explains the resulting superior pellet confinement of
deuterium discharges. From these considerations, we conclude that different radial
density profiles of hydrogen compared with deuterium are of minor importance in
explaining the different energy confinement. In addition, we do not expect that
the higher energy confinement of deuterium discharges is caused by density profile
conditions which stabilize ITG driven turbulence whereas this mode contributes to
the enhanced losses in hydrogen.

We now concentrate on the different temperature profiles of hydrogen compared
to deuterium and determine the changes in the heat transport coefficients. This local
transport analysis has been performed for high-density Ohmic plasmas (B; = 2.2 T,
I, = 420 kA, 7. = 7.5 x 10" m~3), where the different sawtooth activities of hydro-
gen and deuterium were separated out by a sawtooth model for the core plasma. In
these discharges, the radial density profiles look similar for hydrogen and deuterium
and both are characterized by 7; > 1; crir. Figure 21 shows the corresponding results

56




M. Bessenrodt-Weberpals et al./ Isotope effect in ASDEX

200
TE
[ms]
5
150 — I i
/TN

0 I I I r I
0 4 8 12

fe (10" m73]

Figure 20: Energy confinement time as a function of electron density 7, for pellet
injection cases compared with gas puffing (GP) [78].
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Figure 21: Radial profile of the single-fluid heat diffusivity x for Ohmic hydrogen
and deuterium discharges from local transport calculations with and without the
application of a separate sawtooth model.

for the radial profile of the single-fluid heat diffusivity x. It is noteworthy, that
x(D) < x(H) holds for all radii in both cases, with or without the sawtooth model.
The local transport simulations further reveal that the enhanced sawtooth activity
of hydrogen plasmas compared with deuterium plasmas only affects the confinement
in the plasma centre; the pronounced decrease of the temperature profile in hydro-
gen plasmas can be attributed to enhanced heat transport coefficients across the
entire plasma cross section.
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15 Fluctuations and transport

With the FIR collective laser scattering system, an isotope scan for the k spectra
of Ohmic ASDEX discharges (B; = 2.2 T, I, = 320 kA, ¢, = 3.3, #. = 5.5 x 10"°
m~3) with either hydrogen, deuterium or helium filling has been measured ([79];
[80]). With hydrogen fuelling, a distinct maximum of the k spectrum appears at a
few cm™! in the high-frequency range 35-400 kHz for all radii. In the low-frequency
range 10-60 kHz, there is a continuous drop. With deuterium fuelling, no maximum
is observed in the central radial position, which sees primarily poloidally propagating
fluctuations. This may be partly caused by the higher central electron temperature
in the deuterium discharge compared with the hydrogen one. Simultaneously, the
total scattered power is larger in deuterium than in hydrogen. For the outer radii, a
maximum in the k spectrum builds up which is similar to the hydrogen feature. The
low-frequency range gives very similar results for deuterium and hydrogen. The k
spectra of helium discharges seem to lie in between those of hydrogen and deuterium.

We are not certain that there is a connection between the global particle con-
finement time and density fluctuations but measurements reported by TEXT [65]
always give similar scalings for 7, and n,. They claim that the main isotopic de-
pendence exists in the transport, especially in a much different convective velocity.
Owing to the lower particle flux, the convective energy flux in a deuterium plasma
also contributes much less to the energy loss than in a hydrogen plasma.

Since on many tokamaks a strong correlation between increasing density fluc-
tuations n./n. and decreasing energy confinement time 7z is observed (e.g. [81];
[82]), the larger density fluctuations in deuterium compared with hydrogen are not
consistent with the larger 7g in deuterium. Unfortunately, the study of density fluc-
tuations does not give any hint about the properties which could give rise to the
isotope effect on confinement.

With respect to heat transport, the method of heat pulse propagation was used
to determine the radial profile of the electron thermal conductivity x. ([83]; [84]).
In Ohmic discharges (7. = 2 x 10" m™3, I, = 320 kA, B, = 2.2 T, ¢, = 3.3),
it is x. = 4 £ 1 m?/s with either hydrogen or deuterium fuelling, i.e. no definite
conclusions on the isotope dependence of x. can be drawn in ASDEX different
from the single-fluid transport analysis. Similarly, measurements on TEXTOR [84],
yield x.(a/2) =~ 3.0 £ 0.3 m?/s in hydrogen plasmas (7. = 2.0 x 10" m~3) and
Xe(a/2) ~ 4.0 £ 0.4 m?/s in deuterium plasmas (7, = 1.4 x 10'* m™2), i.e. the large
optical depth of about 1 in the boundary plasma of TEXTOR does not allow a
definite conclusion on the isotope dependence of x.. The situation is more clear in
FTU [85] where sawtooth propagation studies reveal strong isotope effects on xe.
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16 Theoretical attempts

Theoretical attempts usually fail to predict the right isotope effect on transport and
confinement, i.e. a degradation from hydrogen to deuterium. Therefore, the isotope
effect is an unsolved fundamental problem in tokamak transport theory. Neoclassical
theory predicts the heat diffusivity to behave as x; o A}/ 2 The model of ion pressure
gradient modes, which successfully derives the improved confinement properties of
radially peaked density profiles, proposes x; o A}I ? and Xe o A? for the heat
transport and D@ oc A? for the particle diffusion; i.e. the isotope dependence comes
along with the wrong sign (see also Section 14). Theories including resistivity via
either resistive gradient modes or resistive ballooning modes also fail; they predict
Xe < AY and x. x A}l 2 respectively. It is worthwhile noting that theoretical
attempts are mostly not able, too, to explain the correct isotope effect on momentum
transport, especially on 7g [86).

Recently, it was shown by two authors independently ([87]; [88]) that the in-
troduction of a second ion species of different mass, namely an impurity ion, makes
A; an explicit parameter in the ITG mode turbulence. In fact, Coppi [87] derives
a scaling formula for the energy confinement time 7p o (A; | Zes)*/® which agrees
with the experimental observations in ASDEX, including helium discharges (see
Section 13). Coppi [89] also suggested that the window of instability for impurity
modes is broadened, when the main species is changed from deuterium to hydrogen,
thus allowing for larger radial transport and leading to lower confinement. However,
the simulations by Dominguez [88] are restricted to low Zg, i.e. high density. This
quasi-linear analysis has also been extended from hydrogen to helium discharges.
The results indicate a scaling 75 o« A®%/Z which is adapted to Doublet III-D but
in contradiction to ASDEX observations.

Nevertheless, models based on collisional drift-wave turbulence in the shear
region seem to yield the right answer, i.e. 7z o« (4;/Z)*®. An isotope mass scaling
with a trend similar to this one is a natural result of any turbulence system whose
maintenance depends on nonadiabatic electron dynamics. With a nonadiabatic, non-
negligible temperature, it is implied that there are fluctuations as well as departures
from the Boltzmann relation, #i/n = ed/T. These effects arise from competition
between turbulence in the presence of a gradient, which enhances them, and parallel
dissipation mechanisms (e.g. collisional dissipation), which suppress them. The
latter localize electron nonadiabaticity to a finite region about each resonant surface,
for each (m,n) component. Taking collisional electrons as an example, the width to
which they are localized can be expressed as

Ap ~ (the)Ls/kyvu
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where k, = m/r, L, = qR/3, w, is the dynamic rate of the turbulence (scaling as w,
for the long-wavelength component), and v, is the electron thermal velocity (here and
below, the collisionless regime substitutes electron Landau damping and w; for the
mechanism and dynamic rate of the dissipation, respectively, leaving electron/ion
considerations unchanged). The layer of this size centred on each resonant surface is
each mode’s hydrodynamic layer (so named because of the character of the dynamics
therein). For linear modes, these layers had always been believed negligible since for
any roughly isotropic fluctuation (mode width A comparable to wavelength k;'), the
type believed to contribute most to the turbulent transport, the parallel dissipation,
easily overpowers w;. However, in the case of electron drift-wave turbulence it has
been shown that the characteristic Ap’s of the turbulence are much wider at short
wavelength than the linear counterparts, and that the nonadiabatic dynamics therein
has the dominant role to play in the self-sustainment of the turbulence.

The importance of this for the isotope effect is that these hydrodynamic layer
widths are determined solely by the electron dynamics itself: nowhere in the above
equation does the ion mass enter. The effect of increasing the ion mass is indirect.
In cases in which nonadiabatic electron dynamics controlls the turbulent energetics,
increasing the ion mass simply increases the amount of plasma that must be moved
by the same (unchanged) amount containing the nonadiabatic dynamics, for Ap
is the width only of the nonadiabatic part, not the whole. The overall width is
determined by ion physics: the interplay between perpendicular and parallel inertial
motion (not necessarily involving “sheardamping”). The relative importance of the
energy-trapping nonadiabatic electron part to the whole can be characterized by a
parameter (again for the collisional example),

A}y vem, L2

= — A —

— p? Wy my L;J"

Electron drift-wave turbulence in particular and a nonadiabatic electron-mediated
contribution to other turbulent mechanisms in general have their strength roughly
measured by this parameter. Full computations at two different values of C appear
in [10] and confirm the point: increasing the ion mass lowers C' while leaving the
nominal nonadiabatic electron component’s mode widths unchanged, with the result
of lower turbulent amplitude, weaker average “phase angles” between 7 and T and
é, and hence weaker transport of both energy and particles. An important point
is that the turbulence does not affect transport diffusively, so that the attendant
increase of the ion mode width (of $) has no direct effect. It is to be emphasized
that the relevance of this carries over into the full, multi-resonant surface (“three-
dimensional”) situation. The localization in the slab case is controlled by the long-
wavelength component, whose mode widths are sufficiently narrow (i.e. they are
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sufficiently anisotropic) that the shear effects which influence it in the slab case
should also do so in the multi-surface case. (This is also why the long-wavelength
k, is to be used in the above estimates, not the short-wavelength one.)

Speculating on the scaling [10], one may assume that the relative phases and
amplitudes between the quantities e¢/T, 7i/n, and T/T have weaker dependences
on parameters than the basic turbulence scales themselves. With the amplitudes
roughly scaling as, for example, fi/n ~ Ap/ Ly, a naive estimate for the flux would
be gr = (3nTv;), averaged over a flux surface, or, with nominal parameters of
Ap/L, for the amplitudes,

3 A3
qr ~ énTca T{a
where L is an overall scale length (for some combination of n and T). Only c,
has m;-dependence, so that even in the case that toroidicity and profile dynamics
change the electron scales, changing m; /Z only should yield a confinement scaling
of roughly 75 o (mi/Z )1/2. Note that any model situation in which non-adiabatic
electron dynamics is important should exhibit the isotope effect in this way: the non-
adiabatic part of the system has its role diminished whenever m;/Z is increased.

One would expect the isotope effect to be strongest in regimes where the elec-
tron channel is dominant in the transport. In collisionless regimes, both trapped and
circulating electrons have roles to play, and the trapped part may be less sensitive
to these considerations (in the conventional view: this has not been substantiated
by calculations which do not take it as an assumption). If the ion channel is the
stronger, then the extent of the isotope effect should be limited to that to which
the nonadiabatic electrons help drive the turbulence (the “mode” will be necessarily
some sort of “ion mixing mode”, since the selfsame 5 is driven by both temper-
ature gradients as well as the density one). If this becomes negligible, then the
isotope effect in the present picture should vanish. This may explain the results
from Doublet ITI-D that no isotope effect is observed in their L-mode phase (in
which ion-temperature dynamics is widely believed to dominate).

A quite different theoretical approach follows the neutral particles in the edge
plasma and their effects on plasma transport and rotation [90]. Indeed, analytical
calculations of the neutral-plasma interactions, which take charge-exchange and im-
pact ionization into account, give a thermal conductivity x, of neutral CX particles
that scales as xn o< A7%®. In the TEXT edge region, x, and local 7g are inversely
related and hence 75 o A?® holds there. Nevertheless, the significance of this local
agreement, with regard to global confinement, remains to be investigated.

In order to derive general confinement scalings which combine edge and bulk
phenomena, a multiple mechanism approach has also been suggested [91]. The
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confinement zone is thought to be controlled by trapped electron (DTE) modes [92]
and the edge region to be dominated by rippling modes and resistive ballooning
modes. There, the difference in the neutral mean free paths between hydrogen and
deuterium (see Section 10) plays an important role by modifying the profiles. As a
result for Ohmic plasmas, the scaling formula

78 0 (Ne) % @ x K% % HY x g0 x AT

is derived which has roughly the experimentally observed mass dependence. More-
over, the effect weakens slightly from A?3? to A?? when the minor radius is raised
from 0.5 to 1.0 m in consistence with the weaker isotope scaling on the larger toka-
maks. For L-mode plasmas, the A; dependence of 75 is weakened or becomes even
negative. For example, the confinement with rippling, DTE and resistive ballooning
modes gives 75 o A7%'°. Thus, while neutral penetration may be a contributing
factor, it is not the main source of the observed superiority of deuterium fuelling.
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17 Summary and Conclusions

From the above results, it can be concluded that the isotope mass is a substantial and
robust parameter in tokamak confinement. Under Ohmic conditions, ASDEX and
many other tokamaks show 7z o< A?® which was not expected by theory. Both col-
lisional and turbulent transport theory predict that the plasma species with smaller
gyro radius has the lower transport. Because of this fundamental discrepancy, we
have studied in great detail isotopic dependences in particle, energy and momentum
confinement and in the repetition time of sawteeth and ELMs during all experimen-
tal phases of ASDEX. Many tokamak experiments have noted the isotope effect and
have thereby documented that the isotope mass is a fundamental scaling parameter.
Furthermore, both the electron and the ion channels are influenced. In otherwise
identical discharges, the electron temperature is larger in deuterium than in hy-
drogen over the whole cross-section. From electron transport-dominated LOC data
with low 7. and high Z.g up to ion transport-dominated SOC data with high 7. and
Zeg &~ 1, deuterium plasmas yield longer confinement times. The clean plasma con-
ditions point to the fact that the isotope effect is not introduced by impurities and
impurity collisions. Besides energy confinement, particle confinement 7, x A} as well
as momentum confinement 7¢ o< A} are superior in ASDEX deuterium discharges.
The pronounced isotope effects in the edge may be understood as a consequence
of different energy fluxes into the scrape-off layer. Transport analysis for particles
and energy reveal reduced values for D(®" and x(*" in deuterium plasmas over the
whole cross-section. Moreover, the isotope effect shows up with strongly peaked
density profiles in pellet refuelled discharges where ITG driven turbulence should
be suppressed for both hydrogen isotopes. This leads us to the conclusion that the
isotope effect does not rely on any additional onset condition for turbulence in the
hydrogen case. A comparative analysis of Ohmic deuterium and helium plasmas
point to a scaling 7 o< (A4;/Z)%® in ASDEX.

Under L-mode conditions, the isotope effect on 75 is weakened in ASDEX and
many other tokamaks, and it nearly vanishes in Doublet III-D with neutral injection
although 75 o< A?® holds with electron cyclotron resonance heating in Doublet ITI-
D. It is not clear why the isotope effects weaken under L-mode conditions compared
with Ohmic data. One hint may be hidden in the Ohmic heating cycle: Reduced
transport results in increased electron temperature and consequently in reduced
input power which eventually improves energy confinement. In this case, the intrinsic
A; scaling would be weaker and more like 75 o« A?*?. Another possibility is that
the isotope effect disappears in a fully turbulent medium because the scaling length
is not determined any more by the gyro radius.
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We support this conjecture with the remark that the isotope effect shows up
clearly again under H-mode conditions. This has been taken into account in the
recent ITER H-mode scaling.
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