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Abstract.

Experimental investigations carried out in the ASDEX Upgrade tokamak under various

conditions demonstrate that the ion heat flux at the plasma edge plays a key role in the L-H

transition physics, while the electron heat flux does not seem to play any role. This is due to the

fact that the ion heat flux governs the radial electric field well induced by the main ions which

is responsible for the turbulence stabilization causing the L-H transition. The experiments

have been carried out in the low density branch of the power threshold where the electron and

ion heat channels can be well separated. In plasmas heated by electron heating, the edge ion

heat flux has been increased to reach the L-H transition by using separately three actuators:

heating power, density and plasma current. In addition, the key role of the edge ion heating has

been confirmed in experiments taking advantage of the direct ion heating provided by neutral

beam injection. The role of the ion heat flux explains the non-monotonic density dependence

of the L-H threshold power. Based on these results, a formula for the density of the threshold

minimum has been developed, which also describes well the values found in tokamaks of

various size. For ITER it predicts a value which is close to the density presently foreseen to

enter the H-mode and indicates that operation at half field and current would benefit from a

very significantly lower density minimum and correspondingly low threshold power.

PACS: 52.55.-s 52.55.Dy 52.35.Ra 52.25.Fi

1. Introduction

The transition from the low to the high confinement mode in fusion plasmas, named L-H

transition, occurs in general above a certain threshold in heating power, labelled PL−H . At

the L-H transition an edge transport barrier for heat and particles, caused by the reduction of

turbulence-driven transport, is formed just inside the last closed magnetic surface. Presently,
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the most favored paradigm to explain this phenomenon is based on turbulence reduction

induced by sheared E ×B flow, [1]. In the narrow region at the very edge of the plasma,

where the L-H transition occurs, the Er profile exhibits a clear well such that ∇Er induces

a perpendicular sheared flow which stabilizes the turbulence. This hypothesis has been

confirmed experimentally for spontaneous L-H transitions, originally in DIII-D, [2], later in

most of the devices, see e.g. reviews [3, 4, 5]. The Er well is weakly pronounced in L-mode,

much deeper in H-modes, while it takes intermediate values just before the L-H transition,

[4, 6]. It has been shown that the edge Er is essentially induced by the main ions according

to neoclassical theory, [7], and therefore mainly determined by the gradient of the main ion

pressure, Er = ∇pi/(e · ni), where ni is the ion density and e the elementary charge, [8, 5, 9]

and references therein.

In general the transition to H-mode is achieved by increasing the heating power, whereby

the plasma density does not change before the L-H transition but |∇Ti| increases. This

increases |∇pi| and enhances the Er well which becomes more negative and this eventually

causes the characteristic turbulence reduction of the transition to H-mode. According to these

considerations one expects the ion heat flux at the plasma edge, qi,edge, to play a key role in

the determination of Er. In this work, we provide experimental evidence that this is indeed

the case, while the electron heat flux does not seem to play any role.

The increase of the heating power on the path to the L-H transition also enhances the

turbulence level which excites geodesic acoustic modes and zonal flows leading to self-

induced transient reduction of turbulence and transport through the predator-prey mechanism.

This effect, predicted by theory and proposed as a possible triggering mechanism of the L-H

transition, [10], has indeed been observed experimentally in several fusion devices prior to the

L-H transition, reflected by a modulation of the edge Er profile and turbulence level in typical

limit cycle oscillations, also named “IM-mode” or “I-phase”, [11, 12, 13, 14, 15, 16].

The density dependence of the L-H power threshold has been known for a long time to be

non-monotonic, with a minimum at a given density, labelled here ne,min, [17] and references

therein. The power threshold increases on each side of this minimum, in the so-called low

and high density branches. The values of ne,min in the different tokamaks cover a wide range

between 2× 1019m−3 and 15× 1019m−3, [18], whereby the large devices such as JET and

JT-60U populate the lower range, the medium size tokamaks DIII-D and ASDEX Upgrade

lie somewhat higher, while the highest values are reached in the high field compact Alcator
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C-Mod tokamak. Although some of the variations of ne,min seem to be related to the magnetic

field, this is not sufficient to explain the variation between the devices, [18]. Recent results on

this topic have been reported for ASDEX Upgrade in [19, 20], Alcator C-Mod in [21] and JET

in [22]. It should be underlined that the threshold scaling expressions yielded by the analysis

of the ITPA threshold database are deduced for each device from a data subset in which only

the high density branch is considered, [17, 23, 18]. The latest version of the threshold scaling,

reads for deuterium plasmas, in MW, [18]:

Pscal = 0.049n̄e
0.72BT

0.80S0.94 (1)

where n̄e is the line-averaged density in 1020m−3, BT the magnetic field in T, and S the

plasma surface area in m2.

The increase of PL−H in the low density branch, i.e. the upwards deviation from the n̄e
0.72

dependence of the scaling, is observed in most of the tokamaks, but with variable strength

[24, 25, 26, 19, 21, 20, 22]. The effect is particularly strong in plasmas heated with

electron cyclotron resonant heating (ECRH), [24, 19], suggesting that this might be due to

the decoupling between the electron and ion heat channels, but this has, so far, not been

demonstrated experimentally. We show in this paper that this is indeed the reason as the

edge ion heat flux determines the L-H transition and, furthermore, that this also explains

quantitatively the existence of ne,min and the large differences found between the tokamaks

for this quantity.

The analysis of qi,edge requires a separation between the electron and ion heat channels up to

the plasma edge from which it is well-known that it can only be achieved if the collisional

energy exchange between electron and ion heat channels, pei, is low enough. In practice, this

analysis can only be carried out reliably in the low density branch, as done in the present

work.

In the remaining of this paper we describe the experimental conditions and the analysis

methods in section 2. Section 3 is dedicated to the results on the role of the ion heat

flux in the L-H and H-L transitions induced with ECRH, while the analysis of the L-H

transitions obtained with neutral beam injection is presented in section 4. We discuss the

physics mechanism which determines ne,min in section 5 where we also present a comparison

with other tokamaks, as well as predictions for ITER. The last section is dedicated to the

conclusions.
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2. Experimental setup and analysis methods

The experiments have been performed in ASDEX Upgrade, a divertor tokamak with major

and minor radii R=1.65m and a=0.5m respectively and with an elongation of about 1.6.

All the data are taken from deuterium plasmas in the standard lower single null magnetic

configuration with the ion ∇B drift directed towards the active X-point providing the usual

low L-H transition power threshold. ASDEX Upgrade is equipped with all the usual

diagnostics, but essential here are the measurements of the electron temperature, Te, by the

electron cyclotron emission (ECE) and Thomson scattering, as well as the charge exchange

recombination spectroscopy (CXRS) which yields the ion temperature, Ti, and the toroidal

plasma rotation, vtor. An upgrade of the CXRS systems, with a time resolution of 4 ms in

the core and 2 ms at the plasma edge, enables us since 2011 to also measure these quantities

reliably in ECRH heated plasmas using short NBI blips, [27, 28]. The measurement of Ti is

a fundamental requirement for the analysis of the heat fluxes which can only be carried for

discharges from the 2011 campaign and later.

The threshold power, PL−H , is obtained, as usual, from Ploss = Pheat − dW/dt at the L-H

transition, where Pheat is the sum of all the heating powers, W the plasma energy. The PL−H

values are obtained from a large number of discharges in which the magnetic field varied

between 2.3 T and 2.5 T. To compensate for these small variations in BT , PL−H is normalized

to 2.35 T by the B0.8
T dependence of the threshold scaling, see [20] for details. The ion

and electron heat fluxes are provided by time-dependent power balance analyses using the

TRANSP code, [29]. Their surface integrated edge values, Qi,edge and Qe,edge, are taken at

ρtor = 0.95, where ρtor is the usual normalized toroidal flux radius. These quantities are in

MW which provides a direct comparison with PL−H . As usual in power balance analyses,

the electron heat flux is corrected for the radiation losses. In ASDEX Upgrade, the electron

and ion heat fluxes at the edge can be separated, at the L-H transition, for densities below

roughly 4×1019m−3, therefore essentially in the low density branch of the power threshold

on which we focus in the present work. However, the non-monotonic density behaviour of

PL−H , described in detail in reference [20], has been deduced from a wider density range,

which will be also used in section 5 of the present paper.

On the basis of nine ECRH-induced L-H transitions very preliminary indications on the

importance of Qi,edge in the L-H transition physics were reported in [20]. For the present

work, the analysis of Qi,edge has been extended to about 25 L-H transitions covering a wider
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range of parameters, induced with ECRH, as well as with neutral beam injection (NBI) alone

or with NBI+ECRH. Moreover, 13 H-L back transitions could also be analyzed. The value of

BT was close to our reference value of 2.35 T in the discharges for which we could analyze

the heat fluxes, such that no B0.8
T correction is made.

As mentioned above, in particular at low density, the L-H transitions are often preceded by

an I-phase, [14], which evolves gradually towards the H-mode and the time of the transition

from I-phase to H-mode cannot always be identified with accuracy. We selected the time

points which seemed to be most relevant for the L-H transition.

3. Investigations with ECRH only

3.1. L-H transitions

The results of our analyses for L-H transitions induced by ECRH only, are illustrated in figure

1 (a) where PL−H and QL−H
i,edge are plotted versus the line-averaged density, n̄e. As known for the

low density branch, PL−H clearly decreases with increasing density. This effect is strong for

1 MA and weaker at 0.6 MA, in addition PL−H itself is much lower at 0.6 MA than at 1 MA,

confirmed here by the addition of several data points at 0.6 MA, as compared to reference

[20]. Note that the PL−H values for the different currents converge the same value in the high

density branch, [20].

The behaviour of QL−H
i,edge is fundamentally different from that of PL−H : QL−H

i,edge increases

with increasing density, the points at 1 MA and 0.6 MA exhibit exactly the same values and

dependence. This alignment is remarkable considering the large difference in PL−H for the

two plasma current values. A linear least square fit of QL−H
i,edge, not forced through the origin,

yields the line drawn in the figure which corresponds to

Q
L−H, f it
i,edge = 0.18n̄e (2)

in MW and 1019m−3. The values of QL−H
i,edge are of course lower than PL−H , but

this difference can be extremely large, for instance about one order of magnitude at n̄e ≈

1.5× 1019m−3. As will be shown below, this is due to the weak collisional energy transfer

from the electron to the ion heat channel.

The values of the electron edge heat flux, QL−H
e,edge, corresponding to the QL−H

i,edge data are plotted

in figure 1 (b) where the fits to PL−H from panel (a) are also drawn for reference. They are

of course lower than PL−H (we remind here that Prad is subtracted) but exhibit very similar
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Figure 1. L-H transitions with ECRH: Panel (a): PL−H , normalized with B0.8
T to

BT = 2.35T , and QL−H
i,edge versus line-averaged density at the L-H transition for 1 MA

and 0.6 MA discharges. The lines are fits to the data. Panel (b): Qe,edge corresponding

to the Qi,edge data from panel (a). The lines are the PL−H fits of panel (a), plotted for

reference.

trends. For both current values QL−H
e,edge decreases with increasing density which is opposite to

the density dependence of QL−H
i,edge. At 1 MA QL−H

e,edge is much higher than at 0.6 MA and much

larger than QL−H
i,edge, while these two quantities are closer to each other at 0.6 MA. Therefore,

in contrast to QL−H
i,edge, QL−H

e,edge does not seem to unify the data. It should be pointed out that,

as shown in [6] for experiments carried out under similar conditions as those investigated

here, the edge temperatures, labelled Tj,ped , exhibit very different density dependences: in

the density range considered here, Te,ped decreases by a factor of about 3 as the density is

increased, while Ti,ped decreases only by about 35%. Therefore Te,ped , which follows the large

variations of QL−H
e,edge, cannot be considered as a constant critical temperature which would

determine the L-H transition.
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3.2. H-L transitions

Identifying the parameters which determine the H-L back transition contributes to the physics

understanding of the transition and is important for predicting ITER which might operate just

above the power threshold. The results for our H-L transitions are shown in figure 2 (a) where,

similarly to the previous figure, PH−L and QH−L
i,edge are plotted. For comparison with the L-H

data of figure 1, we included the fits of PL−H at 1 MA and 0.6 MA, as well as Q
L−H, f it
i,edge . As

discussed in detail in reference [20], the threshold power at the H-L transition, PH−L, exhibits

a non-monotonic density dependence which is very similar to that of PL−H . In addition, there

is also the same large difference between 1 MA and 0.6 MA. As reported in [20], in the low

density branch, the PH−L data points are close to those of PL−H , or higher due to high radiation

losses, as clearly visible for the 1 MA dataset in figure 2.
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Figure 2. H-L transitions with ECRH: Panel (a): PH−L, normalized with B0.8
T to

BT = 2.35T , and QH−L
i,edge versus line-averaged density at the H-L transition for 1 MA

and 0.6 MA discharges. Panel (b): Qe,edge corresponding to the Qi,edge data from panel

(a). In both panels the lines are the PL−H and QL−H
i,edge fits from figure 1.

We could also deduce the edge ion and electron heat fluxes for 13 of these H-L transitions
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for which the Ti measurement was available and the dW/dt contribution to Ploss not too large.

The values of QH−L
i,edge, reported in figure 2 (a), are close to those for the L-H transitions as

shown by the comparison with Q
L−H, f it
i,edge . It should be underlined that this is consistent with

results on the edge electron pressure in the high density branch at the L-H and H-L transitions

reported in [30]. As for the L-H transitions, for the H-L points the edge ion heat flux values at

1 MA and 0.6 MA are also very close to each other, in contrast to PH−L. The H-L transition

is experimentally often not well controlled and the uncertainties are significantly larger than

for the L-H transition due to a larger dW/dt contribution. This is particularly true for the

time-dependent correction of Qi due to the limited time resolution of the Ti measurement

determined by the spacing of NBI blips, such that QH−L
i,edge might be underestimated. Within

the error bars, the edge ion heat flux values at the L-H and H-L transitions are comparable,

but QH−L
i,edge is certainly not higher than QL−H

i,edge. For n̄e > 2.2×1019m−3 the QH−L
i,edge values are

systemically below the Q
L−H, f it
i,edge line, such that the present dataset might suggest the possible

existence of an hysteresis, defined as QH−L
i,edge < QL−H

i,edge, but does not allow us to assess it yet.

The values of QH−L
e,edge are plotted in figure 2 (b). As for the L-H transitions, QH−L

e,edge at 1 MA is

overall larger than at 0.6 MA. At 1 MA QH−L
e,edge decreases with increasing density whereas it

seems to exhibit the opposite trend at 0.6 MA. Thus, for the H-L transition also, QH−L
e,edge does

not seem to provide a coherent physics picture.

3.3. Ion heat flux in ECRH-heated plasmas

In this subsection we present experimental analyses which illustrate the dependence of the

electron-ion collisional energy transfer upon Te and its impact on Qi,edge. We show how the

results of the previous two subsections can be assessed and explained by the dependence of

Qi,edge on Te.

In ECRH-heated plasmas the input power (ECRH and Ohmic) flows purely into the electron

channel. The ion heating occurs exclusively through the electron-ion collisional energy

exchange, pei ∝ neni(Te − Ti)T
−3/2

e , which increases monotonically with density at fixed

temperature, but exhibits, at fixed density, a saturation and rollover with increasing Te due

to T
−3/2

e .

This is demonstrated experimentally with a 1 MA discharge at n̄e = 1.5× 1019m−3 in

which PECRH has been increased in steps. Figure 3 (a) illustrates the strong increase of Te

with PECRH , while Ti varies very little, in agreement with the results reported in [6]. As shown
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Figure 3. Scan of PECRH at Ip = 1 MA, L-mode up to L-H transition. Panel (a): Te and

Ti profiles, PEC and Ploss are indicated for each case in the legend. Panel (b): pei and

Qi profiles. The symbols are not data points but markers for different curves.

in figure 3 (b), in the plasma center (ρtor < 0.4), where Te is very high, pei decreases already

for the first step of PECRH and further with the following steps. The increase of Qi,edge arises

from the region ρtor > 0.5 where T
−3/2

e does not counter-balance the increase of Te −Ti. It

should be underlined that, while the heating power Ploss is increased by more than a factor

of three (0.7 - 2.4 MW), Qi,edge increases only from 0.2 to 0.3 MW, reflecting the saturation

effect. However, in this case, the increase of Qi,edge remains monotonic in this range and the

L-H transition just occurs during the last ECRH step.

A further contribution to the assessment of the role of the ion heat flux is provided by

the analysis of a selection of discharges at 1 MA in a density range 1.25× 1019 < n̄e <

1.7×1019m−3 at different PECRH values. The Qi,edge data in L-mode and at the L-H transition

are plotted in figure 4 versus density. All the L-mode points lie below the L-H data confirming
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without ambiguity that no L-H transition occurs for values below Q
L−H, f it
i,edge deduced from

figure 1 (a). Also included are the points from a density scan at constant ECRH power for

which the L-H transition occurred when the density was sufficiently high, as indicated by the

point marked specifically. Its QL−H
i,edge value is in perfect agreement with the other L-H points

achieved by increasing PECRH , a further confirmation of the key role played by Qi,edge which

has been increased through n̄e only, at constant heating power.
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The same Qi,edge data, normalized to Q
L−H, f it
i,edge to take the density variation into account,
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are plotted versus Qe,edge in figure 5. The L-mode points indicate clearly the increase and

saturation of Qi,edge with electron heating power. Furthermore, the attention should be drawn

to the low density L-mode points (open circles) at the maximum of Qe,edge: they are at such

a low density (see figure 4) that Qi,edge reaches the saturation level and rolls over below the

value required for the L-H transition. This is an experimental confirmation that below a certain

density the L-H transition cannot be achieved with pure electron heating because pei remains

too low, independently of Te. For completeness the points of the density scan are also reported

in figure 5, showing that Qe,edge was indeed kept constant.
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Figure 6. Comparison of data at the L-H transition for two discharges at 1 MA and

0.6 MA at the same density. Panel (a): Te and Ti profiles, current and Ploss values are

indicated in the legend. Panel (b): pei and Qi profiles. The symbols are not data points

but markers for different curves.

The dependence of pei on Te also explains the same QL−H
i,edge values for the 1 MA and

0.6 MA cases. It is well-known that confinement increases with plasma current, such that

the temperatures are higher in the 1 MA discharges than at 0.6 MA. As mentioned above,

figure 3 shows that in Ohmic plasmas at 1 MA pei is already close to its saturation and that
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adding ECRH power reduces the central contribution of pei to the ion heat flux. Due to the

low confinement at 0.6 MA, the situation is different: adding ECRH power increases pei in

the center and over a large part of the radius. This is illustrated in figure 6 for data taken just

before the L-H transition in two discharges at 1 MA and 0.6 MA, both at n̄e = 2×1019m−3.

Panel (a) shows the very different Te profiles while Ti is comparable. Note the large difference

in Ploss, as indicated in the legend, which of course corresponds to the values of figure 1.

Panel (b) of figure 6 illustrates how the different pei profiles lead to the same edge ion heat

flux, within the error bars. The corresponding QL−H
i,edge points are reported in figure 1 (a) and

identifiable at n̄e = 2×1019m−3. At 1 MA the high Te in the central plasma reduces pei, while

the large Te −Ti value in the edge region contributes significantly to Qi,edge. At 0.6 MA the

situation is reversed: the main contribution arises from the core, whereas only the very edge

characterized by Te ≈ Ti, does not contribute.

Summarizing this section: The experimental analysis of ECRH-induced L-H transitions in the

low density branch strongly suggests that the edge ion heat flux is a key parameter in the L-H

transition physics. The main quantities which impact on Qi,edge have been varied and yield the

same results for the L-H transition. As demonstrated in the last sub-section, the calculation of

Qi,edge under the experimental conditions used here is accurate, in particular because Te −Ti

is clearly outside of the experimental error bars over the main part of the plasma radius.

4. L-H transitions with NBI

To further assess the importance of the ion heat flux in the L-H transition physics we

performed L-H transitions in the low density branch of 1 MA plasmas heated by NBI at a

low acceleration voltage of 35 kV. Under such conditions, as Te is high, the ion fraction of the

NBI heating is larger than 50% and we expect the L-H transitions to happen at lower PL−H

values than with ECRH only. Due to the low density the NBI penetrates deeply into the plasma

despite the low acceleration voltage. We applied either NBI alone or combined with ECRH,

whereby the ECRH power was turned on before the NBI and then kept constant. This applied

PECRH was at most 0.7 MW which is significantly lower than the required power to trigger an

L-H transition in this density region, see figure 1. The L-H transitions have been achieved by

increasing the NBI in steps which yields data in L-mode at different NBI and ECRH powers,

as well as the L-H points. We made a series at n̄e ≈ 1.75× 1019m−3, extended by two L-H

points at higher density, n̄e ≈ 2.2×1019m−3 and n̄e ≈ 2.6×1019m−3. The results are shown
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in figure 7 where PL−H , QL−H
i,edge and QL−H

e,edge are plotted. As reference the PL−H values of figure

1 for 1 MA with ECRH alone are also reported. The values of PECRH for the NBI(+EC) cases

are indicated in the plot.
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Figure 7. L-H transitions at 1 MA: PL−H for ECRH transitions normalized with B0.8
T

to BT = 2.35T and corresponding fit from figure 1. PL−H , QL−H
i,edge and QL−H

e,edge for the

NBI(+EC) cases versus line-averaged density. For reference Q
L−H, f it
i,edge of figure 1 is

also reported.

We first focus on the series at n̄e ≈ 1.75 × 1019m−3. With NBI alone (solid circles

labelled PEC = 0) PL−H is about 40% lower than the ECRH points at the same density.

This agrees with the expectation and demonstrates the importance of ion heating in the L-

H transition, as discussed in more detail in the following. If PECRH is combined with NBI,

PL−H increases by at least the amount of PECRH and reaches the level of the L-H points

with ECRH only. The fact that the electron heating indeed increases is shown by QL−H
e,edge,

diamonds in the figure. Thus, at constant density, both PL−H and QL−H
e,edge vary with PECRH .

In contrast, the corresponding QL−H
i,edge points (at n̄e ≈ 1.75× 1019m−3) exhibit all the same

value, independently of PEC, showing that the added ECRH power does not contribute to the

triggering of the L-H transition. This is due to the fact that the ion heat flux is dominated by

the NBI contribution. In fact, the measurements indicate that, before the L-H transition, Ti is

clearly larger than Te over the whole radius. As a consequence of this situation, the impact of

PECRH on Qi,edge through Te and pei is negligible. In summary, these results with NBI yield
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a further evidence for the main role played by the ion heat flux in the L-H transition physics.

However, it should be underlined that the QL−H
i,edge values with NBI at n̄e ≈ 1.75×1019m−3 lie

significantly above the values induced by ECRH only, represented by Q
L−H, f it
i,edge in figure 7,

while the two points with NBI at higher density agree with this fit.

The higher values of QL−H
i,edge for the NBI(+EC) cases at n̄e ≈ 1.75×1019m−3 are explained by

the effect of plasma rotation as follows. Power threshold studies in the DIII-D tokamak using

NBI torque variation with co-current and counter-current beams revealed that PL−H increases

with increasing toroidal edge plasma rotation, vtor,edge, [31].
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Figure 8. Qi,edge versus vtor,edge for ECRH-induced L-H transitions, as well as L-mode

and L-H data obtained with NBI. The trajectories of three scans in NBI, at fixed PECRH ,

are indicated by the lines.

As mentioned above, in the NBI(+EC) series at n̄e ≈ 1.75×1019m−3 we could gather L-

mode data at different values of NBI power and torque up to the L-H transition. The toroidal

rotation at ρtor = 0.95 has been measured with the edge CXRS diagnostic. The quality of

the vtor,edge measurement is assessed by the fact that, in this narrow density range, the values

are consistent with the calculated applied NBI torque yielded by TRANSP, TNBI. In fact,

at this density we find for vtor,edge an off-set linear relation: vtor,edge = 8.7+ 17× TNBI in

km/s and N×m. The off-set of 8.7 km/s without external torque is in agreement with the

values reported in [27]. The results for the L-mode and L-H transitions are illustrated in

figure 8 by Qi,edge plotted versus vtor,edge for the NBI(+EC) scan. For comparison L-H points

with ECRH only, at this density, are also reported and exhibit, as expected, the lowest edge
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rotation. The L-H data points with NBI show an increase of QL−H
i,edge associated with vtor,edge

such that QL−H
i,edge with NBI can be about two times larger than for the ECRH cases at the same

density. This doubling of QL−H
i,edge for an increase of vtor,edge from about 8 km/s to 35 km/s

is in quantitative agreement with the DIII-D results for PL−H , also obtained at low density

(n̄e ≈ 2−2.5×1019m−3), [31]. As the two tokamaks are very similar in shape and size this

comparison is valid. As indicated by figure 8, the L-mode points with NBI are all below the

boundary suggested by the L-H points, which here also indicates that no L-H transition occurs

at lower Qi,edge values. This is confirmed by the paths to the L-H transition shown for three

NBI power scans. They indicate that the occurrence of the L-H transition is the result of a

competition between the increase of Qi,edge and that of vtor,edge as the NBI power is applied:

the increase of vtor,edge in parallel with Qi,edge prevents the L-H transition to occur at lower

NBI power. This can be explained qualitatively by the contribution of the parallel flow to the

Er profile, see e.g. [5, 32], but a quantitative assessment of this contribution, which requires

an accurate measurement of the radial gradient of the toroidal rotation in the very edge, is not

possible with the present data.

Taking into account data over a larger density range we found that vtor,edge in the L-mode at

different external torque values decreases strongly with increasing density, roughly as n̄ −1.7
e .

The somewhat higher values of vtor,edge visible in figure 8 for the discharges where ECRH was

added to NBI (30003b 30003c) are attributed to slight changes of the density profile induced

by the electron heating for the lower NBI power steps. The two points at higher density,

2.2× 1019m−3 and 2.6× 1019m−3, plotted in figure 7 exhibit a low value of vtor,edge which

explains that they agree with Q
L−H, f it
i,edge .

A possible dependence of PL−H on vtor,edge in ASDEX Upgrade has been investigated

previously in comparisons between NBI and ECRH induced L-H transitions at densities above

4×1019m−3 and no difference was found within the accuracy of PL−H , [19]. This agrees with

the rather low edge toroidal rotation vtor,edge ≈ 15 km/s measured at the NBI-induced L-H

transition under such conditions which is due to the low PL−H (1.5 MW) and correspondingly

low torque, combined with the higher density. Therefore, the results reported in the present

paper are not in contradiction with our previous work.
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5. Determination of ne,min

As suggested by the results presented in the previous sections, the minimum threshold density

seems to be determined by the collisional coupling between the electron and ion heat channels,

such that below a given density pei is not large enough to fully equilibrate the electron and

ions temperatures and fluxes, even in the edge region: the edge ion heat flux depends on

the core input powers in the respective channels. Further, it should be underlined that the

decrease of PL−H with decreasing density in the high density branch leads to an increase

of the relative contribution of the Ohmic power to the total heating power and therefore an

increase of the electron heating, even if the auxiliary heating provides some ion heating. If

this electron heating fraction is not fully equilibrated by the exchange term at the plasma edge,

it is reflected in a higher PL−H value.

The collisional electron-ion energy transfer is well-known to depend on the ratio τE/τei where

τE is the energy confinement time and τei the volume-averaged electron-ion energy exchange

time. Figure 9, which shows PL−H plotted versus τE/τei at 1 MA and 0.6 MA, indicates that

for both values of the plasma current the minimum of PL−H occurs at τE/τei ≈ 9. Here the

whole density range of our threshold studies, up to 7×1019m−3 as shown in [20] figure 3, has

been included.
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Figure 9. Experimental value of PL−H versus τE/τei at 1 MA and 0.6 MA. The lines are

quadratic fits to the respective data.

Based on this result, a general formula for ne,min can be derived by combining the the
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threshold scaling, Eq. 1, and the L-mode confinement scaling, Eq. 7 in [33]. For this purpose

τE and τei at the L-H transition are calculated, whereby the heating power is provided by the

threshold scaling and ne,min is determined by τE/τei = 9. This yields, for deuterium plasmas,

the following expression:

nscal
e,min ≈ 0.7I0.34

p B0.62
T a−0.95(R/a)0.4 (3)

in 1019m−3 using MA, T and m. This formula exhibits an increase with Ip and BT , but a

decrease with machine size due to the fact that τE increases strongly with increasing machine

size. It is worth noticing that the Ip dependence is in agreement with the variation of ne,min

yielded by our data.
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Figure 10. Experimental value of ne,min versus nscal
e.min prediction from equation 3. AUG-

C stands for carbon wall, AUG-W for tungsten wall, JET-ILW for beryllium/tungsten

ITER-Like Wall. The dashed line represents n
exp
e,min = nscal

e.min. Data references: C-Mod

[21], JET-ILW [22], DIII-D, JFT-2M and JT-60U [18].

This formula can be applied to data from various devices: the recent results from Alcator

C-Mod in [21] and JET with the ITER-Like Wall in [22], as well as those deduced from

the ITPA threshold database and reported in [18] for DIII-D, JFT-2M and JT-60U. The

comparison between the experimental and predicted values of ne,min is illustrated in figure

10. The experimental ne,min values in all the devices are well reproduced by this formula, in

particular the high values found in Alcator C-Mod compared to the other tokamaks, which

result from high Ip and BT values combined with the small machine size. The value predicted
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by the formula for JT-60U is clearly too high which cannot be explained by the larger aspect

ratio which only contributes by 15% compared to JET. This is further supported by the good

agreement for the JFT-2M data, despite the fact that the aspect ratio of this device is larger

than that of JT-60U. We also underline that, for ASDEX Upgrade, the difference between

the carbon and tungsten walls is small. It is worth noticing that the B
4/5
T of ne,min reported

for JET in [22] is in good agreement with equation 3, explained by the fact that in these

JET experiments Ip was varied almost proportionally to BT . Our formula also explains that

Ohmic H-modes could be achieved in ASDEX Upgrade with BT = 1.1 T at densities as low

as ne,min ≈ 2.2×1019m−3: the low BT value does not only yield a low PL−H through B0.8
T , but

also reduces ne,min such that the L-H transition is achieved by reducing the density, as reported

in [34].

If NBI heating is used in ITER, the lowest density is determined by the maximum tolerable

heat load on the inner wall caused by the shine-through. An recent improvement of the inner

wall component design and an new assessment of the maximum tolerable power load by

the NBI shine-through yield a minimum density determined by the NBI shine-through in

the range 2.5 − 3 × 1019m−3, depending on the experimental conditions and gas species,

[35]. The previous assumptions and design yielded 5 × 1019m−3. Equation 3 predicts

ne,min ≈ 4×1019m−3 in ITER at full field and current, which is a bit higher than the minimum

tolerable density. At half field and current, a potential scenario for the non-nuclear phase,

equation 3 yields ne,min ≈ 2.2×1019m−3, somewhat lower than the limit. Overall, considering

the uncertainties of the extrapolation of ne,min, the present design of ITER seems to allow the

H-mode access very close to the minimum threshold power.

Inserting the expression for ne,min in the threshold scaling, yields a relationship for the power

threshold minimum:

Pmin
L−H = 0.36I0.27

p B1.25
T R1.23(R/a)0.08 (4)

in MW using MA, T and m for deuterium plasmas. This yields for ITER deuterium

plasmas at full field Pmin
L−H ≈ 41 MW, which is somewhat lower than the 52 MW calculated

for previous limit of n̄e ≈ 5× 1019m−3, [18]. At half field and current the formula predicts

Pmin
L−H ≈ 16 MW (at ne,min ≈ 2.2×1019m−3) which seems suitable to access the H-mode even

with ECRH only. Note that in a DT mixture these threshold values are expected to be lower

by about 20%, following the 1/M mass scaling of the power threshold, [36, 18]. It should

be underlined that if the reduction of PL−H induced by the change from the carbon to the
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metallic wall in ASDEX Upgrade, [20], and JET, [22], can be extrapolated to ITER, the above

threshold values for ITER might be reduced. These results on the minimum density might be

further assessed by a detailed multi-machine study in the frame of the ITPA topical groups.

6. Discussion and conclusion

We have shown that the edge ion heat flux plays a key role in the L-H transition physics

using four different experimental ways to vary it. Three of them use pure electron heating

with ECRH: i) increasing PECRH at constant density; ii) increasing density at constant ECRH

power; iii) changing confinement and therefore pei through the plasma current. The fourth

method consists in reaching the L-H transition with a significant amount of direct ion heating

provided by NBI. The edge ion heat flux data provide a coherent pattern for the L-H points,

which, in contrast to the electron heat flux and PL−H , unifies the L-H transition features

achieved with ECRH and NBI at various densities and different plasma currents. The value

of the edge ion heat flux at the L-H transition increases linearly with density in the low

density branch of PL−H at constant BT and plasma configuration, while PL−H decreases with

increasing density in this branch. This opposite behaviour is explained by the properties of

the energy transfer from the electron to the ion channel. The L-H transitions induced by NBI,

with significant direct ion heating, are induced in this density range by lower PL−H values, but

still exhibit the upwards deviation from the n̄ 0.72
e threshold scaling density dependence. This

is due to the non-negligible and unavoidable fraction of electron heating.

It has been reported for ASDEX Upgrade that the L-H transition occurs for the same edge Er

profile over a wide range in density, [6]. Combining the two relations Er = ∇pi/(e · ni) and

qi =−niχi∇Ti, where χi is the ion heat diffusivity, one obtains Er =−qi/(χie ·ni)+Ti∇ni/(e ·

ni). This indicates that the required constant Er profile is expected to be obtained for a roughly

constant value of qi/ni, as the variations of χi and ∇ni/ni are expected to be moderate, while

Ti at the L-H transition varies very little as shown in [6]. This is therefore in agreement with

our experimental finding that QL−H
i,edge increases linearly with density.

The analysis of QL−H
i,edge cannot be carried out in the high density branch (n̄e > 4× 1019m−3)

where the ion and electron channels cannot be separated with sufficient accuracy. However,

it should be underlined that extrapolating the relationship Q
L−H, f it
i,edge = 0.18n̄e to the high

density branch is not in contradiction with PL−H in this density range. For instance, at

n̄e = 6× 1019m−3 PL−H in ASDEX Upgrade is about 1.5 MW, [20], while Q
L−H, f it
i,edge at this
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density yields 1.1 MW which is realistic and compatible with the value of PL−H .

The fact that the L-H transition is mainly determined by the ion heat flux suggests possible

explanations for several features of the threshold studies:

• As reported in [14], at low density, the I-phase exists over a wide range of PECRH . This

is due to the weak dependence of QL−H
i,edge on Te as illustrated in section 3. Along the same

line, long-lasting I-phases which evolve spontaneously towards a clear H-mode, at almost

constant power, are often observed at low density. This is explained by a weak density

increase induced by the limit cycle oscillations which causes a self-induced increase of

Qi,edge, proportional to n2
e , up to QL−H

i,edge.

• It is often argued that the L-H transport barrier being an edge phenomenon, the edge

density should be used in the power threshold investigations and not the line-averaged

density. The edge ion heat flux is the result of heat transport over the whole radius

where pei can strongly contribute and this effect is better taken into account using the

line-averaged density. This has been verified on the present dataset. Of course the edge

density must be used for local edge analyses.

• The power threshold studies are generally based on Ploss and it is often pointed out that

the radiation power inside the separatrix, P
sep
rad , should be subtracted. In general, the

radiation losses indeed influence Qi,edge but this impact can vary significantly, depending

on the experimental conditions. Subtracting P
sep
rad from PL−H does not necessarily

improve the coherence of the threshold results, as revealed by attempts on the data

presented here.

• It has been shown in reference [6] that in the low density branch a very clear Te pedestal

develops in L-mode when the ECRH power is increased. This Te pedestal is almost not

affected by the L-H transition: an edge transport barrier for the electron heat flux seems

to be established well below the actual PL−H value. In contrast, under these conditions

Ti remains much lower and develops a pedestal only after the L-H transition, the edge

density as well. In combination with the results presented here, this observation suggests

that, at least at low density with electron heating, the edge transport barrier created at the

L-H transition by QL−H
i,edge and the induced Er well affects ion-driven turbulence, while a

barrier for electron heat transport is established much before.

To conclude, a few words to avoid misunderstanding: We have shown that, at fixed mag-

netic field and for a given magnetic configuration, the edge ion heat flux at the L-H transition
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increases with density and unifies data obtained at different plasma current which can be cast

in the expression Q
L−H, f it
i,edge , equation 2. However, we do not claim that this expression uni-

versally explains all the L-H transition experimental characteristics. In particular, it does not

include any BT dependence while we have indications that QL−H
i,edge increases with BT . We

could clearly verify on a few points that in hydrogen, for which the power threshold is about

1.8 times higher than in deuterium, [20], QL−H
i,edge is correspondingly higher than in deuterium

plasmas. Similarly, the higher threshold observed for the ion ∇B drift direction away from the

X-point is linked to higher values of QL−H
i,edge. This suggests that PL−H and QL−H

i,edge are higher

because either the |∇Er| value required to reduce the turbulence must be larger than in the

cases discussed in the present work, or that a stronger edge ion heat flux is required to pro-

duce a given Er well, for instance if a flatter ∇pi is caused by a higher ion heat transport or

different conditions in the boundary plasma. Formulated more generally: our study provides

evidence for the key role of the edge ion heat flux in the L-H transition physics mechanism,

but its absolute value depends on some of the experimental conditions through their impact

on turbulence, Er well and their interaction in the mechanism which reduces transport. Future

experiments with an upgraded edge CXRS system are foreseen in ASDEX Upgrade to deter-

mine the relation between edge Er and ion heat flux at the L-H transition under these various

conditions.
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